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Abstract

Plants exposed to adverse environmental conditions are invariably compromised in their growth and development. The
bZIP class of transcription factors (TF) form a large group among stress signalling components that regulate plant
responses towards stress. We identified bZIP TF encoding genes that are expressed differentially in indica rice under stress
and here we functionally characterize one such gene, OsbZIP16. Although, OsbZIP16 forms a clade with its orthologous
monocot protein sequences, we find in our study that it can impart tolerance to abiotic stress in Arabidopsis. OsbZIP16 is
expressed strongly upon dehydration, salt and ABA treatment in Oryza sativa cv. IR64 seedlings. It localizes in the cell
nucleus and the gene product is capable of transcriptional activation, thus providing evidence for its capability as a
functional TF. Upon overexpression in Arabidopsis, OsbZIP16°* plants show wild type morphology, however, these plants
showed tolerance when subjected to drought stress at vegetative stage and set healthy seeds on recovery. The OsbZIP16%*
seedlings showed reduced sensitivity to mannitol, ABA and sodium chloride during germination and also reduced ROS
accumulation upon H,O, exposure. Thus, OsbZIP16 regulates abiotic stress responses and is also a good candidate gene
that can be utilised to impart tolerance in plants under water deficit conditions.
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OsbZIP Oryza sativa basic leucine zipper

ABA Abscisic acid Plants exposed to stress caused by drought, salinity,
ROS Reactive oxygen species extreme heat or cold, have compromised growth and
TFs Transcription factors development. The stress hormone, ABA, key internal sig-

nal under desiccating cellular environment also regulates
overall growth in plants (Finkelstein 2013). The production
of secondary messengers on perception of stress triggers
downstream signalling pathways bringing changes in gene
expression among plethora of metabolic changes that
eventually help the plant to acclimate with stress condi-
tions. Gene expression changes brought in by transcription
factors (TFs) remains an attractive choice that can be
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expression can be brought about by TFs acting alone or in
combination. Members of bZIP TF family usually form
dimers for their function while binding to target promoter
sequence. Genome wide analyses have identified multigene
families that invariably encode for TFs in both plants and
animals (Riechmann et al. 2000).

The bZIP TFs represents a large and diverse multigene
family in eukaryotes and are known to affect almost all
phases of the plant life cycle. They have been shown to
regulate number of plant processes such as seed develop-
ment, light signalling, floral induction and flower devel-
opment, biotic and abiotic stresses, ABA signalling and
hormonal response (Chern et al. 1996; Bensmihen et al.
2005; Jakoby et al. 2002; Nijhawan et al. 2008). The bZIP
TFs derive their name from a bZIP domain that is highly
conserved and is made up of a basic region with a leucine
zipper domain (Hurst 1995). The current number of bZIP
gene models in rice genome has been predicted to be 140
and 94 for japonica and indica, respectively (Jin et al.
2017). Earlier, genome wide analysis in indica rice iden-
tified 89 bZIP protein encoding genes and their expression
profile within various developmental stages and environ-
mental stresses (Nijhawan et al. 2008). Functional analysis
of bZIP genes in rice have shown their ability to regulate
abiotic stress signalling and responses in Arabidopsis as
well as in rice. In rice, OsbZIP23 is rapidly and strongly
induced by drought, ABA, PEG and NaCl treatment and
also confers tolerance to abiotic stress by regulating stress
related gene expression in an ABA-dependent manner
(Xiang et al. 2008). Similarly, OsbZIP46 is up-regulated to
high levels under drought, heat and ABA treatment (Tang
et al. 2012). The over-expression of OsbZIP46 increased
sensitivity to ABA. However, its over-expression did not
promote drought tolerance. Another ABA induced bZIP
TF, OsBZS expressed strongly in salt-tolerant rice varieties
compared to the sensitive ones (Nakagawa et al. 1996;
Mukherjee et al. 2006). Among the core regulators of ABA
sensitivity, OsABI5, a bZIP family member encodes for
ABRE/G-box binding protein (Zou et al. 2007, 2008).
OsABIS5 protein localizes to nucleus, has trans-activity but
negatively regulates stress tolerance on over-expression in
rice. Similarly, OsbZIP16 in rice promotes ABA sensitivity
but drought resistance in rice (Chen et al. 2012). OsbZIP52
is induced by low temperature (4 °C) and its over-expres-
sion increases susceptibility to cold and drought stress in
rice (Liu et al. 2012).

