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Abstract To improve the salinity tolerance of rice,
a DEAD-box helicase gene isolated from pea with a
CaMV35S promoter was transformed into the
Bangladeshi rice variety Binnatoa through Agrobac-
terium-mediated transformation. The transgenic seed-
lings showed significantly higher chlorophyll content,
but decreased root length compared to wild type
(WT) under normal physiological conditions. Their
status was confirmed by polymerase chain reaction
(PCR), semi-quantitative reverse-transcription PCR
and Southern blot hybridization for positive integra-
tion of the transgene. The T, progenies from three
independent transformation events were character-
ized for salinity tolerance both at seedling and
reproductive stages. Compared to the WT plants,
the average decrease in chlorophyll content and dry
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weight of seedling leaves was lower by 20 and 12%
respectively at 12 deciSiemens per meter (dS/m)
NaCl stress in hydroponics. A higher leaf K*/Na™
ratio of 0.346 was maintained by the transgenic lines
compared to the WT ratio of 0.157, which indicated
induced ion homeostasis. At the reproductive stage,
transgenic rice plants expressing PDH45 showed
better fertility and produced higher grain yield by
16% compared to WT plants under continuous stress
of 6 dS/m from 30 days till maturity. One of the
transformed lines, PDH45-P3, outperformed the oth-
ers, and replicated data in reproductive stage soil
stress of 12 dS/m NaCl showed its enhanced fertility
and yield by 46 and 29% over WT, respectively.

Keywords Pea DNA helicase 45 - Transgenic rice -
Salt stress - Binnatoa - Yield

Introduction

Soil salinity has become a major problem affecting
plant productivity worldwide. In Bangladesh, salinity
affects nearly a third of the total cultivable land area
of only 9 million hectares (Karim and Igbal 2001).
Moreover, a rise in sea levels due to global warming is
likely to intensify these problems. There is therefore
no alternative to producing more saline-tolerant
varieties, particularly the staple food rice (Oryza
sativa L.). Since salinity tolerance is controlled by

@ Springer


http://dx.doi.org/10.1007/s11032-011-9625-3

346

Mol Breeding (2012) 30:345-354

multiple genes, over-expression of single genes
resulting in field-level tolerance in rice is limited
(Garg et al. 2002; Fukuda et al. 2004). On the other
hand, over-expression of the salt-inducible Pea DNA
helicase, PDH45, in tobacco, resulted in strong
tolerance in which the yield in the transgenic plants
remained unchanged even in 200 mM continuous
NaCl stress. The transgenic plants also showed
increased Na' homeostasis, partitioning excess salt
into older leaves (Sanan-Mishra et al. 2005).

DNA helicase from the pea plant, Pisum sativum,
or PDH45, is a member of the DEAD-box protein
family. Although, its deduced amino-acid sequence
has the eight common conserved helicase motifs, it is
a unique member of this family, containing DESD
and SRT instead of DEAD/H and SAT in motifs V
and VI respectively (Tuteja 2003; Pham et al. 2000).
The alignment of amino-acid sequences between
PDH45 and other DNA and RNA helicases reveals
regions of sequence identity only in the eight
domains characteristic of helicases (Pham et al.
2000). The amino acids in these eight motifs are
variously responsible for ATP binding and hydroly-
sis, nucleic acid binding, nucleic acid unwinding and
RNA binding (Tuteja and Tuteja 2004). PDH45 is
localized in the nucleus and cytosol and unwinds
DNA in the 3’5" direction using ATP. It also has
ATP-dependent RNA unwinding activity (Pham et al.
2000). The amino-acid sequence of PDH45 shows
86% similarity with the tobacco translation initiation
factor elF-4A, and 58% with elF-4A from Arabid-
opsis thaliana, maize, rice and wheat (Pham et al.
2000). The eukaryotic translation initiation factor
(eIF-4A) is also a prototypic member of the DEAD-
box family. It is an essential component of the cap-
binding complex that facilitates ribosome assembly
on mRNA by unwinding the secondary structures in
the 5’ untranslated region (UTR) of many proteins
(Pause et al. 1994). Antibodies against PDH45 inhibit
in vitro protein synthesis. In addition PDH45 has
been found to physically interact with and stimulate
pea topoisomerase I activity (Pham et al. 2000).

The levels of transcription of the DEAD-box heli-
cases of glycophytes are regulated by different abiotic
stresses, and their expression is part of a general
response system. In contrast the transcription of the
DEAD-box helicase of the halophyte Apocynum vene-
tum is strongly dependent on the salinity of the
medium, and increases with time. This inducible
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helicase may therefore play an important role in the
salinity tolerance of the halophyte (Liu et al. 2008). The
homolog of PDH45 in Medicago sativa, a glycophyte,
MH-1 (Medicago helicase I) was shown to be enhanced
after mannitol, NaCl or H,O, treatments. The cDNA
when over-expressed caused Arabidopsis to be both
salt- and drought-tolerant. The elevated stress toler-
ance in MH-1-expressing plants was correlated with an
increase of superoxide dismutase (SOD) and ascorbate
peroxidase (Apx) activities, indicating that MHI
functions in abiotic stress by elevating the capacities
for reactive oxygen species (ROS) scavenging and
osmotic adjustment (Luo et al. 2009).

The overall properties of PDH45 suggest that it
could be an important multifunctional protein
involved in protein synthesis, maintaining the basic
activities of the cell, and in the up-regulation of
topoisomerase I activity (Pham et al. 2000). We
therefore wanted to see the effect of its over-
expression in rice. The original helicase construct
was subcloned into a rice-compatible vector and used
to produce at least six strongly expressing lines.
These were selectively advanced to T, and charac-
terized for salinity tolerance traits at the seedling and
reproductive stages. The transgene gave a visible
physiological advantage to the seedlings due to
increased chlorophyll content and fertility at the
reproductive stage even without stress. The trans-
genic lines could set seed and give much higher yield
compared to WT plants under stress.

Materials and methods
Transformation of Agrobacterium tumefaciens

The 1.2-kb Pea DNA helicase 45 coding sequence was
cut out of the original vector pbI121-PDH45 (Sanan-
Mishra et al. 2005) by using Xbal and inserted into the
MCS of pRT100. The CaMV35S-PDH45-poly A
fragment thus generated in pRT100 was then cut out
with Pstl and inserted into the MCS of the rice
compatible pPCAMBIA1301 containing the hygromy-
cin phosphotransferase selectable marker and the
reporter GUS gene (Electronic Supplementary Mate-
rial Fig. la—e). An electrocompetent strain of Agro-
bacterium tumefaciens (LBA4404) was electroporated
with the construct pPCAMBIA 1301/CaMV35S-PDH45
using standard protocols (Sambrook et al. 1989).
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Aliquots of the electroporated cells were plated on
YM agar containing kanamycin and incubated for
48 h at 28°C. Positive colonies were selected by
lysate polymerase chain reaction (PCR) (Sambrook
et al. 1989) using forward primer (Long HPT-F 5'-
CGAAGAATCTCGTGCTTTCAGC-3') and reverse
primer (Long HPT-R 5-AGCATATACGCCCGG
AGTCG-3') designed from the hygromycin phospho-
transferase gene. The PCR reaction was performed at
95°C for 10 min, followed by 35 cycles of 1 min at
95°C, 1 min at 65°C and 1 min at 72°C, then 7 min
of final extension at 72°C, with final concentration of
2.3 mM MgCl,, 0.1 mM dNTPs and 0.3 pM of each
primer and 1 unit of recombinant Tag polymerase
(Invitrogen, Carlsbad, CA, USA).

Generation of transgenic rice plants

The Bangladeshi cultivar Binnatoa, which has been
previously reported to be tissue-culture responsive,
was used for transformation (Rasul et al. 1997).
Binnatoa was transformed with the PDH45 gene
construct through Agrobacterium-mediated transfor-
mation and the calli were selected in hygromycin
(50 mg/L) according to the modified protocol of
Khanna and Raina (1999) and Rasul (2005). In three
individual experiments, ~400 calli were infected and
six successfully transformed T, plants were advanced
to the T5 generation by germinating T; and T, seeds
in hygromycin (20 mg/L) and selecting only vigor-
ously growing seedlings after 48 h. Transgenic lines
were further selected by subjecting T; and T, lines to
salinity tolerance assessment as described in the
salinity screening section. Only those lines at T, and
T; that gave tolerance leaf drying score (LDS) levels
of around 3-5, i.e. moderately tolerant (30-50% leaf
damage), at the seedling stage were selected for
additional tests. After hygromycin assay at each
generation (T(—T3), PCR was used for molecular
confirmation of the transgenic plants. Three T,
transgenic lines with the lowest LDS scores and
homozygosity in the transgene were used for all the
experiments of this study. Out of these three, one
transgenic line, PDH45-P3, consistently out-per-
formed the rest. Therefore all screening experiments
described below at both seedling and reproductive
stages were repeated again for this transgenic line at
the T; generation with multiple biological as well as
experimental replicates.

Molecular screening of transgenic plants

Putatively transformed rice plants were screened by
PCR analysis using 50 ng rice genomic DNA as
template from wild-type Binnatoa and various trans-
genic lines of Ty, T,, T, and T3 generations and
forward (PDH45-F 5-ATGGCGACAACTTCTGT
GG-3') and reverse (PDH45-R 5-GAGTCTAG
ATTATATAAGATCACCAATATTC-3')  primers
designed from the Pea DNA Helicase CDS homol-
ogous to elF-4A (accession no. Y17186). The pair of
primers amplified the 1.2-kb-long PDH45 gene. Rice
genomic DNA was isolated using the Qiagen DNeasy
Plant Mini Kit (Hilden, Germany). The PCR reaction
was performed at 95°C for 5 min, followed by
30 cycles of 1 min at 95°C, 1 min at 61°C and
1.5 min at 72°C, then a final extension of 10 min at
72°C with final concentration of 0.4 mM dNTPs,
3.6 mM MgCl, and 0.8 pM of each primer.

Histochemical GUS assay

Tissue segments, shoot and root, from transgenic (Ty)
plants were assayed for beta-glucuronidase (GUS)
(Jefferson et al. 1987) using the indigogenic substrate
X-gluc  (5-bromo-4-chloro-3-indolyl  f-D-glucuro-
nide). Root and shoot from WT Binnatoa was used
as negative control and GUS-positive transgenic
tobacco leaf was used as positive control. The
substrate was dissolved in 100 pL dimethyl formam-
ide (DMF) and made up to a final concentration of
1 mg/mL with 50 mM phosphate buffer at pH 7.0.
Tissue segments were fixed at pH 5.6 by fixation
solution containing 10 mM MES, 0.3% formalde-
hyde and 0.3 M mannitol, and vacuum infiltrated for
5-6 min. The tissues were then washed several times
in 50 mM phosphate buffer and incubated in
~200 pL X-gluc for 16-72 h at 37°C.

Southern blot hybridization

For Southern blot hybridization, 7 pug of genomic
DNA from PCR-positive rice lines was digested with
Xbal enzyme, which cuts the fragment out at the
MCS and 3’ end of the PDH45 sequence (Supple-
mentary Fig. 1a, b), electrophoresed and blotted onto
a nylon membrane and probed using DIG-labeled
PCR amplified product (~ 1.2 kb) from the pea DNA
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helicase gene according to the standard protocol
(Roche Diagnostics Inc., Mannheim, Germany).

RNA extraction and semi-quantitative
reverse-transcription PCR

Total RNA was extracted from both shoot and root of
16-day-old seedlings of transgenic and non-trans-
genic rice cv. Binnatoa of T3 generation according to
the TRIzol_reagent (Invitrogen) manufacturer’s
instructions. cDNAs were synthesized from 1 pg
total RNA (pretreated by DNase I, Roche) of
transgenic and non-transgenic root and shoot accord-
ing to the Invitrogen two-step reverse-transcription
(RT)-PCR manufacturer’s protocol. Using another
primer pair (PDH45_int_F 5'-GGACTTTGAGACG
ACGGAAG-3' and PDH45_int_R 5-ACTTTTGCCT
CCAATGCAAG-3'), a shorter region (358 bp) of the
cDNA from WT Binnatoa and transgenic PDH45-P3
was PCR-amplified for 31 cycles to observe differ-
ences in expression level in non-stressed and 10 dS/m
salt-stressed plants.

