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The pipecolic acid content of strawberry plants treated with 

herbicides was determined using gas-liquid chromatography.    The 

four herbicides were 2, 4-dichlorophenoxyacetic acid (2,4-D),   1,2- 

dihydropyridazine-3, 6-dione (maleic hydrazide),   2-chloro-4, 6 bis- 

(ethylamino)-s-triazine (simazine)  and 2, 4-dinitro-o-sec-butyl- 

phenol (DNBP). 

Amino acids were extracted from tissue with alcohol and iso- 

lated on an ion exchange resin.     Conversion of amino acids to vola- 

tile derivatives was accomplished by esterification in methanolic 

hydrogen chloride and by further reaction with trifluoroacetic an- 

hydride to produce the N-trifluoroacetylamino acid methyl esters. 

The gas chromatograph was equipped with a hydrogen flame de- 

tector and a column packed with neopentyl glycol succinate as the 

stationary phase.     Operating conditions in the gas chromatographic 



analysis were such that the determination of pipecolic acid was pos- 

sible.     Under these conditions,  however,   a number of other volatile 

amino acid derivatives were not adequately separated for accurate 

analysis of individual amino acids.     The total amino acids were esti- 

mated by measuring total peak area on each chromatogram. 

Gas chromatographic analysis revealed that herbicidal treatment 

affected amino acid content.    Treatments which injured the plants 

most severely were generally those producing the greatest increase 

in amino acid content.     The treatment which produced the most dra- 

matic changes in amino acid content and in the content of pipecolic 

acid was 2,4-D at the rate of four pounds per acre.    In this treat- 

ment the increase in pipecolic acid was approximately ten-fold over 

untreated plants.    DNBP at one-half pound and at four pounds per 

acre and 2,4-D at three fourths pound : per acre also produced signi- 

ficant increases in pipecolic acid. 

The peak corresponding to proline on gas chromatograms showed 

a very striking increase in the samples treated with 2,4-D at four 

pounds per acre.    It is noteworthy that pipecolic acid and proline are 

similar in structure.    The reasons for the accumulation of pipecolic 

acid and proline in strawberry are not only connected with a general 

amino acid increase,  but also are apparently due to some specific 

effect of 2,4-D. 

Simazine treatment had no influence on amino content.     Contrary 



to previous work on the effect of maleic hydrazide,   this study showed 

no change in pipecolic acid content due to treatment with maleic hy- 

drazide. 
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THE EFFECT OF HERBICIDES ON THE 
PIPECOLIC ACID CONTENT OF STRAWBERRY PLANTS 

INTRODUCTION 

The economic benefits of chemical weed control in the present 

era have reached immense proportions.    An understanding of the ac- 

tion of herbicides on plants has hardly kept pace with this expanded 

usage,    A better knowledge of plant response to herbicides may help 

answer such important questions as reasons for selectivity,  proper 

herbicidal dosages and timing of application. 

Furthermore,   an understanding of mechanisms of herbicidal 

action has contributed greatly to the present store of knowledge in 

plant physiology.    Well known examples are 2, 4-D in the area of 

plant hormones and diuron in the field of mechanisms of photosyn- 

thesis. 

Herbicides affect the normal functions of plants by inhibiting 

certain physiological processes,  preventing the synthesis,   degrada- 

tion or translocation of metabolites and inhibiting photosynthesis.   Any 

treatment which will effectively induce chlorosis,   necrosis,   or 

formative effects will undoubtedly change physiological processes 

and plant biochemical constituents. 

Of the multitude of possibilities for study of biochemical changes 

the present investigation deals ■with pipecolic acid.     This free amino 



acid, increases in the tissues of a number of plants subjected to a 

variety of stress conditions.    It has been reported in the literature 

that pipecolic acid accumulated strikingly in strawberry plants 

treated with maleic hydrazide.     The objective of the present study is 

to determine the effect of maleic hydrazide and several other herbi- 

cides on the pipecolic acid content of strawberry leaves.    Herbicides 

having different mechanisms of action were chosen for study. 

Early in the planning for this study a suggestion was made to 

use gas chromatography for the analysis.     The use of gas chromato- 

graphy for analysis of nonvolatile, components of tissue,   such as 

amino acids,   requires some special techniques.     The analytical pro- 

cedures and related problems thus have occupied a major portion of 

the time involved and have become a secondary objective of the work 

reported in this thesis. 



REVIEW OF THE LITERATURE 

Pipecolic Acid 

Morrison (43, 44) has reviewed the literature pertaining to the 

original preparation and resolution of piperidine-2-carboxylic acid. 

Ladenburg prepared this compound in 1891 by the reduction of pipo- 

linic acid with sodium and ethanol. Pipecolic acid was resolved by 

Mende in 1896 by the use of optically active tartaric acid. Various 

other reports had appeared describing the properties of synthetic 

pipecolic acid, but prior to 1952 there is no record of isolation and 

identification from natural sources. 

Discovery in Plant Sources 

The identification of pipecolic acid from plant and animal sources 

came only after the advent of paper chromatography.    In their 1950 

review Steward and Thompson (59)  reported the occurrence of sev- 

eral unidentified ninhydrin reacting substances from two dimensional 

paper chromatograms.    One of the spots gave a well defined purple 

color turning brown on standing.    This unidentified compound was 

present in bean fruits in large amounts.    Further characterization 

Piperidine-2-carboxylic acid,   commonly called pipecolic acid 
or pipecolinic acid of the early literature,  is one of a group of amino 
acids which are characterized by a secondary   a-nitrogen in a ring 
structure. 



showed it to be pipecolic acid (68). 

Almost simultaneously (43) there appeared four reports from 

different laboratories noting the isolation and.identification of pipe- 

colic acid from natural sources.     Zacharius,   Thompson and 

Steward (68) isolated 800 milligrams of pure pipecolic acid hydro- 

chloride from approximately 10 kilograms of fruit from green bean. 

The identity was confirmed by elemental analysis and by comparison 

of the infrared absorption spectrum with that of synthetic compound. 

Morrison (44)  observed the occurrence of a spot on paper chromato- 

grams with an R   value in most liquid phases higher than that of pro- 

line and giving a rapidly fading deep violet blue color with ninhydrin. 

Enough of the unidentified compound was isolated from alcoholic ex- 

tracts of white clover to characterize by an elemental analysis and 

determine optical properties.    In similar manner Hulme and 

Arthington (29) discovered the occurrence of pipecolic acid in young 

apple fruits and reported its empirical formula and chemical pro- 

perties.    Harris and Pollock (26) found a previously unidentified 

ninhydrin reacting substance occurring in barley steeping liquor, 

malt wort,   and hops to be pipecolic acid. 

Occurrence 

Pipecolic acid is a prominent constituent of leguminous fruits 

and seeds  and is present in a number of other plants.     Zacharius, 
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Thompson,   and Steward (69) found pipecolic acid to be more abundant 

in the seed than in the ovary wall of green bean fruit.     Morrison (43) 

made a limited survey of occurrence and found sources rich in pipe- 

colic acid to include certain species of the following genera:    Trifol- 

ium,   Vicia,   Lathyrus,   Daucus,   Allium,   Luzula,   Rosa and Laburnum. 

A number of species were found to contain a small amount while sev- 

eral,   including Hedera sp. ,   contained none.    Pipecolic acid has also 

been found in tobacco,   rape,   fig (shoot),   pepper and celery (59)- 

Phillips (46) found pipecolic acid in the trichloracetic acid extracts of 

beans,   ryegrass and pineapple leaves,  but not in the trichloroacetic 

acid precipitate.     This points to the fact that this imino acid is not a 

constituent of proteins.    Rather high quantities are present in common 

Indian bean flours (30).   Pipecolic acid was not found in half of those 

examined,   however. 

More recently,   pipecolic acid has been found to accumulate in a 

number of plants as a result of stress conditions, when it is pre sent  in 

only trace amounts or non-detectable under normal conditions (see page 10). 

The hydroxylated forms,   4-hydroxy- and 5-hydroxypipecolic 

acid are known to occur in plants (22,   58).    Prior to the discovery of 

pipecolic acid an unsaturated analog of pipecolic acid,   baikiain,  was' 

isolated from the wood of the leguminous tree,   Baikiaea plurijuga. 

Baikiain and 5-hydroxypipecolic acid are abundant in the pericarp of 

edible date (58). 



Pipecolic Acid Metabolism 

Pipecolic acid is not a component of proteins although there is 

evidence that d-pipecolic acid is present in the antibiotic polypeptide 

aspartocin (39)-    Its role in plants is obscure,   although the fact that 

content is high in certain seeds suggests that pipecolic acid may be 

an important component of storage nitrogen. 

