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Abstract Over-expression of group A bZIP transcription
factor genes in plants improves abiotic stress tolerance but
usually reduces yields. Thus, there have been several efforts
to overcome yield penalty in transgenic plants. In this
study, we characterized that expression of the hot pepper
(Capsicum annuum) gene CaBZ1, which encodes a group S
bZIP transcription factor, was induced by salt and osmotic
stress as well as abscisic acid (ABA). Transgenic potato
(Solanum tuberosum) plants over-expressing CaBZ1 exhib-
ited reduced rates of water loss and faster stomatal closure
than non transgenic potato plants under drought and ABA
treatment conditions. CaBZI over-expression in transgenic
potato increased the expression of ABA- and stress-related
genes (such as CYP707A1, CBF and NAC-like genes) and
improved drought stress tolerance. Interestingly, over-
expression of CaBZI in potato did not produce undesir-
able growth phenotypes in major agricultural traits such
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as plant height, leaf size and tuber formation under normal
growth conditions. The transgenic potato plants also had
higher tuber yields than non transgenic potato plants under
drought stress conditions. Thus, CaBZI may be useful for
improving drought tolerance in tuber crops. This might be
the first report of the production of transgenic potato with
improved tuber yields under drought conditions.

Keywords bZIP - Drought stress - Potato - Stress-
responsive gene - Transcription factor - Tuber yield

Introduction

Global warming and population growth are threatening
the supply of food world-wide (Hussain et al. 2011). Thus,
abiotic stress tolerance has recently been a major focus of
plant science research. Plants encounter a wide range of
abiotic stresses such as drought, high salinity and low or
high temperature during a typical life cycle (Bohnert et al.
2006). Abiotic stresses lead to biochemical, physiologi-
cal and morphological changes that adversely affect plant
growth, development and productivity (Moore et al. 2009;
Reynolds and Tuberosa 2008).

Changes in genome-wide gene expression patterns help
plants adapt to adverse environments. Genetic, molecular
and biochemical analyses have revealed numerous tran-
scription factor (TF) genes that respond to abiotic stresses,
including bZIP, WRKY, AP2/EREBPs and bHLHs (Goll-
dack et al. 2011; Oh et al. 2009; Wang et al. 2003). These
genes encode TFs that bind to specific cis-elements present
in the promoters of many stress-responsive genes and func-
tion as important regulators of plant tolerance to abiotic
stresses (Chinnusamy et al. 2007; Hussain et al. 2011).
Many stress-inducible TFs (containing individual DNA
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binding domains) form a complicated signaling network
that functions in response to abiotic stress (Shinozaki and
Yamaguchi-Shinozaki 2007).

Basic leucine zipper (bZIP) TFs comprise of a large fam-
ily of regulatory proteins in plants (Correa et al. 2008). The
bZIP domain consists of a 40-80 amino acid region defined
by two motifs: a DNA-binding basic domain consisting of
approximately 16 amino acid residues and a leucine zipper
dimerization domain (Jakoby et al. 2002). Numerous bZIP
TFs have been identified in many plant species including
Arabidopsis thaliana and rice (Oryza sativa), which contain
75 and 89 genes encoding bZIP TFs, respectively (Jakoby
et al. 2002; Nijhawan et al. 2008). Recent studies have
shown that bZIP TFs play multiple roles as regulators of
diverse biological processes such as abiotic stress responses,
pathogen defense, seed maturation and flower development
(Izawa et al. 1994; Muszynski et al. 2006; Thurow et al.
2005). Group A bZIP genes, including ABFs/AREBs such
as AREBI/ABF2, AREB2/ABF4 and ABF3, are induced by
dehydration, salinity and ABA treatment and play major
roles in regulating ABA-dependent gene expression (Yoshida
et al. 2010). Thus, over-expression of group A bZIPs
enhances abiotic stress tolerance in several plant species.
Constitutive expression of AREBI in Arabidopsis produces
ABA hypersensitivity and enhances drought tolerance (Fujita
et al. 2005). Transgenic Arabidopsis plants over-express-
ing ABF3 and ABF4 also exhibit reduced transpiration and
increased drought tolerance via the up-regulation of several
ABA/stress-responsive regulatory genes (Kang et al. 2002).

