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Abstract. A specific solid-phase enzyme immunoassay
for the detection of as little as 34 pg of indole-3-
acetic acid (IAA) is described. The assay involves
minimal procedural efforts and requires only standard
laboratory equipment. Up to 50 samples in triplicate,
processed simultaneously, can be assayed and evalu-
ated in 2.5 h. As little as 1 mg oat coleoptile tissue
is sufficient for a quantitative TAA analysis and little
or no extract purification is necessary. Using this as-
say, levels of IAA have been determined in coleoptiles
of maize and oat. The distribution of TAA within
single coleoptiles was quantitated and the production
of TAA during the regeneration of the physiological
tip in Avena coleoptiles was investigated. The changes
in levels of IAA and other major phytohormones
were quantitated during the growth of oat coleoptiles.

Key words: Auxin (immunoassay) — Avena — Coleop-
tiles (physiological tip) — Enzyme immunoassay — Zea.

Introduction

Basipetal gradients of growth-promoting substances
(auxin) have been detected with bioassays in coleop-
tiles of dark-grown Awvena sativa L. (Thimann 1934).
Auxin produced in the coleoptile tip either by synthe-
sis or release from bound forms (see e.g., Sheldrake
1973) is apparently translocated toward the base of
the coleoptile. Growth is assumed to occur at that
position in the gradient where the auxin concentration
in the coleoptile reaches an optimal level (Went and
Thimann 1937). When the tip of a coleoptile is re-
moved, growth ceases for 1-2 h and is then resumed
for several hours, even in excised coleoptile segments

* Part 21 in the series ““Use of Immunoassay in Plant Science”

Abbreviations: ABA =abscisic acid; BHT =butylated hydroxyto-
luene; BSA =bovine serum albumin; IAA =indole-3-acetic acid;
TBS=Trishydroxymethylaminomethane buffered saline

(Went and Thimann 1937; Anker 1973). This phe-
nomenon is known as the ““regeneration of the physi-
ological tip” and is thought to be due to an induction
of auxin production in the uppermost parts of the
decapitated coleoptile whereby the auxin source of
the tissue is regenerated (Anker 1973), although no
data are available to support this idea.

Indole-3-acetic acid (IAA) is considered the main,
if not the only auxin in coleoptiles of maize and oat
(Bandurski and Schulze 1974). However, while the
compound has been thoroughly characterized by gas
chromatography-mass spectrometry (GC-MS) in dif-
fusates from maize coleoptile tips (Greenwood et al.
1972), unequivocal identification of IAA in coleop-
tiles of Avena sativa L. has not been achieved. IAA
has been found along with related compounds in
whole, young shoots of dark-grown Avena sativa L.
by Bandurski and Schulze (1974, 1977) with a GC-MS
technique. Is was also detected in coleoptiles of etio-
lated Avena seedlings by the pyrone fluorometric as-
say (Mousdale et al. 1978).

The assumption that endogenous IAA is involved
in the growth regulation of the Advena coleoptile is
based on a wealth of indirect experimental evidence
demonstrating, e.g., that exogenously applied TAA
can substitute for the tip (see Went and Thimann
1937) and that it is transported in a strictly polar
manner. However, endogenous levels of IAA have
only rarely been determined directly, due to difficult
analytical procedures which require processing of sev-
eral grams of tissue (Bandurski and Schulze 1974,
1977; Mousdale etal. 1978; Zimmermann et al.
1976).

The present investigation was carried out in order
to obtain more quantitative information on the occur-
rence and distribution of IAA in coleoptiles and its
relation to coleoptile growth. To detect the minute
quantities of JAA expected in the tissue, we have,
based on a sensitive radioimmunoassay procedure for
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IAA (Weiler 1981), developed a new, still more
sensitive and specific enzyme-immunoassay (EIA) for
IAA. The assay involves only minimal procedural
efforts and equipment and yields quantitative and
precise results at picogram levels in less than two
hours for large batch assays. The assay principle used
here is applicable to any other plant hormone as well.

Materials and methods

Chemicals. Indole acetic acid and p-nitrophenylphosphate (Sigma
104) were purchased from Sigma, Munich, FRG; bovine serum
albumin from Serva. Alkaline phosphatase from calf intestine (Gra-
de I, sp. act.>2,500 U mg~') was from Boehringer, Mannheim,
FRG.

Materials and equipment. The polystyrene solid supports used were
Dynatech ELISA-grade “Removawell” cups (No. M 79 A) or Gil-
ford EIA cuvette-packs (No. 1,413 x 79). Absorbance readings were
carried out with a Gilford manual EIA reader at 405 nm. Remo-
vawell cups were manipulated in styrofoam racks (M76, Dynatech)
holding 96 cups each. A compatible shaker for 4 plates (=384 sam-
ples) from Dynatech (AM 69) was used to mix reagents. Reagents
were added with the Eppendorf Multipette 4780 System.

Plant material. Hybrid maize kernels (Zea mays L., cv. ‘Anjou 21’
from Nordsaat, Miinster, FRG) were soaked in running tap water
for ca. 24 h and then sown on moist vermiculite. They were kept
in darkness for 48 h and subsequently treated with red light
(1.6 W m~2 from 3 Phillips TL 20W/15 Red fluorescent bulbs fil-
tered through a Red filter No. 501/3 mm (R6hm and Haas, Darm-
stadt, FRG) for 1 h. After growth in darkness for another 20-30 h,
the coleoptiles achieved a height of ca. 2.0-3.0 cm (average: 2.5 cm)
and were thus used in the experiments.