Metabolically pipecolic acid is derived from the diamino acid, 

lysine,   by a cyclization reaction with the removal of a molecule of 

ammonia (58).    It has been established that pipecolic acid is a pro- 

duct of lysine metabolism in the rat (54),  in higher plants (23,   3 5)  and 

in Neurospora (57).    Grobbelaar and Steward (23) found if labeled 

lysine were incorporated into the vascular system of green bean that 

labeled pipecolic acid appeared in the fruit.     Mann and Smithies (38) 

showed in pea that lysine is converted to pipecolic acid and believed 

that the reaction occurred by the loss of the   e -amino group of lysine. 

Whether the a-amino or the e-amino group is lost during conversion 

resolves itself into the question of intermediates and will be dealt 

with later. 

According to Steward and Durzan (58) the converse reaction, 

i. e. ,   the reconversion of pipecolic acid to lysine,   does not occur, 

for pipecolic acid is metabolized via a-amino adipic acid to glutaric 

acid. 



Working with the phyllodia of Acacia,   Fowden (17)  showed a 

14 
large incorporation of C      label from pipecolic acid into lysine after 

24 hours,  but label was also found in many other compounds such as 

Krebs cycle intermediates.    It appears that the conversion may be 

indirect. 

The conversion of lysine to a-amino adipic acid comes about by 

the formation of several intermediates,   the principal one being pip- 

ecolic acid.    Information based on mammalian systems (54,  41) 

suggests that the nitrogen of pipecolic acid is derived from the 

e -amino group of lysine.    Schweet,  Holden,   and Lowy (57) found that 

€ -amino-a -keto caproic acid and  £  -piperideine- 2-carboxylic acid 

were intermediates in the conversion of lysine to pipecolic acid in 

Neurospora.     Meister,   Radhakrishnan and Buckley (42) have demon- 

strated that preparations from pea and bean catalyzed conversion of 

A   -pyrroldne-2 -carboxylic acid and A -piperideine-2-carboxylic acid 

to proline and pipecolic acid,   respectively,   in the presence of NADH. 

An enzyme system isolated from rat tissues was capable of the above 

two reductions with both NADH and NADPH. 

Mann and Smithies (38) had suggested earlier that the conversion 

of lysine to pipecolic acid in pea occurred by the action of amine 

oxidase on the e-amino group of lysine.     The suggested intermediates 

6 
were a-amino adipic acid-6-semialdehyde and A   -piperideine-2- 

carboxylic acid.     These intermediates,   however,   have been 
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implicated by other workers (5,   41) in the subsequent conversion of 

pipecolic acid to a-amino adipic acid.    Amine oxidase is not present 

in all plants which contain pipecolic acid suggesting that other en- 

zyme systems are involved in the conversion of lysine to pipecolic 

acid. 

The evidence as summarized by Steward and Durzan (58) and 

Meister (41) indicates that € -amino-a -keto caproic acid and A   - 

piperideine-2-carboxylic acid are the intermediates in lysine break- 

down to pipecolic acid: 

:H2NH2 

:H. 

;H 2 

:HNH. 

:OOH 

CH2NH2 

CH 

AH 

CH. 

r 
COOH 

Lysine        e -amino-a - 
keto caproic 

acid 

COOH 

A -piperideine-2- 
carboxylic acid 

H 
COOH 

Pipecolic 
acid 

and that further metabolism of pipecolic acid to a-amino adipic acid 

occurs via two intermediates: 



COOH 

CH. 

H 
COOH 

tri 

CH. 

-I ' 
CH. 

OOH 
CHNH. 

COOH 

Pipecolic A  -piperideine- a -amino adipic a -amino 
acid 2-carboxylic acid-6-semi- adipic 

acid aldehyde acid 

Rodwell and coworkers (3,   5,   49) have intensively investigated 

the metabolism of pipecolic acid in a Pseudomonas species.     They 

6 
propose that the mechanism involves the formation of A  -piperideine- 

2-carboxylic acid as the first intermediate.     The second intermed- 

iate is a-amino adipic acid- 6-semialdehyde which is oxidized to 

a-amino adipic acid in the presence of NAD (5).    Studies with carboxy- 

labelled pipecolic acid also showed a conversion to carboxy-labelled 

glutamic acid (49).     Evidence has been obtained with beef liver mito- 

chondria (52)  and in the rat (53) that A -piperideine -2-carboxylic acid 

and a-amino adipic acid-6-semialdehyde are intermediates in the 

formation of a-amino adipic acid from pipecolic acid.    In studies on 

Aspergillus Aspen and Meister (2)  showed that a-amino adipic acid 

is the major precursor of pipecolic acid and that some lysine was 

formed from pipecolic acid in this manner.     The  same intermediates 
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as those shown above were implicated in these conversions. 

Effect of Plant Stress on Amino Acid Content 

Numerous workers have shown that free amino acids tend to ac- 

cumulate in many organisms under a variety of stress conditions 

(24).     The effect of environmental factors,   mineral nutrition,   patho- 

logical conditions,   and exogenously applied chemicals on nitrogen 

metabolism has been reviewed by Steward and Durzan (58).     Any con- 

dition resulting in cessation of growth might cause an accumulation of 

storage products,  both nitrogenous and carbohydrate.    A growth 

stimulus on the other hand can cause a rapid conversion of soluble 

nitrogen compounds to protein.    Soluble nitrogenous substances, 

particularly free amino acids,   appear to be very sensitive to changes 

in conditions of plant growth. 

Mineral Nutrition 

Hewitt (27) has reviewed the effects of mineral nutrition on amino 

acid changes.    In general an increase in free amino acid content 

occurs with deficiencies of all essential nutrients except molybdenum 

and nitrogen itself.    Molybdenum,   of course,  functions in nitrate 

reduction,   and deficiency would readily limit the supply of reduced 

nitrogen for incorporation into amino acids. 

A particular deficiency may result in characteristic changes in 
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the amino acid complement.    Stewart (60),   in a study of micronutrient 

deficiencies on citrus,  was able to show that the effect of each de- 

ficiency on amino acids in the leaves was fairly specific and differ- 

ent from that caused by other deficiencies.    In other instances cer- 

tain of the amino acids are found to accumulate most.    Arginine and 

lysine in pear (4),   arginine,  pipecolic acid,   and serine in straw- 

berry (9),   aspartic acid,   serine,   arginine and proline in cocoa (36), 

and glutamic acid,   asparagine,   serine and pipecolic acid in banana 

(18) have all shown significant increases when potassiunn is deficient. 

Pathological Conditions 

Changes in total nitrogen and in various amino acids are typical 

of infection in both cellular parasites and viruses (7,   15).    Since 

virus replication entails the synthesis of virus specific protein,   dis- 

turbances in nitrogen metabolism of infected plants are inescapable 

consequences of virus infection (15).    In the case of cellular para- 

sites as well as in viruses,   changes in amino acids appear to be 

variable with the amides,   asparagine and glutamine,  being particu- 

larly sensitive to change under conditions of infection (7). 

Applied Chemicals 

Chlorophenoxy Herbicides.    The action of the chlorophenoxy 

herbicides is distinguished in part by a similarity to that of the 
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natural auxins.    Woodford,  Holly and McCready (64)  suggest there 

are close links between auxin action and amino acid metabolism. 

Recent reviews by Wort (6 5)  and Penner and Ashton (45) indicate a 

diversity of changes in amino acid content of treated plants.    Part 

of the reason for this diversity may be due to species,   different con- 

centration of herbicide,   sampling of different tissues,   and sampling 

at different stages of plant growth.    In a large number of cases the 

application of 2, 4-D to a plant brings about an increase in proteins 

and free amino acids in the stem and a simultaneous decrease of 

these compounds in the leaves and roots (65).    The importance of 

species differences is demonstrated by the work of Fults and Payne 

(20) where foliar applications of 2, 4-D caused significant increases 

of total free amino acids in sugar beet and potato tops,   but a signifi- 

cant decrease in pinto beans.     MacLeod (37)  showed a four-fold in- 

crease in leucine,. isoleucine and valine in broad bean sprayed with 

5000 parts per million MCPA (2-methyl-4-chlorophenoxyacetic acid) 

and sampled three to four days after spraying.    Accumulation was 

apparently due to impaired translocation of metabolites from the 

leaves.     Long periods of time between treatment and sampling sug- 

gests that observed changes may be due to secondary effects (64). 

Maleic Hydrazide.    Fults and Payne (20) showed a significant 

increase in the free amino acid content of potato and sugar beet tops 
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with maleic hydrazide treatment.    Boynton and Yatsu (8) and Yatsu 

and Boynton (67) have shown that maleic hydrazide sprayed on the 

foliage of two strawberry varieties caused an increase in free amino 

acid nitrogen with a corresponding decrease in protein nitrogen. 