Based on our earlier work on the expression profile of
OsbZIP genes during abiotic stresses (Nijhawan et al.
2008), OsbZIP16 gene was selected for characterization
and functional validation in the present study. Earlier, some
initial work has been done by another group on the function
of OsbZIP16 in rice (japonica) under drought stress (Chen
et al. 2012) and in our laboratory too some of these
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observations could be replicated (Pandey 2015). OsbZIP16
was found to be stress inducible in rice cultivar IR64 as it
showed elevated transcript levels in dehydration and salt
stress treated rice seedlings. In the present study, OsbZIP16
was ectopically over-expressed in model plant Arabidopsis
thaliana Col-0 (OsbZIP16°"). Morphologically, the over-
expressing plants exhibited a phenotype similar to WT.
However, seeds of these OsbZIP16”* when plated on
mannitol/salt/ABA containing media performed better in
seed germination assays than WT seeds. Our work while
confirming the previous observations on role of OsbZIP16
under abiotic stress, extends its association with underlying
redox mechanisms. The function of bZIP proteins in
mediating redox changes under oxidative stress has not
been characterised well. Our work suggests their involve-
ment in regulation of genes involved in oxidative stress
mitigation. The oxidative stress, seed germination and
drought assays performed on OsbZIP16 (indica) over-ex-
pressing Arabidopsis plants confirmed the ability of Osb-
ZIP16 in conferring dehydration and oxidative stress
tolerance.

Materials and methods
Sequence analysis

The nucleotide and protein sequences were downloaded
from NCBI (http://www.ncbi.nlm.nih.gov); RGAP (http://
rice.plantbiology.msu.edu) and TAIR (http://www.arabi
dopsis.org) databases. The presence of putative nuclear
localization signal in the protein sequence was predicted
using NucPred tool (http://www.sbc.su.se/ ~maccallr/
nucpred/cgi-bin/single.cgi).

Phylogenetic analysis

The orthologous genes of OsbZIP16 were initially identi-
fied using protein sequences (full-length) in Phytozome
database (BLAST-proteome, http://www.phytozome.net).
To authenticate, the searched sequence of the selected
topmost (one or two) hits were rechecked in NCBI and rice
array database. Finally, these confirmed protein sequences
from different plant species were aligned in Clustal X
software. Manual curation in the alignment was performed
and final phylogenetic tree was constructed by neighbour
joining method (bootstrap value 1000).

Abiotic stress and phytohormone treatments
For treatment with plant hormones, light grown rice

seedlings (7 days old Oryza sativa cv. IR64) were grown
on cotton soaked with yoshida medium and gently pulled
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out without injuring the roots (Borah et al. 2017). The
treatment for stress or with different hormones was given
as described previously (Jain et al. 2006a). After the
treatment, the seedlings were snap-frozen using liquid
nitrogen and stored at — 80 °C for isolation of RNA.

Real-time qPCR expression analysis

Total RNA from all the samples was isolated as described
previously (Jain et al. 2006a) and real time qPCR was
performed (Borah et al. 2017). The primer sequences are
given in supplementary table 1. Ubiquitin5 gene
(AK06198) was used as control for RT-qPCR analysis.