Avena sativa L. c¢v. ‘Victory” (1979 harvest; Svilof, Sweden)
caryopses were soaked in running tap water for 10 h and then
incubated on wet filter paper in darkness for another 12h. The
germinated caryopses were exposed to red light (as for maize)
for 3h and subsequently transferred to moist vermiculite. The
seedlings were grown in total darkness for 70-80 h and harvested
when 2.5-3.0 cm long (Went and Thimann 1937).

Processing of plant material. All manipulations were carried out

under red light (1.6 W m~2). For the determination of the gradient-

of diffusable TAA in maize or Avena, coleoptiles of 2.5-3.0 cm
in length were used. These were cut at the node, placed on a
cooled glass plate, and nicked 1 cm from the tip. The upper region
of the coleoptile was removed without damaging the primary leaf
and the latter was then pulled out. The entire coleoptile was then
sectioned with an extra-thin razor blade. Six sections were normally
cut, the two uppermost of 0.25 cm and the rest of 0.5 cm each.
The coleoptile sections were then transferred to pre-weighed vials
containing 2 ml water and kept on ice until 10-20 segments had
been collected. The vials were weighed again to allow for fresh-
weight determination of the segments and kept in darkness at
room temperature for 3 h. Subsequently, the water was removed
with a pipet and transferred to glass tubes containing 20 pl of
a I mgml ' ethanolic solution of butylated hydroxytoluene
(BHT). The aqueous solution was dried down under air, redissolved
in 200 pl methanol and treated with an excess of ethereal diazo-
methane. The methylated residue was dried down and taken up
in 1 ml 0.1 M Tris, pH 7.5. When single coleoptiles were used
for diffusable IAA determination the cut segments were transferred
to pre-weighed tubes containing 0.2 ml H,O. The coleoptiles were
removed after 3 h at room temperature and the water residue treat-
ed as above.
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To determine extractable IAA, the coleoptile segments were
kept cold during harvest in pre-weighed glass vials and their weights
were immediately determined. They were then frozen in liquid
N,, ground, and extracted in the organic solvents (80% methanol
or 70% acetone) for varying periods of time (see Results). After
removal of the extracted tissue by centrifugation, the extracts were
processed exactly as above. All extracts were stored at —18°C
and assayed within 48 h.

For chromatographic resolution of the various coleoptile diffu-
sates and extracts, 100 coleoptile tips of 0.5 cm length were placed
in 5 ml water (for diffusates) or frozen in liquid N, (for extracts),
the former ‘were kept at room temperature for 3 h and the latter
were extracted 3-1 h with methanol. The solutions were concentrat-
ed in vacuo after the addition of BHT, methylated, and applied
to a Silica gel plate. Two IAA methyl ester reference spots were
applied at either side of the streaked extracts after a 2-mm section
of the silica surface had been scraped-off along the length of the
plate to prevent contamination of the extract with the reference
during development. The plate was developed either in
CHCI;:methanol (9:1) or CHCls:ethyl acetate (99:1) with
chamber saturation. After development, 0.5 cm strips of the plate
were cut, placed in 2 ml methanol and incubated overnight at
4° C. The strips were then removed, the absorbance of the eluates
monitored at 254 nm and the solvent evaporated under air. The
dried residue was re-dissolved in 0.5 ml 0.1 M TRIS, pH 7.5.

For studies on the growth of decapitated coleoptiles, oat seed-
lings were germinated as described above and grown until they
had reached a height of ca. 2.5 cm. The uppermost 1 mm of each
coleoptile was removed with a thin razor blade, and the seedlings
were left in darkness. After varying periods of time, the upper
5 mm of the coleoptiles were harvested and either placed in water
to allow for IAA diffusion or frozen in liquid N, for extraction
with 70% acetone.

Growth measurements. Growth rates were determined from photo-
graphic recordings. During exposure, plants were illuminated with
red light (1.6 W m™?%).

Determination of total IAA in maize and oat. The procedure of
Bandurski and Schulze (1974) was followed in the extraction of
5-d-old, dark-grown seedlings of maize and oat, with the exception
that the tissue was frozen in liquid nitrogen and then ground
in a mortar prior to addition of 70% acetone. Two grams of
oat and 5 g of maize tissue were used in the experiments.

Hormone spectrum of oat coleoptiles. Caryopses were sown on ver-
miculite as described above. The point of germination was reached
when the radicules were ca. 1 mm long. Starting at 28 h after germi-
nation and every 9 h thereafter, 50 coleoptiles were separated from
the primary leaf and frozen in liquid N, extracted 3-1h in 80%
methanol, and then processed as all other extracts. Hormones in
the extracts were immunoassayed as described previously (Weiler
1980a, b; Weiler and Wieczorek 1981; Weiler and Spanier 1981).