Samborski and Shaw (55) believed a thirty-fold increase of free amino 

acids in wheat seedlings growing in sand treated with maleic hydra- 

zide to be due to continuation of photosynthesis after growth had been 

retarded. 

Other Herbicides.    An increase in total nitrogen in simazine 

treated plants has been reported (51).    Ries and Cast (50),  however, 

could find no change in 17 amino acids in corn grown in 0. 5 parts 

per million of simazine.    In an attempt to elucidate the selective ac- 

tion of dalapon (2, 2-dichloroproprionic acid) Anderson,  Behrens and 

Linck (1) found an increase in free amino acids in sugar beets and 

yellow foxtail.    Their data on nitrogenous constituents failed to clari- 

fy the basis of the selective action of dalapon. 

Pipecolic Acid Accumulation 

Pipecolic acid often accumulates in plants under conditions of 

arrested growth brought on by environmental conditions,   mineral 

nutrient deficiencies,  presence of pathogens and certain applied 

chemicals.    According to Yatsu and Boynton (67) pipecolic acid may 
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accumulate dramatically in leaves of strawberry plants which are in- 

ternally inhibited from active growth in spite of exposure to favorable 

growing conditions.    Strawberry plants of the variety Sparkle were 

held in an unchilled condition and then placed in conditions stimula- 

tory to growth consisting of long days and application of 100 parts 

per million gibberellic acid.    Non chilled plants placed under long 

day conditions accumulated pipecolic acid to the extent of 39. 6 per- 

cent of the total amino nitrogen.    Sprays of Z000 parts per million 

maleic hydrazide caused an increase of pipecolic acid in the variety 

Catskill to 9. 7 percent and in the variety Sparkle to 7. 0 percent of 

the total amino nitrogen (67). 

The effect of virus infection on pipecolic acid accumulation has 

been noted in several instances.    Diener and Dekker (16) isolated 

and identified pjpecolic acid from the leaves of peach trees infected 

with Western-X virus disease when none could be detected in mature 

healthy leaves.    Although pipecolic acid was present in all 53 di- 

seased samples no correlation was found between severity of disease 

and quantity of pipecolic acid.    Systemic arsenic injury,  which pro- 

duced visable symptoms on peach similar to those of Western-X 

disease,   also caused pipecolic acid to be present.    In both peach and 

sweet cherry pipecolic acid is present in young leaves (14).    In 

cherry infected with mottle leaf disease a greater amount of pipe- 

colic acid persisted for a longer period of time after the beginning of 
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spring growth than in healthy leaves.    Bozarth and Diener (10) re- 

ported the presence of pipecolic acid in tobacco infected with potato 

virus X and potato virus Y although accumulation did not occur to 

any great extent. 

Kwong and coworkers (31,   32) found pipecolic acid to be one of 

several amino acids accumulating in a striking manner in potassium 

deficient peach and in strawberries deficient in potassium and mag- 

nesium.    In young fully mature leaves of strawberry pipecolic acid 

accumulated most when both potassium and magnesium were deficient. 

Under long day conditions the increase was greater than under short 

days.    This was opposed to a near absence of pipecolic acid in the 

roots under long days.    Magnesium deficiency has produced a very 

marked effect on pipecolic acid content in banana leaves (18).    No 

appreciable amount was detected in the leaves of plants grown in full 

nutrient solution,  while in the leaves of magnesium deficient plants 

pipecolic acid accounted for 13-17 percent of the total soluble nitro- 

gen.     Unusually high concentrations of pipecolic acid have also been 

associated with phosphorus deficiency in barley (47),   manganese and 

iron deficiencies in tomato (48), and chloride deficiency in cabbage 

and cauliflower (19). 

Yang and Miller (66) found that increased concentrations of 

amino acids in soy bean were correlated with a remarkable increase 

in dark carbon dioxide fixation when the plants were fumigated in an 
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atmosphere of hydrogen fluoride.    No detectable amount of pipecolic 

acid was present in the normal leaves,  but a remarkable quantity 

accumulated in necrotic leaves.    Although necrosis of the tissue and 

an accumulation of pipecolic acid were definitely linked,   attempts to 

bring about necrosis in simple feeding experiments with young soy 

bean plants were unsuccessful. 

Gas Chromatography of Amino Acids 

Amino acid analysis has been greatly facilitated by chromato- 

graphic techniques.    Paper and ion exchange chromatography have 

been in use for some time and have given excellent results.     The use 

of gas-^liquid chromatography (GLC) in the analysis of non-volative 

components of tissue has been reviewed by Burchfield and Storrs 

(11) who list the merits of this approach to amino acid analysis. 

Paper chromatography and ion exchange techniques do not have the 

speed,   adaptibility to automation or capacity for separating closely 

related compounds inherent in GLC. 

The principle problem in the analysis of non-volatile compon- 

ents of tissue by GLC is increasing the vapor pressures and reducing 

polarities (11).    This may be accomplished by oxidation,  esterifica- 

tion,   alkylation,   acylation or other means.    Although there are sev- 

eral ways for converting amino acids to volatile products,  the most 

•widely employed is esterification of the acids and blocking of the 
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polar nitrogen and oxygen in the case of hydroxyamino acids.    Gas 

chromatography of amino acids has not been extensively developed, 

but promises to be an important tool in the immediate future. 

Amino Acid Derivatives 

Some of the first attempts to form volatile derivatives for GLC 

employed esterification only.    Bayer (6)  separated the methyl esters 

of amino acids and was able to distinguish norvaline,  valine,  norleu- 

cine and leucine which are poorly separated with paper chromato- 

graphy.     Tailing and polymerization of the amino acid methyl esters 

were reduced by trifluoroacetylation of the esters prior to GLC. 

Saroff and Karmen (56)  separated the N-trifluoroacetylmethyl esters 

of 14 amino acids using polyethylene glycol adipate as a stationary 

phase,  but several of the separations were incomplete.    More    re- 

cently Hagen and Black (25)  separated 19 protein amino acids as the 

N-trifluoroacetylmethyl esters.     Carbowax 1540 and Carbowax 20M 

were used as stationary phases on single column analyses.     Cruick- 

shank and Sheehan (12) have separated 21 amino acids as the N- 

trifluoroacetylmethyl esters using neopentyl glycol succinate as a 

stationary phase.    Other derivatives which may be useful in GLC of 

amino acids are the N-trifluoroacetyl n-butyl esters (21),   and N- 

trifluoroacetyl n-amyl esters (13). 
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Derivative Preparation 

Trifluoroacetylation has been particularly valuable as a means 

of blocking the polar nitrogen and oxygen of hydroxyamino acids. 

This is accomplished most readily by direct reaction of the ester 

with trifluoroacetic anhydride (1Z,   21,   2 5). 

A number of methods have been used for esterification,  includ- 

ing methanolic hydrochloric acid (6),   methonolic hydrochloric acid 

with dimethyl sulfite (12),   and thionyl chloride in methanol (26). 

Diazomethane has been used in some cases to form the methyl es- 

ters (12,   13).    Gerke et al.   (21) made the n-butyl esters by inter- 

esterification from methyl esters. 

Qualitative Aspects 

The simplest approach to identification of an unknown from any 

type of chromatographic analysis is a comparison of the unknown 

with the behavior of a known standard.    Although this approach does 

not give positive identification,   it is commonly used.     Under condi- 

tions of constant temperature,  flow rate,   and column characteristics, 

the time necessary to elute a given component from a gas chromato- 

graphic column is constant.     Thus retention time is the principle 

basis for qualitative analysis in gas chromatography (11).    When 

there exists variation in operating parameters or column performance 
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relative retention times are extremely useful. 

Quantitation of Derivatives 

General methods of quantitative analysis in gas chromatography 

are outlined by Burchfield and Storrs (11).    Quantitative problems 

peculiar to amino acid analysis include less than quantative conver- 

sion of amino acids to volatile derivatives (12)  and decomposition of 

derivatives.    It has been particularly difficult to attain similar peak 

areas for equal amounts of various amino acids (56).    This could be 

due to unequal yield in the preparation of derivatives or a variation 

of detector response.    By the use of peak area ratios and the inclu- 

sion of an internal standard this difficulty may be overcome (12). 

Reproducibility of results on most studies are fairly good,  but amino 

acids with sensitive side chain functional groups (e. g. ,  histidine and 

cysteine) may give very poor reproducibility (12).    With the hydrogen 

flame detector a number of N-trifluoroacetylamino acid methyl es- 

ters gave a fairly linear response over a wide range of concentra- 

tions (25). 
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EXPERIMENTAL 

Plant Material 

The plant material for this study was obtained from the Lewis- 

Brown horticultural farm near Corvallis, Oregon. Runner plants 

were removed from healthy strawberry plants of the variety North- 

west. These were transplanted in 10 inch by 12 inch plastic tubs in 

a greenhouse soil mix. Many runner plants taken on September 22, 

1965 did not have well developed roots and a second transplanting 

was necessary on October 23,   1965. 

