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1.0 INTRODUCTION 

In order for a chemical compound to be defined as an antimetabo-

lite it must be structurally similar to the metabolite and inhibit a 

biochemical pathway involving the metabolite. By definition this inhibi-

tion must be reversed by the metabolite. Ethionine is a synthetic com-

pound which is structurally related to mèthionine in that it is formed 

by replacing the terminal methyl group of methionine by an ethyl group 

(Figure 1). 

CH) 
1 ~Hs 
s s 
1 1 
CH2 CH2 
1 1 
CH2 CH2 
1 1 
CHNH2 CHNH2 
1 1 
COOH COOH 

Methionine Ethionine 

Figure 1. 

Ethionine has been shown to be an antimetabolite to methionine in 

a number of biological systems involving animals and microorganisms 

(Martin, 1951; Wooley, 1952; Rabinovitz et al, 1954). Until recently 

its effects on higher plants have not been known. However, Boll (unpub

lished data), found that isolated tomato roots grown in sterile culture 

exhibit a response to ethionine similar to those reported with micro-

organisms and animals. He also bas found that concentrations of ethionine 



and of ethionine plus methionine have profound effects upon the mor

phology of the root. This thesis concerns the effect of ethionine on 

some plant growth systems other than the excised tomato root. 

2. 



2. 0 REVIEW OF THE SUBJECT 

This section will include: (1) a general description of antimetabo

lites and their mode of action; (2) a brief description of inhibition 

analysis as a technique which has arisen from the study of antimetabolites; 

(5) a survey, in tabular form1 of the affects of antimetabolites on plants 

and soma commenta on the uses to which antimetabolites have been applied 

in plant etudies; (4) a review of the affects of ethionine on tomato roots 

when they are excised and grown under sterile conditions and the possible 

significance of these affects. 

2.1 THE MEM-UNG AND MJDE OF AGriON OF ANTIMETAOOLITES 

The inhibition of enzymatic reactions by substances structurally 

related to the substrate1 and competitive antagpnism between the substrate 

and inhibitor1 had been lmown for soma years when IYoods (1940) showed 

that the bacteriostatic action of the sulfonamide drugs could be overcome 

by p-aminobenzoic acid (PABA). Woods recognized a competitive antagpniam 

between PABA and the drug in that when various amounts of the drug were 

supplied to the sensitive bacteria the inhibition of growth l'fas overcome 

by the addition of a proportionate amount of PABA. Woods 1 discovery 

initiated a broad field of research concerning the biological affects of 

ant imeta boli tes. 

One objective in the study of antimetabolites was originally defined 

by Fildes (1940) who suggested that antimetabolites other than sulfonamides 

could be devised and used as chemotherapeutic ag~nts. These studies have 



not proved as profitable as their proponent may have wished although 

there are some examples of success in this field e.g. the production 

of remissions in children with acute leukemia .by aminopterin which is 

a folie acid analogue (Burchenal, 1955). 

Despite the lack of widespread success in using antimetabolites 

in chemotherapy the research on antimetabolites has yielded consider

able new biochemical information. This information includes: (1) the 

discovery of new metabolites, (2) attributing new functions to previ

ously recognized metabolites, (3) tracing metabolic pathways, (4) de

termination of the existence and nature of individual enzyme reactions 

and (5) the investigation of the active centers of enzyme action. The 

use of antimetabolites has also proven useful in localizing the role of 

various metabolites in morphological development and thus in studying the 

physiological processes involved with growth itself. The principles and 

possibilities of research involving the use of antimetabolites are dis

cussed in considerable detail by Martin (1951) and Wooley (1952). 

Antimetabolites may be naturally occuring compounds such as the 

Pseudomonas bacterial toxin (Wooley 1955) or they may be synthetic com

pounds such as ethionine (Dyer, 1938). Both of these anttm~tabalit~s are 

structural analogues to the sulphur amino acid methionine. 

An antimetabolite is pictured as acting by excluding a structurally 

related metabolite from combining with its normal specifie reactant. This 

reactant is usually an enzyme so that the antimetabolite, by preferential

ly attaching itself to the enzyme, excludes the metabolite and thus pre

vents the formation of an enzyme substrate (metabolite) complex. The 

antimetabolite can replace the metabolite because it possesses most of 
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the structural features which allow the metabolite to react. The result 

of this exclusion of the metabolite is manifested in living organisms or 

their parts by showing signa of deficiency of the metabolite usually by 

limiting the growth of the organism. As has been mentioned previously, 

the addition of an appropriate amount of the corresponding metabolite will 

antagonize the inhibition caused by the antimetabolite. 

Antimetabolites are either competitive or non-competitive in their 

inhibition of biological systems. In the case of the competitive type of 

inhibition, it is assumed that both the analogue, or sorne derivative there

of, and the metabolite compete for the same reaction site on an enzyme sur

face. The reaction can be represented as follows: 

E+ S~ ES~E+ P 

where E~enzyme, s~metabolite or substrate, ES~enzyme substrate complex 

and P~product. As a result of this substitution the enzyme may cease to 

function or the analogue-enzyme complex undergoes dissociation into enzyme 

plus analogue product, instead of xœtabolite product, and the "normal" 

reaction is prevented from occuring. Occasionally, the analogue will re

place the metabolite and the reaction will produce an analogue-product 

which can replace the metabolite product but when this occurs the analogue 

is usually less effective than the metabolite and a much higher concentra

tion of the analogue, as opposed to the metabolite, is necessary to achieve 

the same biological activity. 

In the case of the non-competitive type of inhibition, between 

substrate and analogue, it is assumed that the analogue or inhibitor re

acta with a catalytically inactive site on the enzyme surface and this 

type of inhibition may be expressed as follows: 



ES+ I~ ESI ===inactive. 

In the above equation ES;enzyme substrate, I~inhibitor or analogue, and 

ESI=inactive inhibitor enzyme complex. 

6. 

Experimental methods for identifying competitive and non-competitive 

inhibitions are given by Williams et al (1950) and Wooley (1952). The 

identification may be made by studying the inhibition index of the reactions 

involved. The inhibition index is defined as being a constant ratio of con

centration of analogue to that of the metabolite which is required for a 

defined degree of inhibition, obtained during a defined experimental period, 

when only the concentration of inhibitor and metabolite are varied. If 

the index remains the same over a considerable concentration range then 

the relationship is said to be a competitive one. If the index does not 

remain the same over a considerable concentration range then the relation

ship is non-competitive. A competitive inhibition is interpreted as showing 

that the antagonist (metabolite) is a participant or precursor of such a 

participant in the metabolic step inhibited by the antimetabolite. A non

competitive inhibition is, generally, interpreted as showing that the an

tagonist is a. product, immediate or remote, of the metabolic step inhibited 

by the antimetabolite, unless the antagonist is known to be the subatrate 

of the enzyme (see above). 

However, on theoretical grounds there are other biochemically re

lated substances which can prevent, non-competitively, the antimetabolite 

toxicity. Included among these substances are the following types: 1) those 

which increase the concentration of the metabolite synthesized by the bio

logical system; 2)those exerting a sparing effect on the product of the 

inhibited enzyme system; 3) compounds which increase the effective enzyme 
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concentration; 4) a group of miscellaneous substances including com

pounds affecting the rate of destruction of either the inhibitor or 

metabolite and 5) those non-competitive agents termed "secondary anta

gonists". Work and Work (1948) have classified the secondary antagonists 

into the following four groups: a) essential metabolites which are dis

placed; b) substances which increase the growth rate and so mask anti

metabolite action; c) compounds which combine with an antimetabolite; and 

d) metabolites secondary to sorne prime reaction inhibited by the anti

metabolite. These last named are considered to be the true secondary 

antagonists. 

2.2 INHIBITION ANALYSIS 

Studies on the modes of action of the five groups of compounds men

tioned above have been made by employing the techniques of "inhibition 

analysis". An example of a complex situation to which the technique of 

"inhibition analysis" has been applied is the example from which the tech

niques actually arose i.e. the relationships involving sulfanilamide and 

methionine and the purines. The techniques were first put forward by 

Harris and Kohn (1941) and were later elaborated and extended by Shive and 

Roberts (1946) and Shive (1950). In brief, inhibition analysis is based 

upon the hypothesis that the metabolite is a substrate for more than one 

enzyme. Of this family of enzymes only one will be susceptible to com

bination with the antimetabolite at one time or at one concentrati on of 

the metabolite. By supplying the product, immediate or remote, of each 

enzyme system as it becomes inhibited, the effect of the antimetabolite on 

that particular enzyme system is no longer of consequence. Thus the 
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substances which successfully erase these enzyme inhibitions and the order 

in which they do so help to reveal the metabolic pathways involving the 

metabolite. The inhibition index is aleo used to detect the postulated 

products of the reactions in inhibition analysis. If the index is greater 

when it is determined in the presence of the structurally dissimilar anta

gonist, the antagonist is concluded to be a product of the reaction. Mathe

matical equations have been developed which express the ideas involved in 

this analysis (Shive and Roberts, 1946 and Shive 1950). It must be real

ized that the validity of the conclusions derived from investigations 

employing inhibition analysis, are dependent upon the validity of the as

sumptions inherent in the experimental methods. Nevertheless, the resulta 

of inhibition analysis have been used by numerous investigators to postu1ate 

details about the route of formation of nucleic acid derivatives, amino acids 

and other metabolites in microorganisms and animals. 

2.3 THE EFFECT OF ANTIMETABOLITES ON PLANTS 

Although the early research involving antimetabolites and their 

effects on biological systems was done in connection with microorganisms 

and animals, their effects on higher plants, for the most part, have been 

studied only recently. This section contains a general section dealing with 

the literature on the effect of antimetabolites on plants. 

2.31 TABULAR REVIEW OF THE LITERATURE 

In the studies involved with testing the effects of antimetabolites 

on plants either whole plants, their isolated organs or isolated tissues 

have been used, under sterile or non-sterile conditions as indicated in 

Tables I to VII. 
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Two kinds of information may be derived by observing the effects of 

antimetabolites on higher plants or their isolated parts. The use of anti

metabolites as a tool for studying metabolic inter-relationships is ac

complished by studying the nutritional conditions required to remove metabolic 

blocks produced by antimetabolites. Effective antimetabolites may also be 

used to study the physiological function of a metabolite by controlling the 

effective level of the metabolite, or related substances, and observing the 

changes in known physiological processes such as growth or changes in mor

phology. 

Tables I to VII represent a review of the literature involving the 

use of antimetabolites to study plant processes including virus and other 

pathological growths. This survey is restricted to antimetabolites of 

vitamins, nucleic acid derivatives, amino acids and inorganic ions. 'Anti

auxins' are omitted intentionally from this survey. It will be noted that 

for each of these groups of antimetabolites the data has been divided into 

two tables. Thus investigations revealing biochemical information are 

listed separately from those which reveal information pertaining to 

physiological processes. 

Sorne of the compounds, included in the tables may not be anti

metabolites but are included because of their structural similarity to a 

metabolite. Thua, although isonicotinic acid hydrazide (Tables I and II) 

is not proven to be an antimetabolite it is included here because of its 

structural similarity to niacin -- which would tend to suggest that it is 

an antimetabolite to that vitamin. Another example of a compound which is 

included but has not been proven to be an antimetabolite is azaserine. In 

a recent letter, Dr. Norman at the University of Michigan, who has worked 



with azaserine, stated that he considera this compound to be an anti

metabolite to serine. For this reason azaserine has been placed in the 

tables containing antimetabolites to amino acids (Tables V and VI). 

10. 
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TABLE I ANTIME'l'.ABOLITES TO VITAMINS (BIOCHEMICAL D.ATA) 



TABLE I ANTIMETABOLI'l'ES TO VrrAMINS . (BIOCHEMICAL DATA) 

# 

1 

2 

3 

4 

5 

6 

7 

8. 

9 

ANI'IME:l'ABOLITE 

p-amino-benzene 
-sulphonamide 

desoxypyridoxine 
(DOP) 

ditto 

2, 4 ,-diemino-
9,10-dimethyl
pteroylglutanic 
ac id 

=(Aminopterin) 
(Ap) 

ditto 

ditto 

dimethylbenzoyl 
sulfamide (DMBS) 

isonicotinic acid 
hydrazide (INH) 

ditto 

TEST SYSTEM 
REVERSAI. 
C<MPOUND 

Isolated tomato roots p-aninobenzoic 
grown in vitro acid (PAlU) 

Germinating pulse pyridoxine 
seeds (vitamin B6) 

Excised tomato roots pyridoxine 
in culture 

Germination of 
Phaseolus mungo L. 

ditto 

Pee plantlets 

Isoleted pea roots 
sterile culture 

Pee plantlets 

(a)Oat seedlings 
(b)Bean aeedlings 
(c)Sugar beet 
seedlings 

in 

pteroylglutamic 
acid = folie acid 
(FGA) 

thymine 
cytosine 
ur a cil 

guanine 
adenine phosphate 

TYPE OF 
INHIBrriOB 

competitive 

COMMENTS REFERENCE 

It is shown that isolated tamato roots may syuthesize PABA. Bonner, 1942 

Nicotinic and ascorbic acid metabolisü . n.s studied. She.mnuga 
Sandaram et al, 
1951 

The data supports the view that the antagonism between Boll, 1954c 
pyridoxine and DOP involves the prior conversion of DOP to 
DOP phosphate, which then ca:npetes wi th pyridoxal phosphate 
or pyridoxamine phosphate. 

Ap inhibits nicotinic acid synthesis. 

Ap affects emino aeid changes. Histidine, methionine, and 
tyrosine levels are atfected but not that of tpreoili·ll,l:l. 

Ap partially inhibita chlorophyll and carotenoid formations. 
PGA partially reverses this inhibition. 

The data suggest thet in plants PABA or seme derivative of 
it is involved in the biosyntheais of pyrimidines or 
derivatives of them. 

INH at 2.4 mg. in 20 cm.3 causes 50% inhibition or 
carotënoid formation. 

Chlorophyll fonDation is not affected by INH. 1.2.% INH 
(87 mM per ml.) depressed slightly, leaf cetalase and 
phosphatase activities. 

ShSIIDluga 
Sandaran and 
sarma, 1954 

Si varamakrishnan 
and Sarma, 1954 

Schopfer and 
Grob, 1954 

.Anker, 1951 

Schopfer, Grob 
and Besson, 1952 
II 

Wort, 1954 



TABLE I ( CONTINUED) 

10 W-methylpanto-
thenic acid 

11 neopyrithiamine 

12 su1fani1amide 

13 ditto 

14 ditto 

15 çlitto 

16 ditto 

17 ditto 

Germination of 
Phaseolus munee 

di'tto 

Grovth ot garden 
creas plants 

Isolated tamato roots PABA 
grown in vitro 

Roots of Pisum 
sativium L. grown on 
agar 

Roots of Pisum 
sativum in sterile 
culture 

Grovth of flax 
seedlillga 

Germination ot 
Phaseolus mupgo 

PABA 

PABA 
guanine 
adenylic acid 
ribonucleic acid 

PA.BA 
pteroic acid 
p-aminobenzoy1 
glutamic acid 

(PABG) 
:roA 

PABA 
:roA 

competitive 

lcanpetitive 

canpetitive 
canpetitive 

canpetitive 

The antimetabolite bas no influence on the biosynthesis of 
nicotinic acid 

The analogue produces an accumulation of glutamic acid and 
a fall in the aspartic acid ayntheeis. (Nonnally, the 
reverse is true). 

Growth of the plants was inhibited. 

PABA almost completely reverses the inhibition of grovth 
caused by the antimetabolite. It is shovn that the 
isolated roots ~ aynthesize PABA. 

The data fit in vith the Wooda-Fildes theory (1940) and 
suggest that PABA is an essential metabolite in plants as 
vell as in microorganisims. 

This data parallels the vork of Woods (1940) vith sulfanil
llllide in Dlicr.organisims. It vas tound that sulfanilemide 
increased the rate of decomposition of ribonucleic acid. 

Su1fanilamide at 4.4 log molar units produces 50% inhibi
tion of the seedling growth. The resulte are 1nterpreted 
as fo1lovs:- PABA acts as a precursor of the inhibited 
reaction. and FGA acts as a product of this reaction. It is 
thought that the antimetabo11te interferes vith the conver
sion of PABA to FGA; pteroic acid and PABG act by prior con
version to PABA. 

i 

1
! The data suggest a metabolic re1ationship between methionine 

and histidine and that PABA may be directly concerned in 
1 histidine metabolism. PABA end PGA appear to be invo1ved in 
i serine and methionine metabolian but not in the metabo1ism 
i of threonine. 

Shanmuga 
Sandaram and 
Sarma. 1954 

SivarEakrish
nan and Sarma, 
1954 

Fourneau et al. 
1936 

Bonner, 1942 

Wie1ding, 1943 

Schopfer and 
Anker, 1949 

Moore, 1953b 

Sivaramakrish
nan and Sarma, 
1953 



TABLE I (CONTINUED) 

18 ditto 

19 ditto 

20 sulfepyridine 

2l ditto 

22 sulfathiazole 

23 l- (3 .4-ureylene
cyclohe•yl) 
butyric acid 

24 ditto 

Growth of excised 
tomato roots in 
sterile cul ture 

ditto 

PABA 
PGA 
methionine 

thymine 
cytidine 
cytidylic acid 
uridylic acid 

Isolated tamato roots PABA 
grown in vitro 

Roots of Pisum sativuœ PABA 
grown on agar 

Isolated tomato roots PABA 
in sterile culture 

Germination of 
Phaseolue munso 

ditto 

biotiA 
(Vitemin H) 

ditto 

competitive 
competitive 

competitive 

campeUtive 

competitive 

The data provide good evidence that PABA or FGA, or some Boll, 1955 
related substance synthesized from one of them is involved 
in the metabolism of the excised tanato root. 

Frao the data it is concluded that PABA is a precursor of 
or a participant in the metabolic step blocked by sulfanila
mide. Tbese resulta are in agreement with those generally 
obtained with microorganisimB. 

The resulta iDdicating a competitive antagonism between 
PGA and sulfanil.mide are not in agreement vith those 
generally obtained with microorganiaims. It is apparent 
that the folie acid metabolism of this tomato roots is 
unlikely to be identical with tha~·suggeated for the 
majority of the microorganisims studied to date. 

The data suggest that in plants PABA or som• derivative of 
it is involved in the biosynthesis of pyrimidines or 
derivatives of them. 

Reversal or the inhibition is almost complete. The data 
suggest that these isolated roots synthesize PABA. 

.Another ex8D1ple of a sulfonamide wbich confirma the 
antegonistic effect of P~A in higher plants. The data 
suggest that PABA is an essentiel metabolite in higher 
planta as well as in microorganisimB. 

At 2 mg. per litre sulfathiazole a 50% inhibition of root 
growth occured. The inhibition vas markedly decreased by 
lOO times aœaller quantities of PABA. 

The analogue inhibits the biosynthesis of nicotinic acid. 
The resulta obtained suggest that biotin may participate in 
tryptophane breakdown between tryptophane and kynuremine. 

The analogue inbibits the usuel fall in glutamic acid and 
increase in aspartic acid; as a result glutaœic acid is 
accumulated while aspartic acid decreasea. 

Boll, unpub
lished 

Bonner, 1942 

Wielding, 1943 

Bonner, 1942 

Shamnuga 
Sandara and 
sarma, 1954 

Si varamakrishnen 
and Sarma, 1954 
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TABLE II ANTIMETABOLITES TO VITAMINS (PHYSIOLOGICAL DATA) 



TABLE II ANl'IMETABOLrrES TO VITAMINS (PHYSIOLOGIC.AL DATA) 

# .ANI'IMETABOLITE 

1 2-acety1amino 
-1 ·3 ,4-thiodi-
azole-5-sulfoo.-
amide 

2 5-acety1pyridine 

3 1 N -acetyl-
sulf anilami.de 

4 N4-acetyl-
sulfanilemide 

5 p-aminobenzene 
sulfonamide 
(PABS) 

6 ditto 

7 ditto 

8 4-amino-9,N 10 

d~ethylpteroy1-

g1utamic acid -:::. 
(A-denopterin) 

TEST SYSTEM 

Growth of ~ 
minor L. 

Growth of Arundo 
donax L. 

Growth of Leœpa minor 

ditto 

Growth of iaolated 
tanato roots in 
sterile culture 

Growth of main roots 
and production of 
lateral roots in 
Allium cepa L. 

Germination and 
deTelopment of wbeat 
seeds grown in soil 
and in sand 

Growth ot tumors 
induced on carrot 
tissue by crown gall 
bacterie 

REVERS.AL 
COMPOŒD 

nicotinic ac id 
(niacin) 

p-eminobenzoic 
acid (PABA) 

PABA 

PABA 

TYPE or 
INHIBrriON CCMŒNI'S 

lo-3 M was the minimum concentration which inbibited growth. 

Onder normel conditions growth is contro1led by niacin. The 
antiTitamin increased growth when applied. 

lo-4 M was the min~ concentration which inhibited growth. 
lo-2 M killed the plantlets. 

10-2 M wae the minimum concentration which inhibited growth. 

PABJ. at l/200,000 plus PABA at l/2,000 causes less inhibi
tion of the main root and sprouting of the lateral roots 
than PABS alone at 1/2,000. 

RE~E 

Frœm and 
0 • Donnell, 1955 

Vittoria and 
Ascarelli, 1956 

Fromm and 
O'Donnell, 1955 

ditto 

Bonner, 1942 

Stoll, 1943 

PABS wben powdered on seeds aown in soil caused a reduction Brian, 1944 
in germination and a stuntiog of those plantlets which did 
emerge. 
When the seeds vere preeoaked in PABS and then sown in sand 
they ~rminated but the co1eoptiles and roots were stunted. 
The addition of PABA in the aqueous solution cancelled this 
effect. 

A-denopterin camp1etely suppressed the growth of the tumors. deRopp, 1949 



'l'ABLE II ( CONTINUED) 

9 ditto 

10 ditto 

i)Tumor tissue on stem 
fra~nts of Garden 
Cbrysanthemum Tsr. 
Golden treasure 
Healtby tissues of: 
ii)Sunflover crovngal1 
(pacteria free) 
(iii)Excised tamato 
roots 
iT)Excised sunflower 
embryos 

a)'l'umor tissue pro
duced on stem fr~nts 
of Garden Chrysantbe
mum by crown gall 
bacteria 
b)Excised tomato 
roots 
c)Bacteria free crown 
gall 
d)Sunflower embryos 

11 4-amino- ~- i)-iT) See #9 aboTe 
glutamy1 - ~ 
glutamy1 glutamic 
a cid 
(A-teropterin) 

12 ditto 

13 4-amino-N10-
methy1 pteroy1-
glutamic acid = 
(A-methopterin) 

14 ditto 

15 ditto 

a)-d) See #10 aboTe 

See #8 aboTe 

i)-iT) See #9 aboTe 

a)-d) See #10 aboTe 

pteroy1 g1utamic 
acid (RU) 

FGA 

See #9 aboTe 

i)Growth was actiTely inhibited. 

ii)Growth was comp1etely suppressed at 10-100 mg. per litre. 

iii) 

iT) 

• 

• 

1 • 
Il • 

Il 1 1 mg. per litre. 

• 11 10-100 mg. per litre • 

Note No specifie inhibition occured in healthy as oppoaed 
to tumor tissue. 

a)Growth vas inhibited. 

b)At 1 to 10 mg. per litre growth was inhibited. 

c)Less aensitiTe than a) or b) to tbe antimetabo1ite. 

d)ditto 

deRopp, 1950 

deRopp , 1951 

i)Growth was inbibited. ii)-iT)Growtb vas inhibited one- deRopp, 1950 
tenth as much as it was with A-methopterin, A-ninopter1n, 
and A-denopterin. 

~ No specifie inhibition occured in healthy as opposed to 
tumor tissue. 

a)-d)See #10 aboTe. 

Grovth of the tumors was camp1ete1y suppressed. 

1)-iT)See #9 aboTe. 

a)-d)See #10 aboTe. 

deRopp, 1951 

deRopp, 1:~ 

deRopp, 1950 

deRopp, 1951 



TABLE II ( CONTINUED) 

16 4-amino-9 
methylpteroyl
glutamic acid 
(A-ninopterin) 

17 ditto 

18 ditto 

19 p-aminophenyl 
sulfamide 

20 ditto 

21 4-aminopteroyl 
aspartic acid 

~emino anj,fol) 

22 ditto 

23 4-eminopteroyl 
glutamic acid 

(.Aminopterin) 

24 ditto 

25 ditto 

See #8 above. 

i)-iv)See #9 above 

a)-d)See #10 above 

Root growth of Pisum 
sativum seedlings 

Root growth of 
Lupinua sp. aeedlings 

Ger-mination of Linum 
usitatiss~ L. 

i)-iv)See #9 above 

a)-d)See #10 above 

See #8 above 

i)-iv)See #9 above 

a)-d)See #10 above 

Growth of the tumors waa campletely suppressed. deRopp • 199-9 

See #9 above i)-iv)See #9 above. deRopp , 1950 

a)-d)See #10 above. deRopp, 1951 

PABA The ent~etabolite caused all the submerged parts of the root Mangenot and 
to turn brown but in apite of this many lateral roots were Carpentier, 194~ 
produced. 

A stimulation of lateral root production occurs. 

