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IN'eF,'CIAJOTION  

In 1936, Richards and Templeean ('ie) at 
this Institute, made a general survey of certain 
nitrogeneus compounds in barley leaves and of the 
modifications induced by potassium deficiency. 
This work, in which the organic nitrogenous fractions 
studied were protein-N, amino-N and amide-E, cenfirmee. 
the fact that under potaesium-deficient conditions, 
free aeino-acids in plants accumulate. 	They pointed 
out that euch oe this accuthulation arises froz the 
rapiu hydrolysis of protein in the °leer leaves rather 
than from any general disability of the deficient plant 
to synthesise protein, as had previously been aseueed. 

Followine the comparatively recent introuuction 
of the method of paper chromatography to amino-acid 
analyses, Richerds and Berner (in the press) used this 
method in 1949-1950 to continue the nitrogen metabolism 
studies, making a qualitative survey of the free amino-
acids present in leaves of barley, particularly in 
relation to potassium status. On chroeatoerams of 
potassium deficient elants they observed an unidentifiea 
ninhydrin-pbsitive sue stance occurring at some stages 

0 
in life-history in concentrations equal to and even 
exceeding those of the more abundant amino-acids; it 
was shown to be basic in character. 

kart I of this paper describes the method 



by which this substance has been isolated and identified 
as putrescire. 

Earlier work had shown that in potassium-
deficient barley, tillers fail to survive beyond a 
certain stage, but eeristeeatic activity results in 
new tillers, which in their turn are similarly checked. 
This and other phenomena led to the view that under 
potassium-deficient conditiens, certain substances 
accueulate until they reach toxic levels, when death 
of leaves and even of whole tillers might supervene. 
At first attention was focussed entirely on inorganic 
ions, anu iedeed it has been shown (Richards, unpublished) 
that inoreanic phosphate at least does accumulate in 
this way to deleterious leves whei potassiva is 
deficient; under these conditions the simple restriction 
of phosphate supply (so that consideraule accumulation 
becomes impossihle results in much improved growth and 
a far healthier aplearance of the leaves. 	The 
identification oe putrescine however introduces a new 
factor, and the possibility needs to be considered of 
the plant producin* toxic organic substances in its own 
etabolise,. 	Hence it seci:..ed cesiruble to acterre 

whether putrescine, at the concentrations in which it 
occurs under potassium deficiency, is actu-lly hareful 
to the plant. 	To this end putresciee has been 
artificially introuuced into high potassium plents, and 
the results of so doieg are described in Iart 11 of this 
paper. 

Part 11 also sets out further experiments 



designed to reveal the place of putrescine in the 

ILetabolism ofAlotassium..deficient plants e.g. experizents 

concerned with the utilization of putrescine by hiAl 

potassium plants, its distribution in low-potasAum 

plants, and the effect of low-potassium nuttition on a 
few species other than barley. 

A.nce Richards and Berner (in the press) found 

that rubidium and sodium largely prevent the accumulation 

of the unidentified sutstance now shown to be putrescie, 

more detailed results were now sought on the c=p,rative 

efiects of the alkali metals in this action. 
Finally, eyperiments have been carried out in 

which certain amino-acids were fed to barley wit: the 

object of elucidating the metabolic changes givin rie 

to putrescine in potassium deiiciency. 



PART I 

T HE ISOLATION AN I) IDENTIFICATION 

0 F 	PUTRE3CINE FEOM 1,01'A S JUN-DEFICIENT 
BARLEY 



ISOLATION AND IDENTIFICATION OF PUTRESCINE FROM 
POTASSIUM-DEFICIENT BARLEY  

The isolation of putrescinc from leaves of 

potassium-deficient barley has already been briefly 

reported by Richards and Coleman (33). A detailed 

account is given here. 

The plant material used had been collected 

by Dr. F. J. Richards in 1951 from barley grown in 

sand culture by the method described in kart 11 

(page ib ) of this paper. 	ilants were of two nutrient 

types, a calcium type in which nitrates and phosphates 

were given in tee form of calcium salts and an 

anulonium type in which they were given as ameonium salts. 

iotassium was supplied at the K. level, (or 1/9 of Kl, 
a level designed to give optimal growth). 	The plants 
had been harvested at about the eighth or ninth leaf 

stage, when symptoms of potassium deficiency were v. ry 

pronounced. 	The tops were divided into green laLiHae, 

moribund leaves and stems, oven-dried at ec°  and stored 

in air-tint jars. 

Prelielihary experiAents  

Two-dimensional chromatograms of extracts of 

this material established that the m)ribund leaves of 

plants grown in either calcium or ammonium type nutrient 

solutions contained the greatest amount of the 

unidentified substance. 	The oven-dried plant material 

was ground in a C & N Junior Kill (1 mm. sieve), 

re 	drieu, ax ei again stored in air-tight jars. 



Extraction. 	A sample (0.3 g.) ok this material was 

ground in a mortar with 75% (v/v) aqueous ethanol. 
The grinding, which occupied 15-2C minutes, was 

continued until extraction was complete. 	Ihe extract 

was filtered from the insoluble material, which wa 

washed with additional solvent. 	fine combined extract 

and washings (aboet 10 ml.) were evaporated to dryness 

under reduced pressure, and then token into solution 

in 0.1 11. water 	:3atisfactory two-dieensional 

chromatogrems were obtained with 6,61. of this solution. 

Paper chromatography. The chromatograms were prepared 

by a modificatioe of C. E. Dent's ecthod (ie). 	Whatman 

No. 1 filter paper (22i" x 18 ") was used for two-

dimensional chromatograms with the following solvents 

(1) analytical grade peenol saturated with water at 

room temperature 	(2) 'collidine', a mIxture of 2:4:6 

'collidine'/2:4 lutidine :: 1/1 (v/v) shaken with en 

equal volume of water. 

- The chromatograms were developed by descending chromato-

graphy in cabinets manufactured by Shanden Scientific 

Company, London. 	These cabinets are designed to allow 

the development of up to ten chromatograms in one 
operation. 	A maximum of six were run in these experiments. 
For convenience of operation, a separate cabinet was used 

for runs in each solvent. 

The plant extract was applied with a pipete to the paper 

near one corner, at distances, accoreing to the number of 

sneets run in eairs, of 9, 1C.5 or 12 ae. floe either edge. 



The application was controlled to give a sot of 

15 	maxieum diameter. 	The moist spot was dried 

by careful wareing end the paper placed in the first 

cabinet for 2 hours, allowing it to approach 

equilibrium with an atmosphere satereted with water 

and phenol. 	leis atmosphere was produced be placing 

a solution of water saturated with phenol in open 

glass dishes in the bottom of the cabinet. 	The phenol 

(30 ml. per sheet) was then run into the solvent troueh, 

throueh a stoppered hole in the glass top of the 

cabinet, and the chromatogram allowed to develop for 

24 hours. 	The cabinet was operated at room temperature, 

and the average efective distance of the run in the 24 

hours was le". 	The paper was then removed from the 

cabinet and partially dried in a current of ware air in 

a fuat.cupboard for about 3 hours. 	Reeaining treees 

of the solvent were removed by heating in an oven at 900  

for about 1 hour. 	The paper was then placed in the 

second cabinet, this time being brought to equilibrium 

with air saturated wieh water and 'collidiee'. The 

'colliuine' was run into the solvent trough and the 

chroaatoeram allowed to develop for 40 hours, 	The 

average effective distance of the run in this tine was 

15". 	The paper was removed from the cabinet and dried 

in a current of warn air in a fuee cueboare for about 

5 neure. 	Ahen dry, it was sprayed with a soLution of 

Q.1 pLr cent. ninhydrin in ethanol and colour ructions 

Fie.  were hastened by heating at 900  for 7 ainutee. 



shows diagrammatically the position on a two- 

dimensional chromatogram of putrescine in relation 

to the normally occurring aaino-acids. 

.owe chemical properties of the unidentified substance  

To determine if the unidentified substance 

was an :-.4.-amino-acid, use was made of the method of 

Cruapler and Dent (cl). 	A tw-diensionaL chromatogram 

of the extract of moribund leaves was prepared in which 

basic copier carbonate had been dusted onto the paper 

in the path of the amino-acids in the phenol run. After 

this treatment, the unidentified substance rave a non:al 

ninhydrin colour compound; no colour coopounds were 
formed by the oe-amino-acids, which were retained as 
copper salts. 	The unidentified substance was therefore 
not an 0C-amno-acid. 

A comparison was made of the RF values of this 
substance run in phenol, (with and without an atmosphere 
of ammonia), ana in 'collidine', with the reported RF  
values of naturally occurrieg amines (Breoner and 
enten), (5). 	Of these weines putrescine nad RF  

values which gave the closest agreement. 	To make a 
more accurate comparison of the RF  values of these 
substances in ehenol and 'collidine', a two-diensional 
chromatop-ram was prepared of a mixture of putrescine 
and an extract of green leaves containing only a moderate 
concentration of the unidentified substance. 	39,6'g. of 
putrescine dihydrochloriee (vanufactured by iloiiman-ba 
Roche ec Co., Ltd., Switzerland) were used. 	As a control 



a further chromatogram of the extract of greun lc:aves 
was run without the adUition of putrescine. 	From 
this experiment, the R.. valu(,s of the unidentified 
substance in the solventsphencl and 'collidines, were 

to be indistinguishable froi. those of putrescine. 



Isolation of unidentified substance by disIlacement  
chromatosraphy on an ion-exchanli resin  

Tho isolation of the unidentified substance 

from an extract of leaves of potassium-deficient 

barley was first attempted by the use of a cation- 

exchae resin. 	A satisfact(_)ry separation was net 

eflected with the elutant solutions tried and the use 

of this type of re3in was discontinued. 	At this tiie 

a stron anion-eychane rein ('lermutit' special 

sulphonated polystyrene resin) became available, and 

a satifactory method of separation was developed using 

this resin. 	The L,ethoe was an adaptation of that of 

Moore and. Stein (;,:_,f), who separated basic arilno-aciA 
on an anion-exchange resin column by disiacement 

chmLatography. 

A resin colurin was prepared as follows : 

50 g. moist sulphonated polystyrene resin (500 - 1500 
mesh per inch) was rurified by washing Iirst with ten 

ties its velulLe oi 4h HC1 and then with distilled 

water until all free acid was reLovee. 	A slurry.  

(suspension of 1 part resin to 2 parts water) was 

poured into a glass tube, 0.9 cci. internal diameter 
and 30 cm0  long, plugged at one end with plass wool. 

To this end, rubber tubing and a pinch-cock had been 

fitted to control the flow of effluent. 	Sufficient 

slurry was added to the tube to for a 15 cm. resin 

column. 	Alter fillinr with water to exclude air 

and corking, the tube was inverted and the resin 
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allowed to settle. 	Return of the tube to the working 
position, with final settling of the resin, rave a 
uniformie packed column. 

in an exploratory experiaent, the iree 
ninhydrin-reacting substances were extracted lrom 15 g. 
oven-dry moribund leaves of potassium-eoficient barley 
by the method previously described. Tne ethanolic 
extract (750 ml.) after evaporation to dryness under 
reduced pressure, was taken into solution with 5 r1. 
water. 	This solution was passed through the resin 
column, with the adeition of distilled water, at a rate 
of about 50 ml./hr. 	The efiluent liquid was found by 
chroeatography to be free from the unidentified substance. 
The ninnydrin-reacting substances wer dispioced from 
the column with solutions prepared from volatile 
constituents. 	These solutions were passed through the 
column at room temperature at a rate of about 50 ml./hr. 
in the following order : 0.1N hydrochloric acid (300 ml.), 
6.2M aineonium acetate (250 ml.), 0.2M ammonium formate 
(200 ml.), dilute amonium hydroxide (l% amonia se, gr. 
G2b0) (200 11.), and 0.2 ameoniem carbonate 	b ml.). 
The column was washed with 250 ml. water before each 
change of elutant solution. 	The effluent was collected 
manually in about 50 el. fractions. 

The course of the separation of the unidentified 
substance from other ninhydrin-reacting substances in the 
barley extract was followed by means of one-dieensienal 
paper chromatograms el the efr.auent fractions on '0;hatman 
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io. 1 paper, with the solvents phenol anu tcollidine'. 
A large proportion of the ninhyarin-reacting substances 
was displaced la, the hydrochloric acid. 	Small amounts 
were removed by the amaonium acetate and fermate. 
The remaining impurities and a small amount of the 
unidentified substance was displaced by the ammonium 
hydroxiae solution- 	ahe amaonium carbonate displaced 
the unidentified substance free from other ninhydrin-
reacting compounds. 

An aliquot (10G mi.) of the eialuent amaenaum 
carbonate was partially evaporated to remove the amaonia, 
acidified with hyerechloric acid and evaporated to 
dryness. 	A solution prepared froa this residue aave a 
very intense colour with ninhydrin and the R values 
were found to be unchanged by the treatment. 

To oAaia a further amount c± the unidentified 
substance for the purpose of identification, a sample 
(60 g.) of oven-dried moribund leaves, fro a plants grown 
in a calciva tyae nutrient solution, was ground and the 
free ninhydrin-reactia: substances extracted with 

ethanol. 	The extract (20C ml.) was evapora ted to 

dryness under reduced pressure and taken into solution 
in 20 ml. water. 	This solution, with the addition of 
0.111 hydrochloric acid was passe through a sulphonated 
polyetjrene resin column (0.9 x 15 en..) prepared by the 
method previously described, and regulated to flow at a 
rate of about 50 al./hr. 	The effluent solution was 
found to be free from the unidentified substance. 

The ninhydrin-reacting substances were displaced 
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from the column with 0.1N hydrochloric acid (Soo ml.), 

dilute ammonium hydroxide (1% amaonia si. gr. 0.8e0) 

ml.), and 0.2M ameonium carbonate (2000 ml.) 

solutions. 	500 ml. water was passed through the 

column between eacn pair of elutant solutions. 	The 

course o1 the separation was followed by marls of ,..Jne-

diaensional chromatography as in the prelimanary 

experiment. 	A good separation was obtained in this 

case without the inclusion of ammeniva acetate and 
Formate. 

As before, the effluent am. oniue cargo gate 

solution was boiled until free from amoonia, then 

acidified with hydrochloric acid and evaporated to 

dryness. 	A solution of the unidentified substance was 

obtained by dissolving this residue in 20 ml. distilled 

water. 	An aliquot (5 ml.) of this solution was made 

strongly alkaline with sodium hydroxide and steam 

distillea. 	The distillate which was strongly basic, 

was nailed to remove traces of amaonia, acidified with 

hydrochloric acid ana evaporated to dryness. 	The 

crystalline solid obtained was dissolved in a miniaum 

quantity of water, a little alcohol was adued and the 

substance precipitated by the addition of acetone. 

The product was filtered, warned with acet3 e and dried. 

The remaining 15 mi. of solution containing 

the unidentified substance was similarla treated, and 

the combined product wax: re-distilled and re-arecipitated, 

to rive aparoxiaately 1. 	t.F. of a white crystalline 

solid. 



identification of the isolated substance  

A solution of the free base o the substance 

was .obtained by stea 	istilling 60 mg. of t':le crystalline 

solid and concentrating tee distillate, at a low 

temperature, to 30 el. 	This solution was used to 

prepare the pirate, chloroplatinate and the benzoyl 

derivative. 	The corresponding salts of putrescie were 

prepared for eeltieg pint comparisons. 	The melting 

points were determined on a microstage Elelting point 

apparatus. 

hydro hioride. The elj_ne, poi 	o1 the hyerochloric 

acid salt ui the unidentified substence was examined. 