Fertilization 

2 
A nutrient solution consisting of one pound of "RA-PID-GRO" 

per 30 gallons of water was applied after the second transplanting. 

Approximately 500 milliliters of this solution was applied to each 

tub at two week intervals.     This practice was continued until the 

plants were harvested and from the appearance of the plants main- 

tained them at an adequate level of nutrition. 

Lighting and Temperature 

Supplemental lighting from fluorescent and incandescent lamps 

was begun immediately after the second transplanting to retard 

2RA-PID-GRO analysis,   23:21:17. 
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flower initiation.    A regime       of     16   hours of lighting and eight 

hours of darkness was employed.    Daytime temperature was held at 

7 5    F and night temperature at 60    F.    Contrary to expectation, 

flowering was evident about one month later.    Flower buds were re- 

moved as they appeared,   and since flowering was general,  it was not 

considered to be a serious condition in terms of between sample 

variation. 

Preparation for Treatment 

On February 7,   1966 a uniform selection of 132 plants was made 

and transplanted from the tubs into number ten cans.     These plants    ^ 

would ultimately be used in the treatments receiving herbicide in 

spray form.    Plants which were to be used in the treatments of soil 

applied herbicide (simazine) were cut back severely to get rid of 

rank growth and produce a more compact and smaller plant to trans- 

plant to treated soil.    Regrowth was rapid and satisfactory size had 

been attained by the time they were needed. 

Treatments 

Treatments (Table I) consisted of four herbicides,  two levels of 

each herbicide and two sampling dates for all herbicide-level com- 

binations,   except in the case of DNBP where the second sampling 

date was omitted.     The four herbicides -were 2,4-dichlorophenoxyacetic 
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Table I.    Herbicidal treatments. 

Level Sampling Date 
Herbicide (Active Ingredient) (Days After Application) 

2,4-0                                        3/4#/acre 5 
3/4#/acre 20 

4 #/acre 5 
4#/acre 20 

MH                                              l/4#/acre 5 
l/4#/acre 20 

1 #/acre 5 
1 #/acre 20 

Simazine                                      1 #/acre 17 
1 #/acre 32 
4 #/acre 17 
4#/acre 32 

DNBP                                        l/2#/acre 5 
4 #/acre 5 

Control                                              0 5 
0 20 

acid(2,4-D), 1, 2-dihydropyridazine-3, 6-dione (maleic hydrazide, 

MH), 2-chloro-4,6 bis(ethylamino) -s-triazine (simazine) and 2,4- 

dinitro- o- sec -butyIphenol (DNBP). 

Levels of herbicide were calculated on the basis of surface area. 

Field soil was used in the simazine treatments to eliminate the ad- 

sorptive effects of added peat.    Low treatment levels •were chosen to 

correspond somewhat to levels used in field practice. 

Plants were sprayed with a traveling nozzle sprayer similar to 

that described by Mason and Adamson (40).     Soil was treated with 
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simazine by spraying the wettable powder suspension into a tumbler 

containing soil from a number ten can and then thoroughly mixed. 

In the greenhouse,   treatments were replicated ten times,  but 

chemical analyses were subsequently made on only four replications. 

Sampling 

Sampling (Table I)  occurred at five and at twenty days for all 

treatments,  including controls,   except the simazine treated plants. 

The latter were sampled 12 days after the others to allow time for 

the root ball of the transplants to reach into the treated soil.    Symp- 

toms on these plants were watched and the plants harvested when it 

was felt they had responded to at least the higher levels of herbicide. 

Fully expanded trifoliate leaves were removed from strawberry 

plants and a 25 gram sample sealed in a polyethylene freezer bag. 

The samples were cooled on ice between harvesting and the time 

they were placed in the freezer.    Storage was at -13    C. 

Preparation for Gas Chromatography 

Tissue Extraction 

Each 25 gram sample of leaves was homogenized in the frozen 

condition in a Waring blendor for three minutes with 125 milliliters 

of 95 percent ethanol.     This brought the final concentration of alcohol 
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in the homogenate to approximately 80 percent.     The homogenate 

was then filtered without vacuum through Whatman number one filter 

paper and the residue washed four times with approximately 15 milli- 

liters of 80 percent alcohol.     The residue was dried at 6 5    C in a 

forced air oven and weighed. 

Cleanup 

The supernatant alcoholic solution was extracted in a separatory 

funnel with three times its volume of chloroform.     The aqueous upper 

layer of 30-50 milliliters contained the amino acids.    In one replica- 

tion of samples reported in this study activated charcoal (Norit-A) 

was used to clarify the aqueous solution.    This procedure greatly 

reduced the recovery of amino acids and was discontinued (see page 

31).     The pH of the aqueous solution was adjusted to 7. 0 with dilute 

hydrochloric acid or dilute ammonium hydroxide.    A precipitate 

typically formed as the pH was raised and was removed by brief 

centrifugation. 

Isolation of Amino Acids 

Amino acids were isolated on a column of Dowex SOW x 4 (200- 

400 mesh) using essentially the method described by Burchfield and 

Storrs (11).    With resin in the hydrogen form all amino acids were 

isolated on one column rather than isolating the basic amino acids 
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separately on resin in the ammonium form.    Elution of amino acids 

from the column was accomplished with 2. 0 N ammonia and the 

eluate drained into a 50 milliliter round bottomed flask equipped with 

a 19/38 I1 mouth.    Total elution volume consisted of approximately 

25 milliliters. 

Preparation of Amino Acid Derivatives 

Flasks containing the amino acid solutions were placed in a 

water bath held at 70    C.    A moderately rapid flow of air supplied 

from a pressure pump (Gelman Instrument Company,  Model 13152) 

and directed through a six nozzle manifold dried the samples in one 

and one-half to two hours.    When dry,  the flasks were placed in a 

vacuum desiccator and the amino acid residue further dried under 

high vacuum.     To attain high vacuum a Welch Duo-Seal Vacuum 

Pump,   Model 140l0 was used.    Flasks remained under vacuum in the 

desiccator until ready for final preparative steps for gas chromato- 

graphy. 

Esterification.     The dried mixture of amino acids was esterified 

and acylated with a method similar to that described by Cruickshank 

and Sheehan (12).     This consisted of esterification in five milliliters 

of anhydrous methanol saturated with hydrochloric acid to which was 

added one milliliter of dimethyl sulfite. 
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Anhydrous hydrochloric acid was prepared by adding concentrated 

hydrochloric acid slowly to concentrated sulfuric acid in an appara- 

tus similar to that described by Vogel (62).    Dimethyl sulfite was 

prepared from methanol and thionyl chloride according to the method 

of Kyrides (33).    The mixture was refluxed for 30 minutes and the 

solvent removed under vacuum.    Further drying was accomplished 

in the vacuum desiccator under high vacuum. 

Acylation.    One milliliter of trifluoroacetic anhydride was added 

to the flask containing the dried methyl ester hydrochlorides of the 

amino acids and the mixture refluxed for ten minutes.     The solvent 

was driven off with a jet of dry nitrogen,   until a wet residue remained 

The residue was immediately dissolved in 0. 2 milliliters of anhydrous 

methanol for injection into the gas chromatograph. 

Gas Chromatographic Analysis of 
N-Trifluoroacetylamino Acid Methyl Esters 

Chromatographic Instrument 

The chromatograph used in these studies was an Aerograph 

Model A-600-B equipped with a hydrogen flame detector.    Hydrogen 

was supplied from a hydrogen generator Aerograph Model A-650. 

The recorder was a Speedomax H-Model S,   supplied by Leeds and 

Northrup Company,   with one millivolt sensitivity and one second full 
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scale response time. 

Operating Parameters 

The chromatographic instrument was set at an input impedence 

7 9 
of 10    ohms for the solvent peak and 10    ohms for peaks of the amino 

acid derivatives.    Output sensitivity was set at 1-X.    Flow rate of 

the nitrogen carrier gas was 19 milliliters per minute with an inlet 

pressure of 10 pounds per square inch,   and hydrogen flow rate to 

the detector was 24 milliliters per minute.    Measurement of flow 

rates was with a soap bubble flow meter.    Air flow to the detector 

was approximately 500 milliliters per minute as measured with water 

displacement.    Recorder chart speed was maintained at 30 inches per 

hour.     Temperature of the detector was set at 175    C.     Column tem- 

perature was programmed with an initial temperature of 132    C. 

