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Abstract

By screening a cDNA library of auxin-treated
mung bean (Vigna radiata L.) hypocotyls, we have
isolated two full-length cDNA clones, pVR-ACS6
and pVR-ACS7, for 1-aminocyclopropane-1-car-
boxylate (ACC) synthase, the rate-limiting enzyme
in the ethylene biosynthetic pathway. While pVR-
ACS6 corresponds to the previously identified
PCR fragment pMBAI1, pVR-ACS7 is a new cDNA
clone. A comparison of deduced amino acid se-
quences among auxin-induced ACC synthases re-
veal that these enzymes share a high degree of
homology (65-75%) to VR-ACS6 and VR-ACS7 po-
lypeptides, but only about 50% to VR-ACS1 po-
lypeptide. ACS6 and ACS?7 are specifically induced
by auxin, while ACS1 is induced by cycloheximide,
and to lesser extent by excision and auxin treat-
ment. Results from nuclear run-on transcription as-
say and RNA gel blot studies revealed that all
three genes were transcriptionally active displaying
unique patterns of induction by IAA and various
hormones in etiolated hypocotyls. Particularly, 24-
epibrassinolide (BR), an active brassinosteroid,
specifically enhanced the expression of VR-ACS7
by distinct temporal induction mechanism com-
pared to that of IAA. In addition, BR syn-
ergistically increased the IAA-induced VR-ACS6
and VR-ACS7 transcript levels, while it effectively
abolished both the IAA- and kinetin-induced ac-
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cumulation of VR-ACSI mRNA. In light-grown
plants, VR-ACS1 was induced by IAA in roots,
whereas VR-ACS6 in epicotyls. IAA- and BR-treat-
ments were not able to increase the VR-ACS7 tran-
script in the light-grown tissues. These results in-
dicate that the expression of ACC synthase mul-
tigene family is regulated by complex hormonal
and developmental networks in a gene- and tissue-
specific manner in mung bean plants. The VR-ACS
7 gene was isolated, and chimeric fusion between
the 2.4 kb 5'-upstream region and the Sglu-
curonidase (GUS) reporter gene was constructed
and introduced into Nicotiana tobacum. Analysis
of transgenic tobacco plants revealed the VR-ACS7
promoter-driven GUS activity at a highly localized
region of the hypocotyl-root junction of control see-
dlings, while a marked induction of GUS activity
was detected only in the hypocotyl region of the
IAA-treated transgenic seedlings where rapid cell
elongation occurs. Although there was a modest
synergistic effect of BR on the IAA-induced GUS
activity, BR alone failed to increase the GUS ac-
tivity, suggesting that induction of VR-ACS7 occurs
via separate signaling pathways in response to
IAA and BR.

Introduction

The gaseous phytohormone ethylene mediates
numerous physiological aspects of plant growth and
development (Yang and Hoffman, 1984; Abeles et al.,
1992). Ethylene also serves as a signaling molecule to
induce specific changes in genetic expression at cer-
tain stages of a plant life cycle (Yang and Hoffman,
1984; Abeles et al.,, 1992). The production of ethylene
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in plant tissue is normally low, but can be markedly
induced by a wide range of developmental and en-
vironmental cues, including seed germination, fruit
ripening, leaf and flower senescence and a multitude
of biotic and abiotic stresses (Yang and Hoffman,
1984; Abeles et al, 1992). Ethylene synthesis is also
enhanced in response to auxin treatment (Yang and
Hoffman, 1984; Abeles et al,, 1992). In higher plants,
ethylene is produced from methionine via S-ade-
nosyl-L-methionine and 1-aminocyclopropane-1-car-
boxylate (Met — AdoMet — ACC — GCH,)
(Theologis, 1992; Kende, 1993; Kende and Zeevaart,
1997). The last two steps of this biosynthetic path-
way are catalyzed by ACC synthase and ACC ox-
idase, respectively (Theologis, 1992; Kende, 1993;
Kende and Zeevaart, 1997). In fruit tissue, these two
unique enzymes are induced during ripening and
contribute to the regulatory steps for ethylene pro-
duction. In vegetative tissues, however, ACC oxidase
is constitutively expressed so that ACC synthase is
regarded as the rate-limiting step for ethylene biosyn-
thesis (Yang and Hoffman, 1984; Theologis, 1992;
Kende, 1993).

ACC synthase is encoded by a divergent mul-
tigene family in numerous plant species and the ex-
pression of each members of ACC synthase is mo-
dulated differentially by developmental, hormonal
and environmental factors in a tissue-specific manner
(Theologis, 1992; Kende, 1993; Kende and Zeevaart,
1997). For example, seven ACC synthase genes have
been identified in tomato whose individual ex-
pression is developmentally and spatially regulated
by mechanical wounding, fungal elicitor, flooding
stress, auxin treatment, ozone exposure and fruit
ripening (Van der Straeten et al, 1990; Olson et al,
1991; Rottmann et al., 1991; Yip et al.,, 1992; Spanu et
al.,, 1993; Olson et al., 1995; Oetiker et al., 1997,
Tuomainen et al., 1997; Shiu et al, 1998). There are
at least seven and five divergent members of ACC
synthase genes in Arabidopsis and rice, respectively
(Liang et al., 1992; Zarembinski and Theologis, 1993;
Vahala et al., 1998; Arteca and Arteca, 1999; Woeste
et al, 1999). Five members of the ACC synthase
gene family are isolated from potato plants, with the
expression of each member of the family being in-
creased differentially during the progression of leaf
and petiole senescence, in response to auxin in hy-
pocotyls, in wounded leaves and tubers, and by o-
zone and Cu'" treatment in leaves (Destefano-Beltran
et al.,, 1995; Schlagnhaufer et al., 1997). It has been re-
cently found that three members of the ACC syn-
thase gene family are differentially regulated in vari-
ous floral organs in response to pollination and dif-
ferent chemical signals in orchid and carnation flow-
ers, respectively (Bui and O'Neill, 1998; Jones and

Woodson, 1999).