PABA The antimetabolite at 200 p.p.m. inhibits germination. Hazard, 1944 

See #9 above i)-iv)See #9 above. deRopp, 1950 

a)-d)See #10 above. deRopp, 1951 

Growth of the tumors was campletely suppressed. deRopp, ]!.~4.9 

See #9 above i)-iv)See #11 above. deRopp, 1950 

a)-d)See #10 above. deRopp, 1951 



TABLE I ANTIMETABOLI'l'ES TO VrrAMINS . (BIOCHEMICAL DATA) 

# 

1 

2 

3 

4 

5 

6 

7 

8. 

9 

ANI'IME:l'ABOLITE 

p-amino-benzene 
-sulphonamide 

desoxypyridoxine 
(DOP) 

ditto 

2, 4 ,-diemino-
9,10-dimethyl
pteroylglutanic 
ac id 

=(Aminopterin) 
(Ap) 

ditto 

ditto 

dimethylbenzoyl 
sulfamide (DMBS) 

isonicotinic acid 
hydrazide (INH) 

ditto 

TEST SYSTEM 
REVERSAI. 
C<MPOUND 

Isolated tomato roots p-aninobenzoic 
grown in vitro acid (PAlU) 

Germinating pulse pyridoxine 
seeds (vitamin B6) 

Excised tomato roots pyridoxine 
in culture 

Germination of 
Phaseolus mungo L. 

ditto 

Pee plantlets 

Isoleted pea roots 
sterile culture 

Pee plantlets 

(a)Oat seedlings 
(b)Bean aeedlings 
(c)Sugar beet 
seedlings 

in 

pteroylglutamic 
acid = folie acid 
(FGA) 

thymine 
cytosine 
ur a cil 

guanine 
adenine phosphate 

TYPE OF 
INHIBrriOB 

competitive 

COMMENTS REFERENCE 

It is shown that isolated tamato roots may syuthesize PABA. Bonner, 1942 

Nicotinic and ascorbic acid metabolisü . n.s studied. She.mnuga 
Sandaram et al, 
1951 

The data supports the view that the antagonism between Boll, 1954c 
pyridoxine and DOP involves the prior conversion of DOP to 
DOP phosphate, which then ca:npetes wi th pyridoxal phosphate 
or pyridoxamine phosphate. 

Ap inhibits nicotinic acid synthesis. 

Ap affects emino aeid changes. Histidine, methionine, and 
tyrosine levels are atfected but not that of tpreoili·ll,l:l. 

Ap partially inhibita chlorophyll and carotenoid formations. 
PGA partially reverses this inhibition. 

The data suggest thet in plants PABA or seme derivative of 
it is involved in the biosyntheais of pyrimidines or 
derivatives of them. 

INH at 2.4 mg. in 20 cm.3 causes 50% inhibition or 
carotënoid formation. 

Chlorophyll fonDation is not affected by INH. 1.2.% INH 
(87 mM per ml.) depressed slightly, leaf cetalase and 
phosphatase activities. 

ShSIIDluga 
Sandaran and 
sarma, 1954 

Si varamakrishnan 
and Sarma, 1954 

Schopfer and 
Grob, 1954 

.Anker, 1951 

Schopfer, Grob 
and Besson, 1952 
II 

Wort, 1954 



TABLE I ( CONTINUED) 

10 W-methylpanto-
thenic acid 

11 neopyrithiamine 

12 su1fani1amide 

13 ditto 

14 ditto 

15 çlitto 

16 ditto 

17 ditto 

Germination of 
Phaseolus munee 

di'tto 

Grovth ot garden 
creas plants 

Isolated tamato roots PABA 
grown in vitro 

Roots of Pisum 
sativium L. grown on 
agar 

Roots of Pisum 
sativum in sterile 
culture 

Grovth of flax 
seedlillga 

Germination ot 
Phaseolus mupgo 

PABA 

PABA 
guanine 
adenylic acid 
ribonucleic acid 

PA.BA 
pteroic acid 
p-aminobenzoy1 
glutamic acid 

(PABG) 
:roA 

PABA 
:roA 

competitive 

lcanpetitive 

canpetitive 
canpetitive 

canpetitive 

The antimetabolite bas no influence on the biosynthesis of 
nicotinic acid 

The analogue produces an accumulation of glutamic acid and 
a fall in the aspartic acid ayntheeis. (Nonnally, the 
reverse is true). 

Growth of the plants was inhibited. 

PABA almost completely reverses the inhibition of grovth 
caused by the antimetabolite. It is shovn that the 
isolated roots ~ aynthesize PABA. 

The data fit in vith the Wooda-Fildes theory (1940) and 
suggest that PABA is an essential metabolite in plants as 
vell as in microorganisims. 

This data parallels the vork of Woods (1940) vith sulfanil
llllide in Dlicr.organisims. It vas tound that sulfanilemide 
increased the rate of decomposition of ribonucleic acid. 

Su1fanilamide at 4.4 log molar units produces 50% inhibi
tion of the seedling growth. The resulte are 1nterpreted 
as fo1lovs:- PABA acts as a precursor of the inhibited 
reaction. and FGA acts as a product of this reaction. It is 
thought that the antimetabo11te interferes vith the conver
sion of PABA to FGA; pteroic acid and PABG act by prior con
version to PABA. 

i 

1
! The data suggest a metabolic re1ationship between methionine 

and histidine and that PABA may be directly concerned in 
1 histidine metabolism. PABA end PGA appear to be invo1ved in 
i serine and methionine metabolian but not in the metabo1ism 
i of threonine. 

Shanmuga 
Sandaram and 
Sarma. 1954 

SivarEakrish
nan and Sarma, 
1954 

Fourneau et al. 
1936 

Bonner, 1942 

Wie1ding, 1943 

Schopfer and 
Anker, 1949 

Moore, 1953b 

Sivaramakrish
nan and Sarma, 
1953 



TABLE I (CONTINUED) 

18 ditto 

19 ditto 

20 sulfepyridine 

2l ditto 

22 sulfathiazole 

23 l- (3 .4-ureylene
cyclohe•yl) 
butyric acid 

24 ditto 

Growth of excised 
tomato roots in 
sterile cul ture 

ditto 

PABA 
PGA 
methionine 

thymine 
cytidine 
cytidylic acid 
uridylic acid 

Isolated tamato roots PABA 
grown in vitro 

Roots of Pisum sativuœ PABA 
grown on agar 

Isolated tomato roots PABA 
in sterile culture 

Germination of 
Phaseolue munso 

ditto 

biotiA 
(Vitemin H) 

ditto 

competitive 
competitive 

competitive 

campeUtive 

competitive 

The data provide good evidence that PABA or FGA, or some Boll, 1955 
related substance synthesized from one of them is involved 
in the metabolism of the excised tanato root. 

Frao the data it is concluded that PABA is a precursor of 
or a participant in the metabolic step blocked by sulfanila
mide. Tbese resulta are in agreement with those generally 
obtained with microorganisimB. 

The resulta iDdicating a competitive antagonism between 
PGA and sulfanil.mide are not in agreement vith those 
generally obtained with microorganiaims. It is apparent 
that the folie acid metabolism of this tomato roots is 
unlikely to be identical with tha~·suggeated for the 
majority of the microorganisims studied to date. 

The data suggest that in plants PABA or som• derivative of 
it is involved in the biosynthesis of pyrimidines or 
derivatives of them. 

Reversal or the inhibition is almost complete. The data 
suggest that these isolated roots synthesize PABA. 

.Another ex8D1ple of a sulfonamide wbich confirma the 
antegonistic effect of P~A in higher plants. The data 
suggest that PABA is an essentiel metabolite in higher 
planta as well as in microorganisimB. 

At 2 mg. per litre sulfathiazole a 50% inhibition of root 
growth occured. The inhibition vas markedly decreased by 
lOO times aœaller quantities of PABA. 

The analogue inhibits the biosynthesis of nicotinic acid. 
The resulta obtained suggest that biotin may participate in 
tryptophane breakdown between tryptophane and kynuremine. 

The analogue inbibits the usuel fall in glutamic acid and 
increase in aspartic acid; as a result glutaœic acid is 
accumulated while aspartic acid decreasea. 

Boll, unpub
lished 

Bonner, 1942 

Wielding, 1943 

Bonner, 1942 

Shamnuga 
Sandara and 
sarma, 1954 

Si varamakrishnen 
and Sarma, 1954 



TABLE II ANl'IMETABOLrrES TO VITAMINS (PHYSIOLOGIC.AL DATA) 

# .ANI'IMETABOLITE 

1 2-acety1amino 
-1 ·3 ,4-thiodi-
azole-5-sulfoo.-
amide 

2 5-acety1pyridine 

3 1 N -acetyl-
sulf anilami.de 

4 N4-acetyl-
sulfanilemide 

5 p-aminobenzene 
sulfonamide 
(PABS) 

6 ditto 

7 ditto 

8 4-amino-9,N 10 

d~ethylpteroy1-

g1utamic acid -:::. 
(A-denopterin) 

TEST SYSTEM 

Growth of ~ 
minor L. 

Growth of Arundo 
donax L. 

Growth of Leœpa minor 

ditto 

Growth of iaolated 
tanato roots in 
sterile culture 

Growth of main roots 
and production of 
lateral roots in 
Allium cepa L. 

Germination and 
deTelopment of wbeat 
seeds grown in soil 
and in sand 

Growth ot tumors 
induced on carrot 
tissue by crown gall 
bacterie 

REVERS.AL 
COMPOŒD 

nicotinic ac id 
(niacin) 

p-eminobenzoic 
acid (PABA) 

PABA 

PABA 

TYPE or 
INHIBrriON CCMŒNI'S 

lo-3 M was the minimum concentration which inbibited growth. 

Onder normel conditions growth is contro1led by niacin. The 
antiTitamin increased growth when applied. 

lo-4 M was the min~ concentration which inhibited growth. 
lo-2 M killed the plantlets. 

10-2 M wae the minimum concentration which inhibited growth. 

PABJ. at l/200,000 plus PABA at l/2,000 causes less inhibi
tion of the main root and sprouting of the lateral roots 
than PABS alone at 1/2,000. 

RE~E 

Frœm and 
0 • Donnell, 1955 

Vittoria and 
Ascarelli, 1956 

Fromm and 
O'Donnell, 1955 

ditto 

Bonner, 1942 

Stoll, 1943 

PABS wben powdered on seeds aown in soil caused a reduction Brian, 1944 
in germination and a stuntiog of those plantlets which did 
emerge. 
When the seeds vere preeoaked in PABS and then sown in sand 
they ~rminated but the co1eoptiles and roots were stunted. 
The addition of PABA in the aqueous solution cancelled this 
effect. 

A-denopterin camp1etely suppressed the growth of the tumors. deRopp, 1949 



'l'ABLE II ( CONTINUED) 

9 ditto 

10 ditto 

i)Tumor tissue on stem 
fra~nts of Garden 
Cbrysanthemum Tsr. 
Golden treasure 
Healtby tissues of: 
ii)Sunflover crovngal1 
(pacteria free) 
(iii)Excised tamato 
roots 
iT)Excised sunflower 
embryos 

a)'l'umor tissue pro
duced on stem fr~nts 
of Garden Chrysantbe
mum by crown gall 
bacteria 
b)Excised tomato 
roots 
c)Bacteria free crown 
gall 
d)Sunflower embryos 

11 4-amino- ~- i)-iT) See #9 aboTe 
glutamy1 - ~ 
glutamy1 glutamic 
a cid 
(A-teropterin) 

12 ditto 

13 4-amino-N10-
methy1 pteroy1-
glutamic acid = 
(A-methopterin) 

14 ditto 

15 ditto 

a)-d) See #10 aboTe 

See #8 aboTe 

i)-iT) See #9 aboTe 

a)-d) See #10 aboTe 

pteroy1 g1utamic 
acid (RU) 

FGA 

See #9 aboTe 

i)Growth was actiTely inhibited. 

ii)Growth was comp1etely suppressed at 10-100 mg. per litre. 

iii) 

iT) 

• 

• 

1 • 
Il • 

Il 1 1 mg. per litre. 

• 11 10-100 mg. per litre • 

Note No specifie inhibition occured in healthy as oppoaed 
to tumor tissue. 

a)Growth vas inhibited. 

b)At 1 to 10 mg. per litre growth was inhibited. 

c)Less aensitiTe than a) or b) to tbe antimetabo1ite. 

d)ditto 

deRopp, 1950 

deRopp , 1951 

i)Growth was inbibited. ii)-iT)Growtb vas inhibited one- deRopp, 1950 
tenth as much as it was with A-methopterin, A-ninopter1n, 
and A-denopterin. 

~ No specifie inhibition occured in healthy as opposed to 
tumor tissue. 

a)-d)See #10 aboTe. 

Grovth of the tumors was camp1ete1y suppressed. 

1)-iT)See #9 aboTe. 

a)-d)See #10 aboTe. 

deRopp, 1951 

deRopp, 1:~ 

deRopp, 1950 

deRopp, 1951 



TABLE II ( CONTINUED) 

16 4-amino-9 
methylpteroyl
glutamic acid 
(A-ninopterin) 

17 ditto 

18 ditto 

19 p-aminophenyl 
sulfamide 

20 ditto 

21 4-aminopteroyl 
aspartic acid 

~emino anj,fol) 

22 ditto 

23 4-eminopteroyl 
glutamic acid 

(.Aminopterin) 

24 ditto 

25 ditto 

See #8 above. 

i)-iv)See #9 above 

a)-d)See #10 above 

Root growth of Pisum 
sativum seedlings 

Root growth of 
Lupinua sp. aeedlings 

Ger-mination of Linum 
usitatiss~ L. 

i)-iv)See #9 above 

a)-d)See #10 above 

See #8 above 

i)-iv)See #9 above 

a)-d)See #10 above 

Growth of the tumors waa campletely suppressed. deRopp • 199-9 

See #9 above i)-iv)See #9 above. deRopp , 1950 

a)-d)See #10 above. deRopp, 1951 

PABA The ent~etabolite caused all the submerged parts of the root Mangenot and 
to turn brown but in apite of this many lateral roots were Carpentier, 194~ 
produced. 

A stimulation of lateral root production occurs. 

PABA The antimetabolite at 200 p.p.m. inhibits germination. Hazard, 1944 

See #9 above i)-iv)See #9 above. deRopp, 1950 

a)-d)See #10 above. deRopp, 1951 

Growth of the tumors was campletely suppressed. deRopp, ]!.~4.9 

See #9 above i)-iv)See #11 above. deRopp, 1950 

a)-d)See #10 above. deRopp, 1951 



T.ABLE II (CCNTINUED) 

26 desoxypyridoxin 
(DOP) 

27 Nl,N4-diacetyl 
sulfanilemide 

26 2,4-diamino-9, 
10-dimethyl
pteroylglutemic 
ac id 

29 d~ethylbenzoyl 
sulfamide 
(IJ.mS) 

30 hanothiamine-
glyeol 

31 isonicotinic acid 
hydrazide 
(INH) 

32 ditto 

Growth of exciaed 
tanato roots 

Growth of L§Tna minor 

i)Development of pea 
plantlets in 
synthetic media 
ii)Isolated pea roots 
in vitro 

Growth of roots of 
Pisum sativum in pure 
culture 

Growth of pea roots 
in sterile culture 

i)Pea root growth 

ii)Growth of pea 
plantlets in 20 cm.3 

Germination of seeds 
and development of: 
a)Raphanus sativus L. 

b)Tritieum vulgare 
Vil1. 

c)Lupinus albus L. 

pyridoxin 

PABA 
purines except 
adenine 

thymine 

competitive DOP inhibita growth. However, growth of the main axis was Boll, 1954c 
greater in the presence of DOP and pyridoxin in the ratio of 
10:3 than with any concentration of pyridoxin alone. 
The function of pyridoxin in seme mechanism (or mechanisms ) 
of growth is indicated here. 

lo-2 M killed the plantlets. 
lo-3 M was the loweat concentration which inhibited growth. 

i)Growth of the pr~ary roots and production of lateral 
roots are inhibited. 

ii)Cell division is inhibited in these primary roots. 

At a concentration of 1:6 x lo-7 M of DMBS to PABA there is 
a 70% increase in lateral number produced over the control 
number. DMBS inhibition of root growth ia reversed by 
purines (all except adenine) at 50 t~es the concentration 
of IMBS. 

Root growth is inhibited. This antimetabolite is 373:7 
times lesa active than neopyrithiamine is in inhibiting 
root growth. 

i)50% inhibition occurs vith 785 gamma INH.in 20 oœ.3. 

ii)50% inhibition of the length increase in the aerial 
parts occura at 35.6 mg. INH. Primary root elongation is 
inhibited 50% at 400 gamma INH. The weight increase of the 
lateral roots is inhibited 50% by 410 gamma INH. 

0.4% INH eompletely prevented germination of a,b, and c. 

Seedling development of a,b, and c was inhibited at 200, 50 
and 10 p.p.m. respectively. 

Framn and 
O'Donnell, 1955 

Schopfer and 
Grob, 1954 

Anker, 1951 

Schopfer et al, 
1951 

Schopfer, Grob 
and Besson, 
1952 

Bustinza and 
Santamaria, 1953 



TABLE II (CONTINUED) 

33 ditto 

34 ditto 

35 neopyrithiemin 

36 succinyl-
sulfathiazole 

37 sulfadiazine 

38 sulfaguanidine 

39 ditto 

40 sulfanilamide 

41 ditto 

42 ditto 

Growth of Lemna minor 

Growth of seedlings of 
certain higber plants 

Growth of pea roota 
in pure cul ture 

Growth of intact roots 
of Lupinus albus 

ditto 

ditto 

Grow~h of Lem,na minor 

Growth of cress 
(Lepidium sativum L.) 

i)Tomato cuttings 

ii)Germination of 
seeds 

Growth of isolated 
tomato roots in pure 
culture 

thymine 

PABA 

Growth was sttmulated by l to 20 p.p.m. INH. The affects of 
higher concentrations were not recorded. 

INH was applied to the foliage. General retardations of 
topgrowth was observed with INH concentrations of 0.4 to 
1.6%. The same concentrations when applied to the soil 
caused stunting except at the 1.6% level, which vas lethal 
to several apecies. 

Growth is inbibited by the antimetaboli~e. 

Nickell and 
Findlay, 1954 

Wort. 1954 

Schopfer et al, 
1951 

Root growth vas sttmulated at lOO p.p.m. Macht, 1945 

Lesa inbibitory than sulfanilamide at lOO p.p.m. Root ditto 
growth was stimulated in a dilute solution. 

Root growth was stimulated at lOO p.p.m. ditto 

lo-2 M was the lowest concentration which inhibited growth. Fromm and 
O'Donnell, 1955 

At a concentration of 1/1000 inbibited growth. Trefouel et al, 
19.55 

Bigber concen~rations of aulfanilamide are inhibitory ~o Grace, 1938 
these higher plant growth systems but lower concentrations 
produce a stimulatory or ho~onal effect. (According to 
Audus and Questel (1948). this paper is hard to assess due 
to lack of experimental details with regard to controle. etc) 

At 30 mg. per litre sulfanilanide the roots grew only 
15 - 21% of the controle. PABA added to the above at 1 mg. 
per litre caused a grawth inerease of 3.3 to 4.5 times that 
of those in the sulfanilamide alone. 

Bonner. 1942 



TABLE II (CONTINUED) 

43 ditto 

44 ditto 

45 ditto 

46 ditto 

47 ditto 

48 ditto 

49 ditto 

i)Growth of Lupinus 
albus in physiological 
solutions 

ii)excised Lupinus 
albus roots in 
cul ture media 

Length increase of 
Pisum sativum roots 
grown in agar under 
sterile conditions 

PABA competitive 

Germination of Orpa PABA 
sativa L. 

competitive 

Growth of intact 
roots of seedlings of 
Lupinus albus 

Division of plantlets 
of Lemna minor and 
forœation of nev 
fronde 

Growth rate of flax 
seedlings 

ditto i)PABA competitive 

ii)pteroic acid competitive 

iii)p-emino 
benzoylglutamic 
acid competitive 

iv)PGA 

; Leas than 5 p.p.m. sulfanilemide stimu1ated growth where 

1 
40 p.p.m. or over inhibi ted growth. A mixture of sulfanil
amide and PABA inhibited growth more than either one of the 
campounds alone. This result was true in both of the test 
systems and is in direct opposition to the resulta obtained 
by previous workers. 

Sulfanilemide at 300 p.p.m. caused canplete inhibition of 
root length increase. The data obtained fit in wi th the 
Woods-Fildes (1940) theory of sulfonemide action. 

Macht and Kehoe, 
1943 

Wielding, 1943 

The resulta indicate that the entagonisœ of PABA is the seme Ribeiro, 1944 
as in cultures of bacteria. 

Sulfanilamide inbibited but low concentrations (lOO p.p.m.) Macht, 1945 
pramoted growth. Sulfanilanide : PABA :1:1 (in different 
concentrations) caused an inhibition. T:mtas data Eie mrtljj<ke 
others reported by workers on bacterie. 

Sulfanilanide at 5 x lo-4 M inhibits the division of the Frœm and 
plants. At lo-3 M it inhibits the formation of new fronda. 0 1 Donnell, 1953 
PABA at lo-4 M counteracts these inhibition• in part. 

30% inhibition occurs at 1.04 x lo-4 M. MOore, l953a 

50% inhibition occurs at 4.4.log molar units. No reversal Moore, 1953b 
of the inhibition was obtained by the purines tested. This 
is unusual considering the reports of other workers that 
they are secondary inhag~D&ste. MOore suggests that since 
these previous resulte were based on growth extent per unit 
time and not on growth rate they must be considered as of 
uncertain significance. 



TABLE II ( CONTINUED) 

50 1 ditto 

1 

51 sulfanilamido-
tbiazole 

52 ditto 

53 sulfapyridine 

54 ditto 

55 sulfathiazole 

56 ditto 

57 tauramide 

Grovth of isolated 
tanato roots in 
sterile cul ture 

Growth rate of pea 
roots cultured 

Growth of Pisum 
sativum roots in pure 
culture 

Growtb of intact roots 
of Lupinus albus 
seedlillgs 

Growth of isolated 
tomato roots in 
sterile culture 

ditto 

Growth of intact roots 
of Lupinus albus 
seedlings 

~emna minor growth 

PABA 
FGA 
methionine 

PABA 
guanine 
adenylic acid 
ribonucleic 
ac id 

PABA 

PABA 

competitive 
canpetitive 

competitive 

Growtb was meaaured in terms of increases in l)length of 
the main axis, 2)in lateral root number produced per unit 
len~h of the main axis and 3)the total length of the ten 
basal laterale. 
In one experiment the inhibition due to an excess of PGA 
vas relieved by a concentration of sulfanilaœide which was 
itself inhibitory. 
Sulfanilamide stimulated growth at low concentrations. 
Methionine was slightly antagonistic toward sulfanilaœide. 
A difference between the effect of the same concentration 
of sulfanilamide, or concentrations of sulfanilaœide plus 
antagonist , on growth of the main axis and lateral is of 
some interest with regard to the morphogenesis of the root. 

The antimetabolite at lo-5 M reduces the growth rate by 
about 70%. 

At a concentration of 1:24 x 10 M of the antimetabolite 
to P.ABA there is a 24% increase over the control in 
laterale produced. 

Lees inhibitory tban sulfanilaœide at lOO p.p.m. Root 
growth is stimulated in a dilute solution. 

The antimetabolite at 30 mg. per litre caused the roota to 
grow only 15 - 21% of the control. When 1 mg. per litre of 
PABA was added to the above the il'Ovth was increased by 
3·3 to 4.5 times. 

50% inhibition occured at 2 mg. per litre. The antimetabo
lite at 30 mg. per litre caused the roots to grow only 15 
to 21% of the control. When l ms. per litre of PABA was 
added to the above the il'OWth was increased by 3.3 to 4.5 
times. 

Lesa inhibitory tban sulfanilamide at lOO p.p.m. Root 
growth vas stimulated in a dilute solution. 

8 x lo-2 M k:illed the plantleta. 
8 x lo-3 M minimum concentration whieh inhibited growth. 

Boll, 1955 

Scbopfer and 
Ank:er, 1949 

Ank:er, 1951 

Macht, 1945 

Bonner, 1942 

ditto 

Macht, 1945 

Franm and 
O'Donnell, 1955 
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TABLE III .ANTIMET..lBOLITES TO NUCLEIC ACID DERIVATIVES (BIOCHEMIC.AL DATA) 

# ANI' lME'1' .ABOI. !TE 

1 aza-adenine 
(AA) 

2 aza-guanine 
(AG) 

3 ditto 

4 ditto 

5 ditto 

6 ditto 

7 benzimidazo1e 

TEST SYSl'FM 

Spirodela oligorrbiza 
(Kurtz) Hegelm in 
sterile cul ture 

Various virus 
infections on various 
plants (See Table IV) 

Lucerne mosaic virus 
intected leaves of 
Nicotiana glutinosa 
Linn. 

Tobacco mosaic virua 
in tobacco leaves 

Growth of decoty1ised 
seedlings of Pisum sp. 
grown in sterile agar 
media 

Tobacco mosaic virus 
in tobacco 1eaves 

Spirodela o1igorrhiza 
antbocyanin for.mation 

REVERS .AL 
COMPOUND 

adenine 
bypoxantbine 

adenine (A) 
hypoxanthiae (H) 

TYPE OJ' 
INHIBrl'ION COf.f.1ENI'S REFERENCE 

AA inhibits antbocyanin formation at 10·5 M. The renrsal Thimann .and 
compounds reverse this inhibition at 10 times t be J..A. coneent- Radner, 1955b 
ration. 
**The evidence suggests that there are 2 stages in anthocya
nin formation: (I) a light reaction with a Cu-enz~e involved 
and for the syntbesis of a nucleotide or one or more pyrimi
dine or purine oompounds; and (II) a dark: reaction which 
utilizes the products of this light reaction for formation of 
ant hocyanin. 