Hot pepper (Capsicum annuum) is an important vegetable
crop (Lee et al. 2004). However, transformation of hot pep-
per is quite difficult and inefficient. Therefore, transforma-
tion of hot pepper is not currently performed in most labo-
ratories, and the functions of hot pepper genes are instead
studied by ectopic expression in other plant species. Among
plants of solanaceae to which hot pepper, tomato, potato and
etc. are belong, potato (Solanum tuberosum) is the world
fourth major food crop next to rice, wheat and corn in terms
of production and area cultivated (Camire et al. 2009). Potato
is relatively sensitive to abiotic stresses such as drought and
salinity, and potato tuber initiation, bulking and tuber growth
stage are especially vulnerable to drought stress.

In previous studies we reported several TFs which is
induced by several abiotic stresses in hot pepper (Hwang
et al. 2005). We transformed those genes into potato
to identify whether over-expression of those genes can
improve abiotic stress tolerance of crops. Among them,
CaBZ1 showed drought tolerance in this study. Several
studies have been aimed at overcoming potato yield loss
under abiotic stress conditions through molecular biologi-
cal approaches, which introduced stress inducible tran-
scription factors into the potato plant (Evers et al. 2010;
Stiller et al. 2008). However, even though it can improve
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the stress tolerance of potato, transgenic potato showed
stunted growth or tuber yield reduction (Pino et al. 2007).
In this study, over-expression of CaBZI didn’t give any
negative effects for plant growth and tuber yield interest-
ingly. Thus this study will give valuable information to
improve the tuber crop productivities using molecular
breeding technology.

Materials and methods
Plant growth conditions and stress treatments

Hot pepper seeds (C. annuum cv. Chung-Ryong Cho) were
obtained from the Red Pepper Research Institute (Young
Yang, Korea). To examine the expression level of CaBZI
under various abiotic stress conditions, hot pepper plants were
grown in soil for 3 weeks in a growth chamber maintained at
25 °C and 50 % relative humidity under long day conditions
(16 h light/8 h dark cycle). The seedlings were treated with
abiotic stresses, including cold (seedlings were transferred to
a growth chamber at 4 °C), drought (150 mM Mannitol), and
salt (150 mM NaCl) stress, followed by sampling at the des-
ignated time points. For ABA treatment, 0.1 mM ABA was
sprayed onto the leaves of hot pepper plants.

Potato (S. tuberosum cv. ‘Sumi’) was used for Agrobac-
terium-mediated transformation. Plants were grown in soil
in the greenhouse or on MS (Murashige and Skoog) agar
(per liter: 4.4 g MS salt, 30 g sucrose, 0.5 g 2-(N-mor-
pholino)ethanesulfonic acid (MES), 8 g plant agar, pH 5.8)
in a growth chamber maintained between 21 and 23 °C and
60 % relative humidity under long day conditions.

RNA gel blot analysis and quantitative RT-PCR

For RNA blotting, total RNA was extracted from both hot
pepper seedling and TO transgenic potato plants using Tri-
zol Regent (MRC, USA). Total RNA (15 pg per lane) was
separated on 1.2 % formaldehyde agarose gels, and trans-
ferred to nylon membranes (Amersham, UK) by capillary
blotting followed by UV-cross-linked. Pre-hybridization,
hybridization, and washing conditions were based on stand-
ard protocols (Sambrook et al. 2001). The membranes were
then exposed to BAS cassette (Fuji Film, Japan) for 1 day.
For qRT-PCR analysis, DNase-treated total RNA
(1 pg) was transcribed with SuperScript III reverse tran-
scriptase (Invitrogen, USA). PCR was performed in an
optical 96-well plate with a MyiQ real-time PCR system
(Bio-Rad, USA) using SYBR Premix Ex Tag™ (Takara,
Japan). Amplification parameters were as follows: one
cycle of 95 °C for 10 min and 65 °C for 5 min, followed
by 40 cycles of 95 °C for 5 s, 58 °C for 25 s and 72 °C for
30 s. A final step was carried out at 65-95 °C (1 °C/sec)
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for melting curve analysis. Data analysis was based on the
relative quantitative method and AACT value was used to
determine the relative fold change in expression. All data
were normalized to the expression level of the housekeeping
B-tubulin gene. The qRT-PCR reactions were performed at
least three times on independent biological replicates.