Auxin stimulates ethylene production in various
plant tissues by promoting de novo synthesis of
ACC synthase and of ACC (Yang and Hoffman,
1984; Abel and Theologis, 1996). IAA-induced ethy-
lene production in mung bean hypocotyls can be in-
hibited both by CHI, a protein synthesis inhibitor,
and by AVG or AOA, inhibitors of the PLP-medi-
ated reaction catalyzed by ACC synthase (Yoshii
and Imaseki, 1982). In our previous investigation, we
isolated a cDNA fragment (pMBA1) encoding the re-
gion containing the active site center of ACC syn-
thase from auxin-treated mung bean hypocotyls us-
ing PCR-based DNA amplification and showed that
auxin induced ethylene production transcriptionally
by increasing the transcript of pMBAl (Kim et al,
1992). More recently, Botella et al. (1992a) isolated a
full length cDNA clone (pAIM-1) for ACC synthase
from mung bean hypocotyls and showed that the ex-
pression of this transcript was regulated by auxin. In
addition, DNA sequences of five genomic fragments
of ACC synthase were reported by the same group,
one of which corresponds to pAIM-1 (Botella et al,
1992b; Botella et al,, 1993). To gain more insight into
the nature of the auxin-induced expression of ACC
synthase gene family in mung bean, we have iso-
lated two full length ACC synthase cDNA clones
(pVR-ACS6 and pVR-ACS7) and constructed one par-
tial clone (pVR-ACS1); pVR-ACS6 corresponds to the
previously reported pMBAI1 fragment, while pVR-
ACS1 is identical to pAIM-1. In this investigation,
we compare and characterize the expression of these
three ACC synthase transcripts following auxin treat-
ment in mung bean hypocotyls.

In addition to auxin, brassinosteroid, a growth-
promoting natural compound with similar structure
to animal steroid hormones, has been shown to in-
duce ethylene production and to act synergistically
with auxin to stimulate ethylene synthesis in etiolat-
ed mung bean seedlings (Yopp et al, 1979; Arteca et
al, 1983). However, the molecular mechanism of
brassinosteroid-induced ethylene production has not
been addressed. In order to gain more insight into
the mechanism of the hormone-regulated ethylene
production and differential expression of ACC syn-
thase multigene family, we characterized the gene-
and tissue-specific induction pattern of three auxin-
inducible genes following various hormone treat-
ments in mung bean plants. In addition, the genomic
clone for VR-ACS7 was isolated and its structural
characteristics were analyzed. Here, we report that
the VR-ACS7 gene is tissue-specifically induced by
auxin and brassinosteroid in mung bean plants, and
2.4 kb of the 5'-upstream region of VR-ACS7 con-
tains the putative IAA-responsive cis-acting element
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functional in transgenic tobacco seedlings.

Auxin Induces Three Genes
Encoding 1-Aminocyclopropane-1
-Carboxylate Synthase in Mung
Bean Hypocotyls

Isolation and classification of ACC synthase cDNA clones

Previously, we isolated a 328 bp PCR fragment
(PMBA1) encoding the active site domain of ACC
synthase, using a set of degenerate oligonucleotide
primers corresponding to the conserved amino acid
sequences of SNPLGTT and MSSFGLV (Kim et al,
1992). We further showed by Northern blot analysis
that the expression of the corresponding transcript
was regulated by auxin in mung bean hypocotyls.
To study auxin regulation of ACC synthase gene ex-
pression in more detail, a cDNA library was con-
structed using poly(A)" RNA prepared from auxin-
treated hypocotyl tissue (Kim and Yang, 1994). The
primary cDNA library comprised 5X105 individual
recombinant plaques (Kim and Yang, 1994). The k-
brary was amplified, and the total recombinant
phage DNA was isolated and used as a template for
PCR, using the degenerate oligonucleotide primers
as described above. Total PCR products of about 330
bp in length were radioactively labeled and used as
probes to screen the cDNA library. Three putative
ACC synthase clones were isolated containing in-
serts of about 1.3, 1.4, and 1.6 kb. Subsequent res-
triction enzyme mapping and DNA sequencing a-
nalyses revealed that these clones can be divided
into two different homology classes. The 1.3 kb clone
(pACS6) corresponds to the previously identified
PMBA1 fragment, while the others (pACS7-1 and
pACS7-2) belong to a new ACC synthase gene. All
were partial clones lacking a portion of the 5-end of
the coding region. A PCR strategy was used to clone
the remaining 5-end of the each coding region from
the cDNA library. A sense primer specific for the T,
promoter in the Uni-Zap arm flanking the 5-end of
the cDNA insert, together with gene specific an-
tisense primers, were used to amplify fragments
representing the missing 5'-end of the partial cDNAs.
PCR products were cloned and sequenced, yielding
complete coding sequences together with 5'-un-
translated leader sequences. These full length cDNA
sequences were designated as pVR-ACS6 and pVR-
ACS7 representing ACS6 and ACS?7, respectively .

