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The root system of rice is influenced by various environ-
mental factors. However, how the root system responds
to abiotic stress has not yet been fully understood. A
zinc finger protein gene, OsZFP350, is exclusively ex-
pressed in the rice root, but its biological function needs
to be investigated. Expression of OsZFP350 was up-reg-
ulated by salt, drought and high temperature, indicating
that it might be a regulator in response to abiotic stress
in rice root. The primary root length, the number of ad-
ventitious and lateral roots was significantly increased in
OsZFP350 transgenic plants when compared to the wild-
type. In addition, our results also show that the up-regu-
lated OsZFP350 could significantly increase the germina-
tion rate of seeds under abiotic stress, and attenuate the
heat, salinity and drought stress during the development
of rice roots. Based on these findings, it could be con-
cluded that OsZFP350 plays a positive role in the adapt-
ability of rice roots to abiotic stress.
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INTRODUCTION

Root is an essential organ for the growth and devel-
opment of rice, which plays a vital role in absorbing,
transporting and storing water and nutrients. Therefore,
it directly determines many agronomic traits, such as the
yield, quality, stress resistance and wide adaptability of
rice. Morphogenesis of the root system in rice is influ-
enced by both, the endogenous genes and exogenous en-
vironmental stimulus. Mutation of those intrinsic genes
would have mainly resulted in such a wide phenotype
as shorter main root, decreased number of adventitious
and lateral roots, no lateral root, shorter or even no root
hairs (Hossain e al, 2017; Zhang et al., 2017; Zhang et
al., 2018; Parry et al, 2018). Environmental factors af-
fecting the root morphology mainly include the tempera-
ture (thermotropism), humidity (hydrotropism), gravity

(gravitropism), light (phototropism), touch (thigmotro-
pism), metal ions and other chemicals (chemotropism)
(Zhao et al., 2015). In addition, endogenous hormones
(auxins, etc.) also play key roles in the morphogenesis of
rice roots, which function together to determine the size
of the apical meristem in the root tips (Sun ez al., 2018).

To date, over thirty genes relating to root traits in rice
have been well characterized, such as auxin influx carrier
gene AUXT (Dindas et al., 2018), root-crown formation
gene ARLT (Coudert e/ al., 2010; Kitomi e# al., 2011) and
WOXT11 (Zhao et al., 2015; Zhou et al., 2017; Cheng et
al., 2018), all of which participate in the morphogenesis
of the main root, adventitious and lateral root and root
hairs, respectively, through regulating either the phyto-
hormone signaling or the uptake of inorganic salt. Ac-
tually, phytohormone signaling regulated by these genes
is the major factor for the root morphogenesis during
postembryonic development, in which cytokinins, togeth-
er with other hormones, i.e. auxin and ethylene, suppress
the root growth throucrh inhibiting cell proliferation and
clongation (Street ez a/., 2016a). In detail, the auxin im-
porter AUXT1 is a positive regulator of response to cyto-
kinins (Parry ez al., 2018), while the complex formed by
two receptor-like kinases, Receptor-like kinase FERO-
NIA (FER) and RPM1-induced protein kinase (RIPK),
transmits Rapid Alkalinization Factor 1 (RALF1) pep-
tide to inhibit root growth in Arabidopsis, which is a
typical evidence of phytohormone interaction in the root
(Street ¢t al., 2016b). The AP2/ERF transcription fac-
tor CROWN ROOTLESS5 (CRL5) controls the crown
root initiation through the induction of OsRR7, which is
a type-A response regulator in cytokinin signaling (Ki-
tomi ez al., 2011). In addition, the OsCKX#4 gene controls
rice crown formation by integrating cytokinin and auxin
signaling (Gao ¢z al., 2014), whereas WOXT17 is involved
in the canopy development of roots (Cheng e al., 2018).
Overexpression of WOXT77 accelerated cell differentia-
tion in the root canopy, leading to early growth and pro-
duction of the outer nodes of rice by affecting the auxin
and cytokinin signaling transduction (Zhou ez al., 2017).
The interaction between WOX11 and an AP2/ERF pro-
tein ERF3 promotes the development of root crown
through cytokinin signaling (Zhao ez al., 2015).

External nutrients are also important factors in the
development of rice roots, uptake of which is carried
out by several transporters. The IRT1 (Boonyaves ef
al., 2016) and Lsil. (Khan & Gupta, 2018) control the
uptake and translocation of Fe?* and Si** in rice roots.
Overexpression of IRT7 enhances the ability of rice
roots to absorb Fe?* from the soil. When the Lsl. gene
was deleted, the storage and transport of Si** was re-
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duced in the rice roots. The SKC1 encodes a member
of the HKT transporter family expressed in parenchyma
cells around the vascular bundle of the xylem. This type
of Na* selective transporter regulates IKK*/Na* balance
under salt stress zz vivo (Kobayashi et al, 2017). In ad-
dition, the glucosamine-6-phosphate acetyltransferase is
encoded by OsGNAT (Jiang et al., 2005), without which
the rice seedlings did not grow at 25°C.

