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ABSTRACT  

An investigation has been undertaken into 
the nature and distribution within the plant of the 
bacteria associated with one iiyrsinaceae species 
(Ardisia crispa)  and with three hitherto uninvestigated 
Rubiaceae species (Psychotria emetica; Psychotria  
nairobiensis  and Pavetta grandiflora). 

A cyclic symbiosis has been confirmed in 
A. crispa,  demonstrated in Psy. nairobiensis  and 
partially demonstrated in Psy. emetica  and 
P. grandiflora.  Evidence that infection of the 
plant occurs in the germinating seed stage has been 
presented in the case of A. crispa  and Psy. nairobiensis. 
The method of transmission of the symbiont from one 
generation of plant to the next has been confirmed 
in the case of A. crispa,  and the findings reported 
herein suggest that a similar method is involved in 
the three Rubiaceae species. Evidence has been 
presented that, in general, the bacteria present 
within the tissues are specifically identical from 
location to location and from plant species to 
plant species. 

A number of different bacterial species, 
some of which are capable of nitrogen—fixation 
when grown in pure culture, have been isolated from 
these plants, and the cultural characteristics of 
these have been studied. Fluorescent antibody 
tracing studies, along with morphological and 
isolation studies, indicate that only one 'of these 
species is the symbiont of A. crispa  and Psy. nairobiensis, 
and this has been tentatively identified as a Rhizobium  
species. 

The possible relationship between the 
bacterial species isolated and the host plant species 
have been discussed, and an attempt has been made to 
assess the results in the light of previous knowledge. 
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1. 	INTRODUCTION 

(a) General remarks. 

It is well known that certain plants (e.g. 

members of the Leguminosae) have irregular knob-like 

growths on their roots. 	Although these nodules (as 

they are called) were at one time thought to be patho-

logical, they have been conclusively shown to be indis-

pensable for the healthy growth of the particular plants 

with which they are associated. 	This was proved by 

Hellriegel and Wilfarth (1886-1888), who succeeded in 

demonstrating that root nodules were the means of pro-

viding the host plant with combined nitrogen, obtained 

from the atmosphere through the activity of bacteria in- 

habiting the nodules. 	Once symbiotic nitrogen fixation 

by Leguminosae was accepted as an established fact, work 

was undertaken to discover whether plants of other orders 

might, under certain conditions, "fix" atmospheric nit-

rogen. 

A large number of plant orders were examined 

and investigations were also directed to parts of the 

plants other than roots, namely leaves, leaf-margins, 
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and seeds. 	The rapidity of vegetative growth in the 

tropics led some investigators to direct their atten-

tion to the flora of those regions for testing their 

theories. 	An even more intimate bacterial s iosis 

has been claimed to exist in the leaves of certain trop- 

ical and semi-tropical Myrsinaceae and Rubiaceae, than 

exists in Leguminous nodules. 	Over the past half-cen-

tury, upwards of 400 plant species of these two families 

have been reported in the literature as possessing leaf-

nodules, in some cases with bacteria. 

While this may suggest that a symbiotic mech-

anism is present in these species, only a few of the 

plants have received any serious attention from the mic-

robiological standpoint; and indeed only three, namely, 

Ardisia crispa A.DC. in the Myrsinaceae, and Payette  

zimmermanniana and Psychotria bacteriophila in the 

Rubiaceae, have been the subjects of extensive research 

in respect of the bacteria contained within their nodules; 

a number of workers have considered the possession of 

nodules as being an important taxonomic feature, but have 

not concerned themselves with the bacterial content of 

the nodules. 
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In this field of research, the names of three 

workers stand out. 	F. C. von Faber (1912, 1914) demon-

strated that bacteria are present in the leaf nodules, 

terminal buds, and seeds of Pavetta zimmermanniana and 

Psychotria bacteriophila Val. (since re-named Psychotria 

punctata Vatke.), and has further claimed that bacteria 

isolated from the leaf nodules are capable of nitrogen 

fixation. 	Hugo Miehe (1911, 1914) demonstrated the 

presence of bacteria in the leaf nodules, terminal buds, 

and seeds of Ardisia crispa A.DC. 	More recently Ph. de 

Jongh (1938) has shown that bacteria are also present 

in floral buds of the same plant. 	Both Miehe and de 

Jongh have rejected von Faber's suggestion that the 

nodular bacteria serve as nitrogen fixing symbionts, 

but suggest that a growth factor which serves the plant 

in some unknown way is possibly produced by the bacteria. 

The work of these three authors is described in some 

detail, and discussed in the light of subsequent inves-

tigations, in the present thesis. 



(b) 	Literature survey  

(i) Geographical distribution of, species  

Plant species exhibiting bacterial leaf nodules 

have a wide distribution in tropical and semi-tropical 

regions of the world, but so far as is known are confined 

to the Families Rubiaceae and Myrsinaceae. 

1. 	The family Rubiaceae, in which approximately 

400 species have been reported in the literature as being 

leaf-nodulated, contains, by far, the largest number of 

bacteriophilous species. 	The latter are members of 3 

genera, namely Pavetta, Psychotria and Coprosma. 

Pavetta species are distributed over Africa, 

Arabia, India, Indo-China, South China, Formosa, the 

Malayan Archipelago, tropical Australia, Melanesia. 

Africa has the largest number of species of 

Pavetta and here tropical West Africa, Tangyanika, 

S. Rhodesia, Portuguese E. Africa, Kenya and South 

Africa are particularly well provided. Nodulated 

species also occur in Ceylon and the Philippines in 

large numbers. 
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Psychotria species are tropical and semi-

tropical in habit. 

Bremekamp (1933) described L12 leaf-nodulated 

species of this genus which are found in tropical and 

semi-tropical regions of Africa, e.g. West Africa, East 

Africa, the Congo, Angola, Rhodesia and South Africa. 

More recently (1960) he has described a further 7, 

hitherto undiscovered, leaf-nodulated Psychotria species 

which are native to Madagascar. 

A number of taxonomists have described further 

Psychotria species but have made no reference to a poss-

ible presence of nodules. Thus Standley and Steyermark 

(1943) noted and named Psychotria species that formed 

part of the natural flora of Guatemala, British Honduras, 

Costa Rica and Mexico. 	Merrill (1950) drew attention 

to 5 Psychotria species which he found to occur in Borneo. 

Bacigalupo (1952) described Psychotria species as native 

to the Argentine. Cuban species of the genus have re- 

cently been described by Acuna and Roig (1962). 	These 

workers list some 67 species of Psychotria as naturally 

occurring in Cuba, 9 of which were considered to be new 

and hitherto unnamed species. 
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At least one le.-f-nodulated Psychotria species 

(Psychotria emetica) is known by the author to be native 

to the Costa del Caribe region of Columbia, South America. 

purssTia is a genus with about 60 species, 

approximately half of which have been reported by 

Stevenson (1953) as possessing leaf nodules. 	The genus 

has a fairly wide distribution, but is chiefly found in 

New Zealand. 	Species of the genus also occur in the 

South Temperate and Antarctic areas. 

2. 	Evrsinaceae. The largest genus, Ardisia, has 

some 240 species in the warmer parts of both hemisphares, 

and of these Mez (1902) has listed 30 species as bact-

eriophilous. 

They are mainly tropical in habitat, and Mez 

reported them as being distributed in Indo-China, Malacca, 

the Malayan Archipelago, and the Philippines. 

Mez also reported 5 species of the genera 

Amblyanthopsis and AmlIplyanthus as possessing leaf nod:411es; 

these genera are also tropical in habitat. 
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In the last twenty years or so several new 

species of Ardisia, many of which are nodulated, have 

been described. 

Smith (1940) recorded that he had found Ardisia  

species in Peru, Venezuela and Columbia, while Lundell 

(1941) reported Ardisia species to be present in Mexico, 

British Honduras and Costa Rica. 	Neither Smith nor 

Lundell made any reference to the possible presence cf 

bacterial nodules on the leaves of those newly discovered 

Ardisia species; but both workers, in their taxonomic 

descriptions of these plants, noted that the leaves of 

some species had crenated margins, indicating that nod-

ules were possibly present. 

New species of Ardisia, which exhibit cons-

picuous orange "glands" on their sepals and petals, were 

reported to occur in Panama by Woodson and Schery (1941). 

Examples given of Panamanian Ardisia species were 

A. rigidifolia and A. Woodsoni, Lundell sp., both of 

which exhibit these "glands". 	Walker (1942) described 

four new species of Ardisia from Indo-China, one of which 
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Ardisia prionata, Walker sp. nov., had nodules arranged 

around the margins of the leaves. 

Guatemalan species of Ardisia have been des-

cribed by Standley and Steyermark (1947) and, more re-

cently, Steyermark (1955) has noted the presence of 

Ardisia species in El Slavador and Mexico. 

Leaf-nodulated species of Ardisia indigeneous 

to Japan have been described by Hanada (1954) 

(ii) Survey of earlier investigations of bacteriophilous  

species. 

1. The bacterial leaf nodules of the RUBILCEAE. 

In 1894, Trimen, in his "Handbook to the Flora 

of Ceylon", drew attention to the small "warts" on the 

leaves of certain Rubiaceae; the plants he mentioned 

as possessing these "warts" were Pavetta indica L., 

Pavetta augustifolia Th.w., Pavetta involucrata Th.w. 

and Pavetta Gleniei Th.w.. 
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Other than noting them as taxonomic features, 

Trimpn did not attempt to define any possible function 

of the "warts". 

The first reference to a bacterial symbiosis 

in the Rubiaceae is found in a paper by A. Zimmermann 

(1902), in which he recorded the presence of "bacterial 

nodules" on the leaves of three Pavetta species housed 

in the Botanic Gardens at Buitenzorg, Java. Another 

plant labelled Grumilia micrantha Hiern. was also noted 

by this worker to be nodulated; but as this plant had 

neither flowers nor fruits, it was impossible at the 

time to identify it. 	However, shortly after Zimmermanni s 

departure from Java, it flowered and proved to be a new 

species of Pavetta, which Valeton (190g) subsequently 

named Pavetta zimmermanniana. An important feature of 

these four Pavetta species, observed by Zimmerman; was 

the constant presence of bacteria in their leaf nodules. 

Stomatal penetration of the bacteria into the leaves 

in the terminal bud stage, resulting in local swellings, 

was suggested by Zimmermannas the means of infection. 

In addition to drawing attention to these four Pavetta  

species, Zimmermanlalso pointed out that pustules on 
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the shoots and leaves of Heterophila pustulate Hook. 

and 	 lala D.LeCa/1.0SerlI , had a structure similar 

to the bacterial leaf nodules of the four Pavetta  

species. 

That bacterial nodules were present in a genus 

very closely related to Pavetta was shown a few years 

later, when Valeton (1908) described a species of 

Psychotria, also cultivated in the Buitenzorg Gardens, 

as leaf nodulated. 	This plant was thought to have come 

from the Comores, and as it appeared to be distinct from 

all other Mascarene species, Valeton regarded it as new 

and named it Psychotria bacteriophila. 	Comparison of 

this plant with the bacteriophilons species of Psychotria  

in the Kew Herbarium has shown, however, that it is iden-

tical with Psychotria punctata Vatke., from the coast of 

tropical Bast Africa, where it is apparently quite com- 

mon. 	Bremekamp (1933), who did this work, considered 

its occurrence in the Comores doubtful, though not quite 

impossible, as no other bacteriophilons species of 

Psychotria was known to occur in those islands. 

Boas (1911) showed that bacterial nodules were 

not confined solely to this one species of Psychotria. 
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He gave an anatomical description of bacterial nodules 

in the leaves of two Psychotria species collected from 

the Cameroons, namely Psychotria alsophila K.Sch. and 

Psychotria umbellata Thon.. 	In the former species the 

nodules resembled those present on the leaves of Psychotria  

punctata, being more or less circular in outline and ir-

regularly scattered over the surface of the whole leaf; 

whereas in Psychotria umbellata. Thon, they were elong-

ated and arranged in a double file along the midrib of 

the leaf. 

A major contribution in the study of the Rubiaceous 

leaf nodules was made by von Faber, who published an 

account of his researches in two papers (1912, 1914). 

In a field of research that has been virtually untouched 

in the past fifty years, and indeed was only briefly men- 

tioned before the turn of the century, von Faber's con- 

tribution is outstanding. 	He claimed to have separated 

the causative bacterium from the plant, to have demonst-

rated its ca_ city for nitrogen fixation, and to have 

successfully re-infected bacteria-free plants with his 

isolates. 
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Von Faber noted the following species as show- 

ing leaf nodulation:- 

Pavetta indica. L. 

Pavetta indica. fol, var. 	all species being 

Pavetta indica. var 	found in the Indian 
polycantha  

monsoon region. 
Pavetta indica. var. 
tomentosa. 

Pavetta lanceolata. Ek L. 	From South Africa 

Pavetta augustifolia.Th.w. 	From Ceylon. 	(This 

plant has subsequently been renamed Pavetta agrostiphylla 

Brem. nom. nov. by Bremekamp in 1934.). 

Pavetta zimmermanniana Val.  From West Africa 

Pavetta gardaeniaefolia. Hochst.  

Pavetta oligantha 	From Borneo 

Psychotria bacteriophila Val.  From East Africa and the 

Comore Islands. 	(This plant was later found by 

Bremekamp in 1933 to be identical with Psychotria punctata 

Vatke.). 

Psychotria alsophila K.Sch.  
both from the Cameroons 

Psychotria umbellata. Thon. 

A microscopic examination of leaf nodules of 

these plants showed the presence of bacteria in all. 
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The bacterial nodules were present in the 

"chlorophyll tissue", where assimilation takes place, 

and the starch granules present in these regions disap-

peared upon complete formation of the nodules; it was 

suggested that a part of the starch, in the form of re- 

duced sugar, was utilised by the bacteria. 	As well as 

the bacteria which inhabited the nodules, von Faber 

noted the presence of "well-formed dark green chloro- 

phyll granules". 	From a study of the different stages 

of leaf development, it appeared that the nodular bact-

eria were digested by the plant, the bacterial membranes 

being dissolved away, until a complete lysis of the bact-

eria was noted; and, in very old leaves just prior to 

leaf-fall, only remnants of the bacteria remained. 

Having demonstrated the presence of bacteria 

in foliar nodules, he then turned his attention to ascer- 

taining how the nodules originated. 	On examination of 

the youngest leaves of Pavetta zimmermanniana. Val., namely 

those in the terminal bud, he noticed that bacteria were 

present in the cavities formed between the stipules and 

the young leaves. 	These bacteria penetrated through 

"stipular holes" into the leaves, claimed von Faber; 
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these "holes" appeared on both surfaces of the leaves, 

and penetration took place before stomata were open. 

Thus, von Faber was opposed to Zimmermannt s theory 

(page 9 ) of stomatal penetration as the means of bact- 

erial infection. 	Having penetrated the leaf surface, 

the bacteria collected in the intercellular spaces of the 

mesophyll, where they disturbed the surrounding cells, 

resulting in the formation of a cavity. 	A self-defence 

mechanism caused the cells immediately surrounding the 

cavity to modify cytologically. 	Von Faber envisaged 

an equilibrium being set up between those cells and the 

invading bacteria, so that eventually the mesophyll 

cells became circumscribed and enlarged around the bact- 

eria, and hence nodules were formed. 	The nodule con- 

sisted of very small cells, between which lived the bact- 

eria. 	Meanwhile, the pore through which the bacteria 

had originally penetrated, had closed, thus imprisoning 

the bacteria, and a membrane separated the nodular cells 

from the bacteria. 	With age, the nodules turned into 

"secretion containers", in which the secretion was iden-

tical with that sealing off the bacteria in young nodules. 

Having shown the presence of bacteria in the 

foliar buds, von Faber attempted to discover how they 
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arrived at this stage. 	Extraneous infection - as occurs 

in the root nodules of the Leguminosae - he ruled out; 

for, when he grew externally sterilised -seeds of Pavetta  

zimmermanniana under aseptic conditions (sterile soil, 

etc.), they germinated to produce nodulated plants. 

Microscopic examination showed bacteria to be present 

inside the seeds, where they were situated in a layer bet- 

ween embryo and endosperm. 	In order to discover how 

bacteria arrived in the seed, blossoms of various ages 

were studied. 	The results of this study were not pub- 

lished by von Faber. 	He considered that the bacteria 

present between the young leaves of a terminal bud had 

initially been present in the seed and that on germination 

of the latter, they were mechanically carried with the 

growing tip of the stem. 	On the basis of these.results, 

he has postulated that a "hereditary symbiosis" existed 

between the bacterium and the nodulated members of the 

Rubiaceae, the phenomenon apparently being widespread 

in the family. 

With two plant species, namely Psychotria 

bacteriophila. Val. and Pavetta zimmermanniana. Val., 

von Faber carried out a survey on bacterial distribution 

within the plant body. 	Bacteria were found to be present 
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in the seeds, terminal buds, and nodules of both plants. 

In Psychotria bacteriophila. Val., the bacteria 

were observed in the seeds by skimming off the embryos 

in a drop of water; they proved to be non-motile, slightly 

curved, single rods, one end of which was slightly swollen; 

their dimensions he recorded as 1µ - 3µ long x 0.5µ wide. 

They were Gram-negative, and stained evenly with carbol 

fuchsin, but were embedded in a slimy mass which made 

staining difficult. 

As the bacteria were present in the terminal 

bud in much larger amounts, he found it was much easier 

to work with them. He noted that the bacteria here 

were similar to those present in the seed, but a few longer 

forms were also present. 	In addition to the latter type 

of bacterium, which was common to both seed and terminal 

but, he noted that a low percentage of "branched" forms 

were also present (about 1%). 	These bacteria were slightly 

longer and thinner than the other bud bacteria, having 

dimensions of 1µ 	x 0.5 - 0.7[1. 	Unlike the former 

type of bacterium present in the bud, the "branched" rods 

stained unevenly with carbol fuchsin. 
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Quite characteristic, however, was the appear- 

ance of the bacteria present in the nodules. 	By mic- 

roscopic examination of squashed nodule tissue, two types 

of bacterial rod were observed. 	The first type was 

similar to seed and terminal bud bacteria, but possibly 

were slightly shorter and thicker; they were non-motile 

rods, which were slightly curved, and which stained evenly 

with carbol fuchsin. 	They were Gram-negative, and al- 

though no chains were observed (i.e. they were single 

cells), they tended to bunch together in a sticky mat- 

erial within the nodule. 	The second type (c.f. term- 

inal bud bacteria) was present in large amounts, and con-

sisted of long, thin rod forms, slightly swollen at one 

end. 	These rods were "branched", and von Faber repor- 

ted that "X", "Y", and "T" shapes were present in large 

proportions in this type; von Faber compared these ir-

regularly shaped cells to the "bacteroids" of Leguminous 

nodules. 	This type of bacterial rod, which accounted 

for the majority of organisms in the nodules, stained 

unevenly with carbol fuchsin, only small round grains in 

the cells staining intensively, but they were always 

stained at the poles. 	The "branched" forms, he noted, 

still persisted in old nodules. 
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For Pavetta zimmermanniana. Val., von Faber 

claimed that only minor differences existed between the 

microorganisms as found in this plant compared with those 

in Psychotria bacteriophila. Val.. 	Their distribution 

in the plant was similar, the bacteria being found in 

seeds, buds, and nodules; as with Psychotria bacteriophila. 

Val., bacteria were found in the seed between embryo and 

endosperm, and had similar staining and morphological 

properties to bacteria found in that plant. 	The bact- 

eria found at the terminal bud were similar to those in 

the seed (c.f. Psychotria bacteriophila), but now only 

one type of bacterium was found, and unlike Psychotria  

bacteriophila, no "branched" forms were present. 	In 

nodules, he once again found two types of bacterialrod, 

in similar proportion to those found in Psychotria  

bacteriophila; the majority of rods were long, thin 

forms, slightly swollen at one end, and having a high 

proportion of branched "bacteroid" types which stained 

unevenly with carbol fuchsin; the second type, which 

closely resembled the seed and terminal bud bacteria, 

consisted of short, single rods, the protoplasm of 

which stained evenly with carbol fuchsin. 
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A further section of von Faber's work dealt 

with the isolation of the nodular bacterium from the 

plant. 	In his preliminary experiments, he encountered 

numerous difficulties; all attempts at isolation of the 

bacterium from mature nodules were without success, and 

this, he considered, was due to the nodular bacteria 

"losing their capacity for adaptation with age". 

However, he claimed successful isolation of 

the nodular bacterium from the very young nodules of 

leaf buds. 	Leaf buds, which had been surface-sterilised 

by washing in sterile water and absolute alcohol, were 

sliced and planted out onto a leaf-extract medium, to 

which gum arabic and a small amount of asparagine had 

been added as carbon and nitrogen sources respectively. 

Using this method, he obtained isolates from Psychotria  

bacteriophila, Pavetta indica and Pavetta zimmermanniana, 

but he was unable to obtain isolates from any other 

Pavetta species; he could not explain the reason for 

this failure. 

From under nodule sections lying on the surface 

of plant extract medium, grey-white colonies emerged in 

4 days; colony growth, slow at first, was quite good 
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after 10 days, the improvement in growth being due, ac-

cording to von Faber, to an "adaption to environment" on 

the part of the bacterium. 	He claimed to have isolated 

the same microorganism from the aforementioned 3 plants, 

because to the naked eye the colonies on leaf-extract 

medium appeared identical. 

Von Faber made but brief mention of "occasional 

infections° which grew up on his isolation plates; for 

instance, yellow colonies which appeared to be a type of 

Sarcina, the possible origin of which von Faber considered 

might be due to a colonisation of the young nodules by 

foreign microorganisms before the pore was completely 

closed. 

Taking the microorganism isolated from Pavetta 

zimmermanniana as his example (all others being similar), 

von Faber described its properties on artificial media; 

6- to 7-day old cultures, on microscopic examination, 

showed non-motile rods, of dimensions 1µ - 4µ x 0.5[1/ 

and which sometimes occurred in short chains. 	The 

individual cells were slightly curved and showed ir- 

regular edges. 	Coccal and weakly branched forms also 

appeared (c.f. nodular bacteria), all shapes stained 
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evenly with carbol fuchsin. 	With age the differences 

in length of rods increased (1µ - 8µ), the longer rods 

staining unevenly but their swollen ends always staining: 

these rods had a "branched" appearance and, for this 

reason, von Faber considered he was dealing with the same 

microorganism as was present in the plant. Although in 

artificial culture, these rods were far slimmer than 

their counterparts in the nodules, he considered this to 

be due to differences in environmental conditions. 	The 

short rods still stained evenly. 

In older cultures he found mainly "branched" 

forms, while the small regular rods hardly ever ap- 

peared. 	Eventually, it appeared that the culture con-

sisted only of "cocci", the strongly staining grains in 

the old rods giving this effect. 

The cultural characteristics of the isolates 

were as follows: starch was hydrolysed, and strong 

acid-formation was noted in sugar media; arabinose and 

starch were seemingly the best carbon sources, sucrose, 

glucose and mannose being not very good in this respect; 

neither lactose nor cellulose could be used as carbon 

sources. 
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Von Faber named his isolate Mycobacterium  

rubiacearum, placing it in the Mycobacteriaceae be-

cause it was acid-fast and bore a strong morphological 

resemblance to tubercule bacilli. 

Re-infection of healthy plants with his iso-

late was von Faber's next aim, and for one plant, 

Payette zimmermanniana, he claimed success in this res- 

pect. 	On examination of a large number of seeds of 

this plant, von Faber found bacteria to be present in 

all. 	This he confirmed by growing a number of seeds 

of this plant, all of which germinated to produce nodulated 

plants; so, before he could perform re-infection experi-

ments, von Faber had to produce healthy, bacteria-free 

(i.e. non-nodulated), plants. 	After many failures, 

using such techniques as tissue culture of the extracted 

seed embryos, and attempts at producing bacteria-free 

plants from cuttings, he finally reported successful re-

sults. (1914). 

Bacteria-free plants could be obtained by suit-

able heat-treatment of the seeds of Pavetta zimmermanniana. 

Internal sterilisation of the seed was effected by hot-

water treatment (50°C x 25 minutes), 65% of the seeds 
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germinating to produce non-nodulated (i.e. bacteria- 

free) plants. 	The same temperature for a longer time 

killed the seeds, but when applied for shorter periods, 

the resultant plants were nodulated to the usual degree. 

Seeds in which the bacteria had been killed 

germinated much more slowly than those in which the bact-

eria were still alive, and von Faber was of the opinion 

that the symbiotic microorganism might play a role in 

germination, though the nature of this role, if any, was 

unknown to him. 	Bacteria•-free plants also grew more 

slowly and had smaller leaves. 	Sand culture experi- 

ments (using acid-washed, nitrogen free sand), showed 

that bacteria-free plants when deprived of nitrogen de-

veloped very poorly and showed all the symptoms of nit-

rogen deficiency, whereas bacteria-containing plants 

grew well under similar conditions. 

At first, all attempts at re-infection of bact-

eria-free plants failed, and this, he considered, might 

be due to the condition of the inoculum; maintaining 

cultures on an artificial medium might have caused them 

to lose their capacity for infection, and thus to become 

unable to function as symbionts. 	But, he argued, 
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successful re-inoculation experiments had been performed 

with root-nodule isolates on Leguminous plants, and those 

isolates had been maintained on artificial culture media; 

thus, Rhizobium had not lost its ability to re-infect 

the host plant. 	Why then, should the Pavetta organism 

behave in this way? Was it that the stage of the plant 

development at which the inoculations were made was the 

governing factor as to whether a successful re-infection 

could be attained? Working along these lines, von Faber 

carried out a thorough anatomical study of the embryo 

development in order to discover which stage of germination 

was suitable for infection experiments. 	Using tho-

roughly surface-sterilised, and heat-treated (i.e. the-

oretically bacteria-free) seeds of Pavetta zimmermanniana, 

sowed individually in pots and maintained under aseptic 

conditions, he followed their germination. 	Control pots 

were also set up under the same conditions; in this case, 

the heat-treatment for the seeds was omitted. 	Again the 

heat-treated seeds germinated much more slowly than un-

treated ones, and a certain number of heat-treated seeds 

still contained live bacteria. 	Several days after the 

emergence of the plumule from the seeds, and observing 

aseptic precautions, he introduced a small amount of a 

pure culture of his isolate onto the terminal bud of both 
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heat-treated and control plants. 	From the original batch 

of heat-treated seeds, 65% were bacteria-free, and, of 

these, approximately 50% were successfully re-infected, 

as shown by the presence of nodules. 	On this evidence, 

von Faber concluded that his isolate was the true here-

ditary companion of the Pavetta plant in nature. 

Although heat-treated seeds gave rise to slower-

growing plants than untreated ones, and the plants had 

a different habit, treated seeds which were not bact-

eria-free showed the same phenomena, and therefore he 

assumed that heating had a harmful effect on the plasma. 

They recovered, however, after two months, after which 

time they were indistinguishable from the controls. 

Bacteria-free plants which had not been reinfected never 

recovered and remained always slow growing. 	Their 

appearance was characteristic: short, thin, yellow leaves, 

and the decussate arrangement, typical of normal plants, 

had become irregular, the small leaves being twisted to 

one side, as if they had been exposed to uneven illum-

ination. 

Bacteria-free seedlings successfully re-infected 
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showed, at first, the same features as heat-treated 

plants, i.e. slower growth and irregular leaf formation; 

however, with time, this difference disappeared and the 

re-infected plants appeared identical with the controls. 

A major section of von Faber's work concerned 

the possible function served by the nodular bacterium. 

He envisaged that a kind of "hereditary symbiosis" was 

involved, and argued that the close association between 

the nodule microorganism and the plant must make large 

amounts of carbohydrate available to the bacteria, and 

that bacteria and plant must benefit. 	He compared the 

association with that existing in Leguminosae root nodules, 

and postulated that nitrogen-fixation was occurring. 

This suggestion he considered str'ergthened when he found 

that the natives of India used leaves of Pavetta indica  

as a green manure. 	The benefit of these, reasoned 

von Faber, lay in their high nutrient value, due to the 

"fixed" nitrogen they contained. 

In attempts to confirm the nitrogen-fixation 

theory, von Faber grew the organism isolated from Pavetta 

zimmermanniana buds in aerated, nitrogen-free, liquid 

media. 	He claimed values for nitrogen fixation as high 
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as 20.4 mg. nitrogen fixed per 100 ml. solution over a 

period of twenty days. 	Further experiments led him 

to conclude that there was a gain in the amount of nit- 

rogen fixed if a small amount of bound nitrogen (asparagine 

0.1 mg/ml) was included in the synthetic medium. 	Growing 

the organism isolated from Psy. bacteriophila (which 

organism von Faber considered to be identical with that 

isolated from Pavetta zimmermanniana), under similar 

conditions he obtained much lower values - 8.5 mg/ 1 being 

the highest value. He envisaged that nitrogen-fixation 

in the intact plant was probably far more efficient, as 

the plant ensured that the afsimilation products were led 

away. 

From the results of his experiments, von Faber 

concluded that Mycobacterium rubiacearum could fix at-,  

mospheric nitrogen when grown in pure culture; and as 

his other Rubiaceae isolates appeared to be identical, 

he assumed that they also would fix nitrogen under similar 

conditions. 	The "granules" present in cells (which von 

Faber concluded to be of a nucleoprotein nature), he 

considered to be part of the products of nitrogen fixa-

tion, as other known nitrogen-fixing organisms had similar 

protoplasmic inclusions. 
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Working at the Royal Botanic Gardens, Kew, 

Georgevitch (1916) described bacterial nodules on the 

leaves of a plant named Kraussia floribunda. Harv.. 

This plant possessed leaf nodules of similar anatomical 

structure to those on Pavetta species; the nodules were 

elliptical and were separated from the leaf tissue by 

two or three layers of modified cells. 	From the nodules 

he claimed to have isolated a spore-forming Bacillus  

species on potato agar. 	No further results were rep- 

orted by him, and he made no mention of any possible 

function of the microorganism in the plant, although he 

considered the association to be symbiotic in nature. 

In 1923, Adinarayan Rao, working in Ceylon, 

took up von Faber's work on the symbiosis of Pavetta, 

particularly in relation to the common usage of Pavetta  

leaves in that country as a green manure. 	Rao described 

two leaf-nodulated species which he had investigated, 

namely, Chomelia asiatica and Pavetta indica. 	He ob- 

tained bacterial isolates from young leaf nodules and 

leaf buds, thus confirming von Faber's findings that 

isolations could be obtained from these sources. 	The 

isolates on solid media were very slow growing, and the 

irregular shapes, first noticed by von Faber, were noticed 
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also by Rao, when he examined 6-7 days old cultures mic- 

roscopically. 	Young colonies consisted of typical rods 

which stained Gram-positively. 

Rao found bacteria to be present at all the 

locations in the plant noted by von Faber (i.e. terminal 

bud, seeds, nodules) in both Pavetta and Chomelia; and 

he also claimed high values for nitrogen fixation by the 

Pavetta and Chomelia isolates, when these were grown in 

nitrogen-free liquid media. 	Rao's conclusions were 

similar to von Faber's, namely, that the symbiosis was 

of a hereditary character, and that the symbiotic mic-

roorganism functioned as a nitrogen fixer. 

Korinek (1928) studied the bacterial population 

of isolated Psychotria leaves and concluded that the bact- 

eria brought about neither tsiological nor morphological 

changes. According to him, it would seem hardly pos-

sible to consider this symbiosis as a form of "balanced 

parasitism" (an idea first propounded by von Faber in 

1912), as in this case the bacteria should attack the 

tissue of the isolated leaves. 
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Boodle (1923) has written a short review on 

the bacterial leaf nodules of Psychotria and Pavetta; 

he quotes von Faber's work freely and, although he did 

not perform any further experimental work, accepted 

von Faber's nitrogen fixation theory as being the correct 

interpretation as to the basis of the symbiosis. 

Over the last 30 years Bremekamp has published 

a series of monographs dealing with the Psychotria and 

Pavetta genera. 	He considered the possession of leaf 

nodules to be an important taxonomic feature - when taken 

alongside other characters - for the differentiation of 

species within these two genera. 	His work has been tax- 

onomic in character and not primarily concerned with the 

role of the bacteria within the nodules. 	Nevertheless, 

his contribution is of great signficance for he has dis-

covered and classified a great number of hitherto un-

known leaf nodulated species of those two genera. 

When Bremekamp first approached the problem of 

bacterial symbiosis in Psychotria,the bacteriophilous 

condition had only been described in 3 species of the 

genus, and was thought to be a comparatively rare 
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phenomenon. However, when he published his first mono-

graph on the subject (1933), he described some La species 

of this genus as possessing leaf nodules. 

According to Bremekamp, the bacteriophilous 

species of Psychotria fall naturally into 3 groups; in 

the first, the bacterial nodules follow the midrib, 

whereas in the second and third groups the nodules are 

irregularly scattered over the leaf surface; the species 

of the second group have a ring of hairs at the insertion 

of the stamens, whereas in those of the third group the 

inside of the corolla tube is glabrous. 

Psychotria species which never bear bacterial 

nodules were also listed by Bremekamp; examples were 

Psychotria abrupta. Hiern. and Psychotria amboniana.K.Sch., 

both members of the section Inundatae (sub-genus 

Eupsychotria). 

Originally, Bremekamp had considered that 

Psychotria species were restricted to the African 

Continent. 	However, in a second paper (1960) he has 

recorded that this view was incorrect. 	In this paper he 
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described and classified a further 7 leaf nodulated 

species, all of which were indigenous to Madagascar. 

Bremekamp has also produced monographs dealing 

with the Pavetta genus (1934, 1939a, 1939b, 1948, 1953, 

1956). 	In those papers he has described and named many 

new species; in all he has listed, up to date, 427 species 

of Pavetta, of which 339 are nodulated. 

As with Psychotria, the presence of leaf 

nodules, and their form and distribution of nodules over 

the leaf surface, he considered to be of taxonomic im-

portance for the differentiation of species within the 

genus. 

H. J. Humor (1944) carried out a taxonomic sur-

vey of the plant species exhibiting leaf nodules, and re-

ported that in the genus Pavetta 294 species, and in the 

genus Psychotria 42 species, were bacteriophilous. 

For these results he quotes Bremekamp as the authority. 

Similarly for the Myrsinaceae, he reported 30 species 

of the genus Ardisia, 5 species of the genus Amblyanthus, 

and 5 species of the genus AMblyanthODSiS as being 
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nodulated. 	In the family Dioscoreaceae, a single 

species of the genus, namely Dioscorea macroura. Harms., 

was said to have bacteria in glands located in the at- 

tenuated leaf-tips. 	Orr had discovered this in 1923. 

More recently, Stevenson (1953), working in 

New Zealand, has drawn attention to another Rubiaceae  

genus in which bacterial leaf nodules occur. 	In the 

genus, Coprosma, she found some 28 species exhibited 

stipular nodules. A microscopic examination of cross-

sections of stipular nodules showed that they consisted 

of a palisade-like layer of cells, which contained masses 

of bacteria. 	One point, immediately noticeable in her 

descriptions, and which differed from previous workers' 

findings, was that she considered 

ion to be intracellular in nature 

cellular). 	Throughout the whole 

found on the under-surface of the 

surrounded by bacteria-containing  

the bacterial infect-

(as opposed to inter-

genus, domatia were 

leaves and these were 

hairs, a similar cond- 

ition being noted on the stipules. Young buds were 

also covered with a gum which contained bacteria. 
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Bacterial isolates were obtained by Stevenson 

from the stipular glands of Coprosma australis, Coprosma  

foetidissima, Coprosma lucida, Coprosma repens, and Coprosma 

robusta; and, in each case, a bacterium which appeared 

to be the infective organism was isolated on a leaf-

extract-glucose medium. 

The properties of the isolates in cultivation 

were not examined, and no experiments on the production 

of bacteria-free plants and subsequent re-inoculations 

were performed. 

Stevenson did not investigate the relationship 

between these plants and their stipular nodular bacteria, 

but several facts led her to conclude that the associa-

tion was symbiotic in nature, and that the bacterial sym-

bionts might possibly function in the fixation of atmos- 

pheric nitrogen. 	Three observations led her to this 

conclusion:- 

(a). 	In all plants examined, a red pig-

ment was seen to be present at some stage either in the 

cells which contained bacteria or in neighbouring ones. 

This pigment, she compared to the red pigment found in 

Leguminous root nodules. 
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(b). Many Coprosma species (e.g. C.  repens, 

C. robusta) grow well on gravel or stony ground, both 

of which are highly deficient in nitrogeneous matter. 

(c). Calcium oxalate crystals were present 

in cells immediately beneath the stipular tissue con- 

taining the bacteria. 	As the bacterial tissue aged 

these crystals largely disappeared, and Stevenson 

suggested that this was due to the oxalic acid being 

used up in bacterial activity; possibly as a starting 

point for amino acid synthesis in nitrogen-fixation. 

2. The bacterial leaf nodules of the MYRSINACEAE. 

The leaf nodules on the crenated leaf margins 

of Ardisia crispa A.DC. were studied by von Hohnel as 

early as 1882. 	He referred to them as "proteinaceous 

glands" and claimed to have observed "proteinaceous 

bodies" in the intercellular spaces of such structures. 
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In later years, Solereder (1899), and Grosse (1908), 

followed up von 118hnel l s work on "proteinaceous 

glands", but neither was able to add anything further 

to the latter worker's findings. 

In a series of four papers (1911 (a), 1911 (b), 

1914, 1919) published under the general heading "Javanische 

Studien", Miehe, working at the Botanic Gardens in 

Buitenzorg, Java, gave a detailed account of this cur- 

ious association of bacteria-with-plant. 	Miehe's 

contribution to our knowledge concerning the leaf nodules 

of the Myrsinaceae is analogous to von Faber's work with 

Rubiaceae; he was the pioneer in the study of Myrsinaceae 

nodules, and for this reason his work has been considered 

in some detail. 

He was chiefly interested in Ardisia crispa A.DC., 

and all his results quoted in this survey apply to this 

species; but he also observed nodules in other species 

of the genus, e.g. Ardisia Cumingiana. A.DC.. 

In his first paper (1911(a)), Miehe reported 

that he first looked at the nodules of fully-developed 
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leaves of Ardisia crispa A.DC., i.e. those leaves well 

down the stem away from the terminal bud. 	In these 

older stages, a cross-section of the nodule showed a 

cavity filled with a foamy mucus, which contained rod-

shaped bacteria; a high proportion of these bacteria 

were of "bacteroid" appearance. 

Having shown bacteria to be present in the 

leaf nodules (which correspond respectively to von Tihnelf s 

"proteinaceous bodies" and "glands"), Miehe then attacked 

the problem of how bacterial infection of the leaves 

arose. 	Starting with the very youngest leaves of the 

plant, namely those of the terminal bud, he found a 

great many bacteria were present between the very young 

leaves of the bud. 	These bacteria were embedded in 	a 

"mucilaginous membrane" which lay between the leaf pri-

mordmordia and leaves in all stages of development in 

the bud. 	Between the oldest leaves in the bud, the 

membrane seemed stretched and broken by the growth of 

the leaves. 

In the axils of every leaf, dormant buds were 

present, and Miehe found that if these buds were stimu-

lated (by removal of the terminal bud) then bacteria 
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were found to be present at the same places as in the 

terminal bud. 	In dormant buds which had not been 

stimulated in this way, he never found bacteria; he 

concluded that bacteria were probably present in the 

dormant axillary buds all the time, but that their 

small numbers made detection impossible. 	Removal of 

the terminal bud had, in some way, stimulated the bact-

eria to increase in number, thereby making it possible 

to detect them. 

The leaf bases in buds (terminal and dormant) 

were found to cover each other alternately with the 

oldest bud-leaves rolled in to such an extent that the 

margins nearly touched the morphological upper surface 

of the leaf, and, according to Miehe, the nodules first 

appeared at this stage. Hydathodes had been found by 

von H8hnel (1882) at the margin on the dorsal surface 

of the leaf, and Miehe found that the entrace pore of 

the hydathodes contained bacteria, while the deeper 

intercellular cavities were still free from bacteria. 

Miehe considered that the hydathodes were the point 

of infection of the leaves. 

He continued to trace the development of 
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nodules, noting that, even whilst the bud leaves were 

little more than primordial tissue, the intercellular 

cavity was closed by growth of the cells near the pore 

of the hydathode, thus isolating the bacteria from the 

outside world. 	Looking at older leaves in the bud, 

he noted that further development of the outer cells 

of the hydathode pushed the bacterial mass inwards, 

the mass being extended in such a way as to cause the 

cells lining the cavity to be pushed in, so that they 

assumed a concave outline. 	At a still later stage, 

the bacteria occupied a position exclusively in the 

intercellular spaces of the tubular cells in the nodule; 

these tubular cells were elongated, and were arranged 

radially into the nodular cavity; at a slightly later 

stage, an extension of the bacterial mass took place 

into them. 

Miehe noted that in young nodules rod-shaped 

bacteria were present, embedded in a foamy mucus, whilst 

in older leaves the nodules carried only "bacteroid" 

types; in very old leaves the number of bacteria 

was reduced considerably, often almost to none. 
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The origin of the bacteria in the terminal 

bud was Miehee s next problem. He was convinced that 

extraneous bacterial infection of the plant from the 

soil, as for instance occurred in Leguminous root nodz. 

ules, was not involved; for, when he grew seeds under 

aseptic conditions, nodulated plants invariably resulted. 

On microscopic examination of mature seeds, he discovered 

that bacteria were present in these seeds, where they 

were situated between the embryo and the endosperm, at 

the radical pole. Although the bacteria in the nodules 

and seeds were morphologically different, Miehe con- 

sidered that they were one and the same. 	How the seed 

became infected in the first place, and how the bacteria 

arrived next to the radical pole when once inside the 

seed, puzzled Miehe. 	On one occasion he observed 

bacteria to be present between the carpels of a very 

young flower; but he did not follow up this observation. 

He assumed, in fact, that the bacteria could be brought 

inside the embryo-sac by means of the pollen tube. 

The fate of the bacterium in the intermediate stages 

(flower and fruit formation) was not investigated by 

Miehe, and he was not able to account for their presence 

in the seed on the basis of ontogeny. He concluded that 
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the association between bacterium and plant represented 

a type of "cyclic symbioses" (c.f. von Faber's "heredi-

tary symbiosis" in Rubiaceae); but the benefits derived 

by the respective partners in this association were 

unknown to Miehe. 

In a later paper (191L1), Miehe dealt with 

the isolation of the nodular bacteria from the 

Myrsinaceae. He described numerous unsuccessful 

attempts to isolate the symbiont from nodules. 	As 

the bacteria were present in large quantities in mature 

nodules, he concluded that failure to isolate the org-

anism was due to the fact that a symbiotic bacterium 

would be very selective in its nutrient requirements, 

and hence might require a special type of substrate 

for its isolation. 	He therefore tried isolations on 

a plant extract media, namely pea agar, but this also 

failed to produce isolates from mature nodules. 

