
AN ABSTRAC T OF THE THESIS OT'

WALTER LEONARD GOULD for the Ph. D. in Farm Croos
(Major)(Name)

Date thesis is presented

(Degree)

/[] J^'rrur^ry 1964

Title INDOLE-3-ACETIC AC ID IN (2-CHLOROETHYL)-

TRIME THYI,AMMONIUM CHI,ORIDE- TREA TED C LUB WHEA T

(TRITIC UM AESTIVUM COMPAC TUM)

Abstract approved

Studies were conducted to verify the existence of IAA in wheat

seedlings and to determine the effect of (2-chloroethyl)-trimethyl-

ammonium chloride (CCC) on the IAA content of club wheat,

Triticum aestivum compactum, variety Omar. The shoots of CCC-

treated and untreated wheat plants were extracted with ethanol, the

plant extract purified, separated by paper chromatography, and

subjected to bioassay and color test.

A refinement was made in the procedure for purifying plant

extracts. Most of the pigments and lipid substances were removed

from the alcoholic extract by partitioning with n-hexane. The

acidic auxin fraction was further purified using column chromatog-

raphy with basic alumina, WoeIm alumina, serving as the stationary

phase.
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Direct bioassay of sections of chromatograms by the Avena

elongation test revealed a growth'promoting region on chromato-

grams developed in several solvent systems at a R, comparable to

the R, of IAA. A colored spot having the developmental character-

istics of IAA appeared on paper chromatograms at the same relative

R, zone upon spraying with a chromogenic reagent, p-dimethyl-

aminocinnamaldehyde (DMAC). These tests provide substantial

evidence that IAA is the principal acidic auxin in wheat foliage.

Semi-quantitative tests using DMAC indicate that good

recovery of IAA is possible using the purification procedure

described. A positive color test was obtained on paper chromato-

grams with the equivalent of 0.05 rnicrograms of IAA carried

through the procedure. A distinct colored spot was also obtained

frorn the extract of a ?0-gram sample of fresh wheat leaves. On

the basis of the color test and the growth activity in the Avena elon-

gation test, the concentration of IAA in the shoots of wheat seedlings

was estimated at L.5-3. O X I0-3 micrograms per gram fresh

weight. A comparison of the growth-promoting activities of wheat

extracts in the Avena elongation tests showed that the IAA leveI of

untreated wheat was greater than in CCC-treated wheat.
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INDOLE-3-ACETIC ACrD rN (2-CHLOROETHYL)-
TRIME THY LAMMONIUM C H LORIDE - TREA TED

CLUB WHEAT (TRITICUM AESTIVUM COMPACTUM)

INTRODUC TION

Plant growth is primarily regulated by three classes of

endogenous compounds, the auxins, gibberellins and kinins. Indole-

3-acetic acid (IAA) is the principal growth-promoting auxin occurring

in plants. Other indole compounds have shown growth-promoting

activity in the various bioassay tests, but most of them are con-

verted to IAA and their activity is due to this conversion. Although

many physiological processes require IAA, the mechanism of action

of IAA at the growth site is still unknown. More specific roles in

growth and differentiation appear to fa11 to the gibberellins and

kinins. Among other things, gibberellin stimulates cell elongation

and the kinins induce ce11 division. The kinins are active only in the

presence of auxin, while the response of plants to gibberellin is

dependent on the concentration of IAA. The response of an experi-

mental system to one of these growth regulators may be due to

another growth regulator being limiting (59).

A number of synthetic compounds that have growth-regulating

or herbicidai properties have been discovered. Some of these

growth regulators retard the overall growth of various plant species
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without other apparent injury.

The first chemicals found having these properties were active

on a narrow range of plant species, but their discovery opened up a

new area of research. Compounds of this type could have great

economic importance as they would be useful in the maintenance of

rights-of-way and the control of vegetative growth in agronomic and

horticultural crops.

The chemical (2-chloroethyl)-trimethylammonium chloride

(CCC) and its analogs show promise for use in plant growth retarda-

tions. CCC is unique among growth-regulating compounds in that it

is effective on a broad spectrum of plant species without causing

apparent injury or necrosis except at heavy rates of application.

The action of CCC has been described as the opposite of gibberel-

Iin. The application of both chernicals sirnultaneously produces a

rnutually antagonistic effect, while either chemical alone reverses

the action of the other.

Kuraishi and Muir (28) found that IAA, not gibberellin, pro-

rnoted the growth of plant segments taken from plants treated with

CCC. Since gibberellin treatment increased the diffusible IAA con-

tent of plants, they concluded the mode of action of CCC is to inhibit

the synthesis of IAA.

Wheat is one of the crops which responds to CCC treatment



and thus provides good experimental material for study. Although

growth-promoting substances are known to exist in wheat plants,

little information is available about their identity.

The objectives of this research were: (t) to verify the exist-

ence of IAA in wheat plants and to estimate the quantity of IAA in

wheat seedlings, and (?l to compare the IAA content of CCC-treated

and untreated wheat plants.



LITERA TURE REVIEW

Physical and Chemical Properties of CCC

The compound (2-chloroethyl)-trimethylammonium chloride

(CCC) is an analog of choline in which the hydroxyl group is replaced

with chlorine. The structural formula is: CHZC1CHZN(CH3)3. C1.

CGC is a white crystalline salt having a molecular weight of 158.I

and a melting point of 300'C. Upon heating, CCC begins to decom-

pose at ?40-250"C. CCC is very hygroscopic and is easily soluble

in water and in the lower alcohols. Aqueous solutions are chemical-

Iy stable and retain their biological effectiveness. CCC is relatively

safe to use, having an acute oral LDuo of 1.34 grarns per kilogram of

body weight. No signs of skin irritation have been observed (1,

p. Z-31. Tolbert (51) synthesized CCC by refluxing together at 80-

95'C. equal molar arnounts of 1,2-dichloroethane and trimethylamine.
+

The group of compounds having the structure (CH3)3NCHZCHZR

is effective in retarding growth where R is CI, Br, or = CHZ (61, 64,

65). The trimethylammonium cation is necessary for activity, since

substitution of one rnethyl group produced nearly inactive compounds.
i

F.or maxirnal activity, the carbon chain containing the substituent R

at the end should be two carbons in length. In active compounds,

substituents at R were of small size, nucleophilic, and nonionizable.
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The structure of the compound suggests a two-point attachment at

the active sites. These points include the ammonium ion and the R

on the ethyl chain.

CCC inhibits the hydrolysis of acetylcholine by the enzyme

choline esterase (I3). Since this enzyme is not known to occur in

plants, Tolbert (55) hypothesized that a similar enzyme exists in

plants whichhave active sites for the arnmonium ion and for a local-

ized region of high electron density as would occur when the R sub-

stituent is chlorine. Although CCC inhibits choline esterase, it is

not a competitive inhibitor since other known esterase inhibitors

applied with CCC neither negate the effect of CCC nor alter the

growth of the plants.

CCC is not known to occur naturally. Mayr and Presoly (38)

in 1961, reported the presence of a substance which they separated

from the aqueous extracts of wheat and tomato plants by solvent

partition and paper chromatography which gave thern the color

reaction of cCC. Paxton and Mayr (37, 43) resolved the above un-

known substance into three cornponents. The rnain substance found

in the extract had the same color reactions as choline chloride after

chrornatographic development in neutral, acidic and basic solvent

systems, but it had a higher R, in the neutral and basic solvents.

During paper electrophoresis at pH 5 this substance separated into
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choline and a third substance which in turn was converted into

choline during paper chromatography. They were unable to identify

any of the substances as a phosphorylated derivative of choline or

acetylcholine.

Since CCG is an analog of choline, the mode of action of CCC

may be to influence lipid metabolisrrr or transmethylation reactions

(5I , 53). Alteration of either process might cause altered cell

development; hence, shorter plant growth.

Physiological and Growth Regulating Effects of CCC

Several investigations have been carried out to determine the

physiological effect of CCC in different kinds of plants. Tolbert

(64) reported that CCC did not change the rate of CI4O, fixation by

Chlorella during a short-tirne photosynthetic study. There was an

alteration of products from the C'nO. fixation by Chlorella which

appeared to be caused in part by the formation of a complex between

CCC and the products, particularly glycolic acid,

Wittwer (72, p. 236-248) found a higher carbohydrate content

in CCC-treated plants than

cause a gradual regulation

formation.

untreated plants and stated this can

vegetative growth and dry rnatter

1n

of

CCC suppressed the elongation of tornato seedlings in various
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intensities of light and in the dark (72). An equal inhibition of longi-

tudinal growth occurred when the tomatoes were grown under light

intensities of 7,500-30,000 lux. The inhibition in strong light ap-

peared to be less than in weak light because of the effect of strong

light on the control plants. Treated tomato plants grown under very

weak light conditions, as exist in the greenhouse during the winter,

developed short, thick stems and dark green leaves.

The translocation of phosphorus and the uptake and transloca-

tion of water are inhibited by ccC treatment. Gohlke and Tolbert

(14) reported that the addition of CCC to the nutrient solution 24 to

Tzhours before readings were made, reduced the specific activity
))

of P'o in the leaves of barley seedlings frorn 75-95 percent, as

compared with control plants growing in water or comparable molar-

ity of NaCI or mannitol. This inhibition of translocation into the

leaves was accompanied by a proportional decrease in water uptake

by seedlings. The water uptake was inhibited 60-80 percent by t0-4
-?and l0 -M concentrations of ccc. water translocation was rnea-

sured by the xylem exudate after decapitation of the seedling. The
2)

P'" specific activity in the exudate remained relatively constant in

treated and control plants. There was a several-fold increase in

P3z specific activity in the roots as compared to untreated plants.

