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ABSTRACT
Herbicide absorption and i t s  e ffe c ts  on the moss Rhytidiadelphus 

squarrosus were investigated  in the f ie ld , glasshouse and laboratory .
Application of selected  herbicides to R. squarrosus-in fes ted  tu rf  

caused ch lo rosis of the moss shoots, or blackening in the case of iron 
s a l t s .  Regrowth from herbicide-damaged moss was observed following a l l  
treatm ents, with only dichlorophen, chloroxuron with iron s a l t ,  thiram, 
oxadiazon, and ammonium sulphate reducing R. squarrosus cover in  the 
long term (>17 wk).

Glasshouse-maintained monocultures of R. squarrosus, Dicranum 

scoparium and Polytrichum juniperinum trea ted  (sprayed) with paraquat,
2,4-D, dichlorophen, and ferrous sulphate showed sim ila r toxic e ffe c ts  
to those observed in  the f ie ld .

In laboratory  s tu d ies , growth of R. squarrosus was inh ib ited  by 
dichlorophen and 2,4-D and was se n sitiv e  to incubation time; th is  was 
a ttr ib u te d  to a slow continuous permeation process. Paraquat inh ib ited  
R. squarrosus growth but was not se n s itiv e  to incubation time due to 
rapid absorption. Ferrous sulphate, in co n trast, stim ulated growth at 
low concentrations (200-1000 yM Fe) and short incubation times (5 min).
1 4C-paraquat and iron were rapid ly  exchanged to the c e l l  w alls with 
poor in tra c e l lu la r  uptake. During prolonged incubations (96 h),
re d is tr ib u tio n  of ex tracellu larly-bound 14C-paraquat to in tra c e llu la r  
s i te s  was noted. Moss shoots immersed in d ilu te  14C-paraquat so lu tions 
showed p re fe re n tia l accumulation in the leaves compared to the stems.

Comparisons of C-paraquat uptake and d is tr ib u tio n  between R. 

squarrosus and Lolium perenne t is su e s , using e fflux  ana ly sis , were 
made. In tra c e llu la r  paraquat uptake did not d if fe r  but a sm aller 
vacuolar volume in R. squarrosus tissu es  may re f le c t  p re fe re n tia l 
accumulation of paraquat in the vacuole. The quantity  of c e ll  
wall-bound paraquat was ten times g rea te r fo r R. squarrosus tissu es 
than for L. perenne.

Uptake of C-2,4-D by R. squarrosus was not observed. In 
co n trast, rapid uptake of dichlorophen was found. Paraquat, 
dichlorophen, 2,4-D, and iron s a l ts  were found to cause some loss of 
membrane in te g r ity .

Photosynthesis and re sp ira tio n  in R. squarrosus were rapid ly  
reduced by dichlorophen treatment (spray), as was chlorophyll a 

content. Photosynthesis was also  reduced several weeks (8 wk) with 
paraquat and 2,4-D a f te r  spraying, but no e ffe c t was observed following 
ferrous sulphate treatm ent. Analysis of R. squarrosus PI curves,
a f te r  treatm ent with dichlorophen or paraquat ind ica te  tha t both 
chemicals in h ib it  e lectron  tran spo rt.

R. squarrosus was sen sitiv e  to a l l  herbicides tested  although 
app lica tion  method was an important con tribu ting  fac to r in th e ir  
performance.
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1 .1  MOSS WEEDS IN TURF

Mosses have been described, collectively, as the commonest weeds 

of neglected turf (Dawson, 1977; Blandy,1954). Moss weeds can be 

categorised into two broad groups, pleurocarpous and acrocarpous, 

whose growth forms are, respectively, a loose prostrate habit and dense 

erect tufts. The important moss weeds of turf are pleurocarpous, 

producing long branching horizontal shoots capable of covering the soil 

surface quickly (Blandy, 1954; Brauen, Goss and Nus, 1986).

Acrocarpous mosses, in contrast, are more commonly found on bare soil.

Blandy (1954) emphasised the need to know and understand the moss 

weed species present, their methods of propagation and the conditions 

under which they thrive, prior to studying their control in turf. 

However, literature referring to moss control in turf does not always

specify the moss species present but treats them collectively

(Brauen, Goss and Nus, 1986; Ondrej, 1985; Kuttruff and Kleve-Kellen,

1980; Svensson, 1976).

The following moss species (nomenclature follows Corley and Hill, 

1981) have been categorised by Dawson (1977) and Blandy (1954) as weeds 

in turf:

Barbula convoluta 

Barbula fallax 

Brachythecium rutabulum 

Bryum argentum 

Bryum capillare 

Campylopus paradoxus 

Ceratodon purpureus 

Dicranum scoparium 

Eurhynchium praelongum 

Hypnum cupressiforme 

Polytrichum juniperinum 

Pottia truncata

)



1 .2  CONTROL OF MOSS WEEDS IN TURF

Mosses can be controlled in turf by cultural or chemical methods.

1 .2 .1  C ultural methods o f  con tro l

Cultural techniques for controlling moss generally involve 

improving health and vigour of the turf, thereby rendering the 

conditions less suitable for growth and colonisation by mosses. 

Methods of cultural control are therefore specific to individual turfs 

and their associated deficiencies. The conditions encouraging moss 

growth, and techniques for their remedy, based on methods recommended 

by Pycraft (1984), Anon. (1982, 1985), Blandy (1954) and Dawson (1977) 

are presented in Table 1.1.1.

Table 1.1.1 illustrates the ability of mosses to thrive in 

environments unfavourable to grasses, commonly due to poor lawn 

management practices.

1 .2 .2  Chemical con tro l

Early methods of chemical control of mosses in turf, described by 

Blandy (1954) and Dawson (1977), involved the use of either potassium 

permanganate, ferrous sulphate or mercurous chloride (calomel).

Currently recon^nded formulations for chemical control of mosses 

in lawns (Pycraft, 1984; Anon., 1982, 1985) include dichlorophen di(5- 

chloro-2-hydroxydiphenyl)methane, lawn sand (ammonium sulphate +

In  a d d i t io n  th e  s p e c i e s  Rhytidiadelphus squarrosus and Calliergon

cuspidatum h a v e  b een  d e s c r ib e d  a s  w eeds o f  t u r f  (A non, 1 9 8 2 ) .



Table 1.1.1 Causes of moss infestation of lawns and their cultural

remedies

Causes Remedies

Soil pH. Moss weeds in turf are often 
considered problems solely of acid soils 
(Anon 1982, 1985; Pycraft, 1984) 
indicating a need to raise pH. However, 
Barbula fallax is an example of a moss 
weed in turf on calcareous soils (Blandy, 
1954).

Addition of lime or chalk to 
acid soils.

Nutrient-deficient soil. Low fertility 
will weaken growth of grasses increasing 
the likelihood of infection by diseases 
and competition from mosses.

Top dressing and fertilisers 
applications.

Compaction of soil. Grasses require 
loose soil structure for nutrient uptake 
and growth of roots. This is in contrast 
to mosses which are rootless, sometimes 
possessing rhizoids predominantly for the 
function of anchorage.

Addition of sand or top soil 
and spiking.

Poor drainage. Mosses require damp 
conditions to thrive unlike grasses which 
may be inhibited by bad aeration.

Spiking, raking, addition of 
charcoal or an irrigation 
system.

Excessive shade. Many moss species 
require less light than grass species and 
grow readily under trees and bushes.

Pruning of overhanging 
vegetation and planting of 
shade tolerant grass 
species.

Thatch build up. Mosses thrive in lawns 
with excessive thatch build up (layers 
of dead grass) at the soil surface.

Raking during the summer 
months when moss growth is 
slow and the use of a grass 
collection box when mowing.

Presence of broad leaved weeds. These 
weaken the grasses by competition 
enabling mosses to establish themselves.

Hand weeding or the use of 
fhe- use of selective broad 
leaved weed herbicides.

Height of grass sward. Mowing too short 
or long encourages acrocarpous and 
pleurocarpous mosses, respectively.

Adjust cutting height.
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»
ferrous sulphate + fine sand), ferrous sulphate, chloroxuron (3-[4-(4- 

chlorophenoxy)phenyl]-l,1-dimethylurea) with iron, and tar oil. Nabam

(1,2-ethanediylbis (carbamodithioatejj)' and endothal (3,6-epoxycyclo-
#1

hexane-1,2-dicarboxylic acid) have also been recommended for moss 

control in turf by Pearce (1971) and Brauen, Goss and Nus (1986), 

respectively, but are not marketed for this use.

Mercurous chloride, a previously recommended lawn moss killer, has 

been withdrawn from the pesticide market due to concern about possible 

build-up of mercury levels in the environment (Anon., 1985).

Data relating to action of the above chemicals are sparse. The 

traditional ferrous sulphate treatment has been reviewed by Kuttruff 

and Kleve-Kellen (1980), Blandy (1954) and Anon. (1982, 1985) and its 

more common application as a mixture with ammonium sulphate (lawn sand) 

is discussed by Dawson (1977), Jackson (1961), Svensson (1976) and 

Ondrej (1985). Dichlorophen initially superseded mercurous chloride 

for herbicidal control of moss in lawns (Jackson, 1961; Woolhouse, 

1973; Brown, Ougham and Beckett, 1986, Anon., 1982, 1985) and was later 

joined by chloroxuron, the latter often formulated with FeS04 (Kuttruff 

and Kleve-Kellen, 1980; Svensson, 1976 and Anon., 1985).

Literature on the effects of other herbicides for moss control, 

whether in lawns, orchards, or nursery stock containers, is extremely 

limited. Often they concern different moss species, habitats and 

application methods for each herbicide making judgements of relative 

efficacy and general moss sensitivity difficult. Table 1.2.2

summarises published literature on the sensitivities of a range of moss 

species from different habitats to various herbicides.

»
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Table 1.2.2 A survey of published literature on the effects of 
#  herbicide on mosses (species where known)

Herbicide Habitat Score of Author
(species) toxicity

Potassium permanganate Turfs 3 Blandy, 1954
Ferrous sulphate Turfs 3
Calomel Container 5

grown
plants

Calomel Turf 4 Jackson, 1961
Dichlorophen 4

2,4-D Sphagnum 1 Dana, 1966
2,4,5-T Bogs 1
Fenuron 1
Diquat 1
Bromoxynil 1
Silvex 1
Dicamba 1
Pichloram 1

Nabam Turf * Pearce, 1971

Calomel Turf 5 Woolhouse, 1973
Dichlorophen 5

Glyphosate Tea
plantations

5 Ronoprawiro, 1975

Paraquat and Diquat 3
2,4-D + MSMA + Diuron 3
Captafol 3

Chloroxuron Turf 5 Svensson, 1976
Ferrous sulphate 3

Chloroxuron Turf 5 Kuttruff and 
Kleve-Kellen,

Iron sulphate 3 1980
Ammonium sulphate 2

Bordeaux mixture Trees * Rosa, 1980
Tar oil *

Aminotriazole Orchards 5 Atkinson, Abernathy and
Bromacil (soil) 3 Crisp, 1980
Chlorthiamid 5
Dichlobenil 4
Diuron 5
Glyphosate 3
Propyzamide 4
Simazine 2

Glyphosate Tea plants 2 Ronoprawiro, 1981
Fentin acetate 4
DNOC 4

>
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Table 1.2.2 (cont'd)

Herbicide Habitat Score of Author
(species) toxicity

2,4-D Woodlands 1 Stjernquist, 1981
MCPA (Dicranum sp) 1
Triclopyr (Pleurozium sp) 1
Glyphosate 2

Chloroxuron Container 5 Van Himme and 
Stryckers,

Thiram grown 4 1981
Binapacryl plants 1
Chinonamid 4

EPTC Laboratory 
experiments 
(P. commune)

3 Bowers, 1982

Atrazine Embankments 4 Skender, 1983

Oxadiazon Container 5 Ryan, 1983
Dodine acetate grown plants 4
Thiram 4
Ziram 1
Captan 1
Tribasic copper 1

Bordeaux mixture seed beds 5 Walker and Reynolds, 
1984

Oxadiazon Container 2 Wilson and Hughes, 
1985

Diphenamid + mogeton grown plants 
(Funaria

4

hygrometrica)
Oryzalin 4

" + mogeton 4
Mogeton 4

Ammonium sulphate 
Iron sulphate

Turfs 3 Ondrej, 1985

Bensulide 2 Brauen et al. 1986
Endothal
Dichlorophen Laboratory

5
Brown, Ougham and

experiments Beckett, 1986
(R. squarrosus)

Paraquat Ornamental (2) Balcerkiewicz and
Glyphosate plants (2) Rusinka, 1987
Atrazine (2)
Simazine (2) (not quantitative)

= score of toxicity (1 = no effect; 2 = slight visible damage; 
3 = moderate damage; 4 = severe damage; 5 = death of moss)

* = no toxicity data available

I
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1 .3  GENERAL CHARACTERISTICS OF BRYOPHYTES

The Bryophyta contain three classes: Bryopsida (mosses), 

Hepaticopsida (liverworts) and Anthoceratopsida (hornworts). 

Typically, bryophytes possess two distinct stages in their life cycle 

viz green gametophytic stage characterised by the possession of 

multicellular sex organs called antheridia and archegonia, and a 

partially-dependent sporophytic stage, not green at maturity, concerned 

with shedding spores.

Gametophytes range in size from barely visible to 1 m in height, 

their size being limited by the absence of lignin. Moss gametophytes 

generally show a definite axis or stem (caulid) on which small 

unstalked leaves (phyllidia), sometimes possessing a midrib, are borne. 

The stem is more weakly constructed (non-lignified) than in vascular 

plants, without their elaborate internal tissue differentiation 

although functional vascular tissues are present in some groups, 

notably the Polytrichales. Bryophytes are often attached to their 

substrate by rhizoids, similar to root hairs in vascular plants 

(Schofield, 1985), but rhizoids are completely absent or sparse in 

pleurocarpous species including the lawn weed Rhytidiadelpluis 

squarrosus.

Many moss and liverwort gametophytes can reproduce asexually by 

means of gemmae, small clusters of cells which break away to form a new 

plant, or else by propagula, brittle specialised branches that are 

easily fragmented and dispersed to new sites (Schofield, 1985). The 

simple process of branching followed by decay of attachments is an 

important method of vegetative propagation in many bryophytes.

Sexual reproduction involves the formation of antheridia and 

archegonia on the vegetative gametophyte. The antheridia are multi­

cellular sacs containing spermatazoids (male gametes) and are 

intermixed with paraphyses (filamentous sterile structures).

»
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Archegonia contain a single egg which, following fertilisation by a 

male gamete, will give rise to the sporophyte.

In general, the sporophytic stage of bryophytes is dependent on 

the gametophyte. Photosynthate must pass from the gametophore through 

the transfer cells of the foot into the sporophyte. When mature, 

capsules shed their spores as a fine dust which will subsequently 

germinate to form prothalli and then develop into the new gametophytes. 

Many bryophytes including some lawn weeds never produce sporophytes and 

reproduce by vegetative methods.

1 .4  RHYTIDIADELPHUS SQUARROSUS

The bryophyte selected for the experimental work in this thesis 

was Rhytidiadelphus squarrosus. This species is one of the major moss 

weeds of lawns on both calcareous and non-calcareous soils in Britain 

and North Europe and is plentiful in the lawns of Silwood Park, around 

which much of the work was based. Details of the biology of R. 

squarrosus are given below.
Rhytidiadelphus squarrosus (Hedw.) Warnst. (Hypnobryales :Hypnaceae) 

is a common pleurocarpous moss, indifferent to pH of the soil, found in 

moist grassy places growing in dense patches or as single shoots. The 

stems (caulidia) are often red (Schofield, 1985) and between 5 and 

12 cm long, the shoot length being partially dependent on the presence 

of other vegetation. The leaves (phyllidia) spread in a squarrose 

manner from a wide sheathing base and give the shoot apex a star-like 

appearance (Plate 1.4.1). The leaves are unistratose, 2-3 mm long and 

taper to an acute point. They are faintly plicate with bluntly toothed 

margins and and have short forked nerves. Rhizoids are absent or

sparse in R. squarrosus under field situations, although visible when 

grown in laboratory conditions. Reproduction of R. squarrosus is 

generally by vegetative means following the detachment of tissue from

I



Plate 1.4.1. Scanning electron micrograph of a leafy gametophore apex 
of Rhytidiadelphus squarrosus showing star-like spreading of leaves at 
the apex (Magnification xl44)
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the gametophyte and its subsequent regeneration to form a new 

gametophyte plant. Successful sexual reproduction is rarely observed. 

It is probable that the spread of the species is dependent on the 

detachment of viable fragments by mowing machinery and grazing animals.

1 .5  CYTOLOGY OF R. SQUARROSUS

An appreciation of cell structure of bryophytes is central to an 

understanding of the action of herbicides. The following account is 

based partly on published work on bryophytes in general and partly on 

my own observations of stem and leaf sections of R . s q u a r r o s u s  using 

transmission electron microscopy.

The cellular organisation of bryophytes is closely similar to that 

of vascular plants (Duckett, 1986). The cellular organisation of R . 

s q u a r r o s u s  with regard to lead uptake and its location within cells has 

been studied by Skaar, Ophus and Gullvag (1973), Gullvag, Skaar and 

Ophus (1974) and Halvorsen, Gullvag and Cunningham (1978).

The cell walls of bryophytes are structurally simple and are 

composed of cellulose microfibrils embedded in non-cellulosic 

carbohydrate (Duckett, 1986). Histochemical studies on stem tissue of 

the Polytrichaceous moss D e n d r o l ig o t r ic h u m  d e n d r o id e s  indicate that 

cellulose microfibrils are embedded in pectin, aldehydes, and small 

amounts of polyuronides with free carboxyl groups, and are not 

lignified (Scheirer, 1973). Plate 1.5.2 reveals the polylamellated 

structure of the leaf cell wall of R . s q u a r r o s u s  with lamellae 

possessing microfibrils aligned at various angles. A similar 

polylamellated cell wall can be seen in the cells comprising the stem 

tissue (Plate 1.5.3). Here it is easy to differentiate the inner, 

middle and outer cell wall. This layering of the stem cell walls 

resembles that of D . d e n d r o id e s  (Scheirer, 1977). The lamellated 

structure in both species is only visible in the middle and outer cell

I
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Plate 1.5.2. Transmission electron micrograph of the polylamellated 
leaf cell wall of Rhytidiadelphus squarrosus (Magnification xl38260)
(a) inner cell wall and (b) outer cell wall.

Plate 1.5.3. Transmission electron micrograph of the polylamellated
stem cell walls of Rhytidiadelphus squarrosus (Magnification x 33509)
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wall layers. The lamellation and orientation of microfibrils in these 

layers is similar to that described for Polytrichaceous mosses which 

in turn have been likened to nacreous conductive tissue (thickened 

lateral cell walls) of vascular plants (Stevenson, 1974; Warmbrodt and 

Evert, 1974). Transmission electron micrographs of the leaf cell of 

R . s q u a r r o s u s  also indicate the presence of two polylamellated cell 

wall layers (Plate 1.5.2).

Cells similar to the leptoids (sieve elements) of D e n d r o l ig o -  

t r ic h u m  d e n d r o id e s  which possess oblique end walls (Scheirer, 1977) 

are visible in R . s q u a r r o s u s  (Plate 1.5.4). Pores or plasmodesmata

between the sieve element-like cells may exist but were not clearly 

visible in the sections observed. The plasmalemma is clearly visible 

against the cell wall (Plate 1.5.3) but plasmolysis has occurred in 

some stem cells.

Plasmodesmata in leaf and stem cells of R . s q u a r r o s u s  were 

observed by Gullvag e t  a l . (1974) and Halvorsen e t  a l .  (1978) with 

smooth endoplasmic reticulum or tubules passing through the pores. The 

presence of plasmodesmata in stem cells of R . s q u a r r o s u s  was described 

by Halvorsen e t  a l .  (1978) and related to leptoid structures. Plate

1.5.5 shows plasmodesmata in R . s q u a r r o s u s  stem cells with extensive 

associated endoplasmic reticulum around the area and desmotubules 

penetrating the plasma membrane-lined pores. The stem cells of R . 

sauarrosus observed to contain plasmodesmata resemble those described 

as leptoids in the Polytrichales (Warmbrodt and Evert, 1974; Scheirer, 

1973, 1977; Stevenson, 1974; Eschrich and Steiner, 1968 a, b).

Clarkson (1974) described desmotubules as not possessing a unit 

membrane structure; consequently they are finer than endoplasmic 

reticulum and plasma membrane. The plasmodesmata observed in R. 

s q u a r r o s u s  (Plate 1.5.5) share the characteristics of those found in 

vascular plants; narrow ends, such that there is a close association of

»
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Plate 1.5.4. Transmission electron micrograph of Rhytidiadelphus 
squarrosus stem cells (T.S) showing leptoid-like oblique cell walls 
resembling those described by Schofield and Hebant (1984) for 
Polytrichales (Magnification x20998)

Plate 1.5.5. Transmission electron micrograph of stem cells of 
Rhytidiadelphus squarrosus showing (a) plasmodesmata; (b) desmotubules 
and (c) associated endoplasmic reticulum (Magnification x32718)
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plasma membrane and desmotubule, and a wider central zone. The close 

association of the plasmalemma and desmotubule ensures continuity 

between the cells but not via open pores.

The plasmodesmata of R . s q u a r r o s u s  stems (Plate 1.5.6) are 

congregated in specific areas of the cell wall, characterised by large 

indentations of the inner surface. Such areas are described as pits in 

vascular plants and are characteristic of young sieve elements. In 

vascular plants, as these elements mature, callose tissue is laid down 

on the surface of sieve areas and down through the pores (Fahn, 1982; 

Clarkson, 1974). Therefore, in older sieve areas, depressions of the 

inner cell walls are not apparent. Callose-containing cells have been 

observed in mosses (Duckett, 1986; Hebant, 1977) but were not apparent 

in or around the plasmodesmata of R . s q u a r r o s u s. Uncallosed pores have 

also been observed in the club-moss L y c o p o d iu m  lu c id u lu m  (Warmbrodt and 

Evert, 1974) which was described as possessing numerous primary pit 

fields with plasmodesmata on lateral and tapering walls between 

differing cell types in the phloem. Translocation studies in R . 

s q u a r r o s u s  were not undertaken in the present investigation but the 

parietal system of endoplasmic reticulum indicates that the perforated 

areas may function as a transport system for assimilates or water.

The plasmodesmata observed in the cell wall pits of R . s q u a r r o s u s  

stem cells (Plate 1.5.5) are numerous and large and were also found by 

Halvorsen e t  a l . (1978). It is possible that the apparent large 

plasmodesmata sizes are artefacts of microscopy due to interference 

from other plasmodesmata visible below the surface of the stem section. 

Alternatively, the perforations may be simple pits in the cell wall 

rather than true plasmodesmata of the type described by Duckett (1986) 

at the junctions between leptoids.

A comparison of the morphology of R . s q u a r r o s u s  stem cells showing 

conductive tissue properties with those of leptoid cells from 

Polytrichales indicates some similarities. Leptoid cells of
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Plate 1.5.6. Transmission electron micrograph of stem cells of 

Rhytidiadelphus squarrosus showing the congregation of plasmodesmata in 

a specific area (pit) of the cell wall (Magnification x9008)
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Polytrichales (Hebant, 1977; Schofield and Hebant, 1984) are 

characterised by: 1) elongated shape with terminal end walls tending to 

be oblique and possessing many plasmodesmata; 2) lateral cell walls 

possessing plasmodesmata but these are fewer in number than in the 

terminal end walls; 3) mitochondria (plastids) and extensive stacked 

endoplasmic reticulum (sieve element reticulum) are identifiable; 4) 

frequent, but developmentally late, degeneration of the nucleus. 

Schofield and Hebant (1984) also described the existence of many 

intermediate types of cellular organisation in less differentiated 

species. Halvorsen e t  a l . (1978) observed many leptoid-like features 

in R . s q u a r r o s u s  stem cells. Also X-ray energy dispersive analysis 

indicates that nutrient translocation may occur via the plasmodesmata 

and associated endoplasmic reticulum. In the present study, no

electron micrographs showing end wall perforations or stacked 

endoplasmic reticulum were recorded, although lateral wall perforations 

were observed (Plate 1.5.6). Therefore the apparent conductive stem 

tissue of R . s q u a r r o s u s  is best described, using the terminology of 

Hebant (1979), as conductive parenchyma.

Mitochondria, chloroplasts, smooth and rough endoplasmic reticulum 

polysomes, and nucleus are present in stem cells of R . s q u a r r o s u s  

(Plate 1.5.7). Chloroplasts resembling those found in vascular plants 

are also present with lamellated grana, starch grains and 

plastoglobuli. The chloroplasts have poorly developed lamellae systems 

possibly reflecting the high light environment of R . s q u a r r o s u s  growing 

in turf.

Lipid bodies were also observed in large numbers in the stem cells 

but not in the leaf cells of R . s q u a r r o s u s  (Plate 1.5.8). Lipid bodies 

are major food reserves for bryophyte tissues (Duckett, 1986). 

Swanson, Anderson, Gellerman and Schlenk (1976) described similar lipid 

bodies in C e r a to d o n  p u r p u r e u s  containing mainly triglycerides.
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Plate 1.5.7. Transmission electron micrograph of cellular plastids of 
a Rhytidiadelphus squarrosus stem cell (Magnification x31040)

(a) chloroplast

(b) plastoglobuli

(c) starch grains

(d) lipid bodies

(e) mitochondria

(f) nucleus

(g) rough endoplasmic reticulum

(h) smooth endoplasmic reticulum

(i) polysomes

(j) vacuolated area

i

i
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Plate 1.5.8. Transmission electron micrograph of a leaf cell of 
Rhytidiadelphus squarrosus showing the polylamellated cell wall, 
cytoplasm, mitochondria and a chloroplast (Magnification xl4750)
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Electron micrographs of R . s q u a r r o s u s  stem tissue show a 

preponderance of lipid bodies around the outer edges of the cells
\>t(Plates 1.5.4-1.5.7 and 1.5.9). This may^indicative of lipid excretion 

to the plasmalemma or through the plasmalemma for deposition on the 

inner cell wall. Moore, Luff and Hallen (1982) describe lipid bodies 

in desiccation-tolerant mosses as possible sources of short chain 

carbon compounds for membrane repair. The close association of 

endoplasmic reticulum and lipid bodies at the cell wall (Plate 1.5.9) 

may indicate that lipid bodies can be incorporated into the membranes 

and exocytosed. However, the Golgi apparatus is generally considered 

to function in cell wall deposition (Fahn, 1982) and was not observed 

in the present study. Similar membrane-bound inclusions termed 

'refractive spherules' were described by Schofield and Hebant (1984) in 

P o ly tr ic h u m  c o m m u n e .

Halvorsen e t  a l .  (1978) did not observe large single vacuoles 

within stem cells of R . s q u a r r o s u s , as observed in Plate 1.5.7, but 

numerous small ones. Leaf sections of R . s q u a r r o s u s  presented by 

Skaar, Ophus and Gullvag (1973) also do not show large vacuolated 

areas. Leaf tissue electron micrographs were not sufficient to

determine vacuole form in the present study as no whole cell 

micrographs were obtained. The large plastid free area visible in 

Plate' 1.5.8 could therefore be attributed to ruptured tissue during 

preparation or sectioning rather than a single vacuole. The cell 

organisation of R . s q u a r r o s u s  found in the present study thus resembles 

that of the leafy hepatic J im g e r m a n n ia  v u lc a n ic o la  described by Satake 

and Miyasaka (1984).

1.6 WATER AND SOLUTE RELATIONS IN BRYOPHYTES

Bryophytes differ fundamentally from vascular plants in the manner 

in which they obtain moisture and mineral nutrients and in their 

abilities to withstand low tissue water potentials.
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Plate 1.5.9. Transmission electron micrograph of stem cells of 
Rhytidiadelphus squarrosus showing the preponderance of lipid bodies 
around the edges of cells and association with endoplasmic reticulum 
(Magnification x20998)
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The majority of mosses obtain their water and nutrients from 

atmospheric moisture (Schofield, 1985). Although mosses probably do 

not acquire water and nutrients from their substratum, they may depend 

on the substratum and its water holding capacity for their survival, an 

example being that of weed mosses in turf and their preference for a 

moist micro-environment within the grass swards, especially in the 

presence of leaf litter.

Vascular plants have evolved a conducting system that will bring 

water from the soil to the photosynthesising shoots. The Polytrichales 

contain the best examples of endohydric mosses. These species possess 

simple vascular tissues, the hydroids and leptoids, for conduction of 

water and assimilates respectively. These structures are analogous but 

not homologous to the xylem and phloem of vascular plants. In the 

Polytrichales water is passed to the stems by a network of rhizomes. 

In contrast, the ectohydric mosses (such as R . s q u a r r o s u s) lack a 

conductive system and rely totally on the uptake of surface water. To 

complement the two different water uptake and conduction systems, the 

endohydric and ectohydric mosses possess different strategies of 

adaptation to their water conduction. Endohydric mosses usually 

possess a water repellent cuticle and often a layer or deposits of a 

substance that resembles the epicuticular waxes of vascular plants 

(Proctor, 1979a). Ectohydric mosses possess a thin cuticle, if any, 

and generally no wax-like deposits. Therefore, the endohydric mosses 

repel water from their surfaces, possibly to aid C02 exchange, and 

ectohydric mosses depend on the accumulation of water across their 

surfaces. The scanning electron micrograph (Plate 1.6.1) shows the 

absence of waxy granular deposits on the adaxial surface of R . 

s q u a r r o s u s  leaves.



Plate 1.6.1 Scanning electron micrograph of the adaxial surface of a 
Rhytidiadelphus squarrosus leaf showing the leaf cell shape and absence 
of waxy surface deposits (Magnification x2571)
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Ectohydric mosses often conduct water over their surface by 

capillary action (Proctor, 1979a, b; Dilks and Proctor, 1979; Bowen, 

1933). Plate 1.6.2 shows the existence of longitudinal surface 

plictations in the leaves of R . s q u a r r o s u s  which may serve this 

function. Proctor (1979a) described similar plictations in N e c k e r a  

c r i s p a  as structural elements within the cell wall. Schofield (1985) 

described increased rates of water movement, by capillary action, over 

cells with a thick cell wall size to protoplast size and suggested that 

increased cell wall thickness reduced the loss of water to the cells. 

Overall movement of water along the moss shoot is probably dependent on 

capillary networks between overlapping leaves, leaf bases and rhizoids.

R . s q u a r r o s u s  may be best classified as mixohydric as it has been 

shown by Halvorsen e t  a l. (1978) to possess leptoid like cells in the 

shoot which, although normally associated with assimilate transport in 

P o ly tr ic h u m  spp., may also aid in water transport. Transmission 

electron micrographs (Plates 1.5.4 and 1.5.6) confirm the findings of 

Halvorsen e t  a L  (1978). Schofield (1985) described stereids in a 

number of the subclass Bryidae although these are generally considered 

to be of supporting function.

The water associated with the external surfaces of bryophytes and 

within the matrix of the cell walls is an essential factor in the 

acquisition of nutrients by bryophytes (Schofield and Hebant, 1984). 

Ectohydric moss species, such as R . s q u a r r o s u s, have the potential to 

absorb nutrients over their entire surface. The intracellular uptake 

of dissolved substances from the external solution is controlled by a 

selectively permeable lipoprotein membrane (Brown, 1984). The high 

cation exchange capacity of the cell wall may also enable accumulation 

of substantial quantities of dissolved substances from the external 

solution, as well as from particulate minerals trapped in the 

overlapping tissues. The role of cation exchange on bryophyte cell 

walls and its relationship with intracellular uptake are unclear but



Plate 1.6.2. Scanning electron micrograph of the longitudinal 
plictations on the adaxial leaf surface of Rhytidiadelphus squarrosus 
(Magnification xl9200)
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are presumed to have only a small immediate effect (Brown, 1984). 

However, the high cation exchange capacities of bryophytes have been 

suggested to be buffers against excessive concentrations of ions 

reaching the plasma membranes or reservoirs for intracellular uptake 

(Schofield, 1985). Wells and Brown (1987) showed in R. squarrosus that 

redistribution of cadmium from extracellular exchange sites to an 

intracellular location can occur.

The ease with which ectohydric mosses acquire water over their 

surfaces also exposes them to circumstances where water loss occurs 

leading to desiccation of the tissue. Many mosses are poikilohydric in 

nature in that their tissues, including the protoplast, can have a 

variable water content, closely resembling that of their surrounding 

atmosphere. Some moss species have also been found to be desiccation 

sensitive (Proctor, 1984). Desiccation tolerant species can withstand 

drying to water contents equivalent to 10% of their dry weights (Dilks 

and Proctor, 1974)

Many mosses are morphologically adapted to prevent water loss. 

Those species possessing a cuticle may initially experience impeded 

water loss, and mosses with leaf apices that extend into points can 

reduce evaporation by up to 20% (Proctor, 1984). Tufted growth forms 

also help to conserve water due to the development of a boundary layer 

which resists evaporation.

Desiccation tolerant species resume respiration immediately upon 

remoistening, rising to levels greater than normal (Dilks and Proctor, 

1976a). Photosynthesis recovers more slowly. Between 12-24 h after 

remoistening, both respiration and photosynthesis return to normal 

(Proctor, 1984). Recovery times, following desiccation, have been 

observed to depend on desiccation period (Moore, Luff, and Hallam, 

1982), seasons (Dilks and Proctor, 1976b), temperature (Schofield,

»
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1985) rate of desiccation (Dilks and Proctor, 1974; Krochko, Bewley and 

Pacey, 1978) and degree of chloroplast degradation (Streusand, Weber 

and Ikuma, 1986).

The cells of desiccation tolerant mosses are generally small or 

long and narrow, as for R. squarrosust with dense contents and small 

vacuoles (Proctor, 1984). On drying, the protoplasts of these cells 

have been observed to shrink to half their normal volume. Large 

numbers of lipid bodies have also been found in desiccation tolerant 

mosses; these are thought to be involved in supplying short carbon 

chain compounds for membrane repair mechanisms (Moore, Luff and Hallam, 

1982).

Brown and Buck (1979) described a sudden loss of ions from 

desiccated moss cells upon rewetting of the tissue, believed to be due 

to a loss plasma membrane integrity. Some of the released ions are 

reabsorbed on restoration of membrane integrity. Adsorption of 

cations to the cell walls of the moss may serve in the reabsorption of 

the ions (Brown and Buck, 1979).

Desiccation tolerance is attributed to the stability, during 

desiccation and subsequent rehydration, of the moss proteins and 

cytoplasmic ribosomal RNA (Dhindsa and Bewley, 1977; Bewley, 1979). In 

addition, the ability to resume protein synthesis, RNA synthesis, 

respiration and photosynthesis immediately upon rewetting is essential 

in desiccation tolerant species (Bewley, 1979). On resumption of 

these activities, reconstitution of the damaged plasmalemma can occur, 

followed by the readsorption of leaked ions.

1.7 EFFECTS OF HERBICIDES ON PLANTS

Studies on the uptake and mode of action of herbicides 

primarily related to their activity on vascular plants.

1 .7 .1  Uptake of herbicides

To exert an effect, a herbicide applied to the surface of a plant 

must enter into the living tissues. The processes involved in



penetration are well documented in vascular plants (Baker, 1980; 

Bukovac, 1976; Price, 1982, 1983; Charnel, 1986). Here her bicides must 

initially traverse a layer of epicuticular wax, which may be in the 

form of a smooth film, microcrystalline deposits, or in some cases 

absent (Baker, 1980; Charnel, 1986) and a cuticle before reaching the 

cell wall of the epidermal cells. The epicuticular waxes are composed 

in general of long-chain (C26-34) aliphatic hydrocarbons, ketones, 

aldehydes, alcohols and alkyl esters (C35-60) (Baker, 1980; Charnel,

1986). Cutin and cuticular waxes comprise the bulk of the cuticle and 

are composed of unesterified hydroxycarboxylic acids derived from 

C16-18 acids and long chain fatty acids respectively (Baker, 1980). 

The chemical compositon of the cuticle confers both hydrophilic and 

lipophilic properties and at physiological pH a negative charge exists 

(Charnel, 1986). The epicuticular wax and cuticle therefore represent a 

barrier for the penetration of foliar applied chemicals. The 

efficiency of a chemical in overcoming this barrier may determine its 

activity and selectivity.

The next layer, the cell wall, is mainly composed of cellulose and 

polyuronic acids in vascular plants, the composition and synthesis of 

which have been reviewed by Robinson (1977). Price (1982) described 

chemicals which are capable of diffusing across the cuticle and 

entering the aqueous continuum of the cell wall free space. The two 

factors preventing movement of herbicide molecules on penetrating the 

cell wall are interactions with wall structures leading to partition or 

binding. The cell walls possess anionic exchange sites formed by uronic 

acids associated with cellulose and pectins, plus some attributable to 

proteins and polyphenols (Clarkson, 1974). Cations exchanged to anions 

of the cell walls are said to occupy the 'Donnan Free Space' . This 

follows Donnan's description of the equilibria established when 

inorganic ions are separated by a membrane permeable to such ions but 

impermeable to large organic anions present in one compartment of the
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system (Clarkson,1974; Street and Opik, 1976). The influence of 

cation exchange on the uptake of herbicides following spray application 

has been described by Price (1978). He related evidence for the 

reversibility of the Donnan exchange to some organic cations possessing 

relatively high mobilities in wheat. However, in some situations 

adsorption may be irreversible, as is the case of 1-methyl- pyridinium 

chloride in apple leaves, possibly due to binding to lignins or 

tannins. The quantitative and qualitative composition of the cuticle 

and cell wall and the chemical properties of the herbicide will 

therefore influence the rate of herbicide uptake into vascular plants 

(Rivera and Penner, 1979; Charnel, 1986; Bukovac, 1976).

Finally, the herbicide must penetrate the plasmalemma. Plant 

membranes are mainly composed of lipids and proteins plus other 

constituents such as sterols, metal ions and water, and they possess 

both structural and functional properties (Rivera and Penner, 1979). 

The main functions of the membrane include regulation of cell 

permeability, and ion and electron transport. The ability of a 

herbicide to penetrate the plasmalemma is, therefore, a function of 

cell permeability, environmental conditions, plant age, chemical 

properties of the herbicide and its lipid solubility, and the lipid 

composition of the membrane (Rivera and Penner, 1979).

1.7 .2  Mode of action  of herb icides

Herbicide activity is generally directed towards metabolic 

pathways which are specific to plants. These include amino acid bio­

synthesis, photosynthesis, plant hormone action and the regulation of

cell division (Fedtke and Trebst, 1987). However, many of the

mechanisms and modes of action of herbicides have still to be

elucidated.

I



Herbicidal action can be divided into primary and secondary 

mechanisms (Moreland, 1980). The primary mechanisms refer to those 

that can be measured within a few seconds. These are relatively few 

and include free radical formation, photo-oxidation and inhibition of 

electron transport.

Secondary actions are measured in minutes, after suppression of 

the availability of ferredoxin, NADPH2 and ATP. These include 

biosynthesis reactions, membrane functions, modulation of metabolism 

and accumulation of nitrite. The mechanisms and modes of action of 

herbicides are summarised in Table 1.7.1 (Moreland, 1980).

In general the modes of action of herbicides can be categorised 

into those affecting respiration, photosynthesis, protein synthesis or 

lipid synthesis (Fryer and Makepeace, 1977). Herbicide classification 

into a particular category is not rigid and overlaps exist. The 

general activity within each group is described below:

1) Inhibitors of respiration may interfere with a) glycolysis, the 

oxidation of glucose to pyruvate, b) the Krebs cycle and the oxidation 

of various organic acids, c) electron transport, and d) oxidative 

phosphorylation, the mechanism by which oxidation is coupled with 

phosphorylation of ADP to ATP. Herbicides having these effects are 

generally termed uncouplers (dinoseb, ioxynil), inhibitors of oxidative 

phosphorylation (carbamates, phenoxy acids) or electron transport 

inhibitors (possibly dinitroanilines) (Corbett, Wright and Baillie,

1984). Many herbicides classified as uncouplers have been found to do 

so at low concentrations but to also inhibit oxidative phosphorylation 

at high concentrations.

2) Inhibition of photosynthesis is the most common form of herbicidal 

action. Many photosynthetic inhibitors affecting the light reaction 

also inhibit ATP formation in isolated mitochondria. The main 

inhibitory action is that of electron transport and the sites of action



Table 1.7.1 Mechanisms and Mode of Action of Herbicides (cited Moreland, 1980)
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are generally in photosystem II at a) the 02 evolution pathway 

(triazines, ureas), or b) a site adjacent to plastoquinone (ioxynil, 

bromoxynil). Bipyridylium herbicides also act on photosynthesis; they 

inhibit electron transport by accepting electrons in photosystem I.

3) Protein synthesis and nucleic acid metabolism are the sites of 

action for several groups of herbicides. Many of the herbicides which 

inhibit nucleic acid metabolism and protein synthesis also affect ATP 

synthesis by oxidation or photophosphorylation. This overlap in 

actions makes the identification of indirect and direct effects of 

herbicides on protein synthesis difficult (benzoic acids, carbamates, 

dinitroanilines, phenoxy acids).

4) Interference of lipid synthesis is generally of slow occurrence in 

terms of visible effects on the plant. Action is on both the organelle 

and cell membranes (dichlobenil, endothal).

The work presented in this thesis investigates the effects of four 

herbicides, paraquat, 2,4-D, dichlorophen and FeS04, on the moss 

R. squarrosus. A summary of their action in vascular plants follows.

Paraquat

Paraquat is a non-selective foliage-applied herbicide which when 

present within the plant chloroplast, undergoes rapid reductions and 

reoxidations with the continual production of hydrogen peroxide. 

Hydrogen peroxide is believed to be the phytotoxic entity (Calderbank 

and Slade, 1975). The process of reduction and reoxidation interferes 

with photosynthesis by diverting photosynthetic energy away from 

carbon dioxide fixation. For this process to occur, both light and 

oxygen are required. Rapid cell destruction due to membrane damage is 

caused by the release of hydrolytic enzymes from the vacuole plus the 

formation of toxic radicals and peroxides (Corbett, Wright and Baillie,

1984).
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2,4-Dichlorophenoxyacetic acid (2,4-D)

2,4-D is a selective, foliage-applied herbicide which exerts 

growth regulatory/hormonal type activity on most annual and perennial 

broad leaved species (Fryer and Makepeace, 1977). Susceptible species 

show symptoms of chlorosis, altered stomatal function, stem tissue 

proliferation, root initiation from stem tissue, disintegration of root 

tissue and abnormal apical growth (Corbett et al., 1984). High 

concentrations of 2,4-D may adversely effect photosynthesis; low 

concentrations may stimulate it (Audus, 1964).

Grasses are generally very tolerant to 2,4-D but some damage may 

occur if the herbicide is applied at a very early growth stage (Fryer 

and Makepeace, 1977).

Dichlorophen

Dichlorophen is marketed in various formulations for the control 

of fungi, bacteria, algae and mosses. Vascular plants are not affected 

by the foliar application of dichlorophen. This has been attributed to 

the low aqueous solubility of dichlorophen leading to poor foliar 

absorption (Purkiss, 1983).

Dichlorophen has been classified as an uncoupler of oxidative 

phosphorylation in fungi, bacteria and rat mitochondria (Corbett et 

a/., 1984; Nakaue, Caldwell and Buhler, 1972). However, in Moreland's 

(1980) classification system for inhibitors of plant photosynthesis and 

respiration, dichlorophen is grouped as an inhibitory uncoupler of 

oxidative phosphorylation. Figure 1.7.1 is a schematic representation 

of electron transport and phosphorylation in plant mitochondria showing 

postulated sites of activity of inhibitory uncoupler herbicides. 

Inhibitory uncouplers at low molar concentrations, were described by 

Moreland (1980) to, satisfy the criteria of uncouplers by :-

>
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Fig. 1.7.1 An outline of electron transport and phosphorylation in 

plant mitochondria (Moreland, 1980).

Abbreviations:

Italics letters in circles show the postulated sites of action of 

inhibitors.

a -  f = are electron transport inhibitors, g = uncoupler

ExNADH, exogenous NADH; FPD, flavoprotein associated with complex I; 

FPS, flavoprotein associated with complex II; FPX, flavoprotein

associated with alternate pathway; FPN, flavoprotein associated with 

oxidation of exogenous NADH; NH-Fe, non-heme proteins; Q, ubiquinone; 

FeCN, ferricyanide; I, II, III, IV, sites of phosphorylation.
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(a) stimulating state four respiration (Fig. 1.7.1),

(b) inducing ATPase activity,

(c) circumventing oligomycin imposed inhibition of state three 

respiration (Fig. 1.7.1),

(d) inhibiting various exchange reactions catalysed by mitochondria 

in the absence of substrates that involve ADP, ATP and water.

At high molar concentrations, inhibitory uncouplers act 

as electron transport inhibitors and will affect chloroplast reactions. 

Ferrous sulphate (FeS04)

Iron is an essential micro-nutrient for plants. FeS04 is not used 

as a vascular plant herbicide but it is marketed both independently and 

in mixtures with other chemicals for the control of mosses in lawns. 

In vascular plants iron deficiency is inhibitory to photosynthesis 

(Spiller and Terry, 1980). Ferrous iron enters solution in toxic 

quantities in anerobic soils (Wheeler, A1 Farraj and Cook, 1985) and is 

a principal cause of the absence of many plant species from waterlogged 

soils. In aerobic conditions, ferric iron is the predominant form. 

Ferric iron compounds have limited solubility and generally do not 

reach toxic concentrations in natural environments.

1.8 ANATOMICAL AND PHYSIOLOGICAL PROPERTIES OF BRYOPHYTES IN RELATION 

TO HERBICIDE UPTAKE

Bryophytes differ from vascular plants in that they generally do 

not possess a well developed cuticle (Section 1.6; Duckett, 1986). 

Proctor (1979a) found that 23 out of the 43 moss species he observed 

lacked a microcrystalline surface wax. The remaining twenty species 

were described as possessing well developed superficial wax comparable 

with the epicuticular wax of vascular plants, or traces of surface wax
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of similar character. Correlation was also found between the presence 

of surface wax and endohydric water relations (Proctor, 1979a) 

indicating the importance of surface wax in water conservation. 

However, all bryophytes retain a need for external water conduction. 

Like vascular plants, the cell walls of mosses are composed of a 

framework of cellulose microfibrils embedded in pectins. Modifications 

to the cell wall of bryophytes have been observed in a few species, 

mainly jungermannialean hepatics, in the form of more than one cell 

wall layer, coloration due to tannins, and ornamentation (sometimes 

cutinized) (Schofield, 1985). However, despite the similarities with 

vascular plants, differences between the two groups appear to exist 

causing moss cell walls to resist resin impregnation for TEM studies 

(Apostolakos and Galatis, 1985). Mosses also possess higher cation 

exchange capacities than vascular plants. Clymo (1963) attributed the 

extraordinarily high cation exchange properties in the genus Sphagnum 

to high concentrations of unesterified polyuronic acids.

The high cation exchange capacity, absence of a well developed 

cuticle, and the ability to absorb nutrients and water via their

external surfaces have made ectohydric mosses favoured organisms for 

air pollution (Nash and Nash, 1974; Goossens, 1980; Ruhling and Tyler, 

1970; Ferguson and Lee, 1980; Thomas and Schunke, 1984; Hermann and 

Hubner, 1984; Gilbert, 1968) and aquatic pollution studies (Burton,

1979; Satake and Miyasaka, 1984). These studies are based on the fact 

that accumulation of minerals will, mainly occur from the atmosphere or 

water but not the substratum. In addition, the ability of mosses to 

accumulate and tolerate high levels of "heavy" metals has been the 

subject of many studies on uptake, cellular location and metal

specificity (Brown and Beckett, 1985; Brown and Bates, 1972; Brown and 

Buck, 1985; Burton, 1979; Ruhling and Tyler, 1970; Brown and

Whitehead, 1986; Wells and Brown, 1987). The ability of mosses to

>



In contrast to the extensive studies of pollutant and metal 

uptake, there is no information on the uptake of herbicides by mosses. 

Absence of the physical barriers associated with the initial uptake of 

herbicides into vascular plants (epicuticular waxes and a cuticle) 

would perhaps suggest a more direct passage into moss cells compared 

with that of vascular plants. However, some vascular plant herbicides 

have limited effect on bryophyte tissues. These include simazine, 

glyphosate, bromacil (Atkinson, Abernathy and Crisp, 1980), paraquat 

with diquat, 2,4-D, captafol (Ronoprawiro, 1975), 2,4,5-T, bromoxynil, 

dicamba, pichloram (Dana, 1966) and atrazine (Balcerkiewicz and 

Rusinska, 1987) (Table 1.2.2). This suggests that intracellular 

uptake does not occur or that the mosses are biochemically different to 

vascular plants. However, sensitivity has been shown in bryophytes to 

dichlorophen (Jackson, 1961; Woolhouse, 1973; Ougham, 1983; Brown, 

Ougham and Beckett, 1986), chloroxuron (Svensson, 1976; Van Himme and 

Stryckers, 1981), aminotriazole (Atkinson et al., 1980), oxadiazon

(Ryan, 1983) and endothal (Brauen et al., 1981).

1.9 OBJECTIVES

1) Investigation of the efficiency of commercially available 

herbicide preparations for the control of mosses in turf and also on 

the effects of a range of vascular plant herbicides on the control of 

mosses in turf.

2) Study of growth and recovery of R . s q u a r r o s u s , under controlled 

conditions, following herbicide treatments.

w i t h s t a n d  e n v iro n m e n ts  w i t h  h ig h  m e ta l  c o n t e n t  h a s  b een  p r i n c i p a l l y

a t t r i b u t e d  to  t h e i r  c e l l  w a l l  c a t i o n i c  b in d in g  c a p a c i t i e s  p r e v e n t i n g

i n t r a c e l l u l a r  u p ta k e  and , t h e r e f o r e ,  c e l l  damage.
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3) Examination of cell absorption and efflux of selected herbicides

by R . s q u a r r o s u s .

4) Investigation of the effects of herbicides on cell physiology of

R . s q u a r r o s u s .

*

I



CHAPTER 2

EFFECTS OF FIELD APPLICATION OF HERBICIDES

ON LAWN MOSSES
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2.1 INTRODUCTION

The experiments described in this chapter were undertaken to 

observe 1) the effects of commercially available lawn moss killers and 

a range of other herbicides on mosses in turf, and 2) to determine 

whether similar effects could be reproduced in glasshouse studies and 

on a wider range of moss species.

Field trials were performed to observe the problems encountered 

when moss control applications are made to turf. The presence of 

grasses and broad leaved weeds may restrict the quantity of the sprayed 

herbicide reaching the mosses. In addition, herbicide damage to the 

grass and broad leaved weed populations of the turf would cause changes 

in the immediate environment of the mosses, possibly influencing their 

response. Rhytidiadelphus squarrosus was the predominant moss species 

present in experimental plots.

Two field trials were performed in consecutive years (1984, 1985). 

The objective of the first year's trial (1984) was to test the 

efficiency of the commercially available moss killers dichlorophen, 

chloroxuron with iron salt, ferrous sulphate and ammonium sulphate over 

a range of doses. Additionally, the non-selective contact-acting 

vascular-plant herbicide paraquat, described in the literature as 

having little effect on mosses (Balcerkiewicz and Rusinska, 1987) and 

the fungicide treatment thiram, observed by Webster (1975) to be an 

effective bryophyte killer, were included.

The objective of the second field trial (1985) was to assess the 

effects of 9 different pesticides, including the most effective moss 

killers of the first years trial, on the control of R. squarrosus in a 

lawn situation. Chemicals used were acifluorfen, oxadiazon, 

oxyfluorfen, 2,4-D, Gloquat C and paraquat, dichlorophen and 

chloroxuron with iton salt. The chemicals were selected on the basis 

of their toxic effects on mosses, as observed by other workers.

I
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Acifluorfen and oxyfluorfen were observed to cause damage to moss 

species growing at the soil surface, by Turner, D.H (1984, personal 

communication), during herbicide studies on Rhododendrons. Oxadiazon 

was described, by Ryan (1983), as an effective herbicide for the 

control of both mosses and liverworts at the soil surface of container- 

grown plants. Severe toxic effects in mosses on using 2,4-D and 

paraquat have not been observed (Balcerkiewicz and Rusinska, 1987; 

Stjernquist, 1981 Dana, 1966), although both are used extensively 

for the, respective, control of broad leaved weeds and vascular plants. 

Gloquat C is a recommended moss killer for garden paths but not for 

lawns due to its toxic effects on grasses. However, despite this 

Gloquat C was included in this trial to assess its toxicity on R . 

s q u a r r o s u s  along with the proprietary lawn moss killers dichlorophen 

and chloroxuron with iron salt. The recommended lawn moss killers, 

dichlorophen and chloroxuron with FeS04 were used again in the second 

field trial to assess their performance under different experimental 

conditions (Section 2.2.4). In addition, the toxic effects of 

dichlorophen and chloroxuron with iron salt on R . s q u a r r o s u s  serve as 

standards of toxicity to which other herbicide treatments can be 

compared.

A glasshouse trial was performed to determine the reproducibility 

of the field trial results on the effects of R . s q u a r r o s u s  growing 

under controlled environmental conditions and also in the absence of 

potentially interacting grasses and broad leaved weeds. Two other 

mosses were included in the trial, P o ly tr ic h u m  ju n ip e r in u m  and D ic r a n u m  

s c o p a r iu m , to observe whether their biological reponses to herbicide 

treatments were consistent with those of R . s q u a r r o s u s . P . ju n ip e r in u n

was chosen for this study as it is typically found in areas where 

herbicides are applied (e.g. under fruit bushes and trees). P . 

ju n ip e r in u m  is, also, endohydric with cutinised leaves and, therefore,

>



- 40 -

shows a closer resemblance to a vascular plant than R. squarrosus. D. 

scoparium was selected on the basis that although it is an ectohydric 

moss like R. squarrosus it differs in being acrocarpous with rhizoidal 

attachments to the soil. The herbicides paraquat, dichlorophen, 2,4-D 

and ferrous sulphate were selected due to their different effects on R. 

squarrosus in the previous field trials.

2.2 MATERIALS AND METHODS

2.2 .1  Plant m aterial

1) Field Experiments

R. sq u a rro su s-in fested lawns at Silwood Park, Ascot, Berkshire 

(SU 948684) and in a garden in Eversley, Hampshire (SU 769622) were 

used for moss control studies in 1984 and 1985, respectively. The soil 

types at the Ascot, Berkshire and Eversley, Hampshire sites were 

sandy:sandy loam and loam, respectively. The most abundant grass 

species present in the lawns were Agrostis tenius, Festuca rubra and 

Holcus mollis at Ascot, Berks. site and Poa pratensis and Holcus 

mollis at the Eversley, Hants site. Both sites were similar in their 

broad leaved weed and moss species composition, although the broad 

leaved weed population was greater at the Hampshire site whilst thatch 

accumulation was more evident at the Berkshire site. The predominant 

moss species at both sites was R. squarrosus. Other mosses present, 

but not abundantly, were Pscudosclcrapodium purum and Pleurozium 

schreberi. The broad leaved weed species present, at both sites, were

Ranunculus spp. , ‘ Trifolium spp. , and Beilis perennis.

2) Glasshouse cultivation

Clumps of the acrocarpous mosses Dicrcamm scoparium and 

Polytrichum juniperinum were collected from the grounds of Silwood 

Park, Ascot, Berkshire. Whole clumps of the mosses were transferred to



seed trays (20 X 15 cm) containing acid washed sand. Transplanting 

moss colonies by this method minimised damage to individual shoots and 

to the overall growth habit which is of importance in moisture 

conservation.

Gametophyte shoots of the pleurocarpous moss R. squarrosus were 

collected from lawns at Silwood Park. The shoots were teased from the 

turf and transferred to seed trays (20 x 15 cm) containing acid washed 

sand.

Trays of moss were kept in an unheated glasshouse (ca. 15°C) 

receiving no supplementary lighting. A two week conditioning period 

was given prior to applying herbicides to ensure that the mosses had 

survived transplanting. Mosses were watered, from below, twice a day 

by adding distilled water to the standing trays.

2 .2 .2  Experimental layout of f ie ld  p lo ts

One metre square plots, with 0.5 m guard rows between adjacent 

plots, were marked in two corners with bamboo canes. Where this was 

not feasible for aesthetic or lawn maintenance reasons brightly 

coloured golf tees were pushed into the turf as markers. The layout of 

the plots, for both experiments, was irregular and the treatments were 

assigned randomly. Each treatment was replicated three times.

2 .2 .3  Herbicide app lica tion

Herbicide treatments were applied using a hand held Buchier 

Sprayermatic 5S hydraulic sprayer fitted with a HSS8002 Teejet nozzle. 

Chemicals were applied at their commercially recommended (or multiples 

of) rates, at 3 bar pressure, diluted with water and without the 

addition of extra adjuvants.
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2 .2 .4  A pplication conditions fo r f ie ld  experiments

1984 Field Trial. Weather conditions were still and sunny with an 

air temperature of 6°C and no rainfall for 72 h after spraying; heavy 

dew was noted during this period. Grass length was approximately 5 cm 

but accurate assessment was hindered by litter accumulation at the soil 

surface.

1985 Field Trial. Weather conditions were moderately sunny and 

still with an air temperature of 16°C and no rainfall for 48h after 

treatment. Grass length was ca. 4 cm.

2 .2 .5  Herbicide treatm ents

In the first field trial (1984) the objective was to assess the

effects of commercially available lawn moss killers. Herbicidal

treatments applied were dichlorophen, chloroxuron, thiram, paraquat,

ferrous sulphate and ammonium sulphate. Sensitivity of R. squarrosus

to these treatments was tested by applying the herbicides at 3.00, 1.00
r '

and 0.33 times the manufactures recommended rates.

In the second field trial (1985) a range of vascular plant
r '

herbicides were applied at the manufactures recommended rates for their 

normal use. The herbicides used were acifluorfen, oxyfluorfen, 

oxadiazon, paraquat, 2,4-dichlorophenoxy acetic acid (2,4-D), Gloquat 

C, dichlorophen and chloroxuron with iron salt.

The effects of four herbicides, showing both efficient and 

inefficient control of R. squarrosus in the field trials, were tested 

on P. juniperinum, D. scoparium and R. squarrosus in the glasshouse

experiment. Herbicide treatments used, at recommended rates, were 

paraquat, dichlorophen, 2,4-D and FeS04.

>
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Herbicide details:

1. Acifluorfen

Supply: Blazer (Rohm and Haas)

Recommended rate: 280g in 2001/ha (Pesticide Manual,1983)

Chemical name: 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-

nitrobenzoic acid

Structure:

Use: Post-emergence herbicide against broad leaved weeds in

wheat, groundnuts, rice and soyabeans

2. Ammonium sulphate

Supply: Gem fertilisers.

Recommended rate: 25kg in 135001/ ha.

Chemical name: hydrated (NH4)2S04.

Use: fertiliser

3. Chloroxuron

Supply: Tumblemoss (Murphy agrochemicals)

formulated with ferrous sulphate and urea 

Recommended rate: 100kg in 100001/ha (Recommended rate

refers to application with a watering can 

to small areas of lawn. For application 

with a hydraulic sprayer the volume was 

reduced by 10%).
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Chemical name: 3-[4-(4-chlorophenoxy)phenyl]-l,1-

dimethylurea

Structure:

Cl /  % /  s NHCON(CH3)2

Use: Soil and foliage acting herbicide for use in 

#  strawberries, onions, leeks,ornamentals and moss control

in lawns.

4. Dichlorophen

Source: Supermosstox (Rhone Poulenc)

Recommended rate: 501 in 1000 1 /ha.

Chemical name: di-(5-chloro-2-hydroxyphenyl)methane

Structure:

Use: Fungicide, bactericide, algal control, anthelmintic, and 

selective moss killer for lawns.

>
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5. 2,4-Dichlorophenoxy acetic acid (sodium salt)

Supply: Technical (ICI)
7

Recommended rate: 1.4kg in 2001/ha (Pesticide manual,1977)

Structure:

•  Use: Systemic post emergence herbicide for control of broad

leaved weeds in cereals.

6. Ferrous sulphate

Supply: Gem fertilisers.

Recommended rate: 56.6kg in 8333 1/ ha.

Chemical formula: hydrated FeS04

Use: micronutrient, control of moss in lawns.

•  7. Gloquat C

Supply: (quarternary ammonium biocide) ABM

chemicals

Recommended rate: 300 1 in 4500 1/ha (ABM technical

bulletin)

Chemical name: alkyl aryl trimethyl ammonium chloride

\
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Structure:

Use: Moss, liverwort and algal control of hard surfaces and 

prevention of 'rooting through' in container grown 

plants.

8. Paraquat dichloride 

Supply:

Recommended rate 

Chemical name:

Gramoxone (ICI).

3 1 in 500 1/ha (Pesticide Manual,1977)

1,1'dimethyl-4,4'bipyridiniurn dichloride

Structure:

+ N CHo
J

Use: Non-selective contact herbicide, stubble cleaning, 

inter-row weeding.

9. Oxadiazon

Supply: Ronstar (Rhone Poulenc).

Recommended rate: 4.4 kg in 200 1/ha (Technical literature,

1978)

Chemical name: 2-tert butyl-4-(2,4-dichloro-5-isopropyl-

oxyphenyl)-!,3,4-oxadiazolin-5-one
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Use: Pre and post emergence herbicide for control of grasses 

and broad leaved weeds in cotton, rice, transplanted 

plants and turf.

10. Oxyfluorfen 

Supply:

Recommended rate: 

Chemical name:

Structure:

Goal (Rohm and Haas)

250g in 200 1/ha (Meakin and Orpin,1984) 

2-chloro-l-(3-ethoxy-4-ni trophenoxy)-4- 

(trifluoromethyl) benzene

/OCH2CH3

f  Vo J  \

Use: Pre residual and post contact emergence herbicide for 

control of weeds in banana, citrus, coffee, top fruit.

11. Thiram

Supply:

Recommended rate: 

Chemical name:

Tripomol 80 (Bos)

97.5 g in 1300 1/ha (Webster, 1975) 

tetramethylthioperoxydicarbonic diamide

>
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»
Structure:

ICH312 NCS.SS.CS N(CH3)2

Use: Fungicide for foliage and seed treatments.

2.2.6 Field and glasshouse assessments of herbicide effects 

Quantitative assessments of plant abundance before and after

#  herbicide treatments were made objectively in the field experiments. 

Visual estimates of damage were made at intervals after herbicide 

application in both the field and glasshouse experiments. The visual 

scores for damage were assessed using the European Weed Research 

Councils scoring system - 'Simple percentage rating of phytotoxicity 

effects' (cited, Guidelines for Field Evaluation of Herbicides, 1979) 

(Table 2.2.1). The scoring system was based on the percentage of the 

whole plant visibly damaged, distorted or scorched compared to that of 

the control plots. 100 scores were recorded from each plot using a 

50 cm quadrat sectioned into 100 (5 cm)2 units.

•  Quantitative estimates of percentage cover of the three plant 

categories, mosses, grasses and broad leaved weeds, were made using a 

point quadrat method. A point frame with 10 fine (<2 mm diameter) 

points spaced linearly at 5 cm intervals was used to take 100 readings 

in a random 50 x 50 cm area.

Final point quadrat measurements were taken 5 or 9 months after 

treatment for the 1984 and 1985 trials, respectively. The final plant 

cover values for each plot were expressed as percentages of the initial 

values giving a percentage change in cover value attributable to the 

effects of the herbicide treatments.

>
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Table 2.2.1 European Weed Research Council's Simple Percentage Rating 

of phytotoxic effects (cited Auatralian Weeds Committee - 

Guidelines for field evaulation of herbicides, 1979)

% Rating Effects
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None evident

Negligible: discoloration, distortion and/or stunting barely seen 

Slight: discoloration, distortions and/or stunting clearly seen 

Moderate damage: moderate discoloration, marked distortions 

and/or stunting. Recovery expected

Substantial damage: much discoloration, distortions and/or 

stunting; some damage probably irreversibly 

Majority of plants damaged, many irreversibly; some necrosis; 

discoloration and distortions severe

Nearly all plants damaged, most irreverisibly; some plants killed 

(<40%); substantial necrosis and distortion 

Severe: substantial number of plants killed (40-60%); much 

necrosis and distortion

Very severe: majority plants killed (60-80%); remainder show much 

necrosis and wilting

Remaining live plants (<20%) mostly discolored and distorted

permanently or desiccated

Complete loss of plant and (or) crop yield

>
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All visual scores were subjected to an arc sine transformation 

before statistical analysis. Visual scores and cover data were 

statistically analysed by analysis of variance.

2.3 RESULTS AND DISCUSSION

The first year's field trial (1984) was designed to test the 

efficiency of R . s q u a r r o s u s  control in turf using the commercial lawn 

moss killers, dichlorophen, chloroxuron with iron salt, ferrous 

sulphate and ammonium sulphate. The efficacies of the vascular plant 

herbicide paraquat, described by Balcerkiewicz and Rusinska (1987) as 

having limited effects on mosses, and of the fungicide thiram, observed 

by Webster (1975) to have toxic effects on bryophytes, were also 

tested.

2 .3 .1  1984 F ield  t r i a l

Dichlorophen, chloroxuron with iron salt, ferrous sulphate, 

ammonium sulphate, thiram and paraquat were applied to R . s q u a r r o s u s  

infested turf at Silwood Park, Ascot at x0.33, xl.00 and x3.00 the 

recommended application rates. Applications were made on the 29 

January, 1984.

>
2 .3 .1 .1  V isib le  damage assessment and changes in  the percentage 

cover of R. squarrosus a f te r  herb icide treatm ent

Herbicide damage scores and changes in percentage cover for R . 

s q u a r r o s u s  in turf following the different treatments are presented in 

Figs 2.3.1 - 2.3.3.1.

Dichlorophen

The highest damage score recorded was 90% obtained 3 weeks after 

spraying with the x3.00 rate of dichlorophen (Fig. 2.3.1). This, 

however, was not significantly different from high rates (x3.00) of 

> chloroxuron with iron salt, thiram and FeS04 (Figs 2.3.1 and 2.3.2).
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Fig. 2.3.1
Percentage visible damage, following herbicide 
treatments, to R h y t i d i a d e l p h u a  s q u a r r o s u s  
in turf. (site: Ascot, Berks.)

Dichlorophen

KEY

recommended 
dose

■©■ x 0.33
f j  x 1 
A  x 3

123 8 14 36
Time after application (weeks)

Chloroxuron with Iron
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Time after application (weeks)
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Fig. 2.3.2
Percentage visible damage, following herbicide 
treatments, to R h y tid i ade 1 phus scfuat-nosus 
in turf. (site: Ascot, Berks.)

Ferrous sulphate

KEY

recommended
dose

■©■ x 0.33 
e  x 1 
A  x 3

Thlram

Ammonium sulphate

SED 10.09

d.f =  306 
n =  3
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Time after application (weeks)
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Dichlorophen, yielded similar damage scores irrespective of

concentration over the first 3 weeks, as did chloroxuron. However, 36 

weeks after treatment, damage scores were not significantly different 

from the control in the plots treated with xl.00 and x0.33 rates of 

dichlorophen. Regrowth from the stem or occasionally from the apex of 

the moss shoot accounted for the reduced damage scores.

The visible symptoms of dichlorophen toxicity in R. squarrosus 

were the loss of leaf and apex tissue colour. At high dichlorophen 

application rates, some of the R. squarrosus stems were observed to 

have lost their natural red coloration and stem turgidity.

A significant reduction (-89%) in cover of R. squarrosus compared 
to the control plots was obtained for the highest dichlorophen rate 

(x3.00) after 36 weeks (Fig. 2.3.3.1). The recommended dichlorophen 

rate (xl.00) reduced R. squarrosus cover after 36 wk, but not 

significantly (ca. -47%).

The visible damage scores and the percentage reduction in cover 

measurements, 36 wk after dichlorophen treatment, of R. squarrosus 

increased with application rate. The absence of dichlorophen damage to 

grasses suggests that it is initially an effective herbicide for the 

control of R. squarrosus in turf. However, long term control of R. 

squarrosus was poor at recommended application rates (xl.00), although 

increasing the rate three fold did significantly reduce moss cover.

Chloroxuron with iron salt and FeSCk4
Chloroxuron, formulated as 'Tumblemoss', also includes FeS04. The 

effects of this formulation are here compared with those of FeS04 

applied alone. The chloroxuron formulation blackened the moss tissue 

and gave similar initial damage scores to FeS04 (Plate 2.3.1). The 

visible damage scores for both the combined chloroxuron and iron salt 

formulation and the separate FeS04 treatment were based on the

)
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Fig. 2.3.3.1 Net changes In the percentage cover of R h y t i d i a d e l p h u s  s q u a r r o s u s ,  

36 weeks after herbicide treatments, (site: Ascot, Berks.)
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*

Plate 2.3.1. Blackening effect of ferrous sulphate, 1 wk 
application to moss-infested turf.

►

after
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intensity and overall distribution of the blackened R . s q u a r r o s u s  

shoots. The blackening effect of iron salts has been described as 

scorch (Anon., 1982). This may, however, be a misleading description 

as this effect has also been ascribed to the formation of pigmented 

iron complexes with tannins at the moss cell wall (Field, 1969). 

Blackening of the moss tissues has been scored, in this section, as 

evidence of damage but later work (Sections 3.3.7 and 6.3.2) does not 

corroborate it. The visible damage scores immediately after 

application for the chloroxuron with iron salt formulation and FeS04 

applied separately were similar (Figs 2.3.1 and 2.3.2). R . s q u a r r o s u s  

treated with the chloroxuron with iron salt formulation, following all 

three rates of application, showed significantly less recovery (ca. 80% 

damage) after 36 weeks than equivalent rate of FeS04 (ca. 25% damage). 

Kuttruff and Kleve-Kellen (1980) and Svensson (1976) observed similar 

effects of chloroxuron and FeS04 on regrowth of mosses. In the present 

study observations were made using light microscopy (mag. xlOO) on 

small samples of leaf tissue of R . s q u a r r o s u s  blackened by treatment 

with FeS04 in the laboratory. No differences in the colour or cellular 

constituents of the blackened tissue, compared to untreated leaves, 

were apparent confirming that the blackening was located on the walls 

of the moss (Field, 1969).

Chloroxuron with iron salt reduced R . s q u a r r o s u s  cover

significantly at the xl.00 (-86%) and x3.00(-79%) application rates 36 

wk after treatment (Fig.2.3.3.1). FeS04 did not significantly reduce 

the percentage cover of R . s q u a r r o s u s  in turf (Fig. 2.3.3.1).

Chloroxuron, formulated as Tumblemoss, would appear to be more 

effective in the long term control of R . s q u a r r o s u s  in turf than 

dichlorophen, at their recommended rates. Regrowth from blackened 

chloroxuron with iron salt or FeS04 treated mosses was easily observed 

as new tissue was green in colour. Unlike that of FeS04 treated R . 

sq u a r r o s u s y  where regrowth generally occurred at the shoot apex,

>
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chloroxuron with iron salt treated R . s q u a r r o s u s  showed regrowth a few 

centimetres below the shoot apex. The addition of FeS04 to a moss 

killer preparation such as chloroxuron may aid only in the production 

of a visible blackening effect assumed by the user to be damage. 

Chloroxuron, however, was apparently responsible for inhibiting 

regrowth from the stem apices of R . s q u a r r o s u s  and for reducing its 

cover in turf.

Iron salts, independently or in mixtures with other herbicides, 

may act as a grass fertiliser, improving their vigour and competitive 

ability towards other plants including mosses.

Thiram

Thiram caused a characteristic whitening of moss tissue after 

spray application (Webster, 1975) due to a residual film of the thiram 

formulation (wettable powder) left on drying. A gradual bleaching at 

the apex was observed with time after thiram treatment. Webster 

(1975) observed similar symptoms in the liverworts M a r c h a n tia  spp. and 

L u n u la r ia  spp. growing in plant containers. The highest damage score 

obtained following treatment with thiram was 86% for the x3.00 rate, 

after 8 wk. Thiram treatments were slower in achieving a visible 

effect than those of dichlorophen, chloroxuron with iron salt or FeS04. 

However, recovery from thiram treatments was slight with a significant 

reduction in R . s q u a r r o s u s  cover following xl.00 (-73%) and x3.00

(-90%) application rates (Fig. 2.3.3.1). Effective moss control, in 

plant containers, was achieved by Van Himme and Stryckers (1981) and 

Ryan (1983) using thiram. Here, significantly less recovery was 

observed in plots receiving thiram treatments (54%, 56% damage) than in 

those receiving dichlorophen (11%, 32% damage) for the x0.33 and 

xl.00 rates, respectively, 36 wk after treatment.

>



From these results, thiram would appear to be as effective as 

the proprietary lawn moss herbicides dichlorophen and chloroxuron with 

iron salt. The field trial results described in this chapter would 

also indicate that thiram has greater potential for the long term 

control of mosses than dichlorophen.

Paraquat

Visible effects of paraquat on R . s q u a r r o s u s  during the first 

three weeks after treatment were slight (Fig. 2.3.1). However, 8 wk 

after treatment, approximately 40% of the tissue had become straw 

coloured. The severity of paraquat effects observed on R . s q u a r r o s u s

were related to concentration. A significant recovery (ca. 20% damage) 

of R . s q u a r r o s u s  following the x0.33 application rate and a further 

increase in damage to c a . 70% from the x3.00 application rate was 

observed 36 weeks after treatment. Regrowth of R . s q u a r r o s u s , 

following the x0.33 paraquat application, was from the stem tissues c a .  

2 cm below the shoot apex.

The paraquat treatments did not significantly reduce R . s q u a r r o s u s

cover over the 36 wk experimental period. Surprisingly, R . s q u a r r o s u s  

cover increased (42%) from the starting value, following the lowest 

(x0.33) rate of paraquat application (Fig. 2.3.3.1). Balcerkiewicz and 

Rusinska (1987) observed a similar expansion of mosses following 

paraquat treatment of grassy embankments. Increased moss cover, in 

both cases, can probably be attributed to reduced competition from 

vascular plants due to the severe scorching of their foliage by

paraquat.

Ammonium sulphate

Visible damage following ammonium sulphate treatment of R . 

s q u a r r o s u s  resembled those of paraquat with bleaching of the shoot 

apices. No significant differences in damage scores were recorded
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between the different application rates of ammonium sulphate. The 

greatest damage (ca. 70%) was observed 14 wk after treatment, for all 

doses, but by 36 wk regrowth from the stems had occurred, reducing the 

damage score (to c a . 20-50%) (Fig. 2.3.2). Ondrej (1985) and Kuttruff 

and Kleve-Kellen (1980) also noted the limited duration of effects of 

ammonium sulphate treatments on lawn mosses.

A reduction in R . s q u a r r o s u s  cover (-87%) was observed following 

treatment with ammonium sulphate at x0.33 rate (Fig. 2.3.3.1). No 

significant changes in moss cover were determined for the higher (xl.00 

and x3.00) rates of ammonium sulphate (Fig. 2.3.3.1). The variations 

in the effects of different concentrations of ammonium sulphate on 

cover are not easily explained. Possibly, the low rate of ammonium 

sulphate acted as a grass fertilizer and reduced moss cover through a 

competitive effect. This would then suggest that increasing the 

application rates of ammonium sulphate to xl.00 and x3.00 may have 

induced toxic effects on the grasses.

The damage scores recorded after 36wk were, in general, good 

indicators of the final percentage cover measurements for all herbicide 

treatments.

2 .3 .1 .2  V isib le  damage assessment of tu rf  g rasses a f te r  herbicide 

app lica tion

The most abundant grass species present at the Ascot, Berks, site 

were Agrostis c a p i l  l a r i s ,  Festuca r u b r a  and H o lc u s  m o l l i s .

Visible damage to grasses by dichlorophen, chloroxuron with iron 

salt, thiram, FeS04 and ammonium sulphate was slight and damage scores 

were not systematically recorded. However, paraquat initially caused 

scorching and desiccation of the foliage. The resultant reduction in 

grass foliage following paraquat application also resulted in the loss 

of the underlying thatch which had previously been anchored by it. The 

> x3.00 paraquat rate was the only treatment to show a significant
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Fig. 2.3.3.2 Net changes In the percentage cover of grasses
36 weeks after herbicide treatments, (site: Ascot, Berks.)
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reduction in grass cover 36 wk after application (Fig. 2.3.3.2). 

Regrowth from the root system of grasses, treated with low paraquat 

doses, accounts for the absence of a significant reduction in grass 

cover in these treatments (Fig. 2.3.3.2). The loss of grass vegetation 

may have enhanced paraquat damage of R. squarrosus after 3 wk by 

exposing it to direct sunlight and thus creating higher temperatures 

and causing desiccation. Such conditions could enhance the effects of 

paraquat on R. squarrosus by reducing growth rate. They also rendered 

the tissues susceptible to dislodging by wind or removal during mowing.

Significant differences were also found between the effects of 

dichlorophen and chloroxuron with iron salt on grass cover although 

neither treatment differed significantly from the control. The xl.00 

and x3.00 chloroxuron with iron salt rates reduced grass cover by 47% 

and 44% respectively, compared to an increase of ca. 27% for the x3.00 

dichlorophen rates. In addition, no major toxic effects on grass 

foliage were observed following treatment with dichlorophen or 

chloroxuron with iron salt. This suggests that chloroxuron with iron 

salt may have inhibited the growth of the grasses without causing 

visible damage to the foliage. In addition, chloroxuron uptake by the 

root system of the grasses may have aided in the long term effects on 

their growth and the subsequent reduction in grass cover. This is 

supported by the marketing of chloroxuron for use as a non-selective, 

soil-applied herbicide for the control of weeds in strawberries, 

ornamental plants and onions (Pesticide Manual, 1977).

2 .3 .2  1985 Field  t r i a l

The sensitivity of mosses to vascular plant herbicides has not 

been extensively studied. In this experiment the susceptibility of R. 

squarrosus to a range of vascular plant herbicides was tested. 

Comparisons of the early and long term (17 wk) biological effects of

>
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each herbicide treatment on R . s q u a r r o s u s, and on the grasses and broad 

leaved weeds were made. Herbicide treatments used in this experiment 

were chosen on the basis of effects on mosses observed by other 

authors, as described in Section 2.1. The treatments applied were 

acifluorfen, oxyfluorfen, 2,4-D, oxadiazon, chloroxuron with iron salt, 

dichlorophen, Gloquat C and paraquat, each at their recommended rate.

The major broad leaved weed species present in the turf were

T r ifo liu m  spp., R c u iu n c u lu s spp., B e i l i s  p e r e n n is  and T a ra x a c u m  

o f f ic in a l i s . The broad leaved weed population of the turf was greater 

in this experiment than the last although the distribution, percentage 

cover and species composition varied over the experimental site. For 

those reasons broad leaved weeds in the experimental plots were 

assessed collectively. The predominant grass species present in the 

turf were P o a  p r a te n s i s  and H o lc u s  m o l l i s . Herbicide damage was again

collectively assessed for all grass species.

Visible damage scores and percentage cover results for all

treatments and plant groups are presented in Figs 2.3.4 to 2.3.8

Chloroxuron with iron salt

The greatest damage score observed for R . s q u a r r o s u s  was 75%, 4 to 

8 wk after treatment with chloroxuron with iron salt (Fig. 2.3.4). 

However, unlike in the 1984 field trial (Fig. 2.3.3.1), the percentage 

cover reduction (-17%) 17wk after treatment was not significantly 

different from the control (Fig. 2.3.5). In contrast to the 1984 field 

trial, damage (ca. 50%) of young grass leaves was observed although 

the final grass cover was little affected (-5%) (Figs. 2.3.4 and

2.3.6) . The toxic damage of young grasses in this trial may be due to 

the selective activity of chloroxuron towards annual and seedling 

grasses (Fryer and Makepeace, 1977). Chloroxuron with iron salt 

significantly reduced the percentage cover of the broad leaved weeds 

present in the turf although visible damage was slight (Figs 2.3.4 and

2.3.6) .>
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Fig. 2.3.4
Percentage visible damage following herbicide 
treatments to Rhytidiadelphus squannosus, 
grasses, and broad leaved weeds, in turf.

(site: Eversley, Hants.)
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Fig* 2*3.5 Net changes in the percentage cover of Rhytidiadelphus squarrosus 
17 weeks after herbicide treatments* (site: Eversley, Hants.)
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Fig. 2.3.6Net changes in percentage cover of a) grasses, 
and b) broad leaved weeds, in turf, 17 weeks 
after herbicide treatments.
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The reduction in cover of the broad leaved weeds following the 
chloroxuron with iron treatment may have allowed the growth and 
expansion of R . s q u a r r o s u s . The 1984 field trial, following paraquat 
treatment, produced results suggesting that a loss in vascular plant 
cover could increase the cover of R . s q u a r r o s u s  (Section 2.3.1.1). 
Chloroxuron effects on the broad leaved weeds may have been enhanced by 
uptake via the roots as well as the foliage (Section 2.3.1.2) as the 
damage scores following foliage application were low. In addition, 
chloroxuron's persistence in the soil extends its period of biological 
activity to several months after application (Pesticide Manual, 1977). 
However, in turf situations contact of growing R . s q u a r r o s u s  shoots 
with the soil is poor. The control of broad leaved weeds in turf by 
the chloroxuron with iron salt treatment could encourage the spread of 
mosses, by removing competition, thus reducing its efficiency in moss 
control.

Dichlorophen
Dichlorophen caused bleaching (65% damage) of R . s q u a r r o s u s  shoots 

1 wk after treatment (Fig. 2.3.4). Regrowth from the damaged stems 
occurred within 4 wk with no visible damage after 8 wk. R . s q u a r r o s u s  

cover following dichlorophen treatment was not affected (Fig. 2.3.5). 
A 20% damage score was recorded for grasses 1 wk after dichlorophen 
treatment although no significant reduction in cover was noted (Figs.
2.3.4 and 2.3.6). Moss control trials, conducted by Woolhouse (1973), 
also indicated a toxic effect of dichlorophen on grasses. Broad leaved 
weeds treated with dichlorophen showed no significant visible damage or 
long term (17 wk) effects on cover (Figs. 2.3.4 and 2.3.6)

Chloroxuron with iron salt and dichlorophen both caused scorch of 
grass tissue in the 1985 field trial but this was absent in the 1984 
field trial (Section 2.3.1.2). This disparity may arise from the 
different application dates (January 1984 and May 1985). On the

>
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Fig. 2.3.7Percentage visible damage following herbicide 
treatments to Rhytidiade 1 phus scjuarrosus, 
grasses, and broad leaved weeds, in turf

(site: Eversley, Hants.)
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Oxyfluorfen and Acifluorfen
Oxyfluorfen and acifluorfen produced similar biological effects on 

R . s q u a r r o s u s  (25-40%), on grasses (30-60%) and on broad leaved weeds 
(10-30%) (Figs 2.3.4 and 2.3.7). Regrowth of R . s q u a r r o s u s  from 
beneath the stem apex (ca. 2 cm), reduced the visible damage scores 
after 4 wk. The treatments caused no significant reduction of 
percentage cover of R . s q u a r r o s u s , grasses or broad leaved weeds (Figs.
2.3.5 and 2.3.6).

R . s q u a r r o s u s  leaves thus appear to be sensitive to both 
oxyfluorfen and acifluorfen applications although eventual regrowth 
from the stems occurred. Oxyfluorfen and acifluorfen are known to 
inhibit photosynthetic electron transport and cause peroxidation of 
unsaturated fatty acids in vascular plants. This leads to the general 
destruction of chloroplasts and membrane damage. Resistance to these 
herbicides has been tentatively attributed to reduced levels of 
unsaturated fatty acids in vascular plants. However, Suire and Asakawa
(1979) described mosses as containing arachidonic and linoleic acids, 
both unsaturated fatty acids, although their percentage composition 
varies between moss species and their ecological environments.

The limited long term effects of acifluorfen and oxyfluorfen on 
the stems of R . s q u a r r o s u s  may reflect poor penetration of the 
herbicides due to protection by the leaves. Alternatively, the stems 
may only play a small part in photosynthesis and, therefore, be less 
sensitive to photosynthetic inhibitor herbicides.

l a t t e r  o c c a s io n  much f r e s h  grow th  was p r e s e n t  in  th e  t u r f  and t h i s  i s

g e n e r a l l y  more s e n s i t i v e  to  h e r b ic id e s  th an  m ature t i s s u e s  (F r y e r  and

M akepeace, 1 9 7 7 ) .

>
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O x a d ia z o n

O x a d ia z o n  p r o d u c e d  c h l o r o s i s  i n  t h e  l e a v e s  o f  R. squarrosus o v e r  

t h e  f i r s t  4  wk ( F i g .  2 . 3 . 7 ) ,  s i m i l a r  t o  t h e  t o x i c  e f f e c t s  o f

a c i f l u o r f e n  and o x y f l u o r f e n  ( F i g .  2 . 3 . 4  and 2 . 3 . 7 ) .  T h i s  i n c r e a s e d  i n  

s e v e r i t y  t o  80% a f t e r  17 wk and t h e  p e r c e n t a g e  c o v e r  w as r e d u c e d  by  

77%. E f f e c t i v e  c o n t r o l  o f  t h e  m oss  Leptobryum pyriforme, i n  p o t t e d  

p l a n t s ,  by o x a d i a z o n  h a s  b e e n  o b s e r v e d  by Ryan ( 1 9 8 3 ) .  H o w ev er ,  

s i m i l a r  w ork  b y  W i l s o n  and H u gh es  ( 1 9 8 5 )  sh ow ed  p o o r  o x a d i a z o n  c o n t r o l  

o f  Funaria s p p .  i n  c o n t a i n e r - g r o w n  c r o p s .

As a  la w n  m oss k i l l e r ,  o x a d i a z o n  i s  n o t  d e s i r a b l e  a s  t h i s  w as t h e  

o n l y  h e r b i c i d e  u s e d  w h ic h  r e d u c e d  g r a s s  c o v e r  ( -8 0 % ) s i g n i f i c a n t l y  o v e r  

t h e  17 wk p e r i o d  ( F i g .  2 . 3 . 6 ) .  The b ro a d  l e a v e d  w e e d s  w e r e  n o t

s e v e r e l y  a f f e c t e d  by o x a d i a z o n  r e a c h i n g  a damage s c o r e  o f  37% 4wk a f t e r  

t r e a t m e n t .

The s e v e r e  t o x i c  e f f e c t s  o f  o x a d i a z o n  on  t h e  t u r f  g r a s s e s  may h a v e  

i n f l u e n c e d  t h e  e f f e c t s  e x h i b i t e d  by R. squarrosus. R e d u c t i o n  i n  g r a s s

c o v e r  w o u ld  e x p o s e  t h e  m o s s e s  t o  d i r e c t  s u n l i g h t  and d e s i c c a t i o n .

P a r a q u a t

E f f e c t s  o f  p a r a q u a t  on  R. squarrosus w e r e  s l o w  t o  a p p e a r  ( F i g .  

2 . 3 . 8 ) .  The h i g h e s t  damage s c o r e  (41%) w as r e a c h e d  8 wk a f t e r  

t r e a t m e n t .  The p e r c e n t a g e  c o v e r  o f  R. squarrosust f o l l o w i n g  p a r a q u a t  

t r e a t m e n t ,  d i d  n o t  s i g n i f i c a n t l y  a l t e r  o v e r  t h e  17 wk p e r i o d  ( F i g .

2 . 3 . 5 ) .  The e f f e c t s  on b o t h  g r a s s e s  and b r o a d  l e a v e d  w e e d s  w e r e

i n i t i a l l y  s e v e r e  g i v i n g  a  dam age s c o r e  o f  90% and 52%, r e s p e c t i v e l y ,  

2 wk a f t e r  t r e a t m e n t  ( F i g .  2 . 3 . 8 ) .  H ow ever ,  b o t h  t h e  g r a s s e s  and b ro a d  

l e a v e d  w e e d s  r e c o v e r e d  from  t h e  p a r a q u a t  t r e a t m e n t .  I n  t h e  c a s e  o f  

b r o a d  l e a v e d  w e e d s ,  c o v e r  was i n c r e a s e d  (470%) a l t h o u g h  t h i s  w as n o t  

s i g n i f i c a n t l y  d i f f e r e n t  from  t h e  c o n t r o l .  G r a s s  c o v e r  w as r e d u c e d  by  

54% a l t h o u g h  t h i s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  from  t h e  c o n t r o l  ( F i g .
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Fig. 2.3.8
Percentage visible damage following herbicide
treatments to Rhytidiadelphus scjuanr-osus , 
grasses, and broad leaved weeds, in turf.

(site: Eversley, Hants.)
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2 . 3 . 6 )  . P a r a q u a t  t r e a t m e n t ,  a s  o b s e r v e d  i n  t h e  p r e v i o u s  f i e l d  t r i a l

( S e c t i o n  2 . 3 . 1 . 1 ) ,  c a u s e d  a  s l o w  b u t  p r o g r e s s i v e  v i s i b l e  dam age o f  R . 

s q u a r r o s u s .  R . s q u a r r o s u s  w o u ld ,  t h e r e f o r e ,  a p p e a r  t o  b e  s e n s i t i v e  t o  

p a r a q u a t  b u t  r e q u i r e s  t im e  f o r  t h e  b i o l o g i c a l  e f f e c t s  t o  becom e  

v i s i b l e .  T h i s  may p o s s i b l y  r e f l e c t  a  s l o w  u p t a k e  o f  p a r a q u a t  by  R .

s q u a r r o s u s , p o s s i b l y  d u e  t o  b i n d i n g  o f  t h e  p a r a q u a t  c a t i o n  t o  t h e  

e x t r a c e l l u l a r  a n i o n i c  b i n d i n g  s i t e s  o f  t h e  c e l l  w a l l  ( s e e  S e c t i o n

4 . 3 . 1 . 6 )  .

2 , 4 - D

2 , 4 - D  c a u s e d  b l e a c h i n g  o f  t h e  l e a v e s  o f  R . s q u a r r o s u s  a t  t h e  s h o o t  

a p i c e s  ( ca. 1 cm) ( F i g .  2 . 3 . 7 ) .  The h i g h e s t  v i s i b l e  dam age s c o r e

r e c o r d e d  w as 10% 1 - 2  wk a f t e r  t r e a t m e n t .  2 , 4 - D  t r e a t m e n t  i n c r e a s e d  t h e  

c o v e r  o f  R . s q u a r r o s u s  by 50% 17 wk a f t e r  t r e a t m e n t ,  a l t h o u g h  t h i s

i n c r e a s e  w as n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  ( F i g .  2 . 3 . 5 ) .  The r e d u c t i o n  

i n  b ro a d  l e a v e d  w e e d s  f o l l o w i n g  2 , 4 - D  t r e a t m e n t  may h a v e  a l l o w e d  s p r e a d  

o f  R . s q u a r r o s u s . 2 , 4 - D  c a u s e d  c a . 20% damage o f  b r o a d  l e a v e d  w e e d s  2 

wk a f t e r  t r e a t m e n t  and r e d u c e d  c o v e r  s l i g h t l y .  E f f e c t s  o f  2 , 4 -  D on  

g r a s s e s  w e r e  s l i g h t .

