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Changes of endogenous indole-3-acetic acid, peroxidases, and
auxin oxidases during pollen germination in maize
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Abstract. Quantitative analysis of indole-3-acetic acid (IAA) in Zea mays L. pollen was performed by high perfor-
mance liquid chromatography with fluorescence. The IAA level declined during germination; it was 131.2 ng per
gram pollen at the ungerminated stage, and 47.6 ng per gram after germination. The decline of endogenous IAA
levels might have been due to the action of peroxidases, which synthesized lignins during pollen germination. IAA
oxidases (K,, =9.0 x 105M, V__=9.9 nmol IAA mg"' protein min"') and peroxidases were extracted and analyzed
during the course of pollen germination. The activity of peroxidases (13~28 kDa fractions) was two-fold higher in

germinated pollen.
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Introduction

Among the naturally occurring auxins of higher plants,
indole-3-acetic acid (IAA) is by far the most important. It
is involved in regulating cell elongation, division, and dif-
ferentiation (Dietz et al., 1990; Ettlinger and Lehle, 1988;
McClure et al., 1989). Many have reported that endog-
enous IAA levels change significantly during growth and
differentiation of plant tissues (Golaz and Pilet, 1987;
Hamdi, 1988; Sjut and Bangerth, 1981). Within the tis-
sues, IAA can be modulated via several pathways, includ-
ing synthesis and breakdown of conjugated IAA (bound
TAA), active transport of IAA, and IAA metabolism. Two
pathways for oxidative degradation of IAA have been
identified (Grambow and Langenbeck-Schwich, 1983;
Tsurumi and Wada, 1980). The key IAA degradative en-
zymes are peroxidases and IAA oxidases. Many investi-
gators have reported that dual catalysis is associated with
these two groups of isozymes (Grambow and Langenbeck-
Schwich, 1983; Pressey, 1990; Quesada et al., 1992). Still
others have reported the nonidentity of IAA oxidases with
peroxidases (Beffa et al., 1990; Gordon and Henderson,
1973). The relationships is complicated by multiple forms
of the enzymes. Conflicting reports suggest that the isozy-
mic relationship of IAA oxidases to peroxidases varies
from species to species. Little is known about the change
of endogenous IAA during pollen germination. This pa-
per describes a preliminary investigation of the changes
of endogenous IAA and related peroxidases and oxidases
in maize (Zea mays L.) pollen.

'Corresponding author.

Materials and Methods

Collection and Germination of Pollen

Tassels were cut from field grown maize (Zea mays L.),
and the cut ends were placed in a flask of tap water in the
growth chamber (25 + 1°C) the day prior to collecting pol-
len. Pollen grains (0.2 gram) were collected and spread
evenly in a 9 cm petri dish containing 4 ml of a solution
of 15% sucrose, 0.03% calcium nitrate, and 0.01% boric
acid, and incubated at 25 + 1°C (Pfahler, 1973). Germi-
nation rates of 80% to 95% were obtained with different
batches of pollen.

Extraction and Purification of Indole-3-Acetic Acid

After pollen germination, 16 ml methanol was mixed
with 0.2 mg ml"! butylated hydroxytoluene (BHT) and 40
mg ml”' (50 ml) sodium ascorbate to produce a 80% metha-
nol-BHT-ascorbate extracting solvent (Guinnet et al.,
1986; Dunlap and Guinn, 1989). Ungerminated pollen,
usually 0.8 to 1.0 gram fresh weight, and germinated pol-
len were homogenized in extraction buffer using a chilled
mortar and pestle. The pollen extracts were suction filtered
through Whatman No. 1 paper and the methanol was re-
moved from the filtrates with rotary flash evaporation
(RFE) at 35°C.