The total radioactive phosphorous in CCC-treated seedlings
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increased three- to four-fold because of the great increase in activ-

ity in the roots.

The water requirements of plants are strongly reduced by ccc

treatment (72),. Also, Halevy and Kessler (15) found that bean plants

have an increased tolerance to soil drouth when treated with CCC.

They applied 500 mg. of CCC to the soil when the first pair of leaves

on the bean plant had expanded. The beans were then watered until

the third leaf had expanded, when watering was discontinued. The

control plants wilted in five days; the leaves becoming dry and drop-

ping off at the end of nine days. wilting of the beans in the ccc-

treated soils occurred after 28 days.

According to Marth and Frank (36), plants that were altered by

plant growth retardants, such as CCC, were more tolerant to toxic

Ievels of salts placed around the roots than were the control plants.

Young soybeans, retarded by ccc treatment, withstood without

visible injury quantities of commercial fertilizer applied on the soil

surface that killed the control plants. The surviving retarded plants

produced viable seed. Miyamoto (40) found a similar tolerance in

wheat. He planted ccc-treated seeds of winter wheat and applied

ammoniurn nitrate to the soil at various rates eleven days later.

Sixty-five percent of the control plants had wilted 24 hours after the

application of five grams of ammonium nitrate per pot, while none of
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the CCC-treated plants had wilted. seventy-two hours after applica-

tion, 93 percent of the control plants were wilted as compared to

only ZI percent of the CCC-treated plants. When greater or smaller

amounts of ammonium nitrate were added to the soiI, a proportion-

ately greater or smaller percentage of plants had wilted at the same

time interval after treatment. Comparable results were obtained

when Knoprs nutrient solution was added to the soil. Miyamoto also

found that the resistance of wheat seedlings to low and high pH was

increased by CCC treatment (39).

The effect of ccc on the flowering of plants is quite variable.

The application of CCC at concentrations up to tO-4Vf promoted earlier

flowering in tomatoes; that is, the formation of the first flower

cluster was induced after the production of fewer nodes than normal.

Flowering in lettuce was delayed by treatment with the chemical

(72]'. ccc treatment caused gardenias to flower earlier when the

nyctoperiod was changed from short to long nights, but was ineffec-

tive under a long-day photoperiod (21). The treated gardenia plants

produced the most flowers under short-day conditions (24). Flower-

ing in azaleas was delayed by ccc treatment under long- or short-

day conditions (58), but the number and uniformity of azalea buds

increased under long-day conditions. In a test on rhododendron the

control plants needed a cold treatment to induce flowering, but after
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treatment with CCC, flower initiation was not dependent on tempera-

ture, plant size, or photoperiod (57).

The effect of CCC on ceIl division appears to vary in different

kinds of plants. Sachs (48) reports that the inhibition of chrysanthe-

murn growth is reflected at the cellular level by greatly reduced

ceII expansion and division. Cell proiiferation and expansion in

chrysanthemum and carrot callus tissue cultured in a complex liquid

medium were reduced to near zeto with 100 parts per million of

CCC. Rawlins (a5) found an inhibiting effect of CCC on tobacco

mosaic virus multiplication; 0.1 percent concentration of CCC in the

culture solution caused an inhibition of 8l percent. In contrast to

these results, Kelley and Postlethwait (23) reported a stimulation

in growth of fern gametophyte spores, which was rnanifest primarily

by an increase in cell division. A concentration of I0 '*ccc in

the agar resulted in precocious formation of gametangia and antherida.

The growth retarding influence of sorne plant growth retardants

appears to be on the growing tip of the stem rather than on the roots

of the plants. Lockhart (35) reported CCC apparently has no action

on roots of beans as the same growth response resulted when either

all the roots or one-half the roots were subjected to the chemical,

while ciipping of one-half the roots had a much srnaller effect.

The effect of CCC and related compounds upon plant growth
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was first presented by Tolbert (63) at the Fourth International

Congress on Plant Growth Substances in I959. Later, Tolbert and

Wittwer (61; 6Z; 64;70;71;72, p. 236-248) and Cathey and Stuart

(t) reported that the dwarfing action of ccc and related compounds

was expressed on many different kinds of plants. The most char-

acteristic growth alterations were thicker stems with short inter-

nodes and intensely dark green leaves which may be curled or

thickened. The growth changes simulated those caused by exposure

of plants to high light intensity, a short photoperiod and low tempera-

ture.

The growth response of plants varied with concentration of

ccc from growth promotion in tomatoes at to-7Irrt to toxicity at high

rates of application. Plants reacted most quickly when young and

active growth zones were present. The activity of CCC treatment

was detected within five to seven days and persisted for several

weeks or even months. The first apparent response of treated

plants was darker green leaves. The most sensitive types of plants

were those that grew slowIy and constantly. Plants that grew by

flushes required higher dosages (9).

Plants generally show no phytotoxic symptoms with CCC

unless treated with extremely high rates. Excessive amounts

caused a pronounced chlorosis beginning along the midrib of leaflets
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and extending toward the margins. When applications of greater

than IO-3tvt CCC were made to the soil, or tO-4tvt were used in

culture solution, necrotic areas developed, followed by marginal

burning (7 0).

The effect of CCC on the growth of wheat has been investigated

by several workers. Tolbert (62) applied CCC to wheat as a soil

treatment at seeding time. At concentrations of t o-3tvt or stronger,

the treatments reduced the first interleaf distance essentially to

zel.o while at tO-Ztrrt concentration the base of the second leaf re-

mained below the base of the first leaf and caused reduction of plant

weight at first. Appleby, et aI (2) reported that a seed treatment of

wheat with CCC caused a decrease in the coleoptile length, as weII

as the distance to the first leaf blade and total shoot height. The

shortening of the coleoptile resulted in a reduction of stand in some

varieties of wheat since the coleoptile did not extend near enough to

the surface of the soil to allow emergence of the primary leaf (3).

seedling plants which were treated Il days after seeding, when the

second leaf was emerging, were retarded, but the wet and dry

weights of the tops of the plants were not different from the check (62).

Wheat plants overcame the effect of CCC at concentrations of less

-Athan l0 'M by heading time. Foliar applications of CCC were not as

effective as soil or seed treatments. The growth alterations caused
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by CCC, as cornpared to the control, were shorter, thicker stems,

broader and greener leaves, earlier and stronger tillering, and

more uniform growth. Linser and Ki.ihn (33, p. Z3L-247) reported

that in greenhouse experiments CCC delayed the heading of wheat

four or five days, decreased the stem length and straw yield, but

did not influence the number of internodes. The effect on yield has

varied considerably between tests.

Tall growing and dwarf varieties of plants were retarded in

growth by ccc; for example, pole beans had the appearance of bush

beans, and trailing plants, such as pumpkins and melons, formed

compact plants. Cucumber vines were shortened and the tendrils

failed to develop. The internodes of ta11 peas were shortened and

dwarf mutations of corn and peas became stilI shorter (63).

Some practical aspects of CCC treatments are evident in

research on a number of potted ornamental plants. The application

of 100 ml. of l0-2 or 5 x lo-3tnt ccc per pot as a soir drench two

weeks after initiation of short days retarded the growth of stems of

chrysanthernums but did not affect flower development. An equal

number of leaves appeared per plant but the leaves were larger,

thicker and stiffer, and darker green. The treated plants wilted less

than untreated plants during growth and also exhibited better keeping

qualitie s after f lowering (3I ) . SimilarIy, soil treatments of



t4

poinsettias with ccc at .03 to .50 grams per pot reduced plant

height without reducing leaf number, so plants were more compact.

The bract size was reduced slightly as the concentration of CCC in-

creased. The treated plants had smaller leaves which were darker

green and closer spaced than nontreated plants, thus improving the

quality of the poinsettias (25, 26, 3l). soil treatments of ccc were

also reported as being effective in reducing the height of various

varieties of zinnias, lilies and hydrangeas (l I, p . 6-L4l.

Interaction Between ccc and Natural Growth Resulators

The growth response of plants treated with ccc is opposite to

that induced by gibberellic acid and the effect is longer lasting (62,

64, 72). The growth changes of plants treated with ccc correspond

to those which are caused by high light intensity and low temperature.

CCC inhibited the germination of lettuce in darkness while gibberel-

lin or red light has a stimulating effect. In many plants, gibberellin

stirnulates the effect of long photoperiod while CCC duplicates the

effect of short-day conditions in soybeans. A mutually antagonistic

effect can be obtained from simultaneous application of both.

Lockhart (35) found that when a slip frorn a ccc-treated bean

was rooted in untreated soil, the growth of the slip remained inhibit-

ed. Treatment of the slip with gibberellin overcame the ccc
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inhibition. He concluded that CCC interacts competitively with

gibberellin on stem growth and suggests that CCC retards stem

elongation by partially blocking the system that provides active

gibberellin to the growth mechanism.

The inhibition of intact chrysanthemum plants by CCC was

reversed or prevented by application of gibbereiiin which restored

the stem growth to normal or enhanced it (48). Gibberellin failed to

reverse or prevent the inhibitory effect of CCC on chrysanthemum

or carrot callus tissue in vitro, but the inhibition was reversible

upon transfer of the callus material to fresh media. These experi-

ments indicate that the relationship between CCC and gibberellin is

not competitive in the chemical sense.