The view tbat AG may act by replacing guanine in virus 
synthesis is proposed bere. Of the three tri-azolopyrimi
dines tested AG was the only one wbich was effective in 
inhibiting virus spread or reproduction. It was also the 
ODly one with the same substituted groups in the seme 
positioa as guanine. 

~ yellowing of the leaves occured. Pisœent formation was 
interfered with. 

The resulta show that AG is incorporated into the nucleic 
acid of tobacco mosaic virus and also tbat at least same 
plant viruses can use free guanine for synthesis. It is 
tbought tbat the incorporation of AG into the virus nucleic 
acid remders the particle •sterile•. 

The nucleic acid content of the root and shoot decreased 
with increasing concentrations of AG. At 0.01 UM AG 
inhibited nucleic acid production. A or H (purine: AZ ratio 
of 30) with AG permitted almost no~al nucleic acid produc
tion. 

It was shown that 3 - 4% of the guanine in the virus 
nucleic acid was rep1aced by AG. 

Antbocy~n formation was inbibited to 96% of the control 
at 3 x 10- M (s1ight inhibition on1y). SeeS* #l above. 

Matthews, 1951 

Matthew a, 1953 a 

J'ries, 1954 

Matthew&, 1954 

Thimann and 
Radner, 1955b 



TABLE III (CONriNUED) 

8 

9 

10 

11 

12 

2-6-diamino
purine 
(2-6-DAP) 

thiouracil 
(TU) 

ditto 

ditto 

quinine 
(Q} 

di tto hypoxanthine (H) 

Tobacco moaaic Tirus uracil (U) 
biosynthesis in iso-
lated sterile dises 
which are in nutrient 
media and illuminated 

.spirodela oligorrhiza 
grovn in vater non
D.Utrient media and in 
bright light 

ditto 

ditto 

uracil (U) 
copper ione (C) 
tbplne (T) 
adenine (A) 
bypoxanthine (H) 

adenine (A) 
b.ypoxenthine (H) 

AG inhibited pisœent formation at 2 x lo-4 R (Tery bigh). 
ReTereal etudies were 4ifficult to carry out because Tery 
high concentrations of purines vere neeë.ed and at tbese 
high concentrations most purines are theluel ne inhibi tory 
and guanine t.n partieular, is insoluable. B reTersed 4% 
ot the inhibition. (See ** #1 aboTe). 

The rate of ·Tirus s:ynthesis is cœpletely illhibited at 
4 x lo-5 M TU. An excess ot U partially reTerses the 
inhibition. TU appears to haTe no effect on the properties 
ot the Tirus molecule. 

TU at 1.3 x lo-5 M caused 25% inhibition ot anthocyenin 
formation. The importance of the sulthydrJl and •ultone 
groupings were assessed by studying the etfects of Tarious 
• s• containing canpoUDds on anthocyanin tœmation. (See 
Table v.) 

TU inhibits anthocyenin formation 50% by 2 x l0-5 M in the 
light. TU 1Dhib1ta the pisment formation by interfering 
with copper containing enz~es. 

ReTersal by U, C and 'l' is complete, but by A and H only 
partial, vhen the M concentration is 10 times that of !O. 

TU ia dark at 2 x lo-5 M (see aboTe) 
pi~nt formation. See ** #1 aboTe). 

is stimulatory to 

Anthocyanin formation is inhibited by Q at 3 x lo-5 M. 
Purines partially reTersed the inhibition at 6 x l0-4 M. 

ditto 

C011111oner and 
Mercer, 1952 

Thimam and 
Radner, l955a 

Thimeon and 
Radner, l955b 

Tb:Jmana and 
Radner, l955b 
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TABLE IV ANTIMETA.BOLITES OF NUCLEIC ACID DERIVATIVES (PHYSIOLOGY DATA) 

# ANl'IMEI'ABOLlTE 

1 7-emino-1-T-
triazolo (D) 
pyrimidine -:::: (Tri-
azolo analogue ot 
adenine) 

2 8-azaguanine ~ 
' ( guanazolo) 

(AG) 

3 ditto 

4 ditto 

TEST SYSTEM 

Growth ot host plants 
and a number ot Tiruse 
which intecte4 them 

Grovth ot Tirus tumor 
on Rpmex acetosa L. 

(a)Steœ trasœents ot 
garden Cbryaanthemum 
(Var. Golden Treasure) 
inoculated with crown 
gall bacteri•• 

(b)Bacteria tree crown 
gall twnor ot sun
flower in aseptic 
culture 

(c)Excised tomato 
roota in aseptic 
culture 

(d)Excised suntlower 
embryos in aseptic 
culture 

Lesion production and 
systsmic spread of 
(a)Lucerne mosaic 
Tirus on Nicotiana 
tobocum. Ter. White 
Burley 

(b)Lucerne mosaic 
Tirus on N. glutinosa 
L. 

REVERS .AL 
COMPOUND 

guanine (G) 

adenine 
guanine 
hypoxanthine 

TYPE OF 
~ COMMENTS 

The analogue aff'ected the ~&& s~ but seTerely 
daœased the host plants. 

AG inhibited the tumor growth at all leTels as low as 
1 p.p.m. Therefore, the tumor tissue is Tery sensitiTe to G. 
A ratio of lOO or 200 G to 1 AG was necessary to reTerse 
the inhibition. 

Growth of the resulting tumor tissue was inhibited by AG. 

AG inhibited the growth of the tissue at 1 mg. per litre. 

ditto 

ditto 

In a to d above no specifie effect was exerted on healtby 
as opposed to tumor tissue. 

It appears that AG acts by intertering with cell diTision. 

(a)Lesions were reduced by the presence of AG. 

(b) • • • • • • • • • AG cau•ed a 
transient blotcby yellowing in tbe host. This host etfect 
wu DOt reTersed b7 tbe reTersal canpounds. 

REFERENCES 

Jlattbews, 1953• 

Nickell.ot.aîl., 
19~ 

deRopp, 1950 

Mat thews, 1951 



TABLE IV ( CONTINUED) 

5 ditto 

6 ditto 

7 ditto 

( c )Cucumber mosaic 
Tirus on cucuœber 
(short prickly 
Tariety) 

(d)Pea mosaic Tirus 
in peas 

(e)Tomato spotted 
vilt rtrus on tomato 

(f)Potato Tirus x on 
tobacco leaTes 

(g)Acuba strain of 
tobacco mosaic Tirus 
on tanato leaves 

Growth of stem 
trasœents of garieR 
cbryeanthemum Ter. 
Golden Treasure 
intected vith erovn 
gall bacterium 

Growth of Stichococ
~ subtilis (Kutz) 
Klecher, in sterile 
culture 

(a)Lucerne mosaic 
Tirus in Nicotiana 
glutinosa 

(b)Spotted wilt virus 
in tcmato 
(c)Potato virus x in 
potato 
(d)Potato virus y in 
potato 
(e)Potato mosaic Tirus 
in peas 
(f)Pea mosaic Tirus in 
peas 
(g)Cucumber mosaic 
Tirus on Short , 
Prickly Cucumber 
leaves 

guanine (G) 

adenine (J.) 
guanine (G) 
bypoxanthine (H) 

(c)AG àel.,ed the •ystemic infection of the leaTes. 

(d)ditto 

(e)The Tirus vas not attected but the host vas. A 
transient blotchy yelloving occured in host tissue. 

(f)Systemic spread of the Tirus vas delayed. 

(g)ditto 

Matthews, 1951 

Grovth of the stem fr&@Jilents vas inb.ibited by AG. Guanine deRopp, 1951 
dii not reTerse this inhibition. 

The mechaniSIIl of growth inhibition of this alga by AG and 
its reTersal by- G. appears to parallel that found in other 
plant and an~ systems which haTe been tested. 

(a)AG reduced the number of local lesions and del~ed or 
inhibited •ystemic spread of the Tiru•. AG aboTe 0.005 M 
caused bost damage i.e. ye1lowing and distortion or younger 
leaTes vith general stuntiDg if treatments vere prolonged. 

(b)AG bad s11ght ar no effects on lesion formation or 
sprea4. 

!o)41tto 

(d)ditto 

(e)4itto 

(f)ditto 

(g)When 0.01 M AG vas applied mechanical1y it de1ayed or 
preTented the systemic moTement of the Tirus in the leaTes 
but it bad no effect wben it vas vatered on the soil. 

Arnow et al, 
1952 

Matthews, 195,_ 



TABLE IV (CON!' INUED) 

8 ditto 

9 ditto 

10 ditto 

11 ditto 

12 ditto 

13 ditto 

14 ditto 

Tobacco mosaic Tirus 
in tobacco leaf dises 

Growth ot exciaed 
Pisum roots cultured 
in liquid media 

Root growth and 
morphology ot cotyle
donless Pisum 
seedlinga grown in 
aterile agar media 

Nicotiana glutinosa 
leaTes intected with 
Lucerne mosaic Tirus 

Same plant cella 

Decoty~ized Pisum 
seedlings in 
synthetic media 

Dùur• atr.norlium. L 
crown gall tumors 

guanine (G) 
adenine (A) 
hypoxanthine (H) 

adenine (A) 
guanine ( G) 

adenine 
hypoxanthine 

lo-3 M AG caused 60% inhibition of Tirus multiplication. Mercer et al. 
1953 

AG at 0.01 - 10 AM was tested on root growth. Resulta were Fries. 1954 
based on mean total length (and dry weight) ot the total root 
system. Roots were readily brancbed so that the main root 
was ditticult to distinguish tram the laterals. 

AG at 0.1 QM reduced growth consi4erably and at 0.3 MM 
suppressed it almost completely. Vith a guanine: AZ ratio ot 
30 a partial preTention ot this inhibition vas obtained. 

AG at 0.01 - 10 ûM vas tested on the seedlings. A ten times ditto 
stronger solution ot AG was neceasary to produce the seme 
inhibition ot root growth here as occured aboTe (exciaed 
Pisum. roots). 

.AG at 0.5 MM reduced the growtb. rate to lesa tb.an 50% ot 
the control. Witb. 10 WM of AG suppression of growth was al
most complete. A rather b.igh purine: AG ratio of 60 was 
necessary tor a ccmplete remoTal ot the growtb. iDhibi tion. 

(Purines were in a concentration of 0.3 AM and .AG at 0.005 ~). 
The purines produced quite idtferent morphological etfects& 
(a)G did not preTent the usual caœplete iabibition of lateral 
roots by AG. 
(b).A and H almost completely restared tbe grovth rate ot the 
main root and eTen increased the num.ber cd growth rate ot 
the lateral roots ccmpared to the control. 
(c)A. or H in purine/AG ratio of 30 pe~itted oaly partial 
restoration of shoot and root elongation and dry matter 
increase. 

AG reduced local leaiona, delayed or inhibited systemic 
spread of the Tirus and caused negligible plant d~. 

AG had an antimitotic effect. 

AG depressed the growth rate ot the seedlings. This was 
partially restored by the reTersal compounds at 30 times tbe 
concentration of AG. 

AG at l @'ID• par litre stopped tumor growth. AG bad ao 
ettect on the host. Guanine did not antagonize the 
inhibition of growth caused by AG. 

Nickell, 1955 

Deysson , e.t . al, 
1956 

Fries, 1954 

Manil, and 
Fourneau, 1999 



'1' ABLE IV ( CONI'INUED) 

15 Benzimidazole 
(BZ) 

16 ditto 

17 ditto 

18 ditto 

19 ditto 

20 2,6-diamino-
purine 
(2-6-D.AP) 

Growth of sub-apical 
sections of etiolated 
Alaska pee epieotyls 

Growth of Lemna minor 
in aseptie culture 

Growth rate of Linum 
~Siltatissimum L 

Change in morpholosy
of Lemna minor in 
aseptic culture 

adenine (.A.) 
guanine (G) 
adenosine (Ad.) 
guanylic acid 
(Ga.) 
adenylic acid 
(Aa) 

Growth of primary manganous ions 
roots of Vicia faba L 
seedlings -----

Mitotic activity of calcium ions 
above studied 

(a)Systemic develop. 
ment of Lucerne 
mosaic virus on 
tobacco leaves 
(Nicotiana tabacum 
var. White Burley) 

(b)Ring spot strain 
of virus on Tobacco 
leaves (?) 

(c)Growth of the host 
plants of above 

BZ stimulates water uptake but inhibits cell elongation 
while eausing an extension of the cortical cells in a trans
verse direction. The reversal campounds partiaîly reverse 
cell elongation inhibitions vhich suggests that purine con
taining compounds such as nucleic acids are tmplicated in the 
auxin controlled elongation of plant cell valls. 

Galston et al, 
1953 

At 3.4 x lo-3 M - BZ inhibits root elongation and increases Billman, 1955 
trond area by 65 - 75% due to cell enlargement. .lUXin will 
modify the plants in the seme vay- but death follovs. BZ 
modified plants do not die. 

50% inhibition of grovth rate oecured at approximately Moore, 1953a 
3. 6 Log molar units of BZ. This vas true vhetber the growth 
rate vas measured in terms of amount of vater uptake or in 
terms of all-over seedling le~h increase. 

BZ modifies plant form. Root elongation is completely Billman, 1955 
inhibited and a 65 - 70% increase in froad ares occurs due 
to cell elongation. Tbese modified plants exbibit a higher 
sensitivity to auxins and a lover sensitivity to the anti-
auxin 2,4,6 - T than normal plants do. 

BZ inhibited the elongation of the primary roots, iDhibited 
mitotic activity in the root meristem and induced the forma
tion of black pisments in the regions of the root above the 
meristem. Calciuœ ions prevented the inhibition of elonga
tion by BZ. Maganous ions prevented largely the grovth 
inhibitions produced by BZ. 

The data indicate that BZ is not acting as a strict anti
metabolite as vas previously suggested. It is possible that 
the mode of action here is via a chelating mecbanism. 

(a)2-6-DAP del~ed the systemic development of the virus. 

(b)ditto 

(c)When the plants vere treated vith 2-6-DAP atter they vere 
tully intected vith a virus their growth vas stunted. 

McCorquodale 
and Duncan, 1957 

Matthews, 1951 



TABLE IV (CON'l'INUED) 

21 ditto Tobacco mosaic virus 
synthesized in ? 

22 ditto Tobaceo mosaic virus 
synthesized in 
tobaceo leaf dises 
which were in nutrient 
culture 

23 ditto (a)Cell division in 
tobacco stem segments 
grown in sterile 
culture 

(b)Cell division in 
habituated tobacco 
callus (4 years in 
culture) 

(c)Fo~tion of buda 
on callus fran 
internal phloem of 
tobaceo 

(d)Enlargeœent of 
celle in tobaeco stem 
pith cultured in 
vitro 

(e)Etiolated pea 
(Alaska #323) stem 
seaments grown ill 
liquid media 

(f)Cell enlargement in 
Avena coleoptile 
se~nts tloated ill 
solutions 

24 ditto Lemna minor growtb 
in sterile media 

adenine (A) 
guanine (G) 
hypoxanthine (H) 

A 
G 
H 

A 

A 
adenosine 
adellylic aeid 

A 

2-6-DAP prevented virus synthesis. 

lo-4 M 2-6-DAP inhibited virus multiplication by 80%. 

2-6-DAP inhibited cell division. 
G and H have only a s11ght reversal effect. 

2-6-DAP inhibited cell division. 

2-6-DAP inhibited bud formation. 
G and H have only a slight reversal effect. 

2-6-DAP inhibited cell enlargement. 

50 mg. per litre of 2-6-DAP inhibited cell elongation 40%. 
The reversal campounds gave only partial reversal. 
2-6-DAP also inhibited CoCl2 induced elongation. 

2-6-D.AP reduced cell enlargement. 

Ryzhk:or et al, 
1952 

Mereer et al, 
1953 

Miller, 1953 

50% inhibition by 2-6-D~ occured at approxtœately 0.1 p.p. ~· Nickell, 1955 
The ratio at which no inhibition occurs is 20A to one 
2-6-DAP. Higher levels were not tested. 



TABLE IV (CONI'INUED) 

25 ditto 

26 

28 

29 

30 

31 

32 

33 

ditto 

7-hydroxy-1-v
triazolo (D) 
pyrimidine = 
( Triazolo 
analogue of 
hypoxanthine) 

6-Mercaptopurine 
(6-MP) 

ditto 

ditto 

4-methyl-2-
thiourocil 

5-metbyl-2-
thiouracil 

6-meth:Yl-2-
thiouracil 

Sterile cultures of: 
(a)sweet ctover callus adenine (A) 

(b)Pole bean callus 

(c)Suntlower crown 
gall callus 

(d)Tobacco crown gall 
cal lus 

(e)sorrel virus tumor 
cal lus 

Vsrious plant cells 

Vsrious plants 
intected by various 
viruses 

Growth of Rumex virus 
tissue in vitro 

NUmerous plant cella 

Lemna minor tissue 

Growth of oats, 
mustard, creas, and 
buckwheat plantlets 

ditto 

ditto 

A 

A 

Callus tissues were least iDhibited by 2-6-D~. 

Crown gall tissues were inhibited more by 2-6-DAP. 

Virus tumor tissue was the most inhibited by 2-6-DAP. 

The autb.or suggests •a progressive degree of patb.ological 
coDditions are represented bere.• 

2-6-DAP had an antimitotic effect. 

This analogue was less effective than azaguanine in 
reduci.Jl& the number of local lesions produced in tobacco 
(Nicotiana tobacwa var. Vbite Burley and N. g1utinosa) but it 
waa more effective in reducing the number of local lesions 
produced in Phaaeolus vulgaris L var. Sidney Wonder. The 
analogue caused no host damage. 

50% inhibition of growth occured at approx~ately 10 p.p.m. 
6-Mp. 

6-Mp had an antimitotic e!fect. 

Growth was sttmulated by 6-MP at l - 10 p.p.m. 

Growth of these plants vas inhibited by the analogue but 
not as strongly as b1 T.U. (see below). 

ditto 

ditto 

ditto 

Deysson et al 1 

1956 

Matthews, 1953 a 

Nickell et al~ 
1950 

Deysson . et. &.1 1 

1956 

Nickell, 1956 

Ber, 1949 

ditto 

ditto 



TABLE IV ( CONT lNUED) 

34 thiouracil 
(TU) 

35 ditto 

36 ditto 

37 ditto 

38 ditto 

39 ditto 

40 ditto 

41 ditto 

Growth of: 

(a)Pisum plantlets 

(b)Mustard plants 

(c)Cress plants 

Creas seed germinating 
on single layera of 
lint in petri dishes 

Tobacco mosaic virus 
grown on leaf dise 
tissue in nutrient 
media and illuminated 

Plants 

Leaves of Nicotiana 
sp. infected with 
Lucerne œosaio virus 

Leaf dises intected 
with tobacco mosaic 
virus 

Growth of Linum 
•e•+•+~~~~um seedlings 

(a)Tobacco mosaic 
virus 

(b)Tobacco necrosis 
virus 

(c)Potato virus y 

(d)Tamato acuba mosaic 
virus 

(e)The Rothamsted 
culture of tobacco 
mosaic virus 

Uracil (U) 

u 

u 

u 

u 

u 

u 

u 

u 

(a)TU inhibits the growth of shoots, side roots and root 
hairs. It pramotes the development of the main root end 
promotes the growth of lateral buds for.ming bushy plants. 

(b) and (c)TU inhibits the growth of shoots, side roots and 
root hairs but it prcaotes the development of the primary 
roots. 

TU inhibits germination. U reverses this inhibition at 
1:20 TU toU. 

Virus multiplication is inhibited by low concentrations of 
TU. U partially reverses this inhibition~ No virus is 
for.med if the TU concentration is 4 x 10-~ M or greater. 

TU caused severe host damage but was ineffective on the 
"Yirus. 

At lo-4 M, TU inhibited the multiplication of the virus by 
90 - lOO%. 

30% inhibition of the growth rate occured at a 1.32 x lo-4 M. 

Multiplication of all viruses was inhibited by TU. 
Multiplication of (g) and (h) was not inhibited. Plant 
growth was impared by TU but this inhibition was not re
versed by u. 

ditto 

Trotter, 1949 

Coamoner and 
Mercer, 1952 

Ber, 1953 

Matthews, l953a 

Mercer .. et a.l, 
195.? 

Moore, l953b 

Bawden and 
Kassanis, 1954 



TABLE IV (CONTINUED) 

42 ditto 

43 ditto 

(f)Henbane mosaic 
virus in Nicotine 
tobacum L var. White 
Burley 

(g)Tobacco necrosis 
virus in French bean 

(h)Mottle virus in 
Vicia !!2! 

Tobacco leaf dises 
innoculated vith 
tobacco mosaic virus 

Crovn gall of Datura 
sp. in sterile 
culture 

Uracil 

TU inhibited the multiplication of the virus. An absorp- Nichols, 1954 
tion ot 0.013 mg. per 24 hours by 16 - 14 mm. dises vas 
the lovest absorption vhich produced maximum virus inhibi-
tion. This is the only data containing actual measures of 
SDOunts of the antimetabolite vhich are absorbed. For this 
reason it is an outstanding paper. 

TU inhibited gall grovth at l ~· per litre. Manil and 
Fourneau, 1955 
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TABLE V ANrlMEI'.lBOLI'l'ES TO .AMINO ACIDS (BIOCBEMICAL DATA) 

fi 

1 

2 

3 

4 

5 

6 

.ANTIME'l'ABOLlTB 

asparagine 

azaserine 
(AS) 

canavanine 
(C) 

ditto 

ethionine 
(E) 

ditto 

TEST SYSTEM 

Growth of Capsella 
bursa-pastoris Medic 
embryos 

Growth of photosyn
thesising celle of: 
(a)Scenedesmus sp. 
(b)Chlorella sp. 

Growth of sections of 
Avena coleoptiles 

Respiration in 
growing sections of 
.A.Tena sp. var. 
Siegeshafer 

Growth of isolated 
tcmato roots in 
sterile culture 

Anthocyanin formation 
in Spirodela 
oligorrhiza grown in 
non nutrient vater 
media and in bright 
light 

glutamine 

(a)glutamine 
(b)none 

arginine 
lysine 
glutamic acid 
lAA 

arginine 

( a)methionine 
(b)ha:nocysteine 
(c)ethanolemine 

canpet 1 ti ve 

COMmll'S 

Asparasinemay bloclt a specifie enzyme to its natural metabo
lite - glutamine. 

Glutemine partially reTerses the inhibition. The data iDdi
cates that one of the major sites of glutamiDe action is in 
reactione involTing transamination. A more videspread inter
ference b)r .AS, rather than just an interference vith purine 
synthesis, is iwUcated. Six interference areas are 
suggested. 

Rijven, 1955 

Barker et al, 
1956 

DepeDding upon the LU content. 50% inhibition by 0 occurs Bonner, 1949a 
at 3 - 10 mg. per litre. Arginine seems to pl~ a role 
otber than that of supplying organic nitrosen to the coleop-
tile. It is possible that it supplies a certain special pro-
tein which is not produced in quantity enough to be detected 
by protein qualitati...e aDd quantitative tests. It is sug-
gested (1) that arginine metabolian may be associated vith 
the function of Ill in pranoting growth, and (2) that glu-
taDic acid is a precursor in arginine synthesis as bas been 
shovn in microorganisims. 

C inhibits the increase in respiration due to lAA but does not 
inhibit the increase due to adenylic acid. It is concluded 
theretore that the reactions involved in Avena section 
growtb and respiration are the following: respiration adeny
lic acid arginine step !Al step. 

The antagonistms ot a,b, and c tovard the inhibition of 
growth by E indicates that they are related metabolically in 
the isolated tomato root. Such a relationship has been vell 
~stablished in microorganisims and animale. 

Methionine and ethionine inbibit the pisœent f~tion - not 
Tia their sulphur atan but by sane property of the molecule 
as a vhole. Ethionine inhibits ten times as much as meth
ionine. Ethionine does .Q2i inhibi't the production of the 
small anount of pigment vhich is toraed in the dark. If E is 
preilluminated vith the plants before they are placed in the 
dark tben E does inhibit the normal formation of anthocyanin 
~n the dark. It is deduced that E must inbibit a light re
~ction whose product is conTerted to anthocyanin in the dark. 

Geo. Rieveschl, 
Park, Davis and 
Co., 1955 

Boll, 1954d 

Thimeon &Radner • 
1955a 



TABLE V ( CONT INUED) 

7 ditto 

8 ditto 

9 methionine 
sulfo:z:ide (MS) 

10 methionine 
sulfoximine (MSI) 

ll ditto 

12 nor leucine 

13 Pseudcmonas 
tabaci to:z:in 
( amino acid) 

14 L-tryptophane 

ditto 

Elongation of .AYena 
coleoptile sections 

Anthoeyanin formation 
in Spiroêl.ela 
olisorrhiza grown in 
water non-nutrient 
media 

ditto 

(a)Growth of Qblorella 
'V'Ulgaris in pure 
culture 

(b)Lesion production 
in bealtby tobacco 
leaves 

Anthocyanin formation 
in Spirodela 
oligorrhi~a 

L-methionine 

methionine 

(a)Growth of Chlorella methionine 
vulgaris in pure 
culture 

(b)Lesion production 
in healthy tobacco 
leaTes 

~oot growth of cress 
seedlings 

canpetitiTe 

canpetitiTe 

canpeti ti Te 

The data suggest that the inhibition of anthocyanin formation 
, by methionine and E is due to their struc~ural similarity to 

pyrimidines i.e. tbymine. 