Subcellular localization analysis

For subcellular localization analysis, the coding region
of CaBZI (except for the terminator codon) was ampli-
fied by PCR using specific primer set: 5-TCTAGAAT
GGCTTCTTCAAGTGGTAC-3' (underlining indicates Xbal
site) and 5'-TTGGATCCTGTACTGCAAGACATGTG-3'
(underlining indicates BamH]I site). The amplified fragment
was fused to the N-terminus of vector p326GFP under the con-
trol of CaMV35S promoter to generate 35S-CaWRKY1:GFP
(Niwa et al. 1999). A fusion construct containing a nuclear
localization signal and red fluorescent protein gene (NLS-
RFP) was used as a positive control. The plasmids were intro-
duced into potato protoplasts that had been prepared from leaf
and stem tissue by PEG-mediated transformation (Jin et al.
2001; Moon et al. 2014). Expression of the fusion constructs
was monitored and images were captured with an Axioplan
fluorescence microscope (Carl Zeiss, Jena, Germany).

Generation of transgenic plants and phenotype
observation

To generate CaBZIl overexpression plants, the sequence-
confirmed coding region of CaBZIl cDNA was cloned into
pB7WG2D (Karimi et al. 2002) under the control of the
CaMV35S promoter. The construct harboring the CaBZ1 gene
was transferred into Agrobacterium tumefaciens LBA4404 by
electroporation using a MicroPulser Electroporator (BioRad,
USA). The Agrobacterium was transformed into wild type
potato (‘Sumi’ cultivar) plants using the method of Lee et al.
(2007). CaBZ1 overexpression potato plants were also created
in which, the coding region of CaBZI was cloned into pPZP-
3'PinlI-Bar under the control of the CaMV35S promoter.

TO transgenic potato lines were selected and confirmed
by L-phosphinothricin (PPT) selection and RNA gel blot
or qRT-PCR analysis. Among the transgenic potato lines,
transgenic potato plants overexpressing CaBZI were chose
for further experiments. To survey the phenotypes under
drought conditions, 3-week-old TO transgenic and non
transgenic potato plants grown on MS medium and hydro-
ponic solution were transferred to soil (150 g of soil per
pot). The plants were grown for an additional week in the
greenhouse to increase their adaptation ability to envi-
ronmental changes in the soil. Before drought treatment,
individual plants grown in pots were watered equally for
2 day. Water was then withheld for 10 day. Subsequently,

watering was resumed, and the survival rate was deter-
mined 7 day later. To minimize positional effects, pot posi-
tions were changed daily during the drought treatment.
Photographs were taken on the tenth day after withdrawal
of watering and on the fifth day after re-watering. Drought
tests were performed in three independent experiments (8
plants per experiment).

Determination of chlorophyll contents

To measure chlorophyll content, leaves from transgenic and
non transgenic potato plants used in the phenotype obser-
vation experiment were collected on the seventh day after
resuming watering. The leaf tissue (100 mg) was ground
in I mL 80 % acetone with a Micro Smash MS-100R
(Tomy, Japan). The homogenate was shaken and centri-
fuged (13,000 rpm for 5 min). Then, 500 wL supernatant
was combined with 500 wL 80 % acetone. For the chloro-
phyll content assays, three plants were used per lines, and
the experiments were twice. The chlorophyll contents were
measured as described by Arnon (Arnon 1949).

Measurement of leaf water loss

To measure water loss under drought stress conditions, six
leaves (two detached leaves per plants) at similar develop-
mental stages (5-weeks-old) from TO transgenic and non
transgenic potato progenies cultivated in the greenhouse were
detached and floated in sterilized water for 16 h at 4 °C. The
detached leaves were the placed into weighing dishes and
incubated in the growth chamber at 22 °C with 60 % rela-
tive humidity under light conditions. The fresh weights of the
leaves were measured at the designated time points. Water
loss was calculated as the percentage of initial fresh weight at
each time point. Each experiment was repeated at least twice.

