Journal of Plant Biology, June 2001, 44(2) : 118-126

Differential Expression of ACC Synthase and ACC Oxidase Genes in
Mung Bean Leaves under Saline and Oxidative Stresses
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We investigated the differential expression of seven ACC synthase and two ACC oxidase genes in mung bean leaves.
Among these, only ACS2, ACO1, and ACO2 were expressed in etiolated leaves. When seedlings were de-etiolated, the
expression level of ACOT decreased by 65%, expression of ACO2 disappeared, while that of ACS2 was unchanged.
For de-etiolated leaves treated with NaCl in the dark, the photochemical efficiency of PSIl was not altered, and no
genes were newly induced within the first 12 h. However, in the presence of light, transcripts of ACS7, ACS3, ACS4,
and ACS6 were newly accumulated, and the expression levels of ACS2 and ACO7 were increased. The kinetics of tran-
script accumulation in response to methyl viologen (MV) treatment in the light were similar to those observed in the
NaCl-treated leaves in the presence of light, suggesting that changes in the latter were caused by oxidative, rather
than saline, stress. However, transcripts from most of the genes began accumulating more slowly in MV-treated
leaves, with those of ACS7 and ACS6 accumulating in much lower amounts than in NaCl-treated leaves. The reverse
was true for ACS4 transcripts.
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Ethylene, a major, gaseous phytohormone, is one of 1997), zucchini (Huang et al., 1991), carnation (Park
the simplest organic molecules to possess biological et al, 1992; Henskens et al., 1994), winter squash
activity. It regulates several physiological processes (Nakajima et al., 1990), and wheat (Subramaniam et
during plant growth and development (Abeles et al., al., 1996). In addition, three ACC oxidase genes have
1992). This hormone is synthesized from S-adenosyl- been isolated in tomato and melon, with each being
L-methionine via ACC. In higher plants, its biosynthesis expressed differentially in response to various envi-
from methionine includes three enzymes: methionine ronmental factors (Barry et al., 1996; Lasserre et al.,
adenosyltransferase, ACC synthase, and ACC oxidase. 1996).

The rate-limiting step in ethylene production is ACC The rate of ethylene production increases in tissues
synthase, which is encoded by a highly divergent undergoing biotic or abiotic environmental stresses
multigene family in a number of plant species (Kende, (Yang and Hoffman, 1984). Biotic stresses may include
1993). In contrast, ACC oxidase is encoded by a small viral, bacterial, or fungal infections as well as invasions
gene family, and specific expression of those genes is also by insects. Abiotic stresses might be caused by chill-
important for the regulation of ethylene biosynthesis. ing, freezing, heat, flooding, drought, chemicals, radi-

Numerous ACC synthase genes have been identi- ation, or mechanical strains, e.g., bending, rubbing,
fied in several plant species, including tomato (Rott- or other physical restraints (Abeles et al., 1992). The
mann et al., 1997; Yip et al, 1992; Lincoln et al., ethylene elicited by these environmental stresses is
1993; Olson et al., 1995; Qetiker et al., 1997; Shiu often called “stress-ethylene”.
et al., 1998), Arabidopsis (van der Straeten et al., Plants exposed to the abiotic stress of high soil salinity
1992; Abel et al., 1995; Liang et al., 1995, 1996; modify their metabolism to cope with environmental
Arteca and Arteca, 1999), potato (Destefano-Beltran changes (Greenway and Munns, 1980). For example,
et al., 1995; Schlagnhaufer et al., 1997), rice (Zarem- when some plants are supplied with excess NaCl in
binski and Theologis, 1993; van der Straeten et al., their irrigation water, ethylene production may be

either enhanced (Mizrahi, 1982; Botella et al., 2000)
*Corresponding author; fax +82-51-513-9258 or reduced (Chrominski et al., 1986).
e-mail chlee@hywon.pusan.ac.kr Studying how environmental stresses regulate gene
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expression of ACC synthase and ACC oxidase helps
researchers better understand the molecular mecha-
nisms underlying stress-elicited ethylene production
as well as the physiological roles played by “stress-
ethylene” in plant responses. In mung bean, ACST,
ACS2, ACS3 (Botella et al., 1992), ACS4, ACS5 (Botella
et al., 1993), ACS6, and ACS7 (Kim et al., 1997; Yi et
al., 1999) are members of a multigene family for ACC
synthase. Likewise, ACOT and ACO2 are part of a
smaller multigene family for ACC oxidase (Kim and
Yang, 1994). Expression of ACS1, ACS6, and ACS7 is
induced in response to auxin (Botella et al., 1992;
Kim et al., 1992; Yoon et al., 1997; Yi et al., 1999).
ACS1 transcripts are also induced through mechanical
strains (Botella et al., 1995). Although transcripts of
ACC oxidase are constitutively present in all tissues of
mung bean seedlings, its expression can be further
increased by wounding or ethylene treatment (Kim
and Yang, 1994; Jin et al., 1999).