The pH of the aqueous residues was adjusted to 8.0 with
0.2 N KOH and partitioned twice with an equal volume
of ethyl acetate to remove phenolic compounds and other
impurities. The ethyl acetate fraction was discarded. Re-
sidual ethyl acetate in the aqueous phase was removed by
RFE (Crozier et al., 1980; Guinnet et al., 1986). The pH
of the aqueous fraction was adjusted to 2.5 with 0.2 N HCI,
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and the fraction partitioned twice with an equal volume
of ethyl acetate. The residual water in the ethyl acetate frac-
tion was removed by adding anhydrous sodium sulfate
(Na,SO,), and the ethyl acetate fraction was evaporated
to dryness by RFE. The residue was immediately dissolved
in 1.0 ml methanol.

Thin Layer Chromatography Purification

The methanol fraction was purified by thin layer chro-
matography (TLC), which was performed on analytical
grade Kieselgel 60 (20 x 20 cm, Schichtdicke, 0.2 mm,
Merck). Up to 1.0-ml volumes of extracts were loaded,
and chromatograms were developed for about 1 hr with
benzene:acetone:acetic acid (13:6:1, v/v). Identification of
unknowns was achieved by comparing with R;s of stan-
dard TAA that was chromatographed at the same time. The
IAA bands were scraped from TLC plates immediately,
dissolved in 100% methanol, and analyzed quantitatively
by HPLC.

High Performance Liquid Chromatography

Samples obtained from TLC, were introduced onto a
reverse phase C,, column (5 “x 250 mm, TSK gel col-
umn, ODS-80TM, Tosoh, Japan). Eluates were monitored
with a fluorescence spectrophotometer (Model F-1050,
Hitachi). The mobile phase was composed of 35% metha-
nol in 20 mM ammonium acetate buffer (pH 3.5). The flow
rate was maintained at 0.7 ml min’', and an excitation
wavelength of 280 nm with an emission wavelength of 360
nm was used. Eluant peaks, with their retention time and
areas, were recorded by an attached integrator (Model D-
2500, Hitachi). Because deuteriated IAA standards were
not available, the quantitation of endogenous IAA levels
was estimated by the HPLC-fluorescence methods devel-
oped by Crozier et al. (1980); its detection limit was less
than 10 pg.

Combined Gas Chromatography-Mass Spectrom-

etry

Electron-impact spectra of methylated samples were
obtained at 70 eV with a Hewlett Packard Model 5890
combined gas chromatograph-mass spectrometer (GC-MS)
filled with a 30 m x 0.2 mm OV-1 column. The carrier
gas, helium, was introduced at 30 ml min’, and the injec-
tor was operated at 220°C; the column oven temperature

- was 200°C.

Extraction and Purification of Enzymes

After pollen germination, the extraction buffer, 1 ml of
500 mM ammonium acetate, was added to the plate (100
mM ammonium acetate, pH 6.8). The pollen-buffer mix-
ture was ground with a pestle in a chilled mortar. The
homogenate was centrifuged at 20,000 g for 20 min and
the pellet was discarded. Ammonium sulfate was added
to the supernatant liquid to obtain 60% precipitated pro-
tein. The precipitated protein was dissolved in 2 ml of 20
mM ammonium acetate buffer (pH 6.8). For the G-25 ex-
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tract activities assay, the protein mixture was passed
through a Sephadex G-25 (Bio-Rad) column (2.5 x 30 cm)
previously equilibrated with ammonium acetate buffer.
Fractions corresponding to the protein peak were pooled
for the enzyme assays. The protein precipitated the 60%
ammonium sulfate was also applied to a column (1.5 x 80
cm) packed with a Sephacryl S-300 gel (Pharmacia, Swe-
den). The flow rate was kept at 0.5 ml min"'. Fractions
were collected for protein, peroxidase, and IAA oxidase
activities analyses.

Kinetics Study of IAA Oxidase

The reaction mixture was contained in a final volume
of 1 mi, and was composed of 6.66 mM phosphate buffer
(NaH,PO,/Na,HPO,) at pH 6.00 + 0.05, 100 pM MnCl,,
50 uyM p-coumaric acid, 50~100 nM IAA, and 200 pl of
the extract to be tested. Mixtures were incubated at 25 +
0.5°C for 30 min. After incubation, 20 pl of 10% trichlo-
roacetic acid (TCA) was added to stop the reaction and
adjust the pH to 2.5. After partitioning with 1000 pl ethyl
acetate, 200 pl of the organic phase was pipetted out and
dried in nitrogen gas. The residues were dissolved in 500
pl methanol. The quantities of degraded IAA were esti-
mated by HPLC methods as described. The data presented
in this report were obtained from representative experi-
ments that were repeated several times in triplicates.