During the plant growth process, the response of
roots to abiotic stress is reflected by the correspond-
ing expression of stress-responsive genes. For instance,
abscisic acid (ABA) or jasmonic acid (JA) is involved
in regulating genes associated with drought and injury,
ie. sa/l" and JA responsive genes which belong to the
LEA family. It had been shown that JA significantly in-
duced the increase of pathogen-associated protein (PR-
1 and PR-10) and JIRs in roots (Gonzalez et al., 2017).
The ABA can induce the transcript accumulation of
OsLLEA3 but negatively affect the expression of sa/l,
and JA negatively affects ABA-induced transcription of
OsLLEA3; while both, the ABA and JA can induce the
transcription of sa/I' (Duan and Cai, 2012). What’s more,
overexpression of the OsERF71, a transcription fac-
tor responsive to drought stress, altered the root struc-
ture and enhanced drought resistance of rice (Lee ¢z al,
2016). A very recent study had shown that four 14-3-3
isoforms, prominently express in rice roots, have exhib-
ited diverse expression patterns in the stress response to
salt and drought (Zhang ez al., 2017). A/USPLT, mostly
prevalent in the Arabidopsis root, is up-regulated as part
of the ABA-mediated moisture stress tresponse (Har-
shavardhan e al, 2014). Loss of function of AtUSPLI
increases the moisture stress tolerance, suppressing in
turn the drought stress response in plants. It was also
found that both, PEG and heavy metals can rapidly and
distinctly induce expression of OsGSTU3 and OsGSTU4
(glutathione S transferase genes) in rice seedling roots,
besides such hormones and growth regulators as salicylic
acid (SA), JA and a-naphthylacetate (x-NAA). Moreover,
antioxidants are rapidly induced in rice roots, indicating
that redox signaling is also involved in the regulation of
these stress responses (Moons, 2003).

The zinc finger proteins (ZFPs) have derived their
name from the ‘finger-like’ zinc finger domain formed
by Zn?" and the surrounding conserved cysteine (Cys) or
histidine (His) residues. The ZFPs were originally found
in the transcription factor TFIHIA of Xenopus oocytes,
the most abundant class of transcription factors in eu-
karyotes. They are widely involved in gene transcription,
translation, cytoskeleton construction, mRNA trafficking,
protein folding and chromatin remodeling (Imbeault ez
al., 2017; Patel e al., 2018). At present, the ZFPs found
in higher plants mainly possess two major functions.
One is involved in abiotic stresses, such as high salt and
drought, and the other is a SUPERMAN-like protein,
which is basicly involved in the development of flow-
ers (Fu ez al., 2017). Interestingly, overexpression of such
genes can sometimes cause dwarf and other abnormal
phenotypes in plants (Kazama e/ al, 2009). The pro-
tein encoded by the OsZFP350 gene in rice has a mo-
lecular weight (MW) of 35 kDa and is therefore named
OsZFP350, which is exclusively expressed in roots. Spe-
cifically, several members of the C2H2-type ZFPs in rice
have also been shown to be involved in the responses to
drought, salinity and oxidative stress (Patel ez af/, 2018).
However, until now, there was no report on the involve-
ment of ZFPs in the process of root morphogenesis yet.
In this study, OsZFP350 gene driven by CaM 35S pro-
moter (3585::0sZFP350) was overexpressed in rice, and

the effects on the primary root length and the number
of adventitious and lateral roots in transgenic plants had
been investigated. Our results demonstrate that overex-
pression of OsZFP350 significantly increased the adapt-
ability of rice roots to abiotic stress.

MATERIALS AND METHODS

Rice and cultivation. Rice (Onyza sativa 1. cv Ja-
ponica, Nipponbare) was used for the construction of
overexpressing plants in this experiment. The rice plants
wetre grown in a greenhouse at 30°C and 70% humidity
under a photopetiod of 16 h light/8 h dark.

Vector construction and genetic transformation.
The binary expression vector pPCAMBIA1301 containing
the GUS reporter gene and hygromycin resistant genes
was used to construct the overexpressing vector in this
study. Total RNA was extracted from rice roots, and
mRNA was purified from total RNA and reversely tran-
scribed into the first strand cDNA as PCR templates.
Specific primers (forward: 5-CGGAATTCATGGATC-
CAGCAAGGTACTGG-3" and reverse: 5-CCAA-
GCTTCTACTGTTCTTTTGGGGCTTCC-3’,  restric-
tion sites are underlined) were used to amplify the full-
length open reading frame (ORF) of the OsZFP350 gene
(Os05g0286100), which was then verified by sequencing.
The fragment was double digested by EwRI and HindIII
and inserted into plasmid pCAMBIA1301 to construct
the overexpression vector 355::OsZFP350. Rice callus
was infested with Agrobacterium EHAT05 harboring the
overexpressing vector, and then screened in 1/2 MS me-
dium containing 75 mg L."! hygromycin until differentia-
tion. The transgenic seedlings were transferred into soil
for continued growth. Positive plants were detected by
PCR with amplification of the GUS gene and 35S pro-
moter.

Stress treatment. For stress treatment, the wild-type
rice seedlings of 15 d after germination (15 DAG) were
selected. For testing resistance to various stress factors,
NaCl (1.5 M), PEGG6000 (20%) for mimicing drought,
ABA (100 mg LY, TAA (100 mg L), GA (100 pM),
cold (4°C) and heat (42°C) stresses were performed for
36 h in 1/2 MS liquid medium. Temperature stress was
carried out in a growth chamber, and seedlings under
the other abiotic stresses were grown in a greenhouse.
To verify the resistance ability of transgenic plants to
abiotic stresses, the seeds of T2 generation and wild-type
were germinated for 2 d in the dark, then 15 DAG seed-
lings under normal growth condition were placed either
in the 1/2 MS solid medium with a final concentration
of 0.15 M NaCl ot in 1/2 MS liquid medium containing
20% PEG6000. After 36 h of cultivation at 30°C with
a photopetiod of 16 h light/8 h darkness, pictures wete
taken of the roots of transgenic and wild-type seedlings
and the parameters of the root system were analyzed
with the Image] software (version 8.0). For extraction
of total RNA, the roots of the seedlings were rinsed
with deionized water and quickly cut into pieces either
for subsequent experiments, or freezed by liquid N, and
stored at —80°C until use.