P h e n o x y a l k a n o i c  h e r b i c i d e s ,  i n c l u d i n g  2 , 4 - D ,  a r e  f r e q u e n t l y  u s e d  

i n  la w n  h e r b i c i d e  p r e p a r a t i o n s  f o r  b r o a d  l e a v e d  w eed  c o n t r o l .  T h u s ,  

i n c r e a s e d  R . s q u a r r o s u s  c o v e r  f o l l o w i n g  2 , 4 -  D t r e a t m e n t ,  i n d i c a t e s  

t h a t  a  m oss k i l l i n g  p r e p a r a t i o n  i s  r e q u i r e d  f o l l o w i n g  2 , 4 - D  t r e a t m e n t  

t o  p r e v e n t  t h e i r  s p r e a d  i n  l a w n s .

The l i m i t e d  e f f e c t  o f  2 , 4 - D  on R . s q u a r r o s u s  s u g g e s t s  t o l e r a n c e  

t o  i t s  g r o w th  r e g u l a t o r y  a c t i v i t y  a s  i s  a l s o  fo u n d  i n  g r a s s e s .

G lo q u a t  C

G lo q u a t  C i s  a  q u a r t e r n a r y  ammonium compound recom m ended f o r  m oss  

c o n t r o l  on p a t h s .  T o x i c  e f f e c t s  r e a c h e d  70% a f t e r  3 wk b u t

#



n o n e  w e r e  v i s i b l e  17 wk a f t e r  t r e a t m e n t  d u e  t o  r e g r o w t h  from  t h e  

dam aged s t e m  t i s s u e s  ( F i g .  2 . 3 . 8 ) .  C o n s e q u e n t l y ,  no  s i g n i f i c a n t  

e f f e c t s  w e r e  o b s e r v e d  f o r  R . s q u a r r o s u s  c o v e r  f o l l o w i n g  G lo q u a t  C 

t r e a t m e n t  ( F i g .  2 . 3 . 5 ) .

S e v e r e  t o x i c  e f f e c t s  o f  G lo q u a t  C w e r e  o b s e r v e d  on g r a s s e s  (78% 

dam age)  and b r o a d  l e a v e d  w e e d s  (68% dam age) a f t e r  1 - 2  wk ( F i g .  2 . 3 . 8 ) .  

H o w ev er ,  d u e  t o  r e g r o w t h  no s i g n i f i c a n t  c h a n g e  i n  c o v e r  w as o b s e r v e d  

a f t e r  17 wk ( F i g .  2 . 3 . 6 ) .

I n  summary, R . s q u a r r o s u s  w as s e n s i t i v e ,  t o  som e d e g r e e ,  t o  a l l  

t h e  h e r b i c i d e  t r e a t m e n t s  a p p l i e d .  I n  a l l  c a s e s ,  e x c e p t  t h e  c h l o r o x u r o n  

t r e a t m e n t  w h e r e  t h e  a d d i t i o n  o f  F e S 0 4 c a u s e d  b l a c k e n i n g  o f  t h e  m o s s ,  

b l e a c h i n g  o f  t h e  l e a v e s  o c c u r r e d .  R e c o v e r y  o f  R . s q u a r r o s u s  l e a v e s  

f o l l o w i n g  h e r b i c i d e  t r e a t m e n t s  d i d  n o t  o c c u r .  R e g r o w th  from  t h e  s t e m  

t i s s u e  c a .  2  cm from  t h e  s h o o t  a p e x  was t h e  p r e d o m in a n t  r e s p o n s e  t o  

h e r b i c i d e  t r e a t m e n t  2 - 4  wk a f t e r  t r e a t m e n t .  The s t e m  t i s s u e  o f  R . 

s q u a r r o s u s  w a s ,  t h e r e f o r e ,  n o t  s e v e r e l y  a f f e c t e d  by  t h e  h e r b i c i d e  

t r e a t m e n t s .  T h i s  may b e  d u e  t o  p r o t e c t i o n  from  h e r b i c i d e  p e n e t r a t i o n  

o f  t h e  s t e m  by t h e  s u r r o u n d i n g  l e a v e s ,  o r  d u e  t o  t h e  h i g h  d e n s i t y ,  

c o m p a c t io n  o f  c e l l s  o r  t h i c k  c e l l  w a l l s  o f  R . s q u a r r o s u s  s t e m  t i s s u e  

( S e c t i o n  1 . 5 ) .  The d i f f e r e n t  h e r b i c i d e  u p t a k e  p r o p e r t i e s  o f  l e a v e s  and  

s t e m s  o f  R . s q u a r r o s u s  a r e  p u r s u e d  f u r t h e r  i n  C h a p te r  4 .

2 .3 .3  Study o f herb ic id e  damage to mosses in  a g lassh ou se t r ia l

A g l a s s h o u s e  t r i a l  w as d e s i g n e d  t o  s t u d y  v i s u a l  damage t o  m o s s e s  

c a u s e d  by  s e l e c t e d  h e r b i c i d e s  u n d e r  c o n t r o l l e d  e n v i r o n m e n t a l  

c o n d i t i o n s .  The h e r b i c i d e s  t e s t e d  w e r e  p a r a q u a t ,  2 , 4 - D ,  d i c h l o r o p h e n  

and f e r r o u s  s u l p h a t e .  C o m p a r is o n s  w e r e  made o f  t h e  e f f e c t s  o f  t h e s e  

h e r b i c i d e s  on  R . s q u a r r o s u s , P o ly tr ic h u m  ju n ip e r in u m  and D ic r a n u m

s c o p a r iu m  t o  d e t e r m i n e  w h e t h e r  t h e  a c t i v i t y  o f  a n y  h e r b i c i d e  was  

s p e c i e s  s p e c i f i c .  C o m p e t i t i v e  i n t e r a c t i o n s  w i t h  g r a s s e s  and b ro a d
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l e a v e d  w e e d s  w e r e  e x c l u d e d  by  c u l t i v a t i n g  p u r e  t u f t s  o f  t h e  s e l e c t e d  

s p e c i e s  i n  p l a s t i c  t r a y s  i n  t h e  g l a s s h o u s e .

Damage s c o r e s  w e r e  made o v e r  a  p e r i o d  o f  12  w e e k s  and a r e  

p r e s e n t e d  i n  F i g s  2 . 3 . 9  and 2 . 3 . 1 0 .  P l a t e s  2 . 3 . 2  -  2 . 3 . 6  show  m o s s e s  

o f  D . s c o p a r iu m  and P . ju n ip e r in u m  o n e  m onth a f t e r  a p p l i c a t i o n  o f  t h e  

h e r b i c i d e s .

D i c h l o r o p h e n

D i c h l o r o p h e n  t r e a t m e n t s  c a u s e d  s i g n i f i c a n t l y  g r e a t e r  v i s i b l e  

dam age (c a .  70%) th a n  t h e  o t h e r  h e r b i c i d e s  e m p lo y e d  i n  a l l  t h r e e  m oss  

s p e c i e s  ( F i g .  2 . 3 . 9 ) .  The m ain  sym p tom s, f o l l o w i n g  d i c h l o r o p h e n  

a p p l i c a t i o n ,  w e r e  c h l o r o s i s  o r  b r o w n in g  o f  t h e  t i s s u e  a  fe w  d a y s  a f t e r  

a p p l i c a t i o n  ( P l a t e .  2 . 3 . 2 ) .  R e g r o w th  was a p p a r e n t  12 wk a f t e r  

t r e a t m e n t  from  t h e  damaged s t e m  t i s s u e  o f  R . s q u a r r o s u s , g e n e r a l l y  2 - 3  

cm b e n e a t h  t h e  s h o o t  a p e x .  D i c h l o r o p h e n - t r e a t e d  P . ju n ip e r in u m  and D .

s c o p a r iu m  sh o w ed  s l i g h t  r e c o v e r y  from  t h e  l e a s t  s e v e r e l y  damaged  

s h o o t s  and o c c a s i o n a l  new g r o w t h  from  t h e  t u f t  b a s e s .

2 , 4 - D

2 , 4 - D  c a u s e d  a  g r a d u a l  l o s s  o f  m oss t i s s u e  c o l o u r .  P e a k  damage  

s c o r e s  o f  50%, 22% and 33% w e r e  o b t a i n e d  f o r  R . s q u a r r o s u s , D .

s c o p a r iu m  and P . ju n ip e r in u m , r e s p e c t i v e l y ,  8  wk a f t e r  t r e a t m e n t  ( F i g .  

2 . 3 . 9 ) .  P . ju n ip e r in u m  d i f f e r e d  from  t h e  o t h e r  two s p e c i e s  i n  s h o w in g  

g r o w t h  d i s t o r t i o n s  ( P l a t e  2 . 3 . 4 )  i n  r e s p o n s e  to  2 , 4 - D .  The y o u n g  g r e e n  

a p i c e s  o f  t h e  P . ju n ip e r in u m  w e r e  o b s e r v e d  to  b en d  a p p r o x i m a t e l y  a t  

r i g h t  a n g l e s  t o  t h e  s t e m .  D i s t o r t i o n  o f  d i c o t y l e d o n o u s  p l a n t s  i s  a  

c l a s s i c  symptom o f  2 , 4 - D  g r o w th  r e g u l a t o r y  t y p e  a c t i v i t y  ( F r y e r  and  

M a k e p e a c e ,1 9 7 7 ) .  G row th o f  s p o r e s  and p r o t o n e m a t a  o f  P . c o m m u n e  h a v e  

p r e v i o u s l y  b e e n  shown t o  be  i n h i b i t e d  by t h e  h e r b i c i d e  EPTC ( S - e t h y l  

d i p r o p y l t h i o c a r b a m a t e )  w h ic h  a l s o  c a u s e s  g r o w th  r e g u l a t o r y  e f f e c t s  i n

)
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Plate 2.3.2 Untreated Dicranum scoparium (left) and Polytrichum
juniperinum (right) plants
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Plate 2.3.3 Effect of dichlorophen on Dicranum scoparium (left) and
Polytrichum juniperinum (right) plants one month after treatment
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Plate 2.3.4 Effect of 2,4-D on Dicranum scoparium (left) and 
Polytrlchum juniperinum (right) plants one month after treatment

i
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Fig. 2.3.9
Percentage visible damage following treatments 
of (a) Dichlorophen, and (b) 2,4—D to 
3 species of glasshouse cultivated moss.

□  P, Juniperinum 

-A- D. scoparium
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d i c o t y l e d o n o u s  p l a n t s  ( B o w e r s ,  R u l e ,  F r o i l a n d ,  R i c h a r d s  and W i l k i n s o n ,  

1 9 8 2 ) .  G row th r e g u l a t o r y  a c t i v i t y  o b s e r v e d  w i t h i n  P . j im ip e r in u m  

p r o b a b l y  r e f l e c t s  a  s i m i l a r i t y  i n  i t s  h o rm o n a l  r e g u l a t i o n  t o  t h a t  o f  

d i c o t y l e d o n o u s  p l a n t s  t o g e t h e r  w i t h  i t s  w e l l  d e v e l o p e d  v a s c u l a r  s y s t e m .  

No e f f e c t s  w e r e  n o t e d  i n  t h e  e c t o h y d r i c  R . s q u a r r o s u s  and D . s c o p a r iu m

P a r a q u a t

The e f f e c t s  o f  p a r a q u a t  w e r e  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  t h e  

f i e l d  e x p e r i m e n t s  ( S e c t i o n s  2 . 3 . 1 . 1  and 2 . 3 . 2 )  w i t h  p e a k  dam age ( ca. 

47%) i n  R . s q u a r r o s u s  v i s i b l e  12 wk a f t e r  t r e a t m e n t  ( F i g .  2 . 3 . 1 0 ) .  

P a r a q u a t  c a u s e d  c h l o r o s i s  i n  t h e  s h o o t  a p e x  o f  R . s q u a r r o s u s . P . 

j im ip e r in u m  and D .  s c o p a r iu m  sh o w ed  l i t t l e  v i s i b l e  dam age f o l l o w i n g  

p a r a q u a t  a p p l i c a t i o n  u n t i l  w eek  12 when s l i g h t  c h l o r o s i s  o f  t h e  t i s s u e s  

w as n o t e d  ( P l a t e  2 . 3 . 4 ) .  The g r a d u a l  e f f e c t  o f  p a r a q u a t  i n  t h e  

g l a s s h o u s e  t r i a l  c o r r o b o r a t e s  t h e  f i e l d  r e s u l t s  ( S e c t i o n  2 . 3 . 1 . 1  and

2 . 3 . 2 )  and s u g g e s t s  t h a t  t h e y  w e r e  n o t  s o l e l y  d u e  t o  c h a n g e s  i n  h a b i t a t  

f o l l o w i n g  t h e  d e a t h  o f  t h e  g r a s s  f o l i a g e .

FeSO.4

R a p id  b l a c k e n i n g  o f  m oss  t i s s u e  f o l l o w i n g  F e S 0 4 t r e a t m e n t s  w as  

o b s e r v e d  f o r  a l l  t h r e e  m oss s p e c i e s .  H o w ev er ,  t h e  i n t e n s i t y  o f  

b l a c k e n i n g  w as l e s s  f o r  P . ju n ip e r in u m  and D . s c o p a r iu m  ( P l a t e  2 . 3 . 6 )  

and o n l y  20% dam age ( S l a c k e n i n g )  w as o b s e r v e d  f o r  P . ju n ip e r in u m  and D .  

s c o p a r iu m  com p ared  t o  56% f o r  R . s q u a r r o s u s  f o l l o w i n g  F e S 0 4 a p p l i c a t i o n  

( F i g .  2 . 3 . 1 0 ) .  The d i f f e r e n c e  i n  i n t e n s i t y  o f  t h e  b l a c k e n i n g ,  

f o l l o w i n g  F e S 0 4 t r e a t m e n t ,  b e t w e e n  t h e  t h r e e  m o s s ' t?;p^:ies may r e f l e c t  

d i f f e r e n c e s  i n  t h e i r  c e l l  w a l l  c o m p o s i t i o n s  a l t e r i n g  t h e  f o r m a t i o n  o f  

p ig m e n t e d  i r o n  c o m p l e x e s .  The waxy c o a t  o f  t h e  a p i c a l  c e l l s  o f  t h e  

l e a f  l a m e l l a e  o f  P . ju n ip e r in u m  ( P r o c t o r ,  1 9 7 9 a )  may s e v e r e l y  r e s t r i c t  

e n t r y  o f  t h e  i r o n  s o l u t i o n .  R e g r o w th  o f  P . ju n ip e r in u m  p r o d u c e d  a
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Plate 2.3.5 Effect of paraquat on Dicranum scoparium (left) and
Polytrichum juniperinum (right) plants one month after treatment
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Plate 2.3.6 Effect of ferrous sulphate on Dicranum scoparium (left)
and Polytrichum juniperinum (right) plants one month after treatment
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Fig. 2.3.10
Percentage visible damage following treatments 
of (a) Paraquat, and (b) Ferrous sulphate to 
3 species of glasshouse cultivated moss.

A- a scopari urn
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b r i g h t  g r e e n  s t a r  o f  new l e a v e s  from  t h e  a p e x  w i t h i n  t h e  o u t e r  

b l a c k e n e d  l e a v e s .  R. squarrosus r e su m ed  g r o w th  by  p r o d u c i n g  s i d e  

s h o o t s  from  t h e  s t e m s  and i n  som e c a s e s  from  t h e  a p e x .  D. scoparium 

sh ow ed  o n l y  s l i g h t  r e g r o w t h  p r o d u c i n g  l i g h t e r  g r e e n  t i s s u e  a t  t h e  l e a f  

b a s e s  and a p e x .

Each o f  t h e  h e r b i c i d e s  t e s t e d  had  a  s t r i k i n g l y  d i f f e r e n t  e f f e c t  

b u t  t h e  t h r e e  m o s s e s  b e h a v e d  s i m i l a r l y .  The e x c e p t i o n  w as P. 

junipcrinum w h ic h  sh ow ed  g r o w th  d i s t o r t i o n s  f o l l o w i n g  t h e  2 , 4 - D  

t r e a t m e n t  n o t  s e e n  i n  D. scoparium o r  R. squarrosus. D i c h l o r o p h e n  was  

t h e  m o st  t o x i c  o f  t h e  f o u r  h e r b i c i d e s  a p p l i e d  a l t h o u g h  r e g r o w t h  

e v e n t u a l l y  o c c u r r e d .  R e g r o w th ,  f o l l o w i n g  a l l  t r e a t m e n t s ,  from  t h e  

s t e m s  o f  R. squarrosus w as t h e  m o st  r a p i d  o f  t h e  t h r e e  m o s s e s .  T h i s  

s u g g e s t s ,  a s  i n  t h e  f i e l d  t r i a l s  ( S e c t i o n  2 . 3 . 1 . 1 ) ,  t h a t  t h e  h e r b i c i d e  

h a s  n o t  b e e n  a b l e  t o  p e n e t r a t e  and dam age t h e  s t e m  t i s s u e .  R e g r o w th  

from  P. juniperinum and D. scoparium w as n o t  e a s y  t o  s t u d y  b e c a u s e  i t  

o c c u r r e d  from  t h e  s h o o t  a p i c e s  and t u f t  b a s e s  and  a l s o  by  e x t e n s i o n  o f  

t h e  l e a v e s .

The c l o s e l y  p a c k e d  g r o w th  h a b i t  o f  t h e  m oss  s h o o t s ,  e s p e c i a l l y  

t h a t  o f  a c r o c a r p o u s  m o s s e s ,  may p r e v e n t  a d e q u a t e  h e r b i c i d e  p e n e t r a t i o n .  

The a b i l i t y  o f  m o s s e s  t o  grow  from  s m a l l  f r a g m e n t s  o f  t i s s u e  i n d i c a t e s  

t h a t  c o m p l e t e  c o v e r a g e  i s  r e q u i r e d  f o r  e f f e c t i v e  c o n t r o l .  T h u s ,  a  

p o s s i b l e  e x p l a n a t i o n  f o r  t h e  v a r i a b l e  o r  l i m i t e d  e f f e c t s  o f  h e r b i c i d e s  

on  m o s s e s  c i t e d  i n  t h e  l i t e r a t u r e  ( e . g .  B a l c e r k i e w i c z  & R u s i n s k a ,  1 9 8 7 )  

i s  g i v e n  by d i f f e r e n c e s  i n  t h e  e f f i c i e n c y  o f  h e r b i c i d e  a p p l i c a t i o n  due  

t o  t h e  w id e  r a n g e  o f  g r o w t h  f o r m s .



2.4 CONCLUSIONS

V i s i b l e  dam age t o  R. squarrosus w as o b s e r v e d  f o l l o w i n g  f i e l d  

a p p l i c a t i o n s  o f  d i c h l o r o p h e n ,  c h l o r o x u r o n  w i t h  i r o n  s a l t ,  f e r r o u s  

s u l p h a t e ,  p a r a q u a t ,  t h i r a m ,  o x a d i a z o n ,  a c i f l u o r f e n ,  o x y f l u o r f e n ,  2 , 4 - D ,  

and G lo q u a t  C. H o w ev er ,  i n  m o st  c a s e s  r e g r o w t h  o c c u r r e d  w i t h i n  2 - 3  wk 

s o  t h a t  R. squarrosus c o v e r  i n  t u r f  w as n o t  s i g n f i c a n t l y  r e d u c e d  i n  t h e  

l o n g  te r m .

C h l o r o x u r o n  w i t h  i r o n  s a l t ,  d i c h l o r o p h e n  and t h ir a m  a l l  c a u s e d  a  

l o n g  term  ( 3 6  wk) r e d u c t i o n  i n  R. squarrosus c o v e r  when a p p l i e d  a t  

r a t e s  g r e a t e r  th a n  recom m en ded . A lo w  a p p l i c a t i o n  r a t e  ( x 0 . 3 3  

recom m en ded) o f  ammonium s u l p h a t e  a l s o  r e d u c e d  c o v e r  o f  R. squarrosus 

i n  t u r f ,  a t  A s c o t ,  i n  1 9 8 4 .  I n  t h e  1 9 8 5  f i e l d  t r i a l  c a r r i e d  o u t  a t  

E v e r s l e y ,  o n l y  o x a d i a z o n  w as s u c c e s s f u l  i n  r e d u c i n g  R. squarrosus 

c o v e r .  The l i m i t e d  e f f e c t s  o f  d i c h l o r o p h e n  and c h l o r o x u r o n  w i t h  i r o n  

s a l t  on  R. squarrosus c o v e r  w e r e  a t t r i b u t e d  t o  r e g r o w t h  and p o s s i b l y  t o  

a  r e s i d u a l  s o i l  a c t i v i t y  i n h i b i t i n g  v a s c u l a r  p l a n t  g r o w t h ,  

r e s p e c t i v e l y .

P a r a q u a t  and 2 , 4 - D  b o t h  r e d u c e d  t h e  v a s c u l a r  p l a n t  p o p u l a t i o n  i n  

t h e  f i e l d  e x p e r i m e n t s ,  and i n  s o  d o i n g  t e n d e d  t o  i n c r e a s e  R. squarrosus 

c o v e r .

The g l a s s h o u s e  t r i a l  s i m u l a t e d  h e r b i c i d e  e f f e c t s  o b t a i n e d  i n  t h e  

f i e l d  e x p e r i m e n t s .  S i m i l a r  h e r b i c i d e  e f f e c t s  w e r e  o b s e r v e d  i n  a  

g l a s s h o u s e  t r i a l  w h ic h  e x c l u d e d  c o m p e t i t i v e  i n t e r a c t i o n s  w i t h  v a s c u l a r  

p l a n t s  and i n c l u d e d  P. juniperinum and D. scoparium i n  a d d i t i o n  t o  R. 

squarrosus. G row th r e g u l a t o r y  e f f e c t s  w e r e  o b s e r v e d  i n  P. juniperinum 

f o l l o w i n g  2 , 4 - D  t r e a t m e n t s  b u t  t h e s e  w e r e  n o t  s e e n  i n  D. scoparium and  

R. squarrosus.

S e v e r a l  h e r b i c i d e s ,  i n c l u d i n g  d i c h l o r o p h e n  and c h l o r o x u r o n  w i t h  

i r o n  s a l t ,  c a u s e d  v i a b l e  damage t o  g r a s s e s  b u t  o n l y  o x a d i a z o n  

s i g n i f i c a n t l y  r e d u c e d  g r a s s  c o v e r .  T h i s  e x c l u d e s  o x a d i a z o n  from  u s e  i n  

m oss c o n t r o l  o f  l a w n s .



CHAPTER 3

EFFECTS OF PARAQUAT, DICHLOROPHEN,

IRON SALTS AND 2 , 4 - D  ON THE GROWTH

OF RHYTIDIADELPHUS SQUARROSUS
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3.1 INTRODUCTION
The i n i t i a l  t r i a l s (C h . 2 )  d e m o n s t r a t e  t h e  r a n g e  o f  p h y t o t o x i c

e f f e c t s o f  p r o p r i e t o r y m oss k i l l e r s and o t h e r h e r b i c i d e s  on R .

s q u a r r o s u s , p r e d o m i n a n t l y u n d e r f i e l d c o n d i t i o n s . H o w e v e r ,  f i e l d

e x p e r i m e n t s  i n c o r p o r a t e many v a r i a b l e s w h ic h  may i n f l u e n c e  t h e  n e t

b i o l o g i c a l  e f f e c t  and i t s  i n t e r p r e t a t i o n .  T h e s e  i n c l u d e  1 )  t h e  m ethod  

o f  h e r b i c i d e  a p p l i c a t i o n  w h ic h  w i l l  d e t e r m i n e  c o n t a c t ,  r e t e n t i o n  and  

t h e  t o t a l  d o s e  a p p l i e d  t o  t h e  m o s s ,  2 )  t h e  t u r f  d e n s i t y  w h ic h  w i l l  

i n f l u e n c e  p e n e t r a t i o n  o f  t h e  s p r a y  i n t o  t h e  m oss  c a n o p y  and c a u s e  

s e c o n d a r y  s h a d i n g  and c o m p e t i t i o n  e f f e c t s ,  and 3 )  e n v i r o n m e n t a l  f a c t o r s  

s u c h  a s  t e m p e r a t u r e ,  w a t e r  r e g im e  and l i g h t  q u a l i t y  and q u a n t i t y  w h ic h  

may i n f l u e n c e  t h e  r a t e  o f  u p t a k e  and a c t i o n  o f  t h e  h e r b i c i d e .  The  

a b o v e  f a c t o r s  may a l l  i n t e r a c t  t o  p r e v e n t  a d e q u a t e  i n t e r p r e t a t i o n  o f  

t h e  b i o l o g i c a l  r e s p o n s e  o f  R . s q u a r r o s u s  t o  h e r b i c i d e s  a p p l i e d  i n  

f i e l d  t r i a l s .

E x p e r im e n t s  w e r e  t h e r e f o r e  u n d e r t a k e n  t o  o b t a i n  a  b e t t e r  

u n d e r s t a n d i n g  o f  t h e  e f f e c t s  o f  h e r b i c i d e s  on  t h e  g r o w t h  o f  R .

s q u a r r o s u s . The com pounds s e l e c t e d  f o r  t h i s  w ork  w e r e  d i c h l o r o p h e n ,  

p a r a q u a t ,  2 , 4 - D  and F e S 0 4 , b a s e d  on t h e i r  v a r i e d  p e r f o r m a n c e s  i n  t h e  

f i e l d  and g l a s s h o u s e  e x p e r i m e n t s  (C h. 2 )  and t h e i r  a v a i l a b i l i t y  a s  

r a d i o - l a b e l l e d  h e r b i c i d e s .  I n  a d d i t i o n ,  t h e  i r o n  s a l t  F e C l3 was  

i n c l u d e d  t o  d e t e r m i n e  w h e t h e r  t h e  e f f e c t  o f  F e S 0 4 on R . s q u a r r o s u s  is

s p e c i f i c  o r  a  g e n e r a l  f e a t u r e  o f  i r o n  s a l t  s o l u t i o n s .  I n  c o n t r a s t  t o  

t h e  p r e v i o u s  e x p e r i m e n t s  (C h . 2 ) ,  t r e a t m e n t s  w e r e  made by c o m p l e t e  

im m e r s io n  o f  m oss  t i s s u e  i n  t h e  h e r b i c i d e  s o l u t i o n s ,  t h e r e b y  e n s u r i n g  

t h o r o u g h  w e t t i n g .  E n v ir o n m e n t a l  c o n d i t i o n s  a f t e r  t r e a t m e n t  o f  t h e  

t i s s u e  w e r e  t h e n  s t a n d a r d i s e d  i n  a c o n t r o l l e d  e n v ir o n m e n t  c h a m b er .

The s t u d y  o f  m oss  g r o w t h  h a s  o f t e n  b e e n  u s e d  a s  a  m ethod  f o r

e l u c i d a t i n g  t h e  e f f e c t s  o f  e n v i r o n m e n t a l  f a c t o r s  ( e . g .  B u s b y ,  B l i s s  and  

H a m i l t o n ,  1 9 7 8 ;  O l i v e r ,  1 9 7 1 ;  ' F u r n e s s  and G rim e , 1 9 8 2 a ,  b ) .  The



m e a su r e m e n t  o f  m oss g r o w t h  a s  a  t e c h n i q u e  f o r  a s s e s s i n g  b i o l o g i c a l  

e f f i c a c y  o f  h e r b i c i d e s  h a s  b e e n  u s e d  b y  S t j e r n q u i s t  ( 1 9 8 1 )  u s i n g  

c o n i f e r o u s  f o r e s t  m o s s e s  in situ and B row n, Ougham and B e c k e t t  ( 1 9 8 6 )  

i n  l a b o r a t o r y  e x p e r i m e n t s .  Brown et al. ( 1 9 8 6 )  u s e d  gemmae o f

Marchantia polymorpha and s e g m e n t s  o f  t h e  m oss R. squarrosus t o  a s s e s s  

g r o w t h  r e s p o n s e  t o  a  r a n g e  o f  d i c h l o r o p h e n  c o n c e n t r a t i o n s .  A s i m i l a r  

s y s t e m  w as u s e d  i n  t h e  p r e s e n t  e x p e r i m e n t s .  The d e g r e e  o f  s e n s i t i v i t y  

o f  R. squarrosus t o  h e r b i c i d e s  ca n  b e  g a u g e d  from  i t s  a b i l i t y  t o  

s u r v i v e  o r  r e c o v e r  f o l l o w i n g  a  r a n g e  o f  d i f f e r e n t  h e r b i c i d e  t r e a t m e n t s  

and c o n c e n t r a t i o n s .

3.2 MATERIALS AND METHODS

3.2 .1  Plant m aterial

Rhytidiadelphus squarrosus s a m p le s  w e r e  c o l l e c t e d  from  t h e  g r o u n d s  

o f  S i l w o o d  P a r k ,  A s c o t ,  B e r k s .  S h o o t s  w e r e  t e a s e d  from  t h e  t u r f  and

p l a c e d  i n  s e e d  t r a y s  ( 2 5 0  x  150  mm) c o n t a i n i n g  a  2 cm l a y e r  o f

a c i d - w a s h e d  s i l v e r  s a n d .  T r a y s  o f  R. squarrosus s h o o t s  w e r e

t r a n s f e r r e d  t o  a  g l a s s h o u s e  w h e r e  t h e  t e m p e r a t u r e s  w e r e  m a i n t a i n e d  

( ca. 1 5 °C) by t h e r m o s t a t i c a l l y  c o n t r o l l e d  f a n  v e n t i l a t o r s .  P l a n t s  w e r e  

m i s t e d  t w i c e  d a i l y  ( e a c h  f o r  1 h )  w i t h  d i s t i l l e d  w a t e r  from  a  D e f e n s o r  

h u m i d i f i e r .  H u m id i ty  w as k e p t  h i g h  (>85%) by e n c l o s i n g  t h e  a r e a  i n  a  

p o l y t h e n e  c a g e .  A q u a r t z  h a l o g e n  lamp p r o v i d e d  s u p p l e m e n t a r y  l i g h t i n g ,  

t o  g i v e  a  14 h p h o t o p e r i o d .

3 .2 .2  Preparation and c u ltiv a tio n  of moss shoots

A p i c a l  s e g m e n t s  o f  R. squarrosus ( 3  cm) w e r e  e x c i s e d  from  m oss  

p l a n t s  k e p t  i n  a g l a s s h o u s e  f o r  two w e e k s  p r i o r  t o  u s e  ( s e e  S e c t i o n

3 . 2 . 1 ) .  Moss s e g m e n t s  w e r e  w a sh ed  t h r e e  t im e s  i n  d i s t i l l e d  w a t e r  t o  

rem ove  s u r f a c e  d e b r i s  and t o  e n s u r e  c o m p l e t e  h y d r a t i o n  o f  t h e  t i s s u e .  

Ten s e g m e n t s  w e r e  ra n d o m ly  c h o s e n  and p l a c e d  on p a p e r  t o w e l s  t o  rem ove
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e x c e s s  w a t e r .  S e g m e n ts  w e r e  t h e n  t r a n s f e r r e d  t o  20  ml g l a s s  v i a l s  

c o n t a i n i n g  5 ml o f  h e r b i c i d e  s o l u t i o n .  The v i a l s ,  c o n t a i n i n g  t h e  f u l l y  

im m ersed  m oss s e g m e n t s ,  w e r e  i n c u b a t e d  f o r  e i t h e r  5 m in o r  2 4  h i n  a  

g e n t l y  s h a k i n g  w a t e r  b a t h  ( 2 0 ° C ,  t u n g s t e n  f i l a m e n t  lam p c a .  4 0  y m o l m"2 

s " 1 ) .  C o n t r o l  m oss  s e g m e n t s  w e r e  i n c u b a t e d  i n  5 ml o f  d i s t i l l e d  

w a t e r .  E ach  t r e a t m e n t  w as r e p l i c a t e d  t h r e e  t i m e s .  On c o m p l e t i o n  o f  

i n c u b a t i o n ,  t h e  t r e a t m e n t  s o l u t i o n  w as w ith d r a w n  and t h e  m oss  s e g m e n t s  

w a sh e d  t w i c e  f o r  5 min i n  5 ml o f  d i s t i l l e d  w a t e r .  The l e n g t h  o f  t h e  

10 m oss  s e g m e n t s  i n  e a c h  v i a l  w e r e  t h e n  a c c u r a t e l y  m e a s u r e d  b e f o r e  

t r a n s f e r r i n g  t o  p l a s t i c  P e t r i  d i s h e s  (c a .  9 cm d i a m e t e r )  l i n e d  w i t h  

m o i s t e n e d  Whatman N o. 1 f i l t e r  p a p e r .  The c l o s e d  P e t r i  d i s h e s  w e r e  

t r a n s f e r r e d  t o  a  g r o w t h  c a b i n e t  w h e r e  t h e y  w e r e  r e g u l a r l y  m o i s t e n e d  

w i t h  d i s t i l l e d  w a t e r  t o  p r e v e n t  d e s i c c a t i o n .  C o n d i t i o n s  w i t h i n  t h e  

g r o w t h  c a b i n e t  w e r e  k e p t  c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t a l  p e r i o d  

(1 8 ° C  , 1 4  h d a y l e n g t h ,  f l u o r e s c e n t  l i g h t i n g  ca. 2 7 5  y m ol m- 2  s " 1 ) .

G row th  o f  t h e  m oss  s e g m e n t s  w as r e c o r d e d  by  m e a s u r in g  t h e i r  l e n g t h  

a t  r e g u l a r  i n t e r v a l s  d u r i n g  a  p e r i o d  o f  ca. 10  wk, w i t h  r e r a n d o m i s a t i o n  

o f  t h e  d i s h e s  w i t h i n  t h e  g r o w t h  c a b i n e t s  a t  e a c h  t im e  i n t e r v a l .

3 . 2 . 3  H e r b i c i d e  t r e a t m e n t s

The s e l e c t e d  ( S e c t i o n  3 . 1 )  com pounds w e r e  t h o s e  u s e d  i n  p r e v i o u s  

e x p e r i m e n t s  (C h . 2 ) :  p a r a q u a t ,  d i c h l o r o p h e n ,  2 , 4 - D  and F e S 0 4 . A r a n g e  

o f  h e r b i c i d e  d i l u t i o n s  w as t e s t e d  t o  a s s e s s  s u b l e t h a l  a s  w e l l  a s  t h e  

more d a m a g in g  e f f e c t s  o f  h i g h  c o n c e n t r a t i o n s .  A l l  t e s t  c h e m i c a l s  w e r e  

p r e p a r e d  a s  s o l u t i o n s  i n  d i s t i l l e d  w a t e r .

3 . 2 . 4  D a ta  p r e s e n t a t i o n  and s t a t i s t i c a l  a n a l y s i s

S egm en t l e n g t h  w as u s e d  a s  a  m ea su rem en t  o f  g r o w th  i n  p r e f e r e n c e  

t o  b io m a s s  i n c r e m e n t  b e c a u s e  i t  i s  n o n - d e s t r u c t i v e  and t h e r e f o r e  

e n a b l e s  s u c c e s s i v e  m e a s u r e m e n ts  o f  t h e  same s a m p le s  t o  b e  t a k e n .

>
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B io m a s s  m e a s u r e m e n ts  a r e  a l s o  d i s a d v a n t a g e o u s  i n  e x p e r i m e n t s  i n v o l v i n g  

h e r b i c i d e  t r e a t m e n t  o f  m oss  d u e  t o  a  t e n d e n c y  f o r  new g r o w t h  t o  b e  f i n e  

and f l e s h y ,  t h e r e b y  c o n s t i t u t i n g  o n l y  a  s m a l l  p r o p o r t i o n  o f  t h e  d r y  

w e i g h t  o f  t h e  m oss s h o o t .  F u r n e s s  and Grime ( 1 9 8 2 b )  n o t e d  a  r e d u c e d  

s e n s i t i v i t y  o f  d r y  w e i g h t  m e a s u r e m e n t s ,  d ue  t o  v a r i a t i o n s  b e tw e e n  

p o p u l a t i o n s ,  com p ared  w i t h  o t h e r  m e th o d s  s u c h  a s  e l o n g a t i o n  g r o w t h .  

E l o n g a t i o n  g r o w t h  o f  m oss t i s s u e s  h a v e  b e e n  m e a su r e d  b y  B row n, Ougham 

and B e c k e t t  ( 1 9 8 6 ) ,  B a t e s  ( 1 9 8 8 ) ,  B u s b y ,  B l i s s  and H a m i l t o n  ( 1 9 7 8 ) ,  

F u r n e s s  and Grim e ( 1 9 8 2 a ,  b )  and G reen  and C l a y t o n - G r e e n  ( 1 9 8 1 ) .

S a m p le s  o f  t e n  s e g m e n t s  w e r e  r e p l i c a t e d  t h r e e  t i m e s  f o r  e a c h  

t r e a t m e n t .  E l o n g a t i o n  g r o w th  d a t a  f o r  d i f f e r e n t  h e r b i c i d e s ,  

c o n c e n t r a t i o n s  and i n c u b a t i o n  t i m e s  a r e  p r e s e n t e d  g r a p h i c a l l y  a s  1 )  

c u m u l a t i v e  g r o w t h  ( s e g m e n t  l e n g t h  -  i n i t i a l  s e g m e n t  l e n g t h )  a t  r e g u l a r  

t im e  i n t e r v a l s  a f t e r  t r e a t m e n t ,  d e p i c t i n g  t h e  e f f e c t s  o f  t h e  h e r b i c i d e s  

on t h e  r e d u c t i o n  and r e c o v e r y  o f  e l o n g a t i o n  g r o w th  o v e r  a  t e n  w eek  p o s t  

t r e a t m e n t  p e r i o d ,  and 2 )  t h e  o v e r a l l  mean g r o w t h  r a t e  viz : ( f i n a l  

s e g m e n t  l e n g t h  -  i n i t i a l  s e g m e n t  l e n g t h ) / p e r i o d  o f  g r o w t h .  T h i s  

p r o v i d e s  an  o v e r a l l  m ea su rem en t  o f  t h e  e f f e c t  o f  t h e  h e r b i c i d e  

t r e a t m e n t  on  R. squarrosus. The s i g n i f i c a n c e  o f  t r e a t m e n t  e f f e c t s  was  

i n v e s t i g a t e d  by  a n a l y s i s  o f  v a r i a n c e .

3 .3  RESULTS AND DISCUSSION

S h o o t s  o f  R. squarrosus w e r e  i n c u b a t e d  i n  h e r b i c i d e  s o l u t i o n s  f o r  

5 min o r  24  h and t h e i r  s u b s e q u e n t  e l o n g a t i o n  g r o w t h  o v e r  10 wk 

r e c o r d e d  ( F i g s  3 . 3 . 1  -  3 . 3 . 1 0 ) .  M e a su r e m e n ts  a f t e r  two d i f f e r e n t  

i n c u b a t i o n  t i m e s  ( 5  min and 24 h )  w e r e  made t o  p r o v i d e  i n f o r m a t i o n  on  

t h e  im p o r t a n c e  o f  h e r b i c i d e  c o n t a c t  t i m e .

3 .3 .1  E ffe c ts  o f 2,4-D  on the growth of R. squarrosus

E f f e c t s  on  c u m u l a t i v e  e l o n g a t i o n  g r o w th

A 5 min i n c u b a t i o n  i n  2 , 4 - D  s o l u t i o n s  p r o d u c e d  no  s i g n i f i c a n t
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Plate 3.3.1 The effect of a 5 min incubation in 2,4-D solution on the 
growth of Rhytidiadelphus squarrosus 8 wk after treatment.

Plate 3.3.2 The effect of a 24 h incubation in 2,4-D solution on the 
growth of Rhytidiadelphus squarrosus 8 wk after treatment.

Treatments are 1 = untreated; 2 = 75 yM; 750 yM; 4 = 7.5 mM; 5 = 75 mM 
6 = 150 mMI
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r e d u c t i o n  o r  s t i m u l a t i o n  o f  t h e  c u m u l a t i v e  e l o n g a t i o n  g r o w t h ,  n o r  

d i f f e r e n c e s  b e t w e e n  t r e a t m e n t s  i n  t h e  s e g m e n t s  t h r o u g h o u t  t h e  f i r s t  5 

wk a f t e r  t r e a t m e n t  ( F i g .  3 . 3 . 1 )  ( P l a t e  3 . 3 . 1 ) .  H o w e v e r ,  a t  t h e  f i n a l  

h a r v e s t ,  t h e  c u m u l a t i v e  e l o n g a t i o n  g r o w t h  f o l l o w i n g  5 min t r e a t m e n t s  

w i t h  t h e  two h i g h e s t  2 , 4 - D  c o n c e n t r a t i o n s  w as s i g n i f i c a n t l y  l o w e r  th a n  

t h e  c o n t r o l  v a l u e s .

At t h e  l o w e s t  c o n c e n t r a t i o n s  o f  2 , 4 - D  ( 7 5  and 7 5 0  pM), g r o w th  

a f t e r  t h e  24h  i n c u b a t i o n  t r e a t m e n t  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  from  

t h e  c o n t r o l s .  H o w ev er ,  t h e  two h i g h e s t  c o n c e n t r a t i o n s  ( 7 5  and  1 5 0  mM) 

c a u s e d  c h l o r o s i s  o f  t h e  s h o o t s  and a  r e d u c t i o n  i n  c u m u l a t i v e  e l o n g a t i o n  

g r o w t h  d u e  t o  a t r o p h y  o f  t h e  damaged a p i c a l  t i s s u e s  ( F i g .  3 . 3 . 1 ) .  

S i g n i f i c a n t  g r o w th  r e d u c t i o n s  w e r e  d e t e c t e d  i n  t h e s e  t r e a t m e n t s  w i t h i n  

t h e  f i r s t  w eek  a f t e r  t r e a t m e n t  ( F i g .  3 . 3 . 1 ) .  F o u r  w e e k s  a f t e r  

t r e a t m e n t  a l l  24  h 2 , 4 - D  t r e a t m e n t s  had r e d u c e d  g r o w t h  com p ared  t o  t h e  

c o n t r o l s  ( F i g .  3 . 3 . 1 ) .

P r e s e n t a t i o n  o f  t h e  d a t a  a s  c u m u l a t i v e  e l o n g a t i o n  g r o w t h  draw s  

a t t e n t i o n  t o  a  g r e a t e r  i n i t i a l  and f i n a l  g r o w th  p h a s e  f o l l o w i n g  a  5 min  

i n c u b a t i o n  f o r  t h e  lo w  com pared  w i t h  t h e  h i g h  c o n c e n t r a t i o n s  o f  2 , 4 - D  

( F i g .  3 . 3 . 1 ) .  T h i s  may b e  d u e  t o  t h e  s l o w  d e v e lo p m e n t  o f  i n h i b i t o r y  

e f f e c t s  o f  2 , 4 - D  on R. squarrosus f o l l o w e d  by i t s  r e c o v e r y .

C l e a r l y ,  2 , 4 - D  s i g n i f i c a n t l y  i n h i b i t s  t h e  e l o n g a t i o n  g r o w t h  o f  R. 

squarrosus and t h e  r e d u c t i o n  i s  c o n c e n t r a t i o n - d e p e n d e n t .  I n c r e a s i n g  

t h e  l e n g t h  o f  t im e  t h e  m oss  was i n  c o n t a c t  w i t h  2 , 4 - D  a l s o  r e d u c e d  i t s  

g r o w t h .  F i g u r e  3 . 3 . 1  sh o w s  t h a t  t h e  24  h i n c u b a t i o n  i s  r o u g h l y

e q u i v a l e n t  t o  a  100  f o l d  i n c r e a s e  i n  c o n c e n t r a t i o n  f o l l o w i n g  a  5 min  

i n c u b a t i o n .

E f f e c t s  on t h e  mean e l o n g a t i o n  g r o w th  r a t e

The h i s t o g r a m s  o f  mean e l o n g a t i o n  g r o w th  r a t e s  o f  R. squarrosus 

s e g m e n t s  f o r  t h e  d i f f e r e n t  2 , 4 - D  c o n c e n t r a t i o n s  show  s i m i l a r  t r e n d s  f o r

>
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Fig. 3.3.1
Elongation growth of R h y t i d i a d e l p h u s  s p u a n n o s u s  

shoots after treatment with 2,4—D, following 
(a) 5 min, (b) 24 h incubations.
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Time after treatment (days)

Day SED
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7 2.19 0.87
14 1.93 0.99
21 2.38 2.02
28 2.86 1.85
35 3.42 2.27
68 5.05 3.04

d.f 17 17
n = 3

Time after treatment (days)
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b o t h  t h e  5 min and 24  h i n c u b a t i o n s  ( F i g .  3 . 3 . 2 ) .  A f t e r  24  h 

i n c u b a t i o n ,  R. squarrosus sh ow ed  a  r a p i d  and s t a t i s t i c a l l y  s i g n i f i c a n t  

d e c l i n e  i n  t h e  g r o w t h  r a t e  i r r e s p e c t i v e  o f  c o n c e n t r a t i o n .  H o w ev er ,  

a f t e r  a  5 min i n c u b a t i o n ,  t h e  g r o w th  r a t e s  d e c l i n e d  s i g n i f i c a n t l y  o n l y  

a t  t h e  two h i g h e s t  c o n c e n t r a t i o n s  ( 7 5  and 1 5 0  mM) ( F i g .  3 . 3 . 2 ) .

The 2 , 4 - D  r e s u l t s  i n d i c a t e  t h a t  m oss  s e g m e n t s  r e q u i r e  an u p t a k e  

p e r i o d  g r e a t e r  th a n  5 m in t o  r e d u c e  g r o w t h  a t  t h e  l o w e r  c o n c e n t r a t i o n s  

( F i g .  3 . 3 . 1 ) .  T h u s ,  f o r  2 , 4 - D  t o  b e  u s e f u l  a s  a  h e r b i c i d e  a g a i n s t  R. 

squarrosus, t h e r e  i s  a  r e q u i r e m e n t  f o r  e x t e n d e d  c o n t a c t  t i m e s  and a t  

c o n c e n t r a t i o n s  g r e a t e r  th a n  t h o s e  u s u a l l y  recom m ended ( 2 8 0 - 2 3 0 0  g  a . i  

h a - 1  i n  a  2 0 0  1 v o lu m e  = ca. 6 - 5 0  mM) f o r  t h e  c o n t r o l  o f  d i c o t y l e d o n o u s  

w e e d s  i n  p a s t u r e s .  2 , 4 - D  i s  n o t  u s e d  f o r  t h e  c o n t r o l  o f  m o s s e s  i n  

la w n s  b u t  from  t h e  p r e s e n t  r e s u l t s ,  i t  c o u l d  a c t  a s  a  m oss r e t a r d a n t  

when a p p l i e d  t o  t u r f .  H ow ever ,  t h i s  n e e d s  t o  b e  b a l a n c e d  a g a i n s t  an y  

s u b s e q u e n t  i n c r e a s e  i n  m oss g r o w th  f o l l o w i n g  2 , 4 - D  a p p l i c a t i o n  d u e  t o  a  

r e d u c t i o n  i n  c o m p e t i t i o n  from  b r o a d  l e a v e d  w e e d s  ( S e c t i o n  2 . 3 . 2 ) .  

P l a t e s  3 . 3 . 1  and 3 . 3 . 2  show t h a t  2 , 4 - D  c a u s e d  l i m i t e d  v i s i b l e  damage t o  

R. squarrosus when a p p l i e d  a t  lo w  c o n c e n t r a t i o n s  o r  f o r  s h o r t  

i n c u b a t i o n  t i m e s .  I t  i s  p r o b a b l e  t h a t  t h e  u s e  o f  2 , 4 - D  f o r  t h e  c o n t r o l  

o f  b r o a d  l e a v e d  w e e d s  i n  la w n s  a l s o  r e d u c e s  t h e  g r o w th  o f  R. 

squarrosus, b u t  t h a t  t h i s  p a s s e s  u n d e t e c t e d  d u e  t o  t h e  l a c k  o f  v i s i b l e  

i n j u r y .

3 . 3 . 2  E f f e c t s  o f  D i c h l o r o p h e n  o n  t h e  g r o w t h  o f  R . s q u a r r o s u s

E f f e c t s  on c u m u l a t i v e  e l o n g a t i o n  g r o w th

F o l l o w i n g  5 min i n c u b a t i o n s  i n  d i c h l o r o p h e n  s o l u t i o n s ,  a  

s i g n i f i c a n t  r e d u c t i o n  i n  c u m u l a t i v e  e l o n g a t i o n  was o b s e r v e d  3 wk a f t e r  

t r e a t m e n t  a t  t h e  two h i g h e s t  c o n c e n t r a t i o n s  ( 6 0 0  yM and 6 mM) ( F i g .

3 . 3 . 3 ) .  The 24  h i n c u b a t i o n  i n  d i c h l o r o p h e n  c a u s e d  a  more p r o n o u n c e d  

r e d u c t i o n  i n  c u m u l a t i v e  e l o n g a t i o n  g r o w t h  and a t  a l l  d i c h l o r o p h e n
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Fig. 3.3.2
The mean growth rate, over ten weeks, of 
R h y t i d i a d e l p h u s  a q u a n r o s u s  shoots after 
treatment with 2,4—D, following (a) 5 min, 
and (b) 24 h incubations.

Treatment

SED 0.074
d.f = 17 
n = 3

KEY
1 untreated
2 75 pM
3 750 pM
4 7.5 mM
5 75 mM
6 150 mM

1 2 3 4 5 6
Treatment

SED 0.046
d.f =17 
n = 3
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Fig. 3.3.3
Elongation growth of R h y t i d i a

shoots after treatment with dichlorophen. following (a) 5 min, and (b) 24h incubations.

-© - untreated 
6 mM

-H < -  6 0 0  jjM 

- A r  6 0  JJM

6 juM

Day -----5EB-----
( a )  ( b )

7 2.26 0.31
17 1.50 0.87
21 2.39 1.33
35 2.32 3.00
66 3.62 3.14
d.f 14 14

n = 3



E f f e c t s  on  t h e  mean e l o n g a t i o n  g r o w t h  r a t e

Mean e l o n g a t i o n  g r o w th  r a t e s  d e c l i n e d  s i g n i f i c a n t l y  f o l l o w i n g  5 

m in t r e a t m e n t s  w i t h  6 0 0  yM and 6 mM d i c h l o r o p h e n  ( F i g .  3 . 3 . 4 ) .  No 

e f f e c t  w as n o t e d  a t  t h e  two l o w e r  c o n c e n t r a t i o n s  ( 6  and 6 0  yM) 

f o l l o w i n g  a  5  min i n c u b a t i o n  ( F i g .  3 . 3 . 4 ) .  The 24  h i n c u b a t i o n s ,  a t  

a l l  c o n c e n t r a t i o n s ,  s i g n i f i c a n t l y  r e d u c e d  t h e  mean e l o n g a t i o n  g r o w th  

r a t e  ( F i g .  3 . 3 . 4 ) .

T h e s e  r e s u l t s  r e s e m b l e  t h o s e  o b t a i n e d  by B row n, Ougham and B e c k e t t  

( 1 9 8 6 )  f o r  R. squarrosus s e g m e n t  g r o w t h  o v e r  a r a n g e  o f  d i c h l o r o p h e n  

c o n c e n t r a t i o n s .  T h e s e  a u t h o r s  o b s e r v e d  r e d u c t i o n s  i n  d r y  w e i g h t ,  

c h l o r o p h y l l  and  p o t a s s i u m  c o n t e n t  f o l l o w i n g  d i c h l o r o p h e n  t r e a t m e n t .  

T h ey  a t t r i b u t e d  t h e  e f f e c t s  o f  d i c h l o r o p h e n  t o  s u b s t a n t i a l  p la sm a  

membrane d am age .

F or  b o t h  t h e  d i c h l o r o p h e n  and 2 , 4 - D  t r e a t m e n t s ,  i n  t h e  p r e s e n t  

s t u d y ,  d e a t h  o f  m oss s e g m e n t s  o c c u r r e d  o n l y  a f t e r  ( o r  d u r i n g )  a  24  h 

i n c u b a t i o n  i n  t h e  m ost  c o n c e n t r a t e d  s o l u t i o n s .  The two h i g h e s t  

d i c h l o r o p h e n  c o n c e n t r a t i o n s  ( 6 0 0  yM and 6 mM) u s e d  a r e  e q u i v a l e n t  t o  a  

h u n d r e d t h  and t e n t h  d i l u t i o n  o f  t h e  recommended r a t e  f o r  m oss  c o n t r o l ,  

r e s p e c t i v e l y .  I t  w o u ld  a p p e a r  t h a t  on a  m o la r  b a s i s ,  u n d e r  l a b o r a t o r y  

c o n d i t i o n s ,  d i c h l o r o p h e n  i s  t e n  t i m e s  more p o t e n t  th a n  2 , 4 - D .

3 . 3 . 3  E f f e c t s  o f  P a r a q u a t  o n  t h e  g r o w t h  o f  R. s q u a r r o s u s

E f f e c t s  on c u m u l a t i v e  e l o n g a t i o n  g r o w th

The e f f e c t s  o f  p a r a q u a t  on g r o w t h  o f  R. squarrosus f o l l o w i n g  a 5 

min i n c u b a t i o n  w e r e  d i f f e r e n t  from  t h o s e  o f  2 , 4 - D  and d i c h l o r o p h e n .  

The h e r b i c i d e  d i d  n o t  k i l l  t h e  m oss  s e g m e n t s  a t  lo w  c o n c e n t r a t i o n s

c o n c e n t r a t i o n s  ( F i g .  3 . 3 . 3 )  compared w i th  th e  c o n t r o l .  The 24 h

i n c u b a t i o n  t r e a t m e n t s  w i t h  600 yM and 6 mM d ic h lo r o p h e n  k i l l e d  th e  moss

( P l a t e  3 . 3 . 3 ) .
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Plate 3.3.3 The effect of a 24 h incubation in dichlorophen solution 
on the growth of Rhytidiadelphus squarrosus 8 wk after 
treatment

Treatments are: 1 = untreated; 2 = 6  pM; 3 = 60 pM; 4 = 600 pM;
5 = 6 mM

i#
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Fig.3.3.4
The mean growth rate, over ten weeks, of 
R h y t i d i a d e l p h u s  scjuarnosus shoots after 
treatment with dichlorophen, following (a) 5 min, 
and (b) 24 h Incubations.
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d.f = 14 
n = 3

KEY
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( 7 . 2 5 ,  7 2 . 5  and 7 2 5  yM) b u t  a  r e d u c t i o n  i n  t h e  c u m u l a t i v e  e l o n g a t i o n  

g r o w t h  w as o b s e r v e d  t h r e e  w e e k s  a f t e r  t r e a t m e n t  ( F i g .  3 . 3 . 5 ) .  H ig h e r  

c o n c e n t r a t i o n s  o f  p a r a q u a t  ( 7 . 2 5  and 7 2 . 5  mM) c o m p l e t e l y  i n h i b i t e d  

g r o w t h .  O n ly  t h e  7 . 2 5  and 7 2 . 5  mM t r e a t m e n t s  c a u s e d  c h l o r o s i s  o f  R. 

squarrosus s h o o t s .

A f t e r  2 4  h i n c u b a t i o n  i n  p a r a q u a t ,  i d e n t i c a l  e f f e c t s  w e r e  n o t e d  

( F i g .  3 . 3 . 5 ) ,  viz. g r o w th  c o n t i n u e d  a t  lo w  c o n c e n t r a t i o n s  ( 7 . 2 5  and

7 2 . 5  yM) f o r  t h e  f i r s t  t h r e e  w e e k s  a f t e r  t r e a t m e n t ,  and t h e n  c e a s e d .  

T h e r e f o r e ,  a t  lo w  c o n c e n t r a t i o n s ,  t h e  e f f e c t  o f  p a r a q u a t  i s  d e l a y e d  

b u t  a t  h i g h  c o n c e n t r a t i o n s  i t  h a s  im m e d ia te  e f f e c t .  T h i s  d e l a y  i n  

b i o l o g i c a l  a c t i v i t y ,  o b s e r v e d  f o l l o w i n g  t h e  lo w  p a r a q u a t  t r e a t m e n t s ,  

r e s e m b l e s  t h e  d e l a y e d  a p p e a r a n c e  o f  v i s i b l e  i n j u r y  i n  t h e  f i e l d  

e x p e r i m e n t s  ( S e c t i o n s  2 . 3 . 1 . 1  and 2 . 3 . 2 )  and l a t e r  p h o t o s y n t h e s i s  

e x p e r i m e n t s  ( S e c t i o n  6 . 3 . 1 ) .

E f f e c t  on t h e  mean e l o n g a t i o n  g r o w t h  r a t e

The mean e l o n g a t i o n  g r o w t h  r a t e s  d e c l i n e d  s i g n i f i c a n t l y  w i t h  

i n c r e a s e  i n  p a r a q u a t  c o n c e n t r a t i o n .  No s i g n i f i c a n t  d i f f e r e n c e s  w e r e  

d e t e r m i n e d  b e t w e e n  g r o w th  r a t e s  f o r  t h e  5 min and  24  h i n c u b a t i o n  t i m e s  

( F i g .  3 . 3 . 6 ) .

The g e n e r a l l y  recom m ended a p p l i c a t i o n  r a t e  o f  p a r a q u a t  i n  f i e l d  

s i t u a t i o n s  i s  6 0 0 g  a i  h a - 1  ( i n  2 0 0  1 v o lu m e  = ca. 20  mM) w h ic h  i s

s l i g h t l y  l e s s  th a n  t h e  maximum c o n c e n t r a t i o n  u s e d  i n  t h e  g r o w th  

e x p e r i m e n t s  ( 7 2 . 5  mM). H o w ev er ,  i t  i s  a p p a r e n t  from  t h e  p r e s e n t  s t u d y  

t h a t  R. squarrosus i s  s e n s i t i v e  t o  p a r a q u a t  a p p l i e d  by im m e r s io n  o f  t h e  

m oss s e g m e n t s  a t  c o n c e n t r a t i o n s  l o w e r  th a n  t h o s e  n o r m a l l y  a p p l i e d  i n  

t h e  f i e l d .  P a r a q u a t  k i l l e d  t h e  m oss s e g m e n t s  a t  h i g h  c o n c e n t r a t i o n s ,  

w h i l s t  t h e  l o w e r  c o n c e n t r a t i o n s  i n h i b i t e d  g r o w th  a f t e r  3 wk w i t h o u t  

p r o d u c i n g  v i s i b l e  i n j u r y .

The e f f e c t i v e n e s s  o f  s h o r t  i n c u b a t i o n  p e r i o d s  i n d i c a t e  t h a t  

p a r a q u a t  u p t a k e  i s  r a p i d .  H o w ev er ,  t h e r e  a r e  i n d i c a t i o n s  t h a t  f r e e l y
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Fig.3.3.5
Elongation growth O f R h y t i d i a d e l p h u s  & c j u a r r o s u &  

shoots after treatment with paraquat, following 
(a) 5 min, and (b) 24 h incubations.

Time a fte r treatment (days)

untreated 
-■ - 7.25 pM 
-Ar 72.5 jjM 

725 juM 
-Eh 7.25 mM 
-A- 72.5 mM

Day SED
(a ) (b )

7 1.05 1.58
17 1.51 2.20
21 1.47 1.68
35 2.71 2.03
66 3.43 2.62
d.f 17 17

n = 3



Fig. 3.3.6
The mean growth rate, over ten weeks, of 
R h y t i d i a d e l p h u s  s c f u a m o s u s  shoots after 
treatment with paraquat, following (a) 5 min 
and (b) 24 h incubations

Treatment

4.5 r
4 -

v * 3.5 -
-

3 -EJE, 2.5 -
£ 2 -£
2o 1.5 -

1 -
0.5 -

o L

SED 0.363
d.f = 17 

n = 3

KEY
1 untreated
2 7.25 mM
3 72.5 hM
4 725 jjM
5 7.25 mM
6 72.5 mM

1 2 3 4 5 6
Treatment

SED 0.278
d.f = 17 

n = 3
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a v a i l a b l e  p a r a q u a t  w as e x h a u s t e d  i n  t h e  s o l u t i o n s  a f t e r  q u i t e  s h o r t  

i n c u b a t i o n  p e r i o d s .  The d e l a y e d  e f f e c t  o f  lo w  c o n c e n t r a t i o n s  o f  

p a r a q u a t  c o u l d  b e  d u e  t o  p a r a q u a t  i n i t i a l l y  b i n d i n g  t o  t h e  c e l l  w a l l  

e x c h a n g e  s i t e s  f o l l o w e d  by s l o w  u p t a k e  i n t o  t h e  p r o t o p l a s t s  ( S e c t i o n  

4 . 3 . 1 . 6 ) .

3 .3 .4  E ffects of iron  s a l ts  (FeS04, FeCl3) on the growth of R. 

squarrosus

E f f e c t  on  c u m u l a t i v e  e l o n g a t i o n  g r o w th

The m oss  s e g m e n t s  t u r n e d  b l a c k  d u r i n g  i n c u b a t i o n  w i t h  e a c h  i r o n  

s a l t .  The i n t e n s i t y  o f  t h e  b l a c k  c o l o u r  w as r e l a t e d  t o  t h e  

c o n c e n t r a t i o n  o f  Fe u s e d  b u t  was n o t  a f f e c t e d  by  i n c u b a t i o n  t im e  

( P l a t e s  3 . 3 . 4  -  3 . 3 . 6 ) .

The g r o w th  o f  R. squarrosus was g r e a t e r  f o l l o w i n g  5 min t r e a t m e n t s  

w i t h  2 0 0  pM o r  1 0 0 0  pM F e ,  i r r e s p e c t i v e  o f  t h e  s a l t  u s e d ,  th a n  i n  t h e  

c o n t r o l s  ( F i g s .  3 . 3 . 7  and 3 . 3 . 8 ) .  The 2 0 0 0  pM Fe t r e a t m e n t s  p r o d u c e d  a  

s l i g h t  b u t  s i g n i f i c a n t  r e d u c t i o n  o f  g r o w t h .  H o w ev er ,  2 4  h i n c u b a t i o n s  

i n  t h e  i r o n  s o l u t i o n s  p r o d u c e d  a  r e d u c t i o n  i n  g r o w t h  f o l l o w i n g  t h e  1 0 0 0  

pM and 2 0 0 0  pM Fe t r e a t m e n t s  ( F i g s .  3 . 3 . 7  and 3 . 3 . 8 )  w h e r e a s  t h e  lo w e r  

c o n c e n t r a t i o n s  n e i t h e r  s t i m u l a t e d  n o r  i n h i b i t e d  g r o w t h  com p ared  w i t h  

t h e  c o n t r o l s .

E f f e c t s  on  mean e l o n g a t i o n  g r o w th  r a t e

The mean e l o n g a t i o n  g r o w t h  r a t e s  o f  R. squarrosus w e r e  s i m i l a r  a t  

e a c h  i n c u b a t i o n  t im e  ( 5  min o r  24  h )  f o l l o w i n g  F e S 0 4 and F e C l3 

t r e a t m e n t s  ( F i g s .  3 . 3 . 9  and 3 . 3 . 1 0 ) .  The 5 min i n c u b a t i o n s  i n  F e C l3 

s o l u t i o n s  o f  2 0 0  pM and 1 0 0 0  pM Fe l e d  t o  a s i g n i f i c a n t  i n c r e a s e  i n  

g r o w t h  r a t e  ( F i g  3 . 3 . 1 0 ) .  H o w ev er ,  t h e  20  pM and 2 0 0 0  pM Fe ( F e C l 3 ) 

t r e a t m e n t s  w e r e  w i t h o u t  e f f e c t .  The same phenom enon w as o b s e r v e d

f o l l o w i n g  t h e  5 min i n c u b a t i o n  i n  t h e  c o r r e s p o n d i n g  F e S 0 4 s o l u t i o n s  

( F i g .  3 . 3 . 9 )  b u t  h e r e  t h e  s t i m u l a t i o n  a t  lo w  c o n c e n t r a t i o n s  was
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Plate 3.3.4 The effect of a 5 min incubation in FeS04 solutions on the 
growth of Rhytidiadelphus squarrosus 8 wk after treatment 

Treatments as Fe are :
1 = untreated; 2 = 20 yM; 3 = 200 yM; 4 = 1000 yM; 5 = 2000 yM

«
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i
Plate 3.3.5 The effect of a 5 min incubation in FeCl solutions on the 

growth of Rhytidiadelphus squarrosus 8 wk after treatment

Plate 3.3.6 The effect of a 24 h incubation in FeCl solutions on the 
growth of Rhytidiadelphus squarrosus 8 wk after treatment 

Treatments as Fe are :
1 = untreated; 2 = 20 pM; 3 = 200 pM; 4 = 1000 pM; 5 = 2000 pM
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m Fig. 3.3.7
Elongation growth O f R h y t i d i a d & l p h u s  s p u a n r o s u s  

shoots after treatment with FeSO.4, following 
(a) 5 min, (b) 24 h incubations.

-© - control 
■  20 pM 

- k r  200 JJM 
1000 jjM 

-A- 2000 pM

5 min 24 h
day SED day SED

9 2.64 11 1.29
16 1.49 17 0.87
22 2.04 24 1.35
50 2.75 45 2.60
74 3.06 69 3.62

df = 14 
n = 3

Tim© after treatment (days)
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Fig. 3.3.8
Elongation growth of R h v t i d i a d e l p h u s  s p u a r r o & u s  

shoots after treatment with FeCl3 , following 
(a) 5 min, (b) 24 h incubations.

control 
-B -  20 |jM 
-A- 200 pM 

■ 1000 pM 
A - 2000 pM

SED
day 5 min 24 h
11 0.99 1.32
17 1.73 1.82
24 1.60 1.69
45 2.52 2.94
69 3.05 3.61

df = 14 
n = 3

f
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Fig.3.3.9
The mean growth rate, over ten weeks, of 
R h y t i d i a d e l p h u s  s c j u a r r o s u s  shoots after 
treatment with FeS04, following (a) 5 min 
and (b) 24 h incubations.

EE
-C-M
£
2

o

1 2 3 4 5
Treatment

SED 0.306
d.f = 14 
n = 3

KEY

1 untreated
2 20 pM
3 200 pM
4 1000 pM
5 2000 pM

SED 0.36
d.f = 14 
n = 31 2 3 4

Treatment
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Fig. 3.3.10
The mean growth rate, over ten weeks, of 
R h y t i d i a d e l p h u s  s q u a r r - o s u s  shoots after 
treatment with FeCI 3 following (a) 5 min, 
and (b) 24 h incubations.

Treatment

4.5
4

E
j ,  2.5

8 15  
1

0.5
0

SED 0.309
d.f = 14 

n = 3

KEY

1 untreated
2 20 pM
3 200 juM
4 1000 pM
5 2000 jjM

SED 0.36
d.f = 14 

n = 31 2 3 4

Treatment
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s t a t i s t i c a l l y  i n s i g n i f i c a n t .  The g r o w th  r a t e  f o r  t h e  2 0 0 0  yM Fe  

( F e S 0 4 ) t r e a t m e n t  w as  r e d u c e d  s i g n i f i c a n t l y  com pared  t o  t h e  2 0 0  yM and  

1 0 0 0  yM t r e a t m e n t s ,  b u t  n o t  w i t h  r e s p e c t  t o  t h e  c o n t r o l .

The mean g r o w t h  r a t e s  f o l l o w i n g  t h e  24  h i n c u b a t i o n s  sh ow ed  a  

s i g n i f i c a n t  r e d u c t i o n  w i t h  t h e  1 0 0 0  yM and 2 0 0 0  yM c o n c e n t r a t i o n s  o f  Fe  

from  b o t h  i r o n  s a l t s  ( F i g s .  3 . 3 . 9  and 3 . 3 . 1 0 ) .  No s i g n i f i c a n t  e f f e c t s  

w e r e  fo u n d  f o l l o w i n g  i n c u b a t i o n  i n  t h e  m ost  d i l u t e  s o l u t i o n s .

T h e r e  w as l i t t l e  d i f f e r e n c e  i n  a c t i v i t y  b e t w e e n  t h e  two i r o n  s a l t s  

t e s t e d  i n d i c a t i n g  t h a t  f e r r o u s  and f e r r i c  i r o n  h a v e  e q u i v a l e n t  

h e r b i c i d a l  a c t i v i t y  o r  t h a t  t h e  s u p p l i e d  f e r r o u s  i r o n  i s  q u i c k l y  

o x i d i s e d  i n  t h e  i n c u b a t i o n  medium. The r e s u l t s  a l s o  s u g g e s t  t h a t  t h e  

o b s e r v e d  b l a c k e n i n g  o f  t h e  m oss  t i s s u e  f o l l o w i n g  i r o n  t r e a t m e n t  i s  n o t  

d e t r i m e n t a l  t o  g r o w t h  ( P l a t e s  3 . 3 . 4  -  3 . 3 . 6 ) .  I n  f a c t ,  a t  lo w  

c o n c e n t r a t i o n s ,  w h e r e  s u b s t a n t i a l  b l a c k e n i n g  w as o b s e r v e d ,  g r o w th  

a p p e a r e d  t o  b e  s t i m u l a t e d  ( F i g s  3 . 3 . 7  and 3 . 3 . 8 ) .  C o n c e i v a b l y ,  t h i s  

may b e  d u e  t o  e t i o l a t i o n  i n  r e p o n s e  t o  r e d u c e d  l i g h t  p e n e t r a t i o n .  

H o w ev er ,  t h e  p h o t o s y n t h e s i s  e x p e r i m e n t s  (C h . 6 )  do  n o t  i n d i c a t e  r e d u c e d  

a c t i v i t y  d u e  t o  im p ed ed  l i g h t  p e n e t r a t i o n  i n  t h e  i r o n  s a l t  t r e a t e d  

s h o o t s .  I n c r e a s e d  g r o w th  m ig h t  i n d i c a t e  i n i t i a l  Fe  d e f i c i e n c y  w i t h i n  

t h e  m oss  s h o o t s .  I r o n  s a l t  s o l u t i o n s  w i t h  c o n c e n t r a t i o n s  o f  2 0 0 0  yM Fe  

d i d  im p ed e  R. squarrosus g r o w t h ,  e i t h e r  d u e  t o  d i r e c t  p o i s o n i n g  e f f e c t  

o r  s h a d i n g .  The l i m i t e d  e f f e c t s  o f  lo w  c o n c e n t r a t i o n s  o f  Fe i n  

s o l u t i o n  on m oss  g r o w th  m ig h t  b e  d u e  t o  b i n d i n g  i n  t h e  c e l l  w a l l s  a s  

p r o p o s e d  f o r  t h e  c a t i o n i c  h e r b i c i d e  p a r a q u a t  ( S e c t i o n  3 . 3 . 3 ) .



3 .4  CONCLUSIONS

The g r o w t h  o f  R. squarrosus, i n  a  c o n t r o l l e d  e n v i r o n m e n t ,  was  

i n h i b i t e d  b y  2 , 4 - D ,  p a r a q u a t ,  d i c h l o r o p h e n ,  F e S 0 4 and F e C l 3 t r e a t m e n t s .  

The s e n s i t i v i t y  o f  t h e  m oss t o  e a c h  t r e a t m e n t  w as a  f u n c t i o n  o f  b o t h  

c o n c e n t r a t i o n  and t h e  i n c u b a t i o n  t i m e .  T r e a t m e n t s  w i t h  2 , 4 - D  and  

d i c h l o r o p h e n  c a u s e d  r e d u c t i o n  o f  m oss g r o w t h  a t  t h e  h i g h e s t  

c o n c e n t r a t i o n s  ( 7 5  mM and 15 0  mM; 6 0 0  pM and 6 mM r e s p e c t i v e l y ) ,  

f o l l o w i n g  a  5 min i n c u b a t i o n .  F o l l o w i n g  2 4  h i n c u b a t i o n s ,  a l l  

c o n c e n t r a t i o n s  o f  t h e s e  h e r b i c i d e s  i n h i b i t e d  m oss g r o w t h .  The e f f e c t s  

o f  2 , 4 - D  on m oss  g r o w th  w e r e  s u r p r i s i n g l y  p r o n o u n c e d  c o n s i d e r i n g  t h a t  

i t  i s  n o t  c o m m e r c i a l l y  recom m ended a s  a  m oss k i l l e r .  I n  t h e  p r e s e n t  

e x p e r i m e n t s ,  d i c h l o r o p h e n  a p p e a r s  t o  b e  100  t i m e s  m ore p o t e n t  th a n

2 , 4 - D .  M o r e o v e r ,  a  24  h i n c u b a t i o n  p e r i o d  was r e q u i r e d  by b o t h  2 , 4 - D  

and d i c h l o r o p h e n  f o r  maximum b i o l o g i c a l  e f f e c t ,  i n d i c a t i n g  t h a t  u p t a k e  

i s  a  r e l a t i v e l y  s l o w  p r o c e s s  and l i k e l y  t o  b e  a  l i m i t i n g  f a c t o r  i n  

f i e l d  s i t u a t i o n s .

P a r a q u a t  d i f f e r e d  from  2 , 4 - D  and d i c h l o r o p h e n  i n  c a u s i n g  a  

r e d u c t i o n  i n  m oss  g r o w th  w h ic h  i s  r e l a t e d  t o  c o n c e n t r a t i o n  b u t  w h ic h  

a p p e a r s  t o  b e  i n d e p e n d e n t  o f  t h e  i n c u b a t i o n  t i m e .  The i n s e n s i t i v i t y  

t o  i n c u b a t i o n  t im e  i n d i c a t e s  t h a t  e i t h e r  a  r a p i d  u p t a k e  o c c u r s  ( w i t h i n  

5 m i n ) ,  o r ,  t h a t  c o n t i n u i n g  u p t a k e  i n t o  t h e  m oss p r o t o p l a s t  i s  e x c l u d e d  

d u e  t o  r a p i d  b i n d i n g  o f  t h e  p a r a q u a t  c a t i o n s  t o  t h e  c e l l  w a l l .  I n  t h e  

l a t t e r  c a s e  p a r a q u a t  r e l e a s e d  from  t h e  c e l l  w a l l  may becom e a v a i l a b l e  

f o r  i n t r a c e l l u l a r  u p t a k e  by t h e  m o s s .

The e f f e c t  o f  i r o n  on m oss  g r o w th  ( a s  F e S 0 4 and F e C l3 ) was  

a p p a r e n t l y  i n d e p e n d e n t  o f  t h e  v a l e n c y  s t a t e  o f  t h e  i r o n  and o f  i t s  

a c c o m p a n y in g  a n i o n .  I r o n  c o n c e n t r a t i o n s  lo w e r  th a n  t h o s e  recom m ended  

f o r  a p p l i c a t i o n  t o  la w n s  ( 2 0 0  pM and 1 0 0 0  pM) w e r e  fo u n d  t o  i n h i b i t  

g r o w th  o f  R. squarrosus f o l l o w i n g  a  24  h i n c u b a t i o n .  H o w ev er ,  i n  

c o n t r a s t  t o  t h e  o t h e r  c h e m i c a l s  t e s t e d ,  5 min i r o n  t r e a t m e n t s  o f  2 0 0  pM



and 1000 yM i n c r e a s e d  th e  r a t e  o f  grow th  o f  th e  m oss . S t i m u l a t i o n  o f

grow th  m ight be due t o  1)  e t i o l a t i o n  o f  th e  b la c k e n e d  moss s h o o t s  in

r e p o n s e  to  red u ced  l i g h t  p e n e t r a t i o n ,  o r  2 )  th e  c o r r e c t i o n  o f  i r o n

d e f i c i e n c y  p r e s e n t  i n  t h e  m oss  s h o o t s  a t  t h e  o n s e t  o f  

The u s e  o f  i r o n  s a l t s  a s  a  m eth od  o f  m oss c o n t r o l  

t h e r e f o r e ,  b e  u n d e r t a k e n  w i t h  c a r e  i f  t h e  s t i m u l a t i o n

t h e  e x p e r i m e n t ,  

i n  la w n s  m u s t ,  

o f  g r o w t h  i s  t o

b e  a v o i d e d .



CHAPTER 4

THE UPTAKE OF PARAQUAT, 2 , 4 - D ,  DICHLOROPHEN AND IRON

BY RHYTIDIADELPHUS SQUARROSUS
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4 .1  INTRODUCTION

The p r e s e n t  c h a p t e r  d e s c r i b e s  e x p e r i m e n t s  on  t h e  u p t a k e  and  

c e l l u l a r  l o c a t i o n  o f  t h e  h e r b i c i d e s  p a r a q u a t ,  F e ,  2 , 4 - D ,  and d i c h l o r o -  

ph en  i n  w h o le  s h o o t s  and s e p a r a t e d  l e a v e s  and s t e m s  o f  R. squarrosus.

P a r a q u a t  i s  a  c a t i o n i c ,  b r o a d  s p e c t r u m  v a s c u l a r  p l a n t  h e r b i c i d e  

w h e r e a s  2 , 4 - D  i s  an  a n i o n i c ,  d i c o t y l e d o n o u s  p l a n t  h e r b i c i d e .  B o th  

c a u s e d  s l i g h t  o r  g r a d u a l  g r o w t h  r e t a r d a t i o n  i n  R. squarrosus (C h . 3 ) .  

I n  c o n t r a s t  t h e  a n i o n i c  h e r b i c i d e  d i c h l o r o p h e n  ( a  f u n g i c i d e ,  a l g i c i d e ,  

b a c t e r i c i d e  and c o m m e r c ia l  m oss  k i l l e r )  and t h e  c a t i o n  i r o n  (m o ss  

k i l l e r )  c a u s e d  r a p i d  b l e a c h i n g  o r  b l a c k e n i n g  o f  t h e  m oss  s h o o t s ,  

r e s p e c t i v e l y .  B i n d i n g  o f  t h e  c a t i o n i c  c h e m i c a l s  t o  t h e  c e l l  w a l l s  o f  

R. squarrosus m ig h t  p r e v e n t  i n t r a c e l l u l a r  u p t a k e  and t h e r e f o r e  r e d u c e  

b i o l o g i c a l  a c t i v i t y .  U p ta k e  o f  t h e  f o u r  h e r b i c i d e s  by R. squarrosus

w as t h e r e f o r e  s t u d i e d  t o  d e t e r m i n e  w h e t h e r  a c t i v i t y  w as l i n k e d  t o  

e f f i c i e n c y  o f  p e n e t r a t i o n .

The f o l l o w i n g  e x p e r i m e n t s  w e r e  b a s e d  on t h e  d i f f e r e n t i a l  

d i s p l a c e m e n t  p r o c e d u r e  o f  Brown and Buck ( 1 9 7 9 ) .  Moss t i s s u e s  w e r e  

i n c u b a t e d  i n  t h e  h e r b i c i d e  t r e a t m e n t  s o l u t i o n s  and t h e n  t h e  a b s o r b e d  

c h e m i c a l s  w e r e  e x t r a c t e d  t o  q u a n t i t a t i v e l y  d e t e r m i n e  c e l l u l a r  l o c a t i o n .  

U s i n g  t h i s  p r o c e d u r e  t h e  r e d i s t r i b u t i o n  o f  p a r a q u a t  b e t w e e n  c e l l u l a r  

c o m p a r tm e n ts  o f  t h e  m oss o v e r  l o n g  i n c u b a t i o n  t i m e s  w as s t u d i e d .  A l s o ,  

t h e  im p o r t a n c e  o f  t h e  v a l e n c y  s t a t e  and a c c o m p a n y in g  a n i o n  o f  i r o n  

( F e C l 3 , F e (N 0 3 ) 3 and EDTA ( F e 3 + ) )  was i n v e s t i g a t e d .

4 .2  MATERIALS AND METHODS

4 .2 .1  Plant M aterial

R. squarrosus w as c o l l e c t e d  and grow n a s  d e s c r i b e d  i n  S e c t i o n

3 . 2 . 1 .
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4 .2 .2  Herbicides used

M e t h y l - 1 4C - p a r a q u a t  d i c h l o r i d e  (Amersham) i n  an  a q u e o u s  s o l u t i o n

1 4c o n t a i n i n g  2% e t h a n o l ,  and 2 , 4 - d i c h l o r o p h e n o x y [ 2 -  C ] a c e t i c  a c i d  

(Am ersham ) i n  a  t o l u e n e  s o l u t i o n ,  w e r e  s t o r e d  a t  4°C  and  - 2 0 ° C ,  

r e s p e c t i v e l y ,  p r i o r  t o  u s e .

S t o c k  s o l u t i o n s  o f  1 4 C - p a r a q u a t  w e r e  p r e p a r e d  by t r a n s f e r r i n g  

20  y l  a l i q u o t s  o f  1 4 C - h e r b i c i d e  t o  1 0 0  ml p o l y t h e n e  s t o r a g e  b o t t l e s  and  

a l l o w i n g  t o  e v a p o r a t e  t o  d r y n e s s .  The r a d i o a c t i v e  h e r b i c i d e  w as t h e n  3 

r e d i s s o l v e d  i n  1 0 0  ml o f  u n l a b e l l e d  p a r a q u a t  s o l u t i o n  o f  known

c o n c e n t r a t i o n .

I n c u b a t i o n  s o l u t i o n s  w e r e  p r e p a r e d  by d i l u t i n g  t h e  s t o c k  s o l u t i o n s  

w i t h  an  e q u i v a l e n t  c o n c e n t r a t i o n  o f  u n l a b e l l e d  h e r b i c i d e  t o  o b t a i n  an  

a c t i v i t y  o f  b e t w e e n  1 0 0 0 0 - 1 5 0 0 0  d i s i n t e g r a t i o n s  p e r  m in u t e  (dpm) p e r  5 

ml a l i q u o t .

The u n l a b e l l e d  h e r b i c i d e s  u s e d  w e r e  t h o s e  d e s c r i b e d  i n  S e c t i o n

2 . 2 . 5  and d i l u t i o n s  w e r e  made u s i n g  d i s t i l l e d  w a t e r .

The pH v a l u e s  o f  a  r a n g e  o f  u n b u f f e r e d  p a r a q u a t ,  2 , 4 - D ,

d i c h l o r o p h e n  and Fe s a l t s  s o l u t i o n s  a r e  p r e s e n t e d  i n  T a b l e  4 . 2 . 1 .

4 .2 .3  Preparation of p lan t m aterial

2 . 2 5  cm a p i c a l  s e g m e n t s  o f  R. squarrosus w e r e  c u t  and i m m e d i a t e l y  

p l a c e d  i n  a  5 0 0  ml b e a k e r  c o n t a i n i n g  d i s t i l l e d  w a t e r  f o r  a p p r o x i m a t e l y  

20 min t o  p r e v e n t  d e s i c c a t i o n .  S h o o t s  w e r e  t h e n  s h a k e n  w i t h  

a p p r o x i m a t e l y  5 c h a n g e s  o f  d i s t i l l e d  w a t e r  t o  rem ove  d e b r i s  and f r e e l y  

s o l u b l e  i o n s  a s s o c i a t e d  w i t h  t h e  m oss s u r f a c e .  The s e g m e n t s  w e r e  t h e n  

p l a c e d  on p a p e r  t o w e l l i n g  t o  rem ove  e x c e s s  w a t e r .  The a p i c a l  r e g i o n  

(ca. 0 . 2 5  cm) was rem oved  and t h e  r e m a in in g  2 cm s e g m e n t s  t r a n s f e r r e d  

q u i c k l y  t o  g l a s s  s c i n t i l l a t i o n  v i a l s  c o n t a i n i n g  5 ml o f  d i s t i l l e d  

w a t e r .  The a p i c a l  0 . 2 5  cm o f  t h e  R. squarrosus s e g m e n t  w as rem oved  t o

s t a n d a r d i s e  t h e  s e g m e n t  a g e ,  t h e r e b y  r e d u c i n g  d i f f e r e n c e s  i n  t h e  c a t i o n

and a n i o n  c o n t e n t  ( B a t e s ,  1 9 7 9 ;  Brown and B u ck , 1 9 7 8 )  w h ic h  m ig h t
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*

T a b l e  4 . 2 . 1  pH o f  h e r b i c i d e  d i l u t i o n s  u s e d  f o r  u p t a k e  e x p e r i m e n t s

H e r b i c i d e  C o n c e n t r a t i o n  (yM) pH

P a r a q u a t

2 , 4 - D  (N a s a l t )

D i c h l o r o p h e n

FeSO.4

F e C l3

F e (N 0 3 ) 3

EDTA ( F e 3 + )

7 . 2 5 4 . 1
7 2 . 5 4 . 1

725 3 . 5
7 2 5 0 3 . 5

7 2 5 0 0 2 . 6

75 5 . 9
7 5 0 6 . 3

7 5 0 0 6 . 1
7 5 0 0 0 7 . 1

1 5 0 0 0 0 7 . 5

6 6 . 9
60 8 . 1

600 1 0 . 2
6 0 0 0 1 1 . 0

20 4 . 6
200 4 . 5

2 0 0 0 4 . 2

20 3 . 6
20 0 3 . 1

2 0 0 0 2 . 5

20 4 . 2
2 0 0 3 . 3

1 0 0 0 2 . 9
2 0 0 0 2 . 6

20 5 . 3
2 0 0 5 . 1

1 0 0 0 5 . 1
2 0 0 0 5 . 2
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i n f l u e n c e  u p t a k e .  E ach  v i a l  c o n t a i n e d  t e n  2 cm s e g m e n t s  o f  R. 

squarrosus.

P r e p a r a t i o n s  o f  s e p a r a t e d  l e a v e s  and s t e m s  f o l l o w e d  t h e  same  

p r o c e d u r e  w i t h  t h e  e x c e p t i o n  t h a t ,  p r i o r  t o  t h e  r e m o v a l  o f  t h e  a p e x ,  

t h e  l e a v e s  w e r e  s e p a r a t e d  from  t h e  s t e m s  and p l a c e d  i n  s e p a r a t e  v i a l s .  

To rem o v e  l e a v e s  from  t h e  s t e m s ,  two p a i r s  o f  f i n e  p o i n t e d  f o r c e p s  w e r e  

u s e d ,  t h e  f i r s t  p a i r  t o  m a i n t a i n  a  f i r m  h o l d  on t h e  a p i c a l  a r e a  t o  be  

d i s p o s e d  o f  and t h e  s e c o n d  t o  g e n t l y  p u sh  o f f  t h e  l e a v e s .  The l e a v e s  

w e r e  s e v e r e d  a t  t h e i r  b a s e s  by  t h e  p o i n t e d  t i p s  o f  t h e  f o r c e p s .  No 

m a jo r  v i s i b l e  i n j u r y  t o  t h e  s t e m s  o r  l e a v e s  w as  o b s e r v e d  when v ie w e d  

u n d e r  t h e  m i c r o s c o p e .  The s t r i p p e d  s t e m s  a p p e a r e d  i n t a c t  w i t h  t h e

o c c a s i o n a l  l e a f  r e m a i n i n g .  The r e m a i n i n g  l e a v e s  w e r e  p i c k e d  o f f  w i t h  

f o r c e p s  and d i s c a r d e d .  B e f o r e  t r a n s f e r r i n g  t h e  s t e m s  t o  t h e  v i a l s ,  t h e  

a p i c e s  w e r e  e x c i s e d  a s  d e s c r i b e d  a b o v e .  L e a v e s  and s t e m s  w e r e  l e f t  f o r  

3 0  m in i n  5 ml o f  d i s t i l l e d  w a t e r  t o  rem ove  s o l u t e s  from  t h e  f r a c t u r e d  

t i s s u e  e d g e s .  E ach  v i a l  c o n t a i n e d  t h e  l e a v e s  o r  s t e m s  o f  10  m oss  

s e g m e n t s .  T e s t s  w e r e  made f o r  c e l l u l a r  dam age f o l l o w i n g  t i s s u e  

p r e p a r a t i o n  by  a n a ly s e  i n g  t h e  p o t a s s i u m  c o n t e n t  i n  d i f f e r e n t  c e l l u l a r  

c o m p a r tm e n ts  ( S e c t i o n  8 . 3 . 1 ) .  No m a jo r  damage t o  t h e  l e a v e s  and s t e m s  

w as fo u n d  on  t h e  b a s i s  o f  t h i s  m e th o d .

4 .2 .4  Incubation conditions

H e r b i c i d e  a p p l i c a t i o n s  w e r e  made by c o m p l e t e l y  im m e r s in g  10  

s e g m e n t s  o r ,  i n d e p e n d e n t l y ,  t h e  l e a v e s  o r  s t e m s  o f  10  s e g m e n t s ,  i n  5 ml 

o f  t h e  t r e a t m e n t  s o l u t i o n .  S a m p le s  w e r e  i n c u b a t e d  i n  a  g e n t l y  s h a k i n g  

w a t e r  b a t h  a t  20°C  r e c e i v i n g  d i f f u s e  l i g h t i n g  ( 4 0  pm ol m h ) from  a  

t u n g s t e n  b u l b .

The s o l u t i o n s  w e r e  e x t r a c t e d  from  e a c h  v i a l  u s i n g  a vacuum  

e x t r a c t i o n  m e th o d .  T h i s  t e c h n i q u e  p r o v i d e d  r a p i d  s i m u l t a n e o u s  

e x t r a c t i o n  o f  i n c u b a t i o n  s o l u t i o n s  from  a l l  r e p l i c a t e s  and t r e a t m e n t s ,



a  f a c t o r  c r i t i c a l  f o r  s h o r t  i n c u b a t i o n  t i m e s .  The e x t r a c t i o n  e q u ip m e n t  

c o n s i s t e d  o f  t h e  i n c u b a t i o n  v i a l  ( 2 0  m l)  and an  a c c o m p a n y in g  c o l l e c t i o n  

v i a l  ( 2 0  m l ) .  B o th  v i a l s  w e r e  f i r m l y  s t o p p e r e d  and i n t e r c o n n e c t e d  by  

n a r r o w  b o r e  p l a s t i c  t u b i n g .  The t u b i n g  r e a c h e d  t h e  b a s e  o f  t h e  

i n c u b a t i o n  v i a l  b u t  o n l y  p r o t r u d e d  a  s h o r t  way i n t o  t h e  c o l l e c t i o n  

v i a l .  A t t a c h i n g  a  vacuum  t o  a  p o r t  i n  t h e  c o l l e c t i n g  v i a l  s t o p p e r  drew  

t h e  t r e a t m e n t  s o l u t i o n  t h r o u g h  from  t h e  i n c u b a t i o n  v i a l .  M u l t i p l e  

p a i r s  o f  v i a l s  w e r e  u s e d  by  c o n n e c t i n g  a  vacuum pump t o  a  g l a s s  

j u n c t i o n  w i t h  m u l t i p l e  p o r t s .  A v e n t  i n  t h e  s t o p p e r  o f  t h e  i n c u b a t i o n  

v i a l  w as u s e d  t o  i n j e c t  l i q u i d  and b a l a n c e  t h e  p r e s s u r e .  To p r e v e n t  

t h e  m oss t i s s u e  l e a v i n g  t h e  v i a l  w i t h  t h e  l i q u i d ,  g l a s s  b e a d s  w e r e  

i n i t i a l l y  u s e d  t o  s e p a r a t e  t h e  o p e n i n g  o f  t h e  e x t r a c t i o n  t u b e  from  t h e  

t i s s u e  ( P l a t e  4 . 2 . 1 ) .  H o w ev er ,  t h e  g l a s s  b e a d s  a l s o  a d s o r b e d  c a t i o n s  

from  t h e  i n c u b a t i o n  s o l u t i o n s  and w e r e  s u p e r s e d e d  by  m a i n t a i n i n g  t h e  

e x t r a c t i o n  t u b e  o r i f i c e  f l u s h  w i t h  t h e  v i a l  b o t t o m .