Structure and primary sequence of mung bean ACC syn-
thase cDNAs

The pVR-ACS6 clone is 1867 bp long comprising
a 169 bp 5'-uncoding region, a 1416 bp coding re-
gion encoding 472 amino acids and a 282 bp 3'-un-
coding region. pVR-ACS7 is 1840 bp long consisting
of a 115 bp 5'-untranslated region, a 1404 bp coding
region encoding 468 amino acids and 321 bp 3'-un-
translated region. The predicted molecular masses of
polypeptides encoded by pVR-ACS6 and pVR-ACS7
are 53.6 kDa and 53.1 kDa, respectively. Complete se-
quences for pVR-ACS6 and pVR-ACS7, and a pub-
lished sequence for pAIM-1 (renamed as pVR-ACS1)
(Botella et al, 1992), allow comparison of the three
full length VR-ACS genes and analysis of their struc-
tural relationship. The overall nucleotide sequence
homology between pVR-ACS1 and pVR-ACS6, pVR-
ACS1 and pVR-ACS7, and pVR-ACS6 and pVR-ACS
7 is 57%, 60%, and 74%, respectively. The coding re-
gions of pVR-ACS6 and pVR-ACS7 are 81% ident-
ical at the nucleotide level and 88% at the amino
acid level. They are both 60% identical to pVR-ACS1
at the nucleotide level, and 51% and 53% identical to
pVR-ACS1 at the amino acid level, respectively.
Thus, VR-ACS6 and VR-ACS7 share high homology
with each other, while VR-ACSI gene is a more
divergent member of this multigene family.

It has been previously reported that the molec-
ular mass for the auxin-induced ACC synthase iso-
lated from etiolated mung bean hypocotyls was 65
kDa on SDS-PAGE (Tsai et al., 1988). This molecular
mass, however, does not agree with the predicted
molecular masses of polypeptides encoded by these
three genes. Subsequently they reported a 26 amino
acid sequence from the N-terminal portion of the pu-
rified protein (Tsai et al., 1991), and this sequence
does not correspond to any of deduced sequences
from these genes nor to any sequences in the Gene-
bank database. To examine whether other ACC syn-
thase cDNAs may be present in the auxin-induced
c¢DNA library, degenerate primers corresponding to
the conserved regions 2 and 6 (Dong et al, 1991;
Kende, 1993) were prepared and used for PCR to
amplify ACC synthase sequences in the library. The
PCR products of about 680 bp in length were cloned,
and the identity of 24 clones were examined by
DNA sequencing; 4 corresponded to pVR-ACSI, 4 to
pVR-ACS6, and 16 to pVR-ACS7. No other ACC syn-
thase cDNA were found. Thus, ACS1, ACS6 and
ACS7 appear to be the major ACC synthase genes
whose expression is induced by auxin in mung bean
hypocotyls.

Genomic southern blot analysis

Southern blot analyses were performed on mung
bean genomic DNA digested with BamH]I, EcoRI, Hin-
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dlll or Xbal. The filters were hybridized to *P-la-
beled 330 bp probes derived from pVR-ACS6 and
pVR-ACS?7 clones containing sequence between the
conserved regions 4 and 6 of each cDNA. The genes
encoding ACS6 and ACS7 have clearly different res-
triction patterns, and only one DNA band was de-
tected in all restriction digests. These results indicate
that ACS6 and ACS?7 are present in a single copy per
haploid mung bean genome. It has been reported
that mung bean ACS1, ACS4 and ACS5 genes are
also present as a single copy (Botella et al., 1992a;
Botella et al., 1993).

Expression of ACS6 and ACS7 genes

To confirm that expression of ACS6 and ACS7
are indeed regulated by auxin, Northern blot a-
nalyses were performed using pVR-ACS6 and pVR-
ACS7 as probes. To minimize cross-hybridization
among different ACC synthase genes, Northern blot
analyses were carried out under high stringency con-
ditions, and the filters were extensively washed. A
strong signal of about 2 kb mRNA was detected in
mung bean hypocotyls after 5 h incubation with 500
mM JAA + 100 mM BA. In contrast, no hy-
bridization signal was detected without auxin. These
results indicate that the level of ACC synthase
mRNAs, as probed by pVR-ACS6 and pVR-ACS7?, is
indeed closely regulated by auxin. To examine the
role of protein synthesis in auxin-regulated ACC syn-
thase gene expression, the translation inhibitor CHI
was used. Total RNA was isolated from mung bean
hypocotyls which had been incubated for 4 h with
100 mM JAA , 100 mM JAA + 25 mM CHI, or 25
mM CHI, and Northern blottings were carried out.
CHI effectively inhibited the auxin-induced ac-
cumulation of both ACS6 and ACS7 mRNAs, and
CHI alone was not capable of inducing the ACC syn-
thase message in mung bean hypocotyls. In contrast,
CHI greatly induced the mRNA for ACSI. These
results suggest that CHI exerts its effect differentially
on the ACC synthase multigenes and that protein
synthesis may be necessary for the accumulation of
ACS6 and ACS7 transcripts in the mung bean hy-
pocotyl system. In green and pink tomato fruit, CHI
superinduces the wound-induced ACC synthase
mRNA accumulation (Linclon et al., 1993). Similarly,
in etiolated rice seedling, CHI is capable of inducing
the expression of 1AA-inducible OS-ACS1 gene and
does not prevent its induction by JAA (Zarembinski
and Theologis, 1993).