'in e crystals turned brown at 2850  ane did not melt 

below 

Ticrate. Excess of a saturated solution of picric acid 

was ade, d to 2 el. om the soeution of the unidentified 

base until precipitation was cortlete. 	Me crystalline 

preeuct was filtered, wasnou with cold water and re— 

execli,itated from het water. 	The crystals were dried 

in a desiccator and the Lelting point exaeinee; they 

turned brown and decomposed at 250. 

Chloroplatinate. 	_ect.ss of a saturated solution of 

chloroplatinic acid wee added to 2 ml. ol thc solution 

of unidentified base and the mixture warned until clear. 

On cooling i an ice—bath, crystals o_ celorollatinate 

were formed. 	Ihe product was filtered, wavihed with 

cold water, dried and purified by re—crystallizetion from 
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from alcohol. The crystals turned brown at 250°  
and did not melt below 275°. 

From a comparison of the melting point data, 
the hydrochloride, picrate aed chioroplatinate of 
putrescine were indistinguishable from the corresponding 
salts of the unidentified substaece. 

lienzoyl derivative  The dibenzoyl derivative of 
putrescine was prepared by adding e drops of benzoyl 
chloride to 100 rug. of putrescine dihydrochloride in 
20 el. of 5 per Cent. sodium hydroxide solution. 	he 
mixture was shaken persistently, and the soft lum,s of 
precipitate broken up with a glass rod, until the 
precipitate had become hard and granular and the odour 
of benzoyl chloride had entirely disappeared. 	The 
crystals were filtered and washed three timeewith 2 m . 
cold water and dried i; a vacuem desiccator. 	The 
product was re—Crystallized by dissolving in 10 ml. 
hot anhydrous benzene, filtered while hot and allowed 
to cool. The crystals which formed on cooling were 
filtered, washed with cold benzene and dried at 100°  
for 10 minute. 

The benzoyl derivative () the unidentified 
substance was prepared by adding 4 drops of benzoyl 
chloride to 10 ml. of the solution of the free .,Else to 
which had been added about 0.5 F. of sodium hydroxide. 
The mixture was treated as before and a crystalline 
product obtained. 	The eelting points of the benzoyi 

derivatives of putrez•;ciee and of the unieentifi,d 
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substance were identical 	In both instances meltng 

commenced at 177.5°, and at 17E.5°  the mas of fine 
crystals had melted. Equal nuantities of the two 
products were finely ground in an age mortar, and 
the melting point of the mixture determined. 	The 
melting point was unchanged by this traktment, 
a proof that the substances were identical. 

X-ray powder photographs . 	Identical x-ray photographs 

from the hydrochlorides of the two substances confirmed 
the identification of the substance isolated from 

potassium-deficient barley as putrescine. Thanks are 
due to the kedology Depart. ent of Rothamsted ilxperiamctal 
Station for taking these photographs, which are reproduced 

in Fig. 1. 
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EXIERINENTAL METHODS  

Experiments were carried out with plants 

grown in sand culture in the suaers of 1952 and 

and in water culture from February to July 1953, at 

Rothamsted Experimental Station, iiarpeden. 

Sand Culture - Sumner 1952 

Barley, var. 'Spratt Arche'r', flax, var. 'Royal' • 
red clover (Triiblium pratense) and what, var. 'Atie 

Spring', were grown in sand culture in pots in the open. 

Ten inch glazed earthenware pots were used, containing 

about 30 lbs. of washed silver sand. 	To ca:trol the 

application of nutrient solutions, a 2 	perous pot was 

sunk almost to its rim in the sand in the centre of the 

larger pot. 	Each pot was provided at the bottom with 

a tubulure closed with a rubber bung, which carried an 

L-shaped glass tube leading to a glass bottle 	this 

arrangement enabled any water percolating to the bet om 

to be drained, and subsequently to be returned to the 

pots. 

Barley and wheat seeds of a unifor size were 

sown on May 2 at a depth of 	nine seed.8 per pet. 

Flax and red clover were SOWh at the swim time at a 

aepth of 	seeds per pot. 	The seeds were planted 

in a circle between the riLs oi the 10" and 2i" pots. 

1:o.Atrient solutions were adued to all puts on May 9. 

Water when needed was iveri as tap water. 	About 2 week 
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weeks after gemination, wheat and barley plants were 

toinned to the three best plants per pot. 	About 

weeks after germination, ilax and clover plants were 

thinned to 20 and 6 best plants per pot respectively. 

In all, 152 pots of barley and 12 pots each of wheat, 

flay and clover were sown, comprising 10 nutritional 

treatments. 

A second set of barley seeds was sown on 

July 7; in all, 20 pots comprising 4 treatments. 

Three main types of solution were omployed 

(11 a calcium type in which nitrate and phosphate were 

given in the form of calcium salts; (2) an amoonium 

type in which nitrate and phosphate were given as 

ammonium salts, with a s-all addition of calcium; 

(5) a sodium type in which nitrate and ehosphate were 

ieiven as sodium salts, with a small aduition of coiciem. 

Two levels of potassium were used in each of 

the three tyres of soAation: K1, desigoed to give 

optimal growth, and 	(1/9 of KJ). 	To some of the 

pots at the K. level, sufficient sodium (or lithium, 

or rubidiuo) was added to brio the total alkoll metal 

equivalent up to that of.  K. 

Table 1 shows the various nutritional treatments 

and the number of pots of each used in the sand culture 

experioents in the summer of 1952. 	The symbols used to 

denote the treatments are composed as follows, after the 

lethod of hichards and Berner, (in the press). 	Tne 

solution type is indicated first and followed by a colon, 

after which are shown the potassium level and any addition 



oi lithium, sodium or rubidiui.. 	nus the symbol 
Ca:K 4Aa stands for the calcium tyi,e of solution, 
potasium at the K. level, and sodium equivalent to 
ta uifierence in potassium between K1  and K3  adued 
as a pos ible supple;..ent to potassium. 

Sand Culture — Summer 1953  

Barley, (Cambridge mildew—resistant variety 
No.B2118), flax, var. ORoyal', red clover (Trifolium 

pratense) and wheat, var. 'Atle Spring', were grown in 

sand cu:Aure, following the same procedure as in the 

summer of 1952. 	The se,ds were sown on Ny 4 and the 

nutrient solutions aplied on May 11. 	Water whun 
needed was given as tap water. 	The plats were thlnl.ed 
as in the previous year. 	In all, .65 pots were sown, 
comprising 4 nutritional treatments. 	rine calai c 

type solution was used throughout. 	Barley, flax and 
red clover were grown with 2 levels of potassium • 
(K1 and k,). Wheat was grown at 4 leveis of potassium 
(K1, K 3 , E.4.  and K5). 	Table II shows the nutritional 
treatments and the number of pots of each used in this 
croup of exi,Lriments. 
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TAU I 
:Lana Culture Lyperiwents 	Suniaer of 1952  

Nutritional TreaU,ents anti the ;,Ler of Pots of each  

Levels of alkali metals 	Levels of phospiiorus 

Solution type 

Ca 	.. 	.. 

VII4 	" 	I a 

Na 	.. 	.. 

K1  

31 

33 

27 

K3  

35 

35 

27 

K3Li 

3 

5 

010 

K3Na 

4 

4 

F3Rb 

1 

••• 

p1  

2 5 

TABLL II  

3and Culture Experiments  - Summer of 1953  

Nutritional Treatments and the Number ol Jots of c11  

Levels of potassium 

Solution type 	,3 	K4  Y5  

Ca .. 	18 31 6 10 



Potassium levels  (r. per 
K1 K3 

K2SO4 .. 
	J.21 

pot) 

1( 4 
(07 0.02 

20 
Table 111 gives the amount ol each salt ad,,..;ed per pot 
in the sand culture experiments. 	To all pots were 
also added FeC13  as required and C.Olg. MnSO4.4112(J. 

TABLE III  
Lutritional Schtme ior Sand Culture Experiments — 1952k  1.53  

1. 	Basal nutricnts per pot) 

NH4  Ca 

Ca(NO3)24H20 12.C4 4H4  N0 4.00 

°8/14 (1'04)  2H20  • II 0.e9 (EH4)2HI-04 .. 0.05 
08.012.61-J20 0 • 0.50 11114/12"4 •• 0.77 
604.7/120 • • 1.25 CaC12 	2  6H 0 0.50 

lt7.304  7H2  0 1.25 

a 
NaM) 	.. 9.10 

lie2Hi0412H20 .. 0.D2 

ati21042H20 .. 1.04 

	

Ca012.61120 
	.. 0.50 

	

604.71120 	.. 1.25 

Other alkali metals  (g. per pot) 
LiSO4  

Na200410H20 

lib SO 	.. 2 	4 

• • •• 
• • 

1.04 
).04 
2.52 

4. Phosphorus levels (g. per pot) 
F, F1  

.. 0.89 0.099 

 

414°c4) . • • 
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-.(ater Culture — 'Feb.—Jay. 1923  

Barley, var. Cambridge 8211E was grown in 
water culture under glasshouse conditions from February 
until July, i55. The plants were grown in tanks lent 
4 Dr. F. C. aimphrles of the Botany Department, 
Rothamsted Experimental 3tation, a type used by him in 
mineral nutrition studies. 	They are of 12.0 litres 
capacity, made fee asphalt and asbestos. 	The ?lents 
were eueeerted in the nutrient solution by waxed cotton 
netting suspended over a wooden frame (17" x 7" x 7"). 
The wooden freme,which contained four longitudinal 
slits (l€3 x i") had been thoroughly impreenated with 
parafiin wax and tnen painted with bitu Astic paint. 
72 plants were grown in each tank. 	Ihe sets was iirst 
germinated in germnation dishes and uniform plants 
transferred to the tank on tho 4th day. klantings 
were done at 7. day intervals. 	seeeeri3Sents were 
carried oet on plants between the second and forth 
leaf staise. 	Calcium type nutrient solution was used 
with two levels of potassium (K1  and K3). 

Peas, comeercial garden variety, were grown 
in water culture, under glasshouse conditiens. 	72 
seeds were relented on waxed cotton netting in an 
asphalt tank. 	Calcium type nutrient solution was 
used wite potassium at the K, level. 	The pints were 
even eutrescine through the roots on the twentieth day. 

Red clover, (Trifolium pretense) was grown in 
water culture under glasshouse conditions. 	About 2 0 seeds 
were gerwineted in germdnation dishes and 76 uniiorm plants 
transferred to a nutrient solution in an asphalt tank, 
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the plants being supported by waxed muslin (in place of 

the cotton netting used for the barley and peas), with 

the roots threaded through 1/10" holes. 	After three 
weeks, they were transferred to 	litre wide-mouth bottles, 
one plant per bottle. 	Waxed corks with a large central 

hole, and halved vertically in the centre, supported the 

elants in the nutrient solution. 	Milt was excluded from 
the roots by wrapping tne bottles (54 in all) with heavy 
water-proofed paper. 	Calcium type nutrient solution was 

used with potassiem at the K1  level; the solution was 
renewed each weer. 

Table IV gives the amount of each salt adeed 

per 10 litres of solution. 

TABLE IV  

Nutritional Scheme for Water Culture Experiments  

1. 	Nutrients other than potasium 
(g. per 10 litres of solution)x  

Ca (NO3) 2.4h20 .. • 0 8.43  

Call4"4)2°"20 • • • • 0.60 

Cael2.61120 	• • 00 0.33 
N:;0.7H20 • • C.E3 
MnX;4.4H20 	.. .. .. C.007 

hne04.71120 	• • 0.001 

H2B03 	.. 	.. .. 0.012 
leS04 0.021 

2. 	lotas -ium levels  
(g. per 10 litres oi solution)x 

K1SC4 
xDistilled water was used in erearine these solutions 

and in watering the plants 

K1 	K 2  
1.23 	0.1) 
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BARLA. 	SOME SYMPTOMS OCCURRING IN SANP CULIUN, -  

Fig. 2 ehows the differences in the growth 

of high (K1) and low (K3) potassium plants of the three 

solution types in the last week of June. 

Ca: 	Cat 	1;11 :K 	N 4 K 3 
	Na:V*I 	N a: K

3 

Fig. 2 

The high-potassium plants of all three solution 

types made vigorous growth and generally had a healthy 

appearance. 	Juring Jul', those growl-g in the calcium 

and amonium SoLUtiob3 were heavily infected with mildew. 

Slight dif_erences between them were noticeaule. 	xl-nte 

of the ammonium type hau at first a Lore screadi. g habit 

than the other two types. 

The Ca:K plants made hood growth in the finit 

tare- weeks, but beoaiLe yellowish in co_our anu developed 

Drown spickles on the leaves by the iourta-iiith leaf 

stage. 	White areas had appeared on the leaf 
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blades by June 18, by which ti o the brown speckles 

wnich had been prevalent two wetks earlier, were no 

longer appearing on the newly devtloped leaves. 

Similar brown speckles again were seen on these plants 

during the first week uf July. 

The NH4:I('5 plants made very po ur growth 
during the first two weeks, but there wa. a 2arked 

ilLprovement during the third week. 	Until the midale 

of June they were lAich greener than the 3a:E plants, 

although many white areas had appeared on the leaves 

by June lb. 

Fair growth was iiade in the NalK soution 

up, to the middle of June, and many tillers were 1.-roduced 

during late June and early July. 	The colour here was 

noticeably paler during early growth than in the Ca: K. 

or Nh
4 
 :K, plants. 	A ±ew white areas were fouha on the 

leaf blades on June lb. 	Similar areas had only 

occasionally ben seen on Na:K plants in previous 
seasons (private communication from )r'. Y. J. Richr3rds.) 
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Ge.eral krocedure used in amino-acid analysis  

Unless stated otherwise, analysis of the free 
am no-acids of the plants was Lade from extracts of the 
last fu—y expanded leaves. 

in most cases fresh material was used for the 
extracts, which, alter drying, were stared i,  a 
desiccator over ..hosl,horus pentoxide until chromatographic 
analyses could be carried out. In a few instances, 
oven -dried eaiterial was extracted. 

Two-dimensional chromatofraas of eeese 
prearations were run, using the ethoct described on 
page 5 

Quantitative determinations were not atteepted, 
but some indication of the relative amounts of the various 
ninhydrin-reacting substances present was given by the 
sizes and colour inteesities 01 the spots. The spots 
were graded into 9 intensity groups fro L 'extremely 
weak' to 'extremely strong'. 	Where a substance 
characteristically occurred on the chromatograles as a 
small spot, such as the unidentified substance "K" 

(eee Fig. 3  )t  only the intensity of the spot is taken 
ieto account. 	A good indication of the relative 

abundance of any one substance can ee obtaieed by means 
of intensity groups, but quantitative coarisons between 
the several substances present an, lese reliable, since 
no account is taken of the diferct 	lour intensities 
formed with ninhydrin by sieilar eeeents of these 
coweounds. 
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6election of  solvent to replace 'collidinel.  A lutidine/ 
water solvent was used in place of 'collidine' for most 
of the analyses. 	This solvent was ITreared by shaking 
175 A. of 2:4/2:5 lutidine (diatilied once to remove 
imp Titles) with 10a l. water. 	To test the suitability 
of this solvent for the separation of basic substances, 
one-dimensional chroaatograms of ornithine, lysine and 
putresc.ine were prepared with its use and an improved 
separation was obtained. 	A two-disensianal chromatog am 
was then prepared of a mixture of 15,Ag. each of aspartic 
acid, glutainic acid, glut me, 	-aminobutyric acid, 

and 
praline, putrescine„i/arginine, using phenol as first 
solvent and lutidine as the secand. 