Average temperature rise was 1. 3 degrees per minute to a tempera- 

ture of 155    C.    An average temperature rise of 3. 1 degrees per 

minute was then initiated.    Final temperature was 215    C and the 

run completed isothermally.    Because of manual programming these 

values are approximate and varied slightly (one to two degrees) in 

actual runs. 

Column Preparation 

The solid support used in these studies was an acid washed celite 
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3 
diatomaceous silica,   Chromosorb-G.      Stationary phase was neo- 

4 
pentyl glycol succinate (NPGS).       To coat the solid support,   NPGS 

was dissolved in chloroform and mixed with the appropriate amount 

of Chromosorb-G to make a five percent coating of the stationary 

phase.     The solvent was evaporated on a hot water bath with gentle 

and constant stirring of the mixture.    It was then baked in an oven 

at 7 5    C for one hour to remove final traces of chloroform. 

Stainless steel columns of 1/8 inch O. D.   were packed by plugging 

one end of a section of desired length with glass wool and capping with 

a plugged "Swagelock".    A polyethylene funnel was attached to the 

opposite end of the section and packing added slowly while firmly 

tapping the column. 

The column used for all data reported in this study was one 

meter in length and contained 3. 03 grams of packing material. 

Identification of Peaks 

All standard amino acids which were used in the gas chromato- 

graphic analysis were obtained from Nutritional Biochemicals 

Company.    Individual peaks were identified by chromatographing 

amino acid derivitives from tissue extracts with a subsequent run 

from the same extracts with the standard added. 

^Johns Manville product. 
4 
Obtained from Wilkins Instrument and Research Inc. 
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Quantitative Analysis 

Quantitation of gas chromatographic peaks was done by the tri- 

angulation method (11).    Lines drawn along the sides of the peak in- 

tersected with the base line,   thus forming a triangle the area of 

which is approximately equal to the peak area.    Peak area was ad- 

justed by multiplying by the attenuation setting and dividing by the 

injection volume (in microliters). 

A calibration curve for pipecolic acid was obtained by running a 

series of known concentrations.     This was done by adding the known 

concentrations to plant tissue homogenates as well as chromatograph- 

ing the pure amino acid derivative.    These curves were used to obtain 

an estimate of recovery in the extraction and isolation procedures. 

Automatic Amino Acid Analyzer 

Aliquots of amino acid solutions from a series of 2,4-D treat- 

ments were run on an automatic amino acid analyzer to confirm re- 

sults obtained in gas chromatographic analysis.    The instrument 

used was a Technicon Auto Analyzer equipped with a 140 centimeter 

x 6. 3 millimeter I. D.   glass column.    Column packing was Technicon 

Chromobeads,   Type A.    The colorimeter unit consisted of two colori- 

meters equipped with narrow band interference filters providing 

470 millimicron    and 400 millimicron light respectively.    An elution 
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gradient of buffer ranged in pH from 2. 875 to 5. 0.    The three buf- 

fers used were of pH 2. 875,   3. 80 and 5. 0 and the gradient attained 

in a nine chambered "Autograd" (61). 

Samples for analysis on the automatic amino acid analyzer were 

prepared from 75 grams fresh weight of strawberry leaf tissue. 

Aqueous solutions of the extract were treated with activated charcoal 

(Norit-A).     The resulting solutions were reduced in volume and made 

to five milliliters in a volumetric flask.    A 0. 32 milliliter aliquot of 

this stock solution in 12. 5 percent sucrose was layered on the resin 

column to begin each run. 

The pipecolic acid peak on the Auto Analyzer charts was identi- 

fied by comparison with a known standard and by the characteristic 

absorption maximum of its ninhydrin reaction product.    An estimate 

of peak area was obtained by triangulation. 
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RESULTS AND DISCUSSION 

Investigations on the Procedures Used 

Sample Preparation 

Attempts to clear aqueous solutions of contaminants were made 

in order to minimize the amount of nonvolatile and particulate mat- 

ter present with the amino acid derivatives injected into the gas 

chromatograph.    Activated charcoal (Norit-A)  at 0. 75-1.0 grams 

5 
per gram of fresh weight of tissue or "Polyclar-AT1    powder at 

1.0-1. 5 grams per gram of fresh weight of tissue applied prior to 

isolation on the exchange resin adequately decolorized the solutions. 

It was impossible,  however,   to completely remove amino acids 

from these substances. 

The data for one replication in which activated charcoal was 

used is included in this study.    Each peak area value in this replica- 

tion was multiplied by a factor (1.6) by which the area was reduced 

through the use of activated charcoal.     The variability introduced 

through use of a clearing agent was considered more serious than 

the technical problems caused without its use.    A glass insert which 

was changed periodically was placed in the injector to trap the non- 

volatile residue. 

5 
Polyvinylpyrrolidone--obtained from General Aniline and Film 

Corporation. 
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Gas Chromatographic Analysis of N-Trifluoroacetyl Pipecolic Acid 
Methyl Ester 

Identification.    A series of known concentrations of standard 

pipecolic acid were run on the gas chromatograph to establish the 

identity and retention time of the volatile derivative.    It was also 

necessary to establish the linearity of response of the detection sys- 

tem to the range of pipecolic acid concentrations expected in plant 

samples. 

Each point on the graph in Figure 1 is the mean of three deter- 

minations.     The linearity of response shown in Figure 1 indicates 

that the volatile derivative is that of pipecolic acid.    The response 

of the detection system is apparently linear over the range of con- 

centrations used. 

Separation.    In preliminary runs,  pipecolic acid added to plant 

extracts was found to conflict with other peaks at various operating 

parameters.    In several runs pipecolic acid was found to have a re- 

tention time very close to a peak which diminished sharply on subse- 

quent runs.    The operating conditions finally employed in this study 

were such that a nearly complete separation of the pipecolic acid 

derivative and conflicting peaks was obtained.     The peak which was 

previously observed to diminish on subsequent runs is the serine 

derivative,   N,  O    l?is(trifluoroacetyl)  serine methyl ester. 
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Figure 1.    Peak area of pipecolic acid. 

Decomposition probably occurs by hydrolysis of the O-substituted 

trifluoroacetyl group.    Other peaks with retention times near that 

of the pipecolic acid peak are (3 -alanine and proline (Figure 2).    The 

pipecolic acid peak lies between peaks of the p -alanine and serine 

derivatives. 

Modifications in the temperature program changed the relative 

retention times of derivatives of p-alanine,  pipecolic acid and 

serine.    When the starting temperature was lower than 132    C the 

pipecolic acid peak tended to fuse with the |3 -alanine peak.    The 

starting temperature in Figure 3-A is  116     C.     With a higher 
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Figure 2.    Portion of gas chromatogram showing separation of 
volatile derivatives of (3-alanine,  pipecolic acid, 
serine and proline. 
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Figure 3.    Effect of changes in temperature programming on 
the separation of volatile derivatives of P-alanine, 
pipecolic acid,   serine and proline. 
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starting temperature the pipecolic acid and serine peaks had reten- 

tion times very near one another.    Figure 3-B shows the effect of a 

starting temperature of 145    C. 

In no case was it possible to obtain complete separation of the 

pipecolic acid derivative from conflicting peaks on the one meter 

column.    Separation as shown in Figure 2 was satisfactory for semi- 

quantitative measurement of peak area.     The contribution to the 

height of the pipecolic acid peak by adjacent peaks as determined by 

the method described by Bartlett and Smith (4) was insignificant. 

Calibration Curve.    To accurately determine the amount of 

pipecolic acid in leaf samples a calibration curve was prepared. 

Various amounts of standard pipecolic acid were added to leaf homo- 

genates and the samples analyzed according to the normal procedures. 

This was done with leaf homogenates of English ivy, which contains no 

endogenous pipecolic acid, as well as with strawberry leaf homogen- 

ates.    It was necessary to subtract the amount of endogenous pipe- 

colic acid in determinations where the latter was used.    The lower 

line in Figure 4 represents the calibration curve obtained and used 

in this study. 

The upper line in Figure 4 represents a calibration curve for 

standard pipecolic acid. The slope of the lower line expressed as 

a percent of the slope of the upper represents the percent recovery 
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of pipecolic acid from plant tissue homogenates and is equal to 67 

percent. 

Variability in Procedure.     Variability was measured by calcu- 

lating the coefficient of variation for a series of determinations.    For 

standard pipecolic acid the coefficients of variation of peak area 

were 6.4 percent for 100 micrograms of pipecolic acid nitrogen, 

32. 5 percent for 62. 5,   5. 1 percent for 50,  41. 8 percent for 10,   and 

30. 5 percent for 2. 5.    For pipecolic acid added to leaf tissue homo- 

genates the coefficients of variation were 29.9 percent for 250 micro- 

grams of pipecolic acid nitrogen,   14. 8 percent for 125,   35. 1 percent 

for 6 2. 5 and 42. 0 percent for 12. 5.    The coefficients of variation 

for the p-alanine peak in two series of aliquots from strawberry leaf 

homogenates were 3.9 percent and 13.6 percent. 

