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The ethylene response factor OsERF109 negatively affects
ethylene biosynthesis and drought tolerance in rice
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Abstract Drought is an important factor limiting plant devel-
opment and crop production. Dissecting the factors involved
in this process is the key for enhancement of plant tolerance to
drought stress by genetic approach. Here, we evaluated the
regulatory function of a novel rice ethylene response factor
(ERF) OsERF109 in drought stress. Expression ofOsERF109
was rapidly induced by stress and phytohormones.
Subcellular localization and transactivation assay demonstrat-
ed that OsERF109 was localized in nucleus and possessed
transactivation activity. Transgenic plants overexpressing
(OE) and knockdown with RNA interfering (RI) OsERF109
exhibited significantly reduced and improved drought resis-
tance, respectively, indicating that OsERF109 negatively reg-
ulates drought resistance in rice. Furthermore, measurement

by gas chromatography showed that ethylene contents were
less in OE while more in RI lines than these in wild types,
supporting the data of drought tolerance and water loss in
transgenic lines. Quantitative real-time PCR analysis also
proved the regulation of OsERF109 in the expression of
OSACS6,OSACO2, and OsERF3, which have been identified
to play important roles in ethylene biosynthesis. Based on
these results, our data evidence that OsERF109 regulates
drought resistance by affecting the ethylene biosynthesis in
rice. Overall, our study reveals the negative role of
OsERF109 in ethylene biosynthesis and drought tolerance in
rice.
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Introduction

As a primary limitation to plant growth and crop production,
drought greatly threatens sustainable agriculture worldwide.
To survive from drought stress, plants have developed num-
bers of physiological and biochemical mechanisms
(Shinozaki and Yamaguchi-Shinozaki 2007). For instance,
under drought condition, the root of plants will grow deeper
and possess lower water potential so as to absorb more water
from soil (Wilkinson and Davies 2002). Drought induces the
accumulation of endogenous hormones abscisic acid (ABA)
and leads to the closure of stoma to reduce the loss of water
(Schroeder et al. 2001). The phytohormone ethylene also has
been reported to participate in drought response. For instance,
overexpression of OsERF3 confers the decrease of ethylene
production and the sensitive phenotype to drought, and treat-
ment of ethylene precursors 1-aminocyclopropane-1-
carboxylate (ACC) recovered the drought phenotype of trans-
genic lines, revealing a positive regulatory function of ethyl-
ene on drought resistance (Wan et al. 2011; Zhang et al. 2013).
The transcription factors Hahb-4 inHelianthus and RAP2.4 in
Arabidopsis both regulate the cross-talk between drought
stress and ethylene signaling pathway (Lin et al. 2008;
Manavella et al. 2006). Rice is a worldwide crop and staple
for more than half of the world population. As a semi-aquatic
plant, rice can endure a certain degree of salt and acid stress
but is very sensitive to drought (Todaka et al. 2012). Thus, it is
particularly significant to explore the complex mechanisms of
rice drought resistance, further helping the breeding of new
rice varieties that possess higher tolerance to drought stress.

Transcriptional regulatory pathway is an effective means
for plant to adapt the changeful environments (Bhatnagar-
Mathur et al. 2008). Ethylene response factor (ERF) proteins,
which belong to the plant specific AP2/ERF transcription fac-
tor superfamily, play numbers of roles in plant growth and
development, especially in stress response (Boutilier et al.
2002; Joo et al. 2013; Nakano et al. 2006; Onate-Sanchez et
al. 2007; Riechmann et al. 2000; Stockinger et al. 1997; Wang
et al. 2007). For example, Arabidopsis ERF022 regulates the
induction of somatic embryogenesis through ethylene path-
way (Nowak et al. 2015). SUB1A-1 improves the tolerant to
submergence by suppressing rice shoot elongation (Xu et al.
2006), whereas SNORKEL1 and SNORKEL2 promote the
gibberellin acid (GA) biosynthesis to rapidly elongate rice
stem so as to avoid submergence (Hattori et al. 2009).
Moreover, ERF proteins regulate drought stress in various
crops, such as rice, tobacco, sugarcane, and wheat (Oh et al.
2009; Rong et al. 2014; Trujillo et al. 2008; Wu et al. 2008),

indicating that ERF family is an abundant source for stress
response genes that could be used to improve plant stress
resistance by genetic engineering (Umezawa et al. 2006).