Gene expression analysis. Total RNA of transgenic
and wild-type roots and leaves was extracted and reverse-
ly transcribed into cDNA which was used as templates
for quantitative PCR (qPCR). Primer sequences were:
forward 5-AACGCCCCTCTTGTCTCATC-3’ and re-
verse 5-AGTCCCTTCTTGATCGGCAC-3’. The qPCR
reaction assay was performed in 20 ul with the final
concentration of 200 uM for each primer and 1XSYBR
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Figure 1. The phylogenetic relationship between OsZFP350 and its homologues.
Numbers on the nodes represent bootstrap values from 1000 replicates.

PremixEX Taq 11 (Takara, Japan). Reactions were carried
out in a CFX96 thermocycler (Bio-Rad, USA). The PCR
program was set as 95°C for 1 min, 95°C for 5 s, 60°C
for 30 s, 40 cycles. A melting curve was applied to iden-
tify the specificity of the PCR products. The expression
level was normalized by Actn as an internal control and
then calculated using the 2744¢ method. Primer sequenc-
es of Os[LEA3, OsDREB1A and OsDREB7B are the
same as in Tang e al, (2019), and the primer for OsH-
SP70 are: forward 5-CTCCCTCCCAACTCGCTTGA-3’
and reverse 5~ AACCCGTTCACAATAGATCCTC-3".

Bioinformatics and statistical analysis. All of the
experiments were repeated three times. SPSS software
(version 13) and the Tukey test were used for statistical
analysis and significant difference analysis, respectively.
The BLASTP software was applied to search the non-re-
dundant protein sequence databases to verify OsZEFP350
homolog. Alignment of the OsZFP350 amino acid se-
quence for biological evolution analysis was performed
using the MEGA 7.0 software.

RESULTS

Biological evolution analysis

Homologous proteins of OsZFP350 were found in
rice and other species with the use of BLAST, including
OsZFP252 (AAOA46041.1), OsZFP182 (AAP42461.1),
OsZFP179 (AAL76091.1) and OsZFP150 (AAP42460.1)
in rice, ZAT6 (AT5G04340), ZAT10 (AT1G27730),

ZATI1  (AT2G37430),  ZAT12  (AT5G59820),
AZF1 (AT5GG67450), AZF2 (AT3G19580), AZF3
(AT5G43170), AtZFP10 (AT2G37740), KNUCK-

LES (AT5G14010), and SUPERMAN (AT3G23130)
in Arabidopsis, ~ZPT2-2 (BAA05077.1), and ZPT2-
3 (BAA05079.1) in Petunia and Soybean SCOF-1
(AAB39638.1). The analysis (Fig. 1) showed that the ho-
mologous proteins of OsZFP350 were widely distributed
in higher plants, and this large family is obviously con-
served in plants. Cluster analysis showed that OsZFP350
was closely related to KNUCKLES and SUPERMAN in
A. thaliana. Plants overexpressing them behave normally,
but the development of genitals is impaired in mutants.
In detail, the KNUCKLES mediates IWUS gene to in-
hibit the meristem determination in flowering (Sun ef
al., 2009). The SUPERMAN is a flower-specific gene

that controls the stamen and carpel boundary (Prunet

SUPERMAN

et al., 2017). Interestingly, AtZFP10,
which is closely related to OsZFP350,
is also involved in the floral develop-
ment, and its transgenic plants have a
dwarf phenotype (Dinkins e¢# al, 2002).
Other zinc finger transcription factors
in these species are relatively distant
from OsZFP350 but are basically re-
lated to abiotic stresses, such as heavy
metals, high salinity and light. Thus,
this study mainly focuses on the role
of OsZFP350 in root morphology and
resistance to abiotic stress in rice seed-
lings.

The OsZFP350 gene had a spatio-
temporal expression pattern and was
up-regulated by abiotic stress

The spatial and temporal expression
pattern of OsZFP350 gene was per-
formed by using mRNA extracted from
different tissues of rice at four growing stages. Fig. 2a
shows that the OsZFP350 gene is mainly expressed in
the roots. In the seedling stage, there was no signifi-
cant difference in the expression level of OsZFP350
between the root (RO) and the leaf blade (LB). When
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Figure 2. Spatial and temporal expression of the OsZFP350 gene
and its response to abiotic stress.
Expression of OsZFP350 in various rice tissues and at the seedling,
tillering, heading and ripening stage (a); expression of OsZFP350
after treatment with different abiotic stresses of the wild-type
plants (b). Each value is the mean of at least three biological repli-
cates and the error bars indicate standard errors. Leaf blades (LB),
leaf sheaths (LS), stem (ST), root (RO), inflorescence (IN) and young
embryos (YE). Asterisk *, ** and *** stands for significant of differ-
ence at the level of 0.05, 0.01 and 0.005, respectively. Bar=1 cm.
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Figure 3. Overexpression effects of OsZFP350 on morphology of the rice root.

The phenotype of wild-type and transgenic TO generation plants (a); the phenotype of wild-type and four lines of T1 generation (b); pri-
mary root length (c), adventitious root number (d) and lateral root number (e) of T1 generation of 355::0sZFP350 and wild-type seedlings
of 7 DAG. Data from thirty independent transgenic seedlings were statistically analyzed. Asterisk * and ** stand for significant differences

at the level of 0.05 and 0.01, respectively.

the rice enters into the tillering stage, the expression
level of OsZFP350 in the root increased significantly,
and reached its peak at the heading stage. However, the
expression in roots was significantly decreased after the
heading stage. This indicates that OsZFP350 has an obvi-
ous spatio-temporal and root-specific expression pattern.
In a word, OsZFP350 is a root specific expressing gene.