Molecular characterization of OsbZIP16

OsbZIP16 full CDS was amplified from rice cDNA prepared
from 7-days old light grown seedlings that were dehydration
stressed (Oryza sativa ssp indica cv. IR64). For transfor-
mation of Arabidopsis thaliana (Col-0), plants were grown
in plastic pots filled with Soil rite under culture room con-
ditions (temperature 22 + 1 °C and daily cycle of 16 hlight/
8 h dark). The primary bolts were trimmed to induce the
lateral bolts and when there were sufficient floral buds on the
plant, transformation of plants was carried out by floral dip
(Clough and Bent 1998). Further selection and analysis was
performed as described (Jain et al. 2006b). Particle bom-
bardment for localisation of fusion protein in onion epider-
mal cells and trans-activation in yeast was performed as
described previously (Burman et al. 2017).

Stress assays

Seed germination assay was performed as described earlier
(Jain et al. 2008). The number of germinated seeds was
expressed as the percentage of total number of seeds. For
dehydration stress assay, T4 homozygous generation
OsbZIP16% Arabidopsis seeds along with control WT were
grown for 18 days in plastic pots filled with soilrite in
culture room conditions. The plants were subjected to
dehydration stress by water withdrawal for 14 days and
recovered by watering again.

Estimation of ROS

The amount of ROS was detected by staining with DAB
and NBT (Jabs et al. 1996; Schraudner et al. 1998). The
7-days-old seedlings grown on 1/2 MS medium were
stressed using H,O, (10 mM) treatment for 30 mins and
then stained for 15 mins by NBT (2 mM NBT in 20 mM
phosphate buffer) or overnight with DAB stain (Phosphate
buffer (100 mM), Tween-20 (0.05 %), 200 mM Na,PO,
(200 mM), pH 3.0). The plants were washed once again

with Miili-Q water and chlorophyll was removed by using
3:1:1 solution of ethanol, acetic acid and glycerol. Visu-
alisation and image capture was done using a light
microscope camera (Leica DFC295).

Results and discussion
Gene structure and phylogenetic analysis

In our previous study, we identified 37 OsbZIP genes
expressing differentially under drought, salt and cold stress
(Nijhawan et al. 2008). The study identified 37 OsbZIP
encoding genes, 26 up-regulated and 11 down-regulated in
at least one of the stress condition. A drought and salt stress
inducible gene, OsbZIP16 was selected from this expres-
sion analysis for further functional characterization.
Drought and salinity severely effect plant physiology and
metabolism and share a high degree of similarity due to the
osmotic component (Sharma et al. 2015). OsbZIP16 gene
(LOC_0s02g09830) encodes a bZIP transcription factor
localised on the 2nd chromosome of rice. Alignment of
genomic and full-length cDNA sequence revealed that the
gene is intron less and a 513 bp CDS encodes for 170
amino acid residues. The bZIP domain is present between
70th and 134th residues, essential for transcriptional
activity of bZIP proteins. Phylogenetic analysis shows
OsbZIP16 forms a separate monocot clade while its other
orthologous proteins clustered in a distinct clade (Supple-
mentary Figure 1).

OsbZIP16 is strongly expressed by dehydration
and salinity in rice

The expression profile generated through microarray
analysis showed that OsbZIP16 is strongly induced under
different abiotic stress conditions (Fig. 1a). The detailed
expression analysis of OsbZIP16 done by RT-qPCR under
stress conditions and different hormones treatment vali-
dates the microarray profile (Fig. 1b). Among the plant
hormones tested, we find that only ABA has an inducing
effect on the OsbZIP16 expression. OsbZIP family mem-
bers OsbZIP12 and OsbZIP72 are also induced by and
regulated in an ABA-dependent manner (Lu et al. 2009;
Amir Hossain et al. 2010). Thus, OsbZIP16 is likely to be
involved in the abiotic stress and ABA-related pathways
especially under drought and salt stress conditions.