Preparation of IAA-specific antibodies. Anti-IAA antibodies were
obtained by immunization of rabbits with an IAA-bovine serum
albumin conjugate as described earlier (Weiler 1981). From
the fraction of the antiserum previously characterized by radioim-
munoassay the antibodies were isolated by the standard method
of precipitation with ammonium sulfate (Hurn and Chantler 1980).
Briefly, the immunoglobulins were precipitated in 45% sat. (NHg),-
SO, and the pellet collected by centrifugation, washed with half-
saturated ammonium sulfate, dialyzed against 10 1 H,O for 24 h,
and finally lyophilized. From 10 ml antiserum, approximately
200 mg lyophilized material were recovered. The antibodies were
stored at —18° C.
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Coupling of IAA to alkaline phosphatase. The enzyme tracer for
the EIA was prepared by coupling IAA through its carboxyl group
to amino residues on the enzyme with the carbodiimide method.
TAA (10 umol) was dissolved in 0.1 ml dimethylformamide and
diluted with 0.1 m{ H,O. Fifteen pmol of 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC) in 0.1 ml water were then added
and the solution adjusted to pH 6.4 with 0.01 M NaOH. After
stirring continuously at room temperature for 1 h this solution
was added, in 20-pl aliquots over a period of 90 min, to a solution
of the alkaline phosphatase consisting of 0.1 ml enzyme (1 mg
protein) and 0.2 ml 50% dimethyl-formamide (DMF) in H,O,
pH 6.4. The reaction was continued at room temperature, in the
dark, for 15h. The slightly turbid solution was then dialyzed
first against 1 1 10% DMF in H,O for 8 h and then against 3-51
TRIS buffered saline (TBS: 50 mM Tris, 1 mM MgCl,, 0.01 M
NaCl, pH 7.5) for 3 d at 4° C. There was no loss of enzyme activity
under these conditions.

Adsorption of antibodies to polystyrene. The property of protein
to adsorb to polystyrene surfaces was used as the basis for the
solid-phase EIA. The standard procedure for coating was as fol-
lows: The lyophilized immunoglobulins were dissolved in
50 mM NaHCO; pH 9.6 to a concentration of 10 ug ml~!. This
solution was incubated with the solid supports for 15h at 4° C;
0.2 ml of the coating solution were used in every cup (Dynatech)
and 0.3 ml in every cuvette (Gilford). After incubation, the solution
could be saved for re-use. The coated surfaces were then incubated
at room temperature for 15 min with 0.01% BSA in TBS to block
any remaining protein adsorption sites. The surfaces were then
washed with TBS and immediately used in the immunoassay.

Preparation of standards. A stock solution of TAA methyl ester
was prepared by methylating 1.75 mg IAA with ethereal diazometh-
ane and dissolving the product in 1 ml MeOH. The solution was
stored at —18° C and was stable for at least 3 months. A 1:10
dilution of the stock was made in MeOH and subsequent dilutions
were done in water to give a final range of 0.01-50 pmol/50 ul.
The standard solutions were stored at 4° C and were prepared
fresh every week.

Immunoassay procedure. For the enzyme immunoassay, all solu-
tions were maintained at 4° C. To each of the antibody-coated
surfaces was added first 100 pl TBS (cups) or 200 pl TBS (cuvettes).
Then, in a carefully timed sequence, 50 pl of the standards or
50 ul sample were added. The B, value (=maximum enzyme bind-
ing to coated surface) was determined in the absence of a standard
by using 50 ul H,0, and for the determination of unspecific binding
(UB) an excess of IAA standard (200 pmol) was added. After
mixing for 1 min the incubation vessels were kept at 4° C for
30 min. The appropriately diluted enzyme tracer (50 pl/cup) was
subsequently added to all vessels and these were again mixed for
1 min and then incubated at 4° C for another 30 min. The solutions
were then removed by aspiration and the vessels were rinsed twice
with 0.25 m] TBS. For the assay of surface-bound alkaline phos-
phatase activity, 0.2 ml of 2 1 mg ml™* solution of p-nitrophenyl-
phosphate in 50 mM NaHCO,, pH 9.6, freshly prepared and equi-
librated at 30° C, was added to each cup (0.3 ml to each cuvette).
The enzyme reaction proceeded at room temperature for 60 min
and was stopped with 50 pl of 5 M KOH per cup. The reaction
solutions from cups were then transferred to Gilford EIA cuvettes
containing 0.25 ml water and readings were then taken at 405 nm
with the EIA manual reader (Gilford). Alternatively, when coated
cuvettes were used, they were read directly. However, it is also
equally possible to use any standard colorimeter or spectrophoto-
meter. This procedure results in practically the same assay sensitivi-
ty when either cups or cuvettes are used.

The quantitative determination of TAA using the enzyme-im-
munoassay is based on the relationship between the enzyme activity
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in incubations with antibody but without added IAA and that
of similar incubations with increasing concentrations of a standard
IAA solution. This relationship can be represented by the following
formula:

x 100 = %(B/By).

Where Ay is the absorbance at 405 nm in the presence of a known
amount of IAA (or in a given unknown sample); Ayg is the absorb-
ance in the presence of a large excess (200 pmol) of IAA; and
Ag, is the absorbance in the absence of IAA. Linear standard
curves which are to be preferred for manual evaluation of
assay results are obtained by the logit-transformation of the relative
binding parameter:

logit (% B/Bo)=In %0/‘13;'

In this study, a computerized result calculation was used and stan-
dard curves were generated by the spline-approximation method
(Marschner et al. 1974; see Fig. 3) using the sigmoidal plot.