Next, the seedlings were treated with such series of
stress as 0.15 M NaCl, 20% PEG6000, 100 mg L' TAA,
100 mg L' ABA, 100 pM GA, heat and cold stress for
36 h. The root mRNA was extracted and qPCR was used
to analyze the expression of OsZFFP350 gene in roots
under different stress conditions. As shown in Fig. 2b,
the expression level of OsZFP350 was significantly in-
creased after treatment with PEGG6000 and NaCl, as well
as under heat stress. However, the expression level of
OsZFP350 after treatment with GA, TAA, ABA and cold
stress was similar to that of control. These results indi-
cate that high salt, drought and high temperature would
up-regulate the expression of OsZFP350.

Effects of upregulated expression of OsZFP350 on root
growth and development

We transformed the 355::0sZFP350 vector into rice
calli by Agrobacterinm-mediated transformation. T'wenty-
five positive transgenic lines were obtained and verified
by PCR. It can be seen from Fig. 3a that the root vo-
lume and length of the TO transgenic plants were signi-
ficantly larger and longer than those of the wild-type
at the seedling stage, and the biomass above ground
was also significantly higher than the wild-type. Fifteen
seperate seedlings of the T1 generation were randomly
selected for OsZFP350 expression analysis by gqPCR.
It was found that the expression level of OsZFP350
in the line of OE-2, OE-5, OE-7, OE-10, OE-15 was
significantly increased by 5-20 times when compared
to the wild-type (Fig. S1 at https://ojs.ptbioch.edu.
pl/). We then selected OE-2, OE-7 and OE-10 for the
following study. Firstly, seeds of the T1 generation of
OE-2, OE-7 and OE-10 were germinated in 1/2 MS

solid medium, and the root phenotype was quantified
after the seedlings were cultivated vertically for 7 d.
Then, positive transgenic seedlings (we renamed them
as L2, L7 and L10, respectively, because of T1 genera-
tion) were verified again by PCR. We finally performed
a statistical analysis of the primary root length, adventi-
tious root and lateral root number of the seedlings (30
for the wild-type and 30 for each transgenic line in to-
tal). As shown in Fig. 3b, 3c and 3d respectively, the
primary root length, the number of adventitious and
lateral roots of 355::0sZFP350 transgenic plants was si-
gnificantly increased when compared to the wild type.
These results reveled that OsZFP350 might play a posi-
tive role in rice root morphology.

The adaptability of transgenic plants to abiotic stress

Since the expression of OsZFP350 had a various
degree of response to PEG, NaCl and heat stress, we
therefore treated both, the seeds and transgenic plants
of the T1 generation, with the identical stress to in-
vestigate the effects of OsZFP350 overexpression on
the growth and development of the root system in
rice plants. Although all — NaCl, PEG and heat stress
inhibited the growth of wild-type and transgenic seed-
lings when compared to the normal growth condi-
tions, the stress resistance was significantly enhanced
in OsZFP350 overexpressing plants when compare to
the wild-type. As shown in Fig. 4a, the germination
rates of transgenic lines, when compared to wild-type,
after treatment with PEG, NaCl, and heat stress were
91.3% to 85.7%, 90% to 65% and 100% to 50%, re-
spectively. In addition, Fig. 4b shows that the stress
treatment had inhibited the initial rooting of all of the
sample plants. Although the length was shortened,
the primary root of the transgenic plants was still sig-
nificantly longer than that of the wild-type. As it is
illustrated in Fig. 4c, under different stress conditions,
the number of adventitious roots in the transgenic
plants was significantly higher than in the case of
the wild-type. What’s more, it can be secen in Fig. 4d
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Figure 4. Response of OsZFP350 overexpressing plants to abiotic stress.

The phenotype of wild-type and transgenic T2 plants (generation of L10) which were treated by 2 d with heat (a), PEG (b) and NaCl
(c); seeds germination rates (d), primary root length (e), adventitious root number (f) and lateral root number (g) of T2 generation of
35S::0sZFP350 and wild-type seedlings of 7 DAG after 36 h of treatment with abiotic stress. Thirty independent transgenic seedlings were
collected. The black (left) and gray (right) column represent the wild-type and overexpression line, respectively, under the same treat-
ment. Asterisk * and ** stand for significant differences at the level of 0.05 and 0.01 in the same group, respectively. Bar=1 cm.

that the number of the lateral roots of the transgenic
plants after different stress treatments was significant-
ly higher than the wild-type. These results show that
the up-regulated expression of OsZFP350 could sig-
nificantly increase the germination rate of seeds under
abiotic stress, and weaken the influence of the heat,
high salinity and drought stress on the growth and
development of rice roots. In general, overexpression
of OsZFP350 significantly increased the adaptability of
rice roots to high salt, drought and heat stress.