Stomatal aperture assay

For guard cell stomatal aperture observations, detached
leaves from 3-week-old TO transgenic and non transgenic
potato plants grown in MS medium were floated in steri-
lized water and exposed to light conditions for 3 h. For
experiments we used three independent plants for wild type
and transgenic plant and two leaves per plants. We observed
the >50 stomata, repeated experiments twice. Subsequently,
3 wM ABA was added to the fresh sterilized water to assay
for stomatal closure. After treatment for 1 h treatment, the
abaxial epidermal layers of the leaves were examined and
images were captured through a bright-field Axioskop 2
microscope (Carl Zeiss, Germany). Stomatal aperture (the
length and width of the stomata) was measured from the
photographs using the Interactive Measurement software
package AxioVison Rel. 4.8 (Carl Zeiss, Germany).

@ Springer



424

Plant Mol Biol (2015) 89:421-431

Survey of agronomic characteristics

To survey agronomic traits such as plant height, leaf shape,
tuber formation and tuber yield, 3-week-old TO transgenic
and non transgenic potato plants grown on MS medium
were transferred hydroponic solution and cultured for
1 week. Six independent potato plants per each line were
then planted in soil (900 g soil per pot) and cultivated in
the greenhouse. After 8 weeks of cultivation, various
growth characteristics were examined. In addition to com-
pare potato tuber yields between transgenic and non trans-
genic potato plants, the plants were grown for an additional
2 weeks under identical greenhouse conditions.

Results
Sequence and expression analysis of CaBZ1

The pepper bZIP TF gene, CaBZ1, was isolated from a hot
pepper cDNA library produced from the aerial portions

Fig. 2 Effect of CaBZI over-expression on drought tolerancep
and, on growth and tuber yields under non-stress treatment
condition. a Expression analysis of CaBZ! in three independ-
ent TO transgenic potato plants by RNA gel blot analysis. Each
lane was loaded with total RNA (15 pg per lane) isolated from
3-week-old potato plants. b Drought tests were performed on
1 month-old TO transgenic potato plants. Watering was stopped
for 10 day and resumed for 5 day. ¢ Survival rates of non trans-
genic potato and transgenic potato plants overexpressing CaBZ]
under drought stress conditions. d Chlorophyll contents of non
transgenic potato and CaBZI-overexpressing potato plants
under drought stress conditions. Chlorophyll contents (mg per
fresh weight) measurements were performed on leaves of non
transgenic potato and TO transgenic potato plants. e and f Whole
plants, tuber formation and plant height of non transgenic potato
and TO transgenic potato plants were evaluated in 10-week-old
plants grown in a greenhouse under non-stress treatment con-
dition. g Potato tuber yields of non transgenic potato and TO
transgenic potato plants shown each line that produced tubers
under non-stress treatment condition. Error bars indicate the
standard errors. Asterisks indicate a significant difference (one-
way ANOVA with Turkey’s test, *p value <0.05 and **p value
<0.01)
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Fig. 1 Phylogenetic analysis and expression patterns of CaBZ1 under
different stress treatments. a Phylogenetic analysis of CaBZ1. The
phylogenetic tree was constructed based on the deduced amino acid
sequence of CaBZ1 and other bZIP-like domain protein sequences
using the DNASTAR program (DNASTAR, Inc., Madison, WI,
USA). b Multiple sequence alignment of CaBZ1 and homologous
proteins. Accession numbers are as follows: CaBZ1, AY789639;
NtbZIP, AAK92213; GmbZIP, NP_001238344; AtbZIP11,
NP_195185; AtbZIP02, NM_127373; ZmbZIP, ADX60208;
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CaBZ1-GFP + NLS-RFP

OsbZIP14, NP_001045798. ¢ CaBZI is up-regulated in response to
stress treatments. Total RNA was isolated from 3-week-old pepper
plants treated with ABA (100 wM), mannitol (150 mM) and NaCl
(150 mM). A gel pre-stained with ethidium bromide (lower) was
used to confirm equal loading in all wells. d Transient expression of
CaBZ1-GFP fusion protein using potato protoplasts. Potato proto-
plasts co-transformed with CaBZI-GFP and NLS-RFP were observed
by fluorescence microscopy 48 h after transformation. Bar represents
10 pm
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the expression of this gene at 0—48 h after treatment. The
expression of CaBZl was rapid and strongly induced at
3 h after treatment (Fig. Ic). We also investigated the
responses of CaBZl to osmotic stress and salt treatment.
CaBZ]I was induced at 12-24 h mannitol treatment. CaBZI
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was also induced by salt stress, with the highest mRNA
level detected at 24-48 h treatment (Fig. 1c). Cold treat-
ment slightly increased CaBZI expression at 1 h, and the
increase remained at 24 h after treatment (Fig. 1c). These
results indicate that CaBZI was induced by abiotic stresses
and that it may encode a stress-responsive bZIP TF in pep-
per plants.