Differential induction of ACC synthase genes by auxin

To examine the temporal pattern of expression

for each of the 3 ACC synthase genes in response to
auxin, the time courses of ACC synthase mRNA lev-
els were compared by Northern blot analyses. The
Kpnl/Xbal fragment of pVR-ACS6 and Sall/Xbal
fragment of pVR-ACS7 both about 1 kb in length
were used as probes. A probe of similar size for VR-
ACS1 was cloned by PCR using gene specific prim-
ers for the conserved region 1 and 7 (Botella et al,,
1992). No cross-hybridization was detected among
these probes under our hybridization and washing
conditions (data not shown). Northern blot analyses
showed that mRNAs for ACS6 and ACS7 were not
expressed at a detectable level before auxin treat-
ment, while marked induction of both transcripts
was observed during the incubation with 100 mM
IAA. Although the overall magnitudes of both tran-
scripts during auxin treatment were similar, their in-
duction kinetics appeared to be somewhat different.
The level of transcript for ACS6 reached a maximum
at 2 h incubation, and subsequently decreased. In
contrast, the maximum level of ACS7 transcript was
observed at 8 h incubation. The level of both tran-
scripts rapidly declined after 8 h auxin treatment. As
demonstrated by Botella et al. (1992), ACSI tran-
script was also induced during auxin treatment, but
the level of this mRNA accumulation was variable
and always lower than those of ACS6 and ACS7
mRNAs during the entire incubation period. Thus,
auxin exerts its inductive effect on these genes dif-
ferentially. No detectable transcripts for ACS6 and
ACS7 were observed during the incubation without
auxin, indicating that excision itself is not capable of
inducing the expression of these genes. On the other
hand, a low level of transcript for ACS51 was de-
tectable. These results suggest that ACSI gene may
be also inducible by wounding and may not be an
auxin-specific gene. This notion is consistant with
the observation that CHI induces the expression of
ACS1 but not those of ACS6 and ACS7.

Comparison of amino acid sequences of auxin-inducible
ACC synthases

A comparison of deduced amino acid sequences
among auxin-induced ACC synthases from Ara-
bidopsis (AT-ACS54 and AT-ACSS5; Liang et al., 1992),
winter squash (CM-ACS4; Nakagawa et al, 1991), to-
mato (LE-ACS3; Yip et al, 1992; Lincoln et al., 1993)
and rice (OS-ACS1; Zarembinski and Theologis, 1993)
reveals that these enzymes share a high degree of
homology, about 65-75% sequence identity, to VR-
ACS6 and VR-ACS7 polypeptides, but only about
50% to VR-ACS1 polypeptide. On the other hand,
VR-ACS1 polypeptide shares 90% homology with
GM-ACS1 enzyme whose synthesis is induced by
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wounding in soybean (Liu et al., 1993). In addition
to the seven highly conserved regions found in all
ACC synthases studied (Dong et al., 1991; Kende,
1993), all auxin-induced ACC synthases including
VR-ACS6 and VR-ACS7 polypeptides contain four
more regions of high homology (indicated by stars)
which are at least ten amino acid residues and show
greater than 90% identity. The VR-ACS1 polypeptide,
however, is more heterologous in these regions. Al-
though the carboxyl termini are widely divergent
among these polypeptides, C-terminal amino acid
residue is always R except for VR-ACS1 enzyme.
Phylogenetic analysis of amino acid sequences
shows that VR-ACS6 and VR-ACS7 along with other
auxin inducible genes in other species fall into the
same lineage, but VR-ACS1 belongs to a different
lineage (Zarembinski and Theologis, 1993), in-
dicating that VR-ACS6 and VR-ACS7 are closely re-
lated but are divergent from VR-ACSI. Our results
support the notion that a striking correlation exists
between the phylogenetic relationship and the pat-
tern of expression among the ACC synthase family
from various plant species (Lincoln et al.,, 1993).

Auxin and brassinosteroid
differentially regulate the expression
of three members of the
1-aminocyclopropane-1
-carboxylate synthase gene family
in mung bean (Vigna radiafa L.)

Transcriptional induction of ACC synthase multigene
family in response to IAA

We have previously shown that three ACC syn-
thase genes, VR-ACS1, VR-ACS6 and VR-ACS7, are
induced by auxin in mung bean hypocotyls (Kim et
al, 1997). In order to evaluate the effect of auxin on
the transcriptional activities of these ACC synthase
gene family, nuclei were obtained from mock- and
100 mM 1A A-treated hypocotyls and subjected to nu-
clear run-on transcription (Walling et al, 1986).
cDNAs representing the ACC synthase gene family
were immobilized onto membrane filter and probed
with equal amounts of radioactivity from the nuclear
run-on reactions under high stringency. No de-
tectable run-on transcriptional activities for all three
genes were observed during the incubation without
IAA. At 05 h JAA treatment, however, the tran-
scriptional activities of VR-ACS6 and VR-ACS7 were
relatively high, with the activity of VR-ACS6 being 2
times higher than that of VR-ACS7. The transcription
rates for both genes rapidly increased at 1 h and
reached a maximum level at 2 h IAA treatment. The

transcription of VR-ACS1 was also induced by IAA,
but the activity was significantly lower than those of
VR-ACS6 and VR-ACS7 during the 2 h incubation
period. As a negative control, plasmid DNA con-
taining no cONA insert showed undetectable level of
hybridization. Thus, IAA rapidly induces (within 30
min) the expression of VR-ACS6, VR-ACS7 and to a
lesser extent VR-ACSI at the transcriptional level. In
addition, these results are consistent with the view
that IAA exerts its inductive effect differentially on
these genes.