Stress-related genes in transgenic plants are
up-regulated in regard to heat, drought
and salinity stress

The morphological characteristics of transgenic rice
roots had clearly revealed substantially improved resist-
ance of OsZFP350 overexpressing plants to drought and
salt stress. It had been shown that overexpression of
such genes could strengthen the tolerance of transgenic
plants to abiotic stresses (Tang ef al, 2019). In order to

elucidate the potential molecular mechanism undetlying
the increased stress tolerance, we finally compared the
expression level of abiotic stress-related genes (OsLLEA3,
OsDREB1A, OsDREBIB and OsHSP70) of transgenic
plants between normal growth and stress conditions. As
is displayed in T'ig. 5, when compared to normal growth
conditions, the expression of OsLEA3, OsDREB7A,
OsDREB2A and OsHSP70 was constitutively elevated
in the transgenic and wild-type plants under drought
and salinity stress conditions. In addtion, the expres-
sion of these genes was significantly higher in the trans-
genic plants than the wild-type plants after treatment
with heat, drought and salinity stress. Interestingly, we
also found that under normal growth conditions, there
was no significant difference in the expression of these
stress-related genes between the transgenic and wild-type
plants, which is consistant with the results listed by Tang
and others (Tang ez al, 2019). These results show that
stress-related genes in the OsZFP350 transgenic plants
are up-regulated in regards to abiotic stresses.
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Figure 5. Overexpression of OsZFP350 in rice enhances the expression level of stress-responsive genes in the transgenic plants.
gRT-PCR analysis of OsLEA3, OsDREB1A, OsDREB1B and OsHSP70 in the wild-type and transgenic rice plants between normal (control) and
drought, salinity and heat stress. Actin was used as an internal control. Datas are means of n=6+S.D. from three biological replicates, and
each with two technical replicates. The asterisks indicate significant differences at P<0.01.

DISCUSSION

To our knowledge, this study is the first to describe
the biofunctional characterization of a rice zinc finger
protein gene, OsZFP350, which plays a role in response
to abiotic stress. During long period of interaction with
environmental cues, rice plants have evolved series of
antagonisms to cope with abiotic stresses. Increased soil
salinity has a direct impact on the reduction of plant
growth and crop yield, and it is therefore fundamental
to understand the molecular mechanism underlying gene
expression regulation under adverse environmental con-
ditions. For example, RING E3 ligases were found to be
involved in the transduction of abiotic stress signals, in
which OsSIRP1 is a negative regulator of salinity stress
tolerance mediated by ubiquitin-mediated protein deg-
radation (Hwang ef al, 2016). OsMADS25 confers rice
salinity tolerance #ia ROS scavenging, and partially ABA
signaling (Yu et al., 2015; G. Zhang et al., 2018; Xu et
al., 2018). OsJAZ1 plays a role in regulating the drought
resistance of rice partially vz the ABA and JA pathways
(Fu et al, 2017). WOXI1 is involved in the control of
crown root development through cytokinin signals and
redox in rice (Zhao e al., 2015; Zhou et al., 2017; Cheng
et al., 2018). Even in regard to ZFPs, OsZFP36 is shown
to be an important regulator of the cross-talk between
NADPH oxidase and ABA signaling (Zhang ez al., 2014).
Although our results had revealed that OsZFP350 plays
a role in the anti-abiotic stress, the molecular mechanism
remains elusive. As a transcription factor, OsZFP35
might directly regulate some certain genes being direc-
tly involved in a given abiotic stress (Fig. 5). Future
work would aim to identify these genes as targets by
yeast two-hybrid assay and/or cofactors of OsZFP350
through yeast single-hybrid or Chip-Seq methods.

The spatio-temporal expression pattern of OsZFP350
indicated that this gene was mainly expressed in roots

at the tillering and heading stages of rice, while the ex-
pression was extremely low in other periods and tissues.
In view of the important roles of root-specific expres-
sing genes, we speculated that OsZFP350 may be closely
related to the growth and morphogenesis of rice roots.
In this study, we used 0.15 M NaCl and 20% PEG to
mock the salt and drought stresses to rice seedlings. It
was found that the expression of OsZFP350 in roots of
rice seedlings was significantly increased with regard to
PEG and NaCl (Fig. 2b). Therefore, we propose that
the up-regulated expression of OsZFP350 might raise
the resistant potential of rice plants to high salt, drought
or even heat stress. In general, heat or cold stress is
often coupled with drought and high salinity, so that
OsZFP350 expression was significantly increased under
high temperature, but there was no induction at a low
temperature. Thus, it cannot be ruled out that OsZFP350
might also play a role under high temperature conditions
in rice, as the heat stress marker gene HSP70 is also
up-regulated in transgenic plants.

Extensive publications have recently reviewed that
ABA signaling is involved in the regulation of abio-
tic stress in plants (Julkowska & Testerink, 2015; de
Zelicourt et al., 2016; Edel & Kudla, 2016). Given that
OsZFP350 was induced by the salt and drought stresses,
it was possible that it might play a role in root mor-
phogenesis through the ABA signaling. However, after
treatment with IAA, ABA, and GA for 36 h respec-
tively, the roots of rice seedlings showed inhibited ex-
pression of OsZFP350 by both, IAA and ABA, but not
GA (Fig. 2b). This suggested that OsZFP350 might
participate in the development of rice roots through an
ABA-independent signaling pathway, but the GA signa-
ling.

%t was also found in this work that after treatment
with PEG, NaCl and heat stress, the transgenic plants
showed stronger environmental adaptability and high-
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er germination rate when compared to the wild-type
(Fig. 4). It had been reported that overexpression of
OsNACT0 under the control of the root-specific pro-
moter RCr3 improves drought tolerance and grain yield
in transgenic rice plants (RCe3:0sNACT70) under field
drought conditions (Jeong ez al., 2010). The overexpres-
sion of OsZIP350 resulted in a robust root system in
transgenic rice plants under abiotic stress conditions,
which would be beneficial to increase rice yield. In sum-
mary, our experiments have provided important applica-
tion prospects for the development of a stress-tolerant
rice genotype.

Conflict of interest

The authors declare no conflict of interest.