4 .2 .5  Herbicide ex trac tio n  technique.

U p ta k e  r e s u l t s  d e s c r i b e d  i n  t h i s  c h a p t e r  a r e  b a s e d  on  t h e  q u a n t i t y  

o f  h e r b i c i d e  d e t e c t e d  i n  t h e  m oss  t i s s u e  and v a l u e s  a r e  e x p r e s s e d  a s  

t h e  q u a n t i t y  o f  h e r b i c i d e  p e r  gram o f  o v e n  d r y  ( 8 0 ° C )  t i s s u e .

Where a p p l i c a b l e  and w h e r e  a n a l y t i c a l  m e th o d s  w e r e  s e n s i t i v e  

e n o u g h  t o  d e t e c t  lo w  c o n c e n t r a t i o n s  o f  h e r b i c i d e ,  t h e  a b s o r b e d  

h e r b i c i d e  h a s  b e e n  r e s o l v e d  i n t o  s e p a r a t e  c o m p o n e n t s .  T h e s e  a r e :  t h e  

q u a n t i t y  bound t o  t h e  c e l l  w a l l  o f  t h e  m oss t i s s u e  (EXCHANGEABLE 

FRACTION), t h a t  s o l u b l e  w i t h i n  t h e  m oss c e l l s  (INTRACELLULAR FRACTION), 

and t h a t  w h ic h  i s  n e i t h e r  e x c h a n g e a b l e  from  t h e  c e l l  w a l l s  n o r  f r e e  i n  

s o l u t i o n  w i t h i n  t h e  c e l l  (RESIDUAL FRACTION).

The a n a l y t i c a l  m e th o d s  u s e d  d i f f e r e d  f o r  e a c h  h e r b i c i d e  ( S e c t i o n  

4 . 2 . 6 ) ,  w h ic h  i n  t u r n  i n f l u e n c e d  t h e  e x t r a c t i o n  p r o c e d u r e  r e q u i r e d .  

The e x t r a c t i o n  m ethod  e m p lo y e d  f o r  e a c h  c e l l u l a r  c o m p a r t m e n t a l  a n a l y s i s
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Plate 4.2.1 Typical tissue preparation of Rhytidiadelphus squarrosus 
for uptake experiments

(From left to right) blank preparation, stems, leaves and whole shoots

>•



w as b a s e d  on t h e  t e c h n i q u e  o f  Brown and Buck ( 1 9 7 9 ) .  A l l  h e r b i c i d e  

a p p l i c a t i o n  and e x t r a c t i o n  s t a g e s  e m p lo y e d  10  m oss s e g m e n t s  i n  5 ml o f  

e l u a n t  ( F i g .  4 . 2 . 1 ) ,  g e n t l e  a g i t a t i o n  o f  t h e  v i a l s  i n  a  w a t e r  b a t h  a t  

2 0 °C  and 4 0  y m o l m h i r r a d i a n c e  from  a  t u n g s t e n  la m p .

T i s s u e  s o l u b i l i z a t i o n s ,  p e r fo r m e d  a s  t h e  f i n a l  p r o c e s s  i n  t h e  

e x t r a c t i o n  p r o c e d u r e  t o  d e t e r m i n e  t h e  r e s i d u a l l y  bound h e r b i c i d e ,  

v a r i e d  w i t h  t h e  h e r b i c i d e  e m p lo y e d  a s  d e s c r i b e d  b e lo w .

4 . 2 . 5 . 1  R a d i o a c t i v e  h e r b i c i d e s

F o r  e x t r a c t i o n  o f  1 4 C h e r b i c i d e s ,  t h e  m oss t i s s u e  w as  d i s s o l v e d  i n  

'NCS' t i s s u e  s o l u b i l i z e r  (Amersham) and b l e a c h e d  w i t h  b e n z o y l  p e r o x i d e  

u s i n g  t h e  p r o c e d u r e  o f  B u r r e l l  and B r u n t  ( 1 9 8 1 ) .  S a m p le s ,  p r e v i o u s l y  

o v e n  d r i e d  ( 8 0 ° C ) ,  w e r e  w e ig h e d  and p l a c e d  i n  g l a s s  s c i n t i l l a t i o n  v i a l s  

and r e h y d r a t e d  w i t h  0 . 5  ml o f  d i s t i l l e d  w a t e r  t o  w h ic h  1ml o f  a  50% 

s o l u t i o n  o f  'NCS' i n  t o l u e n e  ( 0 . 3 3 N )  w as a d d e d .  The s a m p le s  w e r e  

c a p p e d  and t h o r o u g h l y  s h a k e n  b e f o r e  p l a c i n g  i n  a  50 °C  i n c u b a t o r  w h ere  

t h e y  r e m a in e d  f o r  2 - 3  d a y s  u n t i l  t h e  t i s s u e  becam e t r a n s l u c e n t .  I f  t h e  

t i s s u e  had n o t  c l e a r e d  w i t h i n  t h i s  t i m e ,  a  f u r t h e r  0 . 5  ml 'NCS' 

s o l u t i o n  w as a d d ed  and t h e  s a m p le s  r e i n c u b a t e d .  B e n z o y l  p e r o x i d e  ( 7 0  

m g / 0 . 5  ml t o l u e n e )  w as a d d ed  t o  t h e  'NCS' s o l u b i l i z e d  t i s s u e  and l e f t  

o v e r n i g h t  t o  b l e a c h  t h e  s a m p l e .  The b e n z o y l  p e r o x i d e  s o l u t i o n  was  

p r e p a r e d  i n  warmed t o l u e n e ,  t h e  s o l u t i o n  b e i n g  f i l t e r e d  (Whatman N o. 1 )  

when c o o l .  The b l e a c h e d  m oss t i s s u e  w as n e u t r a l i s e d  w i t h  0 . 3  ml o f  

g l a c i a l  a c e t i c  a c i d  b e f o r e  t h e  a d d i t i o n  o f  10  ml o f  s c i n t i l l a t i o n  

c o c k t a i l  ( S e c t i o n  4 . 2 . 6 ) .

4 . 2 . 5 . 2  I r o n

Dry a s h i n g  o f  m oss t i s s u e s  f o l l o w e d  by d i s s o l u t i o n  i n  a c i d  was  

u s e d  t o  s o l u b i l i z e  r e s i d u a l  i r o n .  Oven d r i e d ,  w e ig h e d  s a m p l e s  o f  m oss  

w e r e  t r a n s f e r r e d  t o  P y r e x  t e s t - t u b e s  and h e a t e d  i n  a  m u f f l e  f u r n a c e
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1 .  10  x  2 cm s h o o t s  d e t a c h e d  and
w a sh ed  i n  d i s t i l l e d  w a t e r

• l

2 .  I n c u b a t e d  i n  5 ml h e r b i c i d e
s o l u t i o n  ( 2 0 ° C ,  4 0  pm ol m 2 s  )

4,
3 .  E x t r u s i o n ,  by  s u c t i o n  o f  t h e

h e r b i c i d e  s o l u t i o n  f o l l o w e d  by  
w a s h i n g  ( t w i c e ,  5 m in )  i n  
d i s t i l l e d  w a t e r

4,
4 .  Moss s h o o t s  w a sh ed  t h r e e  t i m e s  -------------» EXCHANGEABLE

i n  u n l a b e l l e d  h e r b i c i d e  FRACTION
( 1 5 ,  1 5 ,  3 0  m in )  and w a sh ed  t w i c e  
( 5  m in )  i n  d i s t i l l e d  w a t e r

I4,
5 .  E x t r a c t e d  i n  b o i l i n g  w a t e r -------------------* INTRACELLULAR

f o r  1 h and w a sh ed  t w i c e  FRACTION
w i t h  d i s t i l l e d  w a t e r  ( 5  m in)

6.
4r

S h o o t s  d r i e d  a t  8 0 °C  and w e ig h e d

4,
S h o o t s  s o l u b i l i z e d  u s i n g  m e t h o d s -----------------> RESIDUAL
s p e c i f i c  t o  t h e  h e r b i c i d e  ( s e e  
b e lo w )

S o l u b i l i z a t i o n  t e c h n i q u e s  f o r  s p e c i f i c  h e r b i c i d e s
1 )  4C - p a r a q u a t  and l t fC 2 , 4 - D  -  'NCS' t i s s u e  s o l u b i l i  

( S e c t i o n  4 . 2 . 5 . 1 )
2 )  I r o n  -  d r y  a s h i n g  and s o l u b i l i z a t i o n  i n  1 : 1  

( S e c t i o n  4 . 2 . 5 . 2 )
3 )  D i c h l o r o p h e n - b o i l i n g  i n  5M HC1
S t a g e s  4 and 5 a r e  a b s e n t  i n  e x p e r i m e n t s  m e a s u r in g  t o t a l  h e r b i c i d e  
u p t a k e  o r  d i c h l o r o p h e n  u p t a k e  by R. s q u a r r o s u s  t i s s u e

- i z e r

H2 S 0 4 :HN03

F i g . 4 . 2 . 1  F lo w  d ia g r a m  s h o w in g  t h e  h e r b i c i d e  i n c u b a t i o n  and  
e x t r a c t i o n  s t a g e s  e m p lo y e d  w i t h  R. s q u a r r o s u s



(G a l le n k a m p )  f o r  12 h a t  5 0 0 ° C .  On c o o l i n g ,  t h e  a s h e d  t i s s u e s  w e r e  

d i s s o l v e d  i n  0 . 3  ml o f  a  1 : 1  ( v / v )  m i x t u r e  o f  c o n e .  H2 S 0 4 and HN03 ; 

w h e r e  n e c e s s a r y  s a m p l e s  w e r e  r e h e a t e d  t o  a i d  s o l u t i o n  o r  an a d d i t i o n a l

0 . 2  ml o f  a c i d  w as a d d e d .  F i n a l l y ,  t h e  s o l u t i o n s  w e r e  d i l u t e d  w i t h  5 

ml o f  d i s t i l l e d  w a t e r .

4 .2 .6  Herbicide analysis

1) Determination of 14C -labelled herbicides

1 4 C - p a r a q u a t  o r  2 , 4 - D  i n  t h e  i n c u b a t i o n  and t i s s u e  e x t r a c t s  w e r e  

d e t e r m i n e d  u s i n g  an I n t e r t e c h n i q u e  SL30 l i q u i d  s c i n t i l l a t i o n  c o u n t e r .  

A l l  r e s u l t s  w e r e  c o r r e c t e d  f o r  q u e n c h i n g  and b a c k g r o u n d  v a l u e s .

The s c i n t i l l a t i o n  c o c k t a i l  ' S c i n t r a n  C o c k t a i l  T' (BDH), c o n t a i n i n g  

t o l u e n e ,  t r i t o n  X - 1 0 0 ,  2 , 5 - d i p h e n y l o x a z o l e  (PPO) and l , 4 - d i - 2 - ( 5 -  

p h e n y l o x a z o l y l ) - b e n z e n e  (P 0 P 0 P )  w as u s e d  i n  a l l  s a m p l e s .  A q u e n c h  

c u r v e  f o r  ' S c i n t r a n  C o c k t a i l  T' w as d e t e r m in e d  u s i n g  a  C - h e x a d e c a n e  

s t a n d a r d .  A s e r i e s  o f  v i a l s  c o n t a i n i n g  a  known q u a n t i t y  o f  C - h e x a ­

d e c a n e  i n  10  ml o f  s c i n t i l l a t i o n  c o c k t a i l  w e r e  q u e n c h e d  by t h e  

i n c o r p o r a t i o n  o f  s m a l l  a l i q u o t s  o f  c h l o r o f o r m .  The c o u n t i n g  e f f i c i e n c y  

o f  t h e  s a m p le s  w as d e t e r m i n e d  o v e r  a  r a n g e  o f  q u e n c h i n g  v a l u e s  t o  

o b t a i n  a  c a l i b r a t i o n  c u r v e  o f  X c o u n t i n g  e f f i c i e n c y .

I n c u b a t i o n  s o l u t i o n s  and t i s s u e  e x t r a c t s  w e r e  t r a n s f e r r e d  d i r e c t l y  

i n t o  c l e a n  s c i n t i l l a t i o n  v i a l s  c o n t a i n i n g  10  ml o f  s c i n t i l l a t i o n  

c o c k t a i l .  The 1 4 C - e x t r a c t i o n  from  t i s s u e s  by b o i l i n g  i n  w a t e r  o r  

t i s s u e  s o l u b i l i z a t i o n  was a l s o  p e r fo r m e d  i n  s c i n t i l l a t i o n  v i a l s  

r e q u i r i n g  o n l y  t h e  a d d i t i o n  o f  s c i n t i l l a n t  on c o m p l e t i o n .

A l l  s a m p le s  w e r e  c o u n t e d  f o r  10  m in ,  o r  2 0  min f o r  lo w  c o u n t  

s a m p l e s .

2) Determination of iron

I r o n  i n  s o l u t i o n  was d e t e r m i n e d  by  f l a m e  a b s o r p t i o n



s p e c t r o p h o t o m e t r y  u s i n g  an  I n s t r u m e n t a t i o n  L a b o r a t o r y  I . L .  M odel 151  

i n s t r u m e n t .  A l l  m e a su r e m e n ts  w e r e  r e c o r d e d  a t  2 4 8 . 3  nm, t h e  p r i n c i p a l  

l i n e  i n  t h e  i r o n  s p e c t r u m .  A h o l l o w  c a t h o d e  lam p ( 1 0  mA), a  f u e l  l e a n  

a i r - a c e t y l e n e  f l a m e ,  and a  s l i t  w i d t h  o f  8 0  ym w e r e  s e l e c t e d  f o r  i r o n  

a n a l y s i s  ( I n s t r u m e n t a t i o n  L a b o r a t o r y  I n c . ,  1 9 7 5 ) .  The s p e c t r o p h o t o ­

m e t e r  w as c a l i b r a t e d ,  a f t e r  a l l o w i n g  a d e q u a t e  t im e  f o r  t h e  lamp t o  

s t a b i l i z e ,  by  z e r o i n g  f i r s t  w i t h  d i s t i l l e d  w a t e r  and t h e n  w i t h  t h e  

c a l i b r a t i o n  b l a n k  o f  6% c o n e  HN03 i n  w a t e r .  A l l  e x p e r i m e n t a l  s a m p le s  

and i r o n  s o l u t i o n  s t a n d a r d s  w e r e  a c i d i f i e d  ( 3 0 0  y l  6% HN03 ) t o  p r e v e n t  

p r e c i p i t a t i o n  o f  t h e  i r o n  s a l t s .  A c a l i b r a t i o n  c u r v e  w as d e t e r m i n e d  

u s i n g  a  s t a n d a r d  w o r k in g  c o n c e n t r a t i o n  r a n g e  o f  0 -2 0 m g  Fe l " 1 . F r e s h  

s t a n d a r d s  w e r e  p r e p a r e d  b e f o r e  e a c h  a n a l y s i s  by d i l u t i n g ,  w i t h  3% HN03 , 

a ' S p e c t r o s o l - F e r r i c  c h l o r i d e  s t a n d a r d  s o l u t i o n '  (BDH) c o n t a i n i n g  20  

mmol Fe i n  1 m ol HC1. S t a n d a r d s  w e r e  s t o r e d  i n  p o l y t h e n e ,  r a t h e r  th a n  

g l a s s ,  b o t t l e s  t o  p r e v e n t  c a t i o n  a d s o r p t i o n  t o  t h e  g l a s s  s u r f a c e s .

S a m p le s  w e r e  a s p i r a t e d  a l t e r n a t e l y  w i t h  d i s t i l l e d  w a t e r  and w i t h  a  

c a l i b r a t i o n  s t a n d a r d  c h e c k  a f t e r  e v e r y  t e n t h  s a m p l e .

3) Determination of dichlorophen

D i c h l o r o p h e n  a n a l y s i s  w as b a s e d  on a  UV p h o t o m e t r i c  p r o c e d u r e  

d e t e r m i n e d  by  C le m e n t s  and N ew b u rg er  ( 1 9 5 4 )  f o r  s o a p  and c o s m e t i c  

p r e p a r a t i o n s .  The d e t e c t i o n  w a v e l e n g t h s  f o r  d i c h l o r o p h e n  w e r e  2 6 0 ,  28 8  

and 3 1 6  nm. The p e r c e n t a g e  o f  d i c h l o r o p h e n  i n  t h e  m oss  s a m p le  e x t r a c t s  

was c a l c u l a t e d  a s  f o l l o w s :
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A sam 2 6 0  nm + A sam 31 6  nm

C A sam 28 8  nm -  
x

10 0  A s t d  2 6 0  nm + A s t d  31 6  nm

A s t d  2 8 8  nm -  2

s a m p le  w e i g h t

A sam = a b s o r b a n c e  o f  s a m p le

A s t d  = a b s o r b a n c e  o f  s t a n d a r d

C = c o n c e n t r a t i o n  o f  s t a n d a r d  i n  mg l -1

4 .2 .7  Presentation  and analysis of re s u lts

R e s u l t s  a r e  e x p r e s s e d  a s  y g  o r  mg o f  h e r b i c i d e  g -1  d r y  w e i g h t  o f  

m oss t i s s u e .

A n a l y s i s  o f  v a r i a n c e  w as u s e d  f o r  s t a t i s t i c a l  a n a l y s i s  o f  t h e  

e x p e r i m e n t s .  P l o t s  o f  t h e  r e s i d u a l s  v e r s u s  m eans i n d i c a t e d  t h a t  a  

l o g a r i t h m i c  t r a n s f o r m a t i o n  w as n e e d e d  t o  s t a b i l i s e  t h e  v a r i a n c e ;  a l l  

d a t a  w e r e  l o g a r i t h m i c a l l y  t r a n s f o r m e d  t h e n  r e - a n a l y s e d .  A l l  t a b l e s  and  

g r a p h s  p r e s e n t  m eans o f  t h e  t r a n s f o r m e d  d a t a  ( o r  b a c k  t r a n s f o r m e d  

( a n t i l o g ) ) ,  w i t h  s t a n d a r d  e r r o r s  o f  d i f f e r e n c e  p r e s e n t e d  f o r  t h e  

t r a n s f o r m e d  m ea n s .

C r i t i c a l  s i n g l e  and d o u b l e  e x p o n e n t i a l  c u r v e s  w e r e  f i t t e d  t o  t h e  

u p t a k e  d a t a  u s i n g  t h e  Maximum L i k e l i h o o d  P rogram  ( R o s s ,  1 9 8 7 ) .  The  

c u r v e s  f i t t e d  w e r e :
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1 .  a  s i n g l e  e x p o n e n t i a l  ( o n e  r a t e - d e p e n d e n t  co m p o n en t  i n v o l v e d )

Y = A + B e " kt

(T h e  p a r a m e t e r s  A and t^ ( l n 2 / k )  e q u a t e  t o  t h e  k i n e t i c  c o n s t a n t s  Vmax 

and K u n d e r  c o n d i t i o n s  o f  s a t u r a t i o n  k i n e t i c s )m

2 .  a  d o u b l e  e x p o n e n t i a l  ( t w o  c o m p o n e n ts  w i t h  d i f f e r e n t  r a t e s )

Y = A + B e_ k t  + C e - l t

w h ere

A = a s y m p t o t e  (maximum u p t a k e  a t  e q u i l i b r i u m )  

k and 1 = r a t e  c o n s t a n t s  

( l n 2 / k  r a t e  c o n s t a n t  = t^ t o  maximum u p t a k e )

B and C = c o n s t a n t s  

t  = t im e

Y = u p t a k e  a t  t im e  t

The s i m p l e s t  c u r v e  w h ic h  a d e q u a t e l y  d e s c r i b e s  t h e  d a t a  h a s  b e e n  

p r e s e n t e d  i n  e a c h  c a s e .  A t e s t  w a s  c a r r i e d  o u t  t o  s e e  w h e t h e r  t h e  

2 - c o m p o n e n t  c u r v e  g a v e  a s i g n i f i c a n t l y  b e t t e r  f i t  th a n  t h e  1 -c o m p o n e n t  

c u r v e .  The t e s t  s t a t i s t i c  u s e d  w as s i m i l a r  t o  t h a t  u s e d  by C o u s e n s ,  

F i r b a n k ,  M o r t im e r  and S m ith  ( 1 9 8 8 ) :

F = (R M S q ( l) -R M S q (2 )} /  ( d f ( l ) - d f ( 2 ) )

R M S q ( 2 ) / d f ( 2 )

RMSq = r e s i d u a l  mean s q u a r e  

d f  = d e g r e e s  o f  f r e e d o m

T h i s  i s  a p p r o x i m a t e l y  F - d i s t r i b u t e d  on ( ( d f ( l ) - d f ( 2 ) ) / d f ( 2 ) ) .

The p r o p o r t i o n  o f  e x p l a i n e d  v a r i a n c e  (R 2 )  f o r  e a c h  f i t t e d  c u r v e  i s  

p r e s e n t e d  and r e p r e s e n t s  t h e  f r a c t i o n  o f  v a r i a t i o n  i n  Y, a c c o u n t e d  f o r  

by t h e  f i t t e d  m o d e l .



4.3 RESULTS AND DISCUSSION

4 .3 .1  The uptake of paraquat by R. squarrosus

T h i s  s e c t i o n  d e s c r i b e s  t h e  r e s u l t s  o f  k i n e t i c  s t u d i e s  o f  p a r a q u a t  

u p t a k e  and d i s t r i b u t i o n  i n  t h e  d i f f e r e n t  c e l l u l a r  c o m p a r tm e n ts  o f  R . 

s q u a r r o s u s . The e f f e c t  o f  p r e t r e a t m e n t  w i t h  F e C l3 on t h e  e x c h a n g e a b l e

and i n t r a c e l l u l a r  u p t a k e  o f  p a r a q u a t  w as a l s o  s t u d i e d .  P r i o r  t o  t h e s e  

s t u d i e s  i n i t i a l  e x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  d e t e r m i n e  1 )  t h e  

e f f i c i e n c y  o f  1 4 C p a r a q u a t  d i s p l a c e m e n t  from  t h e  c e l l  w a l l  a n i o n i c  

b i n d i n g  s i t e s ,  2 )  p o s s i b l e  i n h i b i t i o n  o f  p a r a q u a t  p e n e t r a t i o n  i n t o  t h e  

s t e m s  o f  R . s q u a r r o s u s  s h o o t s  by t h e  s u r r o u n d i n g  l e a v e s ,  3 )  t h e  e f f e c t s  

o f  p a r a q u a t  c o n c e n t r a t i o n ,  4 )  t h e  e f f i c i e n c y  o f  p a r a q u a t  u p t a k e  from  

d i l u t e  i n c u b a t i o n  s o l u t i o n s ,  5 )  t h e  t o t a l  p a r a q u a t  e x c h a n g e  c a p a c i t y .  

U s i n g  t h e  i n f o r m a t i o n  g a i n e d  from  t h e  i n i t i a l  s t u d i e s ,  i n v e s t i g a t i o n s  

o f  t h e  k i n e t i c s  o f  p a r a q u a t  u p t a k e  w e r e  u n d e r t a k e n  ( S e c t i o n  4 . 3 . 1 . 6 ) .

4 .3 .1 .1  Exchange of e x tra c e llu la r ly  bound paraquat

D e t e r m i n a t i o n  o f  t h e  q u a n t i t y  o f  1 4 C - p a r a q u a t  ( a  d i v a l e n t  c a t i o n )  

e x c h a n g e d  on e x t e r n a l  a n i o n i c  b i n d i n g  s i t e s  o f  R . s q u a r r o s u s  was  

a c h i e v e d  by s u b s t i t u t i o n  w i t h  u n l a b e l l e d  p a r a q u a t .  P r e l i m i n a r y  

e x p e r i m e n t s  w e r e  t h e r e f o r e  n e c e s s a r y  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  o f  

u n l a b e l l e d  p a r a q u a t  r e q u i r e d  t o  e f f i c i e n t l y  d i s p l a c e  e x t e r n a l l y  

bound 1 4 C - p a r a q u a t .  U n l a b e l l e d  p a r a q u a t  s o l u t i o n s  r a n g i n g  i n  

c o n c e n t r a t i o n  from  7 . 2 5  yM t o  7 2 . 5  mM w e r e  u s e d  a s  d i s p l a c i n g  s o l u t i o n s  

f o r  l e a v e s ,  s t e m s  and w h o l e  m oss s h o o t s  t r e a t e d  f o r  24  h i n  s o l u t i o n s  

o f  7 2 5  yM 1 4 C - p a r a q u a t .

1 4 — 1
T o t a l  C -p a r a q u a t  u p t a k e  by l e a v e s  was g r e a t e r  ( 1 8 . 4  mg g  d r y  

w e i g h t ,  SE + 1 . 3 6 )  th a n  s t e m s  ( 1 2 . 6 5  mg g - 1  d r y  w e i g h t ,  SE + 1 . 0 3 )  and  

w h o le  m oss  t i s s u e  ( 1 1 . 7 0  mg g _1 d r y  w e i g h t ,  SE ± 0 . 5 9 ) .  T h i s  may be  

d u e  t o  a  g r e a t e r  number o f  a n i o n i c  b i n d i n g  s i t e s ,  p e r  g  d r y  w e i g h t ,  i n  

t h e  l e a f  c e l l  w a l l s  th a n  i n  t h e  s t e m  c e l l  w a l l s  o f  R . s q u a r r o s u s .



S i g n i f i c a n t l y  m ore 1 4 C - p a r a q u a t  w as d i s p l a c e d  from  l e a v e s  th a n  

from  s t e m s  o r  w h o le  m oss  s h o o t s  f o l l o w i n g  a l l  u n l a b e l l e d  p a r a q u a t  

t r e a t m e n t s  ( F i g .  4 . 3 . 1 ) .  T h i s  may r e f l e c t  a  w e a k e r  b i n d i n g  o f  

1 4 C - p a r a q u a t  t o  l e a f  c e l l  w a l l s  th a n  t o  s t e m  c e l l  w a l l s .  A n o t h e r  

e x p l a n a t i o n  c o u l d  b e  t h a t  a s  t h e  l e a v e s  o f  R. squarrosus a r e  

u n i s t r a t o s e ,  com pared  w i t h  t h e  m u l t i c e l l u l a r  s t e m  t i s s u e s  ( S e c t i o n

1 . 5 ) ,  p e n e t r a t i o n  o f  them  by t h e  u n l a b e l l e d  p a r a q u a t  i s  more  

e f f i c i e n t .

The q u a n t i t y  o f  1 4 C - p a r a q u a t  i n  t h e  r e s i d u a l  p l u s  i n t r a c e l l u l a r  

f r a c t i o n s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  b e t w e e n  t h e  l e a v e s  and  w h o le  

m oss s h o o t s  f o l l o w i n g  d i s p l a c e m e n t  w i t h  u n l a b e l l e d  p a r a q u a t .  The  

r e s i d u a l  1 4 C - p a r a q u a t  c o n c e n t r a t i o n  o f  t h e  s t e m s  ( 8 . 3  mg g - 1  d r y  

w e i g h t )  w as s i m i l a r  t o  t h a t  o f  t h e  l e a v e s  ( 8 . 2  mg g - 1  d r y  w e i g h t )  and  

w h o le  m oss s h o o t s  ( 8 . 0 4  mg g - 1  d r y  w e i g h t )  f o l l o w i n g  d i s p l a c e m e n t  w i t h

7 . 2 5  pM u n l a b e l l e d  p a r a q u a t .  H o w ev er ,  t h e  c o n c e n t r a t i o n  o f  t h e  

r e s i d u a l  p l u s  i n t r a c e l l u l a r  f r a c t i o n  was h i g h e r  i n  t h e  s t e m s  ( 4 . 9 7  mg 

g _1 d r y  w e i g h t  (35% o f  t o t a l  u p t a k e ) )  f o l l o w i n g  d i s p l a c e m e n t  w i t h  7 2 . 5  

mM u n l a b e l l e d  p a r a q u a t  th a n  i n  t h e  l e a v e s  ( 1 . 0 1  mg g ” 1 d r y  w e i g h t  (5% ))  

o r  w h o le  m oss  s h o o t s  ( 1 . 7 6  mg g - 1  d r y  w e i g h t  ( 1 0 % ) ) .  T h e s e  r e s u l t s  

s u g g e s t  t h a t  1 4 C - p a r a q u a t  d i s p l a c e m e n t  from  t h e  s t e m s  w as n o t  a s  

e f f i c i e n t  a s  from  t h e  l e a v e s  and w h o le  m oss  s h o o t s .  The a b s e n c e  o f  a  

l a r g e  r e s i d u a l  p l u s  i n t r a c e l l u l a r  f r a c t i o n  i n  t h e  w h o le  m oss  s h o o t s ,  

com pared  t o  t h a t  o f  t h e  s t e m s ,  may r e f l e c t  i n a d e q u a t e  p e n e t r a t i o n  o f  

t h e  i n i t i a l  C -p a r a q u a t  t r e a t m e n t .

T h u s ,  i n e f f i c i e n t  d i s p l a c e m e n t  o f  p a r a q u a t  from  s t e m s  may b e  due  

t o  1 )  p o o r  p e n e t r a t i o n  o f  t h e  s o l u t i o n  b e c a u s e  o f  t h e i r  m u l t i -  

c e l l u l a r i t y  and l a c k  o f  i n t e r c e l l u l a r  s p a c e s  ( D u c k e t t ,  1 9 8 6 ) ;  2 )  a  

g r e a t e r  p r o p o r t i o n  o f  t h e  C - p a r a q u a t  b e i n g  i n t r a c e l l u l a r l y  l o c a t e d  i n  

t h e  s t e m s  th a n  i t  i s  i n  t h e  l e a v e s ;  3 )  b i n d i n g  s i t e s  w h ic h  h a v e  a  

g r e a t e r  a f f i n i t y  f o r  p a r a q u a t  th a n  t h o s e  fo u n d  i n  t h e  l e a v e s .  P r i c e  

( 1 9 7 8 )  d e s c r i b e d  i m m o b i l i s a t i o n  o f  s u b s t i t u t e d  p y r i d i n i u m  s a l t s ,  s u c h
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Fig. 4.3.1
14C paraquat a) exchanged from, and b) residual in 
R. sc/uamosus after unlabelled paraquat washes 
following pretreatment (24h) with 725 pM 
14c paraquat.

concentration of unlabelled paraquat (pM)

leaves
stems
whole shoots

In SED 0.335
n = 2

concentration of unlabelled paraquat (pM)
Vertical axis is marked in a logarithmic scale



The minimum c o n c e n t r a t i o n  o f  u n l a b e l l e d  p a r a q u a t  f o r  e f f e c t i v e  

d i s p l a c e m e n t  o f  1 4 C - p a r a q u a t  fro m  e x t r a c e l l u l a r  b i n d i n g  s i t e s  o f  R. 

squarrosus w as 7 2 5  pM ( F i g  4 . 3 . 1 ) .  I n  l a t e r  w o rk , a  7 2 5 0  pM u n l a b e l l e d  

p a r a q u a t  s o l u t i o n  w as u s e d  t o  a c h i e v e  e f f e c t i v e  d i s p l a c e m e n t  o f  

e x t r a c e l l u l a r l y  bound 1 4 C - p a r a q u a t .  F u r t h e r  i n c r e a s e s  i n  t h e  

c o n c e n t r a t i o n  o f  t h e  u n l a b e l l e d  p a r a q u a t  d i s p l a c e m e n t  s o l u t i o n  c o u l d  

c a u s e  dam age t o  t h e  m oss c e l l  m em b ran es . I n  a d d i t i o n ,  i n c r e a s i n g  t h e  

c o n c e n t r a t i o n  o f  u n l a b e l l e d  p a r a q u a t  i n  s o l u t i o n  w o u ld  a l s o  p o s e  

p r o b le m s  o f  c o l o u r  q u e n c h i n g ,  t h e r e b y  r e d u c i n g  t h e  e f f i c i e n c y  o f  l i q u i d  

s c i n t i l l a t i o n  c o u n t i n g .

4 .3 .1 .2  The influence of leaves on the uptake of paraquat by the 

stems

The p r e v i o u s  r e s u l t s  ( S e c t i o n  4 . 3 . 1 . 1 )  s t r o n g l y  s u g g e s t  t h a t  t h e  

l e a v e s  im p e d e  e n t r y  o f  p a r a q u a t  i n t o  t h e  s t e m s  i n  w h o le  m oss  s h o o t s .  

A l s o ,  r e g r o w t h  from  h e r b i c i d e  t r e a t e d  s e g m e n t s  o f  R. squarrosus (C hs 2 

and 3 )  w as from  t h e  s t e m s  w h ic h  may h a v e  b e e n  p r o t e c t e d  by t h e  l e a v e s .  

An e x p e r i m e n t  t o  d e t e r m i n e  w h e t h e r  t h e  p r e s e n c e  o f  l e a v e s  im p e d e s  e n t r y  

o f  p a r a q u a t  i n t o  t h e  s t e m s  w as c o n d u c t e d .  T o t a l  u p t a k e  o f  C - p a r a q u a t  

( 7 2 5  pM, 1 h )  i n t o  s e p a r a t e d  l e a v e s ,  s t e m s  and w h o le  s h o o t s  w as  

d e t e r m i n e d  b y  t i s s u e  s o l u b i l i z a t i o n .  I n  a d d i t i o n ,  l e a v e s  and s t e m s  

w e r e  s e p a r a t e d  a f t e r  i n c u b a t i o n  o f  t h e  w h o le  m oss  s h o o t s  i n  t h e  1 4 C-  

p a r a q u a t  and t h e  two c o m p o n e n ts  w e r e  a n a l y s e d  s e p a r a t e l y .

The u p t a k e  o f  1 4 C - p a r a q u a t  by s t e m s  s e p a r a t e d  b e f o r e  and a f t e r  

i n c u b a t i o n  w as n o t  s i g n i f i c a n t l y  d i f f e r e n t  a l t h o u g h  g r e a t e r  u p t a k e  was  

fo u n d  i n  t h e  p o s t -  th a n  i n  t h e  p r e - s e p a r a t e d  l e a v e s  ( T a b l e  4 . 3 . 1 ) .

1 4
C - p a r a q u a t  u p t a k e  by t h e  l e a v e s  w as s i g n i f i c a n t l y  g r e a t e r  th a n  t h e  

s t e m s  when s e p a r a t e d  p o s t - i n c u b a t i o n .  T h e s e  r e s u l t s  s u g g e s t  t h a t  t h e

a s  p a r a q u a t ,  due to  a d s o r p t io n  and p a r t i t i o n i n g  i n t o  l i p i d s  o f  i s o l a t e d

cabbage  l e a f  c u t i c l e s .
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T a b l e  4 . 3 . 1  T o t a l  1 4 C - p a r a q u a t  u p t a k e  ( 7 2 5  yM) by  l e a v e s  and s t e m s  o f  

R h y t i d i a d e l p h u s  s q u a r r o s u s

1 4 C - p a r a q u a t  u p t a k e  ( y g  g  1 d r y  w t )  
f o l l o w i n g  a  24  h i n c u b a t i o n  p e r i o d

Moss T i s s u e t i s s u e s  s e p a r a t e d  from  
w h o le  s h o o t s  b e f o r e  

i n c u b a t i o n

t i s s u e s  s e p a r a t e d  from  
w h o le  s h o o t s  a f t e r  

i n c u b a t i o n

L e a v e s 1 2 2 0 1 .1 9 4 9 3

S tem s 7 1 9 8 1 0 1 7 5

U p ta k e  by  w h o l e  m oss  s h o o t s  i s  1 1 4 0 9  y g  g  1 d r y  w t;  SED = 2 6 6 3 . 9 ;  n = 4

l e a v e s  m ig h t  im p ed e  1 4 C - p a r a q u a t  u p t a k e  by t h e  s t e m s  o f  R. squarrosus 

s h o o t s  d u r i n g  im m e r s io n  i n  d i l u t e  1 4 C -p a r a q u a t  s o l u t i o n s .

U nder f i e l d  c o n d i t i o n s ,  u s i n g  s p r a y  a p p l i c a t i o n ,  t h e r e  i s  an  e v e n  

g r e a t e r  p r o b a b i l i t y  t h a t  t h e  l e a v e s  may h i n d e r  p e n e t r a t i o n  and u p t a k e  

t o  t h e  u n d e r l y i n g  s t e m s  th a n  i s  shown i n  t o t a l  im m e r s io n  u n d e r  

l a b o r a t o r y  c o n d i t i o n s .  T h e r e f o r e  a  l a r g e  v o lu m e  a p p l i c a t i o n  may b e  

r e q u i r e d  f o r  a d e q u a t e  p e n e t r a t i o n  t o  t h e  s t e m s  t o  e n s u r e  b i o l o g i c a l  

a c t i v i t y .

4 .3 .1 .3  The e ffe c t of paraquat concentration on uptake by R. 

squarrosus

I n c r e a s i n g  t h e  1 4 C - p a r a q u a t  c o n c e n t r a t i o n  ( 7 2 . 5  yM t o  7 2 . 5  mM) 

s i g n i f i c a n t l y  i n c r e a s e d  t o t a l  u p t a k e  o f  t h e  h e r b i c i d e  by l e a v e s ,  s t e m s  

and w h o le  m oss s h o o t s  o v e r  a 24  h i n c u b a t i o n  p e r i o d  ( F i g .  4 . 3 . 2 ) .  The  

c o n c e n t r a t i o n s  o f  p a r a q u a t  i n  t h e  e x c h a n g e a b l e  ( e x t e r n a l l y  b o u n d ) ,  

i n t r a c e l l u l a r  ( f r e e  i n  s o l u t i o n  i n  t h e  p r o t o p l a s t )  and r e s i d u a l  

f r a c t i o n s  ( r e l e a s e d  by  t i s s u e  s o l u b i l i z a t i o n )  a l l  i n c r e a s e d  w i t h  

i n c r e a s i n g  e x t e r n a l  c o n c e n t r a t i o n .  S t a t i s t i c a l  a n a l y s i s  (ANOVA)

r e v e a l e d  a  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t i s s u e  t y p e s ,  c e l l u l a r  

l o c a t i o n s  and i n c u b a t i o n  c o n c e n t r a t i o n s  f o r  t h e  u p t a k e  o f  p a r a q u a t

( p < 0 . 0 0 1 ) .
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F i g .  A . 3 . 2  The e f f e c t  o f  1 4 C - p a r a q u a t  c o n c e n t r a t i o n  on u p t a k e  ( 2 4  h )  
i n t o  ( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  

R h y t i d i a d e l p h u s  s q u a r r o s u s
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A p p r o x i m a t e l y  5% o f  t h e  t o t a l  p a r a q u a t  u p t a k e  o f  t h e  m oss t i s s u e s  

e n t e r e d  t h e  i n t r a c e l l u l a r  f r a c t i o n  f o l l o w i n g  a  7 2 . 5  pH 1 4 C - p a r a q u a t  

t r e a t m e n t .  The p e r c e n t a g e  o f  t h e  t o t a l  1 4 C - p a r a q u a t  u p t a k e  i n  t h e  

i n t r a c e l l u l a r  f r a c t i o n  o f  t h e  m oss  t i s s u e s  i n c r e a s e d  w i t h  1 4 C - p a r a q u a t  

c o n c e n t r a t i o n  o f  t h e  i n c u b a t i n g  s o l u t i o n .  T h i s  s u g g e s t s  t h a t  a t  lo w  

e x t e r n a l  p a r a q u a t  c o n c e n t r a t i o n s  t h e  i n t r a c e l l u l a r  u p t a k e ,  and  

t h e r e f o r e  t h e  t o x i c  e f f e c t s ,  o f  p a r a q u a t  a r e  l i m i t e d  d u e  t o  p a r a q u a t  

b i n d i n g  t o  t h e  c e l l  w a l l .

L e a f  and s t e m  c e l l s  b o t h  a p p e a r e d  t o  c o n t a i n  m ore p a r a q u a t  i n  

t h e i r  i n t r a c e l l u l a r  f r a c t i o n s  th a n  t h o s e  o f  t h e  c o m p l e t e  m oss t i s s u e  

( F i g .  4 . 3 . 2 ) .  T h i s  may b e  a  f a c t o r  o f  b o t h  g r e a t e r  t i s s u e  d e n s i t y  and  

d r y  w e i g h t  o f  t h e  w h o le  m oss  s h o o t s  th a n  t h o s e  o f  t h e  s e p a r a t e d  l e a v e s  

and s t e m s .

The r e s i d u a l  p a r a q u a t  e x t r a c t e d  from  t h e  m oss  t i s s u e s  i n c r e a s e d  

s i g n i f i c a n t l y  w i t h  c o n c e n t r a t i o n  o f  t h e  i n c u b a t i o n  s o l u t i o n  ( p < 0 . 0 0 1 )  

b u t  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  b e t w e e n  t h e  l e a v e s ,  s t e m s  and w h o le  

m oss s h o o t s .

The p r o p o r t i o n  o f  t o t a l  p a r a q u a t  u p t a k e  fo u n d  i n  t h e  i n t r a c e l l u l a r  

f r a c t i o n s  o f  l e a v e s ,  s t e m s  and w h o le  m oss s h o o t s  i n c r e a s e d ,  w i t h  

i n c r e a s i n g  e x t e r n a l  p a r a q u a t  c o n c e n t r a t i o n s  ( F i g .  4 . 3 . 2 ) .  At h i g h  

p a r a q u a t  c o n c e n t r a t i o n s ,  t h e  a n i o n i c  b i n d i n g  s i t e s  o f  t h e  l e a v e s  may 

h a v e  becom e s a t u r a t e d ,  e n a b l i n g  f r e e  p a r a q u a t  t o  p e n e t r a t e  t o  t h e  

m em branes . S a t u r a t i o n  o f  t h e  a n i o n i c  b i n d i n g  s i t e s  o f  Ipomoea s p p .  

l e a v e s  w i t h  p a r a q u a t  i n c r e a s e d  t h e  q u a n t i t y  o f  p a r a q u a t  f r e e l y  

a v a i l a b l e  f o r  t r a n s l o c a t i o n  ( P r i c e ,  1 9 7 8 ) .  An a l t e r n a t i v e  e x p l a n a t i o n  

i s  d e r i v e d  from  t h e  e x i s t e n c e  o f  two u p t a k e  p r o c e s s e s ,  s y s t e m  1 and  

s y s t e m  2 ,  i n  p l a n t  c e l l s  ( C l a r k s o n ,  1 9 7 4 ) .  The f i r s t  s y s t e m  m a i n t a i n s

Whole s h o o t s  and s te m s  r e t a i n e d  p r o p o r t i o n a t e l y  more o f  t h e i r

t o t a l  p a raq u at  c o n t e n t  i n  th e  e x c h a n g e a b le  f r a c t i o n  than  d id  l e a v e s  a t

th e  7 2 .5  mM e x t e r n a l  p a ra q u a t  c o n c e n t r a t i o n .



u p t a k e  a t  lo w  e x t e r n a l  c o n c e n t r a t i o n s  and t h e  s e c o n d  p a r t i c i p a t e s  a t  

h i g h  e x t e r n a l  c o n c e n t r a t i o n s  p o s s i b l y  by i n c r e a s e d  p e r m e a b i l i t y  o f  t h e  

p la sm a lem m a . I t  i s  unknown w h e t h e r  t h i s  m o d e l  a p p l i e s  t o  b r y o p h y t e s  

b u t  L i i t t g e  and  B a u e r  ( 1 9 6 8 )  s t a t e d  t h a t  i n c u b a t i o n  o f  Mnium cuspidatum 

i n  s o l u t i o n s  o f  1 mM p o t a s s i u m  c h l o r i d e  i n t e r f e r e d  w i t h  t h e  f u n c t i o n i n g  

and p e r m e a b i l i t y  o f  t h e  p la sm a lem m a . By a n a l o g y ,  h i g h  p a r a q u a t  

c o n c e n t r a t i o n s  i n  t h e  e x t e r n a l  s o l u t i o n  may c a u s e  an i n c r e a s e  i n  t h e  

p e r m e a b i l i t y  o f  t h e  p lasm alem m a and s t i m u l a t e  i t s  e n t r y  i n t o  t h e  

i n t r a c e l l u l a r  f r a c t i o n  o f  t h e  l e a v e s .  S a t u r a t i o n  o f  t h e  e x c h a n g e  s i t e s  

a t  h i g h  p a r a q u a t  c o n c e n t r a t i o n s  i s  a l s o  s u p p o r t e d  by  F i g .  4 . 3 . 2 .

A s l o w  r e l e a s e  o f  p a r a q u a t  from  e x t r a c e l l u l a r  s i t e s  c o u l d  a l l o w  

n e t  u p t a k e  e q u i v a l e n t  t o  t h a t  o f  a  h i g h  c o n c e n t r a t i o n  o f  f r e e  p a r a q u a t  

p r e s e n t e d  f o r  a  s h o r t  p e r i o d .  I n d e e d ,  W e l l s  and Brown ( 1 9 8 7 )  o b s e r v e d  

i n t r a c e l l u l a r  u p t a k e  o f  e x c h a n g e a b l y  bound cadmium i n  R. squarrosus. 

T he d e l a y e d  e f f e c t  o f  p a r a q u a t  on  p h o t o s y n t h e s i s  (C h . 6 )  and t h e  s l o w  

d e v e lo p m e n t  o f  v i s i b l e  damage i n  t h e  f i e l d  and g r o w t h  e x p e r i m e n t s  (C hs  

2 and 3 )  a r e  c o m p e l l i n g  e v i d e n c e  t h a t  s u c h  a  p r o c e s s  i s  more im p o r t a n t  

th a n  d i r e c t  u p t a k e  from  t h e  e x t e r n a l  s o l u t i o n  i n t o  t h e  c e l l s .

4 .3 .1 .4  The e ffic ien cy  of paraquat uptake by whole moss shoots

The e f f i c i e n c y  o f  1 4 C - p a r a q u a t  u p t a k e  by  m oss  s h o o t s  o f  R. 

squarrosusj d u r i n g  1 and 24  h i n c u b a t i o n s ,  w as d e t e r m i n e d  u s i n g  

s o l u t i o n s  o f  lo w  c o n c e n t r a t i o n  ( 7 2 . 5  pM and 7 2 5  pM); q u a n t i t i e s  o f  

r a d i o l a b e l  r e c o v e r e d  from  s o l u t i o n  and bound t o  s h o o t s  i s  show n i n  

T a b l e  4 . 3 . 2 .

The r e s u l t s  i n d i c a t e  an a l m o s t  c o m p l e t e  r e m o v a l  o f  p a r a q u a t  from  

t h e  i n c u b a t i o n  medium ( l e s s  th a n  2% o f  l a b e l  b e i n g  r e c o v e r e d  from  t h e  

t r e a t m e n t  s o l u t i o n s  a f t e r  1 and 24  h i n c u b a t i o n s  a t  e i t h e r  

c o n c e n t r a t i o n ) .  T o t a l  u p t a k e  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  b e tw e e n  t h e  

1 h and 2 4  h i n c u b a t i o n  t i m e s  a t  b o t h  p a r a q u a t  c o n c e n t r a t i o n s



T a b l e  4 . 3 . 2  E q u i l i b r a t i o n  o f  p a r a q u a t  bound t o  R. s q u a r r o s u s  s h o o t s

w i t h  f r e e  p a r a q u a t  i n  t h e  i n c u b a t i o n  s o l u t i o n  (j ig  g  1 d r y  

w t )

I n c u b a t i o n Tim e
1 h o u r 24  h o u r s

I n  s o l u t i o n Bound I n  s o l u t i o n Bound
C o n c e n t r a t i o n  (pM)

72 5 1 9 0 . 1 1 0 9 9 2 . 8 2 9 6 . 6 1 2 4 9 3 . 9
7 2 . 5 1 8 . 7 3 1 3 3 . 8 2 0 . 5  . 2 9 0 1 . 5

I n  SED = 0 . 2 9 7 9 ;  d f  = 2 3 ;  n = 3

( p < 0 . 0 0 1 ) .  I n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  p a r a q u a t  from  7 2 . 5  pM t o  

7 2 5  pM s i g n i f i c a n t l y  i n c r e a s e d  t o t a l  u p t a k e  by m oss  t i s s u e  from  ca. 3 . 0  

t o  1 2 . 0  mg g _1 d r y  w e i g h t  and  t h e  c o n c e n t r a t i o n  o f  t h e  r e m a i n i n g  

p a r a q u a t  i n  t h e  i n c u b a t i n g  s o l u t i o n  from  ca. 20  p g  g - 1  d r y  w e i g h t  (0 .5%  

o f  t h e  t o t a l  a p p l i e d )  t o  30O pg g _1 (2% o f  t h e  t o t a l  a p p l i e d ) .  T h i s  

i n d i c a t e s  t h a t  e v e n  a t  t h e  lo w  p a r a q u a t  c o n c e n t r a t i o n  ( 7 2 . 5  pM) a  s m a l l  

p r o p o r t i o n  (0 .5 % )  o f  t h e  p a r a q u a t  r e m a in s  i n  s o l u t i o n  and t h a t  t h i s  

d o e s  n o t  d i f f e r  b e t w e e n  t h e  1 h and 24  h i n c u b a t i o n  t i m e s .  The s m a l l  

b u t  s i g n i f i c a n t  i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  p a r a q u a t  r e m a i n i n g  (2%) 

i n  s o l u t i o n  a f t e r  t h e  725  pM p a r a q u a t  i n c u b a t i o n ,  and t h e  l i m i t e d  

e f f e c t s  o f  i n c u b a t i o n  t im e  s u g g e s t  t h e  e x i s t e n c e  o f  an  e q u i l i b r i u m  

b e t w e e n  t h e  c o n c e n t r a t i o n  o f  a d s o r b e d  p a r a q u a t  and  t h a t  r e m a i n i n g  i n  

s o l u t i o n .

P r e v i o u s  e x p e r i m e n t s  ( S e c t i o n  4 . 3 . 1 . 3 )  h a v e  show n t h e  m a j o r i t y  o f  

a b s o r b e d  p a r a q u a t  i n  R. squarrosus t o  b e  bound t o  t h e  c e l l  w a l l s  

( e x c h a n g e a b l e  f r a c t i o n ) .  M o s s e s  s p r a y e d  i n  t h e  f i e l d  c o u l d  be  e x p e c t e d  

t o  r a p i d l y  a d s o r b  t h e  p a r a q u a t  t o  t h e i r  c e l l  w a l l s .  P o s s i b l y ,  a s  t h e  

c o n c e n t r a t i o n  i n  t h e  s u r f a c e  w a t e r  d e c l i n e s ,  som e o f  t h e  a d s o r b e d  

p a r a q u a t  may b e  r e l e a s e d  i n t o  s o l u t i o n  due t o  a  r e v e r s a l  o f  t h e  

p r e v i o u s  b i n d i n g  e q u i l i b r i u m .  I t  c a n  b e  e x p e c t e d  t h a t  t h e  e x t e n t  o f  

r e l e a s e  w o u ld  b e  a  f u n c t i o n  o f  t h e  t o t a l  q u a n t i t y  o f  p a r a q u a t
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e x c h a n g e d .  Such  r e l e a s e  c o u l d  p r o v i d e  a  s u p p l y  o f  p a r a q u a t  f o r

c o n t i n u i n g  i n t r a c e l l u l a r  u p t a k e .

4 .3 .1 .5  Estim ation of paraquat binding capacity  of moss tis su e

M o s s e s  h a v e  t h e  a b i l i t y  t o  b in d  c a t i o n s  p a s s i v e l y  t o  t h e i r  c e l l  

w a l l s  ( R u h l i n g  and T y l e r ,  1 9 7 0 ;  Brown and B a t e s ,  1 9 7 2 ;  Brown and  

B e c k e t t ,  1 9 8 5 ;  W e l l s  and Brown, 1 9 8 7 ) .  H ow ever ,  a n i o n i c  b i n d i n g  s i t e s  

w i t h i n  t h e  p r o t o p l a s t ,  d ue  t o  p r o t e i n s  o r  membrane c o n s t i t u e n t s ,  c o u l d  

c o n t r i b u t e  t o  t h e  t o t a l  c a t i o n  b i n d i n g  c a p a c i t y  o f  t h e  m o s s e s  

( S c h o f i e l d ,  1 9 8 5 ) .  C - p a r a q u a t  u p t a k e  by l i v i n g  and  b o i l e d  ( c e l l  

d am aged ) R. squarrosus l e a v e s ,  s t e m s  and w h o le  s h o o t s  w as a s s e s s e d  t o  

d e t e r m i n e  i f  c a t i o n  b i n d i n g  d i f f e r e d  f o l l o w i n g  d i s r u p t i o n  o f  t h e  

p la sm a lem m a . Moss t i s s u e s  w e r e  i n c u b a t e d  ( 1 5  min o r  2 4  h )  i n  7 2 5  pM

1 4
C - p a r a q u a t  and t o t a l  u p t a k e  m e a su r e d  by t i s s u e  s o l u b i l i z a t i o n  a f t e r  

t r e a t m e n t .

S i g n i f i c a n t l y  ( p < 0 . 0 0 1 )  g r e a t e r  t o t a l  q u a n t i t i e s  o f  p a r a q u a t  w e r e  

a b s o r b e d  by l e a v e s  ( ca. 15 mg g - 1 ) th a n  e i t h e r  s t e m s  (ca. 9 . 5  mg g - 1 ) 

o r  c o m p l e t e  m oss s h o o t s  (ca. 9 . 7  mg g - 1 ) .  H o w ev er ,  no  s i g n i f i c a n t  

d i f f e r e n c e s  w e r e  fo u n d  b e t w e e n  l i v i n g  t i s s u e s  and m oss  t i s s u e  k i l l e d  by  

b o i l i n g  ( T a b l e  4 . 3 . 3 ) .  T h i s  i m p l i e s  t h a t  t h e  m a j o r i t y  o f  t h e  p a r a q u a t

T a b l e  4 . 3 . 3  U p ta k e  o f  4 C - p a r a q u a t  ( 7 2 5  pM) by i n t a c t  and d ead  
( b o i l e d )  l e a v e s ^  s t e m s  and w h o le  m oss  s h o o t s  o f  R. 
s q u a r r o s u s  ( p g  g~ d r y  w t )

T i s s u e form I n c u b a t i o n i Time
15 (two 24  h

L e a v e s S tem s W hole
S h o o t s

L e a v e s S tem s W hole
S h o o t s

I n t a c t 1 0 2 0 8 5 6 1 9 8 3 8 3 1 4 7 3 3 1 4 4 1 4 1 3 8 4 9

Dead 1 2 8 1 0 9 3 5 8 8 4 5 0 2 3 5 7 6 8 9 4 6 8 3 5 8

In  SED = 0 .3 2 5 ;  d f  = 28; n = 3



e x c h a n g e  i s  d ue  t o  p a s s i v e  b i n d i n g  t o  t h e  c e l l  w a l l s  o f  t h e  m o s s .  T h i s  

c o n f i r m s  s i m i l a r  f i n d i n g s  o f  Brehm ( 1 9 6 8 )  f o r  t h e  l i m i t e d  d i f f e r e n c e  i n  

c a t i o n  e x c h a n g e  c a p a c i t y  o f  l i v i n g  and d ead  Sphagnum s p p .  H o w ev er ,  

N i e b o e r  et al. ( 1 9 7 6 b )  d e t e c t e d  i n c r e a s e s  i n  t h e  u p t a k e  o f  n i c k e l  by  

d e a d  t h a l l i  o f  t h e  l i c h e n  Umbilicaria muhlenbergii. I n  t h e  p r e s e n t  

s t u d y ,  i t  i s  c o n c e i v a b l e  t h a t  i n t r a c e l l u l a r  c a t i o n s  r e l e a s e d  d u r i n g  

b o i l i n g  may h a v e  o c c u p i e d  a n i o n i c  b i n d i n g  s i t e s  o f  t h e  m oss  t i s s u e s  

r e d u c i n g  t h e  m e a su r e d  p a r a q u a t  b i n d i n g  c a p a c i t y .

S l i g h t l y  h i g h e r  p a r a q u a t  a b s o r p t i o n  v a l u e s  w e r e  o b t a i n e d  i n  b o t h  

t h e  l i v i n g  and d e a d  t i s s u e  f o l l o w i n g  i n c u b a t i o n  t i m e s .  I n  a  

s i m i l a r  s t u d y  P i c k e r i n g  and P u ia  ( 1 9 6 9 )  w e r e  u n a b l e  t o  a c c o u n t  f o r  

i n c r e a s e d  z i n c  b i n d i n g  t o  f r e s h l y  k i l l e d  Fontinalis antipyretica t i s s u e  

o v e r  s h o r t ,  com pared  w i t h  l o n g ,  i n c u b a t i o n  p e r i o d s .

I n  a  s e c o n d  e x p e r i m e n t  on  p a r a q u a t  b i n d i n g  c a p a c i t y ,  b o i l e d  m oss  

t i s s u e  was t r e a t e d  w i t h  a c i d  p r i o r  t o  1 4 C - p a r a q u a t  i n c u b a t i o n  t o  

d i s p l a c e  bound c a t i o n s  w h ic h  m ig h t  i n t e r f e r e  w i t h  t h e  c a p a c i t y  

m e a s u r e m e n t .  W hole m oss  s h o o t s  w e r e  k i l l e d  by b o i l i n g  w a t e r  t r e a t m e n t ,  

im m ersed  i n  5 ml 2.5M h y d r o c h l o r i c  a c i d  ( 3 0  m in )  and t h e n  w a sh e d  t w i c e  

i n  5 ml d i s t i l l e d  w a t e r  ( e a c h  5 m in )  b e f o r e  i n c u b a t i n g  i n  a  r a n g e  o f  

1 4 C - p a r a q u a t  s o l u t i o n s  f o r  24  h .

T o t a l  p a r a q u a t  u p t a k e  w as r e d u c e d  s i g n i f i c a n t l y  from  1 5 0 0  p g  g -1  

d r y  w e i g h t  t o  2 0 4  p g  g - 1  d r y  w e i g h t  a s  a  r e s u l t  o f  t h e  a c i d  t r e a t m e n t  

when t h e  s h o o t s  w e r e  s u p p l i e d  w i t h  7 2 . 5  pM p a r a q u a t  ( F i g .  4 . 3 . 3 ) .  At 

t h e  h i g h e s t  p a r a q u a t  c o n c e n t r a t i o n  ( 7 2 . 5  mM) u p t a k e  w as s i m i l a r  f o r  

b o t h  t i s s u e  t r e a t m e n t s  ( ca. 1 9 . 0  mg g - 1  d r y  w e i g h t ) .  The r e d u c e d  

u p t a k e  by a c i d - w a s h e d  b o i l e d  t i s s u e  from  t h e  lo w  p a r a q u a t  

c o n c e n t r a t i o n s  ( F i g .  4 . 3 . 3 )  was p r o b a b l y  due t o  s u p p r e s s e d  i o n i s a t i o n  

o f  t h e  b i n d i n g  s i t e s .  C a rry  o v e r  o f  p r o t o n s  i n t o  t h e  p o o r l y  b u f f e r e d  

p a r a q u a t  t r e a t m e n t  s o l u t i o n s  w o u ld  e n s u r e  t h a t  t h i s  s i t u a t i o n  w as n o t  

a p p r e c i a b l y  r e v e r s e d .  W a in w r ig h t  and B e c k e t t  ( 1 9 7 5 )  d e m o n s t r a t e d  i n
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Fig. 4.3.3

Uptake of Paraquat by killed (boiled) shoots of
R. squamosus following treatment with 2.5M HCI.
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s t u d i e s  w i t h  t h e  l i c h e n  U s n e a  f l o r i d a  t h a t  u p t a k e  o f  z i n c  i s  

p H -d e p e n d e n t  d u e  t o  p r o t o n  c o m p e t i t i o n  f o r  t h e  b i n d i n g  s i t e s .  The  

r e s u l t s  p r e s e n t e d  h e r e  p r o v i d e  l i t t l e  e v i d e n c e  t h a t  i n t r a c e l l u l a r  

c a t i o n s  r e l e a s e d  by  b o i l i n g  i n h i b i t  t h e  e x c h a n g e a b l e  b i n d i n g  o f  

p a r a q u a t .

4 .3 .1 .6  K inetic stud ies of paraquat uptake and re d is tr ib u tio n  by 

R. squarrosus

F o r  p a r a q u a t  t o  e x h i b i t  i t s  h e r b i c i d a l  a c t i o n  on  R . s q u a r r o s u s , i t  

m ust e n t e r  t h e  p r o t o p l a s t  o f  t h e  m oss  c e l l s .  T h e r e f o r e ,  k i n e t i c  

s t u d i e s  o f  1 4 C - p a r a q u a t  u p t a k e  i n  R . s q u a r r o s u s  w e r e  p e r fo r m e d  t o  

i n v e s t i g a t e  t h e  c e l l u l a r  l o c a t i o n  o f  p a r a q u a t .

1 4
C - p a r a q u a t  u p t a k e  by  R . s q u a r r o s u s  t i s s u e s  w as s t u d i e d  o v e r  a  96  

h i n c u b a t i o n  p e r i o d .  I n i t i a l  p a r a q u a t  u p t a k e  r a t e s  w e r e  u s e d  t o  

c a l c u l a t e  t i m e s  f o r  h a l f  maximum u p t a k e  ( t ^ )  and maxima (Amax) f o r  t h e  

e x c h a n g e a b l e ,  i n t r a c e l l u l a r ,  and r e s i d u a l  f r a c t i o n s  o f  t h e  w h o le  m oss  

s h o o t s ,  l e a v e s ,  and s t e m s .  A d d i t i o n a l l y ,  m e a su r e m e n t  o f  p a r a q u a t  

u p t a k e  o v e r  a  96  h i n c u b a t i o n  t im e  i n v o l v e s  a  p e r i o d  when e x h a u s t i o n  o f  

t h e  i n c u b a t i o n  medium h a s  o c c u r r e d  ( S e c t i o n  4 . 3 . 1 . 4 ) .  The 96 h 

i n c u b a t i o n  w o u ld  p r o v i d e  an o p p o r t u n i t y  t o  i n v e s t i g a t e  t h e  h y p o t h e s i s  

o f  p a r a q u a t  t r a n s f e r  from  t h e  c e l l  w a l l  t o  t h e  p r o t o p l a s t .

W hole m oss s h o o t s ,  l e a v e s ,  and s t e m s  w e r e  i n c u b a t e d  i n  p a r a q u a t  

s o l u t i o n s  f o r  t im e  i n t e r v a l s  up t o  96  h .  Two p a r a q u a t  c o n c e n t r a t i o n s  

w e r e  u s e d  i n  t h e s e  e x p e r i m e n t s ,  7 2 . 5  yM and 7 2 5  yM. I n  e a r l i e r  

e x p e r i m e n t s  ( S e c t i o n  4 . 3 . 1 . 4 )  t h e s e  s o l u t i o n s  becam e e x h a u s t e d  d ue  t o  

u p t a k e  by R . s q u a r r o s u s  d u r i n g  a 1 h i n c u b a t i o n  p e r i o d  i n  a 5 ml 

s a m p l e .

The a n a l y s i s  p r e s e n t e d  h e r e  u s e s  1 )  t h e  u p t a k e  d a t a  f o r  t h e  

i n i t i a l  4  h u p t a k e  p e r i o d s ,  and 2 )  d a t a  f o r  t h e  w h o le  96  h i n c u b a t i o n  

p e r i o d .  T h e s e  t im e  p e r i o d s  w e r e  c h o s e n  t o  o v e r c o m e  d i f f i c u l t i e s  i n



1 .  U p ta k e  d u r i n g  t h e  f i r s t  4  h

A s i n g l e  e x p o n e n t i a l  c u r v e  a d e q u a t e l y  d e s c r i b e d  t h e  i n i t i a l  ( 4  h )  

u p t a k e  o f  1 4 C - p a r a q u a t  i n t o  t h e  d i f f e r e n t  c e l l u l a r  f r a c t i o n s  o f  R. 

squarrosus. I d e a l l y ,  k i n e t i c  s t u d i e s  a r e  p e r fo r m e d  on i n i t i a l  u p t a k e  

p r o c e s s e s ,  u t i l i s i n g  s h o r t  i n c u b a t i o n  p e r i o d s .  I n  t h i s  s t u d y ,  t h e  

u p t a k e  p e r i o d  w as e x t e n d e d  t o  4 h .  T h i s ,  h o w e v e r ,  d i d  n o t  i n t e r f e r e  

w i t h  t h e  p a r a q u a t  u p t a k e  p r o f i l e  and t h e  d a t a  a r e  s u i t a b l e  f o r  k i n e t i c  

a n a l y s i s  u s i n g  m e t h o d o lo g y  a l s o  e m p lo y e d  f o r  d e s c r i b i n g  en zym e r e a c t i o n  

k i n e t i c s  ( M o r r i s ,  1 9 7 6 ;  W e l l s  and Brown, 1 9 8 7 ) .  The p a r a m e t e r s  w h ic h  

d e s c r i b e  maximum u p t a k e  (Amax) and t h e  t im e  r e q u i r e d  f o r  h a l f  maximum 

u p t a k e  ( t ,  = I n  2 / - l n  R) w e r e  o b t a i n e d  from  t h e  f i t t e d  c u r v e s  and a r e  

u s e d  f o r  q u a n t i t a t i v e  c o m p a r i s o n s  b e t w e e n  t i s s u e  t y p e s  and h e r b i c i d e  

t r e a t m e n t s .  I n  c a s e s  o f  r a p i d  u p t a k e ,  a s  f o r  t h e  e x c h a n g e a b l e  f r a c t i o n  

o f  t h e  l e a v e s  and f o r  t h e  t o t a l  u p t a k e ,  a  s i n g l e  e x p o n e n t i a l  f u n c t i o n  

w i t h  an o r i g i n  n o t  th r o u g h  z e r o  b e s t  d e s c r i b e d  t h e  d a t a  ( F i g s  4 . 3 . 4  t o  

4 . 3 . 7 ) .  A b s e n c e  o f  a  z e r o  i n t e r c e p t  i s  a  c o n s e q u e n c e  o f  t h e  v e r y  f a s t  

i n i t i a l  r a t e s  and r e s u l t i n g  l a c k  o f  d a t a  v a l u e s  i n  t h e  i n i t i a l  s t a g e s .  

T h i s  i n  t u r n ,  i n f l u e n c e s  t h e  a c c u r a c y  o f  t h e  c u r v e  f i t t i n g  c l o s e  t o  t h e  

o r i g i n .  I n  a d d i t i o n ,  i n e f f i c i e n c y  o f  t h e  p a r a q u a t  e x t r a c t i o n  p r o c e d u r e  

c o u l d  a l s o  p r o d u c e  a  r e s i d u a l  co m p o n en t  e q u i v a l e n t  t o  a n o n - z e r o  y  a x i s  

i n t e r c e p t  ( W e l l s  and Brown, 1 9 8 7 ) .  The v a l u e s  o f  Amax and t^ f o r

1 4 C - p a r a q u a t  u p t a k e  i n t o  e a c h  c e l l  f r a c t i o n  i n  s t e m s ,  l e a v e s ,  and w h o le  

m oss s h o o t s  a r e  p r e s e n t e d  i n  T a b l e s  4 . 3 . 4  and 4 . 3 . 5 .  The f i t t e d  c u r v e s  

and o r i g i n a l  d a t a  a r e  d i s p l a y e d  i n  F i g s  4 . 3 . 4  t o  4 . 3 . 7 .

q u a n t i t a t i v e l y  a s s e s s i n g  and com p aring  u p ta k e  c u r v e s  f o r  th e  d i f f e r e n t

c e l l u l a r  f r a c t i o n s  w h ich  w ere o b s e r v e d  to  f l u c t u a t e  o v e r  th e  96 h

i n c u b a t i o n  t im e  ( F i g s  4 . 3 . 4  to  4 . 3 . 9 ) .



T a b l e  4 . 3 . 4 K i n e t i c  p a r a m e t e r s
1 4

f o r  C -p a r a q u a t  u p t a k e  (±  SE) from  a 7 2 . 5  yM s o l u t i o n  by R h y t i d i a d e l p h u s s q u a r r o s u s

Moss T i s s u e F r a c t i o n Curve  
x  a x i s  
i n t e r c e p t

Amax
(Maximum u p t a k e  a t  

e q u i l i b r i u m )
(wg g " 1 )

(m m )
R2 d f

L e a v e s E x c h a n g e a b le S 1 5 2 2 3  ( 2 9 9 ) 2 8 . 8 ( 7 . 7 ) [ 3 . 1 ] 0 . 9 7 11
I n t r a c e l l u l a r
R e s i d u a l

SO
SO

4 4 4  ( 5 5 )
4 4 5  ( 5 0 . 6 )

9 . 5 ( 6 . 2 )
*

0 . 1 7
*

11
11

E E x c h a n g e a b le  
+ r e s i d u a l

S 1 5 8 2 6  ( 3 2 4 ) 2 9 . 4 ( 8 . 1 ) 0 . 9 11

T o t a l S 1 6 1 9 9  ( 3 9 7 ) 8 6 . 5 ( 9 . 6 ) 0 . 9 4 11

S tem s E x c h a n g e a b le SO 3 6 7 1  ( 2 9 7 ) 1 3 . 1 ( 1 2 . 2 ) 0 . 7 0
i

11
I n t r a c e l l u l a r SO - 1 0 1  ( 6 4 ) 1 7 0 . 6 ( 1 7 . 3 ) 0 . 9 5 i i  &
R e s i d u a l SO 6 7 2 4  ( 1 5 2 9 ) 1 0 4 . 8 ( 1 1 . 3 ) 0 . 8 7 11 i
E E x c h a n g e a b le  

+ r e s i d u a l
S 1 1 4 7 6  ( 3 0 7 6 ) 1 0 7 . 4 ( 2 7 . 4 ) 0 . 8 9 11

T o t a l S 1 1 8 7 6  ( 3 3 5 1 ) 1 1 2 . 2 ( 2 7 . 9 ) 0 . 8 9 11

W hole S h o o t s E x c h a n g e a b le S 6 5 9 4  ( 2 0 2 7 ) 1 3 3 . 4 ( 6 0 . 8 ) [ 2 . 2 ] 0 . 7 1 11
I n t r a c e l l u l a r SO 187 ( 2 9 ) 1 9 . 9 ( 2 0 . 9 ) 0 . 8 8 11
R e s i d u a l SO 6 4 9  ( 1 1 2 ) 5 . 5 ( 3 5 . 3 ) 0 . 2 4 11
E E x c h a n g e a b le  
+ r e s i d u a l

S 6 8 0 3  ( 8 1 9 ) 7 9 . 2 ( 3 4 . 9 ) 0 . 7 4 11

T o t a l S 7 3 6 7  ( 1 1 8 8 ) 1 0 9 . 4 ( 2 5 . 2 ) 0 . 7 9 11

2
R = c o e f f i c i e n t  o f  v a r i a t i o n ;  * = n o t  d e t e r m i n a b l e ;  S = S i n g l e  e x p o n e n t i a l ;  SO = s i n g l e  e x p o n e n t i a l ,  o r i g i n  
th r o u g h  z e r o ;  f i g u r e s  i n  [ ] a r e  e s t i m a t e s  o f  t^ i f  o r i g i n  a t  z e r o .



T a b le  4 . 3 . 5 K i n e t i c  p a r a m e t e r s
1 4

f o r  C -p a r a q u a t  u p t a k e  (±  SE) from  a  725 pM s o l u t i o n  by R h y t i d i a d e l p h u s s q u a r r o s u s

Moss T i s s u e F r a c t i o n C urve  
x  a x i s  
i n t e r c e p t

Amax
(Maximum u p t a k e  a t  

e q u i l i b r i u m )
( y g  g " 1 )

(m in )
R2 d f

L e a v e s E x c h a n g e a b le S 3 4 8 6 8  ( * ) * [ 1 . 3 ] 0 . 3 8 5
I n t r a c e l l u l a r SO 6 9 4  ( 9 5 ) 4 . 1 5  ( 2 . 7 ) 0 . 3 6 5
R e s i d u a l SO 5 2 6 3  ( * ) * * 5
E E x c h a n g e a b le  
+ r e s i d u a l

S 3 9 8 8 3  ( 3 7 4 ) 3 2 . 2  ( 7 1 . 6 ) 0 . 1 8 5

T o t a l S 4 0 4 3 9  ( 1 6 4 6 ) 3 0 . 4  ( 4 3 2 . 7 ) 0 . 1 2 5 ,

S tem s E x c h a n g e a b le SO 1 8 7 1 7  ( 6 0 5 ) 3 3 . 8  ( 3 . 6 ) 0 . 6 9 5 5
I n t r a c e l l u l a r SO 1 5 4 1  ( 2 2 4 1 ) 1 2 0 . 3  ( 3 3 . 7 ) 0 . 9 4 5 ,
R e s i d u a l SO 1 0 6 2 2  ( 6 2 3 ) 3 0 . 8  ( 6 . 6 ) 0 . 5 7 5
E E x c h a n g e a b le  
+ r e s i d u a l

SO 2 9 4 8 0  ( 1 0 1 1 ) 3 4 . 8  ( 3 . 8 ) 0 . 8 5

T o t a l SO 3 4 1 0 1  ( 1 1 7 5 ) 4 2 . 9  ( 3 . 6 ) 0 . 8 2 5

W hole S h o o t s E x c h a n g e a b le SO 1 6 0 0 1  ( 1 5 0 ) 4 . 1  ( 2 . 1 ) 0 . 4 8 5
I n t r a c e l l u l a r SO 2 5 1 1  ( 3 5 9 ) 4 7 . 2  ( 1 4 . 6 ) 0 . 9 7 5
R e s i d u a l SO 2 8 4 3  ( 1 6 7 ) 7 . 1 9  ( 1 0 . 9 ) 0 . 3 6 5
E E x c h a n g e a b le  

+ r e s i d u a l
SO 1 8 9 9 2  ( 2 4 3 ) 4 . 9 7  ( 0 . 2 2 ) 0 . 8 1 5

T o t a l SO 1 9 5 2 5  ( 2 0 4 ) 4 . 9 7  ( 0 . 2 2 ) 0 . 6 8 5

2
R = c o e f f i c i e n t  o f  v a r i a t i o n ;  *  = n o t  d e t e r m i n a b l e ;  S = S i n g l e  e x p o n e n t i a l ;  SO = s i n g l e  e x p o n e n t i a l ,  o r i g i n  
t h r o u g h  z e r o ;  f i g u r e s  i n  [ ] a r e  e s t i m a t e s  o f  t^ i f  o r i g i n  a t  z e r o .



F i g .  4 . 3 . 4 The r e l a t i o n s h i p  b e t w e e n  1 4 C - p a r a q u a t  ( 7 2 . 5  yM) u p t a k e  by  
( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e in s  o f  R. s q u a r r o s u s  
and i n c u b a t i o n  t im e  o v e r  a  4 h p e r i o d

The f i t t e d  c u r v e s  a r e  s i n g l e  e x p o n e n t i a l s
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F i g .  4 . 3 . 5  The r e l a t i o n s h i p  b e t w e e n  1 4 C - p a r a q u a t  ( 7 2 5  pM) u p t a k e  by
( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  R. s q u a r r o s u s  
and i n c u b a t i o n  t im e  o v e r  a 4 h p e r i o d

The f i t t e d  c u r v e s  a r e  s i n g l e  e x p o n e n t i a l s



Fig. 4.3.5
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The t ,  v a l u e s  f o r  e x c h a n g e a b l e  p a r a q u a t  u p t a k e  i n  l e a v e s  and w h o le  

m oss s h o o t s  o f  R. squarrosus f o l l o w i n g  t h e  7 2 . 5  pM t r e a t m e n t  w e r e  2 8 . 8  

min and 1 3 3 . 4  m in ,  r e s p e c t i v e l y .  H o w ev er ,  t h i s  i s  an  o v e r e s t i m a t e  d ue  

t o  t h e  a b s e n c e  o f  z e r o  i n t e r c e p t s  ( F i g s  4 . 3 . 4  and 4 . 3 . 5 ) .  U se  o f  a  

s i n g l e  e x p o n e n t i a l  c u r v e  c o n s t r a i n e d  th r o u g h  t h e  o r i g i n  w o u ld  s e r i o u s l y  

u n d e r e s t i m a t e  Am ax. The t^ v a l u e s  f o r  e x c h a n g e a b l e  u p t a k e ,  d e s c r i b e d  

u s i n g  a  s i n g l e  e x p o n e n t i a l  t h r o u g h  t h e  o r i g i n ,  i n  l e a v e s  (c a .  3 . 1  m in )  

and w h o le  m oss s h o o t s  (c a .  2 . 2  m in s )  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  b u t  

w e r e  s m a l l e r  th a n  t h a t  o b t a i n e d  f o r  s t e m s  ( 1 3 . 1  m in )  f o l l o w i n g  

i n c u b a t i o n  i n  7 2 . 5  pM p a r a q u a t .  A s i m i l a r  p a t t e r n  e m erg ed  f o l l o w i n g  

i n c u b a t i o n  i n  7 2 5  pM p a r a q u a t  ( T a b l e  4 . 3 . 5 ) .

The l a r g e s t  Amax v a l u e s  w e r e  o b t a i n e d  f o r  p a r a q u a t  e x c h a n g e  by  

d e t a c h e d  l e a v e s  f o r  b o t h  t h e  7 2 . 5  pM (Amax = 1 5 . 2  mg g _1 d r y  w e i g h t )  

and 72 5  pM (Amax = 3 4 . 8  mg g _1 d r y  w e i g h t )  p a r a q u a t  t r e a t m e n t s .

In tr a c e llu la r  fra c tio n

The t ,  v a l u e s  f o r  p a r a q u a t  u p t a k e  i n t o  t h e  i n t r a c e l l u l a r  f r a c t i o n  

o f  t h e  s t e m s  ( 1 7 0 . 6  min and 3 3 . 8  m in )  w e r e  s i g n i f i c a n t l y  g r e a t e r  

( p < 0 . 0 5 )  th a n  t h o s e  f o r  l e a v e s  ( 9 . 5  m in and 1 . 3  m in )  and w h o le  m oss  

s h o o t s  ( 1 9 . 9 3  and 4 . 1 1  m in )  f o r  b o t h  t h e  7 2 . 5  pM and 7 2 5  pM t r e a t m e n t s .  

No s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  A v a l u e s  w e r e  d e t e c t e d  b e t w e e n  t h e  

t h r e e  t i s s u e  t y p e s  f o r  t h e  7 2 5  pM p a r a q u a t  t r e a t m e n t  ( F i g .  4 . 3 . 5 ) .  At  

t h e  l o w e r  p a r a q u a t  c o n c e n t r a t i o n  Amax v a l u e s  w e r e  h i g h e s t  i n  t h e  l e a f  

t i s s u e .  The s t e m s ,  t h e r e f o r e ,  a c c u m u la t e d  l e s s  p a r a q u a t

i n t r a c e l l u l a r l y  from  t h e  7 2 . 5  pM p a r a q u a t  th a n  t h e  l e a v e s .

R esidual fra c tio n

The t^ and Amax v a l u e s  f o r  p a r a q u a t  a c c u m u l a t i o n  i n t o  t h e  r e s i d u a l  

f r a c t i o n  w e r e  s i g n i f i c a n t l y  g r e a t e r  f o r  s t e m s  t h a n  t h o s e  f o r  w h o le  m oss

Exchangeable fraction



I t  i s  p r o b a b l e  t h a t  p a r a q u a t  i n  t h e  r e s i d u a l  f r a c t i o n  r e p r e s e n t s  

e i t h e r  b i n d i n g  t o  i n t e r n a l  a n i o n i c  s i t e s  o r  i n c o m p l e t e  d i s p l a c e m e n t  o f  

t h e  e x t e r n a l l y  bound p a r a q u a t .  The r e s i d u a l  and e x c h a n g e a b l e  

c o m p o n e n ts  o f  e a c h  t i s s u e  t y p e  w e r e  t h e r e f o r e  c o m b in e d  and t h e  d a t a  

r e - a n a l y s e d  ( T a b l e  4 . 3 . 4  and 4 . 3 . 5 ) .  An im p ro v ed  f i t  w o u ld  im p ly  t h a t  

t h e  two f r a c t i o n s  w e r e  o f  o n e  o r i g i n .

The co m b in e d  d a t a  when a n a l y s e d  p r o d u c e d  a  s i g n i f i c a n t  i n c r e a s e  i n  

t o t a l  p a r a q u a t  i n  t h e  l e a v e s  b u t  n o t  i n  t h e  s t e m s  and w h o le  m oss  s h o o t s  

f o r  t h e  7 2 5  yM p a r a q u a t  t r e a t m e n t  ( T a b l e  4 . 3 . 5 ) .  T h i s  i s  p r o b a b l y  d ue  

b o t h  t o  a g r e a t e r  p a r a q u a t  a v a i l a b i l i t y  t o  l e a v e s  and p o s s i b l y  g r e a t e r  

num bers o f  a n i o n i c  b i n d i n g  s i t e s  i n  t h e  l e a v e s  th a n  t h e  s t e m s .  The  

c o e f f i c i e n t  o f  v a r i a t i o n  (R 2 ) v a l u e s  ( T a b l e s  4 . 3 . 4  and 4 . 3 . 5 )  show  

im p r o v e d  f i t s  f o r  t h e  co m b in ed  d a t a  com pared  w i t h  t h e  a n a l y s i s  o f  t h e  

i n d i v i d u a l  f r a c t i o n s  ( T a b l e s  4 . 3 . 4  and 4 . 3 . 5 ) .  The f i n a l  p a r a m e t e r s  

f o r  t h e  c o m b in ed  d a t a  r e s e m b l e  t h a t  f o r  t h e  t o t a l  1 4 C - p a r a q u a t  u p t a k e  

by t h e  m oss t i s s u e s  ( T a b l e s  4 . 3 . 4  and 4 . 3 . 5 ;  F i g s  4 . 3 . 6  and  4 . 3 . 7 ) .  

P a r a q u a t  i n  t h e  r e s i d u a l  and e x c h a n g e a b l e  f r a c t i o n s ,  t h e r e f o r e ,  

p r o b a b l y  r e p r e s e n t s  o n e  t r u e  c e l l u l a r  l o c a t i o n .

2 .  U p ta k e  o v e r  t h e  f u l l  96  h i n c u b a t i o n  p e r i o d

1 4 C - p a r a q u a t  u p t a k e  by w h o le  m oss s h o o t s ,  l e a v e s  and s t e m s  i n t o  

t h e  t h r e e  c e l l u l a r  l o c a t i o n s  ( e x t r a c e l l u l a r ,  i n t r a c e l l u l a r  and  

r e s i d u a l )  was a n a l y s e d  by f i t t i n g  s i n g l e  and d o u b l e  e x p o n e n t i a l  c u r v e s  

t o  t h e  d a t a .  I n  a l l  c a s e s ,  t h e  s i n g l e  e x p o n e n t i a l  w h o se  o r i g i n  was n o t  

th r o u g h  z e r o  g a v e  t h e  b e s t  d e s c r i p t i o n  o f  t h e  d a t a .  W e l l s  and Brown 

( 1 9 8 7 )  a l s o  o b s e r v e d  a  s i g n i f i c a n t  n o n - z e r o  y - a x i s  i n t e r c e p t  f o r  g r a p h s  

d e s c r i b i n g  cadmium u p t a k e  by  R. squarrosus. T h ey  a t t r i b u t e d  t h e

s h o o t s  ( p < 0 .0 0 1 )  a t  b o th  p a ra q u a t  c o n c e n t r a t i o n s  ( F i g s  4 . 3 . 4  and

4 . 3 . 5 ) .  L ea v es  y i e l d e d  s m a l l e r  t^ v a l u e s  f o r  b o th  p a raq u at

c o n c e n t r a t i o n s  th an  s te m s ,  but n o t  s i g n i f i c a n t l y  s o .
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F i g .  4 . 3 . 6  The r e l a t i o n s h i p  b e tw e e n  t o t a l  1 4 C - p a r a q u a t  ( 7 2 . 5  pM)
u p t a k e  by ( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  R. 
s q u a r r o s u s  and i n c u b a t i o n  t im e  o v e r  a  4 h p e r i o d

The f i t t e d c u r v e s  a r e  s i n g l e  e x p o n e n t i a l s
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1 4F i g .  4 . 3 . 7  The r e l a t i o n s h i p  b e tw e e n  t o t a l  C - p a r a q u a t  ( 7 2 5  pM) u p t a k e  
by ( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  R. s q u a r r o s u s  
and i n c u b a t i o n  t im e  o v e r  a  4 h p e r i o d

The f i t t e d  c u r v e s  a r e  s i n g l e  e x p o n e n t i a l s



Fig. 4.3.7
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n o n - z e r o  i n t e r c e p t  t o  a  r e s i d u a l  Cd f r a c t i o n  a r i s i n g  from  i n e f f i c i e n c y  

o f  t h e  d i s p l a c e m e n t  t e c h n i q u e .  E x t r a p o l a t i n g  u p t a k e  c u r v e s  t h r o u g h  

z e r o  w o u ld  s e r i o u s l y  u n d e r - e s t i m a t e  t h e  u p t a k e  and maxima i n  t h i s  

s t u d y .

P a r a q u a t  u p t a k e  c u r v e s  f o r  t h e  e x c h a n g e a b l e ,  i n t r a c e l l u l a r  and  

r e s i d u a l  f r a c t i o n s  o f  t h e  w h o le  m oss  s e g m e n t s  ( F i g s  4 . 3 . 8  and  4 . 3 . 9 )  

w e r e ,  i n  g e n e r a l ,  i n t e r m e d i a t e  b e t w e e n  t h o s e  o f  t h e  s e p a r a t e d  l e a v e s  

( F i g s  4 . 3 . 8  and  4 . 3 . 9 )  and s t e m s  ( F i g s  4 . 3 . 8  and 4 . 3 . 9 ) .  S i m i l a r i t i e s  

i n  t h e  u p t a k e  c u r v e s  o f  t h e  l e a v e s  and s t e m s  w i t h  t h o s e  o f  w h o l e  m oss  

s h o o t s  c o n f i r m  t h a t  l i t t l e  damage t o  t h e  t i s s u e s  had o c c u r r e d  d u r i n g  

t h e i r  s e p a r a t i o n .

The t o t a l  e x c h a n g e a b l e  p a r a q u a t  c o n c e n t r a t i o n  o f  t h e  l e a v e s  a f t e r  

a  96  h i n c u b a t i o n  i n  7 2 . 5  yM p a r a q u a t  w as a t  l e a s t  t e n  t i m e s  g r e a t e r  

th a n  t h a t  o f  t h e  s t e m s  and f i v e  t i m e s  t h a t  o f  w h o le  m oss s h o o t s  ( F i g .  

4 . 3 . 8 ) .  I n  c o n t r a s t ,  t h e  r e s i d u a l  p a r a q u a t  c o n t e n t  o f  t h e  s t e m  t i s s u e  

was t e n  t i m e s  g r e a t e r  th a n  t h a t  o f  t h e  l e a v e s  ( F i g .  4 . 3 . 8 ) .  A g a i n ,  t h e  

w h o le  m oss t i s s u e  was i n t e r m e d i a t e  i n  i t s  r e s i d u a l  p a r a q u a t  c o n t e n t  

( F i g .  4 . 3 . 8 ) .  I n c r e a s i n g  t h e  p a r a q u a t  c o n c e n t r a t i o n  o f  t h e  i n c u b a t i o n  

s o l u t i o n  i n c r e a s e d  t h e  e x c h a n g e a b l e  and r e s i d u a l  f r a c t i o n s  o f  b o t h  l e a f  

and s t e m  t i s s u e  ( F i g .  4 . 3 . 9 ) .

