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Overexpression of ERF96, a small ethylene response factor gene,
enhances salt tolerance in Arabidopsis
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Abstract

Salt stress is one of the abiotic stresses limiting the yield of crops worldwide. However, the molecular mechanisms
underlying the regulation of plant response to salt stress are not completely elucidated. Ethylene response factors
(ERFs) are a subfamily of the AP2 (APETALA2)/ERF transcription factor family that regulates multiple aspects of
plant growth and development, and plant responses to biotic and abiotic stresses. ERF96 is one of the small ERFs that is
involved in plant defense response and abscisic acid signaling in Arabidopsis. By using real time quantitative PCR, we
found that the expression of ERF96 in the wild type Arabidopsis thaliana (cv. Col-0) seedlings was induced by NaCl
treatment. The transgenic plants overexpressing ERF96 were more tolerant to salt stress in terms of NaCl inhibited seed
germination, early seedling development, and fresh mass. Consistent with these observations, elevated expressions of
some NaCl-responsive genes including responsive drought 29 (RD294), A'-pyrroline-5-carboxylate synthetase (P5CS),
cold responsive 15A (COR154), and kinase 1 (KINI) were observed in the transgenic plants in the presence of NaCl.
We also found that the Na” and K" content and expressions of genes related to Na"/K"™ homeostasis including stelar K"
outward rectifier (SKOR) and potassium transport 2/3 (4K72/3) were altered in the ERF96 transgenic plants in response
to NaCl treatment. Taken together, these results showed that overexpression of ERF96 enhanced plant tolerance to salt
stress, indicating that ERF96 is a positive regulator of salt tolerance in Arabidopsis.
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Introduction

Environmental stresses, such as salt, drought, cold,
wounding, pathogen, and insect attack are growing
threats to sustainable agriculture. To survive, plants have
to adapt to various stress conditions including abiotic and
biotic stresses, which may cause adverse effects on the
growth and productivity of plants (Xiong et al. 2002).
Plants have developed different types of adaptive
responses to these stresses, such as physiological and
biochemical adaptations, adaptation through complex
signaling networks involving hormones, receptors,
protein kinase cascades, transcription factors, and
regulators of stress-related proteins (Xiong et al. 2002,
Chakravarthhy et al. 2003, Agarwal et al. 2006).

Several different types of transcription factors are

associated with stress responses in plants (Kang et al.
2002, Singh et al. 2002, Agarwal et al. 2006, 2010,
Eulgem and Somssich 2007, Zhang et al. 2009).
APETALA2/ethylene response factors (AP2/ERF) is one
of the most important transcription factor families that
regulates plant responses to both biotic and abiotic
stresses (Agarwal ef al. 2006). According to the number
and similarity of their DNA binding domains, AP2/ERF
superfamily has been classified into four different
subfamilies: ERF, AP2, related to ABI3/VP1 (RAV), and
Apetala 2 family protein involved in SA mediated disease
defense 1 (APD1; Nakano et al. 2006, Giri et al. 2014).
Genes in the AP2 family are mostly involved in the
regulation of plant development processes such as flower
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development (Jofuku et al. 1994, Aukerman et al. 2003),
somatic embryogenesis (El Ouakfaoui ez al. 2010), early
floral meristem identity (Kirch et al. 2003), and primary
and lateral roots formation (Oh et al. 2007, Kitomi ef al.
2011). Genes in the RAV family are involved in the
regulation of plant response to phytohormones such as
ethylene and brassinosteroids (Alonso et al. 2003, Hu
et al. 2004, Salvi et al. 2007). Genes in the ERF family
have diverse functions, they are involved in the regulation
of plant response to biotic and abiotic stresses
(Yamaguchi-Shinozaki and Shinozaki 2006, Century
et al. 2008), as well as plant growth and development
(Yin et al. 2010), primary and secondary metabolism
(Aharoni et al. 2004, Broun et al. 2004), and hormonal
signaling (Ohme-Takagi and Shinshi 1995).

