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Abstract

Osmotic stress causes a series of morphological, physiological, biochemical, and molecular changes that alters plant
growth, development, and productivity around the globe. Phytohormones, nutrients, and transcription factors may
induce adaptive responses to osmotic stress in plants. We evaluated the effect of osmotic stress induced by 18.5 %
polyethylene glycol (PEG) or 100 mM NaCl on growth, content of abscisic acid (ABA), chlorophyll (Chl), sodium, and
potassium, and the expression of multifunctional NAC transcription factors in rice cultivars (the salt-tolerant Cotaxtla
and salt-sensitive Tres Rios). The PEG and NaCl decreased shoot height and increased ABA content in both cultivars,
and reduced root length in cv. Tres Rios. The PEG increased Chl content in cv. Cotaxtla leaves. NaCl reduced shoot K
content in cv. Tres Rios and increased shoot and root Na* content in both cultivars, thus resulting in a decreased K'/Na"
ratio. Of the 57 NAC genes evaluated, two of them were repressed (Osl0g42130 and Os07g04560) and two other
induced (Os02¢34970 and OsNACI10) in cv. Cotaxtla in response to PEG, whereas three of them were repressed
(Os10g42130, Os07g04560 and Os08g10080), and six induced (Os02g56600, Os02g34970, Os11g08210, Os05g34830,
OsNAC6, and OsNAC10) in response to NaCl. In the cv. Tres Rios, we found two genes repressed (Os10g42130 and
Os07g04560), and five induced (Os08g33910, Os03g60080, Os06g51070, OsNAC6, and OsNACI10) in response to
PEG, while only two genes were repressed (Os/0g42130 and Os07g04560) but 13 induced (Os03g21060, Os08g39110,
Os03g60080, Os01g15640, Os06g51070, Os09g33490, Os04g40130, Os12g29330, Os02g36880, Oslig08210,
Os05g34830, OsNAC6, and OsNAC10) by NaCl. Osmotic stress affected more severely cv. Tres Rios than cv. Cotaxtla
plants. These different responses might be regulated by ABA and NAC transcription factors.

Additional key words: NaCl, Oryza sativa, polyethylene glycol, RT-PCR, transcription factors.

Introduction

Drought and salinity can trigger cellular dehydration in
plants. In addition to osmotic stress, salinity counteracts
plant growth due to the toxic effect of Na" within the cell
(Munns and Tester 2008). Adaptations to stresses are
regulated by genes that alter plant metabolism and growth
(Conde et al. 2011). One of the most important responses
to osmotic stress is the biosynthesis of the phytohormone
abscisic acid (ABA). Osmotic stress triggers ABA-
dependent and ABA-independent signaling pathways
leading to different responses of plants to drought and

salinity (Agarwal and Jha 2010).

At the molecular level, responses to osmotic stress are
of multigenic character. Thanks to high throughput
approaches, numerous genes that respond to osmotic
stress have been reported. It has been found that some of
them are involved in protection of plants from
dehydration by regulating signal perception, transduction,
and response networks (Pandey and Shukla 2015).
Transcription factors (TF) are key proteins that regulate
gene expression at the transcription level (Shiriga
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et al. 2014). A single TF can control the expression of
many target genes through its specific binding to
cis-acting elements located in the promoter of the
respective target genes (Nakashima ef al. 2007).

The NAC (NAM, ATAF, and CUC) gene family is one
of the TF families found only in plants. It contains a
highly conserved DNA-binding domain located in the
N-terminal region and a diversified activation domain at
the C-terminal region which can act as either a
transcriptional activator or repressor (Shen et al. 2009).
NAC TF are multi-functional proteins with various roles
in the life cycle of plants, such as cotyledon development
(Aida et al. 1997), lateral root development (He et al.
2005), flower formation (Sablowski and Meyerowitz
1998), hormone signaling (Greve et al. 2003), pathogen
infection (Nakashima et al. 2007, Shan et al. 2016), cell
division (Kim et al. 2006), seed development (Sperotto
et al. 2009), senescence (Balazadeh er al. 2008), and
response to various abiotic stresses (Hu er al. 2006,
Nakashima et al. 2007, Shiriga et al. 2014).
Bioinformatic analyses have predicted the existence of
NAC genes in important crop and model plants, including
163 genes in poplar, 152 each in soybean, maize and
tobacco, 151 in rice, 117 in Arabidopsis thaliana, 96 in
cassava, 82 in melon, 79 in grape and mulberry, 77 in
cotton, 48 in barley, 37 in maritime pine and 26 in citrus
(Christiansen et al. 2011, Le et al. 2011, Nuruzzaman
et al. 2010, 2015, Shiriga et al. 2014, Wei et al. 2016,
Zhao et al. 2016). Importantly, an increasing number of
NAC genes have been characterized so far. In rice, a NAC
gene SNACI has been identified in response to osmotic
stress; overexpression of this gene lead to increased
drought tolerance by modulating stomatal closure (Hu
et al. 2006). Another gene, OsNAC6/SNAC?2, is induced
by abiotic stress and jasmonic acid and overexpression of