OsERF109 (LOC_Os09g0309700) can be classified into
group VI-L that only contains three members because of the
characteristic features with conserved motifs of CMVI-1 and
CMVI-2 (Nakano et al. 2006). Even among the group VI-L,
OsERF109 is quite different from other factors in terms of the
sequence homology (24.93 % identity with OsERF108 and
8.49 % identity with OsERF138). Compared with other ERF
proteins, OsERF109 only has 12.85 % identity with OsERF1.
Furthermore, OsERF109 is up-regulated by at least 4 abiotic
treatments based on microarray analysis (Sharoni et al. 2011).
Although OsERF109 is considered as a stress-related tran-
scription factor, the regulatory function of this novel protein
is largely unknown. In this study, through analyzing the basic
characters of OsERF109, we identified the function of this
transcription factor in drought stress, possibly through activat-
ing the expression of OsERF3, which further repressing eth-
ylene biosynthesis genes ACS6 and ACO2.

Materials and methods

Plant materials and drought treatment

Two rice cultivars Oryza sativa L. cv. Nipponbare (Nip) and
Zhonghua 17 (Zh17) were used in this study. All the rice seeds
were germinated at 30 °C for 2 days, then transplanted to the
growth chamber at 60 % relative humidity with 16 h white
light (50 μmol/m2/s)/8 h dark at 26 °C. For drought assay, 3-
week-old seedlings under normal growth conditions were sub-
jected to continuous drought by stopping water supply. The
photos were taken when the different drought phenotypes be-
tween transgenic plants and wild types were observed
(drought treatment for 5–7 days). After all seedling leaves
showed certain degrees of rolled and wilted phenotypes
(drought treatment for about 9 days), the water supply was
recovered and the survival rates were scored at 7 days after
the recovery.

Subcellular localization

To confirm the subcellular localization of OsERF109 protein,
the coding sequence of OsERF109 was amplified from the
cDNA library by PCR with the specific primers (Table S1).
Then, the amplification product was fused with GFP in the
transient expression vector pAN580-GFP with the control of
CaMV 35S promoter (Nelson et al. 2007). The plasmids were
transformed into rice protoplasts as previously described
(Chen et al. 2006). GFP fluorescence was observed by the
confocal fluorescence microscope LSM 700 (Zeiss,
Germany).
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Transactivation assay

The coding sequence of OsERF109 was amplified and fused
in frame to the pGBKT7 (DNA-binding domain vector,
Clontech, USA), resulting in pGBKT7-OsERF109.
pGBKT7-53 + pGADT7-T and pGBKT7-Lam (Clontech,
USA) were used as positive and negative control, respectively.
All the plasmids were transformed into yeast strain Y2HGold
by using lithium acetate method as described in the manufac-
turer. The transformed strains were covered on medium with-
out tryptophan (SD/-Trp), and the transactivation activity was
evaluated by the activity of α-galactosidase.

β-glucuronidase (GUS) transient assay

The coding sequence of OsERF109 was amplified and fused
in frame to the pCAMBIA1307with the control of CaMV35S
promoter resulting in the effector vector. The CaMV 35S pro-
moter in pBI121 was replaced with the promoter of OsERF3,
OsACS6, or OsACO2, respectively, yielding the reporter vec-
tor of pOsERF3-GUS, pOsACS6-GUS, and pOsACO2-GUS.
GCC box (GCC), and DRE reporter vectors were previously
generated (Zhang et al. 2005). The reporter and effector were
co-transformed into tobacco leaves by Agrobacterium. GUS
activity was evaluated as previously described (Yang et al.
2000). The 35S minimal promoter (−46 bp) from pBI121
was used as negative control.