OsbZIP16 is nuclear localised and is capable
of transcriptional activation

Being a transcription factor and to regulate target gene
expression, OsbZIP16 should ideally be present inside the
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Fig. 1 a Microarray profile of
OsbZIP16 under stress
conditions. b Real-time gPCR
profile showing the up-
regulation of OsbZIP16 under
dehydration, salt and ABA
stress conditions in 7-day-old
light-grown rice seedlings
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Fig. 2 Transcription activation A
potential of OsbZIP16. Growth
of yeast AH109 cells containing 10'1
OsbZIP16::pGBKT7 constructs
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B16 -pGBKT7
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nucleus of cell. Bioinformatics analysis using protein
sequence in NucPred software revealed presence of nuclear
localization signal from 74 to 78 amino acid residues. The
high score of 0.84 also predicted a nuclear localization. In-
vivo localization of OsbZIP16 in onion epidermal peel was
checked by particle bombardment. In the control samples,
GFP fluorescence was distributed throughout the cell while
OsbZIP16-GFP fusion construct was observed to be
localized inside the nucleus (Supplementary Figure 2).
OsbZIP proteins like OsbZIP23 and OsbZIP1 are also
nuclear localised (Meng et al. 2005; Xiang et al. 2008).
Since OsbZIP16 is nuclear localized and is expected to
work as a transcription factor, its transcription activation
potential was checked in yeast. As the yeast cells trans-
formed with the OsbZIP16::pGBKT?7 constructs were able
to grow on SD/-HW media similar to positive (4ve) con-
trol, it could be inferred that the OsbZIP16 could tran-
scriptionally activate the histidine reporter gene in yeast,
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Cold ABA Auxin Cytokinin GA

(200 mM) (3hr) (50 M) (50 pM) (50 uM) (50 uM)
SD/-W B SD/-HW
102 108 104 101 102 103 4o+

thus confirming
(Fig. 2). This was in consonance with earlier reports of
OsbZIP proteins being nuclear localised and having a
transcriptional activation potential (Zou et al. 2008; Chen
et al. 2012; Liu et al. 2012).

its transcription activation potential

OsbZIP16 promotes abiotic stress tolerance
in Arabidopsis

To gain an insight into the role of OsbZIP16 transcription
factor in stress responses, Arabidopsis plants with over-
expression of OsbZIP16 were raised to T4 generation
before being assayed (Fig. 3). Confirmation of the trans-
gene in Arabidopsis was done by PCR amplification that
showed presence of an appropriate size band in the over-
expressor Arabidopsis lines (OsbZIP16°*) (Fig. 3a). The
transcript level checked by RT-qPCR analysis showed an
expression of OsbZIP16 in the OsbZIP16°* Arabidopsis
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Fig. 3 The OsbZIP16 over-expression plants in Arabidopsis were
raised. a Confirmation of transgene integration in plants by CDS PCR
amplification. b The real-time gPCR analysis of the three selected

plants (Fig. 3b). The phenotypic analysis of OsbZIP16°*
plants showed similarity in overall growth and plant mor-
phology under normal conditions (Supplementary Fig-
ure 3). As the expression of OsbZIP16 was induced by
dehydration, salt and ABA, the germination check was
performed on OsbZIP16°* seeds under stress conditions (on
Y2 MS Agar + Mannitol/NaCl/ABA) and assessed for
sensitivity in radicle growth. OsbZIP16°* seeds show
higher germination percentage than wild type under ABA,
mannitol and NaCl stimulated stress conditions (Fig. 4).
The response of OsbZIP16° plants towards drought stress
conditions at vegetative stage was assayed by water

Relative expre

B16 ox-24.5

: ply

B16 ox-24.5 B16 ox-25.4 B16 0x-26.2

B16 ox -25.4

B16 ox-26.2

homozygous lines for OsbZIP16 expression. ¢ Arabidopsis OsbZIP16
over-expression lines showing dehydration tolerance in comparison to
WT plants after 14 days of drought stress

withdrawal for 14 days. The assay revealed that
OsbZIP16°* plants are drought tolerant as these plants
could survive the stress and complete their life-cycle to set
seeds after recovery phase. These assays using seeds and
seedlings show that OsbZIP16 can alleviate stress arising
due to dehydration and salinity in Arabidopsis. Since the
OsbZIP16°* seedlings showed reduced sensitivity towards
ABA, it could be speculated that the tolerance mechanism
by OsbZIPI6 also involves ABA-independent pathways.
Many members of the bZIP TFs have been well charac-
terized in both ABA dependent as well as ABA indepen-
dent (RISBZ5/OsbZIP52) pathways of stress signalling in
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Fig. 4 Seed germination assay of Arabidopsis plants overexpressing
OsbZIP16 on mannitol, salt and ABA stress. Note that the OsbZIP16
over-expressing seeds show reduced sensitivity to all three stress
conditions

plants (Amir Hossain et al. 2010; Liu et al. 2012; Tang
et al. 2012; Liu et al. 2014).