Materials and methods

We used two rice (Oryza sativa L. ssp. indica) cultivars,
Cotaxtla and Tres Rios, obtained from the Germplasm
Bank of the National Institute of Forestry, Agriculture
and Livestock Research  (INIFAP), Zacatepec
Experimental Field, Mexico (18°39” N.L. , 99°12° W.L.,
910 m asl). The experiment was conducted in a sawtooth-
type greenhouse at the Colegio de Postgraduados Campus
Montecillo Experimental Station (19°20° N.L., 98°53’
W.L., 2250 m asl). The seeds of both cultivars were
surface sterilized and germinated before sowing, and 14 d
after being 3planted, seedlings were transferred to vessels
with 9 dm” of Yoshida nutrient solution (Yang et al.
1994), according to the procedure described previously
(Garcia-Morales et al. 2012). We evaluated the
application of 18.5 % (m/v) PEG 6000 and 100 mM
NacCl; the both treatments having an osmotic potential of
-0.44 MPa. The application of treatments began 20 d after
transferring plants to hydroponic solution; control plants
grew simultaneously in Yoshida nutrient solution with an
osmotic potential of -0.035 MPa. Osmotic potential was
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this gene results in an increase in rice tolerance to cold,
drought, and salinity (Hu et al. 2008). Further, the
OsNAC6 gene functions as a transcriptional activator in
response to biotic and abiotic stresses in plants. Rice
plants that constitutively overexpress the OsNAC6 gene
show increased tolerance to dehydration and salinity
(Nakashima 2007). Overexpression of the OsNAC045
gene also results in increased tolerance to drought and
salinity (Zheng et al. 2009). Root-specific overexpression
of OsNACI0 increases root development, improves
drought tolerance, and significantly increases grain yield
of rice plants under field drought (Jeong et al. 2010).
Similarly, the overexpression of OsNACS5 results in
higher tolerance to drought and increased rice grain yield
under field conditions (Jeong et al. 2013). Importantly,
recent reports confirm the pivotal role of NAC TF in
osmotic stress tolerance not only in rice (Fang et al. 2015,
Ghosh et al. 2016, Hong et al. 2016), but also in other
species including Arabidopsis (Chen et al. 2016, Oda-
Yamamizo et al. 2016, Sakuraba et al. 2016), cotton (Liu
et al. 2014), chickpea (Yu et al. 2016), and wheat (Zhang
et al. 2016). Moreover, NAC proteins have been
implicated in fruit maturation in tomato (Kou et al.
2016), pathogen resistance in banana (Shan et al. 2016),
and early aging in cotton (Zhao et al. 2016).

In this study we aimed to evaluate the effect of
osmotic stress caused either by 18.5 % PEG or 100 mM
NaCl on plant growth, endogenous ABA, content of Na"
and K" in leaves and roots, as well as the expression of
NAC TF in order to determine the possible mechanisms
that differentiate responses between contrasting rice
cultivars. We also aimed to generate data on novel NAC
genes as potential candidates to develop tolerance to
osmotic stress in crop plants in the future.

determined by the Van't Hoff osmotic pressure equation,
using a VAPRO® vapor pressure osmometer (Wescor,
Logan, UT, USA) (Bartlett et al. 2012).

For gene expression analysis, samples were taken 6 h
after application of treatments. The second and third fully
expanded leaves were sampled, and leaves of three plants
were mixed and considered as a biological replicate.
Total RNA was isolated using the SV Total RNA
isolation kit (Promega, Madison, WI, USA), which
includes treatment with DNAse 1. For reverse
transcription, the enzyme SuperScript II™ RT
(Invitrogen, Carlsbad, CA, USA) was used. We selected
57 TF primer pairs of the NAC family from a platform
reported by Caldana et al. (2007). In addition, the
OsNAC10 gene (Os11g03300; AK069257) was included
as a positive control of the expression (Jeong ef al. 2010).
Reverse transcription quantitative PCR (RT-qPCR) was
performed as described by Caldana et al. (2007) and
Garcia-Morales et al. (2014) in an ABI PRISM 7900 HT
sequence detector system (Applied Biosystems, Foster



City, CA, USA), using SYBR Green PCR Master Mix 2x
(Life Technologies, Carlsbad, CA, USA), 250 nM of each
gene-specific primer, and 10 ng of cDNA template. The
gene elongation factor la (Os03g55270) was used as a
reference gene for gene expression analysis. All analyses
were performed with three technical replicates and three
biological replicates. The relative expression of each gene
was calculated according to the 2*“' method (Schmittgen
and Livak 2008). In accordance with Le ef al. (2011), and
considering the biological significance of the differential
expression in this study, we adopted a cut-off value of
2-fold when analyzing stress induction or repression.