To determine whether CaBZI is a functional TF, we
examine the subcellular localization of CaBZ1 protein. A
construct harboring CaBZI1-GFP driven by the CaMV35S§
promoter, was introduced into potato protoplast cells
together with a vector expressing NLS-RFP, a nuclear
marker, revealing that. CaBZI-GFP fusion protein co-
localized with NLS-RFP in the nucleus (Fig. 1d). To ana-
lyze the phylogenetic relationship between CaBZ1 and
bZIP protein from other plant species, a phylogenetic tree
was constructed based on the amino acid sequences of
these proteins. Phylogenetic tree analysis indicated that
CaBZl1 is grouped with, AtbZIP02 and AtbZIP11, which
are class S group Arabidopsis bZIP proteins (Fig. la).
CaBZ1 has a basic region and a leucine zipper for DNA-
binding (Fig. 1b).

Performance of the CaBZ1-overexpressing transgenic
plants under drought stress

To assess the effect of CaBZl overexpression on abiotic
stress tolerance in plants, we generated transgenic potato
plants overexpressing the coding sequence of CaBZI under
the control of the CaMV35S promoter. The expression level
of CaBZI was investigated by RNA gel blot analysis, and
three independent transgenic potato plants were selected
for further analysis (Fig. 2a). Firstly we analyzed the phe-
notypes for salt and cold in greenhouse. We couldn’t find
out any clear tolerant phenotype for them (data are not
shown). However, we could observe the drought tolerant
phenotype in CaBZI overexpressing potato. For drought
stress treatment, one-month-old transgenic and non trans-
genic potato plants were deprived of water for 10 day, after
which watering was resumed in the greenhouse. Ten days
after watering was stopped, we observed severely wilted
leaves in non transgenic potato plants, whereas leaf wilting
and rolling were substantially delayed in transgenic potato
plants overexpressing CaBZ! (Fig. 2b). Five days after re-
watering, the transgenic potato plants exhibited stronger
growth recovery; the plants survived and eventually devel-
oped green leaves. However, non transgenic potato plants
did not go on to develop green leaves (Fig. 2b). We mon-
itored the survival rates of transgenic and non transgenic
potato plants. More than 50 % of CaBZI-overexpressing
plants survived and grew normally after drought stress
treatment. However, only approximately 20 % of the
non transgenic potato plants survived (Fig. 2c). We also
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measured the chlorophyll content after drought stress. Spe-
cifically, we measured the chlorophyll contents in leaves
from transgenic and non transgenic potato plants used in
the phenotype observation experiment on the seventh day
after re-watering was resumed. All three independent trans-
genic potato lines had higher chlorophyll contents (by more
than 50 %) than wild type potato plants (Fig. 2d).

Agronomic performance of transgenic potato plants
overexpressing CaBZ1

To evaluate whether ectopic expression of CaBZI affect
the growth and development of potato, we cultivated the
three CaBZI-overexpressing transgenic lines under nor-
mal greenhouse conditions. After 8 weeks of cultivation,
we examined growth characteristics, such as plant height,
foliar tissue structure and tuber formation. As shown in
Fig. 2e, the expression of CaBZl in potato did not sub-
stantially alter plant height, foliar tissue structure or tuber
formation. For example, CaBZI-overexpressing transgenic
potato lines #23 and #24 exhibited reduced plant heights
(by approximately 3 ~ 8 %) compared to wild type potato
plants, but the plant height of line #19 was similar to that of
non transgenic potato plants (Fig. 2f).

To compare potato tuber yields, wild type and three
transgenic potato lines were cultivated for more than
2 weeks. The tuber weights of the three transgenic potato
lines were higher (by approximately 10 ~ 25 %) than those
of non transgenic potato plants (Fig. 2g). These data indi-
cate that ectopic expression of CaBZI in potato does not
noticeably alter the growth and development of potato
plants.