Assessment of salinity stress tolerance at seedling
stage

The germinated seeds of WT, transgenic lines and
sensitive controls (IR29) were transferred to four
separate sets of netted, floating styrofoam in a
completely randomized design. Each tray contained
six seedlings of each of the plant types. The seedlings
were allowed to grow in 10 L normal Yoshida
(Yoshida et al. 1976) culture solution per float until
the seedlings reached the four-leaf stage (14-18 days
from germination). The electrical conductivity (EC)
of the culture solution of three trays (the fourth was
used as control) was increased to 6 dS/m and then
increased gradually to 12 dS/m over the next 3 days.
The EC of the solution was measured using a
conductivity meter (Lutron CD4301, Taiwan). This
was done by replacing the culture solution with
Yoshida solution containing NaCl (Ponnamperuma
1977). The EC of the solution was maintained at
12 dS/m until the end of the experiment. The pH of
the non-aerated Yoshida culture solution was
adjusted to 5.0 every day and the culture solution
was changed every 2 days. The trays were kept in a
net house where the average temperature and humid-
ity were 27°C and 72%, respectively. An increase in
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leaf number and length was measured after an
interval of 2 days until 90% of the leaves of the
sensitive control were damaged. After 8§-10 days,
when the sensitive control IR29 in stress were dead,
tolerance-related traits (LDS, root length, shoot
length) of all stressed as well as control plants were
measured. Data for percent survival and total leaf
area affected was recorded according to the standard
evaluation system of rice at IRRI (IRRI 1996;
Gregorio et al. 1997). The level of salinity tolerance
was evaluated based mainly on the value of LDS,
which is based on the percentage of leaf damage. The
plants were scored according to the following scale:
1: highly tolerant (10%); 3: tolerant (10-30%); 5:
moderately tolerant (30-50%); 7: moderately suscep-
tible (50-70%) and 9: susceptible (70%) (Gregorio
et al. 1997). The chlorophyll content of the stressed
and control transgenic shoots as well as WT was
measured at this stage (Vernon 1969), as well as their
dry weight after keeping them for 72 h at 70°C in a
hot-air circulating oven (Honeywell, UK model
DT200).

Assessment of salinity stress tolerance
at reproductive stage

After 18 days in the hydroponic system in Yoshida,
30-day-old WT and transgenic lines were transferred
individually to soil contained in perforated pots,
where the soil was encased in a thin porous cloth to
prevent leakage. The pots were placed in bowls of
water, with five pots in each bowl. The water was
maintained at the same level as the top of the soil in
the pots. Each pot contained one plant. Each bowl
therefore contained WT, sensitive control and the
three transgenic plants. After 10 days, the pots were
taken out of the water and allowed to drain for 24 h,
and then transferred to large bowls filled with 6 dS/m
NaCl solution in seven bowls or seven biological
replicates. The salinity was maintained at the same
level throughout the experiment until completion of
the life cycle of the plants. Water instead of NaCl
solution was used in three more bowls to serve as
control. The experiment was set up in a net house
where the average temperature and humidity were
29°C and 72%, respectively. At maturity, plant height
was measured with a meter scale from the base of
each plant up to the tip of the panicle. A single
measurement was taken for a hill or plant per pot. At



Mol Breeding (2012) 30:345-354

349

the end of reproductive stage, seeds were collected
from transgenic and non-transgenic plants and the
weight of total filled grains (g/plant) was measured to
determine the grain yield. The percent yield of the
cultivars under salt stress was measured by comparing
them to their non-stressed counterparts, where the
latter was considered as 100%. Other yield-related
traits (tiller number, panicle number, panicle length,
spikelet number and spikelet fertility in percent) were
also measured. Rice is naturally more tolerant to salt
stress at the seedling stage than the reproductive stage.
At the seedling stage, even WT can survive for several
days at 12 dS/m (~ 120 mM) salt stress. However, at
the reproductive stage, WT rice is extremely suscep-
tible to high-salt concentration and may die before
reaching reproductive stage, eliminating the scope for
comparison of yield-related parameters (Gregorio
et al. 1997). In case of the outperforming PDH45-
P3, screening at the reproductive stage was done
successively at 0, 4, 8 and 12 dS/m NaCl with three
biological replicates and three experimental replicates
or n =9 for each differing stress condition in the
manner described above. For the latter studies,
transgenic Binnatoa (BA-70) containing the vacuolar
OsNHX1 gene and shown to be salt-tolerant in
previous studies (Islam and Seraj 2009) was used
for comparative purposes in addition to WT Binnatoa.

Measurement of Na™, K* content

For the measurement of sodium and potassium
concentrations in shoot and root at O and 12 dS/m,
plants were washed in flowing tap water for 30 s and
the oven-dried plants from each biological replicate
were pooled, ground and analyzed by a flame photom-
eter 410 (Sherwood, UK) after 48 h of extraction with
IN HCl following the procedure described by Yoshida
etal. (1976). Concentrations were expressed as percent
of dry weight. The potassium to sodium ratio was also
determined. For the reproductive stage, after harvest-
ing, the grains of transgenic and WT plants were dried
in the sun for 1 week and then in an oven at 70°C for
72 h. K* and Na™ content of the flag leaves (leaf 0),
shoot (all leaves except leaf 3 and the stalk) and third
leaf (leaf 3) of pooled biological replicates were
separately measured as above. The existence of
significant effects due to the transgene PDH45 was
determined by the 7 test. All statistical analyses were
done using Data Analysis ToolPak of Microsoft Office

Excel 2007. The F test was performed to verify equal
variance of the independent set of samples and based
on that result Student’s 7 test was performed, assuming
equal variance or unequal variance as applicable, to
compare significant differences (P < 0.05) between
the transgenic and the WT lines.

Results
Selection of transformed plants

Six independent transgenic lines were produced using
the Agrobacterium-mediated transformation method.
The hygromycin phosphotransferase (HPT) gene-
specific band was found in six Ty plants after PCR
analysis (not shown). For that reason, all these six T
plants were advanced to T; by selfing followed by
hygromycin assay and examination in hydroponics
for salinity tolerance. Progenies from three plants
(PDH45-P3 to P5) having an average LDS of around
3-4 (leaf damage of 30-40%) were selected for
advancing and additional tests (cf: generation of
transgenic plants). The 1.2-kb gene-specific band was
re-confirmed by PCR in all the selected T, lines
(Supplementary Fig. 2a).

Molecular analysis of the transformants

The expression of the PDH45 gene in the transgenic
lines was confirmed by semi-quantitative RT-PCR. A
band of 358 bp from amplification of PDH45 cDNA
is shown in the T, progenies of the selected
transgenic line PDH45-P3 at 31 cycles (Supplemen-
tary Fig. 2b). Stable integration of the transgene was
confirmed by hybridization of the Xbal-digested
DNA with PDH45 cDNA. The expected single band
pattern around the 1.2-kb position was observed in
three of the T, plants finally selected (Supplementary
Fig. 2¢). No band in the similar position was detected
in the WT plants.

Effects of salt stress on vegetative stage

Under control conditions it was noted that the PDH45
plants appeared more vigorous with significantly
higher (~30%) chlorophyll content than WT. Inter-
estingly, the roots were observed to be significantly
shorter (by ~33%) but had similar biomass when
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Table 1 Phenology of

. . Shoot length Root length Biomass Chlorophyll Leaf drying
wild-type and transgenic (cm) (cm) (g/plant) (mg/g leaf) score (LDS)
seedlings under 12 dS/m
NaCl stress in hydroponics Wild type

Control 64.1 £29 18.7 £ 0.6 04 £ 0.1 48 £03 48 £0.2
Stress 473 £ 0.9 127 £ 03 0.3 £ 0.0 24 + 1.1
PDH45-P3
Control 62.1 £24 13.0 £ 0.5% 04 £ 0.0 6.4 £ 0.2* 3.5 + 0.2%
Stress 48.9 + 0.4* 11.5 £ 0.1 0.3 + 0.0* 4.3 + 0.3*
PDH45-P4
Values are mean = SE Control  64.5 4 1.0 128 £ 0.1%  05+0.1 6.6 +02% 3.5+ 02¢
(n = 36 for stress and ontro : : : : : : : : : :
n = 12 for control) Stress 48.3 + 0.7* 10.9 + 0.2* 0.3 + 0.0* 4.5 + 0.2%
* significant difference PDH45-P5
between wild-type and Control ~ 61.1 & 0.7* 137 £02% 04400 6.2+ 0.1% 3.9 +0.2*
transgenic variety at Stress 465 + 0.6 109 +0.1% 03+ 0.0 45 4 0.1%

P <0.05

compared to WT without stress (Table 1). Therefore,
the roots of the transgenic lines obviously had more
width (not measured). The three selected transgenic
lines (PDH45-P3 to P5) showed higher salt tolerance
at the seedling stage compared to WT plants
(Table 1). The decrease in shoot and root length
due to 12 dS/m salt stress was significantly lower in
the transgenic lines. The average decrease in dry
weight of transgenic seedling shoots was lower by
12% compared to the WT plants. The significantly
lower reduction in chlorophyll content in the trans-
genic plants was the most striking: the average
decrease in chlorophyll content of seedling shoots
was lower by 20% compared to the WT plants
(Table 1). After stress application, the chlorophyll
content in the transgenic lines was found to be
roughly double that of WT, since this was much
higher in the former before stress.

All the transgenic lines also showed significantly
lower LDS compared to WT in salt stress (Table 1).
The leaf damage in the transgenic lines was thus
10-13% lower compared to WT. The WT cv.
Binnatoa itself is moderately tolerant. After 14 days
of exposure to 12 dS/m NaCl treatment, the sensitive
control IR29 died and therefore its data was not
included in the table.

Transgenic seedlings maintained higher K*/Na*
ratio than WT

Sodium and potassium uptake by the shoots, K*/Na*

ratio and seedling survival rates are well correlated
with tolerance of the rice (O. sativa L.) plant to
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salinity stress (Bohra and Dorffling 1993; IRRI 1996;
Lee et al. 2003). Under control conditions, the
transgenic plants were observed to show slightly
higher K*/Na™ ratios compared to WT, which were
however non-significant (Fig. 1). After 14 days stress
at 12 dS/m NaCl, the transgenic plants showed higher
K*/Na* ratio (0.346 & 0.076) compared to WT of
the same age (0.156 £ 0.02) (Fig. 1; P < 0.05).

Effect of salt stress on the reproductive stage

All three transgenic lines had greater plant height by
13-17 cm compared to WT without stress. This
increase in plant height was lower for the PDH45-P3
line. However the total grain weight per plant was
0.5 g higher for this line, whereas it was lower than
WT for the other two transgenic lines without stress
(Table 2).