Specificity of ACC synthase mRNA accumulation

Abel et al. (1995) have demonstrated that among
five Arabidopsis ACC synthase genes ACS4 is rapidly
(within 25 min) and specifically induced by IAA,
and other plant hormones do not increase ACS4
mRNA in etiolated Arabidopsis seedlings. We wanted
to investigate the effect of various plant hormones
on steady-state levels of mung bean ACC synthase
mRNAs. Total RNAs were isolated from mung bean
hypocotyls which had been incubated for various
time periods with 10 mM JAA, 100 mM kinetin, 100
mM ABA, or 1 mM 24-epibrassinolide (BR), an ac-
tive brassinosteroid (Zurek et al, 1994), and analyz-
ed by Northern hybridization using pVR-ACS1, pVR-
ACS6 or pVR-ACS7 as probes. VR-ACS1 is highly in-
ducible by 100 mM kinetin and 100 mM ABA in hy-
pocotyls; the inductive effect of these two hormones
is more evident than that of 10 mM IAA, indicating
that VR-ACS1 is not an auxin-specific gene. By con-
trast, the expression of VR-ACS6 was specifically
enhanced by IAA, and other growth regulators fail-
ed to induce the accumulation of the VR-ACS6
mRNA. The expression of VR-ACS7 was not affected
by kinetin and ABA, but markedly induced by 1
mM BR. The time course studies showed that the
temporal induction of VR-ACS57 mRNA by BR ex-
hibited a different pattern from that by IAA. With
auxin treatment, the level of transcript for VR-ACS7
reached a maximum at 4 h incubation, and sub-
sequently declined. In contrast, the accumulation of
mRNA continuously increased in response to BR un-
til 24 h BR treatment. Brassinosteroid, an en-
dogenous plant growth regulator, causes the elon-
gation and division of the cell in a number of plant
species (Clouse, 1997; Creelman and Mullet, 1997).
From soybean epicotyls, Zurek and Clouse (1994) iso-
lated the first BR-induced gene, BRUI, encoding a
wall modifying enzyme possibly involved in BR-pro-
moted stem elongation. Subsequently, Xu et al. (1995)
found that the TCH4 gene for xyloglucan en-
dotransglycosylase was induced not only by various
environmental stimuli, such as touch, cold stress and
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heat shock, but also by auxin and BR in Arabidopsis.
The time course studies revealed that 1 mM IAA ra-
pidly induced the accumulation of TCH4 transcript
within 10 min, while the induction kinetics by 1 mM
BR were slower than those by auxin, with increase
in mRNA level being observed at 30 min BR treat-
ment (Xu et al, 1995; Xu et al, 1996). In addition,
the SAUR or GHI genes whose expressions are ra-
pidly up-regulated by auxin, could be induced by
BR only after 18-24 h treatment in soybean epicotyls
(Clouse et al., 1992; Zurek et al, 1994). Consistent
with those previous findings, our present results
show that the temporal induction patterns of VR-
ACS7 by auxin and BR are different; the level of aux-
in-induced VR-ACS7 mRNA peaks at 4 h incubation,
whereas the accumulation of the transcript increases
continuously until 24 h BR treatment, indicating that
BR has a longer lag time and a greater prolonged ef-
fect on the induction of the VR-ACS7 gene compared
to auxin. Taken together, all these results give strong
support for the suggestion that in addition to the in-
terdependent cross-talk between auxin and BR there
exist parallel signaling pathways of these two
growth-promoting hormones for the regulation of
VR-ACS7 gene expression. Promoter analysis of VR-
ACS7 using transgenic tobacco plants provides ad-
ditional evidence for this view (see below).

Differential effect of brassinosteriod on the expression of
ACC synthase genes

BR was previously reported to stimulate ethylene
production in mung bean hypocotyls (Yopp et al,
1979). Therefore, our present results are in agree-
ment with the suggestion that the BR-induced ethy-
lene production in hypocotyls is due to the ex-
pression of VR-ACS7 mRNA. Furthermore, 1 mM
BR has been known to promote the auxin-induced
ethylene production in a synergistic manner in
etiolated mung bean segments by stimulating the
ACC synthase activity (Arteca et al, 1983;
Schlagnhaufer et al., 1984). To assess the effect of BR
(I mM) in conjunction with JAA (10 mM) or kinetin
(100 mM) on ethylene production and ACC synthase
gene expression, we incubated mung bean hy-
pocotyls for 6 h in the presence of various com-
binations of these hormones. A marked synergistic ef-
fect of BR on the IAA- and kinetin-induced ethylene
synthesis was observed at 6 h hormone treatment,
and the greatest amount of ethylene was produced
when all three hormones were present together. BR
enhanced the inductive effect of IAA on the level of
VR-ACS6 mRNA. While BR or kinetin alone has
very little effect on the expression of VR-ACS6
mRNA, a clear synergistic induction of VR-ACS6

was observed when these two hormones worked to-
gether. A modest synergistic effect of BR on the ac-
cumulation of VR-ACS7 mRNA was also detected
when BR was present along with IAA or kinetin As
was the case in ethylene production, there was a
great induction of both the VR-ACS6 and VR-ACS7
genes when all three growth regulators were present.
These results indicate that BR in conjunction with
IAA and kinetin positively mediates the expression
of the VR-ACS6 and VR-ACS7 genes in mung bean
hypocotyls. By contrast, BR effectively abolished
both the IAA- and kinetin-induced accumulation of
VR-ACS1 mRNA. Only a near background level of
VR-ACS1 transcript was detected when hypocotyls
were incubated with 10 mM IAA + 100 mM kinetin
+ 1 mM BR. Thus, BR acts negatively on the ex-
pression of VR-ACSI1. These results suggest that BR
exerts its effect differentially on these IAA-inducible
genes by the opposite regulatory mechanisms in
mung bean hypocotyls. Thus, it appears that there
are two groups of IAA-responsive ACC synthase
transcripts, either BR-induced or BR-suppressed.
Overall, these results indicate that regulation of ACC
synthase genes occurs via multiple mechanisms by
which IAA and BR act by both the parallel and in-
terdependent pathways in hypocotyls.