The plants were harvested 6 d after application of
treatments, separated into shoots and roots, and their
length and fresh matter (f.m.) were determined. Root
length was measured from the crown of the root to the tip
of the longest root. Shoot height was measured from the
crown of the plant to the apex of the flag leaf. Dry matter
(d.m.) was estimated 48 h after drying the samples at 70
°C in a forced-air circulation oven.

The content of ABA was determined in the 2™ and 3™
leaves, 48 h after application of treatments. Then, 50 mg
of lyophilized material was taken and 2 cm® of 90 % (v/v)
acetone solution was added. Subsequently, the samples
were shaken in an ultrasonic bath at 10 °C for 12 min
following the protocol described by Olivella et al. (2001).
The extracts were separated by thin layer chromatography

Results and discussion

The effects of osmotic stress caused by the application of
18.5 % PEG 6000 and 100 mM NaCl in hydroponics
were tested in rice cultivars Cotaxtla and Tres Rios. We
previously reported that these cultivars display
contrasting responses to salinity (Garcia-Morales et al.
2012, 2014), being cv. Cotaxtla salt tolerant and cv. Tres
Rios salt sensitive. The plants (30-d-old) were subjected
to both stresses for 6 d and shoot height, root length, as
well as shoot and root dry matter were determined
(Fig. 14-D). Water content was reduced in both cultivars
exposed to PEG to 3.15 g(H,0) g'(d.m.) in comparison
to control plants, where it was 3.69 g(H,0) g'(d.m.),
whereas plants exposed to NaCl displayed water content
of 3.53 g(H,0) g'(d.m.) similar to control plants. In both
cultivars, shoot height was adversely affected (Fig. 14)
and a lower height was observed in plants under osmotic
stress. Regarding root length, only in the cv. Tres Rios a
significant reduction in root length under osmotic stress
compared to the control was found (Fig. 1B). In previous
studies, we reported similar results in rice seedlings
exposed to 100 mM NaCl, where the cv. Cotaxtla plants
maintained root growth, whereas in the cv. Tres Rios it
was significantly reduced (Garcia-Morales et al. 2012,
2014). Furthermore, here we found that the osmotic stress
caused by 18.5 % PEG also reduced shoot height in both
cultivars, whereas root length was only affected in the
cv. Tres Rios. Similarly, it was found that both 18.5 %
PEG and 100 mM NacCl reduced shoot dry mass in both
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(TLC, silica gel 60 F254 Multiformat pre-scored to 5 x 5,
Merk, Darmstadt, Germany) and then analyzed by high
performance liquid chromatography (HPLC) (Agilent
Technologies, Waldbronn, Germany) at 266 nm. In the
separation, the reverse phase was used in the SB-C§
column (250 x 4.6 mm, 5 um, Zorbax, Santa Clara, CA,
USA). The mobile phase was a mixture of acetonitrile (40
%, v/v) and 0.01 % (v/v) trifluoroacetic acid (40:60) at
pH 2.95 under an isocratic method, and a flow rate of 1
ecm’ min'. Chlorophyll content was determined
spectrophotometrically according to Arnon (1949) using
90 % (v/v) acetone solution for extraction.

To determine content of Na" and K, plants were
divided into shoots and roots. The dried samples were
ground, weighed, and subjected to wet digestion with a
mixture of perchloric and nitric acids; extracts were read
on an inductively coupled plasma-optic emission
spectrometer  (725-ES  model, Agilent ICP-OES,
Mulgrave, Victoria, Australia).

The results were analyzed using the SAS/STAT
statistical package (v. 9.1; SAS Institute Inc., Cary, NC,
USA). All data are presented as means + standard
deviations (SDs) from at least three independent
replicates. Significant differences between treatments
were calculated by two-way ANOVA following Tukey’s
test at a = 0.05.

cultivars (Fig. 1C). In the cv. Cotaxtla, root dry mass was
significantly reduced only by the exposure to NaCl,
probably due to the toxic effect of Na', whereas in the
cv. Tres Rios both stress agents significantly reduced root
dry mass (Fig. 1D). This lower biomass production has
also been reported in the rice genotypes Zhenshan97B
and IRAT109, which were subjected to osmotic stress for
20 d, resulting in a significant decrease in root dry mass
and plant height. However, the genotype IRATI109
showed greater root growth and root depth, which could
be considered as a tolerance mechanism against drought
(Ji et al. 2012). The fact that the shoot growth was found
to be more affected than the root growth is consistent
with other studies. Accordingly, maintaining root growth
under osmotic stress conditions is considered an
important feature of adaptation to stress, due to increasing
the ability to absorb water from greater depth and thus
securing the survival of the whole plant (Rodrigues et al.
1995, Ji et al. 2014). Souleymane et al. (2016) evaluated
20 rice genotypes under salinity, showing that the most
tolerant ones produced more dry matter during the
vegetative growth, which is in agreement with our results
(Fig. 1C,D). Thus, manipulating the growth of roots
enables the development of new biotechnological
strategies, which in turn can help mitigate the impact of
abiotic stressors related to dehydration.