Results

Principle of method. One of the aims of the present
study was to introduce immunological procedures
even more sensitive and convenient than the radioim-
munoassay to the analysis of plant hormones. The
design of the assay should permit maximum reliability
with minimal procedural effort and require inexpen-
sive, standard laboratory equipment. We have, there-
fore, chosen a solid-phase enzyme immunoassay tech-
nique. Whereas, in the radioimmunoassay, a single
radiolabeled antigen molecule gives rise only to very
few decay events by which it can be detected, an
enzyme label introduces a considerable intrinsic am-
plification factor. The use of enzyme rather than ra-
dioactive labels permits the application of the assay
without complying with the regulations associated
with the use of radioisotope. For the assay, polystyr-
ene surfaces are uniformly coated with anti-IAA im-
munoglobulin (see Fig. 1). The subsequent steps are
all carried out in a single reaction vessel, and all
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Fig. 1. Performance of the IAA solid-phase enzyme immunoassay
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Fig. 2. Time course of p-nitrophenyl phosphate hydrolysis by IAA-
alkaline phosphatase bound to [AA-antibodies on solid phase.
Different amounts of enzyme had bound to the antibodies depend-
ing on the concentration of IAA included in the immunoassay

separation steps are performed simply by aspiration,
thus, the assay requires only a pipet and a simple,
inexpensive colorimeter. The polystyrene cups or cu-
vettes used in our study as solid supports are both
compatible with elaborate systems of assay mechani-
zation which are commercially available. Large scale
assays can be designed with both systems in which
special spectrophotometers, interfaced with desk-top
computers allow instantaneous calculation and a prin-
tout of results.

Basic parameters of assay. A range of immunoglobu-
lin concentrations for the optimal coating of the po-
lystyrene surfaces was tested and 10 pg ml~?! protein
gave optimal results. The solution could be reused
once and was then exhausted. The amount of tracer
used per cup or cuvette was chosen arbitrarily to
give a maximum antibody-bound activity under stan-
dard assay conditions of 2.7 pkat (A4s=1.0 in 1h,
corresponding to a bound activity equivalent to 11%
of the total activity added). Under these conditions,
unspecific binding was 8% of the bound activity
(A405=0.08 in 1 h). Thus, the useful absorbance range
for a standard curve was ca. 0.9 when the enzyme
reaction was terminated after 60 min (Fig. 2). Pro-
longed incubation times allow the use of even less
tracer, with a concomittant rise in assay sensitivity.
The indole-acetic acid-alkaline phosphatase conjugate
(IAA-AP) had an immunoreactivity of 65% as
checked by the total enzyme activity bound specifi-
cally to an excess of antibody. The IAA-AP when
stored at —18° C in 50% glycerol did not lose any
enzyme activity or immunoreactivity within 6 months.
Stored in lyophilized form, it does not deteriorate
for at least 2 years. Thus, a large batch of enzyme
labeled IAA, once prepared, lasts for a much longer
period of time than any radiolabeled TAA-derivative
of high specific activity.

E.W. Weiler et al.: IAA-enzyme immunoassay
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Fig. 3. Standard curves for the IAA solid phase enzyme immunoas-
say in the sigmoidal and linearized form. The standard was IAA-
methyl ester. B=binding of tracer to antibody in the presence
of IAA ; Bo=binding in the absence of IAA. Logit B/Bo=In [(B/B,)
/(100 —B/Bo)]

Assay sensitivity. As compared to the RIA procedure
for TAA (Weiler 1981) this enzyme-immunoassay
exhibits a ca. tenfold higher sensitivity. For maximum
sensitivity, both methods use IAA methyl ester as
standard and methylated samples. This has the addi-
tional advantage of higher stability of TAA methyl
ester as compared to the free acid. As Fig. 2 demon-
strates, as little as 20 fmol (3.5 pg) IAA sufficiently
reduce the surface-bound enzyme activity in the cu-
vettes to be readily detectable. The standard curve
extends from 20 fmol to 50 pmol (3.5 pg-9 ng) of IAA
(Fig. 3). Thus, the sensitivity of this assay matches
the most sensitive physico-chemical procedure for
IAA presently available (Crozier et al. 1980).

Assay capacity and accuracy. In contrast to physico-
chemical methods, which are ‘one-channel’ methods,
immunoassays uniquely provide the possibility of
batch-processing of samples. The assay described here
is routinely used in our laboratory with manual pipet-
ting and sample reading to process and evaluate
50 samples (plus standards) in triplicate within 3 h
time. Automated equipment for the entire assay pro-
cedure has been used in test trials to process and
evaluate as much as 200 samples in triplicate within
5 h. Recovery of IAA added to extracts before pro-
cessing averaged 90%. The coefficient of variation for
sample triplicates throughout the measuring range is
5.3%. Between-assay coefficients of variations (n=6
assays) averaged 9.2% throughout the measuring
range. The EIA correlates closely with the RIA proce-
dure (r=0.932, slope=0.96, n=39).