T o t a l  p a r a q u a t  c o n t e n t  o f  t h e  e x t r a c e l l u l a r  and r e s i d u a l  f r a c t i o n  

i n  a l l  t h r e e  t i s s u e  t y p e s  d e c l i n e d  w i t h  t im e  f o l l o w i n g  t h e  i n i t i a l  

r a p i d  u p t a k e  p h a s e  ( F i g s  4 . 3 . 8  and 4 . 3 . 9 ) .  L e a k a g e  o f  i n t r a c e l l u l a r  

c a t i o n s  f o l l o w i n g  damage t o  c e l l  m embranes may h a v e  o c c u r r e d ,  c a u s i n g  

d i s p l a c e m e n t  o f  1 4 C - p a r a q u a t . H o w ev er ,  t h e  i n t r a c e l l u l a r  f r a c t i o n  

c o n t i n u e d  t o  i n c r e a s e  i n  i t s  p a r a q u a t  c o n t e n t  com p ared  t o  t h e  

d e c r e a s i n g  e x t r a c e l l u l a r  and r e s i d u a l  f r a c t i o n s ,  s u g g e s t i n g  t h a t  m ost  

c e l l s  w e r e  s t i l l  i n t a c t  and t h a t  r e d i s t r i b u t i o n  o f  t h e  p a r a q u a t  had

o c c u r r e d .
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T a b l e  4 . 3 . 6 Summary o f  c a t i o n  u p t a k e  p a r a m e t e r s  (±  SE) f o r  R.

s q u a r r o s u s

Up t o  a
4 h i n c u b a t i o n

P a r a m e t e r  i n  7 2 . 5  yM
p a r a q u a t

Up t o  a  
4 h i n c u b a t i o n  
i n  7 2 5  yM 
p a r a q u a t

30  m in i n c u b a t i o n  
i n  1 0 0  yM CdS04 
( c i t e d  Brown and  
B e c k e t t ,  1 9 8 5 )

Tim e r e q u i r e d  f o r
h a l f  maximum t o t a l  109  ( 3 5 . 2 )
u p t a k e  (m in )

4 . 9  ( 0 . 0 0 2 )

Maximum t o t a l  4 0 . 9  ( 6 . 6 )  
u p t a k e  (y m o l  g - 1 )

1 0 8 . 5  ( 1 . 1 3 )

Tim e r e q u i r e d  f o r  h a l f  
maximum e x c h a n g e a b l e  
u p t a k e  (m in )

4 . 9 7  ( 2 . 7 1 ) 4 . 5  ( 2 . 5 )

Maximum e x c h a n g e a b l e  3 7 . 8  ( 4 . 5 )  
u p t a k e  (y m o l  g _ 1 )

1 0 5 . 5  ( 1 . 3 5 ) 107 ( 1 2 )

Tim e r e q u i r e d  f o r  h a l f
maximum i n t e r c e l l u l a r
u p t a k e  (m in )  1 9 . 9 3  ( 2 0 . 9 ) 4 7 . 2  ( 1 4 . 6 )

Maximum i n t e r c e l l u l a r
u p t a k e  (y m o l  g _ 1 ) 1 . 0 4  ( 0 . 1 ) 1 3 . 9 5  ( 2 . 0  ) 1 4 . 0  ( 3 . 0 )

F i g u r e s  e x p r e s s e d  a s  d r y  w e i g h t s



F i g .  4 . 3 . 8  The r e l a t i o n s h i p  b e t w e e n  1 4 C - p a r a q u a t  ( 7 2 . 5  pM) u p t a k e  by  
( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  R. s q u a r r o s u s  
and i n c u b a t i o n  t im e  o v e r  a 96  h p e r i o d

The c u r v e s  f i t t e d  a r e  s i n g l e  e x p o n e n t ia l s



Fig. 4.3.8
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F i g .  4 . 3 . 9  The r e l a t i o n s h i p  b e tw e e n  1 4 C - p a r a q u a t  ( 7 2 5  yM) u p t a k e  by  
( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  R. s q u a r r o s u s  
and i n c u b a t i o n  t im e  o v e r  a  96  h p e r i o d

The c u r v e s  f i t t e d  a r e  s i n g l e  e x p o n e n t ia ls



Fig. 4.3.9

X 102

x 102



Good e v i d e n c e  f o r  t r a n s f e r  o f  e x c h a n g e a b l y  h e l d  p a r a q u a t  t o  t h e  

i n t e r c e l l u l a r  f r a c t i o n  h a s  b e e n  o b t a i n e d .  B e c a u s e  p a r a q u a t  i n  t h e  

i n c u b a t i o n  s o l u t i o n  had b e e n  e x h a u s t e d  a f t e r  1 h i n c u b a t i o n  ( S e c t i o n  

4 . 3 . 1 . 4 ) ,  n o  f u r t h e r  i n c r e a s e s  i n  c o n c e n t r a t i o n  w i t h i n  t h e  d i f f e r e n t  

c e l l u l a r  f r a c t i o n s  c o u l d  o c c u r  w i t h o u t  r e d i s t r i b u t i o n .  F o r  a l l  t i s s u e  

t y p e s ,  p a r a q u a t  c o n c e n t r a t i o n  i n  t h e  i n t r a c e l l u l a r  and r e s i d u a l  

f r a c t i o n s  i n c r e a s e d  b ey o n d  1 h s u g g e s t i n g  an o r i g i n  i n  t h e  

e x t r a c e l l u l a r  f r a c t i o n .  F i g u r e  4 . 3 . 9  sh o w s t h a t  t h e  i n c r e a s e  i n  

i n t r a c e l l u l a r  p a r a q u a t  i s  a c c o m p a n ie d  by a  p r o g r e s s i v e  d e c l i n e  i n  t h e  

e x c h a n g e a b l e  c o n c e n t r a t i o n .

The 4 h k i n e t i c  a n a l y s i s  o f  t h e  d a t a  r e v e a l e d  g r e a t e r  i n t r a ­

c e l l u l a r  t .  v a l u e s  f o r  t h e  l e a v e s  th a n  t h o s e  f o r  t h e  s t e m s  f o r  b o t h  h

p a r a q u a t  i n c u b a t i o n  c o n c e n t r a t i o n s ,  a l t h o u g h  Amax w as s i m i l a r  f o r  b o t h  

l e a v e s  and s t e m s  f o r  t h e  72 5  yM c o n c e n t r a t i o n .  The s m a l l e r  t ,  v a l u e sH.

f o r  e x t r a c e l l u l a r  p a r a q u a t  a c c u m u l a t i o n  by l e a v e s  and t h e  g r e a t e r  t o t a l  

u p t a k e  by l e a v e s  s u g g e s t s  t h a t  t h e i r  b i n d i n g  s i t e s  a r e  m ore f r e e l y  

a c c e s s i b l e  th a n  t h o s e  o f  t h e  s t e m s  on a  g r a v i m e t r i c  b a s i s .  D i f f e r e n c e s  

o b s e r v e d  i n  t h e  e x c h a n g e a b l e  p a r a q u a t  c o n t e n t  o f  l e a v e s  and s t e m s  may 

b e  a t t r i b u t e d  t o :

1 .  The t h i c k n e s s  o f  R. squarrosus s t e m s  and t h e  a b s e n c e  o f  i n t e r ­

c e l l u l a r  s p a c e s  ( s e c t i o n  1 . 5 )  ( D u c k e t t ,  1 9 8 6 ) ,  i n  c o n t r a s t  t o  t h e  

u n i s t r a t o s e  l e a v e s .  T h i s  may r e d u c e  t h e  e f f i c i e n c y  o f  t h e  e x c h a n g e  

w a s h e s .

2 .  E l e c t r o c h e m i c a l  a f f i n i t y  o f  t h e  d i s p l a c i n g  c h e m i c a l .  S u b s t i t u t i o n  

o f  a  c a t i o n  by  a n o t h e r  o f  e q u a l  a f f i n i t y  may n o t  b e  a s  r i g o r o u s  «.s 

d i s p l a c e m e n t  by a c a t i o n  o f  g r e a t e r  a f f i n i t y  f o r  t h e  b i n d i n g  s i t e s .

3 .  V a r i a t i o n  i n  s t r e n g t h  o f  p a r a q u a t  due t o  d i f f e r e n c e s  i n  t h e  

b i n d i n g  s i t e s  o f  t h e  d i f f e r e n t  t i s s u e s .  H igh  e l e c t r o s t a t i c  c h a r g e  

d e n s i t i e s  i n  t h e  b i n d i n g  s i t e s  may c o n f e r  d i f f e r e n t  p a r a q u a t  b i n d i n g



p r o p e r t i e s  on  t h e  s t e m  t i s s u e .  C l a r k s o n  ( 1 9 7 4 )  and Clymo ( 1 9 6 3 )  b o t h  

d e s c r i b e  h i g h  e l e c t r o s t a t i c  c h a r g e  d e n s i t i e s  a s  a  c h a r a c t e r i s t i c  o f  

som e c e l l  w a l l s .  I n  a d d i t i o n ,  s u b s t i t u t e d  p y r i d i n i u m  s a l t s ,  s u c h  a s  

p a r a q u a t ,  h a v e  b e e n  fo u n d  t o  i n c r e a s e  t h e  c a t i o n  b i n d i n g  c a p a c i t i e s  

r e c o r d e d  i n  p l a n t  t i s s u e s  d u e  t o  t h e i r  p a r t i t i o n i n g  i n t o  l i p i d s  o r  

b i n d i n g  t o  t a n n i n s  and l i g n i n s  ( P r i c e ,  1 9 7 8 ) .

W e l l s  and Brown ( 1 9 8 7 )  o b s e r v e d  i n e f f i c i e n c i e s  i n  t h e  e x c h a n g e  o f  

m e t a l  c a t i o n s  from  m oss  c e l l  w a l l s  and s u g g e s t e d  im p r o v e m e n t  o f  t h e  

s e q u e n t i a l  e x t r a c t i o n  t e c h n i q u e  s u c h  a s  i n c r e a s i n g  t h e  c o n c e n t r a t i o n ,  

v o lu m e  o r  e l e c t r o c h e m i c a l  a f f i n i t y  o f  t h e  d i s p l a c i n g  c h e m i c a l .  

I n c r e a s i n g  t h e  c o n c e n t r a t i o n  o r  v o lu m e  o f  u n l a b e l l e d  p a r a q u a t  m ig h t  

c a u s e  c e l l u l a r  damage o r  i n t e r f e r e  w i t h  t h e  a c c u r a c y  o f  1 4 C - p a r a q u a t  

d e t e c t i o n .  H o w ev er ,  an  i n c r e a s e  i n  e l e c t r o c h e m i c a l  a f f i n i t y  o f  t h e  

d i s p l a c i n g  a g e n t  may h a v e  im p r o v e d  e f f i c i e n c y  o f  p a r a q u a t  e x c h a n g e  from  

t h e  s t e m  t i s s u e .

T o t a l  p a r a q u a t  u p t a k e  by  l e a v e s  and s t e m s  w as g r e a t e r  th a n  t h a t  o f  

t h e  w h o le  m oss  s h o o t s .  T h i s  w as p r e s u m a b ly  d u e  t o  e x h a u s t i o n  o f ,  o r  

e q u i l i b r a t i o n  ( r a t i o  o f  f r e e r b o u n d  p a r a q u a t ,  ( s e e  S e c t i o n  4 . 3 . 1 . 4 ) )  

w i t h ,  t h e  i n c u b a t i o n  s o l u t i o n  by t h e  w h o le  m oss s h o o t s .

I n  t h e  w h o le  m oss s h o o t s ,  d e p l e t i o n  o f  p a r a q u a t  i n  t h e  i n c u b a t i o n  

medium may h a v e  r e s t r i c t e d  b i n d i n g  t o  t h e  f r e e l y  a c c e s s i b l e  l e a f  s i t e s .  

I t  i s  p o s s i b l e  t h a t  i n a d e q u a t e  a g i t a t i o n  o f  t h e  i n c u b a t i o n  medium  

a c c o u n t s  f o r  lo w  u p t a k e  by  t h e  s t e m s  and w h o le  m oss  s h o o t s  and lo w  

e x t r a c t i o n  e f f i c i e n c y .  P o i l l e  and J e n n y  ( 1 9 7 1 ) ,  c i t e d  by C l a r k s o n  

( 1 9 7 4 )  d e s c r i b e d  a  r e d u c t i o n  i n  t h e  i n i t i a l  u p t a k e  o f  r u b id iu m  by  

b a r l e y  r o o t s  d u e  t o  i n a d e q u a t e  a g i t a t i o n  and t h e  f o r m a t i o n  o f  a  

b o u n d a r y  l a y e r .  T h i s  p r e v e n t e d  c o m p l e t e  h o m o g e n e i t y  o f  t h e  i n c u b a t i o n  

medium w i t h  t h e  t i s s u e  s u r f a c e .  The p r e s e n c e ,  i f  a n y ,  o f  a  b o u n d a r y  

l a y e r  may n o t  im p ed e  u p t a k e  i n t o  t h e  u n i s t r a t o s e  l a y e r  o f  m oss  l e a f



t i s s u e  t o  t h e  sam e d e g r e e  a s  t h e  more d e n s e  s t e m  o r  w h o le  m oss t i s s u e .

R e s u l t s  o b t a i n e d  from  t h e  96  h and 4 h u p t a k e  a n a l y s e s  i n  t h e  

a b o v e  e x p e r i m e n t s  i n d i c a t e  t h a t  p a r a q u a t  d o e s  n o t  p e n e t r a t e  t h e  s t e m  

t i s s u e  e f f i c i e n t l y  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d .  I n  e a r l i e r  

e x p e r i m e n t s ,  r e g r o w t h  o f  R. squarrosus o c c u r r e d  from  t h e  s t e m s  b u t  n o t  

t h e  a p e x ,  f o l l o w i n g  s e v e r e  h e r b i c i d a l  e f f e c t s .  T h i s  o b s e r v a t i o n  

s u p p o r t s  t h e  v i e w  t h a t  t h e r e  i s  p o o r  p e n e t r a t i o n  o f  t h e  h e r b i c i d e  i n t o  

t h e  s t e m  t i s s u e .

F i n a l l y ,  c o m p a r i s o n  o f  t h e  e s t i m a t e d  k i n e t i c  p a r a m e t e r s  f o r  

p a r a q u a t  u p t a k e  w i t h  t h o s e  d e t e r m i n e d  by  Brown and B e c k e t t  ( 1 9 8 5 )  f o r  

cadmium u p t a k e  ( 1 0 0  pM) sh ow s c l o s e  s i m i l a r i t i e s  ( T a b l e  4 . 3 . 6 ) .

4 .3 .1 .7  In te rac tio n  between iron  and paraquat uptake

A l a r g e  p r o p o r t i o n  o f  t h e  t o t a l  i r o n  ( s e e  S e c t i o n  4 . 3 . 2 )  and  

p a r a q u a t  a b s o r b e d  by  R. squarrosus b e c o m e s  e x c h a n g e a b l y  bound t o  t h e  

c e l l  w a l l s .  P r e v i o u s  e x p e r i m e n t s  ( S e c t i o n  4 . 3 . 1 . 6 )  h a v e  show n t h a t

p r o g r e s s i v e  r e d i s t r i b u t i o n  o f  p a r a q u a t  c a n  o c c u r  from  t h e  e x c h a n g e a b l e  

c e l l  w a l l  b i n d i n g  s i t e s  t o  t h e  i n t r a c e l l u l a r  f r a c t i o n  o f  R. squarrosus. 

H o w e v e r ,  i n  t h e  p r e s e n c e  o f  o t h e r  c a t i o n s  e x c h a n g e d  on t h e  c e l l  w a l l s  

o f  R. squarrosusy l e s s  p a r a q u a t  b i n d i n g  w o u ld  b e  e x p e c t e d  t h e r e b y

r e d u c i n g  i n t r a c e l l u l a r  p a r a q u a t  u p t a k e .  The f o l l o w i n g  e x p e r i m e n t  was  

d e s i g n e d  t o  d e t e r m i n e  w h e t h e r  p a r a q u a t  and i r o n  o c c u p y  t h e  sam e  

e x c h a n g e a b l e  s i t e s  on t h e  c e l l  w a l l  o f  R. squarrosus and w h e t h e r  

p r e t r e a t m e n t  w i t h  F e C l3 a f f e c t s  i n t r a c e l l u l a r  p a r a q u a t  u p t a k e .

R. squarrosus s h o o t  s e g m e n t s  w e r e  p r e t r e a t e d  i n  d i f f e r e n t  

c o n c e n t r a t i o n s  o f  f e r r i c  c h l o r i d e  f o r  1 h .  The m oss s h o o t s  w e r e  t h e n  

i n c u b a t e d  i n  7 2 5  pM 1 4 C -p a r a q u a t  f o r  24  h .  D a ta  f o r  e x c h a n g e a b l e ,  

i n t r a c e l l u l a r  and r e s i d u a l  1 4 C - p a r a q u a t  u p t a k e s ,  f o l l o w i n g  p r e t r e a t m e n t  

i n  d i f f e r e n t  F e C l3 c o n c e n t r a t i o n s ,  a r e  shown i n  F i g .  4 . 3 . 1 0 .
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•  More e x c h a n g e a b l e  p a r a q u a t  w as a b s o r b e d  i n  u n t r e a t e d  m o ss  th a n  i n

s h o o t s  p r e t r e a t e d  w i t h  F e C l3 ( F i g .  4 . 3 . 1 0 ) .  I n h i b i t i o n  o f  p a r a q u a t  

e x c h a n g e  by  F e C l 3 w as p r o g r e s s i v e  w i t h  i n c r e a s i n g  F e C l3 c o n c e n t r a t i o n .  

P a r a q u a t  u p t a k e  a t  t h e  h i g h e s t  F e C l3 c o n c e n t r a t i o n  (1 .0 M )  w as o n l y  5% 

o f  t h a t  i n  t h e  c o n t r o l .  A s i m i l a r  r e s p o n s e  w as fo u n d  f o r  p a r a q u a t  

u p t a k e  i n t o  t h e  i n t r a c e l l u l a r  f r a c t i o n .  T h e s e  r e s u l t s  s t r o n g l y  s u g g e s t  

t h a t  i n t r a c e l l u l a r  p a r a q u a t  u p t a k e  d e p e n d s  on i n i t i a l  u p t a k e  o n t o  t h e  

c e l l  w a l l .  A l t e r n a t i v e l y ,  p a r a q u a t  u p t a k e  may h a v e  b e e n  i n h i b i t e d  by  

i r o n  s a t u r a t i o n  o f  i n t r a c e l l u l a r  u p t a k e  p a th w a y s  o r ,  p e r h a p s ,  by a  

c h a n g e  i n  i n t e r n a l  e l e c t r o c h e m i c a l  p o t e n t i a l .

P a r a q u a t  u p t a k e  i n t o  t h e  r e s i d u a l  f r a c t i o n  w as a l s o  i n h i b i t e d  by  

F e C l3 p r e t r e a t m e n t s  ( F i g .  4 . 3 . 1 0 ) .  T h i s  f r a c t i o n  i s  a l s o  b e l i e v e d  t o  

r e p r e s e n t  p a r t  o f  t h e  e x t r a c e l l u l a r  p o o l  ( S e c t i o n  4 . 3 . 1 . 6 ) .

E x c h a n g e a b ly  bound Fe w as n o t  r e a d i l y  d i s p l a c e d  by t h e  l a t e r  

i n c u b a t i o n  w i t h  t h e  d i v a l e n t  c a t i o n  p a r a q u a t .  T h i s  i s  e x p e c t e d  a s  

p o l y v a l e n t  c a t i o n s  h a v e  a  g r e a t e r  a f f i n i t y  f o r  t h e  a n i o n i c  s i t e s  o f  

m oss  c e l l  w a l l s  th a n  t h o s e  o f  a  l e s s e r  v a l e n c y  (C ly m o ,  1 9 6 3 ) .  

T h e r e f o r e ,  p a r a q u a t  c a n  b e  d e s c r i b e d  a s  p o s s e s s i n g  a  w e a k e r  a f f i n i t y  

f o r  t h e  a n i o n i c  b i n d i n g  s i t e s  o f  t h e  c e l l  w a l l  o f  R. squarrosus th a n  

d o e s  f e r r i c  i r o n .  I n  g e n e r a l ,  c a t i o n s  o f  h i g h  a f f i n i t y ,  and a l r e a d y  

p r e s e n t  i n  t h e  m oss  t i s s u e ,  c o u l d  h i n d e r  t h e  u p t a k e  o f  c a t i o n i c  

h e r b i c i d e s ,  s u c h  a s  p a r a q u a t ,  and r e d u c e  t h e i r  e f f e c t i v e n e s s .  

T h e r e f o r e ,  c a t i o n i c  h e r b i c i d e s  a p p l i e d  t o  m o s s e s  i n  f o r m u l a t i o n s  w i t h ,  

o r  f o l l o w i n g ,  i r o n  s a l t s  o r  f e r t i l i s e r s ,  c o u l d  h a v e  r e d u c e d  e f f i c i e n c y  

com p ared  t o  a  s i m p l e  p r e p a r a t i o n .  I n  c e r t a i n  s i t u a t i o n s ,  h i g h  l e v e l s  

o f  h e a v y  m e t a l  p o l l u t a n t s  m ig h t  a l s o  l i m i t  t h e  e f f e c t s  o f  c a t i o n i c

h e r b i c i d e s .
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I r o n  u p t a k e  by R. squarrosus was s t u d i e d  b e c a u s e  f e r r o u s  s u l p h a t e  

i s  a  recom m ended m oss k i l l e r  f o r  la w n s  ( F r y e r  and M a k e p e a c e ,  1 9 7 7 ) .  

U n l i k e  t h e  c a t i o n i c  v a s c u l a r  p l a n t  h e r b i c i d e  p a r a q u a t ,  f e r r o u s  s u l p h a t e  

d o e s  n o t  p o s s e s s  h e r b i c i d a l  p r o p e r t i e s  to w a r d s  v a s c u l a r  p l a n t s  ( S e c t i o n

1 . 7 . 2 ) .  The f o l l o w i n g  e x p e r i m e n t s  w e r e  d e s i g n e d  t o  o b s e r v e  t h e  e f f e c t s  

o f  c o n c e n t r a t i o n ,  i n c u b a t i o n  t im e  and t y p e  o f  i r o n  s a l t  on  t o t a l  i r o n  

u p t a k e  b y  l e a v e s ,  s t e m s  and w h o le  m oss s h o o t s .  F e r r o u s  and f e r r i c  

s a l t s  w e r e  b o t h  s t u d i e d  t o  d e t e r m i n e  i f  t h e y  w e r e  a b s o r b e d  d i f f e r e n t l y ,  

b u t  t h i s  i s  u n l i k e l y  a s  f e r r o u s  i o n s  a r e  r a p i d l y  o x i d i s e d .  E a r l i e r  

g r o w th  e x p e r i m e n t s  on R. squarrosus s e g m e n t s  c o n f i r m  t h e  l a c k  o f  

d i f f e r e n c e  b e t w e e n  t h e  f e r r o u s  and f e r r i c  s a l t s  (C h . 3 ) .  I n t r a c e l l u l a r  

and e x c h a n g e a b l e  i r o n  u p t a k e  w as o n l y  m ea su r e d  f o l l o w i n g  t r e a t m e n t  w i t h  

F e C l3 .

4 . 3 . 2  Iron uptake

4 .3 .2 .1  In tra c e llu la r  and e x tra c e llu la r  uptake of iron  by 

R. squarrosus

R. squarrosus t i s s u e  w as i n c u b a t e d  i n  2 0 0 ,  2 0 0 0  and 6 0 0 0  yM F e C l3 

o v e r  a  4  h p e r i o d  and l e v e l s  o f  Fe i n  t h e  e x t r a c e l l u l a r  ( e x c h a n g e a b l e )  

and i n t r a c e l l u l a r  ( s o l u b l e )  f r a c t i o n s  w e r e  d e t e r m i n e d  by  t h e  s e q u e n t i a l  

e l u t i o n  t e c h n i q u e  ( T a b l e  4 . 3 . 7 ) .  I n t r a c e l l u l a r  u p t a k e  o f  Fe d i d  n o t  

v a r y  w i t h  i n c u b a t i o n  t im e  b u t  s i g n i f i c a n t l y  i n c r e a s e d  w i t h  i n c r e a s i n g  

F e C l3 c o n c e n t r a t i o n  ( p < 0 . 0 0 1 ) .  E x t r a c e l l u l a r  Fe u p t a k e  s i g n i f i c a n t l y  

i n c r e a s e d  w i t h  i n c r e a s i n g  i n c u b a t i o n  t im e  ( p < 0 . 0 0 1 )  and  F e C l3 

c o n c e n t r a t i o n  ( p < 0 . 0 0 1 ) .  F r e e  i n t r a c e l l u l a r  Fe was n o t  d e t e c t a b l e  i n  

u n t r e a t e d  m oss t i s s u e  b u t  a  n a t u r a l  Fe c o n t e n t  o f  1 5 4 . 6  y g  g - 1  d r y  wt  

(SE + 2 2 . 9 ,  n = 1 6 )  was d e t e r m i n e d  f o l l o w i n g  a c i d  e x t r a c t i o n  and i s  

p r e s u m a b ly  h e l d  p r i m a r i l y  i n  an e x c h a n g e a b l e  form  on t h e  c e l l  w a l l .
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•  T a b l e  4 . 3 . 7  The ( a )  i n t r a c e l l u l a r  and ( b )  r e s i d u a l  ( n o t  s o l u b l e )
u p t a k e  o f  i r o n _  from  f e r r i c  c h l o r i d e  s o l u t i o n s  by  
s q u a r r o s u s  ( y g  g ” f r e s h  w t )

( a )

I n c u b a t i o n  Tim e
C o n c e n t r a t i o n
Fe(yM )

5 min 30  min 1 h 2 h 4 h

2 0 0 5 0 9 6 7 0 42 7 389 4 9 4

2 0 0 0 50 1 671 4 3 4 5 4 0 51 5

6 0 0 0 1 2 9 0 7 7 3 8 0 0 7 6 4 66 6

( b )

C o n c e n t r a t i o n  
Fe (yM)

5 min
I n c u b a t i o n  Time  

30  min 1 h 2 h 4 h

2 0 0 951 1 8 6 3 2 1 8 4 2 3 8 0 3 7 7 0

2 0 0 0 2 2 4 6 2 6 5 4 3 4 1 5 3 6 0 1 4 5 7 3

6 0 0 0 3 9 2 0 4 8 4 6 6 1 4 2 5 6 4 2 3 8 3 7

I n  SED = 0 . 2 5 3 2 ; d . f .  = 2 3 8 ;  n = 8



a f t e r w a r d s ,  p o s s i b l y  d u e  t o  e x h a u s t i o n  o f  t h e  i n c u b a t i o n  s o l u t i o n s .  

H o w ev er ,  t h e  i n c r e a s e  i n  i n t r a c e l l u l a r  i r o n  c o n t e n t  w i t h  i n c r e a s e d  

c o n c e n t r a t i o n s  o f  i r o n  i n  t h e  t r e a t m e n t  s o l u t i o n  s u g g e s t s  t h e  e x i s t e n c e  

o f  an e q u i l i b r i u m  b e t w e e n  t h e  i n t r a c e l l u l a r  and  e x t e r n a l  i r o n

s o l u t i o n s .  Cadmium u p t a k e  i n  R. squarrosus i s  p r o b a b l y  v i a  a  

n o n s p e c i f i c  t r a n s p o r t  s y s t e m  and d i s p l a y s  s a t u r a t i o n  k i n e t i c s  ( W e l l s  

and B row n, 1 9 8 7 ) .  I n t r a c e l l u l a r  cadmium u p t a k e  w as a l s o  fo u n d  t o

c o n t i n u e  o v e r  a  30  min p e r i o d .  I n t r a c e l l u l a r  i r o n  u p t a k e  v a l u e s

o b t a i n e d  f o r  t h e  5 and 3 0  min i n c u b a t i o n s  w e r e  n o t  s i g n i f i c a n t l y  

d i f f e r e n t .

W e l l s  and Brown ( 1 9 8 7 )  o b s e r v e d  a  n o n - z e r o  y - a x i s  i n t e r c e p t  f o r  

t h e  p l o t s  o f  i n t r a c e l l u l a r  cadmium u p t a k e  w h ic h  t h e y  s u g g e s t e d  w e r e  due  

t o  a  p o o r  e x t r a c t i o n  p r o c e d u r e .  The r e s u l t s  o b t a i n e d  f o r  Fe i n  t h e  

p r e s e n t  s t u d y  may a l s o  b e  a t t r i b u t e d  t o  a  p o o r  e x t r a c t i o n  p r o c e d u r e .  

I n t r a c e l l u l a r  Fe may b in d  t o  t h e  c e l l  w a l l s  o f  t h e  m oss  d u r i n g  r e l e a s e  

o f  i n t r a c e l l u l a r  c o n t e n t s  by b o i l i n g .  A d d i t i o n a l l y ,  r e l e a s e  o f  a  

s m a l l  co m p o n en t  o f  t h e  e x c h a n g e a b l e  f r a c t i o n  may o c c u r  d u r i n g  t h e  

b o i l i n g  p r o c e d u r e .  H o w ev er ,  t h i s  was n o t  o b s e r v e d  by  Brown and B a t e s  

( 1 9 7 2 )  i n  s t u d i e s  o f  l e a d  u p t a k e  by Grimmia donnicma. The d i s p a r i t y  

b e t w e e n  t h e  i n t r a c e l l u l a r  u p t a k e  p r o f i l e s  o b s e r v e d  f o r  Fe and cadmium  

( W e l l s  and Brown, 1 9 8 7 )  may b e  a t t r i b u t a b l e  t o  t h e  d i f f e r e n t  f r a c t i o n s  

m e a s u r e d .  I n  t h e  p r e s e n t  s t u d y  o n l y  s o l u b l e  i n t r a c e l l u l a r  Fe was  

m e a su r e d  w h e r e a s  W e l l s  and Brown ( 1 9 8 7 )  m e a su r e d  t o t a l  i n t r a c e l l u l a r  

cadmium u p t a k e .  The l a t t e r  i s  e q u i v a l e n t  t o  t h e  co m b in e d  s o l u b l e  and  

i n s o l u b l e  i n t r a c e l l u l a r  f r a c t i o n s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n .  

A ssu m in g  no  f u n d a m e n t a l  d i f f e r e n c e s  i n  u p t a k e  o f  t h e  two m e t a l s ,  t h e  

l a c k  o f  f u r t h e r  i n t r a c e l l u l a r  Fe u p t a k e  a f t e r  30  m in s  may b e  d u e  t o  

i n t r a c e l l u l a r  s o l u b l e  Fe b i n d i n g  o r  c o m p l e x i n g  w i t h  p r o t o p l a s m i c  

c o m p o n e n t s ,  t h e r e b y  r e d u c i n g  t h e  c o n c e n t r a t i o n  o f  s o l u b l e  Fe d e t e c t e d .

The r e s u l t s  f o r  i n t r a c e l l u l a r  Fe u p ta k e  (T a b le  4 . 3 . 7 )  a p p a r e n t ly

i n d i c a t e  a r a p id  i n i t i a l  u p ta k e  p h a se  w ith  no a p p r e c ia b le  u p ta k e



Fe u p t a k e  from  f e r r o u s  s u l p h a t e  s o l u t i o n s  w as s t u d i e d  t o  d e t e r m i n e  

t h e  e f f e c t s  o f  i n c u b a t i o n  t im e  and Fe c o n c e n t r a t i o n  on u p t a k e  by  

l e a v e s ,  s t e m s  and w h o le  m oss  s h o o t s  o f  R. squarrosus. T o t a l  u p t a k e  

m e a s u r e m e n ts  o n l y  w e r e  r e c o r d e d  d u e  t o  t h e  s m a l l  F e S 0 4 c o n c e n t r a t i o n s  

u s e d  and t h e  l i m i t e d  d i f f e r e n c e s  i n  i n t r a c e l l u l a r  Fe c o n c e n t r a t i o n s  

o b s e r v e d  a b o v e  ( S e c t i o n  4 . 3 . 2 . 1 )  o v e r  a  s i m i l a r  c o n c e n t r a t i o n  r a n g e .  

H ig h  Fe c o n c e n t r a t i o n s  w e r e  a v o i d e d  i n  t h i s  e x p e r i m e n t  b e c a u s e  o f  t h e i r  

t e n d e n c y  t o  c a u s e  r a p i d  e x c h a n g e  a t  t h e  c e l l  w a l l .  T h i s  c o u l d  

p o s s i b l y  o b s c u r e  d i f f e r e n c e s  w h ic h  may e x i s t  b e t w e e n  t h e  t i s s u e  t y p e s  

and t h e i r  a f f i n i t y  f o r  F e .  The c u r v e s  ( F i g .  4 . 3 . 1 1 )  s h o w in g  u p t a k e  i n  

r e l a t i o n  t o  c o n c e n t r a t i o n  b e g i n  t o  p l a t e a u  a t  an  e x t e r n a l  c o n c e n t r a t i o n  

o f  1 0 0 0  pM F e ,  r e g a r d l e s s  o f  t h e  i n c u b a t i o n  t i m e .  H o w ev er ,  i n c r e a s i n g  

t h e  i n c u b a t i o n  p e r i o d  l e d  t o  e n h a n c e d  t o t a l  Fe u p t a k e  f o r  a l l  t i s s u e  

t y p e s .  U p ta k e  b ey o n d  24  h i s  p r o b a b l y  due t o  e q u i l i b r a t i o n  o f  t h e  

i n c u b a t i o n  s o l u t i o n  w i t h  l e s s  a c c e s s i b l e  c e l l  w a l l  b i n d i n g  s i t e s  and t o  

c o n t i n u i n g  i n t r a c e l l u l a r  u p t a k e .

S i g n i f i c a n t l y  g r e a t e r  u p t a k e  w as o b s e r v e d  i n  l e a v e s  t h a n  i n  t h e  

o t h e r  t i s s u e s  a t  a l l  Fe c o n c e n t r a t i o n s ,  d u r i n g  t h e  5 m in i n c u b a t i o n .  

I n t a c t  s e g m e n t s  sh ow ed  g r e a t e r  u p t a k e  th a n  s t e m s  o v e r  t h i s  p e r i o d .  

H o w e v e r ,  o v e r  t h e  24  h i n c u b a t i o n ,  no m a jo r  d i f f e r e n c e s  b e t w e e n  t i s s u e  

t y p e s  w e r e  a p p a r e n t .  C o m p le te  u p t a k e  o f  a l l  t h e  s u p p l i e d  i r o n  i n  t h e  

2 0 0  pM Fe t r e a t m e n t  had o c c u r r e d  by 1 2 0  h f o r  a l l  t i s s u e s .

The r e s u l t s  s u p p o r t  t h e  f i n d i n g s  o f  t h e  p a r a q u a t  e x p e r i m e n t s  

( S e c t i o n  4 . 3 . 1 . 6 )  w h e r e  r a t e  o f  u p t a k e  by l e a v e s  w as f a s t e r  th a n  t h a t  

o f  s t e m s .  Fe u p t a k e  by w h o le  m oss  s h o o t s ,  a s  i n  t h e  p a r a q u a t  

e x p e r i m e n t s ,  was i n t e r m e d i a t e  b e t w e e n  t h a t  o f  t h e  co m p o n en t  t i s s u e s  

f o r  t h e  1 0 0 0  pM and 2 0 0 0  pM Fe t r e a t m e n t s .  The r a p i d  a c c u m u l a t i o n  o f  

Fe by t h e  l e a v e s ,  a s  o b s e r v e d  f o r  p a r a q u a t  u p t a k e  ( S e c t i o n  4 . 3 . 1 . 2 ) ,  

may im p ed e  Fe u p t a k e  t o  t h e  u n d e r l y i n g  s t e m s .

4 . 3 . 2 . 2  T o t a l  u p ta k e  o f  ir o n  s u p p l ie d  a s  F eS 04
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F i g .  4 . 3 . 1 1  The e f f e c t  o f  i n c u b a t i o n  t im e  and F e S 0 4 c o n c e n t r a t i o n  on  
t h e  t o t a l  u p t a k e  o f  Fe by ( a )  w h o le  s h o o t s ,  ( b )  l e a v e s ,  ( c )
s t e m s  o f  R. s q u a r r o s u s
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•  24H INCUBATION 

▲  120H INCUBATION

leaves df = 95
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Vertical axis is marked on logarithmic scale



The p a r a m e t e r s  t^ and Amax f o r  t o t a l  Fe u p t a k e  w e r e  d e t e r m i n e d  f o r  

t h e  l e a v e s ,  s t e m s  and w h o le  m oss  s h o o t s .

To d e t e r m i n e  t h e  Fe u p t a k e  c a p a c i t i e s  o f  t h e  s t e m s ,  l e a v e s  and  

w h o le  m oss  s h o o t s  o f  R. squarrosus, t i s s u e s  w e r e  i n c u b a t e d  f o r  24  h i n  

a  w id e  r a n g e  o f  F e S 0 4 c o n c e n t r a t i o n s  ( 2 0  yM t o  11 0  mM). To e n s u r e  

s a t u r a t i o n ,  t h e  i n c u b a t i o n  t im e  e m p lo y e d  ( 2 4  h )  w as g r e a t e r  th a n  t h a t  

u s e d  t o  s t u d y  i n i t i a l  u p t a k e  r a t e s  ( S e c t i o n  4 . 3 . 1 . 6 ) .

U p ta k e  d a t a  f o r  Fe by l e a v e s ,  s t e m s  and w h o l e  m oss  s h o o t s  ( F i g .  

4 . 3 . 1 2 )  r e s e m b l e  t h o s e  o b t a i n e d  f o r  p a r a q u a t  ( S e c t i o n  4 . 3 . 1 . 6 ) .

A s i n g l e  e x p o n e n t i a l  c u r v e  w i t h  a  n o n - z e r o  o r i g i n  b e s t  d e s c r i b e d  

t h e  d a t a  ( F i g .  4 . 3 . 1 2 ) .  The k i n e t i c  c o n s t a n t s  (A and % ) d e r i v e d

from  t h e  f i t t e d  c u r v e s  m ig h t  b e  e x p e c t e d  t o  r e p r e s e n t  t h e  sum o f  

i n t r a c e l l u l a r  and e x t r a c e l l u l a r  c o m p o n e n ts  ( T a b l e  4 . 3 . 8 ) .  

I n t r a c e l l u l a r  and e x t r a c e l l u l a r  cadmium u p t a k e s  w e r e  fo u n d  t o  d i f f e r  i n  

t h e i r  k i n e t i c  p a r a m e t e r s  i n  R. squarrosus (Brown and B e c k e t t ,  1 9 8 5 ;  

W e l l s  and Brown, 1 9 8 7 ) .  H o w ev er ,  i n t r a c e l l u l a r  u p t a k e  i s  l i k e l y  t o  

r e p r e s e n t  a  n e g l i g i b l e  p r o p o r t i o n  o f  t h e  t o t a l  u p t a k e  o f  Fe ( s e e  

S e c t i o n  4 . 3 . 2 . 1 )  and i t  c a n  b e  a ssu m ed  t h a t  t h e  k i n e t i c  p a r a m e t e r s  w i l l  

b e  m a i n l y  a t t r i b u t a b l e  t o  t h e  e x c h a n g e a b l e  c o m p o n e n t .

The p a r a m e t e r s  A and % r e p r e s e n t  t h e  maximum t o t a l  Fe u p t a k e  

f o r  t h e  t i s s u e s  and t h e  c o n c e n t r a t i o n  o f  Fe i n  t h e  i n c u b a t i o n  medium  

w h ic h  w i l l  g i v e  h a l f  o f  Am ax, r e s p e c t i v e l y ,  u n d e r  t h e  e x p e r i m e n t a l  

c o n d i t i o n s  u s e d .  A and % f o r  s t e m s  ( 1 0 . 2  mg g - 1  and 3 4 . 0  y g )  a r e  

s i g n i f i c a n t l y  s m a l l e r  ( P < 0 . 0 0 1 )  th a n  t h o s e  o f  l e a v e s  ( 1 7 . 4  mg g - 1  and  

3 8 6  y g )  and w h o le  s h o o t s  ( 1 5 . 5 7  mg g ” 1 and 6 6 3 . 4  y g ) .  The e s t i m a t e d  

A f o r  w h o le  m oss s h o o t s  i s  i n t e r m e d i a t e  b e t w e e n  t h o s e  f o r  l e a v e s  andmax

s t e m s .  The r a t e  o f  e x t r a c e l l u l a r  c a t i o n  e x c h a n g e  w as o b s e r v e d  by  

P i c k e r i n g  and P u ia  ( 1 9 6 9 )  and Brown and B e c k e t t  ( 1 9 8 5 )  t o  b e  

c o n c e n t r a t i o n  d e p e n d e n t .  T h e r e f o r e ,  d e p l e t i o n  o f  t h e  Fe c o n c e n t r a t i o n

4 . 3 . 2 . 3  T otal Fe uptake capacity



F i g .  4 . 3 . 1 2  The r e l a t i o n s h i p  b e t w e e n  t o t a l  i r o n  u p t a k e  
s h o o t s ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  R. s q u a r r o s u s  and Fe  
c o n c e n t r a t i o n

( a )  w h o le  
( F e S 0 4 )

The c u r v e s  f i t t e d  a r e  s i n g l e  e x p o n e n t i a l s
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T a b l e  4 . 3 . 8  K i n e t i c  p a r a m e t e r s  f o r  t o t a l  i r o n  u p t a k e  from  F e S 0 4 
s o l u t i o n s  ( 2 0  yM t o  110  mM F e )  by  l e a v e s ,  s t e m  and w h o le  
s h o o t s  o f  R . s q u a r r o s u s

T i s s u e

C u rve Maximum i r o n  
u p t a k e  a t  
e q u i l i b r i u m  
( y g  g - 1 d r y  w t )

% max
( p g  Fe l ' 1 )

R n

L e a v e s S 1 7 4 6 6 . 2 3
( 7 8 6 . 6 )

3 8 6 . 8
( 9 5 . 0 8 )

0 . 8 0 24

S tem s S 1 0 2 2 4 . 4 5
( 6 5 4 . 6 1 )

3 4 . 9 5
( 9 . 8 2 7 )

0 . 6 7 4 24

W hole s h o o t s S 1 5 5 7 5 . 4
( 1 3 6 9 . 5 )

6 6 3 . 4 6
( 3 1 3 . 9 )

0 . 8 0 5 24

S s i n g l e  e x p o n e n t i a l  o r i g i n  n o t  th r o u g h  z e r o
F i g u r e s  i n  p a r e n t h e s e s  a r e  s t a n d a r d  e r r o r s  o f  t h e  m eans

i n  t h e  i n c u b a t i o n  medium s h o u l d  d e p r e s s  f u r t h e r  u p t a k e .  The e f f e c t  o f  

d e p l e t e d  c o n c e n t r a t i o n  on Fe u p t a k e  r a t e s  may b e  g r e a t e r  f o r  l e a v e s  and  

w h o le  m oss s h o o t s  w h ic h  p o s s e s s  h i g h e r  Amax v a l u e s  th a n  s t e m s .

Amax ^o r  Fe u P t a ^e  by w h o le  m oss s h o o t s  ( T a b l e  4 . 3 . 8 )  w as g r e a t e r  

th a n  r e p o r t e d  by  Brown and B e c k e t t  ( 1 9 8 5 )  and W e l l s  and  Brown ( 1 9 8 7 )  

f o r  cadmium u p t a k e  by  R. squarrosus ( T a b l e  4 . 3 . 6 ) .  T h e s e  d i f f e r e n c e s  

c o u l d  b e  a t t r i b u t a b l e  t o  e l e c t r o c h e m i c a l  c h a r g e  f o l l o w i n g  o x i d a t i o n  o f  

t h e  f e r r o u s  i o n s .  H o w ev er ,  b i n d i n g  o f  c a t i o n s  by t h e  l i c h e n  Usnea 

florida was shown by W a in w r ig h t  and B e c k e t t  ( 1 9 7 5 )  t o  b e  i n d e p e n d e n t  o f  

e l e c t r o c h e m i c a l  c h a r g e ,  i m p l y i n g  t h a t  o n l y  o n e  c h a r g e  w as u t i l i s e d  i n  

b i n d i n g .  I n  c o n t r a s t  N i e b o e r ,  L a v o i e ,  S a s s e v i l l e ,  P u c k e t t  and  

R i c h a r d s o n  ( 1 9 7 6 a )  n o t e d  t h a t  c a t i o n  e x c h a n g e  i n  t h e  l i c h e n  Umbilicaria 

muhlenbergii was c o n s i s t e n t  w i t h  an i o n  e x c h a n g e  p r o c e s s  w h e r e  t h e  

d i s p l a c e d  c h a r g e s  a r e  b a l a n c e d .  D i f f e r e n t  a f f i n i t i e s  f o r  t h e  b i n d i n g  

s i t e s  o f  Hylocomium splendens h a v e  a l s o  b e e n  shown t o  e x i s t  b e tw e e n



c a t i o n s ,  (C u , Pb > N i  > Co > Zn, Mn) by R u h l i n g  and T y l e r  ( 1 9 7 0 ) .  

Clymo ( 1 9 6 3 )  sh ow ed  s e l e c t i v i t y  t o  c a t i o n  s p e c i e s  f o r  d i f f e r e n t  

e x c h a n g e  s i t e s  i n  Sphagnum sp p  w h ic h  h i n d e r e d  a c c u r a t e  m ea su rem en t  o f  

e x c h a n g e  c a p a c i t y  e m p l o y i n g  o n l y  a  s i n g l e  i o n .  T h i s  s e l e c t i v i t y  e f f e c t  

may b e  d u e  t o  c e l l u l a r  u p t a k e  a s  s u g g e s t e d  by  N i e b o e r  et al. ( 1 9 7 6 a ) .  

D i f f e r e n c e s  i n  t o t a l  c a t i o n  e x c h a n g e  c a p a c i t y  o f  m o s s e s  c a n  a l s o  be  

a t t r i b u t e d  t o  p o p u l a t i o n  s o u r c e ,  e n v ir o n m e n t  (C ly m o , 1 9 6 3 )  and s t o r a g e  

c o n d i t i o n s  p r i o r  t o  e x p e r i m e n t a t i o n  ( W e l l s  and Brown, 1 9 8 7 ) .  H ow ever ,  

t h e  g r e a t e r  t o t a l  F e  u p t a k e  by R. squarrosus d e t e r m i n e d  i n  t h i s  

e x p e r i m e n t ,  com pared  w i t h  t h o s e  f o r  cadmium o b t a i n e d  by  Brown and  

B e c k e t t  ( 1 9 8 5 )  and W e l l s  and Brown ( 1 9 8 7 ) ,  ca n  b e  r e l a t e d  t o  t h e  l o n g  

i n c u b a t i o n  p e r i o d  ( 2 4  h ) .  P i c k e r i n g  and P u ia  ( 1 9 6 9 )  sh o w ed  t h a t  50% o f  

z i n c  u p t a k e  by t h e  a q u a t i c  m oss  Fontinalis antipyretica o c c u r r e d  d u r i n g  

t h e  f i r s t  h a l f  h o u r ,  from  a  0 . 5  mM ZnS04 s o l u t i o n ,  b u t  t h a t  maximum 

u p t a k e  w as n o t  a c h i e v e d  u n t i l  ca. 5 d a y s .  A l s o ,  t h e r e  may b e  e x c h a n g e  

o f  Fe t o  s i t e s  i n  t h e  m oss t i s s u e  n o t  a v a i l a b l e  t o  o t h e r  m e t a l  i o n s ,  a s  

d e s c r i b e d  by  B i i s c h e r  ( 1 9 8 6 ) .

4 .3 .2 .4  The influence of the form of iron  supplied on to ta l

uptake

F e r r o u s  s u p h a t e  i s  t h e  i r o n  s a l t  c o m m e r c i a l l y  u s e d  f o r  t h e  c o n t r o l  

o f  m oss  i n  l a w n s .  The a b i l i t y  o f  R. squarrosus t o  a b s o r b  Fe from  

s o l u t i o n s  o f  t h i s  s a l t  was e x a m in e d  i n  t h e  p r e v i o u s  S e c t i o n  4 . 3 . 2 . 3 .  

A r a n g e  o f  s o l u b l e  i r o n  s a l t s  i n c l u d i n g  f e r r o u s  s u l p h a t e ,  f e r r i c  

c h l o r i d e ,  f e r r i c  n i t r a t e  and c h e l a t e d  i r o n  i n  t h e  form  o f  t h e  f e r r i c  

m onosodium  s a l t  o f  e t h y l e n e d i a m i n e t e t r a - a c e t i c  a c i d  (EDTA) was c h o s e n  

t o  s t u d y  t h e  e f f e c t s  o f  t h e  a n i o n i c  c o m p o n e n t .

The pH o f  t h e  i r o n  s o l u t i o n s  d i f f e r e d  c o n s i d e r a b l y  ( T a b l e  4 . 2 . 1 ) ,  

t h e r e f o r e  a f f e c t i n g  t h e  d i s s o c i a t i o n  o f  t h e  i r o n  s a l t s .  The a n i o n i c  

b i n d i n g  s i t e s  o f  t h e  m oss c e l l  w a l l  m ig h t  a l s o  b e  a f f e c t e d  by t h e  pH o f
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F i g .  4 . 3 . 1 3  T o t a l  i r o n  u p t a k e  by ( a )  w h o l e ,  ( b )  l e a v e s ,  ( c )  s t e m s  o f  
R. s q u a r r o s u s  from  d i f f e r e n t  i r o n  s o u r c e s
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t h e  i n c u b a t i o n  s o l u t i o n ,  a f f e c t i n g  t h e i r  a f f i n i t y  f o r  Fe ( S e c t i o n

4 . 2 . 1 ) .

A n a l y s i s  o f  v a r i a n c e  o f  t h e  d a t a  ( F i g .  4 . 3 . 1 3 )  i n d i c a t e s  

s i g n i f i c a n t  d i f f e r e n c e s  i n  i r o n  u p t a k e  b e tw e e n  t i s s u e  t y p e s  and i r o n  

s a l t s  ( p < 0 . 0 0 1 ) .

U p ta k e  by  s t e m s  w as s i g n i f i c a n t l y  g r e a t e r  f o r  F e S 0 4 th a n  f o r  

F e C l3 , F e ( N 0 3 ) 3 o r  EDTA a l t h o u g h  t h i s  d i f f e r e n c e  w as n o t  o b s e r v e d  f o r  

t h e  l e a v e s  o r  w h o le  m oss  s h o o t s  ( F i g .  4 . 3 . 1 3 ) .

Low u p t a k e  from  s o l u t i o n s  o f  EDTA i s  p r o b a b l y  r e l a t e d  t o  t h e  h i g h  

s t a b i l i t y  o f  t h e  c h e l a t e d  i r o n  c o m p le x  ( s t a b i l i t y  c o n s t a n t  = 1 4 . 3 )  and  

r e s u l t a n t  lo w  a v a i l a b l i t y  o f  F e .

I t  i s  u n l i k e l y  t h a t  t h e  g r e a t e r  Fe u p t a k e  by l e a v e s  com pared  t o  

s t e m s  and w h o le  m oss  s h o o t s  ( F i g .  4 . 3 . 1 3 )  i s  d u e  s o l e l y  t o  e x h a u s t i o n  

o f  Fe from  t h e  i n c u b a t i o n  s o l u t i o n s  b e c a u s e  t h i s  p a t t e r n  was a l s o  

o b s e r v e d  i n  t h e  EDTA t r e a t m e n t s  w h e r e  Fe was c e r t a i n l y  n o t  e x h a u s t e d .  

The g r e a t e r  u p t a k e  o f  Fe from  F e S 0 4 by s t e m s  may r e s u l t  from  t h e  h i g h e r  

pH o f  t h e  F e S 0 4 s o l u t i o n s  com pared  t o  F e (N 0 3 ) 3 and F e C l 3 , t h e r e b y  

i n c r e a s i n g  i o n i s a t i o n  o f  t h e  b i n d i n g  s i t e s  ( B a t e s ,  1 9 8 2 ;  B i i s c h e r ,

1 9 8 6 ) .  W a in w r ig h t  and B e c k e t t  ( 1 9 7 5 )  a l s o  o b s e r v e d  i n c r e a s e d  z i n c  

u p t a k e  from  t h e  l i c h e n  Usnea florida w i t h  i n c r e a s i n g  pH o f  t h e  medium. 

A s i m i l a r  e f f e c t  on cadmium u p t a k e  from  t h e  a c e t a t e  s a l t ,  o f  s l i g h t l y  

h i g h e r  pH th a n  o t h e r  s a l t s  u s e d ,  was o b s e r v e d  by  W e l l s  and Brown

( 1 9 8 5 ) .  U p ta k e  o f  Fe by R. squarrosus t i s s u e ,  t h e r e f o r e ,  sh o w ed  l i t t l e  

d i f f e r e n c e  b e t w e e n  i r o n  s a l t s  e x c e p t  t h a t  p o o r  u p t a k e  o c c u r r e d  from  

EDTA s o l u t i o n s .  No m a jo r  d i f f e r e n c e  w as fo u n d  b e t w e e n  f e r r o u s  and  

f e r r i c  s a l t s ,  s u g g e s t i n g  t h a t  t h e  f e r r o u s  i o n  i s  r a p i d l y  o x i d i s e d  t o  

t h e  f e r r i c  fo rm .
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•  4 . 3 . 3  2 , 4 - D  u p t a k e  b y  R . s q u a r r o s u s

2 , 4 - D  u p t a k e  by R. squarrosus was s t u d i e d  t o  d e t e r m i n e  w h e t h e r  t h e  

l i m i t e d  h e r b i c i d a l  a c t i v i t y  o b s e r v e d  u n d e r  f i e l d  c o n d i t i o n s ,  (C h . 2 )  

w as d u e  t o  p o o r  u p t a k e .  The f o l l o w i n g  e x p e r i m e n t s  w e r e  d e s i g n e d  1 )  t o  

d e t e r m i n e  i f  2 , 4 - D  becam e e x c h a n g e a b l y  bound i n  R. squarrosus and 2 )  

t o  m e a s u r e  i n t r a c e l l u l a r  2 , 4 - D  u p t a k e .

4 . 3 . 3 . 1  2 , 4 - D  e x c h a n g e  c a p a c i t y  o f  R . s q u a r r o s u s  t i s s u e

P r e v i o u s  i n v e s t i g a t i o n s  ( S e c t i o n s  4 . 3 . 1 . 5  and 4 . 3 . 2 . 2 )  o f  u p t a k e  

o f  p a r a q u a t  and Fe b y  R. squarrosus d e t e r m i n e d  t h e  q u a n t i t i e s  e x c h a n g e d  

t o  t h e  c e l l  w a l l s .  2 , 4 - D  i s  an  a n i o n i c  compound and t h e  a n i o n i c  

b i n d i n g  c a p a c i t y  o f  m o s s e s  i s  known t o  b e  s m a l l  (C ly m o ,  1 9 6 3 ) .  I n i t i a l  

e x p e r i m e n t s  u s i n g  t h e  1 4 C - l a b e l l e d  a n i o n  2 , 4 - D  w e r e  d e s i g n e d  t o  

q u a n t i f y  t h e  a n i o n i c  e x c h a n g e  c a p a c i t y  o f  R. squarrosus s h o o t s  u s i n g  a  

s i m i l a r  p r o c e d u r e  t o  t h a t  a d a p t e d  f o r  1 4 C - p a r a q u a t .

P a s s i v e  b i n d i n g  o f  2 , 4 - D  w as s t u d i e d  by  e x a m i n i n g  u p t a k e  i n  

t i s s u e s  k i l l e d  by  b o i l i n g .  T h e s e  w e r e  i n c u b a t e d  i n  C - 2 , 4 - D  

s o l u t i o n s .  The pH v a l u e s  o f  t h e  i n c u b a t i n g  s o l u t i o n s  a r e  p r e s e n t e d  i n  

T a b l e  4 . 2 . 1 .  The pKa o f  2 , 4 - D  i s  2 . 8 ,  t h e r e f o r e  i n  t h e  pH r a n g e  u s e d  

( 5 . 9  -  7 . 5 )  2 , 4 - D  w i l l  be  l a r g e l y  d i s s o c i a t e d .

T a b l e  4 . 3 . 9  P e r c e n t a g e  u p t a k e  o f  2 , 4 - D  by  d ea d  ( b o i l e d )  R. s q u a r r o s u s  
t i s s u e

2 , 4 - D  i n c u b a t i o n  
c o n c e n t r a t i o n

X u p t a k e
(X t o t a l  s u p p l i e d )

S .D .

75  pM 0 . 5 0 0 . 1 0 3

7 5 0  pM 0 . 5 8 0 . 1 5 7

7 . 5  mM 0 . 7 8 0 . 1 2 4

75  mM 0 . 8 1 0 . 1 9 6

1 5 0  mM 0 . 5 6 0 . 2 0 2



A f t e r  i n c u b a t i o n  f o r  24h  i n  2 , 4 - D  ( 7 5  yM -  150  mM) f o l l o w e d  by two  

d i s t i l l e d  w a t e r  w a s h e s ,  t h e  s h o o t s  w e r e  s o l u b i l i z e d  and 1 4 C - 2 , 4 - D  was  

d e t e r m i n e d  u s i n g  l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  ( S e c t i o n  4 . 2 . 6 ) .  The  

v a l u e s  f o r  u p t a k e  a r e  e s t i m a t e s  o f  t h e  t o t a l  a n i o n  e x c h a n g e  c a p a c i t y  

f o r  t h e  t i s s u e s  and w e r e  fo u n d  t o  b e  v e r y  s m a l l ,  e q u i v a l e n t  t o  l e s s  

th a n  1% u p t a k e  o f  t h e  t o t a l  1 4 C - 2 , 4 - D  s u p p l i e d  ( T a b l e  4 . 3 . 9 ) .  A c c u r a t e  

d e t e r m i n a t i o n  o f  t h e  a n i o n i c  e x c h a n g e  c a p a c i t y  o f  R. squarrosus w as n o t  

p o s s i b l e  d u e  t o  t h e  v e r y  lo w  p e r c e n t a g e s  o f  e x c h a n g e d  C - 2 ,4 - D  

m e a s u r e d .  Clymo ( 1 9 6 3 )  a l s o  fo u n d  lo w  v a l u e s  o f  a n i o n  e x c h a n g e  i n  

Sphagnum s p p ,  4 6 0 - f o l d  l o w e r  t h a n  c a t i o n  e x c h a n g e  c a p a c i t y .

4 .3 .3 .2  In tra c e llu la r  uptake and anionic exchange of 2,4-D

I n t r a c e l l u l a r  and e x c h a n g e a b l e  u p t a k e s  o f  1 4 C - 2 , 4 - D  by l i v i n g  

l e a v e s ,  s t e m s  and w h o le  m oss s h o o t s  o f  R. squarrosus, a f t e r  i n c u b a t i o n  

i n  7 . 5  mM 2 , 4 - D ,  w e r e  v e r y  lo w  ( T a b l e  4 . 3 . 1 0 ) .  R e s u l t s  a r e  p r e s e n t e d  

a s  dpm p e r  s a m p le  d u e  t o  t h e i r  v e r y  lo w  a c t i v i t y  and t h e  l a r g e  

i n a c c u r a c i e s  a s s o c i a t e d  w i t h  c o r r e c t i o n  o f  s u c h  v a l u e s  i n t o  s p e c i f i c

2 . 4 -  D w e i g h t s .  The u p t a k e s  o f  1 4 C - 2 , 4 - D  i n t o  t h e  r e s i d u a l  and  

i n t r a c e l l u l a r  f r a c t i o n s ,  e x p r e s s e d  a s  p e r c e n t a g e s  o f  t h e  t o t a l  s u p p l i e d  

i n  s o l u t i o n ,  w e r e  b e t w e e n  0 . 0 2  -  0 .2 5 % . R e s u l t s  f o r  t h e  e x c h a n g e a b l e

2 . 4 -  D f r a c t i o n  w e r e  b ey o n d  t h e  d e t e c t i o n  l i m i t s .  A s i g n i f i c a n t l y  

(p <  0 . 0 0 1 )  g r e a t e r  q u a n t i t y  o f  2 , 4 - D  e n t e r e d  t h e  i n t r a c e l l u l a r  f r a c t i o n  

th a n  w as d e t e c t e d  i n  t h e  r e s i d u a l  f r a c t i o n .  U p ta k e  i n t o  b o t h  f r a c t i o n s  

i n c r e a s e d  w i t h  i n c u b a t i o n  p e r i o d  i n  2 , 4 - D  ( T a b l e  4 . 3 . 1 0 ) .

The a b s e n c e  o f  a  d e t e c t a b l e  2 , 4 - D  e x c h a n g e  f r a c t i o n  c o n f i r m s  t h e  

r e s u l t s  o f  t h e  p r e v i o u s  e x p e r i m e n t s .  The v a l u e s  p r e s e n t e d  h e r e  f o r  R. 

squarrosus i n t r a c e l l u l a r  u p t a k e ,  a l t h o u g h  s m a l l ,  e x c e e d  t h e  e x t e r n a l  

e x c h a n g e .  T h i s  i s  i n  c o m p l e t e  c o n t r a s t  t o  t h e  p a r a q u a t  r e s u l t s  

( S e c t i o n  4 . 3 . 1 . 6 )  w h e r e  i n t r a c e l l u l a r  u p t a k e  w as s m a l l  com p ared  t o  t h e  

e x c h a n g e a b l e  b i n d i n g .



T a b l e  4 . 3 . 1 0  I n t r a c e l l u l a r  and r e s i d u a l  i n t r a c e l l u l a r  u p t a k e  (dpm) o f
2 , 4 - D  ( 7 . 5  mM) 
s q u a r r o s u s

by l e a v e s , s t e m s and w h o le s h o o t s o f  R.

T i s s u e
10
m in s

I n c u b a t i o n  Tim e  
2 h 24  h 48  h 72 h 96  h

L e a v e s
I n t r a c e l l u l a r 1 6 . 9 2 7 . 7 2 8 . 9 4 4 . 5 3 6 . 0 3 6 . 1
( s o l u b l e )
I n t r a c e l l u l a r 3 . 9 1 4 . 2 5 . 6 1 1 . 8 1 4 . 8 8 . 8
( r e s i d u a l )

S tem s
I n t r a c e l l u l a r 1 8 . 1 3 9 . 1 4 0 . 4 5 2 . 1 3 4 . 7 3 0 . 5
( s o l u b l e )
I n t r a c e l l u l a r 4 . 5 1 1 . 5 1 4 . 2 1 5 . 8 4 2 . 5 8 . 6
( r e s i d u a l )

W hole  s h o o t s
I n t r a c e l l u l a r 1 9 . 7 3 4 . 9 2 7 . 3 4 3 . 6 3 8 . 4 4 7 . 5
( s o l u b l e )
I n t r a c e l l u l a r 7 . 5 1 7 . 4 2 0 . 5 2 2 . 3 4 5 . 4 3 1 . 1
( r e s i d u a l )

I n  SED 0 . 3 2 7 7 ; d f  == 1 4 1 ; n = 4
( 1 )  A c e l l  w a l l  e x c h a n g e a b l e  f r a c t i o n  f o r  2 , 4 - D  was n o t  d e t e c t e d .
( 2 )  T o t a l  dpm s u p p l i e d  c a .  1 2 0 0 0 .

P e n e t r a t i o n  o f  h e r b i c i d e s  th r o u g h  t h e  c u t i c l e  i n t o  t h e  c e l l s  o f  

v a s c u l a r  p l a n t s  c a n  o c c u r  v i a  a  l i p o i d a l  o r  a q u e o u s  r o u t e .  2 , 4 - D  i s  

b e l i e v e d  t o  p e n e t r a t e  v a s c u l a r  p l a n t  s h o o t s  and l e a v e s  t h r o u g h  t h e  

l i p o i d a l  r o u t e ,  p r i n c i p a l l y  i n  an u n d i s s o c i a t e d ,  n on  p o l a r  fo rm .  

H o w ev er ,  i t  h a s  a l s o  b e e n  p r o p o s e d  t h a t  2 , 4 - D  p e n e t r a t e s  v i a  an  a q u e o u s  

r o u t e  b e c a u s e  u p t a k e  i n c r e a s e s  w i t h  i n c r e a s e d  h u m i d i t y  ( B o v e y  and  

Y ou n g , 1 9 8 0 ) .  The m in im a l  2 , 4 - D  u p t a k e  r e s u l t s  f o r  R. squarrosus show  

t h a t  t h i s  a q u e o u s  r o u t e  i s  u n l i k e l y  t o  e x i s t .

2 , 4 - D  u p t a k e  by Ricinus communis r o o t s  and b a r l e y  p r o t o p l a s t s  h a s  

b e e n  s t u d i e d  by B r i g g s ,  R i g i t a n o  and B r o m ilo w  ( 1 9 8 7 )  and R i g i t a n o ,  

B r o m ilo w ,  B r i g g s  and C h a m b e r la in  ( 1 9 8 7 ) ,  r e s p e c t i v e l y .  T hey  sh ow ed  an  

i n c r e a s e  i n  2 , 4 - D  c o n c e n t r a t i o n  i n  t h e  p r o t o p l a s m  o f  b a r l e y  and Ricinus 

communis r o o t s  w i t h  d e c r e a s e d  pH o f  t h e  i n c u b a t i n g  s o l u t i o n .



P e n e t r a t i o n  o f  p l a n t  m em branes by u n d i s s o c i a t e d  2 , 4 - D  i s  b e l i e v e d  t o  

b e  p r i m a r i l y  by  d i f f u s i o n .  On p e n e t r a t i o n  o f  t h e  mem brane,  

d i s s o c i a t i o n  o f  t h e  m o l e c u l e  o c c u r s  d u e  t o  t h e  l o w e r  pH o f  t h e  

p r o t o p l a s m  com pared  w i t h  t h e  b a t h i n g  s o l u t i o n .  T h i s  i s  b e l i e v e d  t o  

p r e v e n t  t h e  r e a d y  movem ent o f  t h e  a n i o n s  o u t  o f  t h e  c e l l s  ( R i g i t a n o  et 

a l . , 1 9 8 7 ) .  I n  t h e  p r e s e n t  s t u d y ,  t h e  pH o f  t h e  7 . 5  mM 2 , 4 - D  s o l u t i o n s  

(N a s a l t ,  pKa 2 . 8 )  w as 6 . 0 5 ,  a t  w h ic h  p o i n t  2 , 4 - D  w o u ld  b e  l a r g e l y  

p r e s e n t  i n  t h e  d i s s o c i a t e d  fo r m . L i m i t e d  u p t a k e  o f  2 , 4 - D  w o u ld  

t h e r e f o r e  be  e x p e c t e d  by R. squarrosus i f  i t  r e s e m b l e s  v a s c u l a r  p l a n t s  

i n  p r e d o m i n a n t l y  a b s o r b i n g  t h e  u n d i s s o c i a t e d  m o l e c u l e  ( B r i g g s ,  R i g i t a n o  

and B r o m ilo w ,  1 9 8 7 ) .

The u p t a k e  o f  a n i o n s  by t h e  m oss  Hylocomium splendens was s t u d i e d  

by W e l l s  and R i c h a r d s o n  ( 1 9 8 5 ) ;  t h e y  o b t a i n e d  e n h a n c e d  u p t a k e  o f  

a r s e n a t e  a s  t h e  m o n o ch a rg ed  a n i o n  com pared  w i t h  t h e  u n d i s s o c i a t e d  

m o l e c u l e .  I n  t h i s  c a s e  t h e y  d i s c o u n t e d  t h e  p o s s i b i l i t y  o f  u p t a k e  by  

d i f f u s i o n  d u e  t o  t h e  h y d r o p h o b ic  c o r e  o f  t h e  p lasm alem m a a c t i n g  a s  a  

b a r r i e r  t o  t h e  p a s s a g e  o f  c h a r g e d  s p e c i e s .  A l t h o u g h  u p t a k e  was  

g r e a t e s t  a s  t h e  m o n o ch a rg ed  i o n ,  som e u p t a k e  o c c u r r e d  a t  l o w e r  pH w h ere  

t h e  m o l e c u l e  was l a r g e l y  d i s s o c i a t e d  and t h e r e f o r e  p o l y - c h a r g e d .  T h i s  

w as a t t r i b u t e d  t o  d i f f u s i o n .  I n  c o n t r a s t ,  W e l l s  and R i c h a r d s o n  ( 1 9 8 5 )  

a l s o  fo u n d  t h a t  t h e  u p t a k e  o f  s e l e n i t e  w a s  o n l y  a f f e c t e d  b y  pH when t h e  

u n d i s s o c i a t e d  m o l e c u l e  was p r e s e n t  i n  s o l u t i o n .  U p ta k e  o f  s e l e n a t e  

c o u l d  n o t  be  d e t e c t e d  a t  a l l .  The c o n c l u s i o n  from  a n i o n  c o m p e t i t i o n  

e x p e r i m e n t s  was t h a t  a r s e n a t e  and s e l e n i t e  i n  H. splendens w e r e  

a c c u m u la t e d  v i a  two d i f f e r e n t  t r a n s p o r t  s y s t e m s  l o c a t e d  a t  t h e  

p lasm alem m a ( W e l l s  and R i c h a r d s o n ,  1 9 8 5 ) .  A ssu m in g  s i m i l a r i t i e s  i n  t h e  

p h y s i o l o g y  o f  R. squarrosus and H. splendens, t h e  2 , 4 - D  a n i o n s  do n o t  

a p p e a r  t o  b e  a c c u m u la t e d  v i a  t h e  a n i o n  u p t a k e  s y s t e m s  h y p o t h e s i s e d  by  

W e l l s  and R i c h a r d s o n  ( 1 9 8 5 )  f o r  t h e  u p t a k e  o f  a r s e n a t e  and s e l e n i t e .



The lo w  l e v e l  o f  2 , 4 - D  d e t e c t e d  i n  t h e  i n t r a c e l l u l a r  f r a c t i o n  o f  

R. squarrosus, t h e r e f o r e ,  p r o b a b l y  r e s u l t s  from  u p t a k e  o f  t h e  v e r y  lo w  

l e v e l s  o f  t h e  u n d i s s o c i a t e d  m o l e c u l e  p r e s e n t  i n  t h e  i n c u b a t i o n  s o l u t i o n  

a t  pH 6 . 0 5 .

An i n c r e a s e  i n  2 , 4 - D  r e c o v e r e d  i n  t h e  r e s i d u a l  f r a c t i o n  o f  R. 

squarrosus w as n o t e d  w i t h  t im e  ( T a b l e  4 . 3 . 1 0 ) .  T h i s  w as  a l s o  a p p a r e n t  

i n  e x p e r i m e n t s  by  J e n n e r ,  S a u n d e r s  and B lackm an ( 1 9 6 8 )  on u p t a k e  o f

2 , 4 - D  by s e g m e n t s  o f  Avena s p .  m e s o c o t y l .  I n  Avena s p .  c o n t i n u i n g  

u p t a k e  i n t o  t h e  r e s i d u a l  f r a c t i o n  w as a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  

m e t a b o l i c  p r o d u c t s .  F u r t h e r m o r e ,  t h e  a c c u m u l a t i o n  o f  t h e s e  m e t a b o l i c  

p r o d u c t s ,  and t h e r e f o r e  t h e i r  a b s e n c e  i n  t h e  f r e e l y  m o b i l e

i n t r a c e l l u l a r  f r a c t i o n ,  w as b e l i e v e d  t o  p ro m o te  f u r t h e r  i n t r a c e l l u l a r  

u p t a k e  ( J e n n e r  et a l . , 1 9 6 8 ) .

The a p p l i c a t i o n  o f  2 , 4 - D  t o  m o s s e s  i n  t h e  f i e l d  e x p e r i m e n t s  may, 

t h e r e f o r e ,  b e n e f i t  from  r e g u l a t i o n  o f  t h e  pH o f  t h e  f o r m u l a t i o n .  

A lt h o u g h  pH r e g u l a t i o n  h a s  p r o v e d  an im p o r t a n t  a s p e c t  o f  l a b o r a t o r y  

and g l a s s h o u s e  s t u d i e s  o f  2 , 4 - D  u p t a k e ,  l i t t l e  b e n e f i t  h a s  b e e n  

o b t a i n e d  i n  f i e l d  e x p e r i m e n t s  w i t h  v a s c u l a r  p l a n t s  (B o v e y  and Y oung,

1 9 8 0 ) .

4 .3 .4  Dichlorophen uptake by R. squarrosus

D i c h l o r o p h e n  c a u s e d  r a p i d  b l e a c h i n g  o f  R . squarrosus d u r i n g  f i e l d  

t r i a l s  ( S e c t i o n s  2 . 3 . 1  and 2 . 3 . 3 )  s u g g e s t i n g  r a p i d  u p t a k e  o f  t h e  

h e r b i c i d e .  The f o l l o w i n g  e x p e r i m e n t  was d e s i g n e d  t o  m e a s u r e

d i c h l o r o p h e n  u p t a k e  by R. squarrosus w h o le  m oss s h o o t s .  A n a l y s i s  o f

d i c h l o r o p h e n  w as b y  t h e  s p e c t r o p h o t o m e t r i c  t e c h n i q u e  o f  C le m e n t s  and  

N ew b u rger  ( 1 9 5 4 ) .

R. squarrosus t i s s u e s  w e r e  i n c u b a t e d  i n  6 0  yM d i c h l o r o p h e n  

s o l u t i o n s  (pH 8 . 1 ) .  A 60  yM c o n c e n t r a t i o n  was c h o s e n  a s  i t  c o u l d  be  

d e t e r m i n e d  a c c u r a t e l y  u s i n g  UV s p e c t r o p h o t o m e t r y .  U n f o r t u n a t e l y ,  

l e a k a g e  o f  c e l l  c o n t e n t s  i n t o  t h e  i n c u b a t i o n  s o l u t i o n  (B row n , Ougham



and B e c k e t t ,  1 9 8 6 )  i n t e r f e r e d  w i t h  t h e  d e t e c t i o n  o f  d i c h l o r o p h e n .  

A t t e m p t s  t o  r e d u c e  t h e  i n t e r f e r e n c e  w e r e  made by e i t h e r  a d d i n g  known 

q u a n t i t i e s  o f  d i c h l o r o p h e n  t o  t h e  s o l u t i o n s  o r  by  s u b t r a c t i n g  t h e  

i n t e r f e r e n c e  c a u s e d  u s i n g  a  s p e c t r o p h o t o m e t e r  b l a n k  c o n t a i n i n g  m oss  

e x t r a c t .  H o w ev er ,  b o t h  t e c h n i q u e s  w e r e  i n s u f f i c i e n t l y  s e n s i t i v e  f o r  

a c c u r a t e  d i c h l o r o p h e n  m e a s u r e m e n t s .  I n  s p i t e  o f  t h e s e  p r o b l e m s ,  i t  was  

a p p a r e n t  t h a t  u p t a k e  o f  d i c h l o r o p h e n  i n c r e a s e d  s i g n i f i c a n t l y  ( p < 0 . 0 5 )  

w i t h  i n c u b a t i o n  p e r i o d  ( F i g .  4 . 3 . 1 4 ) .

D i c h l o r o p h e n  i s  c a p a b l e  o f  e n t e r i n g  t h e  c e l l s  o f  R. squarrosus and  

i t s  mode o f  u p t a k e  may b e  s i m i l a r  t o  t h a t  p r o p o s e d  f o r  t h e  e n t r y  o f

2 , 4 - D  i n t o  v a s c u l a r  p l a n t s  a s  t h e  u n d i s s o c i a t e d  m o l e c u l e  ( S e c t i o n

4 . 3 . 3 . 2 ) .  D i c h l o r o p h e n  i s  f o r m u l a t e d  a s  t h e  m ono- and d i - s o d i u m  s a l t  

f o r  u s e  i n  m oss k i l l e r s .  The pKa v a l u e s  f o r  t h e  two s a l t s  a r e  7 . 6  and  

1 1 . 5 ,  r e s p e c t i v e l y .  The u n b u f f e r e d  pH o f  t h e  d i c h l o r o p h e n  s o l u t i o n  

u s e d  w as 8 . 1 .  The m onosodium  s a l t  w i l l ,  t h e r e f o r e ,  e x i s t  a s  t h e  

u n d i s s o c i a t e d  m o l e c u l e  t o  a l a r g e  e x t e n t  b u t  t h e  d i s o d i u m  s a l t  w i l l  be  

h i g h l y  d i s s o c i a t e d .  T hus from  a t h e o r e t i c a l  v i e w p o i n t ,  d i c h l o r o p h e n  i s  

l i k e l y  t o  g i v e  b e t t e r  u p t a k e  t h r o u g h  c e l l  m em branes th a n  2 , 4 - D .  

H o w e v e r ,  t h e  i n t r a c e l l u l a r  pH i s  n o t  l i k e l y  t o  b e  h i g h  e n o u g h  t o  c a u s e  

s i g n i f i c a n t  d i s s o c i a t i o n  o f  d i c h l o r o p h e n  a s  w as s u g g e s t e d  f o r  2 , 4 - D  

( R i g i t a n o  et a l . , 1 9 8 7 ) .  T h i s  s i t u a t i o n  m ig h t  b e  e x p e c t e d  t o  f a v o u r  

p a s s i v e  o u tw a r d  d i f f u s i o n  o f  d i c h l o r o p h e n  when e x t e r n a l  l e v e l s  f a l l .  

The l o s s  o f  a d s o r b e d  o r g a n o c h l o r i n e s  from  Pleurozium schreberi e x p o s e d  

t o  lo w  e x t e r n a l  c o n c e n t r a t i o n  h a s  b e e n  d e m o n s t r a t e d  by L a r s e n ,  Lokke  

and R a sm u sse n  ( 1 9 8 5 ) .  T hey  d e s c r i b e d  t h e  a c c u m u l a t i o n  o f  o r g a n o ­

c h l o r i n e s  a s  a  d y n a m ic  e q u i l i b r i u m  i n  c o n t r a s t  w i t h  t h e  p a s s i v e  

e q u i l i b r i u m  p r o c e s s  o f  m e t a l  a c c u m u l a t i o n .



Fig. 4.3.14Uptoke (+ / — sd) of dichlorophen (cone. 60jJ M) byR h y t i d i a d e l p h u s  s q u a m o s u s .
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4 .4  CONCLUSIONS

U p ta k e  o f  p a r a q u a t ,  i r o n ,  2 , 4 - D  and d i c h l o r o p h e n  by  R. squarrosus 

t i s s u e s  w as s t u d i e d  i n  t h e  l a b o r a t o r y  u s i n g  a  r a n g e  o f  s o l u t i o n  

c o n c e n t r a t i o n s  and i n c u b a t i o n  p e r i o d s .

The c a t i o n s  p a r a q u a t  and i r o n  w e r e  r a p i d l y  bound t o  e x t r a c e l l u l a r  

b i n d i n g  s i t e s  and o n l y  s m a l l  q u a n t i t i e s  w e r e  a c c u m u la t e d  

i n t r a c e l l u l a r l y  i n  t h e  m oss  t i s s u e .  I n  g e n e r a l ,  c o m b in in g  t h e  p a r a q u a t  

u p t a k e  r e s u l t s  f o r  t h e  s e p a r a t e d  l e a v e s  and s t e m s  o f  R. squarrosus 

g a v e  an  o v e r a l l  u p t a k e  p r o f i l e  r e s e m b l i n g  t h a t  f o r  c o m p l e t e  m oss  

s e g m e n t s ,  and a  s i m i l a r  p a t t e r n  w as o b s e r v e d  w i t h  i r o n .  The c a t i o n  

e x c h a n g e  c a p a c i t y  o f  t h e  m oss  t i s s u e  was n o t  i n c r e a s e d  f o l l o w i n g  

d i s r u p t i o n  o f  t h e  c e l l s ,  i n d i c a t i n g  t h a t  t h e  m a j o r i t y  o f  b i n d i n g  s i t e s  

a r e  e x t r a c e l l u l a r l y  l o c a t e d .

P a r a q u a t  u p t a k e  i n t o  t h e  s t e m  t i s s u e  o f  t h e  m oss  s e g m e n t s  was  

im p a i r e d  by t h e  s u r r o u n d i n g  l e a f  t i s s u e .  T h e r e f o r e ,  w i t h  an i n a d e q u a t e  

s u p p l y  o f  p a r a q u a t  i n  t h e  i n c u b a t i o n  m edium , b i n d i n g  o f  t h e  h e r b i c i d e  

was l i m i t e d  t o  t h e  m ore a c c e s s i b l e  e x c h a n g e  s i t e s  o f  t h e  l e a v e s .  

P r o t e c t i o n  a f f o r d e d  by t h e  l e a v e s  may e n a b l e  r e g r o w t h  t o  o c c u r  from  

undam aged r e g i o n s  o f  t h e  s t e m s  f o l l o w i n g  p a r a q u a t  a p p l i c a t i o n .

I n t r a c e l l u l a r  u p t a k e  and e x t r a c e l l u l a r  e x c h a n g e  o f  p a r a q u a t  by  

l e a v e s ,  s t e m s  and s h o o t s  o f  R. squarrosus c a n  b e  a d e q u a t e l y  d e s c r i b e d  

by a  s i n g l e  e x p o n e n t i a l  c u r v e .  K i n e t i c  s t u d i e s  sh ow ed  t h a t  l e a v e s  and  

w h o l e  s h o o t s  p o s s e s s  g r e a t e r  p a r a q u a t  e x c h a n g e  c a p a c i t i e s  t h a n  s t e m s  

b u t  t o t a l  u p t a k e  ( a l l  f r a c t i o n s  c o m b in e d )  o f  p a r a q u a t  w as g r e a t e r  i n  

s t e m s  th a n  i n  l e a v e s .  I n t r a c e l l u l a r  u p t a k e  was s i m i l a r  i n  t h e  

d i f f e r e n t  t i s s u e  t y p e s .  D u r in g  a 96 h i n c u b a t i o n ,  r e d i s t r i b u t i o n  o f  

p a r a q u a t  from  t h e  e x t r a c e l l u l a r  t o  i n t r a c e l l u l a r  s i t e s  o c c u r r e d  and  

t h i s  may be r e s p o n s i b l e  f o r  t h e  s l o w  h e r b i c i d a l  e f f e c t  o f  t h i s  

c h e m i c a l .



I r o n  and p a r a q u a t  p o s s i b l y  u t i l i z e  t h e  sam e e x t r a c e l l u l a r  and  

i n t r a c e l l u l a r  u p t a k e  m e c h a n is m s ,  a s  p r e - i n c u b a t i o n  o f  m oss  t i s s u e  i n  

i r o n  s o l u t i o n s  i n h i b i t e d  t h e  e x t r a c e l l u l a r  and i n t r a c e l l u l a r  u p t a k e  o f  

p a r a q u a t .  V a r y i n g  t h e  i r o n  s a l t  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t o t a l

i r o n  u p t a k e  u n l e s s  t h e  i r o n  was p r e s e n t e d  i n  c h e l a t e d  fo r m , w h ere  

u p t a k e  w as l o w e r ,  o r  t h e  pH o f  t h e  s o l u t i o n  c h a n g e d .  The a b s e n c e  o f  an  

u p t a k e  d i f f e r e n c e  b e t w e e n  t h e  f e r r o u s  and f e r r i c  s a l t  s o l u t i o n s  was  

p r o b a b l y  d u e  t o  t h e  r a p i d  o x i d a t i o n  o f  t h e  f o r m e r .

The u p t a k e s  o f  2 , 4 - D  and d i c h l o r o p h e n  w e r e  s m a l l  i n  c o m p a r i s o n  

w i t h  t h o s e  o f  p a r a q u a t  and i r o n .  D i c h l o r o p h e n ,  h o w e v e r ,  w as c a p a b l e  o f  

p r o d u c i n g  e x t e n s i v e  c e l l  damage i n d i c a t e d  by t h e  l o s s  o f  i n t r a c e l l u l a r  

s o l u t e s  w h ic h  i n t e r f e r e d  w i t h  i t s  s p e c t r o p h o t o m e t r i c  d e t e c t i o n .  U p ta k e  

o f  2 , 4 - D  by R. squarrosus m ig h t  b e  im p r o v e d  by t h e  u s e  o f  f o r m u l a t i o n s  

o f  lo w  pH t o  i n c r e a s e  t h e  p r o p o r t i o n  o f  t h e  u n d i s s o c i a t e d  m o l e c u l e  i n  

s o l u t i o n ,  2 , 4 - D  u p t a k e  h a v i n g  b e e n  show n i n  v a s c u l a r  p l a n t s  t o  b e  

g r e a t e r  i n  t h e  u n d i s s o c i a t e d  fo rm , t h e r e b y  a c c u m u l a t i n g  w i t h i n  t h e  

p r o t o p l a s m  v i a  a l i p o i d a l  r o u t e  ( R i g i t a n o  el ah , 1 9 8 7 ) .

U nder f i e l d  c o n d i t i o n s  c a t i o n i c  h e r b i c i d e s  c a n  b e  e x p e c t e d  t o  b in d  

p r e d o m i n a n t l y  i n  an e x t r a c e l l u l a r  m a n n er ,  p a r t i c u l a r l y  t o  l e a v e s ,  and  

t h i s  may l i m i t  t h e i r  im p a c t .  E x t r a c e l l u l a r l y  bound p a r a q u a t ,  h o w e v e r ,  

i s  p r o g r e s s i v e l y  t r a n s f e r r e d  t o  t h e  p r o t o p l a s t s .  The a n i o n i c  

h e r b i c i d e s  2 , 4 - D  and d i c h l o r o p h e n ,  by c o m p a r i s o n ,  do  n o t  b in d  i n  l a r g e  

q u a n t i t i e s  t o  m oss c e l l  w a l l s  and t h e i r  a c t i o n  a p p e a r s  t o  b e  d e p e n d e n t  

on  im m e d ia t e  u p t a k e .  D i c h l o r o p h e n  may b e  d i r e c t l y  d a m a g in g  t o  t h e  

p lasm alem m a s o  t h a t  c e l l u l a r  u p t a k e  i s  n o t  a  p r e r e q u i s i t e  f o r  

h e r b i c i d a l  a c t i o n .



CHAPTER 5

CQMPARTMENTAL ANALYSIS OF PARAQUAT UPTAKE IN

RHYTIDIADELPHUS SQUARROSUS



5 .1  INTRODUCTION

H e r b i c i d e  s e l e c t i v i t y  o r  r e s i s t a n c e  c a n  b e  a t t r i b u t a b l e ,  i n  some  

c a s e s ,  t o  an  i n a b i l i t y  o f  t h e  compound t o  p e n e t r a t e  p l a n t  c e l l s  

(O r w ic k ,  S c h r e i b e r  and H o d g e s ,  1 9 7 6 ) .  To im p r o v e  o u r  u n d e r s t a n d i n g  o f  

h e r b i c i d e  e f f e c t s  and b i o l o g i c a l  p e r f o r m a n c e ,  a  k n o w le d g e  o f  t h e  

s u b c e l l u l a r  d i s t r i b u t i o n ,  c o n c e n t r a t i o n s  and p e r m e a b i l i t i e s  o f  

h e r b i c i d e s  i n  t h e  p l a n t  t i s s u e  i s  r e q u i r e d .

The m a j o r i t y  o f  u p t a k e  e x p e r i m e n t s  i n  m oss  t i s s u e  u s e  t h e  

e m p i r i c a l  m eth od  o f  Brown and B uck  ( 1 9 7 9 ) .  I n t r a c e l l u l a r  u p t a k e  c a n  be  

d e f i n e d  a s  t h e  q u a n t i t y  o f  c h e m i c a l  r e m a i n i n g  a f t e r  s u b t r a c t i o n  o f  t h e  

e x t r a c e l l u l a r  c o m p o n e n ts  (Brow n and B e c k e t t ,  1 9 8 5 ;  V e i l s  and  Brown,

1 9 8 7 )  o r  a s  t h e  q u a n t i t y  o f  t h e  c h e m i c a l  r e l e a s e d  by  b o i l i n g  o f  t h e  

t i s s u e  t o  f r a c t u r e  t h e  c e l l s  (Brow n and B a t e s ,  1 9 7 2 ;  B a t e s  and  Brown,  

1 9 7 4 ;  B a t e s ,  1 9 8 7 ) .  An a l t e r n a t i v e  a p p r o a c h  f o r  q u a n t i f y i n g  u p t a k e  and  

s u b c e l l u l a r  d i s t r i b u t i o n  o f  c h e m i c a l s  i s  t h a t  o f  c o m p a r t m e n t a t io n  by  

i n f l u x  and e f f l u x  s t u d i e s .  The t e c h n i q u e  i s  b a s e d  on t h e  e q u a t i o n s  o f  

M acR obbie and D a i n t y  ( 1 9 5 8 )  f o r  t h e  movement o f  i n o r g a n i c  i o n s  i n  t h e  

c e l l s  o f  t h e  a l g a  Niiellopsis obtusa, and i n v o l v e s  t h e  d e t e r m i n a t i o n  o f  

r a t e  c o n s t a n t s  b e t w e e n  t h e  c e l l s  and b a t h i n g  s o l u t i o n .  T h r e e  p h a s e s  

w e r e  i d e n t i f i e d  i n  N. obtusa, t h e  f r e e  s p a c e  and two c o m p o n e n ts  o f  t h e  

n o n - f r e e  s p a c e ,  t h e  c y t o p l a s m  and v a c u o l e .  M o d e ls  w i t h  f o u r  

c o m p a r tm e n ts  h a v e  b e e n  d e r i v e d  i n  work  on g i a n t  a l g a l  c e l l s  w h e r e  t h e  

f o u r t h  co m p a rtm en t  r e p r e s e n t s  p l a s t i d s  (W a lk er  and P i tm a n ,  1 9 7 6 ) .  The  

c o n c e n t r a t i o n  i n  e a c h  p h a s e  c a n  be d e t e r m in e d  by t h e  a n a l y s i s  o f  an  

i s o t o p e  d i f f u s i n g  i n t o  a  s e r i e s  o f  n o n - r a d i o a c t i v e  s o l u t i o n s  from  

t i s s u e  p r e v i o u s l y  t r e a t e d  i n  a r a d i o a c t i v e  s o l u t i o n .  M e a su r e m e n ts  o f  

h e r b i c i d e  f l u x e s  and t h e i r  d i s t r i b u t i o n  a c r o s s  m embranes o f  v a s c u l a r  

p l a n t  t i s s u e s  h a v e  b e e n  made by P i l l m o o r ,  R o b e r t s  and G a u n t ,  (1982); 

O r w ic k ,  S c h r e i b e r  and H o d g e s ,  ( l976);  B a lk e  and P r i c e ,  ( 1 9 8 8 ) .  R e l a t e d  

t e c h n i q u e s  h a v e  b e e n  u s e d  on m oss  t i s s u e  by P i c k e r i n g  and P u i a  ( 1 9 6 9 )



and Clymo ( 1 9 6 3 )  t o  d e t e r m i n e  t h e  m ech a n ism  o f  z i n c  u p t a k e  by  

Fontinalis antipyreiica and so d iu m  and c a l c i u m  d i s t r i b u t i o n  i n  Sphagnum 

papillosuniy r e s p e c t i v e l y .  I n  a d d i t i o n ,  L i i t t g e  and B a u e r  ( 1 9 6 8 )  s t u d i e d  

i o n  u p t a k e  i s o t h e r m s  and i n d i v i d u a l  i o n  f l u x e s  o f  KC1 s o l u t i o n s  

c o n t a i n i n g  R b - l a b e l  i n  Mnium cuspidaium.

The t e c h n i q u e  o f  e f f l u x  a n a l y s i s  h a s  b e e n  u s e d  f o r  t h e  a n a l y s i s  o f  

c e l l u l a r  l o c a t i o n s  o f  many d i f f e r e n t  s u b s t a n c e s  i n  p l a n t  t i s s u e s ,  f o r  

e x a m p le ,  t h e  s u b c e l l u l a r  l o c a t i o n  o f  i n o r g a n i c  i o n s  (M acR ob b ie  and  

D a i n t y ,  1 9 5 8 ;  H a c R o b b ie ,  1 9 6 9 ) ,  f la m p r o p  m e t a b o l i t e  d i s t r i b u t i o n  

( P i l l m o o r ,  R o b e r t s  and G a u n t ,  1 9 8 2 ) ,  h e r b i c i d e s  i n  r e s i s t a n c e /  

s e l e c t i v i t y  s t u d i e s  ( O r w ic k ,  S c h r e i b e r  and H od ges  1 9 7 6 ;  B la n d  and  

B r i a n ,  1 9 7 5 ) ,  g i b b e r e l l i n s  ( D r a k e ,  1 9 7 9 ;  D rake  and C a r r ,  1 9 8 1 ) ,  m od e l  

s y s t e m i c  com pounds ( P r i c e ,  1 9 7 3 )  and h o s t  s p e c i f i c  p a t h o t o x i n s  (K eck  

and H o d g e s ,  1 9 7 3 ) .

Membrane p e r m e a b i l i t y  o f  f l a x  l e a v e s  w as show n by D odge  and H a r r i s  

( 1 9 7 0 )  t o  i n c r e a s e  f o l l o w i n g  p a r a q u a t  t r e a t m e n t .  T he e x p e r i m e n t s  

d e s c r i b e d  i n  t h i s  c h a p t e r  w e r e  d e s i g n e d  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  

p a r a q u a t  on membrane p e r m e a b i l i t y  o f  R. squarrosus t i s s u e  and i t s  

q u a n t i t a t i v e  i n t r a c e l l u l a r  d i s t r i b u t i o n .  P a r a q u a t  w as c h o s e n  f o r  t h i s  

s t u d y  a s  p r e v i o u s  e x p e r i m e n t s  ( S e c t i o n  4 . 3 . 1 )  sh o w ed  e f f i c i e n t  u p t a k e  

by R. squarrosus. I n  a d d i t i o n ,  a  s e n s i t i v e  a n a l y t i c a l  m ethod  was  

a v a i l a b l e  f o r  p a r a q u a t  d e t e c t i o n .  To p r o v i d e  c o m p a r a t i v e  d a t a ,  e f f l u x  

a n a l y s i s  w as a l s o  p e r fo r m e d  on  l e a f  s l i c e s  o f  Lolium perenne. 