It has been found that the endogenous ABA content
increases under stresses such as drought and salinity (Du
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et al. 2010). Accordingly, here we found a significant
increase in ABA content in both cultivars grown in PEG
or NaCl as compared to the control. The highest ABA
content was in the cv. Tres Rios treated with 100 mM
NaCl. Similar results have been obtained in other rice
cultivars. For example, Kumar et al. (2013) found that in

the cv. Moroberekan exposed to drought stress for 3 d,
ABA content increased dramatically in rice peduncles. A
similar increase in the ABA content was observed in
leaves of the wheat cvs. CS and SQ1 under osmotic stress
induced by PEG for 7 d (Marcinska ef al. 2013).
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Fig. 1. Shoot height (4), root length (B), shoot dry mass (C), and root dry mass (D) in seedlings of the rice cultivars Cotaxtla and
Tres Rios. The seedlings (30-d-old) were grown hydroponically under two osmotic stress agents (18.5 % PEG or 100 mM NaCl) for
6 d. Means £ SDs, n = 9. Different letters indicate statistically significant differences at o < 0.05 according to Tukey's test.

Total Chl content was also determined. The Chl
content in cv. Cotaxtla significantly increased when it
was exposed to PEG for 48 h. By contrast, the cv. Tres
Rios showed no changes in Chl content under stress
conditions (Fig. 2B). Conversely, Shobbar et al. (2012)
reported greater adverse effects caused by salinity
(150 mM NaCl) and osmotic stress (100 and 180 mM
mannitol) on Chl content in the sensitive genotype IR29
than in the tolerant genotype FL478. These differences
can be attributed to the NaCl concentrations used
(i.e., 100 mM vs. 150 mM), the osmotic agents used
(i.e., mannitol vs. PEG), and genotypes. Paradoxically,
ABA has been reported as a senescence inducer (Criado
et al. 2007) and senescence is characterized by the
breakdown of Chl and disintegration of chloroplasts
(Balazadeh et al. 2008). However, the onset and progress
of this process can be influenced by different growth
regulators and stress conditions (Sperotto et al. 2009),
among which osmotic stress caused by drought and
salinity stands out. In our study, this relationship was not
found, since the cv. Tres Rios (stress sensitive) had the
highest ABA content and showed no change in Chl
content. However, the increase in Chl content could be
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also explained as a compensatory mechanism to maintain
photosynthetic activity under osmotic stress (Shobbar
et al. 2012). Although ABA may trigger complex
biochemical networks in response to abiotic stresses,
including chloroplast disintegration, reduced photo-
synthetic activity, and senescence, plant cells may
counteract such damage by activating different tolerance
mechanisms such as the induction of TF gene expression.
In fact, the genes ONAC022 (Hong et al. 2016),
ANAC046 (Oda-Yamamizo et al. 2016), NACOI6
(Sakuraba et al. 2016), VviNACI (Rattanakon et al.
2016), and GhANACI2 (Zhao et al. 2016) mediate ABA-
dependent stress responses, whereas the gene SNAC3
regulates stress responses in an ABA-independent
manner (Fang et al. 2015).

In the cv. Cotaxtla, the shoot K content remained
without significant changes in PEG solution compared to
the control, although an evident increase under 100 mM
NaCl was observed. In the cv. Tres Rios, the K* content
was also unaffected by PEG, but a significant decrease
was found with 100 mM NaCl (Fig. 34). Similar results
were observed in cv. IR64, wherein the K™ content is
unaffected by PEG, but it is significantly reduced under



NaCl treatment (Castillo e al. 2007). On the other hand,
the results observed in the present study are consistent
with the findings previously reported by our working
group (Garcia-Morales et al. 2012). Accordingly, under
salt stress conditions, the K content in shoots increased

RICE AND OSMOTIC STRESS

in the cv. Cotaxtla, whereas in the cv. Tres Rios it was
significantly reduced. Regarding K™ content in roots, it
decreased significantly in both cultivars after the
application of NaCl or PEG (Fig. 3B).
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Fig. 2. ABA (A4) and total chlorophyll (B) content in leaves of rice cultivars Cotaxtla and Tres Rios. The seedlings (30-d-old) were
grown hydroponically under two osmotic stress agents (18.5 % PEG or 100 mM NacCl) for 48 h, then the first two newly-developed
leaves were taken for analysis. Means + SDs, n = 3. Different letters indicate statistically significant differences at o < 0.05 according

to Tukey's test.