Tissue specific expression of ACC synthase mRNAs

To examine whether the VR-ACS1, VR-ACS6 and
VR-ACS7 genes are differentially induced by auxin
and BR in a tissue specific manner, Northern
analysis was carried out with RNAs isolated from
mock- or hormone-treated roots, leaves and epicotyls
of four-week-old light-grown mung bean seedlings.
The substantial level of VR-ACSI1 transcript was
found in control roots but not in leaves and epicotyls.
The VR-ACS1 was slightly induced in the roots after
6 h of 10 mM ITAA incubation, but its induction was
not detected in other tissues. As found in dark-
grown hypocotyls, 1 mM BR suppressed the IAA-in-
duced VR-ACSI1 gene expression in roots. The a-
bundance of VR-ACS6 mRNA increased in response
to IAA only in the epicotyls, and the IAA-induction
was synergistically enhanced by BR treatment in this
tissue. On the other hand, the expression of VR-ACS7
was not observed in all light-grown tissues ex-
amined except for in the JAA + BR treated epicotyls,
where the VR-ACS7 mRNA was barely detectable.
Thus, the VR-ACS7 gene is expressed mainly in the
etiolated hypocotyls, suggesting that VR-ACS7 may
play a role in the early stage of development of see-
dling. Taken together, these results indicate that the
expression of ACC synthase gene family is spatially
regulated by auxin and BR in a gene specific manner
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1kb
(X/S/IE) X S X X S (E/SIX)
] | [

X~ X

L |
S: Sall
X: Xbal
E: EcoRli

B.

tctagtttaacaaaaacatgtatgaatttatcttctcttaatgttggaaacataaa

taagagaa::aagattaaatgtggagtgtgagaatttgttaaaaatatgttataattaagaaatggtgaaagaatataaaatatagggttggttttatag
ttaaaaazgzgaaaggaaatcagtgagcggagggggcaatqaaagtgaaagtgagtagagtagtaaaagtaagtgtgagagtgtgatgagttgaatggtt
ttagcaacgzcctaataacagagatataactaaaaagagatgaattgttgttttggcttatgtgacectatcacttcacctaatgecatctcatttateca ~2001
ttttaata-Tatcaccaaatcagctacctcaataaaactaagggcggatcacaccttccaactctectectettattattgetteocttteccattetettt

trtttttoTIitttaattcttceccateccaccaactteccatettotttttttttecccttttttactaattatatacacacatgectettgtttatacaa
aaacctaggszcgaaactgcattcaggacttttctctgtttcattaaatttaacttactctcaaaccaacctactttcaatattttccaaaacagaaaag
tattcccazzaataccagtcattgatatttaagaaaatctatatgcacaccaaagaaaaaacaaatagttactacatttaaattaatttttetttttete
acaaatatcctctcaagtgaagcatgattaatatgagattatattagaaataagtaagecgtattttttttaacaaaataataattatt -1501
gttattgaTzaaatggtaaaataaaaagtatgtttttgagtgacatggaaacagacaagtaataaccaccagagatttgtgattatttgtgtttgaattt
atcttgagttgtatattttatattatagctccaacactgaacagattcaccaatcttcaacctttttagatatctagaaagtattaca
tcatctecttttagagtgggcctcacctgattgagaatctttgttattgtgattttataatagtagaaaacaaactattattatcttgg
atcaaacccaattatcttatttgttttctcatgtatgattatttattggtagaaggaacataatttaactgagecagtaaggaaaattg
gtgttgaaccccagaaaatgtttcteccaatggtaagagggaagagaaaaataatcgtqtatgagtacattcgaataaaatttaaatgt -1001
tttagattttatttcataaattttaaataaatattcaataaataatagazaaagtaaggaataaaaaattttgtttgatatgaatag
ctaacatgttgtcatccgaagacacagatgtcacatgacaagttgcagttatataggattttacttgtatagtttttttgtggttgaa
tgatggcgataatcatatgtgtgttaatatagaaattggaaagtttgaccaatgaaattgatatgcttacgtgatgcaatcetctaact
gagtataattaaaaggtatgagtgatattgtgttgaaattgagattctatagtggagaatccaaatcaataaatttgttagtttggta
cazgjggcgagacattggacatgtttggggagyttaaaatgaacaaaataccgacataacttggcetggttaggctaaaaggaagcagatggac -501
ggtccatatataacctttttgatggacctectgacccactttttttccatgagatttctectcccaaacaaaaaatacectatcaacttte
cctceccttecaattaacattaccttctaacaaacctagacatcccaataaaaacaacaaacacaacaaaaacattcattatttettga
aatatcccacgctagattataccegetgggagacactttccacaaatactgtcaataacattttagtecctgetacttattcagega
ctggacttetcgtgacatgcttoggacggtggacaaaagegettttaaattaaacceatttattcactcactctctctettetegagaa
tattctcaaactgtttcaccattgccacttggctctctacccttttggacttecactataaatatataaccaaccttactectette -1
atttctcttcaacattccactccgaatattcttetettettettccttecgecatcacctettecattecttectaccatcccaaacac
aaATGAGGCTCTTGTCCACAATAGCAACGTGCAATAGTCACGGCCAAGACTCTTCATACT T T T TAGGATGGCAGGAATACGAGAARR
M R L L S TTIATTCWNSH G QD S S Y FL GW QE Y E K
ACCCTTACGAT ZAACTCCATARCCCCARAGGAATTATCCAGATGGGTTTAGCGGAGAATCAGGttagacattcatttttetttecttcaaaataataacca
N P Y D E L HN P K G I I QM G L AENZQ
crgtctttattotattacttacttcaaaacttgtttcacttacaaaatttttcttttcaattgecagCTCTCTTTCGACCTCCTAGAGTCATGGCTGGCTA
F DL LE S WULA
AGAACCCTGAC ZTCGCCGGCTTCARACGAGACGGCARATCCATATT TAGAGAACTGGCTCTTTTCCAGGACTACCACGGCCTCCCTTCCTTCAARARAGGC ., 500
K N P - VA GF K®RUDGZ KS I FRETULA ATLTFOQDZE§HGTULUPSTF KKA
ATTGGTAGAT - T CATGTCTGAAATCAGAGGAAACARAGTCACTTTCGACCCCAACCACATCGTTCTCACTGCCGGTTCCACTTCCGCAARCGARACCTTA
L v C M 8 E I RGNIKV T FDUPNUHTIVILTA AGS ST SANETL
GCCGAACAAGGAGACGCATTCCTCCTTCCGACTCCTTATTACCCAGGgtgcgtatattttttatcttaatcttatcgettatattcca
A E Q GDAVF L L PTUZPY Y P G
atattttacgtgactttatttttataatttrttatgcattccectgaccttgetttattctatacagATTTGACAGAGACCTCAAGTG
F DR DL K W
TGAGATTGT TCCAATACAATGCACAAGTTCTAACAACTTCCAAATTACGGAGCCAGCTCTGARACAGGCTTACGAGGAGGCCCGCAAG
E I v P I Q CT S S NNTF QI T EU®PALIKIOQAYETEA ARK
CGCAACCTCAZAZTCAAAGGCGTTCTGGTGACAAACCCGTCARRCCCGCTAGGCACCACCATGTCTCGGAGTGARTTGAACCTTCTCGTCGACTTCATCA 1000
R N L & VK GL LV TUNUZPSH§ PLGTTMSRSETULNTLLUVDTFI
ARGAGAARAAAZECACGCATTTGATAAGCGACGAGATATACTCCGGGACGGTT TTTAGCTCTCCAGGTTTCGTCAGTGTCATGGARATCCTCAAGGAGCG
K E K K - T HUL I SPETIY¥Y S GTV F SSPGTFV S VMETITLTEKER