Generation of transgenic rice

To get the transgenic lines ofOsERF109, the coding sequence
of OsERF109 was inserted into pCAMBIA1307 and an RNA
interference approach was used to knockdown OsERF109.
For RNA interference, we used the C-terminus of
OsERF109 because this region is less conserved among
ERF family proteins (Nakano et al. 2006). The recombinant
plasmids were transformed into rice Zh17 or Nip by
Agrobacterium. The transgenic lines with overexpression of
OsERF109 were indicated as OE, and reduced expression of
OsERF109 was indicated as RI, respectively. The numbers
were used to denote different transgenic lines.

Leaf water loss assay

The water loss assay was conducted according to previously
report (Wang et al. 2012) with minor modifications. The sec-
ond expanded leaves of 3-week-old seedlings were picked off
and soaked in the double-distilled water for 2 h. Then, the
detached leaves were placed on plastic plates, abaxial side
up, at room temperature. The weight of detached leaves was
measured every 30 min. Leaf water loss was indicated as a
percentage of the original weight. Fifteen seedlings of each
line were chosen randomly and repeated for three times.

RNA extraction and quantitative real-time PCR (qPCR)

Two-week-old seedlings were removed from soil and washed
with water. Then, the seedlings were placed into nutrient so-
lutions with different treatments (200mMNaCl, 50μMACC,
and 50 μM ABA) for the indicated time. For the drought
treatment, the seedlings were placed in air without water.
Total RNA was extracted from the seedling leaves with the
indicated treatments by using TRIzol reagent (Invitrogen,
CA). The cDNA was reverse transcribed from 5 μg of total
RNAs by the M-MLV reverse transcriptase (Promega, WI).
Gene expression was measured by qPCR analysis using
SYBR Premix (Takara, Japan) in IQ-5 Real-Time system
(Bio-Rad, USA). The expression levels were normalized to
rice Actin1. The primers used for qPCR are listed in Table S1.

Measurement of ethylene production

Ethylene contents of rice were measured by gas chromato-
graph (Shimadzu, Japan) as previously report (Zhang et al.
2013). Twenty seeds were surface-sterilized by sodium hypo-
chlorite and sown in 400-ml glass bottles with Murashige and
Skoog (MS) medium. After cultured at 25 °C in a growth
chamber for 7 days, all the bottles were sealed for 24 h.
Then, 1 mL of gas was taken by air-tight syringe to determine
the ethylene emission.

Results

The expression of OsERF109 is detected in different
tissues and is inducible by diverse treatments

Firstly, we detected the expression of OsERF109 in different
rice tissues using qPCR. Under normal growth conditions, our
data showed that the transcripts ofOsERF109 were highest in
leaf no matter at seedling or heading stage among different
tissues (Fig. 1a), suggesting that OsERF109 might mainly
function in leaf. Then, the expression level of OsERF109 in
leaf was further analyzed with the stress and phytohormone
treatments. The results showed that the expression of
OsERF109 was gradually induced by drought within 1 h
and rapidly stimulated by salt stress within 0.5 h (Fig. 1b, c).
Similar to the induction of drought stress, treatments of phy-
tohormone ABA and ethylene precursor ACC greatly promot-
ed the expression of OsERF109 within 1 h (Fig. 1d, e). Both
the ABA and ethylene are key regulators in the response to
abiotic stresses (Wilkinson et al. 2010); thus, the rapid in-
crease of OsERF109 transcripts under stresses and phytohor-
mone treatments indicates that OsERF109 might play a sig-
nificant role in the response to abiotic stresses.

To further predict the function of OsERF109 in abiotic
stresses, we checked its putative promoter sequence
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(−2000 bp) using plant cis-acting regulatory DNA element
database (http://www.dna.affrc.go.jp/PLACE/signalscan.
html, Higo et al. 1999). As expected, stress relevant
elements, including ABRE (ABA-responsive element),
DRE/CRT (dehydration responsive element), GCC box, etc.,
were found in the putative promoter of OsERF109 (Fig. 1f).
These elements can be recognized by the AREB, DREB, ERF,
and MYB transcription factors, which play important roles in
both phytohormone signaling and abiotic stress resistance
(Agarwal et al. 2006; Dubos et al. 2010; Fujita et al. 2005;
Lorenzo et al. 2004; Mizoi et al. 2012). Thus, the presence of

stress-related elements in OsERF109’s promoter, combined
with previous reports (Rashid et al. 2012; Sharoni et al.
2011) and our experimental results, suggests that OsERF109
might have multiple functions in abiotic stresses.

