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Abstract. Etiolated seedlings of foxtail milletSetaria

italica Beauv.) dwarf mutant CH84113 were treated with
various concentrations of abscisic acid (ABA), mefluid-
ide, mannitol, or polyethylene glycol (PEG) 6000. It was

ronmental and developmental changes (Walton and Li
1995). Although exogenous applications can inhibit
growth in the plant, ABA appears to act as much as a
promoter as an inhibitor, and a more open attitude toward

found that these chemicals, at suitable concentrations,its overall role in plant development is warranted (Davies
could increase mesocotyl length significantly, whereas 1995, Lee and Zhou 1996). It has been found that ABA
these chemicals at higher concentrations had an inhibi- counteracts the effect of gibberellin (GA) enamylase
tory effect. Endogenous levels of ABA in mesocotyl synthesis in germinating cereal grains (Jacobsen et al.
were measured by enzyme-linked immunosorbent assay.1995). ABA also plays roles in physiological events oc-
It was found that endogenous ABA increased progres- curring at the maturation events of embryo development
sively in a chemical (ABA, mefluidide, mannitol, or PEG (Rock and Quatrano 1995) and in the regulation of gene
6000) concentration-dependent manner, indicating that expression (Chandler and Robertson 1994). Here we re-

the effects of these chemicals on mesocotyl growth may port the promotive effect of ABA on the growth of me-
be mediated by increased endogenous ABA levels. Onsocotyl in etiolated seedlings of a foxtail milléb¢taria

the other hand, S-3307, an inhibitor of the oxidative re-
actions in gibberellin (GA) biosynthesis, inhibited the
elongation of mesocotyl significantly. When ABA and
GA; were applied simultaneously, the effect on meso-
cotyl growth was additive. These results imply that ABA
and GA may control different processes in the regulation
of mesocotyl growth.
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ABA is a particularly interesting hormone with regard to
regulation of its levels, because they rise and fall dra-
matically in several kinds of tissues in response to envi-

Abbreviations: ABA, abscisic acid; GA, gibberellin; PEG, polyethyl-
ene glycol; ELISA, enzyme-linked immunosorbent assay; PBS, phos-
phate-buffered saline; 1AA, indole-3-acetic acid.

italica Beauv.) dwarf mutant. We also utilize enzyme-
linked immunosorbent assay (ELISA) to attempt a quan-
titative analysis of endogenous ABA in the mesocotyl. A
proposed mechanism of mesocotyl growth is discussed.

Materials and Methods

Culture of Etiolated Seedlings

Sterilized seeds of foxtail milletS. italica Beauv.) dwarf mutant
CHB84113 were cultured in darkness at 25°C until radicle emergence.
The cultured seeds were then planted in a 12-cm x 2.5-cm glass con-
tainer containing 750 mg of absorbent cotton and 5 mL of water or test
solution. After 4 days in darkness at 28°C, the length of the mesocotyl
was measured. Data were the averages of three replicates + S.E.

Application of Chemicals

Both ABA and GA; were applied at final concentrations as 0.005, 0.02,
0.08, 0.31, 1.25, 5, and 20m. Mefluidide was applied at 0.05, 0.20,
0.78, 3.12, 12.5, 50, and 2Qs. Mannitol was applied at 0.025, 0.10,

*Author for correspondence at present address: Department of Cell 0.39, 1.56, 6.25, 25, and 100vmPolyethylene glycol (PEG) 6000 was

Physiology, Horticulture Research International, Wellesbourne, War-
wick CV35 9EF, UK.

applied at 0.005, 0.02, 0.08, 0.31, 1.25, 5, and 2@. 18-3307 was
applied at 0.025, 0.10, 0.39, 1.56, 6.25, 25, and|1@0Five mL of the
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test solution was added to the container before the cultured seeds were 50
planted.

In the ABA plus GA, treatment, ABA and GAsolutions at the same
concentrations (0.005, 0.02, 0.08, 0.31, 1.25, 5, and\x0were added
simultaneously to the container before the cultured seeds were planted.
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Sampling for ABA Analysis

Three days after planting cultured seeds, the mesocotyl was excised
from the etiolated seedlings and washed thoroughly with distilled wa-
ter. Fresh samples (0.10-0.20 g) were weighed, frozen in liquid nitro- 0.01 0.1 1 10

gen, then kept at —20°C until extraction of ABA analysis. . -6
ABA concentration (10 M)
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40
Extraction and purification of ABA before immunoassay have been
described previously (Chen et al. 1996a, Weiler 1986, Zhou et al. 30
1996). The main steps are as follows. Homogenized samples were
extracted in 2 mL of cold 80% (v/v) agueous methanol overnight at 4°C 20
with butylated hydroxytoluene (10 mg/liter) to prevent oxidation. The
supernatant was collected after centrifugation at 10,0@0(4°C) for 10
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20 min. Then the crude extract was passed through aSep-Pak
. . -6
Mefluidide concentration (10~ M)
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Extraction and Measurement of ABA by ELISA

cartridge (Waters, Milford, MA). The efflux was collected and 300

of it removed and dried in N The residue was dissolved in 200 of

PBS (0.01m, pH 9.2), adjusted to pH 8.5, before partitioning three
times with equal volumes of ethyl acetate. The remaining aqueous
phase was adjusted to pH 2.5 and reextracted three times with equalE

esocotyl (mm)

volumes of ethyl acetate. The extracts (ethyl acetate phase) were pooled & 50 BLRRLLL R R B RALLU NI R
and dried under |} the residue was redissolved in 2pQ of 100% ﬁ 40 — N
methanol for methylation with ethereal diazomethane and taken up b&®
with 300 L of PBS (0.01v, pH 7.4) for determining the ABA content. 8