acactaacaxt

ARECGATACTSS 3 GAAATCTGGAACAGAGT TCACGT TCTCTACAGTCTATCCARAGAC T TGGGT TTGCCGEGTTTCCGCGTCGGCGCTATCTACTCGGAR
N DT E I W N RV HV VY S5 L § KDL GLUZPGVFRVG6ATI Y SE
TTGCCGCCGCAACGAAGATGTCGAGCTTTGGGTTGGTCTCTTCGCAGACGCAGTACCTCCTCTCTGCCATGCTGGGCGACAAGAAGT

VA AATIKMS S FGLVS S QT QY LULSAMTILTGT DKK
ZATCGTTGAGAACCAGAAGAGGCTTAAGCGACGACAGAGAATGATGGTTTCGGGGTTACAAARAGCTGGTATTTCTTGCCTGGAGAG

I VENOQI KR RTILIKRRIORMMYVS GL QKA AGTISTCLES
TTTTGCTGGGTTGACATGAGACACCTTTTGCAT TCGAACACGTTCGAAGCTGAGATGGAGCTGTGGARGAAAATAGTGTACCAAGTT 1500
F C WV DMURUHILILHSNTFEAEMETLUWIE KI KTIUVY QV
ZCCCTGGGTCGTCGTGCCATTGCACCGAGCCAGGGTGGTTCCGTGTGTGT TTCGCTAACATGTCCGAGGAGACTCTCACCTTGGCCA
P G $ 8§ CH CT E P GWVF RV CFANMSETETTULTLA
SAACTTCGTCGTTGAGTCCACCTGCACTCAGAGAAGTGCTCTGTTCAACGGARCCTCCARAAGARAGTCTCTCACCAAGTGGGTTTT
M X R L N FVVESTZ CTQRSATLT EFNSGTS S K RIEKSULTIKWUVTF
CCGGETTATCGTCT CGCGACCATCGTGAACAGGAAGAACGGTAGectggtcttagtctatgegtgttegectcatgecataaattcatttcaatttettttte

R L § £§ R D HREOQEE R *
trtccecttrrstzoctecccaatatttttggtggagtagttcaaaaaattcoctttatttttettcatttttttttttgtgataaaattaatgtagaga
gagagaaacaaazzcaaagcactceggtecatgtggatgtgtagtggttgggettctagtcagectigtttgtataagttgtteccatatcteagtcattaa 2000
ttccctacaaaattecttatatcattaatgaaatgtttattgatacta

Figure 1. The organization, nucleotide sequence and translation product of VR-ACS7. A. The organization graphic depicts the
overall structure of VR-ACS7. Exons are shown as filled in boxes, introns are connecting lines, and 5'- and 3-untranslated re-
gions open boxes. B. The complete nucleotide sequence of the VR-ACS7 gene including three exons, two introns, and 5' and 3
flanking regions. The coding sequence is capitalized, while the introns and untranslated regions are illustrated in lowercase.
Numbering is relative to the transcriptional start site. Putative cis-acting elements, TATA box and two direct repeated se-
quences (5-TGAAATTGA-3' and 5-TGGACTTC-3) in the 5-upstream region are underlined in bold. The predicted amino
acid sequence is presented in the one letter code under the DNA sequence. The translational initiation and termination signals
are shown as bold letters. The primer sequence for the primer extension analysis is underlined. The invariant amino acid resi-
dues conserved between ACC synthase and various aminotransferases are shaded. The underlined dodecapeptide indicates
the active site center of ACC synthase.
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in mung bean plants.
Isolation and characterization of the VR-ACS7 gene