K*/Na* ratio in wild-type and transgenic rice seedlings at

i 12 dS/m NaCl stress
’ EWT ®PDH-4

1.2 4 ©PDH-3 MPDH-5

0.8 4
0.6 4 2
0.4 4
0.2 1

K*/Na*Ratio

Control stress
WT and Different transgenic lines with the PDH45 gene

Fig. 1 K*'/Na* ratio in wild-type and transgenic rice seedlings
after NaCl stress at 12 dS/m in hydroponics. Each bar
represents the mean + SE (n = 3); P < 0.05
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Table 2 Yield data of wild-type and transgenic lines under 6 dS/m NaCl stress in soil
Total grain Plant height Effective Spikelet No. of Spikelet
weight (g/plant) (cm) tiller no. damage (%) spikelets fertility (%)
Wild-type BA
Control 47+ 1.0 103.7 £ 8.5 53+03 - 290.3 &+ 57.8 85.2
Stress 1.8 £0.2 1169 £ 2.3 53 £0.6 18 £0.1 271.6 £+ 20.6 394
PDH45-P3
Control 52+£0.6 117.7 £ 3.5 50+ 0.6 - 259.7 £ 27.6 89.4
Stress 3.1 £ 0.3% 118.0 £ 0.6 44 +£02 16 £ 0.1 284.1 £ 21.6 55.7%
PDH45-P4
Control 45+ 0.1 127.0 + 4.7 4.7+ 09 - 248.0 &+ 27.7 81.8
Stress 21402 116.7 £ 1.1 44+03 11 £0.1 217.8 £ 234 53.1%
PDH45-P5
Control 46 £0.5 1193 £29 43+£03 - 250.3 £ 28.2 90.9
Stress 24 +£02 120.1 £ 1.0% 3.6 04 12 £0.1 212.0 £ 17.9% 60.5%

Values are mean & SE (n = 14 for stress and n = 6 for the control)

* Significant difference between wild-type and transgenic variety at P < 0.05

The superior physiological status of the transgenic
rice plants expressing PDH45 was apparent at 6 dS/m
under continuous salt stress. All yield-related param-
eters of the three transgenic lines (PDH45-P3 to P5)
such as effective tiller (tillers with panicles), spikelet
number, plant height, spikelet damage and spikelet
fertility were indicative of their better performance
compared to WT (Table 2). Under continuous stress,
the transgenic lines produced higher average grain
yields by ~22% compared to the WT plants. The
plant PDH45-P3 performed the best, showing only
40% decrease in grain yield compared to 62%
decrease in WT at 6 dS/m (P < 0.05).

Enhanced yields of PDH45-P3 in comparison
with the salt-tolerant transgenic rice Binnatoa
(BA-70) expressing the vacuolar OsNHX1
transgene

The transgenic line PDH45-P3 consistently outper-
formed the other two in all stress tests. Therefore, this
plant was tested again with at least nine replicates at
successively increasing NaCl stresses of 4, 8 and
12 dS/m. As a comparison, we also used the mod-
erately tolerant transgenic BA-70 containing the
vOsNHX1 gene (Islam and Seraj 2009) and the WT.
The fertility of PDH45-P3 gradually decreased from
89.38 + 1.34 to 62.5 £ 2% with increasing stress
(Fig. 2). This decrease of 26.8 + 1.41% was signif-
icantly lower than the 37.14 4 9.9% decrease in

BA70 and the 41.09 + 9.71% decrease in WT. The
yield per plant for PDH45-P3 at 12 dS/m was found
to be 3x and 7x compared to BA-70 and WT,
respectively (Supplementary Fig. 3). PDH45-P3 was
therefore considered to be highly tolerant. Further-
more, percent grain set or superior fertility of
PDH45-P3 was clearly observed, as shown in Fig. 3
and Supplementary Figs. 3 and 4b, where in the latter
figure only 4-5 empty spikelets can be seen in
contrast to 15-17 for BA-70 and 19-21 for WT at
12 dS/m.

Discussion

Constitutive expression of the PDH45 gene gave a
physiological advantage to the phenotype of the
PDH45-P3 rice line, which was physically apparent
by its increased plant height and spikelet fertility at
the reproductive stage without stress (Supplementary
Table 1). Flag leaf K'/Na' ratio under control
conditions was also shown to be significantly higher
(Supplementary Fig. 5). At the seedling stage, the
transgenic line showed significantly higher chloro-
phyll content under control conditions, although plant
height was not observed to be different (Table 1).
The grain width in this transgenic line was also
observed to be higher by 0.5 mm compared to WT
(Supplementary Fig. 4a). Previously, a Vigna radiate
RNA helicasel and Arabidopsis SINI gene containing
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Change of % fertility of PDH45-P3, BA70 and WT due to increase
in salt concentration
100 A
90
80
70 4
>
£ 60
‘5 50
&
N 40 A
309 M romases
209 [-.- Ba70
109 | = wr
0 T T T 1
0dS/m 4dS/m 8dS/m 12dS/m

Different stress conditions

Fig. 2 Change in percent fertility of PDH45-P3, BA70 and
WT due to increase in salt concentration. (n = 9 for PDH45-P3
and n = 6 for WT and BA70)

Comparison of percent yield of PDH45-P3 with

BA70 and WT at 12 d5/m salt concentration
40.00% -

34.76%
35.00%
30.00%
25.00%
20.00%
15.00% 1172%

10.00% - =

0.00% T T
WT

PDHA45-P3 BATO

Percent yield (gm/plant)

Fig. 3 Comparison of percent yield of PDH45-P3 with BA70
and WT at 12 dS/m salt concentration. (n = 9 for PDH45-P3
and n = 6 for WT and BA70)

a DEAD-box RNA helicase C domain have been
implicated in embryo viability (Li et al. 2001;
Chaudhury et al. 2001). However another UPF1
RNA helicase involved in nonsense-mediated decay
was shown to be responsible for small seed size in
Arabidopsis thaliana (Yoine et al. 2006). Under
12 dS/m NaCl stress, the panicle and flag leaf length,
K*/Na* ratio as well as the fertility of the transgenic
line was significantly greater than WT (Supplemen-
tary Figs. 4 and 5). This low decrease in fertility
under stress probably resulted in the increased yield
of 29% in the PDH45-P3 line over WT. The
comparative yield advantage of PDH45-P3 over
BA70 and WT at different degrees of stress was
observed again as 1,000-grain weight (Supplementary
Fig. 3). At the seedling stage it was noted that the
transgenic plant’s roots had more biomass per unit
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length compared to WT under control conditions and
~30% more chlorophyll (Table 1). Moreover, under
NaCl stress, the decrease in chlorophyll was also
significantly lower compared to control plants. The
larger amounts of chlorophyll could be responsible
for the increased yields in transgenic plants both in
control and stressed conditions.

The PDH45 protein has been shown to have
54 £ 5% similarity to eIF-4A from plants like
tobacco, rice, maize and Arabidopsis (Owttrim
et al. 1991, 1994; Pause et al. 1994). Antibodies
against PDH45 were also observed to inhibit in vitro
protein synthesis (Pham et al. 2000). Since eIF-4A is
known to play a key role in unwinding inhibitory
secondary structures present in the 5' UTRs of many
proteins, it can be reasoned that PDH45 may help in
translation and also function as a regulator of
translational initiation. PDH45 was shown to stimu-
late pea topo-I isomerase activity. Topoisomerases
are ubiquitously present in cells and play a major role
in cellular DNA metabolism, including replication,
repair, transcription and recombination, by resolving
the topological constraints imposed on DNA during
these processes (Wang et al. 1990). It is possible that
both the helicase and topoisomerase activities may
function in concert, as topoisomerases probably
relieve helicase-induced DNA torsional tension.
Therefore, the proposed properties of PDH45 are
likely helping the transgenic plants to show physio-
logical advantage over WT as observed in terms of
their thicker roots, higher chlorophyll content, longer
panicles and wider grains in control conditions, noted
specially in the case of PDH45-P3 (Table 1; Supple-
mentary Fig. 4). When such plants are stressed, their
altered characteristics mentioned above may help
them to obviate the effects of stress. For example, the
increased chlorophyll can help in retention of pho-
tosynthetic activities under stress. In the seedling-
stage stress tests, induced ion homeostasis was also
observed (Fig. 1), which was however not propor-
tional to the increased tolerance level of the different
transgenic lines. Therefore, over-expression of the
pea DNA helicase protein may also result in
increased expression of the transporters responsible
for sequestration, excretion and recirculation of Nat
(Kronzucker and Britto 2011; Jiang et al. 2010).
Enhanced PDH45 activity may also cause an increase
in scavengers of ROS like ascorbate peroxidase and
superoxide dismutase. Such an increase was reported
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by overexpression of the PDH45 homolog of Medi-
cago sativa in transgenic Arabidopsis (Luo et al.
2009). DNA helicases from rice have been reported
to have a similar kind of unwinding function, but
PDH45 is unique because it contains the DESD and
SRT motifs instead of the DEAD and SAT motifs
found in other helicases. These motifs may result in
its unusual properties, including RNA helicase activ-
ity and induction of topoisomerase 1 activity in pea,
as mentioned above. From these perspectives, it may
have specific roles during stress, which are not
reported for the rice DNA helicases. Pea DNA
helicase 45 is homologous to rice eIF-4A but does
not show strong similarity with the DNA helicases
from rice (results of our BLAST analysis, not shown).
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Abstract

Soil salinity adversely affects plant growth, development and disturbs
intracellular ion homeostasis which results in cellular toxicity. The salt overly
sensitive 1 (5OS1) gene is a critical component of salt tolerance in many species
and encodes a plasma membrane Na“/H" antiporter that plays an important role
in germination and growth in saline environments. In the current study, the
coding sequence of SOS1 gene (3447 bp) was amplified from a Bangladeshi rice
landrace, Pokkali, by applying the fusion PCR strategy. SOSI PCR amplicons
were firstly cloned into pENTR/D-TOPO and then recombined with the binary
vector, pH7WG2, through LR reaction. Positive colonies were validated by PCR,
restriction digestion and sequencing. Finally, the constructed vector was
transformed into Agrobacterium tumeficiens, LBA4404 strain, to initiate
Agrobacterium-mediated transformation with the provision to transfer the cloned
SOS1 into farmer popular rice varieties.

Introduction

Soil salinity has been a major threat in crop production worldwide and it exists
approximately in 20% of world’s cultivable lands (Rhoades and Loveday 1990,
Qadir et al. 2008). Approximately 2 million ha of lands are being annually
affected by salinity (Kalaji and Pietkiewica 1993). High salt concentrations cause
hyperosmotic stress and ion imbalance in plants which often leads to oxidative
damage in cellular components as a secondary effect (Qadir et al. 2008). In
Bangladesh the increased pressure of a growing population has resulted in the
demand for more food production. Hence it is important to explore the
possibilities of  producing crops such as rice in hitherto fallow lands in the
coastal south region affected by salinity to maximize food production.

*Author for correspondence: <zebai@univdhaka.edu>.
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Many attempts have been made to improve crop productivity by
conventional breeding as well as genetic transformation for abiotic stress
tolerance, like salinity (Mittler and Blumwald 2010, Reguera et al. 2012, Verma et
al. 2007, Tuteja et al. 2012). However, it has been very difficult to combine
tolerance with high yield. Transgenic approaches are more likely to be successful
in maintaining yields, while improving tolerance such as to salinity, particularly
if high yielding cultivars are transformed using stress-inducible promoters
(Wang et al. 2013). There are also quite a few clear examples where single genes
have significantly increased yield, particularly to drive domestication (to control
tiller number, branching, and seed number) and that domestication of an
important crop can lead to green revolution (Tester and Langridge 2010).

SOS1 is one of the many potential candidate genes for conferring salt
tolerance. The coding sequences of SOSI1 gene in rice is about 3447 nucleotide
bases long and predicted to encode a 127-kDa protein with 12 transmembrane
domains in the N-terminal part (Shi et al. 2000). In addition, the expression of
SOS1 is pervasive, but stronger in the epidermal cells surrounding the root-tip,
with parenchyma cells neighboring the xylem. SOSI acts as a Na*/H* antiporter
on the plasma membrane and plays a vital role in sodium efflux from root cells
and the long distance Na* transport from root to shoot (Shi et al. 2002). In the
current study, SOSI has been cloned from a salt tolerant rice landrace Pokkali,
with the aim to transform it into farmer popular BRRI varieties for enhancing the
salinity tolerance of the latter.