Several trascription factors modulate plant responses
to salt stress. For example, overexpression of Oryza
sativa Dehydration Response Element BI1A (OsDREBIA,
Ito et al. 2006), AP37 and AP59 (Oh et al. 2009),
Jasmonate and Ethylene-Responsive Factor 1 (JERFI
and JERF3 (Zhang et al. 2010a,b), Telomeric Repeat
Binding Factor 1 (TERFI; Gao et al. 2008), and
Hordeum vulgare C-Repeat-Binding Factor 4 (HvCBF4,
Oh et al. 2007) increase tolerance to salinity in rice.
Transgenic tobacco plants expressing SodERF3 (Trujillo
et al. 2008), JERF3 (Wu et al. 2008), GmERF3 (Zhang
et al. 2009), JERFI (Wu et al. 2007), GmERF7 (Zhai
et al. 2013) also show enhanced tolerance to salt stress.
Overexpression of HVRAF (Jung et al. 2007), HARDY
(HRD; Karaba et al. 2007), DREB2 (Nakashima et al.
2000), BrERF4 (Seo et al. 2010), Related to AP2.6

Materials and methods

Arabidopsis thaliana L. ecotype Columbia (Col-0) was
used as wild type (WT). The plants about 5-week-old
with several mature flowers on the main inflorescence
were used for transformation to generate 35S:HA-ERF95
transgenic plants. To generate 35S:HA-ERF95 construct,
the full-length open-reading frame (ORF) of ERF95 was
amplified by reverse transcription (RT)-PCR using RNA
isolated from 10-d-old Arabidopsis seedlings, and cloned
in-frame with an N-terminal HA tag under the control of
the double 35S enhancer promoter of CaMV in the
pUCI9 vector (Wang et al. 2005) The 35S:HA-ERF95
construct was then digested with proper enzymes, and
sub-cloned into binary vector pPZP211 (Hajdukiewicz
et al. 1994). The primers used to amplify ERF95 are
5’-ATGGAACGTATAGAGTCTTATAAC-3" and 5’-
TAGGGTTTGCGTCGTTAC-3’. The 35S:HA-ERF96
transgenic plants have been described previously (Wang
et al. 2015a).

Plants were transformed by using the floral dip
method (Clough and Bent 1998). Then, T1 seeds were
planted on 1/2 Murashige and Skoog (MS) medium
containing 50 pg cm” kanamycin and 100 pg cm’
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(RAP2.6; Zhu et al. 2010) in Arabidopsis result in
enhanced resistance to salt stress. Ecotopic expression of
GmDREBI, a gene from a wild type soybean, enhances
salt resistance in transgenic alfalfa (Jin ez al. 2010). More
specifically, TaERF3 has been shown to positively
regulate wheat adaptation responses to salt stress through
the activation of stress-related genes (Rong et al. 2014).
However, over-expression of some ERF genes has been
reported to repress the stress response and render the
transgenic plants more sensitive to stresses (Yang et al.
2005, Zhang et al. 2007).

A total of 147 genes encoding AP2/ERFs in
Arabidopsis have been identified, and 122 of them
encode ERF transcription factors (Nakano et al. 2006),
which can be further classified into 12 different groups,
namely, groups 1 to X, VI-L and Xb-L (Nakano et al.
2006). Four ERFs in group IX, namely ERF95, ERF96,
ERF97, and ERF98 contain only 131 - 139 amino acids
and do not have an obvious activation or repression
domain, thus were named small ERFs (Wang et al.
2015a). Among them, ERF95 and ERF98 have been
shown to be involved in the regulation of salt tolerance
(Zhang et al. 2011, 2012), ERF96 and ERF97 (previously
named AtERF14) have been shown to regulate plant
defense response (Ofiate-Sanchez et al. 2007, Catinot
etal. 2015). ERF96 has also been shown to regulate
abscisic acid (ABA) response (Wang etal. 2015a).
However, it is unclear if ERF96 may be involved in the
regulation of abiotic stresses. Here we provide evidence
that ERF96 is involved in the regulation of salt tolerance
in Arabidopsis.

carbenicillin to select transgenic plants. Overexpression
of ERF95 in the transgenic plants was confirmed by
RT-PCR. More than five independent overexpression
lines were obtained, and two lines ERF95 and ERF96
were selected for further analyses (for more detail see
Wang et al. 2015a).

The seeds of WT and transgenic plants were surface
sterilized and sown on 1/2 MS basal medium plates with
vitamins, 1 % (m/v) sucrose, and 0.6 % (m/v) phytoagar
(Plantmedia, USA). The plates were kept in darkness at 4
°C for 2 d before they were transferred to growth room
with a temperature of 22 °C, a 14-h photoperiod, and an
irradiance of approximately 120 umol m™s™.

Sterilized seeds were sown on 1/2 MS medium with
or without 120 mM NaCl. Seed germination was scored
24, 36, and 48 h after the plates had been transferred into
the growth room. Green seedlings were scored 10 d after
the transfer. For fresh mass assay, 4-d-old seedlings were
transferred to 1/2 MS medium with or without the
presence of 170 mM NaCl and grown vertically. Fresh
mass was measured 4 d after transfer. A minimum
10 seedlings per genotype were used. The best NaCl



concentration was selected for different tests.