Yu et al. (1998) have investigated the differential
expression of all seven ACC synthase and both ACC
oxidase genes in mung bean hypocotyls under vari-
ous stresses. In addition, most studies of the expres-
sion of ethylene-synthetic multigene family members
have used mung bean hypocotyls, and no one has
presented simultaneous analysis of the stress responses
for all those genes in the leaf tissue.

Here, the mung bean leaf served as the model system
for studying expression of ethylene-synthetic multigene
family members. NaCl was applied as an environ-
mental stress. To better understand the molecular
mechanisms responsible for regulating gene expres-
sion for ethylene synthesis, we investigated the differ-
ential expression of all the ACC synthase and ACC
oxidase genes in leaves under this saline stress.
Because expression patterns differ under light and dark
conditions, we also compared the patterns observed
in the light with those induced by treatment with an
oxidative stress inducer, methyl viologen (MV).

MATERIALS AND METHODS

Seedling Development, and Light/Dark and NaCl
Treatments

After imbibition for 17 to 18 h, seeds of the mung
bean (Vigna radiata L.) were germinated for 2 d in the
dark at 30°C, in 1:1:1 vermiculite:peat moss:perlite.
Etiolated leaves used were collected at this stage. For
de-etiolation, seedlings were grown at 26°C = 2°C

under a light/dark cycle of 16 h/8 h. The light intensity
was 70 pmol m™ s™' from a bank of cool white fluo-
rescent lamps. After about 39 h, seedlings of uniform
size were selected, and their lower portions were
excised at the epicotyl, 2 cm below the node where
the primary leaves were attached. The tops of the
cuttings were placed vertically in vials containing 15
mL dH,O. These cuttings were put under lights for 1
h for acclimation; those that started to wilt were dis-
carded. After approximately 8 h of adaptation in
darkness, cuttings for use in the stress experiments
were treated with 2.5 mM MV or 0.3 M NaCl for O -
12 h or 24 h, respectively, either in continuous dark-
ness or in the light, following a 1-h light-adaptation
period. Leaf tissues were frozen in liquid nitrogen for
later use in measuring chlorophyll fluorescence or
performing RT-PCR.

Measurement of Chlorophyll Fluorescence

Using the lower one-third of each leaf, we mea-
sured chlorophyll fluorescence with a portable chlo-
rophyll fluorometer (Plant Efficiency " Analyzer;
Hansatech Instrument, Norfolk, UK), following 10
min of dark adaptation at room temperature. Photo-
chemical efficiency of PSII was deduced from the
maximal efficiency of PSII photochemistry, i.e., F./Fy,
= (Fy, - Fo)/F (Kitajima and Butler, 1975), where F, is
the minimal fluorescence level with all open PSII
reaction centers, F,, the maximal fluorescence level
with all PSII reaction centers closed, and F, the vari-
able fluorescence.

RT-PCR with an Internal Standard

We isolated total RNA from the upper two-thirds of
each leaf, following the method of Chomezynski and
Sacchi (1987). Using 1 pg of total RNA as template,
we performed RT with a Reverse Transcription System
(Bioneer, Korea) for 1 h at 42°C. The PCR conditions
and primer sequences were the same as described by
Yu et al. (1998), with 2 uL of the total 20-uL reaction
mixture serving as template. For the internal standard,
a 315-bp fragment from 18S ribosomal RNA was
amplified in the same reaction mixture, as specified
by the manufacturer (QUANTUM-RNA 18S Internal
Standards, Ambion, Austin, Texas, USA). The bands
were stained with ethidium bromide and their inten-
sities were quantified with a densitometer. Expression
levels were then graphed relative to the level of the
18S rRNA.