Assay specificity. The results of a detailed cross-reac-
tivity study are presented in Table 1. As compared
to the RIA procedure (Weiler 1981) this assay
is slightly more specific. Structurally related indoles
and JAA-derivatives, when present in roughly compa-
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Table 1. Cross-reactivities of anti-IAA antiserum adsorbed in solid
phase, on a molar basis (all compounds diazomethane-treated)
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Table 2. Concentrations of free and base-labile IAA in shoots of
maize and oat (FW =fresh weight)

Compound Cross
reactivity
(Y)
Indole-3-acetic acid 100
Indole-3-acetone 35
Indole-3-butyric acid 10.2
Indole-3-acetamide 8.6
1-Naphthylacetic acid 6.7
Indole-3-acetyl-L-aspartic acid 6.5
Indole-3-acetaldehyde 6.3
Indole-3-acetonitrile 2.8
Indole-3-propionic acid 2.5
Indole-3-pyruvic acid 1.5
Indole-3-lactic acid 0.5
Indole-3-acrylic acid 0.5
1-Naphthylacetic acid-f-D-glucosyl ester 0.5
Indole-3-acetyl-g-D-glucosyl ester 0.5
Indole-3-aldehyde 0.3
5-Hydroxyindole-3-acetic acid 0.3
Indole-3-glyoxylic acid 0.2
Tryptamine 0.2
Indole-2-carboxylic acid 0
Indoxyl-f-D-glucoside 0
2-Naphthylacetic acid 0
2,3-Dichlorophenoxyacetic acid 0
2,4-Dichlorophenoxyacetic acid 0
3,5-Dichlorophenoxyacetic acid 0
Phenylacetic acid 0
Imidazoleacetic acid 0
Urocanic acid 0
L-Tryptophan 0
D-Tryptophan 0

rable amounts, will not or only slightly affect the
TAA value obtained in a crude extract. However, ex-
cessive amounts of those compounds will have to
be removed prior to the IAA determination. It has
been found sufficient in these cases to prepare acidic
ether fractions of extracts. These can be assayed di-
rectly.

Levels of IAA in shoots and coleoptiles
of maize and oat

a) Levels of extractable IAA in shoots of maize and
oat. For comparison of the results of our assay with
published data, 5-d-old, dark-grown shoots of maize
(Zea mays L. c.v. “Anjou 21°) and oat (Avena sativa
L. c.v. “Victory’) were extracted according to the
method of Bandurski and Schulze (1974). From the
acetone extract, an acidic ether fraction was prepared,
methylated, and assayed directly thereafter for free
IAA. This fraction was separated by TLC and it was
found that besides the main immunoreactive peak
corresponding to IAA-methyl ester, two minor peaks
of immunoreactive material were also present. The

Free IAA “Bound” TAA Reference
pmolg ' FW pmolg ! FW

Material

Avena sativa L.

5dold 92 29 Bandurski and
etiolated shoots Schulze 1974
4d old 465 4,747 Zimmermann
etiolated shoots et al. 1976
3.5d old 115-126 - Mousdale et al.
coleoptiles 1978

5d old 98 126 this paper

etiolated shoots

Zea mays L.

5d old 138 1,885 Bandurski and
etiolated shoots Schulze 1974
5d old 1,034 1,839 this paper

etiolated shoots

value for free IAA in Table 2 is accordingly corrected
for such interference. The residual extract was hydro-
lyzed in 1 M NaOH for 1h at room temperature,
re-extracted, and methylated to determine the alkali-
labile TAA. Table 2 compares the EIA data obtained
in the crude fractions with the literature values for
which highly purified material had to be used. The
values are in general agreement except that we have
found a higher value for free IAA in our maize var-
iety.

b) Distribution of extractable and diffusable IAA with-
in the coleoptile of maize and oat. Tips of 2.5 and
5 mm length of maize and oat coleoptiles (2.5-3.0 cm
long) were kept in water in the dark for 3 h at room
temperature. Repeated control experiments revealed
that under these conditions, a linear increase in IAA
concentration in the incubation medium over a period
of 8 h for maize and 4 h for oat occurred. From
the experiments (see Table 3) a maximum rate of JAA
release, in the shorter tip preparations, of 7.3 pmolh ™!
(maize) and 0.84 pmol h ™! (oat) was calculated. The
values compare favorably with those estimated from
bioassay data (5 pmolh™') for maize coleoptiles
(Gillespie and Thimann 1963) and with the data of
Bandurski (1979) who calculated an TAA flow per
hour and per shoot in the order of 5-10 pmol. Thin
layer chromatography (TLC) analysis of the crude
diffusates which were assayed after methylation, re-
vealed that the majority of the immunoreactive mate-
rial in both maize and oat cochromatographed with
authentic IAA methyl ester thus proving the validity
of the results (c.f. Fig. 4 and 5).
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Table 3. Levels of diffusable JAA in coleoptile tips of maize and oat

E.W. Weiler et al.: IAA-enzyme immunoassay

Species Length of tips Diffusable IAA  Duration Total release
(cm) (pmol/tip h) of IAA of TAA
release (h) (pmol/tip)
Zea mays L. 0.25 53
(Coleoptiles of 9.6
2.5-3.0 cm 5.1
in length) 8.2
8.3
average: 7.3 £2.0 8 58.4
0.50 2.5
1.9
2.6
3.1
average: 2.5 +0.50 8 20.0
Avena sativa L. 0.25 0.61
(Coleoptiles of 0.72
2.5-3.0 cm 1.20
in length) average: 0.84+0.30 4 3.4
0.50 0.58
0.58
0.70
average: 0.62+0.07 4 2.5
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Fig. 4. Distribution of immunoreactivity on chromatograms of
water diffusates from Zea mays L. coleoptile tips. The crude solu-
tion was methylated prior to chromatography (References treated
the same)

It is known that bacterial production of IAA from
tryptophan occurs under non-sterile conditions and
that this can account for a considerable fraction of
the TAA extracted from non-sterile tissue (Libbert
et al. 1968). To determine if such bacterial activity
would lead to any additional production of TAA dur-
ing the collection of diffusates, the following control
experiments were carried out. Coleoptile tips of maize
and oat were incubated in the presence of 25 and
50 uM tryptophan and tryptamine for 3 and 6 h, re-
spectively; in addition, intact coleoptiles were placed
with their tips down in tryptophan and tryptamine