Similarly, he was unable to isolate the bacterium from 

ungerminated seeds. 	Because sterilisation of terminal 

buds proved difficult and infections always occurred 

on his plates, he abandoned attempts at isolation of 

the nodular bacterium from this source. 



Eventually he obtained definite bacterial 

isolates from germinating seeds of Ardisia crispa ADC,, 

the isolations being carried out as follows:- germina-

ting seeds were externally sterilised and the young 

developing plants kept under aseptic conditions; they 

were then plated out onto pea agar and incubated at 

25°C for a few days, after which time slimy white bact-

erial colonies appeared around the majority of plant 

embryos. 

At first, Miehe was not certain whether this 

bacterial isolate was the same organism as that present 

in the plant; for his isolate was a motile rod, whereas 

the symbiont had never been observed to show motile 

stages in the plant. 	Nevertheless, when examined in 

old culture, his isolate showed non-motile swollen types 

of rods, which he likened to the "bacteroids" of 

Leguminous root nodules. 	The irregular shaped rods 

were also similar in morphological and staining properties 

to the bacteria which appeared in old leaf nodules of 

Ardisia; and for this reason Miehe claimed to have 

isolated the true bacterial symbiont of Ardisia crispa  

A.DC.. 	He studied the morphological and physiological 
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properties of the isolate and named it Bacillus foliicola 

n.sp.. 	He also found an incidental "fellow-traveller", 

a long rod, forming yellow colonies on pea agar, which 

he named Bacterium repens. n.sp.. 	Although the latter 

organism only occurred occasionally in his isolations, 

Miehe paid much attention to it. 

Miehe recorded the following properties for 

Bacillus foliicola  n,sp,:- One-day old cultures in 

liquid or on solid media consisted of motile rods, hav- 

ing dimensions 1 - 2µ x O.5µ. 	They were mainly 

single, no chains being observed, but were sometimes 

stuck together in irregular masses by a mucilaginous 

sheath. 	They were flagellated, the number of flagella 

per cell ranging from 1 to L1, arranged around the cell 

in non-polar fashion. 	The non-motile stage was reached 

on glucose-peptone-agar after 3 days incubation at 25°C. 

Four-week old cultures showed non-motile, curved rods 

and also "involution forms"; the latter were swollen, 

occasionally branched, and stained irregularly with 

carbol fuchsin. 	Miehe noted their similarity on cul-

ture media to the "bacteroids" of old leaf nodules of 

Ardisia crispa. 	He was fully aware that morphological 
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properties taken by themselves were not a sufficient 

criterion to say that one organism was the same as 

another, and hence he was reluctant, at first, to con-

clude that his isolate (Bacillus foliicola) and the 

nodular organism were one and the same organism. Only 

successful re-infection of healthy, non-nodulated, 

Ardisia crispa plants, with the subsequent production 

of nodulated plants, would prove that his isolate 

was the natural symbiont, and therefore, at first he 

only assumed that his isolate was the same as the 

nodular bacterium. 	On solid media Bacillus foliicola  

n.sp., gave well-developed smooth, white, shiny, round 

colonies in 2 days, after incubation at 25°C. 	A 

membrane was formed on liquid media in a similar time, 

indicating the aerobic nature of the organism. 	It 

appeared that the bacterium preferred a neutral medium 

for grog-th, and that plant-extracts (e.g. pea, malt, 

etc.) were more suitable for growth of the organism 

than were, for example, peptone media. 	On plant- 

extract media the organism brought about a slight shift 

in the pH of the media to the alkaline side of neutrality, 

whereas peptone media were rendered slightly acid. 

Gelatin was not liquefied by the isolate, indicating 
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that proteolytic enzymes were not secreted into the 

medium. Asparagine was seemingly the best nitrogen 

source for growth, but the isolate failed to grow in 

the complete absence of combinednitrogen. 	No fermen-

tation of glucose, lactose, or sucrose occurred when 

the isolate was grown in media incorporating these 

sugars. 	25 - 30-C was the optimum temperature for 

growth of the isolate. 

A most important feature of Miehe's work was 

that he was unable to obtain evidence of nitrogen fixa-

tion by the organism when growing in vitro. This re-

sult was the basis of a long-standing scientific con-

troversy between Miehe and von Faber, who at the same 

time was researching on leaf nodules of the Rubiaceae.  

(This will be discussed more fully on page 76). 

Miehe's last paper (1919) dealt with bacteria-

free plants ("cripples"), the crippled appearance of 

which he considered to be a living demonstration of a 

truly symbiotic component deprived of its partner. 

Without bacteria, the plant developed but poorly, re-

mained dwarfed, and never flowered. 
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In order to prove that his isolates were 

identical with the nodule-inhabiting bacterium, Miehe 

tried to produce bacteria-free plants; he had already 

shown bacteria to be present in the seeds of Ardisia  

crispa A.DC.2  and claimed that these followed the growth 

of the plant, being found in the terminal bud, whence 

they infected the bud-leaves through the hydathodes. 

Hence Miehe was faced with the same problem with 

Ardisia crispa as was von Faber with his Rubiaceae  

species; namely, the production of bacteria-free (and 

hence, nodule-free) plants from seeds that already 

housed the nodule-inhabiting microorganism. 	In theory, 

at least, he could then carry out reinfection experi-

ments with his isolates on the bacteria-free plants. 

Three methods were used by Miehe in an attempt 

to produce bacteria-free plants. His first method in-

volved keeping young plants in the dark so that etiola- 

tion would take place. 	He thought it was possible 

that the vigorous growth of the terminal bud of a plant 

in an etiolated condition might cause it to pierce the 

bacterial film, leaving it behind, and hence producing 

a terminal bud devoid of bacteria. Vhen he brought 
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the etiolated plants back into the light, however, nor-

mal development of the plant took place, i.e. subsequent 

leaves were nodulated, and he abandoned the use of this 

method. 

The second method Miehe tried was also found 

unsuitable for the production of bacteria-free plants. 

He thought that wound-callus might form bacteria-free 

buds, so accordingly he cut the thin bark of Ardisia  

crispa A.DC, in various places. 	But bud formation 

was never observed on would surfaces, or on cuttings 

free of dormant-buds. 

Eventually Miehe claimed success in the pro-

duction of bacteria-free plants by use of a method ana-

logous to that used by von Faber with Rubiaceae species, 

namely heat-treatment of the seeds. 	Heating Ardisia  

crispa seeds at 4000 for 2 days was sufficient to kill 

the bacterial symbiont, whilst still retaining viability 

of the plant embryo. 	Seeds thus treated always de-

veloped into crippled plants on germination; the latter 

Miehe designated as "experimental cripples". 	Heating 

to temperatures below 400C for a similar duration of 

time yielded only a very low percentage of "cripples". 
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He also found that most batches of untreated 

seeds gave rise to a certain percentage of "cripples" 

on germination. 	These "spontaneous cripples", as 

Miehe called them, so imes accounted for about 48% of 

all plants arising from untreated seeds. 	Miehe ex-

plained this high figure as being due to a variable 

frequency of bacteria in the seed, even to the extent 

that there might be some naturally occurring bacteria-

free seeds, which would yield "spontaneous cripples". 

The "experimental" and "spontaneous crippes" appeared 

to be morphologically identical. 

Initially there appeared to be no difference 

in the seedlings originating from heated or unheated 

seeds; they germinated at the same rate and develop-

ment of the first leaves took approximately the same 

time. 	But, after this point was reached, further de-

velopment of the two sets of plants was markedly dif-

ferent. When the plants reached a height of about 

4 cm. differences in their external morphology were 

evident. 	Only about 3 foliage leaves were present 

on all plants at this stage, there being nothing 

unusual about this; but, whereas the terminal bud was 
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typically pointed in the normal untreated plant, it 

was stunted in the "cripple". 	On following the 

subsequent development of the two sets of plants, the 

differences between them became even more marked. 	The 

young "cripples" showed multiple bud formation in the 

foliage leaf and cotyledonary axils, these buds apparently 

developing from the dormant buds already present in 

these axils. 	These unusual buds were roundish, swollen, 

and thickened, and seemed unable to form leaves. 

Eventually the stunted buds developed into irregular 

protruberances, reaching appreciable dimensions. 	No 

further longitudinal growth of the stem took place 

and flowering did not occur. 	The root-system of the 

"cripples' was normal (as compared with normal un-

treated plants) but, after about 3 years, the few 

leaves possessed by the "cripple" withered and died; 

simultaneously, the swollen bud masses rotted and the 

plant finally died, 

Over a similar period of time, the normal 

plants had grown into well-developed, healthy plants, 

approximately ten times the height of the "cripples"; 

fruit had been produced, and the numerous leaves de-

veloped by the normal plant were all nodulated. 
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Miehe also noted the presence of stages inter- 

mediate between normal and crippled plants. Unlike 

the "cripples" described above, these plants could revert 

spontaneously to normal plants, even after exhibiting 

a crippled appearance for 6 weeks, a normal shoot de- 

veloping from a cotyledonary bud to form a normal 

plant. 

Micros✓opic examination of thin sections of 

the enlarged tissue of the terminal and cotyledonary 

buds of "cripples" showed that bacteria were no longer 

present in these regions. 	Similarly the enlarged mer- 

istematic regions were devoid of bacteria. 	Miehe noticed, 

however, that nodules were still present on the leaves 

of crippled plants (both "experimental" and "spontaneous") 

and bacteria were occasionally present therein. 

Miehe made numerous attempts at reinfection 

of the "experimental cripples" with the two isolates 

he had obtained from germinating Ardisia crispa A.DC.  

seeds; on no occasion, however, was he able to produce 

normal plants from the crippled forms. 
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Miehe was opposed to the idea that leaf nodular 

bacteria functioned in symbiotic nitrogen fixation. 

He considered that the association between bacterium 

and plant was symbiotic in nature, but the precise nature 

of the symbiosis was unknown to him. 	Eventually he 

concluded that a "stimulative effect" emanated from 

the symbiotic bacteria. 

In 1932 a Czechoslovakian worker, Nemec, 

turned his attention to the function of leaf nodular 

bacteria of the Myrsinaceae. 	Little of outstanding 

interest was added to Miehe's results by this worker. 

Nemec favoured Miehe's theory that the symbiotic 

bacteria did not serve the plants in the fixation of 

atmospheric nitrogen, and added further that the bact-

erium, even when living in symbiosis in Ardisia leaf 

nodules, was not capable of nitrogen fixation. 	Nemec 

considered that a hormonal substance, excreted by 

the nodular bacterium, induced normal development of the 

host. 

In an attempt to repeat and extend Miehe's 

work, de Jongh (1938), working at the University of 

Leiden, took up the problem of the Ardisia symbiosis. 
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De Jongh reported that the bacterial symbiosis of 

Ardisia, as conceived by Miehe, could be confirmed 

by him in almost all aspects. 	He isolated a bact-

erium from Ardisia crispa A.DC. which he concluded was 

the true bacterial symbiont in nature. 	With this 

bacterium, which in pure culture exhibited identical 

properties to Bacillus foliicola Miehe n,sp., he claimed 

(unlike Miehe) to have successfully re-infected bac- 

teria-free ("crippled") Ardisia plants. 	Like Miehe 

and Nemec, de Jongh was not able to arrive at any def-

inite conclusion as to the nature of the symbiosis, 

but deemed it most likely that a growth-promoting sub-

stance was being produced and excreted by the bacterium 

within the plant, thus serving the plant in some un- 

known capacity. 	His bacterial isolates were incapable 

of nitrogen fixation when grown in artificial culture. 

As Miehe had done before him, de Jongh in-

vestigated the distribution of the bacterium in the 

plant tissues, and similarly concluded that the sym- 

biosis was "cyclic" in nature. 	Closely following the 

methods adopted by Miehe, he confirmed that the bacterium 
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occurred in the plant in foliar nodules, seeds, and 

active and dormant meristems (the root and anther 

meristems being excepted). 	The bacteria found in the 

various locations exhibited a different morphology 

according to their habitat in the plant; thus, while 

rods were found in the neighbourhood of the terminal 

bud, the foliar nodules contained "involution forms". 

The Ardisia bacterium was always intercellular. 

Although Miehe (1911) had given a very det-

ailed description of the Ardisia bacterium in the mat-

ure seed, where it occurred between the embryo and 

the endosperm at the radical pole, he was not able to 

show how it arrived at this location. 	De Jongh par- 

ticularly concentrated on this gap in Miehe's work, 

examining in detail the flower and fruit formation of 

Ardisia crispa A.DC., for he considered that these 

stages represented the most interesting part of the 

"cycle", as the presence of bacteria in the seed had 

to be accounted for ontogenetically. 	He claimed 

success in demonstrating the method of seed infection. 

De Jongh described typical rod-shaped bacteria, as 

occurring in successive stages of fruit formation, 

ranging from young developing flowers, through mature 

flowers, and finally up to mature fruits, 
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De Jongh reasoned that the method of fruit 

infection would be closely connected with the embryology 

of the plant, and considered that there were at least 

three ways by which the Ardisia embryo could become 

infected in nature:- 

	

.(a) 	As only pollinated flowers yielded 

fruit, it was possible that the bacteria could enter the 

embryo-sac via the pollen tube, and in this way develop 

between the endosperm and the embryo. 	Both von Faber 

(with Pavetta) and Miehe (with Ardisia) had favoured 

this idea as a possible mode of entry of the bacterium 

into the seeds. 	De Jongh rejected the idea, for he 

	

never found a 	pollen-tube occurring in the flower. 	In 

addition to this, for von Faber and Miehe's hypothesis 

to be correct, the bacteria would have to be intra-

cellular at one stage in their life-cycle, whereas they 

had never been found in this condition. 

	

(b) 	It was also posSible that the bacteria 

might conceivably enter the embryo-sac through a special 

channel in the ovule wall. But de Jongh never ob-

served any such channels and hence he also discarded 

this idea. 
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(c) 	After microscopical investigation of 

Ardisia flowers and seeds in all stages of development, 

de Jongh postulated that infection of the seeds arose 

in the following way:- The bacteria, enclosed bet-

ween the floral parts at flower-formation, were locked 

within the carpels and finally surrounded the ovules. 

During development of the integuments, the bacteria, 

already present near the apex of the ovules, were enc-

losed between the nucellus and the interior integument, 

the bacterial membrane being activated by the develop-

ing meristem and forming a film under the micropylar 

region. 	The micropyle was not situated at the apex 

of the ovule, being pushed by the fast-growing dorsal 

flank of the interior integument to the ventral side 

(tendency to kampylotropy). De Jongh attached much 

importance to the peculiar wedge-shaped part of the 

ventral flank of the interior integument; for, in 

addition to serving as a method of closing the micro-

pyle, it had cellular contents which were much denser 

than those of the surrounding cells. De Jongh 

claimed, as Jaensch had done before him (1905), that 

this wedge-shaped cell mass was embryogenic tissue, 

the embryo being formed adventitiously from this 
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particular region of the interior integument. 

Confirming Jaenscht s observations, a true egg-apparatus 

was only seen in about 3% of all flowers examined; 

this egg-apparatus consisted of 4 cells which de Jongh 

interpreted as being 2 synergids, theEgg-cell, and a 

vegetative cell. 	This condition, occurring in the 

flower before pollination, was most unusual, as it 

was absent from the large majority of flowers examined; 

no such egg-apparatus was ever seen in pollinated 

flowers, indicating the apogamous nature of embryo 

formation. 	Only one ovule per flower (out of a total 

4 or 5) developed further, the others degenerating in 

the very young fruit stage. 	Following the process a 

stage further, the bacteria adhered to the radical 

pole of the adventitiously-formed embryo, where they 

remained in a resting, but reversible, state until the 

seed germinated. 	On germination of the seed the bact-

eria were pushed over the cotyledons, where they in-

fected the axillary bud, while a bacterial mass was 

also deposited on the terminal bud. 

The relationship between number, form and acti-

vity of the bacterium in the various locations within the 

plant (foliar buds,floral buds,seeds,nodules) was studied 
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by microscopical observations and experiments. 	The 

bacteria were always present in large numbers as rods 

near meristematic tissues. 	De Jongh found that within 

the plant the bacteria were always non-motile; they 

seemed to be most active at active stem-meristems, and 

inactive (though reversible to the active state) in 

dormant buds, where they could renew activity after 

several years of rest. 	De Jongh was in full agreement 

with Miehe's "cyclic symbiosis" theory, for he con-

sidered that his own findings with young developing 

fruits of Ardisia represented the missing links in the 

bacterial life cycle as postulated by Miehe. 

All attempts to isolate the bacterial sym-

biont in pure culture from the leaf nodules failed; 

and numerous "infections" occurred when foliar buds 

were used for the same purpose. 	Eventually however, 

a successful isolation of the bacterial symbiont was 

achieved from germinating seeds, by using a slight modi- 

fication of Michels method. 	Plating out crushed plan- 

tule suspensions (as opposed to intact plantules as used 

by Miehe) onto pea agar resulted in the development of 

bacterial colonies of two types - white slimy colonies 

and yellow colonies, the former predominating. 
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In pure culture the organism which produced 

white slimy colonies exhibited similar morphological 

and physiological properties to Bacillus foliicola n.sp.  

and de Jongh concluded that this and his new isolate 

were identical. 	Notwithstanding the fact that only 

3 colonies of B.foliicola  n.sp.  had grown up on his 

original isolation plates, de Jongh considered that 

this species represented the true bacterial symbiont 

in nature; for, when he subsequently re-infected 

crippled seedlings with this bacterium, approximately 

20% of such seedlings developed into normal plants. 

As further proof that this bacterial species and the 

nodular bacterium were identical, he drew attention to 

the high proportion of swollen, distorted rod-forms 

which were found to occur in 3-5 week old pure cultures 

of the isolate, and which he likened to the "bacteroids" 

present in old foliar nodules of A. crisp A.DC.. 

The bacterium which gave rise to yellow 

colonies was morphologically different from Miehe's 

second isolate (Bacterium repens n.sp.) 

De Jongh carried out an extensive study of 

"experimental" and "spontaneous cripples". 	For the 
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production of "experimental cripples", a wider range 

of temperature and time than used by Miehe was employed. 

De Jongh considered that maintaining seeds at 52°C 

for only 7 minutes - as advocated by Miehe - was not a 

sufficient length of time for allowing temperature 

equilibrium to be reached within the seed. 	Accordingly, 

for experiments where only short period heat-treatments 

were involved (10 minutes x 55°C, 10 minutes x 5000 

and 7 minutes x 52°C), he pierced the seeds with 

thermoneedles before immersing them in hot water. 	In 

this way, he reasoned, an equal temperature both inside 

and outside the seed could be attained within two min- 

utes. 	For experiments where the exposure time was of 

the order of hours (e.g. 2L1 hr. x 40°C, 48 hr. x 40°C), 

he dispensed with the use of thermoneedles, placing the 

seeds in moist sand, the temperature of which was ther- 

mostatically controlled. 	As controls,unheated seeds, 

grown under the same conditions, were employed. 

Exposure to 55°C for 10 minutes was fatal to 

seeds. 	However, all the other batches of heated seeds 

yielded "cripples" and, in most cases, the percentage 

of such plants was within the region of 90-100%. 	In 

the control batch all seeds germinated to produce normal 
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plants. 	De Jongh commented that this result was some-

what unusual, especially in view of the fact that seeds 

from the same plant had, in another experiment, yielded 

18% "spontaneous cripples", when grown under identical 

conditions. 

The germination time of seeds in all batches 

was approximately the same, being of the order of 50- 

55 days. 	Seedlings originating from heated- and control- 

seeds were morphologically identical in their very early 

stages of development. 	However, after about four months, 

"cripples" developed from the heated seeds. 	Such 

plants remained dwarfed, longitudinal growth ceasing 

over the entire plant (with the exception of the root). 

At the F:ame time the axillary cotyledonary buds started 

to proliferate, resulting in the formation of a "wart-

like mass"; this continued over a number of years. 

De Jongh considered that temperature was 

probably the most important factor governing the de-

velopment of "cripples"; and, as the temperature 

range for heat-treatment of the seeds (as described 

above) seemed relatively wide compared to the temperature 
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most likely to be encountered by the plant in its natural 

milieu, he carried out a similar investigation on the 

effect of lower-range heat-treatments. 	Temperatures 

between 30°C - 40°C inclusive C 	were employed, batches of 

seeds being exposed to these temperatures for times 

ranging from 15 minutes up to 32 hours. 	These seeds 

were germinated and grown under optimal temperature 

conditions. 	Non-heated seeds, grown under similar 

conditions, served as controls. 

The percentage of seeds germinating in all 

batches was high, in most cases being 100%; in no 

batch was a value lower than 97% recorded. 	The germ-

ination time of both heated and control seeds was ap- 

proximately the same ( 50 days). 	Thus, in both high 

(40oc 50o1  u and low (30°C - 40°C) temperature 

range experiments, the rate of germination did not appear 

to be affected by heating to those temperatures. 

In contrast to the results obtained from 

seeds which had been exposed to high temperatures, the 

seeds exposed to the lower temperature range gave rise 

to only very few "cripples"; thus 3% "cripples" were 

noted in plants developing from seeds maintained at 
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30°C, 32.5°0 or 35°C for 32 hours; and 6% resulted 

in plants developed from Needs which had been held at 

40°C for 8 hours; all the remaining series, including 

controls, showed normal plants exclusively, 

On the basic of these results, de Jongh con-

cl-,1ded that the ':rich tempera tures employed in his 

first experiment were probably responsible for such a 

mass occurrence of "cripples"; growing plants from 

seeds which had been subjected to temperatures roughly 

approximating to that of their natural habitat, greatly 

reducecl the numb3r of "cripples". 

Do Jongh confirmed Michel s finding that most 

batches of untreated seeds gave rise to a certain per-

centage of "spontaneous cripples", but the proportion 

of such "cripples" was markedly  less (about 20% as 

compared with 48%). 	"Spontaneous" and "experimental 

crip7)les" were morphologically identical. 

The percentage of "spontaneous cripples" 

developing from seeds harvested from different individual 

A. cyispa plants was extremely variable, even when the 
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seeds were grown under constant temperature conditions. 

With batches of seeds collected from 7 different plants, 

he observed values ranging from 0% - 21% for "spon-

taneous cripples". 

Not only did the source of seeds affect the 

proportion of such "cripples"; for when he cultivated 

seeds which had been collected over 3 successive years 

from the same plant, "spontaneous cripples" accounted 

for 18%, 0% and 0% of the plant populations respectively. 

Miehe had assumed that the occurrence of 

spontaneous cripples" could be due to a variable fre-

quency of bacteria within the seeds, some of which might 

be entirely free from bacteria. 	De. Jonghl s micro-

scopical investigations revealed that flowers and fruits 

of A. crispa were always infected with the bacterial 

symbiont and hence he rejected Miehe's assumption. He 

considered that the external conditions prevailing 

during maturation or germination of the seed were more 

likely to govern the appearance of "cripples" and, of 

these conditions, temperature was probably important. 
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Microscopical investigations showed that the 

stem meristems of normal and crippled plants were 

markedly different in anatomical structure, size and 

number. 	The swollen terminal and axillary buds of 

"cripples" contained a number of quite distinct meri-

stematic cell-groups, sunk deeply below the surface. This 

number was very variable and seemed to increase with 

age. 	It was difficult to assess the number of meri-

stems in the normal plant, as the vegetation point proper 

merged into the foliar primordia; but the meristems 

were always in "free contact with the outer world and 

with the bacterial film". 	It appeared that the number 

of nuclei per unit area in a "cripple"-meristem was 

smaller, and the average cells larger, than in a 

normal plant meristem. 

"Cripples", like normal plants, were diploid 

and hence the nanism of the former did not result from 

a change in chromosome number. 

The swollen meristems of "cripples" were al-

ways devoid of bacteria and this factor was thought to 

be probably responsible for the abnormal appearance of 

"cripples". 
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Microchemical tests showed that catalase 

and peroxidase were present in the terminal bud of 

"cripples", whereas, in normal plants, only catalase 

was present. 	Because of this, de Jongh tentatively 

suggested that the bacterial film present in normal 

plants might influence the oxido-reduction potential of 

the terminal bud. 

In order to prove that the nodular bacteria 

vere essential for the normal development of A. crispa, 

de Jongh attempted to re-infect crippled plants with 

his two bacterial isolates. 	Of the two bacterial iso-

lates, only one - Bacillus foliicola n.sp. - seemed 

capable of converting crippled plants into normal 

plants; and, using this bacterium, he claimed success-

ful re-infection of crippled seedlings. 

Ten-month old "cripples" seemed no longer sus-

ceptible to re-infection, whilst similar experiments on 

4 month old "cripples" yielded inconclusive results. 

However, by treating the terminal buds of very young 

crippled seedlings (i.e. seedlings from which the plumule 

has just emerged) with an aqueous suspension of 
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B. foliicola n.sp., he claimed that 20% of them sub- 

sequently developed as normal plants. 	He concluded 

that, whilst these results were far from complete, they 

could be considered as positive evidence for successful 

re-infection; thus demonstrating that his bacterial 

isolate and the in vivo  bacterial symbiont were 

identical. 

Turning his attention to the function of the 

symbiosis, de Jongh considered a number of possibilities. 

He rejected nitrogen fixation as being the basis of the 

symbiosis, for neither of his bacterial isolates ex-

hibted this capacity when grown on artificial media. 

Another possible explanation of the symbiosis was that 

the bacterial film covering the vegetation point might 

act as an "oxygen-trap", thereby lowering the oxygen- 

tension in the meristematic region of the stem. 	As 

bacteria-free Ardisia plants showed stunted development, 

the resulting "cripple" might therefore be a product of 

an oxygen overdosage at the meristematic region of the 

stem apex. 
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A consideration of the morphological and 

physiological abnormalities of "cripples" led de Jongh 

to conclude that the most likely explanation of the 

symbiosis was that a growth-promoting substance was 

being produced by the symbiotic bacterium; this, in 

turn, was utilised by the plant in some unknown manner. 

In order to test the validity of de Jongh's 

suggestion that crippled plants might conceivably arise 

as a result of oxygen overdosages, Bok (1941) raised 

Ardisia crispa plants from seed in a closed system where 

the oxygen concentration of the atmosphere could be 

maintained at controlled levels. 

Heat-treated (i.e. internally sterilised) 

surface-sterilised Ardisia crispa seeds were divided 

into batches prior to planting on a sterilised mineral 

salts - agar growth medium, the latter being contained 

in sterile flasks, which in their turn formed part of 

the closed system. 	Germination and subsequent de-

velopment thus took place in a sterile environment. 

An oxygen-nitrogen gas mixture of known 
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composition was fed continuously into each flask over 

a 5 month period, the relative proportions of the two 

gases varying from flask to flask. 	Thus each plant 

was grown in an atmosphere of known oxygen tension. 

Surface-sterilised, unheated seeds, grown 

under exactly the same conditions were used as controls. 

She found that the percentage of "cripples" 

originating from heat and surface-ste0.ised seeds could 

be considerably reduced by raising the plants at oxygen 

tensions lower than that of the normal atmosphere. 

At an increased oxygen tension compared to 

normal air, all the sterilised seeds - as well as most 

of the control seeds - developed into "cripples". 

Bok concluded that her results would seem to 

corroborate de Jongh's suggestion that dwarfing is due 

to an oxygen overdosage of the vegetation point, such 

a phenomenon normally being prevented by the covering 

bacterial film. 
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The leaf nodule symbiosis of Ardisia hortorum 

Maxim has been investigated by Hanada (1954.). 	His 

investigations, whilst being similar in many respects 

to those carried out by Miehe (1911 - 1919) and de 

Jongh (1938) with Ardisia crispa A.DC., have, however, 

led him to a different conclusion as regards the func- 

tion of the symbiosis. 	A bacterium isolated from the 

nodules was shown to be capable of fixing atmospheric 

nitrogen; and this fact, taken alongside his discovery 

that addition of nitrate to nodulated plants grown in 

nitrogen-free sand produced no noticeable change in the 

appearance of these plants, led him to conclude that 

nitrogen-fixation formed the basis of the symbiotic 

association. 	Hanada rejected Miehe's hypothesis that 

the bacterial symbiont supplied the host with a "stimula-

tory substance". 

The nodules of A. hortorum. Maxim, arranged 

as in A. crispa along the crenated periphery of the 

leaf, were found to occur in much larger number than in 

A. crispa. Hanada considered that the variegation of 

A. hortorum Maxim leaves, which in summer extends along 

the whole leaf edge but in winter develops at only a 
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few regions, is, in some unknown way, connected with 

the "seasonal vitality" ("Lebenskraft") of the nodular 

bacteria. 

An anatomical investigation revealed that the 

leaf nodules always developed below pore-type structures 

which he termed "elongated apertures" ("spalt8ffnung") 

and where there were no such structures no nodules de- 

veloped; but the converse did not hold. 	Hanada con- 

sidered that bacterial infection took place through 

these structures. 	The leaf nodules exhibited a simi- 

lar anatomical structure to those of A. crispa, having 

loosely packed cells interspersed with a proteinaceous 

slimy material. 	In A. hortorum, Maxim. nodules, how- 

ever, the symbiotic bacteria, in addition to being 

present in the intercellular slime, were also found to 

occur inside the nodular cells. 	The closely packed 

host cells of developing nodules contained, initially, 

only a small number of bacteria. Hanada suggested 

that these bacteria multiplied within the host cells; 

when the host cells divided the bacteria were passively 

transferred to the daughter cells. 
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By plating out surface-sterilised leaf nod-

ules of A. hortorum, Maxim. on Bouillon's agar, he 

isolated a bacterium which, he claimed, was the nodular 

symbiont; for, when he subsequently re-inoculated 

this bacterium into the leaves of bacteria-free plants 

(i.e. those plants which developed from seeds which had 

been maintained at 5000 for 30 minutes in order to kill 

the bacterial symbiont), structures thought to be nod-

ules were produced in a few cases. 

In pure culture the bacterium exhibited mor-

phological and physiological properties different from 

Bacillus foliicola n.sp. and Mycobacterium rubiacearum. 

It was a Gram negative, non-sporing, non-capsulated, 

rod-shaped organism having cellular dimensions of 

2 - 54 x 0.4 - 0.54. 	It was motile, possessing one 

( and sometimes two) polar flagella. 	On leaf extract 

agar it grew rapidly, forming moist, translucent, cream 

colonies. 	Gelatin was entirely liquefied and a 

strong hydrolysis of starch was noted. 	Acid (but no 

gas) was produced in sucrose, glucose and lactose 

broths. 	Nitrate broth was reduced to nitrite, litmus 

milk was turned acid and no indol was produced in 

tryptone broth. 	It was a facultative anaerobe with an 
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optimum temperature for growth of 27°C. Hanada con- 

sidered it to be a new species and named it 

Xanthomonas hortoricola n,sp., 

0 
Hanada concluded that Xantho s hortoricola n.sp.  

was a nitrogen-fixing organism for when he cultivated 

it in a mineral salts liquid medium, containing manni-

tol (1%) as carbon source and potassium nitrate (0.01%) 

as a "starter", he noticed that the nitrogen content of 

the medium increased. 	Thus, over a 5 day period, a 

nitrogen gain of 0.07 mg/10 c.c. solution was found. 

With time, the amount of nitrogen fixed increased (e.g. 

over a 7 - 12 day period the gain was 0.13 mg/ 10 c.c. 

solution). 	The isolate would not grow in a medium 

that was totally devoid of nitrogen and Hanada noted 

that a similar effect had been recorded by McBeth in 

1913 for Azotobacter. 	The addition of small quantities 

of nitrate (from 0.005% - 0.1%) resulted in an increased 

fixation of nitrogen, but further addition above 0.1% 

reduced the amount fixed. 

In order to investigate the nature of the 

symbiotic association between host plant and bacterium, 
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Hanada cultivated A. hortorum Maxim. from seed under 

various conditions. 	Seeds, surface sterilised and 

then heat-treated at 50°C for 30 minutes, were germ-

inated and grown under sterile conditions in nitrogen-

free sand. 

As a control a further batch of surface-

sterilised non-heated seeds were sown under the same 

conditions. 

During the first two months after sowing there 

was no noticeable morphological difference between ex-

perimental (i.e. bacteria-free) and control plants, 

both sets being of approximately the same size and 

bearing a similar number of leaves. 	After 2 months, 

however, differences could be observed. 	Thus, whilst 

the control plants appeared healthy, green and nodulated, 

the bacteria-free plants showed signs of starvation 

and were non-nodulated. 

After a further 5 - 6 months the differences 

were more pronounced, the bacteria-free plants bearing 

pale green leaves, whilst the control plants bore dark 

green, healthy-looking leaves. 	Growth ceased in the 
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bacteria-free plants after about one year, when they 

had reached a height of 25 cm; no now leaves developed, 

the stem was of peculiar form and the terminal bud was 

swollen. 	The control plants continued to develop 

normally. 	The bacteria-free plants eventually died, 

whereas the control plants continued normal development. 

Addition of nitrate to the control plants pro-

duced no change in their appearance, and a similar nit-

rate addition to bacteria-free plants produced very 

little change in their appearance, their development 

still remaining very poor. 	Hanada concluded that 

the plants depended, not so much on a supply of nit-

rate from the soil, but rather upon a supply of nit-

rogenous compounds arising from the fixation of atmos- 

pheric nitrogen by the symbiont. 	He considered that 

the proteinaceous material found in the leaf nodules 

represented the products of bacterial assimilation, the 

atmospheric nitrogen having been incorporated into 

"carbohydrate" material derived from the plant. 	These 

nitrogenous materials were utilised by the plant. 

The bacterial leaf nodules of a third Ardisia 

species have been described by Bose (1955), who drew 
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attention to the "schizogenous glands" (i.e. nodules) 

which he found occurring on the leaves, stems, roots, 

flowers and seed endosperm of Ardisia humilis. Vahl.. 

Such "glands", which were particularly numerous on the 

edges of the leaves and also over the whole surface of 

the sepals and petals, were pinkish in colour; this 

pink pigmentation was very noticeable in young leaves 

(especially at the margins) and in the sepals, petals, 

anthers, carpels and seeds. 

A microscopic examination showed bacteria 

to be present in large numbers close to these "glands" 

and likewise the conspicuous irregular nodular swellings 

on the roots were heavily infected with similar bacteria. 

These bacteria were irregularly shaped and had a granu-

lated cytoplasm and Bose concluded that they represented 

B. type L. forms of bacteria. 	The pink pigment was 

present in large amounts around the "glands" and Bose 

considered that it possibly represented a metabolic 

product of the bacteria. 	Notwithstanding their high 

degree of bacterial contamination, the Ardisia humilis  

Vahl. plants appeared perfectly healthy and bore abun- 

dant flowers and fruits. 
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The bacterial symbiont was aseptically iso-

lated from the leaves and roots and was grown in pure 

culture on nutrient agar, malt agar and in liquid malt, 

when a large number of small granulated bodies - which 

Bose interpreted as L. forms of bacteria - were found 

along with the bacterial colonies. 	Bose's work is 

still continuing. 

3. Comparative studies on MYRSINACEAE and RUBIACEAE. 

In 1914 a controversy arose between Hugo Miehe 

and F. C. von Faber concerning the interpretation of 

the bacteriophilous condition as existing in the 

Myrsinaceae and Rubiaceae. 	On the basis of his find-

ings with A. crispa (Myrsinaceae), Miehe (1914) raised 

a number of objections to von Faber's findings (1912) 

with Rubiaceae species. 

On comparing Bacillus foliicola n,sp, (the 

bacterium which he had isolated from germinating seeds 

of A. cr:Ispa) with Mycobacterium rubiacearum (the bact-

erium isolated by von Faber from terminal buds of 

P. zimmermanniana, P. indica and Psy. bacteriophila) 

Miehe noted that it differed from the latter in a num-

ber of characters, among which were motility, non 
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acid-fast staining, and the absence of elemental nit- 

rogen fixation. 	regards nitrogen fixation Miehe 

found that when Bacillus foliicola n.sp. was inoculated 

into nitrogen-free media and incubated for a number of 

days there was an increase in the amount of total nit-

rogen, but the increase was so small as to be within 

the limits of experimental error. 	He concluded 

that Bacillus foliicola n.sp. was not a nitrogen-fixing 

bacterium. 	Miehe considered that the two bacteria 

represented distinctly different types and further 

criticized the identity of von Faber's isolate with the 

true symbiont, on the basis of his own experience with 

A. crispa, where he had isolated a variety of bacteria 

from terminal buds. 	He suggested that von Faber's 

isolate was probably a water-borne aerial contaminant 

of Rubiaceae terminal buds, and subsequently confined 

his attention to isolation from surface-sterilised 

seeds. 

Miehe also disagreed with von Faber's system-

atic placing of the Rubiaceae isolate in the 

Mycobacteriaceae; for, when he examined a number of 

Pavetta species, ho noted that not only did the acid-

fast property of the nodular bacterium vary from one 
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plant to another, but it was not constant, depended 

upon the time of application of the reagents, and in 

most cases was negative. 

In Miehe's opinion the nature of the associa-

tion was a symbiosis based, not upon nitrogen-nutrition, 

but upon a "stimulatory effect" due to the bacteria. 

A major portion of von Faber's second paper 

(1914) was devoted to refuting Mi9he's criticisms. 

At the outset von Faber pointed out that as 

they both worked with different plants from different 

families and under different conditions, then there was 

little basis for comparison. 

Concerning their respective isolates he agreed 

with Miehe that the two bacteria exhibited unmistakable 

differences and were probably different bacterial species, 

but, in spite of this, they were basically similar, and 

the close relationship of the two symbioses could hardly 

be questioned. 	Notwithstanding the non-motile character 

of Mycobacterium rubiacearum in pure culture, von Faber 
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did not exclude the possibility that it might be motile 

at some stage in its intimate partnership with the host 

plant, though he could not obtain evidence for this. 

Turning his attention t:) Miehe's assertion 

that foliar buds, on account of the fact that they might 

harbour water-borne aerial contaminants, were unsuit-

able as sources for the isolation of leaf nodular 

bacteria, von Faber recognized that whilst this could 

conceivably be the case with A. crispa, it would cer-

tainly not apply to Rubiaceae foliar buds; whereas 

the more open structure of the Ardisia foliar bud could 

lend itself to the immigration of bacteria, the stipular 

coverage and gum-filled interfoliar spaces of Rubiaceae 

species would render the penetration of aerial bacteria 

impossible. 

.As regards the systematics of the Rubiaceae 

bacterium, von Faber repeated his claim that it should 

be placed in the Mycobacteriaceae. 	He considered 

that the acid-fast character of the bacterium was 

variable, being more pronounced for the Psy. bacter-

iophila isolate than for the P. zimmermanniana isolate, 
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but on no occasion did he find that this character was 

completely absent. 	The acid-fast nature of the bact-

erium, taken alongside a number of other taxonomic 

characters, led him to re-assert that it was a member of 

the Mycobacteriaceae. 

When he repeated his nitrogen-fixation experi-

ments with Mycobacterium rubiacearum, von Faber obtained 

almost identical results to those he first reported in 

1912. 	The nitrogen-fixing capacity of Mycobacterium 

rubiacearum varied considerably from one experiment 

to another, but always, nitrogen-enrichment values high 

enough to be outside the limits of experimental error 

were obtained. 	He concluded that Mycobacterium  

rubiacearum was a nitrogen-fixing bacterium and that 

its function in the nodular symbiosis was one of 

nitrogen-fixation. 

During the course of a research on nitrogen-

fixing bacteria, de Vries and Derx (1950) attempted to 

iodate the leaf nodular bacteria from a number of 
Lubiaceae and Myrsinaceae species. 
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Closely following the methods of von Faber 

(1912, 1914) and Rao (1923) they isolated a pink-

pigmented, rod-shaped bacterium from the leaf nodules 

and foliar buds of several Pavetta species (including 

P. zimmermanniana), Psychotria bacteriophila, and 

A. crispa. 	Like Mycobacterium rubiacearum, it was 

Gram negative, non-sporing and bacteroid-forming, but 

it differed from the former in dimensions, in being 

motile and in forming pink gelatinous colonies. 	They 

named it Mycoplana rubra. 

They found that, although Mycoplana rubra  

would grow well on media of low nitrogen-content, it 

failed to grow on a medium that was completely nitrogen-

free, and hence concluded that it was not a nitrogen-

fixing organism. 

In further experiments it proved possible to 

isolate Mycoplana rubra from the leaves of non-nodulated 

Pavetta species, from river water and from soil; but, 

from each of these sources, the number of Mycoplana  

rubra colonies which developed on isolation plates 

was relatively low as compared with that obtained from 
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leaf-nodulated species. De Vries and Derx concluded 

that Mycoplana rubra was not the nodule-causative organ- 

ism. 	They considered it to be a regular, but secondary, 

companion of the organisms which initiate such struc-

tures. 

Ziegler (1958) has investigated the plant-

bacteria relationship in certain members of both 

Rubiaceae and Easinaceae, namely Pavetta zimmermanniana  

Val. and Ardisia crispa A.DC.. From each species he 

obtained bacteria by preparing smears of aqueous sus-

pensions of crushed seed embryos, terminal buds and 

leaf nodules. 	Comparison of the morphological features 

of the bacteria, using the electron microscope, convinced 

him that the symbiotic bacteria present in the two plants 

were of different species. 	Those found in seed embryo 

suspension of Pavetta zimmermanniana. Val. were non- 

flagellated rods, measuring 2.8µ 	3.1µ in length by 

0.9µ - 1.2µ in breadth. 	The majority of the bacteria 

in the terminal bud suspension were morphologically 

similar to the seed microorganism, but, in addition, 

there were some much longer rod-forms present; in some 

cases the latter measured up to 12µ in length. 

Irregular forms of bacterial rods, often branched and 
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swollen, were found in suspensions of fully developed 

leaf nodules; only in very young nodules could un- 

changed rods be observed. 	In contrast, the seed 

and terminal bud bacteria of Ardisia crispa. A.DC., 

whilst similarly being a non-flagellated rod-shaped 

organism, exhibited a wider variation in length 

(2µ - 3.5µ) than the bacterial symbiont as found in 

the corresponding locations in Pavetta zimmermanniana  

Val.; the width of the bacterial cells (1µ) was ap-

proximately the same. The bacterial population of the 

leaf nodules consisted almost exclusively of bacteroids, 

but these were much less bizarre than those found in 

Pavetta species. 

Ziegler isolated the bacterial symbiont, in 

pure culture, from the two plants by dissecting out 

the seed embryos and plating them out on 2% sweet wort 

agar; from each plant a different kind of bacterium 

was isolated. 	Electron microscopic examination showed 

that the pure-cultured bacterial isolate of Pavetta  

zimmermanniana. Val. was exactly similar in size and 

form to that present in the seed embryo suspensions of 

this plant. 	The pure-cultured Ardisia crispa bacterium, 
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however, was a bi-flagellated rod. 	Notwithstanding 

the fact that the bacteria in Ardisia seeds were non-

flagellated, Ziegler concluded that his bacterial iso-

late was identical with that present in vivo, as they 

were morphologically very similar in all other respects 

e.g. size, shape and granulated appearance of their 

cytoplasm. 