REFERENCES

Boonyaves K, Gruissem W, Bhullar NK (2016) NOD promoter-con-
trolled AtIRT1 expression functions synergistically with NAS and
FERRITIN genes to increase iron in rice grains. Plant Mol Biol 90:
207-215. https:/ /doi.org/10.1007/s11103-015-0404-0

Cheng S, Tan F, Lu Y, Liu X, Li T, Yuan W, Zhao Y, Zhou DX
(2018) WOXI11 recruits a histone H3K27me3 demethylase to pro-
mote gene expression duting shoot development in rice. Nucleic Ac-
ids Res 46: 2356-2369. https://doi.org/10.1093/nar/gky017

Coudert Y, Perin C, Courtois B, Khong NG, Gantet P (2010) Genetic
control of root development in rice, the model cereal. Trends Plant
Sei 15: 219-226. https://doi.org/10.1016/].tplants.2010.01.008

de Zelicourt A, Colcombet J, Hirt H (2016). The role of MAPK mod-
ules and ABA during abiotic stress signaling. Trends Plant Sci 21:
677-685. https://doi.org/10.1016/j.tplants.2016.04.004

Dindas J, Scherzer S, Roelfsema M, von Meyer K, Muller HM, Al-
Rasheid K, Palme K, Dietrich P, Becker D, Bennett MJ, Hedrich R
(2018) AUXI1-mediated root hair auxin influx governs SCF(TIR1/
AFB)-type Ca(2+) signaling. Nat Commun 9: 1174. https://doi.
org/10.1038/s41467-018-03582-5

Dinkins R, Pflipsen C, Thompson A, Collins GB (2002) Ectopic ex-
pression of an Arabidopsis single zinc finger gene in tobacco re-
sults in dwarf plants. Plant Cell Physiol 43: 743-750. https://doi.
org/10.1093/pep/pcf086

Duan J, Cai W (2012) OsLEA3-2, an abiotic stress induced gene of
rice plays a key role in salt and drought tolerance. PLoS One 7:
e45117. https://doi.org/10.1371/journal.pone.0045117

Edel KH, Kudla | (2016) Integration of calcium and ABA signal-
ing. Curr Opin Plant Biol 33: 83-91. https://doi.org/10.1016/j.
pbi.2016.06.010

Fu J, Wu H, Ma §, Xiang D, Liu R, Xiong L (2017) OsJAZ1 Attenu-
ates drought resistance by regulating JA and ABA signaling in rice.
Front Plant Sci 8: 2108. https://doi.org/10.3389/fpls.2017.02108

Gao S, Fang |, Xu F, Wang W, Sun X, Chu J, Cai B, Feng Y, Chu C
(2014) Cytokinin oxidase/dehydrogenase 4 integrates cytokinin and
auxin signaling to control rice crown root formation. Plant Physiol
165: 1035-1046. https://doi.org/10.1104/pp.114.238584

Gonzalez LE, Keller K, Chan KX, Gessel MM, Thines BC (2017)
Transcriptome analysis uncovers Arabidopsis F-box stress induced 1
as a regulator of jasmonic acid and abscisic acid stress gene expres-
sion. BMC Genomies 18: 533. https://doi.org/10.1186/s12864-017-
3864-6

Harshavardhan VT, Van Son L, Seciler C, Junker A, Weigelt-Fischer
K, Klukas C, Altmann T, Sreenivasulu N, Baumlein H, Kuhlmann
M (2014) AtRD22 and AtUSPL1, members of the plant-specific
BURP domain family involved in Arabidopsis thaliana drought tol-
erance. PLoS One 9: ¢110065. https://doi.org/10.1371/journal.
pone.0110065

Hossain MS, Kawakatsu T, Kim KD, Zhang N, Nguyen CT, Khan
SM, Batek JM, Joshi T, Schmutz J, Grimwood ], Schmitz R]J, Xu
D, Jackson SA, Ecker JR, Stacey G (2017) Divergent cytosine DNA
methylation patterns in single-cell, soybean root hairs. New Phyto/
214: 808-819. https://doi.org/10.1111/nph.14421

Hwang SG, Kim JJ, Lim SD, Park YC, Moon JC, Jang CS (2016) Mo-
lecular dissection of Oryza sativa salt-induced RING Finger Protein
1 (OsSIRP1): possible involvement in the sensitivity response to
salinity stress. Physio/ Plant 158: 168-179. https://dot.org/10.1111/
ppl.12459

Imbeault M, Helleboid PY, Trono D (2017) KRAB zinc-finger pro-
teins contribute to the evolution of gene regulatory networks. Na-
ture 543: 550-554. https://doi.org/10.1038/nature21683

Jeong JS, Kim YS, Back KH, Jung H, Ha SH, Do CY, Kim M, Re-
uzeau C, Kim JK (2010) Root-specific expression of OsNAC10 im-

proves drought tolerance and grain yield in rice under field drought
conditions. Plant Physio/ 153: 185-197. https://doi.org/10.1104/
pp.110.154773

Jiang H, Wang S, Dang I, Wang S, Chen H, Wu Y, Jiang X, Wu P
(2005) A novel short-root gene encodes a glucosamine-6-phos-
phate acetyltransferase required for maintaining normal root cell
shape in rice. Plant Physiol 138: 232-242. https://doi.org/10.1104/
pp-104.058248

Julkowska MM, Testerink C (2015) Tuning plant signaling and
growth to survive salt. Trends Plant Sci 20: 586-594. https://doi.
0rg/10.1016/j.tplants.2015.06.008

Kazama Y, Fujiwara MT, Koizumi A, Nishihara K, Nishiyama R, Ki-
fune E, Abe T, Kawano S (2009) A SUPERMAN-like gene is ex-
clusively expressed in female flowers of the dioecious plant Silene
latifolia. Plant Cell Physiol 50: 1127-1141. https://doi.org/10.1093/
pep/pep064