As expected, a significant increase in shoot and root
Na' content was observed under salt stress in both
cultivars (Fig. 3C,D). However, the root Na’ content was
higher in the cv. Cotaxtla (Fig. 3D) than in the cv. Tres
Rios. This result is similar to that observed in rice
cultivars IR29 and FL478 exposed to 150 mM NacCl and
different concentrations of mannitol (Shobbar et al.
2012). Furthermore, Castillo et al. (2007) also reported
increased shoot Na™ content in the cv. IR64 grown under
salt stress, but no effect of PEG on Na" absorption.

Under suitable environmental conditions, plants
maintain a high K'/Na' ratio, and strategies to keep this
ratio high include the exclusion of cytosolic Na" and/or
Na' compartmentalization, mainly into the vacuole
(Blumwald 2000). Plants exposed to salinity for
prolonged periods tend to show symptoms of K'
deficiency due to either decreased absorption or less
retention of this nutrient in the different tissues, and at the
same time plants exhibit a greater accumulation of Na'.
This leads to a decrease in the K'/Na' ratio and thus a
disruption of some physiological and biochemical
processes, especially in actively growing plant tissues
(Chakraborty et al. 2016). Therefore, the maintenance of
a high K'/Na' ratio is an important mechanism of
tolerance to salinity (Wakeel 2013, Shabala et al. 2015).
A decrease in the cytosolic K'/Na' ratio under salt stress
is characterized by an increase in the Na' influx and a K"
efflux from plant cells (Wakeel 2013). Therefore, under
salt stress conditions, higher K availability favors the
activity of high affinity potassium transporters (HKTs)
and non-selective cation channels (NSCCs) resulting in
increased K" uptake by minimizing the Na" uptake and
avoiding the K" efflux from the cells to maintain an
optimal K'/Na' ratio for plant metabolism (Chakraborty

et al. 2016). The maintenance of K homeostasis is
essential for enzymatic activity and represents a pivotal
adaptive characteristic of plants tolerant to salinity (Hanin
et al. 2016). In our experiments, the shoot and root
K'/Na' ratio was drastically reduced in both cultivars by
the application of 100 mM NaCl (Fig. 3E,F). It was not
possible to identify differences between the cultivars,
because the NaCl concentration and the exposure time
were not high enough to reach a toxic Na' level.
Nevertheless, when considering the root Na" content, we
observed that the cv. Cotaxtla had a higher root Na
content than cv. Tres Rios (Fig. 3D), which is not
reflected in a higher Na" content in the shoot (Fig. 3C).
This response could indicate that the cv. Cotaxtla is
capable of re-translocating Na' into the culture medium
or compartmentalizing it into the root vacuoles and thus
avoiding a toxic effect on the shoot, as has been reported
in the cv. IR64 (Castillo et al. 2007). Furthermore, in
order to maintain a higher K'/Na’ ratio, a crucial
response is the activation of K* channels, such as AKT1.
This sort of channels, as well as other transporters
involved in Na" exclusion, tend to increase the tolerance
to salinity, since they maintain an osmotic balance in
plant cells (Mekawy et al. 2015). According to Ahmad
et al. (2016), the overexpression of the rice OsAKTI
potassium channel increases K’ uptake, which is
beneficial for plants growing under osmotic stress
induced by PEG (5 - 10 %). Instead, when plants are
exposed to NaCl (60 - 70 mM) no differences concerning
K" or Na'" uptake are observed. Conversely, we did find
differences regarding K and Na" content, which might
be due to the higher NaCl concentration tested (100 mM
NaCl), but also by the different genotypes evaluated.

For NAC TF gene family expression analysis,
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30-d-old rice seedlings exposed to 18.5 % PEG or
100 mM NacCl for 6 h were used. Here we compare the
expression of 57 TF-encoding genes of the NAC family.
In the cv. Cotaxtla expressions of four genes were
changed by 18.5 % PEG, two of them repressed
(Os10g42130 and Os07g04560) and the other two
induced (0s02g34970 and OsNAC10); in addition, nine
genes were regulated by 100 mM NaCl, three of them
repressed (Os10g42130, Os07g04560, and Os08g10080)
and the other six genes induced (Os02g56600,
0s502g34970, Osl1g08210, Os05g34830, OsNAC6, and
OsNACI0). In the case of the cv. Tres Rios, we found

(0508233910, Os03g60080, Os06g51070, OsNAC6, and
OsNACI10), as well as 15 genes regulated by NaCl, of
which only two genes were repressed (Osl0g42130 and
Os07g04560) and the rest induced (Table 1).