Overexpression of CaBZI reduced water loss
and increased ABA-induced stomatal closure
in transgenic potato plants

To investigate the physiological mechanism underlying the
regulation of water loss by CaBZI under drought stress
conditions, we performed a water loss assay with detached
leaves of transgenic and non transgenic potato plants. Water
loss rates were calculated by measuring the fresh weights
of detached leaves 10 times over the course of 5 h. As
shown in Fig. 3a, detached leaves of CaBZI-overexpressing
transgenic potato plants lost water more slowly than those
of non transgenic potato plants under drought stress condi-
tion. After 5 h drought stress treatment, the fresh weights
of non transgenic potato leaves decreased by approximately
40 %, but the leaves of the three CaBZI-overexpressing
transgenic potato lines lost only approximately 34, 31 and
30 % fresh weight, respectively (Fig. 3a).

In plants, water loss is regulated by guard cells, which
cause stomates to open and close; ABA can induce
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Fig. 3 Water loss assay and 50
ABA-induced stomatal closure
of transgenic potato plants
overexpressing CaBZI. a Rela-
tive water loss rate in detached
leaves from non transgenic
potato and TO transgenic potato
plants overexpressing CaBZ1
under drought stress condi-
tions. Water loss is presented as
the percentage of weight loss
versus the initial fresh weight.
b Stomatal observation of non
transgenic potato and trans-
genic potato plants treated with
3 wM ABA and without ABA
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from non transgenic potato and
transgenic potato plants were
examined and error bars rep-
resent the standard errors. The
graph is a representative result
of two independent experiments
which showed similar results.
Asterisks indicate a significant
difference (one-way ANOVA
with Turkey’s test, **p value
<0.01)
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stomatal closure. To further determine whether CaBZI is
involved in regulating stomatal movement in potato, we
compared the ABA-dependent stomatal phenotypes of the
non transgenic potato and CaBZI-overexpressing trans-
genic potato line #23. To induce full stomatal opening, we
incubated leaves in the light for 3 h, after which we meas-
ured the widths of guard cells. The stomata of non trans-
genic potato plants were 12.7 £ 1.66 pm wide, compared
with 13.2 £ 1.88 wm wide in transgenic potato line #23.
However, in the presence of 3 WM ABA, there was a signif-
icant decrease in the size of stomatal pores (ratio of width
to length) in transgenic potato line #23 compared with wild
type (Fig. 3b, c). As shown in Fig. 3, after 1 h ABA treat-
ment, most stomata in transgenic potato line #23 exhibited
more ABA-sensitive stomatal closure (0.28 £ 0.05 pm)
than those in non transgenic potato plant (0.4 &= 0.06 pwm).
Collectively, these results suggest that expressing
CaBZ1 in potato affects drought tolerance via ABA-
sensitive stomatal closure, leading to reduced water loss
under drought conditions. This tolerance phenotype of

WT .
E Av; (

e

0.7 4
| Opening

0.6 1 @ ABA

Stomatal aperture (width/length)

WT #23

CaBZI-overexpressing transgenic potato plants is consist-
ent the slower water loss from leaves compared with non
transgenic potato plants.

CaBZ1 regulates the transcription levels of drought
stress-related genes

To investigate whether the drought tolerance of CaBZI-
overexpressing plants is associated with changes in the
expression levels of stress-responsive genes, we conducted
microarray analysis of transgenic potato plants using potato
chip (135 K) (GGBio, Korea). A number of genes were up-
regulated twofold or more in transgenic plants compared
with non transgenic potato plants (Supplemental Table 1).
Based on the microarray data, we chose five putative
stress-related genes (Supplemental Table 2) and analyzed
their expression by qRT-PCR. Among them, the expres-
sion of the genes encoding NAC-domain protein, NAC
TF, and AP2 domain CBF protein, C-repeat binding factor,
was elevated more than twofold in all three independent
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Fig. 4 Up-regulation of stress-responsive genes in transgenic potato
plants overexpressing CaBZl. a Expression levels of CYP707A1,
CBF and NAC in potato plants genes increased in response to ABA
(100 M) and mannitol (150 mM) treatment. b Expression levels
of stress-inducible genes increased in TO transgenic potato plants

CaBZI-overexpressing plants compared with the non
transgenic potato plant (Fig. 4). In addition, a major ABA
8/-hydroxylase gene, CYP707Al, was up-regulated 2.5-
fold, 4.4-fold, and 3.8-fold, respectively, in the three inde-
pendent transgenic lines compared with non transgenic
potato plants (Fig. 4).