'l'himenn ând 
Radner, l955b 

50% inhibition of growth occurs at 10 mg. per litre E. The Scbrank, 1956 
data indicate that these tissues can conTert hanocysteine to 
methionine in the presence ot ethionine. This is true of 
other organisims. It would appear that 1 is inhibiting the 
use of methionine rather than its synthesis. 

MS iDhibits pigment formation 49% at three times lo-5 M. 
Since both MS and MSI are lesa effectiTe than methionine in 
inhibiting the pisœent forma~ion the inbibitory action of 
methionine c&Dnot be due to its conTersion to either ot them. 

MSI inhibits pi~nt formation 43% at lo-5 M. 

It is suggested that norleucine is structurally enough like 
t~ne to replace it partially in the nucleic acid or 
purine or pyrimidine reactions necessary for anthocyanin 
formation. 

This is an exemple of a naturally occuring antimetabolite. 
The fact that the toxin is an amino acid wbile most 
baeterial toxine are proteine is of interest. .As plants do 
not haYe the blood streaœ transportation system of antmals 

! it would appear that the parasite bas been specially pro
Tided vi th a amall, readily diffusible toxin rather than e.n 
outvardly large, slow-traTelling protein molecule. 

Boot growth inhibition is detected at more than 10 p.p.m. 
and 50% inhibition occurs at lOO p.p.m. vith 80% inhibition 
at 1000 p.p.m. tryptophane. It is suggested that trypto
phane may effect the inhibition of root growth by canpetitiTe 
interference in the normal tra.D.seminase systems inTol-t-ing ~
alanine and 1-glutamic acid. 

Thimann . .and 
Radner, l955a 

Glitto 

Wooley, 1955 

Thimann 1a.nd 
Radner, l955b 

Wooley, 1955 

.Audus and 
Q.uastel, 1947 
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TABLE VI ANTIMETABOLITES TO AMINO ACIDS (PBYSIOLOGICAL DATA) 



TABLE VI AN'l'Dm:TABOLITES TO .AMINO ACIDS {PHYSIOLOGICAL DATA) 

# .ANTIMETABOLITE 

1 azaserine 

<o-diazoacetyl
L-serine (AS) 

2 ditto 

3 ditto 

4 ditto 

5 ditto 

6 ditto 

(a)Prtmary root elon
gation or cucumber 
{Var. Early Fortune) 
seedlings 
(b)Growth of barley 
roots var. Moore in 
aerated water culture 
(c)Root elongation of 
ger.minating barley 
seedlings 
(d)Root elongation of 
ger.minating flax 
seedlings 
(e)Bean shoot growth 

Several plant systems 
inhibited 

High potency for 
inhibiting root growth 

Chromosome studies and 
root elongation of 
.lllium ~ L. 

The germination of 
Triticum vulgare 
Vill. 

Growth of Chlorella 
pyrenoidosa Chick 

REVERSAI. 
COMPOUND 

TYPE 01' 
INRIBr.rrŒ.. 

(a)50% inhibition of root development by .lS oceured at Norman, 1955 
1.5 x l0-5 M. At 2 x lo-4 M and 5 x lo-4 M root developmen~ 
was campletely suppressed. 

(b)50% inhibition of roots occured at 1.3 x lo-5 M {2.25 mg. 
per litre). Root growth was based on dry weight measure. 

(c)50% inhibition oceured at 2.5 x lo-5 M AS. 

(d)50% i~hibition occured at 4 x 10·6 MAS (0.7 mg. per 
litre). 

(e)Unaffected up to 100 ~ per litre when AS vas applied to 
the bases of intact leaves or to detaehed leat bases. 

AS caused chromosome frasœentation. 
AS inhibited roo~ elongation at 1.5 x lo-8 M by inhibiting 
cell di vision. 

AS inbibited either partially or completely the germination 
of the wheat. Serine does not antagonize the inhibition ~ 
AS. Complete inhibition of germination occurs at 2 :x 10-5 M 
AS. 

AS at 0.01 M greatly inhibited the growth of the alga. The 
degree of inhibition varied with the pH of the media. 

Geo. Rievesdel, 
Paper #3 

Plant Nutrition 
Laboratory of 
the University 
of Michigan, 
Paper No. 2 

Truhaut and 
Deysson, 1956 

ditto 

Tanisek et al, 
1957 



T.ABLK VI (CCM'INUED) 

1 CanaTanine 

8 

H~-C( :NH)-NH-O
CH2-CH2-CH(NH2)
COOH (C) 

ditto 

9 ditto 

10 ditto 

Growth of ,t.wna 
coleoptile sections 

Growth of excised 
maize embro;rs cul tured 
in Ti tro ( 2 hybride 
used) 

Growth end morphology 
of decot;rlised Pisum 
seedlings in agar 
culture 

Growth end respira
tion in ATena seed
lings Tar. 
Siegeshater 

(i)srginine 
(ii)lysine 
(iii}glutemie 
ac id 
(iT)UA 

arginine 
citrulline 
ornithiœ 
glutamic acid 
lysine 
methionine 

arginine (A) 
citrulline (Ci) 
ornithine (0) 

arginine 

CaDpetitiTe 

ccmpetitiTe 

50% inhibition of section elongation occurs at 3-10 mg. per 
litre. C is dependent upon the content of IAÂ. (ii)-(iT) 
reTerse the inhibition of growth by C oaly partially. It 
would appear that (i) plays a role other than that of 
supplJi&g organic Nitrogen to the coleoptile. It is 
suggested that the metabolism of (i) •111' be aasociated vith 
the function of lAA in pramoting growth here. 

It vas concluded that different genetic lines of maize seem 
to show Tsriations in their sensitiTity to canaTanine 
inhibition •d to. the· te:w-ersal Qf this inhibition b7 other 
am1no ac;i.ds. 
Lysine vas an effectiTe antagonist vith oDly one bybr1d. 
Methionine is a possible antagonist. 

The influence of 0.003 - 1.0 uM of C on shoot and root 
length and dry weight increase vas obserTed. 
At low concentrations (0.3 uM) C reduced the number and 
growth rate of the lateral roots as vell as the increase in 
dry matter of the whole seedling. At 10 J.lM,eni. higber con
centration• the elongation of the shoot and root vas 
atfected. This inhibition vas not completel;r preTented by 
A. A completely compensated for the decrease in dry matter 
due to C but atfected lees the reduction in root growth due 
to c. ETery- concentration of A tested (0.1 - 0.3 ~} re
moTed seme inhibition but not canpletely. (This was found 
to be true vith pea embryos as well). 
Ci and o, two A precursors were as actiTe as A in remoTing 
the inhibition by- c. 
Lysine , methionine or glutamic acid did not remove C 
inhibition. 
It is suggested that a closer structural s~ilarity of the 
antagonist to the iDhibitor is necessary in this case then 
in others reported. 

The inerease in respiration due to lAA is inhibited by C 
but not the increase due to adeOTlic acid. On tbe basis of 
the use of the inhibitors including c, it is coacluded that 
the reactions here considered are inTolved in ATena section 
grovth and reproduction in tbe tollowing order: Respiration 
Adenylic acid Arginine lAA step. 

Banner, -l94~a 

Wright .!&ll4 Srb, 
1950 

!l'ries, 1954 

Norman, 1955 



TABLE VI (CONTINUED) 

11 

12 

13 

14 

ditto 

ditto 

DL: ethionine 
•E• 

ditto 

Growth of eigh' 
species of Green Algae 
inhibited 

(a)Chlorella vulgaris 
Columbia strain) 

( b )Chlorella 
pp:epoidosa 

(c)Selenastrium 
minutum 

Growth ot Lemna minor 

Growth of excised 
tomato roots in 
sterile culture 

Growth and ch~ in 
morphology of isolated 
tomato roots in ster
ile culture 

L-lysine 
L-arginine 
DL-lysine 

L-arginine 

arginine (A) 
citrulline (Ci) 
ornithine (0) 

me,hionine (M) 
homocysteine (He) 
hanocystine (Hi) 
ethanolamine (Eo) 

L-methionine (M) 
DL-hanocystine 
(Bi) 
ethanolaœine (Eo, 

canpetitin 
canpetitive 

Growth of eight species vas inhibited but only three vere 
mentioned by naœe. (a) vas inhibited 50% by 2.2 p.p.m. c. 
A higber concentration of C vas needed to inbibit the grovth 
of (b) due to the celle being less permeable to C than the 
other species tested. 
DL lysine is one half as active an antagonist as L-lysine -
particularly at lover concentrations of c. 

25% inhibition by C occurs at 1 p.p.m. and 75% at 5 p.p.m. 
A will reverse the inhibition caused by C at 5, 10, 20 and 
50 p.p.m. if the ratio of A to C is 5 to 1. Above 50 p.p.m. 
C tbe iDhibitioa could not be reversed by A. 
A+Ci overcaœe the inhibition by C and even caused a stimula
tion in grow'h above that ot the control. 
0 did not canpletely overcome the iDhibi,ion of growth by c. 

Choline and glycine-betaine vere inetfective in reversing the 
inhibition ot growth caused b7 E. 
E and Tarious ratios of M (orB) to E also caused seme 
significant changes in tbe morpbology of the roots. 

E at a concentration below 0.2 standard (.2 x 60 gamma per 
litre) caused a marked increase in growth in length of the 
main axis vith a corresponding increase in the number of 
laterale per roo'• 
In the absence of niacin higher concentrations ot E caused an 
inhibition of growth ot the main axis and the number of 
laterale per root. M reversed this inhibitory effect. 
In the presence of niacin tvo morphological changes vere 
induced b7 E. (a) The lowest concentration of E tested caused 
a marked stimulation in growth of laterale. 'l'he main axis 
growth vas inhibited at lover concentrations of E than those 
which iDhibited the growth of the lateral roots. M reTersed 
these inhibitions. (b) The frequency of the laterals per 
unit le~h vas greater than the con,rols when an appropriate 
ratio of K 'oM vas present in the media. 
'l'be data suagests that the metabolisœ of M is involved vith 
tb.e hormonal mechanisœ involved vith the growth or these 
isolated roots. 

Walker. 1955 

Nickell, 1956 

Boll, 1954d 

Boll, unpub
lished 



TABLE VI ( CONTINUED) 

15 L-ethionine 
(L-E) 

DL-ethionine 
(DL-E) 

16 L-ethionine 

17 hamoarginine 

18 hydroxyproline 
(Hp) 

19 ditto 

Elongation of Avene 
coleoptile sections 

ditto 

Curvature of isolated 
Avene coleoptiles 
with intact apexes 

Growth at Chlorella 
vulp;aris (Columbia 
strain) 

Growth and lateral 
root production in 
decotylised Pisum 
seedlings 

Decoty1ised Pisum 
seedling growth in 
sterile agar culture 

20 methioninesulfox- (a)Production of 
imine lesions in healthy 

leaves of tobacco 

L-methionine competitive 
DL-homocysteine 
thio-lactone-
HCL 

L-methionine 

L-1ysine 
L-arginine 
DL-lysine 

proline (P) 

methionine (M) 

(b)Growth of methionine 
Chlorella vulp;aris in 
pure cul ture 

E at 10 mg. per litre inhibits the elongation 50%. The 
inhibition index for E to M 2:3. The data indicates that 
L-E interferes with the utilization of M tor syntheses 
which are required for coleoptile elongation. 
DL-E inhibition is ooe-half as effective as the inhibition 
by L-E. 

This reversal of E inhibition by M is only true on short 
term experimenta. A.tter 24 hours M itself becomes 
inhibitory. 

H inhibits the growth of the alga more so than canavanine. 
DL-lysine is one-half as strong a reversing compound as 
L-lysine. 

Schrank, 1956 

ditto 

'Walker, 1955 

Fries, 1951 

10 - 300 UM of Hp were tested on the root growth. l u mole Fries, 1954 
was the smallest aœount of Hp to cause maximum inhibition. 
Equimolar amounts of amino acids were tested and none re-
moved the inhibition completely. 
P completely removed the inhibition of dry weight increase 
and removed 50% of the inhibition of elongation (particular
ly root elongation). M relieved the shoot inhibition in 
particular. 
P and Hp in a ratio of 10 to l removed the inhibition of 
dry weight by Hp to the extent that the weight of root ,. 
and shoot surpassed those of the control even though the 
le~h of the primary root and the number of laterale pro
dueed was stil1 supressed. 
M and a smal1 amount of Hp increased the tavourable affect 
of Hp on the shoot inhibition but intensified the 
inhibition of lateral root development caused by Hp. 

'Wooley, 1955 



TABLE VI ( CONl'INUED) 

21 selenomethionine 
(SM) 

22 DL-tryptophane 

23 Pseudomonas 
tabaci toxin 
(emino acid) 

ditto 

Growtb of Chlorella 
'YUlseris 

Growth of flax 
seedlings 

Production of lesions 
in bealthy tobacco 
leaTes 

methioaine 

Growth ot Chlorella methionine 
Tulgaris in pure 
culture 

competitiTe 

competitive 

M reTersed the toxicity of SM and also preTented its 
absorption depending upon the SVae ratio. 
SM induced a lag phase in the presence of sulpbate. Cell 
division was inbibited but not growth in cell size or 
increase in dry weight. The cella vhich emerged from the 
lag phase vere used as inoculum and vere found to grow in 
the presence of SN without a lag phase. 

50% inhibition occured at 8.91 x lo-4 M of DL-tryptophane. 
The resulta here were in accordance vith those made by 
Audus and ~astel (1947) on creas seedlings. 

Shrift, 19.54 b 

Moore. 1953 b 

The fact tbat the toxin is an amino acid while most wooley, 1955 
bacterial toxins are proteins ia of interest. As plants 
do not haTe the blood transportation system and possess 
thick cell valls (botb of which are barriers to fast traTel 
by large molecules) it would appear that this parasite bas 
been specially supplied with a small molecular weight toxin 
to belp counteract tbese plant barriere to systemic spread. 
The discoTery is of aignificance wben one considera the 
possibility tbat naturally occuring antimetabolites may pre-
vent biological toxicity by excess quantities of naturally 
occuring metabolites. 
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TABLE VII ANTAGONISIMS BETWEEN INORGANIC IONS 



TABLE VII .ANTAGONISIKS BErwEEN INORGANIC IONS 

• 
# ANriMETABOLITE TES1' SYm'EM REVERSAI. TYPE OF 

OOHml'll'S REFERENCE COMPOUND INHIBITION 

l selenate Growth ot seedlings of sulfate canpetitiTe The competition occurs at tbe membrane where the se ions Burd-Karrer, 
Hard Feàeration wheat are taken up. •It vas Cameron (1880) who first proposed 1938 
in nutrient me41a that selenium can be utilized instead of sulphur in tbe 

syntheais ot organic compounds.• 

2 selenate Green plants sulfate canpetitiTe Trelease and 
Beath, 1949 

3 selenium (Sc) Chorella 1"ulgaris sulphur (S) canpetitiTe Sulphur preTented the absorption ot selenium. Tvo inter- ~ .. 1'54a 
growth rate dependent processes were iDdicated: (1) competition between .. 

the analogues tor sites at the cell membrane; and (2) ccm-
petition within the cell for an enzyme system responsible 
for conTersion ot tbe metabolite. A campetitiTe inhibition 
was indicated because at any one ratio of S to Sc regardless 
ot tbe abaolute leTel of each tbe growth reaponse remained 
tbe seme. 

-



2.32 MAIN POINTS ARISING FROM THE TABULAR REVIEW 

The papers reviewed in Tables I to VII show that, although studies 

involving the application of antimetabolites to plants are not very exten

sive as yet, a number of fields of research are beginning to apply anti

metabolites as an aid to solving certain problems. The more interesting 

of these applications are mentioned in the following paragraphs. 

2.321 THE SULFANILAMIDE QUESTION 

In view of the work which has been done with microorganisms and 

animals it is not surprising to find, throughout the literature, refer

ences to considerable research into the effects of Bulfonàmidas on 

plant systems. These researches indicate for the most part, that the 

mechanism of action of the sulfanilamides in plants is similar to that 

found to occur in microorganisms and animals (Table I, #12-15) and that 

the metabolic pathways in which PABA is involved are similar in plants, 

animals and microorganisms. In plants there has been sorne evidence which 

would tend to suggest that PABA, or sorne derivative, is involved in the 

biosynthesis of pyrimidines or their derivatives. Anker (Table I #7), 

has shown that, with isolated pea roots in sterile culture, inhibition 

by a sulfonamide is reversed by thymine, cytosine and uracil and Boll 

(Table I #19) has shown that inhibition of a strain of tomato roots by 

sulfanilamide can be overcome by thymine, cytidine, cytidylic acid and 

uridylic acid. In animals and microorganisms only thymine has been shown 

to reverse similar inhibitions. It would appear therefore that in this 

one respect the metabolism of PABA may differ in plants from that found in 

animals and microorganisms. 

18. 
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2.322 THE STUDY OF ANTHOCYANIN FORMATION 

By the use of aza-adenine, benzimidazole, 2-6-diarnino-purine and 

thiouracil (antimetabolites to nucleic acid derivatives) and of canavanine, 

methionine sulfoximine and norleucine (antimetabolites to anûno acids) it 

has been shawn (Tables III and V respectively) that there is evidence to 

support the view that there are two stages involved in anthocyanin forma-

tien. One is a light reaction involving a copper enzyme and resulta in 

the synthesis of a nucleotide or one or more pyrimidine or purine corn-

pounds. The second is a dark reaction which utilizes the products of 

this light reaction. 

2.323 ANTAGONISMS BETWEEN INORGANIC IONS 

Martin (1951), has suggested that in addition to antagonisms be-

tween organic metabolites, antagonisms between inorganic ions are likely 

to play an extremely important role in biological processes. Table VII 

provides evidence in faveur of Martin's suggestion. It contains two 

examples of competitive inhibition by ions in plants. 

2.324 STUDIES ON PLANT VIRUS INFECTIONS 

Numerous experiments on the effect of nucleic acid antagonists on 

virus infections in plant tissues have shawn sorne interesting results. 

1) A difference in response of host and virus is indicated. Multiplica-
1 

tien of the virus may be inhibited by the antimetabolite with (Table IV, #4b) 

or without (Table IV, #11) detrimental effects on the plant tissue. On the 

ether hand only the host may be affected (Table IV, #4e). When the virus 

and the host tissue are inhibited by the antimetabolite, a reversai of the 

virus inhibition may be accomplished by applying the metabolite. A 
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reversal of the host inhibition does not always occur as well (Table IV, 

#41). In at least one case the virus is inhibited by a low, and the host 

plant by a higher, antimetabolite concentration (Table IV, #7). 2) Differ

ent viruses differ in their response to the antimetabolite. An example 

of this is the inhibition, by aza-guanine, of Lucerne mosaic virus on 

Nicotiana tabacum and Nicotiana glutinosa, and Acuba strain of tobacco 

mosaic virus on tomato leaves but not of tomato spotted wilt virus on 

tomato leaves (Table IV, #4). Of the viruses which were inhibited, only 

the inhibition of Lucerne mosaic virus on N. glutinosa was reversed by 

the metabolites adenine, guanine and hypoxanthine •. 3) The mechanism of 

inhibition of virus multiplication by an antimetabolite appears to differ 

from one virus to another. In sorne cases, for example, the inhibition of 

tobacco mosaic virus by thiouracil (Table III, #9), the antimetabolite 

appears to prevent the incorporation of the metabolite into the virus 

particle. In other instances the antimetabolite itself is incorporated 

into the virus particle and renders the particle sterile. An example of 

this is the inhibition of tobacco mosaic virus by aza-guanine (Table III, 

#4 and #6). A practical use of antimetabolites in the treatment of plants 

infected by viruses is suggested by the above data. An antimetabolite which 

could inhibit virus multiplication without interfering with the nucleic acid 

relations of the host plant should be a valuable chemotherapeutic agent in 

the field of plant pathology. 

2.325 THE PROBLEM OF NORMAL VERSUS PATHOLOGICAL CONDITIONS 

In sorne studies with 2,6-diaminopurine (an antimetabolite to adenine) 

on healthy and pathological plant tissues (Nickell, 1955), it was observed 

that there was a difference in response to the antimetabolite by callus 
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tissues, crown gall tissues and virus tumor tissues (Table IV, #25). Ni~ 

suggested that these tissues represent a progressive degree or path

ologicalness in that the normal callus tissue was the least, the crown 

gall tissues more, and the virus tumor tissues the most inhibited by 

2-6-diaminopurine. It is suggested that by observing the differences in 

response to different antimetabolites of normal versus pathological tissues 

the basic biochemical differences between the tissues could be determined 

and thus the biochemistry of the pathological condition could be defined. 

Once this has been done, it should be possible to devise a treatment for 

correcting the pathological condition. 

2.326 NATURALLY OCCURRING ANTIMETABOLITES 

Of particular interest in the literature is the report of ~he dis

covery of a naturally occurring antimetabolite, the Pseudomonas toxin, 

which is an amino acid (Table v, #lJ). This discovery (Wooley, 1955) is 

of great interest for two reasons. 1) The ract that this toxin is an amino 

acid or small molecular weight is worth noting since most bacteriàl toxins 

known to date are large protein molecules. It is suggested that sorne 

bacteria produce smaller, more easily dirrusible toxin molecules which 

travel readily through the plant host which lacks the blood circulatory 

and lymph transportation systems round in animal hosts. This smaller 

molecule may also pass more easily through the thick cell walls of plants 

than would a molecule or a higher molecular weight such as a protein. 

2) There are few examples in which antimetabolites of natural occurence 

have been discovered. It is known that the natural amino acids can act as 

antimetabolites (Table v, #3). Wooley's compound, however, is the only 

known natural antimetabolite which is not known to be a metabolite. This 



discovery is of particular significance when one considera that it is 

possible that natural antimetabolites may control the rate of biochemical 

processes and hence growth. Wooley 1 s discovery justifies a search for 

other natural antimetabolites which may be important in the regulation of 

growth and morphogenesis by acting as growth regulators. 

2.327 MORPHOGENETIC EFFECTS OF ANTIMETABOLITES 

22. 

Throughout the literature review there are numerous examples of 

antimetabolites affecting the morphology of plants or their isolated 

organs. Included among these are those of a sulfonamide on Allium cepa 

(Table II, #6) and of canavanine on decotylised Pisum seedlings (Table VI, 

#9). Of particular importance with regard to the subject of ~his thesis is 

the work by Boll which deals with the effects of ethionine on the growth of 

excised tomato roots in sterile culture (Table VI, #14). The next section 

will explain the method of culturing isolated tomato roots, the evidence 

for the presence of a hormonal, correlative factor within them, and the 

effects of ethionine upon the roots. 

2.4 THE EFFECTS OF ETHIONINE ON ISOLATED TOMATO ROOTS 

The excised root culture technique used is as follows. A sterile 

root is excised from a germinated seed, the coat of which has been sterilized 

prior to germinating it. The root is transferred to a sterile medium in 

which it grows and produces a number of lateral roots. The main axis so 

formed is eut into segments each having a number of lateral roots. When 

these segments are transferred to fresh medium the lateral roots grow and 

at an appropriate time the tops are excised and transferred again. In this 

way a clone is established and thus any number of growing tips are obtained. 



Boll's experiments consisted of a series of different media inoculated 

with tips which, after growing for six days, were harvested and their 

growth was recorded. 

The basal medium used was a modified White's medium (Boll, l954a). 

23. 

It was found that the growth factors required for optimal growth for the 

clone of roots were thiamin, pyridoxin and niacin (Boll, l954b). It is 

generally believed that in this system growth is not limited by the 

synthesis of endogenous metabolites. It may be, however, that these 

endogenously produced metabolites are inhibitory to growth and that natural 

antimetabolites are produced endogenously which prevent the toxic action of 

an excess of the metabolite. 

The morphology of an excised root in complete medium is dependent 

upon: (1) the frequency of lateral root production; (2) the growth rates 

of main apex and lateral roots relative to each other, and (3) the degree 

of persistance of the individual meristeme. Any factor which, when sup

plied to the root, tends to alter the morphology of the root is possibly 

involved with the step by step processes which are responsible for the 

final morphology of the root. 

There is evidence for hormonal, correlative factors, produced within 

the root, whicn limit the growth of the main axis or lateral meristems. 

It bas been shown that in excised tomato roots grown i n constantly re

newed culture medium, the main axis meristem functions for a limited time 

and ceases activity while the more recently initiated lateral roots are 

growing rapidly (Street and Roberts, 1952). The durat1on of activity of 

tr i s mai n axis mer istem can be prolonged by excision. The hypothesis has 

been advanced that the inhibition of apical meristematic activity is due 
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ta sorne influence exerted on the meristem by the main axis and latcrals. 

Ey excising the apical meristem the source of this inhibitory influence 

is removed. Street and Roberts have also shawn that the main axis meri

stem and younger parts of the main axis, bearing lateral root initials, 

exert an inhibitory effect on the growtr. rate of the young lateral roots. 

~hcy have sho~~ that by removing the root apex a greater total growth of 

latera1s resulted. Bol1 (unpub1ished), has confirmed these resulta. All 

of these facts tend to suggest that a hormonal mechanism is involved in the 

production of the tomate root morpho1ogy. The next paragraph will review 

the evidence which supports the view that an auxin-like substance is actu

ally present in these tomate roots. 