OsbZIP16°* seedlings accumulate lower ROS
under oxidative stress

ROS is important for cellular signalling and sensing of
cellular redox state (Mittler et al. 2011; Noctor et al. 2014).
However, excess ROS is cause of oxidative stress that
damages cellular membranes and compartments through
lipid peroxidation. Thus, for survival of plants under stress,
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maintenance of ROS at optimum levels is an important
factor. Since OsbZIP16 imparts tolerance under stress
conditions, regulation of ROS level is crucial. We com-
pared the amount of ROS generated by H,O, treatment for
30 min in the seedlings grown under normal conditions.
The seedlings were then stained with DAB (for H,O,) and
NBT (for O,7). The staining intensity was used as an
indicator for the amount of the ROS in the cotyledons of
seedlings. The staining was comparatively less intense in
the OsbZIP16° seedlings (Fig. 5). Thus, OsbZIP16 could
also possibly regulate antioxidant pathway genes that
increase ROS mitigation under stressful conditions. We
observed NBT stain only in form of patches and speckles in
the seedlings showing only a localized accumulation of
O, under stress conditions. Such localized ROS produc-
tion in the form of lesions or patches have been reported
earlier in the tobacco leaves under stress conditions
(Wohlgemuth et al. 2002).

Our previous study gave an exhaustive account of 89
bZIP protein coding genes identified in rice. Based on the
expression data, number of bZIP genes have been selected
and characterised for their different roles in plants includ-
ing abiotic stress responses by various groups (Todaka
et al. 2015; Burman et al. 2017). In the present study, a
phylogenetically conserved bZIP transcription factor
encoding gene has been characterised for its role under
abiotic stress response. OsbZIP16 is a drought and salt
stress inducible gene whose ectopic expression can posi-
tively promote tolerance towards abiotic stresses in plants.
OsbZIP16 fusion protein from both indica as well as
Japonica rice as gene source localises in the nucleus and
can also perform trans-activation in yeast confirming its
capability as a functional transcription factor (Chen et al.
2012; Present study). A number of bZIP domain containing
TFs have been characterised in the past and found to be
involved in multiple abiotic stress responses. However,
only very few studies have shown its association with
redox changes in plants (Huang et al. 2010; Guo et al.
2011). Physiological mechanism involving downstream
pathways such as redox changes and ROS scavenging still
remains an unexplored area that we have attempted to
address in the present study. Reduced ROS upon ectopic
over-expression of OsbZIP16 in Arabidopsis suggests
about its potential to regulate genes involved in ROS-
scavenging and antioxidant related pathways. Although the
functions of bZIP/ABFs have been characterised involving
ABA related pathways, it remains to be seen if the ROS
scavenging pathways are functionally under control of
ABA that are in turn regulated by ABRE-bZIP system. It
remains our endeavour to characterize the gene in rice
through its over-expression and RNAi lines. One of the
major challenges would be to find out the downstream
target genes of such bZIP proteins. Much more definitive
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Fig. 5 Oxidative stress response of WT and OsbZIP16°* Arabidopsis seedlings to compare the accumulation of H,O, and O, under stress as
shown by DAB and NBT staining. The ROS accumulation appeared less in OsbZIP16°* seedlings

clue may emerge by performing chip assays using anti-
bodies specific to these bZIP proteins. From perspective of
crop improvement, bZIP genes associated with abiotic
stress responses remain strong candidate genes that can be
utilised for development of abiotic stress tolerant crops.
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