Materials and Methods

Rice landrace Pokkali was grown for 15 days and 150 mM salt stress was applied
to extract total RNA using TRIZOL (Invitrogen) method. The extracted RNA
was quantified using Nanodrop® spectrophotometer ND-1000 (Thermo Fisher
Scientific inc.), and the cDNA was synthesized from isolated RNA by using
SuperScript™ first-strand synthesis system (Invitrogen). The amplification of
SOS1 coding region was accomplished applying fusion PCR/overlap PCR
strategy. Primers were designed accordingly to attain the task (Fig. 1)

The first fragment was amplified by PCR with the SOS1 forward primer
(SOS1_F) and SOS1 overlap reverse primer (SOS1_OL_R) (Table 1). PCR reaction
program for amplifying the first fragment was optimized as follows. Initial
denaturation at 95°C for 5 min and 35 cycles of denaturation at 95°C for 1 min,
annealing at 61.5°C for 1 min, extension at 72°C for 2.10 min followed by a final
extension at 72°C for 10 min. A final concentration of 2.3 mM MgCl,, 0.1 mM
dNTPs, 0.3 uM of each primer and 1 unit of recombinant Taq polymerase
(Invitrogen, Carlsbad, CA, USA) was used. The forward primer was designed
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adding CACC overhang to ensure compatibility with pENTR/D-TOPO vector
(Fig. 2A).

l RNA isolation from Pokkali (landrace rice variety) J

Y

cDNA synthesis by using Superscript ™
reverse transcriptase

U

SOS1_F SOS1_OL_F

=i =
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S0S1_OL_R SOS1_R

Amplification of SOS1 in two
fragments with two sets of primers
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I |
[ eeea—
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full length SOS1
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<O —

Second phase amplification
of full length SOS1
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S0S1_F

|
<=

SOSs1_R

<3| | <=

Cloning of full length SOS1 gene into entry vector
pENTR™/D-TOPO and destination vector pH7WG2

Fig.1. Schematic presentation of SOS1 cloning method

The second fragment of SOS1 (1.7 kbp) was then amplified with designed
overlap forward primer (SOS1_OL_F) and SOS1 reverse primer (SOS1_R) (Table
1). PCR conditions were optimized with initial denaturation at 95°C for 5 min
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and 35 cycles of denaturation at 95°C for 1 min, annealing at 59.5°C for 1 min,
extension at 72°C for 2.10 min and final extension at 72°C for 10 min with final
concentration of 2.3 mM MgCl,, 0.1 mM dNTPs and 0.3 uM of each primer and 1
unit of recombinant Taq polymerase (Invitrogen, Carlsbad, CA, USA).

pENTR/D-TOPO®
2580 bp

i

Sacli (11409 _
Aatii (11199 i,
Hyg
Ase(10016)

" pHTWG2,0

11546 bp

Fig. 2. Vectors used in this method. A. Entry vector pENTR/D TOPO. B. Destination vector
pH7WG2.0.

After amplifying two fragments of SOS1 gene, the desired fragments were
gel purified using Qiaquick Gel extraction kit (Qiagen) and then fusion
PCR/overlap PCR technique was initiated to amplify the whole fragment of SOS1
gene in a two phase PCR program. At the first Phase, PCR reactions were carried
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out with amplified Fragments 1 and 2 of SOSI without any primer. PCR
conditions were, initial denaturation at 95°C for 5 min and 15 cycles of
denaturation at 95°C for 1 min, annealing at 65°C for 1.30 min, extension at 72°C
for 2.10 min with a final concentration of 2.4 mM MgCl,, 0.24 mM dNTPs and 1
unit of recombinant Taq polymerase (Invitrogen, Carlsbad, CA, USA). At the
second phase, PCR reactions were carried out adding 0.3 pM of SOS1_F and
SOS1_R primers, 1.2 mM MgCl,, 0.16 mM dNTPs and 1 unit of recombinant Taq
polymerase with pfx (Proof reading enzymes) (Invitrogen, Carlsbad, CA, USA)
with the product of first phase PCR reaction. PCR condition was set as follows;
an initial denaturation at 95°C for 5 min and 20 cycles of denaturation at 95°C
for 1 min, annealing at 65°C for 1.30 min, extension at 72°C for 2.10 min with a
final extension at 72°C for 30 min.

Final PCR amplicons were gel extracted and quantified through nanodrop.
Cloning reaction into pENTR/D-TOPO vector (Invitrogen) was then initiated
following manufacturer’s protocol (Publication part number 25-0434, Invitrogen).
The pENTR_SOS1 plasmid construct was transformed into E. coli DH5a
competent cells through heat shock using standard protocols (Sambrook et al.
1989). Successful cloning was then confirmed by PCR of pENTR_SOS1 plasmid,
restriction digestion of the isolated plasmid with BamHI and EcoRV restriction
enzymes (NEBr inc) individually followed by a final confirmation by direct
sequencing of the vector and gene specific primers.

Successful pENTR/D-TOPO cloning allowed recombining the desired
sequence of SOSI into a destination vector by using the Gateway® LR
recombination reaction (invitrogen) (Fig 2B). The LR reaction was carried out
following the manufacturer’s protocol. Positive colonies were screened out by
gene specific primers and restriction digestions. Restriction endonuclease Ndel
(NEBr inc.) was used and confirmation was carried out by comparing the
transformed plasmid with non-transformed plasmid.

Tablel. List of primers used in the study and corresponding sequences.

Primer Name Sequence

SOS1_F 5'-CACCATGGACAATCCCGAGGCGGA-3'
SOS1_OL_R 5'-GTGGCAACCTGCTCATTTGAAGGAAC--3'
SOS1_OL_F 5-GTTCCTTCAATGAGCAGCGTTGCCAC-3’
SOS1_R 5'-TCATCGATCAGCAGCGCTGGAG-3'

Finally, Agrobacterium tumefaciens (LBA4404) was electroporated with the
constructed pH7WG2_ SOS1 using standard protocols (Sambrook et al. 1989).
Positive colonies were authenticated by PCR reactions with gene specific primers
(Table 1).
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Results and Discussion

A single PCR program was not successful to amplify the whole sequence due to
the large coding sequence (CDS) of SOSI gene (3447 bp). Hence fusion PCR
strategy was adapted for amplifying the whole CDS of SOSI gene which is
specifically useful for amplification of genes that are large in sequence length. In
the current experiment primers were designed strategically (Fig. 1) from the
available rice genome sequence to amplify two fragments of the SOS1 gene that
overlaps each other in a common sequence region. The first fragment (1.735 kbp)
and second fragment (1.725 kbp) were successfully amplified (Fig. 3A) in two
different PCR events. In a separate two phase PCR event the two fragments
could be overlapped followed by amplification of the whole 3447bp CDS
(Fig. 3B).

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1 L2 L3 L4 L5 L6

-

4kbpl
3 kbp+

2 kbp |
1.6 kbp™|

Fig. 3A-B: A. PCR amplification of two fragments of the SOSI gene; L1: 1Kb* ladder, L2-
Lé6: First fragment of SOS1 (1.7 kbp), L7-L12: Second fragment of SOS1 gene (1.7 kbp).
B. PCR amplification of full length SOS1 gene; L1: 1Kb* ladder, L2-L5: full length of
SOS1 gene (3.4kb).

The amplified product of SOS1 gene was cloned in the pENTR/D-TOPO
cloning vector which is designed to facilitate rapid, directional TOPO® cloning
of blunt-end PCR products for entry into the Gateway® System. The system was
adopted for this experiment since inserts can be cloned in the vector in correct
orientation with efficiencies equal to or greater than 90% (Publication part
number 25-0434, Invitrogen). Following cloning and transformation and after
O/N incubation, colonies were observed on the LB plate containing the antibiotic
kanamycin. Confirmation of the successful cloning was observed after isolation
of correct size plasmid (Fig. 4A) from the colonies and PCR amplification with
the full length SOS1 primers. Only two cloned plasmids showed the expected 3.4
kbp (Fig. 4B).

The clone was further confirmed by restriction digestion of the
pPENTR_SOS1 plasmid with BamHI (Single cut) and EcoRV (Double cut). By
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digestion with BamHI, the expected product size of positive pPENTR_SOS1 was 6
kb and by digestion with EcoRV, the expected products sizes of positive
PENTR_SOS1 were 5.4 and 0.6 kb. Only one clone showed desired product size
bands by digestion with BamHI and EcoRV individually (Fig. 4C). Further
confirmation of the SOS1 cloning into pENTR was performed by sequencing
using gene-specific and M13 primer pairs. (Fig. 5)

L1 L2 L3 L4 LS L6 L7 L8 L9 L10 L11 L12

" . F -
Bkbp—i. -l -.
4 kbp —— - - = .:
3 kbp ——

un
|

oPOeee ©

L1 L2 L3 L4 LS L6 L7 Le L9 L10 L11

Sl il §

Fig. 4A-C: A. Plasmid was isolated from SOS1_pENTR cloning; L1 and L12: 1 kb + DNA ladder, L2-
L11: plasmid that was isolated from colonies. Only L9 and L11- were the right size (Supercoiled
plasmid band came to the 3.4 kbp size) and positive. B. PCR amplification of full length SOS1
gene from cloned plasmid (pENTR_SOS1); L1-1 kb+ DNA ladder, L2-L3: whole insert of SOS1
gene (3.4 kb). C. Restriction digestion (RD) of cloned plasmid (pENTR_SOS1) with BamHI
(Single cut) and EcoRV (Double cut); L1: 1 Kb *ladder, L2, L5, L8: Uncut plasmid, L3, L6, L9: Cut
with BamHI (Expected size 6Kb); L4, L7, L10: Cut with EcoRV (Expected size 5.4 and 0.6 kb); L8-
positive with true single and double cut.



270 Razzaque et al.

Oryza sativa (japonica cultivar-group) Na+/H+ antiporter (SOS1) mRNA, complete cds

Seq ID: gblAY785147.1| Length: 3660 Number of Matches: 1

Range 1: 6 to 3452 GenBank Graphics Mesxt Match Previous Match

Score Expect Identities Gaps Strand

6366 bits(3447) 0.0 3447/3447(100%) 0/3447(0%) Plus/Plus

Query 1 ATGGACAATCCCGAGGCGGAGCCIGATGACGCGETGCICTITCGICGEGGTCICCCICGTC 60
I|IIIIIIIIIIIlIIIIIIIlII[IIIIIIIIllIIIIIIIlIIIIIIIIIIIIIIII]

Sbjct 6 GGACAATCCCGAGGCGGAGCCIGATGACGCGGIGCICITCGTICGGGGICICCCICGIC 65

Query 61 CTCGGCATCGCCTCCCGCCACCICCICCGE6GCACCCGCETCCCCTACACCGTCGCCCIC 120
NNy
Sbjct 66 CTCGGCATCGCCTICCCGCCACCICCICCGEGGCACCCGCETCCCCTACACCETCGCCCIC 125

Query 121 CICGICCICGGCGICGCCCTICGGATCGCTCGARTTITGGCACARRACATGGCATGGGCAAR 180
PERLEEREEE e et e e e e bbb el
Sbjct 126 CICGICCICGGCGTICGCCCICGGATCGCTCGAATITGGCACAARACATGGCATGGGCARR 185

Query 181 CICGGAGCCGGCATTICGTAICTGGGCTARCATTAATCCIGATCITCTICIGGCIGITITIT 240

LLLLEEEEEE e e e e e e bbbl
Sbjct 186 CICGGAGCCGGCATTCGTATCIGGGCTARCATTAATCCTGATCTTICITCIGGCIGITTIIT 245

Query 241 CTACCCGCTCITCITITIGAAAGITCCITITCCATGGARATACACCARATCRAGAAATGT 300
PEREEETRREEr e e e e e e b e e e i et
Sbjct 246  CTACCCGCICTICITITIGRRAGITCCITITCCATGGAARTACRCCRRATCRAGARATGT 305

Query 301 ATGGCRACARRTGGIGITACTITGCIGGACCIGGIGIGCTAATATCARCCTTITTICCIAGGC 360
||||||l|||||||||||||||||l||||||l|l||||||||l||||||!|||||||||J
Sbjct 306  ATGGCACAAATGGTGITACTIGCIGGACCIGGIGTGCTARTATCAACCITTITIICCIAGGC 365
Query 361 TCIGCICTARAGCTCACTTTTCCATACAACTGGAACTGGARRRCATCATTGITGCITGGT 420
III||l||||||l|||||||Il||[IIIIIII|I||||||||l||||||||||||||||]
Sbict 366 CIGCICTARAGCTCACTTTTCCATACAACTGGARCTGGARRRCATCATTGITGCITGGT 425

Fig.5. Sequence alignments showing similarity of sequenced SOSI insert in the cloning reaction with
the SOS1 reference sequence available from japonica rice genome sequence consortium. Here
query refers to the cloned SOS1 sequence and subject refers to the reference sequence.