Variability between samples is extremely high.    Determinations 

of larger quantities of an amino acid are subject to lower variability 

than determinations of smaller quantities.    Variability of the |3- 

alanine peak appears to be lower than that of the pipecolic acid peak. 

As expected,  variability was higher when pipecolic acid was added 

to leaf homogenates than when determinations were made on pure 

pipecolic acid,  but the difference is comparatively small.     This in- 

dicates that the source of variability is chiefly in the derivative pre- 

paration steps of the procedure,  in the detection system,   or is 
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perhaps due to decomposition of the derivatives on the chromato- 

graphic column. 

Confirmation of Gas Chromatographic Results.    There was need 

to insure against the possibility of the peak identified in plant sam- 

ples as pipecolic acid as representing more than one amino acid 

derivative.     Changing the operating conditions produced no evidence 

for more than one peak.    Moreover,  when leaf samples of English 

ivy,  which contains no pipecolic acid,   were analyzed,   a peak with a 

retention time equal to that of pipecolic acid did not appear on the 

chromatograms. 

Further confirmation was obtained with ion exchange chromato- 

graphy (Technicon Automatic Amino Acid Analyzer).    A series of 

plant samples known to contain a wide range of pipecolic acid con- 

centrations were analyzed with corresponding runs on the Auto Analy- 

zer and on the gas chromatograph. 

The peak areas obtained from the two chromatographic methods 

are plotted in Figure 5. These results indicate that the peak identi- 

fied as pipecolic acid on gas chromatograms is a single peak. 

Gas Chromatographic Separation of Free Amino Acids 

A complete separation of all free amino acids present in alco- 

holic extracts of strawberry leaves was not attained.     Operating 
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Figure  5.     Confirmation of gas chromatographic results on 
automatic amino acid analyzer. 
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conditions which gave a good separation of pipecolic acid from serine 

and p -alanine did not separate several other peaks.    Figure 6 shows 

a gas chromatogram of amino acid derivatives present in strawberry 

leaves.    Some of the peaks were identified by the addition of known 

standard amino acids to leaf extracts and by a comparison to the data 

of Cruickshank and Sheehan (12).     These are given in Table II.    Sev- 

eral peaks contain at least two amino acid derivatives.     The presence 

of dual peaks in peak numbers four and five was evident when the 

starting temperature was lowered to 110-120    C.    Peak number four 

contains glycine and isoleucine and number five,   threonine and leu- 

cine. 

The chromatogram in Figure 6 does not show the derivatives of 

some amino acids,  e. g. ,   arginine and lysine, which are difficult to 

elute.    The reasons for this were not investigated nor were retention 

times for these amino acid derivatives established with any certainty. 

The results indicate that the use of gas chromatography in a 

complete analysis of plant free amino acids is not feasible with the 

operating conditions used in this study.    Several workers (12,   25) 

have attained separation of amino acids from protein hydrolysates 

with gas chromatography,  but the presence of other components among 

the free amino acids,   such as pipecolic acid and p-alanine,   make a 

separation more difficult to achieve.    It is not unlikely,  however, 

that a complete separation of the major components of a mixture of 



l 128X 

L2 
<u N                     ^ % 12 
CO \                       1 f 
C! 

\          / A o / 
a* \ 6 / 
CO 

0) \A 10 
tf \ / r 5 A 9 A / 

\       13 U 

16X ^ I 3 A 7 
8 A A / ^A 

U 
0 ^J \J V A / \ / v 'V U ^    V 1 \ / \ /      v s   / 
Pi I 

1 

\ —j s \_ y64X V 8X 
i * 

M 

10 15 20 25 30 

35 40 4 5 50 

Time (minutes) 

55 60 

Figure 6.    Gas chromatogram of free amino Acids in strawberry leaves. 



43 

Table II.    Identity of peaks on gas chromatograms of free amino 
acids in strawberry leaves. 

Peak Number Identity 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Alanine 
V aline 
Unidentified 
Isoleucine and glycine 
Leucine and threonine 
p-alanine 
Pipecolic acid 
Serine 
Proline 
Unidentified 
Unidentified 
Aspartic acid 
Unidentified 
Unidentified 
Unidentified 
Methionine* 
Glutamic acid 
Phe ny 1 al anine 
Unidentified 
Unidentified 
Unidentified 
Tryptophanl 

1 
Identification in doubt. 

plant free amino acids could be attained so that such a procedure 

could be used routinely.    In tjiis study a lowering of the starting tem- 

perature gave a better separation of at least three sets of dual peaks. 

A longer (or shorter)  column may give desirable separations. 

Cruickshank and Sheehan (12) achieved better separation of these 

amino acids on a two-foot column than on a longer column. 



44 

Occurrence of Pipecolic Acid in Other Plants 

The pipecolic acid content of several plants was checked during 

the course of this investigation,   (Table III). 

Table III.    Pipecolic acid content of various species. 

Source 

Pipecolic Acid Nitro- 
Part gen Per Gram 

Sampled Fresh Weight 

Peach,   Prunus persica 

Common Chickweed,  Stellaria 
media 

Tansey Ragwort,   Senecio 
jacobaea 

English Ivy,  Hedera helix 

Bean,   Phaseolus vulgaris 

leaf 

whole plants 

leaf 

leaf 

fruit 

1. 5 

0. 5 

0 

0 

35.0 

Peach leaves taken in late autumn contained a small amount of pipe- 

colic acid.    None was observed by Diener and Dekker (16) in healthy 

peach leaves during the growing season.    Bean fruits are generally 

a rich source of pipecolic acid (69)-    In gas chromatograms of bean 

fruit amino acids the peak area of the pipecolic acid derivative was 

one of the largest.     English ivy has been reported to contain none 

(43).    No previous information is available concerning the presence 

of pipecolic acid in species of Stellaria and Senecio. 
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Herbicide Experiment 

Results reported in this section were those obtained by gas chro- 

matographic analysis of four replications of the 16 herbicidal treat- 

ments.    The objective is to present data on pipecolic acid content. 

However,  information concerning other components of the amino 

acid content of strawberry leaves are presented where appropriate 

as verification and support of the results obtained for pipecolic acid. 

Visual Symptoms of Herbicidal Injury 

The physical condition of the leaf tissue obtained for analysis is 

a measure of herbicidal injury and ultimately related to biochemical 

responses.    Plants treated with DNBP were severely burned and at 

the high rate plants were nearly dead at the five day (only)  sampling 

date.    The high rate of 2, 4-D caused a moderate amount of leaf burn 

along with petiole and leaf deformation at both levels.    Maleic hydra- 

zide at the lower rate caused no marked visual responses,   but at the 

high rate leaf spotting occurred frequently.    Spots were small and 

purplish in color.    Simazine treated plants responded to the herbicide 

by showing marginal chlorosis,  but the extent of symptom expression 

was variable. 

Effect of Herbicidal Treatment on Pipecolic Acid Content 

The data in Table IV reveal that pipecolic acid content of 
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Table IV.    Effect of herbicidal treatments on pipecolic acid content 
of strawberry leaves. 

Pipecolic Acid Nitrogen (micrograms) 
Dry-Weight      Per Gram Fresh    Per Gram Dry Weight 

Treatment of Residue Weight of Residue^ 

2,4-D:L:5 5. 8 1. 8 7. 1 

2,4-D:L:20 6.5 1.8 6.6 

2,4-D:H:5 5.8 6.0 25.9 

2,4-D:H:20 7.7 11.0 35.4 

Simazine:L<:17 6.8 1.0 3.5 

Simazine:L1:32 6. 6 0. 8 3. 3 

Simazine:H:17 5.9 1.0 4.0 

Simazine:H:32 6.6 0. 5 2. 1 

DNBP:L:5 5.4 1.4 6.4 

DNBP:H:5 7.5 3.2 10.5 

MH:L:5 5.9 0.8 3.2 

MH:L:20 7.2 0.9 3.1 

MH:H:5 6.0 1.4 5. 7 

MH:H:20 7.2 1.7 5.9 

Control:-:5 6.0 0.6 2.4 

Control:-:20 6.7 0.8 3.0 

Herbicide:    Treatment level,   L = low,  H = high:    Days after 
treatment. 