For RNA isolation, 10-d-old WT and ERF95 and
ERF96 transgenic seedlings grown vertically on 1/2 MS
plates were transferred to and incubated in 1/2 MS liquid
medium (without phytoagar) for 90 min, then treated with
100 mM NaCl for 4 h before the seedlings were frozen in
liquid N,. Total RNA was isolated as described
previously (Wang et al. 2014, 2015b, Guo et al. 2015).
The absorbance A,gp/Asg ratios of the isolated RNA are
listed in Table 1 Suppl. Total RNA (1 pug) was subjected
to cDNA synthesis by using Omniscript RT kit (Qiagen,
Germany) and following the manufacture’s instructions.
Real time quantitative PCR (qPCR) was used to examine
the expression of NaCl-responsive genes including
responsive drought 29a (RD294; Nakashima et al. 2006),
A'-pyrroline-5-carboxylate synthetase (P5CS; Strizhov
et al. 1997), cold-responsive 15a (CORI154; Liu et al.
2014), and kinase 1 (KINI), and genes related to Na'/K"
metabolism including stelar K outward rectifier (SKOR)
and potassium transporter 2/3 (AKT2/3; Marten et al.
1999). The expression of actin 2 (ACT2) was used as

Results

It has been previously reported that ERF95 is able to
regulate plant response to salt stress (Zhang et al. 2012),
Because ERF96 is closely related to ERF95, and ERF96
and ERF95 have similar expression pattern in
Arabidopsis (Wang et al. 2015a), we wanted to examine
if ERF96 may be also involved in the salt response in
Arabidopsis. To do that, we first determined the
expression of ERF96 in response to NaCl, and a 12-fold
elevated expression of ERF96 was observed in response
to NaCl treatment (Fig. 1). We also examined the
expression of the other small ERF genes in response to
salt; we found that all of them were induced by NaCl with
a 40-, 8-, and 21-fold increased expressions of FRF95,
ERF97, and ERF98, respectively, when compared with
wild-type (Col WT). Because ERF96 is involved in the
regulation of the ABA response in Arabidopsis (Wang
et al. 2015a), we also examined the response of small
ERF’s including EFRF96 to ABA, however, only slightly
increased expressions were observed (Fig. 1).

Having shown that the expressions of both ERF96
and ERF95 were elevated after NaCl treatment (Fig. 1),
we examined the responses of the transgenic plant lines to
NaCl. Firstly we examined seed germination of the
transgenic plants on %> MS medium containing 120 mM
NaCl. We found that both ERF96 and ERF95 transgenic
plant seeds geminated better than the Col WT seeds on
medium with 120 mM NaCl (Fig. 2). After 48 h, nearly
all the transgenic plant seeds were germinated, but only
about 70 % of the Col WT seeds were germinated
(Fig. 2). Further, we found that 10 d after the seeds were
sown on NaCl plates, all the ERF96 and ERF95
transgenic seedlings were green, but some of the Col WT
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control. The primers used for RT-qPCR examination as
well as the efficiency are listed in Table 2 Suppl.

To examine the expression of small ERFs to ABA,
10-d-old WT seedlings were treated with 50 uM ABA as
described previously (Tian et al. 2015).

For determination of proline and Na" and K" content,
WT and FERF96 transgenic seedlings were grown
vertically on 1/2 MS plates containing 100 mM NaCl for
12 d. Seedlings were washed with distilled water and
dried in a hot-air oven at 100 °C for 10 min and then at
60 °C to a constant mass. The dried sample was soaked
with 10 cm® of deionized water and kept at 100 °C for
1 h. The extract was used for determining the content of
Na" and K' using an atomic absorption spectrophoto-
meter (TAS-990, Purkinje General, Beijing, China). In
the same extract, proline content was measured by
ninhydrin method following the procedures described by
Zhu et al. (1983). The assays were repeated three times.