Tolbert (65) suggests this class of compounds should be con-

sidered as new growth substances. Although many of the responses

in plants are opposite those induced by gibberellin, the resultant

effect on plant height and weight does not justify calling them anti-

gibberellins. The result could be the additive effect of two opposite

types of growth alteration. Antigibberellins would compete with

gibbereliins for one or more specific reaction centers in the growing

plant and would possess the ability to block the gibberellin activity.

Kuraishi and Muir (28) carried out several experiments

using combination treatments of CCC and gibberellin or
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indole-3-acetic acid (IAA) at various rates to determine the inter-

actions of the latter two compounds with CCC. Treatments of radish-

leaf discs with gibberellin alone caused an increase in weight of disc

as the gibbereliin concentration increased. The curve flattened off

above one part per million. Including one gram per liter of ccc in

the test had no effect on the shape of the curve. Ten grams of CCC

per liter reduced the amplitude but not the general shape of the

curve. Increasing the concentration of gibberellin did not overcome

the inhibition of the higher rate of ccc. The addition of .OIM IAA

slightly increased the sensitivity of the leaf disc to CCC.

In the Avena coleoptile elongation test, a solution containing
_)

l0 "M ccc alone had little effect on section growth while a concen-

tration of 3 X to-zvt caused a 40-percent reduction in elongation.

Indoleacetic acid added to the test solution reduced the inhibition

by ccc. The growth induced by 5 x I0-5no ,ao in combination with
_)

3 x I0 -M ccc was comparable to the control; however, the growth

was only about one-third of that obtained with IAA alone. A low con-

centration of gibberellin in combination with the high level of CCC

caused a slight increase in Avena section growth. Increasing the

amount of gibberellin had little effect toward further increasing the

growth. Kuraishi and Muir concluded that an antagonistic effect on

the inhibition caused by ccc is characteristic of IAA and not of
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gibberellic acid.

rn the pea-internode section test, Kuraishi and Muir treated

peas in the greenhouse with various concentrations of ccc. sec-

tions were then cut from the fifth internode segments of the peas and

tests run with these sections. The growth of sections from control

plants and the growth of sections cut from peas treated with lo-4trrt

cCC increased as the gibberellin concentration increased to one

part per million, but sections from peas treated with lo-lIrrt ccc

were not affected by gibberellin application. In contrast to the

growth promotion by different concentrations of gibberellin, the

control sections did not exhibit an increase in growth with applica-

tion of IAA untii the concentration reached 0. I parts per million.

sections receiving the highest concentration of ccc, l0-lM,.ho*"d

the greatest response to an increasing IAA concentration. Inter-

mediate results were obtained at other concentrations of CCC and

IAA. These findings indicate that retardation of stem growth by

ccc is due to lack of IAA and is not dependent upon gibberellin.

The content of diffusible auxin in CCC-treated peas was

measured by allowing the auxin to diffuse from the treated peas

into agar blocks which were used in the Avena curvature test. The

amount of curvature decreased as the rate of CcC treatment in-

creased. ccc itself did not affect the curvature of the Avena
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l8

It was concluded that the response to IAA and the lack

of response to gibberellin by tissue from stems whose growth is

retarded by CCC, and the demonstration of a reduction in the level

of diffusible auxin in stem apices of treated plants, indicate that the

effect of CCC is to lower the auxin level in the plant.

The auxin level in plants has been shown to be influenced by

gibberellin treatment. Phillips and co-workers (44) in 1959,

found an increase in endogenous growth substances in pea seedlings

after treatment with gibberellin. They ran a bioassay with Avena

coleoptile sections on chromatograms of the pea extract but they did

not identify the growth promoting substances. Kuraishi and Muir

(27) similarly found two to ten times as much diffusible auxin from

gibberellin-treated pea and sunflower plants as from the controls.

They suggest that the retardation of growth by CCC is counteracted

by treatment of intact plants with gibberellin because such treat-

ment increases the leveI of diffusible auxin. However, this does

not explain the observation of wittwer (71) that CCC alone had no

effect on tomato ovaries, but in cornbination with lO-3Vt IAA and
_(

l0 -M gibberellin a synergistic growth rate was induced beyond that

ascribed to an IAA-gibberellin interaction.
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Occurrence and Detection of Growth Substances in Wheat

There are a number of growth substances in wheat as is indi-

cated by the growth promotion or inhibition of Avena coleoptile sec-

tions incubated directly with sections of paper chromatograms

containing plant extract. However, there is littte evidence that one

of the growth promoting substances in growing wheat plants is IAA.

Avery and coworkers 14, p. 596-607) found the total auxin and auxin-

precursor content of wheat endosperm to be 170 micrograms per

kilogram of wheat seed. Haagen-Smit, Leach and Bergren (I5)

reported wheat contained 9,800 micrograms of auxin per kilogram of

seed. The difference in estimation of auxin content can probably be

attributed to the test methods; Avery used solvent extraction to ob-

tain IAA, while Haagen-smit measured the increase of auxin in

hurnan urine after ingestion of ground wheat.

RufeIt and Fransson (47) investigated the effect of a change in

pH of the nutrient solution upon the growth activity of excised wheat

roots. Twenty grams of roots were extracted with ether and

ated by paper chromatography. An increase in Avena section

separ -

length

resulted when the pH was increased from 5.0 to 7.5. They assumed

the growth prornotion was from IAA since the active zor.e on the

chromatogram corresponded to the R, of IAA. Shaw and Hawkins

(50, p. I-15), following Keffordrs (22, p. LZ9-L5I) method of



extraction, ran paper chrornatograms and Avena

ZO

elongation tests on

the acidic ether-soluble fraction of extract from 90 grams of leaves

from rusted wheat. They were

a chromogenic reagent. On the

unable to obtain a positive test with

basis of the Avena bioassay, they

estimated that wheat had 0.5 micrograms, or Iess, of IAA per

kilogram of fresh tissue.

Libbert and Ballin (30) incubated wheat tissue with 3-

indoleacetonitrile (IAN) and found the IAN was converted to IAA.

They did not find IAN, nor did they specify that they found IAA, in

the control sample of wheat. wightman (69, p. 694-695) conducted

experiments with wheat coleoptile tissue incubated in various solu-

tions of indole compounds. Extracts from tissue incubated in water

showed very little activity in the Avena test at the R, zor:e of IAA and

no color development with the Ehrlich reagent. These results could

be expected since auxin is inactivated during incubation and extrac-

tion in water (29, p. I5).

The only information found in the literature on the detection of

IAA in wheat plants was an abstract of stanislawskirs (53) work.

with the aid of the salkowski reagent, he was able to detect IAA in

the extract of wheat seedlings separated via paper chrornatography.

More than 200 grams of plant material were used to obtain a positive

r eac tion.
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Increased growth activity at the R, of IAA is not unequivocal

proof that the growth promoting substance is indoleacetic acid. This

fact is brought out by a study by Britton and co-workers (8, p. 237-

251)who found that a growth promoting substance at the R, of IAA,

when eluted and rechromatographed, produced an active zone at the

R, comparable to IAN and at an R, zone lower than that of IAA, but

no growth activity at the R, corresponding to IAA.

Color development on a paper chromatogram at the R, of IAA

after spraying with a chromogenic reagent, and growth promotion

in the sarne zone furnish more definite proof of the identity of a sub-

stance. There are a number of reagents which give characteristic

colors with indole auxins and can be used for locating auxins on a

chrornatograrn. Two of the commonest reactions are the Salkowski

reaction and the Ehrlich reaction (5, p. 87-89). The Salkowski test

is a reaction of IAA, or other indole compound, with acidic ferric

chloride to form a stable color complex. A quantitative assay has

been developed whereby the color is measured quantitatively with a

colorirneter for concentrations of IAA between one and I00 milli-

grar)s per liter (29, p. 471. The Salkowski reaction is retarded or

inhibited by some reducing agents and polyphenols which occur in

plants, so it does not always give a color in the presence of an

indole compound.
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The active component in the Ehrlich reaction is p-dimethyl-

aminobenzaldehyde. A two-percent solution of this material in

2NHCI in 8O-percent ethanol is used for spraying chromatograms,

or the chromatograms may be dipped in a mixture consisting of one

volume of ten-percent (wt. /vo1.) p-dimethylaminobenzaldehyde in

concentrated HCI to four volumes of acetone. The ethanol mixture

deteriorates in about a week, whiie the acetone mixture is mixed and

used immediately (20, p. 195-I98).

Harley-Mason and Archer (17) reported that a onepercent

solution of p:dilo.thylarninocinnamaldehyde (DMAC) in equal quan-

tities of concentrated HCI and ethanol, and used as a spray, was ten

times more sensitive than the Ehrlich reagents but was less selec-

tive to indoles. Bentley (5, p. 89) found little difference in the

sensitivity of DMAC and the Ehrlich dip reagent.

There are many more reagents which react with indole com-

pounds and which are specific for certain indoles. A more complete

list is given by Bentley (5, p. 87-95).

Many indole corrrpounds have a characteristic fluorescence in

ultraviolet light. A combination of fluorescence and color test give

a fair guide to the possible identity of indole compounds in plant

extracts (5, p. 9I ) .