An antiauxin ~-(1-naphthylmethyl-sulphide)-propionic acid will 

stimulate the growth of the excised tomate roots (Street, 1954). This 

evidence tends to suggest that the retardation of growth and cessation of 

meristematic activity occurring, when excised tomate roots are repeated1y 

subcu1tured in standard medium, is due to the accumulation at the apex of 

seme natural hormone to a critical supra-optimal concentration. This hy

pothesis is further supported by the fact that IAA (3-indoly1acetic acid), 

at concentrations which do not inhibit growth, reduces the survival of these 

same main axis meristems (Street, 1954). Street (1955) a1so showed that NAA 

(1-naphtha1eneacetic acid) inhibited excised root growth and, like IAA it had 

a de1eterious effect upon survival. From the above data it is seen that the 

rate of death is increased by auxin (IAA) and that the survival time is 

increased by an antiauxin. Therefore, there is evidence for the presence 

of an auxin-like compound in these tomato roots as was suspected from the 

excisi on experimenta previously discussed. Furthermore, although the 
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frequency of production of lateral roots is not increased by IAA it is 

increased by IAN (Street et al, 1954) and NAA (Boll, unpublished). Other 

results have indicated that IAA is not found in these roots so it may be 

possible that IAN or sorne other related auxin-like compound is involved, 

as a correlative factor, with the growth mechanisms in these tomato roots. 

Boll (unpublished), in sorne experimenta designed to obtain informa

tion regarding the physiological and metabolic relationships of methionine 

in the excised tomato root, has recorded some inhibitory and non-inhibitory 

effects of ethionine on this growth system. The data indicate that methio

nine, homocysteine and ethanolarnine are related metabolically in these roots 

as has already been well established in microorganisms and animals (Table V, 

#5). The work also shows that ethionine exerted a very marked effect upon 

the morphology of the root, particularly in regard to the ratio of main 

apex to lateral growth and the variability of this ratio. The frequency 

of lateral production was increased by ethionine or appropriate concentration 

ratios of ethionine plus methionine, and these morphological effects 

varied markedly with the absence and presence of niacin as can be see in 

Table VIII and by comparing Figure 2 and Figure 3. 

It was stated above that the growth of the apical meristern, the 

formation of the lateral roots, and the relative growth of main axis and 

lateral meristems, are controlled by hormonal, probably auxin-like, sub

stances. Furtherrnore, the presence of niacin in the medium might influence 

the 'auxin' status of the roots because tryptophane is a common precursor 

of both IAA and niacin (Banner, 1950). The growth processes involved in 

the morphogenesis of the excised root, or any other comparable growth 

system, may be regarded as a series of steps including those involving 
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hormonal mechanisms. Since the same morphological effect rnight be pro-

duced by interfering with any one step, it would be incorrect to consider 

definitely, that a change in morphology produced by one treatment is in-

dicative of a close relationship between the treatment and the hormonal 

mechanism. However, in view of the similar effects of ethionine and 

growth regulators on the excised tomato root, and the dependence of the 

morphogenetic effect of ethionine on the niacin status, it was felt that 

the restilts suggest an unappreciated relationship between the metabolism 

of methionine and the hormonal mechanism involved in growth of the root. 

This suspected relationship of methionine (a sulphur containing amino acid) 

with the hormonal mechanism in the tomato root is of added interest in view 

of the suggested relationship between 'auxin• and the sulfhydryl groups in 

pea tissues which was reported recently by Leopold and Guernsey (195') and 

Siegel and Galston (195)). 

TABLE VIII EFFECT OF ETHIONINE ON LATERAL ROOT FORMATION ON EXCISED 
TOMATO ROOTS (Boll, unpublished) 

In thiamine plus pyridoxin (See Figure 2.) 

Ethionine Number of lateral roots per unit length 
(gamma/litre) of length with laterals 

0 0·443 :!: 0.028 
x (9) xx 

5.98 0.530 ±: 0.075 (8) 

Ifi thiamiM, pyridoxin and niacin (See Figure 3) 

Ethionine Number of lateral roots per unit length 
(ganuna/litre) of length with laterals 

x (8)xx 0 0.404 :!: 0.022 

11.8 0.486 ~ 0.041 (9) 

x = Standard Error. 
· xx= Number of replicates. 



The purpose of the research reported in this thesis was to de

termine the effect of ethionine on other plant growth systems known, or 

presumed, to involve 1auxin'. The growth systems chosen for treatment 

were of three kinds: 

1) those involving increase in cell size of excised shoot tissue 

a) increase in length of etiolated pea epicotyl sections 

b) increase in diameter of etiolated bean leaf dises 

2) those involving growth of shoot tissue (intact) as a product of 

cell division and cell enlargement 

a) development of lateral buds on green, bean seedlings 

b) growth of hypocotyls of flax seedlings 

3) those involving growth of intact roots 

a) rooting of etiolated, excised bean hypocotyls 

b) growth of roots of flax seedlings 

c) growth of roots of wheat seedlings, and in this case, it was 

possible to measure increase in cell size alone. 
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Of these systems, number Ja is of particular interest because it was de

vised especially for use in this project but may be of general application. 

It was expected that this variety of growth systems would permit the 

detection of any general correlation (or otherwise) between the effect of 

ethionine and the effect of auxin on plant growth. At the same time it 

was hoped to detect a growth system, simpler than that of the excised 

tomato root, in which growth stimulation by ethionine might be suf-



ficiently large to permit studies of any interaction, additive ar other

wise between auxin and ethionine.1 
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lwhen the research on the plant growth systems tested here was near 
completion Schrank (1956), reported that ethionine inhibited the 
elongation of Avena coleoptile sections and that this inhibition was 
reversed by methionine. He further showed that ethionine inhibited the 
curvature of Avena coleoptiles with intact apexes and that the inhibition 
was reversed by methionine in short term experimenta. It would appear 
that there is sorne evidence here for the involvment of methionine in 
these growth systems which are known to be influenced by auxins or plant 
hormones. 
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3. 0 GENERAL MATERIALS AND METHODS 

The etiolated plants used in experiments described here (Sections 4.2, 

4.5 and 4.6) were grown, and maintained after treatment, in a light-

tight room. There was no strict temperature control but from November 

until May the temperature in the room was 24°± 2°C. 

The plants were grown in polyethylene dish pans (14" x 14" x J~" deep) 

or in stainless steel steam-table trays (9" x 12" x 1!" deep). The 

bottoms of the pans and trays were perforated. Wooden flats, as recom

mended by Miller (1951), were found to be unsatisfactory for growing 

these etiolated plants because bacteria and fungi grew on the wood even 

though the flats were autoclaved before use. 

The seeds were sown in silica sand, (fourteen mesh: Dominion Corpo

ration Ltd., Lachine, Quebec). Before use the sand was washed in tap 

water and autoclaved in enamel pans for 4 hours at 15 pounds pressure. 

The sterile sand was then partially air-dried. The amount of moisture 

left in the sand when the seeds were planted depended upon the type of 

seed to be grown and its moisture requirement. The soaking-time of the 

seed also varied with the type of seed. This time is indicated within 

the specifie sections. 

The pans, except when the plant material was being m:ailiptùated., w~re 

covered by inverted light-tight boxes of heavy cardboard weighted dawn with 

bricks. The edges of the boxes were banded with black, felt ribbon. 

Tests with photographie paper proved the boxes were light-tight. 



In order to reduce fungal and bacterial contamination the room was 

sprayed at two week intervals with a 4% solution of commercial lysol in 

water. The floor, and the table and hench tops, which were used for seed 

pans and work space, were also washed with the lysol solution. 

All manipulations in the dark room were carried out in green light. 

The light source consisted of a Kodak Utility Safe Larnp (Model C) con

taining a 60 watt, tungsten bulb and a green colour filter (Corning 

Glass #4-64, 611 x 6tt). 

When etiolated plant material was treated with white light it was 

placed beneath a bank of eight, 48 inch flourescent lamps (Sylvania 40 

watt Cool White - Standard) mounted 1 inch apart on a wooden base covered 

by aluminum foil. The light source was 23 inches above the plant material 

giving a light intensity of approximately 700 foot candles at the plant 

material. Care was taken to place the plant material within a previously 

outlined area of uniform light intensity. 

All glassware used was Pyrex, unless stated otherwise. Every piece 

of new glassware, except the pipettes, was autoclaved full of water for 

6 hours at 15 pounds pressure. Before each use, glassware was washed in 

a chromic acid bath for 10 minutes and then rinsed ten times in tap water, 

twice in single distilled water, twice in glass distilled water, shaken to 

remove large water drops and allowed to air dry. All forceps, glassrods, 

cork borers, etc. were washed in detergent, well rinsed in the same manner 

as the glassware, and air-dried. 

The distilled water used in these experimenta was of two types. The 

first was single distilled water from a block tin still and the second was 

30. 
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obtained by redistilling the single distilled water in a pyrex glass still. 

All stock solutions and culture media were made up with double distilled 

water. The same batch of distilled water was used for all solutions within 

one experiment. 

Reagent grade chemicals were used in all inorganic and carbohydrate 

stock solutions. All other chemicals used are accounted for in Section 4.0. 

Stock solutions were kept in a refrigerator at 4°C. The stopper con

nections were made air tight by a coating of wax. Where necessary the pH 

of solutions was adjusted with either N/1000 hydrochloric acid or N/1000 

and N/10 sodium hydroxide using a glass electrode. 

Statistical analyses were made of the data of sorne experimenta. Com

parisons of the differences between means were made by the t-test and, where 

necessary, standard errors are included in the tables. Both the t-tests 

and standard errors were calculated according to the methods given in 

Snedecor (1946). 
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4.0 EXPERD1ENTAL AND SPECIFIC MATSRIAIB AND METHODS 

4.1 LATERAL BUD DEVEWPMENT IN DWARF BEANS 

Techniques have been described for studying the effect of growth 

regulators on the development of lateral buds on stems. In all of these 

techniques the method used for applying the growth regulating substance 

to the eut end of the stem has differed (Went and Thimann, 1937). In 

early experimenta the regulator was applied directly as a powder. Later 

it was applied by dissolving it in agar which was then placed on the eut 

area of the stem (Thimann and Skoog, 1933, 1934). Muller (1935) intro-

duced a method for applying the regulator dissolved in a lanolin paste. 

A tube method for applying the regulator, dissolved in water, was used by 

Bentley and Bick1e (1952). This method was chosen to study the effects of 

ethionine on the lateral bud development of the dwarf green beans used 

here and will be described fu1ly in the following section.l 

4.11 METHOD 

Seeds of Burpee•s, Dwarf, Stringless, Green Pod, (Round Pod) Bean 

were obtained from Dupuy and Ferguson Ltd., Montreal. Unsoaked beans were 

planted in potting compost, three per 5 inch pot, and placed in an ex

perimental greenhouse. Fertilizer (Rapid-gro) was added to the watering 

lAfter the work for this thesis was started, a new test using 
etiolated pea seedling sections, bearing lateral buds, was reported 
(Libbert, 1954). In this test the sections are floated in a petri dish 
containing a concentration of growth regulator to be tested. 
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can at 2 week intervals. When the internode above the first true leaves 

measured 2-3 cm. (approximately 23 days after sowing) the plants were 

selected for uniformity and one plant was left in each pot. The other two 

were eut off about 3 cm. from the compost. The selected plants were ar

ranged in groups so that there were equal numbers of each of three height 

ranges in each treatment group. Each treatment contained eight plants. 

In each experiment there were four control groups. The plants of 

the first group were left intact. In the second group the tops were re

moved but no tubes were attached. In the third group the tops were re

moved and the eut end fitted with tubes filled with double distilled water. 

The fourth group was treated as the third but the tubes were filled with a 

solution of 15 mg. per litre 3-indolylacetic acid (IAA). All plants in the 

groups treated with ethionine were decapitated and tubes attached which 

were filled with the appropriate ethionine solutions. 

Before the plants were treated, any remaining cotyledons were re

moved. The internode between the first true leaves and the second true 

· leaf was then eut, with a sharp razor blade, 0.5 cm. above the node of 

the first true leaves. A ring of Cello-grease (Fisher Scientific Company, 

Montreal) was applied at a point about 0.5 cm. below the eut end of the 

internode. A glass tube was then placed over the eut end and rotated into 

the Cello-grease forming a water-tight join. Cello-grease was substituted 

for the lanolin that Bentley and Bickle (1952) used because it had a lower 

melting point than the lanolin and was thought likely to make a more stable 

join. Tubes of 2-3 ml. capacity were made from glass tubing of 7 mm. out

aide diameter and tapered at one end to accomodate stems of different di

ameters. 
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The solutions were introduced slowly down the sides of the tubes to 

prevent the formation of air bubbles over the eut end of the stem. After 

8 to 12 hours the tubes were emptied and refilled by means of syringe 

pipettes. This was repeated once every 24 hours for 7 days. All solutions 

were stored in a refrigerator at 4°C. and warmed to air temperature before 

each refilling. After 7 days the lateral leaves were eut off and their 

lengths were recorded by photographing them or by measuring them separately. 

4.12 EXPERIMENTAL 

Four experimenta were carried out in which Cello-grease was used as 

the seal for the tubes. The results are summarized in Table IX. Ethionine 

did not inhibit lateral bud growth at low concentrations. However, in 

three experimenta some stimulation of growth, over that of the water con-

trol, was obtained. Figure 4 shows that in Experiment #4 there was a 

46.3% increase in the growth of the lateral buds at 60,000 gamma per litre 

ethionine when compared with the difference in growth between the top on 

and water controls. 

TABlE IX 

Experiment Ethionine concentrations 
~gannna/litre) 

Result 

1 0.18, 0.6, 1.8, o.o, 12 No inhibition or stimulation 

2 3,000, 6,ooo, 48,000, 60,ooo, Small stimulation of growth at 
300,000 and 600,000 60,000 gamma/litre 

3 ditto ditto 

4 48,000 to 72,000 Stimulated at 60,000 and 72,000 
g annna/li tre ( See Figure 4) 
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Unfortunately in all of these experiments a browning of the stem 

tissue occurred at the point of application of the Cello-grease. This 

browning would tend to indicate that there was sorne oxidizing agent in 
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the grease. If this were so then the stimulation of bud growth by ethionine 

might be due to a counteraction of an inhibition by the oxidizing agent in 

the Cello-grease. 

In an attempt to find a sealing agent which would remove this 

oxidation complication, lanolin was purified according to the method 

given by Redemann, Wittiwer and Sell ( 1950 ). The effect of purified 

lanolin, Cello-grease and non-purified lanolin on growth of bean tissues 

was then tested by applying them to the eut end of the plants and on the 

growing petioles. Taxie effects were indicated by the extent of browning 

and distortion of petiole growth. Contrary to expectation the 'purified' 

lanolin proved rouch more taxie than the non-purified lanolin and Cello

grease was between these two. 

An experiment was done to test the effect of 48,000 - 12,000 gamma 

per litre ethionine in lateral bud growth using non-purified lanolin. 

Unfortunately the low melting point of the lanolin prevented the formation 

of a tight seal and leakage from the tubes resulted. Despite the indi

cations that ethionine stimulates lateral bud growth the experimenta were 

discontinued due to the diff iculties encountered with the sealing grease. 
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4.2 LATERAL ROOTING OF ETIOLATED BE.AN HYPOCOTYI..S 

Tests have been devised e1sewhere which show quantitative re1ation

ships between rooting and the concentration of growth regulators. Leopold 

(1955), mentioned three common methods used for applying growth regulators 

when testing their effect on the rooting of shoot cuttings; these are the 

"soak treatment", the "dip treatment" and the "talc treatment 11 • These 

methods are not easy to control in quantitative studies and are, general1y, 

unsuitable for use in the laboratory. 

Went (1934), described a laboratory test using etiolated Pisum 

seedlings. The method is, briefly, as fol1ows. The shoots, when 10 to 

12 cm. long, are eut off just above the first scale-bearing node after 

which their bases are immersed in a 0.05% solution of potassium per

maganate in water for 4 hours. This treatment disinfects the cuttings 

and improves their keeping quality. According to Curtis (1918), it can 

also improve rooting. The apical bud is removed and the apical end of 

the section is split longitudinally. The split end of the section is then 

immersed in l c.e. of the test solution for 15 hours after which the 

section are removed and placed in a solution of 2% sucrose in water for 

1 days. Attempts were made to use this test. It was round to be un

satisfactory because of funga1 and bacterial contamination in the sucrose 

solution. This caused the stems to rot before the roots emerged. From 

recent correspondance with Dr. Went it has been learned that he has since 

found the test unsatisfactory. 

A rooting test using excised hypocotyls of light-grown dwarf beans 

was described by Hemberg (1951). The method is, briefly, as follows. Ten 

day old, sand cultivated plants of Phaseolus Vulgaris L. possessing two 

full grown leaves and two cotyledons were eut so that the hypocotyl 
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was 5 cm. long. The cotyledons were removed and the plants were placed 

one per lOO ml. brown glass jar which was filled with the treatment 

solution. The jars were placed in boxes covered with glass and containing 

moist sand. The temperature was maintained at 20° - 22°C and twenty 

flourescent lamps of 40 watts each served as the light source. The plants 

were illuminated for 13 hours per day. An attempt to use this test system 

was made despite the necessity of doing the manipulations in a greenhouse. 

It also proved unsatisfactory. 

The experimenta described below were made to determine the suitability 

of excised, etiolated bean hypocotyls as material for a quantitative rooting 

test which could be used, in the laboratory, to study the effects of ethionine 

upon lateral root initiation. It was hoped that in using the etiolated bean 

hypocotyl for this test there would be, in contrast to the test described by 

Went, no need to supply external nutrients and, as a consequence, fungal and 

bacterial contamination in the medium would be eliminated or greatly reduced. 

4.21 METHOD 

Seeds of Burpee's Dwarf, stringless, Green Pod (Round Pod) Beans (see 

section 4.11) were treated with a solution of 2% calcium hypochlorite in 

water for 15 minutes and then rinsed ten times in distilled water. They 

were then soaked in autoclaved tap water at room temperature for 1.5 hours 

with one water change every 45 minutes. The seeds were sown about one per 

square inch on top of a layer of sterile sand, which had been soaked with 

autoclaved tap water, and allowed to drain for two hours. A 1.5 inch layer 

of air-dried sand was placed over the bean seeds and the pans were then placed 

in the dark room (see page 29). All subsequent operations were carried out 



in green light (see page 30). After 4 days in the dark the seedlings 

were watered with sterile tap water. 

When most of the hypocotyls were about 10 cm. high (about 5 to 7 

days after sowing) the seedlings were removed from the seed pans. After 

the first two preliminary experimenta (see section 4.221) those seedlings 

with hypocotyls over 12 cm. high were discarded and the remainder were 

sorted into three groups according to length. These seedlings were 
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trimmed to a length of 5 cm. as measured from the apical side of the bend in 

the hook. During this trimming operation the seedlings were kept under 

moist paper towels to prevent dessication. 

The rooting tests were made in 1.5 oz. glasses (F.~T. Woolworth) 6 cm. 

tall, 5 cm. deep inside, 5.2 cm. in diameter at the mouth and 4 cm. in 

diameter at the base. The vessels were of soft glass. When eight hypo

cotyls were placed in a glass there was a liquid capacity of about 45 ml. 

Two glasses were used per treatment with eight hypocotyls in each. All 

treatments contained the same nurnber of hypocotyls from each length group. 

The hypocotyls were arranged so that the terminal hooks clasped the edges 

of the glass vessels. In this way, all the hypocotyls were immersed to 

about the same height in the treatment solutions (Figure 5). The hooks 

of plants over 12 cm. high were tao far open to clasp the edge of the 

vessel. 

4. 2 2 EXPERIMENTAL 

4.221 PRELIMINARY EXFERD1ENTS TO PERFECT THE TEST 

A preliminary experiment was done to determine whether decotylized 

~ypocotyls alone would supply enough nutrients to permit lateral rooting 



HOOK 

COTYLEDON 

TREATMENT SOLUTION 

HYPOCOTYL 

-+---- VESSEL .EllGE 

FIGUHE 5. A DIAGHAM 2H0.,' INJ. THE A.l1RANGEI-'..E~'T Cl<' ETiûLATED 

B:l!;AN 11{1-CCOTYLS IN A THEATIVJENT GL}$3. EACH HYPOCCTYL V.'A.S 

.Q.RAI\CED 30 THAT THE TEro"'ilNAL HOOK CL.ASPED THE EDGE OF THE 



when an appropriate external auxin concentration was supplied, or 

whether the cotyledons were necessary as a nutrient source. After 4 

days in the dark, lateral roots were initiated on the hypocotyls with 

cotyledons intact and which were in lAA concentrations of 0, 2, 5, 10 
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and 100 mg. per litre in distilled water. The increase in hypocotyl 

length was inhibited at the higher lAA concentrations. In these same lAA 

concentrations the decotylized hypocotyls were stunted and the number of 

laterale was markedly decreased. Thus in the case of the decotylized hypo

cotyls the response to IAA was limited by a lack of nutrienta. 

A second experiment was done to study the effect of intact leaves 

and/or intact cotyledons on lateral root formation when external IAA was 

applied in concentrations of o, 0.1, 0.5, 1.0, 5, 10 and lOO mg. per litre. 

This experiment showed that the cotyledons alone supply sufficient nutri

ents to permit a marked response to IAA. 

Prior to being placed in the treatment solutions, the hypocotyls 

were marked according to the height of the seedling from which they were 

eut. It was found, in all treatments, that hypocotyls eut from seedlings 

13 cm. or over did not give a uniform response. Therefore, in all sUb

sequent experimenta, those seedlings over 12 cm. high were discarded and 

the remainder were sorted into three groups according to length. 

Sorne imc~d~ observations were made after leaving the hypocotyls 

in the light for 5 days following the 4 day dark treatrnent period. These 

are of interest and worthy of mention here. (1) The presence of leaves as 

well as cotyledons permitted hypocotyl length increase in an IAA concen

tration (100 mg. per litre) which was inhibitory to hypocotyl increase 

when the cotyledons alone were present. This suggests that the leaves 
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supply an "'anti-auxin" which reduces the activity of the available auxin. 

(2) Long and branched lateral roots were formed with 0 and 10 mg. per litre 

IAA only if cotyledons alone were present. The presence of leaves as well 

as cotyledons inhibited the lateral root length and reduced the amount of 

branching. (3) The presence of cotyledons promoted chlorophyll formation 

in the hypocotyl near the attachment of the cotyledons and in leaves when 

present. If the cotyledons were not present the chlorophyll was not formed. 

It would appear that the cotyledons supply one or more substances necessary 

for chlorophyll formation. 

In a third experiment, hypocotyls plus cotyledons were treated with 

lAA concentrations ranging from 0.1 mg. to 50 mg. per litre. The resulta 

of this experiment provided an IAA action curve (Figure 6). At 10 mg. per 

litre IAA, many lateral roots were produced with only slight inhibition of' 

hypocotyl length increase. 

The maximum response to exogenous auxin would be expected when en

dogenous nutrients were not limiting but endogenous auxin was at a minimum. 

On the assumption that at least part of the endogenous auxin cornes from the 

cotyledons, an experiment was carried out to test the effect of amputating 

parts of the cotyledons on extension of the hypocotyl and rooting. The 

stages of amputation are shown in Figure 7. The apical bud was removed 

in all treatments. At the same time the effect of IAA concentration on 

the hypocotyls was tested. The resulta are given in Figure 8 which shows 

that with progressive removal of the cotyledons there was, in the minus 

lAA controls, a progressive decrease in the extension growth of the hypo

cotyls and in the number of roots formed. Furthermore, there was a pro

gressive decrease in the number of roots produced in 10 mg. per litre IAA. 
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The amputation of portions of the cotyledons gave little, if any, increase 

in the rooting response to IAA as measured by the difference between 

numbers of roots in the control and 10 mg. per litre lAA. However, with 

less than one whole cotyledon, the extension growth of the hypocotyl was 

decreased. This indicated that, with less than one cotyledon, endogenous 

nutrients were limiting growth. The use of a unilateral nutrient source 

did not appear to affect the distribution of the lateral roots in the 

hypocotyl. 

In view of these facts it was decided that hypocotyls with the 

terminal bud and one cotyledon removed would be used in the rooting test. 

The application of this new rooting test to the detection of rooting 

activity of ethionine ia described in the next section. 

4.222 EFFECT OF ETHIONINE ON ROOTING 

Experimenta were designed to test the effect of ethionine dilutions 

on the lateral rooting response of bean hypocotyls with one cotyledon and 

also on decotylized hypocotyl3. Ethionine dilutions of 1.8 to 18,000 gamma 

per litre were tested. The effect of 10 mg. per litre IAA was included in 

each experiment. 

In the first experiment the hypocotyls were eut after S days and 

treated. The data indicated that'ethionine, at 6 gamma per litre, gave 

a slight increase in lateral root number over the control in the hypo

cotyl plus one cotyledon series. The experiment was repeated. The second 

experiment was done when the seedlings were 7 days old. At this time, the 

seedlings were the same size as those in the first experiment but a differ

ence in the temperature of the growing room caused the second group to 

develop more slowly than the first one did. The data showed that there 
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was an increase of 27% in lateral root number over the control at 60 

gamma per litre in the hypocotyl plus one cotyledon series. Further-

more, there was a 13.3% increase in lateral root production at 1.8 

gamma per litre ethionine in the decotylized series (Table X). 

TABIE X 

Ethionine treatment Number of roots per decotylized hypocotyl 
(gamma / litre) 

0 11.67 :!: .749 (18) 

1.8 14.65 ~ .752 (17) 

Probability of the difference < .01 



4.3 THE GROWI'H OF PRIMARY ROOTS OF WHEAT 

Root elongation is a complex phenomenon involving two processes, 

cell multiplication and cell elongation. Both processes must be con

sidered when one attempts to study the effect of substances on root 

growth. 
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The growth of roots has been rœasured in diverse ways. Most workers 

have simply measured increase in length. In sorne cases cell measurements, 

usually of one cell type, were made to help determine the contribution of 

cell division and cell expansion to the overall growth in length (Torrey 

1956). It is incorrect, however, to assume that the length change in 

one cell type is typical of all the cella. This has been shown by Brown 

et al (1952) and Wanner (1950). The increase in fresh weight has been 

u:~ed to measure root growth by Audus and Shipton (1952) and Audus and. 