Electron-microscopic observation of thin 

sections of Pavetta zimmermanniana Val. leaf nodules 

confirmed the findings of earlier workers with regard 

to the position of the bacteria within the nodules. 

They were intercellularly arranged, being present in 

large numbers in the slime-containing regions of the 

nodule. 	But, under the high resolving power of the 

electron-microscope, he was able to see structures 

which, owing to their small size, were undiscernible 

by the ordinary light microscope. Thus, he found 

the intercellular spaces of the nodule were interlaced 

with fine, thread-like structures, which he termed 

"plasmodesma". 	The latter seemed to connect the bact-

eria and nodular slime to the modified mesophyll cells 

of the nodule, whose cell-membranes were apparently 
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completely permeated by such structures. 

Ziegler noted that his findings seemed to 

confirm von Faber's view (1914) that the leaf nodule 

symbiont of Pavetta zimmermanniana Val. was, in fact, 

a different bacterium from that present in Ardisia 

crispa A.DC. leaf nodules. 	The morphological differ-

ences between the two, especially when observed in ViVQ, 

were only very slight and for this reason he considered 

that only a species difference was involved. 	Accordingly, 

he suggested that the Pavetta and Ardisia symbionts 

should be renamed Bacterium rubiacearum (von Faber) Miehe  

(originally designated in 1912 by von Faber as 

Mycobacterium rubiacearum) and Bacterium foliicola. Miehe  

(originally named Bacillus foliicola no 	by Miehe 

in 1914) respectivelL.. 

(c) Empf2gthe thesis. 

The literature on leaf-nodule bacteria shows, 

in particular, that the identitiy of the symbiont, or 

symbionts, is in doubt and that the biological signi-

ficance of the association is equally controversial. 
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In this thesis the problem has been re-

approached through a comparative study of the dis-

tribution, identity and biological nature of the org- 

anisms associated with leaf-nodule plants. 	The question 

of nitrogen fixation by some of these organisms, has 

been re-investigated. 

The availability of material has made it 

necessary to restrict the investigations to Ardisia  

crispa of the Myrsinaceae and to Psychotria emetica, 

Psychotria nairobiensis and Pavetta grandfflora of the 

Rubiaceae. 
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2. MATERIALS AND METHODS  

T. Plant species investigated 

Ardisia crispa A.DC. plant material was pro- 

vided by the Royal Botanic Gardens, Kew and by the 

Chelsea Physic Garden. 

Psychotria emetica and Pavetta grandiflora 

plant materials were supplied by the Chelsea Physic 

Garden. 

Psychotria nairobiensis. Brem. plants were 

grown from seed donated by the East African Agricultural 

and Forestry Research Organisation, Nairobi, Kenya and 

the Scott Agricultural Laboratories, also of Nairobi. 

II. Preparation of plant material for microscopical  

examination. 

For the rapid preliminary examination of 

plant tissues for the presence of bacteria, slides 

were prepared as follows:- 

Aqueous suspensions of leaf and bud macerates, 

smeared onto slides and stained by the Kopeloff and 

Beerman modification (1922) of Gram's method, were 

examined microscopically under oil immersion. 
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Because of their woody nature, seeds did 

not lend themselves readily to maceration. 	Hence fresh 

seeds were sectioned by using a freezing microtome. 

Both transverse and longitudinal sections (10µ in 

thickness) were stained by Stoughton's carbol thionin 

Orange G method (1930). 

For the preparation of permanent mounts the 

following methods were adopted:- 

Fresh plant materials were fixed in a mixture 

of Formaldehyde, (10% v/v), Glacial acetic acid, 

(5% v/v), 95% Ethyl alcohol, (50% v/v), distilled 

water, (35% v/v) (T.A.A."). 	Leaves, foliar and 

floral buds were soaked in F.A.A. for 3 to 7 days 

prior to dehydration. 	Because of their woody nature, 

seeds were given 3 to 4 weeks in the fixative. 

For dehydration and wax-infiltration of the 

fixed plant tissues, Johansen's Tertiary Butyl Alcohol 

(T.B.A.) method (1940) was used. 	As fixation had been 

effected in F.A.A. containing 50% ethyl alcohol, partial 
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dehydration had already been accomplished. 	Hence the 

fixed materials were transferred directly to the ap-

propriate T.B.A. solution, which similarly contained 

50% alcohol by volume. 	Plant material was immersed 

in ten times its own volume of the T.B.A. solutions 

and for all plant materials, with the exception of seeds, 

the immersion times specified by Johansen were used; 

double the specified time was used for seeds. 

The plant material was embedded in paraffin 

wax of M. pt. 56°C. 

5 - 10µ thick serial sections (T.S. and L.S.) 

of the plant tissues were prepared using a Cambridge 

rocker microtome. 

Haupt's gelatin method (1930) was employed 

for affixing the serial sections to microscope slides. 

De-waxing of the sections was accomplished 

by immersing the slides for 5 mins. in each of the 

following solutions:- xylol; xylol - absolute ethyl 

alcohol (1 : 1); absolute ethyl alcohol - ether (1 : 1) 
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95%, 70%, 35%, 15%, 10%, 5% ethyl alcohol; distilled 

water. 	Where alcoholic-based stains were used, the 

process was terminated at the 35% alcohol stage. 

A variety of staining techniques were tried 

in an attempt to find the most suitable procedure for 

demonstrating the presence of bacteria in the tissues. 

The criterion, by which a particular staining technique 

was judged, was its ability to give a good differentiation 

of the bacteria within the tissues. 	In each case, the 

same staining technique was applied to a smear from the 

nodular tissue of all plants under investigation. 

The following staining methods were investi-

gated:- 

1) Carbol-thionin - Orange G (Stoughton, 1930). 

This method differed from Stoughton's former method (see 

above) in that the sections were stained in carbol thi- 

onin for 1 hour (instead of 15 mins.). 	Differentiation 

was effected by staining with Orange G for 11 mins. 

2) Safranin - Fast Green method (Modification 

of Corant's Quadruple stain - Johansen (1940)). 

3) Methyl Green - Pyronin (after Conn and 

Darrow (1943)). 
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4) The carbol fuchsin method:- 

The sections were 

(a) stained in 1% carbol fuchsin for 1 min. 

(b) washed in water 

(c) washed briefly in 95% ethyl alcohol 

(d) immersed in a 1:1 solution of 95% ethyl 

alcohol - xylol, prior to clearing in xylol. 

5) Basic Fuchsin - Gentian Violet - Iodine 

method (MacCallum, 1919). 

All permanent preparations were mounted in 

"EuparaV. 

Of the above staining methods Stoughton's 

modified carbol thionin - Orange G method was found 

to give very good results. By this method, the bact-

eria in the plant tissues were stained a red-purple 

colour, which contrasted well against the blue and 

yellow-stained host background. One important ad-

vantage this method possesses over the others is its 

ability to distinguish intracellular bacteria in.plant 

tissues. 	The carbol fuchsin method had the advantage 

of being quick and easy to apply; it was found to be 

a particularly good method for demonstrating the presence 

of bacteria in the "mucilaginous membranes" of the 
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terminal buds and flowers of the plant species under 

study. 	The Basic Fuchsin-Gentian Violet-Iodine method 

was particularly good for staining "bacteroids". 	The 

Safranin-Fast Green method, in addition to giving a 

brilliant differentiation of nodular tissue from the 

surrounding mesophyll cells (staining it red as opposed 

to the green colour of the latter), showed up the nod-

ular bacteria as bright red refractive bodies in the 

nodules. The Methyl Green - Pyronin method did not 

give a good differentiation of bacteria in the plant 

tissues. 	Methods 1), 2), 4) and 5) were adopted. 

III. 	The isolation of bacteria from leaf nodulated  

plants. 

(1) Methods employed for the surface sterilisation 

of plant materials. 

The following methods were used:- 

Mechanical method 

Plant materials were washed, with shaking, in 

several changes (approx. 15) of sterile distilled 

water. 	The volume of water employed for each wash 

was roughly 100 times as great as that of the plant 

materials under investigation. 
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Chew;  a1 methods  

The plant materials were either (a) mechan-

ically shaken in 0.1% HgC12  for 20 minutes, followed 

by several washes (approx. 10) in sterile distilled 

water, or (b) mechanically shaken in 1% Chloramine T 

for 30 minutes followed by approximately 10 washes in 

sterile distilled water. 

(2) Culture media  

Various culture media were tried in an attempt 

to find which was most suitable for the isolation of 

the leaf nodular bacterium. Details of the composition 

and preparation of those culture media are as follows:-

Nutrient agar  

"Oxoid" Nutrient broth No. 2 	25 g. 

"Oxoid" agar No. 3 	10 g. 

Made up to 1 1. with distilled water. pH 7. 

Malt agar 

Malt extract 	30 g. 

"Oxoid" agar No. 3 	20 g. 
Made up to 1 1. with distilled water. pH. 6.L1.. 

Potato dextrose agar. 

Peeled, chopped potatoes (200g.) were 
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immersed in 400 ml. tap water and steamed for 30 mins. 

The resulting suspension was filtered through muslin, 

and the volume of the filtrate was then made up to 

1 litre with tap water. 	Dextrose (10 g.), "Oxoid" 

agar No. 3 (20 g.) and calcium carbonate (1 g.) were 

added to this solution prior to sterilisation. 

Pea extract agar. 

Dried peas (150 g.) were soaked overnight 

in 500 ml. phosphate buffer (pH 7.0) and were then finely 

ground in a blender. 	The minced pea tissue suspension 

was steamed for 1 hour and then filtered and pressed 

through muslin. Any fine grains remaining in the filt-

rate were removed by centrifugation (3,000 r.p.m. for 

20 mins), decanting off the supernatant and filtering 

same through filter paper (Whatman No. 42 grade) on a 

Buchner pump. 	To the filtrate, sucrose ( 20 g.) and 

"Oxoid" agar No. 3 (15 g.) were added, the volume being 

made up to 1 litre by addition of phosphate buffer., 

After sterilisation the pH of this medium was 6.8. 

Leaf-extract agar. 

Approximately 100 leaves* were minced in 

All 4 leaf nodulated plant spp. were used for making 

leaf extract media. 
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250m1,. phosphate buffer (pH 7) in a blender. 	After 

filtering and pressing the leaf suspension through 

muslin and then centrifuging (3,000 r.p.m. x 30 mins) 

to bring down fine sediment, the supernatant was de-

canted off and filtered through Whatman filter paper 

(grade 41) to remove further traces of sediment. 	The 

volume of the filtrate was re-adjusted to 250 ml. by 

addition of further phosphate buffer, the resulting 

solution being filter-sterilised through an "Oxoid" 

membrane filter in a Seitz filtration apparatus. 

A solution of "Oxoid" agar No. 3 (5 g.) 

and sucrose (10 g.) in phosphate buffer (250 ml. at 

pH 7) was sterilised by autoclaving (15 p.s.i. x 15 mins). 

The leaf extract solution was added to this hot solu- 

tion prior to pouring plates. 

"Nitrogen-free" synthetic medium  

All chemicals used in the preparation of this 

medium were "Analar" grade; it consisted of - 

This medium was also employed for certain nitrogen-

fixation experiments. 
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Na2HPOLk  0.25g. 

KH2PO4  0.10g. 

Na2Mo04.2H20 0.01g. 

MgSO4.7H20 0.10g. 

FeSO4.7H20 0.10g. 

MnSO4.5H20 0.01g. 

ZnSO4,7H20 0.002g. 

CuSO4.5H20 0.001g. 

Ca00
3 0.10g. 

Glucose 10g. 

Ion Agar (acid washed) 20g. 

Glass distilled water 1 litre.  

The medium was adjusted to pH 7 prior to 

sterilisation. 	fi ,b-i tcot 	(i(u f 44'e 

Ctivt tsd G"C.,  

.14,410.4 

Since glucose is partly decomposed when auto—

claved in the presence of phosphate, the medium was 

prepared and sterilised without the glucose; a 20% 

(v/v) solution of glucose in glass distilled water 

was autoclaved separately and 50 ml. of this solution 

were added per litre of medium just before dispensing 

for use. 

Except where otherwise stated, all culture 
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media used for bacterial isolation were sterilised by 

autoclaving at 15 p.s.i. for 15 mins. 

(3) Maintenance of cultures  

All bacterial isolates were maintained on 

nutrient agar, being incubated at 25
o
C and transferred 

weekly 

IV. 	Methods used in the characterisation of the bact-

eria isolated from leaf nodulated plants. 

For taxonomic purposes a number of morpholo- 

gical and biochemical tests were performed. 	Observations 

were made at frequent intervals during incubation of 

the cultures and each character was investigated at 

least twice yearly in order to assess its stability. 

Except where specifically mentioned, young 

(24 hrs. old) nutrient agar slope cultures were used for 

the inoculation of characterisation media, the latter 

then being incubated at 25°C (with the exceptions of 

nutrient gelatin stab cultures which were incubated at 
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22°C, and of cultures used in experiments concerning 

the effect of temperature on bacterial growth). 

For sterilisation of characterisation media 

15 p.s.i. for 15 mins. was used unless otherwise stated. 

[A] Morphology and stainiEs=14211s 

(i) Morphology, Gram-reaction and size. 

Air dried, heat-fixed films of young (24 hrs. 

old) nutrient broth and nutrient agar cultures were 

stained by Kopeloff and Beeman's modification (1922) 

of the Gram stain. 

Measurement of the size of the stained organisms 

were made by using a calibrated eye piece graticule. 

(ii) Motility and flagella staining. 

The bacterial isolates were examined for 

motility by the hanging drop method. 

Gray's method (1926) was adopted for flagella 

staining. 
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(iii) Slime and capsule formation.  

The bacterial isolates were grown in slope 

culture on a medium of the following composition:-

peptone, 0.5% w/v; glycerol, 1% w/v; agar, 2% w/v; 

distilled water. 

For the detection of capsular material Duguid's 

Indian Ink method (1951) was used. 

In addition, Anthony's capsule staining method 

(1931) was employed. 

Aerobacter aeroatnes was used as a control. 

(iv) Acid-fast staining.  

The Ziehl-Neelsen method was adopted for 

determination of the acid-fastness of the bacterial 

isolates. 

Mycobacterium 	was used as a control. 

In addition, the bacterial isolates were ex-

amined by von Faber's (1914) method:- The heat-fixed 

bacterial smear was treated with hot Ziehi's carbol 
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fuchsin for 2 - 3 minutes. 	The preparation was 

then washed in changes of 5% H2SO4  (15 seconds), 70% 

alcohol (30 seconds) and finally in water. 

(v) Spore formation. 

3 - 7 day old nutrient agar slope cultures 

of the bacterial isolates were examined for the presence 

of spores by:- 

(a) The heat test. 	A turbid suspension of 

bacteria in sterile distilled water was maintained at 

80°C for 10 minutes, after which a loopful was sub- 

cultured onto a nutrient agar slope. 	The latter was 

incubated at 250C and examined daily over a 7-day per-

iod for the presence of bacterial growth. 

(b) Schaeffer and Fulton's malachite green - 

safranin spore staining method (1933). 

Bacillus subtilis was used as a control for 

both methods. 

[B) 	Growth characters. 

(i) Growth characteris in and on meat-extract 

media. 

The growth characters were determined in 
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nutrient broth ("Oxoid" nutrient broth No. 2, 2.5% w/v; 

in distilled water; pH 7) and on slope and streak-plate 

cultures of nutrient agar. 

(ii) The ability to grow on a "nitrogen-free" 

synthetic medium. 

Streak plates of the bacterial isolates were 

prepared on the "nitrogen-free" synthetic medium and 

were incubated at 25°C. 	Where growth occurred, its 

characters were recorded. 

(iii) Chromogenesis. 

The bacterial isolates were inoculated 

in Georgia and Poe's medium (MgSO4.7H20, 0.1%; K2HPO4, 

0.05%; asparagine 0.3%; distilled water) and then 

incubated. 	The cultures were examined (in daylight 

and under u.v.) at intervals over a 7 day period. 

[C] Physiological characters. 

(i) Anaerobic conditions:- 

Nutrient agar streak plates of the bacterial 

isolates were incubated at 25°C in an atmosphere of 

hydrogen in a McIntosh and Filde's fox. 
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(ii) Temperature:- 

Ability to grow at 4 - 5°C, 15 - 17°C, 20°C, 

2500, 30C, 37 C on nutrient agar slopes was determined. 

The cultures were examined after 2, 4 and 7 days. 

(iii) The influence of pH of the medium on 

growth. 

10 ml. quantities of nutrient broth buffered 

to pH 2.8, 4.4, 5.2, 6.0, 7.0, 7.6, 8.4 and 9.2 were 

inoculated and incubated. 	Growth, assessed in terms 

of turbidity, was exa's_ined visually. 

(iv) The influence of salt concentration on 

growth. 

10 ml. quantities of peptone water (peptone, 

1%; distilled water) containing 0.0, 0.5, 1.0, 2.0, 

5.0 and 10% (w/v) NaCl were inoculated and incubated 

and growth assessed at intervals in terms of turbidity. 

[D] 	Biochemical characters. 

(i) Action on carbohydrates. 

The ability of the bacterial isolates to fer- 

ment a number of different carbohydrates was investi- 

gated. 
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The following carbohydrates were employed:-

Monosaccharides (hexose):- glucose, mannose. 

Disaccharaes:- sucrose, maltose, lactose. 

Alcohols (trihydric):- glycerol. 

It 
	

(hexahydric):- mannitol, sorbitol. 

These substances were incorporated as 1% 

solutions in a peptone water basal medium (peptone, 

1%; NaC1, 0.5%; tap water; pH 7) along with an in-

dicator (bromcresol purple) and a Durham fermentation 

tube. With the exception of glucose (which was auto-

claved at 10 p.s.i. for 10 mins. as a 20% aqueous solu-

tion and then added aseptically to tubes of sterilised 

peptone water-indicator solutions), all carbohydrate 

media were sterilised at 10 p.si. for 10 mins. with the 

carbohydrate  in situ in the tubes. 

In addition to employing peptone water as the 

basal medium for carbohydrate broths, a basal mineral 

salts (peptone -free) solution (S.A.B. Manual of Methods, 

II, 14, 19L14) was also used. 	Lactose and salicin 

were incorporated (as 1% solutions) in this basal med- 

ium. 	Bromcresol purple was the indicator. 
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Carbohydrate cultures were examined daily 

over a 21 day period. 

(ii) Nitrate reduction.- 

5 ml. quantities of nitrate broth (KNO3, 1% 

w/v in peptone water) were inoculated with the bact- 

erial isolates and then incubated. 	7 days after in- 

oculation the cultures were tested for the presence 

of nitrite by the Griess-Ilosvay reagent. 	Production 

of any gas was noted. 

(iii) Action on litmus milk. 

10 ml, quantities of litmus milk ("Oxoid" 

litmus milk powder 10% w/v in distilled water; tubed 

and sterilised at 10 p.s.i. for 5 mins. on 2 succes- 

sive days) were inoculated and incubated. 	Cultures 

were examined at intervals over a 21 day period for any 

changes in the appearance of the medium. 

(iv) Gelatin hydrolysis. 

10 ml. quantities of nutrient gelatin ("Oxoid" 

nutrient gelatin 13% w/v in distilled water) were stab 

inoculated with the bacterial isolates. All cultures 

were incubated at 22°C, and examined at intervals over 

a 21 day period. 
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(v) Indole production 

10 ml. quantities of tryptone broth (1% w/v 

"Oxoid" tryptone in distilled water) were inoculated 

and incubated for 7 days. 	The cultures were then 

tested for indole. 

(vi) Catalase production 

A loopful of bacterial growth from a 24 hr. 

old nutrient agar slope culture was added to 1 drop of 

"10 vol" H202 solution. 	The formation of gas bubbles 

is a positive indication that the isolated bacterium 

has produced catalase. 

(vii) Starch hydrolysis. 

Plates of starch agar (0.2% w/v soluble starch 

added to nutrient agar before sterilisation) were streak-

inoculated with the bacterial isolates. After 7 days 

incubation, the plates were tested for hydrolysis of 

starch by the usual iodine stain. 

(viii) Voges-Proskauer (V.P.) and Methyl red 

(M.R.) tests. 

5 ml. quantities of glucose-phosphate-peptone 

broth (peptone, 0.5% w/v; K2HPO4, 0.5% w/v; glucose 
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0.5% w/v; distilled water; pH 7.5) were inoculated 

(2 tubes/bacterium) and incubated. 

After 5 days the V.P. and M.R. tests were 

performed. 

The V.P. test was carried out according to 

01 Meara's method (1931). 

The M.R. tests was performed by the addition 

of 5 drops of 0.04% methyl red solution to the cul- 

tures. 	The development of a magenta-red colour is 

regarded as a positive result. 

(ix) Oxidase test. 

The oxidase test was carried out according 

to Kovac's method (1956). 

(x) Aerobic versus anaerobic utilisation of 

glucose. 

The method of Hugh and Liefson (1953) was 

used. 
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(xi) Liquefaction of pectate gel. 

Dowson's modification (1957) of Wieringa's 

method (1949) was used. 

After inoculation the plate-cultures were 

incubated at 25°C, being examined for liquefaction at 

3, 7, 14 and 21 days. 

Bacillus polymlxa was used as a control. 

V 	Fluorescent antibody technigap.a 

(1) 	Preparation of antisera. 

As no facilities for the preparation of anti-

sera were available in this Department, these were 

kindly prepared by Dr. A. M. Paton of the University 

of Aberdeen and by Mr. K. Bettelheim of the Central 

Public Health Laboratories, Colindale, N.W.9. 

Washed suspensions (4 x 108 cells/ml) of 24 

hour old nutrient agar 	or, where appropriate, 

"N2-free" synthetic agar -, slope cultures of the bact-

eria were made up in physiological saline and were then 

either - 

(a) ultrasonically disintegrated and heat 

treated at 63°C for 30 mins. (the method used by Paton) or 



Time Amount of ultrasonically 
(days) 	disintegrated Inoculum 

(ml) 

	

1 	4.0 

	

8 	4.0 

	

15 	4.0 

	

21 	BLEED 
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(b) formolised for two days by the addition 

of formalin (0.3% v/v) to the suspension.(the method 

adopted by Bettelheim). 

- prior to intravenous injection of rabbits. 

After drawing off blood samples (for use 

in the preparation of non-immune sera), one of the 

following immunization courses was given:- 

Course "a"  
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Course "12  

•••••ansig( 

Time 	Amount of Formolised 
days) 	Inoculum 

(ml) 

	

1 	0.5 

	

4 	1.0 

	

9 	 2.0 

	

14 	4.0 

	

21 	BLEED 

Non-immune and immune antisera were prepared 

(from pre- and post-immunization blood samples respect-

ively) by allowing the blood samples to clot, decanting 

off and serum and then centrifuging to remove the re- 

()rmaining red blood cells. 	Dreyer's method was employed 

for investigating the antibody activities of the antisera. 

(2) 	Subsequent treatment of the antisera. 

Each antiserum prepared by course nau was 

adjusted to pH 7.1 by dialysis against 0.02M phosphate 

buffer. 	Such a solution, henceforth referred to as an 

"Unlabelled specific antiserum", was employed only in the 

Indirect ("Sandwich") Method of staining. 
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One antiserum was prepared by course"b" and 

this was used, after further treatment, in both the 

Direct and Indirect Methods of Staining. 	The crude 

d'-globulin fraction (which contains the antibody active 

proteins) was precipitated from the antiserum by over-

night dialysis against a large volume of half-saturated 

ammonium sulphate solution (Cohn et al, 1.940). 	By 

using this method sudden changes in the composition of 

the protein solution are avoided, with a consequent re-

duction in the co-precipitation of other protein ffac- 

tions. 	After centrifugation, further purification of 

the "-globulin precipitate was effected by washing in 

three changes of half-saturated ammonium sulphate.solu- 

tion. 	The precipitate was then dissolved in physiolog-

ical saline and dialysed against several changes of 

physiological saline until all the ammonium sulphate 

had been removed. 

At this point, thee-globulin solution was 

divided into two equal portions, one of which was then 

adjusted to pH 7.1 by dialysis against 0.02M phosphate 

buffer; such a solution, henceforth designated as an 

"unlabelled specifi antibody", was set aside for sub-

sequent use in both the Direct and Indirect Methods of 

Staining. 
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The remaining portion was conjugated with 

fluorescein isothiocyanatoz (F.I.T.0.) prior to use in 

the Direct Method of Staining. 	Conjugation was carried 

out as follows:- 

The 6--globulin solution, adjusted to pH 9 by 

dialysis for one hour against 0.5M carbonate-bicarbonate 

buffer (NaHCO3, 3.7g; Na2CO3  anhydrous, 0.6g; distilled 

H20, 100 ml; pH 9), was filtered to remove insoluble 

matter, and then the volume of solution was re-adjusted 

to the original serum volume by addition of carbonate-

bicarbonate buffer. 

An approximate estimation of the protein con-

centration of the solution was obtained by measuring the 

optical density at 280 mµ in a lcm. cell and then divid-

ing the reading obtained by the factor 1.24 (Goldstein 

et al., 1961; lmg protein/ml ; 0.D. of 1.24). 

Rinderknecht's conjugation method (1960) was chosen for 

antibody-labelling, a quantity of F.I.T.C. dispersed 

(Li% w/w) on diatomaceous earth being added to the solu-

tion, which was then stirred for 30 mins. at room temp- 

erature. 	The quantity of dye required for optimum 

Obtained from B.D.H., Ltd., Poole, Dorset. 
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fluorescent labelling (i.e. that quantity which gives the 

correct number of F.I.T.C, molecules/molecule antibody) 

will vary from one serum to another, depending on the 

antibody concentration of the serum. 

When conjugation is complete, the reaction 

mixture contains several unwanted components (e.g. buffer 

salts, hydrolysed F.I.T.C. and other fluorescent sub-

stances which may have been present in the original 

dyestuff or formed during the course of the reaction) 

which, if not removed, could cause non-specific staining 

of microscopical preparations; these substances, re-

ferred to collectively as unreacted fluorescent material 

(U.F.M.), were removed by gel filtration through 

"Sephadex" (Porath and Flodin, 1959); the mixture was 

centrifuged and the supernatant allowed to soak into a 

column (2.8 x 18cm) of "Sephadex G 100" previously 

equilibrated to pH 7.5 with 0.02M phosphate buffer. 

The column was then developed with phosphate buffer and, 

as the solution descended, two bands separated, the 

faster of which was the fluorescein-conjugated antiserum. 

After collection of the conjugate, U.F.M. was removed 

from the column by elution with more buffer. 	The 
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conjugate was rendered free of "Sephadex" by filtra- 

tion through an "Oxoid" membrane filter. 	Such a 

conjugatedff-globulin solution is henceforth referred 

to as a "labelled specific antibody". 

An average value for the degree of conjuga-

tion was obtained by measuring the dye and protein con-

centrations of the labelled specific antibody - in terms 

of optical densities - in a spectrophotometer (see 

Fothergill, 1962). 	When carrying out the optical den-

sity measurements, in order to minimise the risk of 

fluorescence interfering with optical density, the 

sample under investigation was diluted with 0.02M phos-

phate buffer to 160 of the original serum concentra- 

tion. 	Dye concentration was determined from the op-

tical density at the wavelength of maximum absorption 

(kmax) of the dye component; for F.I.T.C. conjugates 

this is 495mil. 	Protein concentration was determined 

after measuring the optical density at an absorption 

peak of 280mµ. 	From the readings obtained, the ratio 

of dye:protein in the purified labelled antibody was 

calculated, and for the bacteria under investigation 

a ratio of approximately 0.5:1 was found to be satis-

factory. 
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(3) 	Staining methods  

(i) Direct Method (cf. Coons and Kaplan, 1950) 

Microscopical preparations were methanol-

fixed, dried, and then covered with two drops of labelled 

specific antibody. 	The slide was placed on a moistened 

filter paper in a petri dish (to prevent drying) and 

staining allowed to proceed for 30 minutes at room 

temperature. 	The antibody solution was then poured 

off and the preparation washed in two or three changes 

(3 to 5 minutes each) of phosphate buffered saline 

(pH 7.1) prior to microscopical examination. 

The "blocking test" (Mellors, 1959), which 

was employed as a control, was carried out in an almost 

identical manner to the above. 	It differed in that the 

control microscopical preparations were treated with 

unlabelled specific antibody prior to the application 

of labelled specific antibody. 

(ii) Indirect ("Sandwich") Method 

Paton's modification (personal communication; 

method awaiting publication) of Weller and Coons (1954) 

method was used. 
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Acetone fixed microscopical preparations were 

treated for 10 minutes with dimethylformamide solution 

and then washed for 10 minutes in phosphate buffered 

saline (pH 7.1). 	Unlabelled specific antiserum (or, 

in one case, an unlabelled specific antibody) was 

then applied, being allowed to act for 15 minutes, 

before the preparations were washed for 30 minutes 

in phosphate buffered saline (pH 7.1). 	Labelled anti- 

globulin serum ("Difco" freeze-dried goat anti-rabbit 

serum conjugated with fluorescein) was applied and 

allowed to act for 15 minutes. After washing for 

15 minutes in further buffer, the preparations were 

counterstained for 5 minutes with Aluminium-chelated 

Eriochrome Black T.* Excess counterstain was removed 

from the preparations by rinsing in phosphate buffered 

saline for 10 minutes. 

In the control microscopical preparations an 

unlabelled non-specific antiserum (i.e. an antiserum 

prepared against a different bacterial species from 

Chelated with aluminium by the method of Hall and 

Hansen (1962). 
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the one under investigation and not conjugated with 

F.I.T.C.) was included as the middle layer of the 

"sandwich". 

(4) 	Examination of microscopical preparations. 

The microscopical preparations were mounted 

in glycerol-saline (90% v/v glycerol; 10% v/v saline) 

and examined by UV/Blue light with a Reichert Zetopan 

Fluorescence Microscope, using a glycerol immersion 

100 x UV stopping lens and 8 x eyepiece. 

VI Materials and methods employed in the nitrogen fixa-

tion studies. 

(1) Culture media  

Chemically defined culture media, prepared 

exclusively from "AnalaR" grade chemicals, were employed. 

The following culture media were used:-

(a) "Nitrogen-free" solid synthetic medium 

The composition and preparation of this 

medium have been described under section III (2) of 

"Materials and Methods". 
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(b) "pitrogen-free" liquid synthetic medium 

Contents and method of preparation as for 

(a), but omitting the ion agar. 

(c) Casein-supplemented synthetic medium 

Contents and method of preparation as for 

(a), but with the addition of 0.2% w/v vitamin-free 

casein hydrolysate prior to sterilisation. 	This 

medium was employed in certain preliminary nitrogen-

fixation investigations. 

Strict precaltions were taken to ensure that 

all the glassware used in those investigations was nit-

rogen-free. 

(2) Analytical methods  

(a) The micro-Kjeldahl method 

In preliminary experiments on nitrogen fixa- 

tion, all nitrogen analyses were carried out by the micro- 

Kjeldahl method. 	The catalyst employed in the digestion 

was a copper sulphate-selenium dioxide mixture. 	1% (w/v) 

boric acid was used as absorbent in the final distillation 
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and N/50 hydrochloric acid was employed as titrant. 

Because it gives a very distinct end-point, the Bromocresol 

Green-Methyl Red mixed indicator method of Ma and 

Zuazaga (1942) was adopted. 

(b) The use of isotopic nitrogen. 

1 Preparation of atmospheres  

Isotopically labelled atomospheres of the 

following composition were prepared and stored in bulbs 

of 1 litre capacity:- 

Atmosphere I. Atmosphere II. 

Nitrogen (containing 31.3 
ato 
5
m % of excess 

Ni) 

Oxygen 

Argon 

79.6% (v/v) 	58% (v/v) 

	

20.4% 11 
	

20% 11 

	

0.0% 
	

11 
	 22% 

	
It 

The apparatus used (see Fig. I) was of pyrex 

glass construction throughout, all movable connections, 

such as those between the gas generation unit and the 

vacuum line, being made by the use of greased standard 

ground-glass joints. 

For the sake of simplicity, the preparation 

of Atmosphere I will be described; 	the preparation 
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of Atmosphere II follows on a completely analogous 

basis. 

Pure nitrogen gas was prepared by the action 

of sodium hypobromite on N15-enriched ammonium sul- 

phate. 	The resulting oxidation takes place quan-

titatively according to the equation:- 

2NH
3 
+ 3Na0Br = N2 + 3NaBr + 3H20 

The appropriate quantity of labelled ammon-

ium sulphate ( 1.15g.) was weighed out, dissolved in 

water, and transferred quantitatively to flask 'A' of 

the nitrogen generation unit. 	Into flask 'B'was 

poured a calculated volume (25 ml) of freshly prepared 

alkaline hypobromite (80 ml air-free distilled water 

containing 20g. sodium hydroxide, cooled, and shaken 

with 8 ml. liquid bromine; 1 ml. of this solution is 

sufficient to oxidise 25 mg. of ammonia to nitrogen.). 

Both component flasks were cooled in solid carbon di-

oxide/methanol mixture until their contents were frozen 

solid. 	The gas generation unit was then assembled and 

fitted to the vacuum line. 	The cold trap was surrounded 

with liquid nitrogen and flasks and contents completely 

evacuated. After approximately 15 minutes the contents 
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of both flasks had melted (and by now were adjudged 

to have degassed sufficiently), when they were shut off 

from the main vacuum line. 	The hypobromite solution 

was then gradually added to the ammonium solution by 

rotating 'B' around the ground-glass joint. 

At this stage the liquid nitrogen surrounding 

the trap was replaced by liquid oxygen, which served to 

condense impurities such as nitrous oxide, ammonia, bro-

mine and water, without condensing any of the nitrogen 

being generated. 	The nitrogen produced was completely 

transferred by means of a Toepler pump C to a previously 

evacuated storage bulb D, the pressure being read off 

on the attached manometer. 

Pressure of nitrogen (cm. Hg.) = Initial reading 

- final reading. 

Assuming Charles Law to operate over the vol-

ume of the storage bulb and the associated dead space, 

it is now a relatively simple procedure to make up the 

gas mixture according to the desired proportions. 	If 

the tap at the top of the Toepler pump is used as a ref- 

erence, gases may be added through it in amounts according 
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to the ratio of the pressures required (this ratio being 

the same as that of the ratio of volumes of gas at N.T.P.) 

provided a constant total volume is maintained (as "de-

fined" by the Toepler pump tap). 

Thus, in the case of Atmosphere I, the follow- 

ing manometer readings were obtained:- 

Pressure of Nitrogen = 76.2 - 2003 = 55,9 cm. Hg. 

'1 
	

" Oxygen = 20,3 - 600 = 14.3 cm, Hg. 

From comparison of these relative pressures at constant 

volume, it follows that the composition of the mixture 

is: 

Nitrogen 79.6% (v/v) 

Oxygen 	20.4% 

Oxygen and Argon gases used in the preparation 

of Atmospheres were obtained directly from commercially 

supplied cylinders. 

The main difficulty in this method was in 

making sure that a gas, once in the storage bulb, did 

not diffuse back into the Toepler pump and thus be dis- 

carded along with any excess gas. 	This was avoided by 
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ensuring that all the gas in the Toepler pump was added 

to the storage bulb. 	Care was also taken to ensure 

that the amount of gas in the Toepler pump was not 

more than that required to increase the total pressure 

above the desired figure. 	This was avoided, as far 

as possible, by always adding less gas than the ex-

pected amount and by making the additions progressively 

smaller as the final pressure figure was approached on 

the manometer. 

2 Method of exposing bacterial suspensions  

to isotopically labelled atmospheres. 

The type of flask used for exposing bacterial 

suspensions to isotopically labelled atmospheres was 

similar to that reported by Stevenson (1958), It 

was of 300 c.c. capacity and is illustrated in Figure II. 

Labelled atmospheres were introduced into the 

exposure flask by using the apparatus as illustrated 

in Figure III. 	The system consisted of the storage 

bulb A (containing a labelled atmosphere), which was 

connected to the exposure flasks B by an adaptor and to 

a Toepler pump C by a three-way tap. The Toepler pump 

was furt'.er connected by a three-way tap to the main 
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vacuum line and to air. 	Gas pressures were measured 

by a mercury manometer. 

After the exposure flask had been completely 

evacuated, the labelled atmosphere from the storage 

bulb was transferred to each flask in turn via the 

Toepler pump. 

Figure IV shows the type of apparatus which 

was devised and employed for introducing a bacterial 

suspension into an exposure flask containing a labelled 

atmosphere. 	By using such a system the bacterial 

suspension can be delivered into the exposure flask 

under aseptic conditions, whilst, at the same time, 

leakage of labelled atmosphere from the flask is pre- 

vented. 	The separating funnel and T- piece, first 

plugged and sterilised (10p.s.i. x 10 mins.) were con-

nected up aseptically to the exposure flask, taps A, B 

and C all being in the "closed" position. 	The bacterial 

suspension was then poured into the separating funnel 

under aseptic conditions. 	With the T- piece three-way 

tap in the position as indicated (Fig. Iv ), the 

region between taps A and B and the water pump was 

evacuated. The T- piece three-way tap was then turned 

through 180°, thereby isolating the system from the 
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water pump. 	On opening tap A, the bacterial sus-

pension flowed down and filled the tube as far as tap B. 

The latter was then opened, thus allowing the suspen- 

sion to flow into the exposure flask. 	Suspension 

flow ceased when approximately 100 c.c. had entered the 

flask, due to a pressure-equilibrium being set up bet-

ween the exposure flask and the head of suspension. 

Enough suspension (150 c.c.) was poured into the separat-

ing funnel beforehand to ensure that sufficient remained 

in the funnel and in the tube at equilibrium condition. 

This safeguarded against leakage of labelled atmosphere 

into the surrounding atmosphere and vice versa. 	Due 

to the head of liquid, the gas pressure in the exposure 

flask was slightly in excess of atmospheric pressure 

1% higher). 	Tap B was reclosed, the exposure 

flask removed and the culture mechanically shaken at 

2500 for a fixed amount of time. 

Method of detecting nitrogen enrichment 

in samples. 

A small quantity of the labelled atmosphere 

was drawn off from the experimental flask by using the 

same method and apparatus as was previously employed for 

introducing the atmosphere into the experimental flask. 
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The gas sample, collected in a Thunberg tube attached 

to the apparatus (see Fig. III) at the location pre-

viously occupied by the atmosphere storage flask (A), 

was then analysed in the mass spectrometer. 

When carrying out a micro-Kjeldahl total nit-

rogen analysis of a bacterial suspension which had 

been exposed to an isotopically-labelled atmosphere, a 

slightly modified procedure from the one reported ear- 

lier (see Section VII (2) (a)) was adopted. 	In 

Kjeldahl digestions it is normally sufficient to heat 

the acid-digest for only two hours after the contents 

become colourless. 	Incomplete digestion, however, 

may lead to the formation of methylamine (CH3NH2), 

which can be ionised in the mass spectrometer to CH3N+, 

of mass number 29. 	This would interfere with the 

determination of 15N abundance, since the 28 and 29 peaks 

are measured for this purpose. 	To safeguard against 

this, the samples were digested for eight hours after 

the contents had become colourless. 	Ammonia, liberated 

from the samples by steam distillation under alkaline 

conditions, was collected in 5 ml. of nitrogen-free 

water. 	Two drops of 0.2% Bromocresol Green indicator 

(chosen since it does not contain nitrogen) were added 
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to the latter, which was then back-titrated against 

N/50 hydrochloric acid. 	Upon reaching the end-point, 

2 ml. excess acid were added to the titrated sample, 

which was then concentrated down to 3 ml, 

Nitrogen was regenerated from this solution 

by the action of sodium hypobromite; the apparatus used 

for this purpose, and also for admitting gas samples 

into the mass spectrometer, is illustrated in Figure r`. 

A Rittenburg tube, containing sodium hypobromite (3 ml.) 

in one arm and the concentrated sample (3 ml.) in the 

other, was connected (by a greased ground-glass joint) 

to the mass spectrometer line at inlet 'A'. 	When the 

two solutions had been outgassed under low vacuum 

(10-2  mm. Hg produced by the oil pump), the Rittenburg 

tube tap was closed and the solutions were then frozen 

by immersion in a slurry of solid carbon dioxide in meth- 

anol. 	The mercury diffusion pump (backed by the oil 

pump) was then used to produce a hard vacuum (106mm. Hg) 

in the system. 	On re-opening the Rittenburg tube tap, 

the two frozen solutions were thus subjected to a high 

vacuum, which completed the outgassing process. 	After 

reclosing the Rittenburg tube tap, the frozen solutions 

were thawed out and then mixed by rotating the tube 
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around the ground-glass joint at 'A'. 	The nitrogen 

thus liberated was transferred by the Toepler pump B 

into the portion D of the vacuum line behind the leaks 

(F). 	When the pressure in this section was at a suit-

able level (1 to 3 cm. of mercury), that portion E 

between the leak and the mass spectrometer tube was iso- 

lated. 	The leak was then opened and the gas sample 

was released slowly into E and thence into the mass 

spectrometer tube. 	Once a steady flow of gas was 

visible through the leak - as observed by a Tesla dis-

charge - the peaks corresponding to ions of mass number 

28 and 29 were tracked and their heights measured. 

After corrections for zero and peak residuals the per-

centage of 15N in the sample was readily determined by 

application of the equation: 

%15N = 100  
Peak Ht 28 

(2x 

	

	 x S) + 1 Peak Ht 29 
S is the shunt ratio required to bring the peak heights 

to the same order of magnitude. Percentage enrichment 

was obtained by deducting natural abundance of 15N(0.38%) 

from each value. 
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3. 	EXPERIMENTAL AND RESULTS.  

PART 1. 

THE DISTRIBUTION OF BACTERIA IN LEAF NODULATED PLANTS  

Description of leaf nodules  

The leaf nodules of A. crispa (Fig. VI) are 

arranged in a regular fashion along the crenated margin 

of the leaf. 	They are present on every leaf (including 

those of the terminal bud) and are most readily obser-

ved on the ventral surface of the leaf edge, where their 

dark green colour contrasts well against the paler green 

undersurface of the leaf. 	In length they range from 

0.5 to 3mm., in breadth from 0.5 to 1.5 mm. 	A large 

number of pink-pigmented areas are also noticeable scat-

tered over the leaf surfaces; these are particularly 

numerous in young leaves, a high proportion being found 

both in the region of the nodules and in the petiolar 

region. 