The procedure of direct competitive ELISA measurement based on a we 30 - ]
monoclonal antibody of high specificity for ABA methyl ester has been 20 ]
described by Zhou et al. (1996). The main steps are as follows. Mi-
crotitration plates (Nunc) were precoated overnight at 4°C with rabbit 10 - |
antimouse immunoglobulin. Then the wells were coated with suitable
amounts of anti-ABA methyl ester monoclonal antibody in PBS (0.01 0 vl ol sl ol

M, pH 7.4) at 37°C for 70 min. Authentic ABA methyl ester or sample
was added 30 min before the addition of horseradish peroxidase-

001 0.1 1 10 100

labeled ABA. After a 1-h incubation at 37°C, the wells were washed Mannitol concentration (10‘3 M)
five times with PBS (containing 0.05% Tween 20). Then the buffered )
enzyme substrates (B, and ortho-phenylenediamino) were added, 50 LRI B 3 11 L B AR
and the enzyme reaction was carried out in darkness at 37°C for 15 min.
The reaction was terminated withM8H,SO,, and the absorbance was 40
recorded at 490 nm.
The need to validate immunoassays for plant hormones has been 30
well documented (Pengelly 1985). In this study, percentage recovery
was calculated by adding a known amount of authentic ABA to the split 20
extracts. Percentage recovery was above 90%, and sample extract di-
lution curves paralleled the standard curve, indicating the absence of 10 ]

nonspecific inhibitors in the extracts. ABA was determined three times
on the same extract, and all samples were assayed in triplicate. The S.E.

was calculated. 0.01 0.1 1 10
PEG 6000 concentration (10~ M)
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Results i o )
Fig. 1. Dose-response curves for ABA, mefluidide, mannitol, and PEG

Effects of Chemicals on Mesocotyl Growth 6000, in terms of the length of mesocotyl in etiolated seedlings of
. . . CHB84113. Data were collected 4 days after treatment. Shown are the
As shown in Fig. 1, ABA at a low concentration could averages + S.E. of three replicates. The length of mesocotyl in un-

promote the growth of mesocotyl in etiolated seedlings treated seedlings was 26.5 + 2.0 myfertical barsdenote S.E. when
of CH84113. A significant increase in mesocotyl length larger than symbols.
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GA, and/or ABA concentration (10'6 M)

Fig. 2. Dose-response curves for S-33@7)( GA; (@), and GA; plus
ABA (W), in terms of the length of mesocotyl in etiolated seedlings of

CHB84113. Data were collected 4 days after treatment. Shown are the

averages + S.E. of three replicates. The length of the mesocotyl in
untreated seedlings was 26.5 + 2.0 mvertical barsdenote S.E. when
larger than symbols.

was observed when ABA was applied at 0;3t%. The
length of mesocotyl increased by approximately half.
However, when the ABA concentration was larger than 5
M, mesocotyl growth was inhibited.

The dose-response curve for mefluidide was similar to
that of ABA, with the most significant increase observed
when mefluidide was applied at 3.1 (Fig. 1). At 50
pM, mefluidide was inhibitory, and at 200m, the me-
socotyl could hardly grow.

Mannitol could also elicit a significant increase in the
growth of mesocotyl when it was applied at concentra-
tions lower than 25 m (Fig. 1).
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Mesocotyl elongation in etiolated seedlings was also
promoted by exogenously applied GAFig. 2). When
ABA and GA; were applied simultaneously, an additive
effect on mesocotyl growth was observed (Fig. 2).

Endogenous Levels of ABA in Mesocotyl of Etiolated
Seedlings Treated with ABA, Mefluidide, Mannitol, or
PEG 6000

When etiolated seedlings were treated with ABA, me-
fluidide, mannitol, or PEG 6000, ABA levels in meso-
cotyl increased progressively in a chemical concentra-
tion-dependent manner (Fig. 3). As shown in Fig. 1, the
most significant increases in the length of mesocotyl
were observed at 0.3im for ABA, 3.12 pm for meflui-
dide, 1.56 nw for mannitol, and 1.25 m for PEG (Fig.

1). Chemicals at these doses elicited twofold to threefold
increases in endogenous levels of ABA (Fig. 3). The
significant decreases in mesocotyl elongation could be
observed at 2@wm for ABA, 50 pwm for mefluidide, 100
mm for mannitol, and 20 m for PEG (Fig. 1). Chemicals

at these doses elicited fivefold to eightfold increases in
endogenous levels of ABA (Fig. 3).