Lutidine gave a good general separation of the 
amino-acids. The dicarbaxylic acids travelled much 
further in this solvent than in 'collidine', becoming 
suite clearly separated from the basic amno-acies. 	In 
adaition it was later found that the separation of serine 
from Elyaine was also much improved. 	Considerable 
variability has since occurred in the effectiveness of 
this solvent, but it has not been ascertained under 
what conditions the best sear ion occurs. The 
temperature of the cabinet and the water oontent of the 
solvent may be important factors. 

Fig. 3 shows the relative positions of the 
ninhyerin-rea tine substances under discussion, when run 
on a two-diaensional chromatogrem with phenol as first 
solvent and 2:4/2:5 lutidine as second so!vent. 
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28  
PHENOL (20 HRS) 

Fig. 3 

1.As,,)artic acid, 2.GlUtemic acid, 3.Serire, 4.GIcine, 
5.Asparagine, 6.Glutamine, 7.cA,Alanine, 8.Valine, 
9.Leucine Isoleucine, 10.Irolinc, 11.15-Aminobutyric acid, 
12.Threonine, 13.Tyrosine, 14.kipecolinic acid, 15.14sine, 
16.Putrescine, 178-A1anine, 18.Citrulline, 19.0rnithine, 
20.Arginine, 21.Tryptopnane, 22.Unknown A, 23.Unknown Bs  
24. Unknown C, 25.Unknown 	26.Unknown E, 27.Unknown F, 
2b.linknown G, 29.Unknown I, 30 .Unknown k, 31.Unknown L. 
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EXPEeIMLNTAL RESULTS  

Toxic effects following the feeding of putreseine  
to barley  

krevious work had suggested a coreelatisn 

between the accueulation of putrescine in potaesie,-

eefieient ParlLy, and the occurrence of the white 

areas often found on the leaves of these plants - a 

recognised sympt _us of deficiency. 	experiments w(re 

commenced therefore to determine whether or not the 

amine is causally related to the develoincnt of this 

injury. 

1utrescine was adelnistered to the eLente in 
a preliminary experiment through partially cut leave: 
and was readily absorbed in this way. The laminae 
were cut rather sere than half-way across with a thin, 

share eleac, at a distance of ;:" from the baee, and 

then slit for a distance from the end of this cut 
towards the leaf tie; tee eldrib was incleded in the 

resulting flap, which was dipped into the feeding 
solution Coetaieed in a 1" x 1 	lase specieen tube. 

The cut portion of the leaf was passed through a slit 

x 	in the cork and hed in position by a plug of 

cotton wool. 	All corks were reduced in thickness to 

1/e" for convenient oeeratien, and feepregneted with 

wax. 

The plants used were grown in sand culture 

in calcium type nutrient solution with potaseiem at 

the KI level. 	lutrescine was given at the third leef 
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stage, solutions of the dinydrochloride being 
presented at four concentrations (0.0056/, 0.015%, 
0.075% and 0.257.), using tame plants at each 
concentration. 
Effects of 0.25% and 0.075% solutions.  Within a few 
hours white margins appeared at the cut edges of the 
leaves in the 0.25% solution and these were removed 
at intervals with a sharp, thin blade to allow 
absorption to continue. 	SimIlar white marins were 
formed on the leaves in the 0.075% solution after 24 
hours. 	By the third day, sharply &fined white areas, 
identical in appearance with those found on potasaium—
.deficient plants, had developed on the distal part of 
the young leaves of those tillers directly fed with 
0.075-  solution, and on one occasion, also on leaves 
of a tiller only indirectly fed, i.e. the causal aLe[A 
must have been translocated from one tiller to anther. 
At the sale time, the plants recelvig the C.25%. 
solution were of a yellowish colour and growth was 
apparently caecked. After a further two days the 
plants receiving the 0.0797 solution were similarly 
affected. 	When putresclne was sup, lied in this way 
sialuitaneously to several leaves on u:43 young high 
potaaaium barley plant, and tie allowee for full 
development of the symptos described above, the 
appearance of the plant sugge,Aed in quite a striking 
manner severe potassium deficiency. 

No appreciable change could be seen in the 
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plants receiving either the 0.005% or C.C155 solution 

until the fifth °ay, when the fed leaves becaLe 

moribund. 

In. the curse of experi:aents conducted for 

other purposes, it was observed that in all cases where. 

putrescine was. administered in this manner at approximately 

0... for several days, white areas developed on the young 

leaves. 	lants siLAlarly fed under glasshouse conditions. 

developed these symptoms within 4 hours. 

A two-dimensional chromatogram was prepared 

from a leaf extract of high potassium plants fed in this 

way, together with a control, to determine the free 

amino-acid composition. 	The chromatogram shoo 	not 

only putrescine, but also an increase in glutamine, the,  

formation of asparagine and of a substance not found in 

tha control. 	The position of this substance (Unknown nB") 

on * two-dimensional chromatogram is shown in YU. 3. 

An unidentified substance had already been found in 

the same position on chromatograLs ol potassium-deficient 

barley by Richards and Berner (in the press). 	Later 

work b-L,,  the writer has confirmed the presence of this 

substance i low potassium plants. 
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Utilization of putrescine by barley  
Graphical presentations of the free amino-

acid composition of some of the plant materials analysed 
are shzwn on Fir .s. 4, 5, 6 and 8. 	The rsults are 
arranged in blocks headed by symbols showing the type 
of nutrient solution (Ca or NH4 ) and the level of potas:7Aom 
supply, (K1  or K3). 	The columns within the blocks show 
the results of an analysis of a si,gle plant extract. 
The relative mounts of the various amino-acids ana 
related ninhydrin-positive substances per unit fresh 
weight, based upon intensity groups, re represented by 
shaded squares. 	A blank space indicates that no 
ninhydrin spot could be detected. 	Where a spot occurs 
on the chromatogram which cannot be identified with 
certainty, a query mark has been entered. 

The changes in the free amino-acid composition 
resulting fom fe,ding putrescine to high potassium plants 

(1) Plants given additional potassium in 
the nutrient solution 

(2) Plants placed in distilled water after 
receiving putrescine through the 
roots for 2 hours 

Fig. 4 

(3) Detached leaves injected with putrescine 
solution under reduced pressure ,r 

(4) Detached leaves injected with water 
Cx  - 48 hour control 
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suggest that putrescine can be utilized at least 
partially by these plants. 

Fig. 4 shows the reselts of teree types of 

experiment on putrescine utilizatien. 
(i) 	1)etached leaves injected with putrescine solution 

The last fully expanded leaves of 1th4:KI  plants were 
submerted in a solution oi putrescine uihydrochloride 
(e.l. j ieetediately teeter cutting, and the air was 
remeved from the intercellular spaces under reduced 
pressure. Injection occurred when the atmospheric 
pressure was restored. 	he leaves wore then removed 
from the soletion, washed, and suweorted in test tubes 
with their cut ends dipt ing into distilled water. 
In Elg . 4, the block headed 	 4:K1 presents tee 

(3) 
aeno-acid composetion oi tne putresciee-injected 
leaves when maintained both in light and darkness for 
the periods shown. 	Block NH4: K1 shows a control 

(4) 
experiment with water-injected leaves. 

The experiment was unsatisfactory because 
insufficient putrescine was injected; it was net 
repeated. 	The increased concentretions oi ameno-
acids within 48 hours suceest that marked proteolezis 
had occurred; and even J.' suficient putreseiee were 
introduced, this hydrolysis vieuLd be likely to prevent 
the detection oe change resulting from a slow rate 
of amine utilization. 
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(ii) Addition of potassium to K3  lants. 	Suficient 

potassium was adued to the nutrient solution of 

potassium—de,icient plants at a ti e when their 

putrescine co-tent was hirh, to bring them up to 

three ties th,. K1  level. 	Fig. 4 '3a:1( and PH
4

"1?, 
. 

(1) 	(1) 
shows the changes in the free amino.aeid content 

of thee plants during the 4e hours immediately 
following the aduition of potassiuin. 

In both sets of plants there was a :Larked 

reduction in putrescine content within 4E hours. 

Additional changes occurring in this experiment 

are discussed under the root feedi:n experiment 

below. 

Because of the innprevement in the growth 

of the plantn, it is possible that sampling the 

last fully expanded leaves did not give accurate 

Leasurement of the reduction of putrescine, since 

putrescine distribution at not be uniform between 

young and old leaves. 	However, feeding experin;ents 

showed that putrescine is rapidly transported 

throughout the plants and tnerefore would soon pass 

into young tissue from the older leaves. 

(iii) Feediny putrescine to high—potassium plants 'through, 
the roots. CasIC

1 barley grown in water culture 

was fed with putrescine at the third leaf stare. 

After removal from the nutrient solution, the roots 

were washed and placed in 0.1F putrescine dihydrochloride 

solution for two hours. They were then removed, 

again washed and placed in water for the periods 
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stated in Fig. 4, block Cast. Analyses were made 

(2) 
from extraotsoI the whole plants, three plants being 

used on each occasion. 

A moderate amount of putrescine was present 

at C hours; a noticeable reduction occurred during the 

first 24 hours, and a still 'further reduction during 

thew second day. 

Experiments (11) and (iii) show that putrescine 

tends to disappear from barley supolied with adequate 

potassium, though it i3 accuAllatod there in potassium—

deficiency. 

Further, certain consistent changes were found 

in both these experiments. 	Where high potassium plants 

were !iven putrescine throoeh the roots, yalioe, leuoinc, 
threonine and arginine increased in the first three hours 

and decreased in the period 24 to 48 hours. 	Asparwine 

and glutamine U creased sliehtly within 48 hours. 

I—Amjnobutyric acid was pro viably reduced and an unidentified 

substance ("A" Fig. 3), presumably produced during the 

2 hour feeding period, and loresent in the first sasTie, 

had decreased within 4:e hours. 

In experiment (ii) the potassium was applied 

on June 26 when the putrescine content in the plants was 

hayin slowly accumulated from early growth. 	In 

block N114:1‹,.. the amino—acid composition at C hours was 

(e) 
typically that of a low potassium pi t. 	The usual 
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modificatioes oi the free amino-acid contents associated 
with potassium deficiency have been reported by Riceerds 
and Berner (in the press), 	They round that the chanees 
which result from low potassium supely ie barley include 
in geeeral, decreases ie the amount oe dicarboxylic aeids, 
a large increase of glutamine, variable iecreases in 
seriee, glecine, asparagiee, vali e, leuciee, tyrosine, 
arginine and lysine, and the occurrence of the substance 
now shown to be putrescine Wert I). 

Taking into account the eifitrence between the 
starting materials, the changes in al.: no-acid comeoeition 
of the present experiment (ii), fro e to 4W hours were 
consistent with those in experiment (iii). 	AsparEeine, 
glutauine, valine, leucine and threoniee were reduced 
and S-EuLinobutyric acid increased. 	Alrther, in both the 

Ca; K3  and Lliele plants to which potassium had peen 
added, the dicarboxylic acids increased durine the 46 
hours following the adeition. 	The amino-acid 
composition at this time ap.roached that of high 
potassium barley plants (Fig. 5). 	An unidentified 
substance - "A" (Fir. 3) was found in plants of both 
experiments (ii) and (iii); it was present in low 

their potassium plants when / putrescine content was high, 
and was produced in hi. h potassium plants when fed with 
putrescine. 	The unidentified substance 'e" (see 
prelimnary putrescine feeding experiment, ::fie 30), 
also occurred in experiment (ii), in plants of beth 
types 	Other unidentified substances occurriee in 
this eeperiment are referred to on pagete. 
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a iDecolinic acie. 	The identity of the substance 

reported as pipecolinic acid (Figs. 4, 5 and 6) 
hit, not been definitely established. 	Dr. le Je 

1::,ichards had observed it in 1949 (private communication) 

on chroleatograms of 75 ethanol extracts of barley. 

Cook and Pollock (7) recorded an unknown amino—acid 

in barley steeping liquors, and this was later shown 

to be pipecolinic acid by Uarris and lolloce (te). 

It was also found by Morrison in red cloverCee)In the 

present experiments a substance which travelled to the 

saee position on two-di tensional chromatograms, occurred 

eccasionally in barley and frequently in wheat and red 

clover. 	That all these cbservatiens concern a single 

substance seers undoubted, for the ninhydrin eroduct 

fades Quickly in a very characteristic manner, just 
indeed 

as/has been described for pipecolinic acid. 	Since 

the unknown coepound and pipecolinic acid behave 

simAeerly in all these ways, there seees little doubt 

they are identical. 

decent observations oe the rate of the 

reaction cei this substance with ninhydrin throws doubt 

on the reliability of ea=lier records of its presence 

in barley extracts. 	It has been found to react 

with ninhydin more si:)wly than other substances present, 

when developed at about 900. When a chromatogram 

containing it was heated to a higher temperature, 

the intensity of the spot was Learkedly increased. 

Further teets showed tnat on easy of the 
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early chromato?rams, the colour reaction of the 

substance culd nc,t have been complete when recorded. 
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Some aspects of the occurrence of putrescine in  
Lotaasium—thfi cient barley  

The :tree amino.-acid contents of high and 
low :potassiem barley sown on both 'May 2 and July 7, 
1.Y2, was investigated chrmiatographically, in order 
to deter.ne the time of the first appearance of 
putrescine in CatK3  and NH4:K plants, together with 
its distribution between the roots and tops. 
Chromatograols were also prepared of protein hydrolysatea 
to determine whether the ape..ne occurred as a constituent 
of the protein of these plants. 

Futrescine was fount in the first leaves of 
the NH4:K5  seedlings of both sowinEs, but could not t:;. 
detected in either the first or second leaves of Ga:K3  
plants. 	The high proportion of basic substances 
generally in the first leaves of am.ioniuw plants is 
also noteworthy. 	The calcium type plants nevertheless 
acouliulated putrescine gradually during the first few 
weeks, and in fact the fl&XiMt2111 concentration reached 
in both types at about the 7th leaf stage was 
approxiaately the sane. 	While a moderate a cunt of 
putrescine was present in the 5th leaves of the NH4:K3 
plants sown in July, the substanoe could only just be 
detected in the roots. 	No reason for this diference 
has be“,.n establiohed, but a similor situ o tion has been 
found in those K1  plants fed with putresci e through 
the roots for 2 hours and subsequently traosierred to 
water for 24 hours. 
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The tops of plants feel each treateent 

(Ca:K and K3; •  NH41 and K3 
 ) sown on July 7 were 

1 
sampled at the first, second and fifth leaf stages, 

extracts being made of the roots also at the final 

sampling. 	At this tine, the K3  plants were noticeably 

sealler than theK. but leaf symptoms had not developed. '1 
Samples were also taken on the fourth day from barley 

eerminated in dishes without nutrients to compare their 

amno-acid contents with those of plants of the first 

leaf stage (i.e. 14 days from sowing). 	When sampling, 

the seedlings' seed reserves were removed. 
The analyses shoeed that at the first leaf 

stage the NB4:K1  plants had a eliehtly higher total 
amIno-acid content than the NN:K3  lants, and teat both 

oe' tneee had much greater contents than the Ca:Ki  and 

K3  plants. 

