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Banana NAC transcription factor MusaNAC042 is positively
associated with drought and salinity tolerance
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Abstract Banana is an important fruit crop and its yield is
hampered by multiple abiotic stress conditions encountered
during its growth. The NAC (NAM, ATAF, and CUC) tran-
scription factors are involved in plant response to biotic and
abiotic stresses. In the present study, we studied the induction
of banana NAC042 transcription factor in drought and high
salinity conditions and its overexpression in transgenic banana
to improve drought and salinity tolerance. MusaNAC042 ex-
pression was positively associated with stress conditions like
salinity and drought and it encoded a nuclear localized protein.
Transgenic lines of banana cultivar Rasthali overexpressing
MusaNAC042 were generated by Agrobacterium-mediated
transformation of banana embryogenic cells and T-DNA in-
sertion was confirmed by PCR and Southern blot analysis.
Our results using leaf disc assay indicated that transgenic ba-
nana lines were able to tolerate drought and high salinity stress
better than the control plants and retained higher level of total
ch l o r ophy l l a nd l owe r l eve l o f MDA con t en t
(malondialdehyde). Transgenic lines analyzed for salinity
(250 mM NaCl) and drought (Soil gravimetric water content
0.15) tolerance showed higher proline content, better Fv/Fm
ratio, and lower levels of MDA content than control

suggesting that MusaNAC042 may be involved in responses
to higher salinity and drought stresses in banana. Expression
of several abiotic stress-related genes like those coding for
CBF/DREB, LEA, and WRKY factors was altered in trans-
genic lines indicating that MusaNAC042 is an efficient mod-
ulator of abiotic stress response in banana.
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Abbreviations
GUS Beta-glucuronidase
cDNA Complementary DNA
hpt Hygromycin phosphotransferase
SSC Saline sodium citrate
TAE Tris-acetate buffer
ABA Abscisic Acid
RT-PCR Reverse transcription PCR
NAA α-Naphthaleneacetic acid
PCR Polymerase chain reaction
MDA Malondialdehyde
GFP Green fluorescent protein

Introduction

Stress in agricultural perspective has been defined as any ex-
ternal factor that threatens the survival of the plant along with
reducing its growth, overall productivity, and reproductive
capacity (Rhodes and Nadolska-Orczyk 2001). High salinity
and water deficiency in the soil are major hurdles for growth
and yield of many plant species (Mahajan and Tuteja 2005).
High salinity is an environmental stress resulting in hyperionic
and hyperosmotic conditions causing reduction in growth and
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photosynthesis, membrane disorganization, generation of re-
active oxygen species, and overall toxicity to cell metabolism
(Niu et al. 1995; Greenway and Munns 1980; Yeo 1998).
Drought stress results in cell shrinkage leading to cellular
membrane damage, impaired function of membrane-
associated enzymes, broad level peroxidation of cellular mem-
brane, and protein denaturation by excessive production of
ROS, extensive protein aggregation, and reduced photosynthe-
sis activity (Bowler et al. 1992; Hoekstra et al. 2001). Banana
and plantain are grown worldwide with a production of around
106.7 million tonnes per year (FAO 2013, http://faostat.fao.
org). Banana is sensitive to water stress due to features like
shallow roots and a permanent green canopy (Xu et al. 2014;
vanAsten et al. 2011). Banana needs nearly 2,000- to 2,500-mm
rainfall evenly distributed throughout the year for optimal yield
output (Vanhove et al. 2012). In India, 51.1 Mha of agricultural
land is drought prone while 6.73 Mha is affected by salinity
(NRCB newsletter 2010, http://www.nrcb.res.in). Moreover,
report suggests that 25 % of ground water used for irrigation
in India is saline, and by 2025, nearly 11.7 Mha of agricultural
land may get affected by salinity (NRCB newsletter 2010,
http://www.nrcb.res.in). In Tamil Nadu (India), banana
production has been reported around 4.64 million tones which
was declined due to drought during 2001–2004 (Surendar et al.
2013). Field studies conducted at the NRCB (National Research
Centre for Banana, India) suggested a reduction of up to 42% in
bunch weight of banana by imposition of drought for
one month during flowering (Ravi et al. 2013).