Fig. 5. As Fig. 4, but for Avena sativa L.

solutions. Up to 3 h, no additional release of IAA
in the presence of either tryptophan or tryptamine
was observed. After 6 h, significantly increased values
were observed for tips and inverted coleoptiles placed
in tryptophan (total conversion: 1.2-1073-2.2-10 %%
of the tryptophan present for inverted coleoptiles and
3.8-1073-3.0- 10~ 3% for the tips). In tryptamine, no
effect was observed after 6 h. Similar results were
obtained for oat. Up to 3 h (=standard incubation
time) in both inverted coleoptiles and tip incubations,
no detectable production of additional IAA occurred
in the presence of 50 uM tryptophan.
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Fig. 6. Distribution of endogenous, diffusable IAA in single coleop-
tiles of Zea mays L. cv. *Anjou 21°. Bars represent +s.d. for three
different coleoptiles. The segments were placed in 200 pl water
and the JAA allowed to diffuse for a period of ca. 6 h at room
temperature in the dark. The growth pattern was determined from
photographic measurements of marked coleoptiles

The total extractable IAA in the tips was com-
pared with the maximum yield obtained by the diffu-
sion method. For 2.5 mm tips of oat coleoptiles, ace-
tone extracts gave, after base hydrolysis and ether
extraction, a total IAA value of 3.7 pmol/tip. This
compares with the maximum yield of 3.4 pmol/tip
obtained by diffusion. Of the extractable TAA ca. 60—
70% represents the free acid, the remainder is released
after base hydrolysis in 1 M NaOH. Prolonged ex-
traction (>2h) with 80% methanol, but not with
70% acetone, yields additional and variable amounts
of TAA in both tips and basal parts of coleoptiles,
especially when the tissue is homogenized.

For maize it was found that of the total amount
extractable in 70% acetone per tip (59 pmol), ca. 83%
is present in alkalilabile conjugated form, 17% as
free IAA. This material would account completely
for the maximum yield of diffusable JAA (58 pmol
per tip) obtained. However, as in Avena, long-term
methanolic extraction released additional quantities
of IAA from the tissue.

The high sensitivity and specificity of the enzyme
immunoassay allowed a re-examination of the early
bioassay data for the distribution of diffusable and,
in addition, extractable IAA in coleoptiles (Went and
Thimann 1937). Single tips or segments are sufficient
for a quantitative analysis by our method. Figure 6
shows, on a fresh weight basis, the distribution of
diffusible JAA within three single, 2.5-cm long maize
coleoptiles. Figure 7 compares 2 typical experiments
for diffusable and extractable TAA in 2.5-cm long
Avena coleoptiles.

The hormone spectrum of developing Avena sativa L.
coleoptiles. Coleoptiles, harvested at different growth
stages were extracted exhaustively in 80% methanol
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(3-1h) and the extracts were assayed for a range
of plant hormones by immunoassays (Fig. 8). In gen-
eral, higher average concentrations of the hormones
were found in young coleoptiles and their levels de-
creased during growth with two exceptions: a) the
level of extractable IAA sharply rises 54 h after germi-
nation (coleoptile length: 1.2 ¢cm), reaching a maxi-
mum at ca. 72 h (average coleoptile length of 2.7 cm),
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Fig. 9. Changes in the levels of diffusable and extractable TAA
as well as extractable ABA (free plus conjugated) occurring during
the ‘regeneration of the physiological tip’ in Avena. Coleoptiles
were decapitated and the IAA and ABA contents of the upper
5 mm segments determined over an 8 h period (average from 2 typi-
cal experiments)

and then it decreases rapidly. b) Again, at a coleoptile
length of 1.2 cm (maximum growth rate), the total
amount of ABA extractable per coleoptile rises
(Fig. 8). This is mainly due to an accumulation of
conjugated ABA which became detectable in 1.2-cm-
long coleoptiles. Thus, when the growth rate of the
coleoptiles becomes maximum, a qualitative and
quantitative change in ABA turnover occurs. In cole-
optiles of standard length (2.5-3 cm), free and conju-
gated ABA is concentrated in the segment from 2.5-
5mm behind the tip and its level declines toward
the tip and the base of the coleoptile (data not shown).
Thus, ABA is clearly associated with the main growth
area of the coleoptile.

The presence of free and conjugated ABA in cole-
optiles was further confirmed by an immunoreactivi-
ty-distribution study (cf. Weiler 1980a) on thin-layer
chromatograms of crude coleoptile extracts. Two im-
munoreactive fractions, cochromatographing with
free ABA (R;=0.51 in the solvent system toluene/
ethyl acetate/acetic acid=50+430+4) and with the
polar ABA conjugates (R;=0) were observed. Besides
these two bands, no further immunoreactive material
was detected on the plates. This strongly indicates
the absence of any unspecific interference in the ABA
values obtained for crude extracts (Fig. 8).