Transgenic potato overexpressing CaBZ1 exhibit
improved tuber yields under drought stress conditions

After confirming the improved drought tolerance in early
stage leaves of transgenic potato plants, we measured
their tuber yields under drought stress conditions. For this
experiment, we generated additional transgenic potato
plants using a different vector harboring CaBZI under the
control of the CaMV35S promoter (Supplemental Materi-
als and Methods). The expression levels of were examined
by qRT-PCR, and five independent transgenic potato plants
were chosen for further analysis (Supplemental Fig. 1b).
Seven-week-old transgenic and non transgenic potato
plants were deprived of water for 12 day and watering was
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overexpressing CaBZI. Error bars indicate the standard errors. The
experiments were performed three times with at least three independ-
ent repetitions. Asterisks indicate a significant difference (one-way
ANOVA with Turkey’s test, *p value <0.05 and **p value <0.01)

subsequently resumed in the greenhouse. As described
above, all transgenic potato lines showed strong drought
stress tolerance compared with non transgenic potato plants
(Supplemental Fig. 1a). We determined the survival rates
of transgenic potato and non transgenic potato plants after
7 day re-watering. More than 80 % of the transgenic potato
plants survived after the period of drought stress; however,
only approximately 20 % of non transgenic potato plants
survived (Supplemental Fig. 1c).

To compare potato tuber yields, potato plants re-watered
after drought treatment and cultivated for two more weeks
under normal greenhouse conditions. Potato tubers from
transgenic and non transgenic potato plants were harvested
and their tuber yields were compared (Fig. 5a). Although
the tuber sizes were diverse for each plant, the number of
tubers in the transgenic lines averaged 6-7 after drought
stress treatment whereas that of non transgenic potato
plants averaged only 4 (Fig. 5b). In addition, the total tuber
weight of non transgenic potato plants was approximately
23.47 g, but that of the transgenic potato lines was more
than 70 g (Fig. 5c). Although transgenic potato line #3
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Fig. 5 Transgenic potato (A)
overexpressing CaBZ1 exhibits Before
improved tuber yields under drought

drought stress conditions. a
Representative potato tubers

of non transgenic potato and
TO transgenic potato plants

are shown for each line that
produced tubers under normal
and drought stress conditions. b
Number of tuber in non trans-
genic potato and TO transgenic
potato plants after drought
treatment. ¢ Potato tuber yields
of non transgenic potato and
TO transgenic potato plants
under normal and drought stress
condition. Error bars indicate
the standard errors. Asterisks
indicate a significant differ-
ence (one-way ANOVA with
Turkey’s test, *p value <0.05
and **p value <0.01)

exhibited slightly reduced total tuber yields under normal
conditions, these results indicate that the ectopic expression
of CaBZI in potato confers increased stress tolerance and
tuber yields under drought stress conditions.

Discussion

In this study, we examined the gene expression pattern
and cloned a novel bZIP gene from hot pepper. Amino
acid alignment showed that CaBZ1, which harbors a basic
region and leucine zipper region for DNA-binding, is simi-
lar to other plant bZIP proteins and phylogenetic analysis
classified it with group S bZIP proteins compared with
Arabidopsis (Fig. 1). Lee et al. 2006 showed that several
bZIP genes (AtbZIP11 and AtbZIP53), which belong to the
same phylogenetic group S as CaBZl, are induced only by
salt stress treatment, whereas AtbZIP2 is down-regulated
under the same conditions (Lee et al. 2006). Here, we
determined that CaBZI, unlike the bZIP genes of Arabi-
dopsis group S, is strongly induced by multiple stress stim-
uli, such as ABA, cold, mannitol and salinity (Fig. 1).