Plants being sessile need to withstand environmental
stresses and hence to adapt and survive under stress condi-
tions, plants have developed various mechanisms including
enhanced expression of stress protective genes which include
regulatory factors like transcription factors known to regulate
expression of many functional genes involved in abiotic or
biotic stress tolerance. One of these plant-specific transcrip-
tion factor families is the NACs (NAM, ATAF, and CUC).
NAC proteins have a DNA binding domain at N-terminus
and a regulatory region towards C-terminus. NAC domain
containing proteins are present in large number in plants with
almost 110 members in Arabidopsis and 151 members in rice
(Olsen et al. 2005; Nuruzzaman et al. 2010). Few of NAC
proteins from different plant species have been characterized
for their functions in plant development and stress responses.
Rice SNAC1 is stress inducible and its overexpression resulted
in elevated drought tolerance of transgenic plants (Hu et al.
2006). Soybean NAC transcription factors, GmNAC20 and
GmNAC11 have been characterized as important regulators
of salinity and cold stress (Hao et al. 2011). Overexpression
of rice SNAC2 and SNAC3 resulted in improved drought tol-
erance in transgenic plants (Hu et al. 2008; Fang et al. 2015).
Hordeum vulgare NAC transcription factor, HvSNAC1, is in-
duced strongly by abiotic stress conditions and transgenic
lines showed improved drought tolerance at various

growth stages (Al Abdallat et al. 2014). Wheat NAC tran-
scription factors TaGRAB1 and TaGRAB2 inhibits DNA rep-
lication of wheat dwarf geminivirus in wheat cells by
interacting with Rep A protein of the virus (Xie et al. 1999).
Wheat NAC transcription factor, TaNAC4, is induced by mul-
tiple stress conditions like methyl jasmonate, infection of
stripe rust pathogen, ABA, ethylene, high salinity, wounding,
and low-temperature indicating that TaNAC4 is involved in
response to multiple stress conditions (Xia et al. 2010).
TaNAC69 expression was positively associated with stress
responses of wheat and transgenic plants overexpressing
TaNAC69 produced higher shoot biomass and longer roots
than control plants (Xue et al. 2011; Baloglu et al. 2012). A
comprehensive analysis of NAC transcription factors in ba-
nana (Musa acuminata) was reported recently resulting in
identification of nearly 167 potential NAC transcription factor
coding genes (Cenci et al. 2014). In the recent years, there has
been growing interest on the characterization of the NAC tran-
scription factors in banana with emphasis on secondary wall
development and stress responses.MusaVND1, a bananaNAC
domain containing transcription factor was demonstrated to
convert banana embryogenic cells into tracheary elements-
like cells indicating its role in xylem development (Negi et
al. 2015a). Further,MusaVND2 and MusaVND3 were report-
ed to exhibit ability to develop ectopic secondary wall devel-
opment in transgenic banana (Negi et al. 2015b). Expression
of banana NAC factors,MaNAC1 andMaNAC2, was elevated
in the fruit by ethylene and their interaction with ethylene
insensitive 3 (EIN3)-like protein which is a component of
ethylene signaling suggested that MaNAC1/2 may be in-
volved in fruit ripening (Shan et al. 2012). While MaNAC1
is also involved in cold tolerance of banana fruits and is in-
volved in interaction with ICE1-CBF cold signaling pathway
(Shan et al. 2014).MaNAC5 in cooperation withWRKY tran-
scription factor is involved in pathogen resistance and PR-
genes regulation (Shan et al. 2015). Another banana NAC
transcription factor,MusaNAC68, is induced by multiple stress
conditions and positively regulates drought and salinity toler-
ance in banana (Negi et al. 2015c). However, exact role of
NAC transcription factors in imparting tolerance to abiotic
and biotic stresses needs to be elucidated in banana. Among
the other NAC transcription factors, Arabidopsis thaliana
NAC042/JUB1 has been proposed as central longevity regula-
tor and its overexpression lowers intracellular H2O2 levels and
increase tolerance to abiotic stress conditions besides delaying
senescence (Wu et al. 2012) and enhancing heat tolerance in
NAC042/JUB1 overexpressing transgenic plants (Shahnejat-
Bushehri et al. 2012). In another study, Arabidopsis ANAC042
was shown to be involved in regulation of camalexin (a phy-
toalexin) which was substantiated by lower levels of
camalexin in the T-DNA insertion mutants (Saga et al. 2012).