2 
LSD = 15.0.     ncx-- whole experiment analysis 

(0. 0 5) 
= 3-74/o   ««"- 2,4-D:H:5 and 2,4-0^:20 omitted (0. 0 5) 
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strawberry leaves is apparently increased by several of the herbicidal 

treatments.     These data are expressed as micrograms of pipecolic 

acid nitrogen on the basis of both fresh weight of tissue and of dry 

weight of the alcohol insoluble residue.     The latter was computed 

since samples of treatments in which necrosis was prominent were 

rather desiccated and had a greater dry weight of residue.     The ex- 

pression of data on a fresh weight basis tends to overemphasize con- 

tent in treatments which naturally contain large amounts of pipecolic 

acid since these were often the treatments which also had high dry 

weights.    On the other hand the use of the dry weight of alcohol in- 

soluble residue ignores the fact that alcohol soluble material may 

change between treatments. 

Pipecolic acid content expressed on a dry weight of residue basis 

is plotted in Figure 7.    The outstanding feature of the results is the 

striking increase in pipecolic acid at the high rate of 2, 4-D.    At 

both five and twenty days after treatment pipecolic acid content is 

11-12 fold greater in strawberry plants treated with four pounds of 

2, 4-D than in controls.    A statistical analysis on the whole experi- 

ment revealed the differences between pipecolic acid content of 

samples treated with the high rate of 2, 4-D and the respective con- 

trols were significant.     The large difference in means between the 

high rate of 2, 4-D and those of the rest of the experiment suggested 

that the data should be separated for statistical analysis.     When this 



48 

35 

0) 
d 

• i-4 
CO 
0) 

Pi 
-  30 

GO 
• H 
0) 

Q  25 

a 
o 
<u 
OH 20 

GO 
o 
u 
u 

GO 
O 

■H 

T3    10 
o 

<! 
u 
•fl 
1—1 
o 
u 
0) 
ft 5 - 

Ly. 

^a 

/ 

/ 
/ 

/ 

cr 
/ 
/ 
/ 

© 

o 

a a 2,4-0 High Rate 

a a 2, 4-D Low Rate 

A- A MH High Rate 

A           A MH Low Rate 

• * Simazine High Rate 

Simazine Low Rate 

® Dinitro High Rate 

E 

O O 

Dinitro Low Rate 

Control 

^3" 

x j_ 
10 15 20 25 

Days After Treatment 

30 

Figure 7.    Effect of sampling date and herbicide concentration. 



49 

was done the resulting analysis shows the pipecolic acid content at 

both levels of DNBP and at the low rate of 2, 4-D,   5 day sampling 

interval,   to be significantly different than controls.     Content in treat- 

ments of maleic hydrazide at the high rate and at the low rate of 2, 4-D, 

20 day sampling interval,  were slightly lower than the (0. 05) level of 

significance chosen for comparison. 

Relation of Pipecolic Acid Content to Total and Individual Amino 
Acid Peak Areas of Other Volatile Derivatives 

Possible reasons for the increase of pipecolic acid reported in 

the previous section include its being a part of a general increase in 

soluble nitrogenous compounds.    To gain information on this possi- 

bility the area of each individual peak on gas chromatograms was 

measured.    A total peak area for each chromatogram was also ob- 

tained.    Table V gives the data for the numbered peaks shown in 

Figure 6 (page 42) and the total for each treatment.     These data are 

expressed on a fresh weight basis which is sufficient for comparative 

purposes.     Peak number seven,   the pipecolic acid derivative,   is also 

expressed in terms of peak area rather than actual amounts.     The 

values presented in Table V are only valid for making comparison 

of treatment differences and not in comparing amounts of different 

amino acids.     The peak area for the same quantity of different amino 

acids may vary considerably.    This fact causes the use of total peak 

area to be valid only where there are large differences and where 



Table V.    Mean peak area, of volatile  amino acid derivatives in strawberry leaves. 

Peak Number 
Treatment 1 23 45 67 89 10 11 

2,4-D:L:5 47.3 48.6   40.8 13.8 41.6 28.3 10.4 21.7 14.2 25.0 

2,4-D:L:20 22.2 14.2 — 38.4 12.3 39.0 28.2 7.0 14.1 19.1 11.2 

2,4-D:H:5 31.8 40.8 — 64.2 25.8 55.1 103.2 9.7 33.8 13.1 20.5 

2,4-D:H:20 71.2 74.7 — 59.2 14.9 35.7 193.7 _.. 559.5 8.6 193.0 

Simazine:L:17 25. 1 18.7 —- 29.5 14.0 34.4 16,7 8.7 17.7 9.7 14.3 

Siinazine:L:32 46.5 28.0 .__ 36.7 13.2 35.0 14.9 9.3 18.4 14.7 55.7 

Simazine:H:17 27.4 18.9 — 40.9 17.4 34.0 16.3 3.9 86.7 10.7 31.7 

SimazineJ4:32 29.8 22.7 ___ 39.6 14.8 29.5 9.6 7.4 21.6 7.1 44. 1 

DNBP:L:5 40.2 30.7 — 45.6 17.3 34.2 25.7 10.9 25.3 23.3 70.5 

DNBP:H:5 65. 1 41.9 56.6 46.4 30.8 42.4 51.6 17.3 46.0 94.5 155.5 

MH:L:5 27.3 27.9 2.0 46.2 14.6 31.0 12.8 20.8 23. 1 47.9 44. 1 

MH:L:20 18.8 23.0 — 27.4 10. 1 27.6 15.3 10.8 10.9 11.8 181.0 

MH:H:5 22.4 22.7 1.0 36.0 16.3 34.1 23.9 15.7 17.9 75.0 50.2 

MH:H:20 23.3 19.7 .__ 29.5 9.7 27.7 29.4 13.0 15.0 24.2 16.7 

Control:-:5 30.0 25.6 „_ 39.2 14.9 39.2 10.7 13.6 20.6 15.2 21.2 

Control:-:20 21.7 22.9   33.5 11.4 27.6 14.3 11.7 22.5 5.4 37.3 

Herbicide:   Treatment level,  L=low, H = high:   Days after treatment 

O 



Table V.   (cont. ) 

Treatment 
Peak Number 

12 13 14 15 16 17 18 19 20 21 22 Total 

2,4-D:L:5 434.5 1.9 1.8 2.9 5.0 65.1 7.5 0.5 — 1.4 7.5 820.8 

2, 4-D:L:20 225.0 1.8 2.3 4.0 4.0 33.6 11.7 0.8 0.1 5.5 7.5 502.0 

2,4-D:H:S 313.7 2.7 2.3 2.8 5.3 96.2 13.4 — 1.7 1.5 9.4 847.0 

2,4-D«:20 276.2 3.6 13.6 3.4 11.2 104.5 32.7 1.4 1.1 0.9 18.7 1677.8 

Simazine:L:17 258.0 1.6 1.7 4.1 1.2 45.7 2.0 ___ 0.3 0.4 11.0 514.8 

Simazine:L:32 187.5 2.8 2.2 3.4 4.4 102.3 7.7 0.1 0.4 1.0 9.0 593.2 

Simazine:H:17 256.3 2.4 1.5 3.1 4.5 60.7 7.1 0.3 0.4 0.8 9.3 634.3 

Simazine -ii-.iZ 116.0 2.1 2.3 7.7 2.7 115.6 8.5 — 0.6 1.0 12.5 495.4 

DNBP:L:5 262.2 2.1 1.3 4.2 4.8 61.1 16.1 0.3 0.5 0.1 6. i 682.8 

DNBP-.H:5 272.0 8.3 1.9 6.1 5.3 74.6 41.2 0.3 0.8 1.5 15.3 1065.4 

MH:L:5 288.7 6.8 1.2 2.4 6.8 65.7 5.6 0.2 _— 0. 1 3.3 678.5 

MH:L:20 126.0 1.2 1.9 3.6 3.4 6.1 3.4 0.4 — 1.4 5.8 489.9 

UHii :5 205.7 2.2 2.0 3.5 6.1 48.6 8.6 2.4 0.2 1.2 9.5 605.2 

MH«:20 165.5 1.3 1.7 4.2 4.4 87.2 4.9 0.4 0.1 0.6 8.4 486.9 

Control:-:5 308.0 1.5 1.2 3.1 4.2 37.5 8.4 0.4 0.1 0.7 6.3 601.6 

Control :-:20 162.7 1.7 1.5 3.4 5.0 68.6 10.7 0.1 0.2 1.6 8.7 472.5 

Herbicide:   Treatment level,  L=low, H = high:   Days after treatment 

<JI 
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the differences are the result of a change in most or all of the individ- 

ual peak areas making up the total. 

Examination of the totals for peak area in each of the treatments 

reveals that there was an accumulation of amino acids in 2,4-D 

treatments at both levels of herbicide at five days.    At the high rate 

and 20 day sampling interval the accumulation is approximately 

three-fold.    DNBP at the high rate also shows an increase although 

this would not be as apparent if data were expressed on the basis of 

dry weight.    Treatments which are characterized by a high pipecolic 

acid content also show an increase in the total amino acid content. 