OsERF109 exhibits transcriptional activation

Since OsERF109 might act in the abiotic stresses as a tran-
scription factor, the nuclear localization and transactivation
activity should be necessary. To determine the subcellular lo-
calization of OsERF109, the GFP vector and GFP-OsERF109
fusion plasmid were transiently transformed into rice proto-
plasts respectively. Observations with the confocal fluores-
cence microscope showed that the fluorescence of GFP-
OsERF109 was only located in the nucleus, while the signal
of GFP distributed in all the protoplast (Fig. 2a), revealing that
OsERF109 is localized in nucleus. To confirm the
transactivation activity of this nucleus-localized protein, the
fusion pGBKT7-OsERF109 and control plasmids were trans-
formed into yeast strain Y2HGold and then covered on SD/-
Thr selection media with the supplement of X-α-Gal. By de-
tection of the activity of X-α-Gal with the color change, the
colonies of positive control and pGBKT7-OsERF109 present-
ed blue, while those of negative control did not change the
color (Fig. 2b), indicating that OsERF109 possesses
transactivation activity.

Increasing researches reveal that ERF proteins can bind to
GCC box and DRE sequence (Zhang et al. 2005; Wu et al.
2008). We then preformed transient assay in tobacco to verify
whether OsERF109 interacts with these motifs. The results
showed that expression of OsERF109 strongly activated the
GUS reporter controlled by GCC box or DRE, which indicat-
ed that OsERF109 could interact with the GCC box and DRE
sequence in stress-related genes promoter to active their ex-
pression and regulate drought tolerance (Fig. 2c).

OsERF109 negatively regulates drought tolerance

Due to the rapid expression of OsERF109 under drought
stress (Fig. 1b), the function of OsERF109 in drought toler-
ance was first examined by using the OsERF109
overexpressors (OE) and RNA interference plants (RI).
qPCR analysis showed that the expression level of
OsERF109 obviously increased in OE plants and decreased
to 30–45 % in RI transgenic lines (Fig. 3a, b). Further detec-
tion revealed that RNA interference of OsERF109 in RI lines
did not affect the transcripts of its homologue genes, such as
OsERF108,OsERF138,Os03g0730400,Os08g0557200, and
Os08g0480800 (Fig. S1). In addition, the expressions of
OsERF109 in the OE and RI transgenic plants did not obvi-
ously affect the growth during seedling and mature stage un-
der normal growth conditions (control in Fig. 3c, d, Fig. S2).
However, with the treatment of drought for 5 days, the OE

Fig. 1 Expression of OsERF109 is detected in different tissues and is
induced by various treatments. The expression of OsERF109 in different
tissues of Nipponbare seedling or heading stage (a), in response to
drought (b), 200 mM NaCl (c), 50 μM ABA (d), and 50 μM ACC (e).
Distribution of stress-related cis-acting regulatory elements in the putative
promoter region (f) (∼2000 bp) of OsERF109. Transcripts of OsERF109
are indicated relative to the expression level of the root at seedling stage
(a) or of the 0 h in treatments (b–e). Error bars (±SD) are deviated from
three independent biological experiments
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lines showed to be more sensitive to drought stress than the
wild-type Zh17, exhibiting a rolled and wilted leaf pheno-
types. After the recovery of water, 20–30 % of OE transgenic
plants were survived, obviously less than the survival rate in
Zh17 (about 65 %, Fig. 3e). Oppositely, the RI lines displayed
a drought tolerant phenotype. After the drought treatment for
7 days, most of the wild-type Nip seedlings showed rolled and
wilted leaf phenotypes while RI lines still grew well. The
survival rates of RI transgenic plants were approximately
2.5-fold higher than the Nip after the recovery of water

(Fig. 3f), suggesting that RI transgenic plants were more tol-
erant to drought stress than the wild type. The drought re-
sponse of OE and RI transgenic lines indicates that
OsERF109 is a negative regulator in drought resistance.