To test whether banana NAC042 can also elevate the
drought and high salinity tolerance of transgenic banana and
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to promote the utilization of NAC genes in genetic improve-
ment of banana, we have characterized MusaNAC042 and
shown its probable involvement in drought and high salinity
tolerance. We have chosen Musa cv. Rasthali for the genera-
tion of transgenic plants as it is one of the economically im-
portant banana cultivars in India and is highly susceptible to
drought as well as high salinity stress conditions resulting in
considerable yield reduction. Quantitative RT-PCR indicated
that expression ofMusaNAC042was elevated during multiple
stress conditions suggesting its potential role in their regula-
tion. Transgenic banana plants showed better tolerance to
drought and high salinity than control plants. MusaNAC042
encodes a nuclear localized protein and transgenic banana
overexpressing MusaNAC042 displayed altered expression
of multiple stress-related genes. The present study suggests
that MusaNAC042 as a stress-related transcription factor can
be useful for engineering abiotic stress tolerance in banana.

Material and methods

In silico analysis

MusaNAC042 was employed for pBLAST search at NCBI
and NAC sequences (with high BLAST score) from different
plant species were chosen for generating a phylogenetic tree.
Neighbor joining tree (bootstrap value of 1,000 replicates)
was constructed with Clustal omega (http://www.ebi.ac.
uk/Tools/msa/clustalo/) and MEGA6 software (Kumar et al.
2008). For multiple sequence alignment, MusaNAC042 was
aligned with A. thaliana ANAC042 (NP_181828.1),
Theobroma cacao TcNAC042 (XP_007048954.1), Oryza
brachyantha ObJUB1 (XP_006651871.1), and Vitis vinifera
VvJUB1 (XP_002283251.1) using Clustal omega and online
available box shade server (http://www.ch.embnet.
org/software/BOX_form.html).

Stress treatments and expression analysis

Expression analysis ofMusaNAC042was carried out using in
vitro-grown and green house-hardened plants of banana cv.
Karibale Monthan plants. Similar-aged plants (plants with
growth of 2 months in green house) were used in all the stress
treatments. Individual banana plants were imposed with dif-
ferent stress treatments and RNAwas isolated from leaves for
expression analysis at different time points (5, 12, and 48 h).
For each time point, three plants were utilized for stress
imposition and top most leaves were harvested at the defined
time. Tissue of three separately treated plants was mixed in
equal amount for the isolation of total RNA. The QPCR was
performed at least three times for each treatment. For salinity
stress, 20 ml of 250 mM NaCl was irrigated to the plants. For
drought treatment, plants were dried on a blotting paper in a

laminar air flow hood (Negi et al. 2015c). Total RNA isolated
from leaves using Concert plant RNA reagent (Invitrogen,
Waltham, MA, USA) was subsequently cleaned using
RNeasy spin column supplied with the RNeasy plant mini
kit (Qiagen, Hilden, Germany) following the manufacturer
instructions. During RNA isolation, the genomic DNA con-
tamination was eliminated using Qiagen on column DNAase
digestion (cat. no.79254) following manufacturer’s instruc-
tions. Synthesis of cDNA was carried out with 2 μg total
RNA using thermoscript AMV-RT by following manufac-
turer’s instructions (Invitrogen: cat. no.12236-014).
Quantitative RT-PCR was carried out with 1:100 diluted
cDNA and SYBR Green Jump Start Taq Ready Mix (Sigma,
St. Louis, MO) following the supplier instructions. Q-PCR
running condition used was: 94 °C for 4 min followed by
30 cycles of 94 °C for 20 s, 55 °C for 20 s and 72 °C for
20 s followed by amelting curve analysis. Expression ofMusa
EF1α (housekeeping gene) was also analyzed for normaliza-
tion of different Ct values. Calculations were carried out as
follows: ΔCt (Target gene) = Ct (Target gene) −Ct (EF1α)
and fold change was calculated by dividing 2−ΔCt value of
target gene in stressed and in control condition.

Construction of MusaNAC042 overexpression vector

Complete coding sequence of MusaNAC042 was amplified
from leaf cDNA of banana cv. Karibale Monthan. PCR was
carried out in a 50-μl volume containing forward and reverse
primer (10 pmol each), Taq DNA polymerase (1 unit), 0.5 μl
dNTP (10 mM stock), 1x PCR buffer, 2 mMMgCl2 and 1 μL
of cDNA (1:100 diluted). PCR running conditions were:
94 °C for 5 min for initial denaturation followed by 35 cycles
with each cycle of 94 °C for 30 s, 55 °C for 45 s and 72 °C for
1 min after which final extension was done at 72 °C (for
10 min). Binary vector pCAMBIA1301 was digested with
NcoI and PmlI to release the GUS coding sequence and the
resultant vector backbone was gel purified (Roche, Penzberg,
Bavaria, Germany, catalogue number. 11732676001).
MusaNAC042 coding sequence was digested with BspHI
and PmlI and ligated with above-generated vector backbone.
Recombinant plasmid (pCAMBIA1301- MusaNAC042) was
confirmed by restriction digestion as well as by sequencing
of cloned insert. Agrobacterium tumefaciens strain
EHA105(Hood et al. 1993) was electroporated with the binary
vector. Primer sequences employed in this study are available
in Electronic supplementary material (ESM) 1.