Statistical analysis was performed by using Student-
Newman-Keuls ¢g-test. The term significant indicates
differences at P < 0.05.

seedlings showed a white colour. Quantitative results
showed that green seedling ratio for the transgenic plants
was 100 %, but that of the Col WT plants was only about
60 % (Fig. 34). We also examined the effect of NaCl on
seedling growth. After transferring 4-d-old seedlings on
plates with 170 mM NaCl, plant fresh mass was greatly
decreased but more in the Col WT seedlings than in the
transgenic plant seedlings (Fig. 3B). It should be noted
that the ERF96 and ERF95 transgenic seedlings was
largely indistinguishable in terms of NaCl inhibited seed
germination and seedling establishment (Figs. 2, 34).
Because ERF96 transgenic plants displayed enhanced
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Fig. 1. Expression of ERF95, ERF96, ERF97, and ERF98 in
response to NaCl and ABA treatments. Wilde-type Arabidopsis
seedlings were treated with 100 mM NaCl or 50 uM ABA for
4 h, then total RNA was isolated, and the expressions of small
ERF genes were examined. The expression of 4CT2 was used
as an internal control, and the expression of corresponding ERF
genes in control seedlings was set at 1. Means = SDs of three
biological replicates; * - significantly different from control
(P <0.001).

ERF97
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tolerance to salt (Figs. 2, 3), we decided to examine if the
expression of other small FRFs may be affected (Fig. 1
Suppl.) We found that the expression of ERF95 increased
2 to 4-fold, expression of ERF97 increased 8 to 10-fold,
whereas the expression of ERF98 remained largely
unchanged in the ERF96 transgenic plants.

We further examined expression of some NaCl-
responsive genes in transgenic plants treated with
100 mM NacCl for 4 h (Fig. 4). Without addition of NaCl,
the expression of RD294 was increased in the ERF96
transgenic plants, whereas expressions of the other three
genes remained largely unchanged when compared to the
Col WT plants. The expressions of RD294 and KINI
were strongly induced by NaCl treatment in the Col WT
seedlings, and further elevated expressions were observed
in the transgenic seedlings. On the other hand, NaCl

treatment had little, if any effects on the expressions of
P5CS and CORI5A in the Col WT seedlings, but
dramatically induced their expressions in the ERF96
transgenic plants (Fig. 4).

Proline is one of the osmolytes which accumulates in
plants in response to salt stress, and the accumulation of
proline could enhance tolerance to salt (Leigh 1997).
Therefore, we examined proline content in the ERF96
transgenic plants. We found that proline content
increased in both WT and the transgenic plants in
response to salt treatment, however, relatively more in the
transgenic plants (Fig. 54).

Having shown that transgenic plants overexpressing
ERF96 showed enhanced tolerance to NaCl, we further
examined whether they displayed altered Na“ and K*
content in response to NaCl treatment. Under control
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Fig. 2. Effects of NaCl on seed germination of the transgenic plants. Seeds of the Col wild type and the 35S:HA-ERF95 and 35S:HA-
ERF96 transgenic plants were sown on plates in the presence or absence of 120 mM NaCl and the percentage of seed germination
was scored after 24, 36, and 48 h. Means + SDs of three replicates; * - significantly different from the WT in the presence of NaCl

(P <0.05).

conditions, Na" and K" content in the ERF96 transgenic
plants was largely consistent with that in the Col WT
plants. A more than 4-fold increase and a more than
2-fold decrease of Na' and of K', respectively, was
observed in the Col WT plants after NaCl treatment
(Fig. 5B). In the ERF96 transgenic plants, however, Na"
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content only increased about 3-fold, and K decreased
about 20 % (Fig. 5B), i.e., under salt treatment ERF96
transgenic plants contained lower amount of Na' and
higher content of K’ than the wild-type. These results
indicate that ERF96 may be involved in the regulation of
Na" and K" homeostasis. Consistent with this, RT-qPCR



results show that the expressions of SKOR and AKT2/3
genes related to Na'/K' homeostasis (Maathuis 2006,
Marten et al. 1999) were elevated in ERF96 transgenic

OVEREXPRESSION OF ERF96 AND SALT TOLERANCE

plants in response to salt treatment, when compared with
those in the Col WT seedlings (Fig. 6).
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Fig. 3. Effects of NaCl on seedling greening and fresh mass. 4 - Seeds were sown on plates with or without 120 mM NaCl and after
10 d the percentage of green seedlings was scored. B - The fresh mass of Col WT and transgenic plants was measured 4 d after the
seedlings were transferred to 1/2 MS medium containing 170 mM NaCl. Means + SDs, n = 3 in 4 or 10 in B; * - significantly

different from the Col WT in the presence of NaCl (P < 0.05).

Discussion

The expression of some ERFs such as RAP2.6 has been
shown to be regulated by both ABA and abiotic stresses
including salinity, and transgenic Arabidopsis seedlings
overexpressing RAP2.6 showed increased sensitivity to
ABA and abiotic stresses (Zhu et al. 2010). ERF96 has
been shown to regulate plant defense response and ABA
response (Catinot et al. 2015, Wang et al. 2015a). In this
study, we provide evidence that expression of ERF96 was
regulated by salt, and ERF96 played a role in the
regulation of salt tolerance in Arabidopsis. However, it is
still unclear if ERF96 regulation of salt tolerance is
independent of ABA signaling.