Fig. 2 OsERF109 is localized in the nucleus and possesses
transactivation activity. a Rice protoplast cell expressing the GFP
(upper panel) and OEERF109–GFP (down panel) fusion protein. The
same cell was stained by DAPI to indicate the nucleus positions. Bars
indicate 5 μm. b Transcriptional activation of OsbERF109 in yeast.
pGBKT7-p53+ pGBKT7-T and pGBKT7-Lam were indicated as posi-
tive and negative control and the transcriptional activation was evaluated
by the activity of α-galactosidase. c Transient assay of the interaction
between OsERF109 and cis-element GCC box (GCC) or DRE.
Constructs of the reporter and effector are shown in the upper panel.
Mini indicates the reporter containing 35S minimal promoter fused with
GUS. Agrobacterium containing the effector and reporter were co-
infiltrated into tobacco leaves. GUS activity is indicated relative to the
control of Mini taken as 1. (−) indicates negative control of effector with
empty pCAMBIA1307 vector. Error bars (±SD) are according to three
independent biological experiments

Fig. 3 OsERF109 negatively regulates the drought response in rice. The
expression of OsERF109 in OE (a) and RI (b) transgenic lines.
Transcripts of OsERF109 are indicated relative to the expression level
of the wild type Zh17 or Nip respectively. The phenotype of OE (c) and
RI (d) transgenic lines under drought stress. Photos were taken as the
BControl^ without the drought treatment. The 3-week-old seedlings were
subjected to continuous drought by stopping water supply, and photos
were taken when obvious different phenotypes between transgenic plants
and wild types was observed (fifth day at left panel and seventh day at
right panel). Survival rates of the seedlings after water recovery (e, f). The
survival rates were indicated by the percentage of recovered seedlings
compared to the total treated seedlings. P values were calculated with a
Student’s t test (**P< 0.01). Error bars (± SD) are according to three
independent biological experiments
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OsERF109 affects the water loss and ethylene emission

To explain how OsERF109 regulates drought response, the
statistical analysis of water loss was conducted by using dis-
sected leaves of transgenic lines. Our analysis showed that
water loss was faster in OE plants (Fig. 4a), but less in RI lines
(Fig. 4b), than that in the wild type, indicating that OsERF109
might regulate the leaf water retention ability, consistent with
the high expression of OsERF109 in the leaf.

It has been reported that ERF proteins play important roles
in ethylene production (Li et al. 2011; Wan et al. 2011; Zhang
et al. 2013); we then detected the ethylene emission in
OsERF109 transgenic lines. The results showed that there
was less ethylene production in OE lines and more in RI lines
compared with the wild types (Fig. 5a, b), supporting the
positive regulation of ethylene on drought tolerance in rice
(Wan et al. 2011; Zhang et al. 2013). In order to obtain further
insights into the mechanism leading to the changed ethylene
emission in transgenic plants, we analyzed the expression lev-
el of ethylene biosynthesis-related genes OsACS6 and
OsACO2 in wild types and transgenic plants. As expected,
OsACS6 and OsACO2 were decreased in OE while increased
in RI compared with this in wild types, consistent with the
ethylene emission in transgenic plants (Fig. 5c, d). The down-
regulation of OsACS6 and OsACO2 by the transcriptional
activator OsERF109 suggests a complicated relationship.
Interestingly, the expression level of OsERF3, a repressor in
the expression of OsACS6, OsACO2, and in ethylene biosyn-
thesis (Wan et al. 2011; Zhang et al. 2013), was higher in OE
but lower in RI than this in wild types. It appears that OsERF3
fills the gap between OsERF109 and ethylene biosynthesis-
related genes. Furthermore, the transient assay proved that
OsERF109 could bind to promoter areas of OsERF3, but not
those ofOsACS6 andOsACO2, to active the reporter (Fig. 5e).

These results suggest that OsERF109 negatively regulates
ethylene production through activating the repressor of ethyl-
ene biosynthesis OsERF3.