On leaves of Psy. emetica (Fig. VII), ay. 

nairobielIsis (Fig. VIII) and P. grandiflora (Fig. IX) 
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FIG.VI 	Ardisia crisps. Ventral surface of 
leaf showing the distribution of nodules. 

FIG. VII 	Paychotria emetics. Ventral surface 
of leaf showing the distribution of nodules. 
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FIG.VIII 	Psychotria nairobiensis. Ventral 
surface of leaf showing the distribution of nodules. 

FIG. IX 	Pavetta grandiflora. Ventral surface 
of leaf showing the distribution of nodules. 
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the nodules are very numerous and on all leaves are 

scattered irregularly over the surface. 	Many nodules 

are found to occur on small veins, but an approximately 

equal number show no visible attachment to the vascular 

system. 	A remarkable feature of nodule distribution 

on leaves of these species is that the number of nod-

ules on one side of the leaf midrib closely approxi- 

mates (± 1%) to the number on the other side. 	Each 

nodule extends from the dorsal to the ventral surface 

of the leaf and, in dimension, ranges from 0.5 to 5 mm. 

in length by 0.5 to 2 mm. in breadth. 	As with A. crispa, 

each nodule of these species is more readily observed 

on the ventral than on the dorsal surface of the leaf. 

Serial sections of the following plant tissues, 

prepared and stained using the methods described under 

section II of "Materials and Methods" were examined 

microscopically both under low (x 30 objective) and 

high (x 95 oil immersion) power:- 
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MYRS I NACEAE 

Ardisia crispa  

(a) Leaf nodules of various ages. 

(b) Non-,modulated regions of nodulated leaves of 

various ages. 

(c) Terminal Buds. 

(d) Inflorecconcep 

(e) Fruits. 

(f) Mature Seeds. 

(g) Germinating Seeds. 

RUBIACEAE  

Psychotria emetica 

As for A. crispa, with the exceptions that, 

due to lack of plant material, inflorescences, mature 

seeds and germinating seeds were not studied. 

Psychotria nairobiensis  

As for A. crispa. 

Pavetta grandiflora.  

As for A. crispa, with the exceptions that, 

due to lack of plant material, mature seeds and germ-

inating seeds were not investigated. 
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For the purposes of convenience and simplicity 

each plant has been considered separately, and the re-

sults obtained were as follows:- 

MYRSINACEAE. 

Ardisia crispa  

(a) Leaf nodules of various ages  

Old leaf nodules (i.e. those found on well- 

established leaves), when viewed under low power (L.P.) 

were found to be set in the spongy mesophyll. 	A layer 

of long, brick-shaped cells of about three to four 

cells depth was found to be surrounding the nodule. 

The inner layers of this "sheath" contained a number of 

pigmented cells, and similar cells were found to occur 

in abundance in the palisade and spongy mesophyll. 

Cells comprising the sheath appeared to be stretched 

to surround the nodule. 	Each nodule was supplied 

with a vascular bundle which terminated in the "sheath". 

The nodular tissue itself consisted of loosely 

packed "mucilaginous packets" (Fig. X). 	Remnants of 

broken cell walls could be seen amongst these "packets" 
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and, from this, it was concluded that the "packets" 

represented the products of broken down cells. 	No 

plant cellular structure was evident within the nodule 

and the "packets" were not arranged in any definite 

pattern. 

Under high power (H.P.) the mucilaginous 

packets were seen to contain very large numbers of highly- 

refractile bacterial cells. 	These were difficult to 

stain effectively, for they took up the stain much more 

strongly in some regions of the cell than in others. 

Whilst areas within each cell remained unstained, the 

poles of the cell were always stained. 	Carbol thionin- 

Orange G was found to be the most suitable stain for de-

monstrating the presence of bacteria within the nodules. 

Nodular baoteria were of most bizarre shapes, all of 

which were variations of rods. 	They bore a strong mor- 

phological resemblance to the "bacteroids" of Leguminosae 

root nodules and in the leaf tissues were confined to 

the mucilaginous packets of the nodule (Fig. XI). 

"Middle-aged" leaf nodules (i.e. those present 

on leaves arising at the 3rd or 4th node below the 



FIG. X 	Ardisia crispa. T.S. old leaf nodule 
[Carbol thionin - Orange G. 	x 120] 

FIG. XI 	Ardisia orispa. Bacteroids present 
in the mucilaginous packets of an old leaf nodule. 

[Carbol thionin - Orange G. 	x 1520] 
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terminal bud) were seen, under L.P., to be surrounded 

by a sheath (three to four cells deep) of brick-shaped 

cells, some of which were heavily pigmented. 	Once 

again (cf. old nodule) a vascular bundle was always 

found to be attached to the nodule via the sheath. 

Unlike old nodules, middle-aged nodules con-

tained a large number of loosely packed plant cells. 

These differed markedly from the surrounding mesophyll 

cells, being a good deal smaller than the latter. 

Nodular plant cells were relatively thick-walled (i.e. 

as compared with mesophyll cells) and were very tightly 

packed at the nodule periphery. 	They increased in size 

towards the centre of the nodule, where they were more 

loosely packed and interspersed with mucilaginous 

packets. 	The nodular cells were quite irregular in 

shape and arrangement (Fig. XII). 

Of the stains employed, Carbol thionin-Orange G 

and Safranin-Fast Green - Orange G were found to be the 

most suitable for demonstrating the presence of bact- 

eria within middle-aged nodules. 	H.P. examination of 

nodular tissues revealed the presence of very many 
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"bacteroid" - type cells. 	The latter were embedded 

in a mucilaginous matrix which penetrated between the 

plant cells present in the nodules; they were irregular 

shaped rods, which occurred singly and were difficult 

to keep in focus (Fig. XIII). 	Some of these bacterial 

cells also appeared to be present inside the plant cells 

of the nodule. 	There seemed to be a few, more typical, 

rod-shaped bacteria between the mesophyll cells out- 

side the nodule. 	Unlike the "bacteroids" characteris- 

tic of the leaf nodules, these bacteria were slightly 

longer and thinner (1 - 3.5p. x 0.5µ as opposed to 1.5 -

2µ x 1.2 - 1.5µ for "bacteroids") and stained evenly. 

Within the tissues similar staining "bodies" were seen 

to be surrounding the numerous chloroplasts of the 

palisade mesophyll cells; but whether or not these 

*bodies" were bacteria could not be ascertained. 

Young leaf nodules (i.e. those present on leaves 

arising immediately blow the terminal bud) were almost 

entirely enclosed in the spongy mesophyll, and comprised 

much smaller, thicker-walled, and more closely packed 

cells than the surrounding mesophyll tissues (Fig. XIV). 

The outer layers of the nodule consisted of small plant 

cells, the cell size increasing towards the centre of 
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FIG. XII 	Ardisia crisk. Middle-aged leaf nodule. 
rUnstained 	x 160] 

FIG. XIII 	Ardisia crispa.  Bacteria present in 
the mucilaginous masses between the plant cells of 
a middle-aged leaf nodule. 

[Safranin - Fast Green - Orange G. 	x 1520] 
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the nodule. 	Pigmented plant cells were numerous around 

the nodule, but only few appeared to be inside the nod-

ule. 

A definite layer of cells was in the process 

of formation at the periphery of the nodule, and a 7as-

cular bundle served the nodule via this developing 

sheath tissue. 

Staining with Carbol thionin - Orange G, 

failed to reveal any bacteria in the nodules, but there 

were indications that bacteria were washing out of the 

sections onto the slide, for large numbers were obser-

ved in the vicinity of the sections under examination. 

The combination Basic fuchsin - Gentian Violet - Iodine 

was found to be very suitable for staining these bact-

eria, and the following observations were made when the 

sections were examined under H.P. after staining by this 

method:- 

In the vicinity of every section examined 

a large number of rod-shaped bacterial cells had been 

washed out of the sections onto the slides. 	Such 

bacteria were not confined solely to the area on the 
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slide immediately surrounding a nodule, but appeared 

to have been washed out from the entire section (i.e. 

leaf mesophyll tissues included); they.fell off in 

concentration with increasing distance from the sec- 

tion. 	Two distinct types of bacteria, both of which 

were rod-shaped, were present in this bacterial film 

(Fig. XV). 	Type 1 consisted of large (1.5 - 2µ x 

1.0 	1.5µ), slightly curved, swollen, irregularly 

shaped cells; they occurred mainly in pairs, but a few 

single forms were also present. 	These rods stained 

unevenly, had a striated appearance, and were seemingly 

surrounded by a mucilaginous film; they corresponded, 

both in dimensions and in staining characteristics, to 

the bacteria as seen in old and middle-aged nodules. 

The cells of type 2 were more variable in length and 

much thinner than those of type 1 (1 - 3µ x 0.5µ). 

Whilst they were not as intensely stained as the cells 

of type 1, they likewise stained irregularly, being 

more strongly stained at the poles than elsewhere in 

the cell. 	They were mainly arranged singly, but a 

certain number occurred as pairs of cells joined end to 

end. 	Cells of type 2 were slightly curved. 
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FIG. XIV 	Ardisia crispa. Young leaf nodule. 
[Carbol thionin - Orange G. 	x 160] 

FIG. XV 	Ardisia crispa. Showing the two types 
of bacteria which were washed out of sections of 
young leaf tissues (containing a nodule) onto the 
surrounding areas of the slide. 
[Basic fuehsin- Gentian Violet-Iodine 	x 1520] 
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Under H.P., the plant cells of the nodule 

appeared to contain large numbers of the "bacteroid" 

type cells (type 1), which were also present in abundance 

in the small spaces between such cells. 	It was not 

easy to ascertain whether rods of type 2 were present 

in the nodules, since they were much more refractile 

and thus, if present, would tend to be masked by the 

cytoplasm of the nodular cells, which, when stained, was 

a similar colour. 	Both types of bacterial cell appeared 

to be present in profilic numbers both inside and outside 

nearly all the mesophyll cells of the leaf (Fig. XVI). 

Since many bacteria of both types had washed out of the 

sections during manipulation, it is not possible to affirm 

definitely whether those seen within the plant cells are, 

in fact, truly intracellular in nature. 

Very young leaf nodules  (i.e. those present 

in the outer leaves of the terminal bud) were made up 

of numerous, minute, thin-walled, closely packed cells. 

The latter were set in the spongy mesophyll. 	No "sheath" 

layer had as yet been formed. A few pigmented plant 

cells, rather haphazardously arranged, occurred both 

within and without the developing nodule. 
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FIG. XVI 	Ardisia crispa. Showing the two types 
of bacteria present inside cells of the mesophyll 
tissues. 
[Basic ftehsin - Gentian Violet - Iodine 	x 1520] 
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Preparations stained by the Carbol thionin 

- Orange G method, when viewed under H.P., were found to 

harbour highly-refractile bacterial rod-shaped cells; 

these were mostly concentrated between the spongy meso-

phyll cells in the region of the developing nodule. 

The whole tissue was seemingly permeated by these bact-

eria, which resembled the type 2 - rods seen in young 

nodule preparations. 

(b) Non-nodulated regions of nodulated-leaVeS  

Microscopical examination of leaf tissue sec-

tions_which contained young leaf nodules had revealed 

the presence'of.many,bacterial cells within the non- 

nodulated regions of the mesophyll tissue. 	But, as 

many similar bacteria had been found in the area on the 

slide immediately surrounding such preparations, it was 

not possible to reach a definite conclusion as to whether 

these bacteria did, in fact, occur naturally in the meso-

phyll tissues or had merely been washed out from the 

nodule into such tissues during the handling of the pre - 

paration. 	Accordingly, leaves in various stages of 

development were taken and from each a segment was cut 

which did not contain any nodules. 	Each segment, sec-

tioned and stained by the same methods as had been adopted 
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for nodule-containing tissues, was examined microscop-

ically, when bacteria were observed only in the meso-

phyll tissues of young leaves; these bacteria were of 

type 2, were very few in number and, once again, some 

had been washed out of the sections onto the areas of 

the slide surrounding the sections. 

(c) Terminal buds.  

In examining the terminal buds, use was made 

of two staining methods, each having its respective ad- 

vantages. 	The general picture, as seen when either of 

these methods was employed, was as shown in Figs. XVII 

and XVIII. 

Longitudinal sections of buds, stained in 

1% Carbol fuchsin, were found to contain a mottled, 

pink-staining mucilaginous film, which enveloped all the 

primordial leaves on the stem apex. 	Fragments of this 

film were also found on the surfaces of the more mature 

leaves of the bud. 

Under H.P. the mucilaginous film was seen to 

be well supplied with closely-bunched bacteria and rarely 



ARDISIA CRISPA terminal bud  

Eldest leaves of bud 

Vascular bundles 
	Mucilaginous masses 
containing bacteria 

Younger leaves of bud 

Young primordia 

Meristematic tissue 

	Stem tip 

	Vascular bundle 

ftbrenchymatous cells 

FIG. XVII 
Ardisia crispa. 
L.S. terminal bud 
(diagrammatic 
representation) 

Bacterial film in black 

FIG. XVIII 
Ardisia crisia. 
L.S. terminal bud 
[15 Carbol fuchsin 

x 30] 
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were bacteria observed to occur outside this film. 

Only one type of bacterial rod was found and this ap- 

peared to be an intermediate form of types 1 and 2 (Fig XIX). 

Thus, like the cells of types 1 and 2, the cells of this 

form stained in an irregular fashion and were slightly 

curved. 	They possessed dimensions of 1 - 2.5µ x 0.5 

- 1µ. 	The cytoplasmic content of the cells appeared 

to be granular and was mostly concentrated at the poles. 

Staining with Carbol fuchsin did not reveal the presence 

of bacteria within the plant cells of the apical meristem. 

When longitudinal sections of the terminal 

buds were stained by the Carbol thionin - Orange G method, 

a picture similar to that shown in Fig. XX was obtained. 

Epidermal cells were stained light blue, cell walls and 

the mucilaginous film were stained yellow and nuclei 

were stained green (save in the innermost primordial 

areas where they were stained red). 	Certain areas in 

the primordial leaf mesophyll tissue, namely those des-

tined to occur near the periphery of the fully developed 

leaf, were stained purple-red; two such areas (marked 

by arrows) are shown in Fig. XX. 
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FIG. XIX 	Ardisia crispa. Bacteria present in 
the mucilage of the terminal bud. 

[1% Carbol fuchsin 	x 1520] 

FIG. XX 	Ardisia orispa. Apical meristem of the 
terminal bud. 

[ Carbol thionin - Orange G. 	x 120] 



152 

Under H.P. the mucilaginous film was found 

to contain very many red-stained, refractile bacterial 

rods, which were similar to those seen in the Carbol fuch- 

sin-stained preparations. 	Due to their uneven staining, 

the rods had a "beaded" appearance (Fig. XXI). 

Bacterial cells, similar to those present 

in the mucilage, were found to occur in large numbers 

in the purple-red staining mesophyll regions (Fig. XXII). 

Many of these appeared to be inside the mesophyll cells, 

where they stained fairly evenly and were single (no 

chains observed). 	Examination of the meristematic 

cells within the stem apex failed to reveal the presence 

of any bacteria. 	The outer leaves of the terminal bud 

contained developing nodules. 	The latter consisted of 

numerous, closely packed cells which were set in the 

spongy mesophyll; the nodular cells were much smaller 

than those of the mesophyll, and bacteria, similar to 

those noted in primordial leaves, were found to occur 

between the nodular cells. 	Large numbers of bacteria 

were also found between the mesophyll cells in the region 

of the developing nodule. 



FIG. XXI 	Ardisia crispa. Showing the bacteria 
present in the mucilaginous film of the terminal bud 

[Carbol thionin - Orange G. 	x 1520] 

FIG. XXII 	Ardisia crispa. Showing the bacteria 
present in the mesophyll tissues of a young, terminal 
bud, leaf. 

[Carbol thionin - Orange G. 	x 1520] 
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(00 Microtome sections of young floral buds  

(i.e. those buds which were still in the primordial 

stages) were prepared and stained in 1% Carbol fuch-

sin. Figures XXIII and XXIV illustrate the general 

picture observed when sections (L.S. and T.S. res-

pectively) of such inflorescences were examined under 

L.P.. 	A pink-staining mucilaginous film permeated 

the spaces between each separate flower in the in-

florescence. All the developing floral parts of 

each individual flower were enveloped by this film 

(Figs. XXV and XXVI), which also lined the cavities 

formed between the bract leaves and sepals. 

Examination of the mucilaginous film under 

H.P. showed the constant presence of large numbers of 

rod-shaped bacteria. Apart from containing a low 

percentage (approximately 1%) of "bacteroid"-type 

rods (which in dimension and staining characters re-

sembled type 1 bacteria of leaf nodules), the majority 

of cells making up the mucilaginous film's bacterial 

population were similar in all respects to the type 2 

leaf nodular bacterium. 	These were the most "typical" 

rods observed and were particularly concentrated 

around and between the developing anthers and carpels 

(Fig. XXVII). 	They were also observed inside the  
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A RDISIA CRISPA inflorescesce 

bacterial film in black 

A RD ISIA CRISPA inflorescence  

FIG. XXIII 
Ardisia crispa. 
L.S. inflorescence 
(containing four 
developing flowers 
cut at different 
levels), showing 
the distribution 
of the bacterial 
film between the 
individual flowers 
(diagrammatic 
representation) 

FIG. XXIV 
Ardisia crispa. 
T.S. inflorescence 
(containing five 
flowers), showing 
the distribution 
of the bacterial 
film between the 
individual flowers 
(diagrammatic 
representation) 

Bacterial film in black 



ARDISIA CRISPA single young flower 

Young floral parts 

lie7M1hL 
Mucilaginous masses 
ontaining bacteria 
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ovarian cavity 
containg mosses 
of bacteria 
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	Vascular strand 

FIG. XXV 
Ardisia crispa. 
L.S. single young 
flower, showing 
the distribution 
of the bacterial 
film (diagrammatic 
representation). 

Bacterial film in black 

.FIG. XXVI 
Ardisia crispa. 
L.S. single young 
flower. 
[1,1 Carbol fuchsin 

x 120] 
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ovarian cavity, where they were concentrated bet-

ween the peak of the placental tissue and the roof 

of the cavity (Fig. XXVIII). 	The meristematic 

tissues of the carpels and anthers also appeared to 

contain similar bacteria; however, this fact was 

difficult to judge, as the cells comprising such 

tissues were very small, closely packed and had dense 

cytoplasmic contents - but rod-like "objects" did 

appear in such meristematic tissues. 

Only slight traces of the bacteria-con-

taining film remained on the sepals, petals, anthers 

and carpels of fully developed (i.e. open) flowers. 

Inside the ovarian cavity, however, there appeared 

to be no reduction in the number of bacteria. 

Microtome section of A. crispa inflores-

cences, stained in Carbol thionin-Orange G, exhibited 

similar features to those recorded above for 1% 

Carbol fuchsin - stained tissues. 

(e) Fruits  

The plant materials studied under this heading 
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FIG. XXVII 	Ardisia crisna. Showing the bacteria 
present in the spaces between anthers and carpels of 
a young flower. 

[1% Carbol fuchsin 	x 1520] 

FIG. XXVIII 	Ardisia crisna. Showing the bacteria 
present in the ovarian cavity of a young flower. 

[1% Carbol fuchsin 	x 1520] 
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ranged, in age, from flowers just after pollina-

tion to fruits of 3mm. diameter; the results of 

these investigations confirmed de Jongh's findings 

(1938) as to the mode of bacterial entry into the 

seeds. 	Figures XXIX and XXX show the distribution 

of bacteria within a flower just after pollination. 

Large numbers of bacteria were found in the ovarian 

cavity. 	These were all of the same type, and in 

shape, dimension and staining characteristics, ap-

peared to be intermediate in form between types 1 

and 2. 	Many of the bacteria in the ovarian cavity 

were situated in the region between the apex of the 

placental tissue and the entrance of the style- 

canal (Fig. XXXI), 	A bacterial film (broken in 

parts) lined the outer wall of the ovarian cavity and 

bacteria were also found to be concentrated at the 

micropylar end of the developing seed (this region 

is marked with an 'X' in Fig. XXX). 	It is possible 

that bacteria were present inside the micropyle, since 

According to de Jongh (1938), A crispa reproduces 

asexually, the seed embryo being formed in an apo-

gamous fashion from the integumentary tissues of 

the ovule. 
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ARQISIA CRISPA flower lust  
after pollination 

FIG. XXIX 
Ardisia crispa. 
L.E. very young 
fruit, showing 
the distribution 
of the bacterial 

,film (diagrammatic 
representation). 

ARDIS1A CRISPA flower just 
after pol lination  

Bacterial film in black 

FIG. XXX 
Ardisia crispa. 
T.S. very young 
fruit, showing 

[ the distribution 
of the bacterial 
film (diagrammatic 
representation). 
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they were also found to occur in a space between the 

nuceliu's and the integuments (at the region marked 

with a 'Y' in Fig. XXX, and also shown under H.P. in 

Fig. XXXII), but, due to the closely packed nature 

of the cells in the integumentary tissues, this could 

not be ascertained. 	No pollen tubes were observed. 

Fig. XXXIII shows the general picture pre- 

sented by a fruit of 3mm. diameter. 	Two of the 

ovules were degenerating, whilst the seed was devel- 

oping within the tissues of the third. 	The embryo 

sac had enlarged and the inner integument had been 

almost entirely resorbed, save for a small region at 

the micropylar side of the developing seed. 	Confirming 

de Jongh's observation (1938), the developing embryo, 

which was situated near the micropyle, appeared to 

have arisen adventitiously from the tissues of the 

inner integument. 	It was still enclosed within some 

of these cells and was totally surrounded by a bact-

erial film which also permeated between the few re-

maining cells of the inner integument. 

(f) Mature seeds. 

All initial attempts at sectioning wax-em- 

bedded seeds on the rocker microtome failed, owing 
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FIG. XXXI 	Ardisia crispa. Showing the bacteria 
present in the ovarian cavity of a veryyoung fruit. 

[1% Carbol fuchsin 	x 1520 

FIG. XXXII 	Ardisia crispa. Bacteria present in 
the space between the integuments and the nucellus 
in an ovule of a very young fruit. 

[1% Carbol fuchsin 	x 1520] 
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to the fact that the seeds were so hard and woody that 

they continually sliced out of the wax blocks. 

Eventually, sections were obtained (of thicknes 5 - 8µ) 

by using a freezing microtome. 	These were stained 

in 1% Carbol fuchsin and examined microscopically, 

when the following results were obtained:- 

Confirming Miehe's observations (1914), a 

mucilaginous bacteria-containing layer was present 

between the embryo and the endosperm of the seed. 

Remnants of this layer can be seen near the micropyle 

of the seed shown in Fig. XXXIV. 	Under H.P. the 

mucilaginous layer was found to contain very many 

bacterial rods (Fig. XXXV), which were of quite char-

acteristic shape and were fairly uniform 'in width; 

they were mainly arranged singly (a few pairs were 

observed), were slightly curved, showed bipolar 

staining and some appeared to be capsulated. 	They 

bore a strong.morphological resemblance to the-bact-

eria found elsewhere in the plant, but were possibly 

slightly shorter and fatter (1.5 - 2µ x 1µ) than those 

observed in early stages of.seed formation. Uneven 

staining of the cell thus appears to be characteristic 

of the Ardisia bacterial symbiont. 
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ARDISIA CR ISPA developing fruit 

Bacterial film in black 

FIG. XXXIII 	Ardisia crispa. 	T.S. fruit at a 
late stage in development, showing the distribution 
of the bacterial film around the developing embryo 
(diagrammatic representation). 

FIG. XXXIV 	Ardisia crispa. 	T.S. mature seed, 
showing remnants of the mucilaginous film at the 
micropyle region (in this preparation the embryo 
has been displaced during section-cutting). 

	

[1% Carbol fuchsin 	x 30] 
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Contrary to reports by Miehe (1914) and 

de Jongh (1938), which state that the bacterial film 

is restricted to the micropyle region, the embryo was 

found to be totally enveloped by the film, and a 

large number of similar bacteria - free from the film - 

were found to occur both along the walls of the in- 

vaginated endosperm cells and within such cells 

(Fig. XXXVI). 	This was particularly the case for 

endosperm cells which were in the immediate vicinity 

of the embryo; no bacteria were seen inside the en-

dosperm cells at any further distance away from the 

embryo, but a number were still present on the cell 

walls. 

Examination of seed tissues stained in 

Carbol thionin - Orange G confirmed the findings re-

corded above for Carbol fuchsin-stained tissues. 

(g) Germinating seeds. 

Fresh seeds were germinated on moistened 

blotting paper at 25°C. 	After 12 days the radical 

had emerged from most seeds, which won-7, then fixed, 

wax-embedded and sectioned on the rocker microtome. 



FIG. XXXV 	Ardisia crispa. Showing the bacteria 
present in the mucilaginous film which occurs between 
embryo and endosperm in mature seeds. 

[1% Carbol fuchsin 	x 1520] 

FIG. XXXVI 	Ardisia crisps. Showing the bacteria 
present within the cells and lining the walls of the 
seed endosperm. 

[1% Carbol fuchsin 	x 1520] 
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Whilst only slight traces of the mucilaginous 

film remained on the radical, the cotyledons, stem 

apex and stem were still enveloped by the film. 	It 

also permeated between the partially digested cells 

of the endosperm. 	One such preparation, stained with 

1% Carbol fuchsin, is shown in Fig. XXXVII. 	When 

examined under H.P., the film was found to contain 

many bacteria, the majority of which closely resem-

bled (in shape, dimensions and staining characteris-

tics) the type 2 bacteria present in flowers, de-

veloping seeds and young leaf nodules; the remainder 

(approximately 5%) were similar to those found in 

mature resting seeds and likewise appeared to be cap- 

sulated. 	Examples of both types of bacteria are 

illustrated in Fig. XXXVIII. 

Attempts to demonstrate the presence of 

bacteria within tissue-sections of the plantulf• s'f 

germinating seeds (by staining with either Carbol 

fuchsin or Carbol thionin - Orange G) were unsuccess- 

ful. 	However, the presence of bacteria in the plant- 

ule tissue was demonstrated as follows:- After re-

moval from a germinating seed, the plantule was 

washed free of mucilaginous film by shaking in several 
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FIG. XXXVII 	Ardisia crispa. T.S. germinating 
seed, showing the cotyledons and stem apex enwrapped 
in the mucilaginous film. 

Carbol fuchsin 	x 60] 

FIG. XXXVIII 	Ardisia crispa. Bacteria present 
in the mucilaginous film of a germinating seed. 

[11,, Carbol fuchsin 	x 1520] 
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changes of 95c/- alcohol. 	It was then squashed onto 

a slide and stained with Carbol fuchsin. 	Many bact-~ 

eria were found in such preparations and these all 

resembled type 2 bacteria (Fig. XXXIX). 

RUBIACEAE.  

Psychotria emetica  

(a) Leaf nodules of various ages. 

Under L.P., old leaf nodules showed up as 

well-differentiated structures which were set mainly 

in the spongy mesophyll layers. 	The nodule, oval 

in outline, swelled the leaf on both dorsal and ven-

tral surfaces (Fig. XL). 

No plant cellular structure was seen in 

the nodule, but there was evidence of some organisa- 

tion of the tissues. 	Thus, the nodule contained 

what appeared to be packets of "mucilage" (cf. A. crispa  

nodules). 	These packets were largest at the periphery 

of the nodule and were separated by channels, which 

originated in the central portions of the nodule and 

ran outwards towards the periphery (Fig. XLI). 	A 

vascular bundle which terminated in a distinct 'sheath' 
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of 

FIG. XXXIX 	Ardisia crispa. Bacteria as observed 
in suspensions of squashed plantules. 

[15 Carbol fuchsin 	x 1520] 
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FIG. XL 	Psychotria emetica. T.S. old leaf 
nodule. 

[Carbol fuchsin - Fast Green 	x 30] 

FIG. XLI 	Psychotria emetica. T.S. old leaf 
nodule, showing mucilaginous packets separated by 
channels. 

[Carbol fuchsin - Fast Green 	x 120] 
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layer (two to three cells deep) of modified meso-

phyll cells, was present in the immediate vicinity 

of all nodules examined. 	The cells of the 'sheath' 

were spindle-shaped. 	They overlapped lengthwise 

and appeared to form a wall, which demarked the nodule 

from the surrounding mesophyll tissue (cf. A. crispa  

nodules). 

The nodular mucilage was mottled with 

thousands of dark red-staining granules. 

Under H.P., the mottled appear-J.-ice of the 

nodular mucilage was seen to be due to masses of 

bacteria. The bacterial population consisted almost 

wholly of "bacteroid" type organisms. 	The latter 

were very refractile, for each cell was stained 

only at the poles. 	They were aggregated in large 

masses within the mucilaginous packets and this type 

of arrangement, together with the uneven staining of 

the cells, accounted for their "coccoid" appearnce. 

These "bacteroids", which were stubby, swollen and 

had dimensions of (approximately) 0.5 - 1.5µ x 1.5 -

2µ, resembled the "bacteroids" present in A. crispa  

nodules (Fig. alJI). 
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In addition a number of larger bacterial 

rods (0.5µ x 3 - 4µ), which stained more evenly 

than the "bacteroids", were found within the nodular 

mucilage. 

Examination of the surrounding leaf tissues 

showed that the palisade mesophyll cells contained 

(in addition to a number of chloroplasts) rod-shaped 

"objects" which were stained in a similar manner to 

the nodular "bacteroids". 	But, since the cytoplasmic 

contents of the palisade layer cells were so dense, 

it was not possible to discern whether or not such 

"objects" were, in fact, bacteria. 	A few similar 

"objects" were found inside the spongy mesophyll 

cells, but bacteria were not found to occur either 

in the intercellular spaces of the mesophyll tissue 

or in the vascular bundle. 

In most preparations of old nodules, the 

mucilaginous contents of the nodule were in direct 

contact with the outer atmosphere via a pore, which 

terminated in the upper epidermis of the leaf. 	The 

entrance to the pore was surrounded by modified epi-

dermal cells (not resembling stomata) and the pore 



173 

was lined with layers of cells which were continuous 

with the nodule "sheath". 

Serial sections of old nodules, stained 

with either Carbol thionin - Orange G or Basic fuchsin 

- Gentian Violet - Iodine, presented a similar pic-

ture to that recorded above for Carbol Fuchsin - Fast 

Green stained tissues. 

Middle-aged nodules differed only in minor 

detail from old nodules. 	The channels which, in old 

nodules, separated the mucilaginous packets, were 

found, in middle-aged nodules, to contain multicel-

lular hairs; the latter originated from cells in the 

sheath layer. 

As in the case of old nodules, most middle-

aged nodules were found to contain a pore and the 

bacterial content was predominantly "bacteroid" in 

nature. 	The multicellular hairs of the nodule also 

appeared to contain intracellularly arranged "bacter- 

oids". 	Bacteria were not found in the intercellular 

spaces of the mesophyll. 
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In structure, young leaf nodules were 

very similar to middle-aged nodules; other than 

containing multicellular hairs, no organised plant 

cellular structure was visible within the nodule 

(c.f. A. crispa). 	The sheath layer was in the pro-

cess of being formed and a vascular bundle was in 

the vicinity of each nodule. 	In this young stage, 

whilst as yet no swelling of the epidermal surfaces 

had occurred, most nodules showed the presence of a 

pore. 

When stained with Carbol thionin - Orange G, 

the majority of the nodular bacteria were found (c.f. 

old and middle-aged nodules) to be "bacteroid" in 

nature. 

However, as in the case of A. crispa, a 

second type of bacterium was found to be present in 

the tissues of young leaves. 	Great numbers of this 

type had washed out of every section onto the slide. 

These cells were rod-shaped and mainly occurred 

singly, although a number of pairs were also present. 

They had a characteristic "banded" appearance, due 
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to the fact that their cytoplasm stained irregularly 

and was always more intensely stained at the poles 

than elsewhere in the cell. 	These bacteria closely 

resembled the type 2 organisms found in young leaf 

tissues of A. crispa, for, in addition to being ir-

regularly stained, they possessed similar dimensions 

(1 - 2.5µ x 0.5µ) and were slightly curved. 

Initially it was thought that these bacteria 

were being washed out of the nodules both onto the 

slide and into the rest of the tissues, since a few 

had been found to be present 1-ithin the nodules. 

However, they were very evenly distributed around the 

sections, indicating that they had probably washed 

out from the whole section of leaf tissue - and not 

just from the nodules. 	Examination of mesophyll 

cells under H.P. would suggest that this was the case, 

for similar bacteria appeared to be present in large 

numbers inside these cells. 	In order to confirm 

this, some nodule-free leaf tissues were examined:- 

(b) Non nodulated regions of nodulated leaves. 

Whilst no bacteria were found to be present 

in the non-nodulated tissues of old and middle-aged 
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leaves, many bacteria were found in the correspond-

ing regions of young leaf tissues (cf. A. crispa). 

The bacteria were all of type 2 and were situated 

both in the intercellular spaces of the mesophyll 

and inside the cells of the mesophyll and epidermal 

layers (Fig. XLIII). 	However, since many bacteria 

of similar type had been washed out of each prepara-

tion onto the slide (c.f. young leaf nodule sections), 

it is not possible to pinpoint their original loca-

tion (i.e. whether they were arranged inter- or 

intracellularly). 

(c) Terminal buds. 

The general picture observed when longitud- 

inal sections of terminal buds were stained with 

1% Carbol fuchsin is as shown in Figures XLIV and 

XLV. 	The bud consists of an alternate system of 

foliage leaves and stipules, the dorsal and ventral 

surfaces of which carry numerous multicellular hairs. 

In the preparations examined many developing nodules 

were found in the foliage leaf tissues. A mucilag-

inous, finely granulated material partially filled 

and permeated all the bud spaces and was in intimate 



FIG. XLII Psvchotria emetica. Aggregates of 
bacteroids present in an old leaf nodule. 
[Basic fuchsin - Gentian Violet - Iodine 	x 1140] 

FIG. XLIII 	Psychotria emetica. Bacteria present 
in non-nodulated regions of nodulated young leaves. 

[Carbol thionin - Orange G. 	x 1520] 
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PSYCHOTRIA EMETIC-A terminal bud  

Bacterial film in-black 

FIG. XLIV 
Psychotria emetica. 
L.S. terminal bud 
(diagrammatic 
representation). 

FIG. XLV 
Psychotria emetica. 
L.S. terminal bud. 
[1% Carbol fuchsin 

x 30] 



179 

contact with the hairs and epidermal tissues of the 

developing bud leaves. 

When examined under H.P. the bud mucilage 

was found to contain very many bacteria (Fig. XLVI), 

the majority of which appeared to be intermediate 

in form between the two types of bacteria found in 

young leaf nodulated tissues. 	In shape, dimensions 

and staining characteristics, these bacteria were 

indistinguishable from the bacterial population of 

A. crispa terminal buds. 

However, unlike the interfoliar mucilage 

of A. crispa terminal buds, the mucilage of Psy._emetica 

terminal buds housed several types of morphologically 

distinguishable bacterial cells, some of which were 

probably representatives of different bacterial 

species. 	Thus approximately 10% of the total bacterial 

population was "bacteroid" in appearance and closely 

resembled the type 1 nodular bacteria. A number 

(approximately 5%) of longer, thinner rods ( 2 - 5µ 

x 0.3 - 0.5µ), arranged in chains, were also seen, as 

were several (approximately 5%) large (2 - 5µ x 2µ), 

oval-shaped, bipolar-staining rods. 
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The bacterial content of the developing 

nodules was predominantly "bacteroid" in nature and 

consisted almost exclusively of type 1 bacteria. 	A 

few representatives of type 2 were also found. 

In Carbol fuchsin-stained preparations it 

was not possible to ascertain whether bacteria were 

present between or within the cells of the apical 

meristem and foliage leaves, but the multicellular 

leaf hairs appeared to contain bacteria of type 2. 

When terminal buds were stained by the 

Carbol thionin-Orange G method, a picture similar to 

the one shown in Figure XLVII was obtained. 	The 

mesophyll tissues of the foliage leaves were stained 

an intense red-purple colour, as were certain regions 

of the apical meristem, portions of the multicellular 

hairs and scattered areas of the mucilaginous film. 

All other tissues were stained yellow. 

This method of staining gave a very good dif-

ferentiation of developing leaf nodules, which appeared 

as oval, purple-stained regions in the spongy mesophyll 



C 

FIG. XLVI 	Psychotria emetica. Bacteria present 
in the terminal bud mucilage. 

Carbol fuchsin 	x 1140] 

FIG. XLVII 	Psychotria emetica. Staining pattern 
observed in terminal bud tissues. 

[Carbol thionin - Orange G. 	x 4_0] 
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tissue of the foliage leaves. 	Even primordial foli- 

age leaves possessed nodules. 	Several nodules can 

be seen in Figure XLVII and one such structure, more 

highly magnified, is shown in Figure XLVIII. 	No 

organised plant cellular structure (i.e. excluding 

hairs) was visible- within the nodules and, even at 

such an early stage in their development, most nodules 

possessed a pore. 

Examination of Carbol thionin-Orange G-

stained preparations under H.P. showed that bacteria 

were present in various locations within the bud. 

Iregularly stained "bacteroids" of type 1 and quite 

a large number of cells of type 2 were found in the 

mucilaginous packets of the developing nodules. 

Several different types of bacteria were found in the 

interfoliar mucilage, thus confirming the results ob- 

tained with 1% Carbol fuchsin. 	The purple staining 

regions of foliage leaves and apical meristems con-

tained a very large number of bacteria of type 2. 

Along with the plant cell nuclei, which likewise 

stained purple, these bacteria imparted the purple 

colour to the tissues. 	Literally hundreds of these 

bacteria lined the walls between the cells in the 
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mesophyll tissues and many were found inside the 

mesophyll cells (Fig. XLIX). 

(d) Fruits  

Only two or three fruits of this species, 

all of which were at the same stage of development, 

were available. 	The following results were obtained 

when serial sections of one such fruit (of 3mm. di-

ameter) were stained with Carbol thionin-Orange G 

and subsequently examined microscopically:- 

The overall morphology of the fruit, as seen 

in longitudinal section, is as shown in Fig. L. 

Floral leaf nodules resembled foliage leaf nodules 

in structure. 

Within the fruit, bacteria were found to 

occur at various locations, each of which is indicated 

in Figure LI. 	Under H.P. the floral nodules were 

found to contain type 1 "bacteroids". 	Unevenly 

stained bacteria of type 2 were present in the imme-

diate vicinity (marked with an 'X' in Fig. LI) of 

the developing embryo and these are illustrated in 



FIG. XLVIII 	Psychotria emetica. Young nodule 
present on a terminal bud foliage leaf. 

[Carbol thionin - Orange G. 	x 160] 

FIG. XLIX 	Psychotria emetica. L.S 
leaf showing intracellular bacteria of 
mesophyll tissues. 

LCarbol thionin - Orange G. 

. terminal bud 
type 2 in the 

x 1520] 
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FIG. L 
Psychotria emetica. 
L.S. developing 
fruit. 
[Carbol thionin - 
Orange G. 	x 40] 

PSYC HOT RtA EMET ICA  
developing fruit  

FIG. LI  
Psychotria emetica. 
Showing the dis- 
tribution of 
bacteria within 
a developing 
fruit 
(diagrammatic 
representation). 
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Figure LII. 	Similar bacteria, whose location is 

marked with a 'Y' in Figure LI, were found within 

the tissues of a nearby vaSQilar bundle. 

Psychotria  nairobiensis  

(a) Leaf nodules of various ages. 

At all stages in their development, the 

leaf nodules of Psy. nairobiensis bore a close mor-

phological resemblance to the leaf nodules of Psy.. 

emetica; they were likewise set in the spongy meso-

phyll and were bounded at the periphery by a sheath 

of modified mesophyll cells. 	Examples of old- and 

middle-aged nodules are shown in Figures LIII and LTV 

respectively. 

In the mucilaginous packets of nodules of 

all ages, only one type of bacterium was seen and in 

its staining and morphological characteristics this 

appeared to be identical with the bacteria of type 1 

(bacteroids) of A. crispa and Psy. emetica (Fig. LV). 

In old and middle-aged leaves, the bacterial popula- 

tion was restricted to the nodules. 	However, just 

as in the case of A. crispa and Psy. emetica, the 



FIG. LII 	Psychotria emetica. 
bacteria present in the vicinity 
embryo. 

ICarbol thionin - Orange G. 

Showing the 
of the developing 

x 1520] 

• 

FIG. LIII 	Psychotria nairobiensis. 	T.S. old 
leaf nodule. 

[1/4 Carbol fuchsin 	x 60] 
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FIG. LIV 	Psychotria nairobiensis. 
middle-aged leaf nodule. 

[1% Carbol fuchsin 	x 120] 

T.S. 

FIG. UV 	Psychotria nairobiensis. Bacteroids 
situated in the pore of a middle-aged leaf nodule. 

[Safranin - Orange G. 	x 1520] 
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mesophyll tissues of young leaves were found to con-

tain a second type of bacterium; in staining and mor-

phological characteristics, this type resembled bact- 

eria of type 2. 	Only a few cells of this type were 

observed (cf. A. crispa and Psy. emetica) and, since 

most of these had been washed out from the sections 

onto the slide, it was not possible to assess whether 

they had been displaced from the nodules or from 

within or between the cells of the mesophyll. 

(b) Non-nodulated regions of nodulated leaves. 

All preparations of young leaf .tissues were 

found to contain bacteria of type 2. 	These were more 

or less uniformly distributed throughout the sections 

and were also found in the areas on the slide immed- 

iately surrounding such sections. 	Compared to the 

corresponding tissues of A. crispa and Psy. emetica, 

young leaves of Psy. nairobiensis contained only very 

few bacteria of this type. 	No bacteria of this type 

were found within the tissues of older leaves. 
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(c) Terminal buds. 

Psy. nairobiensis buds were found to be 

anatomically very similar to those of Psy. emetica  

(Figs. LVI and LVII). 	The spaces between the bud 

hairs were lined with mucilage, though this was not 

so abundant as in Psy. emetica. A number of devel-

oping leaf nodules were present in the tissues of 

the foliage leaves. 

Serial sections of the bud, stained with 1% 

Carbol fuchsin, were found to contain only one type of 

bacterium (cf. A. crispa and Psy. emetica); this type 

(Fig. LVIII) closely resembled the bacteria of type 1 

and was present in both the interfoliar mucilage and 

interfoliar spaces of the bud. 

Whilst staining with Carbol fuchsin did not 

reveal the presence of bacteria inside the foliar and 

apical meristem tissues, their presence in these tissues 

was demonstrated by staining with Carbol thionin-Orange G. 

The result obtained was similar to that as already re-

corded for Psy. emetica, bacteria of type 2 being 

present in large amounts in the mesophyll tissues of 

the developing leaves and "bacteroids" being found in 

the developing leaf nodules. 
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PSYCHOTRIA NAIROBIENSIS terminal bud 

FIG. LV 
Psychotria  
nairobiensis. 
L.S. terminal bud 
showing the dis-
tribution of the 
bacteria-containing 
mucilaginous film 
(diagrammatic 
representation). 