The SOS1 c¢cDNA was transferred into the gateway destination vector
pH7WG2.0 (Karimi et al. 2002) from the entry clone pENTR_SOS1 by LR
recombination reaction. This recombination reaction creates an expression clone
for plant transformation and contains the selectable marker for transformation
into bacteria and plants and is a compatible vector for Agrobacterium. Following
LR recombination reaction and transformation on the next day, colonies were
observed on the LB plate containing the antibiotic spectinomycin/streptomycin.
Plasmids were isolated from these colonies (Fig. 6A) and positive clones were
confirmed by PCR using insert specific primers (Fig. 6B) and restriction digestion
by Ndel enzyme (Fig. 6C). The enzyme has three cutting sites in the plasmid but
the positive one with SOSI gene could easily be identified due to size variations.

The constructed destination vector was transformed into LBA4404 strain of
Agrobacterium by electroporation. The transformed plate was kept at 28°C for 72
hrs and positive colonies were screened out by PCR with insert specific primers
(Table 1). The PCR reaction was conducted to amplify the whole region of SOS1
gene (3.447 kbp) with high fidelity Taq polymerase (Invitrogen). The insert was
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amplified to the expected size (Fig. 7). The final destination vector (Fig. 8) was
then used to do Agrobacterium mediated transformation.

L1 L2 L3 L4 L5 L6

Positive
clone

L i

11 L2 L3 L4 L5 @ L1 L2 L3 L4

! L ]
=
- 7 kbp —— -
— 5 kbp ——w -— e
| Nane T e -
- — -
2 kbp ——

2 kbp

16kp| D s W

Fig. 6A-C: A. Isolated plasmid after LR recombination reaction; L1: Isolated destination vector,
pPH7WG?2 plasmid without SOS1, L2- L6: Isolated plasmid after LR, L3 came up as a positive
one. B. PCR confirmation of positive pH7WG2_SOS1 clones; L1: Negative control, L2: Positive
Control, L3: 1 Kb + DNA ladder, L4-L5-positive bands (1.7 kbp). C. LR was further confirmed
by restriction digestion of the PH7WG2.0_SOS1 construct with the restriction enzymes Ndel L1:
1 kb + DNA ladder, L2-L3: Plasmid without SOS1, L4- is the correct plasmid with the SOS1 gene
(Expected band size was 7, 3.7 and 2.6 kb).

The challenge in cloning the SOS1 CDS was its sequence length.
Amplification of the full 3.4 kb with high fidelity Taq polymerases specific for
larger fragments was not considered since it amplifies the insert with a mixture
of both blunt and A ends (Platinum® Taq DNA polymerase high fidelity
protocol, Invitrogen). pPENTR/D-TOPO cloning kit only allows insertion of the
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Fig.7. PCR confirmation after isolating plasmid from Agrobacterium. L1: 1Kb + DNA
ladder. L2-PCR product of the insert with size 3.4 kb.

//W <=

HPTII 358 sos1 358 P
Poly A

Fig. 8. T-DNA border of pH7WG2_SOS1.

Blunt end products, but high fidelity Taq polymerase adds a single
deoxyadenosine (A) to the 3' ends of PCR products which make the amplified
product incompatible to clone into pENTR/D-TOPO vector. Hence the
overlapping fusion PCR strategy needed to be adopted which could successfully
accomplish the task. Moreover the gene length was larger than the insert size
recommended for cloning in pENTR-D-TOPO vector (Invitrogen). Modification
in the incubation time and volume of the reaction during cloning could
successfully overcome the insert size restriction; though the efficiency rate was
drastically reduced as observed by the low number of positive colonies.
Successful cloning was accomplished by initiating some major changes in the
manufacturer’s protocol. The incubation period was extended to an overnight
period and reaction volume was maintained to 10 instead of 6 microlitre.
Combination of the strategies adapted in the experiment can be beneficial in
other studies where large sequence length of the gene is a limiting factor in
cloning.
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Bangladesh is a reservoir of diverse rice germplasm and is home to many landraces with unique, important traits. Molecular
characterization of these landraces is of value for their identification, preservation, and potential use in breeding programs.
Thirty-eight rice landraces from different regions of Bangladesh including some high yielding BRRI varieties were analyzed by 34
polymorphic microsatellite markers yielding a total of 258 reproducible alleles. The analysis could locate 34 unique identifiers for
21 genotypes, making the latter potentially amenable to identity verification. An identity map for these genotypes was constructed
with all the 12 chromosomes of the rice genome. Polymorphism information content (PIC) scores of the 34 SSR markers were
0.098 to 0.89 where on average 7.5 alleles were observed. A dendogram constructed using UPGMA clustered the varieties into two
major groups and five subgroups. In some cases, the clustering matched with properties like aromaticity, stickiness, salt tolerance,
and photoperiod insensitivity. The results will help breeders to work towards the proper utilization of these landraces for parental
selection and linkage map construction for discovery of useful alleles.

1. Introduction

Genetic diversity of crop plants is the key resource for
maintaining agricultural productivity. This wealth of genetic
diversity has been utilized and preserved during the natural
process of domestication and cultivation of crop plants.
But thousands of allelic variations of traits of economic
significance remain unutilized, many of which are found in
traditional cultivars or landraces. Developmental activities
and increasing land-use are gradually destroying natural
habitats resulting in the reduction of this diversity. The
situation is further aggravated by introduction of modern
varieties to replace these landraces, which has happened in
the case of rice cultivars. Hence it is important to understand
the evolution and ecology of rice landraces in order to
catalogue and preserve them for future use.

Bangladesh is an agroeconomy based country lying
astride the tropic of cancer between 20°25' and 26°38'N
latitudes and 88°01' and 92°40'E longitudes which conserves

a broad range of agroecological environmental diversity in
climate, physiography, soil, and hydrology [1]. This has facil-
itated the development of endemic landraces, particularly in
rice with distinct morphological and genetic properties. For
example, adaptation has occurred to different abiotic stress
environments like salinity and drought and different physio-
logical properties like aromaticity, stickiness, or resistance to
pests, and so forth. These landraces have evolved and adapted
according to the native environment. Most of these rice culti-
vars are popular among the farmers but are not high yielding
enough to meet the total dietary consumption needs of the
population. The diversity is also reflected in the range of rice
groups cultivated in the country in different seasons like Aus
(April-August), T (transplanted)-aman (July-November), B
(Broadcast)-aman (March-August, and Boro (November-
May) as well as in wild and weedy races. It has been reported
that the IRRI Gene Bank contains more than 8,000 traditional
rice varieties collected from Bangladesh [2] and many more
remain to be discovered. The country lies within the origin
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of one of the rice domestication hubs near the Ganges valley
[3] making her a reservoir of diverse rice germplasm and a
crucial target for rice evolution and domestication study.

The agroecological condition in northeast region of
Bangladesh is more diverse than the rest and provides suitable
environment for growth of rice varieties with wide genetic
variation. Traditional varieties still continue to be grown
in large areas of the region due to their adaptation to the
local prevailing conditions. Consumers do not hesitate to
pay higher prices for the fine aromatic or glutinous rice
found in these areas, each sought after due to unique cultural
traditions. The Sundarban forest area spans one-third of
the southern portion of 3 districts in Bangladesh and is
known to be highly saline. Salinity levels gradually decline
from west to east [4]. The popular landraces of this region
are therefore well adapted to the soil conditions including
soil salinity and are therefore regarded as possessing some
resistance to salt stress, particularly at the seedling stage
[5]. Landraces adapted to these stressed environments often
possess some unique genes which enable them to survive.
Discovery of a unique protein kinase Pstoll that enhances
root growth to survive phosphorous deficient, drought-prone
soils in the traditional aus cultivar Kasalath [6] and the
submergence tolerance gene SUBIA in another aus variety
FRI3A [7] and their absence in the reference rice genome
establishes the importance of conserving and exploiting
traditional germplasm. Despite the introduction of modern
varieties, many farmers still prefer the traditional landraces
in many areas. The special tolerance/beneficial characteristics
of the traditional rice can therefore be considered as donor
traits for introgression into high yielding rice for varietal
development. Moreover, there is a need to widen the genetic
base of existing salt tolerant commercial varieties using these
cultivars as donors because of their adaptability to different
agroecological conditions common in most coastal areas.
Rice being the staple food of Bangladesh constitutes more
than 70% of the total calorie intake and accounts for nearly
18% of the gross domestic product (GDP). In order to feed
the increasing population in the limited land area available
for cultivation in Bangladesh, the need to increase rice
production is urgent. Stress tolerant high yielding varieties,
therefore, need to be developed. Adapted rice landraces and
their diversity analysis can therefore be an important source
of information for breeding programs geared to increasing
rice productivity.

Genetic uniqueness is brought about by two factors,
inheritance and new mutations or deletions. Since all genetic
differences between individuals are present in the primary
sequence of their genomic DNA, the most straightforward
method of locating uniqueness is by identifying a variant
sequence in an individual for the genome under study [8].
Uniqueness is also related to biodiversity and adaptation
and is modified by natural selection. DNA markers depict
genome sequence composition, thus enabling the detection of
differences in the genetic information carried by the different
individuals. Microsatellites are PCR-based markers that can
detect a significantly higher degree of polymorphism in
rice [9, 10] which is therefore ideal for studies on genetic
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diversity and extensive genetic mapping [11]. Rice microsatel-
lite markers have been found to be of particular value in
accurate analysis of closely related rice genotypes compared
to other markers [12, 13]. Availability of next generation
sequencing-based genotyping methods cannot decrease the
importance of microsatellite markers for diversity analysis
and fingerprinting if information content, cost, and simplicity
are considered.

Since polymorphic microsatellite markers show different
banding pattern among varieties, those which show distinc-
tive banding pattern can be used as a unique identifier for that
specific variety. The divergent germplasm collection at IRRI
and BRRI has the problem of duplication of name since many
traditional varieties are cultivated in multiple regions of the
country and are known by different names due to variation
in local languages. This underlines the importance of unique
identifiers for determining the singularity of these landraces.

In the present study, 38 different varieties of rice from
different regions of the country were used for fingerprinting.
The study included some recently released stress tolerant rice
varieties. The objective of the study was to predict unique
identifiers that can be used to determine the identity of any
specific variety for further studies. An identity map using
the GGT software has also been produced. Assessment of
this genetic variation and grouping through similarity and
dissimilarity will be valuable for proper selection of parents
in breeding and mapping for introgression of novel traits
from rice landraces in order to develop improved varieties.
Thus the information generated from the study will be used
in identifying efficient strategies for the sustainable manage-
ment of the genetic resources of rice crops in Bangladesh.

2. Methods

2.1. Plant Materials. A total of 38 cultivars with differ-
ent characteristics like aromaticity (Kataribhog, Chinigura),
stickiness (Beruin varieties), and salt tolerance (Pokkali,
Horkuch, and Boilam) as well as farmer popular landraces
of some regions along with BRRI derived modern varieties
BRRI dhan4l, BRRI dan53, BRRI dhan55, and BRRI dhan56
were subjected to DNA fingerprinting. The varieties were
collected from different regions of Bangladesh (Table 1,
Figure 1). Details of the mode of seed collection from farmers
can be found in previous studies [5, 14]. Rice (O. sativa
L.) landraces grown in the coastal areas were also obtained
from the gene bank at the Bangladesh Rice Research Institute
(BRRI). These lines were collected in 1973 and were assigned
accession numbers when entered into the gene bank. The IRIS
accessions along with available phenotypic information have
been included in Table 1. The collected seeds were germinated
to produce plants in a net-house at Dhaka University.

2.2. Microsatellite Genotyping. Genomic DNA was isolated
from (0.5-1.0 g) pooled leaf tissue using the modified CTAB
method [15] and was quantified using the nanodrop spec-
trophotometer (nanodrop 1000). The quality of the DNA was
assured by checking in 0.8% agarose gel in TAE buffer. A
total of 34 pairs of SSR primers were used to amplify DNA
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TaBLE 1: List of rice varieties collected from different regions.