VH :K  elants. The very high total concentretions of 
-4 1 

amino-acids found in the early stages of these plants 
consisted mainly of an extremely large amount of glutae ne, 

a large amount of gletamic acid, and moderate quantities 

of seriae, elecine, asparagine, aspartic aold,0e-alanine, 

valine and leucine. 	The most notable changes occurring 

between the first and the filth leaf stages were a sharp 

fall in asparagine and glecine, a moderate fall in 

clutamine and a silent diminution of serine, valine, 

leucine, arginine and lysine. 	Asearagine indeed was 

not detectable in the fifth leaves, but was feurd at 

this tiee in the roots, which had less aseartic ane 

glutami acids and more 	ecine, asearaire and 



40 

glutamine than the lenves 

:h,  1„lants. 	The composition of the , :Y3 j ants difJered 
at the first sampling from that oi the K i, there being 
less glutamc acid and more gl:cine. 	General changes 
similar to those in the K1  plants occurred between the 
first and filth leaf stages. 	A small increase of valie 
sic leucine between the secand and fifth leaf stages 
is oi particular interest. 	At the final sampling date 
the roots had treater aLounts of asparagine, glutanine 
ancir-anobutyric acid than the leaves. 	lutrescine, 
as ILentioned above, was only just detectable in the 
roots though it occurred in moderate concentration in 
the leaves. 

and K3  plants.  The amino-acid composition was 
similar at both potassium levlo in these two plants. 
Unlike the NH41E1  plants, lysine and leucine were absent, 
aspargine, valine and arginine nreatly reduced, ann 
g1utamine,4,alanine and Y-aminobutyric acid somewhat 
diminished. 	Only 5114111 changes, ckAlsistent with the 
development of mild efiacts of potassium deiiciency, 
occurred is the K3  plants between the first and last 
sampling dates, (and none of note in h i) 

Seealings. 	The amino-acid composition comprised a 
vexy large amount of glutamine, considerable amounts of 
glutamic and aspartic acids, valine and leucine, moderate 
amounts of asparagine, glycine0,4—alanine and serine, 
and small amounts of threonine, proline, Y-aminobutyric 

acic, tyrosine, arginine and lysine. 
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The occurrence of much asparaeine in the 

aemonium tyee plants at the first leaf stage, and 

its re-appearance later in plants afeected by potassium 

defioience, is consistent with the findings of Richards 

and Berner (in the press), who state that "in well-

nourished barley, asparagiee appears to be produced in 

eore than trace quantities only when free ameonia is 

entering the plants more rapidly than it can pass iete 

the usual channele ol metabolism". Though the trends 

in elutamiee were similar to those in asparagine, the 

changes were more ereeuel, and at the fifth leaf stage, 

the cuncentratien was still high. 	Further, the 

distribution of these amiees between the roots and 

leaves is noteworthy. 	in the Nii4eie5  plants, the 

relative amounts were greeter in the roots, and while 

the eifeerences in their concentration were not so 
narked in ameonium plants sampled on later ocoasioes, 
the subsLancee at no time appeared in a higher con- 

centration in the leaves than in the roots. 	There 

ap eared to be a close parallel between the amounts of 

asparagire and gleeiee in the first and second leaves 

of the ameonium tyee plants, but this need not indicate 
any direct connection in metabolism, especially since 
considerable variability in their occurrence has been 

found on occasion. 	A relatively higher content of 

Y-aeinoeutyric acid was observed in the roots than in 

tee leeves on a number o occasions. 

An no-acids in protein. 	To prepare protein hydrolysates 

the plant residues left after extraction with 75h 
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ethanol were first freed from any pos7ible reaaiin 
free amino-acids by additional grinding with 75% 
ethanol and filtering, ana the iosollublo fraction 
waa hydrolysed by heati g to 95°  in a. sealed tube for 
4t.i hours with 6 hydrochloric acid. 	The free hydro-
caloric acid was then removed by evaporating to dryness 
under reduced pressure and a chrozAtogram prepared from 
a solution of the hydrolysate. 

Chroaiatograms were run of hydrolysates from 
both high and low potassium plants of tho ,rty and July 
sowings. 	iutrescint, was not detected on these papers. 
VJoreover the chromatograms appeared identical, hence 
no evidence was obtained that potassium deficiency 
modifies in any way the basic protein structure. 
However, the relative aaounts of the various aaino- 

acids are interestl:.e. 	Leucie, valie l  tyrosine, 
lysine and arginine occurred in relatively larger amounts 
in the protein than in tae free amino-acid; in fact, 
their higher content in the protein recalls strongly 
their similar comparative abundance in the free amino-
acids of seedlings and of the first leaves of potassfem 
deficient am,onium type plants, where excessive 
proteolysis would very liely be occurring. 
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The effect of low potassi:m suply on the free  
amino-acid composition of certain plant :;lecies  

Aspartic Acid 
Glutamic Acid 
Serine 
Glycine 
Asparagine 
Glutamine 
oc-Alanine 
Valine 
Leucine Isoleucine 
Fryline 
y-Aminobutyric Acid 
Threonine 
Tyrosine 
Fipecolinic Acid 
Lysine 
Futrescine 
Unknown A 

" 	B 
Arginine 
Unknown E 

" 	G 
" 	I 

K 

BC ELBA 	

Ca:K3  
Wz B CRLE_RT 
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Leaves 
Rhizomes 

•••••• 
• F - Flax 

W - *heat 
• • 	mm 	B - Barley o  

C - Clover 
• BL - Biacken 

BR - Bracken 
Wx- Ca:K5  

Fie. 5 

'Pig. 5 show:: the free ano.acid composition 

of leaves of floc, wheat, barley, red clover and bracken 

grown in calcium and ammonium type nutrient solutins, 

at two levels of potassium (K1  and K3). 	Ale plants 

were sapled wen tho-e given the low supply showed 

symptoms of advanced potasium deficiency. 	Analyses 

were also made of the rhizomes of bracken. 	(Bracken 

aterial was supplied by Dr. W. 	3chwabc, 	this 

Institute) 
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Wheat and Barley. !experiments with wheat ('Atle Spring') 

grown for two seasons at Rothamsted, indicate thet its 

potassiui requirement is much lower than that of barley. 

In 1952, wheat en-own with potassium at the K
3 
level, 

was reduced in size, but otherwise appeared healthy. 

When grown the following season wit. potassium at the 

much lower K
5 

level, it showed coeparatively silent leaf 

symetoms, while barley at the K, level weo acutely 

affected. The chromatographic results for wheat and 

barley grown at these potassium levels in calcium type 

nutrient solutions are given in Fig. 5. The potassium-

deficient wheat (a:K5) shows an amino-acid content 

generally very similar to that of K3  barley. The 

query mark indicates a very weak spot on the chromatogram 

in the position of putrescine : 	this was the first 

occasion on which evidence of putrescine production was 

detected in wheat. 	It has since been found in much 

higher concentration in a plant with characteristic 

white areas on the leaves; the amino-acid composition 
of this particular plant bore a. striAmg similarity 

to that of typical low potassiun barley. 	The unidentified 

substances "A" and "e" frequently found in K3  barley 

were also present. 

The NH4:k3  wheat was visually only slightly 

affected by potassium deficiency, but hrd higher 

coetents of asparatine an glutamine and a lower content 

of glutaeic acid than the corresponding Kl  plants. 	These 

and other differences caused by the low potassium supply 

are generally consistent with changes which occur in the 

ac no-acid composition of barley under similar conditions. 
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Ned clover 	The chromatograes from red clover 
differed in a marked degree from those derived from 
the other species exarined. 	eretlynes of these plants 
at various stages of growth showed thet where conditions 
favoured aelee formation asparagiee rather than 
glutamine accumulated; asparagine production is well-
known to characterise the nitrogen metabolism of many 
legumes. 	The NH4:K1 and NH4 :K3 plants (Fig. 5) which 
have lower aeparagine contents than usual (cf. Fig. 5, 

e;a:Ki  and 0a:K3 ), were sampled on August 11 when the 
nitrogen content of the nutrient solutions would be low, 
and therefore little nitrogen entering the roets. 	Very 
uneatistactory growth was made by the 11/14:K3  plants 
and symetoms of potassiue deficiency were not well 
defieed. 
The awino-aci, coletentsof the CatK1 	K3  end Ca: K3  

sampled on July 16, 1953, were consistent with those 
found i 1952 in the corresponding calcium type plant 
an e ehewn i the figure, though one or two extra 

e.g. unknown "I", Fig. 3. 
substences were evidtet,/ The ',mount of glutamic acid 
was reduced by potasAum deficiency ane as artic aid, 
elutamine and serine were slightly increeled, 
ly:ine, VS1IL aed leucine, not visible on the K1  
chromate rams, were now detectable. 	A ninhydrin- 
reactiee substance oceurred on chrorato•xams of these 
plants in a position indistinguishable from an unidentified 
substance ("13"), found in. K3  barley. 	A chromato-
graphically ieentical substance was produced in high 
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potassium red clover plants fed with putrescine, 

whether through the leaves or through the roots, 

(this is discussed in more detail on paget3) 

Yurthcr, the Ca:K3  red clover plants grown in 1953 

showed extreme symptoms of potassium deficiency anu 

contained some putrescine, in additien to the 

unidentified substance ".". 

Flax. 'Flax plants grown in either Ca or hii4  type 

nutrient solutions had a much higher c,ncentration 

of areinine than the species already eentiened, mu 

the low potassium plants had even emuter amounts. 

Itoccursonsome K3 chromatograms as the most intense 

spot. 	In all the species examtned,with the 

exception of bracken, potassium deilciency increased 

the content of arginine. 	It was observed that 

barley, wheat and clover (all of which unuer these 
conditions coetein either putreeciee or the substance 

"B" which is derivable from it cf. p 	accumulate 

only small euantities of arginine, in contrast with 

flax. 	leis sugeests that putrescine may arise in 
thee speci,s from the breakdown of argininc. 

Bracken. 	The free amno—acid composition of bracken 

does not appeer to be affected greatly by the potassium 

su•ply. 	In the single comparison available the total 

concentration of aeino—acids in the leaves of the 

high potassium pints was higher than in those from 

low potassium p1 nte. 	Tee disproportion of the 

amino—acids in the rhizomes and leaves is striking. 
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Arginine, ?i-Eti:,inobutyrio,  acid and glutamine are 
apparently present in re lative/y hicher con centrati,:.:..s 
in the rhizomes, but the remaining amino-acids are 
relatively more abundant in the leaves. 	It is 
po .:sible that any or all oi the three former substa,rF3es 
are preferentially produced in the rhizomes, or they 
may be stored in this organ , 
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The free LL Ho-acid composttioe of plants, other 
than barleyt  resorted to contain putrescine  

Analyses were carried out to determine 

whether or net the free aidne-acid comeosition of 
plants which normally entain putrescine is similar 
in other details to that of barley plants containing 
putrescine. 	It had been anticipated that the unknown 
substance "A" and "B", Fie:. 3 	be present. They 
were not found however; their apparent absence may 
possibly have been correlated with the low concentration 
of putrescine actually present; indeed this sub .lance 
was itself often net detectaele. 	Tne results of the 
survey made no direct contribution to the present study. 
Briefly, they are as follows t- 

Ergot of 1ye. (Olaviceps purpurea). 
The presence of putrescine in Ergot of rye was reported 
by Rielander ( 

In an extract of Ergot, the substances 

found were aspartic acid, serine, glycine, ,-alanine, 
e -alanine, valiee, leucine, praline, .:-.aminobutyric 
acid and putrescine (?) 	.-aminobutyric acid was 
present in an amount prebably greater than the 31.1L 

of all the reaining substance, and posi_bly was an 
end-product of catabolic processe involving host 
protein. 

Atropa belladonna.  
Putresoine was reported in Atropa belladona by Gorin 
and IgarsonLeau (it);- 

ChrorAatogrus were prepared fFom extracts of 
leaves and roots of seedlngs, and also from young leaves and 
roots of a eature plant. flo putrescine could be detected from 
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the seeelir, but a weak spot occurred in the position 
of putresciee on the chromatograes derived from both 
the roots aeu the leaves ol the r.ature plant. 

Citrus. 	(Orane,e juice)  
Putrescine was isolated from orange juice by Herbst 
and Snell ( 

Chromatocrams with well defined spots were 
difficult to prepare from the concentrated juice, but 
sufficient separation was obtained to show tee presence 
of a large aleeunt of proline, a node rate concentration 
of areinine, and of a substance occurTin on the 
chroeate, ram in the position of the unieeetified Substance 
"13", Fig. 3, which izave a weae ninhydrin reaction and a 
strong SakaguChi reactien. 	dutrescine was not present 
in :;ef.iciiint Ooneentratien to be detectable. 

Citrus. 	(Young leaves). 
An extract was ;lade free leaves of an actively 

growing shoot of an orange tree grown in a glasshouse 
at hothamsted Experieental Statioe. 	The leaf sample 
was collected on January 30, 1(;,53, at a tie whet light 

woulu be deficient. A particuler feature of the aeino—
acid composition was an extraordinarily hien content 
of proline and a xi oderate concentration of arginine. 
There were also two uniuentiiieu seesTances which 
occupied identical peeitiens on tne chromatogram to 
those of the Unknowns "e" and "e", (Fie', 3), found in 
barley plants artificially fed with arginine. Putrescine 
was again n .t .;.ound. It is of interest that aspareeine 
and glutamine were present in about equal aeounts in 
the actively growing leaves of this tree. 
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Addition of alkali metals to the nutrient solutions  
of barley as a supplement to low potassi6L, supply  

1953  
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Plants sown May 2. 	 xxIlants sown May 4. 
Additional alkali metals included 	 Alkali metals adued to nutrient 

in nutrient solution. 	 solution July 9. 

FIE. 6 

P1. . 6 - (1952 experiment) shows the free 

a. no-acid ce. : ents oi treated plants at three dates 

of sampling. 

Ca: K3  and NH :K3  plants. 	In the present expert ents, 

the of ect of the low potassi.wn supily was not eviat 

in the free amLno-acid distrioution of the Ca: K
3 

plants 

on May 29, but the coLposition of the i,11 :K.„ plants wcs 4 .) 
already somewhat affected. 	By June 26 the amino-acid 
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contents of these two sets of plants were however 
very similar, and characteristic of low potassium 
plants. 	From June 26 to July 3, trio changes indicate 
a reduction in the severity of the disturbances 

plants served as controls in a number of small 
i vestigations designed to compare the efsiciency of 
other alkali metals with that of potassiue in'.reventing 
these aberrations in amino—acid metabolism, anu 
especially in suppressing the accumulation of putrescine. 
The first series, whose results are described below, 
deals with barley grown throughout life at the K, level, 
but in the presence of sufficient lithiu s  sodium or 
rubidium to make the total alkali setal equivalent to 
tnat of 

Si ect of  addition of lithium. The chromatogram from 
tse Ca:K.5  Li plants on June 26 suggests mild potassium 
deficiencs, but no putrescine was detectable, nor indeed 
was it ss any sanpling occasion. 	Inc other basic 
substances associated with the CaSli papers (lysine 
and arginine) were sisUarly absest from those of Ca:Iya, 
as also were a series of spots due to unknown substances. 
Glycine, valise, leucise anu assarasine seem usually to 
have been diminished by the lithium, but the dicarboxylic 
acids were increased. 	in all thee respects the effect 
of the lithium is similar to that of extra potessium. 
she NH4  :VI

s
A plants on the contrary had sose putrescine 

at each sampling date, but the concentrations were low 
and the free aminoecid co:Aests were not typical of low 
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potassium plants at either the May or July seespists s. 
sven on June 26 when there was a moderate concentration 

of putrescsne, tne aspartic acid .no glutamic acid 

contents were hi, :her than in tsical low potassium 
plante. 	hero again the changes consequent on lithium 

sup sly were generally in the same difectien ay those 

due to extra potnseium, but were not so striking as 

where the basal solution contained excess calcium. 