FIG. LVII 
Psychotria  
nairobiensis. 
Li% Carbol fuchsin 

x 30] 
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(d) Inflorescences. 

Microscopical examination of Carbol fuchsin-

stained serial sections of inflorescences of all ages 

yielded similar results to those obtained with A. crispa.  

In young closed floral buds a mucilaginous film, 

which contained numerous type 2 bacteria, enveloped 

all the primordial floral parts. 	Type 2 bacteria 

were also present in the ovarian cavity. 

In open flowers, whilst only remnants of 

the bacterial film remained on the surfaces of the 

sepals, petals and style, no trace of the film could 

be found on the stamens. A few bacteria of type 2 

were again found in the ovarian cavity. 

(e) Fruits 

Fruits, which were similar both in size and 

in developmental stage to those described for az. 

emetica, were sectioned and subsequently stained by 

the same methods. 

Both the distribution of bacteria within the 

fruit and the morphological characteristics of these 

bacteria were similar to those previously recorded for 

fruits of Psy. emetica. 
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(f) Mature seeds. 

Just as in A. c.Aspa, a mucilaginous, bact- 

eria—containing, layer completely enveloped the em- 

ryo. 	This layer was best seen in Carbol fuchsin- 

stained preparations and under H.P. the cells compris-

ing its bacterial population appeared to be identical 

(in size, shape and staining characteristics) to the 

bacteria present in mature seeds of A. crispa. 	A 

number of those bacteria were capsulated. 	Bacteria 

were not found within the embryo tissues. 

With the staining methods employed it was 

not possible to demonstrate the presence of bacteria 

within or between the cells of the endosperm. (cf. A. crispa) 

(g) Germinating seeds. 

When seeds of Esy. :airobiensis were germina-

ted under conditions similar to those recorded pre-

viously for A.  crispa, it was found that the mucilag-

inous layer contained a large number of bacteria (Pig. 

LIX). 	The majority of these bacteria, which were 

longer and thinner than those found in mature seeds, 

exhibited similar morphological and staining character-

istics to the type 2 bacteria Sound elsewhere in the 
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FIG. LVIII 	Psychotria nairobiensis. Bacteria 
present in the interfoliar spaces of the terminal 
bud. 

[1,01  Carbol fuchsin 	x 1140] 

FIG. LIX 	Psychotria nairobiensis. Bacteria 
present in the vicinity of the embryo in a 
germinating seed. 

[1,1'0` Carbol fuchsin 	x 1520] 
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plant; in addition they closely resembled the type 

2 bacteria of A. crispa germinating seeds. 	Unlike 

germinating seeds of A. crisppy and mature seeds of 

Y. :.;:).irobiepsis, the germinating seeds of Psy. nairo-

biensis were not found to contain any capsulated bact- 

erial rods. 	The remainder of the seed mucilage bact- 

erial population consisted of bipolar staining, rod--

shaped cells, whose width was similar to that of the 

type 2 cells; their length (1.5 - 2.5µ) was inter-

mediate between that of the cells found in mature 

seeds and that of the type 2 cells of germinating 

seeds, 	They appeared to be intermediate morphological 

forms of those two types. 

Both of these types were also found in the 

partially digested cells of the endosperm. 

Pavetta grandiflora. 

(a) Leaf nodules of various ages. 

At all stages in their development, the leaf 

nodules of P. grandiflora, as seen in serial sections, 

were anatomically very similar to those of Psy. emetica  

and Psy. nairobiensiS. 	They were likewise set in the 

spongy mesophyll, being walled off from the parenc2,ymatous 
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cells of the latter by a distinct sheath of brick- 

shaped cells. 	Examples of old and young leaves nodules 

are illustrated in Figures LX and LXI respectively. 

Whilst the only type of bacterium present 

in old and middle-aged nodules were those of type 1 

(bacteroids), young nodules, in addition, contained a 

large number of cells of type 2 (Fig. LXII). 

(b) Non-nodulated regions of nodulated leaves. 

Young leaf tissues were found to contain 

large numbers of type 2 bacteria, which were uniformly 

distributed throughout the serial sections and were 

also found in the areas on the slide immediately 

surrounding such sections. 

(c) Terminal buds. 

Anatomically, the terminal bud of P. grandi- 

flora is similar to that of Pay. nairobiensis. 	As 

in the other three plant species, developing nodules 

were observed in the leaves of P. grandiflora terminal 

bud. A mucilaginous film capped the apical meristem 

and lined the interfoliar spaces of the bud. 
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FIG. LX 	Pavetta grandiflora. 	T.S. old leaf 
nodule. 

	

[Carbol thionin - Orange G. 	x 120] 

FIG. LXI 	Pavetta grandiflora. 	T.S. very 
young nodule present in a terminal bud leaf. 

[1% Carbol fuchsin 	x 160] 
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When examined under H.P., the carbol fuchsin-

stained bud mucilage was found to contain a large num-

ber of bacteria, the majority of irhich appeared to be 

intermediate in form between the two types of bacteria 

found in young leaf nodulated tissues (cf. A. crispa 

and Psy. emetica). 	The remainder of the terminal bud 

bacterial poplaation consisted of a for bactcri,:l of 

t:-20 	(",::act(,roiC. ), 	several large (2 -- 5µ x 2µ), 

oval_ .n1.1 	d bTholarstaining rods and of a few cocci. 

In the very young nodules of the terminal 

bud leaves, bacteria of types 1 and 2 were found to 

occur in approximately equal numbers. 

(d) Inflorescences 

Figure LXIII shows the general picture ob-

served when longitudinal sections of young, developing 

floral buds were stained by the Carbol thionin-orange G 

method. 	A mucilaginous film, which contained bacteria 

of type 2, enveloped all the floral components and was 

also found in the ovarian cavity. 

Whilst the major portion of the bud tissues 

were stained yellow, a number of regions within the 
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FIG. LXII 	Pavetta grandifJora. Showing the 
bacteria present in very young leaf nodules. 

[Carbol thionin - Orange G. 	x 1520] 

FIG. LXIII 	Pavetta grandiflora. 	L.S. developing 
floral buds. 

	

[Carbol thionin - Orange G. 	x 14] 



200 

tissues (e.g. the vascular tissues and the peripheral 

regions of the placenta and stamens) were stained an 

intense purple colour. 	These regions, which can be 

seen in Figure LXIV as the darker areas, were found to 

contain many purple-stained, rod shaped "objects"; 

the latter were more evenly stained and more angular 

in appearance than the bacteria found elsewhere in the 

plant. 	Initially, it was considered that these "objects" 

represented either over-stained bacteria of type 1 or 

crystals of stain. 	Accordingly, similar serial sec-

tions were stained with Carbol thionin-Orange G, but, 

in these preparations, the Carbol thionin was applied 

for 5 minutes only. 	A similar resulbwas obtained 

and, since no crystals of stain were seen in the pre-

paration, it was concluded that these "objects" were 

bacteria. 	In size they closely approximated to cells 

of type 1. 

In open flowers, the mucilaginous film, which 

was found only within the ovarian cavity, contained a 

few bacteria of type 2. 

(e) Fruits. 

At all stages in their development fruits of 
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P. grandiflora are morphologically quite similar to 

those of Psy. nairobiensis and Psy. emetica. 

In longitudinal section (Fig. LXV), a de-

veloping fruit of P. randiflora showed a similar 

appearance to the fruits of the other Rubiaceae species 

investigated. 

The bacterial distribution within the fruit, 

as also the morphological characteristics of these 

bacteria, were similar to the results previously ob-

tained with fruits of Psy. emetica and Psy. nairobiensis. 
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FIG. LXIV 	Pavetta grandiflora. Showing the 
bacteria present in the vascular tissue of 
developing floral buds. 

[Carbol thionin - Orange G. 	x 1520] 

FIG. LXV 	Pavetta grandiflora. L.S. developing 
fruit. 

[Carbol thionin - Orange G. 	x 14] 
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PART 2  

THE ISOLATION AND CHARACTERISATION  OF THE BACTERIA ASSOCI-

ATED WITH LEAF NODULATED PLANT SPECIES. 

I. 	THE ISOLATION OF BACTERIA. 

The literature on leaf nodule-bearing plant 

species shows that a controversy still exists as to 

the identity of the bacterial :symbiont, or symbionts, 

within these species. Accordingly, this section of 

the work was undertaken in an attempt to resolve this 

question. 

Bact risl :isolations were made from the four 

plant species as listed previously (p. 87). 	In each 

case, isolation was attempted from leaf nodules, from 

non-nodulated regions of nodulated leaves and from 

foliar buds. Additionally, in the case of A. crispa  

and Psy. nairobiensis, ungerminated and germinated seedd, 

were investigated; seeds of the other two plant species 

could not be obtained. 
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During the course of this investigation, a 

large number of different bacterial species were iso-

lated and, from these, several were selected for further 

study. 	The selected species were those which:- 

(i) occurred consistently and abundantly 

on the isolation plates in replicate isolation experi- 

ments. 

(ii) were morphologically similar to any of 

the bacterial types observed in serial sections of plant 

tissues 

and 	(iii) were Gram-negative or Gram-variable. 

It was considered that the leaf nodule sym-

biont was most likely to be found from amongst these 

species. 

All these bactelial species were obtained in 

pure culture by the application of standard techniques 

and from a consideration of their morphological, cul-

tural and biochemical characteristics, an attempt was 

made to establish their identity. 

For convenience' sake, the results obtained 

from each plant species are treated separately* 
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Ardisia crispa  

(a) Leaf nodules of all ages. 

In initial attempts to isolate the bact-

erial symbiont from old leaf nodules, the following 

technique was adopted:- Approximately 50 nodules 

were cut out intact from old leaves (i.e. fully de-

veloped leaves which were attached to the stem at 

a position several nodes distant from the terminal 

bud). After surface-sterilising the nodules by 

using the mercuric chloride method (p. 93), the 

nodules were suspended and squashed, under aseptic 

conditions, in 4 ml. sterile water. 	The suspension 

was examined microscopically, when non-motile, Gram- 

negative, bacteroids of type 1 were observed. 	This 

suspension was then plated out onto nutrient agar-, 

onto malt agar- and onto "nitrogen-free" synthetic 

agar media, all of which were of pH 7. The plates 

were incubated at 25°C and examined daily over a 

7 day period for bacterial growth. 

In all experiments conducted in this way, 

at the end of the incubation period no bacterial 

colonies had developed on any of the plates. 
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Initially it was considered that this 

failure to isolate the bacterial symbiont from old 

leaf nodules was possibly due to the employment of 

incorrect cultural conditions and, of these, the 

type of culture media used was probably the most 

critical. Accordingly, the experiment was repeated 

but in this instance, in addition to employing the 

same three media, potato dextrose agar and A. crispa  

leaf extract agar were employed. As before, no 

colonies developed on the plates. 

It seemed unlikely that the physical con-

ditions employed (25°C and pH 7) could be responsible 

for the inability to isolate the leaf nodule sym-

biont, since these conditions must be approximately 

similar to those encountered by the bacterium in 

its natural, tropical milieu. 

A number of other factors were considered 

as the cause of these negative results:- (i) the 

sterilising agent (HgC12) killed not only the bact-

erial population on the leaf surface, but also pene-

trated the plant tissues and killed the nodule bact-

eria; (ii) HgCl2 was adsorbed by the plant tissues 
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and, even after washing, a concentration of Hg+4-, 

sufficient to inhibit bacterial growth, remained in 

the aqueous suspension and plating medium; or (iii) 

the bacterial suspension (inoculum) was too dilute. 

With the object of testing these possi-

bilities, a number of other experiments were per- 

formed. 	In these experiments, surface-sterilisa- 

tion was effected by using the chloramine-T method 

and instead of crushing the surface-sterilised nod-

ules in 4 ml. sterile water, only 1 ml. was employed. 

The cultural conditions were similar to those emp-

loyed above and the results obtained, at least inso-

far as bacterial colonies were concerned, were again 

negative. 	Thus, whilst in one or two experiments 

fungal colonies developed on the isolation plates, 

in other, similar, experiments the plates remained 

free of growth of any type of microorganism. 

Accordingly, insofar as old nodules were 

concerned, the use of chloramine T was abandoned 

and instead it was decided to resort to simple, mech-

anical washing of the leaf nodule surfaces in several 
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changes of sterile water. 	Once again, the results 

were negative, yeast colonies appearing on all iso-

lation plates in three experiments, whilst no growth 

of any description was obtained on any of the isola-

tion plates in two similar experiments. 

The histological investigations, reported 

elsewhere in this Thesis, had shown that the bact-

erial population of old leaf nodules was exclusively 

"bacteroid" in nature and possibly this factor was 

the governing factor accounting for the inability 

to isolate the bacterial symbiont from old leaf 

nodules. 	In view of this, it was decided to attempt 

bacterial isolation from very young leaf nodules (i.e. 

those present on the outer leaves of the terminal 

bud). 	In all these experiments, the leaf surface 

microflora was removed by mechanical washing in 

several changes of sterile distilled water and cul-

tural conditions, similar to those employed in iso- 

lation attempts from old nodules, were used. 	In 

four replicate experiments no bacterial colonies 

developed on the isolation plates. 
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(b) Non-nodulated regions  of nodulated leaves  

of all ages. 

When attempting bacterial isolation from 

this source, the technique adopted throughout this 

work was as follows:- An intact leaf was mech-

anically rinsed in several changes of sterile water. 

Whilst employing aseptic conditions, several non-

nodulated segments (each of approximately 1 mm. sq.) 

were cut out from the leaf and introduced into 1 ml. 

sterile water. After macerating the leaf segments 

with a heat-sterilised glass rod, the resulting sus-

pension was examined microscopically prior to plating 

out onto the same media 	employed for leaf nodule-

bearing tissues. All plates were incubated at 25
o
C 

for 7 days and then examined for the presence of 

bacterial colonies. 

Four replicate experiments, employing old 

leaves, were performed in this way. 	In each case, 

the leaf-macerate inoculum was found to contain 

non-motile cells of type 2. 	The latter were pre-

sent in low concentration (approximately 102  cells/Ml) 

and were Gram-negative. 	In one of these experiments, 
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bacterial colonies appeared on all culture media 

with the exception of "nitrogen-free" synthetic 

medium; the colonies were identical in colour 

(pink) and in form, but an average of only 2 col- 

onies/plate was recorded. 	When examined microscop- 
ically, they were found to consist of rod-shaped 

cells, whose dimensions (2 - 5µ x 1µ) were at vari-

ance with those of the bacteria seen in the original 

inoculum. 	In the other replicate experiments, all 

plates remained free of bacterial growth. 

Similar experiments were performed, in 

replicate, on non-nodulated regions of young leaves, 

when very similar results to those recorded for old 

leaf tissues were obtained. 	In some of these ex-

periments, yeast colonies developed. 

(c) Terminal buds. 

In initial attempts to isolate the leaf 

nodule symbiont from this source, the following 

method was employed:- Excised shoot tips (con-

taining the terminal bud) were washed, with shaking, 
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in several changes of sterile water. 	They were then 

introduced into test tubes (one bud/tube), each of 

which contained 1 ml. sterile water, and macerated 

with a heat-sterilised glass rod. 	Each suspension 

was examined microscopically for the presence of bact-

eria, prior to plating out onto nutrient agar, malt 

agar, potato dextrose agar, A. crispa leaf-extract 

agar and "nitrogen-free" sythetic medium. 

Microscopic examination showed that the ino-

culum contained a large number of bacteria, the majority 

of which were of types similar to those noted in serial 

sections of A. crispa terminal buds. All types were 

non-motile and Gram-negative and, as in serial sections, 

the "bacteroids" were unevenly stained. 	In addition, 

a few yeast-like cells were present. 

However, in spite of the fact that the bud 

suspension contained numerous bacteria, when plates 

were inoculated with this suspension and incubated for 

7 days, only very few bacterial colonies developed; 

plates of nutrient agar, malt agar and potato dextrose 

agar contained, on average, two or three bacterial 

colonies, whilst none developed on plates of the other 
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two media. 	A number of cream-coloured, yeast colo-

nies (an average of 10/plate) developed on the plates 

of all media with the exception of the "nitrogen-free" 

medium. 	The bacterial colonies were of two types, 

coloured pink and yellow respectively. 	In &ram-

staining (Gram-negative) and morphological properties, 

the organism producing pink colonies was identical to 

the pink colony-forming bacterium isolated from non-

nodulated tissues of old leaves; the yellow colonies 

were made up of large bacterial cocci, whose arrange-

ment in tetrads caused them to resemble microorganisms 

of the genus Sarcina. 	These two bacterial species 

failed to conform to criteria (i) and (ii) (page204) 

and hence were not studied further in this context. 

This experiment was repeated on two further 

occasions, when similar results were obtained. 

It is not easy to find an explanation as to 

why the leaf nodule bacterium had not developed on 

the isolation plates, for it appeared to be present in 

high concentration in the inoculum. 	One possible ex-

planation could be that the culture media employed were 

not suitable for supporting the growth of this bacterium, 
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although this would seem to be unlikely, since one 

of the media used was made up from tissue extracts 

of A. crispa leaves. 

It was decided to investigate another method 

of isolation and this was done as follows:- Terminal 

buds were sterilised by the chloramine T method and 

then introduced (one bud/tube) into test tubes con-

taining either 0.5 ml. sterilised phosphate buffer 

(KH2PO4  - Na2HPO4; 0.1 M; pH 7) or 0.5 ml. sterilised 

phosphate buffer supplemented with 1% (w/v) glucose. 

The buds were then aseptically crushed and the result- 

ing leaf extract suspension incubated at 25°C. 	This 

initial incubation procedure was adopted with a view 

to giving the terminal bud bacteria a chance to multi-

ply under conditions which simulated those existant 

in their natural environment. 

After 4 days, the contents of the tubes were 

visually examined, when a light turbidity was noted 

in all. 	Microscopical examination showed that little 

or no increase in the number of bacteria had occurred; 

a large proportion of the bacteria were "bacteroid" in 



nature. 	The suspensions were plated out onto media 

similar to those used in the initial isolation attempts 

and also onto pea-extract agar. 	The plates were in-

cubated at 25°C and examined daily for 7 days, after 

which time no bacterial colonies had developed. 

Further modifications to this method were 

introduced, but they, likewise, failed to bring about 

isolation of the terminal bud bacteria. 	Such modi- 

fications included:- (i) experiments in which water-

sterilised, crushed buds were incubated at 25°C for 

periods of 3 to 7 days in either phosphate buffer 

(0.5 ml) or in similar buffer supplemented with sugars 

(either 1% w/v glucose or 1% w/v sucrose), prior to 

plating out onto the same six media as used previously; 

(ii) a similar experiment to the above in which water-

sterilised, crushed buds (suspended in sugar-supple-

mented phosphate buffers) were incubated aerobically 

or anaerobically, prior to plating out onto the same 

six media, which were then incubated aerobically or 

anaerobically; or (iii) incubating water-sterilised, 

crushed buds in sugar-supplemented phosphate buffer 

of varying pH (6.0, 6.5, 7.0) prior to plating onto the 

same six media. 
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(d) Seeds 

Aqueous suspensions of macerated, ungerminated 

seeds were found to contain large numbers of non- 

motile, rod-shaped bacteria. 	These bacteria, all of 

which exhibited Gram-negative staining characteristics, 

were similar to those seen in serial sections of un-

germinated seeds. 

At the outset of this series of experiments, 

it was decided to revert to the use of the mercuric 

chloride method for effecting surface-sterilisation. 

This decision was based mainly on the fact that the 

surface of A. crispa seeds is woody and lightly-ridged 

and hence simple mechanical washing in water might fail 

to remove that portion of the seed surface microflora 

which was buried at the base of the ridges. 	It was 

considered that the mercuric chloride could exert no 

effect on the bacterial symbiont, since the latter 

is buried deeply within the tissues of the seed. 

Initially, the following isolation technique 

was adopted:- Whilst observing aseptic precautions, 

a number of ungerminated seeds, which had been surface-

sterilised by the mercuric chloride method, were sliced 
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so as to expose the embryo. 	These half-seeds were 

then placed (cut-face downwards) onto plates of nut- 

rient agar and malt agar. 	Examination of the isola- 

tion plates after 4 days incubation at 25°C, showed 

that, whilst 5 out of the 48 half-seeds plated on 

nutrient agar were surrounded by cream-coloured bact-

erial colonies, no bacterial colonies had developed 

on the malt agar plates. 	On repeating this experi- 

ment, a similar result was obtained. 	It is difficult 

to interpret the reason for the low frequency of bac-

terial isolation, since the seed contains a large num- 

ber of cells of the bacterial symbioiat. 	The experi- 

ment was repeated with other culture media, namely 

pea-extract agar, A. crispa leaf-extract agar and 

"nitrogen-free" solid synthetic agar, when again only 

very few bacterial colonies developed. Another fac-

tor, which could possibly have accounted for the low 

frequency of isolation, is the retention of mercury by 

the seeds. However, this interpretation would seem 

to be erroneous, since, when the chloramine-T method 

was adopted for surface sterilisation, a similar re-

sult was obtained. 

All the seeds employed in the aforementioned 
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experiments were taken from a batch which had been 

stored for at least one year, and hence, in order to 

test the possibility that age might influence the 

viability of the bacterial symbiont, another experi-

ment, in which fresh (unstored) seeds were used, was 

performed. 	In this experiment, surface sterilisation 

was effected by the mercuric chloride method, after 

which the seeds were sliced and then plated onto nut-

rient agar and malt agar. A number of fresh, unsliced, 

surface-sterilised seeds, placed onto similar media, 

served as a control. All plates were incubated at 

25°C and after 4 days were examined for the presence 

of bacterial colonies. 	On both media, all half-seeds 

were surrounded by a large number of confluent bact- 

erial colonies. 	The latter appeared to be a mixed 

culture, since numerous white, pinpoint colonies were 

dotted on a more confluent, cream, mucoid type of 

colony. 	Microscopical examination confirmed that two 

types of bacteria were present. 	Both of these ex- 

hibited Gram-negative staining characteristics and 

were of approximately similar dimensions to the bact- 

eria seen in seed tissues. 	The white pinpoint - and 

cream mucoid colonies, separated and purified by 
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"plating out", were set aside for further study, 

being designated as Ac.1 (A. crispa bacterial isolate 

No. 1) and Ac. 2 repsectively. 	In the control ex-

periment 3 out of 40 seeds on nutrient agar were sur-

rounded by a bacillus type of growth, while 1 out of 

40 on malt agar was contaminated by a fungal growth; 

all other unsliced seeds remained sterile. 

This experiment was repeated on several oc-

casions, each time with variable degrees of success. 

This, whilst approximately 95% of the control seeds, 

in all experiments, remained free of bacterial growth, 

the frequency of appearance of Ac. 1 and Ac. 2 colo-

nies around the sliced seeds was very variable and 

ranged, in some experiments, from 20% of the sliced 

seeds showing both types of colony, up to 100% show-

ing both types, Fresh seeds were employed in all 

subsequent isolation experiments. 

The possibility exists that Ac. 1 and Ac,2 

were not originating from within the immediate vicinity 

of the embryo; thus they could be present just below 

the surface of the testa and, if this be the case, they 
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would be exposed as a result of the cutting process. 

In order to test this possibility, a number of seeds, 

from which the testa had been removed, were surface- 

sterilised and then plated onto nutrient agar. 	After 

incubation for several days at 25°C, no bacterial colo-

nies had developed around any of the seeds. 

Histological studies (see x  164) had indicated 

that bacteria were present, not only in the immediate 

vicinity of the embryo, but also within the endosperm 

tissues. 	An attempt was made to i-olate the bacteria 

from the endosperm tissues and for this experiment 

the following technique was adopted:- A number of 

seeds, from which the testa had been removed, were 

surface sterilised by the mercuric chloride method and 

were then sliced in such a way that the embryo was not 

exposed; the sliced seeds were then placed (cut-face 

downwards) on nutrient agar and incubated under the 

same conditions as in the previous experiments. After 

3 days incubation, colonies of organisms Ac. 1 and Ac. 2 

had developed from under the majority of sliced seeds. 

Large numbers of Ac. 1 and Ac. 2 colonies 

were also obtained when the embryos, aseptically 
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removed from surface-sterilised, ungerminated seeds, 

were placed on nutrient agar plates and incubated for 

3 days. 

Bacterial isolation was also attempted from 

germinated seeds and for these experiments the follow-

ing technique was adopted:- Fresh (unstored) seeds 

were rinsed in water and placed on moist blotting 

paper in a petri dish. 	The latter was then placed 

in an incubator at 25°C and germination allowed to 

proceed over a 20 day period; throughout this period 

the seeds were kept moist by the addition of small 

quantities of water at 4 day intervals. 	The germina-

ted seeds were surface sterilised by the mercuric chlor-

ide method and then introduced and squashed into tubes 

containing 2 ml. sterile distilled water (1 seed/tube). 

On microscopic examination, all suspensions were found 

to contain a very large number of bacteria, which in 

staining and morphological characteristics were iden-

tical to these bacteria seen in serial sections of 

germinating seeds. 	Each suspension was plated out 

onto nutrient agar and onto "nitrogen-free" sythetic 

medium, being then incubated at 25°C. 
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A large number of experiments were carried 

out according to this technique, all of which yielded 

similar results. Examination of the nutrient agar 

plates after 2 days incubation showed that, on all 

plates, hundreds of pale yellow, mucoid, spreading 

colonies had developed. 	Microscopical investigation 

showed that these colonies consisted of slowly motile 

(many non-motile similar types were also observed), 

single, rod-shaped bacteria, which in dimensions (1.5 

- 2.5µ x 0.54), staining characteristics (Gram-negative), 

shape and arrangement were very similar to those bact- 

eria seen in the original inoculum. 	This bacterium, 

which was obtained in pure culture by employing the 

streak-plate method, was set aside for further study, 

being designated as Ac. 3. Additionally, nutrient 

agar plates supported the growth of a few, white, pin-

point colonies (which were macroscopically identical 

to Ac. 1) and of even fewer, cream, mucoid colonies 

(macroscopically identical to Ac. 2). 	The colonies 

of Ac. 3 appeared to be repressing the growth of colonies 

of Ac. 1 and Ac. 2. 

After 2 days incubation, the "nitrogen-free" 

isolation medium remained clear of immediately visible 
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bacterial growth, but, when examined with a hand lens, 

micro-colonies were seen to be developing. After a 

further 3 days, all plates of this medium showed the 

presence of a vast number of grey, mucoid, spreading 

colonies, these being the sole type of colony which had 

developed. Microscopical examination showed them to 

consist of slime-producing, rod-shaped bacteria, many 

of which appeared to be capsulated. 	In Gram-stained 

preparations, these bacteria (Gram-negative) exhibited 

a remarkable resemblance to the bacteria seen in serial 

sections of ungerminated seeds; thus, in addition to 

being of similar dimensions to the bacterial symbiont 

seen in ungerminated seeds, they were, likewise, stained 

in a bi-polar fashion. 	Since colonies of this bacterium 

were repeatedly isolated in large numbers on "nitrogen-

free" synthetic medium, a colony was retained, after 

purification, for further study; this bacterium was 

designated as Ac. 4. 

In order to check whether those bacteria were 

coming from the environs of the embryo and not from the 

seed coat surface, the experiment was repeated in a 

slightly modified form. 	After surface-sterilisation 



223 

of the germinated seeds, the young plantule was asept-

ically removed from the seed. A number of plantules 

were plated, without further treatment, onto nutrient 

agar and "nitrogen-free" synthetic medium; other plant-

ules (controls) were surface-sterilised by the mercuric 

chloride method and then plated under identical condi- 

tions. 	After 5 days incubation at 25°C, the plantules 

on nutrient agar were found to be surrounded by very 

many colonies of organism Ac. 3; no other organisms 

had developed. 	50% of the plantules on the "control" 

nutrient agar plates were similarly surrounded by Ac.3 

colonies, whilst the remaining plantules were bacteria- 

free. 	Colonies of Ac. 4 were present around all plant-

ules on "nitrogen-free" synthetic medium; 35% of the 

plantules on the "control" 

likewise surrounded by Ac. 

"nitrogen-free" plates were 

4 colonies. 

When this experiment was repeated on further 

occasions, these results were reproduced. 	The percen- 

tage of plantules in the "controls" which remained sterile 

varied from one experiment to another, but, without ex-

ception, in all of these experiments a number of "control" 

plantules were surrounded by colonies of the aforementioned 

bacteria. 	One possible explanation of this phenomenon 
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is that mercuric chloride had failed to penetrate bet-

ween the two cotyledons; if this be the case, then the 

bacteria which occur in this region (p166) would not 

be affected by the mercuric chloride treatment. 

Psychotria emetica 

(a) Leaf nodules of all ages  

Examples of both Gram-positive and Gram-nega- 

tive, rod-shaped bacteria were found in macerated leaf 

nodules of all ages. 

As in the case of A. crispa, in initial 

attempts to isolate the bacterial symbiont from Psy. 

emetica nodules, either mercuric chloride or chloramine-T 

was employed for the surface sterilisation of the ex- 

cised nodules. 	Regardless of the age of the nodules 

or of the use of an extended range of culture media 

(including Psy. emetica leaf extract medium), the results 

obtained were similar to those recorded for A. crispa, 

insofar as no bacterial colonies developed repeatedly 

from one experiment to another. 
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When the mechanical (repeated washing) method 

was employed for removal of the surface microflora from 

leaf nodules, the results obtained were very different 

from those recorded for A. crispa, 	In all of many 

replicate experiments, a bacterium which produced pink, 

pinpoint, butyrous colonies was always present in large 

numbers on all types of media investigated (including 

"nitrogen-free" synthetic medium). 	This bacterium was 

rod-shaped and was larger (1.5 - 	x 1 - 1.2µ) than 

any of the types of bacteria present in serial sections 

of leaf nodules (p168). 	In certain respects, however, 

it did resemble the "bacteroids" of leaf nodules; thus, 

it was Gram-negative and exhibited bi-polar staining 

characteristics. 	This organism, which was repeatedly 

isolated from old-, middle-aged 	and young-leaf nodules, 

was retained for further study; it was designated as 

Pe. 1 (Psy. emetica bacterial isolate No. 1) 

However, Pe. 1 was rarely the sole bacterium 

which developed on the isolation plates, 	Two other 

organisms, which produced bright yellow coloured and 

fawn coloured colonies respectively, were repeatedly 

isolated (in large or small numbers, dependant upon the 

culture medium employed) from nodules of all ages. 

Microscopical examination showed that both of these 



226 

organisms were non-motile, Gram-positive, coryneform 

bacteria, 	Additionally, in some similar experiments, 

yeast and bacillus colonies developed. 

When very young leaf nodules were investigated 

by similar methods, another organism, in addition lo 

Pe. 1, was repeatedly isolated in large numbers. 	This 

organism, which gave rise to cream coloured, flat, 

spreading colonies, was Gram-negative and'of similar 

dimensions to the nodule bacteria of type 2. 	It dif- 

fered from the latter, however, in showing no curvature 

and in being evenly stained. 	Since it was consistently 

isolated in large numbers on nutrient agar, malt agar, 

potato dextrose agar and LEy. emetica leaf extract agar, 

it was retained for further study, being designated as 

Pe. 2. 

The number of different bacterial species 

isolated from water-washed nodules was much in excess 

of the number of different types of bacteria, which 

histological investigations (p168) had shown to be 

present in this material. 	Accordingly, with a view 

to investigating the possibility that some of these 
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organisms were coming from the leaf surface, some 

further experiments were conducted. 

In these experiments, young leaf nodules 

were mechanically washed in approximately 15 changes 

of sterile water. 	After each wash, the washings 

were plated out onto nutrient agar. 	The washed 

nodules, after maceration and suspension in 1 ml. water, 

were similarly plated out. 	The general pattern of 

results was similar in each of these experiments. 	On 

all isolation plates which had been inoculated with sus-

pensions of leaf nodule tissue, colonies of organisms 

similar to those described above were obtained in 

abundance. 	Plates which had been inoculated with the 

first washing presented a similar appearance, large 

number of Pe. 1 and Pe. 2 colonies, amongst others, 

being present. 	Similar colonies appeared (but now much 

less abundantly) on those plates which had been inocula-

ted with the 2nd, 3rd, 4th, 5th or 6th washings res- 

pectively. 	On the remaining plates, no bacterial 

colonies developed. 

These results indicate that the majority of 

the leaf nodule bacterial isolates (including Pe. 3. and 

Pe. 2) are probably surface inhabiting microorgan- 

isms. 	However, since bacteria (Pe. 1 and 
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Pe. 2) were also obtained from nodules which had been 

washed 15 times (the later washings yielding no bact-

eria), it may be concluded that these bacteria are, in 

fact, present within the nodular tissue. 	(The possi-

bility that bacteria remain undisturbed in the "furrows" 

on the leaf surface must not be ignored). 

(b) Non-nodulated regions of nodulated leaves. 

A Gram-stain, performed on an aqueous sus-

pension of macerated, non-nodulated leaf tissue, yielded 

a similar result to that recorded above for nodulated 

leaf tissue. 

When isolation was attempted from this source, 

results similar to those recorded for water-washed leaf 

nodules were obtained. 

(c) Terminal buds  

A cram-stain, performed on macerated terminal 

bud tissues, showed that, in all probability, more than 

one bacterial species is present in this location. 

Whilst the majority of terminal bud bacteria exhibited 

Gram-negative staining characteristics, a number of 
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Gram-positive forms were also present. 	Included in 

the former group were types 1 and 2 (see p 176), as 

also were several, chain-forming bacterial cells. 

Isolation experiments conducted with water- 

washed buds confirmed these findings. 	Thus, in addi-

tion to bearing innumerable colonies of organisms 

Pe. 1 and Pe. 2, the isolation plates (of nutrient 

agar, malt agar, potato dextrose agar and Psy. emetica  

leaf extract agar) showed the presence of several other 

organisms. 	Included amongst these were the two Gram +ve 

coryneform bacteria (previously isolated from leaf nodu-

lated tissues), several yeast colonies and a very large 

number of colonies of a Gram-negative, rod-shaped 

bacterium which produced lemon-yellow colonies. 	This 

latter organism was retained for further study and was 

designated as Pe. 3. 

Histological studies (p 1-714 had shown that, 

whilst a mixed bacterial population was present in the 

mucilage-filled interfoliar spaces of the bud, the 

primordial foliage leaves appeared to contain only one 

type of bacterium. An attempt was made to isolate 
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the bacteria from primordial foliage leaves. 	After 

being stripped of stipules and outermost foliage 

leaves, the bud was rinsed in 95% alcohol (to remove 

the mucilage • 	from the stem apex and primordial 

leaves) and then treated by the mechanical washing 

method, prior to maceration and plating. 	Colonies of 

Pe. 1, Pe. 2 and Pe. 3 again developed in large numbers. 

Psychotria nairobiensis  

(a) Leaf nodules of all ages. 

Gram-negative bacteroids were the sole type 

of organism observed in smears of macerated leaf nodules. 

Irrespective of the method of sterilisation 

employed, of the culture media investigated and of the 

age of the leaf nodules, no bacterial culture was ever 

isolated (i.e. in abundant amount and repeatedly) from 

this source. 

(b) Non-nodulated regions of nodulated leaves. 

Bacteria were not observed in tissue macerates 

of non-nodulated regions of old leaves; a few 
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Gram-positive bacteria of type 2 (p 189) were present 

in smear preparations of squashed young leaves. 

All attempts to isolate the bacteria from 

non-nodulated regions of young leaves were unsuccessful. 

(c) Terminal buds  

Only one type of bacterium, namely an un-

evenly-stained, Gram-negative rod, was found in smears 

of macerated terminal bud tissue. 

Notwithstanding the fact that the terminal 

bud contained large numbers of these bacteria, all 

initial attempts to isolate bacteria from this source 

failed. 

When water-washed buds were squashed into 

tubes of phosphate buffer (0.5 ml; pH 7; one bud/tube) 

and then incubated for 2 days prior to plating out 

onto a range of plant extract media (Psy. nairobiensis  

leaf extract agar; malt agar; potato dextrose agar), 

numerous pale-cream, fluorescent colonies grew up on 

all media. 	These colonies were isolated in 3 out of 5 
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replicate experiments and microscopical examination 

showed that they were produced by a Gram-negative, 

straight-sided, rod-shaped bacterium of approximately 

similar dimensions to the bacterium seen in terminal 

bud macerates. 	This organism was retained for further 

study, being designated as Pn. 1 (Psy. nairobiensis  

bacterial isolate No. 1). 

(d) Seeds. 

In all attempts to isolate the bacterial 

symbiont from seeds, fresh (unstored) seeds were emp-

loyed and surface sterilisation was effected by the 

mercuric chloride method. 

As with A. crispa, isolation of the bact-

erial symbiont was attempted both from ungerminated 

and from germinated seeds; a series of isolation ex-

periments, similar to that described previously for 

A. crispa,was undertaken. 

When bacterial isolation was attempted from 

ungerminated seeds, the following results were obtained:- 
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After 3 days' incubation at 25°C, the majority 

of seeds which had been sliced through the embryo 

prior to plating onto nutrient agar and malt agar, were 

surrounded by two different types of bacterial colonies. 

These were coloured cream-white and lemon-yellow res-

pectively and after purification by the streak-plate 

technique, each was examined microscopically. 	The 

cream-white colonies consisted of small (1-1.5µ x 0.511), 

motile, Gram-negative rods, whilst the lemon-yellow 

coloured colonies were produced by slightly larger 

(1.5-211 x 111), motile, Gram-negative to Gram-variable 

rods. 	Since these organisms were obtained in large 

numbers in each of several similar experiments, they 

were retained for further study, being labelled as 

Pn. 2 and Pn. 3 respectively. 	Neither of these org- 

anisms was obtained on the control (unsliced seeds) 

plates. 	In most of these experiments, however, not 

all of the control seeds remained sterile. 	Thus, in 

some instances, as many as 20% of the control seeds 

were surrounded by a bacillus type of growth. 	Colonies 

of this bacterium were not present around the sliced 

seeds; it would thus appear that the development of 



234 

this organism was being prevented, in some unknown 

way, by organisms Pn. 2 and/or Pn. 3. 

This bacillus type of colony was also ob-

tained when, in an experiment similar to that recor-

ded previously for A. crispa, seeds, which had had 

their testa removed prior to surface-sterilization, 

were plated onto nutrient agar. 	However, the major- 

ity of seeds (95%) remained bacteria-free. 	In all 

probability this bacillus was a seed surface micro-

organism. 

Organisms Pn. 2 and Pn. 3 were also obtained 

when surface-sterilised seeds, which had been sliced 

in such a way that the embryo was not exposed, were 

plated and incubated on nutrient agar. 

Microscopically-examined, Gram-stained pre-

parations of aqueous suspensions of macerated, germina-

ted seeds were found to contain large numbers of Gram-

negative, rod-shaped bacteria, whose staining and mor-

phological characteristics were similar to those 

bacteria as seen in serial sections of germinated 

seeds. 
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Isolation attempts from germinated seeds 

were, carried out under exactly similar conditions to 

those described previously for A. crispa. 	Examination 

of the nutrient agar isolation plates after 2 days 

incubation showed that hundreds of pale-yellow, mucoid, 

spreading colonies, of very similar appearance to 

colonies of Ac. 3 (the bacterium isolated from germ- 

inated seeds of A. crispa), 	developed. 

Additionally (cf. A. crispa), a few colonies of bact- 

eria Pn. 2 and Pn. 3 were obtained. 	Microscopical 

examination confirmed that the pale-yellow, mucoid 

colonies consisted of bacteria, which in size, shape 

and staining characteristics, were very similar to 

bacterial species Ac. 3. 	Since this bacterium was 

repeatedly obtained in many replicate experiments, it 

was retained for further study, being designated as 

Pn. 4. 

Large numbers of grey, mucoid, spreading 

colonies were the sole type of colonies present on 

plates of the "nitrogen-free" synthetic medium (cf. 

A. crispa). 	To the naked eye these colonies resembled 

the colonies obtained as a result of plating macerated, 

I. 
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germinating seeds of A. crispa onto the same medium 

(p 222). 	Microscopical examination confirmed that 

these bacteria were morphologically very similar both 

to organism Ac. 4 and to the bacteria seen in ungerm- 

inated seeds of Psy. nairobiensis. 	This bacterium 

appeared consistently and in large number in all 

such isolation experiments; hence it was retained 

for further study and was labelled Pn. 5. 

Pavetta grandiflora  

(a) Leaf nodules of all ages. 

In many respects the results of attempted 

isolations from leaf nodules of P. grandiflora were 

similar to those recorded previously in this Section 

for Psy. emetica.  

The mechanical (repeated washing) method 

was adopted for the removal of surface microflora from 

nodules. 	Using identical isolation procedures one 

particular type of bacterial species was isolated in 

the majority of experiments; this was a ma-shaped 



237 

bacterium which exhibited very similar morphological 

and staining characteristics to bacterial isolate 

Pe. 1. 	It was retained for further study being 

designated as Pg. 1 (P. grandiflora bacterial isolate 

No. 1). 	Several other species of microorganisms were 

isolated during the course of these investigations, 

but, since they did not conform to the criteria laid 

down at the beginning of this section (p 20/4. ), they 

were not studied further. 

(b) Non-nodulated regions of nodulated leaves. 

Bacterium Pg. 1 was isolated in large num-

bers from water-washed non-nodulated leaf tissues. 

Several, coryneform, Gram-positive bacterial species 

- similar to those isolated from nodulated tissues - 

were also obtained. 	However, as in the case of iso- 

lation attempts from leaf nodules, these species were 

not obtained consistently from one experiment to 

another. 	In an experiment similar to that described 

for Psy. emetica (p 227), both Pg. 1 and the coryne-

form bacteria developed on plates which had been ino-

culated with a sample from each of the first few 

washings. 	The vast majority of plates which had been 

inoculated either from the later washings or with the 
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washed, macerated, non-nodulated leaf tissues re- 

mained sterile. 	It would thus appear that the 

bacteria isolated in these experiments are leaf 

surface-inhabiting organisms. 

(c) Terminal buds 

A Gram-stain, performed on macerated term-

inal bud tissues, showed that, possibly, more than 

one bacterial species is present at this location. 

Thus, whilst all of the bacteria observed in terminal 

buds were Gram-negative, a number of morphologically 

distinct types were present. 	The majority of bact-

eria exhibited morphological characteristics similar 

to those of the bacteria seen in serial sections of 

terminal buds. 	A few, larger (3..5-411 x 

unevenly stained, rods were also present. 