Variety Accession Location NPGRC" id Properties

Capsule IRIS 121-7435 Satkhira, SW Salt tolerant

Rajashail 1062 IRIS 121-7407

Rajashail

Unknown

Rajashail

Breeding

Mohini Khulna Biotic stress tolerant

Chinikanai IRIS 307-55477 Satkhira 97A00031 Fine aromatic

Nonashail 599 Noakhali

Horkuch IRIS 109-1513 Khulna Salt tolerant

Ranisalute Khulna Salt tolerant

Patnay Khulna 95A00208 Salt tolerant

Boilam 3538 IRIS 6-82602 Noakhali Salt tolerant

Binnatoa IRIS 40-171906 Noakhali Salt tolerant

Bashful Balam IRIS 109-1516

Kali boro 1281 IRIS 6-94498 Faridpur

Khaia boro 4539 IRIS 1-57186 Habiganj

Gheegoj 243 IRIS 1-60817 Noakhali

Shakkar khar Fine aromatic

1605

Soloi 1713 IRIS 1-58930 Faridpur 04A02113

Latial 7 Moulovibajar 97A00003 Also known as Lathishail

Kataribhog 5 IRIS 1-58168 Dinajpur Aromatic

Chinigura 17 Moulovibajar Aromatic

Raujan 1 Moulovibajar

Push beruin Moulovibajar

Kathaliberuin Moulovibajar Semiglutinous

Horidhan Jhenaidah High yield

Lal bajal Feni

Chikan dhan Fine aromatic

Binni dhan IRIS 307-50894

Paijon IRIS 307-52869 Dinajpur

Kachra IRIS 6-73379 Khulna Salt tolerant

Morichbati IRIS 1-28568

Jaldepa

Lal dupa IRIS 307-51001

BRRI dhan4l BRRI ISV}I{OZCé Bs)alt tolerant (tolerance source

BRRI dhan53 BRRI Mod. salt tolerant

BRRI dhan55 BRRI lg/l.ori;;étg z(:,l)d tolerant (tolerance source
Mod. drought tolerant (tolerance source

BRRI dhanse BRRI this vaiety i recommended for scid s
and high active Al and Fe)

Pokkali IRIS 121-25932 Sri Lanka Salt tolerant

*NPGRC stands for National Plant Genetic Resource Center which contains passport data containing physiological and phenotypical properties of some of
the rice included in the current study.
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from the leaves. The distribution of the selected SSR primers
was even throughout the 12 rice chromosomes (see Sup-
plementary 1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2014/210328). The 34 markers were
selected on the basis of the genome-wide distribution from
a previous list of highly polymorphic 83 markers identified
in earlier studies on different rice landraces (Z. I. Seraj et
al., unpublished data). Chromosomal location, SSR-motifs,
annealing temperatures, and amplified product size ranges
are summarized in Supplementary 2.

Polymerase chain reaction (PCR) was performed using
50 ng template DNA, 0.1mM dNTPs, 0.33 uM of forward
and reverse primers each, 1.6 mM MgCl2, 1x PCR buffer,
2.6% DMSO, and 0.5 unit of recombinant Taq polymerase
(Invitrogen). The mixture was then denatured at 95°C for
5mins, followed by 35 cycles of denaturation at 95°C for
1 min, I min of annealing at 55-60°C (depending on primer’s
Tm), 1min of extension at 72°C with a final extension
step at 72°C for 7 min. The 34 RM markers were obtained
commercially from idt-1st base, Singapore. The amplified
PCR products were resolved and visualized in nondenaturing
10% polyacrylamide gel electrophoresis. The gels were stained
in EtBr and visualized with alpha imager gel documentation
system.

2.3. Scoring for Polymorphic Bands. For the microsatellite
DNA fingerprinting of the cultivars, polymorphism was
scored according to their molecular weight on polyacry-
lamide gels by the “molecular weight analysis” Alpha Ease FC
imaging system (http://www.alphaimager.com/). The geno-
typing was done using the Powermarker Software [16]. The
selected dataset is genotype data, the “unknown” is gametic
phase for the data type, and the missing numeric is —9/-9.

International Journal of Genomics

2.4. Analysis of Unique Identifier. GGT2 [17] was used to
locate the unique identifiers. Different alleles for each marker
were denoted as different letters to incorporate into the GGT2
software. Distinctive banding patterns among the varieties
were noted.

2.5. Cluster Analysis. Cluster analysis was based on similarity
matrices using the unweighted pair group method with
arithmetic mean (UPGMA) [18] and the relationship between
cultivars was visualized as a dendrogram using Powermarker
and MEGAS5. The UPGMA tree was constructed by using the
frequency-based distance for the “shared allele” [19].

3. Results

3.1. Allele Frequency. Using 34 rice microsatellite (RM) mark-
ers, a total of 258 reproducible polymorphic bands or alleles
were identified from 38 rice landraces. On average, 2-13 poly-
morphic alleles were found (ranging from 75 to 450 bp) across
the various rice genotypes. The allelic pattern of landraces
using SSR primers representing the 12 rice chromosomes
is shown in Figure 2 and Supplementary 2. Most alleles
were similar to the reported range of size (International
Rice Genome Sequencing Project 2005) (Supplementary
2). For the microsatellite DNA fingerprinting, polymorphic
bands on polyacrylamide gels were scored according to their
molecular weight with reference to the Ladder marker. Major
allele frequencies, allele number, and gene diversity from the
gel scores were calculated by cluster analysis (Table 2).

3.2. Polymorphism Information Content (PIC). Polymor-
phism information content (PIC) was estimated for each of
the 34 markers by Powermarker Software using the equation
by Botstein and coworkers [20]. Higher value of PIC score
indicated higher polymorphism of the SSR marker and
therefore helped to select the best SSR markers in phylogenic
analysis. The PIC values obtained for the 34 markers from
Powermarker [16] are listed in Table 2. Highest PIC value
(0.8936) was observed for RM440 which has 13 alleles among
the 38 varieties. Also RM180, RM261, RM3412, and RM27933
have very high PIC scores and high number of alleles.

3.3. Unique Identifier. Analysis of 34 polymorphic SSR mark-
ers generated a total of 34 unique bands on PAGE for 21
cultivars. Alleles were represented by different color codes
in the GGT Software. Any unique color in the location of a
specific marker represents the unique allele or banding of that
SSR marker. The unique identifiers observed in the current
study are well distributed among all chromosomes of rice
except chromosome 6 and 11. No unique identifiers could be
located in these 2 chromosomes in the current study. Most of
the unique identifiers found in this study have high PIC score
except RM 101 which had the very low PIC score of 0.099. It is
however unique for the varieties Boilam 3538, BRRI dhan53,
and Nonashail 599. The unique identifiers represented by
GGT are given in Figure 3 (circled) and all are listed in Table 3.
The SSR markers, RM 3412, followed by RM 472, RM 261,
RM27933, and RM 28746 which also had high PIC were
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FIGURE 3: Identity map for all varieties created using GGT software [17] showing the unique identifiers among 12 chromosomes of rice. (The

unique identifiers are circled).

shown to provide unique identity to a number of cultivars
(Figure 3).

3.4. Cluster Analysis. From the dendrogram (Figure 4) two
major parts of the tree were observed, groups 1 and 2. The first
group is further subdivided into 1A and 1B. The 2nd group is
subdivided into 2A and 2B. However, group 2A was split into
two branches 2ATI and 2AII. Horkuch, Ranisalute, Chinikanai,
and Mohini are under the same clade in 1A. Horkuch and
Ranisalute are local salt tolerant varieties, whereas Chinikanai
is an abiotic stress-tolerant aromatic variety. Ranisalute was
also identified as an aromatic variety in a previous study [21].

All 3 of them were also found in the aromatic clade in a
diversity analysis study for salinity tolerance, conducted with
384-plex indica/indica SNP arrays which could distinguish
subgroups within indica germplasm [22]. Mohini also known
as BRI15 is moderately tolerant to rice hispa (braconid wasp),
that is, a biotic stress tolerant variety with medium and fine
grain [23]. The popular aromatic varieties like Kataribhog,
Chinigura 17, and Chikandhan are clustered together in 1B.
Besides Mohini all other cultivars which fall in clade 1 have
been previously reported in an aromatic subgroup which
indicates that the two major groups found in the current study
can be annotated as aromatic (group I) and indica (group 2).
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FIGURE 4: Dendogram constructed based on the polymorphism of the 38 varieties using the 34 markers used in the study.

Modern BRRI derived moderately abiotic stress tolerant
varieties like BRRI dhan4l, BRRI dhan53, BRRI dhan55,
and BRRI dhan56 are grouped under the same category in
group 2AIIL The well-known salt tolerant cultivar Pokkali
also belongs to this group. Although the modern varieties
are stress-tolerant, they are diverse from the traditional stress
tolerant genotypes in 1A. Soloi 1713, Kaliboro 1281, khaiaboro
4539, Boilam 3538, and Binnatoa are clustered together within
the larger subgroup, 2AIL. These are Aus and photoperiod
insensitive landraces from the mildly saline coast of the
mid northeast Noakhali, as well as nonsaline Faridpur and
Habigonj. This group 2AI also contains photosensitive and
glutinous varieties, but which clustered separately. Patnay,
BashfulBalam, Nonashail599, Rajashail varieties and Capsule

are from the mild to moderate saline prone regions of
Noakhali, Khulna, and Satkhira and are clustered together in
the clade, 2B.

3.5. Pattern of Motif Observed among the Polymorphic SSR
Markers. The markers used in this study had di-, tri-, or
tetranucleotide motifs. 55.88% markers were dinucleotide,
38.26% were trinucleotide, and only 5.88% were tetranu-
cleotide. Among the 10 highly polymorphic markers, 60% had
dinucleotide motif, 30% had trinucleotide motif, and only
1% had tetranucleotide motif which shows the high poly-
morphism value of dinucleotide motif-containing markers
among the Bangladeshi rice landraces.
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TABLE 2: Polymorphism information content of different SSR markers.
Marker Major allele frequency Allele number Chromosome Gene diversity PIC
RM10115 0.39 3 1 0.6440 0.57
RM3412 0.24 12 1 0.8670 0.85
RM7075 0.36 10 1 0.8054 0.78
RM1349 0.21 9 1 0.8629 0.85
RM472 0.34 8 1 0.7576 0.72
RMI12476 0.34 5 2 0.7576 0.72
RM13628 0.29 8 2 0.8130 0.79
RM5404 0.53 6 2 0.6593 0.62
RM3867 0.34 11 3 0.8186 0.80
RM261 0.21 13 4 0.8823 0.87
RM5749 0.39 5 4 0.7105 0.66
RM17391 0.29 4 0.7881 0.76
RM127 0.39 4 0.7008 0.65
RM169 0.50 3 4 0.6219 0.55
RM440 0.16 13 5 0.9017 0.89
RM31 0.24 8 5 0.8296 0.81
RM19516 0.26 7 6 0.8158 0.79
RM20417 0.47 6 6 0.6814 0.63
RM103 0.61 5 6 0.5900 0.56
RM436 0.26 7 7 0.8213 0.80
RM180 0.21 13 7 0.8906 0.88
RM560 0.79 3 7 0.3546 0.33
RM407 0.55 8 0.5360 0.44
RM210 0.18 11 8 0.8781 0.87
RM23409 0.79 2 8 0.3324 0.28
RM23966 0.24 9 0.8504 0.83
RM?24834 0.66 5 9 0.5291 0.50
RM25181 0.16 10 10 0.8767 0.86
RM5806 0.18 9 10 0.8601 0.84
RM3137 0.18 10 11 0.8809 0.87
RM26652 0.21 9 11 0.8740 0.86
RM101 0.95 3 12 0.1011 0.10
RM27933 0.18 12 12 0.8795 0.87
RM28746 0.33 8 12 0.7846 0.75

4. Discussion

The rice germplasm in Bangladesh is vast and divided mainly
into three different major groups, that is, indica, aus, and
aromatic [3, 24-26]. Farmers in the region used to grow
large number of local landraces with special characteristics.
Many of these have already become extinct or are on their
way to become so. The main reason for not planting these
landraces is their low yield, long growth duration, lodging,
and weak stems. So studies on genomic identification and
characterization of traditional varieties are important since
they possess traits which have allowed them to adapt to
the native environment. Characterization of these genotypes
followed by their utilization as genetic donors is crucial to
maintain food security for the country in years to come.
The rice collection in this study was from the southern

coastal region as well as the north-east region which are well
known for their saline tolerant, aromatic, and sticky varieties,
respectively. Moreover, the study included recently released
high vyielding varieties reported to be salt and drought
tolerant produced by the Bangladesh Rice Research Institute.