Effect of addition of sodium. 	The Ca:KSNa and NH
4
:K

3
Na 

plants had free amino—acid contents similar to those of 

low potassium plants at each sampling date, (June 26 and 

July 3), but there was some reduction in the amounts of 

putrescine present as compared with the corresponding 

Ca:It5  and L114:K5  plants. 

Effect  of addition of rubidium. The Ca:K3  lib plantsl 	made 

extreLely poor growth (see page Se). 	Although leaf 

sass les sere taken on June 26 and Jul; 3, difficulty 

was experienced in getting a good separation of their 

amino—acids and a satisfactory chrosatogram was not 

prepared from the June sample. 	By July 3 growth had 

almost ceased, and the slants then sampled showed 

symptoms of extreme toxicity; hence these results were 

inconclusive. Devertheless, putrescine was not 

detectable. 	The sisultaneous accumulation to high 

levels of both the dicarboxylic acids and their amides 

is noteworthy, and according to Richards and Lerner 

(in the press) is characteristic of rubidium toxicity. 
When allowance is made for the difrerence in 



coepositien of low potassium plants or the calcium 

and ammonium tyees, a close similarity is apparent tn 

the effect oi the edeition c± lithium to the Ca:K and 
3 

NH
4
:K3  plants. 	A sieelar relatioeship holds for those 

plants to which sodium had been added. 

From the chromatograms of the Ca: L1 and 

NH
4
:K3Li plants, it is evident that their amino—acid 

distribution eas little affected by potaesium deficiency; 

at leaet they had sufficient alkali metal to perform 

whatever function in nitrogen metaboliem is neceseary 

to prevent putrescirie accumulation, such as oceurs in 

simple potaseium deficiency. 	In the ,';a:K.5Na and 

NH
4 
 :K.Na lant, there was also some reduction in the 

5 	- 
severity of thee potassium deficiency effects. 	By 
reference to the size anu condition of the plants 

during the last week of June (page55) it will be seen, 

however,that in addition very marked adverse effects 

resulted from the specific toxicities or the alkali 

eetals, and any beneficial effects they right have are 

consequently il—defined. 	For example, those plants 

iven rubidium were much reducee in size; therefore, 

although they were supplied with only the same amount 

potassium as their K3  controls, their ieterHel content 

may well have been considerably higher, and the absence 

of putrescine be due to this cause instead of directly 

to the rubidiue. 

in a second seal". series of investigations 

eeeiened for the saae aureese, the technieue was 
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consequently changed. 	ilants were grown at tn.. 
K3  level until severe symptoms of deficiency had 
appeared. An ample supply of one particular aL4ali 
metal was then mad, available to them, an the 
resulting changes in their fiee ninhydrin-reacting 
substances iollowed during th, next few days. By these 
reans varying dilution eflects of thc; internal potassium 
due to dilJerential growth were avoided. 
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Eternal efeect of addition of alkali metals to the  
original nutrient solutions of Ca:L  andNH 

5 
 plants — 1952  

Fig. 7 shows the growth difierences induced in 

the calcium type plants by the last week of June. 

Ca: kei 	Ca:K, 	Ca:K-11a 	Ca:K
3
Hb 

7 

In all cases treated plants were earkedly 

difeemnt from their untreated controls. 	eodium, 

(Ca:K_Na and NH
4
:KNa) caused the greatest increase in 

growth, especially in the early stages. 	Gn the other 

hand, lithium induced slower early growth but later a 

Greater number of fully CLveloped shoots. 	Both the 

Ca:K_Na and the NH
4
:K3Na plants developed white areas 

on the leef blades in the latter part of June, these 

bei 	eore prevalent in the almeonium type than the 
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calcium. 	In general ap enrance these plants closely 

resembled the Na:K5  plants. 

in the presence ci lithium the margins of 

the leaves turned a dark brown between the second and 

third leaf stage, though the Ga:K
3
Li plants developed 

the condition a few days sooner than the Mt
4
:X
3
Li 

plants. This marginal necrosis appeared on all 

subsequent leaves. 

Toxic symptoms developed even on the first 

leaves of the Ca:K,eb plants; growth was verj slow end 

the plants turned a greyish—green colour. 	A large 

number of tillers were formed, but none surviv, d to 

eaturity. 

efect of audition of potassium to K3  plants. 	In 1952 

sufficient potassiva was added on June 26 to the nutrient 

solutiee of X, plants, in an advanced stage of potaseium 

starvation, to bring thee up to 3 times the Ki  level. 

Jig, 4(CalK7  and Niiit:K 3  ) shows the resulting changes 

(1) 	(1) 
in the free amino—acid contents of these plants during 

the following 48 hours. 

In both the Ca:K3K and
4
:K3K plants a Larked 

change was seen after 28 hours, an increase in glutamic 

acid and a decrease in the amounts of leucine aou 

putrescine being evident. 	After 4 hours both 

aicarboxylic acids were ieceeased, while their a. des, 

together with putreecinc, glycine, valine and leucine 

were diminishee. 	riheugh a seall amount of putrescine 
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still rtmained in both types of plants 4 hors after 

the addition of potasoium, tht go cral picture was 

already su.ce3tiv(: of ttUt of ni[T, potassiuL plants 

and the appearance showed ar:7cd i proveent. Existing 

leaves turned darker in colour and any more young leaves 

were developin. iy the middle of July the shouts of 

these plants wert almost as large as th;se o the 

original high potassium plaits, though thtre was a 

purple colouring on the lol,er part of the stews. In 

this respect these plants closely resembled others 

grown under phosphorus deficiency. 



Effect of  addition of a1 all metals to JC3_21Eltl m_12L1 

Sufficient alkali Letals were added to brine 
the tol,ial alkali equivalent up to that ef V, level. 
Fig. 6 - (1955 experi,ent) shows the free amino-aid 
contents of treated plants at the sapling dates July 11, 
14 and Id. 	3ulphates of alkali metals were added to 

tale nutrient solutions of 0a0( plants on July 9, when  
an advanced stage of potassium deficiency had been 
reached. 	In order to obtain representative data the 
various extracts were wade from whole tillers. 

Alk  plants. No important changes could be detected 
in the free amino-acid distributive of.  the Oa:K3  plants 
(controls) during the week covering the sampling dates. 

Oa:lie Li plants. 	Two days after adultiee of lithium, 
tie plants shined a very large increase in glutamine, 
a moderate increase in giutamic acid ane 1(-aminobutyric 
acid, and an itcrease in asparagine. 	y July l, the 
only further important change was a sli ht fall in the 
putrescine concentration and a reduction of the excessive 
glutamine found a week earli_r. 

Ce.K3 	an Na edts. 	On July 11, the only noticeable chest  
was an increaee in asparagine, but sinee this amide 
later fell to below th control value, the sivnificance 
of the rise in doubtful. 	By July 18 there was then a 
marked fall in asparagine, and also in valine, icucine, 
anu putrescine (which in this particular sample was not 
detectable); some increase in gletam.c acid, and 
poesibly04-alanine, was alno indicated 
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Ca:K3
E plants. 	By July 11 (2 days after treateent), 

there were increases in the concentrations of leitamec 

acid, aspartic acid, X-aminobutyric acid and threonine, 

reductions of elutamine and asparaefne anu a mareed 

reduction of putrescine. 	By July 14, these chanees 

were all accentuated, no putrescine at all being 
detectable; valine and leucine also had diminished 
in amount, anoefe-alanine increased. ,eith the possible 

exception of threonino the amino-acid contents of these 

plants remained unchanged between July 14 and July 1. 

Ca:K7Rb plants. 	On July 11, the only considerable 

chane which was eainteined later was an increased 

glutamic acid content. By July 14 there had occurred 

a correspondieee increase in aspartic acid, (also in 

04-alanine) and varying reductions in aeparagine, valine, 

leucine and putrescine. The only notable further 

change which had occurred by July le, was an increase 

in the concentration of glutamine. At this date, 

putreacine, though much reduced, was still preset 

in detectable amounts. 

Certain apparent changes due to these several 

adaitions have not been referred to in the general account 

given above. The most interesting of these refers to 

pipecolinic acid, which was evidently pro.,uoed as a 

consequence of adding either potassium, sodium or lithium; 

rubidium appears curieusly not to have had a similar 

effect. The presence of proline too on the two-day 

chromatograms from the rubidium aed lithium treatments 

is suggestiv, but it ie I ossible to state whether this 

is significant, or merely reeresents a speradic appearance. 
:he Ca K K plants therefore showed a marked 



6o 

response to the addition of the alkali metal on the 
second day; the Ca:K3Rb plants responded rather Lore 
slowly, not showire.r. much change until the Li th day, 
and. the Ca:K3

Na plants apparently sloevr still, though 
it is possible that their response occurred somewhat 
sooner than July lb (the ninth day). 	In all these 
treatments putrescine either disappeared completely, or 
nearly so. 	A small reduction of putrescine in the 
Ca:K 

3 
Li plants on Jul.,t 	1E: may inuicate some response to 

this element also, although no improvement could be 
seen in the appetrance of these plants even three weeks 
after ad- ition of the lithium. 

The appearance of the treated plants described 
on page 61 indicates thet while there was some response in 
growth to sodium and rubidium, correlated with the 
changes in their amino—acid contents, tnese elements 
can in no wise replace potassium fuL y. 
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External effect of addition  of alkali eetals 
to K3  plants — 1953  

Ca: K3  barley sown on May 4 rew slowly 
during: May and early June; the first and second leaves 

becaee moribund by the t,nd of ray. 	White areas 

developed on the leaf blades during the first week 

of July. 	Further albali metal (either lithium, sodium, 

potasium or rubidium) was adeed to soee of the plants 

on July 	A marked improveeent could be seen a few 

days later in the Ca:K
3 

plants which had been given 

etra potassium, but not in those given any other 

supelement. After nine days all symptoms of potassium 

deficiency has disappeared from the Ca:K3K plants and 

they were growin vigorously, though again a purple 

colouration had developed at the base of the stems just 

as in the previous season. 

3y new a noticeable improvement had occurred 

also in both the Ca:K3Na and Ca:K3Rb plants. The 

foraer were generally greener teen their untreated 

controls, though tee colour wee not the dark ereen of 

high potassium plents; there was no noticeable increase 

in their size. 	The Ca:K3  Rb plants, which were ieproved 

in colour and appeared to teem any active gruwing points 

on Jul, la, had developed symptoms of rubidium toxicity 

by July 23. 	At this tiee they were erect in habit 

ane of a greyish—green colour. The developing leaves 

were a pale yeleowish—ereen, and the internodes of the 

stees had becoLe swollen. 
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Ihe place of putrescine in the Leetabolism of 
potassium-deficient barley  

Unieentified substances in K3  barlex. The use of 
lutidine as second solvent in place of 'collidine,  in 
two-dieensional chro.:;atography L.ad possible the - 
recognition of additional substances in lew-potassium 
barley. 	These substances were previously mentioned 
when presenting the results of the putrescine utilization 
experiments (page 3 5 ) 	The substance designated "K" 
in this paper occurred in both high and low potassium 
plants, an d has also been reported by 'Richards and 
Berner (in the Press 

Unknown substances "1,", "F" and "C" appeared 
as relatively weak spots on chroutatogrEtrys from potassium 
deficient plants only, "F" being all,sys very weak and 
"C" extremely so. 	All three suestences when run in 
phenol with or without art atmosphere of aT;.-.onia., had 
RF values very similar to those of putres'oine, which 
suggests that they, like putrescine, hove strongly 
basic properties. 	In e'ztracts having high putrescine 
contents, a purple smear suraounted by an adeitional spot 
a little above serine at tizzies joined putrescine and 
substance "F". 	Aroneff ( k) and Miettinen and 
Virtanen (23) have shown that some basic amino-acids 
itay take up two or e,ere distinct positions on the same 
chroato.• ram, anci it is pOSA.5 le that these additional 
spots are alternative positions of putrescine. However they 
were never seen on chreitate r-7rattis of putrescine-free extracts 
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when putrescine was added to the papers. 	Suggestively, 
on several occasions a spot occurred in the position of 
"n" on chromatonrans oi barley fed with lysine. 

substances "A" and "B" (as referred to on 
page35-1occurred in low potassium nlinnts in association 
with putrescine and what appeared to be the sane compounds 
could be pmduced in high potassiun pi!nts by feeding 
them with putrescine. 	While it would be of particular 

interest to identify the, tinAr preaence in barley in 
only trace amounts made isolation ineractical and any 
study of their properties unsatisfactory. 	eans were 
sought therefore to obtain material containing then in 
greater quantities. 

Unknown "B". 	In 1952 a nirihyorin-positive substance, 
chronatw7raphically indistinguishable from Unknown "n", 

was noted on papers of low potassium red clover. In 

the following sumn,r clover was again nrown in sal u 

culture using calcium type solutions with 1.,otassion at 

the K1  and Ic levels. 	These plants all grew slowly 

during May and Junc and their leaves were pale green. 

Where potassium was abundant however, fair growth was 

made during July. In the low potassium clover snail 

brown necrotic areas had appeared near the inarnins of 

the fully expanded leaves by July 13, anu later in the 

iter-veinal spaces also. 	Both the high and low 

potassiun plants were sampled on July i5, at which tine 

the latter contained a moderate amount of Unknown "n" 

(red clover). 	A later sample, taken on July 27, 

contained soLe putrescine in addition to this substance. 
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High potassium red clover plants grown in a 
glasshouse were presented with a 0.1;"" soletion of 
putrescine through partially cut leaves. 	Brown 
necrotic areas appeared within 4 hours it the i• ter. 
veinal space:, of the leaves fed. To determine whether 
these symptoms (which visually were indistinguishable 
I om these of potassium dc iciency in clover) could 
be produced by administerine putie seine through the 
roots, CasKi  plant grown in water culture were presented 
in this manner with petrescine dihydrochioride selectien 
at the concentration 0.1% Small brown areas again 
developed near the leaf margins on the third day. 
Chromate :rams ran froe leaf extracts of these plants 
contained a maeerate amount of substence "B" (red 
clover) in addition to putrescine. The root feedieg 
experiment was repeated, but this tine the putrescine 
was eiven for 3 hours only, after whieh the plants 

were transferred to di tilled water fur a further 24 

hours. 	Iutrescine could not be detected in extracts 
made at the end of this ti e although they contained 
a moderate amount of suestance "B". 	As had been 
anticLpated, red clover utilizes putrescine at a much 
greater rate than does barley, making possible the 
production of a satisfactory quantity of substance 
"B" (red clover). 	This technique has therefore been 
adopted in order to produce a considerable amount of 
plant material containing the substance more or less 
free from putrescine. Unfortunetely time has not 
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yet ben available to attempt tee isolation and 
ideetiiication of the compound from this materiel. 
Unknown "B" (red clover) travels slightly further on 
a Chromatogram when run in phenol with an atmosphere 
of am,onia, suggesting weakly basic properties. 