120 Song et al.

RESULTS

Differential Expression of ACC Synthase and ACC
Oxidase Genes in Etiolated and De-Etiolated
Leaves

We used RT-PCR to investigate the expression pat-
terns of all the known gene family members of ACC
synthase and ACC oxidase in mung bean leaves (Fig.
1). Among these, only ACS2, ACO1, and ACO2 were
expressed in the etiolated leaves of two-day-old
plants (Fig. TA). When the seedlings were further de-
etiolated for 2 d in the light, no genes were newly
expressed. The level of ACOT decreased by 65%,
expression of ACO2 disappeared, while that of ACS2
remained unchanged (Fig. 1, B and O).
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Figure 1. Differential expression of 7 ACC synthase and 2
ACC oxidase genes in etiolated and de-etiolated mung bean
leaves under non-stressed conditions. A, RT-PCR products
from etiolated leaf; B, RT-PCR products from de-etiolated
leaf; C, relative intensities of RT-PCR products compared
with endogenous standard 18S rRNA controls; M: marker.
Lanes 1, 2, 3, 4, 5, 6, 7, 8, and 9 are ACST, ACS2, ACS3,
ACS4, ACS5, ACS6, ACS7, ACO1, and ACO2, respectively.

J. Plant Biol. Vol. 44, No. 2, 2001

Because ethylene production in most plant tissues is
usually low (Yang and Hoffman, 1984), ACS2 may
have been the ACC synthase gene responsible for this
low level of ethylene evolution. Likewise, under non-
stressed conditions, ACOT might have caused the
ACC oxidase gene to be expressed in the de-etiolated
leaves, with ACO2 contributing in the etiolated
plants.

Differential Expression of ACC Synthase and ACC
Oxidase Genes under Saline Stress

Chlorophyll fluorescence is a widely used parame-
ter in physiological studies that monitor changes in
(potential) photosynthetic activities of plants under
environmental stress (Lichtenthaler, 1988; Ogren,
1990). In the current study, photochemical efficiency
(Fig. 2) did not decrease when leaves were incu-
bated in 0.3 M NaCl in darkness. However, values
gradually decreased throughout the incubation period
when plants were treated with NaCl and light.

When leaves were treated with 0.3 M NaCl in
darkness, no genes were newly induced within the
first 12 h. However, in the presence of light, tran-
scripts of ACS7, ACS3, ACS4, and ACS6 were newly
accumulated, and the expression levels of ACS2 and
ACO1 also increased (Fig. 3). However, expression of
ACS5, ACS7, and ACO2 did not noticeably increase
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Figure 2. Effect of 0.3 M NaCl on the photochemical effi-
ciency of PSIl, or F/F,. After de-etiolation of two-day-old
etiolated mung bean leaves under a 16:8, L:D cycle, leaves
were treated with NaCl, either in darkness or in the light
after 1 h of light acclimation. Chlorophyll fluorescence was
measured after 10 min of dark adaptation at 25°C. The
lower one-third of each leaf was used for measuring F,/Fp,.
Data are from a single, typical experiment that represented
at least three independent replications.
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Figure 3. Differential expression of 7 ACC synthase and 2 ACC oxidase genes from the upper two-thirds of 0.3 M NaCl-treated
mung bean leaves. A, ACST; B, ACS2; C, ACS3; D, ACS4; E, ACS6; E ACOT. M: marker, Lanes 1, 3, 4, 5, 6, and 7 are 0.3 M
NaCl-treated leaves for 0, 1, 3, 6, 12, and 24 h in the light, respectively; Lane 2 represents 0.3 M NaCl-treated leaves for 12 h in
darkness. Changes in intensities of RT-PCR products relative to the endogenous standard 185 rRNA controls are plotted as a
graph, and the relative value for the band in Lane 2 is indicated by a black dot.

(data not shown). Based on the kinetics of transcript
accumulation in response to NaCl treatment in the
light, the seven members of the ACC synthase gene
family could be divided into four groups: 1) ACS2,
which is transcribed very rapidly, within the first hour;
2) ACST and ACS3, with transcripts being accumu-
lated after 1 h; 3) ACS4 and ACS6, expressed only
after 3 or 6 h, respectively; and 4) ACS5 and ACS7,
neither being expressed within 24 h. In considering
the amount of transcript accumulated within 24 h,
those from ACST and ACS2 were most abundant,
ACS4 the least abundant, and ACS3 and ACS6 in the

middle.

ACOT1 is constitutively expressed in all seedling tis-
sues, whereas the transcript of ACO2 is barely detect-
able in non-stressed seedlings (Kim and Yang, 1994).
When we treated leaves with 0.3 M NaCl and light,
the transcript level of ACO7 increased gradually after
1 h and up until 24 h (Fig. 3F). However, no changes
were observed in the transcript level of ACO2 (data
not shown). Likewise, when leaves were treated with
0.3 M NaCl in darkness, the transcript level of ACO7
decreased by 80% within 12 h, while the level of
ACS2 was unchanged (Fig. 3, B and F). Therefore, we
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may assume that, for seedlings treated with 0.3 M
NaCl in the light, the changes in expression patterns
for ACC synthase and ACC oxidase genes are due to
oxidative, rather than saline, stress.