Thresh (1953). Clona! root material in sterile culture has been used to 

study root growth. Street (1954) and Street et al (1954) have measured 

root growth in terme of increase in main axis length and in root survi val. 

Boll (1954c, 1955) has measured root growth in this way and also considered 

the initiation of lateral roots and the total length of the ten basal 

lateral roots. Because of the ease and speed of measurement, the measure

ment of root growth in terms of length increase has been used most exten

sively in testing the physiological activity of growth regulating sub

stances. Whilst recognizing its limitations, the rnethod is used here to 

study, quantitatively, the effect of ethionine on primary roots. In sorne 

experimenta the lengths of epidermal cella were also measured. 



The first quantitative test involving intact seedling roots was 

eatablished by Swanson (1946) with Silver King corn. Most of the tests 

described subsequently are modifications of this technique, generally 

using other species of plants (Leopold, 1955). These subsequent tests 

are listed in Leopold (1955) and Torrey (1956). It is interesting to 

note that Burstrom (1950) has developed a technique in which the main 

modification to Swanson 1s method is the use of a constantly flowing 

test solution. Swanson 1s technique as modified and used by Lexander 

(1953) for wheat has been slightly altered and used here. 

4.31 METHOD 
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The seed used in the experimenta reported here was Triticum vulgare 

Vill. var. Thatcher obtained from the Department of Agronomy, Macdonald 

Collage, Ste. Anne de Bellevue, Quebec. 

The seeds were sown, endosperm down, on fïlter paper in sterile, 

11.0 cm. petri dishes. The filter paper was moistened with 8 ml. ot 

double di.stilled water before autoclaving. The dishea of seeds were 

placed in a dark, temperature controlled oven at 26°0. for 48 hours. 

After 48 hours, uncontaminated seedlings with straight roots were 

selected, removed from the germinating dishes, and the primary roots were 

measured. Seedlings, taken at random, were then transferred to 9 cm. 

petri dishes containing the treatment solutions. The length of the 

primary root was marked on the aide of the dish beside the seedling to 

which the meaaurement belonged. 



The basal medium in which the seedlings were grown was that des

cribed by Lexander (1953). The composition is as follows:; 

KH2P04 3 x lo-4M 

KN03 2 x lo-4M 

Ca(N03)2 4 x lo-4M 

MgS04 2 x lo-4M 

MnCl2 8 x 1o-~ 

znso4 6.2 x 1o-6r.t 

HJ1303 3.2 x lo-7M 

H2Mo04 1.24 x 10-~ 

Fe2(S04)3 2.5 x lo-6r.f 

Ali media were autoclaved for 10 minutes at 15 pounds pressure and were 
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cooled to room temperature before they were pipetted into the appropriate 

treatment dishes. Each treatment consisted of three dishes with three 

seedlings in each dish. Each dish contained 4.0 ml. of medium. The 

treatment dishes plus the seedlings were placed in an inctibator at 26° 

0.5°C for 24 hours after Which time the primary roots were measured. 

The roots were then removed from the seedlings and were placed in a 

fixative (2 distilled water :2 ethyl alchol :1 glycerol) and stored in 

small vials until the cell lengths were to be measured. 

About one hour before the cells were to be measured, the excised 

primary roots were pumped in the fixative to remove air bubbles. One root 

was then placed as straight as possible on a slide and covered with a 1:1 

mixture of Javex (sodium hypochlorite) and distilled water. One hour later 

a coverglass was placed carefully over the root. Care was taken to prevent 
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disarrangement of the epidermal cella by not applying pressure to the 

cover glass. The measuring had to be done before the root had been in 

the Javex for two hours because after this period of time the cella were 

disarranged and it was impossible to distinguish the epidermal cella. 

The effect of the fixative and cleaning agent on cell length of wheat 

roots cannet be determined because it is not possible to measure the 

unfixed and uncleared cella of wheat roots. However, the fixative is 

known to have little or no effect upon the size of hypodermal cella of 

the tomato root; (Boll, unpublished data). 

Groups of ten epidermal cella were measured in areas at 15, 20, and 

25 nun. from the root tip by means of a Spencer Research Microscope with a 

X44 achromatic objective and XlO oculars, an eyepiece micrometer and a 

graduated mechanical stage. 

4.32 EXPERIMENTAL 

In a preliminary experiment, the effect of ethionine at concen

trations of 0.1, 1.0, 5, 10, 50, lOO and 500 gamma per litre was teated 

on the growth of the primary roots of wheat seedlings. Growth in length 

was increased by ethionine at 10 gamma per litre. This experiment waa 

repeated three times and the resulta of all four experimenta are given in 

Figure 9. In one of the repeat experimenta a stimulation of root growth, 

over that of the control, occured at 5 gamma per litre ethionine. In the 

ether two experimenta the growth of ethionine treated roots did not sur

pass that of the controls. A combined graph representing the mean growth 

as per cent of the mean growth of the four controls is shown in Figure 10. 

This graph shows that there was a 10% stimulation of primary root growth at 

10 gamma per litre ethionine. 
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To determine whether the stimulation of root growth in the 10 gamma 

per litre ethionine treatment was due, to any extent, to a stimulation of 

cell elongation the experiment was repeated a fifth time and the epidermal 

cell lengths were measured in selected areas of the root (see Section 4.31). 

The results are given in Figure 11 which shows the cell length was in

creased considerably by 10 gamma per litre ethionine. It would appear 

that the over-all increase in root length, above that of the control at 

10 gamma per litre ethionine was due, at least in part, to a stimulation 

of cell elongation. 

The failure of ethicnine to stimulate growth in length of the roots 

in all experimenta is puzzling. Although all efforts were made to keep 

the conditions constant from one experiment to another it was obvious that 

when the seedlings were selected for treatment they were not at the same 

stage of development on each occasion. It is possible that response to 

ethionine varies with the 1physiological age' of the seedling root and 

that in sorne instances any stimulation of increase in cell length by 

ethionine was offset by an inhibitory effect on cell division. For the 

purposes of this thesis, it is sufficient to record that ethionine, under 

sorne conditions, increases the final size of epidermal cells in the roots 

of wheat seedlings. 
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4.4 THE GROWTH OF HYPOCOTYLS AND ROOTS OF FLAX SEEDLINGS 

Quantitative tests designed to study the effect of growth regulating 

substances on seedling growth, particularly the growth of roots, have been 

listed elsewhere (Section 4.3). These were modifications of the method of 

Swanson (1946). A particularly effective modification of this method was 

that of Audus (1951) which involved placing cress seedlings on the rim of 

a cylinder of filter paper in a glass tube containing the solution to be 

tested. This modification was of value because the roots grew straight, 

they were easily measured, and repeated measurements could be made at 

intervals through the glass without disturbing the test plants. The method 

used here to test the affect of ethionine dilutions on the growth of the 

hypocotyl and root of flax (Linum usitatissimum L.) seedlings is a modifi

cation of the method of Audua. 

4.41 METHODS 

The seed used in the experimenta reported here was obtained from Dale 

Laboratories Incorporated, Montreal. They were germinated in the dark room 

in a cylinder 17 cm. in diameter and 25 cm. long which was lined with filter 

paper moistened with autoclaved tap water. The cylinder was closed at its 

open end by a glass plate and was sealed tightly with lanolin paste. 

After 48 hours the seedlings vere selected for uniformity and dis

tributed at random, eight to a treatment chamber. The treatnent chambers 

comprised a covered dish 8 cm. in diameter and 4 cm. deep. Within this a 

piece of plate glass 7 cm. vide and 8 cm. high, which was covered with 

filter paper, rested on the bottom at a 300 angle. The filter paper dipped 



into the 10 ml. of solution. Eight seedlings were arranged on the 

filter paper in a row approximately 4 cm. from the base of the glass 

plate. The basal medium in which the seedlings were grown contained 

1% sucrose and 17 mg. per litre calcium sulfate (CaS04)• During the 

treatment tirne, the dishes were kept in a closed glass chamber lined 

with wet paper towels. 

The seedlings were measured with a millirneter ruler at one, two 

or three daya, or on all three days when growth curves were being de-

termined. 

4.42 EXPERIMENTAL 

The effect of ethionine concentrations of 1, 5, 10, 50, lOO, 200, 

500, Boo, 1000, 5000, 10,000, 15,000 and 20,000 gamma per litre were 
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teated on the growth of the hypocotyl and the root of the flax seedlings. 

In eleven out of sixteen experimenta the hypocotyl showed greater or 

lesser stimulation. In six out of thirteen experimenta the root showed 

greater or less stimulation. In one experiment 50% inhibition of radical 

growth occurred at approximately 500 gamma per litre ethionine. 

Sorne experimenta were done to compare the affects of ethionine on 

seedlings growth in the ligbt as opposed to the dark but the resulta ob

• tained were inconclusive. 

1 
Since the termination of the experimenta for this thesis, a test 

to study the affects of ethionine on the growth of isolated flax root tips 
was done by Boll (unpublished). In this test 10 mm. root tips were excised 
from two day o1d flax seedlings and were treated in 9 cm. petri dishes 
which contained the same basal media as for the seedling tests above. The 
root tips were placed above the treatment solution on a piece of glass 
which was covered with filter paper. Eight tips were treated in each dish 
for 24 - 48 hours. The control growth was 5 mm. in 24 hours and 6 mm. in 
48 hours. The ethionine treatments inc1uded concentrations of 1, 5, 10, 
50, lOO, 500, 1000, 5000, 10,000, 15,000 and 20,000 gamma per litre. An 
apparent stimulation of the growth in root 1ength occurred at approximate1y 
50 gamma per litre ethionine. 



4•5 ETIOLATED ffiA SECTION STRAICrHT GROWTH TEST 

According to Leopold (1955), "the physiological basis for straight 

growth tests is the simple stimulation of stra.ight growth by auxins". 

In such tests there are no limitations to the transport of the subs

tance to be tested and there is no necessity for elaborate equipment. 

These two facts make the straight growth tests popular for testing the 

effect of growth inhibitors on cell size increase. 

A straight growth test using pea stem sections was first described 

by Thimann and Schneider (1939). Other workers have used this test with 

slight modifications to study the affects of various compounds on cell 

size increase. Included among these are Galston and Rand (1949), Miller 

(1954), Nitsch (1955), and Schrank (1956). The straight growth test 

using etiolated pea sections has been slightly modified for use under 

the McGill laboratory conditions. 

4.51 METHOD 

The pea seeds used in the experimenta reported here were Pisum 

sativum L. var. Alaska purchased from Dupuy and Ferguson Ltd., Montreal. 

The seeds were soaked for 4 hours in autoclaved tap water in the 

dark. They were sown by the same method used for the Dwarf Green beans 

( see section 4. 21), e~.c• that they were covered wi th one half an inch 

of dry sand instead of the partially air- dried sand. 

When the third internode was 1 - 2 cm. long (after approximately 
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6 days) the seedlings were harvested and the sections were eut just below 

the hook with a secti on cutter giving an i nitial length of approximately 
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7.4 mm. The sections were stored in a 9 cm. petri dish containing dis

tilled water until the cutting operation was over. They were thoroughly 

mixed prior to distributing them among the treatment dishes. 

The sections were treated in 6 cm. petri dishes containing 5 ml. of 

solution and 10 sections per dish. The basal medium was 2% sucrose and 

the pH was adjusted to 5.5. 

The sections were measured against a millimeter plastic ruler on 

the stage of a dissecting microscope. They were measured to the nearest 

0.5 mm. by using, in addition to the ruler, a graduated ocular in the 

microscope. 

4.52 EXPERIMENTAL 

The effect of ethionine, at concentrations of 0.1 - 25,000 gamma 

per litre, was tested on the length increase of etiolated pea hypocotyl 

sections. Concentrations of 0.1 and 1.0 mg. per litre IAA were included 

in each experiment and the experiment was repeated four times. The resulta 

are gi ven in Figure 12 which shows that, from one experiment to another 

there was a considerable variation in response to both IAA and to ethionine. 

However, in e:xperiment #5 the stimulation of gro'trt.h byethionine at 10 gamma. 

per litre was significant with a probability of 0.05. By comparing the 

resulta of these experimenta it can be seen that, generally speaking, when 

the response to auxin was high, then ethionine stimulated the growth but 

when the response to auxin was low then ethionine inhibited growth. 

In an attempt to eliminate the variability in response to IAA sorne 

experimenta were done to test the effect of various pre-treatments on the 

response to IAA. The pre-treatments included pre-soaking the sections in 
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distilled water for 1, 2 or 3 hours or in 1 mg. per litre manganese 

sulphate (MnS04.H20) for 3 hours or exposing the seedlings or sections 

to red light (Kodak, Wratten, Series One, Filter) for durations of 15, 
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30 or 90 minutes. A11 of these treatments are be1ieved to reduce the 

effect of endogenous auxin (Nitsch and Nitsch, 1956). None of the treat

ments gave any consistent increase in the reliability of the response to 

IAA. 

In one experiment the effect of ethionine on sections pre-soaked 

in manganese sulfate solution (MnS04.H20 . 1 mg. per litre) was tested. 

The resulta showed that manganese lowered the response to a suboptimal 

concentration of IAA and also lowered the response to the ethionine con

centrations (Figure 13). 

As has been mentioned previously, the response of the sections to 

ethionine appeared to be correlated with the response of the sections to 

IAA. In view of this an experiment was done to test the effect of the 

ethionine concentrations in the presence of three auxin concentrations. 

The resulta of this experiment are shown in Figure 14. It will be noted 

that, in the three auxin concentrations, the response to ethionine treat

ment was very variable. One point is noteworthy. At 500 gamma per litre 

ethionine in 0.1 mg. per litre IAA there was a definite inhibition of the 

section growth. In this same ethionine concentration but in the presence 

of 0.01 IAA mg. per litre there was no inhibition of the section growth. 

It would appear that there was an interaction between ethionine and IAA 

at 500 gamma per litre ethionine. 
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4.6 THE EXPANSION OF ETIOLATED BEAN LEAF DISCS 

If etiolated plants, in which leaf size is suppressed, are ex

posed to light for a brief period of time a greatly enhanced expansion 

of the leaves occurs. It is apparent that a photoreaction other than 

photosynthesis occurs in the leaves and this photoreaction influences 

the expansion of etiolated leaves. Miller (1951) has devised a test, 

using dises punched from etiolated leaves, to study this photoreaction 

and other related reactions involved in the increase in the cell aize of 

leaf tissue. 

The etiolated leaf dise test is a relatively simple one for which 

little elaborate equipment is needed. Dises are eut from the etiolated 

leaves and placed on the bottom of a petri dish lined with filter paper 

and containing a basal medium composed of D-glucose and potassium nitrate. 

The manipulations are done in green light. After three days in the dark 

the dises are removed and their diameters are measured. The expansion is 

nearly uniform in all directions. 

Miller (1951) found that the exposure of the dises to white light 

atimulated the growth of the tissue beyond the limited amount which occurs 

in the basal medium in the dark. He also found that treatment in the dark 

with cobalt salts would stimulate the expansion of the dises. In a 

subsequent paper (Miller, 1952) he showed that this tissue increase was due 

to cell size increase which was nearly uniform throughout the dise. Miller 

suggested that the light and the cobalt actions were influencing the same 

processes because in all the plant materials which were tested including: 

(a) etiolated Burpee Dwarf Stringless Greenpod beans, (b) young green pea 



54. 

plants (var. Little Marvel), (c) green leaves of Chenopodium album and 

(d) green leaves of radish (var. French Breakfast) one effect could not 

be observed unless the other effect occurred as well. It was also shown 

that light and cobalt were additive in their effect on the expansion of 

etiolated bean leaf dises. This fact could be a point in favour of the 

argument that light and cobalt are affecting the same part of the physio

logical mechanism of cell expansion. 

It would appear from Miller•s work that the leaf dise test, which 

he devised, is valuable for observing the effect of growth regulating 

sUbstances on cell size increase. These observations can be made with 

or without the influence of the light effect. By auch observations it 

may be possible to determine what steps are involved in the processes of 

cell size increase and which of these are dependent upon a light effect. 

Miller•s leaf dise test was used here to study the effect of ethionine on 

cell aize increase. 

4.61 METHOD 

Burpee beans (Section 4.11) were sown and grown as described for the 

lateral root initiation test (Section 4.21). When the plants were about 

31.0 cm. high (about 11 to 14 days after sowing, depending upon the tem

perature) the leaves were removed and placed, until all the dises were eut, 

in a deep petri dish lined with moist filter paper. The dises were eut with 

a brass cork borer 0. 5 cm. in diameter. Two dises were eut from each leaf, 

one from ~ach aide of the mid-vein at the base of the leaf. Each dise 

included a lateral vein approximately at the diameter of the dise. A 

glass rod was used to r emove the dises from the cork borer. About sixty to 



eighty dises were placed temporarily in petri dishes lined with moist 

filter paper until all the cutting was completed. 

After all dises had been eut, they were distributed into 9 cm. treat

ment petri dishes. Each treatment dish received the same nwnber of dises 

from each storage dish. The dises were placed, upper epidermis down, on 

top of two pieces of filter paper previously moistened with 5 ml. of the 

treatment solutions. Two dishes with eight dises in each were used for 

each treatment condition unless stated otherwise. 

The basal medium contained D-glucose (3%) and potassium nitrate 

(0.08 M). In any one experiment a maximum of four controls were included. 

These were: 

1) Basal me di uni plus green light 

2) Basal medium plus white light treatment 

3) Basal medium plus cobalt sulfate (5 p.p.m.) plus green light 

4) Basal medium plus cobalt sulfate (5 p.p.m.) plus white light 

treatment. 

The ethionine concentrations ranged from 0.18 to 18,000 gamma per litre. 

The m~dia were not autoclaved and pH was adjusted to 5.6. 

After the dises were placed in the trea+~nt dishes they were exposed 

to white light for a time wtdch varied from one experiment to another. For 

the description of the white light source see page 30. The dises were 

grown for 4 days in the dark and then measured with an ocular micrometer in 

a binocular microscope. Before measuring, the dises were blotted on filter 

paper and then placed between two microscope slides held together with 

elastic bands. The ends of both slides were bound in Scotch Tape to pre

vent the dises from being crushed between the slides. 



4.62 EXPERIMENTAL 

The experimenta reported in the following section were designed to 

test whether the stimulation of expansion of leaf dises by light, cobalt 

and light plus cobalt, as reported by Miller (1952), could be reproduced 

here. In subsequent sections the affects of ethionine and varions growth

active sUbstances are reported. 

4.621 THE EFFECT OF LIGHT, COBALT AND LIGHT PLUS ÇOBALT 

The effect of increasing expost~e to light, in the presence and 

absence of cobalt sulfate at 5 p.p.m., is shown in Figure 15. The resulta 

are similar to those reported by Miller. Dises without light treatment 

expanded slightly and a light exposure of as little as one minute gave a 

marked increase in the expansion. With longer light exposure the expansion 

increased slightly and continued to increase up to the longest light treat

ment used (30 minutes). The curve was linear between one minute and 30 

minutes. The graph also shows that expansion in the absence of light was 

increased by cobalt ~d that the increaae due to light and cobalt together 

was more than additive. 

The effect of cobalt concentration on expansion of dises given a 

light treatment of 6o minutes is shown in Figure 16. The curve is sim:i.lar 

to that obtained by Miller with the optimwn at 5 p.p.m. Cobalt sulfate 

was inhibitory at higher concentrations. 

In subsequent experimenta reported here the cobalt sulfate concen

tration was 5 p.p.m. and the light exposure was 5 minutes unless stated 

otherwise. 

The average final diameter of 5 mm. dises obtained by Miller are 

shown in Table XI. The se can be compared wi th the various experimenta 
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reported here. In general, the growth of the dark controle was on the 

order of that obtained by Miller. Growth with light, cobalt, or light 

Table XI 

Dise treatments Meèlt ;f';inal diamet:err {mm.) 
· · (lti;ller 12~) 

Dark control 6.6 

Light control 8.1 

Cobalt & dark 8.3 

Cobalt & light 9.7 

plus cobalt was generally somewhat lower than that obtained by Miller. 

This was possibly due to a difference in the conditions under which the 

plants were grown in the two labs. The responses obtained were considered 

sufficient to justify the use of the test to study the effects of ethionine 

on cell size increase in leaf tissue. 

An incidental observation was made after the dises had been measured 

and left in the light for 24 hours. The dises which had been treated with 

cobalt did not develop chlorophyll as the other dises had done. Cobalt 

appeared to inhibit the process of chlorophyll production. An experiment, 

illustrating this effect with a range of concentrations of cobalt, is shown 

in the Kodachrome transparency (Figure 17) • 

4.622 THE EFFECT OF ETHIONINE 

Three experimenta were done to test the effect of lower ethionine 

concentrations of 0.18, 0.6, 1.8, 6, 18 and 60 gamma per litre on leaf 

dise expansion in the absence and in the presence of a light treatment. 

No significant effect was obtained either in the light or the dark in any 



FIGURE 17. KODACHROME TRANSPARENCY SHO\'IING THE INHIBITORY 

EFFECT OF COBALT CONCENTRATION UPON CHLOROPHYLL PRODUCTION 

IN BEAN LEAF DISCS. 

A = DARK CONTROL 

B - LI GHT CONTROL -
cl - o. 5 p.p.m. COBALT SULFATE -
02 = 1.0 p. p. m. COBALT SULFATE 

o~ = 2.6 p.p.m. COBALT SULFATE 

04 = ~.o P• p. m. COBALT SULFATE 

c = 5 5. 0 p. p.m. COBALT SULFATE 

06 = 10.0 p.p.m. COBALT SULFATE 



;8. 

of these experimenta although in one of them a slight inhibition of the 

light stimulation was produced by 1.8 gamma per litre. 

Two preliminary experimenta were carried out to test higher con-

centrations of ethionine in the presence and absence of light. The con-

centration range was 60 to 18,000 gamma per litre. In both of these ex-

periments ethionine at 600 gamma per litre increased the expansion of dises 

treated with light. There was no effect in the absence of light. The 

resulta of one of these experimenta are given in Figure 18. In order to 

confirm the stimulation of light-treated dises by ethionine, a third ex-

periment was carried out in which a larger number of replicates per treat-

ment was used and the results were analyzed statistically. The resulta are 

given in Table XII. Standard errors for the light control and light plus 

800 gamma ethionine are included and numbers of replicates are given in 

brackets. The difference between the means of the light control and light 

Table XII 

800 gamma/litre ethionine plus Light control p 
light (eyepiece divisions) (eyepiece divisions) 

3.868+0.0505 (36) 3.675~0.0355 (32) < .01 

1 eyepiece division=l.88 mm. 

plus 800 ethionine was compared by a t-test and folllld to be highly signifi

cant (P < .01). Th11s it is concluded that ethionine stimulated the cell 

expansion in these etiolated leaf dises. 

Some incidental observations were made after the dises of the second 

of the first two preliminary experimenta had been measured and left in the 

light for 24 hours. Ethionine concentrations of 180 gamma per litre and 

above were found to inhibit chlorophyll formation. It is interesting that 
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both ethionine and cobalt (Section 4.621) have been shawn to inhibit 

chlorophyll formation in view of the fact that they both stimulate dise 

expansion after a light treatment. 

In view of the stimulatory effect of ethionine, following light 

treatment, it was decided to examine whether ethionine and light, or 

ethionine and cobalt, showed additive effects comparable to the additive 

effect between light and cobalt in the expansion of the leaf dises (Miller, 

1952). 

Figure 19 shows the effect of a range of concentrations of ethionine 

on leaf dises treated with light for either 30 minutes or 90 minutes. The 

increase in growth with the longer light treatment in the absence of ethion

ine, as shown in Figure 16, is confirmed here. Ethionine stimulated expan

sion with both light treatrnents. The interpretation of the results is co~ 

plicated by the fact that 180 gamma per litre ethionine stimulated expansion 

with the short light treatment but not with the long light treatment. Fur

thermore, ethionine at 900 gamma per litre was inhibitory with the short 

light treatment but this inhibition was counteracted by the long light 

treatment. However, on the basis of a comparison of the effect of ethion

ine in the two light treatments, there was an additive stimulation between 

light and ethionine at 300 gamma per litre ethionine. The results indicate 

that there was interaction, though complicated, between ethionine and the 

light controlled growth process of the leaf dises. 

Figure~O shows the effect of a range or concentrations of ethionine 

treated with light (4 minutes) and 0, 1.3 and 5.0 p.p.m. cobalt sulfate. 

Etr~onine stimulated expansion in the absence of cobalt. However, ethion

ine, if anything, decreased the stL~ulatory effect of cobalt following light 
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treatment. This is in contrast to the type of interaction between light 

and ethionine shown in the previous experiment. Alllino acids are known to 

act as chelating agents. Thus the effect of ethionine on the stimulation 

by cobalt might be explained if ethionine acts as a chelating agent making 

the cobalt unavailable to the leaf dise. 