C a l c u l a t i o n s  o f  t h e  N e r n s t  p o t e n t i a l  f o r  t h e  p a r a q u a t - t r e a t e d  t i s s u e s  

w e r e  a l s o  made f o r  c o m p a r i s o n  w i t h  t h e  known e l e c t r o c h e m i c a l  p o t e n t i a l s  

o f  o t h e r  p l a n t  s p e c i e s  and f o r  d e t e r m i n a t i o n s  o f  h y p o t h e t i c a l  t r a n s p o r t  

m e c h a n is m s .



5 .1 .1  P r in c ip le s  o f  e f f lu x  a n a ly s is

E s t i m a t e s  o f  t h e  i o n  c o n c e n t r a t i o n  i n  s u b c e l l u l a r  c o m p a r tm e n ts  a r e  

made by  o b s e r v i n g  t h e  k i n e t i c s  o f  t h e  a b s o r p t i o n  o r  e l u t i o n  o f  

r a d i o a c t i v e  t r a c e r s  by h o m o g en eo u s  s a m p l e s  o f  t i s s u e  i n  w h ic h  in w a rd  

and o u tw a r d  f l u x e s  a r e  a p p r o a c h i n g  a  s t e a d y  s t a t e .  H e a l t h y  and m a tu r e  

c e l l s ,  w h ic h  a r e  no l o n g e r  g r o w i n g ,  come t o  a  s t a t e  o f  f l u x  e q u i l i b r i u m  

i f  l e f t  i n  a  s o l u t i o n  w h e r e  c o n c e n t r a t i o n  i s  k e p t  c o n s t a n t .  Under  

t h e s e  c o n d i t i o n s  i t  i s  a ssu m ed  t h a t  t h e  n e t  f l u x  o f  a  g i v e n  t i s s u e  i s  

z e r o .

A t e q u i l i b r i u m ,  i n f l u x  and e f f l u x  c a n  be m e a s u r e d .  I n f l u x  i s  a  

m e a s u r e  o f  t h e  i n i t i a l  r a t e s  o f  i n c r e a s e  i n  c e l l u l a r  i o n i c  a c t i v i t y  

f o l l o w i n g  p la c e m e n t  o f  t h e  t i s s u e  i n  a  t r a c e r  s o l u t i o n  o f  known 

s p e c i f i c  a c t i v i t y .  E f f l u x  i s  m e a su r e d  by  l o a d i n g  t h e  c e l l s  f o r  a  

number o f  h o u r s  w i t h  t r a c e r  i n  a  l a b e l l e d  s o l u t i o n ,  w a s h i n g  q u i c k l y  

w i t h  w a t e r  and r e p l a c i n g  i n  a  s o l u t i o n  o f  s i m i l a r  i o n i c  c o n c e n t r a t i o n  

b u t  l a c k i n g  r a d i o a c t i v e  t r a c e r .  The e x t e r n a l  s o l u t i o n  i s  r e g u l a r l y  

c h a n g e d  s o  t h a t  t h e  e x t e r n a l  c o n c e n t r a t i o n  o f  i s o t o p e  r e m a in s  a t  z e r o .  

T h e r e f o r e ,  t h e  r a d i o a c t i v i t y  w i t h i n  t h e  c e l l s  g r a d u a l l y  d e c r e a s e s .  The  

i n t e r n a l  c o n c e n t r a t i o n  o f  t h e  i o n  r e m a in s  c o n s t a n t  d u r i n g  e f f l u x  

s t u d i e s .  The l o s s  o f  r a d i o a c t i v i t y  a c r o s s  t h e  c e l l s  i s  n o r m a l l y  

e x p o n e n t i a l  i n d i c a t i n g  t h a t  a  c o n s t a n t  p r o p o r t i o n  o f  t h e  r e m a i n i n g  

i s o t o p e  i s  l o s t  i n  e a c h  u n i t  o f  t i m e .  I n  a  o n e -c o m p a r tm e n t  s y s t e m ,  t h e  

p l o t  o f  t h e  n a t u r a l  l o g a r i t h m  o f  t h e  l o s s  o f  t r a c e r  a g a i n s t  t i m e ,  w i l l  

t h e r e f o r e ,  r e s u l t  i n  a s t r a i g h t  l i n e  w h o se  s l o p e  r e p r e s e n t s  t h e  r a t e  o f  

e f f l u x .

A m a jo r  a s s u m p t i o n  i n  t h e s e  e x p e r i m e n t s  i s  t h a t  no  membrane  

s e l e c t i v i t y  o c c u r s  f o r  t h e  u n l a b e l l e d  o r  l a b e l l e d  e l u t e d  m a t e r i a l s .  

The h i g h  c a t i o n  e x c h a n g e  c a p a c i t y  o f  p l a n t  m a t e r i a l  a l s o  c o m p l i c a t e s  

t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a .  F or  c a t i o n s  t h i s  w i l l  l e a d  t o  an  

i n i t i a l  r a p i d  e f f l u x  f o l l o w i n g  t h e  i n t r o d u c t i o n  o f  t h e  u n l a b e l l e d
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Time (h)

F i g .  5 . 1 . 1  I l l u s t r a t i o n  o f  v a r i o u s  p h a s e s  in  t h e  e l u t i o n  o f  a t r a c e r  

from  a l a b e l l e d  c e l l  i n t o  a t r a c e r - f r e e  medium ( C l a r k s o n ,  

1 9 7 4 )



m edium . The p l o t  o f  t h e  t o t a l  i s o t o p e  r e m a i n i n g  i n  t h e  c e l l s ,  

f o l l o w i n g  t h e  e x c h a n g e  p r o c e s s ,  i s  u s u a l l y  c u r v i l i n e a r  ( F i g .  5 . 1 . 1 ) .  

E x t r a p o l a t i o n  o f  t h e  l i n e a r  p o r t i o n  t o  t h e  o r d i n a t e  g i v e s  a  m e a su r e  o f  

t h e  t o t a l  q u a n t i t y  o f  i s o t o p e  a c c u m u l a t e d  a t  t h e  e x c h a n g e  s i t e s  o f  t h e  

c e l l  w a l l .

I f  t h e  f l u x  o f  i s o t o p e  a c r o s s  t h e  p lasm alem m a and t o n o p l a s t  

d i f f e r s ,  t h e n  t h e  e f f l u x  c u r v e  r e s o l v e s  i n t o  two c o m p o n e n t s .  

E x t r a p o l a t i o n  o f  t h e s e  two l i n e a r  c o m p o n e n ts  o f  t h e  c u r v e  g i v e s  

e s t i m a t e s  o f  t h e  c o n c e n t r a t i o n s  i n  t h e  v a c u o l e  and c y t o p l a s m  and r a t e s  

o f  e f f l u x  a c r o s s  t h e  r e s p e c t i v e  m em b ran es .

The sum o f  t h e  r a d i o a c t i v i t i e s  e l u t e d  a t  e a c h  s t a g e  and o f  t h e  

r e s i d u a l  l a b e l l e d  f r a c t i o n  e q u a l s  t h e  a c t i v i t y  i n  t h e  c e l l s  a t  e f f l u x  

t im e  z e r o .  S u b t r a c t i n g  t h e  a c t i v i t y  i n  e a c h  e l u t i o n  s a m p le  from  t h e  

t o t a l  a c t i v i t y  i n  t h e  t i s s u e  a t  t h e  s t a r t  o f  t h e  e l u t i o n  g i v e s  t h e  

q u a n t i t y  o f  i s o t o p e  r e m a i n i n g  i n  t h e  t i s s u e  a t  e a c h  t im e  i n t e r v a l .

5 .1 .2  In terp reta tio n  o f r e s u lt s  obtained from e f f lu x  a n a ly s is

The e f f l u x  o f  t r a c e r  from  a p r e v i o u s l y  l a b e l l e d ,  m u l t i c o m p a r t m e n t  

t i s s u e  i s  t h e  sum o f  s e v e r a l  e x p o n e n t i a l  p r o c e s s e s .  A h y p o t h e t i c a l  

p l o t  o f  t h e  n a t u r a l  l o g a r i t h m  o f  t h e  q u a n t i t y  o f  r a d i o a c t i v i t y  i n  t h e  

t i s s u e  a g a i n s t  t im e  i s  p r e s e n t e d  i n  F i g .  5 . 1 . 1 .  When t h e  p l o t  o f  t h e  

q u a n t i t y  r e a c h i n g  t h e  b a t h i n g  medium, and t h e r e f o r e  l e a v i n g  t h e  t i s s u e ,  

i s  n o n - l i n e a r  t h e n  i t  i s  r e a s o n a b l e  t o  a ssu m e  t h a t  t h e r e  i s  more th a n  

o n e  c o m p a r tm e n t .  I n  t h e  e x a m p le  ( F i g  5 . 1 . 1 ) ,  t h e  c u r v e  ca n  be  

r e s o l v e d  i n t o  t h r e e  c o m p o n e n ts  w h ic h  h a v e  l o g a r i t h m i c  r a t e s  o f  e l u t i o n .

N o r m a l ly ,  t o w a r d s  t h e  end o f  t h e  e x p e r i m e n t  ( F i g .  5 . 1 . 1 ) ,  t h e  

c u r v e  b eco m es  l i n e a r  and i s  a ssu m ed  t o  b e  d e r i v e d  from  o n e  c o m p a r tm e n t .  

I f  a  c o n s t a n t  r a t e  o f  e f f l u x  from  t h i s  com p artm en t  i s  a s su m e d  t h e n  t h e  

l i n e a r  p o r t i o n  o f  t h e  c u r v e  ca n  b e  e x t r a p o l a t e d  b a c k  t o  t h e  y  a x i s .  

The y  a x i s  i n t e r c e p t ,  i n  In  dpm, i s  t r a n s f o r m e d  b a c k  t o  dpm and



s u b t r a c t e d  from  t h e  r e m a i n i n g  d a t a  p o i n t s  (d p m ),  n o t  i n c l u d e d  i n  t h e  

l i n e a r  s e c t i o n  o f  t h e  c u r v e .  A s e c o n d  c u r v e  c a n  b e  p l o t t e d  o f  t h e  

l o g a r i t h m i c a l l y  t r a n s f o r m e d  d a t a .  E x t r a p o l a t i o n  o f  t h e  l i n e a r  

co m p o n en t  o f  t h e  f i r s t  c u r v e  r e l a t e s  t o  t h e  v a c u o l e  ( F i g .  5 . 1 . 1 ) .  

E x t r a p o l a t i o n ,  a s  a b o v e ,  o f  t h e  r e m a i n i n g  r a d i o a c t i v i t y  i n  t h e  t i s s u e s  

i s  n o r m a l l y  a t t r i b u t a b l e  t o  e f f l u x  from  t h e  c y t o p l a s m  ( F i g .  5 . 1 . 1 ) .  

The f i n a l  l o g a r i t h m i c  p l o t  d e f i n e s  t h e  e x c h a n g e a b l e  and  f r e e  s p a c e  

c o m p o n e n ts  ( F i g .  5 . 1 . 1 ) .  The y - a x i s  i n t e r c e p t s  f o r  e a c h  s t r a i g h t  l i n e  

co m p o n en t  p l o t  r e p r e s e n t  t h e  t o t a l  r a d i o a c t i v i t y  p r e s e n t  i n  t h e  

i n d i v i d u a l  c o m p a r tm e n ts  a t  t h e  s t a r t  o f  t h e  a n a l y s i s .  The h a l f  t i m e s  

f o r  t h e  r a t e s  o f  e f f l u x  from  e a c h  com p artm en t  a r e  b a s e d  o n  t h e  s l o p e s  

o f  t h e  l i n e a r  c o m p o n e n t s .

The e f f l u x  r a t e s  a r e  i n f l u e n c e d  by t e m p e r a t u r e  ( e x c e p t  f o r  t h a t  o f  

t h e  e x c h a n g e a b l e  c o m p o n e n t ) ,  t i s s u e  p e r m e a b i l i t y ,  i n t r a c e l l u l a r  and  

e x t r a c e l l u l a r  c o n c e n t r a t i o n ,  p e r m e a b i l i t y  o f  c e l l  m em b ran es , t h e  

e l e c t r o c h e m i c a l  p o t e n t i a l  o f  t h e  c e l l u l a r  c o m p a r tm e n ts  and  t h e  c h e m i c a l  

p r o p e r t i e s  o f  t h e  e l u t i n g  m o l e c u l e .

E f f l u x  e x p e r i m e n t s  may a l s o  b e  b a s e d  on t h e  p r i n c i p l e  o f  s e r i a l  

c o m p a r tm e n ts  ( F i g .  5 . 1 . 2 )  a s  o p p o s e d  t o  p a r a l l e l  c o m p a r tm e n ts  ( F i g .

5 . 1 . 2 ) .  S e r i a l  c o m p a r tm e n ts  d e s c r i b e  t h e  f l u x  o f  m o l e c u l e s  a l o n g  a  

f i x e d  p a th w a y  o f  c o m p a r tm e n ts .  P a r a l l e l  c o m p a r tm e n ts  d e s c r i b e  t h e  

movement o f  m o l e c u l e s  b e t w e e n  a n y  com p artm en t  s u c h  a s  b e tw e e n  t h e  

t o n o p l a s t  and e x t e r n a l  medium w i t h o u t  t r a v e r s i n g  t h e  c y t o p l a s m .  An 

e x a m p le  o f  p a r a l l e l  c o m p a r tm e n ts  w as d e s c r i b e d  by M acR obbie  ( 1 9 7 1 )  a s  

v e s i c u l a r  t r a n s p o r t  o f  i o n s  t o ,  o r  fr o m , t h e  t o n o p l a s t .  T h i s  m ech an ism  

o f  i o n  t r a n s f e r  i s ,  h o w e v e r ,  c o n s i d e r e d  t o  be r e l a t i v e l y  u n im p o r t a n t  

com pared  t o  t h e  s e r i a l  c o m p o n e n t .
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(a) Series

c >

(b) Parallel

F i g .  5 . 1 . 2  D ia g r a m m a t ic  r e p r e s e n t a t i o n  o f  ( a )  s e r i e s  and ( b )  p a r a l l e l  

a s s o c i a t i o n s  i n  a t h r e e  com p artm en t  s y s t e m  ( s o l u t i o n ,  

c y t o p l a s m  and v a c u o l e ) .  The a r r o w s  i n d i c a t e  t h e  d i r e c t i o n

o f  f l u x e s



5 .2  MATERIALS AND METHODS

5 . 2 . 1  Plant m aterial

R. squarrosus t i s s u e  was c o l l e c t e d  and s t o r e d  a s  d e s c r i b e d  i n  

S e c t i o n  3 . 2 . 1 .

Lolium perenne w as grow n from  s e e d  i n  6 i n c h  p o t s  c o n t a i n i n g  Joh n  

I n n e s  N o. 2 c o m p o s t  r a i s e d  u n d e r  g l a s s h o u s e  c o n d i t i o n s .  N a t u r a l

l i g h t i n g  w as s u p p le m e n t e d  w i t h  q u a r t z  h a l o g e n  la m p s t o  g i v e  a  14  h 

p h o t o p e r i o d  and t h e  t e m p e r a t u r e  w as m a i n t a i n e d  a t  ca. 1 5 ° C .

The y o u n g e s t  f u l l y  m a tu r e  l e a v e s  from  5 wk o l d  p l a n t s  o f  L. 

perenne w e r e  s e c t i o n e d  i n t o  4 0 0  ym l e a f  s l i c e s  u s i n g  a  g e l  s l i c e r  

( J o y c e  L o e b l  and Co. L t d ) .  To p r e v e n t  e x c e s s i v e  dam age t o  t h e  l e a f  

t i s s u e  d u r i n g  s e c t i o n i n g ,  and t o  e n a b l e  m u l t i p l e  s e c t i o n i n g ,  t e n  2 cm 

s e g m e n t s  o f  l e a f  t i s s u e  w e r e  s u p p o r t e d  i n  s o f t  p o l y s t y r e n e  and  

s e c t i o n e d  s i m u l t a n e o u s l y .  L e a f  s l i c e s  w e r e  t r a n s f e r r e d  i m m e d i a t e l y  t o  

v i a l s  c o n t a i n i n g  d i s t i l l e d  w a t e r .  E ach  e x p e r i m e n t a l  v i a l  c o n t a i n e d  100  

l e a f  s l i c e s .

W hole s h o o t  s e g m e n t s  o f  R. squarrosus and l e a f  s l i c e s  o f  L.

perenne w e r e  i n c u b a t e d  i n  5 ml o f  d i s t i l l e d  w a t e r  f o r  1 h p r i o r  t o

l o a d i n g  w i t h  1 4 C - p a r a q u a t .

5 . 2 . 2  Chemicals

The u n l a b e l l e d  and 1 4 C - p a r a q u a t  s o l u t i o n s  a r e  d e s c r i b e d  i n

S e c t i o n s  2 . 2 . 5  and 4 . 2 . 2 .

5 . 2 . 3  Loading and e f f lu x  o f t is s u e s

A l l  t i s s u e s  w e r e  i n c u b a t e d  f o r  16 h i n  5 ml o f  7 2 . 5  o r  7 2 5  yM 

1 4 C - p a r a q u a t .

A f t e r  l o a d i n g ,  t h e  i n c u b a t i o n  medium was rem oved  and t h e  t i s s u e s  

q u i c k l y  w a sh ed  i n  5 ml o f  d i s t i l l e d  w a t e r  t o  rem ove  t h e  r e m a i n i n g

1 4 C - p a r a q u a t  n o t  a s s o c i a t e d  w i t h  t h e  t i s s u e s .  The e f f l u x  p r o c e s s  was



t h e n  i n i t i a t e d  by t h e  t h e  a d d i t i o n  o f  5 ml o f  e l u a n t  and  i t s  r e g u l a r  

r e p l a c e m e n t  a t  i n t e r v a l s  o v e r  7 h .  I n  g e n e r a l  t h e  e l u t i o n  t i m e s  f o r  

t h e  e x p e r i m e n t s  w e r e  2 ,  5 ,  7 ,  1 0 ,  1 5 ,  2 0 ,  3 0 ,  4 0 ,  5 0 ,  6 0 ,  8 0 ,  1 0 0 ,  1 2 0 ,  

1 4 0 ,  1 6 0 ,  1 8 0 ,  2 1 0 ,  2 4 0 ,  2 7 0 ,  3 0 0 ,  3 3 0 ,  3 6 0  and 4 2 0  m in .  The e l u a n t s  

u s e d  i n  t h e s e  e x p e r i m e n t s  w e r e  w a t e r  (com m only  u s e d  i n  h e r b i c i d e  e f f l u x  

s t u d i e s  i n  v a s c u l a r  p l a n t  t i s s u e  ( P r i c e ,  1 9 7 8 ;  O r w ic k ,  S c h r e i b e r  and  

H o d g e s ,  1 9 7 6 ;  P i l l m o o r ,  R o b e r t s  and G a u n t ,  1 9 8 2 ) ) ,  and  u n l a b e l l e d  

p a r a q u a t .  E l u a n t  w as rem oved  and r e p l a c e d  u s i n g  t h e  t e c h n i q u e  

d e s c r i b e d  i n  S e c t i o n  4 . 2 . 4 .  T h r o u g h o u t  t h e  l o a d i n g  and e f f l u x  p e r i o d  

t h e  v i a l s  w e r e  i n c u b a t e d  a t  2 0 ° C ,  r e c e i v e d  40  y m o l m- 2  h - 1  i r r a d i a n c e  

and w e r e  c o n t i n u o u s l y  s h a k e n .

A f t e r  e l u t i o n ,  t h e  m oss  t i s s u e s  w e r e  w a sh ed  t h r e e  t i m e s  i n  5 ml o f  

u n l a b e l l e d  p a r a q u a t ,  e x t r a c t e d  w i t h  b o i l i n g  d i s t i l l e d  w a t e r  and th e n  

s o l u b i l i z e d  u s i n g  'NCS' t i s s u e  s o l u b i l i z e r  a s  d e s c r i b e d  i n  S e c t i o n

4 . 2 . 5 . 1 .  The L. perenne l e a f  s l i c e s  w e r e  f r o z e n  and t h e n  th aw ed  t o  

d i s r u p t  t h e  c e l l  m embranes and e x t r a c t e d  t h r e e  t i m e s  w i t h  d i s t i l l e d  

w a t e r  t o  rem o v e  t h e  i n t r a c e l l u l a r  p a r a q u a t  c o m p o n e n t .  The l e a f  s l i c e s  

w e r e  t h e n  s o l u b i l i z e d  u s i n g  t h e  same p r o c e d u r e  a s  f o r  R. squarrosus.

R a d i o a c t i v i t y  m e a s u r e m e n ts  o f  a l l  e f f l u x  e x t r a c t s ,  i n c u b a t i o n  

s o l u t i o n s  and t i s s u e  e x t r a c t s ,  w e r e  by  l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  a s  

d e s c r i b e d  i n  S e c t i o n  4 . 2 . 6 .

5 . 2 . 4  M odifications to experim ental procedure

I n c o r p o r a t i o n  o f  n u t r i e n t s  a n d / o r  b u f f e r s  i n t o  t h e  s o l u t i o n s  was  

a v o i d e d  i n  t h e  e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  C h a p t e r .  O th e r  u s e r s  o f  

t h e  e f f l u x  a n a l y s i s  t e c h n i q u e  h a v e  u s e d  b u f f e r e d  s o l u t i o n s  ( P i l l m o o r  et 

al.j 1 9 8 2 ) ,  s a l t / n u t r i e n t  s o l u t i o n s  (M a c R o b b ie ,  1 9 6 9 ;  K eck  and H o d g e s ,

1 9 7 3 ) ,  c a l c i u m  s o l u t i o n s  ( L i i t t g e  and B a u e r ,  1 9 6 8 )  o r  s i m p l y  a  s o l u t i o n  

o f  t h e  c h e m i c a l  u n d e r  s t u d y  ( P i t m a n ,  1 9 6 3 ;  B a lk e  and P r i c e ,  1 9 8 8 ) .  The  

s t u d y  o f  c a t i o n  u p t a k e  by m oss t i s s u e s  h a s  g e n e r a l l y  i n v o l v e d  t h e
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•  u s e  o f  d i l u t e  s o l u t i o n s  o f  t h e  a p p r o p r i a t e  s a l t s  o n l y  ( R u h l i n g  and

T y l e r ,  1 9 7 0 ;  Brown and B a t e s ,  1 9 7 2 ;  Brown and B e c k e t t ,  1 9 8 5 ;  W e l l s  and  

B row n, 1 9 8 7 ) .  As d e s c r i b e d  by B a t e s  and Brown ( 1 9 7 4 )  and B a t e s  ( 1 9 7 6 ,  

1 9 8 2 )  t h e  membrane p e r m e a b i l i t y  o f  m oss c e l l s ,  l i k e  t h o s e  o f  v a s c u l a r  

p l a n t s ,  i s  i n f l u e n c e d  by c a l c i u m  a v a i l a b i l i t y .  I n  t h e  a b s e n c e  o f  

c a l c i u m ,  t h e  r a t e s  o f  i n f l u x  and e f f l u x  o f  p a r a q u a t  by  t h e  m oss  t i s s u e  

m ig h t  b e  e x p e c t e d  t o  d i f f e r  from  t h o s e  i n  t h e  p r e s e n c e  o f  c a l c i u m .  

H o w e v e r ,  c o m p a r i s o n s  a r e  s t i l l  p o s s i b l e  f o r  t i s s u e s  a n a l y s e d  u n d e r  t h e  

sam e e x p e r i m e n t a l  c o n d i t i o n s .  C a lc iu m  w as t h e r e f o r e  n o t  i n c l u d e d  i n  

t h e  f o l l o w i n g  e x p e r i m e n t s  b e c a u s e  ( 1 )  c o m p l i c a t i o n s  i n  t h e

i n t e r p r e t a t i o n  o f  p a r a q u a t  u p t a k e  p r o f i l e  may o c c u r  d u e  t o  c o m p e t i t i o n  

b e t w e e n  t h e  two c a t i o n s ,  ( 2 )  p r e v i o u s  u p t a k e  e x p e r i m e n t s  i n  t h i s  s t u d y  

d i d  n o t  i n v o l v e  t h e  a d d i t i o n  o f  c a l c i u m ,  ( 3 )  u n d e r  f i e l d  c o n d i t i o n s  

a d d i t i o n a l  c a l c i u m  w o u ld  n o t  n o r m a l l y  b e  s u p p l i e d .

5 . 2 . 5  A nalysis o f  data

The n a t u r a l  l o g a r i t h m s  ( I n )  o f  t h e  t o t a l  d i s i n t e g r a t i o n s  p e r  

m in u t e  (dpm) o f  r a d i o a c t i v i t y  r e m a i n i n g  i n  t h e  t i s s u e  w e r e  p l o t t e d  w i t h  

r e s p e c t  t o  t i m e .  The d a t a  w e r e  a n a l y s e d  i n  two s t a g e s :

S t a g e  1 . The t r a d i t i o n a l  c u r v e  p e e l i n g  t e c h n i q u e  (M acR ob b ie  and  

D a i n t y ,  1 9 5 8 )  u s i n g  l i n e a r  r e g r e s s i o n  o f  l o g - l i n e a r  d a t a  i n  t im e  ( B a l k e  

and P r i c e ,  1 9 8 8 )  was u s e d  t o  f i t  an  e q u a t i o n  o f  t h e  form

A A “ k i t  Ay  = A0 + Ax e  + A2e- k 2 t

w h e r e  y  = t o t a l  s o l u t e  i n  t i s s u e  a t  t im e  t

Ai = s o l u t e  c o n t e n t  o f  i t h  c e l l u l a r  co m p a rtm en t  

ki = s o l u t e  e f f l u x  r a t e  o f  i t h  c o m p a r tm e n t .

t o  t h e  e l u t e d  com p on en t  (m e a s u r e d  i n  dpm) o f  t h e  e f f l u x  a n a l y s i s .  T h i s  

t e c h n i q u e  i n v o l v e s  p l o t t i n g  I n  (Y ) a g a i n s t  t i m e ,  and f i t t i n g  a  s t r a i g h t  

l i n e  t o  t h e  l i n e a r  p o r t i o n  o f  t h e  c u r v e  ( c o r r e s p o n d i n g  t o  t h e  s l o w e s t
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d e c a y i n g  c o m p o n e n t ) .  The i n t e r c e p t  g i v e s  l n ( A )  and t h e  s l o p e  e q u a l s  k ,  

s o  t h a t  i t  i s  p o s s i b l e  t o  s u b t r a c t  t h e  c a l c u l a t e d  v a l u e s ,  g i v e n  by t h e  

a n a l y s i s ,  from  t h e  o b s e r v e d  c o u n t s .  The p r o c e s s  c a n  b e  r e p e a t e d  by  

p l o t t i n g  t h e  I n  o f  t h e s e  a d j u s t e d  c o u n t s  a g a i n s t  t i m e .  I t  s h o u l d  be  

n o t e d  t h a t  i n  t h i s  t y p e  o f  a n a l y s i s ,  AQ i s  a ssu m ed  t o  b e  z e r o .

S t a g e  2 . E s t i m a t e s  o f  t h e  e f f l u x  r a t e s  from  S t a g e  1 w e r e  u s e d  a s  

i n i t i a l  e s t i m a t e s  i n  a  n o n - l i n e a r  r e g r e s s i o n  program  (MLP; R o s s ,  1 9 8 7 )  

f o r  f i t t i n g  t h e  e q u a t i o n  by  l e a s t  s q u a r e s .  T h i s  a l l o w e d  t h e  f i t t i n g  o f  

t h e  a d d i t i v e  c o n s t a n t  AQ ( n o t  a v a i l a b l e  u s i n g  t h e  a b o v e  m e t h o d ) .  The  

number o f  r a t e  p a r a m e t e r s  r e q u i r e d  t o  d e s c r i b e  e a c h  s e t  o f  e x p e r i m e n t a l  

d a t a  a d e q u a t e l y  w as d e t e r m i n e d  by a n a l y s i s  o f  v a r i a n c e .  The a n a l y s i s  

f i t t e d  t h e  f o l l o w i n g  m o d e l s :  two c o m p o n e n t s ,  two c o m p o n e n ts  + a  

c o n s t a n t ,  t h r e e  c o m p o n e n t s ,  t h r e e  c o m p o n e n ts  + a  c o n s t a n t .  F or  e a c h  

l i n e a r  c o m p o n e n t ,  t h e  c o n t e n t  a t  t im e  z e r o  ( A . )  and t h e  h a l f  l i f e  ( t ,  = 

( l n 2 ) / k )  w e r e  c a l c u l a t e d .  E x p e r im e n t s  w e r e  p e r fo r m e d  w i t h  two o r  f o u r  

r e p l i c a t e s  p e r  t r e a t m e n t .  C o m p a r tm e n ta l  a n a l y s i s  w as p e r f o r m e d  on t h e  

i n d i v i d u a l  r e p l i c a t e s  and t h e  r a t e s  ( k ± ) and i n i t i a l  com p artm en t  

c o n t e n t s  (AL) a v e r a g e d .

5 . 2 . 6  C alcu lation  o f Nernst p o te n tia l

The N e r n s t  e q u a t i o n  c a n  b e  u s e d  t o  e s t i m a t e  t h e  e l e c t r o c h e m i c a l  

p o t e n t i a l  c o n c e n t r a t i o n s  o f  a  c e l l  w h e r e  t h e  i n t e r n a l  and e x t e r n a l  

c o n c e n t r a t i o n  o f  an  i o n  a r e  i n  e q u i l i b r i u m .  U s i n g  t h e  c a l c u l a t e d  

N e r n s t  p o t e n t i a l  o f  t h e  c e l l ,  an i n d i c a t i o n  o f  w h e t h e r  a c t i v e  t r a n s p o r t  

m e c h a n ism s  a r e  i n v o l v e d  i n  an u p t a k e  p r o c e d u r e  c a n  b e  o b t a i n e d .

To d e t e r m i n e  t h e  t r a n s p o r t  m ech a n ism  f o r  p a r a q u a t  i n  R. squarrosus 

and l e a f  s l i c e s  o f  L. pereime, an e q u i l i b r i u m  b e tw e e n  t h e  t i s s u e  and  

t h e  p a r a q u a t  i n c u b a t i o n  medium was r e q u i r e d .  T h i s  w as e s t a b l i s h e d  

p r i o r  t o  t h e  e l u t i o n  o f  p a r a q u a t  from  t h e  r a d i o a c t i v e l y  l a b e l l e d  

t i s s u e .  The p a r a q u a t  c o n c e n t r a t i o n s  o f  t h e  i n d i v i d u a l  c e l l u l a r  p o o l s

#



En j = (R T /z F )  l o g  Ci: j /C o:. m i l l i v o l t s ( m V )

w h e r e  En;. = N e r n s t  p o t e n t i a l

R = Gas c o n s t a n t  

T = t e m p e r a t u r e  ( a b s o l u t e )

F = F a r a d a y ' s  c o n s t a n t

z = v a l e n c y

C . = c o n c e n t r a t i o n  o f  i  i n  t h e  i n c u b a t i o n  medium
0 3  J

C. . = c o n c e n t r a t i o n  o f  i  i n  t h e  c e l l1 3  J

The N e r n s t  e q u a t i o n  c a l c u l a t e s  t h e  e l e c t r i c a l  p o t e n t i a l  d i f f e r e n c e

r e q u i r e d  t o  m a i n t a i n  an a s y m m e t r ic  d i s t r i b u t i o n  o f  an  i o n  a c r o s s  a  

membrane a t  e q u i l i b r i u m .  As d e s c r i b e d  b y  P r i c e  ( 1 9 7 8 ) ,  d i v a l e n t  

c a t i o n s  c a n  a c c u m u l a t e  w i t h i n  a  c e l l  a t  lOOOx t h e  e x t e r n a l  

c o n c e n t r a t i o n .  I f  t h e  c a l c u l a t e d  N e r n s t  p o t e n t i a l  r e s e m b l e s  t h a t  o f  

t h e  m e a su r e d  e l e c t r o c h e m i c a l  p o t e n t i a l  o f  t h e  t i s s u e ,  t h e n  t r a n s p o r t  

p a s s i v e l y  a c r o s s  an e l e c t r o c h e m i c a l  g r a d i e n t  w i l l  e x p l a i n  t h e  u p t a k e  

m e c h a n ism . A s m a l l  N e r n s t  p o t e n t i a l  i m p l i e s  an a c t i v e  r e m o v a l  o f  i o n s  

a g a i n s t  t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  o f  t h e  c e l l .  C o n v e r s e l y ,  a  h i g h  

N e r n s t  p o t e n t i a l  i n d i c a t e s  p o s s i b l e  a c t i v e  a c c u m u l a t i o n  o f  t h e  i o n  

a b o v e  t h a t  d u e  t o  t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  o f  t h e  c e l l .  I n

a d d i t i o n ,  l a r g e  d e v i a t i o n s  may a l s o  r e f l e c t  an  im p e r m e a b le  o r  

s e l e c t i v e l y  p e r m e a b le  membrane ( H a l l  and B a k e r ,  1 9 7 7 ) .

W ith o u t  a  d i r e c t  m ea su rem en t  o f  t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  o f  

t h e  c e l l s ,  c o m p a r i s o n s  w i t h  t h e  p r e d i c t e d  N e r n s t  p o t e n t i a l s  a r e  n o t  

p o s s i b l e .  H o w ev er ,  c o m p a r i s o n s  w i t h  e l e c t r o c h e m i c a l  p o t e n t i a l  v a l u e s  

known f o r  o t h e r  s p e c i e s  s u c h  a s  - 8 6  mV f o r  Avena faiua ( P r i c e ,  1 9 7 8 )  

and b e t w e e n  - 5 8  and - 1 1 6  mV f o r  b e e t r o o t  l e a f  d i s c s  ( P i t m a n ,  1 9 6 3 )

and of the remaining incubation so lu tio n s  were used in  the Nernst

c a lcu la tio n s  o f c e l l  p o ten tia l as fo llow s:



a l l o w  an a s s e s s m e n t  o f  t h e  v a l i d i t y  o f  t h e  r e s u l t s .  E l e c t r o c h e m i c a l  

p o t e n t i a l s  o f  m oss  c e l l s  h a v e  n o t  b e e n  e x t e n s i v e l y  s t u d i e d  and a r e  

s o m e t im e s  o f  u n c l e a r  o r i g i n  (B row n , 1 9 8 4 ) .  H o w ev er ,  e x c e s s i v e  

d e v i a t i o n  o f  t h e  c a l c u l a t e d  N e r n s t  p o t e n t i a l  from  - 8 6  mV may i n d i c a t e  

d e p a r t u r e  from  a  p a s s i v e  t r a n s p o r t  m ec h a n ism .

5 .3  RESULTS AND DISCUSSION

The f o l l o w i n g  r e s u l t s  a r e  b a s e d  on t h e  e f f l u x  o f  r a d i o a c t i v i t y  

from  p l a n t  t i s s u e  p r e l o a d e d  w i t h  1 4 C - p a r a q u a t . The e l u t e d  m o l e c u l e s  

a r e  a ssu m ed  t o  b e  r a d i o a c t i v e  p a r a q u a t  b u t  c o u l d  c o n c e i v a b l y  be  

l a b e l l e d  m e t a b o l i c  p r o d u c t s  o f  p a r a q u a t .

5 .3 .1  E fflu x  o f  paraquat from whole shoot segments o f  

R. squarrosus in to  water

1 4 C -P a r a q u a t  w as e l u t e d  from  w h o le  m oss s e g m e n t s ,  p r e t r e a t e d  (1 6

h )  w i t h  p a r a q u a t  ( 7 2 5  pM), i n t o  w a t e r .  W ater  was u s e d  a s  t h e  e l u a n t  i n  

t h i s  s t u d y ,  r a t h e r  th a n  u n l a b e l l e d  p a r a q u a t ,  t o  r e d u c e  t h e  e x c h a n g e  o f  

1 4 C - p a r a q u a t  from  t h e  m oss  c e l l  w a l l s  w h ic h  c o u l d  i n t e r f e r e  i n  t h e  

d e t e c t i o n  o f  t h e  e f f l u x  from  t h e  i n t r a c e l l u l a r  f r a c t i o n .  E f f l u x  

a n a l y s i s  u s i n g  w a t e r  o r  b u f f e r  a s  t h e  e l u a n t  i s  a  common p r o c e d u r e  i n  

t h e  c o m p a r tm e n ta l  a n a l y s i s  o f  h e r b i c i d e s  i n  v a s c u l a r  p l a n t  t i s s u e s  

( P r i c e ,  1 9 7 8 ;  P i l l m o o r ,  R o b e r t s  and G a u n t ,  1 9 8 2 ;  O r w ic k ,  S c h r e i b e r  and  

H o d g e s ,  1 9 7 6 )  w h e r e  i t  i s  c o n s i d e r e d  t o  b e  r e p r e s e n t a t i v e  o f  t h e  

p l a n t ' s  n o rm a l e n v i r o n m e n t .  U s i n g  t h e  c u r v e  p e e l i n g  m ethod  d e s c r i b e d  

i n  S e c t i o n  5 . 2 . 5 ,  t h e  l i n e a r  p o r t i o n s  o f  t h e  l o g a r i t h m i c  p l o t  w e r e  

e x t r a p o l a t e d  t o  t im e  z e r o  t o  o b t a i n  t h e  i n i t i a l  q u a n t i t y  o f  p a r a q u a t  i n  

e a c h  co m p artm en t and t h e  e f f l u x  t im e  h a l f  l i f e  ( t ,  ) .

The m o d e l  i n c o r p o r a t i n g  two l i n e a r  c o m p o n e n ts  and a  c o n s t a n t  

a d e q u a t e l y  d e s c r i b e d  t h e  p a r a q u a t  e f f l u x  d a t a  ( T a b l e  5 . 3 . 1 ) .  The two  

l i n e a r  c o m p o n e n ts  p r o b a b l y  r e p r e s e n t  t h e  c y t o p l a s m i c  and v a c u o l a r  

p o o l s .  The p a r a q u a t  c o n c e n t r a t i o n  o f  t h e s e  p o o l s  and p e r c e n t a g e
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T a b l e  5 . 3 . 1  Summary o f  e f f l u x  a n a l y s i s  o f  w h o le  s h o o t s  o f  R.

s q u a r r o s u s .  S h o o t s  w e r e  i n c u b a t e d  i n  7 2 5  yM p a r a q u a t  and  

e l u t e d  i n  w a t e r .  F i g u r e s  i n  p a r e n t h e s e s  a r e  s t a n d a r d  

e r r o r s  o f  means

P r o b a b l e  i d e n t i t y  
o f  co m p a rtm en t

P a r a q u a t  
c o n t e n t  a t  

t= 0  ( y g  g " 1 d r y  w t )

% o f  
t o t a l
1 4 C u p t a k e

V a c u o l e 1 3 5 8 5  ( 3 3 3 9 ) 24  ( 5 . 7 ) 3 . 7 8  h ( 0 . 9 1 )

C y to p la s m 5 4 8 4  ( 1 5 5 0 ) 9 . 8  ( 2 . 7 ) 1 3 . 3 5  m i n ( 2 . 2 6 )

C e l l  w a l l
( n o t  e x c h a n g e a b l e ) 2 9 6 0 2  ( 2 1 4 6 ) 5 3 . 2  ( 4 . 6 ) *

S u b - t o t a l 4 8 6 7 1

' I n t e r c e l l u l a r ' ( 1 * 7 0 8 4 13 ( 0 . 8 5 )
\

*

T o t a l 5 5 7 5 5  ( 9 0 2 . 2 )

n =h3
( 4  r e p l i c a t e  d i d  n o t  c o n v e r g e )  
* n o t  r a t e  d e t e r m i n a b l e

(1 )  ' I n t e r c e l l u l a r '  p o o l  i s  d e r i v e d  from  t h e  d i f f e r e n c e  b e t w e e n  t o t a l

1 4
C - p a r a q u a t  a s s o c i a t e d  w i t h  R. s q u a r r o s u s  s h o o t s  and t h a t  a c c o u n t e d  f o r

i n  t h e  c o m p a r t m e n t a l  a n a l y s i s .



o f  t h e  t o t a l  1 4 C - p a r a q u a t  i n  t h e  t i s s u e  a t  t h e  s t a r t  o f  e f f l u x  w e r e  

5 . 4 8  and 1 3 . 5 8  mg g -1  d r y  w e i g h t  r e p r e s e n t i n g  10% and 24%, 

r e s p e c t i v e l y ,  w i t h  e f f l u x  h a l f  l i v e s  o f  1 3 .3 5 m in  and 3 . 7 8  h .  The  

c o n s t a n t  was n o t  r a t e - d e t e r m i n a b l e  ( 2 9 . 6  mg g - 1  d r y  w t = 53% ), and  

r e p r e s e n t s  t h e  e x c h a n g e a b l y - b o u n d  o r  im m o b i le  p a r a q u a t  f r a c t i o n  ( T a b l e

7 . 3 . 1 ) .  I n  t h i s  e x p e r i m e n t  a  t h i r d  r a t e  d e t e r m i n a b l e  co m p a rtm en t  

e q u i v a l e n t  t o  t h e  f a s t  i n t e r -  c e l l u l a r  p o o l / c e l l  w a l l  co m p o n en t  was n o t  

f o u n d .  H o w ev er ,  r a d i o a c t i v i t y  e l u t e d  from  t h e  t i s s u e ,  b u t  n o t  

a c c o u n t e d  f o r  i n  t h e  c o m p a r t m e n t a l  a n a l y s i s ,  c a n  b e  u s e d  a s  an  e s t i m a t e  

o f  t h i s  i n t e r c e l l u l a r  c o m p a r tm e n t .  I n  t h i s  e x p e r i m e n t  13% o f  t h e  

1 4 C - p a r a q u a t  w as  u n a c c o u n t e d  f o r  i n  t h e  c o m p a r t m e n t a l  a n a l y s i s .  The t^ 

v a l u e s  n o r m a l l y  a t t r i b u t a b l e  t o  t h e  i n t e r c e l l u l a r  p o o l  h a v e  v a l u e s  o f  

a p p r o x i m a t e l y  1 min ( P i l l m o o r ,  R o b e r t s  and G a u n t ,  1 9 8 2 ;  B a l k e  and  

P r i c e ,  1 9 8 8 ) .  The v e r y  f a s t  e f f l u x  t im e  f o r  t h e  i n t e r c e l l u l a r  

co m p a rtm en t  r e q u i r e s  a  s u f f i c i e n t l y  l a r g e  number o f  d a t a  p o i n t s ,  o v e r  a  

s h o r t  t im e  p e r i o d ,  f o r  a c c u r a t e  c a l c u l a t i o n .  A d d i t i o n a l l y ,  m oss s t e m  

t i s s u e  c o n t a i n s  v e r y  s m a l l  i n t e r c e l l u l a r  s p a c e s  com p ared  w i t h  l e a f  

t i s s u e  o f  v a s c u l a r  p l a n t s  ( D u c k e t t ,  1 9 8 6 ) .  T h i s  may a c c o u n t  f o r  t h e  

i n a b i l i t y  t o  d e t e r m i n e  a r a t e  o f  e f f l u x  f o r  t h i s  c o m p a r tm e n t .  The  

c a l c u l a t e d  t^ v a l u e  f o r  t h e  p r e d i c t e d  p a r a q u a t  e f f l u x  a c r o s s  t h e  

t o n o p l a s t  ( t ,  = 3 . 7 8  h )  was l o n g e r  th a n  f o r  t h e  p lasm alem m a ( t ,  = 1 3 . 3 5  

m in )  i n d i c a t i n g  a  d i f f e r e n c e  i n  t h e i r  p e r m e a b i l i t y  t o  p a r a q u a t .  The t% 

v a l u e s  r e s e m b l e  t h o s e  d e s c r i b e d  by P r i c e  ( 1 9 7 8 )  f o r  t h e  e f f l u x  o f  

p a r a q u a t  from  w h e a t  t i s s u e  ( 3 . 9  h and 15 m in ) .

The c o m p a r t m e n t a l  a n a l y s i s  u s e d  i n  t h e s e  e x p e r i m e n t s  c a n n o t  

d i s t i n g u i s h  b e t w e e n  t h e  n o n - e l u t e d  e x c h a n g e a b l e  and n o n - e x c h a n g e a b l e  

r e s i d u a l  p a r a q u a t  c o m p o n e n ts  o f  t h e  m oss t i s s u e s .  C o n s e q u e n t l y ,  t h e s e  

a r e  r e f e r r e d  t o  c o l l e c t i v e l y  a s  t h e  t o t a l  r e s i d u a l  p a r a q u a t  c o m p o n e n t .  

D i f f e r e n c e s  w e r e  s l i g h t  b e tw e e n  c a l c u l a t e d  and m e a su r e d  t o t a l  r e s i d u a l  

p a r a q u a t  c o n c e n t r a t i o n s  o f  t h e  m oss t i s s u e  ( T a b l e  5 . 3 . 2 ) .  The s l i g h t l y
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#  lo w e r  e s t i m a t e  f o r  t h e  p r e d i c t e d  t o t a l  r e s i d u a l  p a r a q u a t  c o n c e n t r a t i o n

th a n  t h a t  o f  t h e  m e a su r e d  c o n c e n t r a t i o n  i n d i c a t e s  t h a t  som e o f  t h i s  

com p on en t  c a n  b e  e l u t e d  i f  t h e  i n c u b a t i o n  i n  w a t e r  i s  c o n t i n u e d .

T a b l e  5 . 3 . 2  C o m p a r iso n  o f  t h e  com p u ted  w i t h  d i r e c t l y  m e a su r e d  n o n ­

e x c h a n g e a b l e  1 4 C - p a r a q u a t  com p on en t i n  R. s q u a r r o s u s  w i t h  

t h e  p r e d i c t e d  v a l u e  from  t h e  c o m p a r t m e n t a l  a n a l y s i s  

F i g u r e s  i n  p a r e n t h e s e s  a r e  s t a n d a r d  e r r o r s  o f  t h e  m eans

Component dpm x  1 0 3 % o f  m e a su r e d

r e s i d u a l  co m p on en t

( a )  M easu red  r e s i d u a l  com p on en t  
(E  n o n - e f f l u x e d  p a r a q u a t ) 3 1 . 8  ( 2 9 . 0 3 )

( b )  M easu red  i n t r a c e l l u l a r  
( s o l u b l e )

1 . 7 3  ( 4 . 1 8 ) 5 . 5

O b s e r v e d  n o n - e x c h a n g e a b l e  ( a ) - ( b ) 3 0 . 0 7 9 4 . 5

P r e d i c t e d  n o n - e x c h a n g e a b l e 2 8 . 3  ( 4 0 . 6 5 ) 8 9 . 1 7

5 . 3 . 2  E fflu x  o f paraquat from excised  lea v es  and stems o f R. 

squarrosus in to  water

I d e n t i c a l  e x p e r i m e n t s  w e r e  p e r fo r m e d  on s e p a r a t e d  l e a v e s  and s t e m s  

o f  R. squarrosus, u s i n g  725  pM p a r a q u a t ,  f o r  c o m p a r i s o n  w i t h  t h e  

r e s u l t s  o b t a i n e d  f o r  w h o le  s h o o t s .
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•  T a b l e  5 . 3 . 3  Summary o f  e f f l u x  a n a l y s i s  f o r  s e p a r a t e ^  l e a v e s  o f
R. s q u a r r o s u s  p r e - i n c u b a t e d  i n  7 2 5  pM 4C p a r a q u a t  and  
e l u t e d  w i t h  w a t e r .  F i g u r e s  i n  p a r e n t h e s e s  a r e  s t a n d a r d  
e r r o r s  o f  m eans

P r o b a b l e  i d e n t i t y  
o f  co m p a rtm en t

P a r a q u a t  c o n t e n t  
a t  t =0
( y g  g " 1 d r y  w t )

% o f  
t o t a l
1 4 C u p t a k e

V a c u o l e 1 4 4 9 5  ( 3 3 ) 2 5 . 5  ( 5 . 8 ) 4 . 0 6  h ( 0 . 5 9 )

C y to p la s m 9 6 0 4  ( 5 5 0 ) 1 6 . 7  ( 3 . 3 ) 2 9 . 3  m i n ( 3 . 4 6 )

C e l l  w a l l
( e x c h a n g e a b l e ) 8 5 9 9  ( 2 4 7 1 ) 1 3 . 8  ( 0 . 0 6 ) 3 . 2 6  min ( 1 . 0 4 )

C e l l  w a l l
( n o n - e x c h a n g e a b l e ) 1 2 3 1 0  ( 1 2 3 1 0 ) 2 1 . 2  ( 3 . 8 ) *

S u b - t o t a l 4 5 0 0 8

' I n t e r c e l l u l a r ' ( 1 } 1 0 6 6 7 2 2 . 7  ( 1 2 . 8 ) *

T o t a l 5 5 6 7 5

* n o t  r a t e  d e t e r m i n a b l e :  n = 2( 1 ) 7' I n t e r c e l l u l a r '  p o o l  i s  d e r i v e d  from  t h e  d i f f e r e n c e s  b e t w e e n  t o t a l
C - p a r a q u a t  a s s o c i a t e d  w i t h  R. s q u a r r o s u s  l e a v e s  and t h a t  a c c o u n t e d  f o r

i n  t h e  c o m p a r t m e n t a l  a n a l y s i s

T a b l e  5 . 3 . 4  C o m p a r iso n  o f  d i r e c t l y  m e a su r e d  n o n - e x c h a n g e a b l e  1 4 C-  
p a r a q u a t  c o m p o n en t  i n  R. s q u a r r o s u s  l e a v e s  w i t h  t h e  
p r e d i c t e d  v a l u e  from  t h e  c o m p a r t m e n t a l  a n a l y s i s  
F i g u r e s  i n  p a r e n t h e s e s  a r e  s t a n d a r d  e r r o r s  o f  t h e  means

C e l l u l a r
Com ponent dpm % o f  m e a su r e d

r e s i d u a l  com p on en t

( a )  M easu red  r e s i d u a l
(E  n o n - e f f l u x e d  p a r a q u a t ) 9 5 4  ( 8 1 . 5 )

( b )  M easu red  i n t r a c e l l u l a r
( s o l u b l e ) 139  ( 0 . 7 ) 1 4 . 6

O b s e r v e d  n o n - e x c h a n g e a b l e  ( a ) - ( b ) 81 5 8 5 . 4

P r e d i c t e d  n o n - e x c h a n g e a b l e 697  ( 1 5 . 0 ) 7 3 . 1
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The d a t a  w e r e  a d e q u a t e l y  d e s c r i b e d  by  t h e  m o d e l  u t i l i s i n g  t h r e e  

l i n e a r  and o n e  c o n s t a n t  co m p o n en t  ( T a b l e s  5 . 3 . 3  and 5 . 3 . 5 ) .  I n  t h i s  

e x p e r i m e n t ,  t h e  f a s t  ( i n t e r c e l l u l a r / c e l l  w a l l )  c o m p o n en t  y i e l d e d  t^ 

v a l u e s  o f  3 . 2 6  min and 1 . 1 8  min f o r  l e a v e s  and s t e m s ,  r e s p e c t i v e l y .  I t  

i s  p o s s i b l e  t h a t  t h e  s l i g h t l y  g r e a t e r  t^ v a l u e  o f  t h e  l e a v e s  com pared  

t o  s t e m s  i s  d u e  t o  s l i g h t  l o s s  o f  membrane i n t e g r i t y  i n  t h e  f o r m e r ,  

t h e r e b y  i n c r e a s i n g  t h e  l e v e l  o f  p a r a q u a t  i n  t h e  i n t e r c e l l u l a r / c e l l  w a l l  

p o o l  (ca. 14% i n  l e a v e s ,  7% i n  s t e m s ) .  A l t e r n a t i v e l y ,  t h e  l e a v e s  may 

h a v e  a  l a r g e r  i n t e r c e l l u l a r  c a p a c i t y .  T h i s  i s  a l s o  r e f l e c t e d  i n  t h e  

s l i g h t l y  l a r g e r  amount o f  r a d i o a c t i v i t y  (23%) i n  t h e  i n t e r c e l l u l a r  

com p on en t  o f  t h e  l e a v e s ,  n o t  a c c o u n t e d  f o r  i n  t h e  a n a l y s i s ,  com pared  

w i t h  t h e  i n t a c t  m oss s h o o t s  (13%) from  t h e  p r e v i o u s  e x p e r i m e n t .  The  

d i s t r i b u t i o n  o f  p a r a q u a t  i n  t h e  l e a v e s  and s t e m s  sh o w s  s i m i l a r i t y  i n  

v a c u o l e  c o n t e n t  (25%, 21%) b u t  s i g n i f i c a n t  d i f f e r e n c e s  i n  c y t o p l a s m i c  

c o n c e n t r a t i o n s  (1 6 .7 % , 3 .2 % ) ,  and bound p o o l s  (2 1 .2 % , 4 8 .7 % ) .  The  

s i g n i f i c a n t l y  g r e a t e r  bound p a r a q u a t  c o n t e n t  o f  t h e  s t e m s  a g r e e s  w i t h  

p r e v i o u s  r e s u l t s  ( S e c t i o n  4 . 3 . 1 . 1 ) .  The p r e d i c t e d  and m e a su r e d  

n o n - e l u t a b l e - t o t a l  r e s i d u a l  p a r a q u a t  c o m p o n e n ts  o f  t h e  s t e m s  ( T a b l e

5 . 3 . 6 ) ,  a s  f o r  t h e  w h o le  m oss s h o o t s  ( T a b l e  5 . 3 . 2 ) ,  a r e  s i m i l a r .  

H o w ev er ,  t h e  p r e d i c t e d  v a l u e  f o r  t h e  t o t a l  r e s i d u a l  p a r a q u a t  com p on en t  

o f  t h e  l e a v e s  o f  R. squarrosus w as l a r g e r  th a n  t h a t  f o r  t h e  m e a su r e d  

v a l u e  ( T a b l e  5 . 3 . 4 ) .  T h i s  may b e  d u e  t o  t h e  r e l e a s e  o f  a  n o n - e l u t a b l e  

s o l u b l e  i n t r a c e l l u l a r  f r a c t i o n  o f  1 4 C - p a r a q u a t  d u r i n g  t h e  b o i l i n g  

p r o c e d u r e  f o r  t h e  e x t r a c t i o n  o f  t h e  r e m a in in g  i n t r a c e l l u l a r  c o m p o n e n t .

The lo w  p a r a q u a t  c o n t e n t  o f  t h e  s t e m  c y t o p l a s m  c o u l d  b e  d u e  t o  

g r e a t e r  v a c u o l a r  u p t a k e .  A m e l i o r a t i o n  m e c h a n ism s  i n v o l v i n g  

d i s p l a c e m e n t  o f  t o x i c  m o l e c u l e s  i n t o  t h e  v a c u o l e  h a v e  o f t e n  b e e n  

h y p o t h e s i s e d  t o  e x p l a i n  p l a n t  t o l e r a n c e  t o  e n v i r o n m e n t s  o f  h i g h  m e t a l  

c o n t e n t  ( F i t t e r  and Hay, 1 9 8 1 ;  S t r e e t  and O p ik ,  1 9 7 6 ) .  H o w ev er ,  t h e  

p a r a q u a t  c o n t e n t  o f  t h e  v a c u o l e  i n  s t e m s  ( T a b l e  5 . 3 . 5 )  d i d  n o t  d i f f e r  

s i g n i f i c a n t l y  from  t h a t  o f  t h e  l e a v e s  ( T a b l e  5 . 3 . 3 ) .  No s i g n i f i c a n t



Table 5 .3 .5  Summary of e f f lu x  a n a ly s is  data for separated stems of
R. squarrosus. Stems were incubated in  725 yM 4C-paraquat
and elu ted  in  water

P r o b a b l e  i d e n t i t y  P a r a q u a t  c o n t e n t  X o f  t o t a l  t^
o f  co m p a rtm en t  a t  t  = 0 ( y g  g ” d r y  w t )  4 C u p t a k e

V a c u o l e 1 1 4 0 7 2 0 . 7 5 . 0 6  h

C y to p la s m 178 8 3 . 2 2 1 . 3  min

C e l l  w a l l  ( e x c h a n g e a b l e ) 3 6 9 8 6 . 6 1 . 1 8  min

C e l l  w a l l  ( n o n - e x c h a n g e a b l e ) 2 7 1 8 3 . 4 8 . 7 *

S u b - t o t a l 4 4 0 7 6

' I n t e r c e l l u l a r ' ( 1 } 1 1 7 7 5 2 0 . 8

T o t a l 5 5 8 5 1

* n o t  r a t e  d e t e r m i n a b l e ;  n = 1 
(2 n d  r e p l i c a t e  d i d  n o t  c o n v e r g e )

(1 )  ' I n t e r c e l l u l a r '  p o o l  i s  d e r i v e d  from  t h e  d i f f e r e n c e  b e t w e e n
C - p a r a q u a t  a s s o c i a t e d  w i t h  R. s q u a r r o s u s  t i s s u e s  and t h a t  a c c o u n t e d  

f o r  i n  t h e  c o m p a r tm e n ta l  a n a l y s i s

T a b l e  5 . 3 . 6  C o m p a r iso n  o f  t h e  d i r e c t l y  m e a su r e d  n o n - e x c h a n g e a b l e  1 4 C- 
p a r a q u a t  co m p o n en t  i n  R. s q u a r r o s u s  s t e m s ,  w i t h  t h e  
p r e d i c t e d  v a l u e  from  t h e  c o m p a r t m e n t a l  a n a l y s i s .

Component dpm X o f
r e s i d u a l  com p on en t

( a )  M ea su red  r e s i d u a l  com p on en t  
(E  n o n - e f f l u x e d  p a r a q u a t ) 219 2

( b )  M easu red  i n t r a c e l l u l a r  
( s o l u b l e ) 1177 5 3 . 7

O b s e r v e d  n o n - e x c h a n g e a b l e ( a ) - ( b ) 1015 46

P r e d i c t e d  n o n - e x c h a n g e a b l e 189 0 8 6 . 2



d i f f e r e n c e s  i n  t h e  t .  v a l u e s  w e r e  o b s e r v e d  f o r  t h e  l e a v e s  and s t e m s ,h
c o n f i r m i n g  t h a t  t h e r e  a r e  no  f u n d a m e n t a l  d i f f e r e n c e s  i n  membrane  

p e r m e a b i l i t y  b e t w e e n  t h e  two t i s s u e s .

A more p l a u s i b l e  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  i n  d i s t r i b u t i o n s  

o f  p a r a q u a t  b e t w e e n  t h e  v a c u o l e  and c y t o p l a s m  o f  t h e  l e a v e s  and s t e m s  

a r e  d i f f e r e n c e s  i n  t h e i r  r e s p e c t i v e  v o l u m e s .  M e a su r e m e n ts  o f  L i i t t g e  

and B a u e r  ( 1 9 6 8 )  i n d i c a t e d  t h a t  t h e  c y t o p l a s m  and v a c u o l a r  v o lu m e s  a r e  

a p p r o x i m a t e l y  e q u a l  f o l l o w i n g  c e n t r i f u g a t i o n  o f  Mnium cuspidatum 

l e a v e s ,  com p ared  w i t h  a  v e r y  t h i n  p r o t o p l a s m i c  l a y e r  i n  r o o t  c o r t i c a l  

c e l l s  o f  Zea mays. The e l e c t r o n  m ic r o g r a p h s  o f  R. squarrosus s t e m

c e l l s  ( P l a t e  1 . 5 . 7 )  show som e c e l l s  t o  b e  m u l t i v a c u o l a t e  w i t h  e x t e n s i v e  

c y t o p l a s m ,  and o t h e r s  w i t h  r e d u c e d  c y t o p l a s m .  The s t e m s ,  w i t h  a  m a jo r  

s u p p o r t  f u n c t i o n ,  may c o n t r i b u t e  l e s s  t o  p h o t o s y n t h e s i s  th a n  t h e  

l e a v e s .  The l e a v e s  may, t h e r e f o r e ,  p o s s e s s  a  g r e a t e r  c y t o p l a s m i c  

v o lu m e  s u p p o r t i n g  t h e  c h l o r o p l a s t s  th a n  do t h e  s t e m s .  U nder t h e s e

c i r c u m s t a n c e s ,  a  g r e a t e r  p r o p o r t i o n  o f  p a r a q u a t  c o u l d  b e  e x p e c t e d  i n  

t h e  c y t o p l a s m i c  p h a s e  o f  t h e  l e a v e s  th a n  i n  t h e  s t e m  c e l l s  o f  R. 

squarrosus.

P a r a q u a t  u p t a k e  ( 7 2 5  yM t r e a t m e n t )  and d i s t r i b u t i o n  i n  t h e  c e l l s  

o f  l e a v e s ,  s t e m s  and w h o le  m oss  s h o o t s  o f  R. squarrosus from  t h e  e f f l u x  

and k i n e t i c  ( 4  h u p t a k e  p e r i o d )  s t u d i e s  ( S e c t i o n  4 . 3 . 1 . 6 )  d i f f e r e d  i n  

1 )  T o t a l  p a r a q u a t  c o n t e n t .  No s i g n i f i c a n t  d i f f e r e n c e s  w e r e  fo u n d  i n  

t o t a l  p a r a q u a t  c o n t e n t  b e t w e e n  t h e  l e a v e s  ( 4 5 . 0  mg g _1 d r y  w e i g h t ) ,

s t e m s  ( 4 4 . 0  mg g - 1  d r y  w e i g h t )  and w h o le  m oss s h o o t s  ( 4 8 . 7  mg g - 1  d r y  

w e i g h t )  from  t h e  e f f l u x  a n a l y s i s .  T h i s  c o n t r a s t s  w i t h  lo w e r  and more  

v a r i a b l e  p r e d i c t e d  maxima f o r  t o t a l  u p t a k e  d e r i v e d  from  t h e  k i n e t i c  

a n a l y s i s  ( S e c t i o n  4 . 3 . 1 . 6 )  f o r  t h e  l e a v e s  ( 4 0 . 6  mg g -1  d r y  w e i g h t ) ,

s t e m s  ( 3 1 . 0  mg g  1 d r y  w e i g h t )  and w h o le  m oss s h o o t s  ( 2 1 . 5  mg g -1  d r y  

w e i g h t ) .  E x p e r i m e n t a l  c o n d i t i o n s ,  s o u r c e  o f  R. squarrosus s h o o t s ,  and  

t h e  p r e t r e a t m e n t  e n v ir o n m e n t  w e r e  s i m i l a r  b e t w e e n  e x p e r i m e n t s  and w e r e  

t h e r e f o r e  u n l i k e l y  t o  i n f l u e n c e  t h e  r e s u l t s .



2 )  I n t r a c e l l u l a r  p a r a q u a t  c o n t e n t .  The i n t r a c e l l u l a r  p a r a q u a t  

c o n t e n t  f o r  t h e  l e a v e s ,  s t e m s  and w h o le  m oss s h o o t s  from  t h e  e f f l u x  

a n a l y s i s  w e r e  ca. 2 4 . 1 ,  1 3 . 2 ,  and  1 9 . 1  mg g " 1 d r y  w e i g h t ,  r e s p e c t i v e l y ,  

com pared  w i t h  t h e  s m a l l e r  0 . 6 9 ,  1 . 5 4  and 2 . 5 1  mg g ” 1 d r y  w e i g h t  from  

t h e  k i n e t i c  s t u d y .

3 )  E x c h a n g e a b l e  p l u s  R e s i d u a l  p a r a q u a t  c o n t e n t .  I n  c o n t r a s t  t o  t h e  

i n t r a c e l l u l a r  p a r a q u a t  c o n c e n t r a t i o n s ,  t h e  t o t a l  r e s i d u a l  p a r a q u a t  

co m p o n en t  from  t h e  e f f l u x  a n a l y s i s  o f  t h e  l e a v e s  w as s i g n i f i c a n t l y  

s m a l l e r  w i t h  2 0 . 9  mg g -1  d r y  w e i g h t  com pared  w i t h  3 9 . 8 6  mg g - 1  d r y  

w e i g h t  from  t h e  k i n e t i c  a n a l y s i s .  C o m p a r iso n s  b e t w e e n  t h e  e f f l u x  and  

k i n e t i c  a n a l y s i s  d e t e r m i n a t i o n  o f  t h e  t o t a l  r e s i d u a l  p a r a q u a t  

c o n c e n t r a t i o n  f o r  t h e  w h o le  m oss  and s t e m  s e g m e n t s  a r e  d i f f i c u l t  a s  t h e  

t o t a l  u p t a k e  v a l u e s  d i f f e r  b e t w e e n  t h e  t e c h n i q u e s .  H o w ev er ,  t h e  

p r o p o r t i o n  o f  p a r a q u a t  i n  t h e  t o t a l  r e s i d u a l  p l u s  e x t r a c e l l u l a r ,  

com pared  w i t h  t h e  i n t r a c e l l u l a r ,  p o o l s  a r e  a p p r o x i m a t e l y  3 : 1  and 3 : 2  

from  t h e  e f f l u x  a n a l y s i s  com p ared  w i t h  1 9 : 1  and 7 : 1  from  t h e  k i n e t i c  

s t u d y  f o r  t h e  s t e m s  and w h o le  m oss s h o o t s  r e s p e c t i v e l y .  The t o t a l  

bound p a r a q u a t  c o n c e n t r a t i o n  f o l l o w i n g  t h e  e f f l u x  s t u d y  w a s ,  a l s o ,  

g r e a t e r  ( 3 0 . 8 8  and 2 9 . 6 0  m g /g " 1 d r y  w e i g h t )  th a n  i n  t h e  k i n e t i c  s t u d y  

( 2 9 . 4 8  and 1 8 . 9 9  mg g _1 d r y  w e i g h t )  f o r  b o t h  t h e  s t e m s  and w h o le  m oss  

s h o o t s ,  r e s p e c t i v e l y .

The d i f f e r e n c e s  o b s e r v e d  i n  t h e  c o m p a r t m e n t a t io n  o f  p a r a q u a t  i n  

R. squarrosus f o l l o w i n g  t h e  e f f l u x  and k i n e t i c  m e th o d s  o f  a n a l y s i s  may 

b e  a t t r i b u t a b l e  t o :

a )  E l u t i o n  t e c h n i q u e s .  The k i n e t i c  s t u d y  i n v o l v e d  t h e  i n i t i a l  

d i s p l a c e m e n t  o f  bound p a r a q u a t  from  t h e  t i s s u e  s u r f a c e  by i n c u b a t i o n  

f o r  a t o t a l  o f  1 h i n  u n l a b e l l e d  p a r a q u a t .  W ash in g  f o r  1 h w i t h

u n l a b e l l e d  p a r a q u a t  c o r r e s p o n d s  t o  >2 t i m e s  t h e  t, o f  t h e  " c y t o p l a s m  

p o o l " ,  r e s u l t i n g  i n  an u n d e r e s t i m a t e  o f  p a r a q u a t  u p t a k e  i n  t h e  

i n t r a c e l l u l a r  f r a c t i o n .



b )  I n c u b a t i o n  t i m e .  The k i n e t i c  and e f f l u x  a n a l y s e s  d i f f e r e d  i n  

t h e i r  1 4 C - p a r a q u a t  i n c u b a t i o n  t i m e s  u s i n g  a  maximum 4 h and a  16 h 

p e r i o d ,  r e s p e c t i v e l y .  As show n i n  S e c t i o n  4 . 3 . 1 . 6  and by  W e l l s  and  

Brown ( 1 9 8 7 ) ,  r e d i s t r i b u t i o n  o f  c a t i o n s  o c c u r s  from  t h e  e x t r a c e l l u l a r  

s i t e s  t o  t h e  i n t r a c e l l u l a r  and r e s i d u a l  f r a c t i o n s .  T h e r e f o r e ,  t h e  

g r e a t e r  i n t r a c e l l u l a r  p a r a q u a t  l e v e l s  d e t e c t e d  a f t e r  t h e  16h  i n c u b a t i o n  

p e r i o d  may h a v e  b e e n  d u e  t o  r e d i s t r i b u t i o n  o f  p a r a q u a t  from  t h e  

e x t r a c e l l u l a r  t o  t h e  i n t r a c e l l u l a r  p o o l .

c )  N u t r i e n t  s t a t u s .  The p h y s i o l o g i c a l  c o n d i t i o n  and n u t r i e n t  s t a t u s  

o f  t h e  m oss t i s s u e  may i n f l u e n c e  i n t r a c e l l u l a r  p a r a q u a t  u p t a k e  b e t w e e n  

e x p e r i m e n t s .  A lo w  n u t r i e n t  c o n t e n t  o f  t h e  t i s s u e  may l e a d  t o  r a p i d  

a c c u m u l a t i o n  o f  i o n s  a f t e r  im m e r s io n  i n  t h e  1 4 C - p a r a q u a t .  P itm a n  

( 1 9 6 3 )  u s e d  s t a r v a t i o n  o f  b e e t r o o t  l e a f  d i s c s  p r i o r  t o  i n c u b a t i o n  i n  

i s o t o p e s ,  a s  a  t e c h n i q u e  t o  e n c o u r a g e  a d e q u a t e  u p t a k e  and t h e r e f o r e  

a d e q u a t e  e l u t i o n  l e v e l s .  T h i s  c a n  a l s o  r e l a t e  t o  t h e  c a l c i u m  c o n t e n t  

and i t s  a v a i l a b i l i t y  p r i o r  t o  t h e  e f f l u x  and k i n e t i c  s t u d i e s .  B a t e s  

and Brown ( 1 9 7 4 )  d e s c r i b e d  t h e  im p o r t a n c e  o f  c a l c i u m  i n  t h e  i n t e g r i t y  

and p e r m e a b i l i t y  o f  Schistidium maritimum and Grimmia pulvinata 

m em branes t o  K+ and Na+ . C a lc iu m  h a s  a l s o  b e e n  d e s c r i b e d  a s  an  

e s s e n t i a l  co m p o n en t  o f  e f f l u x  a n a l y s e s  (M a c R o b b ie ,  1 9 7 1 ;  C l a r k s o n ,

1 9 7 4 )  i n  p r e v e n t i n g  i n c r e a s e d  p e r m e a b i l i t y  o f  t h e  m em branes . H o w ev er ,  

t h e  a b s e n c e  o f  c a l c i u m  from  t h e s e  s t u d i e s  s t i l l  e n a b l e s  c o m p a r i s o n s  o f  

p a r a m e t e r s  b e t w e e n  t i s s u e s  t r e a t e d  u n d e r  s i m i l a r  c o n d i t i o n s  ( C l a r k s o n ,  

1 9 7 4 ) .  The s o u r c e  and s t o r a g e  o f  R. squarrosus ( S e c t i o n  3 . 2 . 1 )  w e r e  

k e p t  c o n s t a n t  t h r o u g h o u t  t h e  p r o j e c t  t o  m i n i m i s e  s u c h  d i f f e r e n c e s .

d )  H e r b i c i d a l  a c t i v i t y .  P a r a q u a t  h a s  b e e n  d e s c r i b e d  a s  a f f e c t i n g  

membrane p e r m e a b i l i t y  f o l l o w i n g  t h e  p r o d u c t i o n  o f  h y d r o g e n  p e r o x i d e  and  

p a r a q u a t  r a d i c a l s  i n  t h e  p r e s e n c e  o f  l i g h t  (D o d g e  and H a r r i s ,  1 9 7 0 ) .  

I n c r e a s i n g  t h e  i n c u b a t i o n  t i m e  from  4 h t o  16  h c o u l d  e n c o u r a g e  

i n c r e a s e d  p e r m e a b i l i t y  o f  t h e  m oss  t i s s u e  p la s m a  m em branes . H o w ev er ,  

membrane i n t e g r i t y  s t i l l  e x i s t s  i n  t h e  t i s s u e s  u s e d  f o r  e f f l u x  

a n a l y s i s ,  a s  i n d e p e n d e n t  r a t e s  w e r e  i s o l a t e d  f o r  t h e  d i f f e r e n t



i n t r a c e l l u l a r  p o o l s .

5 . 3 . 3  E fflu x  o f paraquat from whole segments o f  R. squarrosus 

using paraquat as an eluant

To d e t e r m i n e  t h e  e f f e c t s  o f  p a r a q u a t  c o n c e n t r a t i o n  on  i t s  u p t a k e  

and c e l l u l a r  d i s t r i b u t i o n ,  m oss t i s s u e  w as i n c u b a t e d  i n  a  d i l u t e  

p a r a q u a t  s o l u t i o n  ( 7 2 . 5  pH) and e l u t e d  i n t o  an e q u i v a l e n t  c o n c e n t r a t i o n  

o f  u n l a b e l l e d  p a r a q u a t .  A d i l u t e  p a r a q u a t  s o l u t i o n  w as u s e d  f o r  b o t h  

t h e  1 4 C i n c u b a t i o n  and t h e  u n l a b e l l e d  e l u a n t  t o  r e d u c e  t h e  l i k e l i h o o d  

o f  membrane dam age o c c u r r i n g .  The u s e  o f  u n l a b e l l e d  p a r a q u a t  a s  t h e  

e l u a n t  a l s o  p r o v i d e d  a  s u b s t i t u t i o n  s o l u t e  f o r  t h e  c e l l  w a l l  bound  

p a r a q u a t  c o m p o n e n t .  T h i s  a i d e d  i n  i t s  d e t e c t i o n  a s  a  r a t e  d e t e r m i n a b l e  

co m p o n en t  o f  t h e  e f f l u x  a n a l y s i s .  The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e s

5 . 3 . 7  and 5 . 3 . 8 .

The d a t a  w e r e  b e s t  d e s c r i b e d  by t h e  m o d e l  w i t h  t h r e e  l i n e a r  

c o m p o n e n ts  and a  c o n s t a n t .  The i d e n t i f i c a t i o n  o f  a  t h i r d  r a t e  

d e t e r m i n a b l e  c o m p o n e n t ,  com p ared  t o  o n l y  two when e l u t e d  i n  w a t e r  

( S e c t i o n  5 . 3 . 1 ) ,  w as r e l a t e d  t o  d i s p l a c e m e n t  o f  t h e  e x c h a n g e a b l e  c e l l  

w a l l  c o m p o n en t  by t h e  u n l a b e l l e d  p a r a q u a t  e l u a n t .  The e l u t i o n  o f  t h e  

e x c h a n g e a b l e  co m p o n en t  w as c o u p l e d  w i t h  a  c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  

p e r c e n t a g e  o f  p a r a q u a t  d e s c r i b e d  b y  t h e  c o n s t a n t  te r m . The sum o f  t h e  

e x c h a n g e a b l e  c o m p o n e n ts  and t h e  c o n s t a n t  ( 1 . 9 2  mg g _1 d r y  w e i g h t )  

a c c o u n t  f o r  41% o f  t h e  t o t a l  u p t a k e  com pared  w i t h  65% from  t h e  72 5  pM 

t r e a t m e n t .  A r e d u c t i o n  i n  t h e  p r o p o r t i o n  o f  p a r a q u a t  bound t o  t h e  c e l l  

w a l l s  o f  R. squarrosus f o l l o w i n g  a 7 2 . 5  pM C - p a r a q u a t  t r e a t m e n t  was  

a l s o  o b s e r v e d  i n  S e c t i o n  4 . 3 . 1 . 3 .

The v a c u o l e  (42%) c o n t a i n e d  more p a r a q u a t  th a n  t h e  c y t o p l a s m  

(1 7 % ), p e r h a p s  i n d i c a t i n g  an a m e l i o r a t i o n  m e c h a n ism . The p r o p o r t i o n  o f  

p a r a q u a t  i n  t h e  sum o f  t h e  c y t o p l a s m i c  and v a c u o l a r  p o o l s  was  

s i g n i f i c a n t l y  g r e a t e r  i n  t h e  7 2 . 5  pM 1 4 C - p a r a q u a t  t r e a t m e n t  (59%) th a n  

i n  t h e  7 2 5  pM t r e a t m e n t  (34% ). A s i m i l a r  d i s t r i b u t i o n  o f  p a r a q u a t  was  

o b s e r v e d  b e t w e e n  t h e  v a c u o l a r  and c y t o p l a s m i c  p o o l s ,  f o l l o w i n g  b o t h  t h e
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T a b l e  5 . 3 . 7  Summary o f  e f f l u x  a n a l y s i s  o f  w h o le  m oss s h o o t j 4o f  R.
s q u a r r o s u s . S h o o t s  w e r e  i n c u b a t e d  i n  7 2 . 5  yM 4C -p a r a q u a t  

#  and e l u t e d  i n  an  e q u i v a l e n t  c o n c e n t r a t i o n  o f  c o l d  p a r a q u a t .
F i g u r e s i n  p a r e n t h e s e s a r e  s t a n d a r d  e r r o r s o f  m eans

P r o b a b l e  i d e n t i t y  
o f  c o m p a rtm en t

P a r a q u a t  
c o n t e n t  a t  
t= 0  ( y g  g  1

X o f  
t o t a l

d r y  w t )  1 4 C u p t a k e

V a c u o l e 1 9 3 9  ( 1 0 9 ) 4 1 . 8  ( 2 . 3 9 ) 3 . 6 5  h ( 0 . 2 4 )

C y t o p la s m 7 8 4  ( 1 9 ) 1 6 . 8  ( 0 . 4 ) 1 0 . 2  min ( 0 . 6 5 )

C e l l  w a l l ( e x c h a n g e d ) 8 5 6  ( 1 1 1 ) 1 8 . 4  ( 2 . 4 ) 3 . 1  min ( 0 . 2 9 )

C e l l  w a l l  
( n o n - e x c h a n g e a b l e ) 1 0 6 2  ( 1 2 1 ) 2 2 . 8  ( 2 . 6 ) *

T o t a l 4 6 4 1

' I n t e r c e l l u l a r ' (1 ) 0 *

n = 4
* r a t e  n o t  d e t e r m i n a b l e

' i n t e r c e l l u l a r '  p o o l  i s  d e r i v e d  from  t h e  d i f f e r e n c e  b e t w e e n  t o t a l  
C - p a r a q u a t  a s s o c i a t e d  w i t h  R. squarrosus t i s s u e  and t h a t  a c c o u n t e d  f o r  i n  

t h e  c o m p a r t m e n t a l  a n a l y s i s

T a b l e  5 . 3 . 8  C o m p a r iso n  o f  t h e  d i r e c t l y  m ea su r e d  n o n - e x c h a n g e a b l e  1 4 C- 
p a r a q u a t  com p on en t  o f  R. s q u a r r o s u s  s h o o t s ,  w i t h  t h e  
p r e d i c t e d  v a l u e  from  t h e  c y m p a r t m e n t a l  a n a l y s i s .  S h o o t s  
w e r e  i n c u b a t e d  i n  7 2 . 5  yM 1 4 C - p a r a q u a t  and e l u t e d  i n  
e q u i v a l e n t  c o n c e n t r a t i o n s  o f  c o l d  p a r a q u a t .  F i g u r e s  i n  
p a r e n t h e s e s  a r e  s t a n d a r d  e r r o r s  o f  m eans

C e l l u l a r
Component

dpm X o f  m ea su red  
r e s i d u a l

( a )  M easu red  r e s i d u a l  com p on en t  
( Z n o n - e f f l u x e d  p a r a q u a t ) 341 1  ( 1 7 6 )

( b )  M easu red  i n t r a c e l l u l a r  
( s o l u b l e ) 277  ( 1 9 ) 8

O b s e r v e d  n o n - e x c h a n g e a b l e  ( a ) - ( b ) 3 1 3 4 92

P r e d i c t e d  n o n - e x c h a n g e a b l e 2 1 4 9  ( 2 8 9 9 ) 63



7 2 . 5  and 7 2 5  yM 1 4 C - p a r a q u a t  t r e a t m e n t s  ( T a b l e s  5 . 3 . 1  and 5 . 3 . 7 ) .  

G r e a t e r  a c c u m u l a t i o n  o f  c a t i o n s  by  t h e  v a c u o l e  o f  p l a n t  c e l l s  o c c u r s  

when t h e y  a r e  s u p p l i e d  a s  c h l o r i d e s  th a n  when o f f e r e d  a s  s u l p h a t e s  

(M a c R o b b ie ,  1 9 7 1 ) .  T h i s  may b e  r e l a t e d  t o  t h e  g r e a t e r  a b i l i t y  o f  

c h l o r i d e  a n i o n s  t o  p e n e t r a t e  t h e  p lasm alem m a c o u n t e r i n g  t h e  n e t

t r a n s p o r t  o f  c a t i o n s .  P a r a q u a t  w as p r e s e n t e d  a s  p a r a q u a t  d i c h l o r i d e  

i n  t h e s e  e x p e r i m e n t s  and t h e  p r e s e n c e  o f  t h e  c h l o r i d e  i o n s  may h a v e  

i n c r e a s e d  t h e  p e r m e a b i l i t y  o f  t h e  t o n o p l a s t  t o  p a r a q u a t .  The  

a c c u m u l a t i o n  o f  c a t i o n s  by  t h e  v a c u o l e  i s  s l o w e r  when a c c o m p a n ie d  by  

s u l p h a t e s ,  p r o b a b l y  b e c a u s e  o r g a n i c  a c i d  s y n t h e s i s  i s  r e q u i r e d  i n  t h e  

c y t o p l a s m  b e f o r e  b o t h  i o n s  c a n  e n t e r  t h e  v a c u o l e  (Osmond and L a t i e s ,  

1 9 6 9 ;  T o r i i  and L a t i e s ,  1 9 6 6 ) .  M a c le n n a n ,  B e e v e r s  and H a r l e y  ( 1 9 6 3 )  

o b s e r v e d  h i g h  l e v e l s  o f  o r g a n i c  a c i d s  i n  t h e  v a c u o l e  o f  Bryophyllum 

calycinum w h ic h  w e r e  b e l i e v e d  t o  g e n e r a t e  a  c o n c e n t r a t i o n  g r a d i e n t  f o r  

c a t i o n  movement from  t h e  c y t o p l a s m  t o  t h e  v a c u o l e .  H ig h  l e v e l s  o f  

o r g a n i c  a c i d s  i n  t h e  v a c u o l e  o f  R. squarrosus t i s s u e s  and t h e  s u p p l y  o f  

c h l o r i d e  i o n s  from  t h e  p a r a q u a t  s a l t  may, t h e r e f o r e ,  c a u s e  t h e

p r e f e r e n t i a l  a c c u m u l a t i o n  o f  p a r a q u a t  i n  t h e  v a c u o l e .  H o w ev er ,  t o t a l  

i n t r a c e l l u l a r  u p t a k e  o f  cadmium by R. squarrosus w as n o t  fo u n d  by  

W e l l s  and Brown ( 1 9 8 7 )  t o  b e  i n f l u e n c e d  g r e a t l y  b y  t h e  a c c o m p a n y in g  

a n i o n s .

P r o p o r t i o n a l l y  m ore p a r a q u a t  e n t e r e d  t h e  m oss t i s s u e  from  t h e  7 2 . 5  

yM th a n  t h e  7 2 5  yM p a r a q u a t  s o l u t i o n s  ( T a b l e s  5 . 3 . 1  and 5 . 3 . 7 ) ,  

i n d i c a t i n g  t h a t  i n t r a c e l l u l a r  u p t a k e  i s  n o t  d e p e n d e n t  on  c o n c e n t r a t i o n  

o f  t h e  t r e a t m e n t  s o l u t i o n .  An i n t e r c e l l u l a r  co m p o n en t  was n o t  

i d e n t i f i e d  i n  t h i s  e x p e r i m e n t ,  p r e s u m a b ly  b e c a u s e  t h e  m oss  had a b s o r b e d  

t h e  p a r a q u a t  n o r m a l l y  l e f t  i n  t h i s  f r a c t i o n .  The t ,  v a l u e s  f o rH.
v a c u o l a r  and c y t o p l a s m i c  f l u x e s  ( 3 . 6 5  h and 1 0 . 2  m in )  d i d  n o t

s i g n i f i c a n t l y  d i f f e r  from  t h o s e  o b t a i n e d  from  t h e  h i g h e r  p a r a q u a t  

c o n c e n t r a t i o n  w i t h  w a t e r  a s  an  e l u a n t  ( 3 . 7 8  h and 1 3 . 3  m i n ) .  The



e l u t i o n  o f  p a r a q u a t  from  t h e s e  p o o l s  w as t h e r e f o r e  i n d e p e n d e n t  o f  

i n t r a c e l l u l a r  o r  e x t r a c e l l u l a r  c o n c e n t r a t i o n  and r e l a t e s  e n t i r e l y  t o  

t h e  p e r m e a b i l i t y  o f  t h e  membrane t o  p a r a q u a t .  T h i s  s u g g e s t s  t h a t  

u p t a k e  i s  d e p e n d e n t  on a  f i n i t e  number o f  c a r r i e r s  i n  t h e  membrane and  

may r e s e m b l e  c a r r i e r - m e d i a t e d  i o n  t r a n s p o r t  d e s c r i b e d  u s i n g  t h e  

M i c h a e l i s - M e n t e n  e q u a t i o n  ( H a l l  and B a k e r ,  1 9 7 7 ) .

The t .  v a l u e  o b t a i n e d  f o r  t h e  e x c h a n g e a b l e  f r a c t i o n  ( 3 . 1  m in )  may 

b e  l a r g e r  th a n  t h e  t r u e  f i g u r e  d u e  t o  an i n i t i a l  i n e f f i c i e n c y  o f  

1 4 C - p a r a q u a t  e x c h a n g e .  I n c o m p l e t e  s a t u r a t i o n  o f  t h e  e x c h a n g e  s i t e s  

f o l l o w i n g  t h e  7 2 . 5  pM p a r a q u a t  t r e a t m e n t  may h a v e  l e d  t o  f u r t h e r  

p a r a q u a t  b i n d i n g  from  t h e  u n l a b e l l e d  p a r a q u a t  w a s h e s ,  t h e r e b y

i n c r e a s i n g  t h e  t % v a l u e s .

The t o t a l  p a r a q u a t  u p t a k e  by  R. squarrosus s h o o t s  fro m  t h e  e f f l u x  

and k i n e t i c  a n a l y s i s  ( S e c t i o n  4 . 3 . 1 . 6 ) ,  u s i n g  7 2 . 5  pM 1 4 C - p a r a q u a t ,  

w e r e  4 . 6 4  and 6 . 8  mg g - 1  d r y  w e i g h t ,  r e s p e c t i v e l y .  T he d i f f e r e n c e  i n  

t h e  t o t a l  p a r a q u a t  u p t a k e  a t  lo w  p a r a q u a t  i n c u b a t i o n  c o n c e n t r a t i o n s  

may b e  a t t r i b u t a b l e  t o  e x h a u s t i o n  o f  t h e  s o l u t i o n .  H o w ev er ,  t h e  

d i s t r i b u t i o n  o f  1 4 C - p a r a q u a t  i n  t h e  i n t r a c e l l u l a r  and t h e  e x c h a n g e a b l e  

c o m p o n e n ts  f o l l o w i n g  t h e  7 2 . 5  pM e f f l u x  e x p e r i m e n t  ( T a b l e  5 . 3 . 7 )  

r e s e m b l e d  t h o s e  o f  t h e  7 2 5  pM p a r a q u a t  e f f l u x  e x p e r i m e n t  ( S e c t i o n

5 . 3 . 1 ) .  The r a t i o  o f  i n t r a c e l l u l a r  t o  e x c h a n g e a b l e  p a r a q u a t  i n  t h e  

e f f l u x  and k i n e t i c  a n a l y s i s  w e r e  1 : 1 . 5  and 1 : 3 2 ,  r e s p e c t i v e l y .  E l u t i o n  

o f  C - p a r a q u a t  from  t h e  i n t r a c e l l u l a r  f r a c t i o n  o f  t h e  m oss t i s s u e  

c o u l d  o c c u r  d u r i n g  t h e  1 h d i s p l a c e m e n t  p r o c e d u r e  u s e d  i n  t h e  k i n e t i c  

a n a l y s i s  ( S e c t i o n  4 . 2 . 5 ) .  T h i s ,  h o w e v e r ,  b a s e d  on t h e  t ,  v a l u e s  f o rH.
t h e  c y t o p l a s m i c  c o m p a r tm e n ts ,  w o u ld  n o t  a c c o u n t  f u l l y  f o r  t h e  

d i f f e r e n c e s  o b s e r v e d  b e t w e e n  t h e  two t e c h n i q u e s .

5 . 3 . 4  E f f l u x  o f  p a r a q u a t  fro m  L o l iu m  p e r e n n e  l e a f  s l i c e s

The s l o w  o n s e t  o f  t o x i c  e f f e c t s  i n  R. squarrosus a f t e r  a p p l i c a t i o n  

o f  p a r a q u a t  i n  t h e  f i e l d  ( S e c t i o n s  2 . 3 . 1 . 1  and 2 . 3 . 2 )  may be



a t t r i b u t a b l e  t o  t h e  h i g h  c a t i o n  b i n d i n g  c a p a c i t y  o f  t h e  c e l l  w a l l  a n d /  

o r  lo w  p la s m a  membrane p e r m e a b i l i t y  i n h i b i t i n g  i n t r a c e l l u l a r  u p t a k e .  

C o m p a r tm e n ta l  a n a l y s i s  o f  p a r a q u a t  u p t a k e ,  by e f f l u x  a n a l y s i s ,  w as a l s o  

p e r f o r m e d  u s i n g  l e a f  s l i c e s  o f  Lolium perenne. L. perenne l e a f  s l i c e s

( 1 0 0  x  4 0 0  pm) w e r e  i n c u b a t e d  f o r  16 h i n  5 ml o f  7 2 5  pM 1 4 C - p a r a q u a t ,

and  w a t e r  w as u s e d  a s  t h e  e l u a n t .  C o m p a r iso n s  o f  t h e  c o m p a r t m e n t a l

c o n c e n t r a t i o n s  and t;% v a l u e s  w e r e  made b e t w e e n  L. perenne and R. 

squarrosus.

The e f f l u x  d a t a  w e r e  d e s c r i b e d  m ost  a d e q u a t e l y  by t h e  m o d e l  

w i t h  two l i n e a r  c o m p o n e n ts  and a  c o n s t a n t  ( T a b l e  5 . 3 . 9 ) .  An i n t e r ­

c e l l u l a r  r a t e  w a s ,  a g a i n ,  n o t  d e t e r m i n a b l e  d ue  t o  i t s  v e r y  f a s t  e f f l u x  

r a t e  b u t  a  c o n c e n t r a t i o n  e q u i v a l e n t  t o  54% o f  t h e  t o t a l  a c t i v i t y  was

a s s o c i a t e d  w i t h  t h e  i n t e r c e l l u l a r  co m p a rtm en t  o f  t h e  l e a f  s l i c e s

( T a b l e  5 . 3 . 9 ) .  T h i s  v a l u e  i s  e x t r e m e l y  h i g h  com p ared  w i t h  t h e  m oss  

t i s s u e ,  i n d i c a t i n g  a  p o s s i b l e  l o s s  o f  membrane i n t e g r i t y .  H o w ev er ,  t h e  

s u c c e s s f u l  e x t r a c t i o n  o f  l i n e a r  c o m p o n e n ts  from  t h e  e f f l u x  c u r v e  

s u g g e s t s  t h a t  t h e  p la s m a  m em branes w e r e  s t i l l  f u n c t i o n a l .