Fig. 4 OsERF109 affects water loss in the dissected leaves. Water loss
rate in dissected leaves of 3-week-old seedling in OE (a) and RI (b)
transgenic lines. Water loss of dissected leaves was indicated as a per-
centage of the original weight. Error bars (±SD) are according to three
independent biological experiments

Fig. 5 OsERF109 restrains the expression of ethylene biosynthesis genes
and the production of ethylene. Ethylene emission in OE (a) and RI (b)
transgenic lines. P values were calculated with a Student’s t test
(*P < 0.05). The expression of OsACS6, OsACO2, and OsERF3 in
transgenic lines of OE (c) and RI (d). Transcripts are indicated relative
to the expression level of the wild-type Zh17 or Nip respectively. Error
bars (±SD) are according to three independent biological experiments.
Transient assay of the interaction between OsERF109 and promoter of
OsERF3 (−2014 bp), OsACS6 (−2051 bp), or OsACO2 (−2062 bp) (e).
Constructs of the reporter and effector are shown in the upper panel. GUS
activity is indicated relative to the control taken as 1 (pOsERF3 reporter
with empty pCAMBIA1307). Error bars (±SD) are according to three
independent biological experiments
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Discussion

Drought frequently occurs worldwide and causes severe dam-
age to crop production. To survive from the extreme condi-
tions, plants have evolved complex signaling pathways
(Shinozaki and Yamaguchi-Shinozaki 2007). As an important
means, plants can promote the expression of many proteins
that help them to resist the drought stresses. Among these
proteins, transcriptional regulation is one kind of the factors
participating in this process. For example, ERF proteins play
crucial roles in the regulation of gene expression involved in
abiotic stress resistance (Shinozaki et al. 2003; Shinozaki and
Yamaguchi-Shinozaki 2007; Zhu 2002). In the present study,
we evidenced that the overexpression of OsERF109 de-
creased, whereas in knockdown this gene promoted the
drought tolerance in rice. Interestingly, the ethylene produc-
tion was oppositely changed in OE and RI transgenic lines
compared with this in wild type. Importantly, OsERF109 does
not affect the rice normal growth and development. Therefore,
OsERF109 might be a potential factor for genetic engineering
to improve the tolerance of rice to drought stress.

It has been evidenced that OsERF3 represses the expres-
sion of ethylene biosynthesis gene OsACS6 and OsACO2,
downstream of OsDERF1 (Wan et al. 2011; Zhang et al.
2013). Similar to this regulation, we find in this study that
OsERF109 directly binds to the promoter of OsERF3 that
contains 6 GCC-box and 2 DRE. Thus, it is possible that
OsERF109 directly activates theOsERF3 transcription, which
further suppresses the expression of ethylene biosynthesis re-
lated genes OsACS6 and OsACO2.

OsERF109 is classified as a member of the group VI-L
ERF proteins in rice (Nakano et al. 2006). Although
OsERF109 contains an imperfect AP2/ERF domain, it pos-
sesses typical transcription factor characteristics, i.e., nuclear
localization and transactivation activity. In addition, the ex-
pression of OsERF109 was quickly induced by drought,
NaCl, ACC, and ABA treatment. It should be possible that
OsERF109 might participate in multiple abiotic stress re-
sponses at transcriptional level. Further researches with trans-
genic plants overexpressing or interfering OsERF109 demon-
strate that OsERF109 negatively regulates plant drought resis-
tance, through repression of ethylene emission, consistent
with the positive regulatory role of ethylene in drought resis-
tance (Wan et al. 2011; Zhang et al. 2013). Thus, combined
with the transcriptional modulation of OsERF109 in the ex-
pression of ethylene biosynthesis-related genes, and the induc-
ible expression to ethylene precursor ACC, OsERF109 may
act as a switch during the drought tolerance to avoid excessive
ethylene production.

Overall, this study reveals the function of a novel ERF
protein OsERF109 in rice, mediating negative regulation in
rice ethylene production and drought tolerance. It is worth

noting that the expression of OsERF109 was induced by dif-
ferent stress conditions. There is a probability that the
OsERF109 possesses more broad function in the abiotic stress
response. It also suggests that OsERF109 regulates the water-
retention ability of leaves because of the different water loss
rate observed between the transgenic plants and wild type, but
the detailed molecular mechanism is unclear. Nevertheless,
the fact that RI lines of OsERF109 significantly improved
the tolerance to drought indicates the potential application of
OsERF109 to increase rice tolerance to abiotic stress.
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