Although many auxin-inducible ACC synthase
genes have been studied extensively in various
species, information about their promoter and the ele-
ments responsible for the auxin-mediated gene ex-
pression have been limited. In order to gain in-
formation concerning the structure of the IAA- and
BR-responsive VR-ACS7 gene as well as to in-
vestigate its promoter sequence, we proceeded to iso-
late and characterize the genomic clone. Three clones
were obtained from a library of genomic DNA frag-
ments prepared from leaves of mung bean plants.
Restriction enzyme digests of DNAs isolated from
these clones showed that they contained inserts of
approximately 10-15 kb. Subsequent restriction en-
zyme map and partial DNA sequencing analyses of
each of these clones revealed that the genomic clones
represent a single group of overlapping sequences.
Thus, one clone, IVR-ACS7-1, was selected for furth-
er analysis (Figure 1A). The coding region, as well as
the 5- and 3'-flanking regions of IVR-ACS7-1 were
sequenced for a total 44 kb (GenBank accession
number AF151961). This 4.4 kb DNA fragment con-
tained the entire coding sequence and about 2.4 kb
of the 5-upstream region (Figure 1B). The VR-ACS7
gene consists of three exons interrupted by two in-
trons whose junctions are in agreement with the con-
sensus intron/exon borders of plant genes (Brown,
1986). The sizes of each of the two introns are 104,
and 120 bp, respectively. The coding region of VR-
ACS7 comprises 1404 bp encoding a protein of 468
amino acid residues with a predicted molecular
mass of 53.1 kDa. This coding sequence completely
matched to the previously reported sequence of pVR-
ACS?7. The start site of transcription for VR-ACS7
was determined by primer extension analysis using
reverse transcriptase and the primer that is com-
plementary to the 5-untranslated region of VR-ACS7
(Figure 1B). One major primer extension product
was obtained with RNA prepared from 100 mM
[AA-treated hypocotyls but not from control tissue,
confirming that VR-ACS7 was highly inducible by
IAA (Figure 2). The start site is located 115 nu-
cleotides upstream from the 5-end of the coding re-
gion of the VR-ACS7 gene, defining the size of the 5'-
untranslated region of the VR-ACS7 mRNA to be 115
nucleotides long (Figure 1B). A putative TATA box
was found at the 25 nucleotide upstream from the
transcriptional start site.
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Figure 2. Primer extension analysis to identify the tran-
scriptional start site of VR-ACS7. ®P-labeled primer
(Figure 1B) was hybridized with 30 mg total RNA ob-
tained from mock-and IAA-treated hypocotyls, and ex-
tended with reverse transcriptase. Single primer extension
product is indicated by arrow. The transcriptional start
site is shown as + 1 in the DNA sequence. Lane 1, control
(without IAA); lane 2, 100 mM TAA.

Promoter analysis in transgenic tobacco plants

To link the expression properties of the VR-ACS7
gene with its promoter region, the transcriptional fu-
sion of the p-glucuronidase (GUS) coding region
with VR-ACS7 upstream sequence comprising the
2356 bp promoter and 82 bp 5'-untranslated regions
was constructed in the binary plant transformation
vector. The expression of the VR-ACS7-GUS fusion
was then analyzed by qualitative and quantitative
measurements of GUS activity in transgenic tobacco
plants. Before auxin treatment, transgenic etiolated
tobacco seedlings contained low levels of GUS spec-
ific activity. Interestingly, histochemical assay show-
ed weak but detectable VR-ACS7 promoter-driven
GUS blue staining at a highly localized region of the
hypocotyl-root junction of control plants (Figure 3A).
After treatment with 100 mM IAA for 24 h, transgen-
ic seedlings harboring the VR-ACS7-GUS fusion re-
vealed an 8 to 11-fold (an average 9-fold) induction
of GUS specific activity depending on the transgenic
lines. The auxin induction of GUS activity was also
verified by the histochemical analysis which showed
a marked increase in the VR-ACS7 promoter blue
staining in the hypocotyl region of transgenic see-
dlings (Figure 3B). These results indicate that the aux-
in-responsive sequences are present in the 2.4 kb VR-
ACS7 promoter region and that the auxin-inducible
expression of VR-ACS7 is primarily controlled at the
transcriptional level. The induction of GUS staining
was not detected in transgenic cotyledons and roots,
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suggesting that the promoter contains the regulatory
sequence for the tissue specific expression of VR-
ACS7. GUS expression was also investigated in
etiolated transgenic seedlings after incubation with 1
mM BR for 24 h. In contrast to auxin, BR did not
result in the induction of GUS activity. These results
are at variance with those obtained by RNA gel-blot
analysis which shows the marked BR induction of
VR-ACS7 in mung bean hypocotyls. Thus, it could
be possible to suggest that the induction of VR-ACS7
by BR is largely controlled by posttranscriptional
processes. In deed, Zurek and Clouse (1994) have
shown that the BR-specific induction of BRU1 is re-
gulated at the posttranscriptional level in soybean ep-
icotyls. Alternately, it could be argued that there
might be the negative regulatory sequences in the
promoter region for the BR-responsive expression of
VR-ACS?7. Finally, there may be the specific cis- and
trans-acting factors functional only in the mung bean
hypocotyl cells for the BR induction of VR-ACS7.
Consistent with Northern data, there was a modest
synergistic effect of BR on the auxin-induced GUS ac-
tivity (an average 12-fold induction) in transgenic to-
bacco seedlings. The synergistic effect of BR was
more evident when the transgenic seedlings were in-
cubated with lower concentration (1 mM) of JAA.

In conclusion, our present results are consistent
with the hypothesis that the expression of ACC syn-
thase, the rate-limiting step in ethylene biosynthesis,
is controlled by multiple regulatory pathways of aux-
in and BR in mung bean seedlings. The charact-
erization of the molecular mechanism of auxin- and
BR-regulated ACC synthase gene expression, by
means of the identification of regulatory cis-acting
elements and trans-acting factors interacting with
these elements as well as cellular components in-
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Figure 3. Analysis of the VR-ACS7 promoter in transgenic to-
bacco seedlings. Histochemical localization of GUS ac-
tivity in 5-day-old etiolated transgenic tobacco seedlings.
Transgenic seedlings harboring the VR-ACS7-GUS fusion
were incubated with (A) or without (B) 100 mM IAA for
24 hours.

volved in the signaling of these growth-promoting
hormones, would bring us one step closer to und-
erstanding the mode of interactions between auxin,
BR and ethylene in higher plant cells.
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