The method used in the extraction of auxin will depend upon the
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form of the auxin in plants. ilFreert auxin which is quantitatively

similar to diffusible auxin, is readily extracted by short-terrn

extraction with various organic solvents, such as ether, chloroform,

rnethanol or ethanol. 'When extraction is carried out over a longer

period, or more vigorous methods are used, such as hydrolysis,

additional activity can be obtained in bioassay tests. This activity

is apparently released from rrboundrr auxin, which may be precursors

or inactivated forms of auxin (7; 5, p. 75-771.

To reduce enzymatic formation or destruction of auxin during

preparation of plant materials and during extraction, plant materials

should either be frozen and extraction carried out at low tempera-

ture, or the tissue should be dried or treated with boiling water.

Boiling the tissue destroys the enzymes so only free auxin is ob-

tained. In some green tissue, heating causes the release of inhibi-

tors which interfere with auxin assay (29, p. l4-I8).

A simple technique for obtaining free auxin is to grind frozen

tissue into a coarse powder and extract with peroxide-free ether at

0"C. for two half-hour intervals. The extracts are then cornbined,

the volurne reduced to a few milliliters by evaporation, and trans-

ferred to agar for

To obtain the

the Avena curvature assay (29, p. l8).

ether-soluble and also the water-solubIe, ether-

is necessary to use other extraction techniques.insoluble auxins, it
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Kefford (Z?, p. LZ9-l5l) extracted frozerr, macerated tissue for 24

hours in a minimum of absolute ethanol. The alcohol was removed

frorn the plant residue by centrifugation, and the residue washed

with fresh ethanol. The alcohol was evaporated off under reduced

pressure, the aqueous residue acidified to pH 3 with 
"r"O+, 

and

extracted for one and a half hours in a liquid-liquid extractor with

ether. The extractor was found desirable as it eliminated the

emulsion problems which arise when ether is partitioned with plant

extracts in a separatory funnel. The ether fraction was partitioned

with five percent NaHCo, which in turn was acidified to pH 3.0 and

reextracted with ether.

Bentley (5, p. 78- 80) suggests a slightly different technique.

The frozen, ground tissue in 95-percent ethanol is acidified with

,rSOn to pH 3.0 during extraction. The extract is filtered, the pH

of the filtrate raised to 5.0 with barium hydroxide, the extract re-

filtered to remove barium sulfate, and the alcohol removed by dis-

tillation under reduced pressure. The extract is partitioned three

times between ether and sodium bicarbonate at pH 3.0 and 9.0.

With either technique, the neutral auxins, such as IAN, are found

in the first ether fraction, and the acidic auxins in the final ether

fraction. The ether fractions are reduced in volume by evaporation

and the final residue used for chromatography.
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Sirois (51) used a modification of Keffordts fractionation

method to purify extracts of green plant material. He reduced the

initial alcohol extract to near dryness, then redissolved the residue

in 85 percent ethanol, partitioned it twice with n-hexane, and evapo-

rated off the alcohol. The residue was taken up in wet peroxide-

free ether and transferred dropwise to a cellulose column. By

applying suction to the bottom of the column, the ether was evapo-

rated and the extract retained in the top of the column. The extract

was eluted with l0 percent ethanol and the eluate evaporated to d"y-

ness. The extract was then partitioned three times in a separatory

funnel between water and ether at pH values of 3.0 and 8.0. Neutral

and acidic auxin fractions were obtained.

There are a great nurnber of modifications in the extraction

and fractionation of auxin substances. Important points to observe

are to hold the pH of the plant extract above 2.5 and to maintain 1ow

temperatures. An unpurified plant extract should not be submitted

to bioassay since many substances which inhibit the bioassay are

present in the extract. A final purification and separation of plant

extracts are commonly carried out by means of paper chrornatog-

raphy. Very small amounts of auxins are present in solutions which

contain many other constituents in much larger amounts. Therefore,

solutions must be purified as much as possible before ctrromatography
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to eliminate constituents which could interfere with the development

of the chromatogram or the chromogenic reagents applied thereon.

Column chromatography using aluminum oxide or powdered cellulose

has been employed for the separation of large quantities of material

(6, 34].. Trapy and Beauchesne (66) report poor recovery of auxin

from resin columns.

The techniques of paper partition chromatography have been

published in a variety of. books and research papers. Jepson (20,

p. 183-zl2) reviewed the chromatography of indole compounds in

1960. Row and co-workers (45) recornmend applying the plant ex-

tract to chromatography paper using isopropanol as the solvent.

Solvent systems commonly used for chromatography of auxins are

isopropanol-ammonium hydroxide-water in various mixtures (56,

p. 495-515)., and isobutanol-methanol-water, 80:5: L5 vlv (42, p. 94-

III). when using the isopropanol-ammonia-water mixture, it is

not necessary to equilibrate the chromatograms before developing

(20, p. 185) and there is no advantage of developing in a nitrogen

atmosphere (zZ, p. 136-138). IAA is lost rapidly if the developed

chromatogram is stored in air and light; no loss occurs when stored

in nitrogen at -10'C. For better separation of plant constituents,

two directional chromatography may be used.

After developing and drying, chromatograrns used in bioassay
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are often cut transversely into ten equal sections and each section

placed in a small container with Avena coleoptile sections. The

Avena coleoptile elongation test is widely used in routine assay as it

is usable over a wide range of auxin concentration, has good reli-

ability and high relative accuracy, and requires little special equip-

ment (5, p. 98). However, significant differences in response are

found, especially between experiments. Techniques for preparing

the sections are presented in several publications (5, p. 99-105;

29, p. 36-37; 42,

varies from three

P.

to

94- l I I ). Length of section recommended

ten millimeters. Ten sections per dish are

commonly used, but greater efficiency would be obtained using

fewer sections per dish and more replications. One section per

dish is adequate (5, p. 102), but rnost researchers feel safer using

more sections. Distilled water may be used for incubation, but

better results are obtained in the presence of buffer and one to two

percent sucrose in the medium. Nitsch (Zl, p. 3-31) reports one-

half to five millimeters of medium are suitable, but the smaller

amount is best. Bentley (5, p. l0l) recommends conducting the

Avena test in a constant-temperature room at 25"C., but states

that the test may be carried out with good results at room tempera-

ture.

The newest techniques for the isolation and detection of auxin
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rnaterials are thin-layer and gas chrornatography, and spectrophoto-

fluorornetry. stahl and Kaldewey (52) describe a technique for thin-

Iayer chromatography and appropriate chromogenic reagents.

Stowe (54, 55) has used gas chromatography for separation of

indole cornpounds. The separation of IAA was most convenient as

the n-propyl ester. OnIy a few substrates are suitable for separa-

tion of indoles.

Hughes and Freed (I9) report a linear relationship between

IAA concentration and relative fluorescence over the range 5 X l0-3

to two parts per rnillion using the Aminco-Bowman spectrophoto-

fluororneter. At higher concentrations, self-quenching occurs (I8).

A1I congeners of tryptophane not substituted on the ring structure

but with different substituents at the 3-position, fluoresce at the

same wavelength. They are activated at 287 rnillimicrons and

fluoresce at 384 millirnicrons, corrected values (67 , p. 160).

Impurities in the auxin solution interfere severely with the readings

obtained (55), and the fluorescence wavelength is changed by various

solvents (10). Due to the characteristics of this equipment, its use

in auxin research appears to be limited to qualitative determinations.
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METHODS AND MA TERIA LS

Growth of Test Material

The test material used in the studies was a breederrs selection

of winter wheat (Triticum aestivum compactum), variety Omar. The

wheat was planted in metal flats having dimensions of 3j,, * l3[ X 2Olr

and lined with .004-inch polyethylene. Holes were made in the lin-

ing to allow for drainage if an excess of water was present. Two

inches of sand were placed in the flats and leveled carefully. The

seeds were then placed on the sand at approxirnately one-inch spac-

ings and were covered uniformly with 314-incln of sand. The flats

were watered with one liter of tap water and two liters of W'hiters

nutrient solution, which brought the moisture level of the sand well

above field capacity. The CCC-treated flats received, as a com-

ponent in the nutrient mixture , ZOO mI. of tO-ZVt CCC (equivalent to

0.315 grams) per flat. This quantity of CCC was found in prelim-

inary tests to be near optimurn for retarding growth of wheat without

apparent necrosis or other injury. The fiats were irrigated daily

as needed. Every ten days the flats were watered with one liter of

Whitets nutrient solution.

The plants were grown in an air-conditioned greenhouse with

the automatic temperature control set for 50'F. night temperature
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and 70"F. day temperature. This ternperature was held quite uni-

formly and only on extremely hot days did the temperature go above

72"F. for a short period of time. The plants were grown under a

photoperiod of 16 hours of light. Supplemental light was provided

with a bank of Sylvania GRO-LUX F40 GRO fluorescent lamps,

spaced l2 inches apart and ?4 inches above the flats, and three 60-

watt incandescent lights. The greenhouse was fumigated regularly

with tetraethyl dithiopyrophosphate to prevent a build-up of aphids

and other insects.