Furthermore, when coleoptile sections (0—
12.5 mm) were incubated for 3 h at room temperature
in the dark in 0.6 M mannitol, the level of free ABA
increased significantly (60-100% in diverse experi-
ments) as compared to controls. The levels of conju-
gated ABA did not change. A maximum of 10%
of the total ABA found in the controls and in the
mannitol-treated preparations was recovered from the
incubation medium, ca. 90% were associated with the
tissue. Thus, unlike IAA, ABA appears not to be
readily exchangeable with the extracellular environ-
ment.
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Levels of IAA and ABA in decapitated coleoptiles of
Avena sativa L. Avena coleoptiles were decapitated
as described in Materials and Methods and the
changes in IAA and ABA concentration in the upper-
most 5 mm segments were determined at various
times thereafter. The average results from two typical
experiments are shown in Fig. 9. It can be seen that
after removal of the tip, both extractable and diffus-
able IAA decline (although not to zero) in the first
hour following decapitation. Thereafter, both diffus-
able and extractable TAA rise significantly, followed
by resumption of growth of the decapitated coleop-
tiles. Levels of extractable ABA (free plus conjugated)
rise to a sharp peak one hour after decapitation and
then decline to below the time-zero level (Fig. 9).

Discussion

Enzyme-immunoassay. Radioimmunoassay, recently
introduced into the analysis of a variety of plant hor-
mones (Pengelly and Meins 1977 ; Weiler 1979 ; Weiler
1980a, b; Walton et al. 1979; Weiler and Wieczorek
1981; Weiler 1981; Weiler and Spanier 1981)
allows a rapid and reliable quantitative determination
of several important hormones side by side (e.g.,
Weiler and Ziegler 1981). The technique for TAA has,
however, been the least satisfactory of these assays
because of the instability of the labeled IAA (Pengelly
and Meins 1977) and the comparatively low sensitivity
that was achieved (Pengelly and Meins 1977; Weiler
1981). The assay described here eliminates these
drawbacks in that a) it employs enzyme-labeled TAA
which has proven stable for more than one year either
in lyophilized form or in solution, and b) it readily
detects 20 fmol (3.5 pg) of IAA. This assay has a
sensitivity comparable to the most sensitive fluorimet-
ric procedure of Crozier et al. (1980), which allows
the detection of ca. 1 pg of [AA but is time consuming
and requires highly purified, high pressure liquid
chromatography (HPLC) separated, TAA for a reli-
able analysis. The EIA can be performed in much
cruder fractions, sometimes even in unpurified materi-
al (see Fig. 4 and 5). The problem of instability of
TAA has been solved by using the IAA methyl ester
as a standard and by methylation of extracts. The
assay variability (5% average coefficient of variation
for triplicate determinations) is comparable to the
RIA procedure but it can be further improved by
carrying out the sample incubation (step 2 in Fig. 1)
as an equilibrium reaction instead of the short incuba-
tion used here which requires careful timing. Under
equilibrium conditions, the background variability is
reduced to allow the detection of 10 fmol (<2 pg)
of IAA reproducibly. The main advantage of the so-
lid-phase enzyme immunoassay, as described here,
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over the radioimmunoassay is that it requires only
minimal equipment and that its use is not restricted
to special isotope laboratories. Its sample capacity
is comparable to the RIA with the additional advan-
tage that, whereas the RIA is limited by the time
required to obtain a valid radioactivity determination
(usually at least 2-4 min per sample), the manual ab-
sorbance readings of the EIA in the specially designed
colorimeter we used takes a maximum of 16 min for
100 samples plus standards. This feature renders the
assay ideally suited for on-line computation of results.
Both types of solid support that we used to adsorb
the antibody are comparable in sensitivity and repro-
ducibility. They represent miniaturized systems for
processing many samples, require minimum space and
consume reagents economically. Extension of this ap-
proach to other phytohormones shows that the EIA
is in principle applicable to the other classes of hor-
mones as well (Jourdan and Weiler, unpublished).

IAA4 in coleoptiles of maize and oat. The amount of
quantitative information on the occurrence of IAA
in coleoptiles is very limited and is almost exclusively
based on bioassay data. Despite this lack of informa-
tion, coleoptiles are frequently used to study auxin,
and in particular TAA, effects on growth. Most of
this work was and is being carried out with coleoptile
segments treated externally with auxin. The endoge-
nous auxin status of the experimental tissue is not
known, and the validity of conclusions derived from
such experiments for the situation in vivo has been
the subject of severe criticism (e.g., Mer 1968). The
sensitive and specific enzyme immunoassay for IAA
has allowed us the re-investigation of the distribution
and levels of IAA in coleoptiles of all ages on a
quantitative basis and to compare these results with
those published in the literature. The values for free
and base-labile IAA in shoots of oat and maize agreed
well with the data by Bandurski and Schulze (1974)
who used similar extraction and hydrolysis proce-
dures. The higher values for free IAA found by us
might reflect varietal differences which have been re-
ported to be considerable (Sheldrake 1973). However,
as Zimmermann et al. (1976) pointed out, changes
in the extraction and hydrolysis procedures drastically
affect the yields of free and esterified TAA. Hemberg
and Tillberg (1980) have also reported extremely vari-
able results for TAA from maize kernels depending
on the extraction conditions. As Fig. 8 demonstrates,
for Avena, levels of extractable IAA in developing
seedlings may also vary considerably with time.
Recent work, (see Bandurski 1979) has shown that
during the germination of maize kernels, IAA conju-
gates (mainly the myo-inositol ester) move from the
endosperm to the shoot at a rate of ca. 5-10 pmol/h.
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From these conjugates, IAA is apparently liberated
in the coleoptile tip and then translocated basipetally.
Gillespie and Thimann (1963) have estimated by
bioassay that maize coleoptile tips release ca. 4.5-
5 pmol of IAA per tip and hour, independent of the
length (3-6 mm) of the tip preparations used. The aver-
age value for our experiments (4.9 pmol released per
tip and hour) closely agrees with this estimate. How-
ever, the sensitive immunological assay clearly showed
that the yield of diffusible TAA was strongly depen-
dent on the length of the tips used for the experiments.
Shorter tips consistently yielded significantly more
IAA than longer ones both in maize and oat (see
Table 3). This supports the early observation of Went
(1928). Thus, IAA release or production seems to
occur only in the most apical part of the coleoptile
tip. The data furthermore suggest that in the growing
tissue adjacent to the tip, TAA is to a great extent
either immobilized and/or metabolized.