Previous studies have shown that ERF95 and ERF98
are involved in the regulation of plant response to salt
stress (Zhang et al. 2011, 2012). ERF95 is one of the
target genes of the ethylene signaling component EIN3,
which can bind to the ERF95 promoter, and ERF95 can
bind to the DRE and the GCC box to activate the
expression of salt-related genes, leading to enhanced
tolerance to salt stress (Zhang et al. 2011). Whereas
ERF98 enhances the salt tolerance of Arabidopsis by
mediating the activation of ascorbic acid (AsA) synthesis,
it can directly interact with the DRE-containing region of

the AsA synthesis gene VTCI promoter and activate its
expression, which results in increased content of AsA,
allowing plant cells to avoid damage caused by oxidative
stress (Zhang et al. 2012).

ERF96-RNAi plants have been reported to demon-
strate a wild type defense response (Catinot et al. 2015),
and the erf96-1 mutant seedlings show a wild type ABA
response (Wang ef al. 2015a). Although we examined the
salt response of the erf96-1 mutant seedlings, and found it
had a near wild-type response in all the above mentioned
assays, our data showed that FRF96 transgenic plants
have enhanced tolerance to salt stress (Figs. 2, 3).
Further, the expressions of some NaCl-responsive genes
including RD294, P5CS, CORI54, and KINI were
elevated in the transgenic plants under salt stress (Fig. 4).
Among them, P5CS gene encodes
A'-pyrroline-5-carboxylate synthetase, which is the key
enzyme in proline biosynthesis in plants, and the elevated
expression of P5CS was consistent with the increased
proline content (Fig. 54).

Salt stress affects the ionic homeostasis in plant cells,
especially Na" and K" content (Miller et al. 2010). In
general, low Na' and high K" in the cytoplasm are
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essential for the maintenance of a number of enzymatic
processes (Munns and Tester 2008). However, because of
the similarity of the hydrated ionic radii of Na" and K,
Na" can compete with K* for major binding sites in some
key enzymes involved in the metabolic processes in the
cytoplasm (Marschner 1995). With over 50 cytoplasmic
enzymes being activated by K", the effects of disruption
of ionic homeostasis to metabolism is severe (Munns and
Tester 2008). Indeed, keeping low Na“ and high K'
content has been suggested as a key determinant of plant
salt tolerance (Colmer et al. 2006). In this study, we
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Fig. 4. Expressions of NaCl-responsive genes in the 35S:HA-
ERF96 transgenic 10-d-old seedlings treated with 100 mM
NaCl for 4 h. The RT-qPCR was used to examine the
expression of RD29A4, P5CS, CORI15A4, and KINI genes. The
expression of ACT2 was used as an internal control, and the
expression of the corresponding gene in the Col WT seedlings
was set to 1. Means + SDs of three biological replicates; * -
significantly different from expression in the Col WT seedlings
in the presence of NaCl (P < 0.05).

698

m control - A
L O NaCl

PROLINE [pmol g'(d.m
o o o B
o o o o

.:h

0
100 B

[
o
T

o
o
-

Na*[umol g''(d.m.)]

120
=100

80
60
40
20

K* [umol g''(d.m

Col #2-1
35S:HA-ERF96

Fig. 5. Effects of 100 mM NacCl applied for 12 d on proline (4),
Na' (B, upper panel), and K* (B, lower panel) content in the Col
wild type and the 35S:HA-ERF96 transgenic plant seedlings.
Means + SDs of three replicates; * - significantly different from
that in the Col WT seedlings in the presence of NaCl (P < 0.05).

12 SKOR
m control *

ol BNaCl %
5 e}
%)
0
x 3r
o
< J |
wo
g ok AKT2/3
= * s
e
[11]
o 4}

2 ﬂ J—L

0

Col

#2-1 #11-5

35S:HA-ERF96
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found that ERF96 transgenic plants contained lesser
content of Na" and higher content of K' under salt
treatment (Fig. 5B). Thus ERF96 may regulate NaCl
tolerance by affecting the homeostasis of Na" and K.
Because SKOR is Na'/K' transporter and AKT2/3
functions as K' channel protein (Marten et al. 1999,
Maathuis 2006), they may affect Na'/K' homeostasis in
plants. Our results showed that the expression of SKOR
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