The plants were harvested approxirnately four weeks after

seeding. At this time they were in the three- or four-leaf stage of

development. The plants treated with CCC were seven to nine

inches tall and the untreated plants were I0-12 inches ta1l. The

CCC-treated plants appeared to be at the same stage of develop-

rnent as the untreated plants at each harvest date. Harvesting was

accomplished by clipping the plants I/g inch above the soil leveI

with a pair of scissors. The plants were counted, weighed and

quickly frozen under dry ice in a plastic bag in the freezer cornpart-

rnent of the refrigerator. The frozen materials were subjected to

extraction within two hours after freezing, following a rnodification

of the extraction procedure developed by Sirois (51).
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Extraction and Purification of Acidic Growth_substances

The plastic bag containing the frozen plant material was

crumpled vigorously to break the plants into small pieces. These

pieces were placed in a waring blender, which had been pre-chilled

to -15"c., and macerated with 150 m1. of cold absolute ethanol for

one minute at the high speed setting. The blender was emptied into

a 500-m1. beaker and the blender rinsed thoroughly with a minimum

of cold ethanol which was added to the beaker. This mixture was

placed in the freezet compartment of the refrigerator and extracted

for l2 hours at -15"C.

The plant extract was filtered through glass wool. A light

vacuum was applied to draw most of the alcoholic extract from the

insoluble fraction. The filter cake was washed twice with 50-m1.

aliquots of cold 95 percent ethanol. Most of the alcohol from each

wash was removed from the piant material by means of light vacuum

before the next wash was applied. Approximately 400 mI. of filtrate

was collected following this procedure when the initial sample size

was 50 grams fresh weight of plant material. when larger samples

were used the amount of filtrate also increased. The filtrate was

evaporated to near dryness using a vacuum rotary evaporator in

the water bath held below 30"C. After distilling off the ethanol the

residue was taken up by rinsing with 30 mL. of 85 percent ethanol
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which was placed in a separatory funnel. A second rinse was made

using l5 mI. of alcohol, followed by a rinse with 50 m1. of redistill-

ed n-hexane, and a final wash of l5 m1. of alcohol. A11 washes

were combined in the separatory funnel. An additional 50 m1. of

n-hexane was added to the separatory funnel and the alcohol-hexane

mixture was shaken for 30 seconds. Upon standing, the mixture

separated, and the two components were withdrawn separately. The

alcoholic fraction was partitioned a second time with 100 m1. of

n-hexane. The hexane fraction was washed with 30 mI. of alcohol

and the hexane, containing rnost of the pigrnents and lipid substances,

was discarded. The separatory funnel was rinsed twice with l5 ml.

of alcohol. A11 the alcohol fractions were combined and reduced to

approximately three milliliters by distillation under partial vacuurn

on the water bath as described previously. The residue from the

alcohol fraction was taken up with 100 m1. of dilute sodium bicar-

bonate at pH 8.0 and acidified to pH 3.1 using 0.5N HCI. The

acidified solution was extracted for two hours in a liquid-Iiquid

extractor with 100 ml. of freshly distilled peroxide-free ether. The

ether fraction was carefully decanted off the aqueous phase and

reduced in volume to about 25 m1. A further purification of the

extract was accomplished using an eight-centimeter column of basic

aluminum oxide, Alumina WoeIm-activity grade I, cationotropic,
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topped with a glass wool plug in a Z-crn. by 40-cm. column equipped

with a fritted filter and stopcock. 'W'oelm alumina is made by M-

'Woelm Eschwege, Chemical and Pharmaceutical Manufacturers,

Germany. This material is very hygroscopic and loses its activity

as the moisture content increases, so 50 rn1. of dry peroxide-free

ether was poured into the column as it was prepared to prevent

moisture accumulation and to wash the column. The ether was

allowed to pass through the column until the surface of the ether had

reached the top of the alumina. Then the ether extract taken from

the liquid-Iiquid extractor was carefully poured into the column and

allowed to pass through it at an approximate rate of three rnilliliters

per minute. The container which had held the ether extract was

rinsed carefully with fresh ether and this too was poured into the

column. The colurnn was washed with successive applications of

100 ml. of ether and chloroform until most of the color had disap-

peared. The final wash was with ether. The column was dried by

attaching a vacuulrr to the bottom and drawing air through it for 30

minutes. The acidic plant materials were eluted from the column

with 100 rn1. of one percent sodium bicarbonate solution, followed by

a 25-rnl. wash of distilled water. The bicarbonate solution was

acidified to pH 3. t with 0.5N HCl, and partitioned four tirnes with

50-m1. volumes of redistilled peroxide-free ether. The ether
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fraction was dried with anhydrous rnagnesium sulfate, filtered, and

the ether evaporated off under the hood. The dry residue was picked

up with isopropanol and chrornatographed imrnediately.

Paper Chromatography and Color Test for IAA

Chrornatography was carried out on I X l8 inch strips of

Whatman No. I chromatography paper. Descending chromatography

was used throughout this study. A11 the extract from a sample, or

aliquots representing definite quantities of plant material, were

spotted on a line three inches from one end of the strip. Capillary

tubes were used in qualitative experiments to apply plant extracts to

the chromatography paper. A 50- or I0O-Iarnbda tuberculin syringe

was used for the application of quantitative amounts of IAA and plant

extract to chromatography paper. The solutions applied to the

chromatograms were dried by means of warm air currents pro-

duced by a hair dryer.

The solvent systems employed in this study were: isopropanol-

ZSTo arnrnonium hydroxide-water in mixtures of (l) 8:t:1, (Z)

80:5:15, and (3) 100:5:10 v/v, and (4) isobutanol-methanol-water,

80:5:15 v/v. 'When the latter solvent was used, the system was

equilibrated for eight hours before developing the chromatograms.

V/ith the isopropanol-arnmonia mixtures, the system was equilibrated
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for only a short time or not at a1i (20, p. r85). The chromatograms

were developed for a period of about l2 hours, or until the solvent

front had progressed l4 inches beyond the starting line.

Development was carried out in the laboratory in the dark.

The chromatography tanks were covered with cardboard boxes to

help eliminate fluctuations of temperature within the tanks. Develop-

ment was started late at night so the temperature in the laboratory

was at a minimum for the day and less variation in temperature was

encountered than would occur during the daytime. After develop-

ment the chromatograms were dried in the hood for one hour. The

solvent front on the dry chromatograms was determined by irradiat-

ing the lower end of the chrornatograrns carefully with a nine-watt

short-wave ultra-violet lamp model SL-2537. A control chromato-

gram of IAA, developed simultaneously with the plant extracts, was

irradiated to determine the R, of IAA which fluoresces under ultra-

violet light. Some of the chromatograms containing plant extract

were cut transversely into ten equal parts, i. e. , dt R, of .10, .ZO,

.30, etc. Each of these sections of chromatograms was placed in a

ten-milliliter beaker. Except for one experiment when distilled

water was used, one milliliter of two percent sucrose solution was

placed in each beaker and the beakers were set aside for the Avena

elongation test. From the chromatograrns spotted with IAA, only
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the area corresponding to the R, zone of IAA was incubated with

coleoptile sections. Other chromatograms were sprayed with

DMAC chrornogenic reagent which consisted of two grams of p-

dimethylaminocinnamaldehyde dissolved in 100 mI. of 6N HCI and

100 mI. ethanol. This testwas used to locate IAA and other reac-

tive compounds.

Avena Elongation Test

The Avena elongation test was carried out following a proce-

dure described by Nitsch and Nitsch (42, p. 94-ll1), except that the

coleoptile sections were incubated in distilled water or two percent

sucrose solution. Two hundred fifty seeds of cultivated oats, Avena

sativa, variety Victory, were hulled and soaked in water for two

hours. The seeds were removed from the water and laid on several

layers of wet facial tissue in plastic trays with embryos up and

pointing in the sarne direction. The trays were tilted at a 45-degree

angle with the embryos pointing downward. Twenty-four hours after

placing the seeds in the dark room, they were illurninated for a

four-hour period with red light from a 7l-watt red incandescent

bu1b, filtered through one layer of DuPont red acetate filter. The

seeds were grown in the darkroom at a temperature of. ZZ"C. + I o

f.or 7Z hours, at which time the coleoptiles were 20-30 mm. long.
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In a single operation a four-millimeter section was cut from the tip

of the coleoptile and one or two 6-mm. sections were cut from

directly below this. To facilitate cutting the seqtions, the excised

coleoptiles were placed on a glass slide which was pushed against a

wooden block so that the tip of each coleoptile was against the block.

The sections were then cut with a guillotine (Plate I) made by bolt-

ing together, alternately, three razor blades, and three f *X Z X i

inch pieces of plexiglass and a piece of alurninum of four milli-

meter thickness. The razor blades were thus firmly held one,

fourth inch (6 mm. ) apart.

The tip section was discarded and the other two sections were

floated in separate containers in distilled water for one hour. In

some of the experirnents only the upper six-rnillirneter sections

were used. 'W'hen both sections were used, an equal number from

each container was incubated with the test material. The sections

were placed in ten-milliliter beakers containing one rnilliliter of

distilled water, or sucrose solution, and the rnaterial to be tested,

that is, a piece of paper chromatograrrr or a given quantity of IAA.

Due to variations in germination and growth, the number of

coleoptiles of uniform length varied frorn test to test. Consequent-

Iy, the number of sections put into a beaker varied from four to ten

over the period of the study, but in a single run, the nurnber was
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Plate I

The cutter used for cutting sections frorn Avena coleoptiles

The tips of the coleoptiles are pushed against the block on the
left. By lowering the cutter onto the coleoptiles, a four-
rnillimeter section is cut from the tip and two 6-mrn sections
are excised frorn each coleoptile.
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held constant. The coleoptiles were

dark. Readings of the Avena section

incubated f.or Z0 hours in the

length were made with a

rrwildI dissecting rnicroscope using l0X ocular lens equipped with a

micrometer scale, and a 6X objective lens. A factor of 0.154 was

used to convert the readings to rnillimeters of length.