Effects of Methyl Viologen on Expression of ACC
Synthase and ACC Oxidase Genes

Paraquat, also known as methyl viologen (1,1-dime-
thyl-4, 4-bipyridinium; the active ingredient of the
non-selective herbicide Gramoxone) is widely used in
weed control. MV is a model compound for studying
oxidative stresses (Bowler et al., 1994). This redox-
active compound acts by exacerbating the genera-
tion of a superoxide radical in a chain reaction,
thereby producing other reactive oxygen species
(Dodge, 1994). In the chloroplast, MV is photore-
duced by Photosystem |, and is subsequently reoxi-
dized by electron transfer to oxygen, thus forming the
superoxide.

In the current study, photochemical efficiency (Fig.
4) did not decreased when leaves were incubated in
2.5 mM MV in darkness, but the value did gradually
decrease throughout the incubation period when
plants were treated in the presence of light. In this
case, the rate of decrease in F/F, was almost twice
that observed in the leaves treated with NaCl and
light (Fig. 2).

As with the NaCl treatments, no genes were newly
induced within the first 12 h when leaves were
treated with MV in darkness. However, when leaves
were treated with MV and light, the same genes were
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Figure 4. Effect of 2.5 mM methyl viologen (MV) on the
photochemical efficiency of PSl, or F/F,. Conditions for
treatment with 2.5 mM MV are the same as for treatments
with NaCl (see Fig. 2). Leaves were treated with MV for up
to 12 h.
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newly expressed as had been observed with the
NaCl-treated leaves in the light (Fig. 5). Again, expres-
sion of ACS5, ACS7, and ACO2 did not increase sig-
nificantly (data not shown).

The kinetics of transcript accumulation in response
to MV treatment in the light were similar to those
from the NaCl treatments (compare with Fig. 3).
However, transcripts for most of the genes had slower
initial accumulations. In fact, the amount of transcript
for ACST and ACS6 was only 20% and 10%, respec-
tively, of that measured in the NaCl-treated leaves. In
contrast, the amount of ACS4 transcript accumulation
was about four times greater than that found with the
NaCl-treated leaves.

When leaves were treated with MV and light, the
transcript level of ACO7 increased gradually after 1 h
and continued up to 12 h (Fig. 5F). However, we
observed no changes in the transcript level for ACO2
(data not shown). As with the NaCl-treated leaves, the
level of ACOT in the dark decreased by 60% within 9
h, while the level of ACS2 was not changed signifi-
cantly (Fig. 5, B and F).

DISCUSSION

This is the first report on differential expression of all
the gene family members of ACC synthase and ACC
oxidase known to exist in mung bean leaves. Only
some of the members had been investigated previ-
ously. For example, we found that, in non-stressed
leaves, only transcripts of de-etiolated ACS2 and
ACOT accumulated (Figs. 1, 3, and 5). Similar results
have been reported in studies with ACS7 (Botella et
al., 1995); ACS7, ACS6, and ACS7 (Yi et al., 1999);
ACO1 (Kim and Yang, 1994; Jin et al., 1999); and
ACO2 (Kim and Yang, 1994).

Changes in the expression patterns of ACC synthase
and ACC oxidase genes had not been previously
reported for mung bean leaves treated with NaCl or
MV. However, Botella et al. (1995) did find that ACS7
transcripts increased as a result of mechanical strain,
and Yi et al. (1999) showed that transcripts of ACS7,
ACS6, and ACS7 were not induced by treatments
with such plant hormones as IAA and brassinoster-
oids. Likewise, the expression of ACC oxidase gene(s)
in mung bean leaves has been known to change
because of ethylene (Kim and Yang, 1994; Jin et al.,
1999) or wounding (Kim and Yang, 1994).