Khan E, Gupta M (2018) Arsenic-silicon priming of rice (Oryza sa-
tiva L.) seeds influence mineral nutrient uptake and biochemical
responses through modulation of Lsi-1, Lsi-2, Lsi-6 and nutri-
ent transporter genes. So Rep 8: 10301. https://doi.org/10.1038/
s41598-018-28712-3

Kitomi Y, Ito H, Hobo T, Aya K, Kitano H, Inukai Y (2011) The
auxin responsive AP2/ERF transcription factor CROWN ROOT-
LESS5 is involved in crown root initiation in rice through the
induction of OsRR1, a type-A response regulator of cytokinin
signaling. Plant | 67: 472-484. https://doi.org/10.1111/1.1365-
313X.2011.04610.x

Kobayashi NI, Yamaji N, Yamamoto H, Okubo K, Ueno H, Costa
A, Tanoi K, Matsumura H, Fujii-Kashino M, Horiuchi T, Nayef
MA, Shabala S, An G, Ma JF, Horie T (2017) OsHKT1;5 medi-
ates Na(+) exclusion in the vasculature to protect leaf blades and
reproductive tissues from salt toxicity in rice. Plant | 91: 657-670.
https://doi.org/10.1111/tpj.13595

Lee DK, Jung H, Jang G, Jeong JS, Kim YS, Ha SH, Do CY, Kim JK
(2016) Overexpression of the OsERF71 Transcription Factor Alters
Rice Root Structure and Drought Resistance. Plant Physiol 172: 575—
588. https://doi.org/10.1104/pp.16.00379

Moons A (2003) Osgstu3 and osgtu4, encoding tau class glutathione S-
transferases, are heavy metal- and hypoxic stress-induced and differ-
entially salt stress-responsive in rice roots. FEBS Lett 553: 427—432.
https://doi.org/10.1016/s0014-5793(03)01077-9

Parry G (2018) Low phosphate puts auxin in the root hairs. Trends
Plant Sci 23: 845-847. https://doi.org/10.1016/j.tplants.2018.07.009

Patel A, Yang P, Tinkham M, Pradhan M, Sun MA, Wang Y, Hoang
D, Wolf G, Horton JR, Zhang X, Macfarlan T, Cheng X (2018)
DNA conformation induces adaptable binding by tandem zinc
finger proteins. Cel/ 173: 221-233.e12. https://dol.org/10.1016/j.
cell.2018.02.058

Prunet N, Yang W, Das P, Meyerowitz EM, Jack TP (2017) SUPER-
MAN prevents class B gene expression and promotes stem cell
termination in the fourth whotl of Arabidopsis thaliana fowers. Proc
Natl Acad Sei U S A 114: 7166-7171. https://doi.org/10.1073/
pnas.1705977114

Street IH, Mathews DE, Yamburkenko MV, Sorooshzadeh A, John
RT, Swarup R, Bennett MJ, Kieber JJ, Schaller GE (2016a) Cyto-
kinin acts through the auxin influx carrier AUX1 to regulate cell
clongation in the root. Development 143: 3982-3993. https://doi.
org/10.1242/dev.132035

Street IH, Mathews DE, Yamburkenko MV, Sorooshzadeh A, John
RT, Swarup R, Bennett MJ, Kieber JJ, Schaller GE (2016b) Cyto-
kinin acts through the auxin influx carrier AUX1 to regulate cell
clongation in the root. Development 143: 3982-3993. https://doi.
org/10.1242/dev.132035

Sun B, Xu Y, Ng KH, Ito T (2009) A timing mechanism for stem cell
maintenance and differentiation in the Arabidopsis floral meristem.
Genes Dev 23: 1791-804. https://doi.org/10.1101/gad. 1800409

Sun HW, Tao JY, Bi Y, Hou MM, Lou JJ, Chen XN, Zhang XH, Luo
L, Xie XN, Yoneyama K, Zhao QZ, Xu GH, Zhang YL (2018)
OsPIN1b is involved in rice seminal root elongation by regulating
root apical meristem activity in response to low nitrogen and phos-
phate. S/ Rep (2018) 8: 13014. https://doi.org/10.1038/s41598-018-
29784-x

Tang Y, Bao X, Zhi Y, Wu Q, Guo Y, Yin X, Zeng L, Li ], Zhang ],
He W, Liu W, Wang Q, Jia C, Li Z, Liu K (2019) Overexpression
of a MYB family gene, OsMYBG, increases drought and salinity
stress tolerance in transgenic rice. Front Plant Seci 10: 168. https://
doi.org/10.3389/fpls.2019.00168

Xu N, Chu Y, Chen H, Li X, Wu Q, Jin L, Wang G, Huang ] (2018)
Rice transcription factor OsMADS25 modulates root growth and
confers salinity tolerance via the ABA-mediated regulatory path-
way and ROS scavenging. PLoS Genet 14: ¢1007662. https://doi.
org/10.1371 /journal pgen.1007662