Sections frorn chromatograms spotted with 0.01-0. l0 micro-

grams of IAA and from chromatograrns of plant material were incu-

bated at the same time with Avena coleoptile sections in most of the

tests. In some of the experiments

sections available to bioassay both

there were not enough Avena

sets of chrornatograms, so only

the chromatograms of plant extract were used. The IAA chromato-

grams were bioassayed to serve as a standard in order to obtain a

quantitative estimate of the IAA content of wheat seedlings.
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RESULTS

CoIor Development_with Chromogenic Reagents

The reagent p-dimethylaminocinnamaldehyde (DMAC ) was

reported as being more sensitive than Salkowski or Ehrlich reagents

to IAA (17), so a prelirninary test was run to compare the color

development induced by the three reagents. Freshly prepared solu-

tions of the three reagents sprayed on developed chromatograms

spotted with various quantities of IAA gave color development as

presented in Table I.

Table 1. The color development of IAA on paper chromatograms
sprayed with chromogenic reagents.

pg IAA Reagent

sPotted salkowski Ehrlich DMAC

0.10

0. Z0 very pale pnauve distinct blue

0.40 very light pink light blue blue

30. 00 pink blue - mauve pink * blue

During drying, color appeared on the chromatograrns sprayed

with Salkowski or Ehrlich reagent l5 minutes after spraying. Color
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was apparent in about five rninutes on the chromatograms spotted

with 0.20 and 0.40 micrograms of IAA and sprayed with DMAC. A

bright pink spot was observed irnmediately during spraying with

DMAC on chromatograms with 30 micrograms of IAA. The pink

color changed to blue within five minutes and to violet in four hours.

The DMAC reagent definitely showed a more distinct color spot at

the 0.20 microgram level of IAA than did the Ehrlich reagent. In

later experiments using DMAC reagent which had been stored in the

refrigerator for three days or longer, color was obtained on devel-

oped chromatograms spotted with 0. 03 to 0.20 micrograms of IAA.

Recovery of IAA from Chromatographic Columns

One of the problerns encountered in the detection of IAA from

wheat extract was the purification of the extract to an extent that

impurities on the chromatograrn did not mask the color resulting

frorn spraying with a chromogenic reagent. Attempts to utilize a

standard alumina column ernploying the technique described by

Linser (33, p. 377-401) were unsuccessful as the IAA was not suffi-

ciently adsorbed to permit washing of the column and finally eluting

the IAA. The spectrophotofluororneter was especially useful in

determining what fraction of the initial solvent, washes or eluate

contained the applied IAA. Sirnilar efforts to use a cationic resin,
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Dowex 50-X8, and an anionic resin, Dowex t-X4 in the chloride and

formate forms, were equally unsuccessful. As was anticipated,

IAA was not adsorbed on the Dowex 50 resin. The IAA applied to

Dowex l-x4 resin in the chloride form was not recovered. Either

itwas too strongly adsorbed or was degraded to a substance that

failed to fluoresce in the column washes or eluates. IAA was read-

ily adsorbed on the formate form of Dowex L-x4 resin, and it was

possible to get some recovery using a mixture of acetic acid and

methanol. The degree of recovery, as measured with the Aminco-

Bowman spectrophotofluororneter, was questionable because . 00lN

acetic acid quenched the fluorescence of IAA by approximately 50

percent while methanol has a residual fluorescence which varied

with concentration.

Basic alumina, W'oelm alumina, is regularly used by Freed

and co-workers (12) for the extraction of 2,4-dichlorophenoxyacetic

acid, a synthetic auxin, from plant material; so their technique was

tried for IAA. One hundred micrograms of IAA in ether were

applied to the colurnn and the column was washed, dried, and eluted

with one percent sodium bicarbonate. The recovery of IAA, as

rneasured by relative fluorescence, was 94 percent. Synthetic IAA

was added to an ether solution of plant extract and applied to the

basic alumina column. The eluate frorn this column contained
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contaminants that interfered with the fluorescence assay. The

reliability of the fluorescence assay of synthetic IAA is shown in

later results.

Evaluation of Purification Technique

A study was rnade to evaluate the efficiency obtained in carry-

ing IAA through the above described extraction-purification proce-

dure. A sarnple of wheat, which had been held in the freezer for

several weeks and allowed to thaw, was extracted. The filtrate was

divided equally into three portions. Ten micrograms of IAA were

added to one portion of the alcohol filtrate (Sample A), and ten

micrograms were added to a second portion of the wheat extract in

the eluate from the basic alurnina column (Sample B). The third

portion (Sample C) received no exogenous IAA. The three samples

were carried through the purification procedure in the manner

described. The residue from each sample was taken up in one milli-

Liter of isopropanol. Twenty, 40, 60 and 100 lambda from each

sarnple, which was equivalent to 0.20, 0.40, 0.60 and 1.0 micro-

grams of IAA from Sarnples A and B, and the sarne quantities of

IAA from stock solution were spotted on chromatography paper, and

developed using the isopropanol-amrnonia-water (8: I :l) solvent

system without equilibration. The chromatograms were dried in the
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hood and sprayed with DMAC spray reagent.

A blue spot appeared during spraying with DMAC on all chro-

rnatograrns spotted with 0.20 micrograms or more of IAA, whether

from Sample A, Sarnple B, or stock solution. The color develop-

ment on the chromatogram spotted with 0.20 micrograms of Sample

A was comparable to the corresponding spot from Sarnple B. It was

less intense than 0. Z0 micrograms of stock IAA, and more intense

than 0. l0 micrograms of stock IAA. A colored spot did not appear on

any of the chromatograms spotted with Sample C when they were

sprayed with DMAC.

Since distinct color development was observed on a1l chro-

rnatograms spotted with IAA, whether from Sample A, B, or stock

solution, it was deerned desirable to conduct a more critical test. A

second series of paper chrornatograms were spotted with 0. 05,

0.10 and 0. Z0 microgram equivalents of IAA from Sample A, and

0.03, 0.05, 0.08 and 0. 10 rnicrograms of IAA from the stock solu-

tion. The chromatograms were developed and sprayed in the sarne

manner as the first series. The chromatograms spotted with 0.03

rnicrograrns of IAA produced a faint blue coIor. It appears that

this quantity of IAA approaches the lower limit of sensitivity of

DMAC. The color spots on chromatograms spotted with 0.05 micro-

grarns of IAA from Sarnple A or stock solution, were quite evident
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under diffuse iight conditions. The color on chromatograms spotted

with 0.10 rnicrogram equivalents of IAA from Sample A and those

spotted with 0.08 micrograms of stock solution appeared to be of

comparable intensity to the naked eye. These results would indicate

that IAA is carried through the purification procedure with a high

degree of efficiency.

Determination of Sample Size

In order to determine the size of sample needed to obtain an

evaluation of IAA concentration within the plant tissue, extract from

a sarnple of wheat was divided into two equal parts. Synthetic IAA,

equivalent to 5 X 10-3 micrograms per gram fresh weight of plant

tissue, w'as added to one portion. Then both portions were purified

according to regular procedure. The equivalent of Z, 4, 8, and I6

grams of fresh plant tissue was spotted on chromatograms from

each of the extracts and the chromatograms were developed in the

isopropanol-ammonia-water (8:l:l) solvent system. A section cor-

responding to the R, zone of IAA was cut from each of the chromato-

grams spotted with plant material and incubated with Avena

coleoptile sections in two percent sugar solution. The results are

presented in Figure l. The histograms show a small increase in

Avena growth when two-, f our-, or eight- gram equivalents of wheat
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Wheat Extract + IAA

Wheat Extract

Control

z 4 8 t6
Grams of fresh wheat foliage extracted

Figure l. Histograms of the growth activity of wheat
extract enriched, or not, with 0.5 X I0-3 micrograms
of IAA per gram fresh tissue, and assayed directly on
a portion of chromatograms, which contained the R"
zone of IAA, by rneans of the Arre.n= coleoptile elonjation
test in two-percent sucrose st:.tio.r.

extract were bioassayed. The addition of IAA caused a small in-

crease in the amount of elongation above that of the wheat extract

alone, but the response was not additive as the amount of IAA in-

creased. using the control as a standard, the increase in elonga-

tion induced by the eight-gram sarnple of plant extract was twofold

greater than that of the four-gram sample. Likewise, the growth

promotion by the l6-gram sample over that of the control was
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nearly twice as great as by the eight-gram sarnple. The addition of

IAA to the l6-gram sample of plant extract produced a pronounced

increase in Avena growth. The results indicate that recoveries

with less than .04 microgram amounts of IAA were poor. It is

Iikely that losses occurred during chromatography and the bioassay

process. A l6-gram sample of untreated wheat appears to have

sufficient activity for a reliable bioassay with the Avena elongation

te st.

Detection of IAA in Wheat Extracts

To substantiate the occurrence of IAA in wheat seedlings,

experiments were conducted in which purified plant extract was

spotted on chrornatography paper and developed in isobutanol-

methanol-water (80:5:15) and the three mixtures of isopropanol-

ammonia-water, namely (8:l:1), (80:5:I5) and (100:5:10). The

various R, zones of the chromatograms were incubated directly with

Avena coleoptile sections.