Discussion

The growth of mesocotyl in etiolated rice seedlings has
been found to be regulated by many factors (Takahashi
1985). The number of cells in the mesocotyl increased
when ABA was applied exogenously, and the length of
mesocotyl cells increased when GAndole-3-acetic
acid (IAA), ethylene, or ABA was applied. Unlike rice,
foxtail millet is a drought-resistant crop. In the field, the
growing mesocotyl protects seedlings emerging from the
soil and therefore enhances seedling survival. Little is
known about the regulation of foxtail millet mesocotyl
growth by plant hormones. Here we present evidence
that ABA is involved in this process.

Our previous studies demonstrated that mesocotyl
growth in a wild type foxtail millet cultivar and a GA-
responding dwarf mutant (Chen et al. 1996b, 1998) was

When PEG 6000 was applied at concentrations lower promoted by relatively low concentrations of GAr

than 5 mu, the mesocotyl length increased in a PEG

ABA and that the response of mesocotyl in etiolated

6000 concentration-dependent manner (Fig. 1). PEG seedlings of the dwarf mutant was more sensitive than

6000 at 20 mu inhibited the growth of the mesocotyl
significantly.

The promotive effect on mesocotyl growth was not
observed when S-3307, an inhibitor of the oxidative re-
actions leading fronentkaurene t@ntkaurenoic acid in

that of the wild type cultivar (Chen et al. 1997). In this
study, mesocotyl growth in etiolated seedlings of a dwarf
mutant CH84113 (Chen et al. 1996b, 1998) is surveyed.
We show that ABA at relatively low concentrations can
promote the growth of CH84113 mesocotyl, the length of

GA biosynthesis (Hedden 1990, Izumi et al. 1984), was which increases significantly (Fig. 1). It has been found
applied (Fig. 2). Mesocotyl elongation decreased in an that mefluidide, a synthetic plant growth regulator, is
S-3307 concentration-dependent manner. When S-3307capable of triggering an increase in endogenous ABA
was applied at 2;um, mesocotyl elongation decreased levels (Zhang et al. 1986). Additionally, in many inves-
by approximately half. tigations of stress-induced ABA accumulation in leaves
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600 rrT—TrrrT—rrTT—— T and roots, mannitol and PEG have been used as osmotice
500 to regulate water potentials (Lin and Fu 1996, Xin et al.
1997). It is now well established that endogenous ABA
400 levels increase considerably when plants are water
300 stressed (Saab et al. 1990, Xin et al. 1997). As expected,
when mefluidide, mannitol, or PEG 6000 was applied,
200 endogenous levels of ABA in mesocotyl tissue increased
100 progressively in a chemical concentration-dependent

o Wil v ovd il vl manner (Fig. 3). Effects of mefluidide, mannitol, and
0.01 0.1 1 10 PEG 6000 on mesocotyl growth might be, therefore, me-
) : diated by these increased endogenous ABA levels.
ABA concentration (10'6 M) It is interesting to note that although the leaf blade,
leaf sheath, and shoot of the dwarf mutant CH84113

600 LU IR REL B B I R B AR RALLI showed no response to exogenously app"eq3 @ader
500 — — light and as such it has been described as a non-GA-
400 - _ responding mutant (Chen et al. 1996b, 1998), the meso-
cotyl in the etiolated seedlings responded markedly to
300 - ] GA,, indicating that the elongation of the mesocotyl may
§ 200 — — be regulated by a different system than leaf and shoot.
B 100 B Further, S-3307, an inhibitor of GA biosynthesis (Hed-
é" I | | l den 1990, Izumi et al. 1984), could strongly inhibit the
o ( bl Lo growth of mesocotyls in foxtail millet etiolated seedlings
g_ 0.1 1 10 100 (Fig. 2). When GA and ABA were applied simulta-
e Mefluidide concentration (10-6 M) neously, an additive effect was observed (Fig. 2). These
S results imply that ABA and GA might control different
= 600 — AL L SRS R processes in the regulation of mesocotyl growth. Perhaps
S 500 N in a manner similar to rice, ABA may regulate mainly
< cell number, whereas GA regulates cell length in the
m 400 - - mesocotyl (Takahashi 1985). We do not know exactly
< 300 the effect of other plant hormones on the growth of fox-
tail millet mesocotyl. In vitro, GA and ABA did not
200 7] induce significant increase in the length of apical meso-
100 — cotyl sections, the area of the most rapid cell elongation,
o LT v il ol whereas IAA did (data not shown). However, it has been
0.01 0.1 1 10 100 found recently that auxin may have a less important role
) ) in elongation responses in dark-grown than in light-
Mannitol concentration (10'3 M) grown seedlings (Jensen et al. 1998). A more extensive
600 rerrm survey of the effects Qf exogenous plant growth ;ub—
500 ' ' L L stadnces and the analysis of endogenous hormones is now
— - under way.
400
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