We found that the genes Osl0g42130 and
Os07g04560 were repressed in both cultivars and under
both stresses. In the case of the Os07g04560 gene, we
had previously reported its repression in the leaves of
both cultivars exposed to 100 mM NacCl for 3 and 6 h
(Garcia-Morales et al. 2014). Similarly, Nuruzzaman
et al. (2012) reported the down-regulation of this gene in
roots of rice plants exposed to severe drought.

seven genes regulated by PEG, two repressed  Furthermore, the Os/0g42130 gene has been reported to
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Fig. 3. Shoot K" (4) and root K* (B) content, shoot Na" (C) and root Na" (D) content, shoot K'/Na" ratio (E), and root K'/Na" ratio
(F) in seedlings of rice cultivars Cotaxtla and Tres Rios. The seedlings (30-d-old) were grown hydroponically under two osmotic
stress agents (18.5 % PEG or 100 mM NaCl) for 6 d. Means £ SDs, n = 3. Different letters indicate statistically significant
differences at a < 0.05 according to Tukey's test.
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Table 1. Relative expressions of the NAC family genes in leaves of rice seedlings of the cultivars Cotaxtla and Tres Rios, using
RT-qPCR and taking the elongation factor 1o as reference gene. The seedlings (30-d-old) were exposed to 18.5 % PEG 6000 or
100 mM NacCl for 6 h. Samples of the second and third fully expanded leaves were taken from three seedlings. Means + SDs, n = 3.
Genes that were induced or repressed with a fold change equal to or greater than 2 are marked in bold. NAM - no apical meristem.

Identifier Annotation cv. Cotaxtla cv. Tres Rios
185%PEG 100 mM NaCl 18.5%PEG 100 mM NaCl
0s02g56600 putative NAM protein 1.72£0.31 2.36 +£0.71 -1.50+040  -1.48+0.48
0s03g21060 putative NAM protein -1.21+£0.12  -1.15+0.18 1.35+£0.06 2.40 £ 0.82
Os08¢33910  similar to NAM-like protein 1.14£0.11 1.52+0.36 233+0.82  2.44+1.34
0s03g60080 putative NAC-domain protein -141+0.52  -1.41£0.53 2.24 £0.12 2.09 +0.76
0Os10g42130 putative NAM protein -3.98 + 1.6 -2.41 £ 1.61 -2.98 £0.29 -2.15+0.37
Os01g15640 putative NAM protein -1.20+0.15 -1.26 £ 0.09 1.62 £ 0.25 2.31 £0.36
0s07g04560 hypothetical protein -2.28+0.48  -7.48 +1.46 -4.83+1.06 -5.77+1.21
0s06g51070 NAM-like protein (imported from 1.82 £0.92 -1.56 £ 0.44 2.55+1.25 2.12 £0.25
Arabidopsis thaliana)
0s09g33490 similar to NAC domain protein NAC2 -1.21 £0.08 1.09 £ 0.1 1.64+£0.39 2.22£0.20
0s02g34970  hypothetical protein 2.30+0.21 5.49 + 0.54 1.48£0.09 1.68 £ 0.65
0s04g40130 similar to probable salt-inducible protein 1.35+0.17 1.46 +£0.57 1.62 £0.53 2.18 +£0.39
(imported from Arabidopsis thaliana)

0Os08g10080 similar to NAC domain protein NAC1 -1.29+0.44 -2.09 + 0.51 -1.84 £0.36 1.68 £0.11
0Os12g29330 similar to NAC domain protein NAC2 1.24+0.3 1.18£0.13 1.72+£0.73 2.07 £ 0.36
0s02g36880 OsNACI1 protein -1.62 £0.58 -1.54+£0.22 -1.62+0.85 2.06 £ 0.17
Os11g08210 OsNACS protein (imported from rice) 1.97 £0.69 2.63+0.79 1.55+0.19 2.04 +0.36
0505234830 OsNACS protein (imported from rice) 1.87 +£0.65 2.43+0.77 1.324+0.04 2.10+0.30
0Os01g66120 OsNAC6 -1.33+0.13 2.38+1.21 4.04 +1.91 6.52 +2.32
Os11g03300 OsNAC10 3.38+£0.91 2.72+0.73 8.33+1.86 5.94 + 1.66
(Nuruzzaman et al. 2010, 2015). Regarding the  However, the amount of transcripts is increased

Os03g21060 gene, we found no differential gene
expression in the cv. Cotaxtla, but in the cv. Tres Rios it
was induced only by NaCl. Induction of this gene has
been reported also in the rice genotypes NL13 and IR64,
both classified as drought-sensitive, but it was not
differentially expressed in the drought tolerant line NL10
(Nuruzzaman et al. 2012). These findings are consistent
with our results since this gene did not show regulation in
the cv. Cotaxtla but it did in the cv. Tres Rios.
Additionally, the expression of the Os08g33910 gene was
induced by both PEG and NaCl only in the cv. Tres Rios.
Interestingly, Nuruzzaman et al. (2012) reported that this
gene is not regulated by water deficit or plant hormones
such as ABA, auxin, gibberellic acid, cytokinin, or
jasmonic acid.