Figures 2 and 3 illustrate by means of histograms the elonga-

tion of Avena sections at various R, zones of chromatograrns devel-

oped in the different solvent systerns. The R, zone of synthetic IAA

on chromatograms developed sirnultaneously with the plant extracts

is shown for each solvent system. In each solvent system used,
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Figure 2. Histograms of the elongation of Avena sections
incubated in distilled water with sections of paper chromato-
grams spotted with extract of CCC-treated wheat and develop-
ed in the solvent systerns (A) isobutanol-rnethanol-water
(80:5: I5), (B) isopropanol-ammonia-water (8: I:1), and (C)
isopropanol-ammonia water (80:5: I 5).

.4



49

o
.d

^P4>{(!:bo
EC

o
g3 Control

,5
Rr

ontrol

.5
R.t

Figure 3. Histograrns of the activity in the Avena coleoptile
elongation test of CCC-treated wheat extract separated on
paper with chromatographic solvent systerns (A) isopropanol-
ammonia-water (100:5:I0) and (B) isopropanol-ammonia-
water (8:l:l).
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uraximum grov.rtll of Aygrl.l. sections was induced by those sections

of chromatograr:rs having btre sil:me R, vahre as that of synthetic

iAA. The greater growth irrduced hy the control in Figure 3, as

i:ornp;rretl to }-igure z, r:iln be attributed to the use of the sucrose

solution tor incubating the 4vena sections. Greater elongation of

sections in the region comparable to the R, zone of IAA in Figure

38 as compared to the sarne zone in Figure zB is partially due to a

greater amount of wheat extract on

1'o furttrer ascertain whether

the chrornatograrns

ttre zone of greatest growth

promotion on the chron:atograms is r:aused by IAA, other chromato-

grarns developed by tlifferent solvent systems were sprayed with

DMAC. The results of these tests are presented in Figures 4, 5

and 6. A striking color: development was observed on the chromato-

gram shown in Figure 4. Upon spraying with DMAC, the area at

Rf .zz-.'zB instantly becarne intensely pink. within a rninute a light

blue spot appeared at R, .14-.20. The spot at R, .43-.50 turned

blue in approximately five rninutes. 'rhe intensity of color at the

lasl spot was estimated to be equiv;rlent to .03 rnicrograu)s of syn-

thetic IAA. After 30 minrrtes, this blue spot changed to a mauve

color. As shown irr Figrrre 4, abh.re spot also developed on the

chromatograms spotted with five mic::ograrns of IAA at Rf .43 -.51.

\rery pale blue spots occurred on L,otl-r chromatograms at R,
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Figure 4: Color development with DMAC on paper chro-
matograms spotted with purified extract from 53 grams
of CCC-treated wheat, or 5-pg IAA, and separated with
solvent system isopropanol-ammonia-water (8: I : I ).



5Z

R.
'0

R

b Iir.e

pink

pale bl.ue

b lue,

TTIA1l\rE

b Iu,-:

.02- . ?, tt,g
IAA

.9

i.0
'.7hea.t

Extrar-t

f is'-Lre .,. Color developmer:t with DMAC on paper chro-
1113iLrgra.ms spotted with 0.02-0.20 pg. IAA and the purifie,l
e::tract f.rsm I26 qrams of untreal;s{.ilh.at, and separatecl
wiih solvent system isopropai.ol-ammonia-wa|er (l 00:5: t 0).



53

. 73-. 80. It was not deterrnined whether these were caused by

impurities in the IAA or by IAA degradation during chromatography.

The rate of appearance of colored spots on chromatograms pre-

sented in Figure 5 was quite comparable to those in Figure 4. The

R. values of different colored spots were changed due to the changet

of solvent system, and the intensity of color was greater than in

Figure 4. This is probably due to the fact that Figure 5 represents

a Iarger sample of wheat and the extract is from untreated wheat.

The color spots on two chromatograms developed from iden-

tical extracts by different solvent systems are presented in Figure

6. The principal difference in the spots on these chromatograms is

the difference in R, value. A spot appeared on each chromatogram

at the same tirne after spraying with DMAC at the R, zone compar-

able to synthetic IAA which was chromatographed simultaneously.

The growth promotion and the color development obtained at

the zone on chromatograms comparable to the R, zone of IAA pro-

vide substantial evidence that IAA is present in wheat seedlings.

The identity of the colored spots appearing on paper chromatograrns

at locations other than the zor,e corresponding to the R, of IAA was

not determined. These spots could be other indole derivatives

which are reactive with DMAC.

In Figures 7 and 8 histograms are presented which show the
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Figure 6. Color development of ZO-gram aliquots of CCC-
treated wheat extract in two chrornatographic solvent sys-
tems, (S-I) isopropanol-ammonia-water (8:l:1), (S-2)
isopropanol-arnrnonia-water (1 00:5: 10), after spraying
with DMAC. The R1 zone of synthetic IAA chromatographed
simultaneously with the plant extract in the respective sol-
vents is shown.
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relative growth promotion which may be attributed to differences in

IAA content of the wheat plants. The histograms in Figure 7 indi-

cate the amount of elongation of the Avena coleoptile sections

induced by 55-gram sarnples of CCC-treated and untreated wheat

plants. Chromatograms spotted with different concentrations of

IAA were not bioassayed with the wheat extracts, so an estimation

of IAA content in the extracts could not be made. However, it can

be seen that there was greater growth promotion from the extract

of untreated plants than from the extract of CCC-treated plants.

The growth enhancement induced by the extract from CCC -treated

l5 percent Iess than fromwheat in the R- zone .30-.50 was aboutt

untreated wheat.

The histograms in Figure 8 illustrate the average growth

promotion obtained in three experiments at various R, zones from

chromatograms spotted with extracts of CCC-treated and untreated

wheat and developed with isopropanol-ammonia-water (8:I:l). The

results indicate that the zone corresponding to synthetic IAA shows

40 percent less growth activity in CCC-treated wheat extract than

in untreated wheat extract.

A growth inhibiting zone is found on each of the chromato-

grams represented in Figure 7 at R, .90-1. 0. The inhibition

appears to be of equal rnagnitude in the CCC-treated and untreated



56

i
o
+Jfr a4

=boEg
o

tl 3 Control

.5
Rr

Control

,5
Rr

Figure 7. Histograms of the activities in the Avena cole-
optile elongation test of 55-gram sarnples of (A) CCC-
treated wheat and (B) untreated wheat separated on paper
with chromatographic solvent systern isopropanol-ammonia-
water (100:5:15).
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Figure 8. Histograms of the average growth activity in
the Avena elongation test of (A) CCC-treated wheat and
(B) untreated wheat separated on paper chromatograms
using the solvent systern isopropanol-ammonia-water
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wheat sarnples. A similar inhibiting zone is found at R, .80-.90 in

Figure 8, but somewhat greater inhibition was obtained with the CCC

extract. The difference in R, values of the zones of inhibition in

Figures 7 and 8 may be due to the differences in solvent systems.

The substance causing inhibition in both cases may be the same one.

Accurate quantitative estimates of the IAA content of wheat

seedlings were difficult to make because of the variations encountered

in Avena section growth in the different runs. The results of an

experimentwhen a good concentration-activity curve was obtained

with IAA, are presented in Figure 9. The growth activity obtained

with extracts of CCC-treated and untreated wheat plants separated

by paper chromatography, and the growth enhancement induced by

0.02 and 0.10 rnicrograms of IAA after chromatography are shown.

The 36-gram sample of untreated wheat induced growth of Avena

coleoptile sections in the region corresponding to the R, zone of

IAA equivalent to slightly rnore than 0.10 micrograms of IAA, while

the CCC sample was equal to .02 micrograms of IAA. This would

correspond to approximately 3 x l0-3 parts per million IAA in the3

.3
untreated wheat and 0.5 X 10

wheat.

parts per million in the CCC-treated

The average elongation of Avena sections incubated with sec-

tions of chrornatograms spotted with various arnounts of IAA in three

experirnents is presented in Table Z.
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Figure 9. Histograrns of the growth activity in the Avena
elongation test of. 36-grarn samples of (A) CCC-tr"Gd--
and (B) untreated wheat separated on paper chrornatograms
using the solvent system isopropanol-ammonia-water (8:1:1).
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Table 2. The growth of Avena coleoptile sections incubated with
sections of "h"ffiograrrrs which were spotted with
various amounts of IAA in three experiments.

Ivlicrograrns of
IAA applied

Avena section elongation (mrn. )

AverageIIIII

0. 00

0.02

0. 04

0. 05

0. l0

2.6

2.6

4.0

4.1

4.7

2.8

3.1

3.3

3.7

3.8

2.5

2.8

3.4

3.8

3.9

0.7

2.0

2.8

3.0

3.5

3.2

L. S. D . at 5olo level

In all but one case, an increase in IAA resulted in an increase

in growth in each test. The differences in growth enhancement as

the IAA content increased was quite variable. As shown in the

table, the growth promotion by 0.04 micrograms of IAA would

usually be greater than the control, while 0.02 rnicrograms of IAA

would not necessarily promote greater growth.
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DISC USSION

This study presents substantial evidence for the occurrence of

IAA in the shoots of wheat seedlings. In accord with findings report-

ed by other workers, growth-regulating substances active in the

separated byAvena elongation test were found in wheat extracts

paper chromatography with four solvent systems. The greatest

growth enhancernent was induced by sections of chromatograms in

the R, zone corresponding to the R, of IAA chrornatographed simul-

taneously with the plant extract. A positive color test also was

obtained on chromatograms of plant extract sprayed with DMAC in

the sarne relative R, zone.