Pipecolic acid increase is on the order of ten-fold while increase in 

total peak area is approximately three-fold at the high rate of 2,4-D 

and 20 day sampling interval. 

Changes in individual amino acids include the appearance of an 

unidentified peak (peak number three) which is prominent in samples 

treated with DNBP at the high rate.    Another unidentified peak (peak 

number 11)  changed rather markedly in several treatments.    Peak 

number 17,  identified as glutamic acid,  was variable showing a 

large depletion in samples treated with maleic hydrazide,   low rate, 

and 20 day sampling interval.    Peak number 18,  identified as phenyl- 

alanihe,.   also showed much variation and appeared to be sensitive 

in treatments causing a general accumulation.    The peak identified 

as proline (peak number nine) increased in the high rate of 2,4-D at 
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the 20 day sampling interval,   accounting for nearly half of the in- 

crease in total peak area caused by this treatment.    It is significant 

to note the similarity of proline and pipecolic acid,  both in chemical 

structure and in their metabolic origin in plants.    Some peaks such 

as (3-alanine (peak number six)  appeared to be rather insensitive to 

treatment. 

The results presented in this section show that the striking in- 

crease in pipecolic acid due to 2, 4-D treatment cannot be attributed 

to a general increase in the amino acids analyzed by gas chromato- 

graphy.    Among those increasing most are proline,  pipecolic acid, 

and an unidentified peak (peak number 11). 

Correlation of Necrosis with Pipecolic Acid Increase 

The treatments in which pipecolic acid increased most were 

characterized by a high degree of tissue necrosis.    Yang and Miller 

(66) definitely linked an increase in pipecolic acid with tissue necro- 

sis brought about by fluoride injury of soy beans.    Readings of ne- 

crosis taken at the time of sampling are correlated with an increase 

of pipecolic acid (Figure 8).    That a necrotic condition is the sole 

cause for the increases noted in these studies is doubtful.    DNBP at 

the high rate caused a much greater degree of tissue breakdown than 

did 2, 4-D at the high rate (five day sampling),  but the pipecolic acid 

increase is much less. 
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Figure 8.     Correlation between pipecolic acid content and 
tissue necrosis. 

Relation of Herbicidal Mechanisms of Action to Amino Acid 
Content 

100 

The herbicides used in this study represent a wide spectrum of 

physiological effects on plants.     The objective of this section is to 

relate observed changes in pipecolic acid content to the mechanisms 

of action of these herbicides. 

No change in pipecolic acid content was observed in simazine 

treated plants.     There was also little change: in total and individual 
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amino acids as determined by the areas of other peaks on chromato- 

grams.    Ries and Gast (50) were unable to detect changes in the con- 

tent of 17 amino acids in simazine treated corn plants. 

Simazine and other triazines are known to inhibit the Hill reac- 

tion in photosynthesis and likely exert toxic effects in this manner. 

The results of this study indicate that simazine probably does not 

affect amino acid metabolism directly.    One might expect with a re- 

duction in amount of photosynthesis the content of free amino acids 

would decrease because of the lack of appropriate carbohydrate ac- 

ceptors for amino acid formation. 

A number of compounds such as the dinitrophenols are known to 

act on plants through uncoupling of oxidative phosphorylation.    Treat- 

ment with DNBP resulted in a higher amino acid content as well as 

an increase in pipecolic acid.     Tissue breakdown was rapid in the 

DNBP treatments.     The change in amino acid content is more likely 

due to secondary effects of the herbicide brought about by the onset 

of death. 

The results of this study do not confirm the work of Yatsu and 

Boynton (67) who showed a marked increase in pipecolic acid in 

strawberry plants treated with maleic hydrazide.    Although maleic 

hydrazide, failed to cause expected changes the reasons for this fail- 

ure are not clear in light of the work of these authors.    The discre- 

pancy in results  can be explained on the basis of varietal differences. 
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differences in internal concentration of herbicide,   or differences in 

physiological condition of plants brought about by environmental 

differences. 

Plants used by Yatsu and Boynton were field grown and treat- 

ments were applied in late August.    Their plants were in a condition 

of active growth favorable to elicit a response from a growth inhibi- 

tor such as maleic hydrazide.    In the present study plants were also 

actively growing when treated,  but were under greenhouse conditions 

as opposed to field conditions in the earlier work.   Two vafijetiep.used 

by Yatsu and Boynton showed some varietal differences in pipecolic 

acid accumulation.    It is possible that the variety Northwest used in 

the present study does not show a pipecolic acid increase whereas 

another variety would have done so under the conditions of this experi- 

ment.     The chance that internal concentrations of maleic hydrazide 

were lower in the present work is possible.    Plants were sprayed 

thoroughly,  however,  with a 2000 parts per million solution which is 

comparable to the rate used in the work by Yatsu and Boynton.    In 

summary,   there appears to be no definite and single reason that the 

expected results with maleic hydrazide were not shown in this study. 

A host of physiological effects in plants have been attributed to 

the chlorophenoxy herbicides.     2, 4-D is known to inhibit oxidative 

phosphorylation similar to but with less effectiveness than the di- 

nitrophenol herbicides (63).     The  similarity of response in amino 
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acid content in this experiment could be attributed to the fact that the 

action of both herbicide types is similar.    However,   DNBP caused 

such a rapid breakdown of plant tissue,   one could not assume effects 

on amino acids as direct effects of the herbicide.     2, 4-D is also 

known to exert toxic effects on plants in many other ways. 

MacLeod (37) has proposed that an inhibition of translocation of 

metabolites from leaves,  with a subsequent build-up of certain toxic 

substances may be a reasonable explanation for the action of MCPA 

on leaves of broad bean.    Results in this experiment indicating an 

increase in total amino acids could be.explained by such a mechanism. 

This does not,  however,   explain the differential changes by several 

of the amino acids as shown in this study.    It appears that such 

changes can best be explained on the basis of effects on enzyme pro- 

teins. 

Adsorption of chlorophenoxy herbicides on protein surfaces with 

modification of the structure in such a way as to alter enzynae acti- 

vity has been proposed as a predominant mechanism of action of these 

herbicides (28).    Several other effects on enzyme activity by chloro- 

phenoxy herbicides are listed by Penner and Ashton (45)  and include 

effects on the physical state of the enzyme,   adsorption of enzymes 

to cellular particulates and availability of cofactors.    A change in 

the activity of certain proteolytic enzymes could account for in- 

creases in total amino acid content,   but the fact that pipecolic acid 
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is not a protein constituent precludes its arising in this manner.    The 

similarity of response of pipecolic acid and proline in these studies 

and the proposal that they arise by the same enzymatic process in 

plants suggests that the action of 2,4-D in strawberry leaves is 

directed to the same mechanism for enhancing the content of both 

amino acids. 
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SUMMARY AND CONCLUSIONS 

Amino acids were isolated from strawberry leaf tissue and 

analyzed as the N-trifluoroacetylamino acid methyl esters using gas- 

liquid chromatography.    By the use of temperature programming the 

separation of the pipecolic acid peak from those of |3 -alanine and 

serine was satisfactory for quantitative determination of peak area. 

The operating conditions employed did not allow a complete separa- 

tion of all amino acid derivatives.    An estimate of total amino acids 

for the purpose of comparison between treatments was obtained by 

measuring the total peak area on each chromatogram. 

Using gas chromatography a study was made of effects of four 

herbicides on content of pipecolic acid and other amino acids in 

strawberry leaves. 

Results of this study indicate the following. 

1. Total free amino acids increase in treatments causing se- 

vere injury to plants. 

2. Statistically significant increases in pipecolic acid content 

occurinmost  treatments where  2, 4-D and DNBP are used. 

The effect of DNBP treatment on pipecolic acid is likely due 

to secondary effects resulting from the onset of death. 

3. The increase in pipecolic acid at the rate of four pounds 

2, 4-D per acre is approximately ten-fold.     Proline,   which 
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is similar in structure and metabolic origin to pipecolic 

acid,  increases sharply at this rate of 2, 4-D at 20 days, 

but not at five days after treatment.    An unidentified peak 

on chromatograms of samples treated with 2, 4-D was the 

only other peak which showed an increase similar in magni- 

tude to that of pipecolic acid and proline.     The increase in 

pipecolic acid and proline are apparently due to some speci- 

fic action of 2, 4-D. 

4. Maleic hydrazide treatment does not result in the marked 

increase in pipecolic acid shown in work by Yatsu and 

Boynton (67).     The reason for this is not apparent,  however. 

5. Simazine has no effect on pipecolic acid content as mea- 

sured by gas chromatography. 
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