The t^ v a l u e  f o r  e f f l u x  from  t h e  v a c u o l a r  co m p a rtm en t  i s  

a p p r o x i m a t e l y  h a l f  t h a t  fo u n d  f o r  R. squarrosus l e a v e s  ( T a b l e  5 . 3 . 3 ) .  

E i t h e r  t o n o p l a s t  p e r m e a b i l i t y  o f  L. perenne i s  g r e a t e r  th a n  t h a t  o f  t h e  

m o ss  o r  t h e  p a r a q u a t  h a s  i n c r e a s e d  t o n o p l a s t  p e r m e a b i l i t y  i n  t h e  

g r a s s .  I n c r e a s e d  t o n o p l a s t  p e r m e a b i l i t y  may b e  a  g e n e r a l  f e a t u r e  o f  

p a r a q u a t  dam age t o  v a s c u l a r  p l a n t s .  D odge and H a r r i s  ( 1 9 7 0 )  d e s c r i b e d  

i n c r e a s e d  t o n o p l a s t  p e r m e a b i l i t y  f o l l o w i n g  p a r a q u a t  t r e a t m e n t  o f  f l a x  

( Linum usitadssimum), and P r i c e  ( 1 9 7 8 )  a l s o  fo u n d  membrane damage i n  

w h e a t  t i s s u e  l e a d i n g  t o  r e d u c e d  p h lo em  m o b i l i t y  and i n c r e a s e d  x y le m  

m o b i l i t y .

The v a c u o l e  a c c o u n t e d  f o r  23% o f  t h e  p a r a q u a t  a s s o c i a t e d  w i t h  t h e

L. perenne t i s s u e  ( T a b l e  5 . 3 . 9 ) .  T h i s  v a l u e  i n c r e a s e d  t o  53% i f  t h e  

i n t e r c e l l u l a r  com p on en t  w as n o t  i n c o r p o r a t e d  i n  t h e  t o t a l  p a r a q u a t



T a b l e  5 . 3 . 9  Summary o f  e f f l u x  a n a l y s i s  d a t a  f o r  L o l iu m  p e r e n n e  l e a f  
s l i c e s  p r e - i n c u b a t e d  i n  7 2 5  yM u - p a r a q u a t  and e l u t e d  i n  
w a t e r .  F i g u r e s  i n  p a r e n t h e s e s  a r e  s t a n d a r d  e r r o r s  o f  
m eans

P r o b a b l e  i d e n t i t y  P a r a q u a t  % o f  t^
o f  c o m p a rtm en t  c o n t e n t  a t  t o t a l  4C

t = 0  ( y g  g" d r y  w t )  u p t a k e

V a c u o l e

C y to p la s m

C e l l  w a l l
( n o n - e x c h a n g e a b l e )

9 3 8 6 ( 8 0 8 ) 2 3 . 6

5 3 4 9 ( 2 0 8 8 ) 1 3 . 5

3 5 3 6 ( 6 9 1 ) 8 . 4

( 0 . 6 4 )  1 . 5 2  h ( 0 . 2 7 )

( 6 . 1 4 )  1 3 . 1 4  min ( 3 . 0 8 )

( 1 . 2 6 )  *

S u b - t o t a l  1 8 2 7 1

' i n t e r c e l l u l a r ' ( 1 ) 1 4 6 7 6  5 4 . 4  ( 4 . 9 )  *

T o t a l  3 2 9 4 8  ( 5 5 7 7 )

n =h 3
( 4  r e p .  d i d  n o t  c o n v e r g e )  
*  n o t  r a t e  d e t e r m i n a b l e

(1> ' I n t e r c e l l u l a r '  p o o l  o f  d e r i v e d  from  t h e  d i f f e r e n c e  b e t w e e n  t h e  
t o t a l  C - p a r a q u a t  a s s o c i a t e d  w i t h  L. p e r e n n e  l e a f  s l i c e s  and t h a t  
a c c o u n t e d  f o r  i n  t h e  c o m p a r t m e n t a l  a n a l y s i s

c o n t e n t .  T h i r t e e n  p e r  c e n t  o f  t h e  t o t a l  p a r a q u a t  w as l o c a t e d  i n  t h e

c y t o p l a s m .  T he p r o p o r t i o n s  o f  p a r a q u a t  i n  t h e  c e l l u l a r  p o o l s  o f  L.

perenne, t h e r e f o r e ,  r e s e m b l e  t h o s e  fo u n d  i n  R. squarrosus. H ow ever ,

t h e  c e l l  w a l l  bound f r a c t i o n  o f  L. perenne l e a f  t i s s u e  w as o n l y  8%

com pared  w i t h  35% and 53%, r e s p e c t i v e l y ,  i n  t h e  l e a v e s  and i n t a c t

s h o o t s  o f  R. squarrosus ( T a b l e s  5 . 3 . 3  and 5 . 3 . 1 ) .  T h i s  c o n f i r m s  th e ~

l a r g e  c a t i o n  e x c h a n g e  c a p a c i t y  o f  R. squarrosus t i s s u e s .

The v a c u o l a r  com p artm en t  o f  L. perenne ( 9 . 3 8  mg g -1  d r y  w e i g h t )  

c o n t a i n e d  s i g n i f i c a n t l y  l e s s  p a r a q u a t  th a n  t h a t  o f  R. squarrosus l e a v e s  

( 1 4 . 4 9  mg g -1  d r y  w e i g h t ) .  H o w ev er ,  i f  t h e  v a c u o l e  o f  R. squarrosus 

l e a v e s  a c c o u n t s  f o r  ca. 50% o f  t h e  i n t r a c e l l u l a r  f r a c t i o n ,  a s  i n  t h e  

c a s e  o f  Mnium cuspidaium ( L i i t t g e  and B a u e r ,  1 9 6 8 ) ,  and ca. 80% i n  L.



squarrosus i m p l y i n g  a  l o w e r  p a r a q u a t  c o n c e n t r a t i o n  th a n  t h a t  i n  t h e  

s m a l l e r  c y t o p l a s m  o f  L. perenne.

I n  c o n t r a s t  t o  t h e  m oss  t i s s u e ,  c o r r e l a t i o n  w as p o o r  b e t w e e n  t h e  

d i r e c t l y  m e a su r e d  bound p a r a q u a t  ( 2 5 0 0  dpm) and t h e  e s t i m a t e d  bound  

p a r a q u a t  ( 6 8 7 7  dpm) i n  t h e  L. perenne l e a f  s l i c e s  ( T a b l e  5 . 3 . 1 0 ) .

perenne  leaves (Bridges and Farrington, 1974), then the to ta l

concentration of paraquat in  the vacuole w i l l  be greater for the moss

t is s u e . The cytoplasm ic volumes w i l l ,  th erefore , be larger  in R.

T a b l e  5 . 3 . 1 0  C o m p a r iso n  o f  t h e  d i r e c t l y  m e a su r e d  n o n - e x c h a n g e a b l e  1 4 C- 
p a r a q u a t  co m p o n en t  L o l iu m  p e r e n n e  l e a f  s l i c e s  w i t h  t h e  
p r e d i c t e d  v a l u e s  from  t h e  c o m p a r t m e n t a l  a n a l y s i s .  L e a f  
s l i c e s  w e r e  i n c u b a t e d  i n  7 2 . 5  pM p a r a q u a t ,  e l u t e d  w i t h  
w a t e r .  F i g u r e s  i n  p a r e n t h e s e s  a r e  t h e  s t a n d a r d  e r r o r s  o f  
t h e  means

C e l l u l a r
Component dpm X o f  m ea su red

r e s i d u a l

( a )  M easu red  r e s i d u a l  com p on en t  
( E n o n - e f f l u x e d  4 C - p a r a q u a t ) 8 0 9 1  ( 1 5 6 2 )

( b )  M easu red  i n t r a c e l l u l a r  
( s o l u b l e  4C - p a r a q u a t ) 5 5 1 1  ( 8 5 4 ) 6 8 . 1

O b s e r v e d  n o n - e x c h a n g e a b l e  ( a ) - ( b ) 2 5 8 0 3 1 . 9

P r e d i c t e d  n o n - e x c h a n g e a b l e 6 8 7 7  ( 1 3 4 5 ) 85



A l s o ,  t h e  i n t r a c e l l u l a r  p a r a q u a t  c o n t e n t ,  f r e e  i n  s o l u t i o n  a f t e r  e f f l u x  

from  t h e  L . p e r e n n e  t i s s u e ,  a c c o u n t e d  f o r  a  l a r g e r  p r o p o r t i o n  ( 6 8 % )  o f  

t h e  t o t a l  r e s i d u a l  f r a c t i o n  com pared  w i t h  l e a v e s  o f  R . s q u a r r o s u s  

( 1 4 .6 % ) .  The r e s u l t s  s u g g e s t  t h e  e x i s t e n c e  o f  a  p a r a q u a t  com p on en t  

bound t o  s o l u b l e  m o l e c u l e s  w i t h i n  t h e  i n t r a c e l l u l a r  co m p a r tm e n t  o f  L . 

p e r e n n e  t i s s u e  w h ic h  i s  r e l e a s e d  by d i s r u p t i o n  o f  t h e  c e l l  membrane  

b u t  w h ic h  i s  n o t  c a p a b l e  o f  movement a c r o s s  t h e  p la s m a  m em branes .  

P r i c e  ( 1 9 7 8 )  d e s c r i b e d  r e d u c t i o n s  i n  c h e m i c a l  d i s t r i b u t i o n  i n  p l a n t s  

s u c h  a s  P o ly g o n u m  s p p .  d u e  t o  b i n d i n g  t o  t a n n i n  b o d i e s  c o n c e n t r a t e d  i n  

e p i d e r m a l  o r  p e r i v a s c u l a r  c e l l s .  T h i s  i s  i n  c o m p l e t e  c o n t r a s t  t o  t h e  

m oss t i s s u e  w h e r e  i n t r a c e l l u l a r  p a r a q u a t  a p p e a r e d  t o  b e  f r e e .

5 .3 .5  C alcu lation  o f Nernst p o ten tia l

E s t i m a t e s  o f  t h e  i n t r a c e l l u l a r  and e x t e r n a l  p a r a q u a t  

c o n c e n t r a t i o n s  o b t a i n e d  i n  t h e  e f f l u x  a n a l y s e s  e n a b l e  c a l c u l a t i o n  o f  

t h e  N e r n s t  p o t e n t i a l s  f o r  t h e  v a r i o u s  t i s s u e s .

T h e s e  c a l c u l a t i o n s  r e q u i r e  a k n o w le d g e  o f  c e l l  w a t e r  c o n t e n t .  

F r e s h  and d r y  w e i g h t  m e a s u r e m e n ts  o f  t h e  m oss t i s s u e  i n d i c a t e  t h i s  t o  

b e  ca. 0 . 9  g  H20 g - 1  d r y  w e i g h t  a t  s a t u r a t i o n .  The w a t e r  c o n t e n t  was  

e s t i m a t e d  t o  b e  0 . 9  g  H20 g - 1  d r y  w e i g h t  o f  L . p e r e n n e .

To com p are  c o n c e n t r a t i o n s  o f  i n t r a c e l l u l a r  p a r a q u a t  w i t h  t h o s e  o f  

t h e  b a t h i n g  s o l u t i o n ,  p a r a q u a t  m ust e x i s t  i n  p a s s i v e  e q u i l i b r i u m  a c r o s s  

t h e  p la s m a  m em branes . C a l c u l a t i o n s  o f  t h e  N e r n s t  e l e c t r o c h e m i c a l  

p o t e n t i a l s  f o r  t h e  i n t r a c e l l u l a r  c o m p a r tm e n ts  a r e  p r e s e n t e d  i n  T a b le  

5 . 3 . 1 1 .  F or  a l l  R . s q u a r r o s u s  t i s s u e s  and L . p e r e n n e , t h e  c a l c u l a t e d  

p o t e n t i a l s  a r e  b e t w e e n  - 6 3  mV and - 7 2  mV i n  e q u i l i b r i u m  w i t h  7 2 5  yM 

p a r a q u a t  s o l u t i o n s .  A lo w e r  v a l u e  (-HOrnV) was o b t a i n e d  when t h e  

t i s s u e s  w e r e  i n  e q u i l i b r i u m  w i t h  7 2 . 5  yM p a r a q u a t .  S i m i l a r  d i f f e r e n c e s  

i n  t h e  c a l c u l a t e d  N e r n s t  p o t e n t i a l s  f o r  o a t  c o l e o p t i l e s  and r o o t s  w ere  

o b s e r v e d  by H ig in b o t h a m ,  G r a v e s  and D a v i e s  ( 1 9 7 0 )  f o r  p o t a s s i u m ,  o v e r  a
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T a b l e  5 . 3 . 1 1  C a l c u l a t e d  N e r n s t  p o t e n t i a l  f o r  R h y t i d i a d e l p h u s  s q u a r r o s u s  

and L o l iu m  p e r e n n e  u s i n g  i n t e r n a l  and e x t e r n a l  

c o n c e n t r a t i o n s  o f  1 4 C - p a r a q u a t

U s i n g  t h e  N e r n s t  e q u a t i o n  E = RT/ZF ( l o g  Ci /C Q) ( S e c t i o n  5 . 2 . 6 )

Paraquat treatment 725 pH Eluant = water
R h y t i d i a d e l p h u s  s q u a r r o s u s  

W hole s h o o t s

c o n e ,  i n s i d e  (C A> = 1 9 0 6 9 .4  y g  g " 1 d r y  wt ( c a .  90% w a t e r )

2 1 . 1 8  y g  y l " 1

c o n e .  o u t s i d e ( C Q> = 2 1 4 5 1 4 .2  dpm /5 ml

0 . 0 4 0 7 8  y g  y l " 1 

E = - 7 8  mV

d i f f e r e n c e  b e t w e e n  v a c u o l e  and  

c y t o p l a s m  a s s u m in g  e q u a l  v o lu m e s  

E = - 1 1 . 4  mV

L e a v e s  (M o ss )

c o n e ,  i n s i d e  = 2 6 . 7 7 7  y g  y l ” 1 

c o n e ,  o u t s i d e  = 0 . 1 1 5  y g  y l " 1

E = - 6 8  mV

S tem s (M o s s )

c o n e ,  i n s i d e  = 14- ’ y g  y l " 1

c o n e ,  o u t s i d e  = 0 . 1 1 5  y g  y l " 1

E = - 6 3  mV

L o liu m  p e r e n n e

c o n e ,  i n s i d e  = 1 6 . 8 7 2  y g  y l " 1 ( c a .  90% w a t e r )

c o n e ,  o u t s i d e  = 0 . 1 0 1  y g  y l ” 1

E = - 6 4  mV

Paraquat treatment 72.5  yM Eluant = 72 .5  yM paraquat
R h y t i d i a d e l p h u s  s q u a r r o s u s  

W hole s h o o t s

c o n e ,  i n s i d e  = 3 . 0 2 6  y g  y l ” 1 

c o n e ,  o u t s i d e  = 4 . 6 4  x  1 0 " 4 y g  y l -1

E = - 1 1 0  mV



v a r i a t i o n  i n  t h e  p r e s e n t  s t u d y .  One c a u s e  may b e  h i g h  c a t i o n  e x c h a n g e  

p r o p e r t i e s  o f  t h e  m oss t i s s u e  r e d u c i n g  t h e  m e a su r e d  p a r a q u a t  l e v e l s  i n  

s o l u t i o n  c l o s e  t o  t h e  e x t e r n a l  s u r f a c e  o f  t h e  p la sm a lem m a .

The d i f f e r e n c e s  i n  p a r a q u a t  c o n t e n t  b e t w e e n  t h e  c y t o p l a s m  and

v a c u o l e  o f  R . s q u a r r o s u s  f o l l o w i n g  b o t h  t h e  7 2 . 5  pM and 7 2 5  pM p a r a q u a t  

t r e a t m e n t s  i n d i c a t e  a  r e d u c t i o n  o f  c a . 1 1 . 5  mV, a s s u m in g  t h e  v o lu m e s  o f  

t h e  two c o m p a r tm e n ts  t o  b e  e q u a l .  The v a l u e s  d e t e r m i n e d  f o r  t h e  l e a f  

and s t e m  t i s s u e  w e r e  - 5  mV and - 2 3  mV, r e s p e c t i v e l y ,  b a s e d  on e q u a l  

c y t o p l a s m i c  and v a c u o l a r  v o l u m e s .  I n  L . p e r e n n e t t h e  d i f f e r e n c e  i n  

c o n c e n t r a t i o n  o f  p a r a q u a t  b e t w e e n  t h e  v a c u o l e  and c y t o p l a s m  i s  

e q u i v a l e n t  t o  a  r e d u c t i o n  o f  7 mV a s s u m in g  t h a t  t h e  v o lu m e s  o f  t h e  two  

c o m p a r tm e n ts  a r e  e q u a l ,  o r  3 mV i f  t h e  v a c u o l e  r e p r e s e n t s  70% o f  t h e  

i n t r a c e l l u l a r  v o lu m e .

M e a su r e m e n ts  o f  t h e  r e s t i n g  p o t e n t i a l  d i f f e r e n c e  o f  R . s q u a r r o s u s

and L . p e r e n n e  t i s s u e s  w e r e  n o t  made i n  t h i s  s t u d y .  T h u s ,  t h e

d e t e r m i n a t i o n  o f  w h e t h e r  p a r a q u a t  a c c u m u l a t i o n  w as p a s s i v e  o r  a c t i v e  i n  

b o t h  R . s q u a r r o s u s  and L . p e r e n n e  c a n n o t  b e  m ade. A number o f  w o r k e r s  

h a v e  m e a s u r e d  r e s t i n g  p o t e n t i a l s  i n  m oss  t i s s u e s ,  a s  d i s c u s s e d  by  Brown

( 1 9 8 4 ) ,  a l t h o u g h  t h e  v a l u e s  v a r y  g r e a t l y  a c c o r d i n g  t o  s p e c i e s ,  

e x p e r i m e n t a l  c o n d i t i o n s  and t h e  t e c h n i q u e s  u s e d .  H o w ev er ,  i f  R . 

s q u a r r o s u s  and L . p e r e n n e  w e r e  t o  p o s s e s s  r e s t i n g  e l e c t r o c h e m i c a l  

p o t e n t i a l s  s i m i l a r  t o  t h o s e  d e s c r i b e d  f o r  A v e n a  f a tu a  ( - 8 6  mV) and  

b e e t r o o t  l e a f  t i s s u e  ( - 5 8  mV t o  - 1 1 6  mV) t h e n  t h e  c a l c u l a t e d  N e r n s t  

p o t e n t i a l s  f o r  p a r a q u a t  u p t a k e  w o u ld  im p ly  i t s  p a s s i v e  a c c u m u l a t i o n .

range of external concentrations. In the latter case, the variations

were attributed to the existence of an electrogenic pump which was

concentration sensitive. It is not possible to ascribe causes to



5.4 CONCLUSIONS

The r e s u l t s  o f  e f f l u x  a n a l y s i s  s u g g e s t  t h a t  s h o o t s  o f  R .

s q u a r r o s u s  and l e a f  s l i c e s  o f  L . p e r e n n e  d i f f e r  l i t t l e  i n  t h e i r  i n t r a ­

c e l l u l a r  p a r a q u a t  c o n t e n t  f o l l o w i n g  i n c u b a t i o n  i n  p a r a q u a t  s o l u t i o n s .  

H o w e v e r ,  i t  i s  p o s s i b l e  t h a t  t h e  v a c u o l e  v o lu m e s  a r e  c o n s i d e r a b l y  

s m a l l e r  i n  m o s s e s  th a n  v a s c u l a r  p l a n t  c e l l s  ( L u t t g e  and B a u e r ,  1 9 6 8 ) .  

A s s u m in g  t h i s ,  R . s q u a r r o s u s  p r o b a b l y  c o n t a i n s  a  g r e a t e r  c o n c e n t r a t i o n  

o f  p a r a q u a t  i n  s o l u t i o n  i n  t h e  v a c u o l e  p e r  u n i t  v o lu m e  th a n  d o e s  L . 

p e r e n n e .

P la sm a  m embranes o f  R . s q u a r r o s u s  do n o t  a p p e a r  t o  b e  damaged by  

t r e a t m e n t  w i t h  7 2 . 5  pM o r  7 2 5  pM p a r a q u a t ,  s i n c e  i n  b o t h  c a s e s  r a t e  

d e t e r m i n a b l e  e f f l u x  c u r v e s  w e r e  fo u n d  w h ic h  c o u l d  b e  a t t r i b u t e d  to  

d i f f e r e n t  c e l l u l a r  c o m p o n e n t s .  H o w ev er ,  t h e  L . p e r e n n e  l e a f  s l i c e s

sh ow ed  s i g n s  o f  dam age t o  t h e  t o n o p l a s t ,  i n d i c a t e d  by  t h e  r e l a t i v e l y  

f a s t  t^ v a l u e s  i n  c o m p a r i s o n  w i t h  t h e  m oss t i s s u e  and w i t h  v a l u e s

q u o t e d  by  P r i c e  ( 1 9 7 8 )  f o r  w h e a t  l e a f  c e l l s .  R . s q u a r r o s u s  t i s s u e  was  

c a p a b l e  o f  b i n d i n g  a p p r o x i m a t e l y  t e n  t i m e s  more p a r a q u a t  t o  i t s  c e l l  

w a l l s  t h a n  L . p e r e n n e .

The c a l c u l a t e d  N e r n s t  p o t e n t i a l s  f o r  t h e  m oss  and L . p e r e n n e  l e a f  

t i s s u e  d i d  n o t  d i f f e r  s u b s t a n t i a l l y .  H ow ever ,  e s t i m a t e s  o f  t h e  N e r n s t  

p o t e n t i a l s  f o r  t h e  v a c u o l e s  o f  t h e  l e a v e s  and s t e m s  o f  R . s q u a r r o s u s  

d i d  d i f f e r ,  p r o b a b l y  d u e  t o  d i f f e r e n c e s  i n  t h e i r  v o l u m e s .  I n  c o n t r a s t ,  

t h e  e s t i m a t e d  N e r n s t  p o t e n t i a l  f o r  t h e  v a c u o l e  o f  L . p e r e n n e  show ed  

l i t t l e  d i f f e r e n c e  t o  t h a t  o f  t h e  c y t o p l a s m ,  i n d i c a t i n g  p o s s i b l e  damage  

t o  t h e  t o n o p l a s t  and l o s s  o f  t r a n s p o r t  s e l e c t i v i t y  a s  a  r e s u l t  o f  t h e  

p a r a q u a t  t r e a t m e n t .

P a r a q u a t  a c c u m u l a t i o n  by R . s q u a r r o s u s  and L . p e r e n n e  i s  l i k e l y  to  

b e  p a s s i v e  i f  t h e i r  r e s t i n g  e l e c t r o c h e m i c a l  p o t e n t i a l s  w e r e  t o  r e s e m b l e  

t h o s e  o f  s p e c i e s  s u c h  a s  A v e n a  f a tu a  ( - 8 6  mV) and b e e t r o o t  ( - 5 8  t o  

-116m V ) and t h a t  o f  t h e i r  c a l c u l a t e d  N e r n s t  p o t e n t i a l  ( ca. - 7 0  mV).



CHAPTER 6

EFFECTS OF PARAQUAT, DICHLOROPHEN, FERROUS SULPHATE

AND 2 , 4 - D  ON PHOTOSYNTHESIS AND RESPIRATION

IN  RHYTIDIADELPHUS SQUARROSUS



6.1 INTRODUCTION

O ver h a l f  o f  t h e  h e r b i c i d e s  i n  c u r r e n t  u s e  a c t  on t h e  l i g h t  

r e a c t i o n s  o f  p h o t o s y n t h e s i s  ( C o r b e t t ,  W rig h t  and B a i l l i e ,  1 9 8 4 ) .  

P h o t o s y n t h e s i s  i n  m o s s e s  h a s  b e e n  show n t o  b e  s e n s i t i v e  t o  a i r  

p o l l u t a n t s  ( I n g l i s  and H i l l ,  1 9 7 4 ;  N ash  and N a sh ,  1 9 7 4 )  b u t  i n f o r m a t i o n  

on t h e  e f f e c t s  o f  h e r b i c i d e s  i s  l i m i t e d .  P h o t o s y n t h e s i s  and  

r e s p i r a t i o n  a r e  f u n d a m e n t a l  m e t a b o l i c  p r o c e s s e s  i n  g r e e n  p l a n t s  and i t  

i s  t h e r e f o r e  a p p r o p r i a t e  t o  i n c l u d e  a  s t u d y  o f  t h e  a c t i o n  o f  h e r b i c i d e s  

on t h e s e  p r o c e s s e s  i n  m o s s e s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .

The m a c r o m o le c u la r  p h o t o s y n t h e t i c  a p p a r a t u s  o f  m o s s e s  i s  g e n e r a l l y  

c o n s i d e r e d  t o  r e s e m b l e  t h a t  o f  v a s c u l a r  p l a n t s  and g r e e n  a l g a e  (A r o ,  

N ie m i and V a l a n n e ,  1 9 8 1 ) .  D i f f e r e n c e s  h a v e  b e e n  fo u n d  b u t  t h e r e  a r e  

c o n f l i c t i n g  v i e w s  on many o f  t h e s e  ( V a l a n n e ,  1 9 8 4 ) .  One i m p o r t a n t  

d i f f e r e n c e  i s  t h e  r e d u c e d  l e v e l s  o f  t h e  3 2 - 3 4  k i l o d a l t o n  (kD a)  

p o l y p e p t i d e  i n  p h o t o s y s t e m  I I  ( P S I I )  o f  m o s s e s  ( A r o ,  1 9 8 2 ) .  The 3 2 - 3 4  

kDa p o l y p e p t i d e  i s  a  co m p o n en t  o f  t h e  p r o t e i n  s h i e l d  c o v e r i n g  t h e  

p l a s t o q u i n o n e  e l e c t r o n  a c c e p t o r  and c a r r i e r  s i t e s  (QA and QB) o f  P S I I  

( F i g s .  6 . 1 . 1  and 6 . 1 . 2 ) .  R e n g e r  ( 1 9 7 6 )  p r o p o s e d  t h a t  t h e  p r o t e i n  

s h i e l d  r e g u l a t e d  e l e c t r o n  f l o w  b e t w e e n  QA and QB t h u s  p r e v e n t i n g  

r e a c t i o n s  b e t w e e n  r e d o x  c o m p o n e n t s .  I n  v a s c u l a r  p l a n t s  t h i s  

p o l y p e p t i d e  h a s  b e e n  shown t o  b e  r e s p o n s i b l e  f o r  t h e  b i n d i n g  o f  s e v e r a l  

h e r b i c i d e  g r o u p s  s u c h  a s  t h e  u r e a s ,  t r i a z i n e s ,  t r i a z o n e s ,  a n i l i d e s  and  

u r a c i l s  ( F e d t k e  and T r e b s t ,  1 9 8 7 ;  R e n g e r ,  Hagemann and D o h n t ,  1 9 8 1 ;  

V erm aas and G o v i n d j e e ,  1 9 8 1 ) .  I n s e n s i t i v i t y  t o  t h e s e  h e r b i c i d e s  h a s  

a l s o  b e e n  shown i n  t h e  pond w eed  Spirodella oligorrhiza, d e p l e t e d  

s p e c i f i c a l l y  i n  t h e  p o l y p e p t i d e  by i n c u b a t i o n  i n  lo w  l e v e l s  o f  

c h l o r a m p h e n i c o l  ( G r e s s e l ,  1 9 8 2 ) .  Verm aas and G o v i n d j e e  ( 1 9 8 1 )  

p o s t u l a t e d  t h a t ,  i n  t h e  a b s e n c e  o f  t h e  P S II  p o l y p e p t i d e ,  e l e c t r o n  

t r a n s p o r t  c o u l d  b e  f a c i l i t a t e d  v i a  a n o t h e r  r o u t e  w h ic h  i s  d i u r o n  

( N ' - ( 3 , 4 - d i c h l o r o p h e n y l ) -  N , N - d i m e t h y l  u r e a )  i n s e n s i t i v e .  H ow ever ,  

e v e n  i n  t h e  a b s e n c e  o f  t h e  3 2 - 3 4  kDa p o l y p e p t i d e ,  t h e  P S I I  o f  m o s s e s
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F i g .  6 . 1 . 1  S c h e m a t i c  d e s c r i p t i o n  o f  t h e  b i n d i n g  a r e a  f o r  h e r b i c i d e s  

i n h i b i t e d  a t  t h e  a c c e p t o r  s i d e  o f  p h o t o s y s t e m  I I  ( T r e b s t ,  D r a b e r  and  

D o n n e r ,  1 9 8 3 ) .  P h e n o l s  and d i u r o n  b in d  t o  two d i f f e r e n t  su b  u n i t s  o f  

t h e  membrane p r o t e i n  t h a t  c o v e r  p h o t o s y s t e m  I I .

A b b r e v i a t i o n s  u s e d :

P 6 8 0 ,  r e a c t i o n  c e n t r e  c h l o r o p h y l l  o f  p h o t o s y s t e m  I I ;  Q, p r im a r y  

e l e c t r o n  a c c e p t o r  f o r  p h o t o s y s t e m  I I ;  B , s e c o n d a r y  a c c e p t o r  o f  

p h o t o s y s t e m  I I ;  PQ, p l a s t o q u i n o n e



Fig. 6.1.1

PQ



F i g .  6 . 1 . 2  R e a c t i o n s  i n  t h e  c h l o r o p l a s t  a f f e c t e d  by p h y t o t o x i c  

com p ou n d s .  ( N o n - c y c l i c  e l e c t r o n  t r a n s p o r t  i n  t h e  c h l o r o p l a s t s ,  t h e  

a r r o w s  d e p i c t i n g  m a jo r  i n t e r a c t i o n s  ( 1 )  ( 2 )  ( 3 ) . )  The f o l l o w i n g

num bers i n d i c a t e  s i t e s  o f  a c t i o n  by h e r b i c i d e s  ( 1 )  i n h i b i t i o n  o f  t h e  

r e d u c i n g  s i d e  o f  p h o t o s y s t e m  I I  ( e . g .  t r i a z i n e s  and u r e a s ) ,  ( 2 )  

i n h i b i t i o n  o f  e l e c t r o n  f l o w  th r o u g h  c y t o c h r o m e  b ( e . g .  d i p h e n y l  

e t h e r s ) ,  ( 3 )  d e v i a t i o n  o f  e l e c t r o n s  from  t h e  r e d u c i n g  s i d e  o f  

p h o t o s y s t e m  I  ( e . g .  b i p y r i d y l i u m s ) , ( 4 )  d i s s i p a t i o n  o f  t h e  p r o t o n

g r a d i e n t  ( e . g .  d i p h e n y l  a m i n e s ) ,  ( 5 )  i n h i b i t i o n  o f  ATP f o r m a t i o n  a t  t h e  

ATPase ( e . g .  n i t r o f e n ) ,  ( 6 )  i n h i b i t i o n  o f  c a r o t e n o i d  b i o s y n t h e s i s  ( e . g .  

o x a d i a z o n ) ,  ( 8 )  p e r o x i d a t i v e  d e s t r u c t i o n  o f  m em branes ( e . g .  

b i p y r i d y l i u m s ) .

A b b r e v i a t i o n s  u s e d :

P 6 8 0 ,  r e a c t i o n  c e n t r e  c h l o r o p h y l l  o f  p h o t o s y s t e m  I I ;  Q, p r im a r y  

e l e c t r o n  a c c e p t o r  f o r  p h o t o s y s t e m  I I ;  B , s e c o n d a r y  a c c e p t o r  o f  

p h o t o s y s t e m  I I ;  PQ, p l a s t o q u i n o n e ;  c y t  b g , b t y p e  c y t o c h r o m e ;  c y t  f ,  

c y t o c h r o m e  f ;  PC, p l a s t o c y a n i n ;  P 7 0 0 ,  r e a c t i o n  c e n t r e  c h l o r o p h y l l  o f  

p h t o t o s y s t e m  I ;  Fd, f e r r e d o x i n ;  FP, f e r r e d o x in -N A D P  o x i d o r e d u c t a s e .  

M o r e la n d ,  1 9 8 0 ;  Sandmann and B o g e r ,  1986
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#  i s  s t i l l  i n h i b i t e d  by  d i u r o n  ( A r o ,  N ie m i  and V a l a n n e ,  1 9 8 1 )  and t h e

t r i a z i n e  h e r b i c i d e  a t r a z i n e  ( V a l a n n e ,  1 9 8 4 ) ,  a l t h o u g h  A t k i n s o n ,  

A b e r n a t h y  and C r i s p  ( 1 9 8 0 ) ,  and B a l c e r k i e w i c z  and  R u s i n s k a  ( 1 9 8 7 )  h a v e  

o b s e r v e d  l i m i t e d  e f f e c t s  o f  t r i a z i n e  h e r b i c i d e s  on  m o s s e s .  The l a c k  o f  

i n f o r m a t i o n  on  t h e  e f f e c t s  o f  h e r b i c i d e s  on m o s s e s  m akes i t  n e c e s s a r y  

t o  r e l y  h e a v i l y  on i n f o r m a t i o n  a b o u t  modes o f  a c t i o n  i n  v a s c u l a r  

p l a n t s .  A t t e m p t s  c a n  t h e n  b e  made t o  com pare  o b s e r v e d  b i o l o g i c a l  

r e s p o n s e s  i n  m o s s e s  w i t h  t h o s e  show n by  v a s c u l a r  p l a n t s .  A summary o f  

t h e  m odes o f  a c t i o n  i n  v a s c u l a r  p l a n t s  o f  t h e  f o u r  com pounds  

i n v e s t i g a t e d  i n  t h e  p r e s e n t  s t u d y  i s  g i v e n  i n  S e c t i o n  1 . 7 . 2 .

The e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  c h a p t e r  m e a s u r e  t h e  e f f e c t s  o f  

d i c h l o r o p h e n ,  p a r a q u a t ,  2 , 4 - D  and f e r r o u s  s u l p h a t e  on R. squarrosus 

p h o t o s y n t h e t i c  and r e s p i r a t o r y  c a r b o n  d i o x i d e  e x c h a n g e .  C h l o r o p h y l l  

c o n t e n t ,  c h l o r o p h y l l  a : c h l o r o p h y l l  b r a t i o s  and d r y  w e i g h t s  w e r e  a l s o  

d e t e r m i n e d  a s  t h e y  h a v e  p r e v i o u s l y  b e e n  show n t o  b e  s e n s i t i v e  

i n d i c a t o r s  o f  e n v i r o n m e n t a l  s t r e s s e s  i n  m o s s e s  ( M a r t in  and W arner,  

1 9 8 4 ;  I n g l i s  and H i l l , 1 9 7 4 ) .  D i s c u s s i o n  o f  t h e  r e s u l t s  d raw s upon  

i n f o r m a t i o n  a v a i l a b l e  on t h e  a c t i v i t y  o f  t h e s e  c h e m i c a l s  i n  v a s c u l a r  

p l a n t s .

6 .2  MATERIALS AND METHODS

6 .2 .1  Plant m aterial

P l a n t  m a t e r i a l  a s  d e s c r i b e d  i n  S e c t i o n  3 . 2 . 1 .

6 .2 .2  H erbicides

H e r b i c i d e s  w e r e  s p r a y e d  a t  t h e  m a n u f a c t u r e r s '  recom m ended r a t e s ,  

w h e r e  a p p l i c a b l e ,  f o r  m oss c o n t r o l ;  o t h e r w i s e  a t  r a t e s  recom m ended f o r  

a g r i c u l t u r a l  p u r p o s e s  and w i t h o u t  t h e  a d d i t i o n  o f  s u r f a c t a n t s  

( S e c t i o n  2 . 2 . 5 ) .  A l l  f o r m u l a t i o n s  w e r e  made up i n  d i s t i l l e d  w a t e r .



6 .2 .3  H erbicide a p p lica tio n

E s t a b l i s h e d  t r a y s  o f  R. squarrosus w e r e  s p r a y e d  u s i n g  a  B i r c h i e r  

han d  h e l d  s p r a y e r .  A p p l i c a t i o n s  w e r e  made i n  t h e  o p e n  u n d e r  s t i l l  

c o n d i t i o n s ,  a  t e m p e r a t u r e  o f  12°C  and d i f f u s e  s u n l i g h t .  The t r a y s  o f  

R. squarrosus w e r e  l e f t  f o r  1 h b e f o r e  r e t u r n i n g  t o  t h e  g l a s s h o u s e .  

D i r e c t  m i s t i n g  w as d e l a y e d  f o r  8 h a f t e r  h e r b i c i d e  a p p l i c a t i o n  b u t  

h u m i d i t y  w as m a i n t a i n e d  by u n d e r - s u r f a c e  w a t e r i n g  o f  t h e  s a n d  t r a y s  

d u r i n g  t h i s  p e r i o d .

6 . 2 . 4  Measurement o f ph otosynthesis and resp ira tio n

An A n a l y t i c a l  D e v e lo p m e n t s  T ype  225  M k(2) i n f r a - r e d  g a s  a n a l y s e r  

(IRGA) was u s e d  t o  d e t e c t  c h a n g e s  i n  c a r b o n  d i o x i d e  i n  an  a s s i m i l a t i o n  

c h a m b e r .  The s i g n a l  o u t p u t  was r e c o r d e d  on a  S e r v o s c r i b e  c h a r t  

r e c o r d e r .

C arbon d i o x i d e  a n a l y s i s  w as made by a b s o l u t e  m e a s u r e m e n t .  The  

IRGA was s e t  t o  z e r o  w i t h  C02- f r e e  a i r  and a  known c o n c e n t r a t i o n  o f  

C02 , from  a  c y l i n d e r ,  was u s e d  f o r  c a l i b r a t i o n .

P h o t o s y n t h e s i s  and r e s p i r a t i o n  w e r e  m e a su r e d  u s i n g  t h e  s a m p le  

i n j e c t i o n  s y s t e m  d e s c r i b e d  by  L a r s o n  and K ersh aw  ( 1 9 7 5 ) ,  C l e g g ,  

S u l l i v a n  and E a s t i n  ( 1 9 7 8 )  and S n e l g a r ,  Brown and G reen  ( 1 9 8 0 ) .  T h i s  

i n v o l v e d  t h e  u s e  o f  C02- f r e e  a i r  p a s s i n g  th r o u g h  t h e  a n a l y s i s  c e l l  v i a  

t h e  r e f e r e n c e  c e l l .  A c o n s t a n t  f l o w  r a t e  ( 5 0 0  cm3 m in- 1 ) t h r o u g h  

t h e  IRGA e n s u r e d  a  l i n e a r  r e s p o n s e  t o  C02 ( L a r s o n  and K ersh a w , 1 9 7 5 ) .  

I n j e c t i o n  o f  a  5 ml s a m p le  o f  a i r  w i t h  a  known C02 c o n c e n t r a t i o n  i n t o  

t h e  i n j e c t i o n  p o r t ,  s i t u a t e d  b e t w e e n  t h e  r e f e r e n c e  and t h e  a n a l y s i s  

c e l l s ,  was u s e d  f o r  c a l i b r a t i o n .  The c h a r t  r e c o r d e r  was s e t  s o  t h a t  

c y l i n d e r  a i r  f o r  t h e  s u b s e q u e n t  e x p e r i m e n t a t i o n  g a v e  a d e f l e c t i o n  o f  

60%, th u s  e n a b l i n g  d e t e c t i o n  o f  b o t h  a  r e d u c e d  ( p h o t o s y n t h e s i s )  o r  

i n c r e a s e d  ( r e s p i r a t i o n )  l e v e l  o f  C02 .



A p i c a l  s e g m e n t s  o f  m oss  3 cm l o n g  w e r e  rem oved  from  t h e  h e r b i c i d e -  

t r e a t e d  t r a y s  i n  t h e  g l a s s h o u s e  and p l a c e d  i n  P e t r i  d i s h e s  c o n t a i n i n g  a  

l a y e r  o f  m o i s t e n e d  f i l t e r  p a p e r .  E ach  d i s h  c o n t a i n i n g  12 s e g m e n t s  was  

p r e c o n d i t i o n e d  i n  a  g r o w th  c a b i n e t  f o r  18 h a t  1 5 °C ,  w i t h  a  14 h 

p h o t o p e r i o d  u s i n g  f l u o r e s c e n t  t u b e  l i g h t i n g  ( 2 7 5  y m o l m s  ) .  T h i s  

p r o c e d u r e  e n s u r e d  a  c o n s t a n t  e n v ir o n m e n t  i m m e d i a t e l y  p r i o r  t o  

e a c h  e x p e r i m e n t .

B e f o r e  u s e ,  e a c h  s a m p le  o f  12 s e g m e n t s  w as im m ersed  i n  d i s t i l l e d  

w a t e r  f o r  5 m in ,  t o  e n s u r e  c o m p l e t e  h y d r a t i o n  and t h e  r e m o v a l  o f  a n y  

a s s o c i a t e d  d e b r i s .  I t  was t h e n  g e n t l y  ta p p e d  w i t h  a  p a p e r  t o w e l  t o  

rem o v e  e x c e s s  w a t e r  b u t  w i t h o u t  d e h y d r a t i n g  o r  d a m a g in g  t h e  t i s s u e s .  

S a m p le s  w e r e  p l a c e d  i n  c y l i n d r i c a l  P e r s p e x  a s s i m i l a t i o n  ch a m b ers  o f  

known v o lu m e  ( ca. 100  cm3 ) .  Each  cham ber p o s s e s s e d  an a i r t i g h t

r e m o v a b le  t o p ,  an  a i r  i n l e t  and o u t l e t  p o r t  s e a l a b l e  w i t h  s m a l l  r u b b e r  

b u n g s ,  and a  s a m p l i n g  p o r t  w i t h  a  S u b a s e a l  s t o p p e r  ( G a l l e n k a m p ) .

A i r  o f  known C02 c o n c e n t r a t i o n  ( 2 8 9  vpm) from  a  c o m p r e s s e d  a i r  

c y l i n d e r  w as u s e d  t o  f l u s h  t h r o u g h  t h e  a s s i m i l a t i o n  cham ber f o r  1 min  

a t  a  f l o w  r a t e  o f  1 2 0 0  cm3 m in- 1 . A f t e r  1 m in ,  and w i t h  a i r  s t i l l  

f l u s h i n g  t h r o u g h ,  a  5 cm3 s a m p le  o f  a i r  was t h e n  w ith d r a w n  by  s y r i n g e  

and i n j e c t e d  i n t o  t h e  IRGA t o  e s t a b l i s h  t h e  i n i t i a l  C02 c o n c e n t r a t i o n

w i t h i n  t h e  ch a m b er .  The a i r  o u t l e t  p o r t  was s t o p p e r e d  and t h e  a i r
?

i n l e t  t u b e  rem oved  and t h e  p o r t  q u i c k l y  s t o p p e r e d ,  p r o d u c i n g  a  c l o s e d  

s y s t e m .  The cham ber was p l a c e d  b e n e a t h  a P e r s p e x  w a t e r b a t h  r e c e i v i n g  

o v e r h e a d  l i g h t i n g  from  a bank  o f  f o u r  t u n g s t e n  la m p s  u s i n g  a  s y s t e m  

p r e v i o u s l y  d e s i g n e d  by S h eah an  ( 1 9 8 5 ) .  The w a t e r b a t h  i n  t h i s  c a s e  

f u n c t i o n e d  a s  a  h e a t  t r a p  by i t s  c o n n e c t i o n  t o  a  m a in s  w a t e r  s u p p l y  and  

v e n t i n g  t h e  o v e r f l o w  t o  t h e  s i n k .  T h e r e f o r e ,  m ost  o f  t h e  r a d i a n t  h e a t  

e m i t t e d  from  t h e  t u n g s t e n  la m p s was a b s o r b e d  by t h e  w a t e r .  T h i s  

e n a b l e d  cham ber t e m p e r a t u r e s  o f  20°C  t o  be  m a i n t a i n e d  f o r  t h e  10  min  

i n c u b a t i o n  p e r i o d .



- 212 -

0  L i g h t  o f  d i f f e r e n t  p h o t o n  f l u x  d e n s i t i e s  w as o b t a i n e d  by  d i f f e r e n t

p e r m u t a t i o n s  o f  f o u r  t u n g s t e n  la m p s and by a l t e r i n g  t h e  cham ber  

p o s i t i o n .  A p h o t o n  f l u x  d e n s i t y  o f  2 3 0  y m ol m s  was u s e d ,  b a s e d  on

p r i o r  e x p e r i m e n t a t i o n ,  t o  d e t e r m i n e  p h o t o s y n t h e s i s  r a t e s  o f  R. 

squarrosus ( s e e  S e c t i o n  6 . 3 . 1 ) .  On c o m p l e t i o n  o f  t h e  10  min i n c u b a t i o n  

t i m e ,  t h e  cham ber w as rem oved  from  t h e  l i g h t  s o u r c e  and a  5 ml a i r  

s a m p le  e x t r a c t e d  w i t h  a  s y r i n g e  and i n j e c t e d  i n t o  t h e  IRGA. P r i o r  t o  

s a m p l i n g  t h e  s y r i n g e  w as f l u s h e d  w i t h  C02- f r e e  a i r  t o  p r e v e n t  c a r r y  

o v e r  o f  C02 b e t w e e n  s a m p l e s .

To o b t a i n  r e s p i r a t i o n  d a t a  from  t h e  same s a m p l e ,  t h e  cham ber was  

r e f l u s h e d  w i t h  a i r ,  f o l l o w i n g  t h e  a b o v e  p r o c e d u r e ,  and i n c u b a t e d  i n  t h e  

d a r k  f o r  10  m in .

6 . 2 . 5  Chlorophyll determ ination

Moss s e g m e n t s ,  t a k e n  from  t h e  a s s i m i l a t i o n  ch a m b ers  a f t e r  

p h o t o s y n t h e s i s  and r e s p i r a t i o n  m e a s u r e m e n t s ,  w e r e  m a c e r a t e d  i n  a  p e s t l e  

and m o r ta r  t o g e t h e r  w i t h  10  cm3 o f  a  c o l d  80% a c e t o n e : w a t e r  m i x t u r e  

a c i d - w a s h e d  s i l v e r  sa n d  and m a gn es iu m  c a r b o n a t e .  The m a c e r a t e  w as t h e n  

t r a n s f e r r e d  t o  a  g l a s s  s c i n t i l l a t i o n  v i a l  and l e f t  t o  i n f u s e  f o r  16 h 

i n  d a r k n e s s  a t  4 ° C .

The d e t e r m i n a t i o n  o f  c h l o r o p h y l l  i n  t h e  e x t r a c t s  w as b a s e d  on t h e  

^  m ethod  o f  A rnon  ( 1 9 4 9 ) .  A b s o r b a n c e  was m e a su r e d  w i t h  a  C e c i l  CE 5 8 8

M ic r o c o m p u te r  S c a n n in g  S p e c t r o p h o t o m e t e r  a t  w a v e l e n g t h s  o f  6 4 5  nm and  

6 6 3  nm a g a i n s t  a  r e f e r e n c e  o f  80% a c e t o n e .  C o n c e n t r a t i o n s  o f  t o t a l  

c h i ,  c h l a ,  c h l 6  i n  t h e  e x t r a c t s  w e r e  o b t a i n e d  u s i n g  t h e  f o l l o w i n g  

e q u a t i o n s :

T o t a l  c h i  (mg 1 1 ) = 2 0 .2 D  ( 6 4 5  nm) + 8 .0 2 D  ( 6 6 3  nm)

c h l a  (mg l " 1 ) = 1 2 . 7D ( 6 6 3  nm) -  2 .6 9 D  ( 6 4 5  nm)

c h i b  (mg l - 1 ) = 2 2 . 9D ( 6 4 5  nm) -  4 .6 8 D  ( 6 6 3  nm)

w h e r e  D i s  a b s o r b a n c e  a t  t h e  s t a t e d  w a v e l e n g t h s .



6 . 2 . 6  A nalysis o f data

N e t  p h o t o s y n t h e s i s  and r e s p i r a t i o n  d a t a  w e r e  o b t a i n e d  f o r  e a c h  

t r e a t m e n t  on e i g h t  r e p l i c a t e  s h o o t  s a m p l e s .  F ou r  o f  t h e s e  r e p l i c a t e s  

w e r e  s u b s e q u e n t l y  d r i e d  a t  8 0 ° C ,  t h e  r e m a i n i n g  f o u r  b e i n g  r e t a i n e d  f o r  

t h e  e s t i m a t i o n  o f  c h l o r o p h y l l  ( c h i )  c o n t e n t .  S a m p le s  w e r e  t a k e n  o n e  

d a y  p r i o r  t o  h e r b i c i d e  a p p l i c a t i o n  and a t  i n t e r v a l s  o f  1 ,  5 ,  9 ,  2 8 ,  5 6 ,  

and 82  d a y s  a f t e r  s p r a y i n g .

T r e a t m e n t s  and r e p l i c a t e s  w e r e  r a n d o m ly  a r r a n g e d  i n  t h e  g l a s s h o u s e  

and i n  t h e  g r o w t h  c a b i n e t  and r e r a n d o m is e d  a t  i n t e r v a l s  o f  7 d a y s .

N e t  p h o t o s y n t h e s i s  d a t a  a r e  e x p r e s s e d  and p l o t t e d  a g a i n s t  t im e  a s  

y l  C02 g _1 d r y  w e i g h t  h -1  and y l  C02 mg- 1  c h i  h - 1 . R e s p i r a t i o n  i s  

e x p r e s s e d  i n  t h e  sam e m anner and w as a l s o  s u b t r a c t e d  from  t h e  n e t  

p h o t o s y n t h e s i s  m e a s u r e m e n ts  t o  o b t a i n  g r o s s  p h o t o s y n t h e s i s .  The  

e x p r e s s i o n  o f  t h e  d a t a  b o t h  i n  te r m s  o f  d r y  w e i g h t  and c h l o r o p h y l l  

c o n t e n t  i s  n e c e s s a r y  i f  t h e  e x a c t  c a u s e  o f  p h o t o s y n t h e t i c  c h a n g e s  a r e  

t o  b e  i d e n t i f i e d  ( P r e z e l i n ,  1 9 8 1 ) .

6 .3  RESULTS AND DISCUSSION

6 .3 .1  Determination o f con d ition s for ph otosynth esis and 

resp ira tio n  measurements

P h o t o s y n t h e s i s  i n  m o s s e s  i s  known t o  b e  d e p e n d e n t  on  t e m p e r a t u r e ,  

t i s s u e  m o i s t u r e  c o n t e n t  and l i g h t  i n t e n s i t y  ( S n e l g a r ,  Brown and G r e e n ,  

1 9 8 0 ;  M a b e r ly ,  1 9 8 5 ) .  I n  t h e  f o l l o w i n g  e x p e r i m e n t s  t e m p e r a t u r e  was  

m a i n t a i n e d  a t  2 0 ° C ,  w i t h i n  t h e  o p t im a  d e s c r i b e d  f o r  t e m p e r a t e  m o s s e s  

by K a l l i o  and K a r e n la m p i  ( 1 9 7 5 ) ,  and L o n g to n  ( 1 9 7 9 ) .  M o i s t u r e  c o n t e n t  

w as k e p t  h i g h  f o r  e x p e r i m e n t a l  p u r p o s e s ,  by e q u i l i b r a t i n g  t h e  s h o o t s  on  

w e t  f i l t e r  p a p e r  i n  c l o s e d  P e t r i  d i s h e s  f o r  24 h p r i o r  t o  e x p e r i m e n t a l  

u s e .  B e f o r e  m e a s u r e m e n ts  w e r e  t a k e n ,  t h e  s h o o t s  w e r e  r i n s e d  a g a i n  i n  

d i s t i l l e d  w a t e r  and g e n t l y  sw ab b ed  w i t h  t i s s u e  p a p e r .  The r e m o v a l  o f  

e x c e s s  w a t e r  i s  n e c e s s a r y  t o  m i n i m i s e  r e s i s t a n c e  t o  d i f f u s i o n  o f  C02 

( D i l k s  and P r o c t o r ,  1 9 7 9 ) .



The r e l a t i o n s h i p  o f  p h o t o s y n t h e s i s  t o  l i g h t  i n t e n s i t y ,  a s  r e v e a l e d  

by g r a p h i c a l  a n a l y s i s  ( P I  c u r v e s ) ,  i s  i n f l u e n c e d  by s e v e r a l  f a c t o r s  i n  

m o s s e s  i n  a d d i t i o n  t o  t e m p e r a t u r e  and m o i s t u r e  c o n t e n t .  E ach  s p e c i e s  

h a s  a  u n i q u e  P I  r e l a t i o n s h i p  and t h i s  c h a n g e s  w i t h  v a r i a t i o n  i n  

h a b i t a t ,  s e a s o n ,  l a t i t u d e ,  n u t r i t i o n a l  s t a t u s  and p r e v i o u s  l i g h t  

c o n d i t i o n s  ( K a l l i o  and K a r e n la m p i ,  1 9 7 5 ;  V a l a n n e ,  1 9 8 4 ) .

The PI r e s p o n s e  o f  R . s q u a r r o s u s  w as d e t e r m i n e d  o v e r  a  0 - 3 7 9  ym ol  

m- 2  s - 1  p h o t o n  f l u x  d e n s i t y  r a n g e .  The p h o t o s y n t h e t i c  r e s p o n s e  o f  8 

s a m p le s  o f  m oss  ( 1 2  x  3 cm a p i c a l  s h o o t s )  t o  i n c r e a s i n g  p h o t o n  f l u x  

d e n s i t i e s  w as m e a su r e d  ( S e c t i o n  6 . 2 . 4 ) .  The i t e r a t i v e  Maximum 

L i k e l i h o o d  Program  ( R o s s ,  1 9 8 7 )  was u s e d  t o  f i t  t h e  PI e q u a t i o n  o f  B a ly  

( 1 9 3 5 )  ( s e e  S e c t i o n  7 . 2 . 5 ) ,  t o  t h e  d a t a  f o r  g r o s s  p h o t o s y n t h e s i s .  Two 

PI c u r v e s  w e r e  p r o d u c e d  f o r  R . s q u a r r o s u s  d e p i c t i n g  p h o t o s y n t h e s i s  a s  a  

f a c t o r  o f  1 )  d r y  w e i g h t  ( p i  C02 g -1  h - 1 ) ( F i g .  6 .3 ." X ) ,  and 2 )  t o t a l  

c h l o r o p h y l l  ( c h i )  c o n t e n t  ( y l  C02 mg-1  c h i  h - 1 ) ( F i g .  6 . 3 . & ) ’ A p h o to n  

f l u x  d e n s i t y  ( 2 3 0  pm ol m~2 s - 1 ) p r o d u c i n g  an e a s i l y  m e a s u r a b le  

p h o t o s y n t h e t i c  r e s p o n s e  on  t h e  lo w e r  p a r t  o f  t h e  a s y m p t o t i c  s e c t i o n  o f  

t h e  PI c u r v e  was s e l e c t e d  f o r  u s e  i n  t h e  f o l l o w i n g  e x p e r i m e n t s .  T h i s  

m i n i m i s e s  d i f f e r e n c e s  b e t w e e n  i n d i v i d u a l  R . s q u a r r o s u s  s a m p l e s  and  a l s o  

p r e v e n t s  damage t o  t h e  p h o t o s y n t h e t i c  a p p a r a t u s  o f  t h e  m oss  ( S t a l f e l t ,  

1 9 3 6  c i t e d  K a l l i o  and K a r e n la m p i ,  1 9 7 5 ;  K a l l i o  and V a l a n n e ,  1 9 7 5 )  o r  

o v e r h e a t i n g  o f  t h e  c h a m b e r s .

6 . 3 . 2  E f fec ts  o f h erb ic id es on photosynthesis and resp ira tio n

The e f f e c t s  o f  a  s i n g l e  a p p l i c a t i o n  o f  d i c h l o r o p h e n ,  F e S 0 4 , 2 , 4 - D  

and p a r a q u a t  on s u b s e q u e n t  g r o s s  p h o t o s y n t h e s i s ,  r e s p i r a t i o n ,  

c h l o r o p h y l l  c o n t e n t ,  r a t i o  o f  c h l o r o p h y l l  a  : b  and d r y  w e i g h t  o f  s h o o t  

a p i c e s  o f  R . s q u a r r o s u s  a r e  p l o t t e d  i n  F i g u r e s  6 . 3 . 3  W- 6 . 3 . 8 .



Fig. 6.3.1
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1 .  D i c h l o r o p h e n

R . s q u a r r o s u s  becam e c h l o r o t i c  w i t h i n  1 d a y  o f  d i c h l o r o p h e n  

a p p l i c a t i o n ,  a s  o b s e r v e d  p r e v i o u s l y  by Ougham ( 1 9 8 3 )  and Anon ( 1 9 8 2 ) .  

H o w ev er ,  r e g r o w t h  from  t h e  s t e m  b a s e  becam e a p p a r e n t  e i g h t  w e e k s  a f t e r  

t r e a t m e n t .  The new g r o w th  o f  d i c h l o r o p h e n - t r e a t e d  m oss  w as s l e n d e r  and  

p a l e  i n  c o l o u r  com pared  t o  new g r o w t h  o f  u n t r e a t e d  m o s s .

D i c h l o r o p h e n  t r e a t m e n t  c a u s e d  a  r a p i d  and s i g n i f i c a n t  d e c l i n e  i n  

g r o s s  p h o t o s y n t h e s i s  o f  R . s q u a r r o s u s  ( F i g  6 . 3 . 3 ) .  P h o t o s y n t h e s i s  was  

u n d e t e c t a b l e  o n e  d a y  a f t e r  a p p l i c a t i o n  o f  d i c h l o r o p h e n .  Some r e c o v e r y  

w as a p p a r e n t  w i t h i n  f i v e  d a y s  s o  t h a t  g r o s s  p h o t o s y n t h e t i c  r a t e  was  

e q u a l  t o  4% o f  t h e  c o n t r o l  r a t e .  By w eek  12 t h i s  had  i n c r e a s e d  t o  33% 

o f  t h e  c o n t r o l .  A p r o p o r t i o n  o f  t h e  p h o t o s y n t h e t i c  a c t i v i t y  m e a su r e d  

12 wk a f t e r  t r e a t m e n t  i s  a t t r i b u t a b l e  t o  new g r o w t h  from  t h e  damaged  

m oss t i s s u e .

D i c h l o r o p h e n  c a u s e d  a  s i g n i f i c a n t  d e c l i n e  i n  t h e  r e s p i r a t i o n  r a t e  

o f  R . s q u a r r o s u s  ( F i g .  6 . 3 . 4 ) .  A 60% r e d u c t i o n  i n  r e s p i r a t i o n  r a t e  was  

o b s e r v e d  o n e  d a y  a f t e r  a p p l i c a t i o n .  R e c o v e r y  w as r a p i d ,  and w i t h i n  

f i v e  d a y s  o f  a p p l i c a t i o n  t h e  r e s p i r a t i o n  r a t e  w as n o t  s i g n i f i c a n t l y  

d i f f e r e n t  from  t h a t  o f  t h e  c o n t r o l s .  T h i s  c a n n o t  b e  e x p l a i n e d  by t h e  

i n c l u s i o n  o f  n e w ly - g r o w n  s h o o t s .

D i c h l o r o p h e n  i s  c l a s s i f i e d  a s  an i n h i b i t o r y  u n c o u p l e r  a f f e c t i n g  

e l e c t r o n  t r a n s p o r t  and o x i d a t i v e  p h o s p h o r y l a t i o n  ( M o r e la n d ,  1 9 8 0 )  and  

w o u ld  t h e r e f o r e  b e  e x p e c t e d  t o  a f f e c t  r e s p i r a t i o n  a s  w e l l  a s  

p h o t o s y n t h e s i s  a t  h i g h  d o s e s .  F or  an u n c o u p l e r ,  an  i n i t i a l  i n c r e a s e  i n  

r e s p i r a t i o n  r a t e  i s  e x p e c t e d  b e f o r e  a  d e c l i n e .  I n  t h e  p r e s e n t  work  

s u c h  an  i n c r e a s e  was n o t  d e t e c t e d ,  p o s s i b l y  b e c a u s e  t h e  f i r s t  

m ea su rem en t  w as d e l a y e d  u n t i l  24  h .  The c o n c e n t r a t i o n  o f  d i c h l o r o p h e n  

a p p l i e d  t o  t h e  m oss was s u f f i c i e n t l y  h i g h  t o  c a u s e  dam age t o  t h e  

p h o t o s y n t h e t i c  s y s t e m .  H o w ev er ,  M o re la n d  ( 1 9 8 0 )  c o n s i d e r e d  t h a t  

p h o t o s y n t h e t i c  damage o c c u r r e d  a t  d o s e s  g r e a t e r  th a n  t h o s e  r e q u i r e d  t o  

i n h i b i t  r e s p i r a t i o n  i n  v a s c u l a r  p l a n t s .



Fig. 6.3.3
Changes in the gross C02 assimilation rate of Rhytidiadelphus squamosus
after treatment with dichlorophen, paraquat, 2,4—D and FeSO..
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Fig. 6.3.4Changes in the respiration rate of
after treatment with dichlorophen, paraquat, 2,4—D and FeS04 .
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The l a c k  o f  e f f e c t  o f  d i c h l o r o p h e n  on  r e s p i r a t i o n  w as a l s o  n o t e d  

b y B row n, Ougham and B e c k e t t  ( 1 9 8 6 )  i n  R . s q u a r r o s u s . T h ey  a t t r i b u t e d  

t h i s  t o  ( 1 )  t h e  u s e  o f  c a r b o n  d i o x i d e  r e l e a s e  a s  t h e  m eth od  o f  

a s s e s s m e n t ,  and ( 2 )  t h e  p o s s i b i l i t y  t h a t  c a r b o n  d i o x i d e  p r o d u c t i o n  

m ig h t  c o n t i n u e  i f  m i t o c h o n d r i a l  m em branes w e r e  d am aged , b u t  w i t h o u t  t h e  

g e n e r a t i o n  o f  ATP. I n  t h e  c a s e  o f  p h o t o s y n t h e s i s ,  t h e  p r o d u c t i o n  o f  

ATP i s  e s s e n t i a l  f o r  C02 u p t a k e .  T h e r e f o r e ,  t h e  r e s u l t s  do n o t  

n e c e s s a r i l y  c o n f l i c t  w i t h  t h e  u n c o u p l e r  h y p o t h e s i s .

An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  t h e  d e n s i t y  o f  R . s q u a r r o s u s  

s t e m s  ( S e c t i o n  1 . 5 )  p r e v e n t s  a d e q u a t e  u p t a k e  o f  d i c h l o r o p h e n .  The  

s t e m s  o f  R . s q u a r r o s u s  p r o b a b l y  c o n t a i n  l e s s  c h l o r o p h y l l  th a n  t h e  

l e a v e s .  I t  i s  l i k e l y  t h a t  t h e  p h o t o s y n t h e t i c  p o t e n t i a l  o f  t h e  s t e m s  i s  

l o w e r  th a n  t h a t  o f  t h e  l e a v e s  on a  d r y  w e i g h t  b a s i s .  H o w ev er ,  t h e  

s t e m s  p r o b a b l y  make a l a r g e r  c o n t r i b u t i o n  t o  r e s p i r a t i o n  tha»* t h e  

l e a v e s .  Thus t h e  l a c k  o f  i n h i b i t i o n  o f  r e s p i r a t i o n  may b e  a  r e s u l t  o f  

i m p a i r e d  u p t a k e  o f  d i c h l o r o p h e n  i n t o  t h e  s t e m  d u e  t o  i t s  g r e a t e r  t i s s u e  

d e n s i t y  and p r o t e c t i o n  by  t h e  s u r r o u n d i n g  l e a v e s .  U p ta k e  by t h e  l e a v e s  

i s  l i k e l y  t o  b e  c o n s i d e r a b l e  c a u s i n g  a  r a p i d  d e c l i n e  i n  p h o t o s y n t h e s i s  

and a  s l o w  r e c o v e r y .  T h i s  e x p l a n a t i o n ,  t h o u g h ,  d o e s  n o t  a d e q u a t e l y  

a c c o u n t  f o r  t h e  r e c o v e r y  o f  r e s p i r a t i o n .

D i c h l o r o p h e n  t r e a t m e n t  o f  R . s q u a r r o s u s  a l s o  p r o d u c e d  an  80% 

r e d u c t i o n  i n  c h l o r o p h y l l  e f f i c i e n c y  ( y l  C02 mg” 1 c h i  h " 1 ) i n  c o m p a r i s o n  

t o  c o n t r o l s  ( F i g  6 . 3 . 5 ) .  H o w ev er ,  a f t e r  12 w e e k s  no s i g n i f i c a n t  

d i f f e r e n c e  i n  t h e  r a t e  o f  C02 a s s i m i l a t i o n  m ea su r e d  a g a i n s t  c h l o r o p h y l l  

c o n t e n t  w as a p p a r e n t .  The r e d u c t i o n  i n  c h l o r o p h y l l  e f f i c i e n c y  p r o b a b l y  

i n d i c a t e s  i n h i b i t i o n  o f  t h e  p h o t o s y n t h e t i c  p a th w a y  by d i c h l o r o p h e n .

T r e a tm e n t  o f  R . s q u a r r o s u s  w i t h  d i c h l o r o p h e n  a l s o  c a u s e d  a d e c l i n e  

i n  t o t a l  c h l o r o p h y l l  c o n t e n t  ( ca. -8 0 % ),  f i v e  d a y s  a f t e r  a p p l i c a t i o n  

( F i g  6 . 3 . 6 ) .  A f t e r w a r d s ,  r e c o v e r y  o f  t o t a l  c h l o r o p h y l l  c o n t e n t  

o c c u r r e d  and c l o s e l y  c o r r e l a t e d  w i t h  t h e  r e c o v e r y  o f  p h o t o s y n t h e s i s .



Fig. 6.3.5Changes in the gross CĈ  assimilation rate of Rhytid iadelphus squarrosus 
after treatment with dichlorophen, paraquat, 2,4—D and FeS04> (2)
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Fig. 6.3.6
Changes in the total chlorophyll content of squarrosus
after treatment with dichlorophen, paraquat, 2,4—D and f-eS04.r;;
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The c h l o r o p h y l l  a  : b  r a t i o  o f  d i c h l o r o p h e n - t r e a t e d  t i s s u e  a l s o

d e c l i n e d  s i g n i f i c a n t l y  t o  6 0 % o f  t h e  c o n t r o l  a f t e r  f i v e  d a y s ,  

r e c o v e r i n g  by  w e e k  e i g h t  ( F i g  6 . 3 . 7 )  and t h i s  s u g g e s t s  a  g r e a t e r  

s e n s i t i v i t y  o f  c h l a  th a n  c h i b  t o  d i c h l o r o p h e n .

The r a p i d  r e d u c t i o n  i n  p h o t o s y n t h e s i s ,  t o t a l  c h l o r o p h y l l  c o n t e n t  

and t h e  c h l o r o p h y l l  a  : b  r a t i o  i m p l i e s  t h a t  d i c h l o r o p h e n  a f f e c t s  t h e  

p h o t o s y n t h e t i c  s y s t e m  o f  R . s q u a r r o s u s . The l a r g e r  r e d u c t i o n  i n

c h l o r o p h y l l  a  c o n t e n t  com pared  t o  t h a t  o f  c h l o r o p h y l l  b  may h e l p  

i d e n t i f y  t h e  s i t e  o f  a c t i o n  o f  d i c h l o r o p h e n  i n  t h e  p h o t o s y n t h e t i c  

s y s t e m  o f  R . s q u a r r o s u s  ( F i g .  6 . 3 . 7 ) .  R i d l e y  ( 1 9 7 7 )  s t u d i e d  t h e  l o s s  

o f  p h o t o s y n t h e t i c  p ig m e n t s  f o l l o w i n g  d i u r o n  t r e a t m e n t  o f  p e a  

c h l o r o p l a s t s .  He s u g g e s t e d  t h a t  t h e  i n h i b i t i o n  o f  p h o t o s y n t h e t i c  

e l e c t r o n  t r a n s p o r t  c a u s e d  c o n f o r m a t i o n a l  c h a n g e s  t o  t h e  membrane  

r e s p o n s i b l e  f o r  t r a n s f e r r i n g  e x c i t a t i o n  e n e r g y  from  c h l o r o p h y l l  

p i g m e n t s ;  and t h a t  t h e  p r o t e c t i o n  o f  c h l o r o p h y l l  p i g m e n t s ,  n o r m a l l y  v i a  

a  m ech a n ism  i n v o l v i n g  c a r o t e n o i d s ,  i s  t h e n  no  l o n g e r  a d e q u a t e  and  

p ig m e n t  break d ow n  o c c u r s .  The d a m a g in g  s p e c i e s  w as d e s c r i b e d  by R i d l e y  

( 1 9 7 7 )  a s  e x c i t e d  m o l e c u l a r  o x y g e n .  T h i s  i s  t h o u g h t  t o  b e  g e n e r a t e d  

from  e x c e s s  l i g h t  a b s o r b e d  by c h l o r o p h y l l  w h ic h  i s  d i s s i p a t e d  by a  

r e a c t i o n  n o t  w i t h  a  c a r o t e n o i d  b u t  w i t h  0 2 . R i d l e y  ( 1 9 7 7 )  fo u n d  t h a t  

l o s s  o f  t h e  e l e c t r o n  t r a n s p o r t  s y s t e m  s e r v i n g  c h l o r o p h y l l  a  

( p h o t o s y s t e m  I )  ( F i g .  6 . 1 . 2 )  l e d  t o  t h e  d e g r a d a t i o n  o f  c h l o r o p h y l l  a .  

I t  i s  p o s s i b l e  t h a t  t h e  a c t i v i t y  o f  d i c h l o r o p h e n  may a l s o  c e n t r e  i n  

p h o t o s y s t e m  I I ,  i n h i b i t i n g  t h e  t r a n s f e r  o f  e l e c t r o n s  t o ,  and t h e r e f o r e  

c a u s i n g  d e g r a d a t i o n  o f  c h l o r o p h y l l  a  ( P S I ) .

E v i d e n c e  f o r  t h i s  h y p o t h e s i s  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on  

o t h e r  p h e n o l i c  h e r b i c i d e s  and t h a t  d e a l i n g  w i t h  h e r b i c i d e  r e s i s t a n c e  

and s e l e c t i v i t y  i n  v a s c u l a r  p l a n t s ,  a l g a e  and m o s s e s .  O e t t m e i e r ,  

M asson  and J o h a n n in g m e ir  ( 1 9 8 2 )  o b s e r v e d  t h a t  p h e n o l i c  h e r b i c i d e s  b in d  

t o  a  41  kDa p r o t e i n  i n  t h e  QA/QB r e g i o n  o f  t h e  t h y l a k o i d  membrane.



Fig. 6.3.7
Changes in the ratio of chlorophyll a : b in Rhytidiade 1phus squannosus 
after treatment with dichlorophen, paraquat, 2,4—D and FeSO. .
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T h ey  a l s o  s u g g e s t e d  t h a t  t h e  p r o t e i n  m ig h t  b e  s i t u a t e d  b e n e a t h  t h e  

3 2 - 3 4  kDa p o l y p e p t i d e  i n  v a s c u l a r  p l a n t s  b e c a u s e  o f  t h e  i n c r e a s e d  

s e n s i t i v i t y  o f  p l a n t s  l a c k i n g  i n  t h e  3 2 - 3 4  kDa p o l y p e p t i d e  t o  p h e n o l i c  

h e r b i c i d e s  ( F i g .  6 . 1 . 1 ) .  A d d i t i o n a l l y ,  Aro ( 1 9 8 2 )  r e c o r d e d  

c o n c e n t r a t i o n s  o f  t h e  41 kDa p r o t e i n  i n  m o s s e s  i n  e x c e s s  o f  t h o s e  fo u n d  

i n  v a s c u l a r  p l a n t s .  T h e r e f o r e ,  t h e  r e d u c e d  l e v e l s  o f  t h e  3 2 - 3 4  kDa 

p o l y p e p t i d e  b u t  t h e  p r e s e n c e  o f  i n c r e a s e d  l e v e l s  o f  t h e  41  kDa PS I I  

p o l y p e p t i d e  may e x p l a i n  t h e  g r e a t e r  s e n s i t i v i t y  o f  t h e  m o s s e s  t o  

d i c h l o r o p h e n .

T h i s  s u g g e s t i o n  i s  f u r t h e r  s u p p o r t e d  by c o m p a r i s o n  o f  t h e  r e s u l t s  

o f  A t k i n s o n ,  A b e r n a th y  and C r i s p  ( 1 9 8 0 )  w i t h  t h o s e  o f  P f i s t e r ,  

R a d o s e v i c h  and A r n t z e n  ( 1 9 7 9 ) .  A t k i n s o n  et al. ( 1 9 8 0 )  o b s e r v e d  l i t t l e  

e f f e c t  on  m o s s e s  o f  t h e  t r i a z i n e  h e r b i c i d e  s i m a z i n e  i n  c o m p a r i s o n  w i t h  

t h e  h i g h  t o x i c i t y  o f  d i u r o n  t o  t h e s e  p l a n t s .  P f i s t e r  et al. ( 1 9 7 9 )  

o b s e r v e d  s i m i l a r  r e s p o n s e s  t o  a t r a z i n e  ( a  t r i a z i n e  h e r b i c i d e )  and  

d i u r o n  i n  i s o l a t e d  c h l o r o p l a s t s  o f  t h e  t r i a z i n e - r e s i s t a n t  v a s c u l a r  

p l a n t  Amaranthus retroflexus. I n  a d d i t i o n ,  P f i s t e r  and A r n t z e n  ( 1 9 7 9 )  

i d e n t i f i e d  i n c r e a s e d  s e n s i t i v i t y  o f  t h e  t r i a z i n e  r e s i s t a n t  v a s c u l a r  

p l a n t  Senecio vulgaris t o  p h e n o l i c  h e r b i c i d e s .  D iu r o n  and t h e  t r i a z i n e  

h e r b i c i d e s  h a v e  b e e n  c l a s s i f i e d  a s  i n h i b i t o r s  o f  P h o t o s y s t e m  I I  a t  t h e  

s i t e  o f  t h e  3 2 - 3 4  kDa p o l y p e p t i d e  ( T r e b s t ,  D r a b e r  and D o n n e r ,  1 9 8 3 ) .  

P f i s t e r  and A r n t z e n  ( 1 9 7 9 )  c o n c l u d e d  t h a t  t h e  d i f f e r e n t  g r o u p s  o f  

h e r b i c i d e s  b in d  t o  d i s t i n c t  b u t  o v e r l a p p i n g  b i n d i n g  s i t e s  o f  t h e  

p r o t e i n  i n  t h e  P S I I  c o m p le x .  A f u r t h e r  p h y s i o l o g i c a l  f e a t u r e  common t o  

t h e  t r i a z i n e - r e s i s t a n t  v a s c u l a r  p l a n t s  and m o s s e s ,  p o s s i b l y  s u p p o r t i n g  

s i m i l a r i t i e s  i n  t h e i r  P S I I  s t r u c t u r e s ,  i s  t h e i r  r e d u c e d  P S I I  e l e c t r o n  

t r a n s p o r t  e f f i c i e n c i e s  (B o w e s ,  C r o f t s  and A r n t z e n ,  1 9 8 0 ;  A r o ,

1 9 8 1 ) .  The s i m i l a r i t y  i n  t h e  r e s p o n s e  o f  t h e  t r i a z i n e - r e s i s t a n t  

v a s c u l a r  p l a n t s  and m o s s e s  t o  t r i a z i n e ,  u r e a  and p h e n o l i c  h e r b i c i d e s  

and t h e i r  r e d u c e d  P S I I  e l e c t r o n  t r a n s p o r t  e f f i c i e n c y  s u g g e s t s  

s i m i l a r i t i e s  i n  t h e i r  P S I I  p r o t e i n  c o m p l e x e s .  The r e d u c t i o n  o f
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•  p h o t o s y n t h e s i s  and c h l a  c o n t e n t  o f  R. squarrosus f o l l o w i n g  d i c h l o r o p h e n

t r e a t m e n t  may i n d i c a t e  t h a t  i t  i s  a c t i v e  by  i n h i b i t i n g  e l e c t r o n

t r a n s p o r t  i n  P S I I ,  a s  f o r  o t h e r  p h e n o l i c  t y p e  h e r b i c i d e s  i n  v a s c u l a r  

p l a n t s .  The s e n s i t i v i t y  o f  R. squarrosus may r e l a t e  t o  1 )  a  l a r g e

q u a n t i t y  o f  t h e  41  kDa p o l y p e p t i d e  i n  P S I I  ( A r o ,  1 9 8 2 b )  t o  b in d  

p h e n o l i c  t y p e  h e r b i c i d e s  i n  v a s c u l a r  p l a n t s  ( O e t t m e i e r  et a l . , 1 9 8 2 )

and 2 )  r e d u c e d  l e v e l s  o f  t h e  32  kDa s h i e l d i n g  p o l y p e p t i d e  (A ro  et al, , 

1 9 8 1 ) ,  b e l i e v e d  t o  r e d u c e  t h e  b i n d i n g  o f  p h e n o l i c  h e r b i c i d e s  t o  t h e  41  

kDa p o l y p e p t i d e  ( O e t t m e i e r  et al , , 1 9 8 2 ) .

2 .  FeSO.4
The sym ptom s o b s e r v e d  f o l l o w i n g  F e S 0 4 a p p l i c a t i o n  t o  m o s s e s  h a v e  

b e e n  w e l l  d o c u m e n te d  ( F i e l d ,  1 9 7 2 ;  A non, 1 9 8 2 ;  K u t t r u f f  and  

K l e v e - K e l l e n ,  1 9 8 0 ) .  A r a p i d  b l a c k e n i n g  o f  t h e  t i s s u e  o c c u r s ,

s o m e t im e s  r e f e r r e d  t o  a s  s c o r c h  (A n on , 1 9 8 2 ) .  H o w ev er ,  i n  t h e  p r e s e n t

s t u d y ,  s i g n s  o f  r e c o v e r y  w e r e  o b v i o u s  i n  R. squarrosus w i t h i n  o n e  w eek  

o f  F e S 0 4 a p p l i c a t i o n ,  p r o m in e n t  w i t h i n  f o u r  w e e k s ,  and by t h e  e i g h t h  

w eek  l i t t l e  b l a c k e n i n g  w as v i s i b l e  d ue  t o  o c c l u s i o n  by t h e  s u b s t a n t i a l  

new g r o w t h .  R e g r o w th  i n  R. squarrosus o c c u r r e d  from  t h e  a p e x  a n d / o r  

t h e  l o w e r  s t e m ,  i n d i c a t i n g  l i t t l e  t o x i c  e f f e c t  o f  t h e  F e S 0 4 t r e a t m e n t  

on t h e  s t e m s .

^  The g r o s s  p h o t o s y n t h e t i c  r e p o n s e  o f  R. squarrosus, f o l l o w i n g  F e S 0 4

t r e a t m e n t ,  r e s e m b l e s  t h a t  o f  t h e  c o n t r o l s  ( F i g .  6 . 3 . 3 ) .  The e x t e n t  o f  

b l a c k e n i n g  d o e s  n o t  c o r r e l a t e  w i t h  t h e  p h o t o s y n t h e t i c  d a t a  o r  

c h l o r o p h y l l  c o n t e n t s  ( F i g s  6 . 3 . 3  and 6 . 3 . 6 )  i n d i c a t i n g  t h a t  i t  i s  

m i s l e a d i n g  t o  u s e  b l a c k e n i n g  a s  an i n d i c a t o r  o f  dam age . P l a t e  6 . 3 . 1  

sh o w s t h e  e f f e c t  o f  i n c r e a s i n g  F e S 0 4 c o n c e n t r a t i o n  on t h e  i n t e n s i t y  o f  

t h e  b l a c k  c o l o r a t i o n  o f  R. squarrosus s h o o t s .

L i g h t  m i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  b l a c k e n e d  l e a v e s  o f  R. 

squarrosusj f o l l o w i n g  F e S 0 4 t r e a t m e n t ,  r e v e a l e d  no  o b v i o u s  s t r u c t u r a l  

d i f f e r e n c e s  from  t h o s e  o f  u n t r e a t e d  p l a n t s .  T h i s ,  t o g e t h e r  w i t h  t h e  

g  l a c k  o f  e f f e c t  on  p h o t o s y n t h e t i c  r e s p o n s e ,  s u g g e s t s  t h a t  t h e  b l a c k e n i n g
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Plate 6.3.1 Blackening of Rhytidiadelphus squarrosus shoot apices in 

relation to ferrous sulphate concentration

Fe concentration (from left to right) 0, 0.2, 1, 2, 10, 50, 100 mM



o f  t h e  t i s s u e s  i s  d u e  t o  b i n d i n g  o f  Fe t o  t h e  c e l l  w a l l s .  The  

b l a c k e n i n g  e f f e c t  i s  common t o  many m oss  s p e c i e s  b u t  a b s e n t  i n  Sphagnum 

s p p .  ( F i e l d ,  1 9 7 2 )  and h a s  n o t  b e e n  d e s c r i b e d  f o r  t h e  a b s o r p t i o n  o f  

o t h e r  c a t i o n s  b y  m o s s e s .  The f o r m a t i o n  o f  a  p ig m e n t e d  c o m p le x  w i t h  i r o n  

i n  m oss  c e l l  w a l l s  c o u l d  b e  a t t r i b u t a b l e  t o  a d s o r p t i o n  t o  t a n n i n s  

( F i e l d ,  1 9 6 9 )  a n d / o r  t h e i r  p h e n o l i c  d e r i v a t i v e s ,  t h e  d e p o s i t i o n  o f  

F e ( 0 H ) 3 d e p o s i t s  by o x i d a t i o n  (A r m s tr o n g  and B oatm an , 1 9 6 7 )  o r  t o  t h e  

f o r m a t i o n  o f  i n s o l u b l e  s u l p h u r  com pounds s i m i l a r  t o  t h o s e  d e s c r i b e d  by  

S a t a k e  and M iy a s a k a  ( 1 9 8 4 )  f o r  m e r c u r y  a c c u m u l a t i o n  i n  t h e  l i v e r w o r t  

Jungermannia vulcanicola.

R e s p i r a t i o n  r a t e ,  c h l o r o p h y l l  e f f i c i e n c y ,  t o t a l  c h l o r o p h y l l  

c o n t e n t ,  and c h l o r o p h y l l  a : b r a t i o  i n  R. squarrosus w e r e  u n a f f e c t e d  

by F e S 0 4 a p p l i c a t i o n  ( F i g s .  6 . 3 . 4  t o  6 . 3 . 7 ) .  The f a c t  t h a t  c h l o r o p h y l l  

e f f i c i e n c y  ( y l  C02 mg- 1  c h i  h - 1 ) was n o t  im p a i r e d  by  t h e  F e S 0 4 

a p p l i c a t i o n  s u g g e s t s  t h a t  t h e  i n t e n s e  b l a c k  c o l o r a t i o n  had  n o t  im peded  

l i g h t  p e n e t r a t i o n  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d .  An i n c r e a s e  

i n  c h l o r o p h y l l  c o n t e n t  g r e a t e r  th a n  t h e  c o n t r o l  w as n o t e d  i n  t h e  f i r s t  

s i x  w e e k s  f o l l o w i n g  a p p l i c a t i o n  o f  F e S 0 4 ( F i g .  6 . 3 . 6 ) .  T h i s  may 

i n d i c a t e  t h e  e x i s t e n c e  o f  a  d e f i c i t  i n  i n t e r n a l  i r o n  c o n t e n t  p r i o r  t o  

a p p l i c a t i o n ,  o r  p o s s i b l y  t h e  d i s p l a c e m e n t  o f  o t h e r  n u t r i e n t  i o n s  from  

t h e  c e l l  w a l l  by  t h e  F e S 0 4 t r e a t m e n t  and t h e i r  s u b s e q u e n t  u p t a k e  i n t o  

t h e  m oss  c e l l s .  A l t e r n a t i v e l y ,  t h e  c h l o r o p h y l l  i n c r e a s e  may b e  a  

r e s p o n s e  by t h e  m oss t o  a  r e d u c t i o n  i n  l i g h t  p e n e t r a t i n g  t h e  b l a c k e n e d  

t i s s u e .

A m a jo r  f a c t o r  i n f l u e n c i n g  t h e  s i g n i f i c a n c e  o f  m e a s u r e m e n ts  o f  

t o t a l  c h l o r o p h y l l  c o n t e n t  i n  t h e  m oss a f t e r  c h e m i c a l  t r e a t m e n t s  was t h e  

r a p i d  g r o w th  shown by t h e  c o n t r o l  t i s s u e  d u r i n g  t h e  c o u r s e  o f  t h e  

e x p e r i m e n t .  T h i s  new g r o w th  was o f  lo w e r  m ass p e r  u n i t  l e n g t h  th a n  t h e  

o l d e r  t i s s u e  ( F i g .  6 . 3 . 8 ) .  C o n s e q u e n t l y ,  c o n t r o l  and F e S 0 4 t r e a t e d  

m oss t i s s u e  may c o n t a i n  t h e  sam e t o t a l  am ount o f  c h l o r o p h y l l  p e r
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Changes over time in dry weight of moss samples used for chlorophyll 

analysis after treatment with dichlorophen, paraquat, 2,4—D and FeS04.
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u n i t  l e n g t h  b u t  when e x p r e s s e d  a s  a  f u n c t i o n  o f  d r y  w e i g h t ,  t h e  v a l u e  

a p p e a r s  s u b s t a n t i a l l y  g r e a t e r  i n  t h e  f o r m e r .  S i m i l a r  e f f e c t s  o f  t i s s u e  

a g e  w e r e  o b s e r v e d  by  B a t e s  ( 1 9 7 9 )  i n  Pleurozium schreberi, and W e l l s  

and  Brown ( 1 9 8 7 )  i n  R. squarrosus.

3 .  2 , 4 - D

The v i s i b l e  e f f e c t s  o f  2 , 4 - D  on  R . s q u a r r o s u s  w e r e  i n i t i a l l y  

s l i g h t  b u t  c h l o r o s i s  w as v i s i b l e  a t  t h e  s t e m  a p e x  12  w e e k s  a f t e r  

a p p l i c a t i o n .  No new g r o w th  o f  R . s q u a r r o s u s  was o b s e r v e d  f o l l o w i n g  t h e

2 , 4 - D  a p p l i c a t i o n .

A g r a d u a l  d e c l i n e  i n  g r o s s  C02 a s s i m i l a t i o n  w as o b s e r v e d  i n  R . 

s q u a r r o s u s  f o l l o w i n g  2 , 4 - D  a p p l i c a t i o n  ( F i g .  6 . 3 . 3 ) .  H o w ev er ,  no  

s i g n i f i c a n t  r e d u c t i o n  w as d e t e c t e d  u n t i l  12 wk a f t e r  t r e a t m e n t  when  

g r o s s  a s s i m i l a t i o n  had d e c l i n e d  by 60% o f  t h a t  o f  t h e  c o n t r o l s .  

R e s p i r a t i o n  r a t e ,  c h l o r o p h y l l  e f f i c i e n c y ,  c h l o r o p h y l l  c o n c e n t r a t i o n  and  

c h l o r o p h y l l  a  : b  r a t i o  a l l  r e m a in e d  u n a l t e r e d  w i t h  r e s p e c t  t o  t h e

c o n t r o l  a f t e r  2 , 4 - D  a p p l i c a t i o n  ( F i g s .  6 . 3 . 4  t o  6 . 3 . 7 ) .  T o t a l  

c h l o r o p h y l l  c o n t e n t  d i d  n o t  s i g n i f i c a n t l y  d e c l i n e  w i t h  t im e  a f t e r  2 , 4 - D  

t r e a t m e n t  com pared  t o  t h e  c o n t r o l  ( F i g .  6 . 3 . 6 ) .

2 , 4 - D  i s  an  a n i o n i c  h e r b i c i d e  and  i s  t h e r e f o r e  n o t  r e a d i l y  bound  

t o  t h e  p r e d o m i n a n t l y  a n i o n i c  s i t e s  o f  m oss c e l l  w a l l s  ( S e c t i o n

4 . 3 . 3 . 1 ) .  C o n s e q u e n t l y ,  i t  may r e m a in  i n  a  form  c a p a b l e  o f  u p t a k e  f o r  

a  l o n g e r  p e r i o d  o f  t im e  th a n  c a t i o n s  s u c h  a s  p a r a q u a t .  The h u m i d i f i e r  

s y s t e m  o f  w a t e r i n g  e m p lo y e d  i n  t h e  p r e s e n t  e x p e r i m e n t s  may h a v e  

p r o l o n g e d  t h e  a v a i l a b i l i t y  o f  2 , 4 - D  by m a i n t a i n i n g  a  h i g h  m o i s t u r e  

l e v e l  a t  t h e  m oss s u r f a c e  w i t h o u t  c a u s i n g  r u n - o f f  and l e a c h i n g  o f  t h e  

c h e m i c a l .

The a c t i v i t y  o f  2 , 4 - D  i n  d i c o t y l e d o n o u s  p l a n t s  h a s  b e e n  c o n s i d e r e d  

c o m p a r a b le  w i t h  t h a t  o f  i n d o l e  a c e t i c  a c i d .  Symptoms o f  2 , 4 - D

t r e a t m e n t  i n  d i c o t y l e d o n o u s  p l a n t s  a r e  c h l o r o s i s ,  a l t e r e d  s t o m a t a l
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f u n c t i o n ,  s t e m  t i s s u e  p r o l i f e r a t i o n ,  d i s i n t e g r a t i o n  o f  r o o t  t i s s u e  and  

a b n o r m a l  a p i c a l  g r o w t h  ( C o r b e t t ,  W r ig h t  and B a i l l i e ,  1 9 8 4 ) .  C h l o r o s i s  

and a  g r a d u a l  d e c l i n e  i n  p h o t o s y n t h e s i s  o f  R. squarrosus a f t e r  

t r e a t m e n t  may b e  a t t r i b u t a b l e  t o  t h e  a u x i n  t y p e  a c t i v i t y  o f  2 , 4 - D  

a f f e c t i n g  c e l l  g r o w t h  ( S e c t i o n  1 . 7 . 2 )  and d e v e l o p m e n t .  V i s i b l e  

g r o w t h  a b n o r m a l i t i e s  w e r e  n o t  a p p a r e n t ,  p r o b a b l y  d u e  t o  t h e  a b s e n c e  o f  

a  t r a n s l o c a t i o n  s y s t e m  i n  R. squarrosus. I n  d i c o t y l e d o n o u s  p l a n t s ,

2 , 4 - D  i n t e r f e r e s  w i t h  a u x i n  s e n s i t i v e  c e l l s  i n  t h e i r  v a s c u l a r  t i s s u e  

c a u s i n g  d i s t o r t e d  g r o w t h .  The a b s e n c e  o f  a u x i n  s e n s i t i v e  c e l l s  i n  t h e  

v a s c u l a r  t i s s u e s  o f  m o n o c o t y le d o n o u s  p l a n t s  i s  o n e  o f  t h e  f a c t o r s  

c o n t r i b u t i n g  t o  t h e i r  t o l e r a n c e  o f  2 , 4 - D .