The color test was obtained with 2Ggram., or larger, samples

of fresh wheat leaves. This is the first report on the detection of

IAA in such small quantities of wheat foliage with a chromogenic

reagent. Shaw and Hawkins (50, p. I-I5) found a growth promoting

substance in 90 grams of wheat which they assumed was IAA, but

they were unable to get a positive color test using the Ehrlich re-

agent. The detection of IAA in small quantities of plant material

with a color test was made possible by the refinements in the purifi-

cation procedure and the use of the DMAC reagent.

Good recovery of exogenous IAA was obtained after carrying

IAA through the purification procedure with plant extract. The
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endogenous IAA content in the wheat sample used in the test should

have been very low as the treatrnent of the plant material before

extraction favored the enzymatic degradation of IAA (5, p. 75). A

positive color test was obtained on chromatograms spotted with the

equivalent of 0.05 micrograms of IAA after going through the purifi-

cation. A 0. t0-micrograrn equivalent of the same extract produced

color of the same intensity as 0.08 micrograms of stock IAA

developed on a chromatogram. The color test would indicate a loss

of about 20 percent of the original IAA during purification. Some

Ioss of IAA would be expected at the various steps of the procedure

and by degradation during the time taken to carry out the purifica-

tion. The procedure developed in this study is probably suitable for

quantitative work as the total recovery of IAA would be approxi-

mately 80 percent of the original, and the range could be as low as

0.05 rnicrograrrrs which can be detected with DMAC.

Figures 3 and 6 show that growth prornotion and a positive

color test were obtained at the R, comparable to IAA on chromato-

gratns spotted with the equivalent of. Z0 grarns of wheat foliage. The

color intensity appeared to be cornparable to the intensity of 0.03

micrograms of stock IAA on a developed chrornatogram. Therefore,

the concentrati.on of IAA in the plant tissue appears to be about

1.5 X I0-3 micrograms per gram of fresh plant tissue.
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Chrornatograrns spotted with IAA were not bioassayed in this test;

so a direct cornparison between the color test and the bioassay could

not be made.

Figure 98 shows the growth promotion at the R, zote of IAA

induced by a 36-gram sample of untreated wheat. The amount of

growth was slightly greater than was obtained with 0. l0 micrograms

of IAA. Assuming the growth activity of the wheat sample was

equivalent to 0. ll micrograms of IAA, the IAA equivalent of the

wheat sarnple would be 3 X 10-3 micrograms per gram freshweight

of wheat tissue. This value approaches very closely the concentra-

tion estimated by the color test.

The comparison of IAA content in CCC-treated and untreated

wheat tends to substantiate Kuraishi and Muirts results (28) that

there is less IAA in the CCC-treated plants. Figures 7 and 8 show

the relative growth of Avena coleoptile sections which were incubated

with sections of chromatograms developed in different solvent sys-

tems. In both figures greater elongation was obtained frorn the

untreated extract. Part of the differences in the magnitude of the

histograms for each sample in the two figures is probably due to

difference in sample size.

be attributed to variability

ences in growth induced by

The greater part of the difference must

in the Avena bioassay, since the differ-

the CCC-treated and untreated wheat



64

samples in each figure are rnuch less than the differences between

various experiments. The growth enhancement by the CCC-treated

wheat extract was 84 percent of the untreated wheat in Figure 7,

and 60 percent in Figure 8.

In the experiment presented by Figure !, the concentration-

activity curve of IAA was closely similar to the average of three

experiments reported in TabIe 2. The growth activity of the extract

from CCC-treated wheat in the region corresponding to the R, of

IAA was equal to the activity of 0.02 micrograms of IAA, and the

untreated wheat had an activity of slightly over 0.10 micrograms of

IAA. The Avena growth induced by the CCC-treated wheat in this

experirnent was less than the average of three experiments after

developrnent on chromatography paper in the same solvent systern

as shown in Figure 8A. The relative growth activity of the two

wheat extracts presented in Figure 9 was in the ratio of 5:I, while

the ratio in Figure 7 was lllZ:l and in Figure 8 was I.7:I.

The use of DMAC as a color test for IAA is an irnprovement

over the Salkowski and Ehrlich spray reagents for the detection of

very srnall amounts of IAA. Sen and Leopold (49) report that one

microgram of IAA is required for identification using the Salkowski

and Ehrlich reagents. Consequently, large quantities of plant

material were required to obtain enough IAA for a color test.
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Measurement of IAA from srnaller quantities of plant rnaterial was

carried out using a bioassay. Although extremely sensitive, most

of the biological methods require controlled growth conditions, are

time consurning, tedious, and are not as reproducible as chemical-

physical rnethods. The Avena elongation test is one of the most

reproducible of the bioassays, yet the response between tests may

be sufficiently variable to be significantly different (5, p. 62).

The growth of Avena sections in this study was quite variable,

especially between tests. An analysis of variance of the growth of

Avena sections incubated in the control medium, two-percent suc-

rose solution, showed a significant difference in elongation between

tests. However, the growth of Avena sections in each container in

a given test was quite uniform, as is evident by the fact that the

coefficients of variability in the individual tests ranged from five to

eight percent.

The low coefficients of variability in individual experiments

indicate that the Avena coleoptiles used in a given experiment were

of good uniformity and chosen at randorn. The differences between

experiments may have been caused by a nurnber of factors, including

slight differences in ternperature or humidity, difference in develop-

ment of coleoptiles when cut, or distance of the Avena section from

the coleoptiie tip.
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After appropriate purification of plant extracts, quantities of

IAA as low as 0.05 micrograms were detectable on paper chromato-

grarns in this study using DMAC. Thi.s sensiti"vity approaches that

of the Avena elongation test which requires .01 micrograms of IAA

for quantitative work. To attain such sensitivity in the Avena test

one must have good facilities and practice great care. Under the

conditions of these experiments, significant increases in growth

over that of the control were obtained consistently oniy when quan-

tities of IAA greater than 0. 02 micrograms were used.

An advantage of the color test over the Avena test is that the

chromatograms rnay be treated immediately after developing and

drying. Thus, the chances of losing the IAA due to oxidation or

photo-decomposition are greatly reduced. Keffor d (ZZ, p. 136- 138)

reported a loss of IAA from chromatograms stored

after developing. Standard procedure in the Avena

in light or air

elongation test is

to incubate segments of the chromatogram for several hours before

placing the Avena sections into the containers. This allows time for

considerable destruction of the auxin substances before the sections

are introduced.

A disadvantage of the DMAC color test is that it presents only

a semi-quantitative measure of IAA content. Quantitative methods

for the measurement of trAA have been developed using the Salkowski
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and Ehrlich reagents, so very li.kely a quant'i.tative test cou.ld be

developed for DMAC. A false interpretation is al,so possible if a

biologically-inactive substance which reacts with DMAC was present

on the chromatograrn at the R, of IAA.

This study was lirnited to one rate of CCC applied at seeding

time with the plant material being harvested at one stage of plant

development. It would be desirable to examine not only the effect of

different rates of CCC on IAA content, but also to investigate the

effect of time of application and interval after treatment on IAA con-

tent. The effect of CCC treatment has been compared with the

effect of gibberellin on intact plants,and the interaction of CCC with

gibberellin and IAA has been studied in vitro. Further work which

could be of great value would be to determine whether CCC inhibits

the synthesis of gibberellin, which in turn would lower the IAA con-

tent of the plant, or lowers the IAA content by blocking IAA forma-

tion or increasing IAA destruction. The effect of CCC on other

growth-regulating substances within the plant could be of great value

in developing a better understanding of the physiology of growth.
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SUMMARY AND CONC LUSIONS

studies were conducted to determine whether IAA is the plant-

growth regulator in wheat extract appearing at the R, zone compar-

able to the R" of IAA, and to cornpare the differences in concentra-t

tions of auxin in ccc-treated and untreated wheat plants. The

following conclusions were reached:

The rnajor growth-promoting zorre found on paper chromato-

grams developed in four solvent systems corresponds to

the R, zor'e of synthetic IAA chromatographed simultan-

eously with the plant extract. A positive color reaction

was obtained in the R, zone where the major growth en-

hanc em ent oc c ur r ed when p -dim e thylam inoc innam aldehyde

(DMAC) was sprayed on chromatograms of wheat extracts

developed in two solvent systems. These results provide

persuasive evidence that the major acidic alcohol-

extractable growth-prornoting substance in wheat foliage

is IAA.

Z. The results of the color test and the Avena elongation test

indicate the quantity of IAA in untreated wheat seedlings

is in the order of 1.5-3.0 X i0-3 *icrograms per gram

fresh weight.
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3. The growth retarding effect of CCC on wheat is due, at

least in part, to a lowered concentration of IAA in the

plants. The acidic fraction of ethanol extracts of treated

and untreated wheat was separateC by paper chromatog-

raphy in two solvent systems and bioassayed by the Avena

elongation test. Greater promotion of Avena section

growth by sections of, chromatograms from the region

corresponding to the R, zone of IAA was obtained frorn

the extract of untreated wheat than was exhibited by

similar extracts frorn CCC-treated wheat.

The purity of plant extracts was greatly improved by the

use of n-hexane and a basic alumina colurnn in the purifi-

cation procedure. The reduction of irnpurities in the

extract made possible the detection of color spots frorn

Z0 grarns of fresh wheat tissue upon spraying with DMAC

at a location on paper chrornatograrns corresponding to

the R- of IAA.t

The sensitivity of DMAC compares favorably with the

Avena coleoptile elongation test for the detection of sub-

4.

5.

microgram quantities of IAA
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