In our etiolated mung bean leaves, ACO2 was
expressed along with ACS2 and ACO7, thereby dem-
onstrating for the first time the differential expression
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Figure 5. Differential expression of 7 ACC synthase and 2 ACC oxidase genes in 2.5 mM methyl viologen-treated mung bean
leaves. The upper two-thirds of each leaf were used for the isolation of total RNA and for RT-PCR. A, ACST7; B, ACS2; C, ACS3;
D, ACS4; E, ACS6; F ACOT. M: marker. For A, Lanes 1, 3, 4, 5, 6, 7, and 8 are 2.5 mM MV-treated leaves for 0, 1, 3, 4.5, 6, 9,
and 12 h in the light, respectively; Lane 2 represents 2.5 mM MV-treated leaves for 9 h in darkness. For Bto F, Lanes 1, 3, 4, 5,

6, and 7 are 2.5 mM MV-treated leaves for 0, 1, 3, 6, 9, and 12

h in the light, respectively; Lane 2 represents 2.5 mM MV-

treated leaves for 9 h in darkness. Changes in intensities of RT-PCR products relative to the endogenous standard 185 rRNA con-
trols are plotted as a graph, and the relative value for the band in Lane 2 is indicated by a black dot.

of all the known gene family members of ACC syn-
thase and ACC oxidase in the mung bean leaf; differ-
ential expression had already been reported in mung
bean etiolated hypocotyls (Yu et al., 1998).

Expression patterns for each gene differ according
to tissue type, developmental stage, and environmen-
tal conditions. For example, those for intact, etiolated
hypocotyls (Yu et al., 1998) are not the same as the
patterns observed in etiolated (Fig. 1A) and de-etiolated
leaves (Fig. 1B). ACS2 is not expressed in hypocotyls,

and the expression level of ACO?2 is considerably high
similar to that of ACOT. However, Kim and Yang
(1994) reported that ACO2 transcripts are negligible
in mung bean hypocotyls. Yu et al. (1998) have also
found that ACO2 transcript levels decrease when
hypocotyls are incubated in a similar manner. In the
current study, transcription of ACO2 was not observed,
and that of ACO71 decreased significantly in the de-
etiolated leaves (Fig. 1, B and C).In addition, Yu et al.
(1998) reported the differential expression of the
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whole genes in mung bean hypocotyls under abiotic
stresses and in hypocotyls treated with various chemi-
cals.

In our etiolated leaves, treatment with light appar-
ently inhibited ACC oxidase gene expression, as we
inferred from the reduced transcript levels of both
ACOT1 and ACO?2 (Fig. 1). However, when the de-eti-
olated leaves were returned to darkness, the level of
the ACOT7 transcripts decreased further (Figs. 3 and
5). This suggests that the light-dependent regulation
mechanism for ACOT1 in etiolated mung bean plants
may differ from that present in de-etiolated leaves.
This possibility should be investigated further.

Several factors contribute to the plant damage
caused by salt, including osmotic stress and the accu-
mulation of toxic ions. Both the amounts and the
activities of enzymes involved in scavenging oxygen
radicals are altered by saline stress (Yardena et al.,
1997). Ethylene also induces a variety of plant defense
genes (Ecker and Davis, 1987), as well as increasing
peroxidase activity (Abeles et al., 1988). In experi-
ments with H,O, and paraquat, Mehlhorn (1990)
suggested that ethylene production was induced in
plants exposed to oxidative stress in order to enhance
ascorbate peroxidase activity. Therefore, a plant’s sus-
ceptibility to oxidative stress could be reduced
because of its increased ability to detoxify H,O,.

Methyl viologen is a strong autooxidable electron
acceptor in PSI, and will accept electrons from the
iron-sulfur cluster Fe-SA/ Fe-SB of PSI. This results in
depletion of NADPH and inhibition of CO, fixation
(Preston, 1994). Newly formed MV radicals then
react directly with O, to produce superoxide. The
toxic reactive oxygen species produced as a result of
primary MV action rapidly damages the targeted
plants (Dodge, 1994).

We observed differential expression of ACC synthase
and ACC oxidase family members in NaCl-treated
leaves in the light but not in the dark (Fig. 3). This sug-
gests that expression may be induced, at least par-
tially, by oxidative stress. When expression patterns
for MV-treated leaves (Fig. 5) are compared with
those from the NaCl treatments (Fig. 3), we could
conclude that: (1) the same genes are induced in
both cases; (2) induction occurs only in the light; and
(3) the kinetics of transcript accumulation are very
similar between chemical treatments.

However, some of our study responses were not
alike. For example, transcripts for most of the genes
initially accumulated more slowly in the MV-treated
leaves. This slow response may have been due to the
more rapid influence of MV on photosynthetic effi-
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ciency compared with NaCl-indeed, MV affects the
photosynthetic electron transport chain more directly.
In addition, the amounts of the accumulated tran-
scripts for ACST and ACS6 in MV-treated leaves were
much less than in the NaCl-treated leaves; the reverse
was true for ACS4 transcripts. These two major differ-
ences should be investigated in future studies.
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