4.623 EFFECT OF SOME GROWTH REGULATOR, PENICILLIN G AND ETHYLENEDI
AMINETETRAAOETI.O .. AOID 

It was suggested in the introduction that the morphogenetic affect 

of ethionine on the excised tomato root rnight be a consequence of an inter-

ference with sulfhydryl (SH) metabolism. Theories of auxin action (Leopold 

and Guernsey, 1953; Siegel and Galston, 1954; and Muir and Hansch, 1955) 

include the idea that auxins combine with SH groups of sorne protein system 

mediating growth. Similarly the effect of certain antiauxins, for example, 

maleimides (van Overbeek et al, 1955) and triodobenzoic acid (TIBA)~ 

according to Leopold and Priee (1956), is attributed to the combination of 

the antiauxin with such -SH groups. Liverman (1955) states that IAA does 

not consistently stimulate the expansion of the bean leaf dise and it is 

possible that if IAA (auxin) is involved in the expansion of the dises it 

is present in supra optimal concentrations. It was felt that a study of 

the effect of sorne antiauxins and the substa~ce Penicillin G, which is 

believed (Cavallito, 1946 and 1947) to interfere with sulfhydryl metabolism, 

might throw sorne light on the question of whether ethionine stimulates 

growth of the dises as a consequence of an affect on sulhydryl metabolites 

which can be affected by growth regulators. These experimenta are reported 

below together with an experiment in which the effect of ethylenediarninetetra

acetic acid (EDTA) was studied. 
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The effect of EDTA (Bersworth Chemical Co., Framingham, Mass.) was 

tested, at .01, .03, 0.1, 0.3, 1.0, 3, 10, 30 and lOO mg. per litre on the 

expansion of leaf dises given a light treatment (5 minutes) and in the 

absence of cobalt. A slight increase in expansion of the dises occurred 

at 3 mg. per litre EDTA but the resulta, at noninhibitory concentrations 

were tao erratic to attribute any significance to this slight increase. 

The EDTA was inhibitory at 10 mg. per litre and higher concentrations. 

It was concluded that the results do not support the view that the 

stimulatory effect of ethionine could be attributed to chelating pro

perties. 

Penicillin G (U.S.P. Nutritional Biochemicals Corporation) was tested 

in two experimenta on the expansion of light-treated (5 minutes) leaf dises 

in the absence of cobalt. In the first experiment the concentration range 

was .01, .03, .1, 13, 1, 3, 10, 30, lOO mg. per litre. In the second ex

periment the range was 3, 10, 30, 100, 300, 600 and iooo mg. per litre. 

Penicillin G did not stimulate expansion in either of these two experimenta. 

The second exreriment showed that Penicillin G was inhibitory at 300 mg. 

per litre and higher concentrations. 

The following is a list of substances which have been shown, in the 

reference given beside each substance, to reversibly counteract the effect 

of an exogenous auxin in sorne plant growth systems. They are, therefore, 

considered to be antiauxins. 

PAA = 

m-MPAA = 

TCPAA = 

o-CPIBA .. 

phenoxyacetic acid (McRae and Bonner, 1953) 

m-methyl phenoxyacetic acid (Aberg, 1956) 

tri-chlorophenoxyacetic acid (McRae and Banner, 1953) 

o-chlorophenoxyisobutyric acid (Ditto) 



p-CPIBA = o<. (P-chlorophenoxy) isobutyric acid (Ditto) 

2-4-DCPIBA = c:A (2-4-dichlorophenoxy) iso butyric a cid (McB.à.e ; and Banner, 
195;) 

TIBA = tri-ioda benzoic acid (Ditto) 

MH = maleic hydrazide (Leopold, 1955) 

Each of these substances was tested, over a range of concentrations, on the 

expansion of leaf dises light treated for 5 minutes and in the absence of 

cobalt. The range of concentrations in: each case wa.s 0.01 1 0.1, o.;, 1.0, 

;.o, 10, 20 and 50 mg. per litre. Of these compounds o-CPIBA, p-CPIBA, 2-4-

DCPIBA and MH were obtained from the California Foundation for Biochemical 

Research, PAA and TIBA from Eastman Organic Chemicals, m-MPAA from the Ald-

rich Chemical Company Incorporated and TCPAA from the Bios Laboratories In-

corporated. The resulta are shown in Figures 21, 22 and 2;. In each of these 

experimenta a dark control and light plus cobalt control were included and 

showed the typical differences in final diameters. 

The compounds fall into three groups. In the first group (2-4-DCPIBA 

and p-CPIBA) inhibition commenced at low concentrations and increased with 

increase in concentrations up to the highest concentration tested. In the 

second group (MH, m-MPAA and o-CPIBA) there was slight stimulation at low 

concentrations and inhibition at higher concentrations. In the case of 

m-MPAA the inhibition was relieved to some extent at the highest concentration. 

In the third group (TIBA, PAA and TCPAA) inhibition commenced at low con-

centrations, was relieved1 to a greater or lesser extent, at higher con-

centrations and was inhibitory again at the highest concentrations. The 

most exaggerated form of this unusual curve is seen in the case of TCPAA 

(Figures 2; and 24) in which the inhibition by low concentrations was relieved 

at higher concentrations where the growth was equa.l to tha.t of the light plus 
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cobalt control. In other words, at appropriate concentrations, TCPAA com

pletely replaced cobalt in the expansion of light treated leaf dises. 

Sorne interesting incidental observations were made when the dises of 

this experiment were measured. These inelude the influences of TCPAA on 

(1) vein as opposed to lamina expansion and (2) the retention of yellow 

pigments during the experiment. After an exposure of 36 hours to light 

following the treatment by TCPAA, the amount of chlorophyll formed in the 

dises was also noted. 

When the dises were measured, after 72 hours in the dark, it was 

noted that those treated with 0.3 to 30 mg. per litre TCPAA were curled 

under at the edges. This was particularly marked in the dises from the 0.3, 

1 and 3 mg. per litre concentrations. It was also noted that in the dises 

treated with 3 to 30 mg. per litre TCPAA the thickness of the veins was con

siderably greater than in the other treatments, including the controls. At 

lOO mg. per litre and above, curling at the edge occurred but in an upward 

direction so that the dises looked like dise shaped boats. An inhibition 

in dise size accompanied this la~ter curling (Figure 24). The curling under 

of the dises in the lower concentrations and then upwards in the higher con

centrations indicates that in the first case a stimulation of vein increase 

oecurred without a corresponding stimulation of the lamina increase and in 

the latter case there was an inhibition of the vein increase. 

The dises, at the time they were measured, were found to differ in the 

amount of yellow pigment present. The dises treated with 0.3 - lOO mg. per 

litre of TCPAA were a very pale yellow as compared to those of other treat

ments and the controls. This suggests that TCPAA either leads to the break

dawn of the carotenoids present or inhibits the synthesis of carotenoids 

which are being broken down continuously in the dises. 
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After the dises were measured and exposed to white light for 36 

hours it was noted that chlorophyll was lacking in the dises which had 

been previously treated with 10, 30 and 100 mg. per litre TCPAA. It would 

appear that pretreatment with an antiauxin, or with cobalt (Section 4.621) 

and ethionine (Section 4.622), prevents chlorophyll formation in leaf dises 

after they are exposed to white light. 

The interpretation of the results presented in this and the previous 

section would be facilitated by information on the following: (a) the effect 

of methionine alone, and together with ethionine and (b) the effect of auxins 

on the inhibitions or stimulations obtained with certain of the antiauxins 

used here. Uhfortunately, it was impossible to complete this series of 

experimenta because of persistent fungal contamination of the leaf dises. 

Recent correspondance with Miller indicated that, after he moved to Wis

consin from Ohio State University, he encountered fungal contamination which 

has made the use of the test impossible at Wisconsin. It should be possible 

to elirninate this problem, with its attendant waste and frustration, by 

growing, and manipulat:l_ng the bean plants under completely sterile con

ditions. However, it was not possible to construct the necessary facilities 

within the project reported here. 



5.0 DISCUSSION 

The use of amino acid antagonists to obtain new information about 

metabolic pathways in micr:on.r.garib:m.s and animals has been quite extensive 

(Schrank, 1956). The use of ethionine for this purpose in bacteria and 

rats will be discussed later. Its use to study the metabolism of higher 

planta was neglected until Boll (1954d) reported an inhibition in growth 

of excised tomato roots by ethionine. The main points from this work, 

which is discuased in Section 2.4, are repeated here to facilitate the 

general discussion. The inhibition was relieved by methionine, homo

cysteine, homocystine, and t~ sorne extent, ethanolamine. Boll also 

reported that ethionine and various ratios of methionine (or homocysteine) 

to ethionine caused sorne significant changes in the morphology of the roots. 

The influence of ethionine upon the morphology of these roots, particularly 

upon the frequency of lateral root production, was of added interest because 

the response to ethionine or ethionine plus methionine was influenced by 

the presence or absence of niacin. It is known that the frequency of lateral 

root production can be altered in a similar way by IAN (Street et al, 1954) 

and NAA (Boll, unpublished). Tryptophane is a precursor common to both 

niacin and IAA. Although IAA is not known to occur in tomato roots, it is 

possible that lAA, or sorne product thereof, is involved in the growth pro

cess. Thus when niacin is aupplied to the roots the growth effects could 

be, at least in part, due to an increase in IAA synthesis as a consequence 

of the greater availability of tryptophane. Thus it could be the resultant 
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increase in auxin quantity which was influencing the response to ethionine~ 

or ethionine plus methionine 1 and not the niacin molecule itself. Con

sidering the above data 1 it was felt that there was strong evidence to 

support the idea that, in the excised tomato root 1 there is a relation

ship between the metabolism of methionine and the suspected hormonal mech

anism involved in the growth of the root. 

The purpose of the research reported here (Sections 4.1 1 4.21 4.)1 

4.4, 4.5 and 4.6) was to determine whether ethionine could influence the 

growth of plant systems 1 other than the isolated tomato root, which are 

suspected or known to involve an auxin controlled growth mechanism. If 

ethionine was found to exert an auxin-like influence upon plant growth sys

tems in general, it was hoped that at least one system would prove suitable 

for the determination of the mode of action. 

A summary of the kndwn affects of ethionine on higher plants, including 

the resulta of the research done herein, is given in Table XIII. From this 

table it will be noted that high concentrations of ethionine usually 

inhibit growth and that a stimulation in growth occurred at relatively low 

ethionine concentrations (1 to 60 gamma per litre) in all but four of the 

eleven systems studied. In one of the four (etiolated bean leaf dises) 

stimulation of expansion occurred at 600 gamma per litre ethionine following 

a light treatment. In a second (lateral bud development in green beans) a 

possible stimulation occurred at 60,000 gamma per litre ethionine. This 

stimulation by ethionine is of doubtfUl nature considering the suspected 

presence of an oxidizing agent in the sealing agent used (see Section 4.12). 

It may be that, under the conditions of these experimenta, much of the 

ethionine was destroyed or that a high external concentration was required 

to give a low endogenous concentration which was actually responsible for 



TABlE XIII 

THE EFFECT OF ETHIONINE ON S011E PLANT GRO\fTH SYSTEMS 
.. ____ 

STIMULA TORY lNHIBITORY 
TEST SYSTEM CONCENTRATION CONCENTRATION REFERENCE 

(gamma/litre) (gamma/litre) 

1) Systems involving cell size of excised shoot tissue 
a) Increase in length of etiolated 10 -- Reported 

pea epicotyl sections he rein 
b) Expansion of etiolated be an 600 1,800 Ditto 

leaf dises 
c) Elongation of Avena coleoptile low conc. not 10,000=50% Schrank, 

sections tested inhibition 1956 
d) Growth curvature of Avena Ditto 2,000 Ditto -coleo~tile sections 
2) Systems involving growth of shoot tissue (intact) as a product of cell 

di vision and cell enlargement 
a) Lateral bud development in 

1 

60,000 {?) none Reported 
dwarf green beans he rein 

b) Flax seedling hypocotyl growth 1-50 500 Ditto 
3) Growth of intact roots 
a) Rooting of etiolated excised 

bean hypocotyls 
i) plus one cotyledon 60 300 Ditto 

ii) plus zero cotyledons 1.8 300 Ditto 
b) Growth of roots of flax l0-50 500 Ditto 

seedlings 
c) Growth of roots of wheat 10 lOO Ditto 

seedlings (in this case it 
was possible to measure 
increase in cell size alone) 

41 Growth of excised roots as a product of cell division and cell nlargement 
a) Excised tomato roots in culture 

i) without niacin 
length of main axis 6.0 12.0 Boll, 
No. of lateral roots 6.0 30.0 unpublished 
length of 10 basal roots 30.0 60.0 
(laterals) 

• ii) with niacin 12.0 30.0 
length of main axis 12.0 30.0 
No. of lateral roots 1.2 60.0 
length of 10 basal roots 
(laterals) 

b) Excised flax root tlj:>_ growth 50 500 (50%) Ditto 
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the response. Another reason for the stimulatory response at such a high 

concentration may be that this was the only test system in which green plant 

tissue was treated. The other two growth systems which were treated with 

ethionine, and in which stimulation by ethionine did not occur, were the 

elongation and growth curvature tests of Avena coleoptile sections (Schrank, 

1956). However, the effects of concentrations lower than 1000 gamma per 

litre were not reported by Schrank. It is interesting to note that the 

stimulation in growth due to a stimulation in cell size increase (Table XIII -

numbers la, lb, 2b and 3c) was obtained by the same law ethionine concen

tration in three of the four plant systems involved. A synthetic auxin has been 

shown to influence the cell size increase in each of these systems which are 

la) elongation of etiolated pea epicotyl sections (reported herein), lb) 

etiolated bean leaf dise expansion (Liverman, 1955), 2b) flax seedling hypo

cotyl growth (Boll, unpublished) and 3c) growth of roots of wheat seedlings 

(Burstrom, reported by Bentley, 1958). 

Although synthetic auxins have not been shown to stimulate lateral bud 

development as ethionine has been shown to do here, but rather to inhibit it, 

they are known to stimulate lateral rooting on cuttings (Leopold, 1955) which 

ethionine does on the etiolated bean hypocotyls reported herein (Section 4.222). 

As has already been mentioned, Street et al (1954) and Boll (unpublished) 

have shown that lAN and NAA increase the frequency of lateral root production 

in isolated tomato roots. Ethionine also causes such an increase. From the 

above results it is evident that ethionine, to sorne extent, reproducea most 

of the effects known to be caused by auxins in a number of plant growth 

s.ystems. 

As well as the evidence for the stimulation of t he auxin controlled 

growth systems by ethionine, mentioned above, there is evidence for the 



interaction of ethionine either with exogenous IAA or other factors which 

affect auxin controlled growth processes. Thus it is shown here that auxin 

(IAA) or ethionine st).mulated pea section growth and that there was also 

an interaction between ethionine and lAA at 500 gamma and 0.1 mg. per litre 

respectively (Section 4.52). This may mean that lAA and ethionine are 

a~ttve in the ~~me process. Light (Miller, 1952) and lAA (Liverman, 1955) 

will stimulate the increase in the size of cells of etiolated bean leaf 

dises, although the stimulation due to IAA was not consistent (Liverman, 

1955). In the research reported here (Section 4.622) it was shown that 

ethionine, following a light treatment, stimulated the growth of the cells 

above the stimulation due to light alone. Furthermore, it was shown that, 

in this light regulated growth process, there was an interaction, though 

complicated, between ethionine and duration of the light treatment. 

In order to provide a discussion of possible relationships between 

ethionine and auxin action, a general discussion of the metabolic functions 

of methionine, the known interference sites of ethionine upon metabolism 

(particularly methionine metabolism), a brief summary of sorne theories of 

auxin action, and now ethionine could affect the postulated mechanisms, is 

given in the following sections. 

METABOLIC FUNCTION AND RELATIONSHIPS OF METHIONINE 

Methionine is an essential sulfur containing amino acid in metabolism. 

It is formed by methylation of homocysteine. The origin of the methyl group 

for methionine is not certain but it may come from choline or a one-carbon 

fragment produced from serine (Challanger, 1951; Brown and Byerrum, 1952). 

The formation of methionine from homocysteine is thought to be reversible 



(Banner, 1950). The metabolic functions of methionine are summarized in 

a word-diagram (Figure 25) and are listed below in more detail 

Transmethylation. Methionine has been shawn to be a source of labile methyl 

which is used in the production of a number of methyl containing compounds 

in both plants and animals~ 1) The incorporation of methionine methyl into 

plant alkaloids such as nicotine in tobacco plants (Dewey et al, 1954; and 

Axelrod, 1955) and into hordenine of barley (Matchett et al, 1953) has 

been demonstrated. 2) Methionine transmethylation has been shawn to occur 

in mammalian tissue with the resultant forrnation of creatine and trigonel

line (Challanger, 1951). 3) 2-methylethanolamine, 2-dimethyl-ethanolamine 

and choline (Hatchett et al, 1953) are produced from methionine in plants 

by transmethylation. These compounds are important for the synthesis of 

phospholipids (Banner, 1950). 4) It has also been found that the methoxyl 

groups of lignin can arise from the direct transfer of methyl groups from 

methionine (Byerrum et al, 1954) and 5) these methyl groups are also used 

in the synthesis of pectin and protopectin (s·ato et al, 1957). 

Demethylation. The removal of the methyl group from methionine results in 

the production of homocysteine (Banner, 1950) which may become re-methylated 

to produce more methionine with its labile methyl groups. 

Splitting of the methionine chain. The methionine chain may be split with 

the production of a) methyl thiol groups or b) the production of one-carbon 

fragments which may enter purines and are thus necessary for nucleic acid 

synthesis. With regard to the latter, Reddi (1955) has shawn that methionine 

stimulates the incorporation of P32 into ribosenucleic acid (RNA), into 

adenylic, guanylic and cytidylic acids but not into uridylic acid. 

Trans-sulfuration. The result of this process, which involves prior conversion 



FIGURE 25. WORD DIAGRAM SHOWING THE MET.ABOLIC PATHWAYS OF METHIO~INE 
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to homocysteine and reaction with serine, is the production of cysteine 

which is an important sulfur amino acid !ound to be incorporated into 

proteins (Banner, 1950). 

Transamination. According to Meister (1955) and Singer and Kearney (1955), 

methionine is known to participate in transamination reactions. Presum

ably the corresponding keto-acid is formed although this has not been 

isolated. 

Decarboxylation. Although the corresponding amino of methionine is not 

known to occur, other amino acids undergo decarboxylation to produce ·~irt~s. 

The possibility that an amin~o exists corresponding to methionine cannat, 

therefore, be neglected. 

Conjugation. Methionine is known to combine with other compounds. One case 

is the formation of s-adenosylmethionine in the presence of adenosine tri

phosphate (ATP). The adenosine-methionine complex has been shawn to function 

as an active methyl donor in transmethylation (Cantoni, 1952; Singer and 

Kearney, 1955). Methionine is also a constituent of plant proteins (Banner, 

1950) and is reported to be a part of an adapti ve enzyme, tryptophane peroxi

dase, in rats (Lee and Williams, 1952). It is likely that methionine is 

incorporated into peptides as well as into proteins. 

THE INTERFERENCE WITH METABOLIC PATHWAYS BY ETHIONINE 

Ethionine has been reported to be an inhibitor in a nurnber of biologi

cal systems. Most of the data for these inhibitions have been obtained by 

research on animals and microorganisms. The exact mode of action of ethion

ine is still not known. The points at which it is known to inhibit metabolism 

are given below together with sorne alternative suggestions. 
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Ethionine inhibits transrnethylation. It has been reported that ethionine 

prevents transmethylation by the transfer of the ethyl group to compounds 

which normally receive the methyl group of methionine. One example is the 

formation of triethylcholine in rats (Martin, 1951). On the other hand 

Challanger (1951) states that ethionine does not undergo transethylation. 

If this is true, it may be that under certain conditions the presence of 

the entire ethionine molecule prevents the transfer of the methyl group 

of methionine. There are many reports of the lipotropic action of ethion

ine in rats and the reversal of this interference by methionine (Farber et 

al, 1949; Koch-Weser et al, 1951; Farber et al, 1951; Fischer, 1955 as 

reported by Novelli, 1957). A1though the mode of this interference is not 

known, it is suspected that it is due to interference with transmethyl

ation from methionine in the synthesis of choline and creatine (Simmonds 

et al, 1950). 

Ethionine and homocysteine formation. The prevention of homocysteine 

formation from methionine by ethionine has not been reported specifically. 

However, Farber et al (1949) showed that ethionine prevents transmethy1ation 

in rats which indicates that homocysteine production from methionine was 

inhibited. Steko1 and Weiss (1950) showed that with ethionine labelled 

with c14 in the methyl c of the ethyl group and with s35, the ethionine 

sulfur was available for cysteine synthesis which would tend to suggest 

that ethionine, as well as methionine, could be used for homocysteine 

synthe sis. 

Ethionine and cysteine formation. As has been mentioned above, Farber et 

al (1949) reported the inhibition of cysteine synthesis by ethionine in 

rats and the reversal of this inhibition by methionine. Since then, Stekol 
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and Weiss (1950) have shown that in rats ethionine labelled with s'5 is 

used for cysteine synthesis. Thus ethionine may either prevent cysteine 

synthesis, or act as a precursor in cysteine synthesis. 

Ethionine and transamination reactions. It bas been shown that ethionine 

does not inhibit transamination from methionine but undergoes transaminf> 

ation itself' (Meister, 1952; Jacquez et al, 1952, as reported by Meister, 

1955). Presumably the ~ -keto acid derivative of' ethionine is f'ormed and 

this may be an inhibitory analogue of' the corresponding methionine deriv

ative. However, ·:.this bas not been shown experimentally. 

Ethionine and the splitting of' the methionine molecule. There is no evi

dence to suggest that ethionine interferes with the splitting of' the 

methionine molecule in the formation of' methylthiol. However, Smith 

(1954), has reported that ethionine bas been shown by Swenseid and co

workers to prevent the enzymatic production of one-carbon units in rats. 

According to Smith it is a substance enzymatically produced from ethionine 

which is the inhibitor. It could be that these one-carbon units are those, 

normally produced from methionine, which are necessary for nucleic acid 

synthesis. If' so, this is a possible point at whiCh ethionine might inter

fere with nucleic acid synthesis. 

Ethionine and anthocyanin formation. Both ethionine and methionine will 

inhibit anthocyanin formation in Lemna minor (Thimann and Radner, 1955). 

There are two possible reasons for these inhibitions. The ethionine may 

be converted to methionine thus producing a toxic quantity of' methionine. 

On the other hand it is possible that some part of' the ethionine and 

methionine roolecule, which is common to them both, may be the cause of' 

the inhibition. In other words, inhibitory eff'ects ôf ethionine may, in 



some cases, be due to the conversion of ethionine to a product which is 

normally formed from methionine. 
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Ethionine and s-adenosylmethionine formation. In transmethylation, methio

nine first reacts with ATP to form an adenine sulfonium compound s-adeno

sylmethionine (Borsook and Dubnoff, 1947). Schlenk and Tillotson (1954) 

showed that 5-ethylthioadenosine was synthesized by yeast in ethionine 

enriched cultures and Axelrod (1955) reported that, in the reaction of 

methionine with ATP, ethionine can be substituted for methionine yielding 

ethylthioadenosine. In a very recent paper (Parks, 1958) it was shown 

that s-adenosylethionine was formed in yeast cultured in an ethionine 

enriched medium and transethylation between this substance and homocysteine 

was demonstrated in an ~ vitro system. Ethionine suppressed the formation 

of s-adenosylmethionine and there was sorne evidence for a competitive inter

action between the ethyl- and methyl- donors. Presumably the s-adenosyl

ethionine leads to the synthesis of a variety of abnormal ethyl derivatives 

which lead to a failure in normal processes in the cells. 

Ethionine and protein formation. Considerable information exists which shows 

that ethionine interferes with protein synthesis. The information is 

obtained from two lines of evidence a) experimenta with radioactive tracers 

and b) studies on the formation of adaptive enzymes. The interference may 

occur in one of two ways. 

The following data suggest that the presence of the entire molecule 

prevents the incorporation of amino acids into proteins. Farber et al 

(1949) reported that in rats ethionine inhibited the uptake of glycine ~ 

vitro and in vivo and it also prevented the uptake of methionine labelled 

with s35 • Excess methionine relieved this inhibition of protein synthesis. 
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Similar inhibitions are reported for meuse liver by Simpson et al (1950). 

Wu and Bollman (1954) have also reported the inhibition of the incorpora

tion of methionine into rat protein. 

Other evidence shows that ethionine prevents the incorporation of 

methionine into protein by substituting for it in the protein. Levine 

and Tarver (1951) working with rats, and Kamin and Handler (1957) reviewing 

the work of Gross and Tarver with Tetrahymena, have reported that ethionine 

labelled with c14 was incorporated into the protein molecule in place of 

methionine. According to them this substitution of ethionine for methio

nine produces an abnormal protein which is consequently "sterile". 

Opposing the above reports of ethionine interference with protein 

synthesis are ether reports reviewed by Stekol {1957) which state that 

ethionine does not interfere with protein synthesis. Despite these reports, 

there is a second line of evidence, involving the study of the formation of 

adaptive enzymes, which suggests that ethionine does interfere with protein 

synthesis. An adaptive enzyme, as opposed to a constitutive enzyme, is one 

which is only formed, or active, in the presence of its substrate (Wagner 

and Mitchell, 1955). The existence of an adaptive enzyme is indicated by 

a lag phase in either the growth of the organism, or in the deve1opment of 

enzyme activity. If the formation of an adaptive enzyme is inhibited by 

ethionine, as sorne are reported to be (see be1ow), the inhibition is pre

sumed to be due to the prevention of the formation of the protein part of 

the enzyme. There are two reports of ethionine inhibiting the production 

of adaptive enzymes. Firstly, in rat liver, the formation of the adaptive 

enzyme tryptophane peroxidase has been shown to be inhibited by ethionine 

(Lee and Williams, 1952). Secondly, Barrett et al (1953) reported that 

fumarate grown cells of Pseudomonas showed a distinct lag phase when 
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transferred to a citric acid medium. This was due to a lag in the forma

tion of citric acid oxidase which is considered to be an adaptive enzyme. 