TFs can up- or down-regulate the expression of a group
of genes containing specific cis-elements in their promot-
ers (Fujita et al. 2006; Hussain et al. 2011). Therefore,

(B) 10-
After *
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(3]

0 4
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A After drought
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@
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o
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downstream genes of TFs can contribute to stress tolerance
in plants synergistically, producing stronger phenotypes
than those produced by a single down-stream functional
gene. In this study, over-expression of CaBZI in potato
altered the expression levels of a group of stress-inducible
genes and TF genes, such as NAC and CBF (Fig. 4). Trans-
genic rice plants constitutively expressing AtCBF3 are
more tolerant to drought and high salinity stress conditions
that non-transgenic control plants (Oh et al. 2005). Ectopic
expression of AtNAC2 in groundnut (Arachis hypogaea
L.) also increases tolerance to drought and salinity, and it
improves yields as well (He et al. 2005). Taken together,
our results suggest that ectopic expression of the CaBZI TF
gene from hot pepper regulates the expression of several
important TFs and functional genes to improve stress toler-
ance in potato.

To date, many studies have focused on increasing plant
tolerance to environmental stress conditions through
expressing stress-inducible TFs, including bZIP TFs (Goll-
dack et al. 2011; Kim 2006, 2014). However, overexpress-
ing stress-responsive TF genes driven by constitutively
expressed promoters might produce undesirable growth
characteristics such as smaller leaves, stunted plants,
delayed flowering and yield penalty (Hsieh et al. 2002;
Kasuga et al. 2004; Pino et al. 2007). Therefore, although
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many TFs related to abiotic stress tolerance have been
reported in several different plants, few TF genes have been
used to develop commercial transgenic plants. For example,
in potato, constitutive expression of three Arabidopsis CBF
genes causes severe growth retardation and reduced tuber
production. Among these TFs, the expression of AtCBF2
abolishes tuber yield (except in one line), while the expres-
sion of AtCBF3 completely abolishes tuber production in
all transgenic lines (Pino et al. 2007). Furthermore, Kasuga
et al. (2004) developed transgenic tobacco over-expressing
DREBIA, which improved drought and low temperature
stress tolerance. However, these transgenic plants exhib-
ited a severe dwarf phenotype under normal growth condi-
tions (Kasuga et al. 2004). In several different plants such
as soybean, tomato and Brassica junsea, over-expression of
DREBs repressed the growth of plants (Cong et al. 2008;
Li et al. 2012; Suo et al. 2012). Microarray analysis of
SIDREB over-expressing tomato showed the alteration of
GA metabolism related gene expression (Li et al. 2012).
In AfrDREBI over-expressing soybean endogenous gib-
berellins levels were decreased (Suo et al. 2012). Thus the
alteration of GA metabolism might be a cause of dwarfism
commonly observed in stress inducible TF over-expressing
transgenic plants. The yield penalty of transgenic plants is
one of the most important bottlenecks in the application of
transgenic crops. However, despite the constitutive over-
expression of CaBZI, the transgenic potato plants did not
exhibit altered plant growth and development phenotypes
(such as altered foliar tissue shape, plant height, tuber
formation and yield) under normal conditions (Fig. 2).
We also couldn’t find out the significant alteration of GA
metabolism related genes in microarray data and qPCR
analysis (Supplemental Fig. 3). In addition, the transgenic
potato plants exhibited strong drought tolerance and higher
tuber number and yields than that wild type potato plants
under drought stress conditions (Fig. 5).

Some reports demonstrate that the use of stress-inducible
promoters can minimize the negative effects of the exoge-
nous gene on the plant growth (Kasuga et al. 1999, 2004;
Pino et al. 2007). In Arabidopsis and tobacco, expressing
DREBIA under the control of the stress-inducible rd29A
promoter resulted in much less growth inhibition than
expressing this gene under the control of the constitutive
CaMV35S promoter (Kasuga et al. 1999, 2004). In addition,
Pino et al. (2007) found that in potato, expression of Arabi-
dopsis CBFI and CBF3 under the control of a cold-induci-
ble promoter alleviated the stunting phenotype and restored
tuber yield to roughly wild type potato levels (Pino et al.
2007). Therefore, using a stress-inducible promoter might
be a useful strategy for minimizing the effects of a TF gene
on plant growth and productivity. However, the develop-
ment of an abiotic stress-tolerant gene without yield penalty
and increasing productivity still represents the best choice
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for such applications because it alleviates the necessity of
overcoming negative effects. CaBZI exhibits this valuable
characteristic. Our current study represents the first report
of improving the drought tolerance of a tuber crop without
reducing tuber yields, using transgenic technology.
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