IAA Oxidases Assay

The reaction mixture (final volume of 1 ml) was com-
posed of 6.66 mM phosphate buffer (NaH,PO,/Na,HPO,)
at pH 6.00 £ 0.05, 100 pM MnCl,, 50 uM p-coumaric acid,
50 pg IAA (285.4 pM), and 200 pl of the extract to be
tested. Mixtures were incubated at 25 + 0.5°C for 30 min.
Two milliliters of Salkowski reagent (Pilet and Lavanchy,
1969) was then added and the destruction of IAA deter-
mined by measuring absorbence at 535 nm after 30 min.
One unit of IAA oxidase activity was equivalent to a AA,;
of 1.0 for 1 mg of protein in 30 min.

Peroxidases Assay

Peroxidase activity (EC 1.11.1.7) was determined colo-
rimetrically using guaiacol and H,0,, both at 5 mM in 10
mM 3,3-dimethyl-glutaric acid (3,3-DGA)-NaOH at pH
6.00 + 0.05 (Grison and Pilet, 1978). Extracts (100 pl)
were tested in final volumes of 1 ml. The oxidation of
guaiacol was determined by measuring absorbences at 470
nm after 10 min incubation at 30.0 £ 0.5°C. One unit of
peroxidase activity was equivalent to a AA_ of 1.0 for 1
mg of protein in 10 min.

Results

The Change of Endogenous IAA Levels During
Pollen Germination
Purified extracts from pollen were quite clean and the

IAA was isolable with 35% methanol in ammonium ac-
etate buffer (pH 3.5). As shown in Figure 1, the endog-
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Figure 1. HPLC of purified extracts from maize pollen. Col-
umn: 5 x 250 mm, TSK gel; mobile phase: 35% methanol in 20
mM, pH 3.5 ammonium acetate buffer; flow rate: 0.7 ml
min’'; fluorimetric detection.

enous IAA was detected with a retention time of 35.3 min
in the ungerminated pollen (0 min). To distinguish this
peak from an impurity, another run was carried out with
extracts containing standard IAA; this run also showed
only one peak with an identical retention time (data not
shown). Combined GC-MS of the purified, methylated
HPLC peak from pollen extract confirmed the additional
presence of IAA methyl ester. The mass spectrum of the
pollen extract is illustrated in Figure 2, along with that of
authentic IAA methyl ester. The molecular ions (M*) of
IAA methyl ester from authentic standard and of purified
pollen extract were detected at m/e 189. The IAA content
decreased during pollen germination (Figure 3). The IAA
level was about 131.2 ng per gram of pollen in
ungerminated pollen (0 min), and 47.6 ng per gram in ger-
minated pollen (20 min).

Kinetics of IAA Oxidase

Using HPLC with fluorescence procedures, it was pos-
sible to measure picogram quantities of IAA. The kinet-
ics of IAA oxidase, purified by ammonium sulfate
precipitation and Sephadex G-25 desalinization, was in-
vestigated at concentrations of IAA ranging from 50 nM
to 500 nM. Double-reciprocal plotting (Figure 4) revealed
a Michaelis constant (K,,) of 9.0 x10% M, and a maximal
rate (V__)of 9.9 nmol IAA mg" protein min".
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Figure 2. A) Seventy-electron-volt mass spectra of authentic
TIAA methyl ester; B) putative JAA methyl ester from maize pol-
len.
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Figure 3. The change of JAA content during pollen germina-
tion in maize.-

Fractionation by Gel Filtration Column (Sephacryl
S-300 Gel)