The Os03g60080 gene expression did not change in
the cv. Cotaxtla, but it was induced in the cv. Tres Rios
by both PEG and NaCl. The expression of this gene has
also shown induction in the leaves of NL10 and NLI13
under mild and severe drought, as well as after treatment
with various plant hormones (Nuruzzaman et al. 2012).
This gene, named SNACI, is involved in stomatal closure
and seed growth, and belongs to the subgroup SNAC
(stress-associated NAC). When the Os03g60080/SNAC1
gene is overexpressed, stomatal closure stimulation is
observed in rice flag leaves under drought (Hu et al.
2006). On the other hand, Lin et al. (2007) found that the
Os03g60080 gene is expressed primarily in roots, and its
expression is relatively low in stems, pods, and leaves.

significantly in leaves after infection with phyto-
pathogenic fungi and after application of methyl
jasmonate, ABA, and ethylene. Likewise, this gene has
been classified as a key element inducing resistance/
tolerance mechanisms in response to biotic and abiotic
stresses (Nuruzzaman et al. 2015). The Os03g60080
(OsNACI) gene has also been found to be 4-fold more
expressed at low-temperature (10 °C) in rice tolerant
genotypes (M 202 and ARR 09) than in sensitive
genotypes (Ghosh et al. 2016).

The Os01g15640 gene was only induced by 100 mM
NaCl in the cv. Tres Rios, whereas Nuruzzaman et al.
(2010) found that this gene is induced by both biotic and
abiotic stresses. On the other hand, the Os02g34970 gene
was only induced in the cv. Cotaxtla, both by PEG and
NaCl, which is consistent with the findings reported by
Nuruzzaman et al. (2012), since under mild and severe
stress this gene is specifically induced in root, leaf, and
panicle of NL10 (drought tolerant), but not in NL13. It is
also induced by treatment with hormones, by drought,
and by submergence. This gene belongs to the subgroup
ONAC6, a member of the main group A, which
encompasses the least studied genes among all NAC
genes (Nuruzzaman et al. 2010). Nuruzzaman et al.
(2012) found that the Os08g10080 gene is highly
expressed in the panicle, root, and leaves of the NL10
genotype under control conditions, mild, and severe
water deficit, whereas we observed a significant
repression of this gene by 100 mM NaCl in the
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cv. Cotaxtla. Interestingly, overexpression of the wheat
TaNAC-S gene, an orthologue of the rice Os08g10080
gene, delays leaf senescence and increases grain nitrogen
content in wheat (Zhao ef al. 2015), indicating a role as a
potential negative regulator of senescence.

Under our experimental conditions, the expression of
the Os02g36880 gene was induced by NaCl only in the
cv. Tres Rios. Interestingly, Nuruzzaman et al. (2012)
found that this gene is up-regulated in leaves and panicle
of the NL10 and NL13 lines, both under mild and severe
drought stress. Additionally, the Osl/g08210 and
Os05g34830 genes were specifically induced by salinity
in both evaluated cultivars; both genes are included in the
subgroup SNAC, the best characterized subgroup of the
NAC TF family, and they are induced by drought,
salinity, and hormones (Nuruzzaman et al. 2010).
According to Ghosh et al. (2016), OsNACS
(Os11g08210) shows a higher transcript accumulation in
tolerant genotypes than in sensitive genotypes after low
temperature (10 °C) treatment, suggesting that stress
tolerance might be due to higher expression of this stress-
responsive TF. Furthermore, Nuruzzaman et al. (2012)
reported that the Os05234830 gene is specifically
activated in NL10 line roots under severe osmotic stress,
and in leaves of both NL10 and NL13 under drought and
salinity. Accordingly, we found similar results in our rice
cultivars evaluated. The Os05g34830 gene is also
activated by plant hormones (Nuruzzaman et al. 2010)
and biotic stresses (Nuruzzaman et al. 2015).