Genetic variations among accessions in this study were
assessed using microsatellite markers. Rice microsatellite
(RM) or simple sequence repeat (SSR) markers are robust and
codominant (i.e., they can detect heterozygous loci), exhibit
high allelic variation, and are widely distributed throughout
the Oryza genome [27]. More than 1000 microsatellite mark-
ers have been characterized in rice [28] and sequences of
around 20000 SSR markers are published after sequencing of
the rice genome [29] which are available through a searchable
interface of the Gramene database [30]. These markers are
robust and are based on the variable repeat of special motifs in



different varieties. DNA markers are not very easily affected
by environmental factors and/or developmental stages of
the plant [31, 32] making it a good choice for studying
polymorphism. The unique mechanism for generation of
SSR allelic diversity by replication slippage [33] is one of
the reasons that SSRs show high polymorphism. Moreover,
they are not limited to variations in only coding regions like
allozyme loci [34]. Microsatellites are particularly important
as they can be easily compared among laboratories. Ease of
use, availability, and high polymorphic rate compared to the
sequencing-based genotyping markers still make microsatel-
lites the marker of choice for low cost local studies.

The molecular identity of local and BRRI varieties and
their association with each other will provide important
information for the better management of the rice varieties
for breeding and preservation. In the current study, on
average 2-13 polymorphic alleles were found (ranging from
80 to 350 bp) across the various rice genotypes. Dinucleotide
repeat motifs displayed higher level of variation among the
rice genotypes than the other motifs which confirmed the
abundant nature of dinucleotide repeat polymorphism as
reported earlier [35].

The UPGMA (unweighted pair group method with arith-
metic mean) method was applied in the construction of
the dendrogram that is a simple agglomerative or bottom-
up data clustering method used for the creation of phy-
logenetic trees. UPGMA algorithm examines the structure
present in a pairwise distance matrix for constructing a
rooted tree or dendrogram. The fingerprinting result with
34 RM markers grouped the landraces into 2 major groups
and 5 subgroups after cluster analysis. The varieties could
be differentiated according to their aromaticity, stickiness
properties, high yielding characteristics, photoperiodicity,
and modern or traditional characteristics. Interestingly, the
salt tolerant genotypes were present in 3 different groups. This
suggests involvement of different sets of genes responsible for
their tolerance and intercrossing could lead to a combination
of different mechanisms. This hypothesis will however need
to be tested further. Some varieties were grouped together
even though there were no known similar properties amongst
them. More markers or a different set may provide a different
picture of relatedness. Major varieties in Group I constituted
well known aromatic varieties like Kataribhog, Chinigura,
and so forth; however, some of the varieties like Horkuch and
Ranisalute are well known for their salinity tolerance but not
aroma. In a recent study by Platten and coworkers [36] the
association of Na+ exclusion and salt tolerance with aromatic
alleles was shown based on OsHKT phylogeny. In another
diversity study by Thomson and coworkers [22, 26] with 384
SNP markers, varieties like Horkuch and Ranisalute were also
grouped with aromatic varieties as observed in the present
study. These two reports along with the current findings are
significant in terms of delineating markers to characterize the
traditional varieties for novel traits. These also indicate that
the two major branches found in the current study should be
aromatic (group 1) and indica (group 2). Aromatic varieties
were described as an intermediate division between indica
and japonica subpopulation in some earlier studies [37],
but in all current studies Aromatic varieties form a distinct
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subgroup from indica and japonica [3, 24, 25, 38]. Grouping
of Mohini with the other aromatic varieties needs further
investigation indicating some novel common property, since
this is commonly known as an Aus and Boro variety with
medium grain architecture [23]. In group 2A-II the BRRI
derived high yielding varieties formed a well differentiated
clade, while in group 2A-I some of the sticky rice varieties
from northeast region grouped into the same clade.

Most of the markers were found to be of high PIC score
which indicates the ability of the markers to detect polymor-
phism between closely related varieties in high resolution.
The level of polymorphism determined by the PIC value
(mean = 0.69) is consistent with the range of PIC values
observed in the earlier published reports. In one of these
reports the PIC values ranged from 0.24 to 0.92 with an
average value of 0.61 [38], in other reports, PIC ranged from
0.19 to 0.90 with an average of 0.75 and in another study, with
an average value of 0.78 [39]. The result revealed that marker
RM440 which has a PIC value of 0.89 with 13 different alleles
would be best in screening rice genotypes followed by RM180
and RM261.

Unique identifier can be used as a distinctive passport for
local germplasm. This can be very useful in identification of
variants as well as their progenies which is important for pro-
tecting the intellectual property right (IPR) for Bangladeshi
accessions. A total of 34 unique identifiers for 21 varieties
were observed from the analysis of 34 markers and an identity
map presented (Table 3 and Figure 3). The PIC score for the
unique markers ranged from 0.7 to 0.9, except RM 101 which
was found to have very low PIC score (0.099). Although
RM101 is less polymorphic, which has only 3 different alleles
among the cultivars under study, it was interesting to note
that this marker (RM101) alleles were recognized as unique
identifiers for the varieties, Boilam 3538 and BRRI dhan53.
In general, the unique identifiers did not show any bias in
their chromosomal location except for chromosomes 6 and
11, where no unique identifier was detected for the cultivars
in this study.

In short, the study could successfully locate 34 unique
identifiers for 21 varieties from the analysis of 34 polymorphic
SSR markers. As these markers can verify the respective
varieties uniquely, they can be used in crop identity pro-
tection in breeding programs to improve rice varieties. The
polymorphic markers used in the study were evaluated by
PIC score which is a measure of polymorphism of the
markers. This score is valuable for choosing highly poly-
morphic markers for linkage analysis and variety selection
for breeding program of rice germplasm. A dendogram was
constructed based on the frequency based distances of the
38 cultivars under study, which could cluster the cultivars in
the two major subpopulation structures of Oryza sativa that
is Aromatic Indica. This clustering could further subdivide
the cultivars according to their phenotypical characteristics to
some extent. This information will be useful for improvement
of rice production or development of new rice varieties.
Moreover, this genetic distance analysis provides the evolu-
tionary linkage perspective between traditional and modern
varieties being released in Bangladesh through international
efforts of institutions like IRRI. Potential of these unique



International Journal of Genomics 9

TABLE 3: List of 34 unique identifiers found from the study.

Variety Marker Chr PIC MW
Capsule RM27933 12 0.87 172
Rajashail 1062 RM17391 4 0.76 182
Chinikanai RM261 4 0.87 110
Horkuch RM180 7 0.88 143
RM23966 9 0.83 226
Ranisalute RM27933 12 0.87 160
Boilam 3538 RM101 12 0.099 319
RM27933 12 0.87 140
Bashful Balam RM472 1 0.72 272
Kali boro 1281 RM3867 3 0.8 216
Shakkar khar 1605 RM472 ! 0.72 270
RM28746 12 0.74 142
Soloi 1713 RM7075 1 0.77 169
RM472 1 0.72 284
Latial 7 RM23966 9 0.83 234
Kataribhog 5 RM210 8 0.87 158
RM24834 9 0.49 314
Chinigura 17 RM3412 1 0.85 124
Raujan 1 RM3412 1 0.85 107
Push beruin RM3412 1 0.85 17
RM13628 2 0.79 215
Horidhan RM261 4 0.87 119
RM440 5 0.89 191
RM210 8 0.87 157
Chikan dhan RM?25181 10 0.86 137
Binni dhan RM13628 2 0.79 268
RM180 7 0.88 115
RM261 4 0.87 130
BRRI dhan53 RM25181 10 0.86 158
RM101 12 0.099 279
BRRI dhan56 RM31 5 0.81 126
RM3412 1 0.85 95
Pokkali RM7075 1 0.77 162
RM28746 12 0.74 126
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Abstract

Salinity is one of the most critical environmental problems, which causes plant growth retardation
by disturbing intracellular ion homeostasis. The Na*/H* antiporter plays an important role in re-
sistance to salt stress by sequestering Na+* in exchange for H* across the vacuolar membranes. In
the current study, the coding regions of two Arabidopsis antiporters (AtNHX1 and AtNHX2) and
one rice antiporter (OsNHX1) were amplified by target specific PCR. PCR amplicons were first cloned
into pENTR/D-TOPO and later recombined with a destination vector (pK7WG2.0) by LR reaction.
Positive clones were selected by PCR, restriction digestion (RD) and sequencing. They were then
transformed into Agrobacterium tumefaciens (LBA4404 strain) for subsequent transformation of
farmer popular tomato varieties.

Keywords
Antiporters, pENTR/D-TOPO, pK7WG2.0, Agrobacterium

1. Introduction

Agricultural productivity is severely hindered by salinity, since a large terrestrial area of the world is affected by
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salt levels harmful for plant growth [1]. Water potential homeostasis and ion distribution in plants are disturbed
by high salt stress and this disturbance occurs at both the cellular and whole plant level leading to molecular
damage, growth retardation and plant death [2]. Twenty percent land of Bangladesh is in the coastal area, of
which 53% is affected by various degrees of salinity [3]. Moreover, increasing sea levels and upper riparian wa-
ter withdrawal is resulting in salinization of more and more cultivable areas further north from the coastal areas
and is one of the major threats to crop production of the country.

In addressing the problem of salt stress both conventional breeding and transgenic approaches have been at-
tempted [4]. However, the transgenic approach is regarded more successful for the development of abiotic stress
tolerant plants because it can help control timing, tissue specificity and expression level of the introduced genes
[5]-[8]. A number of genes and transcription factors have already been tested for their efficiency in conferring
salinity tolerance. Salt overly sensitive 1 (SOS1) gene from Arabidopsis thaliana is reported to be a plasma
membrane antiporter and its over-expression has been shown to improve salt tolerance in Arabidopsis [9].
Over-expression of a vacuolar Na*/H" antiporter (AtNHX1) in Arabidopsis allowed transgenic plants to grow in
high concentrations of salt [10]. The vital role of Na" compartmentation has been further demonstrated in trans-
genic tomato plants over-expressing AtNHX1. Such tomato plants grown in the presence of 200 mM NaCl were
able to grow, flower and set fruit [11]. Over-expression of rice vacuolar Na*/H* antiporter (OsNHX1) has been
found to confer salt tolerance to transgenic rice [12] [13] and maize [14]. There are several reports on the im-
portance of vacuolar Na* compartmentation in plant salt tolerance [15]-[17]. Additional evidence supporting the
role of vacuolar transport in salt tolerance has been provided by Arabidopsis plants over-expressing a vacuolar
H*-PPiase [18]. These results suggest that enhanced vacuolar H*-pumping in transgenic plants allow vacuolar
sodium accumulation via the vacuolar Na'/H* antiporter.

The Arabidopsis thaliana vacuolar Na'/H"* antiporter AtNHX1 is a determinant of salt tolerance [9]. Sequence
similarity, protein topology and conserved functional domains in AINHX1 and mammalian NHE Na*/H" anti-
porters helped identify five additional AtNHX genes (AtNHX1 to AtNHX6) [19]. Similar to AtNHX1, AtNHX2
and AtNHX5 are localized in the tonoplast of plant cells whereas the expression of the other antiporters (AtNHX3,
AtNHX4 and AtNHX6) may not be associated with salt adaptation, at least at the seedling stage [20]. On the
other hand, the OsNHX family was also found to be a competent determinant of salt tolerance in transgenic
plants [21]. Five NHX-type antiporter genes have been found in rice (OsNHX1 through OsNHX5) and over-ex-
pression of the vacuolar OsNHX1 gene was found to improve tolerance in both rice cells and plants. OsNHX1
had the ability to suppress Na*, Li*, K" and hygromycin sensitivity of yeast nhx1 mutants [12]. In the current
study, coding regions of two antiporter genes (AtNHX1 and AtNHX2) from Arabidopsis and one from rice
(OsNHX1) have been cloned separately with the aim to transform and over-express them in farmer popular
Bangladeshi tomato varieties.