Kenten and Mann (ac) have shown that aqueous 
extracts of pea seedlinrs oxidise putresoine raeidly, 
sugeestinv the presence of diamine oxidase. Fed 
clover also contains this oxidase activity, thoeeh to 
a lesser degree. They did riot find it in barley. 

On the assumption that this oxidase activity is 
responsible for the production of substance "is" (red 
clover) it was anticipated that ;eas might be a oee 
plant to use for its production. 	Fees grown in water 
culture were teerefore fed through the rots with 
putrescine on the eeth day after eermination, and the 
feeding was continued for 6 days. These plants ••row 
rapidly and at the end of the exeerieent were much 

larger than others which had been maintained for the 
saee period with their roots in distilled water. 

Though the putrescine-treated plant grew 
well, the chlorophyll had disapeeared from the lce_er 
portioes of their ateee in some cases, this being 
accoepanied by a collapse of the tissue structuee. 

The amino-acid content of the leaves was 
much greater in the treated than the untreated plants, 
the increased content consistine largely of asperagine, 
glutamine, valine and lcucine. Mere was also present 



66 

yet another unidentified substance, "L", Fig. 3, which 
gave a pinkish colour with ninhydrin. 	When developed 
at 90°  the colour reached its maximum intensity within 
4-5 minutes, fading after a further 10-15 Ehnutes. 
Also the V—an,inobutyric acid content was higher in the 
roots 01 these plants than in the leaves. 

Tabor (47) demonstrated the presence of a 
diaminc oxidase in extracts of hoh's kidney; this 
quantitatively oxidises diahines to amine aldehyth, 
hydrogen peroxide and ammonia. 	He suggested that these 
aldehydes undergo rapid cyclization, giving in the case 
of•putresci:ehepyrroline. 	e—Aminobenealdehyde 'Lay be 
used as a test for these unsaturated ring compounds, 
with which it hives a yellow coloer reaction. 

Dr. I. J. G. Mann and Dr. 	R. Smithies 

(private comLunication), using ci purified enzyme 
preperation from pea seedlings, have been able to 
obtain a small yield of pyrrolidine from putrescine 
by hydrogenation of the oxidation mixture, though 

pyrroline has not been isolated from the original 
oxidation mixture. 

In the present experiments, chroate&rahs 
from peas fed with putrescine were sprayed with a G.01M 
aqueous solution of o—aminobenzaldehyde, but give a 
negative test. 

Substance "A" was found in greatest amounts 
in K3 plants from the second to sixth leaf stages and 
in slightly higher concentrations in "anroniurli" than 
in "calcium" plhntn. 	It occupies a position on the 
chromatograms alhost directly beneath arhinine. 
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4th ninnyerin it gives a bluish-purple colour as 
compared with the reddish-purple of putrescine. 
Both in its position on. th.: chromatogram a in 
the colour of its ninhydrin compound it is 
indistinguishable from agmatine. 

Investigations as to source of putrescine in K5  barley.  

Yeeding e.yperinents designed to throw light on the 

fate of nutrescine in the plant hove already been 

described. 	A furtner series of similar experinents, 

aimed at elucidating the origin of the aunne that 

occurs naturally in potassium deficient barley will 

now be dealt with. 

:3ecause of their chemical relationship to 
putrescine, the following substances were administered 
individually : ornithine, arginine, citrulline, 
proline, agmatine. 	Aduitional substances .- glutamine, 
valine, leucine and lysine - were included because of 
their prominent position in the amino-acid changes 
associated with potassium deficiency. 

The chemicals used in these experiments wene 
manufactured by Holinan-La Roche 	Ltd., Switzerland, 
or 	Nnniana. 	Their purity with respect to other 
ninhydrin-positive substances was tested by one- 
dimensional chromatography. 	50/inn. on the amno-acid 
or amLne were run in each of the solvents phenol and 
'collidine' separately, anu the cnronatogrnns developed 
by spraying with ninhydrin (1rn in absolute alcohol.) 
where uniy a single spot appeare on tn(lLie chromatograms, 
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the chemical was taken to be pure. 

By these weans the agmatine procured for the 

work was shown to contain two ninhydrin reactiag 

impurities. ::ice it was believed that this alane 

might well prove to be an imaediate precursor of 

putrescine, it was eminently desirable to remove the 

impurities before presenting the sabstaice to tree plants. 

Iurification was first atteapted on a saall scale by 

means of one-diaensional chrolat_araphy. 	A solution 

of the iapure salt was prepared by dissolving 100 rg.. 

of laboratory grade agmatine sulpfiete in a 5al. distilled 

water. 	This solution was adaed from a pipette to sheats 

of Whataan No. 1 filter paper in a band of 1 cm. maxiaum 

width parallel to the long edge (22"). 	A total or la 

sheets was used. 	The papers were driea, placed 6 sheets 

at a time in the chroaatography cabinet and run for 24 

hours ia phenol, after which the so ivent was reaoved 

from them. 	To deteraine the positions of the substances 

on the paper, three test strips were cut from each sheet 

(one from eitaer ene el the 22" side and one froa the 

centre. 	These were spra:ed with ninhydrin and the 

colour compound developed. 

Adaitional test strips were sprayed with 

3akaguchiareaant as a specific test for guanido 

coaponds. The paper was first sprayed with a mixture 

of 0.3$0a-napthol in 5c: ethanol and a 40: acpeous ;rea 
solution, 2:1 (vv); when dry, it was sprayed with a 

sodium hypobromite solution (0.62 al. bromine in 100 ml. 
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of -  5 	NaOH solution). 
Three bands of colour were produoed by the 

ninhydrin reaction. 	A very intense reddish-purple 
Co our-reaction was iven y a substance with Lie  
about 0.4 which was quite separate from the remsaaaing 
two substances. 	This did not give the Sal(aguchi 
reaction. 	A second substance, with an RF  value of 
about 0.7 rave a bluish-purple colour-reaction with 
ninhydrin and an intense Sakaguchi-reaction. 	A 
third substance, which was not clearly aerated froa 

the substance of RT  0.7, aave weak reactions, both with 
ninhydrin and the Sakaguchi reaaont. 

The substance (RF 0.7) giving the strong-
reaction with the 6akaguchi reagent was assumed to be 
agmatine. 	Its position was marked and the strias 
paper containing it were cut from the sets. To 
reaove the a:. eatine from them, water was passed down 
the strips while they hung vertically, and the solution 
was co lecteu as it drained from the lower edges. 
This solution was concentrated under reduced pressure 
and a two-di. eneional chromatogram prepared of the 
concentrate, using phenol as first solvent and iutidine 
as the secone 	it was found that only an imperfeet 
separation had bc.en aade, 	The substance with RF  0.4 
had been removed, but the remaining two substances in 
the mixture had not been separated. 

The concentrated acmatine solution, which was 
brown in colour, was then acidified with hydrochloric 
acid to 03 and evaporated to dryness. 	Further 
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purification was attempted by dissolving the seat in 

a minimum quantity of water, and after aduin absolute 

ethanol, precipitatin, it with acetoae. 	A brown 

aaarphous solid was obtained which proved to contain 
the same aaaunt ci iapuritya 

An unsuccessful atteapt was then made to 
separate these substances by displacement chromatography 

on an ion—exchanae resin. 	A column (15 cm. x 0.9 cm. 

dia.) of 1Ferautite special sulphorated polystyrene 

resin was prepared in the canner already described ir 

1- art I (page 9). 	lg. of impure agaatiae sulphate was 

dissolved in 50 al. ci water and iotrouuced on the column. 

The efaluent solution was found to be free from ninhydrin 

positive substances. 	This and the elutant solutions 

used subsequently were passed at a rate of 25 ml. per 

hour. 	1000 ml. of 0.2V amnioniu formate was than passed 

through the column and the effluent fractions tested with 

ninhydrin and aakaguchi reagent. No displaceaent was 

effected with this solutian. 	The coluan was then 

washed with 250 ml. ci water and 0.2. aamonium carbonate 

was passed. 	This solution displaced a substance giving 

a ninhydrin reaction, but no Sakaguchi reaction; it was 

found to have an R1' value in phenol of 0.4. 	1500 al, 

of effluent solution was collected beiara a fraction was 

obtained which was aakaguchi positive. 

25 ml. fractions were then collected which gave 

a good dakaguchi reaction. 	300 al. of this solution was 

heated at 60°  until the ammonia was reaoved, acidified 

with hydrochloric acid and evaporated to dryness. It was 
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found chromatographically that the sec,nd substance 
reeoved from the calu:iln had an R. value ie phenol 
corresponding to the second ipurit 1  previJusly shown 
to be present in the crud salt. 	An additional 1000 al. 
of effluent was collectee which was quite free flom 
ninhydrin-positive substances, but further atteapts to 
rtaove the avaatiee from the coluan were not undertake:- 

An adeitional amount of partially purilied 
aamatine was obtained using the aethod of paper 
chromatography already described. 

Feeding of organic substances  to barley. As in the 
putrescine feeding experimente, the solutiens of amino-
aaids were adainistered to the plants either through 
partially cut leaves, through the roots or to detached 
tops. 	he plants used ie the root feeding experiments 
were growe it water culture, the roots beieg tharouehly 
washed in distilled water before placing them in the 
feeding solution. 	ao far as metabolism in the tops 
is concerned, root teedine has the disadvantage that 
the substance under investigation may have been partly 
metabolized in the roots, and the products translocated 
to tee tops. 	Hence there is no guarantee that any 
substanoe found in the tops was actually produced ther . 
ror this reason, direct feeding of the tops alone has 
also been undertaken. 	In treating the whole tops, the 
steas were severed a little above their eese with a 
sharp blade and teeir cut ends immediately placed into 
the solution. 
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All feeding solutions were prepared 
iiooediatoly before use and, when necessary, were 
aajooted to pH 5. 	Alen an experiment was continued 
for several hours, the feeding solution was renewed 
frequently to prevent tie accumulation of sobstances 
resulting from bacterial activity. 	After use in the 
feeding experiments, the purity of the solutions was 
tested by one-dimensional chromatography. 

In certain preliminary experiments, the plants 
used were grown in sand cultuie in the field. They 
were fed in the iirst instance through partially cut 
leaves. 	It was first necesoary to detero oe 
satisfactory amino-ocid concentrations and presentation 
periods for the work. 	As already stated (p.m), the 
most suitable concentration of putrescine wao determined 
in an initial experiment. 	Fear concentrations were 
selected within assumed limits - 	0.015O, 0.075r: 
and 0.25 	Three high potassium plants were treated in 
each case, two leaves being fed on each plant. 	It was 
found that those plants receiving the c,.O75Y- solution of 
the dihydrochloride functioned apparently normally for at 
least twenty-feta' hours and a two-dimensiohal chromatogram 
established that tney had assimilated suaoicient putrescioe 
to give a satisfactory ninhyorin reaction there. 

Partly on the basis of these results with 
putrescine, arginine was presented to high potassium 
plants at two concentrations (0.257 and 0.1%), for two 
days. 	It was readil, absorbed, and the arginine content 
of the plants receiving the 0.25% solution ecame several 
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times greater tnan the, of the more abundant amnno-acids 
Those plants with leaees in the 0.3q  solution developed 
a moderate areinire centent and some fed for a further 
day were apparently unaffected goy three days of 
continuous feeding. 

In field experiments carried out during June 
and earl July, 1952, arginine, ornithine and praline 
were each fed to both hih:h and low potassium plants 
at a concentration of 0.15 for periods of 2 days and 
5 days. 	This work was entirely preliminary and 
exioratory and the tentative results will not be 
presented. 	;'evertheless, two unidentified sunstnnees 
(Unknowns "C" and "D") were definitely recognised in 
plants fed with arginin€, and on two occasions where 
plants were fed with this substanoe an inCrasc ocenrred 
in the praline content. 

The difficulties and limitations inplicit 
in these field experinnnts were to some extent overcnne 
when feeding tech iques were resumed in 1953, by 

growing plants in water culture in the glasshouse in 
sucnessive weekly sowings. 	By these means a eentinuous 
supply of suitable material was made available with 
little troebie; moreover the time-consuming manipulations 
involved in leaf-feeding could be discarded in favour of 
the quicker technique of presenting the various substaecn.s 
round the roots. 	'severtheless in most of these 
experiments the tops were fed directly threueh the 
cut stems, 	high potassium plants were ,eiven smino-acids 
at the third leaf stage, when the plant has exhausted 
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the nitrogenous reserves in the seed, 

To ascertain suitable concentrations for 

glasshouse conditions, experiments were carried out 

with amino-acid concentrations within the rane 0.005M 
- 0.3M and for periods of from half-an-hour to three 
days. 	For a three day feedig period, a 0.005M 

concentration was found to be the most satisfatory, 

a.ld 0.14 for a feeding period of half-an-hour. 	Short 
presentation periods were generally aimed at, with 

subsequent removal of the roots to water, since it 

ap:Leared reasonable that the course of metabolis of 

the added substance might then be clearer than where the 

substance enters slowly but cntiuously, 	The latter 

situation indeed might easily lead to an eary "dynamic 

equilibrium", in which no further changes could be 

detected; where a. comparatively high concentration is 

itroduced in a short ti. e there is evidently a greater 

chance of findine raA.61y-metabolised first products. 

Fig. 8 shows a typical selection of the 

results of these feeding eTlperiments 
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The treatment of the i,lants given in the 

Mocks from raft to right are : 

LH 4 
	

klahts red continuously through the leaves 
with 0.15 solutions for two days (1952). 

ilants fed through the le gives with 0.25 
solutions for two hours (1952,. 

Ca:K1 	blunts feu through the roots with C.OG5M 
soiutions for three days (with the 
exception of citruiline - two clays; (1953) 

Ca :K and K Hants fed throwjl cut stes with 0.1M 
eoiutions for forty minutes, then transferred 
to distilled water for further six hours (1955) 

ilants fed through cut steLs with 0.1! solutions 
for half-an-hour, then trLsterred to water 
for two hours (1953) 
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i-Clutamine. There was a large increase of (4-alanine 

in plants fed with glutamine, as well as a small increase 

of glycine and serine. 	A similar increase of A-alanine 

appeared in root feeding, though in this case, there W8.8 

also a high content of Y-alLinobutyrio acid. 	The small 

increases of glycine and zerine, are probably of little 

significance, since many factors appear to influence 

their concentrations. 

dl-Valine and l-Leucine. Since these substances occur 
in increased amounts in potassium-deficient fiants, 

they were included in the experiment. 	However, apart 

fro:: a sall increase in glycine where valine was 

administered, no appreciable changes were detected. 

l-Lasiee. In experieents where other basic aaino-acids 

or puczesceet were fed to the plants, valilt, leucine 

and tyrosine in many instances increasee. 	This coulo 

be due to protein breakuown. 	A semiler small accumulation 

was noted in the present experimnt. 	The aa-,des also 

increased (asparaaine apparently at the expense of 

aspartic acid), probably as a result of de-amination of 

lysine. 

l-Citrulline. There w-s an accumulation of arginine 

in all i stancee where citrulline was feu. 	while no 

exact coaparison between the relative aeino-acid 

concentrations al the roots and tops can be made, tne 

huch nigher ratio of art inine to citrulline in the 

latter k eints to the conclusion that ar;inine is prouuced 

at least as rapidly in the leaves as in the roete. 	for 
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it is noteworthy th,t where arginine itself was fed 
through the roots, although its concentration in the 
roots becaae extreLely high, the leaf content was 
invariably much lower. 	Some idea of these proportions 
can be obtained from the results of arginine feeding 
as shown in Fig. 8. That citrulline is readily converted 
to arginine in barley topOalso indicated by the results 
shown in block 3a:Ki. 	A very apparent increase of 

(3) 
arginine had occurreu in this experiment, alter only 
a hours. 