4 .  P a r a q u a t

V i s i b l e  e f f e c t s  o f  p a r a q u a t  on R. squarrosus t i s s u e  w e r e  much 

s l o w e r  t o  d e v e l o p  th a n  t h o s e  o f  d i c h l o r o p h e n  o r  F e S 0 4 ( S e c t i o n  2 . 3 . 1  

and 2 . 3 . 2 ) .  C h l o r o s i s  w as d e t e c t e d  d u r i n g  t h e  f o u r t h  w eek  a f t e r  

p a r a q u a t  a p p l i c a t i o n .  I n  g e n e r a l ,  c h l o r o s i s  was i n i t i a l l y  d e t e c t e d  a t  

t h e  s t e m  a p e x  b u t  w i t h  t im e  t h i s  w as o b s e r v e d  t o  s p r e a d  b a s i p e t a l l y .  

U n l i k e  t h e  r e s p o n s e  t o  d i c h l o r o p h e n  ( S e c t i o n  2 . 3 . 1 . 1 ) ,  l e a f  and s te m  

t i s s u e  o f  R. squarrosus r e m a in e d  r e l a t i v e l y  t u r g i d  f o l l o w i n g  p a r a q u a t  

t r e a t m e n t .  H o w e v e r ,  no  r e g r o w t h  o f  R. squarrosus w as v i s i b l e  a f t e r  t h e  

a p p l i c a t i o n  o f  p a r a q u a t .

P a r a q u a t  p r o d u c e d  a p r o g r e s s i v e  d e c l i n e  i n  p h o t o s y n t h e t i c  r a t e  

w i t h  t im e  ( F i g .  6 . 3 . 3 )  b u t  o n l y  a f t e r  12 wk was a s i g n i f i c a n t  r e d u c t i o n  

i n  p h o t o s y n t h e s i s  d e t e c t e d ,  e q u i v a l e n t  t o  a  r a t e  65% o f  t h e  c o n t r o l  

v a l u e .  C h l o r o p h y l l  e f f i c i e n c y  was n o t  im p a ir e d  t h r o u g h o u t  t h e  12 wk 

e x p e r i m e n t a l  p e r i o d  ( F i g .  6 . 3 . 5 ) .  H o w ev er ,  t h e  c o n c e n t r a t i o n  o f  t o t a l  

c h l o r o p h y l l  p r e s e n t  w as s i g n i f i c a n t l y  ( P < 0 . 1 0 )  r e d u c e d  w i t h  t im e  b u t  

was n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  t h a t  o f  t h e  c o n t r o l  ( F i g .  6 . 3 . 6 ) .  

C h l o r o p h y l l  a : b r a t i o s  d e c l i n e d  s l i g h t l y  w i t h  t im e  b u t  t h i s  p a t t e r n

#



w as a l s o  o b s e r v e d  i n  t h e  c o n t r o l  ( F i g .  6 . 3 . 7 ) .  R e d u c t i o n s  i n  t h e  

c h l o r o p h y l l  c o n t e n t  o f  t h e  c o n t r o l s  ( F i g .  6 . 3 . 7 )  s u g g e s t  t h a t  

c o n d i t i o n s  w i t h i n  t h e  g l a s s h o u s e  w e r e  n o t  i d e a l  o r  c h a n g e d  

p r o g r e s s i v e l y  d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t .

The s l o w  p h o t o s y n t h e t i c  r e s p o n s e  and t h e  l i m i t e d  e f f e c t  o f  

p a r a q u a t  on c h l o r o p h y l l  c o n t e n t  a r e  n o t  i n  a c c o r d a n c e  w i t h  t h e  o b s e r v e d  

mode o f  a c t i o n  o f  p a r a q u a t  i n  v a s c u l a r  p l a n t s .  H a r r i s  and  D odge ( 1 9 7 2 )  

d e p i c t e d  t h e  a c t i v i t y  o f  p a r a q u a t  i n  two p h a s e s :  ( 1 )  t h e  a c c e p t a n c e  by  

p a r a q u a t  o f  e l e c t r o n s  from  PS I ,  i n  t h e  r e g i o n  o f  t h e  f e r r e d o x i n  

m o l e c u l e ,  l e a d i n g  t o  i n h i b i t i o n  i n  NADP+ r e d u c t i o n  and a  r a p i d  

c e s s a t i o n  o f  C02 f i x a t i o n ,  and ( 2 )  t h e  p r o d u c t i o n  o f  a c t i v a t e d  o x y g e n  

s p e c i e s  d u r i n g  a u t o - o x i d a t i o n  o f  p a r a q u a t  r a d i c a l s .  D e g r a d a t i o n  o f  

p i g m e n t s  and membranes t h e r e f o r e  o c c u r s ,  r e s u l t i n g  i n  i n h i b i t i o n  o f  PS 

I I  and o f  t h e  e l e c t r o n  t r a n s p o r t  c o m p o n e n t s .  The sam e a u t h o r s  a l s o  

d e t e c t e d  c o m p l e t e  i n h i b i t i o n  o f  p h o t o s y n t h e s i s  i n  f l a x  c o t y l e d o n s ,  5 h 

a f t e r  a p p l i c a t i o n  o f  p a r a q u a t .  I n t e r e s t i n g l y ,  p a r a q u a t  a p p e a r s  t o  h a v e  

l i t t l e  e f f e c t  on  R. squarrosus d u r i n g  t h e  f i r s t  4 wk f o l l o w i n g  

a p p l i c a t i o n  b u t  a  s i g n i f i c a n t  r e d u c t i o n  i n  p h o t o s y n t h e s i s  was o b s e r v e d  

a f t e r  12 wk ( F i g .  6 . 3 . 3 ) .

I n  v a s c u l a r  p l a n t s  p a r a q u a t  u s u a l l y  a c t s  r a p i d l y  when a p p l i e d  i n  

t h e  p r e s e n c e  o f  o x y g e n  and l i g h t .  I t  w o u ld  a p p e a r  from  t h e  l a c k  o f  

im m e d ia t e  r e s p o n s e  i n  R. squarrosus t h a t  d e t o x i f i c a t i o n  a n d / o r  a  v e r y  

s l o w  u p t a k e  o f  p a r a q u a t  i n t o  t h e  c e l l s  o c c u r s .  The c o n c e p t  o f  s l o w  

u p t a k e  i s  u n u s u a l  c o n s i d e r i n g  t h a t  p a r a q u a t  i s  u s u a l l y  r a p i d l y  bound t o  

a n i o n i c a l l y - c h a r g e d  s u r f a c e s  ( S e c t i o n  4 . 3 . 1 . 6 )  and p o t e n t i a l l y  

d e a c t i v a t e d  s o o n  a f t e r  a p p l i c a t i o n .  C o n s e q u e n t l y ,  i t  i s  e x t r e m e l y  

u n l i k e l y  t h a t  p a r a q u a t  w i l l  be  f r e e l y  a v a i l a b l e  f o r  u p t a k e  o v e r  a  

p e r i o d  o f  s e v e r a l  w e e k s  a s  s u g g e s t e d  f o r  2 , 4 - D  ( S e c t i o n  6 . 3 . 2 ) .  

H o w ev er ,  s t r o n g  e v i d e n c e  f o r  t r a n s f e r  o f  e x c h a n g e a b l y - b o u n d  p a r a q u a t  

t o  t h e  p r o t o p l a s t s  i s  p r e s e n t e d  i n  C h a p te r  4 .  T h i s  mode o f  c e l l u l a r
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#  u p t a k e  w as a l s o  h y p o t h e s i s e d  f o r  t h e  p o l l u t a n t  cadmium i n  R. squarrosus

( W e l l s  and B row n, 1 9 8 7 )  and t h e  n u t r i e n t  Mg i n  Pseudoscleropodium 

purwn ( B a t e s ,  1 9 8 9 ) .  The c a t i o n  e x c h a n g e  c a p a c i t y  o f  b r y o p h y t e s  i s  

g e n e r a l l y  h i g h e r  t h a n  i n  v a s c u l a r  p l a n t s  ( S e c t i o n  5 . 3 . 4 )  s o  t h a t  t h e  

s l o w  u p t a k e  p a th w a y  f o r  p a r a q u a t  via t h e  c e l l  w a l l s  i s  l i k e l y  t o  b e  o f  

g r e a t e r  i m p o r t a n c e  i n  t h e  f o r m e r .

R. squarrosus t i s s u e  may p o s s e s s  t h e  a b i l i t y  t o  d e t o x i f y  s m a l l  

q u a n t i t i e s  o f  p a r a q u a t .  The m oss c e l l  membrane i s  n o t  a  c o m p l e t e l y  

im p e r m e a b le  b a r r i e r  and a  l i m i t e d  p r o p o r t i o n  o f  t h e  a p p l i e d  p a r a q u a t  

c a n  b e  e x p e c t e d  t o  h a v e  p e r m e a t e d  i n t o  t h e  c e l l s  s o o n  a f t e r  

a p p l i c a t i o n .  D e t o x i f i c a t i o n  o f  t h e  h e r b i c i d e  c o u l d  o c c u r  by ( 1 )  

l i m i t e d  b i n d i n g  t o  p r o t e i n s  o r  c h e l a t i n g  a g e n t s  w i t h i n  t h e  m oss t i s s u e ,  

a n d / o r  ( 2 )  t h e  p r e s e n c e  o f  p r o t e c t i v e  m e c h a n ism s  c a p a b l e  o f  m i n i m i s i n g  

t h e  e f f e c t s  o f  t o x i c  o x y g e n  s u c h  a s  t h o s e  o f  s u p e r o x i d e  d i s m u t a s e ,  

c a t a l a s e ,  a s c o r b a t e  p e r o x i d a s e ,  c a r o t e n o i d s  and a - t o c o p h e r o l  i n  

v a s c u l a r  p l a n t s  (D o d g e ,  1 9 8 3 ) .  Su ch  s u b s t a n c e s  h a v e  n o t  b e e n  s t u d i e d  

i n  m o s s e s  a l t h o u g h  V a la n n e  ( 1 9 8 4 )  h y p o t h e s i s e d  t h a t  i n c r e a s e d  l e v e l s  o f  

p r o t e c t i v e  s u b s t a n c e s  ( c a r o t e n o i d s  o r  s p e c i a l  l i p i d s )  may b e  p r e s e n t  i n  

m o s s e s  o f  s u n n y  h a b i t a t s  t o  p r e v e n t  p h o t o - o x i d a t i o n .

f



6.4 CONCLUSIONS

P h o t o s y n t h e s i s ,  r e s p i r a t i o n  and c h l o r o p h y l l  l e v e l s  w e r e  d e t e r m in e d  

i n  s h o o t  s e g m e n t s  o f  R. squarrosus b e f o r e  and a f t e r  a  s i n g l e  

a p p l i c a t i o n  o f  d i c h l o r o p h e n ,  F e S 0 4 , 2 , 4 - D ,  and p a r a q u a t .  The s h o o t s  

w e r e  c u l t u r e d  i n  a  g l a s s h o u s e  and m e a s u r e m e n ts  w e r e  made f o r  12 wk 

a f t e r  h e r b i c i d e  a p p l i c a t i o n .

The r e a c t i o n s  o f  R. squarrosus w e r e  d i f f e r e n t  f o r  e a c h  h e r b i c i d e  

e m p lo y e d .

( 1 )  D i c h l o r o p h e n  g a v e  t h e  m ost  r a p i d  r e d u c t i o n  i n  t h e  r a t e s  o f

p h o t o s y n t h e s i s  and r e s p i r a t i o n .  A r e d u c t i o n  w as a l s o  o b s e r v e d  i n  t h e  

c h l o r o p h y l l  a : b r a t i o ,  d u e  t o  t h e  l o s s  o f  c h l o r o p h y l l  a, and

i n d i c a t i n g  a  p o s s i b l e  i n h i b i t i o n  o f  e l e c t r o n  t r a n s p o r t  i n  P h o t o s y s t e m  

I I .  The r a p i d  e f f e c t  o f  d i c h l o r o p h e n  s u g g e s t s  e a s y  u p t a k e  a c r o s s  t h e  

p la sm a le m m a . R e c o v e r y  was o b s e r v e d  from  t h e  s t e m  o f  R. squarrosus 

a f t e r  d i c h l o r o p h e n  t r e a t m e n t .

( 2 )  The a p p l i c a t i o n  o f  p a r a q u a t  t o  R. squarrosus p r o d u c e d  a  s l o w  

d e c r e a s e  i n  t h e  r a t e s  o f  p h o t o s y n t h e s i s  and r e s p i r a t i o n .  C h l o r o s i s  was  

o b s e r v e d  f o l l o w i n g  p a r a q u a t  t r e a t m e n t  b u t  t h i s  t o o k  8 wk t o  a p p e a r .  I n  

v a s c u l a r  p l a n t s ,  a  s u b s t a n t i a l  r e d u c t i o n  i n  p h o t o s y n t h e s i s  o c c u r s  s o o n  

a f t e r  p a r a q u a t  a p p l i c a t i o n  d u e  t o  i t s  e f f e c t s  on m em branes and t h e  

d i v e r t i n g  o f  e n e r g y  away from  C02 f i x a t i o n .  The s l o w  d e v e lo p m e n t  o f  

p h o t o s y n t h e t i c  d e c l i n e  o b s e r v e d  i n  R. squarrosus f o l l o w i n g  p a r a q u a t  

t r e a t m e n t  i s  p r o b a b l y  a t t r i b u t a b l e  t o  b i n d i n g  o f  t h e  h e r b i c i d e  t o  t h e  

c e l l  w a l l  and i t s  s l o w  r e l o c a t i o n  t o  t h e  p r o t o p l a s t .  I t  i s  p o s s i b l e  

t h a t  t h e  m oss c a n  d e t o x i f y  p a r a q u a t  b u t  no e v i d e n c e  w as o b t a i n e d  f o r  

t h i s  s u g g e s t i o n .

( 3 )  2 , 4 - D  w as n o t  e x p e c t e d  t o  h a v e  a  d e t r i m e n t a l  e f f e c t  on  

p h o t o s y n t h e s i s  o f  R. squarrosus b e c a u s e  i t s  p r im a r y  mode o f  a c t i o n  i n  

v a s c u l a r  p l a n t s  i s  a s  a  p l a n t  g r o w th  r e g u l a t o r .  H o w ev er ,  a  g r a d u a l  

r e d u c t i o n  o f  p h o t o s y n t h e s i s  was o b s e r v e d ,  b u t  r e s p i r a t i o n  and
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c h l o r o p h y l l  l e v e l s  w e r e  u n a f f e c t e d .  T h i s  may r e f l e c t  som e a u x i n - t y p e  

a c t i v i t y  o f  2 , 4 - D  i n  R. squarrosus. The c l a s s i c  sym ptom s o f  g r o w th

d i s t o r t i o n  may, h o w e v e r ,  n o t  b e  a p p a r e n t  i n  R. squarrosus d u e t o  t h e  

a b s e n c e  o f  an  i n t e r n a l  t r a n s l o c a t o r y  s y s t e m  w i t h  a u x i n - s e n s i t i v e  c e l l s ,  

a s  fo u n d  i n  d i c o t y l e d o n o u s  p l a n t s  ( C o r b e t t ,  W r ig h t  and B a i l l i e ,  1 9 8 4 ) .

( 4 )  T r e a tm e n t  o f  R. squarrosus w i t h  F e S 0 4 , i n  c o n t r a s t  t o  t h e  p r e v i o u s  

t h r e e  c o m p o u n d s ,  p r o d u c e d  a  r a p i d  b l a c k e n i n g  o f  t h e  s h o o t s  b u t  n e i t h e r  

p h o t o s y n t h e s i s  n o r  r e s p i r a t i o n  r a t e s  w e r e  a f f e c t e d .  B i n d i n g  o f  i r o n  t o  

t h e  c e l l  w a l l s  o f  t h e  m oss may p r e v e n t  i t  from  i n f l u e n c i n g  t h e  

p h o t o s y n t h e s i s  and r e s p i r a t i o n  o f  R. squarrosus. The b l a c k e n i n g  o f  t h e  

m oss t i s s u e  i s  p r o b a b l y  d ue  t o  t h e  f o r m a t i o n  o f  an  i n s o l u b l e ,  

p ig m e n t e d  i r o n  c o m p le x ,  p e r h a p s  w i t h  t a n n i n s ,  i n  t h e  m oss  c e l l  w a l l .  

G rowth from  t h e  a p e x  and t h e  s t e m  o f  R. squarrosus f o l l o w i n g  F e S 0 4 

a p p l i c a t i o n  w as n o r m a l .

S p r a y  a p p l i c a t i o n s  o f  h e r b i c i d e s  w e r e  u s e d  i n  t h i s  p a r t  o f  t h e  

s t u d y .  T h e s e  c a n  b e  e x p e c t e d  t o  g i v e  l e s s  s a t i s f a c t o r y  p e n e t r a t i o n  o f  

t h e  m oss  t i s s u e  com pared  t o  im m e r s io n  b u t  h a v e  m ore r e l e v a n c e  t o  t h e  

f i e l d  s i t u a t i o n .  T h i s  f a c t o r  may a l s o  h a v e  c o n t r i b u t e d  t o  t h e  l i m i t e d  

dam age o b s e r v e d  f o l l o w i n g  t r e a t m e n t  w i t h  p a r a q u a t  and 2 , 4 - D .

*



CHAPTER 7

A STUDY OF THE MODE OF ACTION OF DICHLOROPHEN AND PARAQUAT

ON RHYTIDIADELPHUS SQUARROSUS BY

PHOTOSYNTHESIS-IRRADIANCE CURVE ANALYSIS



7.1 INTRODUCTION

P h o t o s y n t h e s i s - i r r a d i a n c e  ( P I )  c u r v e  a n a l y s i s  i s  u s e d  i n  t h e  

f o l l o w i n g  w ork  a s  a  m eth od  f o r  d e t e r m i n i n g  t h e  p o s s i b l e  m odes o f  

h e r b i c i d e  i n h i b i t i o n  i n  t h e  p h o t o s y n t h e t i c  s y s t e m  o f  R. squarrosus.

The a n a l y s i s  o f  P I  r e l a t i o n s h i p s  h a s  b e e n  u s e d  by  P r e z e l i n  ( 1 9 8 1 ) ,  

K ersh a w  ( 1 9 8 5 ) ,  and K ersh aw  and Webber ( 1 9 8 6 ) ,  i n  s t u d i e s  o f  m o s s e s ,  

a l g a e  and l i c h e n s .  I n  t h e s e  c a s e s ,  PI c u r v e  a n a l y s i s  w as  u s e d  a s  a  

m eth o d  f o r  i n v e s t i g a t i n g  t h e  b i o c h e m i c a l  and s t r u c t u r a l  c o n s e q u e n c e s  o f  

c h a n g e s  i n  e n v i r o n m e n t a l  f a c t o r s  c a u s e d  by s e a s o n a l  c h a n g e s .  The  

a n a l y s i s  i s  b a s e d  on c h a n g e s  i n  g r o s s  p h o t o s y n t h e t i c  r e s p o n s e  t o  

d i f f e r e n t  p h o to n  f l u x  d e n s i t i e s ,  b e f o r e  and a f t e r  e n v i r o n m e n t a l  

c h a n g e s .  The P I  c u r v e  c a n  b e  d e s c r i b e d  by t h r e e  p a r a m e t e r s :  1 )

p h o t o s y n t h e t i c  e f f i c i e n c y  ( a ) ,  2 )  maximum r a t e  o f  p h o t o s y n t h e s i s

( P max) ,  and 3 )  l i g h t  s a t u r a t i o n  p o i n t  ( I k ) ( F i g .  7 . 1 . 1 ) .  To s i m p l i f y  

t h e  d e s c r i p t i o n  o f  c h a n g e s  i n  t h e  s h a p e  o f  t h e s e  PI c u r v e s ,  P r e z e l i n  

( 1 9 8 1 )  u s e d  t h e  T h o r n b e r ,  A l b e r t e ,  H u n t e r ,  S h io z a w a  and Kan ( 1 9 7 7 )  

m o d e l  f o r  c h a r a c t e r i z i n g  t h e  p h o t o s y n t h e t i c  a p p a r a t u s .  T h i s  m od e l  

d e s c r i b e s  t h e  a p p a r a t u s  i n  te r m s  o f  p h o t o s y n t h e t i c  u n i t s  (PSU ) ( F i g .

7 . 1 . 2 ) .  Each  PSU i s  c o m p r i s e d  o f  f o u r  c h l o r o p h y l l  p r o t e i n s  and e a c h  

p r o t e i n  p o s s e s s e s  a  d e f i n e d  r o l e :

1 .  The l i g h t  h a r v e s t i n g  p ig m e n t  o f  p h o t o s y s t e m  I I ,  e s s e n t i a l l y  

c h l o r o p h y l l  b and a c c e s s o r y  p i g m e n t s .

2 .  The r e a c t i o n  c e n t r e  o f  p h o t o s y s t e m  I I .

3 .  The P700  c h l o r o p h y l l  a p r o t e i n  = p h o t o s y s t e m  I

4 .  The l i g h t  h a r v e s t i n g  c e n t r e  f o r  p h o t o s y s t e m  I

The PSU a c t s  a s  an a n t e n n a  f o r  l i g h t  w h ic h  i t  t h e n  f o c u s e s  t o  

t r a p s .  The t r a p s  i n  t u r n  r e d i s t r i b u t e  t h e  e n e r g y  t o  r e a c t i o n  c e n t r e s  

( p h o t o s y s t e m  I  and I I )  f o r  t h e  p r o d u c t i o n  o f  e l e c t r o n s .  The r e s u l t i n g  

e l e c t r o n  t r a n s p o r t  c h a i n  p r o d u c e s  ATP and r e d u c e s  NADP and c a r b o n  

d i o x i d e ,  and t h e s e  e n t e r  t h e  C a l v i n  c y c l e  f o r  t h e  p r o d u c t i o n  o f

s u g a r s .
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Fig. 7.1.1
Photosynthetic illumination (PI) curve 
described in terms of the Baly (1935) equation 
for photosynthetic rate as a function of 
photon flux density.

p = (pMax° 0 / (pMax + a  0 “ R
P = rate of net photosynthesis 
P^Iax^ maximum rate of gross photosynthesis 
R = Rate of dark respiration 
I =  photon flux density

a =  initial slope of P against I
(represents photosynthetic efficiency)

1 = saturation point

Baly (1935), Kershaw (1985)



Fig. 7 Model of the photosynthetic unit of green plants* 
(proposed by Thornber et o l , 1977)

NADP+

I — P700 — chi a protein 
II — Reaction centre of photosystem H

-Single photosynthetic unit
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P r e z e l i n  ( 1 9 8 1 )  i n t e r p r e t e d  t h e  form  o f  t h e  P I  c u r v e s  i n  te r m s  o f  

l i g h t  a b s o r p t i o n ,  and t h e  s i z e  and number o f  t h e  r e a c t i o n  c e n t r e s  i n  

e a c h  t i s s u e  s a m p l e .  E n v ir o n m e n t a l  c h a n g e s  t o  t h e  p h o t o s y n t h e t i c  

a p p a r a t u s  w e r e  c l a s s i f i e d  i n t o  f o u r  t y p e s :

1 .  A c h a n g e  i n  t h e  PSU s i z e  o r  t h e  a v e r a g e  am ount o f  l i g h t  

h a r v e s t i n g  p ig m e n t  p e r  p h o t o s y s t e m  ( F i g .  7 . 1 . 3 ) .

2 .  A l t e r a t i o n  o f  t h e  PSU d e n s i t y  ( F i g .  7 . 1 . 3 ) .

3 .  V a r i a t i o n  i n  t h y l a k o i d  membrane s t a t e ,  c h a n g i n g  t h e  e x t e n t  o f  

c o u p l i n g / u n c o u p l i n g  o f  e n e r g y  t r a n s d u c t i o n  and e l e c t r o n  f l o w  

i n  d i s c r e t e  PSU ( F i g .  7 . 1 . 4 ) .

4 .  A r e d u c t i o n  o f  d a r k  en zym e a c t i v i t y  a n d / o r  t h e  r a t e  o f  

e l e c t r o n  f l o w  from  o n e  c a r r i e r  t o  a n o t h e r  i n  p h o t o s y s t e m  I  and  

/ o r  p h o t o s y s t e m  I I  ( F i g .  7 . 1 . 4 ) .

The e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  c h a p t e r  a t t e m p t ,  v i a  t h e  i n t e r ­

p r e t a t i o n  o f  PI c u r v e s ,  t o  d e f i n e  t h e  a r e a  o f  p h o t o s y n t h e t i c  i n h i b i t i o n  

e x h i b i t e d  f o l l o w i n g  t r e a t m e n t  o f  R. squarrosus w i t h  t h e  two h e r b i c i d e s  

p a r a q u a t  and d i c h l o r o p h e n .  The h e r b i c i d e s  w e r e  c h o s e n  on  t h e  b a s i s  o f  

r e d u c t i o n s  i n  p h o t o s y n t h e s i s  o b s e r v e d  i n  e x p e r i m e n t s  d e s c r i b e d  i n  

C h a p t e r  6 .

7 . 1 . 1  I n t e r p r e t a t i o n  o f  p h o t o s y n t h e s i s  i r r a d i a n c e  c u r v e s  

P r e z e l i n  ( 1 9 8 1 )  d i s c u s s e d  t h e  t h e o r e t i c a l  r e s p o n s e s  o f  t h e  p h o t o ­

s y n t h e t i c  a p p a r a t u s  t o  e n d o g e n o u s  and e n v i r o n m e n t a l  c h a n g e s  u s i n g  t h e  

p h o t o s y n t h e t i c  u n i t  (PSU) m o d e l  d e r i v e d  by  T h o r n b e r  et al. ( 1 9 7 7 ) .  The  

l a t t e r  a u t h o r s  p r o p o s e d  t h e  o r g a n i s a t i o n  o f  t h e  PSU ( F i g .  7 . 1 . 2 )  i n  

t e r m s  o f  f o u r  c h l o r o p h y l l  p r o t e i n s  o f  d i f f e r i n g  r o l e s .  The s p a t i a l  

a r r a n g e m e n t  o f  t h e  f o u r  c h l o r o p h y l l  p r o t e i n s  was r e l a t e d  t o  t h e  f e e d  o f  

e x c i t a t i o n  e n e r g y  t o  t h e  r e a c t i o n  c e n t r e s .  P r e z e l i n  ( 1 9 8 1 )  d e s c r i b e d  

f o u r  b a s i c  w ays  i n  w h ic h  t h e  p h o t o s y n t h e t i c  a p p a r a t u s  c o u l d  a l t e r  i n  

r e s p o n s e  t o  c h a n g e s  i n  i n t e r n a l  o r  e x t e r n a l  f a c t o r s :
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F i g .  7 . 1 . 3  A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  r e l a t i o n s h i p  b e t w e e n  

a l t e r e d  ( a )  p h o t o s y n t h e t i c  u n i t  s i z e ,  and ( b )  p h o t o s y n ­

t h e t i c  u n i t  d e n s i t y ,  and c h a n g e s  i n  t h e  PI c u r v e s .  

E x p r e s s e d  a s  ( 1 )  d r y  w e i g h t ,  o r  ( 2 )  c h l o r o p h y l l  c o n t e n t  

b a s i s  ( c i t e d  K ersh a w , 1 9 8 5 ) .



Fig. 7 .1 .3



F i g .  7 . 1 . 4  A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  r e l a t i o n s h i p  b e t w e e n

a l t e r e d  ( a )  p h o t o s y n t h e t i c  e n e r g y  t r a n s d u c t i o n ,  and (B )  

p h o t o s y n t h e t i c  e n z y m a t i c  r e a c t i o n s ,  and c h a n g e s  i n  t h e  PI 

c u r v e s .

E x p r e s s e d  a s  ( 1 )  d r y  w e i g h t ,  o r  ( 2 )  c h l o r o p h y l l  c o n t e n t  

b a s i s  ( c i t e d  K ersh a w , 1 9 8 5 ) .
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1 . S i z e  o f  t h e  p h o t o s y n t h e t i c  u n i t s

A c h a n g e  i n  PSU s i z e  r e l a t e s  t o  t h e  number o f  l i g h t  h a r v e s t i n g  

p i g m e n t s  p e r  p h o t o s y s t e m  ( F i g .  7 . 1 . 3 ) .  The c h l o r o p h y l l  c o r e  o f  t h e  

p h o t o s y n t h e t i c  r e a c t i o n  c e n t r e s  i s  a s su m e d  t o  b e  c o n s t a n t .  T h e r e f o r e  a  

c h a n g e  i n  t h e  s i z e  o f  t h e  PSU w o u ld  b e  a t t r i b u t a b l e  t o  c h a n g e s  i n  t h e  

s i z e  o f  t h e  l i g h t  h a r v e s t i n g  p ig m e n t  co m p on en t o f  t h e  a n t e n n a  and w o u ld  

l e a d  t o  a  c h a n g e  i n  t h e  m o la r  r a t i o  o f  c e l l  p i g m e n t .  An i n c r e a s e  i n  

s i z e  o f  t h e  l i g h t  h a r v e s t i n g  co m p o n en t  w i t h  a u n i f o r m  p h o t o s y n t h e t i c  

r e a c t i o n  c e n t r e  w i l l ,  when p l o t t i n g  p h o t o s y n t h e s i s  i n  te r m s  o f  

c h l o r o p h y l l  a c o n t e n t ,  l e a d  t o  a  d e c r e a s e  i n  Pm ax* P h o t o s y n t h e s i s  

e x p r e s s e d  a s  a  f u n c t i o n  o f  d r y  w e i g h t  w o u ld  r e v e a l  n o  c h a n g e  i n  Pmax* 

H o w e v e r ,  t h e  i n i t i a l  s l o p e  o f  t h e  PI c u r v e  ( a ) ,  w i l l  i n c r e a s e  d u e  t o  

t h e  i n c r e a s e d  e f f i c i e n c y  o f  l i g h t  c a p t u r e  from  t h e  e n l a r g e d  l i g h t  

h a r v e s t i n g  c o m p o n e n t .

2 .  PSU d e n s i t y

I n  t h i s  c a s e  t h e  t o t a l  am ount o f  p ig m e n t  p e r  c e l l  c h a n g e s  b u t  t h i s  

d o e s  n o t  a l t e r  t h e  p ig m e n t /P S U  r a t i o .  T h e r e f o r e ,  no  s i g n i f i c a n t  c h a n g e  

i n  t h e  c h l o r o p h y l l  a - b a s e d  PI c u r v e s  w o u ld  b e  e v i d e n t  ( F i g .  7 . 1 . 3 ) .  

H o w ev er ,  a  c h a n g e  i n  t h e  PSU d e n s i t y  w i l l  b e  r e f l e c t e d  on  a  d r y  w e i g h t  

b a s i s  by  a c h a n g e  i n  Pmax

3 .  C o u p l i n g  o f  e n e r g y  t r a n s d u c t i o n  b e t w e e n  PSI and  P S I I

The e n e r g y  f l o w  t h r o u g h  a  p h o t o s y n t h e t i c  u n i t  c a n  b e  i n t e r r u p t e d  

o r  u n c o u p le d  w i t h o u t  a l t e r i n g  t h e  u n i t ' s  s i z e  o r  p h y s i c a l  d e n s i t y  a n d ,  

t h e r e f o r e ,  w i t h o u t  c h a n g i n g  t h e  t o t a l  p i g m e n t a t i o n  o f  t h e  c e l l .  I n  

t h i s  c a s e  i t  i s  t h e  number o f  f u n c t i o n i n g  PSUs t h a t  a r e  a l t e r e d  c a u s i n g  

c h a n g e s  i n  b o t h  t h e  l i g h t - l i m i t e d  and l i g h t - s a t u r a t e d  r a t e s  ( P max) o f  

p h o t o s y n t h e s i s ,  w h e t h e r  e x p r e s s e d  i n  te r m s  o f  d r y  w e i g h t  o r  c h l o r o p h y l l  

c o n t e n t  ( F i g .  7 . 1 . 4 ) .

Many h e r b i c i d e s  a r e  b e l i e v e d  t o  h a v e  u n c o u p l i n g  p r o p e r t i e s  and  

m ig h t  b e  e x p e c t e d  t o  c a u s e  s u c h  c h a n g e s .
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4  4 .  E n zy m ic  r a t e s

T h e s e  e v e n t s  a r e  e x t e r n a l  t o  t h e  PSUs and i n c l u d e  c h a n g e s  i n  

e l e c t r o n  t r a n s p o r t  and C02 f i x a t i o n ,  a s  w e l l  a s  c h e m i c a l  e v e n t s  w h ic h  

f o l l o w  t h e  C a l v i n  c y c l e .  T h e s e  p r o c e s s e s  a r e  m e d i a t e d  by enzym e  

a c t i v i t y  and a r e  t h e r e f o r e  i n d e p e n d e n t  o f  PSU s i z e ,  d e n s i t y  and  

p i g m e n t a t i o n .  The l i g h t - l i m i t e d  r a t e s  o f  p h o t o s y n t h e s i s  a r e  t h u s  n o t  

a f f e c t e d  w h i l s t  Pmax f a l l s  i n  p r o p o r t i o n  t o  d e c r e a s e d  enzym e a c t i v i t y  

( F i g .  7 . 1 . 4 ) .

7.2 MATERIALS AND METHODS

7.2 .1  Plant m aterial

R. squarrosus s a m p le s  w e r e  c o l l e c t e d  and s t o r e d  u n d e r  s t a n d a r d  

c o n d i t i o n s  a s  d e s c r i b e d  i n  S e c t i o n  3 . 2 . 2 .  S u p p le m e n t a r y  l i g h t i n g  was  

n o t  u s e d  b e c a u s e  t h e r e  w as a d e q u a t e  s u n l i g h t  a v a i l a b l e  d u r i n g  t h e  

summer m on th s  when t h e  work w as c a r r i e d  o u t .  The t e m p e r a t u r e  r a n g e  was  

1 5 - 2 2 ° C  d u r i n g  t h e  day  w i t h  a  n i g h t  t e m p e r a t u r e  o f  1 0 ° C .  M i s t i n g  w i t h  

d i s t i l l e d  w a t e r  f o r  6 h p e r  d a y  ( 2  x  3 h )  p r o v i d e d  a d e q u a t e  m o i s t u r e  

f o r  g r o w th  w i t h o u t  c a u s i n g  w a t e r l o g g i n g .

7 .2 .2  Herbicides

F o r m u l a t i o n s  w e r e  p r e p a r e d  i n  d i s t i l l e d  w a t e r  a t  t h e  f o l l o w i n g  

c o n c e n t r a t i o n s :

D i c h l o r o p h e n  ( S u p e r m o s s t o x )  6 0 0  yM

P a r a q u a t  ( T e c h n i c a l )  7 . 2 5  mM

T h e s e  c o n c e n t r a t i o n s  w e r e  c h o s e n  a s  t h e y  p r o v e d  t o  b e  e f f e c t i v e  i n  

p r o d u c i n g  a  r e d u c t i o n  i n  p h o t o s y n t h e s i s  o f  R. squarrosus w i t h o u t  

k i l l i n g  t h e  s h o o t s .
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6  7 .2 .3  Incubation procedure

A p i c a l  s e g m e n t s  o f  R. squarrosus, 3 cm l o n g ,  w e r e  e x c i s e d  from

t r a y s  o f  m oss  a f t e r  g l a s s h o u s e  c u l t i v a t i o n  f o r  2 wk. The s e g m e n t s  w e r e  

p l a c e d  i n  P e t r i  d i s h e s  l i n e d  w i t h  f i l t e r  p a p e r  and m o i s t e n e d  w i t h  

d i s t i l l e d  w a t e r .  A g r o w th  c a b i n e t  w as u s e d  t o  p r o v i d e  a  c o n s t a n t  l i g h t  

and t e m p e r a t u r e  s o u r c e  i n  w h ic h  t o  i n c u b a t e  t h e  m oss  s a m p l e s  b e f o r e  and  

a f t e r  h e r b i c i d e  t r e a t m e n t .

F o l l o w i n g  a  24  h p r e - t r e a t m e n t  i n c u b a t i o n  i n  t h e  g r o w t h  c a b i n e t  

t h e  m oss s e g m e n t s  w e r e  w a sh ed  t h r e e  t i m e s  i n  2 0 0  ml d i s t i l l e d  w a t e r  t o  

rem ove  d e b r i s  from  t h e  s u r f a c e  and a l s o  t o  e n s u r e  c o m p l e t e  h y d r a t i o n .  

S a m p le s  o f  12 m oss  s e g m e n t s  w e r e  p l a c e d  on p a p e r  t o w e l s  t o  rem ove  

e x c e s s  w a t e r  from  t h e  s u r f a c e  o f  t h e  t i s s u e  and w e r e  t h e n  t r a n s f e r r e d  

t o  g l a s s  s c i n t i l l a t i o n  v i a l s .  To e a c h  v i a l ,  5 ml o f  t h e  t r e a t m e n t  

h e r b i c i d e  s o l u t i o n  was d i s p e n s e d .  Each  v i a l  w as t h e n  i n c u b a t e d  f o r  5 

m in a t  20°C  i n  a  g e n t l y  s h a k i n g  w a t e r  b a t h .  On c o m p l e t i o n  o f  t h e  

i n c u b a t i o n ,  t h e  h e r b i c i d e  s o l u t i o n  w as rem oved  w i t h  a  P a s t e u r  p i p e t t e  

and t h e  m oss  s e g m e n t s  w a sh ed  t w i c e  w i t h  5 ml o f  d i s t i l l e d  w a t e r .  The  

m oss s e g m e n t s  w e r e  t h e n  r e t u r n e d  t o  a  P e t r i  d i s h  f o r  a  f u r t h e r  3 0  min  

i n c u b a t i o n  i n  t h e  g r o w th  c a b i n e t .  An a d e q u a t e  i n c u b a t i o n  t im e  was  

t h e r e f o r e  p r o v i d e d  f o r  a l i m i t e d  amount o f  u p t a k e  t o  o c c u r .  T h i s  

m ethod  w as a d o p t e d  b e c a u s e  i t  g i v e s  s u p e r i o r  p e n e t r a t i o n  t o  s p r a y  

a p p l i c a t i o n  (C h . 6 ) .

7 .2 .4  Photosynthesis measurement

The P e r s p e x  a s s i m i l a t i o n  cham ber and IRGA s y s t e m  p r e v i o u s l y  

d e s c r i b e d  ( S e c t i o n  6 . 2 . 4 )  was u s e d  f o r  t h e  p h o t o s y n t h e s i s  and  

r e s p i r a t i o n  m e a s u r e m e n t s .  The C02 c o n c e n t r a t i o n  from  t h e  c o m p r e s s e d  

a i r  c y l i n d e r ,  u s e d  a s  t h e  s t a n d a r d  a i r  s u p p l y ,  w as 28 9  vpm.

The p h o t o s y n t h e t i c  e f f e c t s  f o l l o w i n g  h e r b i c i d e  t r e a t m e n t  w e r e  

m o n i t o r e d  o v e r  a  r a n g e  o f  p h o t o n  f l u x  d e n s i t i e s  ( 0 - 3 7 9  y m ol m- 2  s - 1 ) .

*
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T he p h o t o n  f l u x  d e n s i t i e s  w e r e  m e a su r e d  u s i n g  a  L I - 1 8 5  Quantum s e n s o r  

(Lambda I n s t r u m e n t s  C o r p o r a t i o n ,  N e b r a s k a ) .  O n ly  o n e  m e a su r e m e n t  o f  

p h o t o s y n t h e s i s  and r e s p i r a t i o n  w as made f o r  e a c h  s a m p le  o f  h e r b i c i d e -  

t r e a t e d  m o s s .

I m p r o v e m e n ts  w e r e  made t o  t h e  e x p e r i m e n t a l  e q u ip m e n t  from  t h a t  o f  

t h e  p r e v i o u s  p h o t o s y n t h e s i s  e x p e r i m e n t  ( S e c t i o n  6 . 2 . 4 ) .  A u n i f o r m  a i r  

t e m p e r a t u r e  ( 1 5 ° C )  w i t h i n  t h e  a s s i m i l a t i o n  ch a m b ers  w as a c h i e v e d  by  

s u b m e r s i o n  a t  a  d e p t h  o f  16 cm i n  a  w a t e r  b a t h  ( 7 ° C ) .  The bank  o f  

l i g h t s  w as p o s i t i o n e d  o v e r h e a d  ca, 35  cm a b o v e  t h e  w a t e r  s u r f a c e .  T h i s  

e x p e r i m e n t a l  s y s t e m  p r o v i d e d  g r e a t e r  s t a b i l i t y  o f  t h e  a i r  t e m p e r a t u r e s  

o f  t h e  a s s i m i l a t i o n  c h a m b e r s ,  o v e r  t h e  r a n g e  o f  p h o t o n  f l u x  d e n s i t i e s .

7 .2 .5  Procedure fo r f i t t i n g  PI curves

A number o f  e m p i r i c a l  p r o c e d u r e s  e x i s t  f o r  r e l a t i n g  r a t e  o f  p h o t o ­

s y n t h e s i s  t o  p h o to n  f l u x  d e n s i t y .  M a t h e m a t i c a l  m o d e l s  o f  g a s  e x c h a n g e  

h a v e  o f t e n  b e e n  u s e d  t o  s t u d y  c r o p  p h o t o s y n t h e s i s  ( C h a r t i e r ,  1 9 7 0 ;  

Z i e g l e r - J o n s  and S e l i n g e r ,  1 9 8 7 ) .  T h e s e  s t u d i e s  h a v e  p r o d u c e d  f o r m u la e  

d e s c r i b i n g  p h o t o s y n t h e t i c  r e s p o n s e s  i n  te r m s  o f  C02 d i f f u s i o n  

r e s i s t a n c e ,  r a t e s  o f  e l e c t r o n  t r a n s p o r t  and d i s s i m i l a t i v e  e l e c t r o n  

t r a n s p o r t  i n  t h e  l e a v e s  o f  v a s c u l a r  p l a n t s .  H o w e v e r ,  i n  t h e  p r e s e n t  

s t u d y  o n l y  t h e  b a s i c  p a r a m e t e r s  o f  t h e  PI r e l a t i o n s h i p  a r e  u s e d  w i t h  no  

r e f e r e n c e  t o  f a c t o r s  s u c h  a s  t e m p e r a t u r e ,  n u t r i e n t s  and  a d a p t a t i o n .

J a s s b y  and P l a t t  ( 1 9 7 6 )  com pared  e i g h t  d i f f e r e n t  m a t h e m a t i c a l  

f o r m u la e  d e s c r i b i n g  PI c u r v e s  o f  p h y t o p l a n k t o n  ( T a b l e  7 . 2 . 1 ) .  The  

e q u a t i o n  o f  B a l y  ( 1 9 3 5 ) ,  w h ic h  d e s c r i b e s  a r e c t a n g u l a r  h y p e r b o l a ,  g a v e  

t h e  p o o r e s t  d e s c r i p t i o n  o f  t h e i r  e x p e r i m e n t a l  d a t a  and t h e  h y p e r b o l i c  

t a n g e n t  f u n c t i o n  o f  J a s s b y  and P l a t t  ( 1 9 7 6 )  g a v e  t h e  b e s t  f i t .  

H o w ev er ,  M a b e r ly  ( 1 9 8 5 )  com pared  t h e  s i m i l a r l y  s t r u c t u r e d  e q u a t i o n s  o f  

B a l y  ( 1 9 3 5 )  and S m ith  ( 1 9 3 6 )  w i t h  t h e  e q u a t i o n  o f  J a s s b y  and P l a t t  

( 1 9 7 6 )  ( T a b l e  7 . 2 . 1 )  i n  s t u d i e s  o f  t h e  a q u a t i c  m oss  Fontinalis antipyreiica.
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£  T a b l e  7 . 2 . 1  The d i f f e r e n t  f o r m u l a t i o n s  o f  t h e  l i g h t  s a t u r a t i o n
c u r v e  t e s t e d  by  J a s s b y  and P l a t t  ( 1 9 7 6 )

E q u a t i o n  No. E q u a t io n S o u r c e

1 P = (dL, I< P  / a-  m

IP . I> P  /  am m B lackm an ( 1 9 0 5 )

2 P = P a t / ( P  + a l ) B a l y  ( 1 9 3 5 )

3 P = Pma E / [ ( P m) 2 + ( o f f ) 2 ] 1* S m ith  ( 1 9 3 6 )

4 P = a E e x p ( - a E / P me ) S t e e l e  ( 1 9 6 2 )

5 P = ( a E e x p ( - ( x [ /P me ) , I< P me / a  

\P I<P  e / am — m

S t e e l e  ( 1 9 6 2 )  
m o d i f i e d

6 P = P [ l - e x p ( - a E / P  ) ] Webb e t  a l . ( 1 9 7 4 )

7 P = fcxE -  (od :)2 / 4 P m, I < 2 P m/ a  

\P I< 2P  / am — m

P l a t t  e t  a l .  
( 1 9 7 5 )

8 P = P t a n h ( o t [ /P  )m v m' J a s s b y  and P l a t t  
( 1 9 7 6 )

P = n e t  p h o t o s y n t h e s i s  p e r  u n i t  c h l o r o p h y l l  
I  = i r r a d i a n c e
Pm = s p e c i f i c  n e t  p h o t o s y n t h e s i s  a t  o p t i m a l  i l l u m i n a t i o n  
a  = s l o p e  o f  t h e  l i g h t  s a t u r a t i o n  c u r v e  a t  lo w  l i g h t  l e v e l s .

The h y p e r b o l i c  t a n g e n t  f u n c t i o n  o f  J a s s b y  and P l a t t  ( 1 9 7 6 )  g a v e  t h e  

p o o r e s t  f i t .  I n  t h i s  c a s e  t h e  S m ith  ( 1 9 3 6 )  e q u a t i o n  g a v e  t h e  c l o s e s t  

f i t  w i t h  t h e  B a l y  ( 1 9 3 5 )  e q u a t i o n  i n t e r m e d i a t e .  D i f f e r e n c e s  i n  t h e  

c o n c l u s i o n s  o f  J a s s b y  and P l a t t  ( 1 9 7 6 )  and M a b e r ly  ( 1 9 8 5 )  p r o b a b l y  

a r i s e  from  t h e  r a t h e r  d i f f e r e n t  e x p e r i m e n t a l  m a t e r i a l  s t u d i e d .  T h e s e  

d i f f e r e n c e s  a r e  p r o b a b l y  d ue  t o  v a r i a t i o n  i n  p h o t o s y n t h e t i c  p ig m e n t s  

and r a t i o s  b e t w e e n  t h e  p l a n t s  a s  d i s c u s s e d  i n  d e t a i l  by T h o r n b e r  et al. 

( 1 9 7 7 ) .
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I n  t h e  f o l l o w i n g  e x p e r i m e n t s  a  c o m p a r i s o n  w as made b e t w e e n  t h e  

h y p e r b o l i c  t a n g e n t  f u n c t i o n  o f  J a s s b y  and P l a t t  ( 1 9 7 6 )  w i t h  t h e  s i m p l e r  

e q u a t i o n  o f  B a l y  ( 1 9 3 5 )  f o r  t h e  PI c u r v e s  o f  R. squarrosus. N o n - l i n e a r  

r e g r e s s i o n ,  u s i n g  t h e  R o th a m s te d  Maximum L i k e l i h o o d  P rogram  ( R o s s ,

1 9 8 7 ) ,  w as u s e d  t o  f i t  t h e  c u r v e s  t o  t h e  d a t a .  S e l e c t i o n  o f  t h e  b e s t  

f i t t i n g  o f  t h e  two a l t e r n a t i v e  p h o t o s y n t h e s i s  c u r v e s  w as by  i n s p e c t i o n  

o f  t h e  r e s i d u a l  sum o f  s q u a r e s .  F or  t h e  18 PI c u r v e s  o b t a i n e d  from  t h e  

t r e a t e d  and u n t r e a t e d  m oss  s a m p le s  ( e x p r e s s e d  a s  a  f u n c t i o n  o f  d r y  

w e i g h t ,  t o t a l  c h l o r o p h y l l  c o n t e n t  and c h l o r o p h y l l  a c o n t e n t )  an  e q u a l  

number o f  b e s t  f i t s  was o b t a i n e d  f o r  t h e  two e q u a t i o n s .  As 

d i s c r e p a n c i e s  b e tw e e n  t h e  two m e th o d s  w e r e  s m a l l ,  t h e  B a l y  ( 1 9 3 5 )  

e q u a t i o n  w as t h u s  c h o s e n  a s  t h e  s i m p l e s t  m o d e l  f o r  t h e  e x p r e s s i o n  o f  

t h e  R. squarrosus PI  c u r v e  d a t a .

The B a l y  ( 1 9 3 5 )  e q u a t i o n  c a n  b e  a d a p t e d  f o r  g r o s s  p h o t o s y n t h e s i s  

m e a s u r e m e n ts  by t h e  a d d i t i o n  o f  a  term  f o r  d a r k  r e s p i r a t i o n  ( F i g .

7 . 1 . 1 ) .  T h i s  a d a p t a t i o n  i s  b a s e d  on t h e  a s s u m p t i o n  t h a t  t h e  r a t e  o f  

r e s p i r a t i o n  i s  n o t  a f f e c t e d  by l i g h t .  H o w ev er ,  t h e r e  i s  l i t t l e  

s u g g e s t i o n  i n  t h e  l i t e r a t u r e  t h a t  t h i s  i s  a  s e r i o u s  c a u s e  o f  e r r o r  i n  

s t u d i e s  o f  g a s  e x c h a n g e  i n  b r y o p h y t e s  ( M a b e r ly ,  1 9 8 5 ;  K e r sh a w , 1 9 8 5 ;  

G r e e n ,  S n e l g a r  and W i l k i n s ,  1 9 8 5 ) .

7.3 RESULTS AND DISCUSSION

S e g m e n ts  o f  R. squarrosus w e r e  i n c u b a t e d  i n  d i c h l o r o p h e n ,  p a r a q u a t  

o r  d i s t i l l e d  w a t e r  ( c o n t r o l )  f o r  5 m in .  M e a su r e m e n ts  o f  p h o t o s y n t h e s i s  

and r e s p i r a t i o n  w e r e  made a f t e r  a  30  min p o s t - i n c u b a t i o n  p e r i o d  a s  

p r e v i o u s l y  d e s c r i b e d  ( S e c t i o n  6 . 2 . 4 ) .

The p a r a m e t e r s  f o r  t h e  f i t t e d  PI c u r v e s  f o r  e a c h  o f  t h e  

t r e a t m e n t s ,  b a s e d  on t h e  B a l y  ( 1 9 3 5 )  e q u a t i o n  ( F i g . 7 . 1 . 1 ) ,  a r e  

p r e s e n t e d  i n  T a b le  7 . 3 . 1 .  P a r a m e t e r s  f o r  t h e  PI c u r v e s  b a s e d  on  

c h l o r o p h y l l  a r e  p r e s e n t e d  b o t h  w i t h  r e s p e c t  t o  t o t a l  c h l o r o p h y l l  a n d ,
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T a b l e  7 . 3 . 1  P a r a m e t e r s  (±  SE) f o r  PI c u r v e s  u s i n g  t h e  B a l y  ( 1 9 3 5 )
e q u a t i o n  b a s e d  on ( a )  d r y  w e i g h t ;  ( b )  t o t a l  c h l o r o p h y l l ,  
and ( c )  c h l o r o p h y l l  a  c o n t e n t  o f  R. s q u a r r o s u s

a )  R

(Wl co2 g ' 1 h _ 1 )

a

(Ml CO2 g ' 1 I T 1 

[l im ol m- 2  s - 1 ] -1

Pmax
( y l  C02 g ' 1 h " 1 )

)

df

C o n t r o l  - 1 0 0  ( 2 4 2 ) 2 9 2 . 3  ( 1 5 4 ) 2 4 9 8  ( 4 4 3 ) 43

D i c h l o r o p h e n  - 2 0  ( 4 0 7 ) 15 ( 1 5 . 4 ) 1 0 3 5  ( 2 5 ) 26

P a r a q u a t  * * *

b ) R

( y l  C02 mg- 1  c h i  

h " 1 )

a

( y l  CO2 mg- 1  c h i  

h-1  [y m o l  m- 2
- 1 T -lv

s  ] )

Pmax
( y l  C02 mg- 1  c h i  

h " 1 )

d f

C o n t r o l - 0 . 0 4 5 9  ( 0 . 9 3 ) 0 . 2 9  ( 1 . 2 1 6 ) 5 . 4 8  ( 0 . 7 1 ) 21

D i c h l o r o p h e n - 0 . 0 0 0 6 6 ( 0 . 3 6 ) 0 . 3 2  ( 0 . 7 8 ) 1 . 1 4  ( 0 . 7 3 ) 26

P a r a q u a t - 0 . 0 5 4 5  ( 1 . 6 5 ) 0 . 1 1  ( 2 . 6 7 ) 0 . 6 7  ( 0 . 6 8 3 ) 22

c )  R

( y l  C02 mg-1  c h l a  

h " 1 )

a

(yL  C02 mg- 1  c h l a  

h -1  [y m o l  m- 2
- l  , - i x

s  ] )

Pmax
(yL  CO2 mg- 1  c h l a  

h ' 1 )

d f

C o n t r o l - 0 . 0 1 2 7  ( 0 . 5 5 ) 0 . 4 6 4  ( 0 . 1 6 ) 8 . 0 8  ( 0 . 8 1 ) 21

D i c h l o r o p h e n 0 . 0 0 3 7  ( 0 . 8 9 ) 0 . 4 8 8  ( 1 . 1 9 ) 1 . 6 5  ( 1 . 1 7 ) 26

P a r a q u a t 0 . 0 8 4  ( 0 . 6 5 ) 0 . 1 4 6  ( 0 . 6 4 ) 0 . 9 6  ( 0 . 9 7 ) 22

R = r e s p i r a t i o n  

a  = p h o t o s y n t h e t i c  e f f i c i e n c y  

Pmax = g r o s s  p h o t o s y n t h e s i s  

* = c u r v e  d i d  n o t  c o n v e r g e
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f o l l o w i n g  P r e z e l i n  ( 1 9 8 1 ) ,  w i t h  r e s p e c t  t o  c h l o r o p h y l l  a c o n t e n t .  I n  

t h e s e  e x p e r i m e n t s ,  no  d i f f e r e n c e s  w e r e  fo u n d  b e t w e e n  t h e  two m e th o d s  o f  

p r e s e n t i n g  t h e  c h l o r o p h y l l  d a t a .  The PI c u r v e s  b a s e d  on t o t a l  

c h l o r o p h y l l  a r e  p r e s e n t e d ,  b e c a u s e  t h e  d a t a  w e r e  l e s s  v a r i a b l e  th a n  f o r  

c h l o r o p h y l l  a.

The s i g n i f i c a n c e  o f  d i f f e r e n c e s  b e t w e e n  t h e  f i t t e d  p a r a m e t e r s  f o r  

t h e  v a r i o u s  h e r b i c i d e  t r e a t m e n t s  w e r e  e x a m in e d  by  t - t e s t s .

7 .3 .1  E ffects of Dichlorophen on the PI curves of R. squarrosus

S i g n i f i c a n t  r e d u c t i o n s  i n  Pmax w e r e  o b t a i n e d  f o r  t h e  d i c h l o r o p h e n  

t r e a t m e n t ,  com pared  t o  t h e  c o n t r o l s ,  i n  t h e  PI c u r v e s  b a s e d  on  

c h l o r o p h y l l  c o n t e n t  and t h o s e  b a s e d  on d r y  w e i g h t  ( T a b l e  7 . 3 . 1 ,  F i g s

7 . 3 . 1  t o  7 . 3 . 4 ) .  No s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p h o t o s y n t h e t i c  

e f f i c i e n c y  ( a )  i n  t h e  c h l o r o p h y l l  b a s e d  PI c u r v e  w as o b t a i n e d  w i t h  

d i c h l o r o p h e n  com p ared  w i t h  t h e  w a t e r  c o n t r o l  ( T a b l e  7 . 3 . 1 ,  F i g .  7 . 3 . 3 ) .  

A d d i t i o n a l l y ,  t h e  i n i t i a l  s l o p e  r e p r e s e n t i n g  p h o t o -  s y n t h e t i c  

e f f i c i e n c y  ( a ) ,  i n  t h e  d r y  w e i g h t - b a s e d  P I  c u r v e ,  w as a l s o  

s i g n i f i c a n t l y  l o w e r  f o l l o w i n g  d i c h l o r o p h e n  t r e a t m e n t  th a n  i n  t h e  

d i s t i l l e d  w a t e r  c o n t r o l  ( F i g .  7 . 3 . 4 ) .

A c c o r d i n g  t o  P r e z e l i n  ( 1 9 8 1 ) ,  a  r e d u c t i o n  i n  b o t h  Pmax and ( a )  i s
pres

i n d i c a t i v e  o f  r e d u c e d  e l e c t r o n  f l o w  t h r o u g h  t h e  PSU. The :e n c e  o f  a  

s i g n i f i c a n t  r e d u c t i o n  i n  ( a )  i n  t h e  d r y  w e i g h t - b a s e d  P I  c u r v e  f o r  

d i c h l o r o p h e n  s u g g e s t s  t h a t  d i c h l o r o p h e n  a c t s  a s  an  e l e c t r o n  t r a n s p o r t  

i n h i b i t o r  o f  P S I I  i n  R. squarrosus a s  h y p o t h e s i s e d  i n  S e c t i o n  6 . 3 . 2 .

The a p p a r e n t  u p t a k e  and e f f e c t s  on p h o t o s y n t h e s i s  o f  d i c h l o r o p h e n  

w e r e  r a p i d  i n  R. squarrosus c o n s i d e r i n g  t h a t  t h e  PI m e a s u r e m e n ts  w ere  

made o n l y  30  min a f t e r  a p p l i c a t i o n .  I t  i s  n o t  s u r p r i s i n g  t h e r e f o r e  

t h a t  no  e v i d e n c e  w as o b t a i n e d  f o r  an e f f e c t  on e i t h e r  p i g m e n t a t i o n  o r  

PSU s i z e  o r  d e n s i t y .
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Fig* 7*3*2 Fitted PI curve for Rhytidiadolphus squanrosus (1)
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Fig. 7.3.3
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Fig. 7.3.4 Fitted PI curve for Rhytidiadelphus squannosus 

following treatment with dichlorophen (cone. 600pM). (1)
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As p r e v i o u s l y  fo u n d  (C h . 6 ) ,  t h e  e f f e c t  o f  d i c h l o r o p h e n  on R. 

squarrosus r e s p i r a t i o n  (R ) w as n o t  s i g n i f i c a n t .  T h i s  i n d i c a t e s  t h a t  

t h e  s u g g e s t e d  u n c o u p l i n g  a c t i o n  o f  d i c h l o r o p h e n  (N a k a u e ,  C a l d w e l l  and  

B u h l e r ,  1 9 7 2 )  on o x i d a t i v e  p h o s p h o r y l a t i o n  i s  e i t h e r  i n a p p l i c a b l e  t o  

R. squarrosus o r  r e q u i r e s  h i g h e r  c o n c e n t r a t i o n s  ( a  lo w  c o n c e n t r a t i o n  

w as d e l i b e r a t e l y  s e l e c t e d  h e r e )  o r  g r e a t e r  t r e a t m e n t  t i m e .  The l a c k  o f  

e f f e c t  o f  d i c h l o r o p h e n  on r e s p i r a t i o n  m ig h t  b e  a s s o c i a t e d  w i t h  l o s s e s  

o f  t h e  c h e m i c a l  by p r e f e r e n t i a l  b i n d i n g  w i t h i n  t h e  p h o t o s y n t h e t i c  

s y s t e m .  S l i g h t  damage t o  t h e  p lasm alem m a o f  R. squarrosus may h a v e  

o c c u r r e d  a t  t h e  6 0 0  pM d i c h l o r o p h e n  c o n c e n t r a t i o n  e m p lo y e d  ( S e c t i o n

8 . 3 . 5 )  w h ic h  may a l s o  h a v e  c a u s e d  a  r e d u c t i o n  i n  p h o t o s y n t h e s i s .  A 

t e n - f o l d  d i l u t i o n  o f  t h e  d i c h l o r o p h e n  i n c u b a t i o n  s o l u t i o n  ( 6 0  pM) and  

e x t e n d i n g  t h e  p o s t  t r e a t m e n t  p e r i o d  p r o d u c e d  no  s i g n i f i c a n t  d i f f e r e n c e  

i n  r e s p i r a t i o n  o r  p h o t o s y n t h e s i s  o f  R. squarrosus s h o o t s  ( T a b l e  7 . 3 . 1 ,  

F i g s  7 . 3 . 5  and 7 . 3 . 6 ) .  C o r b e t t ,  W r ig h t  and B a i l l i e  ( 1 9 8 4 )  d e s c r i b e d  

t h e  d i r e c t  b u t  n o n - s p e c i f i c  i n t e r a c t i o n s  o f  i n h i b i t o r y  u n c o u p l e r s  w i t h  

v a s c u l a r  p l a n t  m i t o c h o n d r i a l  and c h l o r o p l a s t  m em branes s u g g e s t i n g  

e f f e c t s  on  o t h e r  m em branes may o c c u r .

7 .3 .2  E ffects of Paraquat on the PI curves of R. squarrosus

T r e a t m e n t  o f  R. squarrosus w i t h  p a r a q u a t  a l s o  g a v e  a  s i g n i f i c a n t  

r e d u c t i o n  i n  t h e  r a t e  o f  maximum g r o s s  p h o t o s y n t h e s i s  ( P max) f o r  t h e  PI  

r e l a t i o n s h i p  b a s e d  on c h l o r o p h y l l  c o n t e n t  ( F i g .  7 . 3 . 7 ) .  I n  a d d i t i o n ,  

no s i g n i f i c a n t  d i f f e r e n c e  w as fo u n d  f o r  t h e  s l o p e  f o r  p h o t o s y n t h e t i c  

e f f i c i e n c y  ( a )  f o r  t h e  PI c u r v e  b a s e d  on c h l o r o p h y l l .  The PI c u r v e  

b a s e d  on d r y  w e i g h t  f a i l e d  t o  c o n v e r g e  d u r i n g  t h e  n o n - l i n e a r  r e g r e s s i o n  

c o m p u t a t i o n  d u e  t o  e x c e s s i v e  v a r i a b i l i t y  i n  t h e  d a t a .  I n s p e c t i o n  o f  

t h e  d a t a  p o i n t s ,  and t h e  f i t t e d  PI c u r v e  b a s e d  on d r y  w e i g h t ,  sh o w s  a  

s u b s t a n t i a l  d e c l i n e  i n  P ( F i g . 7 . 3 . 8 ) .
m a x  '  6  7
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Fig* 7*3*8 Fitted PI curve for R h y t id io d e lp h u s  s p u a n n o s u s
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The e f f e c t  o f  p a r a q u a t  on t h e  form  o f  t h e  P I  c u r v e s  f o r  R. 

squarrosus w as s i m i l a r  t o  t h a t  o f  d i c h l o r o p h e n  and s i g n i f i e s  t h e  

u n c o u p l i n g  o f  e l e c t r o n  t r a n s p o r t ;  b u t  h i g h  v a r i a b i l i t y  i n  t h e  d a t a  a t  

lo w  p h o t o n  f l u x  d e n s i t i e s  p r e v e n t e d  a c c u r a t e  d e t e r m i n a t i o n s  o f  t h e  

p h o t o s y n t h e t i c  e f f i c i e n c i e s  ( a ) .  The r e s u l t s ,  t h e r e f o r e ,  a r e  i n  b r o a d  

a g r e e m e n t  w i t h  t h e  o b s e r v e d  e f f e c t s  o f  p a r a q u a t  i n h i b i t i o n  o f  t h e  

p h o t o s y n t h e t i c  e l e c t r o n  t r a n s p o r t  s y s t e m  o f  v a s c u l a r  p l a n t s  ( H a r r i s  and  

D o d g e ,  1 9 7 2 ) .  The h i g h  v a r i a b i l i t y  o f  t h e  p h o t o s y n t h e s i s  m e a s u r e m e n ts  

may b e  d u e  t o  membrane d i s r u p t i o n  o r  p ig m e n t  d e g r a d a t i o n  c a u s e d  by t h e  

p a r a q u a t  t r e a t m e n t .

The d a m a g in g  e f f e c t  o f  p a r a q u a t  on t h e  P I  r e l a t i o n s h i p s  o f  R. 

squarrosus i s  a  c l e a r  i n d i c a t i o n  o f  t h e  e n t r y  o f  t h i s  h e r b i c i d e  i n t o  

t h e  c e l l s .  The l a c k  o f  p h o t o s y n t h e t i c  r e s p o n s e  t o  p a r a q u a t  i n  e a r l i e r  

p h o t o s y n t h e s i s  e x p e r i m e n t s  (C h. 6 )  i s  p r o b a b l y  a t t r i b u t a b l e  t o  t h e  

s p r a y i n g  m ethod  o f  a p p l i c a t i o n ,  g i v i n g  p o o r  p e n e t r a t i o n  com pared  t o  t h e  

t o t a l  im m e r s io n  u s e d  h e r e .
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7 .4  CONCLUSIONS

A n a l y s i s  o f  t h e  form  o f  f i t t e d  PI c u r v e s  f o r  R . s q u a r r o s u s  a f t e r  

h e r b i c i d e  t r e a t m e n t  i n d i c a t e s  t h a t  d i c h l o r o p h e n  c a u s e s  a  r e d u c t i o n  o f  

e l e c t r o n  t r a n s p o r t  r a t e s  a n d ,  t h e r e f o r e ,  o f  t h e  r a t e  o f  C02 

a s s i m i l a t i o n .  T h i s  o b s e r v a t i o n  s u p p o r t s  t h e  h y p o t h e s i s  t h a t  

d i c h l o r o p h e n  b i n d s  t o  t h e  t h y l a k o i d  membranes o f  R . s q u a r r o s u s , 

i n h i b i t i n g  P S I I  ( S e c t i o n  6 . 3 . 2 ) .  H o w ev er ,  t h i s  may n o t  n e c e s s a r i l y  be  

a  p r im a r y  e f f e c t  a s  p lasm alem m a damage a l s o  o c c u r s  f o l l o w i n g  

d i c h l o r o p h e n  t r e a t m e n t  ( S e c t i o n  8 . 3 . 5 ) .

The e f f e c t s  o f  p a r a q u a t  on  t h e  PI c u r v e s  w e r e  s u p e r f i c i a l l y  

s i m i l a r  t o  t h o s e  o f  d i c h l o r o p h e n ,  b u t  o n l y  t h e  c u r v e  f o r  c h l o r o p h y l l  

c o n t e n t  w as a d e q u a t e l y  d e s c r i b e d  by t h e  e q u a t i o n  o f  B a l y  ( 1 9 3 5 ) .  

V a r i a b i l i t y  i n  t h e  d a t a  w h ic h  p r e v e n t e d  c u r v e  f i t t i n g  f o r  som e p a r a q u a t  

d a t a  may h a v e  b e e n  a  r e s u l t  o f  membrane damage c a u s e d  by  t h e  h e r b i c i d e .

The a n a l y s i s  o f  P I  c u r v e s  h a s  p r o v e d  u s e f u l  i n  t h i s  s t u d y  i n  

s u p p o r t i n g  t h e  h y p o t h e s i s  ( S e c t i o n  6 . 3 . 2 )  o f  d i c h l o r o p h e n  i n h i b i t i o n  o f  

e l e c t r o n  t r a n s p o r t  i n  t h e  p h o t o s y n t h e t i c  s y s t e m  o f  R . s q u a r r o s u s .  

H o w ev er ,  e x c e s s i v e  v a r i a b i l i t y  i n  t h e  m e a s u r e m e n ts  r e d u c e d  t h e  

e f f i c i e n c y  o f  t h e  c u r v e  f i t t i n g  p r o c e d u r e ,  m ak in g  c o m p a r i s o n s  b e tw e e n  

t h e  d i f f e r e n t  h e r b i c i d e  t r e a t m e n t s  d i f f i c u l t .



CHAPTER 8

EFFECTS OF PARAQUAT, DICHLOROPHEN, IRON SALTS

AND 2 , 4 - D  ON CELL PERMEABILITY

OF RHYTIDIADELPHUS SQUARROSUS
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8 .1  INTRODUCTION

N o r m a l ly  h e r b i c i d e s  m u st  move t h r o u g h  t h e  c e l l  membrane t o  be  

p h y t o t o x i c .  P l a n t  m em branes a r e  s t r u c t u r a l  c o m p o n e n ts  o f  t h e  c e l l  and  

a l s o  f u n c t i o n  i n  t h e  r e g u l a t i o n  o f  c e l l  p e r m e a b i l i t y ,  i o n  t r a n s p o r t ,  

e l e c t r o n  t r a n s p o r t  and en zym e a c t i v i t y .

P l a n t  m embranes c o n s i s t  o f  l i p i d s  and p r o t e i n s  p l u s  o t h e r  

c o n s t i t u e n t s  s u c h  a s  s t e r o l s ,  m e t a l  i o n s  and w a t e r  ( R i v e r a  and P e n n e r ,  

1 9 7 9 ;  C l a r k s o n ,  1 9 7 4 ) .  The l i p i d s  a r e  c o n s i d e r e d  t o  b e  a r r a n g e d  m a i n l y  

i n  a  b i l a y e r  c o n f i g u r a t i o n ,  w i t h  som e g l o b u l a r  p r o t e i n s  l o c a t e d  i n  o r  

p a r t i a l l y  su b m erg ed  w i t h i n  i t .  The p lasm alem m a i s  i n v o l v e d  i n  t h e  

p r o c e s s  o f  c e l l u l a r  u p t a k e  o f  h e r b i c i d e s  v i a  a c t i v e  t r a n s p o r t  o r  

d i f f u s i o n  ( R i v e r a  and P e n n e r ,  1 9 7 9 ;  C l a r k s o n ,  1 9 7 4 ) .  The a b i l i t y  o f  a  

h e r b i c i d e  t o  p e r m e a t e  t h e  p lasm alem m a i s  t h e r e f o r e  i n f l u e n c e d  by t h e  

l i p i d  c o m p o s i t i o n  o f  t h e  membrane and t h e  l i p i d  s o l u b i l i t y  o f  t h e  

h e r b i c i d e  ( H a l l  and B a k e r ,  1 9 7 7 ) .  B i n d i n g  o f  h e r b i c i d e s  t o  t h e  

p lasm alem m a may a l s o  i n f l u e n c e  c e l l  p e r m e a b i l i t y  b y  d i s r u p t i n g  membrane 

i n t e g r i t y .  H e r b i c i d e s  c a n  t h e r e f o r e  i n t e r f e r e  w i t h  b o t h  t h e  f u n c t i o n  

and s t r u c t u r e  o f  p l a n t  c e l l  m embranes ( R i v e r a  and P e n n e r , 1 9 7 9 ) .

R i v e r a  and P e n n e r  ( 1 9 7 9 )  r e l a t e d  t h e  s p e e d  a t  w h ic h  l o s s  o f  

membrane i n t e g r i t y  w as o b s e r v e d  t o  d i f f e r e n t  t y p e s  o f  h e r b i c i d a l  

a c t i v i t y .  A r a p i d  r e d u c t i o n  i n  membrane i n t e g r i t y  may i n d i c a t e  b i n d i n g  

o f  t h e  h e r b i c i d e  t o  membrane l i p i d s  and m o d i f i c a t i o n  o f  t h e i r  

p e r m e a b i l i t y .  A l t e r n a t i v e l y ,  a  d e l a y  i n  t h e  o n s e t  o f  membrane  

d i s r u p t i o n  s u g g e s t s  i n t e r f e r e n c e  w i t h  l i p i d  s y n t h e s i s .

P o t a s s i u m  l e a k a g e  h a s  b e e n  u s e d  a s  a t e c h n i q u e  t o  a s s e s s  membrane  

dam age i n  b r y o p h y t e s  ( B a t e s  and B r o w n ,1 9 7 4 ;  Brown, Ougham and B e c k e t t ,  

1 9 8 6 ;  Brown and W h ite h e a d ,  1 9 8 6 ;  B a t e s ,  1 9 8 2 ) .  P o t a s s i u m  h a s  b e e n  

i d e n t i f i e d  a s  a  p r e d o m i n a n t l y  i n t r a c e l l u l a r  c o n s t i t u e n t  o f  m oss  t i s s u e  

( B a t e s  and Brow n, 1 9 7 4 ;  B row n, 1 9 8 2 ,  1 9 8 4 )  and i s  t h e r e f o r e  s u i t a b l e  a s  

a  m ark er  o f  i n t r a c e l l u l a r  s o l u t e  r e t e n t i o n .  The t e c h n i q u e  o f  m e a s u r in g

f



p o t a s s i u m  l e a k a g e  h a s  b e e n  u s e d  f o r  s e v e r a l  d i f f e r e n t  s t u d i e s  i n c l u d i n g  

p e s t i c i d e  dam age ( H a r r i s  and D o d g e ,  1 9 7 2 ;  K irk w o o d ,  1 9 8 7 ;  B row n, Ougham 

and B e c k e t t ,  1 9 8 6 ;  Brown and W h it e h e a d ,  1 9 8 6 ) ,  s u r f a c t a n t  p h y t o t o x i c i t y  

( H o r o w i t z  and G i v e l b e r g ,  1 9 7 9 ;  S i l c o x  and H o l lo w a y ,  1 9 8 6 ) ,  d e s i c c a t i o n  

e f f e c t s  on  m o s s e s  (Brown and B u ck , 1 9 7 9 ) ,  c o n t r o l  o f  c a t i o n  l e v e l s  i n  

m o s s e s  ( B a t e s  and Brow n, 1 9 7 4 ;  B a t e s ,  1 9 8 2 )  and a n i o n  a c c u m u l a t i o n  and  

t o x i c i t y  i n  l i c h e n s  ( R i c h a r d s o n ,  N i e b o e r ,  L a v o i e  and P a d o v a n ,  1 9 8 4 ) .

B o th  p a r a q u a t  and 2 , 4 - D  h a v e  b e e n  i d e n t i f i e d  a s  i n d u c i n g  l o s s  o f  

membrane i n t e g r i t y  i n  v a s c u l a r  p l a n t s .  P a r a q u a t  and o t h e r  b i p y r i d y l i u m  

com pounds h a v e  b e e n  o b s e r v e d  t o  c a u s e  p e r o x i d a t i o n  o f  membrane l i p i d s ,  

r e s u l t i n g  i n  l o s s  o f  membrane i n t e g r i t y  and t h e  i n a c t i v a t i o n  o f  

membrane bound e n z y m e s  s u c h  a s  ATPase i n  Linum usitatissimum c o t y l e d o n s  

(D o d g e  and H a r r i s ,  1 9 7 0 ;  H a r r i s  and D o d g e ,  1 9 7 2 ) .  F u r t h e r  dam age was  

a t t r i b u t e d  t o  t h e  r e l e a s e  o f  h y d r o l y t i c  e n z y m e s  from  t h e  v a c u o l e  

f o l l o w i n g  t h e  d e s t r u c t i o n  o f  t h e  t o n o p l a s t .

2 , 4 - D  w as o b s e r v e d  by W h ite  and H e m p h i l l  ( 1 9 7 2 )  t o  r u p t u r e  

m em branes o f  t h e  t o n o p l a s t ,  p la sm a lem m a , c h l o r o p l a s t s  and  m i t o c h o n d r i a  

i n  t o b a c c o  l e a f  m e s o p h y l l  c e l l s .

D i c h l o r o p h e n ,  s o l d  c o m m e r c i a l l y  a s  a  m oss k i l l e r ,  h a s  a l s o  b e e n  

o b s e r v e d  t o  c a u s e  l o s s  o f  membrane i n t e g r i t y  i n  R. squarrosus t i s s u e  by  

Brow n, Ougham and B e c k e t t  ( 1 9 8 6 )  a l t h o u g h  i t  i s  unknown w h e t h e r  t h i s  i s  

a  p r im a r y  o r  s e c o n d a r y  e f f e c t .

The e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  c h a p t e r  w e r e  d e s i g n e d  t o  

i d e n t i f y  w h e t h e r  m oss  c e l l  m em branes w e r e  a f f e c t e d  by s e l e c t e d  

h e r b i c i d e s .  P o t a s s i u m  l o s s  was m e a su r e d  from  R. squarrosus t i s s u e s  

f o l l o w i n g  i n c u b a t i o n  i n  s o l u t i o n s  o f  p a r a q u a t ,  2 , 4 - D ,  d i c h l o r o p h e n  and  

i r o n  s a l t s .



8 .2  MATERIALS AND METHODS

D e t a i l s  o f  t h e  c o l l e c t i o n  and c u l t i v a t i o n  o f  R . s q u a r r o s u s  and o f  

t h e  h e r b i c i d e s  u s e d  a r e  g i v e n  i n  S e c t i o n s  3 . 2 . 1  and 2 . 2 . 5 .

8 .2 .1  Incubation procedure

I n t a c t  s h o o t  a p i c e s  o f  R . s q u a r r o s u s  w e r e  p r e p a r e d  and t r e a t e d

w i t h  h e r b i c i d e  a s  d e c r i b e d  i n  S e c t i o n s  3 . 2 . 2  and 4 . 3 .  . The e x t r a c t i o n
A

p r o c e d u r e  w as a s  d e s c r i b e d  i n  S e c t i o n  4 . 2 . 5  e x c e p t  t h a t  t h e  h e r b i c i d e  

i n c u b a t i o n  s a m p le  w as a n a l y s e d  f o r  K c o n t e n t .  A f t e r  i n c u b a t i o n  t h e  

t i s s u e s  w e r e  d r i e d  ( 8 0 ° C ) ,  w e ig h e d  and d i g e s t e d  i n  a c i d  ( S e c t i o n

4 . 2 . 5 . 2 )  t o  o b t a i n  t h e  t o t a l  K c o n t e n t  o f  t h e  m oss  t i s s u e .

F o l l o w i n g  i n c u b a t i o n  w i t h  d i c h l o r o p h e n  o n l y ,  t h e  m oss  w as s h a k e n  

w i t h  d i s t i l l e d  w a t e r  f o r  24  h .  T h i s  w as t o  d e t e r m i n e  w h e t h e r  a b s o r b e d  

d i c h l o r o p h e n  c a u s e d  f u r t h e r  membrane damage a f t e r  t h e  i n c u b a t i o n  

s o l u t i o n  had b e e n  rem oved  and t o  s e e  w h e t h e r  K l o s s  d u r i n g  t h e  24  h 

w ash  w as d e p e n d e n t  on i n i t i a l  i n c u b a t i o n  t i m e s .

C o n t r o l  m oss  s a m p l e s ,  f o r  e a c h  e x p e r i m e n t ,  w e r e  i n c u b a t e d  i n  

d i s t i l l e d  w a t e r  f o r  t h e  a p p r o p r i a t e  t i m e s .

8 .2 .2  Method for determ ining the d is tr ib u tio n  o f  potassium in  

R. squarrosus t is s u e s

To d e t e r m i n e  t h e  p r o p o r t i o n s  o f  K 1 )  e x t r a c e l l u l a r l y  bound t o  

e x c h a n g e  s i t e s  on t h e  c e l l  w a l l ,  2) i n  s o l u t i o n  i n  t h e  i n t r a c e l l u l a r  

c o m p a r tm e n ts  and 3 )  i n  t h e  r e s i d u a l  f r a c t i o n  ( n e i t h e r  e x c h a n g e a b l e  n o r  

i n  s o l u t i o n )  an  e l u t i o n  s e q u e n c e  s i m i l a r  t o  t h a t  o f  Brown and Buck  

( 1 9 7 9 ,  1 9 8 5 )  w as u s e d .  T h i s  i n v o l v e d  a s i m i l a r  e l u t i o n  s e q u e n c e  t o  

t h a t  d e s c r i b e d  i n  S e c t i o n  4 . 2 . 5  e x c e p t  t h a t  no i n i t i a l  i n c u b a t i o n  i n  

h e r b i c i d e  w as n e c e s s a r y .  A l s o ,  t h e  e x c h a n g e a b l e  c e l l  w a l l  f r a c t i o n  

w as d i s p l a c e d  by s h a k i n g  t h e  t i s s u e s  t w i c e ,  f o r  o n e  h o u r ,  i n  5 ml 0 .02M  

n i c k e l  c h l o r i d e  s o l u t i o n .  On c o m p l e t i o n  o f  t h e  e l u t i o n  s t a g e s  t h e  

s h o o t s  w e r e  d i g e s t e d  i n  a c i d  ( S e c t i o n  4 . 2 . 5 . 2 ) .



8 .2 .3  Potassium determ ination

P o t a s s i u m  w as d e t e r m i n e d  by  f la m e  e m i s s i o n  s p e c t r o p h o t o m e t r y  

( S e c t i o n  4 . 2 . 6 ) .

M e a su r e m e n ts  w e r e  r e c o r d e d  a t  7 6 6 . 5  nm u s i n g  a  f u e l  l e a n  a i r  

a c e t y l e n e  f l a m e  and a  s l i t  w i d t h  o f  3 2 0  pm ( I n s t r u m e n t a t i o n  L a b o r a t o r y  

I n c . ,  1 9 7 5 ) .  F r e s h  c a l i b r a t i o n  s t a n d a r d s  ( 1 - 2 0  mg l - 1 ) w e r e  p r e p a r e d  

f o r  e a c h  e x p e r i m e n t  by d i l u t i n g  a  ' S p e c t r o s o l '  p o t a s s i u m  n i t r a t e  

s o l u t i o n  ( 1 0  mg K m l- 1 ; 256mmol K l - 1 ) (BDH) w i t h  a  s o l u t i o n  o f  3% 

( v : v )  HN03 i n  w a t e r .

8 .2 .4  P resentation  and a n a ly s is  o f r e su lts

The d a t a  a r e  p r e s e n t e d  a s  y g  K g _1 d r y  w e i g h t  and a s  t h e  

p r o p o r t i o n s  o f  K i n  t h e  d i f f e r e n t  c e l l u l a r  f r a c t i o n s .  K l o s s e s  from  

m oss t i s s u e  f o l l o w i n g  h e r b i c i d e  t r e a t m e n t s  a r e  p r e s e n t e d  a s  p e r c e n t a g e s  

o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  o f  t h e  t i s s u e .  C o r r e c t i o n s  w e r e  made t o  

a l l  s a m p le s  f o r  t h e  v e r y  s m a l l  q u a n t i t i e s  o f  K d e t e c t a b l e  i n  t h e  

h e r b i c i d e  s o l u t i o n s .

A n a l y s e s  o f  v a r i a n c e  w e r e  u s e d  t o  com pare  t h e  e f f e c t s  o f  h e r b i c i d e  

c o n c e n t r a t i o n  o r  i n c u b a t i o n  t im e  on t h e  e x t e n t  o f  K l e a k a g e .  The

u n e v e n  d i s t r i b u t i o n  o f  t h e  r e s i d u a l  sums o f  s q u a r e s  o f  t h e  d a t a  

i n d i c a t e d  t h a t  t r a n s f o r m a t i o n  w as r e q u i r e d .  F or  c o n s i s t e n c y ,  

l o g a r i t h m i c  t r a n s f o r m a t i o n s  w e r e  a p p l i e d  t o  t h e  d a t a .  A l l  t a b l e s  a r e  

p r e s e n t e d  a s  t h e  u n t r a n s f o r m e d  d a t a  and a r e  a c c o m p a n ie d  by v a l u e s  f o r  

t h e  l o g a r i t h m  o f  t h e  s t a n d a r d  e r r o r  o f  t h e  d i f f e r e n c e .

A l l  e x t r a c t i o n s ,  e x c e p t  th e  a c i d  d i g e s t s ,  w ere  a c i d i f i e d  w i t h

0 .3 m l  o f  a 1 :1  m ix tu r e  o f  c o n c e n t r a t e d  HN03 and H2 S04 to  p r e v e n t

p r e c i p i t a t i o n  o f  s a l t s .
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8 . 3  RESULTS AND DISCUSSION

8 . 3 . 1  D i s t r i b u t i o n  o f  p o t a s s i u m  i n  R . s q u a r r o s u s  t i s s u e  

The c e l l u l a r  d i s t r i b u t i o n s  o f  p o t a s s i u m  i n  l e a v e s ,  s t e m s  and w h o le  

s h o o t s  o f  R . s q u a r r o s u s  a r e  p r e s e n t e d  i n  T a b l e  8 . 3 . 1 .

T a b l e  8 . 3 . 1  P o t a s s i u m  d i s t r i b u t i o n  w i t h i n  l e a v e s ,  s t e m j  and w h o le  s h o o t s  
o f  R h y t i d i a d e l p h u s  s q u a r r o s u s  a ) i n  y g  K. g~ d r y  w e i g h t  and b)  
p e r c e n t a g e  o f  t o t a l  p o t a s s i u m  c o n t e n t .  F i g u r e s  i n  p a r e n t h e s i s  
a r e  s t a n d a r d  e r r o r s  o f  t h e  mean

a )  I n t e r c e l l u l a r  E x c h a n g e a b le  I n t r a c e l l u l a r  R e s i d u a l
S t e p  1 S t e p  2 ( s o l u b l e ) ( i n s o l u b l e )

L e a v e s 12 4 288 296 8 7 7 4 389
( 12 ) ( 7 5 ) ( 6 7 ) ( 2 4 3 ) ( 4 2 )

S tem s 29 9 266 157 2 4 4 4 4 1 2 5 4
( 1 9 ) ( 7 2 ) ( 3 7 ) ( 9 9 5 ) ( 1 7 )

W hole s h o o t s 39 96 109 1 3 7 1 4 1 8 0 5
( 3 ) ( 2 7 ) ( 3 2 ) ( 8 2 8 ) ( 1 5 9 )

n = 8

b )  I n t e r c e l l u l a r  E x c h a n g e a b le  I n t r a c e l l u l a r  R e s i d u a l
S t e p  1 S t e p  2 ( s o l u b l e ) ( i n s o l u b l e )

• L e a v e s 1 . 3
( 0 . 12)

2.8
( 0 . 7 4 )

9 9
( 0 . 66)

8 9 . 6
( 1 . 1 6 5 )

3 . 9
( 0 . 3 7 )

S tem s 1.2
( 0 . 11 )

1 . 5
( 0 . 2 7 )

0 . 6 3 1
( 0 . 1 4 8 )

9 1 . 4
( 0 . 4 7 )

5 . 1 1
( 0 . 7 2 9 )

W hole s h o o t s 0 . 2 4
( 0 . 02)

0 . 5 6
( 0 . 1 5 )

0 . 6 4
( 0 . 1 8 )

8 7 . 3
( 1 . 0 6 )

1 1 . 2 6
( 1 . 3 3 )

n = 8
S t e p  1 and S t e p  2 o f  t h e  e x c h a n g e a b l e  f r a c t i o n s  a r e  1 h i n c u b a t i o n s  i n
0 . 02M n i c k e l  c h l o r i d e  s o l u t i o n

*
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0  The t o t a l  K c o n t e n t  o f  l e a v e s ,  s t e m s  and w h o le  s h o o t s  d i f f e r e d

c o n s i d e r a b l y  ( 9 . 8 7 ,  2 4 . 0  and 1 6 . 0  mg g " 1 d r y  w e i g h t ,  r e s p e c t i v e l y )  b u t  

p e r c e n t a g e s  o f  t o t a l  K fo u n d  i n  t h e  i n t r a c e l l u l a r  f r a c t i o n  w e r e  

r e m a r k a b ly  s i m i l a r  (90%, 91% and 87%, r e s p e c t i v e l y )  i n  t h e  t h r e e  s a m p le  

t y p e s .  The a v e r a g e  v a l u e  f o r  t o t a l  K c o n t e n t  o f  t h e  s t e m s  and l e a v e s  

( ca. 1 7 . 0  mg g -1 d r y  w e i g h t )  c l o s e l y  r e s e m b l e s  t h e  f i g u r e  f o r  t h e

c o m p l e t e  m oss  s e g m e n t s  ( 1 6 . 0  mg g -1 d r y  w e i g h t )  a n d ,  t h e r e f o r e ,  

s u g g e s t s  t h a t  l i t t l e  damage w as c a u s e d  t o  t h e  c e l l s  by  r e m o v in g  t h e  

l e a v e s .  The e x c h a n g e a b l e  K d i s p l a c e d  u s i n g  N i C l 2 s o l u t i o n s ,  f o r  a l l  

t h r e e  t i s s u e  t y p e s ,  was b e t w e e n  1% and 3% o f  t h e  t o t a l  K c o n t e n t  ( T a b l e

8 . 3 . 1 ) .
*

V a l u e s  o b t a i n e d  f o r  t h e  K c o n t e n t  o f  R . s q u a r r o s u s  i n  t h e  p r e s e n t  

s t u d y  ( T a b l e  8 . 3 . 1 )  r e s e m b l e  t h o s e  o b t a i n e d  by B row n, Ougham and  

B e c k e t t  ( 1 9 8 6 )  f o r  t h e  sam e s p e c i e s .  A d d i t i o n a l l y ,  t h e  h i g h  

i n t r a c e l l u l a r  v a l u e s  s u g g e s t  t h a t  K c o u l d  b e  u s e f u l  a s  an  i n d i c a t o r  o f  

membrane l e a k a g e  a s  d e s c r i b e d  b y  Brown and B a t e s  ( 1 9 7 2 ) .

8 .3 .2  E ffe c ts  o f paraquat on potassium reten tio n

I n i t i a l  e x p e r i m e n t s  i n v o l v e d  t h e  u s e  o f  7 2 5  pM and 7 . 2 5  mM 

p a r a q u a t  t r e a t m e n t s ,  t h e  l o w e r  c o n c e n t r a t i o n  c o r r e s p o n d i n g  t o  t h a t  u s e d  

i n  t h e  p a r a q u a t  u p t a k e  e x p e r i m e n t  ( S e c t i o n  4 . 3 . 1 . 6 ) .  The h i g h e r  

p a r a q u a t  c o n c e n t r a t i o n  w as i n c l u d e d  b e c a u s e  no  v i s i b l e  dam age t o  t h e  

m oss t i s s u e  w as o b s e r v e d  w i t h  t h e  l o w e r  p a r a q u a t  c o n c e n t r a t i o n  i n  t h e  

u p t a k e  e x p e r i m e n t .  R . s q u a r r o s u s  s h o o t s  w e r e  i n c u b a t e d  i n  t h e  p a r a q u a t  

s o l u t i o n s  f o r  i n c u b a t i o n  t i m e s  i n  a  r a n g e  from  5 m in s  t o  96 h .  The  

e f f e c t s  o f  t h e s e  s o l u t i o n s  on K r e t e n t i o n  by w h o le  m oss s h o o t s ,  

m ea su red  a s  K l e a k a g e  i n t o  t h e  h e r b i c i d e  i n c u b a t i o n  s o l u t i o n s ,  a r e  

p r e s e n t e d  i n  T a b l e  8 . 3 . 2 .