2. Materials and Methods

The target gene sequences were collected from NCBI database and the “gi” for the genes and their individual
sequence lengths are provided in Table 1. The coding regions were aligned by ClustalWw?2
(http://www.ebi.ac.uk/Tools/msa/clustalw?/) and sequence similarities were noted both at the nucleotide and
amino acid level.

Arabidopsis seeds were grown for 20 - 25 days and 150 mM salt stress was applied for 24 hrs before extract-
ing total RNA using TRIZOL following the manufacturer’s protocol (Invitrogen, USA). The extracted RNA was
quantified using Nanodrop® spectrophotometer ND-1000 (Thermo Fisher Scientific Inc., USA) and the cDNA
was synthesized from isolated RNA using SuperScript™ first-strand synthesis kit (Invitrogen, NY, USA).

Table 1. Three antiporter gene accessions with their sequence lengths.

Sl Genes Accession Seq length (nucleotide) Seq length (amino acid)
1. AtNHX1 0i[30690553_471-2087 1617 bp 538 bp
2. ANHX2 0i[334185089_348-1988 1641 bp 546 bp
3. OsNHX1 gi|5731736_297-1904 1608 bp 535 bp
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Three primer sets were designed for the three different gene targets (Table 2). The forward primers in each
case were designed with a CACC overhang to ensure compatibility with the pENTR/D-TOPO vector (Invitrogen,
NY, USA). All three target genes were amplified using different PCR amplification programs. PCR optimization
for AtNHX1 was as follows: initial denaturation at 95°C for 5 min and 35 cycles of denaturation at 95°C for 1
min, annealing at 61.5°C for 1 min, extension at 72°C for 1.30 min followed by a final extension at 72°C for 10
min. The second target coding region (AtNHX2) (1.6 kbp) was amplified following the PCR condition which
was optimized with initial denaturation at 95°C for 5 min and 35 cycles of denaturation at 95°C for 1 min, an-
nealing at 59.5°C for 1 min, extension at 72°C for 1.30 min and final extension at 72°C for 10 min. Later the
coding region of OsNHX1 gene was amplified from a pre-cloned OsNHX1 construct [13] deleting its UTR por-
tion. The PCR was optimized with initial denaturation at 95°C for 5 min and 35 cycles of denaturation at 95°C
for 1 min, annealing at 63.5°C for 1 min, extension at 72°C for 2.10 min and final extension at 72°C for 10 min.
A final concentration of 2.3 mM MgCl,, 0.1 mM dNTPs and 0.3 uM of each primer and 1 unit of recombinant
Taqg polymerase (Invitrogen, Carlsbad, CA, USA) were used for each target gene amplification.

Final PCR amplicons were gel extracted and quantified using a nanodrop. The three target genes were cloned
into pENTR/D-TOPO vector (Invitrogen, NY, USA) by following the manufacturer’s protocol (Invitrogen, NY,
USA). The pENTR_OsNHX1, pENTR_AtNHX1 and pENTR_AtNHX2 plasmid constructs were individually
transformed into E. coli DH5a competent cells using standard protocols [22]. Successful cloning of the genes
were confirmed by gene specific PCR, restriction digestion of the isolated plasmids with Sacl and EcoRV (NEB,
Ipswich, MA, USA) followed by sequencing of the clones. pENTR/D-TOPO cloning allowed recombining the
desired sequences of the three different genes into the destination vector (pK7WG2.0) in three separate LR re-
combination events [23]. The LR reactions were carried out following the manufacturer’s protocol (Invitrogen,
NY, USA). Positive clones were first screened by PCR using gene specific primers and then by restriction di-
gestion with Hindlll (NEB, Ipswich, MA, USA).

Finally, Agrobacterium tumefaciens (LBA4404 strain) was transformed by electroporation with pK7WG2_
OsNHX1, pK7WG2_AtNHX1 and pK7WG2_AtNHX2 constructs using standard protocols [22]. Positive clones
were selected based on PCR reactions with gene specific primers (Table 2).

3. Results and Discussion

Sequences of all three antiporters were retrieved from NCBI GenBank and checked for their similarities at both
the nucleotide and amino acid levels. The percent matrix for the nucleotide sequences revealed that AtNHX1
coding region is closely similar to AINHX2 (83.36%) whereas the OsNHX1 is approximately 70% similar to both
AtNHX1 and AtNHX2 coding regions (Table 3). Amino acid sequence specificity has been shown to have a role
in salt stress tolerance [24]. Therefore, all three genes will individually be cloned into a transformation vector
for over-expression in tomato to see the efficiency of these genes in conferring salt tolerance to the transgenic
lines.

Identities based on amino acid sequences of OsNHX1, AtNHX1 and AtNHX2 genes are closer than the nucleo-
tide bases (Table 4).

Three different PCR programs were optimized for amplifying the target genes (OsNHX1, AtINHX1 and AtNHX2).
PCR amplicons of the desired size were then gel purified (Figure 1(a)).

Table 2. Primer list with their corresponding sequences used in this study.

Sl Primer Sequence

1. OsNHX1_F CACCATGGGGATGGAGGTGGCG

2. OsNHX1_R TCATCTTCCTCCATGGCTCTGC

3. AtNHX1_F CACCATGTTGGATTCTCTAGTGTC
4. AtNHX1_R TCAAAGCTTTTCTTCCACG

5. AINHX2_F CACCGAAAGATGACAATGTTCGCCTC
6. AtNHX2_R TCAAGGTTTACTAAGATCATGGCTG




S. Razzaque et al.

Table 3. Percent identity matrix (nucleotide bases).

Sl Genes Accession Seq length Col 1 Col 2 Col 3
1. AtNHX1 0i|30690553_471-2087 1617 100.00 83.36 70.87
2. AINHX2 0i|334185089_348-1988 1641 83.36 100.00 71.02
3. OsNHX1 gi|5731736_297-1904 1608 70.87 71.02 100.00

Table 4. Percent identity matrix (amino acid bases).

Sl Genes Accession Seq length Col 1 Col 2 Col 3

1. AINHX1 0i|30690553_471-2087 538 bp 100.00 88.66 72.93

2. AtNHX2 0i[334185089_348-1988 546 bp 88.66 100.00 74.95

3. OsNHX1 gi|5731736_297-1904 535 bp 72.93 74.95 100.00
L1 L2 L3 L4 L1 L2 L3 L4 L5

-

9 kb —>

N <—3 kb

1.6 kb —>
el €—16kb

V)

Figure 1. Molecular verification of three antiporter genes cloned individually in pENTR vectors. (a) L1: 1 Kb + DNA Ladder.
L2 - L4: Amplified and gel purified coding regions of AtNHX2, AtNHX1 and OsNHX1, respectively; (b) Recombinant
pENTR/D-TOPO vectors harbouring OsNHX1, AtNHX1 and AtNHX2 genes. L1: pENTR_AtNHX2. L2: pENTR_AtNHX1. L3
- L4: pENTR_OsNHX1. L5: 1 Kb + DNA Ladder; (c) (d) pENTR_OsNHX1, pENTR_AtNHX1 showing cutting sites for Sacl
and EcoRV; (e) L1: 1 Kb + DNA Ladder. L2 and L4: Single cut bands produced by Sacl and; L3 - L5: Two fragments pro-
duced by EcoRV; (f) pENTR_AtNHX2 digested with EcoRV. L1: 1 Kb + DNA Ladder. L2: Double digested pENTR_
AtNHX2 with EcoRV; (g) Plasmids isolated after LR reaction between entry clones (pENTR_OsNHX1, pENTR_AtNHX1 and
PENTR_AtNHX2) and destination vector (pK7WG2.0). The isolated plasmids were digested with Hind I11. L1: 1 Kb + DNA
Ladder. L2 - 4: Digested products of pK7WG2_AtNHX2. pK7WG2_AtNHX1 and pK7WG2_0OsNHX1 respectively. L5 - L7:
Uncut pK7WG2_AtNHX2, pK7WG2_AtNHX1 and pK7WG2_OsNHX1, respectively.
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The PCR amplified products of the three antiporter genes were cloned into the entry vector pENTR/D-TOPO.
The vector is designed to facilitate rapid, directional TOPO® cloning of blunt-end PCR products for entry into
the Gateway® System [8]. The system was adopted for this experiment since inserts can be cloned in the vector
in correct orientation with efficiencies equal to or greater than 90% (Invitrogen, NY, USA). Following trans-
formation and O/N incubation, colonies were observed on the LB plates containing the antibiotic kanamycin.
Isolating of the desired size plasmids confirmed successful cloning (Figure 1(b)).

The plasmids were further validated by gene specific PCR—performed according to conditions mentioned in
the method section (figures not provided). PCR positive clones were then digested with restriction enzymes Sacl
and EcoRV. The predicted cutting fragment for Sacl was single and double cutting fragments were predicted for
EcoRV. The digested products were visualized as having the correct fragment lengths (Figures 1(c)-(f)). All
three constructs (PENTR_OsNHX1, pENTR_AtNHX1 & pENTR_AtNHX2) were predicted to digest at 2.8 kbp
and 1.3 kbp for the EcoRV enzyme and for Sacl at 4.1 kbp. Further confirmation of the OsNHX1, AtNHX1 and
AtNHX2 cloning into pENTR were performed by sequencing using gene-specific and M13 primer pairs. The se-
guenced results showed 100% similarities with the sequences retrieved from the databases.

PENTR clones with the target antiporter genes (OsNHX1, AtNHX1 and AtNHX2) were recombined into binary
vector pK7WG2.0 through LR reactions. This LR recombination reaction creates an expression clone for plant
transformation retaining the selectable markers for transformation into bacteria and plants [23]. The destination
binary vector (pbK7WG2.0) is compatible for both E. coli and Agrobacterium. Following LR recombination reac-
tions and transformations, colonies were observed on the LB plates containing the antibiotics, spectinomycin and
streptomycin. Plasmids were isolated from these colonies and positive clones were confirmed by PCR using
genes specific primers (Figures not shown) and by Hindlll digestion (Figure 1(g)). As predicted for Hindlll all
constructs (pK7WG2_0OsNHX1, pK7WG2_AtNHX1 & pK7WG2_AtNHX2) were positive for the expected DNA
fragments were at ~9.5 kbp and 1.7 kbp. The positive clones showed the right size for all three constructs
(Figure 1(9)).

The positive constructed destination vectors were transformed into Agrobacterium (LBA4404 strain) by elec-
troporation. The transformed plates were kept at 28°C for 72 hrs and positive colonies were screened by PCR
using gene specific primers (Table 2). The PCR reactions were conducted to amplify the whole regions of
OsNHX1 (1.6 kbp), AtNHX1 (1.6 kbp) and AtNHX2 gene (1.6 kbp). The genes were amplified to the expected
size at 1.6 kbp (figure not shown).

During this experiment several modifications had to be made to the manufacturer’s protocol for successful
cloning of the 1.6 kdp NHX genes into pENTR/D-TOPO. The incubation time had to be extended from 1 hr to 2
hrs and the cloning reaction volume was made 10 pl instead of 6 pl [25]. In addition to this, the LR reaction
protocol also had to be modified. The initial concentration for the LR was optimized to 25 ng/ul. The vector to
insert ratio for both pENTR and LR reaction had to be raised to 1:1. These modifications will help cloning other
genes using the Gateway cloning strategy.

The final aim of the current study is to develop salt tolerant tomato varieties without disturbing their high
yield quality. The transformation protocol has already been optimized [26] for the tomato varieties and the
transformation processes with these constructs are underway. In future, transgenic tomatoes containing these
constructs will be screened for their levels of salinity tolerance and yield potential. Moreover, effectiveness of
these genes will also be compared to study the effect if any of the differences present in the three gene se-
quences.
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