When isolation was attempted from water-

washed buds, a large number of different bacterial 

species developed on the isolation plates. 	In all 

probability, many of these species were surface-inhabit-

ing microorganisms and hence, in an attempt to cut 

down the number of contaminants, resort was made to 
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the use of a sterilising agent. 	Buds were surface 

sterilised in mercuric chloride, prior to washing, 

macerating and plating out. Again, a large number 

of different bacterial species developed on the iso-

lation plates (cf. A. crispa, Psy. emetica and Psy. 

nairobiensis). 	It would appear that, in the case 

of P. grandiflora, the mercuric chloride had failed 

to penetrate the stipular coverage; if this be the 

case, then this fact could possibly explain why so many 

bacteria appeared on the isolation plates. 	It would 

also seem probable that the interfoliar spaces of the 

terminal bud housed a mixed bacterial population. 

An attempt was made to isolate those bacteria 

which are present within the primordial foliage leaves 

of the bud (see p 197 	After a bud had been stripped 

of stipules and outermost foliage leaves, it was rinsed 

in 95% alcohol and then treated by the mechanical 

(repeated washing) method. 	The bud was then macerated 

in 2 ml. sterile water and plated onto nutrient agar, 
• 

malt agar and potato dextrose agar. After 3 days in-

cubation, the plates showed the presence of two types 

of colonies, both of which occurred abundantly. One 

type consisted of pink colonies of bacterium Pg. 1, 
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whilst the second type consisted of pale yellow, 

circular, colonies, which were produced by a motile, 

Gram-negative rod-shaped bacterium. 	Since the 

latter organism was obtained in 4 out of 5 replicate 

isolation experiments, it was set aside for further 

study, being designated as Pg. 2. 
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CHARACTERISATION OF THE BACTERIAL ISOLATES. 

Using the methods previously described (see 

pp. 97-107), an attempt was made to establish the iden- 

tity of each of the selected bacterial isolates. 	The 

morphological and growth characteristics of each iso-

late are summarized below, and the physiological and 

biochemical characteristics are set out in Table I. 

(a) Morphological and Growth characters. 

Some features were common to all the selected 

isolates; thus, each was a Gram-negative, non-sporing, 

rod-shaped organism, which was not acid fast when 

stained by the Ziehl-Neelsen method but was acid-fast 

when stained by von Faber's method. 

The bacteria present in plant tissues likewise were 
not acid-fast when stained by the Ziehl-Neelsen method, 
but were all found to be acid-fast when von Faber's 
method was employed. 	The latter method was considered 
to be unsatisfactory for investigating the acid-fast-
ness of bacteria, since even a known non-acid-fast 
bacterium (Escherichia coli) was positive when stained 
by this method. 	Only the control bacterium 
(Mycobacterium phlei) was found to be acid-fast by the 
Ziehl-Neelsen method and hence it was concluded that 
neither the bacterial isolates nor the in vivo bacteria 
were acid-fast. 
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Bacterial isolate Ac, 1. 

[A] Morphology and staining characters. 

Cells grown in nutrient broth or on nutrient 

agar were straight, evenly-staining, non-capsulated, 

motile (1 - L. polar flagella) rods, arranged singly 

or in pairs, with rounded ends and measuring 1 - 211 

x 0.34. 

[B] Growth characters. 

In nutrient broth, after 2 days incubation, 

there was an abundant growth,as evidenced by a dense 

uniform turbidity, a moderate viscid deposit and a thin 

smooth surface pellicle. 	There was little change af-

ter 7 days. 

Growth on nutrient agar (in slope or plate 

culture), after 2 days incubation, was abundant. 

Individual colonies were circular, 2 mm. in diameter, 

convex, amorphous, white and tranhcent, with a smooth 

glistening surface and an entire edge. 	They were of 

butyrous consistency and were easily emulsifiable in 

water. 	There was little change after 7 days. 
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No growth occurred on "nitrogen-free" media. 

When grown in Georgia and Poe's medium, after 2 days, 

the culture exhibited a duck-egg blue fluorescence when 

examined under U.V. light. 	In visible light the medium 

fluoresced to a pale green colour after 7 days. 
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Bacterial isolate Ac. 2. 

[A] Morphology and staining characters. 

In dimensions, cell arrangement, motility 

(1 - 4 polar flagella) and staining characters, organ- 

ism Ac. 2 resembled organism Ac. 1. 	It differed from 

the latter, however, in a number of respects; thus the 

cells of Ac. 2. were pointed at the poles, were cap-

sulated and produced slime. 

[B] Growth characters. 

In nutrient broth, after 2 days incubation, 

there was an abundant growth, as shown by a dense, uni-

form turbidity, an abundant, fine, flocculent deposit 

and a thick, granular, friable pellicle. 	A similar re- 

sult was recorded after 7 days. 

Growth on nutrient agar (in slope or plate 

culture), after 2 days, was abundant and largely con- 

fluent. 	Individual colonies were circular, 2 - 6 mm. 

in diameter, convex, amorphous, cream coloured and 

opaque, with a smooth, moist surface and an entire edge. 

They were butyrous and easily emulsifiable in water. 

After 7 days there was little change in the appearance 
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of the bacterial growth, but the medium was turned dark 

brown in colour by the diffusion of some unknown sub-

stance from the culture. 

This bacterium grew extremely well on "nit-

rogen-free" synthetic medium, producing grey, mucoid 

circular, raised colonies. 	No fluorescent pigment was 

produced in Georgia and Poe's medium. 
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Taxonomic investigations showed that bacterial 

isolates Ac, 3 and Ac. L. were specifically identical; 

the designation Ac. )4  is, therefore, abandoned. 

Bacterial isolate  Ac.  3. 

[A] 	Morphology and staining characters. 

Cells from nutrient agar were slightly cur-

ved, irregularly stained, capsulated rods, occurring 

either singly or in pairs or in long, thin, wavy chains 

(up to 8 cells long); the wavy nature of the chains 

was due both to the slight curvature of the individual 

cells and to a type of "snapping-fission" which these 

cells exhibited. 	The individual cells had irregular 

sides, pointed ends and were of dimensions 1.5 - 3.5µ 

x 0.3 - 0.5P, 	They were non-motile, produced a pro-

fuse amount of slime and bore a strong morphological 

resemblance to the bacterium seen in germinating seeds. 

When cultured on "nitrogen-free" synthetic 

medium, this isolate showed a pronounced tendency to 

pleomorphism. 	Cells from 2-day-old cultures were 

slightly curved, bipolar-stained, capsulated, slime-

producing, non-motile rods, occurring singly or in pairs, 
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with rounded ends, slightly bulging sides and measuring 

1.5 - 2.5µ x 0.5µ; these cells were morphologically 

very similar to the bacteria seen in ungerminated seeds. 

After 7 days, all cells were swollen and ellipsoidal 

in shape; cultures examined after a further 14 days 

consisted exclusively of bipolar-stained, Azotobacter-

type cells, each enclosed in a greatly enlarged capsule 

(Fig. LXVI). 

[B] 	Growth characters  

This isolate produced a very poor growth in 

nutrient broth; no growth was evident after 2 days, 

whilst after 7 days the cultures showed a slight friable 

rings  a faint turbidity and a moderate amount of a pale 

yellow viscid deposit. 

Growth on nutrient agar, after 2 days, was 

abundant and, even in plate culture, was largely con- 

fluent. 	Individual colonies were irregular, up to 

10 mm. across at their widest point, raised, amorphous, 

pale yellow and opaque, with a smooth moist surface and 

an abrupt edge. 	They were mucoid and easily emulsi-

fiable in water. After 7 days the colonies were covered 
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by a dull, contoured skin; at this stage they were of 

viscid consistency and were firmly attached to the sur- 

face of the medium. 	Notwithstanding the fact that it 

grew rapidly and abundantly on nutrient agar, Ac. 3 

was unable to survive on this medium for longer than 

7 days. 

Ac. 3. grew extremely well on the "nitrogen-

freeflehetic medium, producing irregular, raised, amor-

phous, smooth, moist, spreading, grey translucent 

colonies. 	Continued culture on this medium resulted 

in the appearance of a "rough" variant, which was ob-

served when such cultures were subsequently plated on 

nutrient agar; this was designated as Ac, 3 "R" to 

distinguish it from the normal "smooth" type Ac. 3"0" 

(isolate Ac. 3 as described above). 	In morphological 

and growth characters, Ac. 3"R" differed from Ac. 3"S" 

in the following respects:- Rods from nutrient agar 

(see Fig. LXVI) were more evenly stained, occurred mainly 

singly (no chains observed) and measured 1.5 - 2.511  

x 0.511; they were motile in young cultures (up to 

36 hr. old) by a single polar flagellum. 	In nutrient 
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broth a flocculent deposit was formed, whilst, on nut-

rient agar, discrete, circular, 2 mm. diameter, convex, 

coarsely granular colonies, with an entire edge, were 

produced. 
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Bacterial isolate Pe. 1. 

[A] Morphology and staining characters. 

Cells grown in nutrient broth or on nutrient 

agar were straight, bipolar-staining, non-capsulated, 

rods, occurring mainly singly but also in pairs. 	They 

were motile (single polar flagellum) in young culture 

(up to 24 hr.), of dimensions 1.5 - 411 x 1.0 - 1.2µ and 

their rounded ends and bulging sides gave them an ellip-

soidal appearance. 

[B] Growth characters. 

In nutrient broth, after 2 days, there was 

only scanty growth; no surface growth occurred, the 

medium remained clear and there was a slight, viscid, 

pink deposit. 	There was a slight turbidity and a 

moderate viscid deposit after 7 days incubation. 

Growth on nutrient agar, after 2 days, was 

scant. 	Individual colonies were circular, pinpoint, 

convex, amorphous, pink and transparent, with a smooth, 

glistening surface and an entire edge. 	After 7 days, 
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the colonies were of 2 mm. diameter and were convex, 

opaque, viscid, finely granular and of a deeper shade 

of pink; they adhered strongly to the agar and were 

difficult to emulsify in water. 

A scant amount of growth was produced on 

"nitrogen-free" s7,2thetic medium. 	No fluorescent pig- 

ments were detected when this organism was cultured in 

Georgia and Poe's medium. 
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Bacterial isolate Pe. 2. 

[A] Morphology and staining characters. 

Cells grown in nutrient broth or on nutrient 

agar were slightly curved, evenly-stained, non-capsulated, 

motile (1 - 4 polar flagella) rods, arranged singly or 

in pairs, with rounded ends, parallel sides and measuring 

1 - 2µ x 0.3µ. 

[B] 	Growth characters. 

In nutrient broth, after 2 days incubation, 

there was a moderate growth, as evidenced by a moderate, 

uniform turbidity, a slight flocculent deposit and a 

surface ring around the wall of the tube. After 7 

days, the medium was densely turbid and a thin, friable 

pellicle covered the medium. 

Growth on nutrient agar, after 2 days, was 

moderate. 	Individual colonies were circular, up to 

2 mm. in diameter, convex, amorphous, cream coloured 

and translucent, with a smooth moist surface and an en- 

tire 	A yellow-green fluorescent pigment had 

diffused from the culture into the medium. 	The colonies 



253 

were butyrous and easily emulsifiable in water. 	There 

was little change after 7 days. 

No growth occurred on "nitrogen-free" medium. 

In Georgia and Poe's medium a duck-egg blue fluorescence 

was noted under U.V. after 2 days. 
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Bacterial isolate Pe. 3. 

[k] Morphology and staining characters. 

Cells grown in nutrient broth or on nut-

rient agar were straight, evenly stained, motile 

(single polar flagellum) rods, occurring singly or in 

pairs, with rounded ends, bulging sides and measuring 

0.4 - 1µ x 0.3µ. 	Slime was produced, but it is 

doubtful whether a capsule was present. 

[B] 	Growth characters. 

A rapid and abundant growth was produced in 

nutrient broth; after 2 days, a dense, uniform tur-

bidity and a moderate, flocculent deposit were present. 

After 7 days a ring was present at the surface of the 

medium. 

Growth on nutrient agar (in slope and plate 

culture), after 2 days incubation, was moderate. 

Individual colonies were circular, of 2 - 4 mm. diameter, 

convex, amorphous, pale yellow and translucent, with 

a smooth glistening surface and an entire edge. 	They 

were of butyrous consistency and easily emulsifiable in 
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water. 	After 7 days, an abundant number of colonies, 

the colour of which had intensified to lemon yellow, 

was present. 

Pee 	was unable to survive more than one 

transfer on "nitrogen-free" medium. 	No fluorescent 

pigments were produced in Georgia and Poe's medium. 
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Bacterial isolate Pn. 1. 

[A] Morphology and staining characters. 

Cells from nutrient broth and nutrient agar 

were straight, evenly-stained, non-capsulated, motile 

(1 - 4 polar flagella) rods, arranged either singly 

(the majority of cells showed this arrangement) or in 

pairs or in short chains (3 - 4 cells long), with rounded 

ends and measuring 0.5 - 21.1. x 0.4µ. 

[B] Growth characters. 

In nutrient broth, after 2 days incubation, 

there was an abundant growth, the cultures showing a 

dense, uniform,turbidity, a moderate, viscid deposit 

and a thin, friable pellicle. 	The deposit was abun-

dant after 7 days. 

Growth on nutrient agar (in slope and plate 

culture), after 2 days incubation, was abundant. 

Individual colonies were circular, up to 3mm. in diam-

eter, low convex, amorphous, cream coloured and trans-

lucent, with a smooth moist surface and an entire edge. 
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They were butyrous and easily emulsifiable in water. 

After 7 days, a yellow-green, fluorescent pigmenta-

tion of the medium was observed. 

No growth occurred on "nitrogen-free" media. 

In Georgia and Poe's medium a duck-egg blue fluorescence 

of the medium was noted under U.V. after 2 days. 
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Bacterial isolate Pn. 2. 

[A] Morphology and staining characters. 

Cells from nutrient broth or nutrient agar 

were straight, evenly stained, non-capsulated, motile 

(peritrichate flagellation) rods, occurring mainly 

in pairs, with rounded ends and measuring 0.8 - 1.5µ 

x 	Small amounts of slime were produced by the 

cells. 

[B] Growth characters. 

In nutrient broth, after 2 days, there was a 

copious growth, the cultures showing a dense, uniform 

turbidity, an abundant, flocculent-viscid deposit and 

a surface ring around the wall of the tube. After 7 

days the deposit was viscid. 

Growth on nutrient agar (in slope or plate 

culture) was moderate, after 2 days incubation. 

Individual colonies were circular, 1 - 3 mm. in diam-

eter, low convex, amorphous, cream coloured and opaque, 

with a smooth, glistening surface and an entire edge. 
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Such colonies were butyrous and easily emulsifiable in 

water. 	A large number of colonies (4mm. in diameter) 

were observed after 7 days. 

No growth occurred on "nitrogen-free" media 

and no fluorescent pigment was produced in Georgia and 

Poe's medium. 
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Bacterial isolate Pn. 3. 

[A] Morphology and staining characters. 

Cells grown in nutrient broth or on nutrient 

agar were straight, evenly stained, capsulated, motile 

(3 - 8 peritrichate flagella) rods, arranged singly or 

in pairs, with rounded ends and of dimensions 1 - 1.5µ 

x 0.5µ. 

[B] Growth characters. 

In nutrient broth, after 2 days, there was 

a dense, uniform turbidity, an abundant, fine flocculent 

deposit and a slight, friable surface ring. 	After 7 days, 

no surface growth was evident, the medium had clarified 

and there was an abundant amount of deposit. 

Growth on nutrient agar, after 2 days, was 

moderate, greatly increasing after 7 days. 	Individual 

colonies were circular, 1 - 2 mm. in diameter, convex, 

amorphous, lemon-yellow coloured and translucent, with 

a smooth, glistening surface and an entire edge. 	They 

were of butyrous consistency and easily emulsifiable 

in water. 
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No growth occurred on "nitrogen-free" media 

and no fluorescent pigmentation was produced in Georgia 

and Poe's medium. 
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Taxonomic investigations showed that bacterial 

isolates Pn. 4 and Pn. 5 were specifically identical; 

the designation Pn. 5 is, therefore, abandoned. 

Bacterial isolate Pn. 4. 

[A] Morphology and staining characters. 

Cells grown on nutrient agar exhibited iden-

tical characters to those observed when Ac. 3"S" was 

cultured on the same medium. 

Just as in the case of Ac. 3"S" and Ac. 3"R", 

when Pn. 4 was cultured on "nitrogen-freest  synthetic 

medium it exhibited pleomorphism. 	With the exception 

that they were slightly shorter (1 - 2µ), cells from 

2-day old cultures of Pn. 4, in morphological and stain-

ing characters, were similar to correspondingly aged 

cells of Ac. 3"S" and Ac. 3"R"; in older cultures 

(21 day old) Pn. 4 was morphologically identical to this 

isolate (Fig. LXVII). 

[B] Growth characters. 

The growth characters of Pn. 4, in nutrient 

broth and on nutrient agar and "nitrogen-free" synthetic 
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medium, were identical to those recorded previously for 

Ac. 3"S". 	Continued culture of Pn. 4 on the "nitrogen-

free" medium resulted in the appearance of a "rough" 

variant, which was observed when such cultures were sub-

sequently plated on nutrient agar; this was designated 

as Pn. 4"R" to distinguish it from the normal smooth 

type Pn. 4"S" (isolate Pn. 4 as described above). 	In 

cell morphology, staining reactions and growth charac-

ters, Pn. 4"R" was identical to Ac. 3"R". 
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Bacterial isolate Pg. 1. 

In morphology, staining reactions and growth 

characters this isolate was identical to isolate Pe. 1. 

Bacterial isolate Pg. 2. 

[A] Morphology and staining characters. 

Cells from nutrient broth and nutrient agar 

were straight, evenly stained, non-capsulated, motile 

(single polar flagelluM) rods, arranged singly or in 

pairs, with rounded ends and measuring 0.8 - 1.5µ x 0.511. 

[B] Growth characters. 

In nutrient broth, after 2 days incubation, 

there was a moderate growth, the culture showing a mod-

erate flocculent turbidity and a slight flocculent de- 

posit. 	No surface growth was evident. 	The medium 

had clarified after 7 days, but a friable surface ring 

and an abundant flocculent deposit were present. 

Growth on nutrient agar, after 2 days, was 

abundant. 	Individual colonies were circular, 1 - 5mm. 
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in diameter, low convex, amorphous, pale yellow and 

transparent, with a smooth glistening surface and an 

entire edge. A yellow-green fluorescent pigment had 

diffused from the culture into the medium. After 7 

days, the colonies were butyrous and easily emulsifiable 

in water. 

No growth occurred on "nitrogen-free" media. 

In Georgia and Poe's medium a duck-egg blue fluorescence 

was noted under U.V. after 2 days. 

(b) Physiological and Biochemical characters. 

See Table I. 

All isolates were found to be cetalase positive. 	None 

of the isolates either hydrolysed starch or liquefied 

pectate gel. 	These characters are omitted from Table I. 



Explanations of abbreviations used in Table  

Ability to grow under strict anaerobic conditions  

+ = growth 
	

= no growth 

Effect of temperature 

For each isolate the optimum temperature for growth was approximately.25°C. 

The range of temperature over which growth was observed is given as A - B, 
where A is the minimum temperature, and B the  maximum temperature of the 
range. The range tested was from 5 C to 37°C and where either figure is 
quoted, growth may be possible beyond this range. 

Effect of pH  

The range of pH over which growth was observed is given as A - B, where A 
is the minimum pH, and B the maximum pH of the range. The range tested 
was from 4.4 to 8.4 and where either figure is quoted, growth may be 
possible beyond this range. 

Effect of salt concentration 

The range of salt concentration over which growth was observed is given as 
A - B, where A is the minimum concentration, and B the maximum concentration 
of the range. The range tested was from 0 to 10% and where 10% is quoted, 
growth may be possible at a higher concentration. 

Fermentation characters 

A 
	

acid produced 
a 	slight amount of acid produced 

= gas produced 
g 
	slight amount of acid produced 

neither acid nor gas produced 

Nitrate  

+ = nitrate reduced to nitrite 
no nitrite detected 

g = gas produced 

Litmus milk 

A = medium became acid. 
Alk = medium became alkaline 
pep = medium was peptonized 
cl = medium was clotted 
••• 
	 = no change in medium  

Gelatin 

CL 
SL 	= 
IL 

St.L =  

crateriform liquefaction 
saccate liquefaction 
infundibuliform 
liquefaction 

stratiform liquefaction 
no liquefaction 

Indol 
	

V.P.; M.R.  

+ = Indol produced 
	+ = positive reaction 

= no Indol produced 
	= negative reaction 

Oxidase 

++ = positive, i.e. development of a purple colour within 10 sec. 
delayed positive, i.e. development of a purple colour within 10 - 
60 sec. 

negative, i.e. development of a purple colour after 60 sec. or 
no development of purple colour. 

The superscript figures refer to the number of days incubation required for 
the particular property to become evident. The properties recorded in 
Table I refer to the final state of the test. 
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Pn4"S" Pn4"R" Pgi Pg2 Pni 	Pn2 Pn3 Pe3 Pei 	Pe2 Ac3"S" Ac3"R" Act Ac2 PHYSIOLOGICAL CHARACTERS 

Anaerobic conditions 

Temperature range 

pH range 

[salt] 

MN,  MN. 

17-37 	17-37 	17-30 17-37 5-30 	17-37 17-37 17-30 	17-37 17-37 17-37 17-30 17-37 

5.2-7 	5.2-7 	5.2-7 6-8.4 	5.2-8.4. 5.2-7 5.2-7 	6-8.4 5.2-8.4 5.2-7 5.2-7 5.2-7 

0-1 0-10 0-10 0.5-5 0-5 	0-5 0-1 	0-5 0-5 0-5 0-10 0-10 0-5 

BIOCHEMICAL CHARACTERS 
Al  a21 G.1. Al  A5  Al  A3  A7  Al  G-1  a21 IMO 

Glucose 

Mannose 

Sucrose 

Maltose 

Lactose 

Glycerol 

Mannitol 

Sorbitol 

Lactose 
(inorganic medium) 

Salicin 
(inorganic medium) 

a21 Al  Al  A5 	Al  Gl  Al A5  a5  a14 Al  GI' 

Al a21 Al Al  Gl  Al g6  Al 4 a21 Al G1  

Fe
rm
en
t
at
io
n
  c
h
ar
ac
te
r
s
  

a14 Al  a21 Al  Al  GI.  a14  Al a21 111 Gl 

Al  AS 64 Al  Al G1 

al 4 A3  a21 A4 a14 Al G.1 

a14 Al  Al  Al G.1 Al  a14 Al  C-1  

a14 Al  Al  G1  Al  a14 Al G1 .41 

a4 A5  A21  A21 A4m u4 a4 A21 A21  a4 G.1 
Ole 

L 
A4  Al  GI  a4 Al  G.1  

+3 g3 	+3 g 	+3 +4 g4 +4g4 am& 

Nitrate 

Litmus milk 

Gelatin 

Indol 

V.P. 

M.R. 

Oxidase 

A4  Alk7  Alk7  
c17  

Aik5  
pep21 

Alk5  
pep14 

A2  Alk7 	Alkl  

	

 	Pee 
st 

lak2  
c17  

A1k7  Al  
c 0114  011'4  e  p2 

St . L a? cL2  S1,3  st.T.7 sL" 

+7 

cL2 1 CL21  St.L4  
+7 

+5 

mmi .11.1 0•11, 	 •••• 

+5 
+5 +5 

OM. 

+1 +3. +1 ++3. 	+4-1  +4.1 +3. ++ ++ ++ 

TABLE I  

PHYSIOLOGICAL AND BIOCHEMICAL CHARACTERS 
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PART 3 

THE IDENTIFICATION OF THE BACTERIAL SYMBIONT. 

A number of criteria which Diust be ful-

filled in order to establish that a particular patho-

logical condition is caused by a particular parasite 

were laid down by Koch in 1891. These state that a 

disease is caused by a specific bacterium if it can 

be shown that:- 

(i) the bacterium is present in the lesions; 

(ii) the bacterium can be isolated and grown 

in pure culture; 

(iii) the isolated bacterium reproduces 

the disease when inoculated in a healthy host; and 

(iv) the bacterium re-isolated from the 

artificially inoculated host exactly corresponds in 

all its characters with the bacterium isolated from 

the lesions. 

The work so far described fulfils the first 

criterion only. Hol,ever, since a number of different 

bacterial species were isolated from the four leaf-

nodulated plant species9  it is uncertain which of 
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these, if any, is the bacterial synbiont. Normally 

this question would be resolved by the inoculation 

of a disease-free host to see if the same symptoms 

of disease were produced. In the case of the four 

plants under investigation, however, histological 

studies have shown that all naturally occurring 

plants contain bacteria within their tissues; hence, 

before re-infection experiments could be undertaken, 

it was necessary to produce bacteria-free plants. 

Since a reasonable supply of Psy. nairobiensis seeds 

was available, it was decided to restrict these in-

vestigations to this species. 

When 30 surface-sterilised (0.1(;,, 11?„1012) 

seeds were raised in sand under aseptic conditions, 

all 6 plants thus produced showed the presence of 

leaf nodules. From this result it was concluded 

that the bacteria present within the seed are re-

sponsible for the production of leaf nodules. 

von Faber (1912), Iliehe (1914), de Jongh 

(1938) and Hanada (1954) have reported that effective 

internal sterilisation of seeds can be achieved by 

the application of suitable heat treatments; in the 
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present study, all attempts to produce bacteria—free 

plants involved the use of such methods. 

A number of seeds were divided into batches 

prior to immersion in water, the temperature of which 

was thermostatically' controlled. The combinations 

of temperature and time to which separate batches of 

seeds were subjected were 55°C x 10 min., 5200 x 

10 min. and 50°C x 10 min. All treatd seeds were 

potted in John Innes soil and raised under green—

house conditions (25°C; 70 — 90;'a Relative Humidity). 

As a control, a number of untreated seeds were sown 

under the same conditions. Four months after sowing, 

the results shown in Table II were obtained. 

SERIES 
TEMPE7ZATURE 
AND DURATION 
OF HEATING. 

NO. OF SEEDS 
SOWN. 

NO. OF PLANTS 
PRODUCED. 

I 55°C x 10 min. 25 0 

II 52°C x 10 min. 25 0 

III 500 DC x 10 min. 25 2 

IV Control. 25 5 

Table II. 	Psv. nairobiensis. The results obtained 

after heat treatment of seeds. 
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All the plants obtained in this experiment 

appeared to be perfectly normal at the end of 4 

months; they bore healthy-looking, green, nodulated 

leaves. Initially it was thought that heating had 

exerted a deleterious effect on the seeds of series 

19  II and III; however, since only 5 out of 25 con-

trol seeds had germinated, it would appear that this 

was not the sole factor accounting for these unsatis-

factory results. On repeating the experiment, a 

similar result wns obtained (no seeds in series I 

germinated; 2, 4 and 7 seeds germinated in series 

II, III and IV, respectively). 

It scorned unlikely that the temperature 

and humidity conditions employed were at fault, 

since these approximated closely to the conditions 

existing in the natural habitat of this species. 

All seeds employed in the above experiments had been 

in storage for at least one year, and in order to 

test the possibility that storage might have caused 

loss of germination, a number of fresh, unstored 

seeds were procured. These were employed in a simi-

lar experiment to the one described above, and in 

this experiment another temperature/time combination 
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(43°0 x 24 hrs.) was investigated. The potted seed 

were examined periodically and after 4 months the 

results shown in Table III war,: recorded. 

SERIES 
TEMPERATURE 
AND DURATION 
OF HEATING. 

NO. OF SE DS 
SOWN 

NO. OF PLANTS 
PRODUCED. 

TYPES 	OF 	PLANTS. 
"normal" Nodulated 

"cripples" 
Non-nodulated 
"cripples" 

55q0 x 10 min. 10 0 0 0 0 
II 52°C x 10 min. 14 5 0 0 5 

III 500 x 10 min. 34 21 4 13 4 
IV Li.3°C x 24 hrs. 34 23 12 11 0 

V Control 28 25 19 6 0 

Table III 	Psy. nairobiensis. 	Examination of  

heat-treated and control seeds 4 months after sowinR 

The percentage of germinated seeds in the 

control series (89%) was significantly higher than 

that found in the treated series'(0%, 36%, 62;" and 

68.76, for series I, II, III and IV respectively) and 

it was concluded that for seeds of series I to IV, 

the various heat treatments had affected their 

ty to germinate. 
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The seedlings obtained both in the control 

and treated series emerged above ground level approx-

imately 60 days after sowing, thereby showing that 

the heat treatments did not affect the germination 

rate. At this stage there appeared to be no morpho-

logical difference between the control and treated 

seedlings. 

Four-month-old "normal" plants (Table III) 

were tall (average stem length 6 an) and healthy-

looking; they bore green, distinctly nodulated 

loaves (average n° of 6 leaves/plant), which were 

arranged on the stem in a decussate fashion. Both 

the nodules and the terminal buds of "normal" plants 

contained bacteria. These plants have continued to 

grow normally and were in every respect normal after 

2 years. 

Four-month-old "cripples" were character-

ised by showing short stems (average height 2 cm), 

which bore small, thin, twisted, pale yellow leaves 

(average of 3 leaves/plant) and a swollen terminal 

bud. On the leaves of the majority of "cripples", 

minute (less than 0.1 mm diameter), bacteria-con- 
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taining nodules were present. Whilst bacteria were 

found in the mucilage-filled interfoliar spaces of 

the terminal buds of nodulated "cripples", none were 

detected at this location in non-nodulated "cripples". 

Nine months after sowing, approximately 

half of the nodulated "cripples" of series 1119  IV 

and V had recovered, and after one year were identi-

cal with the "normal" plants. The average height 

of the stem of these plants was 20 cm. Over a 

similar period of time, the remaining nodulated 

"criprdes" and all the non-nodulated "cripples" had 

reached an average height of 5 cm. Very few leaves 

had developed on these "cripples" and in all such 

plants the normal terminal bud was replaced by 

several smaller buds. Eventually the latter develop-

ed into irregular protruberances and after one year, 

when these plants had reached an average height of 

8 cm, no further longitudinal growth of the stem 

took place. (Fig. LXVIII) Two years after sowing 

the few leaves possessed by these "cripples" wither-

ed and died. Simultaneously the swollen terminal 

bud masses rotted and the plants died. 



A 
	a 

FIG. LXVIII 	Psychotria nairobiensis. Showing 
non-nodulated crippled plant, A, and normal plant, B, 
after 14 months. 

2,76 
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In one respect the results of this experi-

ment were not entirely satisfactory; thus, only 9 

out of an initial total of 120 seeds had germinated 

to produce bacteria-free plants. On the other hand, 

the experiment had yielded a number of useful results; 

thus, it had shown that unstored seeds were more 

suitable for use in heat-treatment experiments than 

were stored seeds, and also that a temperature/time 

combination of 52°C x 10 min. was possibly the most' 

suitable canbination to employ in subsequent heat-

treatment experiments. 

Another similar experiment, in which 50 

unstored seeds were subjected to 52°C for 10 min. 

prior to sowing, was undertaken. The percentage 

germination (40) in this experiment was similar to 

that found in the previous experiment, and after 

four months only one plant showed "normal" features; 

11 out of 19 "cripples" were non-nodulated and, at 

this stage, no bacteria were detected in the tissues 

of such plants. However, after a further five months, 

7 of these non-nodulated "cripples" showed bacteria-

containing leaf nodules. They were morphologically 

similar to the remaining nodulated "cripples"; with 
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time (14 months), 2 of the newly-nodulated "cripples" 

assumed a normal appearance. 

In any reinfection experiment, a comparison 

must be made between the effect of reinfection and 

non-reinfection on the non-infected host. Since, in 

the two experiments described above, initially non- 

nodulat ed plants had become nodulated in 	none out 

of 9 cases in one experiment and in 7 out of 11 cases 

in the other, it is evident that, so as to take 

account of normal reversion, a reinfection experi-

ment must 

(i) be based on a sufficient number of 

non-nodulated "cripples", infected at random, and 

(ii) be designed on a statistical basis. 

Furthermore, the proportion of seeds ger-

minated was low and reversion of non-nodulated 

"cripples" was evident only after nine months. 

Thus, to resolve the identity of the 

supposed symbiont (or symbionts) by the method of 

Koch's postulates, many seeds and plants and a long 

period of time are necessary. In this event, it 
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was considered advisable to approach the problem of 

identification of the bacterial symbiont(s) by the 

use of the fluorescent antibody tracing technique. 

The underlying principle of the fluorescent 

antibody method, introduced by Coons et al (1942)9 

is based upon the observation that proteins, includ-

ing serum antibodies, can be labelled by chemical 

combination with fluorescent dyes, without material 

effect on the biological or immunological properties 

of the proteins. When layered over a histological 

section or cytological preparation, fluorescent 

antibody is deposited from solution at sites of 

specific combination with antigen. The reaction 

sites are perceived in characteristic colour by 

fluorescence microscopy. For this the preparation 

is illuminated by UV/Blue light, which is stopped 

above the object by a filter designed to transmit 

only the visible fluorescence emission. 

In the last twenty years numerous papers 

dealing with the biological and medical applications 

of the fluorescent antibody method have been pub-

lished, and adequate reviews have been written by 
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Mellors (1959) and by Nairn et al (1962). Paton 

(1960) has demonstrated its potentiality as a bac-

terial antigen-tracing technique in the study of 

plant-bacteria relationships. 

(1) Selection of material for fluorescent  

antibody studies, and methods adopted for the 

Preparation of antisera. 

For reasons put forward in a later sect-

ion (p323), leaf nodules and terminal buds were 

considered to be unreliable sources for the isolat-

ion of the bacterial svrnbioat. Oonsckluently, 

fluorescent antibody investigations were restricted 

to bacterial cultures isolated from seeds of 

A. crispa (Myrsinaceac) and Psy.nairobiensis  

(Rubiaceae). A number of bacterial cultures, 

originally isolated from these sources, were select-

ed for fluorescent antibody study on the basis of:- 

(a) frequency of isolation and 

(b) morphological similarity to the bacteria 

seen in plant tissue sections. 
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The selected isolates, along with the 

methods adopted for the -preparation of antisera, 

are listed in Table IV. 

BACTERIAL CULTURES 
SELECTED FOR 

FLUORESCENT ANTIBODY 
STUDIES. 

METHOD 	OF 	ANTISERA 	PREPARATION 

Culture medium Immunization Course 

Ac. 1 Nutrient agar Course "a" 

Ac. 2 Nutrient agar Course "a" 

Ac. 3 "S" "N2-frQ:e" agar Course "a" 

Pn. 2 Nutrient agar Course "a" 

Pn. 4 "S" "N2-free'► agar Course "b" 

Table IV 	Showing the bacterial isolates selected  

for fluorescent antibody studios. 

(2) Assessment of antibody activity of the  

antisera; subsequent treatment of antisera. 

All antisera, prepared against these 

bacteria by using the methods described previously 

(pp 107 - 109), were examined for antibody activity 

by Droyor's method. The antiserum prepared against 

culture Pn. 2 showed strong agglutinating activit7 

when tested (against Pn. 2) by this method; only 
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weak agglutinating activity was shown when antisera 

prepared against 21c. 1, 	2, Ac. 3"8" and Fn. 4"S" 

were examined by the same method. The presence of 

specific antibodies in these antisera was detected, 

however, when each bacterial culture was tested 

against its corresponding antiserum by Elek's gel 
) 

diffusion technique. It is interesting to note that 

cultures Ac. 1 and c. 2 gave strong, almost identical 

lines of precipitation by this method, thereb7 indi-

cating their close relationship. Culture 4. c. 3 "S" 

yielded similar results to culture Pn. 4 "3" in the 

gel diffusion method. 

Unlabelled specific antisera were obtained 

from each of the four antisera prepared by Course "a" 

by using the method previously described (p. 109); 

from the antiserum prepared against isolate Pn. 4 "8", 

both the corresponding unlabelled specific antibody 

solution and the corresponding labelled specific 

antibody solution were obtained (pp 110 - 113). 
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(3) Fluorescent antibody tracing experiments. 

(a) Experiments involving the use of the Direct 

Staining Method. 

Labelled specific antibody solution prepared 

against isolate Pn. 4 "S" was employed in the Direct 

Method. 

An essential requirement in the employment 

of the fluorescent antibody method is a decisive 

demonstration of the immanospecificity of the staining 

reaction. :Accordingly, before any attempt was made 

to stain the bacteria present in the tissues of 

A. crispa and Psy. nairobiensis9  the labelled 

Pn. 4 "S" specific antibody was examined for specifi-

city of staining as follows:- 

Smears of each of the bacterial isolates 

obtained from the four leaf-nodulated plant species 

were prepared. Using the Direct Staining Method, all 

preparations were treated with labelled Pn. 4 "S" 

specific antibody. The results of this investigation 

are shown in Table V. The bacterial cells showing 

specific staining were strongly fluorescent and 
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apple-green in colour s  whereas those showing non-

specific staining did net fluoresce and were dull 

Freon in colour. 

BACTERIAL ISOLATES TREATED WITH 
LABELLED Pn. 491s" SPECIFIC ANTIBODY. 

STAINING PATTERN 
OBSERVED. 

- 

Ac. 1 Non-specific 

Ac. 2 Non-specific 

Ac. 3 "S" Specific 

Ac. 3 "R" Specific 

Pc. 1 Non-specific 

Pc. 2 Non-specific 

Po. 3 Non-specific 

Pn. 1 Non-specific 

Pn. 2 Non-specific 

Pn. 3 Non-specific 

Pn. 4 "S" Specific 

Pn. 4 "R" Specific 

Pg. 1 Non-specific 

Pg. 2 Non-specific 

Table V Results of staining bacterial isolates 

with labelled Pn. 4 "S" antibo_di. 
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Those bacterial cultures which stained 

specifically with this labelled antibody ware further 

checked for specificity of staining by the "blocking 

test" (p.114). The results, shown in Table VI, con-

firmed the findings of the previous test. 

B„:,CTERIAL 	 
ISOLATES 
EXAMINED 

SERUM USED FOR 
TREXIIENT OF 
SMEZiRS PRIOR 
TO STAINING 

STAIN USED 
STAINING 
PATTERN 
OBSERVED 

Pn. 4"S" , Labelled Pn. 	4"s" 
specific antibody 

Non-specific 

Pn. 4"S" B tt Specific 

Pn. 4"R" A it Non-specific 

Pn. 	4"R" B • " Specific 

Ac. 	3"S" A It Non-specific 

Ac. 	3"S" B tt Specific 

Ac. 	3"R" A Non-specific 

Ac. 	3"R" B Specific 

A = Unlabelled Pn. 4"S" specific antibody (i. e. "blocked" 
preparation). 

B = Non- imune serum. 

Table VI Results of the "blocking test". 
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Having thus established its staining 

specificity, the labelled Pn. 4"6" specific anti-

body wee then employed in experiments to investigate 

the presence of bacterium Pn. 4"S" in modulated 

plant species; in all such experiments, the "block-

ing test" was employed as a control. The following 

results were obtained when Psv. nairobiensis tissues 

were examined by this mothod;- 

„Ipproximately 95% of the many bacteria 

present in smears of macerated leaf nodules were 

found to be stained specifically by labelled Pn. 4"S” 

specific antibody. 

The bacteria present in smears of macerat-

ed non-modulated regions of nodulated leaves, whilst 

being much fewer in number, were likewise predominant-

ly (95%) stained specifically by the labelled anti-

body. 

Of the numerous bacteria present in termin-

al bud macerates, only 30';', were stained specifically. 

However, a considerable quantity of mucilage was 

present in these preparations, and in its staining 
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and fluorescent characteristics this resembled those 

bacteria which were stained specifically by labelled 

Fn. 4"S" specific antibody. Since in the control 

preparation the mucilage did not fluoresce, the 

fluorescence noted above must be due to specifically-

stained material contained in the mucilage. .As the 

latter was known to contain a large number of bac-

teria (see Part 1), the fluorescence could be due 

to some of these bacteria staining specifically and 

hence imparting their fluorescence to the mucilage 

as a whole; an alternative explanation could be 

that some of these bacteria (30;0) were identical to 

Pn. 4"S" and were producing a mucilage-soluble 

antigen which, in turn, was stained by the labelled 

Pn. 4"S" specific antibody. 

Whilst smears of squashed germinating 

seeds contained only very few bacteria, almost 100 

of those present exhibited specific staining. The 

paucity of bacteria in seed macerates was possibly 

due to the fact that, in this case, smears had been 

prepared from aqueous suspensions of crushed seeds; 

this maceration method, employed in order to facili-

tate crushing of the woody-textured seeds, would 

result in some dilution of the seed bacterial popul-

ation. 
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In all cases the control experiments con-

firmed these findings. From these results it was 

concluded that bacterium Pn. L-"S" is present in the 

leaf nodules, non-nodulated regions of nodulatcd 

leaves, terminal buds and germinating seeds of 

Psy. nairobiensis. 

In view of the fact that bacterial cultures 

Ac. 3"S" and Ac. 3"R" had stained specifically with 

labelled Fn. 4"S" specific antibody, and had each 

shown very similar taxonomic characteristics to 

Pn. 4"S" and Pn. 4"R", it was decided to examine 

A. crispa tissues with the aid of the labelled Pn. 4"S" 

specific antibody. As far as smears of leaf nodules, 

of non-nodulated regions of nodulatcd leaves and of 

germinating seeds were concerned, the results obtain-

ed with A. crispa compared favourably - both with 

regards to specific staining and to the percentage 

of specifically-stained bacteria - with those record-

ed above for the corresponding tissues of Psy. 

nairobicnsis.  Macerated terminal bud tissue of 

crispa, whilst likewise containing many bacterial 

cells, differed from its Psy. nairobiensis counter-

part in containing a much higher percentage (almost 

1000 of specifically-stained cells. 
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These results would indicate that bacterium 

Pn. 4"S" is also. proscnt in A. crispa  tissues. 

(b) Experiments involving the use of the  

Indirect Staining ii.ethod. 

The undermentioned antisera were employed 

in the Indirect idlethod:- 

(1) Unlabelled Ac. 1 specific antiserum. 

(ii) Unlabelled Ac. 2 specific antiserum. 

(iii) Unlabelled Ac. 3"S" specific antiserum. 

(iv) Unlabelled Pn. 2 specific antiserum. 

(v) Unlabelled Pn. 4"S" specific antibody. 

Before attempting to stain the bacteria 

present in plant tissues, each antiserum was checked 

for specificity of staining. For this, duplicate 

smears of the bacterial cultures Ac. 1, Ac. 2, 

Ac. 3"s"9  Pn. 2 and Pn. 4"s" were prepared. One 
smear of each culture was treated with its correspond-

ing unlabelled specific antiserum (or antibody in 

the case of Pn. 4"8") and stained according to the 

method previously described (p. 115); in the other 

(control) smear, unlabelled non-specific antiserum 

replaced the unlabelled specific antiserum as the 
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middle layer of the "sandwich". Fluorescent staining 

obtained in the first sot of ,smears and lack of simi-

lar staining in the controls indicates specificity 

of staining. All the unlabelled specific antisera 

(and the unlabelled Pn. 4"s" specific antibody) were 

found to exhibit staining specificity when examined 

in this way. A similar control procedure was adopted 

when plant tissues were examined by the Indirect 

Eethod. 