P r o g r e s s i v e  n e t  l o s s  o f  K from  t h e  m oss s h o o t s  w as d e t e c t e d  

f o l l o w i n g  t h e  7 . 2 5  mM p a r a q u a t  t r e a t m e n t ,  w i t h  90% o f  t h e  t o t a l  K 

d e t e c t a b l e  i n  t h e  i n c u b a t i o n  s o l u t i o n  a f t e r  72 h .  The 7 2 5  pM p a r a q u a t
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T a b l e  8 . 3 . 2  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  from
R h y t i d i a d e l p h u s  s q u a r r o s u s  s h o o t s  d u r i n g  i n c u b a t i o n  i n  72 5  pM 
and 7 . 2 5  mM p a r a q u a t  s o l u t i o n s

I n c u b a t i o n  t im e  ( h )
P a r a q u a t

C o n t r o l
C o n c e n t r a t i o n  
72 5  pM 7 . 2 5  mM

5 min 0 .1 8.0 1 9 . 3

3 0  min 0 . 7 4 . 7 1 1 .1

1 0 .1 11.2 2 2 . 3

2 1 . 4 7 . 1 1 5 . 0

4 0 5 . 5 1 2 . 4

24 0 .1 1 1 . 7 6 3 . 2

48 0.2 5 . 2 6 8 . 7

72 0 . 9 4 0 . 9 9 0 . 5

96 0 . 4 6.6 9 0 . 7

I n  SED = 0 . 4 0 2 ;  d f  = 8 5 ;  n = 4

(m ean t o t a l  K+ c o n t e n t  o f  u n t r e a t e d  m oss 6 3 4 1  p g  g -1 (SE 2 4 2 . 7 )

t r e a t m e n t  d i d  n o t  c a u s e  a  m arked K l o s s  d u r i n g  t h e  96  h i n c u b a t i o n  

p e r i o d .  H o w ev er ,  t h e  K l o s s  o f  a p p r o x i m a t e l y  7% f o r  m ost  i n c u b a t i o n  

p e r i o d s  w as s i g n i f i c a n t l y  g r e a t e r  th a n  f o r  t h e  w a t e r  c o n t r o l s  w h ic h  

a v e r a g e d  0.4%  K l o s s .  P r o b a b l y ,  t h e  K l o s s  i n t o  t h e  7 2 5  pM p a r a q u a t  

s o l u t i o n  r e p r e s e n t s  K e x c h a n g e d  from  t h e  c e l l  w a l l s  p l u s  some l o s s  from  

t h e  p r o t o p l a s t ,  a s  t h e  v a l u e s  a r e  h i g h e r  th a n  t h e  m e a su r e d  

e x t r a c e l l u l a r  K c o n t e n t  ( 1 - 3 % ) .
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As d e s c r i b e d  by R i v e r a  and P e n n e r  ( 1 9 7 9 ) ,  a  r a p i d  l o s s  o f  membrane  

i n t e g r i t y  may b e  a t t r i b u t e d  t o  s t r u c t u r a l  i n t e r f e r e n c e  w i t h  t h e  

membrane d u e  t o  b i n d i n g  o f  h e r b i c i d e s  t o  t h e  p la sm a lem m a . T h e r e f o r e ,  

t h e  i n i t i a l  K l o s s  (19%) f o l l o w i n g  t h e  7 . 2 5  mM t r e a t m e n t  may b e  d u e  t o  

p a r a q u a t  b i n d i n g  a t  t h e  p lasm alem m a i n d u c i n g  l e a k i n e s s .  F u r t h e r  

l o s s e s  i n  K w e r e  n o t  e v i d e n t  f o l l o w i n g  t h e  7 . 2 5  mM t r e a t m e n t  u n t i l  t h e  

24  h i n c u b a t i o n  p e r i o d  when a  63% l o s s  o f  K w as d e t e c t e d .  H a r r i s  and  

D odge ( 1 9 7 2 )  d e s c r i b e d  s i m i l a r  d e l a y s  i n  t h e  d e t e c t i o n  o f  membrane  

dam age i n  L in u m  u s ita t is s im u m  from  p a r a q u a t  ( 1 0 0  yM) t r e a t m e n t s .  I n  L . 

u s ita t is s im u m  c h l o r o p h y l l  r e d u c t i o n s  w e r e  n o t  d e t e c t a b l e  f o r  20 h and  

K l o s s  f o r  5 - 7  h .  The K l o s s  w as r e l a t e d  t o  i n c r e a s e d  l e v e l s  o f  

m a l o n d i a l d e h y d e ,  a  b reakdow n p r o d u c t  from  p e r o x i d e s  o f  t r i - u n s a t u r a t e d  

f a t t y  a c i d s .  The s u d d e n  i n c r e a s e  i n  K l o s s  from  t h e  L . u s ita t is s im u m  

c o t y l e d o n s  w as a t t r i b u t e d  t o  r e l e a s e  o f  h y d r o l y t i c  e n z y m e s  from  t h e  

v a c u o l e  f o l l o w i n g  damage t o  t h e  t o n o p l a s t .  T h e s e  c a u s e d  r a p i d  

b rea k d o w n  o f  t h e  c e l l u l a r  c o m p o n e n ts  ( H a r r i s  and D o d g e ,  1 9 7 2 ) .

I n c r e a s i n g  t h e  l i g h t  i n t e n s i t y  m ig h t  h a v e  e n h a n c e d  t h e  r a t e  o f  K 

l o s s  from  t h e  m oss  t i s s u e  i f  p a r a q u a t  a c t i v i t y  i n  m oss r e s e m b l e d  t h a t  

i n  v a s c u l a r  p l a n t s .  I n  v a s c u l a r  p l a n t s  t h e  e l e c t r o n s  r e q u i r e d  f o r  

p a r a q u a t  b i n d i n g  a r e  g e n e r a t e d  from  t h e  l i g h t  r e a c t i o n  o f  

p h o t o s y n t h e s i s .  S u b s e q u e n t  a u t o - o x i d a t i o n  y i e l d s  t h e  o r i g i n a l  

p a r a q u a t  i o n  and g e n e r a t e s  t h e  p o t e n t i a l l y  d a m a g in g  f r e e  r a d i c a l s ,  

s u p e r o x i d e  a n i o n ,  s i n g l e t  o x y g e n  and h y d r o g e n  p e r o x i d e .  The 7 . 2 5  mM 

p a r a q u a t  s o l u t i o n  a l s o  e x c e e d s  t h e  1 mM i o n i c  c o n c e n t r a t i o n  d e s c r i b e d  

by L i i t t g e  and B a u er  ( 1 9 6 8 )  a s  c a u s i n g  l o s s  o f  membrane f u n c t i o n .  

T h e r e f o r e ,  K l o s s  due t o  p a r a q u a t  may a l s o  be  p a r t l y  a t t r i b u t a b l e  to  

c h a n g e s  i n  t h e  p lasm alem m a d ue  t o  t h e  i o n i c  c o n c e n t r a t i o n  o f  t h e  

i n c u b a t i o n  s o l u t i o n  a s  w e l l  a s  s p e c i f i c  b i n d i n g  e f f e c t s .  I n  g e n e r a l ,  

i t  w o u ld  a p p e a r  t h a t  t h e  m oss  t i s s u e  and  L in u m  u s ita t is s im u m  c o t y l e d o n s  

( H a r r i s  and D o d g e ,  1 9 7 2 )  b e h a v e  i n  a  s i m i l a r  manner f o l l o w i n g  p a r a q u a t

t r e a t m e n t .
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8 .3 .3  E ffe c ts  o f iron  s a l t s  on potassium reten tio n

K l e a k a g e  w as m e a su r e d  from  l e a v e s ,  s t e m s  and w h o le  s h o o t s  o f  R. 

s q u a r r o s u s  t r e a t e d  w i t h  a  r a n g e  o f  F e S 0 4 c o n c e n t r a t i o n s  ( T a b l e  8 . 3 . 3 ) .

T a b l e  8 . 3 . 3  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  by  l e a v e s ,  
s t e m s  and w h o le  s h o o t s  o f  R h y t i d i a d e l p h u s  s q u a r r o s u s  
d u r i n g  t r e a t m e n t  i n  a  r a n g e  o f  f e r r o u s  s u l p h a t e  s o l u t i o n s  
o v e r  a  24  h o u r  p e r i o d

T i s s u e  t y p e

F e S 0 4 c o n c e n t r a t i o n  L e a v e s  
yM

S tem s W hole  S h o o t s

0 4 . 3 0.2 0 . 1

20 2 . 4 3 . 8 0.2

200 2.6 1 . 4 1 . 5

1000 2 . 3 6.8 6 . 5

1100 2 . 9 1 8 . 4 1 . 3

2000 3 . 7 9 . 8 6 . 5

11000 11.2 2 3 . 1 2 6 . 6

I n SED = 0 . 6 9 1 4 ;  d f  = 6 0 ;  n = 3

The g r e a t e s t p e r c e n t a g e  K l o s s e s  o b s e r v e d  w e r e  11%, 23% and 2j%

f o r  l e a v e s ,  s t e m s and w h o le  s h o o t s ,  r e s p e c t i v e l y , f o l l o w i n g  t h e  11 mM

FeSO. t r e a t m e n t .4 E x c e p t  f o r t h e  v a l u e  f o r  s t e m s  t r e a t e d  w i t h  1 mM

F e S 0 4 , t h e  more d i l u t e  F e S 0 4 s o l u t i o n s  c a u s e d  r e l a t i v e l y  l i t t l e  K l o s s  

( T a b l e  8 . 3 . 3 ) .  The lo w  l e v e l s  o f  K d e t e c t e d  i n  t h e  more d i l u t e  F e S 0 4 

s o l u t i o n s  a r e  p r o b a b l y  d u e  t o  d i s p l a c e m e n t  o f  K from  t h e  c e l l  w a l l s  

(Brow n and B u ck , 1 9 8 5 ) .
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The r e s u l t s  o f  a  f u r t h e r  e x p e r i m e n t  i n c o r p o r a t i n g  a  l o n g  

i n c u b a t i o n  t im e  ( 1 2 0  h )  b u t  F e S 0 4 c o n c e n t r a t i o n s  i n  a  l o w e r  

c o n c e n t r a t i o n  r a n g e  a r e  p r e s e n t e d  i n  T a b l e  8 . 3 . 4 .  I n  t h i s  e x p e r i m e n t

T a b l e  8 . 3 . 4  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  b y  l e a v e s ,
s t e m s  and w h o le  s h o o t s  o f  R h y t i d i a d e l p h u s  s q u a r r o s u s  d u r i n g  
t r e a t m e n t  i n  f e r r o u s  s u l p h a t e  s o l u t i o n s

T i s s u e
T ype

I n c u b a t i o n  
Tim e ( h ) 20

Fe C o n c e n t r a t i o n  

200 1000

(UM)

2000

L e a v e s 24 5 . 2 2.2 9 . 1 2 . 4

120 2 5 . 1 2 . 7 4 6 . 8 4 8 . 5

S tem s 24 0 . 7 1 . 5 1 3 . 6 9 . 8

120 1 . 5 1 . 4 3 2 . 1 3 9 . 1

W hole s h o o t s 24 0 . 5 0 . 4 6.6 6 . 5

120 0 . 4 0 .1 2.0 2 4 . 8

In  SED = 0 . 7 0 4 8 ; d f  = 5 9 ; n = 3

s i g n i f i c a n t  ( P < 0 . 0 0 1 )  m ain  e f f e c t s  o f  t i m e ,  c o n c e n t r a t i o n  and t i s s u e  

t y p e  w e r e  i d e n t i f i e d .  H igh  i n c u b a t i o n  c o n c e n t r a t i o n  o f  F e S 0 4 (> 1 0 0 0  

pM) and l o n g  i n c u b a t i o n  t i m e s  ( 1 2 0  h )  l e a v e s  and s t e m s  b o t h  show ed  

s i g n i f i c a n t l y  g r e a t e r  K. l o s s  th a n  from  w h o le  s h o o t s  o f  R. squarrosus 

b u t  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  e a c h  o t h e r .  G r e a t e r  K l o s s  

w as d e t e c t e d  f o r  w h o le  s h o o t s  d u r i n g  t h e  120 h t r e a t m e n t  th a n  i n  t h e  

24  h i n c u b a t i o n ,  p a r t i c u l a r l y  a t  t h e  h i g h  Fe c o n c e n t r a t i o n  ( 2 0 0 0  pM). 

The o b s e r v a t i o n  t h a t  a  g r e a t e r  Fe c o n c e n t r a t i o n  i s  r e q u i r e d  t o  c a u s e  K 

l o s s  i n  w h o le  s h o o t s ,  i s  p r o b a b ly  a c o n s e q u e n c e  o f  t h e  g r e a t e r  m ass o f

«!
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t i s s u e  i n  r e l a t i o n  t o  s o l u t i o n  v o lu m e  th a n  i n  t h e  l e a f  and s t e m  

p r e p a r a t i o n s  ( T a b l e  8 . 3 . 4 ) .

The r e l a t i v e l y  s l o w  i n d u c t i o n  o f  membrane dam age by F e S 0 4 

t r e a t m e n t  may i n d i c a t e  i n t e r f e r e n c e  i n  l i p i d  s y n t h e s i s ,  a s  s u g g e s t e d  by  

R i v e r a  and P e n n e r  ( 1 9 7 9 ) .  H o w ev er ,  i t  i s  e q u a l l y  p l a u s i b l e  t h a t  Fe  

b i n d s  t o  t h e  c e l l  m em branes , d i s r u p t i n g  t h e i r  s t r u c t u r e  a s  h a s  b e e n  

p r o p o s e d  f o r  c o p p e r  i n  v a s c u l a r  p l a n t s  ( F i t t e r  and H ay, 1 9 8 1 ) .  The  

s l o w  p r o g r e s s  o f  K l o s s  c o u l d  b e  a t t r i b u t a b l e  t o  t h e  t im e  r e q u i r e d  f o r  

Fe i o n s  t o  r e a c h  t h e  p lasm alem m a i n  s u f f i c i e n t  q u a n t i t i e s  t o  c a u s e  

dam age . P r e v i o u s l y  d i s c u s s e d  r e s u l t s  ( S e c t i o n  4 . 3 . 1 . 6 )  show  s l o w  

r e l o c a t i o n  o f  e x t e r n a l l y  bound p a r a q u a t  t o  t h e  i n t r a c e l l u l a r  p o o l  o v e r  

l o n g  i n c u b a t i o n  p e r i o d s  ( 9 6  h ) .  P o s s i b l y ,  r e l o c a t i o n  o f  e x c h a n g e a b l e  

i r o n  a l s o  o c c u r s  o v e r  t h e  120 h p e r i o d  l e a d i n g  t o  p r o g r e s s i v e  c e l l u l a r  

d a m a g e .

The e f f e c t  o f  d i f f e r e n t  i r o n  s o u r c e s  ( F e S 0 4 , F e C l 3 , F e ( N 0 3 ) 3 and  

F e 3+EDTA) on t h e  l o s s  o f  K from  R . s q u a r r o s u s  w e r e  a l s o  s t u d i e d  d u r i n g  

a  24  h i n c u b a t i o n  ( T a b l e  8 . 3 . 5 ) .  The c o r r e s p o n d i n g  Fe u p t a k e  v a l u e s  

f o r  t h e  d i f f e r e n t  m oss t i s s u e s  sh ow ed  no  s i g n i f i c a n t  d i f f e r e n c e s  e x c e p t  

t h a t  u p t a k e  l e v e l s  w e r e  s i g n i f i c a n t l y  l o w e r  from  F e 3+EDTA ( T a b l e

8 . 3 . 5 ) .  The a n a l y s i s  o f  v a r i a n c e  o f  t h e  p e r c e n t a g e  K l o s s  d a t a  

i n d i c a t e s  d i f f e r e n c e s  b e tw e e n  t h e  m ain  e f f e c t s  f o r  i r o n  s a l t s ,  

c o n c e n t r a t i o n s  and t i s s u e s  (p < 0 . 01) .

K l o s s  w as g r e a t e r  i n  F e C l3 , F e (N 0 3 ) 3 and F e 3 + EDTA ( c a . 2 0 X  l o s s )  

f o r  l e a v e s  o r  s t e m s  th a n  i n  F e S 0 4 ( c a .  4% l e a v e s ,  9% s t e m s )  a t  t h e  

h i g h e s t  c o n c e n t r a t i o n s  e m p lo y e d  ( T a b l e  8 . 3 . 5 ) .  O nly  t h e  F e C l3 and

*
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T a b l e  8 . 3 . 5  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  by  l e a v e s ,  
s t e m s  and w h o l e  s h o o t s  o f  R h y t i d i a d e l p h u s  s q u a r r o s u s  
t r e a t e d  w i t h  d i f f e r e n t  i r o n  s a l t  s o l u t i o n s  o f  d i f f e r e n t  
c o n c e n t r a t i o n s  f o r  a  2 4  h o u r  p e r i o d

C o n c e n t r a t i o n
Fe(pM ) F e C l3

I r o n
FeSO.4

S a l t
F e (N 0 3 ) 3 FeEDTA

L e a v e s

20 2 . 3 4 . 7 7 . 4 1 . 9

200 1 . 3 2 . 4 1 4 . 2 1.1

1000 3 5 . 9 4 . 3 2 9 . 9 6 . 4

2000 2 3 . 8 4 . 6 1 9 . 8 2 3 . 6

S tem s

20 2.6 0 . 3 0.8 0 . 3

200 0.8 1 . 3 3 . 3 0.2

1000 12.2 1 2 . 9 20.8 5 . 5

2000 1 5 . 3 9 . 3 20.2 1 8 . 2

W hole S h o o t s

20 0 . 1 0 . 5 0 . 4 0.2

200 0.2 0.2 0 . 4 0 . 1

1000 1 0 . 5 3 . 3 10.6 0 . 3

2000 1 2 . 4 6.1 9 . 8 1.6

I n  SED = 0 . 7 8 5 ;  d f  = 1 4 3 ;  n = 3
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F e ( N 0 3 ) 3 t r e a t m e n t s  p r o d u c e d  s i g n i f i c a n t  K l o s s  f o l l o w i n g  t h e  lmM 

t r e a t m e n t  (c a .  30% l e a v e s ,  15% s t e m s ) .  The r e l e a s e  o f  K i n t o  t h e  

i n c u b a t i n g  s o l u t i o n s  d o e s  n o t  c o r r e l a t e  c l o s e l y  w i t h  t h e  t o t a l  i r o n  

u p t a k e  ( S e c t i o n  4 . 3 . 2 . 2 ) ,  i n d i c a t i n g  t h a t  t o t a l  i r o n  u p t a k e  i s  n o t  a  

v a l i d  i n d i c a t o r  o f  t o x i c i t y  o f  t h e  i r o n  s a l t .  G r e a t e r  K l o s s  o c c u r r e d  

i n  s o l u t i o n s  c o n t a i n i n g  f e r r i c  s a l t s .  H o w ev er ,  t h e  c o n s i d e r a b l e  

p e r c e n t a g e  K l o s s e s  i n d u c e d  b y  F e C l3 and F e (N 0 3 ) 3 may b e  a  r e s u l t  o f  

t h e i r  g r e a t e r  a c i d i t y  com pared  t o  t h e  o t h e r  s o l u t i o n s  ( T a b l e  4 . 2 . 1 ) .  

A l t e r n a t i v e l y ,  i f  r e d i s t r i b u t i o n  o f  t h e  e x c h a n g e a b l e  Fe c o n t e n t  from  

t h e  c e l l  w a l l  t o  t h e  p r o t o p l a s t  o c c u r s ,  a s  s u g g e s t e d  f o r  p a r a q u a t  

( S e c t i o n  4 . 3 . 1 . 6 ) ,  t h i s  may p r o c e e d  more r a p i d l y  i n  t h e  more a c i d i c  

e n v ir o n m e n t  and a c c e l e r a t e  i n t e r n a l  d i s p l a c e m e n t  o f  p o t a s s i u m .  I t  i s  

u n l i k e l y  t h a t  t h e  d i f f e r e n t  a b i l i t i e s  o f  t h e  s a l t s  t o  d i s p l a c e  K from  

R .  s q u a r r o s u s  a r e  a  f u n c t i o n  o f  t h e  o x i d a t i o n  s t a t e  o f  i r o n ,  a s  F e 2+ i s  

r a p i d l y  o x i d i s e d  t o  F e 3 + .

Iron-ED TA  a t  h i g h  c o n c e n t r a t i o n s  a l s o  c a u s e d  K l o s s  from  l e a v e s  

and s t e m s  b u t  n o t  from  w h o le  s h o o t s .  I n  t h i s  c a s e  h i g h  a c i d i t y  w as n o t  

a  f a c t o r  a s  t h e  2 0 0 0  yM t r e a t m e n t  had a pH o f  5 . 2 .  P o s s i b l y ,  F e 3+EDTA 

d i s p l a c e s  c a l c i u m  from  membrane s i t e s  a s  d e s c r i b e d  by B a t e s  ( 1 9 8 2 )  f o r  

Na EDTA. C a lc iu m  d i s p l a c e m e n t  from  T o r te l la  to r iu o s a  and R a c o m U r iu m  

la n u g in o s u m  f o l l o w i n g  t r e a t m e n t  w i t h  Na EDTA s o l u t i o n s  w as a c c o m p a n ie d  

b y t h e  l o s s  o f  i n t r a c e l l u l a r  K. Marked K l o s s  from  R . s q u a r r o s u s  was  

n o t  d e t e c t e d  i n  t h e  p r e s e n t  w ork  ( T a b l e  8 . 3 . 5 )  b e lo w  a c o n c e n t r a t i o n  o f  

2 0 0 0  yM F e 3+EDTA. T h i s  i s  s i m i l a r  t o  t h e  t h r e s h o l d  v a l u e  d e s c r i b e d  by  

B a t e s  ( 1 9 8 2 )  f o r  t h e  e f f e c t s  o f  Na EDTA on Ca and K d i s p l a c e m e n t  

( 1 0 0 0  yM ).

The l o s s  o f  K f o l l o w i n g  im m e r s io n  i n  i r o n  s a l t  s o l u t i o n s  ca n  

t h e r e f o r e  b e  a t t r i b u t e d  t o  Fe b i n d i n g  t o  t h e  c e l l  membranes  

c o n s e q u e n t l y  a l t e r i n g  p e r m e a b i l i t y .
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•  8 .3 .4  E ffe c ts  o f  2,4-D  on potassium reten tio n

K l o s s  w as m e a su r e d  f o l l o w i n g  i n c u b a t i o n  o f  R . s q u a r r o s u s  l e a v e s ,  

s t e m s  and w h o l e  s h o o t s  i n  7 . 5  mM 2 , 4 - D  s o l u t i o n s  f o r  v a r i o u s  p e r i o d s  

( T a b l e  8 . 3 . 6 ) .  An a n a l y s i s  o f  v a r i a n c e  o f  t h e  d a t a  i n d i c a t e d  no  

s i g n i f i c a n t  d i f f e r e n c e s  i n  K l o s s  b e t w e e n  t i s s u e  t y p e s ,  a l t h o u g h  a  

s i g n i f i c a n t  e f f e c t  o f  i n c u b a t i o n  t im e  on K l o s s  w as f o u n d .

T a b l e  8 . 3 . 6  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  from  
l e a v e s ,  s t e m s  and w h o le  s h o o t s  o f  R h y t i d i a d e l p h u s  
s q u a r r o s u s  d u r i n g  i n c u b a t i o n  i n  7 . 5  mM 2 , 4 - D  s o l u t i o n

0  T r e a tm e n t
I n c u b a t i o n  C o n t r o l  2 , 4 - D
t im e  ( h )

L e a v e s S tem s W hole
s h o o t s

L e a v e s S tem s W hole
s h o o t s

0 . 5 5 . 2 3 . 0 1.2 1 6 . 4 5 . 9 2 . 4

1 3 . 5 3 . 3 1.6 7 . 5 7 . 2 3 . 9

24 2 . 7 1 . 5 0 . 5 1 9 . 9 4 . 5 4 . 5

48 4 . 3 1.2 4 . 6 4 8 . 9 1 5 . 8 2.6

96 4 . 4 0.6 0.1 2 7 . 9 12.1 1 0 . 3

I n  SED = 1 . 4 5 6 ; d f  = 112 ; n = 4

I n  g e n e r a l ,  t h e  i n c u b a t i o n  p e r i o d s  p r o d u c i n g  m arked K l e a k a g e  f o r  

l e a v e s  and s t e m s  d u r i n g  7 . 5  mM t r e a t m e n t s  c a u s e d  l e s s  s e v e r e  l e a k a g e  i n  

t h e  w h o le  s h o o t s ,  w h e r e  e x h a u s t i o n  o f  t h e  2 , 4 - D  may h a v e  o c c u r r e d  

( T a b l e  8 . 3 . 6 ) .



A s i m i l a r  e x p e r i m e n t  u s i n g  o n l y  i n t a c t  m oss s e g m e n t s  g a v e  

s i g n i f i c a n t l y  g r e a t e r  K l o s s  f o l l o w i n g  t h e  75 mM t r e a t m e n t  t h a n  t h e  75  

yM and c o n t r o l  t r e a t m e n t s  ( T a b l e  8 . 3 . 7 ) .  The e f f e c t  o f  2 , 4 - D  on  

membrane i n t e g r i t y  o f  R . s q u a r r o s u s  i s ,  t h e r e f o r e ,  c o n c e n t r a t i o n -  

d e p e n d e n t .

T a b l e  8 . 3 . 7  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  from
s e g m e n t s  o f  R h y t i d i a d e l p h u s  s q u a r r o s u s  d u r i n g  i n c u b a t i o n  
i n  75  yM and 75  mM 2 , 4 - D  s o l u t i o n

I n c u b a t i o n  t im e  ( h ) C o n t r o l
2 , 4 - D  C o n c e n t r a t i o n  

75 yM 75 mM

0 . 5 0 .1 0 . 4 1 4 . 4

1 0 . 3 0 . 3 2 1 . 5

24 0 .1 0.1 7 9 . 8

96 0.2 0.2 7 6 . 7

I n  SED = 0 . 4 6 3 9 ;  d f  = 4 1 ;  n = 4

The r a p i d  l e a k a g e  o f  K d u r i n g  t h e  75  mM t r e a t m e n t  may i n d i c a t e  

plasm alem m a damage d u e  t o  t h e  h i g h  i o n i c  c o n c e n t r a t i o n .  I n  c o n t r a s t ,  

t h e  g r a d u a l  l o s s  o f  membrane i n t e g r i t y  o b s e r v e d  d u r i n g  t h e  7 . 5  mM 2 , 4 - D  

t r e a t m e n t s  ( T a b l e  8 . 3 . 7 )  i s  p r o b a b l y  r e l a t e d  t o  t h e  e f f e c t s  o f  t h e

2 , 4 - D  on m oss m em branes . The s l o w  K l o s s  i n d i c a t e s  t h a t  2 , 4 - D  i s  n o t  

d i r e c t l y  a f f e c t i n g  t h e  p lasm alem m a a s  r e a c t i o n s  o f  t h i s  t y p e  a r e  

c o n s i d e r e d  t o  b e  f a s t  ( R i v e r a  and P e n n e r , 1 9 7 9 ) .  Membrane damage may 

t h e r e f o r e  r e l a t e  t o  t h e  e f f e c t s  d e s c r i b e d  by S w i t z e r  ( 1 9 5 7 , c i t e d  R i v e r a  

and P e n n e r , 1 9 7 9 )  who s u g g e s t e d  t h a t  2 , 4 - D  a f f e c t s  e n t i r e  enzym e  

c o m p l e x e s  bound t o  m i t o c h o n d r i a l  m em branes , i n f l u e n c i n g  b o t h  membrane 

s t r u c t u r e  and o x i d a t i v e  p h o s p h o r y l a t i o n .
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U l t r a s t r u c t u r a l  s t u d i e s  o f  t o b a c c o  l e a f  m e s o p h y l l  c e l l s  by  W h ite  

and H e m p h i l l  ( 1 9 7 2 )  s h o v e d  r a p i d  s t r u c t u r a l  b reakdow n o f  t h e  t o n o p l a s t ,  

p la sm a lem m a , c h l o r o p l a s t s  and m i t o c h o n d r i a  a s  a  r e s u l t  o f  h i g h  2 , 4 - D  

c o n c e n t r a t i o n s .  G r e a t e r  damage w as o b s e r v e d  i n  o l d e r  l e a f  t i s s u e s  due  

t o  t h e i r  r e d u c e d  l i p i d  s y n t h e s i s  and m e t a b o l i s m .

R . s q u a r r o s u s  a p p e a r s  t o  b e  v e r y  s u s c e p t i b l e  t o  membrane damage  

f o l l o w i n g  h i g h  c o n c e n t r a t i o n s  o f  2 , 4 - D .  L e a f  and s t e m  c e l l s  b o t h  

sh o w ed  K. l o s s  a l t h o u g h  t h e  f o r m e r  may b e  s l i g h t l y  m ore s e n s i t i v e ,  

p o s s i b l y  d u e  t o  t h e i r  g r e a t e r  a c c e s s i b i l i t y .  I t  i s  c o n c e i v a b l e  t h a t  

d i f f e r e n c e s  e x i s t  i n  l i p i d  s y n t h e s i s  r a t e s  i n  l e a f  and s t e m  c e l l s  w h ic h  

m ig h t  a l s o  y i e l d  d i f f e r e n c e s  i n  s u s c e p t i b i l i t y  t o  2 , 4 - D .

The v e r y  lo w  l e v e l s  o f  2 , 4 - D  u p t a k e  ( S e c t i o n  4 . 3 . 2 . 2 )  and t h e  

c o r r e s p o n d i n g  g r a d u a l  l e a k a g e  o f  K d u r i n g  7 . 5  mM t r e a t m e n t s  i n d i c a t e  

t h a t  R . s q u a r r o s u s  i s  v e r y  s e n s i t i v e  t o  2 , 4 - D .

8 .3 .5  E ffe c ts  o f dichlorophen on potassium reten tio n

R . s q u a r r o s u s  w as i n c u b a t e d  i n  a  65  uM d i c h l o r o p h e n  s o l u t i o n  f o r  a  

r a n g e  o f  t i m e s  from  5 m in t o  48  h .  F o l l o w i n g  e a c h  i n c u b a t i o n  p e r i o d  

t h e  t i s s u e s  w e r e  i n c u b a t e d  f o r  a  f u r t h e r  2 4  h i n  w a t e r  t o  d e t e r m i n e  

w h e t h e r  p r o g r e s s i v e  l o s s  o f  membrane i n t e g r i t y  o c c u r r e d  ( T a b l e  8 . 3 . 8 ) .

N e t  K l o s s  i n t o  t h e  t r e a t m e n t  s o l u t i o n  i n c r e a s e d  s i g n i f i c a n t l y  

from  0.4%  t o  13% o f  t o t a l  t i s s u e  K o v e r  t h e  48  h i n c u b a t i o n  t i m e .  

A p p r o x i m a t e l y  20% o f  t h e  t o t a l  K. w as r e c o v e r e d  i n  t h e  s e c o n d a r y  

i n c u b a t i o n  i n  w a t e r  (2 4  h )  i r r e s p e c t i v e  o f  t h e  i n i t i a l  i n c u b a t i o n  t im e  

i n  d i c h l o r o p h e n .  The r e s u l t s  i n d i c a t e  t h a t  t h e  membrane d a m a g in g

m
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•  T a b l e  8 . 3 . 8  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  by
R h y t i d i a d e l p h u s  s q u a r r o s u s  s h o o t s  t r e a t e d  i n  65  pM 
d i c h l o r o p h e n  s o l u t i o n  ( I n i t i a l  K l o s s  t o  i n c u b a t i o n  
m edium , a d d i t i o n a l  l o s s  f o l l o w i n g  2 4  h i n  d i s t i l l e d  w a t e r )

I n c u b a t i o n  t im e  (m in )
% K r e c o v e r e d  

D i c h l o r o p h e n w a t e r  
( 2 4  h
i n c u b a t i o n )

5 0 . 4 1 7 . 0

10 0.6 1 4 . 9

30 0 . 0 3 1 6 . 4

120 1.2 2 5 . 9

1 4 4 0 7 . 1 2 3 . 6

2 8 8 0 12.6 2 0 . 5

I n  SED = 0 . 3 5 2 2 ;  d f  = 23 ;  n = 2

a c t i o n  o f  d i c h l o r o p h e n  i s  r a p i d  b u t  t h a t  t h e  e x t e n t  o f  t h e  damage i s  

n o t  f u l l y  r e v e a l e d  by  s h o r t  i n c u b a t i o n  t i m e s .  A l t e r n a t i v e l y ,  t h e  

u p t a k e  o f  d i c h l o r o p h e n  may b e  r a p i d  b u t  l o n g  i n c u b a t i o n  t i m e s  may be  

r e q u i r e d  f o r  e x t e n s i v e  dam age t o  o c c u r .  The r e s u l t s  r e s e m b l e  t h o s e  

o b t a i n e d  by  Brow n, Ougham and B e c k e t t  ( 1 9 8 6 )  f o r  t h e  p o s t - i n c u b a t i o n  

p e r i o d  i n  w a t e r  w h e r e  a  t r e a t m e n t  o f  20 p i  l -1 d i c h l o r o p h e n  g a v e  an  

i n i t i a l  ( 3 0  m in )  K l o s s  o f  25% f o l l o w e d  by  a  f u r t h e r  21% a f t e r  

i n c u b a t i o n  f o r  3 h i n  w a t e r .  T h i s  co m p a res  w i t h  0 .03%  and 25.9%  K 

l o s s ,  r e s p e c t i v e l y ,  f o r  t h e  i n i t i a l  30  min d i c h l o r o p h e n  i n c u b a t i o n  and  

t h e  24  h w a t e r  t r e a t m e n t  i n  t h e  p r e s e n t  e x p e r i m e n t .  The lo w  l e v e l s  o f

K. d e t e c t e d  i n  t h e  d i c h l o r o p h e n  i n c u b a t i o n  s o l u t i o n s  may b e  r e l a t e d  t o  K 

e l u t e d  from  t h e  c e l l  w a l l s  o r  i n t e r c e l l u l a r  s p a c e s  o f  t h e  m o s s .  The  

r e l a t i v e l y  s l o w  l o s s  o f  membrane i n t e g r i t y  i n  b o t h  s t u d i e s  i n d i c a t e s  

t h a t  a  d i r e c t  b i n d i n g  e f f e c t  o f  d i c h l o r o p h e n  on  t h e  p lasm alem m a l i p i d s  

( R i v e r a  and P e n n e r ,  1 9 7 9 )  i s  u n l i k e l y  i n  R . s q u a r r o s u s .
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K l o s s e s ,  a f t e r  a 24  h i n c u b a t i o n  p e r i o d ,  w e r e  fo u n d  t o  i n c r e a s e  

s i g n i f i c a n t l y  w i t h  d i c h l o r o p h e n  c o n c e n t r a t i o n  o v e r  t h e  r a n g e

6 . 5  -  6 5 0 0  yM ( T a b l e  8 . 3 . 9 ) .  H o w ev er ,  t h e  maximum K l o s s  w as o n l y  37% 

f o l l o w i n g  t h e  6 5 0 0  yM t r e a t m e n t ,  i n d i c a t i n g  t h a t  o n l y  p a r t i a l  membrane 

d i s r u p t i o n  had o c c u r r e d .  A s i m i l a r  r e s u l t  was o b t a i n e d  b y  Brown et al.

( 1 9 8 6 ) .

S lo w  l o s s  o f  membrane i n t e g r i t y  i s  n o t  u n e x p e c t e d  w i t h  

d i c h l o r o p h e n  w h ic h  h a s  b e e n  d e s c r i b e d  a s  an u n c o u p l e r  o f  o x i d a t i v e  

p h o s p h o r y l a t i o n  i n  r a t  m i t o c h o n d r i a  (N a k u e ,  C a l d w e l l  and B u h l e r ,  1 9 7 2 ) .  

The a f f i n i t y  o f  d i c h l o r o p h e n  f o r  p r o t e i n a c e o u s  m a t e r i a l  ( P u r k i s s ,  1 9 8 3 )  

and i t s  f u n c t i o n  a s  an  u n c o u p l e r  s u g g e s t  t h a t  b i n d i n g  t o  p r o t e i n s  i n  

t h e  m i t o c h o n d r i a l  m embranes may o c c u r .  Such b i n d i n g  h a s  b e e n  fo u n d  t o  

c a u s e  c o n f o r m a t i o n a l  c h a n g e s  i n  t h e  p h o s p h o r y l a t i n g  e n z y m e s ,  l o s s  o f  

t h e i r  c o u p l i n g  f u n c t i o n  and i n d u c e d  p r o t o n  f l u x e s  i n  r a t  m i t o c h o n d r i a  

(N a k u e  et al . , 1 9 7 2 ) .  L e a k a g e  o f  K i n t o  t h e  i n c u b a t i n g  s o l u t i o n s  s o o n  

a f t e r  im m e r s io n  o f  t h e  m oss s h o o t s  may p o s s i b l y  r e f l e c t  som e b i n d i n g  o f  

d i c h l o r o p h e n  t o  p r o t e i n a c e o u s  m a t e r i a l  i n  t h e  p lasm alem m a c a u s i n g  

s l i g h t  c h a n g e s  i n  membrane s t r u c t u r e  a n d ,  t h e r e f o r e ,  membrane  

i n t e g r i t y .

T a b l e  8 . 3 . 9  P e r c e n t a g e  o f  t h e  t o t a l  p o t a s s i u m  c o n t e n t  l o s t  by  
R h y t i d i a d e l p h u s  s q u a r r o s u s  s h o o t s  d u r i n g  i n c u b a t i o n  ( 2 4  h )  
i n  d i c h l o r o p h e n  s o l u t i o n  o f  d i f f e r e n t  c o n c e n t r a t i o n s

D i c h l o r o p h e n  
c o n c e n t r a t i o n  (yM)

X T o t a l  K SE

6 5 0 0 3 7 . 3 1 . 0 6

6 5 0 2 9 . 3 2 . 2 8

65 9 . 9 0 . 3 9

6 . 5 12.2 1 1 . 9 5

0 0 0.01
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The n o r m a l  f i e l d  a p p l i c a t i o n  c o n c e n t r a t i o n  o f  d i c h l o r o p h e n  i s  

a p p r o x i m a t e l y  5 0  mM. As s u g g e s t e d  by  Brown et al. ( 1 9 8 6 )  d i s r u p t i o n  o f  

t h e  p lasm alem m a o f  R. squarrosus, f o l l o w i n g  a p p l i c a t i o n  o f  d i c h l o r o p h e n  

a t  t h e  h i g h  recom m ended f i e l d  r a t e s ,  may b e  a  f a c t o r  i n  i t s  o b s e r v e d  

t o x i c i t y .  H o w ev er ,  t h e  p h y s i o l o g i c a l  e f f e c t s  o f  d i c h l o r o p h e n  ( r e d u c e d  

p h o t o s y n t h e s i s ,  t e m p o r a r y  i n h i b i t i o n  o f  r e s p i r a t i o n  and s e l e c t i v e  

r e d u c t i o n  o f  c h l o r o p h y l l  a com pared  w i t h  t h a t  o f  c h l o r o p h y l l  b) , w o u ld  

t e n d  t o  s u g g e s t  t h a t  e l e c t r o n  t r a n s p o r t  i n h i b i t i o n  i n  p h o t o s y s t e m  I I  

and i n  r e s p i r a t i o n  may b e  t h e  p r im a r y  modes o f  a c t i o n .  Membrane 

p e r m e a b i l i t y  c h a n g e s  a r e  l i k e l y  t o  b e  o f  s e c o n d a r y  i m p o r t a n c e ,  p o s s i b l y  

e n h a n c e d  by t h e  c o m p l e t e  im m e r s io n  o f  t h e  s h o o t s  i n  t h e  d i c h l o r o p h e n  

s o l u t i o n s .  F u r t h e r  e v i d e n c e  t o  s u g g e s t  t h a t  membrane damage i s  n o t  t h e  

p r im a r y  mode o f  a c t i o n  i s  t h e  l o s s  o f  c h l o r o p h y l l  a ( b u t  n o t  

c h l o r o p h y l l  b) i n  d i c h l o r o p h e n - t r e a t e d  R. squarrosus s h o o t s .  S e v e r e  

l o s s  o f  membrane i n t e g r i t y  m ig h t  b e  e x p e c t e d  t o  r e d u c e  t h e  c h l o r o p h y l l  

a and b c o n t e n t  o f  t h e  m oss s h o o t s  t o  an e q u a l  e x t e n t .



8.4 CONCLUSIONS

S o l u t i o n s  o f  p a r a q u a t ,  2 , 4 - D ,  d i c h l o r o p h e n  and i r o n  s a l t s  a l l  

r e d u c e d  membrane i n t e g r i t y  o f  R. squarrosus a s  d e t e r m i n e d  by  K. l e a k a g e  

from  i n t a c t  s h o o t  a p i c e s .  H o w ev er ,  r a p i d  l o s s  o f  membrane i n t e g r i t y  

w as n o t  d e t e c t e d  f o l l o w i n g  a n y  o f  t h e  t r e a t m e n t s .  T h i s  i n f o r m a t i o n  

c a s t s  som e l i g h t  on  t h e  mode o f  a c t i o n  o f  e a c h  o f  t h e  c h e m i c a l s .  S low  

e f f e c t s  o f  t h e  h e r b i c i d e s  on  membrane f u n c t i o n  w o u ld  s u g g e s t  a  

f u n c t i o n a l  r a t h e r  th a n  a  s t r u c t u r a l  e f f e c t  o f  t h e  h e r b i c i d e s  on  t h e  

m oss p la s m a  membrane b a s e d  on  R i v e r a  and P e n n e r ' s  ( 1 9 7 9 )  c l a s s i f i c a t i o n  

o f  h e r b i c i d e  e f f e c t s  on  p l a n t  m em b ran es .  A l t e r n a t i v e l y ,  a  d e l a y e d  

e f f e c t  o f  h e r b i c i d e s  on t h e  m oss  p la s m a  membranes may r e s u l t  from  t h e  

c e l l  w a l l  im p e d in g  t h e  p e n e t r a t i o n  o f  h e r b i c i d e s .  T h i s  i s  m o st  l i k e l y  

t o  b e  t r u e  f o r  c a t i o n s  s u c h  a s  p a r a q u a t  and Fe t h a t  a r e  r a p i d l y  

e x c h a n g e d  t o  t h e  c e l l  w a l l s  o f  R. squarrosus t i s s u e s  ( S e c t i o n s  4 . 3 . 1 . 1  

and 4 . 3 . 2 . 1 ) .

No d i f f e r e n c e s  i n  K l e a k a g e  b e t w e e n  l e a v e s ,  s t e m s  and w h o le  m oss  

s h o o t s  f o r  t h e  d i f f e r e n t  h e r b i c i d e s  w e r e  fo u n d .  T h i s  i n d i c a t e s  t h a t  

t h e  p la s m a  m em branes o f  t h e  l e a v e s  and s t e m s  o f  R. squarrosus do n o t  

d i f f e r  i n  t h e i r  s e n s i t i v i t y  t o  t h e  h e r b i c i d e  t r e a t m e n t s .

K. l e a k a g e  from  R. squarrosus w as  c o n c e n t r a t i o n - d e p e n d e n t  f o r  a l l  

h e r b i c i d e s .  G e n e r a l l y ,  l o s s  o f  membrane i n t e g r i t y  w as o b s e r v e d  

f o l l o w i n g  t r e a t m e n t s  g r e a t e r  th a n  1 mM. L o s s  o f  K a b o v e  t h i s  

c o n c e n t r a t i o n  may b e  r e l a t e d  t o  dam age t o  t h e  p lasm alem m a d u e  t o  i o n i c  

c o n c e n t r a t i o n s  o f  t h e  h e r b i c i d e  s o l u t i o n s  ( L i i t t g e  and B a u e r ,  1 9 6 8 ;  

C l a r k s o n ,  1 9 7 4 ) .  H o w ever , K l e a k a g e  from  R. squarrosus d i d  i n c r e a s e  

s l o w l y  d u r i n g  i n c r e a s e d  i n c u b a t i o n  t i m e s  f o r  s o l u t i o n s  o f  a l l  

h e r b i c i d e s  a t  c o n c e n t r a t i o n s  l e s s  th a n  1 mM, s u g g e s t i n g  c o n c e n t r a t i o n  

i s  i r r e l e v a n t .

K l e a k a g e  from  R. squarrosus w as fo u n d  t o  b e  g r e a t e r  w i t h  F e C l3 , 

F e (N 0 3 ) 3 and F e 3+ EDTA s o l u t i o n s  t h a n  w i t h  F e S 0 4 . The g r e a t e r  a c i d i t y  

o f  F e C l3 and F e ( N 0 3 ) 3 may a c c o u n t  f o r  t h e  c o n s i d e r a b l e  l o s s  o f  K from
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t h e s e  s o l u t i o n s  com pared  w i t h  F e S 0 4 s o l u t i o n s .  I n  t h e  c a s e  o f  

F e 3+EDTA, l o s s  o f  membrane i n t e g r i t y  m ig h t  be  d u e  t o  d i s p l a c e m e n t  o f  

c a l c i u m  from  m em branes a s  d e s c r i b e d  by B a t e s  ( 1 9 8 2 )  f o r  t h e  e f f e c t s  o f  

Na EDTA on t h e  m embranes o f  Toriella tortuosa and Racomitrium

lanuginosum.



CHAPTER 9

GENERAL CONCLUSIONS
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9.1 GENERAL CONCLUSIONS

The o b j e c t i v e s  o f  t h i s  p r o j e c t  w e r e  t o  e x a m in e  t h e  a b s o r p t i o n  o f  a  

r a n g e  o f  h e r b i c i d e s ,  i n c l u d i n g  p r o p r i e t o r y  m oss k i l l e r s ,  and t o  a s s e s s  

t h e i r  e f f e c t s  on m oss  p h y s i o l o g y .  K n o w le d g e  o f  h e r b i c i d e  a c t i v i t y  on  

m o s s e s  i s  l i m i t e d  and p u b l i s h e d  w ork  i s  o f t e n  c o n t r a d i c t o r y .  For  

i n s t a n c e ,  r e s i s t a n c e  o f  m o s s e s  t o  h i g h l y  p h y t o t o x i c  s u b s t a n c e s ,  s u c h  a s  

p a r a q u a t  and s i m a z i n e ,  h a s  b e e n  d e s c r i b e d  ( B a l c e r k i e w i c z  and R u s i n s k a ,

1 9 8 7 ) .  The r e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s  d e m o n s t r a t e  t h a t  t h e  m oss  

Rhytidiadelphus squarrosus, a  common w eed  i n  l a w n s ,  i s  s u s c e p t i b l e  t o  

t h e  h e r b i c i d e s  t e s t e d .  F i e l d ,  g l a s s h o u s e  and l a b o r a t o r y  s t u d i e s  show  

t h a t  t h e  a p p a r e n t  r e s i s t a n c e  o f  m o s s e s  t o  h e r b i c i d e s  d e s c r i b e d  i n  

p u b l i s h e d  r e p o r t s  may b e  a t t r i b u t e d  t o  : 1 )  p o o r  h e r b i c i d e  a p p l i c a t i o n  

and t h e r e f o r e  c o n t a c t  w i t h  t h e  m oss  s h o o t s ,  2 )  t h e  m o r p h o lo g y  o f  t h e  

m oss  s h o o t s  s u c h  t h a t  t h e  l e a v e s  p r e v e n t  p e n e t r a t i o n  o f  t h e  h e r b i c i d e s  

t o  t h e  s t e m  t i s s u e ,  3 )  p o o r  i n t r a c e l l u l a r  u p t a k e  and t h e  h i g h  c a t i o n  

e x c h a n g e  c a p a c i t y  o f  m oss  c e l l  w a l l s ,  and 4 )  b i o c h e m i c a l  d i f f e r e n c e s  

w h ic h  may e x i s t  b e t w e e n  m o s s e s  and v a s c u l a r  p l a n t s .

I n i t i a l  f i e l d  s t u d i e s  w e r e  d e s i g n e d  t o  d e t e r m i n e  t h e  s e n s i t i v i t y  

o f  m o s s e s  t o  a  r a n g e  o f  h e r b i c i d e s  (C h . 2 ) .  U n d o u b t e d ly  t h e  m ost  

e c o n o m i c a l l y  im p o r t a n t  a s p e c t  o f  m oss  c o n t r o l  i s  i n  t h e  t r e a t m e n t  o f  

l a w n s .  F or t h i s  r e a s o n ,  i n f e s t e d  t u r f  was u s e d  f o r  t h e  i n i t i a l  

h e r b i c i d e  c o m p a r i s o n s .  Lawn h e r b i c i d e  a p p l i c a t i o n s  a l s o  h a v e  t h e  

a d v a n t a g e  o f  e n a b l i n g  d i r e c t  c o m p a r i s o n s  o f  h e r b i c i d e  s e n s i t i v i t y  i n  

m o s s e s  t o  b e  made w i t h  g r a s s e s  and b r o a d  l e a v e d  w e e d s  p r e s e n t  i n  t h e  

p l o t s .  H o w ev er ,  i t  s h o u l d  a l s o  b e  n o t e d  t h a t  f i e l d  t r i a l s ,  i n  a d d i t i o n  

t o  p r o v i d i n g  a u t h e n t i c  c o n d i t i o n s  i n  w h ic h  t o  s t u d y  t h e  e f f e c t s  o f  

h e r b i c i d e s  on law n  m o s s e s ,  a l s o  p o s s e s s  l i m i t a t i o n s .  T h e s e  i n c l u d e :  

1) v a r i a t i o n  i n  t h e  p h y s i o l o g i c a l  s t a t e  o f  t h e  m o s s e s  d e p e n d i n g  on  

e n v i r o n m e n t a l  c o n d i t i o n s  b e f o r e  and a f t e r  h e r b i c i d e  a p p l i c a t i o n ,  2 )  

i n f l u e n c e  o f  t h e  h e r b i c i d e  p e r f o r m a n c e  by t h e  p o s t  a p p l i c a t i o n



m e t e o r o l o g i c a l  c o n d i t i o n s  ( F r y e r  and M a k ep ea ce ,  1 9 7 7 ) ,  3 )  c h a n g e s  i n  

t h e  m i c r o - e n v i r o n m e n t  o f  t h e  m o s s e s  f o l l o w i n g  e i t h e r  d e a t h  o f  t h e  

v a s c u l a r  p l a n t s  l e a d i n g  t o  t h e  s u b s e q u e n t  d e s i c c a t i o n  and  d i s l o d g i n g  o f  

t h e  m oss  s h o o t s  ( S e c t i o n s  2 . 3 . 1 . 1  and 2 . 3 . 2 ) ,  o r  i n c r e a s e d  c o m p e t i t i o n  

from  t h e  v a s c u l a r  p l a n t s  f o l l o w i n g  f e r t i l i s e r  a p p l i c a t i o n s  

( S e c t i o n  2 . 3 . 1 ) ,  and 4 )  t h e  i n e f f i c i e n c y  o f  s p r a y  a p p l i c a t i o n  m e th o d s  

and v a r i a t i o n  i n  t h e  h e i g h t  and  d e n s i t y  o f  t h e  la w n  g r a s s e s ,  

i n f l u e n c i n g  c o n t a c t  b e t w e e n  t h e  h e r b i c i d e  and m oss s h o o t s .  The  

h e r b i c i d e  t r e a t m e n t s  u s e d  i n  t h e  f i e l d  t r i a l s  i n c l u d e d  t h e  c o m m e r c i a l l y  

s o l d  la w n  m oss  k i l l e r s ,  d i c h l o r o p h e n  ( S u p e r m o s s t o x ) , f e r r o u s  s u l p h a t e ,  

c h l o r o x u r o n  w i t h  i r o n  (T u m b le m o ss )  and ammonium s u l p h a t e .  O th e r  

h e r b i c i d e s  t e s t e d  w e r e  s e l e c t e d  b e c a u s e  o f  e f f e c t s ,  o r  a b s e n c e  o f  

e f f e c t s ,  on m oss  c o n t r o l  s u g g e s t e d  by  o t h e r  w o r k e r s  ( S e c t i o n  2 . 1 ) .  

T h e s e  w e r e  o x a d i a z o n ,  a c i f l u o r f e n ,  o x y f l u o r f e n ,  2 , 4 - D ,  p a r a q u a t ,  

G lo q u a t  C, and t h ir a m .

From t h e  f i e l d  d a t a ,  R. squarrosus was fo u n d  t o  b e  s e n s i t i v e  t o  

a l l  h e r b i c i d e  t r e a t m e n t s  (C h. 2 ) .  C h l o r o s i s  o f  t h e  l e a v e s ,  a f t e r  

h e r b i c i d e  a p p l i c a t i o n ,  w as t h e  m o st  common t o x i c  e f f e c t  o b s e r v e d  i n  

R. squarrosus s h o o t s .  The p r o p o r t i o n s  o f  t h e  m oss s h o o t s  s h o w in g  t o x i c  

e f f e c t s  d i f f e r e d  b e t w e e n  t r e a t m e n t s .  D i c h l o r o p h e n  c a u s e d  r a p i d

c h l o r o s i s  (c a .  2 d a y s )  o f  R. squarrosus s h o o t s ,  a f f e c t i n g  up t o  90% o f  

t h e  t i s s u e s .  I n  c o n t r a s t ,  p a r a q u a t  d i d  n o t  c a u s e  c h l o r o s i s  o f  t h e  m oss  

s h o o t s  f o r  a t  l e a s t  8 wk a f t e r  t r e a t m e n t  ( S e c t i o n  2 . 3 . 2 ) .  I n  a d d i t i o n  

t o  t h o s e  t r e a t m e n t s  c a u s i n g  c h l o r o s i s  i n  R. squarrosus, t h e  c h l o r o x u r o n  

p r e p a r a t i o n s  c o n t a i n i n g  F e S 0 4 , and F e S 0 4 a l o n e ,  c a u s e d  b l a c k e n i n g  o f  

t h e  s h o o t s  ( P l a t e  2 . 3 . 1 )  ( F i e l d ,  1 9 6 9 ;  A n o n . ,  1 9 8 5 ) .  The b l a c k  

a p p e a r a n c e  i s  b e l i e v e d  t o  be  due t o  t h e  f o r m a t i o n  o f  a  p ig m e n t e d  i r o n  

c o m p le x ,  p o s s i b l y  w i t h  t a n n i n s  ( F i e l d ,  1 9 6 9 )  o r  t h e i r  p h e n o l i c  

d e r i v a t i v e s ,  l o c a t e d  a t  t h e  m oss c e l l  w a l l .  D e s p i t e  v i s i b l e  t o x i c  

e f f e c t s  o f  a l l  t h e  h e r b i c i d e  t r e a t m e n t s ,  l o n g  term  c o n t r o l  (> 1 7  w k ) ,  

m e a su r e d  a s  c h a n g e s  i n  m oss c o v e r ,  w as o n l y  a c h i e v e d  w i t h  t r e a t m e n t s



To m i n i m i s e  e n v i r o n m e n t a l  v a r i a t i o n s  and t h e  c o m p e t i t i v e  e f f e c t s  

o f  v a s c u l a r  p l a n t s ,  a  g l a s s h o u s e  t r i a l  w i t h  4 s e l e c t e d  h e r b i c i d e  

t r e a t m e n t s  w as p e r fo r m e d  on  m o n o c u l t u r e s  o f  R. squarrosus and two o t h e r  

m oss s p e c i e s  ( S e c t i o n  2 . 3 . 3 ) .  Dicranum scoparium and Polylrichum 

juniperinum w e r e  i n c l u d e d  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  h e r b i c i d e  

a c t i v i t y  w as s p e c i e s  s p e c i f i c .  The t h r e e  c h o s e n  s p e c i e s  e n c o m p a s s  a  

r a n g e  o f  t y p e s  o f  w a t e r  r e l a t i o n s .  The c h e m i c a l s  w e r e  s e l e c t e d  on  t h e  

b a s i s  o f  t h e  f i e l d  t r i a l  r e s u l t s  and i n c l u d e d  two h i g h l y  t o x i c  

( d i c h l o r o p h e n  and f e r r o u s  s u l p h a t e )  and two l e s s  e f f e c t i v e  ( 2 , 4 - D  and  

p a r a q u a t )  h e r b i c i d e s .  The r e s u l t s  w e r e  s i m i l a r  f o r  a l l  t h r e e  m oss  

s p e c i e s  and c o r r o b o r a t e  t h o s e  o b t a i n e d  f o r  R. squarrosus i n  t h e  f i e l d  

e x p e r i m e n t s .  T h e s e  w e r e  r a p i d  c h l o r o s i s  o r  b l a c k e n i n g  o f  t h e  m oss  w i t h  

d i c h l o r o p h e n  and F e S 0 4 t r e a t m e n t s ,  r e s p e c t i v e l y ,  and a  v e r y  s l o w  (> 8  

wk) a p p e a r a n c e  o f  c h l o r o s i s  f o l l o w i n g  2 , 4 - D  and p a r a q u a t  a p p l i c a t i o n s  

( P l a t e s  2 . 3 . 1  t o  2 . 3 . 5 ) .  P. juniperinum a l o n e  e x h i b i t e d  a p i c a l  g r o w th  

d i s t o r t i o n s  f o l l o w i n g  2 , 4 - D  a p p l i c a t i o n  ( P l a t e  2 . 3 . 4 ) .  T h i s  e f f e c t  i s  

a  t y p i c a l  symptom o f  2 , 4 - D  dam age i n  d i c o t y l e d o n o u s  p l a n t s ,  and  i t  i s  

o f  i n t e r e s t  t h a t  P. juniperinum i s  t h e  o n l y  s p e c i e s  i n v e s t i g a t e d  t h a t  

p o s s e s s e s  a  w e l l  d e v e l o p e d  w a t e r  c o n d u c t i n g  s y s t e m .  I n  d i c o t y l e d o n o u s  

p l a n t s  a u x i n  s e n s i t i v e  c e l l s  i n  t h e  v a s c u l a r  s y s t e m  a r e  b e l i e v e d  t o  

i n i t i a t e  t h i s  r e s p o n s e  ( C o r b e t t ,  W rig h t  and B a i l l i e ,  1 9 8 4 ) .  

P o l y t r i c h a l e s  may t h e r e f o r e  p o s s e s s  s i m i l a r  a u x i n  s e n s i t i v e  c e l l s  i n  

c o n n e c t i o n  w i t h  t h e i r  w a t e r  c o n d u c t i n g  s y s t e m .  The a b s e n c e  o f  g r o w th  

d i s t o r t i o n s  i n  R. squarrosus and D. scoparium may r e f l e c t  t h e  a b s e n c e  

o f  s i m i l a r  a u x i n  s e n s i t i v e  c e l l s  and a m ore p r i m i t i v e  p h y s i o l o g y .  The  

s e n s i t i v i t y  o f  m o s s e s  t o  g r o w th  r e g u l a t o r  t y p e  h e r b i c i d e s  s u c h  a s

of dichlorophen, chloroxuron with iron, oxadiazon, thiram and ammonium

sulphate. Regrowth from herbicide treated shoots was observed a few

centimetres below the shoot apex, following all treatments.
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2 , 4 - D ,  and t h e r e f o r e  t h e  p r e s e n c e  o r  a b s e n c e  o f  a u x i n  s e n s i t i v e  c e l l s ,  

may r e p r e s e n t  a  u s e f u l  c r i t e r i o n  i n  b r y o p h y t e  s y s t e m a t i c s .

The e x t e n t  o f  p e n e t r a t i o n  o f  p a r a q u a t ,  2 , 4 - D ,  d i c h l o r o p h e n  and  

F e S 0 4 i n t o  R. squarrosus s h o o t s  was fo u n d  t o  d i f f e r  i n  t h i s  s t u d y .  

T h i s  w as m e a su r e d  by c u l t u r i n g  p r e v i o u s l y  t r e a t e d  s h o o t  a p i c e s  o f  R. 

squarrosus i n  h e r b i c i d e  f r e e  c o n d i t i o n s  (C h . 3 ) .  G row th  o f  t h e  s h o o t s  

f o l l o w i n g  im m e r s io n  i n  2 , 4 - D  o r  d i c h l o r o p h e n  w as s e n s i t i v e  t o  

i n c r e a s i n g  i n c u b a t i o n  t im e  ( 5  min o r  24  h )  and c o n c e n t r a t i o n .  A 24  h 

i n c u b a t i o n  t im e  c a u s e d  g r e a t e r  i n h i b i t i o n  o f  m oss s h o o t  g r o w t h  com pared  

w i t h  a  5 min i n c u b a t i o n .  I n  t h e  l a t t e r  c a s e ,  a  1 0 0 - f o l d  i n c r e a s e  i n  

c o n c e n t r a t i o n  w as r e q u i r e d  t o  p r o d u c e  a  s i m i l a r  i n h i b i t o r y  e f f e c t  on  

m oss g r o w th  t o  t h a t  o f  t h e  24  h i n c u b a t i o n  ( S e c t i o n  3 . 2 . 1 ) .  T h i s  

r e s u l t  s u g g e s t s  a  s l o w  b u t  c o n t i n u o u s  u p t a k e  o f  t h e s e  h e r b i c i d e s  by  t h e  

m oss s h o o t s .  I n  c o n t r a s t ,  p a r a q u a t  i n h i b i t i o n  o f  m oss  g r o w t h  i n c r e a s e d  

w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  ( 7 . 2 4  pM -  7 2 . 5  mM) b u t  w as i n d e p e n d e n t  

o f  i n c u b a t i o n  t im e  ( S e c t i o n  3 . 3 . 3 ) .  T h i s  i s  a t t r i b u t e d ,  i n  t h e  l i g h t  

o f  u p t a k e  e x p e r i m e n t s  ( S e c t i o n  4 . 3 . 1 ) ,  t o  p o o r  i n t r a c e l l u l a r  u p t a k e  

p r o b a b l y  d u e  t o  r a p i d  e x c h a n g e  o f  p a r a q u a t  t o  t h e  c e l l  w a l l s .  S i m i l a r  

lo w  i n t r a c e l l u l a r  u p t a k e  o f  m e t a l l i c  c a t i o n s  w i t h  h i g h  a f f i n i t i e s  f o r  

t h e  m oss  c e l l  w a l l  h a s  b e e n  r e p e a t e d l y  o b s e r v e d  (Brow n and B e c k e t t ,

1 9 8 5 ) .  S t i m u l a t i o n  o f  m oss  s h o o t  g r o w th  was o b s e r v e d  f o l l o w i n g  lo w  

c o n c e n t r a t i o n s  ( 2 0 0  -  1 0 0 0  pM F e )  o f  F e S 0 4 and s h o r t  i n c u b a t i o n  t i m e s  

( 5  m in )  ( F i g .  3 . 3 . 9 ) .  I n h i b i t i o n  o f  g r o w th  w as n o t e d  f o l l o w i n g  24  h 

i n c u b a t i o n s  i n  F e S 0 4 ( F i g .  3 . 3 . 9 ) .  Growth s t i m u l a t i o n  w as a t t r i b u t e d  

t o  e i t h e r  r e v e r s a l  o f  i r o n  d e f i c i e n c y  o r  e t i o l a t i o n  o f  t h e  m oss  i n  

r e s p o n s e  t o  r e d u c e d  l i g h t  p e n e t r a t i o n  ( c a u s e d  by t h e  b l a c k e n i n g  o f  t h e  

t i s s u e s ) .

The h e r b i c i d e  u p t a k e  s t u d i e s  (C h. 4 )  p r o v i d e d  u s e f u l  d a t a  t o  a i d  

i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  o f  f i e l d ,  g l a s s h o u s e  and l a b o r a t o r y  

g r o w th  e x p e r i m e n t s .  U s i n g  a  m ethod  b a s e d  on t h e  d i f f e r e n t i a l

#
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d i s p l a c e m e n t  t e c h n i q u e  o f  Brown and Buck ( 1 9 7 9 ) ,  r a p i d  p a r a q u a t

e x c h a n g e  t o  t h e  m oss  c e l l  w a l l s  a n d ,  c o n s e q u e n t l y ,  p o o r  i n t r a c e l l u l a r  

u p t a k e  w as o b s e r v e d .  H o w ev er ,  by i n c r e a s i n g  t h e  m oss  i n c u b a t i o n  t i m e s  

i n  d i l u t e  p a r a q u a t  s o l u t i o n s  ( 7 2 . 5 ,  7 2 5  pM), p r e v i o u s l y  o b s e r v e d

( S e c t i o n  4 . 3 . 1 . 4 )  t o  becom e r a p i d l y  e x h a u s t e d  i n  f r e e l y  a v a i l a b l e  

p a r a q u a t  ( 1 5  m i n ) ,  r e d i s t r i b u t i o n  from  t h e  e x c h a n g e a b l e  c e l l  w a l l  s i t e s  

t o  t h e  i n t r a c e l l u l a r  f r a c t i o n s  w as d e t e c t e d  ( S e c t i o n  4 . 3 . 1 . 6 ) .

S i m i l a r  o b s e r v a t i o n s  h a v e  b e e n  made f o r  t h e  r e d i s t r i b u t i o n  o f  cadmium  

i n  R. squarrosus ( W e l l s  and Brown, 1 9 8 7 ) .  P a r a q u a t  r e d i s t r i b u t i o n

from  e x t r a c e l l u l a r  t o  i n t r a c e l l u l a r  s i t e s  may a c c o u n t  f o r  t h e  s l o w  

o n s e t  o f  v i s i b l e  t o x i c i t y  i n  t h e  f i e l d  and g l a s s h o u s e  e x p e r i m e n t s  

( F i g s  4 . 3 . 9  and 4 . 3 . 1 0 ) .

D i f f e r e n t  q u a n t i t i e s  o f  p a r a q u a t  w e r e  a b s o r b e d  b y  t h e  com p on en t

l e a v e s  and s t e m s  o f  t h e  w h o le  m oss  s h o o t s  i n c u b a t e d  i n  d i l u t e  p a r a q u a t

s o l u t i o n s  ( 7 2 . 5  pM and 72 5  pM). The l e a v e s  w e r e  fo u n d  t o  e x c h a n g e

p a r a q u a t  r a p i d l y  on  t h e i r  c e l l  w a l l s ,  p o s s i b l y  h i n d e r i n g  p e n e t r a t i o n  o f

p a r a q u a t  t o  t h e  s t e m s  ( S e c t i o n  4 . 3 . 1 . 2 ) .  I n h i b i t i o n  o f  p a r a q u a t

p e n e t r a t i o n  t o  t h e  s t e m s  o f  m oss s h o o t s  i n  a  f i e l d  s i t u a t i o n  w o u ld

a c c o u n t  f o r  t h e  a b i l i t y  o f  R. squarrosus t o  r e g r o w  from  t h e  s t e m s  o f

h e r b i c i d e  t r e a t e d  s h o o t s  ( S e c t i o n s  2 . 3 . 1 . 1  and 2 . 3 . 2 ) .  K i n e t i c  s t u d i e s

o f  p a r a q u a t  u p t a k e  by  d e t a c h e d  l e a v e s  and s t e m s  o f  R. squarrosus s h o o t s

( S e c t i o n  4 . 3 . 6 . 1 )  sh ow ed  a  f a s t e r  r a t e  o f  e x c h a n g e  by t h e  l e a v e s  th a n

b y  s t e m s  w i t h  b o t h  t i s s u e s  s h o w in g  s l o w  i n t r a c e l l u l a r  u p t a k e .  The v e r y

f a s t  p a r a q u a t  e x c h a n g e  r a t e s  and p o o r  i n t r a c e l l u l a r  u p t a k e  a c c o u n t s  f o r

t h e  a b s e n c e  o f  an  i n c u b a t i o n  t im e  e f f e c t  i n  t h e  g r o w th  e x p e r i m e n t s

( S e c t i o n  3 . 3 . 3 ) .  The e f f e c t  o f  i n c r e a s i n g  p a r a q u a t  c o n c e n t r a t i o n  on

t h e  i n h i b i t i o n  o f  g r o w th  ( S e c t i o n  3 . 3 . 3 )  can  b e  a t t r i b u t e d  t o  g r e a t e r

t o t a l  u p t a k e  and e v e n t u a l  r e i s t r i b u t i o n  t o  t h e  p r o t o p l a s t  ( S e c t i o nN
4 . 3 . 6 . 1 ) .  T h e s e  r e s u l t s  r e v e a l  t h a t  s p r a y  a p p l i c a t i o n  o f  c a t i o n i c  

h e r b i c i d e s  t o  m o s s e s  p r o v i d e s  p o o r  s t e m  p e n e t r a t i o n ,  and t h i s  may b e  a

*
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S i m i l a r  s t u d i e s  o f  i r o n  u p t a k e  ( S e c t i o n  4 . 3 . 2 )  c o n f i r m  t h e  a b i l i t y  

o f  R. squarrosus t o  e x c h a n g e  c a t i o n s  r a p i d l y  t o  t h e  c e l l  w a l l s  w i t h  

s u b s e q u e n t  lo w  l e v e l s  o f  i n t r a c e l l u l a r  u p t a k e .  I r o n  e x c h a n g e  w as n o t  

a f f e c t e d  by  t h e  i n i t i a l  v a l e n c y  o r  a n i o n i c  com p on en t o f  t h e  i r o n  s a l t .  

H o w e v e r ,  i r o n  s u p p l i e d  i n  c h e l a t e d  form  ( F e 3+EDTA) g a v e  p o o r  t o t a l  i r o n  

u p t a k e ,  p r o b a b l y  d u e  t o  t h e  s t a b i l i t y  o f  t h e  c h e l a t e d  c o m p le x .

An im p o r t a n t  e f f e c t  w as o b s e r v e d  when F e C l 3 - p r e t r e a t e d  R. 

squarrosus s h o o t s  w e r e  t r e a t e d  w i t h  1 4 C -p a r a q u a t  ( S e c t i o n  4 . 3 . 1 . 7 ) .  I n  

t h i s  e x p e r i m e n t  i t  was fo u n d  t h a t  e x t r a c e l l u l a r  and i n t r a c e l l u l a r  

p a r a q u a t  u p t a k e  w e r e  i n h i b i t e d  by t h e  F e C l3 p r e t r e a t m e n t . The  

r e d u c t i o n  i n  1 4 C -p a r a q u a t  u p t a k e  was g r e a t e r  w i t h  i n c r e a s i n g  

p r e t r e a t m e n t  F e C l3 c o n c e n t r a t i o n  ( F i g .  4 . 3 . 1 0 ) .  P r e s u m a b ly  e x c h a n g e d  

i r o n  p r e v e n t s  l a t e r  e x c h a n g e a b l e  u p t a k e  o f  p a r a q u a t .  I t  i s  p r o b a b l e  

t h a t  i n  n u t r i e n t  r i c h ,  c a l c a r e o u s  o r  p o l l u t e d  h a b i t a t s ,  t h e  h i g h  

a v a i l a b i l i t y  o f  c a t i o n s  w o u ld  s e r i o u s l y  im p a ir  t h e  e f f i c i e n c y  o f  

c a t i o n i c  h e r b i c i d e  u p t a k e .  T h i s  p o s s i b l y  w a r r a n t s  f u r t h e r  

i n v e s t i g a t i o n .

I n  c o n t r a s t  t o  t h e  r a p i d  u p t a k e  o f  p a r a q u a t  and i r o n  by  R. 

squarrosus, u p t a k e  o f  1 4 C - 2 , 4 - D  w as u n d e t e c t a b l e  ( S e c t i o n  4 . 3 . 3 ) .  The  

a b s e n c e  o f  e x c h a n g e d  2 , 4 - D  ( a n i o n i c )  on  t h e  c e l l  w a l l s  w as e x p e c t e d  

b e c a u s e  o f  t h e  lo w  a n i o n  e x c h a n g e  c a p a c i t i e s  o f  m o s s e s  (C ly m o ,  1 9 6 3 ) .  

The h i g h  pH o f  t h e  2 , 4 - D  s o l u t i o n s  ( T a b l e  4 . 2 . 1 )  and t h e  e x t e n s i v e  

d i s s o c i a t i o n  o f  i t s  m o l e c u l e s  may a c c o u n t  f o r  p o o r  u p t a k e  t h r o u g h  l i p i d  

m em branes and i t s  l i m i t e d  t o x i c i t y .  B r i g g s ,  R i g i t a n o  and B r o m ilo w

( 1 9 8 7 )  and R i g i t a n o ,  B r o m ilo w ,  B r i g g s  and C h a m b e r la in  ( 1 9 8 7 )  h a v e  shown  

t h a t  t h e  c o n c e n t r a t i o n  o f  2 , 4 - D  i n  t h e  p r o t o p l a s m  o f  Ricinus communis 

and b a r l e y  r o o t s  i n c r e a s e s  w i t h  d e c r e a s i n g  pH o f  t h e  i n c u b a t i n g  

s o l u t i o n ,  p r o b a b l y  a r e s u l t  o f  i n c r e a s e d  l e v e l s  o f  t h e  u n d i s s o c i a t e d

major factor in the apparent resistance of mosses to herbicides as

regrowth can occur from the unaffected stems.

Jf
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2 , 4 - D  m o l e c u l e s  i n  more a c i d i c  s o l u t i o n s .  The c e l l  membrane o f  R. 

squarrosus p r o b a b l y  r e s e m b l e s  t h o s e  o f  v a s c u l a r  p l a n t s  i n  b e i n g  

p e r m e a b le  t o  t h e  l i p i d  s o l u b l e  u n d i s s o c i a t e d  2 , 4 - D  m o l e c u l e  r a t h e r  th a n  

t h e  d i s s o c i a t e d  fo r m .

I n  t h e  p r e s e n t  s t u d y ,  d i c h l o r o p h e n  w as fo u n d  t o  b e  a b s o r b e d  by R. 

squarrosus s h o o t s  ( S e c t i o n  4 . 3 . 4 ) .  H o w ev er ,  membrane dam age and l o s s  

o f  i n t r a c e l l u l a r  c o m p o n e n t s ,  a s  o b s e r v e d  by Brown, Ougham and B e c k e t t  

( 1 9 8 6 ) ,  i n t e r f e r e d  w i t h  t h e  d e t e c t i o n  o f  d i c h l o r o p h e n  u s i n g  UV s p e c t r o ­

p h o t o m e t r y  ( C l e m e n t s  and N e w b u r g e r ,  1 9 5 4 ) .  The u p t a k e  o f  a n i o n i c  

d i c h l o r o p h e n ,  l i k e  t h a t  o f  2 , 4 - D ,  i s  a t t r i b u t e d  t o  u n d i s s o c i a t e d
i r \

d i c h l o r o p h e n  (pKa 7 . 6  and 1 1 . 5 )  w h i c h ,  i n  t h i s  c a s e ,  w as a v a i l a b l e ^ t h e  

i n c u b a t i o n  s o l u t i o n  (pH 8 . 1 ) .  I t  i s  c l e a r  from  t h e s e  r e s u l t s  . t h a t  

a d e q u a t e  u p t a k e  o f  a n i o n i c  h e r b i c i d e s  by m oss  s h o o t s  may r e q u i r e  

r e g u l a t i o n  o f  pH o f  t h e  f o r m u l a t i o n  t o  e n s u r e  a d e q u a t e  a c t i v i t y  o f  

u n d i s s o c i a t e d  m o l e c u l e s .  The r e s u l t s  o b t a i n e d  i n  C h a p t e r  4 a l s o  h a v e  

im p o r t a n t  i m p l i c a t i o n s  f o r  s t u d i e s  u s i n g  m oss t i s s u e s  a s  i n d i c a t o r s  f o r  

p o l l u t i o n  s t u d i e s .  The p r e v i o u s  h i s t o r y  o f  e x p o s u r e  t o  c a t i o n s ,  t h e  

d e g r e e  o f  d i s s o c i a t i o n  o f  m o l e c u l e s ,  and t h e  i n f l u e n c e  o f  pH c o u l d  

s e r i o u s l y  a f f e c t  s u b s e q u e n t  u p t a k e .

I n  t h i s  s t u d y ,  t h e  t e c h n i q u e  o f  e f f l u x  a n a l y s i s  from  1 ^ - p a r a q u a t -  

l o a d e d  R. squarrosus t i s s u e  w as u s e d  t o  d e t e r m i n e  t h e  c e l l u l a r  l o c a t i o n  

o f  t h e  h e r b i c i d e  (C h . 5 ) .  C o m p a r is o n s  w e r e  made b e t w e e n  p a r a q u a t  

u p t a k e  by R. squarrosus t i s s u e s  and by  Lolium percnne l e a f  s l i c e s  

( S e c t i o n s  5 . 3 . 1  -  5 . 3 . 4 ) .  No m a jo r  d i f f e r e n c e s  i n  t h e  t o t a l  

i n t r a c e l l u l a r  p a r a q u a t  c o n c e n t r a t i o n s  o f  t h e  two s p e c i e s  w e r e  fo u n d .  

D i f f e r e n c e s  i n  t h e  i n f e r r e d  r a t e s  o f  p a r a q u a t  e f f l u x  a c r o s s  t h e  

plasm alem m a and t o n o p l a s t  w e r e  f o u n d .  H ow ever , t h e  r a t e  o f  e f f l u x  

a c r o s s  t h e  t o n o p l a s t  o f  L. perenne l e a f  s l i c e s  w as f a s t e r  th a n  i n  R. 

squarrosus; t h i s  was p e r h a p s  a t t r i b u t a b l e  t o  damage t o  t h e  t o n o p l a s t  o f

*
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t h e  f o r m e r .  A s i m i l a r  l o s s  o f  t o n o p l a s t  i n t e g r i t y  f o l l o w i n g  p a r a q u a t  

t r e a t m e n t  was o b s e r v e d  i n  f l a x  l e a v e s  b y  Dodge and H a r r i s  ( 1 9 7 0 ) .  The  

t o t a l  c y t o p l a s m i c  and v a c u o l a r  1 4 C - p a r a q u a t  c o n t e n t  d i d  n o t  d i f f e r  

b e t w e e n  s p e c i e s  i n  t h e  p r e s e n t  s t u d y .  H ow ever ,  a  s m a l l e r  v a c u o l a r  

v o lu m e  i n  t h e  m o s s ,  a p p a r e n t  from  e l e c t r o n  m i c r o s c o p e  s t u d i e s  ( S e c t i o n  

1 . 4 ) ,  s u g g e s t s  t h a t  p a r a q u a t  p r e s e n t  i n  t h e  v a c u o l e  o f  R. squarrosus i s  

a t  a  h i g h e r  c o n c e n t r a t i o n  th a n  i n  t h e  c y t o p l a s m  o f  R. squarrosus o r  i n  

e i t h e r  t h e  c y t o p l a s m  o r  v a c u o l e  o f  L. perenne. From t h e s e  r e s u l t s ,  i t  

i s  p o s s i b l e  t h a t  i n  t h e  m o s s ,  s e l e c t i v e  a c c u m u l a t i o n  o f  p a r a q u a t  i n  t h e  

v a c u o l e  o c c u r s ,  t h u s  r e d u c i n g  i t s  t o x i c i t y .  The q u a n t i t y  o f  p a r a q u a t  

e x c h a n g e d  on t o  t h e  c e l l  w a l l s  o f  R. squarrosus was t e n  t i m e s  g r e a t e r  

t h a n  i n  L. perenne f o l l o w i n g  a 72 5  pM p a r a q u a t  t r e a t m e n t .  T h i s  i s  

p r o b a b l y  a  r e s u l t  o f  a  h i g h e r  c a t i o n  e x c h a n g e  c a p a c i t y  i n  t h e  c e l l s  o f  

t h e  m oss  th a n  i n  t h e  g r a s s  l e a v e s .

The N e r n s t  p o t e n t i a l s  f o r  R. squarrosus and L. perenne c e l l s  w e r e  

c a l c u l a t e d  u s i n g  t h e  d a t a  f o r  i n t r a c e l l u l a r  and e x t e r n a l  p a r a q u a t  

c o n c e n t r a t i o n s ,  and w e r e  s i m i l a r  i n  two s p e c i e s  ( T a b l e  5 . 3 . 1 1 ) .  I t  i s  

p r e d i c t e d  from  t h e s e  r e s u l t s  t h a t  p a r a q u a t  i s  a c c u m u la t e d  p a s s i v e l y  by  

R. squarrosus.

I t  w as o b s e r v e d  i n  t h e  p r e s e n t  s t u d y  t h a t  d i c h l o r o p h e n ,  2 , 4 - D ,  and  

p a r a q u a t  i n h i b i t e d  p h o t o s y n t h e s i s  i n  R. squarrosus w h e r e a s  F e S 0 4 d i d  

n o t  (C h . 6 ) .  T h i s  s t u d y  i n v o l v e d  t h e  s p r a y  a p p l i c a t i o n  o f  t h e  

h e r b i c i d e s  t o  s i m u l a t e  f i e l d  t r e a t m e n t ,  a  p r o c e d u r e  w h ic h  i s  known t o  

g i v e  i n a d e q u a t e  c o n t a c t  b e t w e e n  t h e  h e r b i c i d e  s o l u t i o n  and t h e  m oss  

t i s s u e s .  D i c h l o r o p h e n  was fo u n d  t o  i n h i b i t  r e s p i r a t i o n  and

p h o t o s y n t h e s i s  r a p i d l y  (1  d )  a f t e r  t r e a t m e n t ,  a l t h o u g h  r e s p i r a t i o n  

r e c o v e r e d  w i t h i n  5 d a y s  o f  a p p l i c a t i o n .  A g r e a t e r  r e d u c t i o n  i n  t h e  

c o n t e n t  o f  c h l o r o p h y l l  a com pared  t o  c h l o r o p h y l l  b ( F i g .  6 . 3 . 7 )  

s u g g e s t s  p o s s i b l e  i n h i b i t i o n  by  d i c h l o r o p h e n  o f  e l e c t r o n  t r a n s p o r t  i n
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photosystem II. Ridley (1977) described a similar loss of chlorophyll 

a an diuron treatment of Pisum sativum leaves as being due to 

inhibition of electron transport in PSII. Paraquat and 2,4-D did not 

reduce photosynthesis significantly until 12 wk after application (Fig.

6.3.3). The long delay before 2,4-D and paraquat exert their effect is 

attributed to slow intracellular uptake (Sections 4.3.1.6 and 4.3.3.2). 

In the case of paraquat this is probably due to cell wall binding and, 

in the case of 2,4-D, due to the absence of undissociated molecules in 

the treatment solution. The delayed suppression of photosynthesis 

following 2,4-D application may also be due to its primary effects on 

cell elongation as in dicotyledonous plants (Section 1.7.2). The 

photosynthetic and respiration potential of the FeS04 blackened R. 

squarrosus tissues was not impaired (Figs 6.3.3 and 6.3.4). This 

supports the view that the blackening of the moss tissue is due to the 

formation of an external pigmented iron complex and not due to internal 

damage.

The effects of dichlorophen and paraquat on photosynthesis of R. 

squarrosus were also studied by analysis of PI curves to provide 

information on the sites of activity within the photosystems (Ch. 7). 

In these experiments, moss apices were immersed in the herbicide 

solution to ensure adequate uptake. Both chemicals were found to 

inhibit photosynthesis by preventing electron transport. The effects 

of dichlorophen on both the form of the curves (Figs 7.3.3 and 7.3.4, 

Table 7.3.1) and on chlorophyll a : b ratio (Fig. 6.3.7) are suggestive 

of inhibition of electron transport in PSII. Structurally, 

dichlorophen resembles the phenolic type herbicides which, in vascular 

plants, bind to the 41 kDa polypeptide in the thylakoid membrane 

(Oettmeier, Mason and Johanningmeir, 1982). The sensitivity of mosses 

to dichlorophen may be due to their possession of a large quantity of 

the 41 kDa polypeptide (Aro, 1982) and low levels of the shielding

*
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(Oettmeier, Mason and Johanningmeir, 1982) 32-34 kDa polypeptide (Aro,

1982) compared to vascular plants. The effects of dichlorophen on 

membrane integrity, photosynthesis and respiration in R. squarrosus all 

support its description, using the herbicide classificatory system of 

Moreland (1980), as an inhibitory uncoupler herbicide. The effects of 

paraquat on the form of the PI curves (Figs 7.3.7 and 7.3.8, Table

7.3.1) are consistent with its known inhibition of electron transport 

in photosystem I of vascular plants (Harris and Dodge, 1972). Such a 

mode of action would not affect the chlorophyll a : b ratio (Fig.

6.3.7).

Although the PI curve analysis has been helpful in this study in 

locating the possible sites of paraquat and dichlorophen activity in 

R. squarrosus, technical problems were encountered. Variation in the

data, possibly due to secondary activity of the herbicides, reduces the 

accuracy of the curve fitting. Increased replication of data points 

may have aided in the fitting and accuracy of the final PI curve. 

However, extreme variations in the individual replicates would still 

have led to large standard errors for the final curve parameters, 

influencing the significance of the findings. This approach may have 

applications in toxicological studies where the toxicant is unlikely to 

affect the cell membranes of the moss tissues, or perhaps in pollution 

studies where the accumulation of toxic substances is sometimes more 

gradual and where subtle changes in the PI relationship may occur.

Membrane integrity of R. squarrosus shoots during immersion in 

herbicide was assessed by the detection of potassium leakage (Ch. 8). 

Damage to the plasmalemma is often the first sign of herbicidal 

activity and can be expected to lead to uncontrolled loss and entry of 

solutes and uncoupling of electron flow. Membrane damage was detected 

during incubation in dichlorophen, 2,4-D, paraquat and FeS04. However, 

rapid loss of membrane integrity was not observed during incubation in
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the herbicide solutions. The effects observed for paraquat, 

dichlorophen, 2,4-D and FeS04 on R. squarrosus were assessed using the 

classification system of Rivera and Penner (1979). For all four 

herbicides it is concluded that interference in the functioning of the 

membrane was caused rather than rapid structural membrane damage. 

Greater potassium loss was also observed during incubation in Fe(N03)3 

and FeCl3 than in FeS04 (Section 8.3.3). This is attributed to the 

lower pH of the ferric iron solutions (Table 4.2.1). These results 

emphasise the greater sensitivity of R. squarrosus to the four 

herbicide treatments when treated by immersion compared to spray 

application.

To summarise, the present study has clarified the reasons for the 

apparent resistance of mosses, exemplified here by R. squarrosusy to 

some herbicides. Inefficient application is probably the major factor 

preventing the full activity of herbicides against mosses. The absence 

of an efficient internal translocation system in R. squarrosus coupled 

with its ability to regrow from small fragments of stem tissue, 

indicates the need for complete herbicide coverage of the shoots for 

effective control. In addition, the high cation exchange capacity of 

the moss cell walls reduces the activity, or delays the onset of 

activity, of cationic herbicides such as paraquat. These differences 

from vascular plants make direct comparisons of the two groups 

difficult and a number of unanswered questions remain:

1) Do mosses possess high levels of radical scavengers, such as
t\

carotenoids and superoxide dismutase, thereby reducing the 

toxicity of bipyridylium and diphenyl ether herbicides ?

2) Do mosses possess a protein structure in PSII similar to that of 

triazine-resistant vascular plants ?

3) Is absorption to the cell walls of mosses a pre-requisite for 

intracellular uptake of herbicidal and nutrient cations ?
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It is likely that some of these features are present in mosses and 

they may represent adaptations for their poikilohydric lifestyle. For 

instance, the presence of radical scavengers has been hypothesised to 

prevent the destruction of nucleic acids, proteins and membrane lipids 

by toxic oyxgen species produced within the cells during drying of 

desiccation-tolerant moss species (Bewley, 1979).

A polypeptide structure in photosystem II of mosses, similar to 

that of triazine-resistant vascular plants, might be a general feature 

of mosses, enabling survival in shaded conditions (sciophytism). In 

triazine-resistant vascular plants, electron transport is low and 

limited by reduced levels of the ca. 32 kDa polypeptide. In mosses, 

low levels of electron transport carriers might lead to chlorophyll 

destruction at high light intensities. Radical scavengers such as 

carotenoids have been hypothesised as protective mechanisms preventing 

overloading in vascular plants (Ridley, 1977) and it is likely that 

they also occur in bryophytes. Carotenoid synthesis has been 

identified in Polytrichum commune during the germination of spores 

(Karunen, Valanne and Wilkinson, 1976; Bowers and Rule, 1982).

The paraquat uptake study (Section 4.3.1) showed binding to the 

cell walls and subsequent transfer to the protoplast of R. squarrosus. 

It is possible moss cell walls with their high cation exchange 

capacities, act as a sink for the accumulation of cationic nutrients 

from precipitations (Schofield, 1985; Ruhling and Tyler, 1970). Such a 

system might also increase sensitivity of mosses to cationic 

pollutants, both by encouraging their accumulation and by competitively 

lowering nutrient uptake. A greater understanding of cation 

accumulation processes is essential, especially in studies where 

quantitative measurements of heavy metal pollutants associated with 

tissues of indigenous mosses are made (Ruhling and Tyler, 1970; Hermann



-  294 -

Research into the physiological and biochemical effects of 

herbicides on mosses may appear to be of little biological importance. 

However, in vascular plants, studies on the mode of action of 

herbicides have improved our understanding of fundamental biology. 

Studies using photosynthetic electron transport inhibitor herbicides 

have been particularly important in elucidating the complexity of the 

photosynthesis pathway. Considerable research is still required to 

determine details of photosynthesis in bryophytes, such as the 

composition of electron carriers. Greater knowledge of the 

biochemistry of bryophytes may also be used to decipher the phylogeny 

of bryophytes. Suire and Asakawa (1979) discussed the importance of 

biochemical data in bryophytes systematics. They describe an excellent 

example of the value of biochemical differences in bryophyte taxonomy 

involving the distribution of lunularic acid and the varied metabolism 

of D-methionine in the five groups comprising the phylum Bryophyta. 

Investigations involving the use of herbicides of known mode of action 

may therefore help in determining details of bryophyte photosynthesis 

and lead to a greater understanding of sciophytic adaptations and 

phylogeny of the Bryophyta.

and Hubner, 1 9 8 4 ) .  O ther c a t i o n s  ex ch a n g ed  on th e  moss c e l l  w a l l  c o u ld

com p ete  a g a i n s t  and r e d u c e  th e  c o n c e n t r a t i o n  o f ,  th e  m e ta l  p o l l u t a n t s

b e i n g  s t u d i e d .
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