The OsNAC6 (Os01g66120) gene was induced by
100 mM NaCl in both cvs. Cotaxtla and Tres Rios.
Nonetheless, its expression was not changed in the cv.
Cotaxtla exposed to PEG. According to Ohnishi et al.
(2005), the OsNAC6 gene is induced by abiotic stresses
and treatment with jasmonic acid, and the overexpression
of this gene results in an increased rice tolerance to
drought, salinity, and cold. Moreover, the overexpression
of the OsNAC6 gene induces higher resistance to fungus
Magnaporthe grisea (Nakashima et al. 2007), stimulates
a better germination and growth rate under high salinity,
increases tolerance to PEG and results in greater
sensitivity to ABA (Hu et al. 2008). In addition,
Moumeni et al. (2015) reported the induction of the
OsNAC6 gene in a transcriptional profiling of the leaves
of near-isogenic rice lines with contrasting drought
tolerance at the reproductive stage in response to water
deficit.

We selected the OsNAC10 gene as a positive control
for this study, since it has been found to be induced by
drought, salinity, and ABA (Jeong et al. 2010). Indeed,
its expression was induced in response to salt stress in
both cultivars tested. Interestingly, this gene has recently
been reported to be induced upon viral infection
(Nuruzzaman et al. 2015) and is therefore associated with
a wide range of stress responses and growth regulation.
The wheat TaNAC29 gene exhibits relatively high
homology with OsNAC10, and plays important role in the
senescence and in response to salt and drought stresses.
Furthermore, ABA signal pathway and antioxidant
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enzyme systems are involved in TaNAC29-mediated
stress tolerance mechanisms (Huang et al. 2015). Just
recently, Zhou et al. (2016) reported induction of the
genes SNACI (Os03g60080), OsNACS5 (Osl1g08210)
and OsNAC6 (Os01g66120) in roots and leaves of the
wild rice (Oryza rufipogon Griff.) genotype Dongxiang
under salt stress (200 mM NaCl). These results are in full
agreement with our findings, since in the cv. Tres Rios all
these genes were induced in leaves when plants were
exposed to 100 mM NaCl, whereas in the cv. Cotaxtla
leaves only OsNAC5 and OsNAC6 were induced.
Interestingly, the expression of the SNACI gene was
evidently contrasting, as it was induced in the cv. Tres
Rios but repressed in the cv. Cotaxtla. Although the NAC
family comprises one of the largest plant-specific TFs,
only a few genes have been characterized so far.
Therefore, further studies aimed at elucidating the
functional roles of more NAC genes and proteins need to
be conducted. Nuruzzaman et al. (2010) reported that the
NAC gene family in rice is grouped into two large
clusters, A and B, and these in turn are divided into
subgroups, depending on their NAC domain. Within
these two main groups, cluster A members have less
homology with the NAC genes of A. thaliana and show
greater diversity in the NAC domain structure, whereas
cluster B members show high homology with the genes
of A. thaliana and those of other species. In this research
we found genes previously reported to be regulated by
osmotic stress such as Osl0g42130, Osl1g08210,
0505234830, OsNAC6, and OsNAC10, which belong to
cluster B and which have been more widely studied.
However, we also found the Os02¢g34970 gene (from
cluster A), which may be a gene with the potential to
regulate responses to osmotic and other types of stress. It
has been shown that a single NAC TF can function as a
regulator of different processes and can also mediate the
interconnection between different signaling pathways
(Nuruzzaman et al. 2012). Additionally, the Os08g10080
gene has not yet been characterized in rice. This gene
may be involved in the control of senescence, since its
ortholog 7aNAC-S found in wheat is involved in the
regulation of leaf senescence and nitrogen content in
wheat leaves (Zhao et al. 2015).

In conclusion, our experiments demonstrated that
osmotic stress induced by PEG and NaCl reduced plant
height, root length, shoot and root dry matter, as well as
the content of K in roots and the corresponding K'/Na"
ratio, and increased the ABA content in leaves. From the
57 NAC genes evaluated, PEG regulated a lower number
of them (8 genes) in comparison to NaCl (18 genes).
Plant growth in the cv. Tres Rios was more affected by
the osmotic stress, which confirms that this cultivar is
more stress-sensitive than the cv. Cotaxtla. The
cv. Cotaxtla maintained growth and displayed a higher
content of K' in shoots in response to NaCl, though they
contained more Na' in roots than the cv. Tres Rios. The
cv. Cotaxtla plants also increased the total Chl content
and maintained a higher K'/Na" ratio when treated with
PEG, which indicates a better capacity to tolerate osmotic



stress. Such contrasting responses might be regulated by
ABA and the differential expression of NAC genes.
Furthermore, we were able to confirm that the NAC genes
Os10g42130, Os11g08210, Os05g34830, OsNAC6, and
OsNACI0 are induced by PEG and NaCl, while reporting
for the first time the discovery of novel NAC genes,
namely Os03g60080, Os02g34970, and Os08g10080,
responding to osmotic stress, which may represent
potential candidates for further rice breeding programs.
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