The appearance of substance "C;" in conjunction 
wish arinine accuaulation in plants fad with citrulline 
is of interest in view of its presence on chrolaatorraas 
of plants fed with arginine. 	It was also seen on pars 
of an extract of orane tree leaves where the arginine 
was naturally high 

1—Arvinine. 	The increase of praline found in some 
instances when plaits were fed with arginine is dii icuit 
to explain. 	on several occasions, wnere this substance 
had increased following aruinine uptake, the control 
plants contained at least a detectable amount of it as 
well, i.e. they contained mere than usual. A parallel 
case was seen where glycine accumulated in plants fed 
with glutamine or arginine at a ti_e when their initial 
content was moderately high. 

The most striking change efiected by arginine 
was the appearance of an additional ninhydrin—positive 
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spot, referred to in this paper as Unknown "SI". 	Shile 

further evidence is needed to establish the identity of 

the substance, it has been observed to- travel slightly 

further in phenol when ammonia is present; soreover, 

it ooula not tre.detected alter acid hydrolysis. 

Substance n1)" sosetises alseared after feeding 

with arginine; it occurs on the chromatograms as a 

curious:is circular spot adjacent to arginine. The 

presence oi an apparently identical spot on papers fsss 

youns leaves of the oranre tree (which also hsve a 

relatively high arginine content) is noteworthy. 

Ornithine. A &sal). increase of arginine was foun6 in 

plants fed with ornithine, and on one occasion a sot 

appeared on the chromatograis in the position of citrulline; 

this result did not recur. 	There wu no obvious increase 

of putrescine when potassium-deficient pltnts were fed 

with ornithine. 	However, experiments with carbon 

iiarked ornithine would be worth while, since the asdno- 

acid may be decarboxylated at a very slow rats. 	it 

is well-known that putrefying bacteria reasily produce 

putreacioe in this manner, but wits the methoas 

available no evidence has been obtained of a compsrable 

enzyse activity in barley, even where a high internal 

concentration of ornithine had been artificially built 

up. 	This nesative evidence is strengthened by the 

fact tnst barley is incapable of setabolizing at all 

rapidly any putrescine triat might be produced. 	hence 
v ery 

it seems/iprobable that the high putrescine concentrations 
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found in potassium deficiency can be due appreciably 
to ornithine decarboxylation. 	On the other nand it 

is pro cable thet eeamingt ion of ornithine proceeds at 
a not inco sideraele rate, since the aide content 
increases after feeding with the amino-acid. 

evmatine.  High and low potassium plants were fed with 
agmatine and in each case, a weak spot appeared in the 
position of putrescine. 	Unfortunately the results 
were not altogether conclusive, owing to the fact that 
only a few 	 of sufeiciently pure agmatine 
were available for the feeding solutions. 	Further 
investigations on this ieeortant point ere desirable. 
Agmetine certainly increased the contents of glutamine 
and of several amino-acids, but it is quite unknown to 
what extent these changes ere the direct result of its 
own metabolism, or of its toxicity leading to protein 
breakdown. 

kroline. The introduction of proline led consistently 
to increases in asparagine, glycinc, valiee, leucine, 

-aminobutyric aciu, aed probably othcr amino-acids 
(e.g.ee-alanine). 	The basic substances did not appear 
to be affected generaley, though a little lysine and 
arginine appeared on one occasion. 	The significance 
of these effects is not apparent, but they probably 
have no immeuiete bearing on those aspects of metabolism 
under investigation. 



DISCUSSIOk 

The identification of putrescinL as a 

substance accumulating in potassium-deficient barley, 

and the demonstration that it is directly reseensible 

for a severe necrosis chnracteristic of advanced potassium 

deficiency, demands a re-consideration of our knowledge of 

this disorder. 

Beginning with the studies of Shih, 1934 (4A), 

work at this Institute on the physiology of potassium 

nutrition has been largely concentrated on the differential 

eilects of dellciency of tee eleeent (1) at high levels 

of sodium and low levels of calcium, (2) at high levels 

of calcium in the absence of sodium, and (3) at high 

levels of both factors. 	Interactions with phosphorus 

supply have also been investigated. 

In order to study the efects of potassium 

supely in low calcium conditions in the absence of 

sodiue, it was necessaey to reeort to culture solutions 

having ameonium nitrate and am onium phosphate to supply 

the nitree7en. 	Eicherds (e) reports the resut leg 

"disastrous efeects" in low potassium plants at an early 

stae, with the lose of' any. 	Other workers (iurtschin, 

(. ), i9J4, eichroep and Arenz, (3e), 1939, ana Wall (Se), 
194G) using solutions eased on ammonium salts found 

effects when potassium was deiicient, and claimed 

that the disturbance was due to toxicity consequent on 
in 

excess ammonium accumulation. with/ the plant. 	kutrescine 

has been found to be present at the first leaf stage of 
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these plants, but only in amounts considered insuf:icient 
to produce the often fatal efiocts observed at that 
staee. 	It still seems likely therefore that the 
disastrous effect of this nutritional treatment on the 
plants in the first few days is largely attributable 

to excess ameoniue. 	Eichurds (30 supplied other alkali 

eetals to barley crowing at low potassi.m levels with the 

object of determining whether they coeld perferm to any 
extent the function of the missing potassiuL. It was 
found that rubidium whun given in small amounts was very 
nearly as effective ae potassiue in removing immediate 
toxic symetees, and in allowing early growth to proceed. 
Sodiue on the contrary was valueless for this. Later 
experL.ents be Richerds and Berner (in the prtse) 
revealed that rubidium and sodium both prevent the 
accueuletion of the 
and hence its toxic 
together it becomes 
of prime importance 
potaseiumedeficient 
containing amAmium  

substance new shown to be putrescine, 
effects. 	1,Ittiag these facts 
evident that putrescine cannot be 
in the toxicity associated with 
se dlings growing in soLutions 

sat. 	iae present experiments 
corroborate the replaceability of potaesium by rubidium 
or sodiue in the prevention of putrescine accumulation, 
rubidium being the more effective. 

The toxic effects sb far referred to are largely 
corlflned to the seedling stage, before potasium deficiency 

can properly be said to have set in. 	True (L:ficiency iS 
eeiy reached later, when the potaesium available to the 



plant has been internelly "diluted" by growth. 	The 

plants growing in all solution types (not only those 

containing ammonium salts) now develop necrotic syeptoms, 

and the mature leaves die off very rapidly, again suggesting 

toxic efeects. 	Considerable evidence has been amassed 

that in these plants inorganic ions of varioua kinds 

accumulate to much higher levels then in high potassium • 

plants, and that these accuaulations may be deleterious, 

rehus in potassium-deficient barley, sodium, if available, 

accumulates so greatly as to cause a reee&able degree 
of aucculence. 	Inorganic ehosehete also piles up in 

very eupra-normal amounts, and it has been demonstrated 

(Richards, unpublished) that this circumstance is 
detriaental to growth; if phosphate supply is reduced 
when potassium is delicient, the death-rate of leaves 

is diminished and considerebly greater size is attained. 

One reason for the iaprovewent appears to be that the 

accuaulated phosphate leads to exceseive reepiratery 

losses, abnormally hign respiration rates being very 

characteristic oi-  potassium deficiency, at least in 

barley. If phosphate supjy is still further reduced 

the respiration rate faille below thet of the normal 

plant, and the type of growth ens externel sym:toms 

change compietcly: the plant becomes typically 

phosphon.zs-starved in appearance, and growth is aeain 
reducee. 	At the oetimua phosphate level for growth, 

then, the low potassium plant has the reepiration rate 

of a healthy normal plant (neither excessive nor depressed) 
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anu moreover the necrotic symptoms of typical potassium 
deficiency nave all but disappeared; its growth rate 
is still not maxieal for it will respond to potassium 
phosphate, but toe plant has lost its unhealthy appearance. 

Clearly then excessive phosph.te content is an 
important primary factor in the adverse effects of 
potassium deficiency, and appears to be responsible not 
only for inoruinate respiratory losses but also for the 
observeu "toxic effects". 	Since it is now shown thet 
some at any rate of these toxic effects (which disappear 
ae phosphate supely is reduced towards its optimue) are 
in reelityeue o putrescine poisoning, the question arises 
whether the disturbances in nitrogen metalaliem leading 
to putrescine production, or at lest its accumulation, 
arc themselves uue rather to eecess phosphate in the 
tiseues than to, say, the need for a comparatively large 
amount of potassium by some particular enzyme system. 
The question cannot be answered at tnis staae, but it 
is proposed to ievestieate the probable effect of phosphrte 
on the productioe of the amine in potassium deficiency. 

Irythe meantime it nay be note that other 

alkali eetals besides potassiue repress putrescine 
formation, and of these rubidium is considerably more 
effective than sodium; in fact it appears to be quite 
as effective as potassium itself. 	It has been shown 
(Eichards, 31) that one important efitct of rubidiun., 
when supplied to potassium—deficient barley, is to 
reduce very considerably the phosphorus uptake, and the 
phosphorus content of the tissues; the effect of 
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rubidium, like that of potassiva, is therefore consistent 
with the idea that putrescine accumulation is consequent 
on the presence of excess phosphate. 	nodium, on the 
other hand, when added to high calcium petaseium-deficient 
cultures, appears from the rather meagre data available 
(Richards and 3hih, Fart II, (st) to exert little elect 
on the phosphorus content of the plants, and the que:tion 
must be left unsettled. 	It may however be more than 	a 
coincidence t. at the greatly increaaed CO2  production in 
respiration under potaseium deficiencn, due to phospheta, 
involves unduly high rates el: de-carboxylation in the 
organic acid cycle, and that putrescine accumulation 
also must almost certainly arise by a similar process 
of de-caraoxylation. 

This paper establishes the presence of 
putresciee in plant species other than barley. 	It 

appenrs under conditions of low potassium in both wheat 
red 

and/clover, and may well prove to acompany potassium 
starvation in nary plants. 	It has not, however, been 
found in flax, nor again in brauken, though the material 
used foi the latter species had been stored for soae years 
and aay have changed during that time. 	Again, while 
some putrescine has been recovered Itom deficient red 
clover, it frequently could not be detected there; 
whether putrescire was obviously present 3r not, a 
further substance, Unknown "b", was aiways evident. 
feeding experieents demonstrateu that high-potassium 
clover converts putrescine rapidly into this same 
substance, hence there can be very little dout that 
the Unknown "2", weere it occurs naturally in low 



potassium clover, has been derived from putrescine. 

Different species of plants therefore accuaulate 
characteristically under deficiency different substanoes, 
either arginine, putrescine, or unknown "B". The unknown, 
where it occurs, is derived from putrescine, and the 
inference is strong that putresciae in its turn is 
derived from arginine. 	If this is so, the primary 
disturbance studied here due to potasAum deficiency 
would seem to be one leading to arginine accumulation; 
what happens subsequently depends on the enzyme 
equipment of the particular species. 	No reasoned 
explanation of the cause of arginine accumulation under 
potassium deficiency con be offered at -Lie stage of the 
research. 

It is o 'very considerable interest that in 
barley under these conditions a toxic substance such as 
putrescine, produced by the plant's own metabolism, 
can accumulate to sach hi:h 3a.vels that it kills the 
leaf tissues almost before they have fully matured. 
in doing so, characteristic irregular areas from which 
all leaf pigments have gone are first developed, i.e. 
quite white areas aimilar areas have also occurred 
on wheat leaves containing putrescine 	clover on the 
other hand metabolises petrescine quite rapidly, 
yielding the basic Unknown "B". 	But this also would 

appear to be a toxic substance, for where it is present 
in consiaerale amount necrotic areas again appear on 
the leaf; these ereas are however brown. 	Those 
appearin -  naturally on li,aves 	potasAium—deficient 
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.i.:lants (from .which putrescine may be virtually absent) 

resemble very closely indeed those induced on high 

kotassium plants by.  treatment with putrescine. 

gather similar brown leaf necroses also characterise 

potassium deficiency in fl:..x and bracken, but in these 

plants neither putrescine nor Lnknown 	has been found 

in appreciable quantity. 	.hether or not arginine 

accumulation can be the responsible agent has not been 
determined, but clearly it is desirable to discover the 

immediate cause of these necroses. 

It is of course true thct all these acdumuletions 

associated with necrosis represent basic substances, 

and it would ap;:ear possible that the basicity is 

primarily responsible for the breakdown in all the plant 

types. 	No systematic ievestieation of this possibility 

has been attempted, but seee preliminary observatioes 

of tissue pH in barley have been made, using Small's 

indicator methods (41-I), and comparing high potassium 

material with low potasslum material collected at a time 
when severe deficiency symptoms were manifest. 	No 
difference in pH was detectable by the method, and it 
would appear certain that if any difference exists it 
must be slight. 	Cleies that the pH of certain tissues 
is altered slightly by potassium deficiency have been 
made on one or two occasions (Reed and Haas (4, anJ 
hightngale, Schermerhorn and Robbins 	b,et the changes 
claimed pre in the direction of increased acidity, 
not alkalinity. 	In the feeding experiments resorted 
above, the basic substances were presented as hydro— 
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chloriaes; it is conceivable that in these 
circumstances eore HC1 would be absorbed than of 

the substance intended, leading to the development 

01 aciditj in the tissues. 	Nevertheless plants 

treated with 1101 alone in sufficient amounts to ue 

texic and eventually to kill several leaves did not 

develop necrotic areas in any way resesbling those 

of potassium deficiency or those more artificially 

produced by feeding with putrescine. 	Nothieg is 

defieitely known therefore oi the cause of the toxici y 

ascribable to putrescine aceumulatioe, but it seems 

likely that somethi-g more thee pH change is involved. 

Although putrescine has not previously been 

associated with potaseiem deficiency, its presence has 

been recorded in a few plants. 	it was found in Atropa 

belladonna by Goris an u Larsoneeau (te . 	Later, 

Cromwell ( t) working on the synthesis of alkaloids 

in this species found that putrescine anu arginine 

when supplied experimentally enhanced alkaloid 

synthesis. 	The effect of putrescine, either alone, 

or in cenjunction with glucose was especially marked, 

leading to the suggestion teat the axle is the natural 

precursor of hyoscyamine. 	jases (a'1)  stated that tee 

tropane alkaloids iormed in young beliadonea leaves 

may be increaeed by feeding tie leaves with 1—arginine 

or with i—ornithiee, and claimed to save established 

tee preculee 01 ornithine in belladonna. 