When the Indirect Hothod of Staining was 

applied to Psy. nairobionsis and A. crispa tissues9  

the following results (set out below in the order of 

unlabelled specific antisera employed as the middle 

layer of the "sandwich") were obtained:- 

(i) Unlabelled Ac. 1 specific antiserum. 

Bacterium Ac. 1 could not be detected in 

macerates of Psy. nairobiensis nodular tissue. Only 

very few (approximately l;) of the many bacterial 

cells present in smears of A. crispa loaf nodules 

were stained specifically with this antiserum. 

(ii) Unlabelled Ac. 2 syocific antiserum. 

Results similar to those recorded for un-

labelled Ac. 1 specific antiserum wore obtained. 
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(iii) Unlabelled Ac. 3"s" specific antiserum. 

The vast majority of the bacterial cells 

present in Psy. nairobiensis leaf nodule macerates 

exhibi4a brilliant apple-green fluorescence, indicat-

ing specific staining. Macerates of non-nodulated 

regions of nodulated leaves of the same plant, whilst 

containing fewer bacterial cells, were similarly 

found to contain a high proportion of specifically-

stained cells. Terminal bud- and germinating seed 

tissue macerates yielded results similar to those 

obtained when corresponding tissues were stained by 

the Direct Method. 

When unlabelled Ac. 3"s" specific antiserum 

was applied to A. crispy tissues, a pattern of re-

sults, similar to that obtained when corresponding 

tissues were stained with labelled Pn. 4"s" specific 

antibody in the Direct Method, was found. 

(iv) Unlabelled Pn. 2 specific antiserum. 

Bacterium Pn. 2 was detected in macerates 

of Psy. mairobiensis leaf nodule tissue, about 1 

of the total number of bacterial cells being stained 

specifically. This bacterium was not detected in 

A. crispa tissues. 
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(v) Unlabelled Fn. 4uS" specific antibody. 

Tissue macerates of Psy. nairobiensis and 

A. crispa, treated with this antibody, ;yielded results 

analogous to those obtained when corresponding tissues 

of these two plants were treated with unlabelled 

Ac. 3"s" specific antiserum. 

Unlabelled Pn. 4"3" specific antibody was 

nlso used for the detection of bacteria in serial  

sections of Psy. nairobiensis and A. crispa germinat-

ing seeds. For staining these sections, Paton's 

modification of the Indirect Method (which employs 

a background counterstain and thereby enhances the 

contrast between stained bacteria and stained plant 

tissue) was found to be particularly suitable. 

Germinating seeds of both plant species were found 

to contain (almost exclusively) specifically-stained 

bacteria, which were localized in the embryo and in 

its surrounding slime. 
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PART 4 

INVESTIGATIONS INTO THE NITROGEN-FIXING ABILITY 

OF THE B.;.CTERIA ISOLATED FROI. ivRSINACE_IE AND 

RUBIACEAE SPECIES. 

number of workers have concluded that the 

function served by the bacterium in the leaf nodule 

symbiosis is one of nitrogen-fixation; reference has 

already been mate, in this connection, to the work 

of von Faber (1912, 1914) and Rao (1923) with 

Rubiaceae species and of Hanada (1954) with 

Myrsinaceac species. Since the bacteria isolated 

by these workers were each of different species, it 

would appear that a number of different bacterial 

species, all of which are capable of fixing atmospher-

ic nitrogen when grown in pure culture, are associat-

ed with leaf nodulated plants. 

Accordingly, the nitrogen-fixing abilities 

of all the bacterial cultures which had been isolated 

from the four leaf nodulated plant species under 

investigation, were examined. 
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(1) Preliminary investigations. 

number of preliminary "screening" experi- 

ments were perfonued:- 

Experiment 1  

In this experiment, in addition to examin- 

ing all the bacterial cultures which had been isolat- 

ed from the four leaf nodulated plants, several 

classified bacterial species wore included as a con- 

trol; of this latter group, only ,:izotabacter chroococcum 

was known to be a nitrogen-fixing organism. 

Saline-washed suspensions (1 x 108  cells/ml) 

of each of the organisms in nitrogen-free physiologic-

al saline were streaked out onto plates of both 

"nitrogen-free" solid synthetic medium and casein-

supplemented synthetic medium (p. 116 - 117). All 

plates were incubated for 5 days at 2500 and then 

.examined for the presence of bacterial colonies. 

The results of this experiment are set out in Table 

VII and a selection of these is illustrated in 

Figs. LXIX and LXX. 
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ORGLNISM EX=NED 
AMOUNT OF GROWTH 	ON "N2-FR-3.E" 
AEDIUA AS COMPARED WITH A1AOUNT 
OF GROWTH OF SZIME ORGANISM ON 
OASEIN-SUPPLEHENTED 1.<< O,DIUM. 

x crimental organisms. 

Ac. 	1 
ac. 	2 

- 
++ 

,i.c. 	3"S" ++ 
La. 3"R" ++ 
Pe. 	1 + 
Pe. 	2 - 
Pe. 	3 + 
Pn. 	1 - 
Pn. 	2 - 
Pn. 	3 - 
Fn. 	4"S" ++ 
Pn. 	4"R" ++ 
Pg. 	1 + 
Pg. 	2 - 

Control 	organisms. 

Eschericnia coli - 
Pseudomonas fluorescons + 
Erwinia aroideae + 
Bacillus subtilis _ 
Azotobacter chroococcum ++ 

assessed visually 

++ = amount of growth on"N2-free" medium 
approximately equal to that produced 
by same organism on casein-supplement-
ed medium. 

+ = amount of growth much less on "N2-free" 
medium. 

= no growth on "N2-free" medium and hence 
unable to make a comparison. 

Table VII 	Showing the results of Experiment No. 1. 



Mineral salts—agar medium 
'supplemented with Casein ' 
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FIG. LXIX 



Bacillus subtilis. 

Mineral salts — agar medium 
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hydrolysate. 
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Whereas all the organisms examined grew on 

the casein-supplemented medium, the majority were 

unable to grow on the "nitrogen-free" medium. Those 

organisms which did not grow on the "nitrogen-free" 

medium were considered, under the conditions of the 

experiment, to be incapable of fixing atmospheric 

nitrogen and were rejected for the purposes of the 

present study. 

Of the remaining organisms some grew 

vigorously and equally well on both media, whilst 

others gave very poor growth on the "nitrogen-free" 

medium as compared with their growth on casein-

supplemented medium. As a known nitrogen-fixing 

organism (Azotobacter chroococcum) was a member of 

the group of organisms which gave growth on both 

media, it was considered that the other organisms 

included in this group were also possible nitrogen-

fixers. 
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Experiment 2  

All those organisms, which in Experiment 1 

had grown on "nitrogen-free" solid synthetic medium, 

wore subcultured onto plates of the same medium and 

incubated for 5 days at 25°C. 

On examination of the elates, organisms 

Ac. 2, site. 31!8", Ac. 3"R", Pn. 4"3", Pn. 4"R" and 

Azotobacter chroococcum were found to have produced 

an abundant amount of growth, whilst organisms Pe. 

and Pg. 1 had produced only trace amounts of growth. 

No growth had occurred in the case of the remaining 

organisms, and accordingly these were struck, out 

from the group of possible nitrogen-fixers and not 

employed in subsequent nitrogen-fixation experiments. 

Ors possible explanation as to why the latter 

group of organisms were able to grow under the cult-

ural conditions of Experiment 1, yet under the 

apparently identical conditions of Experiment 2 did 

not survive, could be that, in Experiment 1, the 

inocula used in the case of these organisms were not 

absolutely free of nutrient agar (the medium on which 

all isolates were stock-cultured). 
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Repeated subculture of organisms Ac. 29  

Ac. 3"s", Ac. 3"R"9  Pn. 4"8" and Pn. 4"R" did not 

result in any diminution in the amount of growth 

produced, which result would again indicate that these 

organisms are capable of nitrogen-fixation. 

Organisms Pe. 1 and Pg. 1 survived several 

subcultures on "nitrogen-free" solid synthetic medium; 

however, since the amounts ofgrowth produced by each 

of these isolates was small, they were not investigated 

further in this Section. 

Since there is always the possibility that 

solid "hitrogen-free"media contain traces of nitrogen 

(e.g. from the ion agar), the suspected nitrogen-

fixing organisms were tested for their ability to 

grow in a nitrogen-free liquid medium:- 

Experiment 3  

For each of the organisms Ac. 29  Ac. 3"S", 

Ac. 3"R", Pn. Li-"S" and Pn. 4"R", a physiological 

saline suspension (containing 1 x 106cells/m1) was 

prepared. One ml. of each of these suspensions was 

inoculated (one suspension/flask) into 100 ml. quanti-

ties of nitrogen-free liquid synthetic medium (p. 117) 
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contained in 150 ml. Erlenmeyer flasks. ;111 flasks 

were then incubated at 2500 and examined for the pre-

sence of bacterial growth after 3, 7 and 14 days. 

A good bacterial growth was evident in all 

flasks after 3 days. The medium inoculated with Ac. 2 

showed little change in turbidity after 7 days, but 

that inoculated with L.c. 3"S", Ac. 3"R", Pn. 4"S" or 

Pn. 4"R" respectively was strongly turbid and contained 

a pale yellow film which rested on the bottom of the 

flask. After 14 days, the medium in the Ac. 2 flask 

had cleared and a cream, granular bacterial deposit 

had formed. In the flasks containing the remaining 

cultures the turbidity had further increased, the de-

posited film had thickened and the supernatant was 

extremely viscous. 

(2) :Znalytical investigations. 

(a) MicroKjeldahl studies. 

The preliminary investigations had 7ielded 

results which indicated that bacterial isolated Ac. 2, 

tic. 3"S", Ac. 3"109  Pn. 4"S" and Pn. 4"R" were possibly 

capable of fixing atmospheric nitrogen. In view of 
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this, and so as to verify these results, some quanti-

tative investigations were undertaken. Only organisms 

Ac. 2, Ac. 3"S" and Pn. 4"S" were employed in these 

experiments; Ac. 5"R" and Pn. 4"R" were not studied 

further in this connection, since taxonomic studies, 

completed at about this time, had indicated that they 

were probably mutant forms of Ac. 3"S" and Pn. 4"S" 

respectively. 

Experiment 4  

To each of three Erlenmeyer flasks (250 ml), 

each containing nitrogen-free liquid synthetic medium 

(100 ml; lc/0 w/v glucose; pH7), was added 1 ml. of a 

physiological saline suspension (1 x 106  cells/ml) of 

organism Ac. 2; for subsequent use as a control, the 

contents of one flask were boiled for 5 minutes imme-

diately after inoculation. All flasks were then in-

cubated at 25°C for 11 days, after 7:hich time a 50 ml. 

sample was withdrawn from each and analysed for nitro-

gen content by the microKjeldahl method. 

Organisms Ac. 3"S" and Pn. 4ns" were simi-

larly investigated. 
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The results of the micro-Kjeldahl analyses 

are set out in Table VIII. From a consideration of 

these results, it will be seen that, for each organism, 

the nitrogen content in the experimental flasks had 

increased approximately twofold (i. e. as compared with 

the control flask) during the course of the experi-

ment - thereby indicating that nitrogen fixation had 

taken place. 

ORGANISM &UT-LE UNDER 
INVESTIGATION 

CALCULATED 
QUANTITY OF 
NITROGEN IN 

EACH SAMPLE (kg) 

GAIN OF 
NITROGEN IN 

EXPERIMENTAL 
FLASKS ().g) 

._. Experimental 89.6 33.6 
Flask No. 	1 

Experimental 108.4 52.4 
Flask No. 	2 

Ac. 2 
Control Flask 56..0 _ 

Blank3E  - - 

Experimental 98.0 56 
Flask No. 1 

Experimental 98.0 56 
Flask No. 	2 

Ac.3"S" 
Control Flask 42.0 - 

Blank _ _ 

Table VIII (continued on page 304). 
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ORGANISM SAMPLE UNDER 
INVESTIGATION 

CALCULATED 
OLNTITY OF • 
NITROGEN IN 

EACH SAMPLE ("kg) 

GAIN OF 
NITROGEN IN 

EXPERIMENTAL 
FLASKS cm.g) 

Experimental 112.0 56 
Flask No. 1 

Experimental 98.0 42 
Flask No. 2 

Pn. 4"8" 
Control Flask 56.0 _ 

Blankm - - 

x A "blank" determination, included so as to 
check that the apparatus and analytical reagents 
were nitrogen-free, was performed in a similar manner, 
the reagents in this case being glass-distilled water 
(10 ml) and 40% NaOH (2 m1). For each of the three 
organisms, the blank was performed; as the highest 
concentration of nitrogen found in the analytical 
reagents and apparatus only amounted to 0.61.g, con-
tamination from these sources was not significant 
and was therefore neglected. 

Table VIII The results of the micro-Kjeldahl 

analyses performed in Experiment 4. 

Experiment 5  

Organisms Ac. 3"S" and Pn. 4"S" were studied 

in this experiment, which was designed to investigate 

whether the initial concentration of nitrogen in the 

medium had any effect on the nitrogen-fixing capacity 

of the organisms. 
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This experiment repeated Experiment L with 

the exceptions that in Experiment 5:- 

(a) for each organism, experimental flask No. 1 

contained 50 ml. of the liquid medium, as apposed 

to the 100 ml. contained both in experimental flask 

No. 2 and in the control flask; and 

(b) the total  content of each flask was analysed 

at the end of the experiment. 

i one ml. inocalum was again used for each 

flask; in this way, the initial nitrogen content of 

flask No. 1 would be twice that of flask No. 2 and 

twice that of the control flask (since flask No. 1 

initially contained 2n bacterial cells/ml, whereas 

the other two flasks only contained n bacterial 

cells/u1). 

The results of this experiment are set 

out in Table IX. 
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ORGANISM SAMPLE UNDER 
INVTP,STIGTION 

CALCULATED 
QUANTITY OF 
NITROGEN IN 

EACH SAITLE (dug) 

GAIN OF 
NITROGEN IN 

EXPER=NTAL 
FLASKS (/erg) 

Experimental 360 224.0 
Flask No. 	1 

Experimental 252 112.0 
Flask No. 	2 

Ac.3"S" 
Control Flask 140 - 

Blank - - 

Experimental 336 257.6 
Flask No. 	1 

Experimental 168 89.6 
Flask No, 	2 

Pn.4"S" 
Control  Flask 78. 4 - 

Blank - - 

Values of 0.6,Kg TT and 0.6,µg N for the two 
blanks; insignificant and therefore ne lected. 

Table IX The results of the micro-Kjeldahl  

analyses performed in Experiment 5. 

From the results of this experiment, it is 

evident that the concentration of bacteria initially 

present in the medium (whichy in turn, governs the 

initial nitrogen content of the medium) has a marked 
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effect upon the amount of nitrogen subsequently' 

fixed. Thus, at the end of the experizient, in the 

case of both organisms, 7-Jhilst the nitrogen content 

in flask No. 2 was approximately doable that in the 

control flask, the nitrogen content in flask No. 1 

(which at th beginning of the experiment contained 

twice as many bacterial cells/ ml as was contained 

in flask No. 2) had increased threefold in the case 

of organism 21c. 3 "S", and fourfold in the case of 

organism Pn. 4 u “ . 

(b) N15  studies. 

The micro-Kjeld .111 analyses had yielded 

results which indicated that three bacterial isolates 

are capable of effecting nitrogen fixation when 

grown in pure culture. In order to confirm this, 

some isotopic nitrogen investigations were undertaken 

for two of these isolates. 

Ex-oeriment 6  

The methods involved in the preparation 

of an isotopically-labelled atmosphere, in exposing 

a bacterial culture to such an atmosphere,, and in 

the subsequent analysis of an exposed culture, have 
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previously been described (pp 118 - 130); hence, 

only the details relevant for a particular experi-

ment are given below:- 

Into each of two exposure flasks, one of 

which contained Atmosphere I (79.66 v/v N2 	20.L 

v/v 02) and the other which Contained Atmosphere II 

(58;6 v/v N2 : 20c/0 v/v 02 : 	v/v sr), was intro-

duced 100 ml. of a heavy suspension (1 x 108  cells/ 1) 

of a 24-hour-old "nitrogen-free solid synthetic 

medium" culture of 	3 "S" in nitrogen-free liquid 

synthetic medium. Into a further two flasks, con-

taining 2,tmsphere I and :Itmosphere II respectively, 

non-inoculated nitrogen-free liquid medium (100 nil/ 

flask) was introduced; each of these flasks served 

as a control. 

Organism Pn. 4 "S" was treated similarly. 

The cultures and controls were then 

mechanically shaken at 2500 for 16 hours, after 

which time a sample of labelled Atmosphere w-s with-

drawn from each exposure flask and set aside for 

mass-spectrometric analysis. The contents of the 
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exposure flasks were centrifuged and micro—fjeldahl 

total nitrogen analyses were then performed on the 

separated bacterial and supernatant fractions. 

Liter acidifying and evaporating each titrated sample 

down to 3 ml. , the atom pf, of N15  excess (i.c. N15  

abundance) in each sample was determined in the mass 

spectrometer. The percentage enrichments in N15  

of each bacterial and supernatant fraction were 

obtained b7 deducting the natural abundance of N15  

in the air (0.38;0 from the values recorded for 

each of these sam1A.es. 

The results obtained for 	3 "Si' and 

Pn. 4 "S" are listed in Tables X and XI respectively; 

in no case was N15 detected in the uninoculated 

(control) flasks. 

The minimum value required for proof of 

nitrogen—fixation in experiments of this type, as 

established by Burris and Wilson (1957) and Roberts 

(private communication), is a percentage enrichment 

in N15  of 0.015. Thus the results presented in 

Tables X and XI amply confirm that organisms )c. 3"S" 

and Fn. 4"8" are capable of fixing nitrogen, both in 
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the presence of a high (Atmosphere I) and of a low 

(atmosphere II) partial pressure of nitrogen. 

Since the controls did not show the pre—

sence of N15, it can only be concluded that the 

high values recorded for N15 abundance in the super—

natant fractions from alt experimental flasks are 

due either to autolysis of the bacterial cells or 

to excretion of nitrogenous substances from the 

bacterial cells. The latter explanation is the 

more probable, since the experiment was conducted 

with young cells and was run for only 16 hours, 

which is an insufficient period for an appreciable 

degree of autolysis to have occurred. 
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"ATMOSPHERE 

,- 

SAMPLE UNDER 
INVESTIGATION 

TOT;JJ NITROGEN IN &I1 PLE 
(ASSESS71D BY MICRO-TijELDHI(ATOM 

r:ETHOD) 	(Atg) 

ISOTOP-7,,..BUNDANCE 
o N-1-5  EXCESS) 

{)F EACH 3AHPLE 	r ) 

PERCENT ;GE 
ENRIGEiENT 

IN N15  

I 

Storage Flask 
:,-tmosphere 

- 28.3 	4-0. _ 

Exposure Flask 
atmosphere 

(sampled at the 
end of the ex-
periment) 

- 5.32 1 	" - 

24.42(4-0.6) B-Icterial 
cells  

546 24.8 

Supernatant 159-6-  28.6 	.1 

7:47r2-77.6) 
-_ 

28.22(+O.6) 

II 

Storage Flask 
Atmosphere 

Exposure Flask 
atmosphere 

(sampled at the 
end of the ex-
_perimep1) 

- 7.25 	tr - 

Bacterial 
cells 

182 5.5 	,I 5.12(4-0.6 

Supernatant 112 2.5 	tr 2.12( +O. 6) 

xl 	The low value recorded for N15  abundance in 
the exposure flask indicates that a leakage of atmos- 
phere had occurred at some stage during the experiment. 
When the N15 abundance in the storage flask Atmosphere 
was re-dctermined it was again found to be (approx.) 

Hence, the leakage must have occurred at some 
stage during exposure of the culture. Since the bac- 
terial- aqg supernatant fractions were each found to 
exhibit NJ-)  abundances approximately equal to that of 
the storage flask Atmosphere, it can only be assumed 
that the leakage occurred either near'or at the end of 
the exposure timq, and thus did not appreciably affect 
the amount of N 	fixed by Ac. 3"s". 

x2 	The low value recorded in this case, indi- 
cates that air leakage has occurred into the storage 
flask prior to conducting the experiment. 

Table X The results obtained after exposing isolate  

Ac. 3"S" to isotopically-labelled 2,tmospheres. 
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ATNOSPHERE SAMPLE UNDER 
INVESTIG2,TION 

Storage Flask 
Atmosphere  

TOTAL NITROEN IN SziMPLE ISOTOPE UNLANCE 
(ASSESSED By HICRO-KJELLaHL(TOM N' 7- xcEss, 

METHOD) 	cp.q) 	OF ECH SAMPLE  (;b 
28.3_'C-(5:6) 

PERCENTAGE 
ENRICHNT 
IN N 	ib 

11,xposure Flask 
atmosphere 

(sampled at the 
end of the ex- 

: periment)  

5. 	If 

25.92(+0.6) 700 26. 3 Bacterial 
cells 

29.3 1610 29.12(+0.61 Supernatant  

II 

Storage Flask 
-tmosphere 

Exposure Flask 
atmosphere 

(sampled at the 
end of the ex-
periment) 

154 3. 4 	It 

7.1 	11 

7,93E2 	±0.6 

3.02(.1-0.6) Bacterial 
cells 

2.22 98 Supernatant 1.84(+0.6) 

ml 	The low value recorded for N15  abundances in 
the exposure flask indicates that a leakage of Atmos-
phere had occurred at some stage during the experiment. 
(cf. result obtained with 	3"S"). Since the expos- 
ure flask atmospheres both in the cipe of Ac. 3"S" and 
Pn. 4"S" had shown low values for N 	abundance, it is 
evident that (since both exposure flasks were sampled 
simultaneously on the same apparatus) the leakage 
occurred into both at the sane time. Since high values 
for N15  abundance in bacterial- and supernatant fract- 
ions were recorded, in all probability the leakage 
occurred at the sampling stage, i.e. at the end of 
the experiment. 

M2 	cf. Ac. 3"S"; an air leakage had occurred 
into the storage flask prior to conducting the ex- 
periment. 

Table XI 	The results obtained after exposing isolate  

Pn. 49'S" to isotopically-labelled J7itmospheres. 



313 

DISCUSSION 

In many symbioses involving microorganisms 

the mutual benefits and the means by which they are se- 

cured are obscure. 	One such example is the leaf nodule 

symbiosis of semi-tropical and tropical Rubiaceae and 

Myrsinaceae species. 	Although reference was first made 

to this symbiosis as long as eighty years ago, not much 

practical attention has since been paid to it. 	The small 

amount of work that has been performed has been unsystema- 

tic and has yielded inconclusive results. 	The literature 

on leaf-nodule bearing plants shows that not only is the 

identity of the bacterial symbiont in doubt, but also 

that the biological significance of the association is 

equally controversial. 

Leaving aside for the moment the question of 

the mechanism and significance of the symbiosis, the 

cytological distribution and the nature of the bacterial 

populations which have been reported by various workers 

as being present in the tissues of plant species in these 

two families may first be considered. 
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All workers who have carried out a survey of 

the bacterial distribution in these families are in ag- 

reement on a number of issues. 	Thus, they have shown 

that bacteria are always present at certain locations within 

the plant, namely the seeds, terminal buds and leaf nod-

ules. All agree that the bacterial population of fully 

developed leaf nodules is almost exclusively bacteroid, 

whilst the terminal buds house a variety of forms, mainly 

rods of varying dimensions. Von Faber (1912) found 

that the seeds of P. Zimmermanniana, P. indica and Psy.  

bacteriophila contained evenly-staining rods which were 

embedded in a slimy matrix, the latter being situated 

between the embryo and the endosperm, whilst Miehe (1911a) 

reported a similar finding with A. crispa. Additionally, 

each worker has concluded that the bacteria found in each 

of these locations within the plants he has investigated 

are one and the same bacterial species. 

On other issues, however, discrepancies are 

apparent. 	Thus, a number of workers, studying the same 

plant species, each claimeto have isolated a different 

bacterial species, basing their claims on the cultural 

characteristics of the microorganisms concerned. For 

instance, von Faber (1912) isolated an acid-fast rod, to 

which he gave the name Mycobacterium rubiacearum, from 

the terminal buds of P. indica, P. zimmermanniana and 
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Psy. bacteriophila. 	Rao (1923) claimed to have isolated 

the same microorganism from the same source in P. indica, 

but a comparison of the staining properties and cultural 

characteristics given by Rao strongly suggests that his 

bacterial isolate was not the same as that of von Faber. 

(Particularly open to criticism is the technique used both 

by von Faber and Rao for establishing the acid-fastness 

of their organisms). 	More recently, Silver (private 

communication to the author) has isolated a Klebsiella  

species from germinating seeds of Psy. bacteriophila; 

each of these workers, on the basis of re-infection ex-

periments, has subsequently concluded that his isolate 

is the leaf-nodule symbiont of the particular plant from 

which isolation was obtained. 

Other investigators, each studying different  

plant species, have isolated different bacterial species. 

For example, Georgevitch (1916) isolated a Bacillus  

species from the leaf nodules of Kraussia floribunda. Harv, 

whilst Hanada (1954) obtained Xanthomonas hortoricola  

from the same source in A. hortorum Maxim., and Bose 

(1955) isolated a B. type L-form bacterium from the 

leaves and roots of A. humilis Vahl; with the exception 

of Georgevitch, these workers have claimed identity 
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between their respective isolates and the bacterium 

present in vivo. 	On the other hand, both Miehe (191L1.) 

and de Jongh (1938) have isolated Bacillus foliicola  

from germinating seeds of A. crispa - the only indis-

putable isolation of the same bacterium from nodule 

plant tissues by two independent workers. 

With the exception of von Faber, earlier 

workers have shown perhaps insufficient appreciation of 

the fact that the bacteria associated with members of 

the Rubiaceae may well be quite distinct from those of 

the Myrsinaceae, and this fact has become reflected in 

general texts dealing with leaf-nodule symbiosis. Von 

Faber did in fact point out (1914), in a reply to Miehe's 

criticisms (1914), that this distinction between bacterial 

populations in different plant families was important. 

In the present work, realising that much of the 

previous work did not take into account the possible, or 

probable, differences between the bacterial populations 

in different plant families, an attempt has been made 

to resolve some of these outstanding problems. 	The 

plants chosen for study included one representative 

(A. crispa)  of the Myrsinaceae and three (Psy. emetica, 
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Psy. nairobiensis and P. grandiflora) of the Rubiaceae. 

In its simplest form the problem may be stated thus:- 

(i) What is (are) the bacterial symbiont(s)? 

(ii) Is (are) the bacterial symbiont(s) of the 

Rubiaceae identical to that (those) of the Myrsinaceae? 

(iii) What is the mechanism of transmission of bact-

eria from one generation of the plant to the next? 

(iv) What is (are) the function(s) of the symbiosis? 

Most attention has been paid in past work 

to A. crispa, and the present work has confirmed many 

of the findings reported by Miehe and de Jongh. 	Thus, 

in agreement with de Jongh, the presence of bacteria 

was demonstrated in foliar and floral buds and in 

seeds; and old leaf nodules were found to contain ex- 

clusively "bacteroid" (type 1) forms. 	Young nodules 

contained two morphologically distinct types of bact-

erial rod (types 1 and 2), an observation which is im-

plied, but not definitely stated in the account given 

by Miehe (1911). 	However, in contrast to the findings 

of Miehe and de Jongh, only one type (type 2) of bact-

erium was found in very young leaf nodules, and in 
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addition bacteria of type 2 were also found to occur in 

non-nodulated regions of young (but not of older) nod- 

ulated leaves. 	Both Miehe and de Jongh made unsuccess-

ful attempts to isolate the bacterial symbiont from leaf 

nodules, and this finding was confirmed in the present 

study. Whereas Miehe and de Jongh abandoned attempts 

to isolate the symbiont from terminal buds, because of 

the high incidence of "secondary contaminants" on their 

isolation plates, in the present work, no such "secondary 

contaminants" were obtained; in fact, despite the in-

troduction of many modifications to the isolation tech-

nique, the terminal buds never consistently yielded an 

isolate. 

Both Miehe and de Jongh isolated B. foliicola  

from germinated, but not from ungerminated, seeds. 	Miehe 

also isolated "Bacterium repens", whilst de Jongh iso-

lated a different, but unnamed organism, which resembled 

Bacterium repens in forming yellow colonies. 	The present 

writer, using similar isolation techniques, isolated 

two bacterial species (Ac. 1 and Ac. 2) from ungerminated 

seeds, while germinated seeds readily yielded another 

organism (Ac. 3), although a small population of Ac. 1 

and Ac. 2 persisted. 	Another isolate (Ac. 4), which 
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accompanied Ac. 3, was initially distinguished by growing 

on a "nitrogen-free" medium, but taxonomic investigations 

subsequently showed that Ac. 4 was in fact identical to 

organism Ac. 3. 	The latter was found to occur in two 

forms - smooth and rough - the former type predominating. 

None of these isolates was specifically identical with 

B. foliicola or Bacterium repens. 

As to the location of the bacteria in the seeds, 

both Miehe and de Jongh concluded that they were present 

in a mucilaginous film which was situated between the 

embryo and the endosperm at the radical region of the 

seed. 	The results obtained in the present study indicate 

that this conclusion is only true in part; thus, in 

ungerminated seeds, bacteria were found to occur in a 

mucilaginous film which totally envelops the embryo, 

and additionally, bacteria similar to those found in the 

film were present both inside the endosperm cells and 

lining the walls between such cells. 	On germination, 

it appeared that the bacteria seen in ungerminated seeds 

underwent a transformation from being a short, bipolar-

staining rod into one resembling the thin, more evenly 

stained rods of type 2. 
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With the three Rubiaceae species now studied, 

bacteria were again found at similar locations to those 

recorded by von Faber (1912) for P. zimmermanniana, 

P. indica and Psy. bacteriophila. 	Histological studies 

showed that in fully developed nodules of Psy. nairo-

biensis and P. grandiflora, the bacterial population 

was exclusively "bacteroid" (type 1), whilst in Psy. 

emetica nodules, in addition to the "bacteroids", a 

few, larger bacterial rods were present. 	These obser-

vations mainly agree with those recorded by von Faber, 

so far as his account allows comparison. 	Young nodules 

of both the Psychotria species and of the Pavetta  

species resembled those of A. crispa in containing two 

types of bacteria, one of which (type 1) was more abun- 

dant. 	Confirming the observations of both von Faber 

and Ziegler (1958), the "bacteroids" of Rubiaceae species 

appear to be more distorted than those of the Myrsinaceae 

species. 	The second type of nodule bacterium (type 2) 

was also present in large numbers throughout the meso-

phyll tissues in non-nodulated regions of young, nodu-

lated leaves of Psy. emetica and P. grandiflora, an ob-

servation not recorded by previous workers. 

Parallel studies, in which macerates of nodules 

of Psy. emetica and P. grandiflora were examined, revealed 
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the presence in all instances of a mixed bacterial popu-

lation, which included both Gram-positive and Gram-nega-

tive types; this finding has not been recorded by pre-

vious workers, and since Gram-positive bacteria were 

never observed within the tissues of these species, it 

is concluded that these types are present as a result 

of secondary, external infection of the nodule. 	The 

bacterial population of Psy. emetica nodules, as estab-

lished by isolation studies, included a Gram-negative, 

bi-polar staining rod (Pe. 1), which gave rise to pink 

colonies, a shorter Gram-negative rod (Pe. 2) and two 

Gram-positive coryneform types, which produced yellow 

and fawn coloured colonies respectively. 	Taxonomic in-

vestigations (see Part 2) showed that organism Pe. 1 is 

probably identical with Mycoplana rubra, described by 

de Vries and Der* (1950); it was again isolated (as 

"Pg. 1") from nodules of P. grandiflora. 	This organism, 

while undoubtedly present within the nodules, is also 

to be found on the external surface of the nodules and 

the leaf, and de Vries and Derr have identified it in 

non-nodulated plant species and even in river water and 

soil. 	It is perhaps significant that no bacteria 

could be isolated from nodules of Psy. nairobiensis. 
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Terminal buds of Psy. nairobiensis were found 

to contain "bacteroid" forms, morphologically similar 

to those found in the nodules; in the terminal buds of 

Psy. emetica and P. grandiflora,there were very many 

bacteria which were intermediate in form between the 

"bacteroids" (type 1) and the type 2 rods. 	However, 

several other types of bacteria, including some coccal 

forms and Gram-positive rods, were observed at this 

location in these species (see Part 1), and it is con-

cluded that a number of different bacterial species are 

housed in the terminal bud mucilage. 	This conclusion 

is borne out by the results of the isolation investiga-

tions (see Part 2) conducted with these tissues; thus, 

in addition to obtaining isolates Pe. 1, Pe. 2 and Pe. 3 

from Psy. emetica buds, and isolates Pg. 1 and Pg. 2 

from P. grandiflora buds, a large number of colonies of 

different organisms developed on the isolation plates 

when isolation was attempted from these sources. 	Both 

the histological and bacterial isolation studies under-

taken with these two species have thus yielded results 

which support Miehey s contention (and refute von Faber's 

contention; see D. 79) that the interfoliar mucilage 

of Rubiaceous terminal buds harbours a mixed bacterial 

population. 
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The bacteria prsent in ungerminated seeds 

of Psy. nairobiensis were found to be morphologically 

identical with those found in ungerminated seeds of 

A. crispa, although their distribution, as far as 

could be ascertained, was restricted to a region bet-

ween the endosperm and the embryo. From these seeds 

two isolates (Pn. 2 and Pn. 3) were obtained, while 

on germination yet another type (Pn. 4) appeared con- 

sistently and in large numbers. 	The latter resembled 

isolate Ac. 3, and likewise gave rise to rough and smooth 

forms after culturing on nitrogen-deficient media. 

It is evident from the investigations, sum-

marized above, that all the plant species examined 

carried in their tissues a very mixed bacterial popula-

tion, and it would seem unlikely that all of these bact-

erial species are functional symbionts in the sense that 

they contribute, in some manner or other, to the main-

tenance of a healthy condition in the host; and indeed 

some of them might, under certain conditions, even be- 

come harmful. 	The findings with terminal buds and 

old nodules raise the question as to whether these two 

sources are suitable for the isolation of the bacterial 

symbiont. 
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As regards terminal buds, the histological 

and isolation results obtained with Psy. emetica and 

P. grandiflora indicate that the stipular coverage 

(which according to von Faber (1914) prevents the 

entrance of aerial bacteria into the interfoliar spaces 

of the bud) does not exclude the invasion of the bud 

spaces by secondary contaminants; and although no evi-

dence was obtained in the present study to support the 

view that the same situation can arise in Psy. nairo-

biensis buds, it is conceivable that the buds of this 

species - which are anatomically similar to those of 

Psy. emetica and P. grandiflora - can also become in- 

fected in the same way. 	It is also possible that 

A. crispa buds, with their more open structure, can be 

infected in a similar manner. 	Whilst the results rep-

orted herein do not support the latter conclusion, the 

isolation results obtained by Miehe and de Jongh suggest 

that the bud spaces of A. crispa house several species 

of bacteria. 	For these reasons, terminal buds are 

considered to be unsuitable sources for the isolation 

of the bacterial symbiont. 

With regard to the suitability of old leaf 

nodules as isolation sources, the evidence obtained in 

the present study would indicate that they are not entirely 
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suitable. 	Many of the "bacteroids" in old leaf nod- 

ules appear to be in the process of degenerating, and 

since no isolations were obtained from this source in 

A. crisDa and Psy. nairobiensis (both of these species 

house "bacteroids" almost exclusively in their old nod-

ules) it is conceivable that many, if not all, of the 

bacteria found in old nodules are no longer viable 

(cf. Rhizobiug 	see Jordan (1962)). 	Additionally, 

the nodules of Psy. emetica and P. grandiflora were 

found to contain a mixed bacterial population. 

From this superficial study of the bacterial 

populations it is not possible to decide which of the 

numerous bacterial species is (are) the functional sym- 

biont(s). 	There are, however, certain criteria that 

can be applied in this context for selecting isolated 

organisms for further study (i.e. for tracking down the 

true bacterial symbiont(s)), and these (p. 204) have 

been followed in this investigation. 	However, by 

following these criteria, some twelve different bacterial 

isolates (Ac. 3"R" and Pn. 4"R" are rough variants of 

Ac. 3"S" and Pn. 4"S" respectively), representative of 

ten different bacterial species, were isolated from 

the four plant species investigated. 	It was 	assumed  

that a number of these isolates are surface contaminants 
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and this assumption is supported by the fact that they 

did not appear in preparations made from tissues which 

had been surface-sterilisedloy HgC12, but only from 

those which had been washed with water; the washings 

themselves usually carried a mixture of these same iso-

lates, namely Pe. 1, Pe. 2, Pe. 3, Pn. 1, Pg. 1 and Pg. 2. 

Accordingly, these isolates were considered to be unlikely 

candidates for the role of bacterial symbiont and hence 

were not studied further in this context. A list of 

the species which remained for consideration is given 

in Table IV; it will be seen that all of these were 

obtained from seeds which had been surface-sterilised 

by treatment with HgC12. 



327 

The procedure normally adopted for establishing 

that a particular pathological condition is caused by a 

particular microorganism is as stated in Koch's postulates 

(p. 269). 	However, in the present study, when surface- 

sterilised (HgC12) Psy. nairobiensis seeds were raised 

under aseptic conditions, all plants obtained possessed 

leaf nodules, thereby showing that bacteria present 

within the seed were responsible for the production of 

leaf nodules. 	This result confirms the findings of 

von Faber (with P. zimmermanniana), of Miehe and de Jongh 

(with A. crispa), of Hanada (with A. hortorum. Maxim) 

and of Silver (with Psy. bacteriophila; private communi- 

cation to the author). 	Hence, before any re-infection 

experiments could be undertaken, it would be necessary 

to kill the bacteria present within the seed. 

Using similar techniques to those employed by 

previous workers, only partial success was achieved, and 

for reasons discussed more fully below no re-infection 

experiments were undertaken. 	Stored seeds were difficult 

to germinate, and this can probably be explained as 

being due to the fact that the seeds had become partially 

dehydrated during storage. 	Fresh (unstored) seeds were 

found to germinate more readily, but in a series of 
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heat-treatment experiments, they yielded results that - 

at least in so far as producing a sufficient number of 

bacteria-free plants was concerned - were somewhat un- 

satisfactory. 	Thus, in the first experiment (p. 272 

et seq) with fresh seeds, whilst a large number of plants 

exhibiting "crippled" features were obtained, from an 

initial total of 120 seeds (92 of which were heat-treated) 

only nine non-nodulated, bacteria-free "cripples" were 

obtained. 	Nodulated, bacteria-containing "cripples", 

in addition to being obtained from heat-treated seeds, 

were likewise obtained in the control series, a result 

previously noted by Miehe (1919) with A. crispa; these 

"spontaneous cripples" (i.e. "cripples" arising from 

untreated seeds) were morphologically identical with 

the nodulated, bacteria-containing "cripples" obtained 

in the heated series. 	Many of the nodulated "cripples", 

including a number of the "spontaneous cripples", re-

covered and after nine months were identical with "normal" 

plants. 	Since, in this experiment, all of the non-

nodulated, bacteria-free "cripples" died, whilst all the 

"normal" plants and approximately half of the nodulated, 

bacteria-containing "cripples" survived, it can only be 

concluded that the nodule bacteria are essential for the 

survival of Psy. nairobiensis. 	It is difficult to ex-

plaulthe death of the remaining nodulated, bacteria-con-

taining "cripples", but this could conceivably bp due to 
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the fact that heating had brought about a reduction in 

the number of viable bacteria present in the seed, and 

that this number was insufficient to support the con- 

tinued development of these plants. 	In contrast to 

von Faber's findings (with P. zimmermanniana), but in 

agreement with the findings of Miehe and of de Jongh 

(with A. cris,m) and of Hanada (with A. hortorum. Maxim.), 

none of the heat-treatments employed significantly af-

fected the rate of germination of those seeds which sur-

vived heating, 

In the second experiment employing fresh 

seeds (p. 277), the results obtained, as assessed on 

the basis of the production of a sufficient number of 

bacteria-free plants, were again unsatisfactory. 	Thus, 

in this experiment of eleven plants which were initially 

(after four months) non-nodulated (and at this stage 

adjudged to be bacteria-free), seven were found to ex-

hibit bacteria-containing nodules after nine months 

growth. A similar "spontaneous reversion" of non-

nodulated, bacteria-free plants was recorded by Miehe 

in 1919. 	It is quite conceivable that four month-old 

plants did in fact contain viable bacteria, but that so 

fcw bacteria were present that they remained undetected; 
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the bacteria had probably multiplied at some stage bet-

ween the fourth and ninth month of growth. However, 

whatever the cause of these somewhat unexpected results, 

the fact remains that in the first experiment none of 

the non-nodulated, bacteria-free "cripples" survived 

for a significant period of time, whilst in the second, 

seven out of eleven non-nodulated "cripples" later be-

came nodulated (and bacteria-containing). 

It seemed to be of no avail to attempt re-

infection of crippled plants when one considered that:- 

(a) only a few bacteria-free, non-nodulated 

"cripples", insufficient in number for the performance 

of an adequately controlled re-infection experiment, 

were obtained. 

(b) the percentage of "spontaneously revert-

ing cripples" was not known with any degree of accuracy. 

and (c) "spontaneously reverted cripples" could 

only be recognised after growing for nine months. 

It is possible that the problem of killing 

the seed bacteria could be solved more readily by treat- 

ing the seeds or seedlings with antibiotics - i.e. 

instead of using the heat-treatment method. 	However, 
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if the latter method is to be used, then further re-

search is necessary (a), to determine the percentage 

of seeds in any batch which "spontaneously" revert, 

and (b), to be able to recognise a true "cripple" 

(i.e. a plant which is non-nodulated, dwarfed and 

bacteria-free) in its very early developmental stages. 

The only way to solve the first requirement, 

(a), satisfactorily would be to porforlicate.ex-

periments (employing a large number of batches of 

seeds) which are designed on a statistical basis. 	In 

this way the "spontaneous" reversion rate could be 

determined with some accuracy. 	Then and only then 

(assuming question (b) to have been solved) could one 

safely conduct re-infection experiments of significance. 