The yield of diffusible IAA per maize coleoptile
tip compares well with the total amount of IAA ex-
tractable per tip (see Table 3). Of this material, more
than 80% is acetone-extractable as base-labile conju-
gates, the rest as free TAA. The estimated supply
of acropetally moving esterified TAA (Bandurski
1979) would thus well account for the total IAA pro-
duction of the maize coleoptile tip. For Avena, the
TIAA yield from tips by acetone extraction and by
diffusion also agree well (see Table 3). A single tip
yields 0.6-0.8 pmol h™* of diffusible IAA. This is in
the same range as the value calculated by Sheldrake
(1973) from data of Went and Thimann (1937), 0.2—
0.3 pmol h ™!, Two-thirds of the extractable IAA are
present as free acid, the rest in the form of base-labile
conjugates. Sheldrake (1973) has reported an acrope-
tal movement of TAA as well as base-labile conjugates
in the Avena coleoptile. However, it is not known
at present whether this IAA supply from the endo-
sperm would account for the hormone released by
the tip or whether additional synthesis of IAA occurs
in coleoptile tips of Avena. It was excluded that bacte-
rial interference, which was reported to result in TAA
production from tryptophan under non-sterile condi-
tions in a number of tissues including coleoptiles (Lib-
bert et al. 1968), contributed to TAA values during
the collection of diffusates in our experiments.

Due to the sensitivity of the enzyme immunoassay,
and its high selectivity: for IAA, it was possible to
obtain quantitative values for the distribution of dif-
fusible and extractable IAA within coleoptiles of
maize and oat. Single coleoptiles could be used for
a quantitation. The auxin gradients found in early
experiments by bioassay (Thimann 1934) have now
been firmly traced back to the compound, TAA, for
Avena sativa L. and Zea mays L. (Fig. 4-7). Extrac-
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tion of coleoptile segments with organic solvent yields
consistently more TAA than the diffusion method.
This holds true especially when methanol is used as
the solvent (cf. Fig. 7, lower part), indicating the pres-
ence of immobile forms of TAA in the tissue.

Our data suggest that consumption (immobiliza-
tion and/or metabolism) of IAA is associated with
the process of growth-initiation in coleoptiles: 1. The
tissue level of IAA drops sharply in the first milli-
meters of the growth zone (see Fig. 6, 7). This cannot
be due solely to IAA export, because longer tips
(5 mm) yield less IAA than shorter (2.5 mm) tips by
the diffusion method (Table 3). 2. From the data pre-
sented in Fig. 8, it can be calculated that there is
a discrepancy between the amount of JAA produced
by coleoptile tips over time and the amount of IAA
extractable from these coleoptiles. During growth, an
increasing amount of IAA released by the tip (as
calculated by integration of the IAA production rate
of tips over time) cannot be recovered from the cole-
optiles by extraction. This apparently ‘consumed’
fraction of hormone is correlated (r=0.99) with cole-
optile length, i.e., the growth achieved.

A detailed immunoassay analysis showed the pres-
ence in coleoptiles of several growth regulators other
than TAA (Fig. 8), and their tissue levels in coleoptiles
of different growth stages are given herein for the
first time. Besides IAA, ABA is the most dominant
one in terms of molar concentrations. The finding
that ABA occurs in coleoptiles is important insofar
as exogenously applied ABA strongly interferes in
the IAA-induced process of elongation of excised co-
leoptile segments (e.g., Zenk 1970), The presence of
free as well as conjugated ABA was demonstrated
(Fig. 8) and several observations suggest a possible
involvement of this hormone, together with IAA, in
the endogenous regulation of coleoptile growth:

1. ABA is concentrated in the growth area of
the coleoptile.

2. The increase in the amount of extractable ABA
(see Fig. 8) correlates with the decrease in growth
rate of the coleoptile. This decrease occurs in the
presence of high amounts of both extractable and
diffusible IAA (Fig. 8).

3. There exists an inverse relationship in the tissue
levels of TAA and ABA during the regeneration of
the physiological tip and the growth behavior of de-
capitated coleoptiles can best be explained on the
basis of levels of both TAA and ABA (Fig. 9): The
rapid reduction in growth rate after decapitation of
coleoptiles is associated with increasing ABA- and
decreasing TIAA-levels, the resumption of growth 2—
2.5 h after decapitation is preceeded by both a drop
in ABA levels and a rise in IAA-levels. The endoge-
nous presence of ABA in the Avena coleoptile has

E.W. Weiler et al.: JAA-enzyme immunoassay

to be taken into account when auxin effects are stud-
ied in this tissue.

This work was supported by the Deutsche Forschungsgemein-
schaft, Bonn, FRG.
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