The lag phase was prolonged in the presence of ethionine but this inhibi

tion of the formation of the enzyme was overcome by methionine. These 

two reports add support to the tracer evidence which shows that ethionine 

interferes with protein synthesis and with the incorporation of methionine 

into proteins. 

POSSIBLE REASONS FOR THE STIMULATION OF PLANT GROWTH BY ETHIONINE 

In view of the point, as shown in the preceding section, that 

ethionine might affect metabolism in a variety of ways, it is not possible 

to provide a simple explanation of the stimulation of growth by ethionine. 

Sorne of the more interesting possibilities are given below and particular 

attention is given to the possibility that the stimulation is through an 

effect on the auxin controlled growth mechanism. 

Ethionine may be exerting its stimulatory influence upon the growth 

of plant systems in a number of ways. (1) It may act by blocking an 

inhibition of a metabolic pathway caused by the presence of an excess of 

methionine. It is known that amino acids, although they are metabolites, 

will act as antimetabolites (see Tables V and VI). Martin (1951) has 

suggested that naturally occurring antimetabolites may be responsible 

for regulating the amount of a metabolite which is free to take part in 

metabolic pathways at any one time. Ethionine may be exerting its influence 

in this way. The possibility that either an ethyl analogue or an ethionine

containing analogue of sorne metabolic product of methionine might prevent 

an inhibition due to excess methionine is suggested by the work of Parks 

(1958) mentioned above. Parks' results indicated a competitive inter-



7h 

action between S-adenosylmethionine and S-adenosylethionine. 2) The 

stimulation may be due to a product common to both ethionine and methionine 

and need not be due to the antimetabolite properties of ethionine as such. 

3) Ethionine may exert its influence through becoming de-ethylated and 

then methylated to produce more methionine which would then be available 

for one of a number of syntheses which are summarized in Figure 25. 

Sorne of metabolic pathways of methionine, particulary those involving 

transmethylation to produce phospholipids, are probably very important for 

growth. Phospholipids are believed to be components of the cell membrane 

which is the suggested site of transport of various substances including 

growth regulators. Current views on the growth of cells include the idea 

that an intimate connection between surface layers of the cytoplasm and the 

cellulose structure of the walls is necessary for the growth of the walls 

(Frey-Wyssling, 1952). The phospholipids may be of critical importance at 

this poirit. Furthermore, an increase in nucleic acids or proteins, which 

have many functions in biological systems, could exert a favourable influence 

upon the growth mechanism of plants. 

In order to show how ethionine might exert its influence on plant 

growth via an auxin controlled growth mechanism, r ather than through an 

influence on metabolism in general, a brief summary of sorne of the theories 

of auxin action is presented in the next section. 

POSSIBLE RELATIONSHIPS OF ETHIONINE WI TH AUXIN ACTION 

Numerous theories exist with regard to auxin action and are reviewed 

by Banner and Bandurski (1952), van Overbeek (1952), Audus (1953), Leopold 

(1955), Aberg (1957) and Bentley (1958). Recent work has brought about the 



general conclusion that the effect of auxin on the regulation of growth 

is primarily on the cell wall and the regulation_,or the td-tera.tioR3 of 

plasticity. According to Bentley (1958), this is a return to the early 

conclusions of Heyn (1940). A few theories of auxin action, and the 

possibility of ethionine influencing the postulated mechanism, will be 

discussed belmi. 

A close connection between auxins and nucleic acid metabolism has 

been established through the work of Skoog et al (1942) from studies on 
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the effect of lAA on nucleic acid levels in tissues of tobacco pith in 

culture, corn roots and lateral buds of Tradescantia. They concluded that 

marked IAA-induced increases in ribose nucleic acid (RNA) are associated 

with cell enlargement and marked increases in desoxyribose nucleic acid 

(DNA) with cell division. They propose that the auxin level affects the 

DNA/RNA ratio, which in turn influences rates of cell multiplication and 

cell enlargement. It has been shown that the purine adenine (or adenosine) 

is implicated in the following growth systems; (1) leaf development (Banner 

and Haagen-Smit, 1939), (2) growth and bud development in tobacco stem 

segments (Skoog and Tsui, 1948), (3) growth of epicotyl sections, leaf 

buds and roots of etiolated beans (Galston and Hand, 1949) and (4) 

morphogenesis of Lemna minor (Hillman, 1955). 

If this theory of auxin action i s correct, and assuming that excess 

auxin leads to excess nucleic acid synthesis, then the stimulation of 

growth by ethionine could be explained in two ways depending upon whether 

a particular growth system, stimulated by ethionine, contains a supra

optimal or a stib-optimal concentration of endogenous auxin. With supra

optimal auxin, ethionine could stimulate growth by interfering with the 
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production of the one-carbon fra~ents from methionine which are necessary 

for purine synthesis. On the other hand, with sub-optimal auxin,and where 

purine synthesis was limited by methionine, ethionine could stimulate 

growth if, as suggested previously, it replaced methionine as the source 

of one-carbon fragments. It is, perhaps, significant in this connection 

that the purine analogue ldnetin will stimulate the growth of etiolated 

bean leaf dises :(Millor, ~ l956). The experimenta done here do not permit 

any choice between these alternatives but some simple nutritional experi

menta in which either methionine or purines are supplied in place of eth

ionine, or in combination with ethionine, could indicate whether ethionine 

merely functions as a souree of products which normally arise from meth

ionine. 

It has been suggested that IAA might act through a chelation mechanism 

in removing calcium from the cell walls (Bennet-Clark, 1956). Inter-re

lationships have been shown between IAA and calcium in root cell elonga

tion (Burstrom, 1956 and 1957). The che1ating compound ethy1enediamine

tetra acetic acid (EDTA) has been found to inf1~ence the elongation of 

coleoptiles (Heath and Clark, 1956a and 1956b) and lupin hypoootyls 

Weinstein et al, 1956). These people s~wed that a number ot substances 

with chelating properties, but no structural resemblance to auxine, showed 

auxin activity. EDTA was one of the most active of these chelating com

pounds. In the work reported here EDTA had no effect upon the expansion 

of the etiolated dises which suggests that, in this system at least, the 

stimulatory effect of ethionine was not due to a chelating mechanism. 

Numerous etudies have been made of the affects of auxine on the 

activity of particular enzymes. The significance of the resulta, in 

regard to the biological affects of auxine, is open to question alnd in 
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many ins~ances, the results obtained may be attributed to a non-specifie 

physical effect of auxin on the enzyme (Leopold, 1955). However, one 

series of observations is significant to this discussion. Neely et al 

(1950) found that 2,4-D stimulated pectin methyl esterase activity in 

leaves and proliferating stem tissue of the red kidney bean. Similarly, 

Waygood et al (1954) found that auxins stimulated pectin esterase activity 

of the fungus Cladosporium herbarum. Perhaps the most significant results 

are those given by Bryan and Newcombe (1954) in one of a series of studies 

on the biochemical changes induced by IAA in tobacco pith cells cultured 

on agar medium. The cells are increased in size by IAA but cell division 

does not take place. Estimates of pectin methyl esterase activity, fol

lowing treatment with IAA, showed that the activity increased prior to the 

enlargement of the cells and, during the period of rapid cell enlargement, 

the activity was double that of the controls. 

In discussing these results, Bryan and Newcombe quote other work 

which supports the view that auxin causes a plasticizing of the primary 

wall during the early phases of cell enlargement, and that changes in the 

pectic sUbstances are important in this plasticizing process. It is 

suggested that auxin, by stimulating pectin methyl esterase activity, 

initiates the breakdown of protopectins leading to a reduced tensile 

strength of the young primary wall and a subsequent stretching by the 

turgor pressure of the cell. Furthermore, there is evidence that poly

galacturonase, which hydrolyzes pectih and pectic acid to free galacturonic 

acid, acts more rapidly on the demethylated chains than upon the partly 

methylated chains of pectin. If this view of auxin action is correct then 

the auxin-like action of ethionine could be explained by assuming that it 
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prevents the transfer of methyl groups from methionine to the pectin chains. 

The proportion of demethylated chains would then increase as a consequence 

of continued pectin methyl esterase activity and, in turn, these chains 

would be broken down by polygalacturonase. 

Another ~heory of auxin action is based upon the relation between 

the structure and activity of growth regulators. According to Skoog et 

al (1942) auxin could be acting as a protein prosthetic group of an enzyme 

system which influences the growth process. In arder for this ~o occur 

the auxin molecule must have two fundamental properties - (1) the necessary 

structural configuration to combine in some manner with the protein portion 

of the enzyme and (2) a specifie group which reacts with the substrate 

molecule. An argument in support of this theory is given by Skoog (1947) 

who states that auxin controlled reactions are inhibited by the presence 

of growth-inhibitors with an auxin-like structure which possesses, strongly, 

only one of the two properties listed above, and the other property only 

weakly or not at all. Meyer and Anderson (1952) explain that if such an 

inhibitor possesses only the capacity of combining withthe protein, it may 

act as an inhibitor by occupying positions on the protein complex which 

would otherwise be taken by more acti ve auxins. On the other hand, if the 

auxin-like compound possesses only the property of reacting with the stibs

trate, it may black the overall reaction which can only take place if the 

compound can act as a chernical bridge between the protein and the substrate 

molecules. It has been suggested, in the two-point attachrnent theory, that 

in the growth reaction two parts of the auxin molecule, the acidic side chain 

and the unsaturated ring nucleus, may each react with sorne proteinaceous 

rnaterials (Hansch et al, 1951; McRae and Banner, 1952). Support for the 
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theory that auxin is attached to protein is available in that l) free 

auxin is released from plant tissues and plant proteins by proteolytic 

agents; 2) labelled synthetic auxins quickly find their way into substances 

sedimented by typical protein precipitants and 3) the kinetics of auxin 

action in ~ coleoptiles are best understood in terms of the attachment 

of auxin at two points to sorne acceptor, (Foster et al, 1952; Foster and 

Bonner, 1956) presumably protein (Siegel and Galston, 1953). Despite the 

indicative nature of these data, the "auxin-protein" has remained hypo

thetical rather than a reality. 

Since Hammetts1 (1930) early observations on cell growth, many studies 

have indicated a close connection between sulfhydryl (SH) metabolism and 

plant growth processes (see Thimann, 1949). Sorne growth regulators (anti

auxins) are known to combine with SH. According to van Overbeek et al 

(1955) and Liverman (1955), TIBA and the maleimides are examples. Added 

to this, there is evidence for the stimulation of growth by cobalt which 

is known to form reversible complexes with cysteinyl-SH (Michaelis and 

Yamaguchi, 1929; Michaelis, 1929). Miller (1952) first reported the 

stimulation of leaf dises by cobalt and since then Liverman (1955), and 

the research reported herein (Section 4.b21), have verified Miller•s results. 

Thimann (195b) has reported that cobalt stimulates pea section growth. Al

though it has been shown that auxin is involved in the growth mechanism of 

the pea sections (Section 4.52), Liverman (1955) states that there is no 

consistent stimulation of leaf dise growth by auxin. The stimulation of 

leaf expansion due to certain antiauxins (Section 4.b23), particularly 

TCPAA (Figure 24), suggests strongly that auxin is involved in the growth 

system too, but may generally be present in supra-optimal concentration. 
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The failure of the anti-auxin TIBA (a lœown SH reactant) to stimulate 

growth of the dises (Section 4.625) may be due to its structural in

compatibility with the specifie, auxin-controlled growth mechanism in 

the leaf' dise. Thus it is not f'elt that the lack of TIBA stimulation 

is strong evidence for the argument that there is no hol'DX)nal mechanism 

operating in these dises. 

Considering the above data it is not surprising that several studies 

have led to suggestions of' various schemes which invol ve protein SH in 

the meohanism of' auxin action (Thimann, 1949; Siegel and Galston, 1955; 

Leopold and Guerna-.y, 1955; Veldstra, 1955; Leopold, 1955; Muir and Hansch, 

1955; Tonzig and Marre, 1955; van Overbeek et al, 1955; Bonner and Foster, 

1956). Among these etudies have been attempte to find a protein sub

stance to which auxin attaches at an SH group. 

In an attempt to find the SH containing substance to which auxin is 

attaohed Siegel and Galston (1955) have shown that IAA is incorporated 

into pea root proteine !a vivo by an energy requiring process and in 

vitro by the use of adenosine triphosphate (ATP). Measurements were made 

showing the disappearance of the SH groups in the presence of the auxin. 

Coenzyme A (CoA) was shown to rellX)ve IAA from the protein !a vitro. The 

authors suggest that the reaction between CoA and IAA-protein involves 

thioether formation, although Leopold and Priee (1956) have sinoe rejected 

this invol vement of thioether formation. Leopold and Guernsey (195;) have 

shown that many auxine can react with CoA, and that several characteristics 

of the reaction suggest that CoA is concerned with the process of plant 

growth. Muir and Hansch (1955) have suggested that auxin acta by cam

bining with the cysteiny1-SH of the protein but according to Priee and 
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Leopold (1957) direct evidence for such a reaction has never been proven. 

It may be that auxin is combining with the cysteinyl-SH of CoA in the 

scheme of Seigel and Galston. 

In the work reported here it is shown that growth of etiolated bean 

leaf dises was stimulated by ethionine following a light treatment. Sorne 

attempts were made to determine whether substances believed to react with 

SH groups, and involved in growth, would also stimulate growth of the dises 

following a light treatment. Sulfhydryl inhibitors such as lewisite, 

iodoacetate or methyl bromide were not included in the studies because their 

effects could be general effects on metabolism rather than on the SH of the 

growth process. Stimulation by cobalt, as reported by Miller (1952) and 

Liverman (1955) was confirmed. Penicillin was inactive as was tri-iodo

benzoic acid (TIBA) and sorne other 11 antiauxins11 • However, the "antiauxin" 

trichlorophenoxyacetic acid (TCPAA), at certain concentrations, caused a 

marked increase in growth equal to, or greater than, that obtained with 

cobalt. There is, of course, no evidence, other than by analogy with other 

"antiauxins", that TCPAA reacts · with SH groups. The failùre of TIBA to 

stimulate growth may be due to its structural incompatibility with the 

specifie auxin controlled growth mechanism in the leaf dise. Thus the 

results of these experimenta, as is so frequently the case with growth 

experimenta of this type, do not provide any clear correlation between 

growth stimulation and the believed SH reacting properties of the applied 

substances. It can be said that the three substances cobalt, ethionine and 

TCPAA, which may affect sulfhydryl groups, will stimulate growth of the dises. 

The SH groups of proteins are, as far as is known, part of the cysteine 

molecules which can be recovered from proteins. The only other sulfur amino 



acid known to occur in proteins is methionine. Presumably the methionine 

residues could yield free -SH groups if the methionine is demethylated in 

situ. This possibility is worth considering although there is no evidence 

that it occurs. Homocysteine has not, to my knowledge, been recovered from 

protein. However, many of the techniques used in protein analysis might 

lead to destruction of homocysteine. Furthermore, the particular protein 

involved in the growth reaction would probably be only a very small part of 

the total protein. In the plant, methionine is believed to be synthesized 

by a pathway which includes cysteine as a precursor. Nevertheless, methion

ine can be converted to cysteine and the amount of cysteine availahle for 

protein synthesis could be affected by the rate of conversion of methionine 

to cysteine. Thus, on the basis of points raised in this discu·ssion, ·tine 

following general explanations involving an effect of ethionine on SH

protein can be made. 

1) Ethionine prevents the synthesis of cysteine from methionine and 

thus the synthesis of protein. 

2) Ethionine prevents the uptake of methionine into protein with a 

consequent reduction in protein synthesis. 

J) Ethionine replaces methionine in the SH protein and renders it in

active. 

4) Ethionine replaces methionine in the protein and the ethyl groups 

are not removed ~o yield free SH groups. 

It has been shown above, in discussing the known effects of ethionine 

on metabolic pathways, that ethionine, in sorne biological systems, can inter

fere with amino acid uptake into proteins, will substitute for me~hionine in 

proteins, and does interfere with the synthesis of cysteine from methionine. 
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It appears, therefore, that there is good reason to believe that ethionine 

can exert its influence upon plant grol~h by interfering with the availa

bility, to auxin, of an appropriate protein molecule with a specifie SH 

site. 

In concluding this discussion of the stimulation of growth by ethio

nine, one further explanation should be mentioned. The level of available 

auxins in tissue must be controlled by the balance between the rates of 

synthesis and release from bound form, and the rates at which auxins are 

destroyed or conjugated into inactive forms. Our knowledge of pathways by 

which auxins are destroyed is seant. Furthermore, the nurnber of natural 

auxins is uncertain and recent techniques of extraction and chromato

graphie separation indicate that a number of auxins remain to be character

ized. However, in the case of IAA, there is good evidence for the exist

ence of an enzyme system, IAA oxidase, which destroys IAA (Tang and Banner, 

1947; Wagenknecht and Burris, 1950; Gortner and Kent, 1953; Jensen, 1955; 

Pilet and Ga1ston, 1955). One feature of this enzyme, which is particular1y 

re1event to this thesis, is that IAA oxidase may be an adaptive enzyme 

(Ga1ston and nalberg, 1954) and it is suggested that this characteristic 

may explain many developmental and morphogenetic relationships of lAA 

(Ga1ston, 1955). In view of the known inhibitory effect of ethionine on 

the synthesis of adaptive enzymes (see above) it is possible that the auxin

like action and morphogenetic effects of ethionine are simply due to ethion

ine inhibiting the synthesis of IAA oxidase, or sorne other adaptive auxin 

oxidase, and thus raising the effective 1evel of endogenous auxin. Schrank's 

(1956) fai1ure to record any stimulation is not inconsistant with this view. 

If the suggestion should prove correct, ethionine might prove a va1uable too1 



in physiological experimenta in which it is desirable to eliminate the 

destruction of auxin. 

Possible ways in which the research reported here might be profit

ably continued are discussed in the following paragraphs. 

One of the objects of the present work was to attempt to obtain a 

plant growth system with which stimulation by ethionine is sufficiently 

great to permit the study of interactions between ethionine and auxins or 

antiauxins. Such studies could provide better evidence as to whether 

ethionine is directly affecting the auxin controlled growth or otherwise. 

Although growth stimulation by ethionine was shown here, none of the sys

tems were stimulated to any marked degree. It is possible that the etiolated 

bean leaf dise could be used for the study of interaction effects but the 

susceptibility of the dise to fungal contamination is a serious disadvantage. 

Perhaps a completely sterile technique could be devised. However, it would 

probably be preferable to make further studies of the effect of ethionine 

on growth of pea sections. The studies with pea sections reported here were 

not definitive mainly because the facilities were inadequate and some un

known factor in the growth room was inhibiting growth, causing abnormal 

seedlings, and it is believed, causing a great deal of the variability which 

was experienced. It is felt that, following improvement of the facilities, 

the whole question of the effect of ethionine on pea section growth should 

be re-examined. 

In the event that ethionine does, under appropriate conditions, 

markedly, and consistently, stimulate growth of pea sections, and shows 

an additive effect with IAA, then further experimenta should be done to 

·determine the reason for the effect of ethionine. The approaches are 
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suggested in, or by, the preceding discussion. Perhaps the first point, 

and perhaps the simplest, to examine would be whether ethionine is merely 

replacing methionine as a source of one-carbon fragments for purine synthe

sis. As suggested above, nutritional experimenta involving the addition 

of methionine or purines alone, together and in combination with ethionine 

could provide sorne elues as to identity, or otherwise, of the action of 

IAA, methionine or ethionine in the growth system. These experiments 

could be combined with biochemical techniques. Both c14-methionine and 

c14-ethionine are available commercially and the incorporation of c14 from 

ethionine into purines could be checked. Tracer, or standard techniques, 

could be used to determine whether ethionine leads to an increase in nucleic 

acid synthesis. 

If these experiments fail to give a positive result then other poss

ibilities could be examined. The most satisfactory experiments would 

probably be of a biochemical nature and would compare tissues grown with 

or without stimulatory concentrations of ethionine. 

The fate of the methyl group of methionine could be checked, using 

methionine labelled in the methyl group, followed by a study of the effect 

of ethionine on the various transmethylations. Similarly, using ethionine 

labelled in ~he ethyl group, any compounds in which the ethyl group is 

substituted for methyl could be isolated and identified. Particular 

attention should be given to the possible occurrence of s-adenosylethionine 

in plant tissues fed with ethionine. The biological activity of this 

substance, or any other ethyl analogues produced in the tissue, could then 

be tested providing they are water soluble and able to enter plant cells. 

Similarly the biological effects of any such analogue and ethionine itself, 



providing the activity of the analogue is greater ~han that of ethionine~ 

could be good evidence in favour of the view that the growth stimulation 

and morphogenetic effects due to ethionine are ~hrough an effect on trans

methylation. 

The effect of ethionine on protein synthesis and on sulfhydryl groups 

could be examined but should receive less attention because of the technical 

difficulties. It is very probab~ that, if the effect of ethionine is 

through an effect on protein, it will be a particular protein which may 

represent only a small fraction of the total protein and, therefore, will 

be difficult to study. Similar difficulties as well as problems of estima

tion {see Leopold and Priee, 1957), could arise in the study of sulfhydryl 

groups. 

The effect of ethionine on the formation of the IAA oxidase system 

would be a relatively simple study and well worth investigating from the 

point of view of both the problem discussed here and its possible value for 

the experimen~al control of auxin destruction. 
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6.0 SUMMARY 

The research reported in this thesis was undertaken in an attempt 

to determine the effect, if any, of ethionine on sorne plant growth systems 

known or presumed to involve auxin. It was based on the observation that 

ethionine, an antimetabolite to methionine, exerted stimulatory and morpho

genetic effects on isolated tomato roots grown in sterile culture (Boll, 

unpublished). The same observations suggested that methionine metabolism 

was involved with the hormonal mechanism in these roots. 

The literature reviewed up until January 1, 1958 shows that anti

metabolites can be used to reveal information about biochemical and physio

logical processes in higher plants. 

The effect of ethionine was tested on seven plant growth systems of 

three kinds. These included: 

(1) systems involving increase in cell size of excised shoot tissue, 

a) increase in length of etiolated pea epicotyl sections 

b) increase in diameter of etiolated bean leaf dises 

(2) systems involving growth of shoot tissue (intact) as a product of 

cell division and cell enlargement 

a) development of lateral buds on green, bean seedlings 

b) growth of hypocotyls of flax seedlings 

(J) systems involving growth of intact roots 

a) rooting of etiolated, excised bean hypocotyls 

b) growth of roots of flax seedlings 



c) growth of roots of wheat seedlings, and in this case, it was 

possible to measure increase in cell size alone. 
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One of these tests, the rooting of excised etiolated bean hypocotyls, 

is a rooting test devised specifically for the work reported here. This 

test can be performed in the laboratory, does not require external nutrients, 

and the response to exogenous lAA is quantitative. It is believed that this 

should prove of general value. 

Ethionine was shown to cause a statis~ically significant increase in 

growth in three of the systems namely, the expansion of etiolated bean leaf 

dises, ~he rooting of excised, etiolated bean hypocotyls, and the size of 

epidermal cells of wheat roots. The effect on flax seedlings was not con

sistent but in most experiments growth of the hypocotyl and root was st~~

lated and ethionine stimulated growth of excised flax root tips. With 

sections of etiolated pea~i~otyia the response to IAA varied considerably. 

Ethionine stimulated growth in each experiment where response to lAA was 

high. On the other hand ethionine reduced the increase in response to IAA 

obtained with manganese pretreated sections. Ethionine was shown to inter

act with various treatments believed to affect auxin controlled growth. 

Penicillin, triiodobenzoic acid (TIBA) and other "antiauxins" which 

mignt react with sulfhydryl groups did not stimulate growth of etiolated 

bean leaf dises. Growth of the dises was however markedly increased by tri

chlorophenoxyacetic acid (TCPAA). 

The metabolic function of methionine and its possible relation to 

auxin action is reviewed. The growth stimulation by ethionine is discussed 

in relation to the metabolic function of methionine and theories of auxin 

action with particular reference to the role of sulfhydryl groups in growth. 
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Sorne incidental observations which were made during the course of 

this work and may be of general interest are listed below. 

(1) Cobalt, or ethionine, or TCPAA inhibited the synthesis of chlorophyll 

in etiolated bean leaf dises transferred to light. 

(2) TCPAA either led to the breakdown of the carotenoids which were present 

or inhibited the synthesis of carotenoids which are being broken down 

continuously in the etiolated bean leaf dises. 

(3) The stimulation of the expansion of the lamina and veins of etiolated 

bean leaf dises, by TCPAA required different concentrations. As a 

consequence, the final morphology of the dises varied with concentra

tions of TCPAA. 

(4) The presence of cotyledons was necessary for the production of chloro

phyll in the hypocotyl and leaves of etiolated bean hypocotyls following 

a light treatment. 

(5) The presence of leaves as well as cotyledons on etiolated bean hypo

cotyls permitted hypocotyl length increase in an auxin concentration 

which was inhibitory when cotyledons alone were present. 

(é) The presence of leaves inhibited the formation of long and branched 

lateral roots on etiolated bean hypocotyls which were produced when the 

cotyledons only were present. 

Possible ways in which the research reported here might be profitably 

continued are discusaed. 
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