If in these experiments, likewise designed on a stat-

istical basis, one could show that tle percentage of 

leaf nodulated, bacteria-containing plants which de-

veloped from re-infected "cripples" was significantly 

higher than the percentage of similar plants developed 

as a result of "spontaneous reversion" in the controls 

(i.e. non-nodulated, bacteria-free "cripples" which 

,had not been re-infected), then one could safely con-

clude that the bacterium isolated was the cause of 
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nodulation. 	To solve these problems, a large number 

of seeds and a long perioL of time would be required, 

and hence as time for the completion of this research 

was limited, it was decided to employ an alternative 

method. 	The one chosen was the "fluorescent antibody" 

method; this technique, which combines the sensitivity 

and specificity of immunology with the precision of 

microscopy, was considered to be particularly suitable 

for employment in this case. 

From the results obtained when plant tissues 

were investigated by the fluorescent antibody technique, 

a number of conclusions can be drawn. 	The low incidence 

of bacterial isolates Ac. 1 and Ac. 2 in macerates 

of A. crispa leaf nodules, and likewise the low incidence 

of isolate Pn. 2 in Psy. nairobiensis tissue macerates, 

would suggest that these bacterial species are present, 

in or on their respective hosts, as secondary infections. 

On the other hand, the high incidence of isolates Ac. 3"S" 

and Pn. 4"su (which taxonomic investigations had shown 

to be specifically identical; see page333) in leaf 

nodules, non-nodulated regions of nodulated leaves, 

terminal buds and germinating seeds of both A. crispa  

and Psy. nairobiensis would make it more probable that here 

we are dealing with the true functional symbiont. 



333 

It must be recognised that the fluorescent 

antibody method is not infallible, but all foreseeable 

pitfalls were guarded against when conducting these 

experiments (pp 279-292). 	Since re-infection experi-

ments were not performed, it cannot be stated categori-

cally that organism Ac. 3"S" (Pn. 4"S") is the functional 

symbiont of A. crisea  and Psy. nairobiensis,  but the 

contention that it is the symbiont may be supported 

by the following arguments:- 

(a) A high incidence of this species (i.e. 

Ac. 3"S" or Pn. VS") was recorded within the tissues 

of A. crisp_ and Psy,  nairobiensis, when such tissues 

were investigated by the fluorescent antibody method. 

(b) When grown on "nitrogen-free" media, 

this species exhibits very similar morphological and 

staining characters to those of the bacteria present 

in resting seeds; likewibe, when grown on nutrient 

agar, it shows a very close morphological resemblance 

to the bacteria present in germinated seeds. 

(c) This species was consistently isolated 

from germinating seeds of both A. crispa  and Psy. nairo-

biensis. 

Brief mention was made above to the fact 

that bacterial isolates Ac. 3"S" and Pn. VS" are 
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identical, and in support of this statement the follow-

ing facts may be noted:- 

(a) They are indistinguishable in physiolo-

gical and biochemical characters. 

(b) They exhibit identical morphological 

and growth characters, with the possible exception 

that Pn. 4"s" is slightly smaller in its early stages 

of growth on a "nitrogen-free" medium. 	On the latter 

medium they both show pleomorphism,each occurring 

initially (after 2 days) as a small, bi-polar staining 

rod, which eventually (after 21 days) develops into 

a large irregularly shaped, capsulated, azotobacter- 

like cell (see Figs. LXVI and LXVII). 	After prolonged 

cultivation on a "nitrogen-free" medium, both give rise 

to a proportion of "rough" colonies (Ac. 3"R" and 

Pn. 4"R"), which are likewise indistinguishable, one 

from the other, in their cultural characteristics. 

(c) Labelled antera prepared against Ac. 3"S" 

were found to stain Pn. 4"su and Pn. 4"R" specifically, 

whilst labelled antisera prepared against Pn. 4"S" 

stained Ac. 3"S" and Ac. 3"R" specifically. 

(d) They showed similar precipitation patterns 

when examined by Elek's gel diffusion technique. 
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Ac. 3"S" (Pn. 4"8") exhibits cultural 

characteristics distinctly different from those re-

corded by von Faber (1912), Miehe (1914), Rao (1923), 

de Jongh (1938) and Hanada (1954) for their respective 

bacterial isolates, and in all probability it is gen-

erically distinct from any of the isolates described 

in the literature. 	An attempt to identify this org-

anism by reference to Bergey (1957) and Skerman (1959) 

has presented considerable difficulty, for its cultural 

characteristics are such that they do not allow it to 

be placed in any of the known genera with any degree 

of certainty. 	For instance, on the basis both of its 

ability to fix atmospheric nitrogen and of the fact 

that it is a Gram-negative, unicellular, asporogenous, 

straight to slightly curved, motile, heterotrophic 

rod, it could conceivably be placed in any one of the 

genera Azotomonas, Aerobacter, A2otdbacter, Rhizobium  

or Pseudomonas. 	However, it differs from each of 

these genera in several fundamental respects and is 

quite probably not a member of any. 	Thus, its car-

bohydrate metabolism rules out its placing in the genus 

Azotomonas, whilst its carbohydrate metabolism plus 

the fact that it is oxidase-positive eliminate the 

possibility that it is a member of the genus Aerobacter. 



336 

The fact that it is a facultative anaerobe and polar 

flagellated probably excludes its placing in the genus 

Azotobacter. Likewise, the fact that it fixes atmos-

pheric nitrogen when growing non-symbiotically suggests 

that it is not a member of the genus Rhizobium, whilst 

its highly pleomorphic nature taken alongside the fact 

that it does not produce water-soluble pigments prob-

ably rule out its placing in the genus Pseudomonas. 

If the facts that it fixes nitrogen when 

grown in pure culture and that it was not isolated 

from root nodules are ignored, Rhizobium is the most 

likely genus to house this organism, for, in addition 

to the cultural charactersreferred to above, Ac. 3"S" 

(Pn. 4"S") exhibits several other properties which are 

characteristic to Rhizobium species, and a number of 

these can be cited:- 

(a) It is very similar in size to Rhizobium  

species. 

(b) It is motile when young, commonly chang-

ing to bacteroidal forms when cultured on nitrogen-

deficient media (cf. "bacteroidd'of leaf nodules), 

(c) Acid production from carbohydrates is 

very poor and very slow. 	Glucose is degraded oxidatively 
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(as assessed by the method of Hugh and Leifson, 1953). 

(d) It is able to induce nodulation in plant 

tissues. 

In all probability, however, Ac. 3"S'1 

(Pn. 4"S") belongs to none of the genera described 

in the Manual, but, in the absence of a completely 

satisfactory genus, it is provisionally placed in the 

genus, Rhizobium. 	Further study of this organism is 

required before its identification can be made more 

precise. 

The remaining bacterial isolates were iden-

tified by reference to Bergey (1957), Dowson (1959) 

and Steel (1961). 	Isolates Ac. 1, Pe. 2, Pn. 1 and 

Pg. 2 are all readily placed as members of the genus 

Pseudomonas. 	Isolates Pe. 1 and Pg. 1 are culturally 

identical (except for the fact that Pe. 1 produces acid 

in mannose more rapidly than does Pg. 1) and are con-

sidered to be specifically identical; they are also 

identical with Mycoplana rubra (de Vries and Derx, 

1950), so far as could be judged by the tests performed 

in the present study. 	Isolate Pe. 3 is considered to 

be a Xanthomonas species whilst Pn. 2 probably belongs 
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to the genus Aerobacter. 	Isolate Pn. 3 could well 

be placed in either of the closely related genera 

Erwinia or Pectobacterium; it does not liquefy pectate 

gel, however, and is therefore placed under Erwinia. 

Isolate Ac. 2 is of doubtful classification since, 

although it exhibits many features characteristic of 

the genus Aeromonas, it nevertheless differs from this 

genus in its apparent ability to fix atmospheric nit- 

rogen (p. 303). 	In the absence of a completely sat-

isfactory genus it is provisionally classified as an 

Aeromonas species. 

Reference has already been made (pp. 79,80) 

to the controversy which arose between Miehe and von 

Faber concerning the acid-•fastness of the nodule bact- 

eria of Myrsinaceae and Rubiaceae species. 	The results 

obtained in the present study clearly show that, when 

the Ziehl-Neelsen staining method is employed, none' 

of the bacteria present in A. crispa, Psy. emetica, 

Psy. nairobiensis or P. grandiflora is acid-fast. 	On 

the other hand, when von Fabert s staining technique is 

used, all bacteria present in these species are 
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"acid-fast". 	Since Escherichia coli (a known non-

acid-fast organism) was found to exhibit "acid-fast-

ness" when stained by the latter method, it can only 

be concluded that von Faber's method is inadequate 

for assessing this character. 	The fault of this method 

probably lies in the fact that the sulphuric acid em-

ployed is not strong enough to dissolve out the carbol 

fuchsin from the stained bacteria. 	It is concluded 

that none of the bacteria associated with the four 

plants now studied are acid-fast, and hence that they 

should not be placed under the genus Mycobacterium. 

Silver (private communication) has reported a similar 

finding with one of the species investigated by von 

Faber, namely Psy, bacteriophila. 

Evidence which supports the view advanced 

by Miehe (1914) that the symbiosis of A. crispa is 

cyclic in nature has been obtained in the present 

study; and additionally, on the basis of the results 

reported herein, it is concluded that in the three 

Rubiaceae species investigated this is also the case. 
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Thus, in all of these species, bacteria were 

found to occur in the leaf nodules, in the terminal 

buds, in the floral buds and in the fruits, whilst, 

in the case of A. crisp_a and Psya nairobiensis, 

bacteria were also found to occur in the seeds*. 

The possibility always exists that the 

bacteria found in each of these locations in a par-

ticular plant are not specifically identical from one 

location to another. 	For instance, four morpholog-

ically distinct rods, namely the type 1 bacteroids 

of old nodules, the type 2 cells of young nodules, of 

non-nodulated regions of nodulated young leaves, of 

mcsophyll tissues of primordial bud leaves and of ger-

minating seeds, the bacteria of the bud mucilage which 

are intermediate in form between types I and 2, and 

the short bipolar-staining cells of the resting seed, 

Seeds of Psy,  emetica and P, zrandiflora were not 

investigated, but in all probability, had this been 

done, bacteria would be found within the seeds, since 

they were found to occur in the flowers and fruits 

of both these species. 
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were found to occur in A. crispa. 	However, notwith- 

standing this diversity 	form, it is concluded that 

all of these bacterial types in A. crispa are speci- 

fically identical pleomorphic forms. 	Similarly, with 

the three Rubiaceae species investigated, if we ex-

clude those locations (old leaf nodules of Psy. emetica; 

terminal bud mucilage of Psy. emetica and P. grandi-

flora) which are known to house secondary contaminants, 

the same conclusion can be reached. 

A number of findings obtained in the present 

study can be advanced in support of the conclusions 

reached above:- 

(a) With a very few exceptions, there is 

a pattern of distribution of different types of bact- 

eria common to each of the four plant species investi- 

gated:- (i) Bacteroids (type 1 cells) are the only 

type of cells present in old nodules; (ii) types 1 

and 2 are found in middle aged and young nodules; 

(iii) type 2 cells are the sole type of cell present 

in very young nodules; (iv) type 2 cells occur in the 

mesophyll tissues of young leaves and in the tissues 

of the leaf primordia of the bud; (v) type 2 cells are 

present in flowers and fruits; (vi) short bipolar- 

staining rods are the sole type of bacterium present 
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in resting seeds. A feature common to all these rods 

is the property of bipolar staining. 

(b) Only one type of bacterium, namely the 

short bipolar-staining rod, is present in ungerminated 

seeds of A. crispa and Psy. nairobiensis, whereas, 

in germinated seeds of these species, the majority 

(95%) of bacteria are of type 2, 	Observations suggest 

that the appearance of type 2 cells is simultaneous 

with germination of the seeds, and it is considered 

that they are derived from the shorter, bipolar-stain7 

ing rods mentioned above. 	It is of interest to re-

call that, in germinated seeds of Psy. nairobiensis, 

types intermediate between the short, bipolar-stained 

rod and the type 2 cells were present. 	Organism 

Ac. 3"S" (Pn, 4"S") undergoes a similar transition 

when transferred from "nitrogen-free" media to nutrient 

agar. 

(c) In the fluorescent protein tracing studies 

conducted with A. crispa and Psy. nairobiensis (p. 279 

- 292), the vast majority of bacteria present at the 

various locations within these plants were stained 

specifically with the aid of Ac. 3"S" or Pn. 4"S" anti-

sera. 
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On the basis of previous workers' results 

and in agreement with the results now obtained, it 

is suggested that transmission of the symbiont from 

one generation of plants to the next takes place in 

the following manner:- 

Seeds invariably carry a bacterial population 

(short bipolar-staining rods); on germination, these 

bacteria simultaneously multiply and undergo morpholo-

gical modification from the short bipolar-staining 

form into one which is longer and thinner (type 2). 

It is probable that it is at this stage (i.e. whilst 

the embryo is still within the germinating seed) that 

infection of plantule takes place (see pp. 166, 168 

and 292); infection conceivably takes place into the 

plumule, but the exact mode of entry of the type 2 

bacteria was not ascertained in the present study. 

The bacteria will thus reach the primordial leaves and 

as these develop will continue to multiply, so that 

they will be found (as "type 2") in all parts of the 

very young leaf tissues. 

Possibly the bacteria arrive in the flowers 

by a similar method of transmission (i.e. they are 

passively carried in the meristematic tissues of the 
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floral bud), since all meristematic tissues examined 

appeared to carry a bacterial population. 	(The 

possibility that bacteria are carried to the flowers 

via the vascular system is not supported by any ex-

perimental evidence obtained in the present study). 

Both von Faber (1912) and Miehe (1914) 

tentatively suggested that infection of the seed 

arose as a result of bacterial penetration through the 

pollen tube of open flowers. 	But the present study 

shows that, in all plants investigated, bacteria are 

present in the ovary cavity of the flowers a long time 

before any pollen tubes are formed (and, in fact, in 

A. crispa no pollen tubes were ever observed); thus, 

bacteria were found in the ovary cavity of flowers 

of A. crispa, Psy. nairobiensis and P. grandiflora, 

even whilst these flowers were still in the primordial 

stages. 	These bacteria - all of type 2 - are con-

ceivably passiv.O.yenclosed in the ovary when the walls 

of the latter fuse, since many bacteria of similar 

type were found in the mucilaginous film which com-

pletely envelops the primordial components of the floral 

bud. 	Within the ovary cavity of open flowers of each 

species investigated, the bacteria were mostly concen-

trated at the apices of the placenta and of the ovules. 
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Confirming de Jongh's (1938) observation, in A. crispa  

fruits, the bacteria appear to be passively enclosed 

between the nucellus and the inner integument of the 

developing seed. 	The exact mode of entry of the 

bacteria into the seeds of the Rubiaceae species in- 

vestigated could not be ascertained. 	However, in all 

probability, infection of the seeds takes place through 

the microp:Yj-0 of the developing ovule; this sugges-

tion is based on two findings, namely, (i) in the 

open-flower stage, bacteria of type 2 were found to 

be mainly concentrated at the apex of the ovules 

(i.e. at the site of formation of the micropyle), and 

(ii) in the fruit, similar bacteria were found to 

occur in the immediate vicinity of the developing 

embryo (which is situated near the micropyle) in the 

developing seed. 

As to the formation of nodules in the leaves, 

several interesting points may be considered. 	The 

striking regularity in the distribution of nodules in 

any one leaf may be a reflection of some structural 

regularity in the leaf, for example the symmetry of 

distribution of stomata (cf. the method of leaf infection 
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postulated by Zimmermann, 1902) in Rubiaceae species 

or the regular distributica of hydathodes in Myrsinaceae 

species, or it may be due to the fact that the nodule 

bacteria require some critical concentration of food 

supply, which is brought to them via the vascular 

system. 

Earlier workers are in disagreement with 

regard to the mechanism of infection of the leaves. 

For instance, Zimmermann (1902) considered that stomatal 

penetration occurred; von Faber (1912) suggested 

that bacteria entered the leaves via "stipular holes"; 

Hanada (1954) stated that penetration took place 

through "spaltoffnung", whilst both Miehe (1911(a)) 

and de Jongh (1938) favoured hydathodes as the means 

of infection; 	11 of these workers are agreed that 

infection takes place in .,,he terminal bud stage. 	It 

is difficult to reconcile some of these suggestions 

with the findings obtained in the present study, and 

attention is particularly drawn to the fact that 

bacteria (type 2) were found throughout the primordial 

leaf tissues in the foliage buds of all plants investi-

gated, whereas by the method of infection proposed by 

the above-named workers a localised concentration of 
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bacteria would be expected to occur in the leaf tissues. 

Although there are differences in the pre-

cise detail of the pathway of nodule development in the 

Myrsinaceae and Rubiaceae (which are interpreted as be-

ing due to different reactions on the part of the host), 

the development of the nodules in both families follows 

a similar course. 	The type 2 bacteria, typical of 

primordial leaf tissues, migrate, either passively or 

as a result of some stimulus provided by the host envir- 

onment, to particular foci in the leaf. 	Having collected 

at these foci, two developments take place; (1) type 2 

cells undergo modification leading to the continued ap-

pearance of type 1 ("bacteroids") until, in old nodules, 

the whole population is of type 1; and (2) there is 

simultaneous development of a "sheath" of modified meso-

phyll cells, which demarkates the boundary of the nodules. 

One explanation of this phenomenon may be that we have 

here a protective mechanism whereby the plant removes a 

proportion of the bacterial population that has already 

ceased to serve any useful function. 	This suggestion 

is not without foundation since the bacteroid type 
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appears to be no longer viable, as evidenced by the 

impossibility of obtaining the bacterial symbiont 

from this source. 

In the past, several theories have been 

advanced to eXplain the function of the bacterial com-

ponent in the leaf nodule symbiosis of Myrsinaceae 

and Rubiaceae species. 	Of these, the two that have 

found most favour With later workers are the nitrogen 

fixation theory, postulated by von Faber (1912), and 

the "stimulative effect" theory, postulated by Miehe 

(1914). 	Evidence in support of the former theory has 

since been put forward by Rao (1923) and Silver (private 

communication), on the basis of their findings with 

P. indica and Psy. bacteriuhila respectively, and 

by Hanada (1954), who investigated A. hortorum. Maxim.; 

Miehe's theory has been supported by gemec (1932), 

who postulated (although without experimental evidence) 

that the "stimulative effect" was due to a growth 

hormone, and by de Jongh (1938); both of these workers 

investigated A. crApa._ 
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Evidence in support of the nitrogen fixation 

theory was obtained in the present study. 	An investi- 

gation into the nitrogen-fixing ability of each of 

the bacterial isolates revealed that two of these 

(Ac. 3"S" and Pn. 4"S") are undoubtedly ca.„.3able of 

fixing atmospheric nitrogen when grown in pure culture 

(as established by N15 studies), whilst another (Ac.2) 

is probably a nitrogen fixing organism (as indicated 

by microKjeldahl experiments). 	In the isotopic nit- 

rogen investigations isolates Ac. 3"S" and Pn. 4"s" -

the single bacterial species which is considered to 

be the functional symbiont of A. crispa and Psy.  iairo-

biensis - excreted large amounts of nitrogen into the 

medium, and it is conceivable that this organism, when 

growing in symbiosis with these plants, can fix at-

mospheric nitrogen more efficiently and can also piss 

on a proportion of the nitrogenous products of fixa- 

tion to the host. 	In the present study, however, no 

investigations were undertaken into the nitrogen-

fixing ability of the intact symbiotic system (i.e. 

bacterium plus plant), and hence it is not possible, 

on the sole basis of the results reported herein, to 

state categorically that this is the case. 	However, 

certain results obtained by independent investigators 
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provide evidence that the intact symbiotic system is 

capable of effecting atmospheric nitrogen fixation, 

and these results can be summarized as follows:- 

(a) Cone (private communication) has rep-

orted that when young shoots of Psy. nairobiensis were 

exposed for a period of seven days to an isotopically 

labelled atmosphere (02, 15.1%; 002, 6.9%; N14, 54.8%; 

N15, 23.2%), the nitrogenous content of the nodulated 

leaves was enriched (by a value of 0.08% N15  excess) 

in N15. 

(b) Von Faber (1912), working with P. zimmer-

manniana in a series of sand-culture experiments, found 

that whilst bacteria-containing plants grew normally 

when deprived of bound nitrogen, bacteria-free plants 

developed very poorly and showed all the symptoms of 

nitrogen deficiency; similar investigations, recently 

conducted by Silver and Centifanto (private communication) 

with Psy. bacteriophila yielded similar results. 

The results obtained in the present study, 

taken alongside the evidence of the independent investi-

gations cited above, strongly indicate that at least 

one function of the bacterial symbiont in leaf-ndoulated 

Rubiaceae and Myrsinaceae species is the fixation of 

atmospheric nitrogen. 
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Although the suspected bacterial symbiont 

(isolates Ac, 3"S" and Pn. 4"S") and several associa-

ted bacterial species (e.g. isolate Ac. 2 obtained 

in the present study; Mycobacterium rubiacearum  

obtained by von Faber; X. hortoricola obtained by 

Hanada) from nodulated plants can effect the fixation 

of atmospheric nitrogen, one cannot conclude that this 

is the only function of the bacteria beneficial to 

the plant. 	If this were so and the bacteria simply 

passed certain amounts of nitrogenous compounds into 

the plants, it might be expected that by supplying 

the plants with suitable amounts of "bound" nitrogen 

the dwarfism of nodule-free plants would be overcome. 

Direct attempts by Hanada (1954) and Silver (private 

communication) to show such beneficial effects of 

bound nitrogen gave entirely negative results, al-

though it must be pointed out that the chemical nature 

of the nitrogenous compounds necessary might be some- 

what specific. 	Since a vast number, if not the 

majority of green plants, are capable of obtaining 

their nitrogenous nutrients directly from the soil 

without the intervention of nitrogen fixing-organisms, 

then if nitrogen fixing organisms are essential to 

leaf-nodulated plant species, it argues that there 

must be some abnormalities in the root absorption 



352 

system of these plants. 	Unless there is this ab-

normality, some other beneificial activity of the 

bacteria must be sought, and the possibility cannot 

be discounted that they are concerned, in some un-

defined way, with the production of one or more sub- 

stances of the "growth factor" type. 	Whilst no direct 

evidence was obtained in support of this possibility, 

a number of findings obtained in the present study 

can be advanced as indirect evidence in its favour:- 

(a) Normal, healthy plants of all four species 

investigated were found to contain a large number of 

bacteria (type 2) within the tissues of the stem meri-

stems, i.e. in regions where hormone production takes 

place. 

(b) Plants which contained no (or few) viable 

bacteria exhibited crippled features; the dwarfed 

nature of such plants can be interpreted as being due 

to an upset in hormonal balance. 

With the exception of some details concerning 

nodule development, present evidence suggests that the 

symbiotic association is the same in the two families 

studied - as has been assumed in the past from somewhat 

superficial evidence. 
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SUMMARY 

1. A review of the literature appurtenant to leaf-

nodulated Myrsinaceae and Rubiaceae species has been 

presented. From a consideration of the literature it 

is evident that there is much controversy as to the 

identity of the bacterial symbiont or symbionts and 

also as to the biological function of the symbiosis. 

2. A histological survey of the bacterial distribution 

within the tissues of one Myrsinaceae species (A. crispa) 

and of three hitherto uninvestigated Rubiaceae species 

(Psy. emetica; Psy. nairobiensis and P. grandiflora) 

has been undertaken. 

3. In all species, bacteria were found to occur in 

leaf nodules of all ages, in non-nodulated regions of 

modulated young leaves, in foliage and floral buds 

and in developing fruits. Seeds of A. crispa and 

Psy. nairobiensis only were examined and were found 

to contain bacteria. 

Li.. 	In spite of the diversity in their morphology, 

evidence has been presented that, in general, the 

bacteria present are specifically identical from 
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location to location and from plant species to plant 

species. 

5. 	A cyclic symbiosis has been demonstrated in 

A. crispa and Psy. nairobiensis, and partially demon- 

strated in Psy. emetica and P. grandiflora. 

6. Several bacterial species were isolated from these 

sources and the cultural characteristics of these have 

been investigated. 

7. The results of fluorescent antibody tracing 

studies, and of morphological and isolation studies )  

indicate that only one of these species is the symbiont 

of A. crispa and Psy. nairobiensis, and this has been 

tentatively identified as a Rhizobium species. 

8. Nitrogen fixation in pure culture has been 

demonstrated in two of the bacterial species, includ-

ing the proposed symbiont. 

9. The possible relationship between the bacterial 

isolates and the host plant species have been dis-

cussed, and an attempt has been made to assess the 

results in the light of previous knowledge. 



3gs 

‘. 	ACKNOWLEDGEMENTS 

I wish to express my appreciation to all those 

people who in one way or another, have helped during the 

course of this study. 

I am especially indebted to the late Dr. S. E. 

Jacobs for his guidance, interest and valuable advice; 

and to Dr. H. W. Buston for his kindly help and construct-

ive criticism during the preparation of this thesis. 

Grateful acknowledgement is likewise made to 

Dr. A. H. Dadd for his many valuable practical suggestions; 

to Dr. J. L. Gay and other staff and student colleagues 

for much stimulating discussion; to Dr. A. M. Paton of 

the University of Aberdeen, to Dr. Joan Taylor and 

Mr. K. Bettelheim of the Central Public Health Laboratories, 

Colindale, who generously provided facilities and tech-

nical assistance for the serological and fluorescent 

protein tracing work; and to Dr. E. R. Roberts of the 

Chemistry Department, Imperial College, who carried out 

the mass spectrographic analyses. 

Additionally I am indebted to Dr. W. S, Silver 

of the University of Florida and to Dr. Greta Cone for 

placing at my disposal the results of their unpublished 

works. 



35, 

My thanks are also due to Mr. J, Souster of 

the Royal Botanic Gardens, Kew, Mr. W. Mackenzie of the 

Chelsea Physic Gardens, Dr. B. Verdcourt of the East 

African Agricultural and Forestry Research Organisation, 

Nairobi, and Mrs. P. Finlayson of Scott Agricultural 

Laboratories, Nairobi, who generously supplied the plant 

materials for this study. 

Finally I would add thanks to Mr. Tony Horne 

who took the photographs. 



357 

7. 	 REFERENCES 

ACUNA, J. & ROIG, J.T. (1962). 

Psychotria cubenses novae. 

Brittonia., 14(2)9  22L1.-229. 

ANTHCUY, E.E.Jr. (1931). 

A note on capsule staining. 

Science,  73, 319. 

BACIGALUPO, 	(1952). 

Les especies argentinas de los generos 

Psychotria, Palicourea y Rudgea (Rubiaceae). 

Darwinia., 10(1), 31-64. 

BOAS, F. (1911). 

Zwei neue Vorkoninen von Bakterienknoten in 

B1Attern von Rubiaceen. 

Ber. Deutsche. Bot. Gas., 29, 416-417. 

BOK, R. (1941). 

The influence of oxygen-nitrogen mixtures upon 

the dwarfing of A.crispa(Thunb).A.EC.  

Kon. Akad, Wetenschapp. Amsterdam. 

Proc. Sect. Sci. )1)1(9), 1128-1130. 

BOODLE, L.A. (1923). 

The bacterial nodules of the Rubiaceae. 

Kew. Bull. risc. Inf., 346-348. 



358 

BOSE, S.R. (1955). 

Hereditary (seed-borne) symbiosis in Ardisia 

humilis. Vahl. 

Nature, 175, 395. 

BREED, R. S. , MURRAY, E.G.D. 	SEITH, N.R. (1957). 

Bergey's 1,:ianual of Determinative Bacteriology. 

7th Ed. London: Bailliere, Tindall & Cox. 

BREHM:lir..? 9  C. E. B. (1933). 

The bacteriophilous species of Psychotria. 

J. Bot., 71, 271-281. 

BIR.ELETIAMP, C. E. B. ( 1934 ). 

A monograph of the genus Pavetta. L. 

Rep. Spec. Nov. Regn. Vegetabilis., 37, 1-208. 

BREDIEKAI,.IP, C.E. B. (1939. a. ). 

A monograph of the genus Payette,. L. 

Additions and emendations. I. 

Rep. Spec. Nov. Regn. Vegetabilis. 9  47(3)9 

12-28. 	(Berlin). 

BREMEKAL:P, C. E. B. ( 1939. b. ). 

A monograph of the genus Payette.. L. 

Additions and emendations. II. 

Rep. Spec. Nov. Vegetabilis.  47(6), 81-98. (Berlin). 



359 

BR:Ti\EK;1MP C . E. B. ( 1948 ) . 
Some new species of Pavetta. L. from tropical 
mfr ica. 
New. Bull. , 3, 350-357. 

BREEEK:IMID , C . E. B. ( 1953) . 
Some new species of Pavetta. L. fromtropical 
and S. Lfrica. 
Kew. Bull. , 4, 501-505. 

BREMEK2,IiIP 2  C.E. B. ( 1956). 
New species of Oldenlandie, C DSt OilliUM  and 
Pavetta fr 	tropical ,,;.frica. 

Bull. , 1, 169-178. 

BRENIEFLIEP 9 C. E. B. ( 1960 ) 
Les "I-sychotria" bacteriophiles de 1,iadagascar. 

Nat. Kist. Nat. IT otulae. Syst. 16(1/2 ), 41-54. 

BURRIS, R. H. 	WILSON, P. W. ( 1957). 
Methods for measurement of nitrogen fixation. 
(In "LIethods in Enzymol ogy"; edited by 
C al wick, S. P. & Kaplan, N. 0. ; IV, 355; 
Academic Press. New work. 1957) • 

COHN, E. J. 9  C lEZEK IN 9  T. L. , ONCLEF, J. L. NETA.1ELL, J. H. 

HUGHES, 	L. ( 1940). 

Preparation and Properties of Serum and 

Plasma Proteins. 

J.2i. C. S. , 62, 3386. 



360 

CONN, H.J. & DARROW, M. A. (1943). 

Staining procedures used by the Biological 

Stain. Commission. 

New York. Biotech. Publications. 

COONS, 	CREECH, N.J., JONES, R.N. & B11LINER, E. (1942). 

The demonstration of pneumococcal antigen in 

tissues by the use of fluorescent antibody. 

J. Immunol. 45, 159-170. 

COONS, .:x. H. & KAPLZ, 	(1950). 

Localization of antigen in tissue cells. 

II. Improvements in a method for the detection 

of antigen by means of fluorescent antibody. 

J. exp. Med., 91, 1-13. 

DOWSON, w. J. (1957). 

Plant Diseases due to Bacteria (2nd edition). 

Cambridge University Press. 

DRE7ER, G. & JEX-BLAKE, A. J. (1906). 

On the agglutination of bacteria. 

J. Path. Bact., 11, 1. 

DUGUID, J.T. (1951). 

The demonstration of bacterial capsules and slime. 

J. Path. Bact., 63, 673-685. 



361 

ELEK, S.D. & LEVY, E. (1950). 

Diffusible antigens in staphylococcal cultures. 

Brit. J. Exp. Path•y 31, 358-368. 

F.C. von. (1912). 

Das crbliche Zusammenleben von Bakterien und 

tr opischen Pflanzen. 

Jahrb. f. Wiss. Bat., 51, 285-375. 

FLBER, F.C. von. (1914). 

Die Bakterien Symbiose der Rubiaceen. 

(Erwiderung und crOnzende ::Atteilungen). 

Jahrb. f. Wiss. Bot. , 54, 245-265. 

FOTHERGILL, J.E. (1962). 

Properties of conjugated serum proteins. 

(In "Fluorescent Protein Tracing"; edited by 

Nairn, R.C. ; 1962). 

GEORGEVITCH, F. (1916). 

new case of symbiosis between a bacillus 

and a plant. 

Bull. Royal. Bat. Gardens. Kew., 105-106. 

GOLDSTEIN, G., SLIZYS, I.S. & CH_1SE, T.W. (1961). 

Studies on fluorescent antibody staining. 

I. Non-specific fluorescence with fluorescein-

coupled sheep anti-rabbit globulins. 

J. ems. Hed., 114, 89-110. 



362 

P.H.H. (1926). 

A method of staining bacterial flagella. 

J. Bact., 12, 273-274. 

GROSSES 	(1908). 

,Anatornisch-systematische Untersuchungen der 

Eyrsinazeen. 

Bet. Jahrb. Syst., 41, 5 Beiblatt. 40. 

HALL, C.T.
.
& HOSEN, 	(1962). 

Chelated azo dyes used as counterstains in 

the fluorescent antibody technic. 

Zbl. Bakt., I. Lbt. Orig. 184, 549-556. 

HAMDA, K. (1954). 

her die Blattknoten der  rdisia 	.Arten. 

Isolierung der Bakterien and ihre stickstoff- 

bindende Kraft in Reinkultur. 

Jap. J. Bot., 14, 235-265. 

HAUPT, A.W. (1930). 

A gelatin fixative for paraffin sections. 

Stain Tech., 5, 97-98. 

HELLRIEGEL, H. & WILFARTH, J. (1887). 

Landw. Vers. Sta., 33, 464. 

HOHNEL, F.R. von. (1882). 

.,:inatomische Untersuchungen 'nor einigo Secre- 

tionsorgane der Pflanzen. 

Sitzb. Math. Naturw. Klasse. Tale. .Ak. Wien., 

84(1), 583. 



363 

HUGH, R. & LEIFSON, E. (1953). 

The taxonomic significance of fermentative versus 

oxidative metabolism of carbohydrates by various 

Gram-negative bacteria. 

J. Bact. , 66, 24-26. 

HUMM, H.J. (1944). 

Bacterial Leaf Nodules. 

J. New vork. Bot. Gard., 45, 193-199. 

JAENSCH, 0 . (1905). 

Beitrag zur Embryologie von Ardisia crispa. DC.  

Thesis. University of Breslau. 

JOHANSEN, D.A. (1940). 

Plant microtechnique. 

McGraw-Hill. New York. 

de JONGH, Ph. (1938). 

On the Symbiosis of .Ardisia crispa (Thunb.)  t's. DC.  

Thesis. University of Leyden, Holland. 

JORDAN, D.C. (1962). 

The bacteroids of the genus Rhizobium.• 

Bact. Revs. , 26, 119-141. 

KOPELOFF, N. & BEERniiN, P. (1922). 

Modified Gram stains. 

J. Infectious Diseases, 31, 480-482. 



364 

KORINEK, J. (1928). 

Ein Beitrag zur Erkcnntnis der Psychotria-symbiose. 

Zentr. Bakt. Abt., 75, 52-55. 

KOVACS, N. (1956). 

Identification of Pseudomonas pyocyanea by 

the oxidase reaction. 

Nature, 178, 703. 

LUNDELL, C.L. (1941). 

Diagnoses of new American Plants. I. 

Phytologia., 2, 1-5. 

MA, T. S. x ZUAZAGA, G. (1942). 

Ricro-Kjeldahl determination of nitrogen. L. new 

indicator and an improved rapid method. 

Ind. Engg. Chem. (Anal. Ed.)., 14, 280. 

MACCALLUM, W.G. (1919). 

A stain for influenza bacilli in tissues. 

J. Amer. Med. Assoc., 72, 193. 

MELLOPS, P.C. (1959). 

Fluorescent-antibody Method. 

(In "Analytical Cytology"; 2nd edition, edited 

by 	R.C. ; 1959 

McGraw-Hill Book Company, Inc. London). 

MERRILL, E.D. (1950). 

A brief survey of the present status of Bornean 
botany. 

Webbia.„ 7, 309-324. 



365 

MEZ, C. (1902). 

Myrsinaceae in . Engler. 

Das Pflanzenreich., Leipzig. 

MIEHE, H. (1911 a.). 

Die sogenannten -Ff,i,,Joissdrasen an den BMttern 

von Ardisia crispa 	DO. (Vorlttufige Zfittellung). 

Ber. Deut.' Dot. Gee., 29, 156-157. 

MIEHE, H. (1911 b.). 

Die Bakterienknoten an den BlattrRndern der 

Ardisia crispa A. DC. Jay. Studien V. 

Zibh. Math-Phys. Ylasse nn. SlAchs. Gas. Wise., 

4, 399-432. 

H. (1914). 

Weitere Untorsuchungen Libor die Bakteriensymbiose 

bei ,rdisia crispa.  I. Die Milaloorganismen. 

Jahrb. Wise. Bot., 53, 1-55. 

MIEln, H. (1919). 

Weitore Untersuchungen fiber die Bakteriensymbiose 

bei 	crispa. II. Die Pflanz° ohne Bakterien. 

Jahrb. Wiss. Bot., 58, 29-50. 



366 

NAIRN, R.C. (1962). 

Fluorescent Protein Tracing. 

(E. & S. Livingstone Ltd. , Edinburgh & London 1962). 

NEMEC, B. (1932). 

Uber Bakteriensymbiose bci 4r1rdisia crispa. 

Studies from the Plant Physiology Lab. Prague., 

4, 1-21. 

01MEAR, 	(1931). 

simple, delicate and rapid method of detecting 

the formation of acctylmethylcarbinol by bacteria 

fermenting carbohydrate. 

J. Path. Bact., 34, 401. 

PATON, A. M. (1960). 

The role of Psoudomonas in plant disease. 

J. appl. Bact., 23, 526-532. 

PORATH, J. a FLODIN, P. (1959). 

Gel filtration: a method for desalting and 

group separation. 

Nature. , 183, 1657-1659. 

R,;,0, K. ADINAR=0. (1923). 

L preliminary account of the symbiotic nitrogen 

fixation in non-leguminous plants with special 

reference to Chomelia asiatica. 

J. India., 18, 132-143. 



367 

RINDERKNECHT, H. (1960). 

A new technique for the fluorescent labelling 

of proteins. 

Experientia  (Basel)., 16, 430-431. 

SCH2.,EFFER,ALICE, B. & FULTON, MacD. (1933). 

simplified method of staining endospores. 

Science, 77, 194. 

SKERMAN, V.D.B. (1959). 

'A Guide to the Identification of the Genera 

of Bacteria. 

The Williams & Wilkins Co., Baltimore 2, 

Maryland, U. S.A. 

SMITH, A.C. (1940). 

Studies of S. American Plants. XI. New and note- 

worthy species from the northern Andes. 

Amer. J. Bot., 27(7), 541-547. 

SOLEREDER, H. (1899). 

Systematische Anatomic der Dikotyledonen. 

574, (Stuttgart). 

STANDLEY, P.C. & STEYERMARK, J.A. (1943). 

Studies of Central American Plants. III. 

Field ilus. Nat. Hist. Bot. Ser., 23(1) 3-28. 



368 

ST, NDLEv, 	& STY. R1fURK, 	(1947). 

Studies of Central American Plants. VII. 

Field. Mus. Nat. Hist. Bot. Ser., 23(5), 195-265. 

STEEL, K.J. (1961). 

The oxidase reaction as a taxonazlic tool. 

J. gen. Microbiol., 25, 297-306. 

STEVENSON, G.B. (1953). 

Bactc,rial Symbiosis in some Now Zealand Plants. 

Annals of Botany, LS., 17 n° 66, 343-345. 

STEVENSON, G.B. (1958). 

Use of N15  in the study of atmospheric N2 - 

fixation by non-nodulated seed plants. 

Proc. 2nd U.N. Conf. on the Peaceful Uses of 

Atomic Energy., 27, 51-57. 

STEYERMARK, J.A. (1955). 

New plants from El Salvador and Mexico. 

Ceiba., 4(5), 300-305. 

STOUGHTON, R.H. (1930). 

Thionin and Orange G for the differential 

staining of bacteria and fungi in plant tissues. 

Ann. appl. Biol., 17, 162. 



369 

TRDIEN, H. (1894). 

A Handbook to the Flora of Ceylon., 2, 350, London. 

V.,ILETON, Th. (1908). 

'cones Bogoriensis, 3, Tab. 271, 187. Leiden. 

de VRIES, J.T. x DERX, H.G. (1950). 

On , the occurrence of Mycoplana rubra and its identity.  

with Protaminobacter rubrum. 

Ann. Bogoricnsis., 1, 53. 

WYUZER, E.H. (1942). 

Four new species of Ardisia from Indo-China. 

Ling. J. Sci., 20, 185-192. 

WELLER, T.H. 	COONS, A.H. (1954). 

Fluorescent antibody studies with agents of 

varicella and herpes zoster propagated in  vitro. 

Proc. Soc. exp. Biol. (N.Y.)" 86, 789-794. 

WIERINGA, K.T. (1949). 

Report of Proceedings of the IVth International 

Congress for Microbiology, Copenhagen, 1947, 482. 

WOODSON,. R.E. 	SCHERY, R.W. (1941). 

Contributions toward a Flora of Panama. V. 

Collections chiafly by Paul H. Allen, R.E. Woodson 

and R.W. Schery. 

,Ann. -;,issouri  Bat. Gard., 28(4), 409-490. 



370 

ZIEGLER, H. (1958). 

Elektronenmikroskopische Untersuchung von 

symbiotischen Bakterien aus Mheren Pflanzen. 

Zeitschr.  Naturforsch., 13b.(5), 297-301. 

ZIMMERMANN, A. (1902). 

Nor Bakterienknoten in den BMttern einiger 

Rubiaccen. 

Jahrb.  f. Wiss.  Bot., 37, 1-11. 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261
	Page 262
	Page 263
	Page 264
	Page 265
	Page 266
	Page 267
	Page 268
	Page 269
	Page 270
	Page 271
	Page 272
	Page 273
	Page 274
	Page 275
	Page 276
	Page 277
	Page 278
	Page 279
	Page 280
	Page 281
	Page 282
	Page 283
	Page 284
	Page 285
	Page 286
	Page 287
	Page 288
	Page 289
	Page 290
	Page 291
	Page 292
	Page 293
	Page 294
	Page 295
	Page 296
	Page 297
	Page 298
	Page 299
	Page 300
	Page 301
	Page 302
	Page 303
	Page 304
	Page 305
	Page 306
	Page 307
	Page 308
	Page 309
	Page 310
	Page 311
	Page 312
	Page 313
	Page 314
	Page 315
	Page 316
	Page 317
	Page 318
	Page 319
	Page 320
	Page 321
	Page 322
	Page 323
	Page 324
	Page 325
	Page 326
	Page 327
	Page 328
	Page 329
	Page 330
	Page 331
	Page 332
	Page 333
	Page 334
	Page 335
	Page 336
	Page 337
	Page 338
	Page 339
	Page 340
	Page 341
	Page 342
	Page 343
	Page 344
	Page 345
	Page 346
	Page 347
	Page 348
	Page 349
	Page 350
	Page 351
	Page 352
	Page 353
	Page 354
	Page 355
	Page 356
	Page 357
	Page 358
	Page 359
	Page 360
	Page 361
	Page 362
	Page 363
	Page 364
	Page 365
	Page 366
	Page 367
	Page 368
	Page 369
	Page 370
	Page 371
	Page 372
	Page 373
	Page 374
	Page 375
	Page 376
	Page 377
	Page 378
	Page 379