The suggestion was also eade above that 

arginine is the precursor el the putrescine found 



in potassium deficient barley. 	For direct production 
a choice of two routes is pos_ibee: (1) ornithine 
might be first formed (as by the action of areinaee 
in Kreb's ornithine cycle) and Subsequentle decarboxylated, 
ana (2) arginine itself mieht be decarnoxelated prior to 
the splitting of the guanidine group; in this event 
the amine agmatine would be the intermediary. The 
results of feeding experimente deeiened to investigate 
the possibility of a route through ornithine have been 
largely neeative, and no eviuence has been found of 
putrescine production even when large amounts of 
ornithine were introduced into the ti:,sues. Eoreover 
ornithine has not been detected even in potaseium-delicient 
barley, where putrescine is being accumulated. On the 
othee hand evidence has been obtained that arginine may 
arise :tree introduced ornithine, but how directly is 
unknown; on one occasion citrulline wes apparently 
formed, but this reult wee not repeated. 	If relieble, 
it presueably indicates the presence of some of the 
enzymes participatin in tee ornithine cycle of anieals 
and m cro-organisms. 	Further evidence of enzymes of 
this cycle wee obtained from those plants fed with 
citrulline, which cenvertee it quite reedile into 
arginine. On the other hand no evidence has emerged 
that the cycle may be completed by arrinase activity 
converting introduced arginine into ornithine. 

The second direct route from arginine to 
putrescine involves a. iatine as an intermediary, and 
it is unfortunate tnat the only available comeercial 
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samples of this amine proved to be very ih.pure 
.florts were wade to purify it, but difficulties 
were encountered, and only a very si;t111 aLount of 
the purified substance was available in time for the 
experiments this year. 	ThouLh really insufficient 
for the purpose, this was administered to high 
potassium 'parley plants, and fairly distinct (but 
inconclusive) evidence was obtained that both 
putrescine and arginine were produced from it. tore- 
over, the chroi....iat:a,::ran.s from pot assium-defi cient 
plants frequently snowed a faint ninhydrin reaction 
in the region of agL,atine, but the identity of the 
substance concerned nas not been established as yet. 
During the present season a large quantity of potassium- 
deficient barley has been grown and extracted. and it 
is hoped that sufficient of the substance (and also Of 
some oi the other unknowns referred to in this thesis) 
can be isolated from it to render possible a definite 
identification. 

Apart from some animal sources 	sipon -.7es 
and cephalopods) , agmatine has seen identified by 
Engeland and Kutscher ( ) as a natural product in 
the ergot of rye, in which also _oris and larson,-,eau 
(15) found putrescine. 

Gale ( se) showed that in Bacterium coli, 
amines are produced by the action of specilic aiiino-
acid decarboxylases, listing six, including those 
which attack 1-argiaine and 1-ornithine. 	The 



possibility now arises that s matins as w,,_11 as 
putrescine may occur in potassium—deficient barley. 
Ap;iiatine is not hydrolysed by arginase (Kos el and 
])akin: (11.) and Kiesel (ti), though it has been shown 
by Reinwein and Kochinki (3c) to be converted by 
butrifactive bacteria to putrescine. 	Heileman and 
Perkins ( ?) found that arginine may be hydrolysed in 
the absence 	ar4nase by a catalytic process involving 
urease and one of the ions Co*̀  MW 	It oay be tot 
a :L:atihe could be hydrolysed by a similar proses 

At this point some 01 the numerous metabolic 
paths involving the basic amino— • cids which have been 
described during recent years will be briefly outlined, 
thou h it must be confessed that at this stage they do 
not ap,ear to help much in solving the imediate problems 
di:cuosed above. 

Little is known of the path of arginine 
iormation in hi .;her plants. 	:itrassman and Weinhouse 
(1-0 conclude from work with isotopic carbon that 
arinine synthesis in Torulopsis utilis involves a 
direct conversion of,o—ketoglutarate via glutamate, 
proline and citrulline. 

Schmidt, Logan and Tytell Oa) and OginsRy 
and Gehrig („L -7) working with Clostridium perfringens 
oetained evidence of the formation of citrulline from 
arvinine by cell enzymes i.e. the inverse of a reaction 
occurring in the ornithiLe cycle. 	Also Slade (4) 
has shown that hydrolysis of arginine by bell free 
extracts of Streptcoccus fascalis yields citrclline 
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and ornithine. 	Roche fin Ci Lacombe (37) again 
have obtained an enzyme: from baker's yeast which 
quantitatively splits arginine into citrulline and 
arlalonia; it has an ca.-Lir/um at pH 6.5. 	They 
were unable to detect arginase in those cells an 
infer that they aetabolise arginine outsid,  the 
ornithine cycle. 

Turning to recent work on the ornithine 
C,, ale proper in aniaals, Rather and 1appas (M3) 
showed in 194 by use of a purified enzyme 
preparation that iinidation of citrulline to arginine 
is effected specifically by aspartic acid. 	Borsook 
and Dubnoft (-v.)  had previaaisly shown that the 
imidation of citrulline proceis in animal tis,aies 
Lore rapidly with g1utsnic acid ac the arcino donor 
than with aspartic acid; Ratner and Iappas (as), 
in e:.cAanation of this fact, state that „autamic 
acid is not only able to produce aspartic acid by 
transtnAnation, but is Lore easily oxidized in the 
tis!..ae than aspartic acid, thus also being able to 
produce the energy necessary for the reaction 

The formation of citrulline from 
ornithine in rat-liver residue was studied by 
Cohen and.  Grisolia ( ). They found tn-- t if the 
liver is first incu:ated aerobically with glutamic 
acid, ATI, am;:onium bicarbonate, Lam-lea-Juni, :phosphate 
and potassium ions, then the addition of ornithine 
and further incubation unuer 
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anaerobic conditions leads to citrulline formation. 

The reaction was believed to be ornithine plus 

carbamyl glutamic acid giving glutamic acid and 

citrulline. 

Srb and -Horowitz (1-4), using arginine—less 

mutants of Neurospora crassa, have demonstrated the 

production of arninine from ornithine and citrulline. 

As far as is known, citrulline has not been 

found in higher plants, except in the water melon 

(Citrullus vularis), from which it was originally 

isolated by Wada 	), and in the roots and nodules 

of the aldrs Alnus incana and A. glutinosa, where 

it was shown by aieteinen and Virtanen (ms) to occur 
in abundance. 

In the present experiments, the rapid 
appearance of arginine in barley fed with citrulline 
suggests the presence of a mechanism capable of 
directly convertine the one into the other. 

aoreover, Arnow, Oleson and Williams ( 1) have recorded 

thet citrulline can replace inorganic t completely in 

the growth of Chlorella vulgaris. It was also shown 

by Fries (1* that when decotylized pea seedlings 

are maintained aseptically in darkness, root 
growth ceases unless arginine, glycine and adenine 

are supplied. 	The arginine ie however replaceable 
by citrulline. 	It is probable that the 
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for 	of arginine is the first ster when, as in 
the above cases, citrulline is utilized. 

To conclude this brief. review it nay be 
mentionee that the existence of an interesting cycle 
involving ornithine and proliz,e, and therefote ring 
oenihg and closure, has been postulated. Weil-
Malherbe and Krebs (oi) and Berhheim and Lernheim ( ) 
indicated the probability that ?reline, prior to 
deamination, is converted to glutamic acid, by a 
direct oxidative splitting of the ring. 	3tetten and 
Schoenheimer (4tA coHtirned the formation of' glutamic 
acid from prolie. 	6hemin and Rittenberg (it), from 
stuaies of the aetabolism of 41 fed to rats as isotopic 
glycjiie obtained evidence consistent with the existence 
CI a cycle of transformation from proline via 
04.keto--amdnovaleric acid, ornithine, and.amlino- 

• -iminovaleric acid to glutamic setAaldehyde and 
fro a giutwAc seLialdehyde either to glotamic acid 
or via pyrrolinecarboxylic acid back to proline. 

Fincham (iz)I  using enzyae preparations of 

Neurospora crassa, obtained evidsnce for the synthesis 
of ornithine from giutaxie (-semialdehyde and glutamate. 

As regards the fomation and fate of putrescine, 
it would seem possible that diamines fay arise in sail 
alounts in nomal nitroen metabolis, at least in 
lejuniinous plants. 	From the very considerable diamine 
oxidase activity in the seedlings of pea and red clover, 
reported by Kenten and Mann (o_), the natural occurrence 
of an appropriate substrate miAlt well be expected. 
The present work shows that putrescine is 7oetabolized 
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rapidly by living pea plants and to a lesser degree by 
red clover. 	Living barley metabolizes it much more 
slowly, and Kenten and Mann were unable to find diam_ne 
oxidase activity in preparations from this plant. The 
correlation found here between the presence of diamine 
oxiease activity and the ability to metabolize putrescine 

provides preumetive evidence taut in these instances 
putrescine is in tact being oxidisea in the plant by 
this particuler enzyme system. Ue. P. J. C. Mann and 
ler. W. R. Smithies (private communication) demonstrated 
that the mixture resulting from the actieebf diamine 
oxidase on putrescine gives a coleur reaction specific 
forts:unsaturated cyclic compounds, though the product 
(presumably/ pyrroline) was not isolatee. 	In the 
present work,4 pyrroline was not detectee in extracts 
of peas fed with putrescine, nor was it found in barley 
similarly fed, in whech case a ninhydrin-reacting 
substance occurred. 	What appears to be the same 
ninhydrin-reacting substance occurred likewise in red 

clover in fairly high concentrations. It is apparent 
tkist ii. such a spontaneous cyclizetion occurred of the 
amine aldehyde (-areinobutyraldehyde) presumably 
ioreed initially, then the resulting cyclic compound 
must immediately have undergone further transtoraetion. 
aince the substance found in barley and clover gives 
a ninhydrin reaction, and must therefore hove a free -1A2  
group, this would seem to be unlikely; the ring 
compound ofepyrroline is relatively stable. lsolatien 
and identilication of the ninhydrin-positive substance 
derived from putrescine is clearly necessary before the 
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situation can be resolved, anu plant material has 
be, n rown and preserved with this end in view. 

Whatever the detailed biochemical rot s 
taken in putrescine formation and disapT:earancL, an 
whether or not the sere routes are taken in hi ,rh 
low potassium plants, their importanee can only be 
regarded as secondary to the main question posed by 
the known facts. This corerns t. ,e reason why it is 
only in potassium deficiency that amine accumulation 
is found, and thT,..t even there the presence of 
large amounts of other alkali metals can aleviate 
the condition. Reasons were given early in the 
discussion for suspecting that the priale cause of the 
disturbance might not be the insufficient internal 
concentration of piassium ions as such, but the 
resulting uses; of phosphete ions. 	Nevertheless 
one piece of experiLeatal Evidence favours the view 
that. phosphate is unlikely to be the important factor. 

is This/given by those potassium—deficient barley plants 
which were provided with ample potassium (or rubidium, 
or sodium) at a tie when they had accumulated a 
considerable putrescine content. The amine content 
of these plants irnediately began to fall, and after 
a few days had reached a low level. 	Jhile increased 
growth generally accompanied the fall, it is diffioult 
to believe that the phosphate content co •la have been 
reduced sufficiently rapidly to acount for the marked 
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change in metabolism. 	This fact therefore argues 
in favoer of a more direct effect of the alali eetal 
ions themselves. 

If this is so, a possible place to look for 

an explanation would seer, to be some particular enzyme 
syste which either reeuires theae ions for its activity 
or else is inhibited by them. The nL:.d for potasaLm 
Of some enzyme systeas (concerned with sugar 
phosphorylations) has been discovered in recent years, 
but these systems would not seem to be related at all 
closely to putrescine formation. 	If however such a 
system should be responsible for the phenomena, it 
would appear to require quite large amounts of the metal, 
not comparable with the metal requirements of those 

enzymes associated with Fe, Mn, Cu, In etc. 	In view 
of this difficulty, the possibility might even be 
envisaged of the responsible system being one that is 

inhibited by high concentrations of potassium, so that 
when alkali metals arc deficient the enzyme's activity 
becomes supra—optimal for balanced metabolism. Any 
such speculations are o course entirely lacking in 
factual support; and as a first step towerds the 
elucidation of this field it is proposed to investigate 
how far internal phosphate concentration may be related 
to amine accumulation. 

A further possible partial explanation of 
the phenomena may be kept in view. 	The various 
substences that have been found to accumulate in 
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different plants under potassium deficiency are 

all of a strongly basic nature, yet what evidence 
there is in the literature points to the fact that 
the ti sues of these plants are actually more acid 
than those of high potassium controls 	II it is true 

that alkali metal deficiency leads generally to 

increased acidity, basic metabolites mi;ht become 
important as compensatory factors, and their metabolic 

stability increased ty the acid conditions. This 
would be the converse of the well—known balance 
between metabolically produced organic acids and ions 

of the alkali metals etc., when these latter are present 
in abundance. 	The potassium—deficient plant would on 

this view be compelled to accumulate toxic substances: 
this might still be teleolbtically  advantageous however, 

for without the accumulations the greatly increased 

acidity might well be even more disastrous. 	The 

appaent relationship of free phosphte content to 
putrescine accumulation might also find its explanation 

here, for accumulated phosphate muat be responsible 
for so,e of the excess acidity, and especially 

dallerous where metal cations are deficient. 
Much work needs to be done before all these 

matters can be decided. 
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SUMMARY  

1. The isolaion oi an unidentified suestence 
in potassium—deficient barley and its identification as 
putrescine are described. 

2. Using a variety of nutrient solutions, with 
potassium as the Lain variale, barley and other plant 
species were grown in water and sand culture. 	Organic 
substances were fed to certain of these plants throaeh 
the leaves, stems or roots. The amino—acids of plant 
extracts were analysed by means of paper chromatography. 

). 	A leaf symptom characteristic of potassium 
deficiency is produced by feeding putrescine to barley 
with a high potassium supply. 	After prolonged feedieg, 
the appearance of the plants suggests severe potassium 
deficiency. • 

4. 	futrescine is slowly utilized by barley which 
eas a high potassium supply; at the same time, an 
unidentified substence is produced. 	A similar substance 
appears in quantity in red clover concurrently with a 
rapid utilization of putrescine. 

e. 	In potassium—deficient barley, putrescine 
accumulates at an earlier stage in those plants aeving 
nitrates and phosphates added in the form of aemonium 
salts than in those having these salts added in the fore) 
of calcium. 	This substance occurs in smaller amounts 
in the roots than in the toes. it is riot found in 
protein hydrolysates. 

6. 	Under conditions of extreme potassium—
ueficiency, wheat and red clover accumulate putrescine. 
The aaino—acid composition ef potassium—delicient wheat 
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bears a striking resemblance to that of deficient barley. 

	

7. 	The alkali metals rubidium and sodiu. sul4lement 

potas3ium in some degree in barley, rubidium being the 

more effective. 

t'. An unidentified substance occurs in potaium- 

deficient barley which, when run on a two-diensionFl 

chromatogram in the solvents phenol or lutidine, ha 

R
F 
values identical with agmstine. 

	

9. 	Two unidentiiied nAbstances er cfar in barley 

fed with arginine. 

10, Arginine accumulates when citrulline is fed to 

barley. 
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