For the ungerminated pollen (0 min), the quantities and
activities of IAA oxidase and peroxidase in fractions eluted
from the Sephacryl S-300 column are shown in Figure 5.
Peroxidase activities appeared in the protein fractions be-
tween 8 kDa and 28 kDa. The major peroxidases activity.
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Figure 4. Double-reciprocal plot of IAA oxidases activity.
Samples were incubated with IAA at concentrations ranging from
50nM to 500 nM. K, =9.0 x 10°M; V__ =9.9 nmol IAA mg'
protein min™!
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Figure 5. Elution profile of protein extract from ungerminated
pollen (0 min) on Sephacryl S-300 column. Units of IAA oxi-
dases and peroxidases activity are defined in Materials and Meth-
ods.
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Figure 6. Elution profile of protein extract from germinated pol-
len (20 min) on Sephacryl S-300 column. Units of IAA oxidases
and peroxidases activity are defined in Materials and Methods.
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appeared at the peak, with an estimated molecular mass
of 13 kDa. IAA oxidase activities were shown between
13 kDa and 28 kDa fractions, with the major one at 19
kDa. Similar elution profiles were obtained in germinated
pollen after 20 min, (Figure 6) except the activities of per-
oxidase with molecular mass ranging from 13 kDa to 28
kDa were enhanced two fold. No significant changes in
TAA oxidase activities were apparent after pollen germi-
nation. Thus, there was a correlation between decline of
endogenous IAA levels and increasing peroxidase activi-
ties (13-28 kDa fractions) in germinated maize pollen.

Discussion

Very sensitive IAA detection is attainable by using the
HPLC-fluorescence procedures developed by Crozier et
al. (1980). The amount of plant material required can be
reduced to sub-gram quantities. In our investigation of
maize pollen, 0.5 gram of ungerminated or germinated
pollen was extracted and purified by TLC, then further
chromatographed on a reverse phase column operated in
the isocratic mode (35% methanol in pH 3.5 ammonium
acetate buffer). Rademacher and Graebe (1984) reported
that IAA was destroyed in the Salkowski-like reaction
when the TLC was dried. In our investigation, 85% of [AA
standards was recovered (data not shown), if the chromato-
grams were immediately transferred to methanol. Thus,
using TLC to remove impurities has been shown to be use-
ful, necessary, and sparing of IAA. Significant amounts
of IAA were detectable and estimable by HPLC and GC-
MS. The data were reproducible and reliable. Pollen has .
unique physiological activities that are distinguishable
from those of other cells. It respires, grows, and dies. As
it germinates, the pollen tube elongates by expansion at
the tip. In our study, germination of maize pollen began
with marked decrease in IAA (Figure 3). The decrease
mainly occurred during the first 5 min, and lasted through-
out germination (20 min). Meanwhile, the activities of per-
oxidase increased two fold in germinated pollen (Figure
5 and Figure 6). The decline of endogenous IAA might
be due to the action of peroxidases that is involved in the
conversion of phenylpropane alcohol into macromolecu-
lar lignins during tube wall expansion. Our results con-
firmed several reports that suggested a positive relationship
between increased activity of peroxidases and cell wall lig-
nification (Bassiri and Carlson, 1979; Harkin and Obst,
1973). The endogenous IAA probably played no role in
maize pollen germination. The destruction of endogenous
IAA by peroxidases, however, may favor the synthesis of
lignin and remove excess hydrogen peroxide, thus serv-
ing a detoxifying role during germination.

The IAA-oxidases were not separable from peroxidases
in our investigation. The major peroxidases appeared in
fractions from 13 kDa to 28 kDa. These enzymes might
degrade endogenous IAA in the presence of phenolic com-
pounds, producing indole-3- methanol or indole-3-alde-
hyde (Grambow and Langenbeek- Schwich, 1983; Beffa
et al.,, 1990). In summary, our results indicated that the
decline of endogenous IAA levels was related to enhanced
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peroxidase activities during pollen germination. Further
purification of peroxidases will be helpful in elucidating
the processes associated with lignification in germinating
pollen.
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