Yu C, Liu Y, Zhang A, Su S, Yan A, Huang L, Ali I, Liu Y, Forde
BG, Gan Y (2015) MADS-box transcription factor OsMADS25
regulates root development through affection of nitrate accumula-


https://doi.org/10.1007/s11103-015-0404-0
https://doi.org/10.1093/nar/gky017
https://doi.org/10.1016/j.tplants.2010.01.008
https://doi.org/10.1016/j.tplants.2016.04.004
https://doi.org/10.1038/s41467-018-03582-5
https://doi.org/10.1038/s41467-018-03582-5
https://doi.org/10.1093/pcp/pcf086
https://doi.org/10.1093/pcp/pcf086
https://doi.org/10.1371/journal.pone.0045117
https://doi.org/10.1016/j.pbi.2016.06.010
https://doi.org/10.1016/j.pbi.2016.06.010
https://doi.org/10.3389/fpls.2017.02108
https://doi.org/10.1104/pp.114.238584
https://doi.org/10.1186/s12864-017-3864-6
https://doi.org/10.1186/s12864-017-3864-6
https://doi.org/10.1371/journal.pone.0110065
https://doi.org/10.1371/journal.pone.0110065
https://doi.org/10.1111/nph.14421
https://doi.org/10.1111/ppl.12459
https://doi.org/10.1111/ppl.12459
https://doi.org/10.1038/nature21683
https://doi.org/10.1104/pp.110.154773
https://doi.org/10.1104/pp.110.154773
https://doi.org/10.1104/pp.104.058248
https://doi.org/10.1104/pp.104.058248
https://doi.org/10.1016/j.tplants.2015.06.008
https://doi.org/10.1016/j.tplants.2015.06.008
https://doi.org/10.1093/pcp/pcp064
https://doi.org/10.1093/pcp/pcp064
https://doi.org/10.1038/s41598-018-28712-3
https://doi.org/10.1038/s41598-018-28712-3
https://doi.org/10.1111/j.1365-313X.2011.04610.x
https://doi.org/10.1111/j.1365-313X.2011.04610.x
https://doi.org/10.1111/tpj.13595
https://doi.org/10.1104/pp.16.00379
https://doi.org/10.1016/s0014-5793(03)01077-9
https://doi.org/10.1016/j.tplants.2018.07.009
https://doi.org/10.1016/j.cell.2018.02.058
https://doi.org/10.1016/j.cell.2018.02.058
https://doi.org/10.1073/pnas.1705977114
https://doi.org/10.1073/pnas.1705977114
https://doi.org/10.1242/dev.132035
https://doi.org/10.1242/dev.132035
https://doi.org/10.1242/dev.132035
https://doi.org/10.1242/dev.132035
https://doi.org/10.1101/gad.1800409
https://doi.org/10.1038/s41598-018-29784-x
https://doi.org/10.1038/s41598-018-29784-x
https://doi.org/10.3389/fpls.2019.00168
https://doi.org/10.3389/fpls.2019.00168
https://doi.org/10.1371/journal.pgen.1007662
https://doi.org/10.1371/journal.pgen.1007662

190 Z. Kan and others

2019

tion in rice. PLaS One 10: ¢0135196. https://doi.org/10.1371/jour-
nal.pone.0135196

Zhang C, Simpson R]J, Kim CM, Warthmann N, Delhaize E, Dolan L,
Byrne ME, Wu Y, Ryan PR (2018) Do longer root hairs improve
phosphorus uptake? Testing the hypothesis with transgenic Brachy-
podium distachyon lines overexpressing endogenous RSL genes.
New Phytol 217: 1654-1666. https://doi.org/10.1111/nph.14980

Zhang G, Xu N, Chen H, Wang G, Huang J (2018) OsMADS25 regu-
lates root system development via auxin signalling in rice. Plant |
95: 1004-1022. https://doi.org/10.1111/tpj.14007

Zhang H, Liu Y, Wen F, Yao D, Wang L, Guo J, Ni L, Zhang A,
Tan M, Jiang M (2014) A novel rice C2H2-type zinc finger protein,
ZFP36, is a key player involved in abscisic acid-induced antioxidant
defence and oxidative stress tolerance in rice. | Exp Bot 65: 5795—
5809. https://doi.org/10.1093/jxb/eru313

Zhang S, Pan Y, Tian W, Dong M, Zhu H, Luan S, Li L. (2017) Arabi-
dopsis CNGC14 mediates calcium influx required for tip growth

in root hairs. Mo/ Plant 10: 1004-1006. https://doi.org/10.1016/j.
molp.2017.02.007

Zhang 7, Zhang Y, Zhao H, Huang F, Zhang Z, Lin W (2017) The
important functionality of 14-3-3 isoforms in rice roots revealed
by affinity chromatography. | Proteomics 158: 20-30. https://doi.
org/10.1016/j.jprot.2017.02.008

Zhao Y, Cheng S, Song Y, Huang Y, Zhou S, Liu X, Zhou DX (2015)
The interaction between rice ERF3 and WOXI11 promotes crown
root development by regulating gene expression involved in Cyto-
kinin Signaling. Plant Cell 27: 2469-2483. https://doi.org/10.1105/
tpc.15.00227

Zhou S, Jiang W, Long F, Cheng S, Yang W, Zhao Y, Zhou DX
(2017) Rice homeodomain protein WOXI11 recruits a histone
acetyltransferase complex to establish programs of cell prolifera-
tion of crown root metistem. Plant Cell 29: 1088-1104. https://doi.
org/10.1105/tpc.16.00908


https://doi.org/10.1371/journal.pone.0135196
https://doi.org/10.1371/journal.pone.0135196
https://doi.org/10.1111/nph.14980
https://doi.org/10.1111/tpj.14007
https://doi.org/10.1093/jxb/eru313
https://doi.org/10.1016/j.molp.2017.02.007
https://doi.org/10.1016/j.molp.2017.02.007
https://doi.org/10.1016/j.jprot.2017.02.008
https://doi.org/10.1016/j.jprot.2017.02.008
https://doi.org/10.1105/tpc.15.00227
https://doi.org/10.1105/tpc.15.00227
https://doi.org/10.1105/tpc.16.00908
https://doi.org/10.1105/tpc.16.00908