Construction of pCAMBIA1302-MusaNAC042
for sub-cellular localization

Full length coding sequence of MusaNAC042 was cloned in
pCAMBIA1302 employing BglII and SpeI restriction sites,
generating a translational fusion of MusaNAC042 and GFP.
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Embryogenic cells of banana cultivar Rasthaliwere transiently
transformed using A. tumefaciens (EHA105) harboring
pCAMBIA1302-MusaNAC042. GFP fluorescence was moni-
tored after 5 days of transformation with the help of fluorescent
microscope (Eclipse 80i, Nikon, Shinagawa, Tokyo, Japan).
Hoechst 33258 staining was carried out to identify position
of nuclei in the cells. Binary vector was sequenced to confirm
the cloning of MusaNAC042 in correct coding frame. Primer
sequences for generation of recombinant vector are provided in
ESM 1.

Generation of transgenic banana plants

Agrobacterium-mediated transformation of banana cv
Rasthali embryogenic cells was carried out as described pre-
viously (Ganapathi et al. 2001). Briefly, 0.5 ml PCV (packed
cell volume) of embryogenic cells was co-cultivated with A.
tumefaciens strain EHA105 for 30min and later aspirated onto
glass fiber filter which was incubated on semi-solid M2-me-
dium in dark for 3 days (Cote et al. 1996). Following this,
Agrobacterium was eliminated by culturing the cells in light
on M2-medium added with antibiotic Cefotaxime (400 mg/l).
Selection of transformed cells and growth of embryos was
carried out on embryo development medium (BEM) with
cefotaxime (400 mg/l) and selection agent hygromycin
(5 mg/l). Conversion of somatic embryos into shoot was
carried on MS-medium supplemented with BA (0.5 mg/l).

Confirmation of transgenic lines

Genomic DNA of putative transgenic lines was isolated using
Plant Genomic DNA Kit (Sigma, USA; G2N350) and sub-
jected to PCR amplification of hpt-II (hygromycin
phosphotransferase) using PCR conditions: 94 °C for 5 min
(initial denaturation), 35 cycles of 94 °C for 30 s, 55 °C for
45 s, and 72 °C for 45 s and final extension at 72 °C (10 min).
Southern blotting was carried out to determine copy number
of T-DNA transferred in different transgenic lines. Genomic
DNA isolated as described above was digested (20 μg) with
NcoI for 16 h at 37 °C. Digested genomic DNAwas resolved
on 0.8 % agarose TAE (pH 8.0 tris acetate buffer consisting of
tris-acetate (0.04 M) and EDTA (0.001 M)) gel. Transfer of
digested DNA onto Hybond-N nylon membrane (Amersham,
Catalogue number RPN.203 N) was carried out with 10x
SSC (0.45 M NaCl and 0.045 M tri-sodium citrate with
final pH 7.0) buffer by capillary transfer. DNA was fixed
onto membrane by baking at 120 °C for 30 min. DIG-
labeled probe against hpt-II coding sequence was pre-
pared us ing DIG labe l ing ki t (Roche , ca t . no .
11585614910) as per manufacturer’s instruction. In brief,
1 μg hpt-II (heat denatured) was mixed with 4 μl of DIG
high prime (supplied with the kit) in a reaction of 20 μl
and incubated at 37 °C for 3 h. Hybridization of probe

with membrane-bound DNA was carried overnight at
42 °C using DIG Easy Hyb granules. Excess and non-
specific binding of probe was washed by stringency
washes at room temperature (with 2× SSC with 0.1 %
SDS) and at 65 °C (with 0.5× with 0.1 % SDS). Binding
of probe was visualized by anti-DIG antibody (1:5,000)
labeled with alkaline phosphatase. Chemiluminescence
signal was detected as per manufacturer’s protocol
(Roche). Transcript level of MusaNAC042 in confirmed
transgenic lines was analyzed by quantitative RT-PCR as
described above. Amplification of banana EF1α was
used for normalization of the Ct values.
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Fig. 1 Phylogenetic analysis of banana MusaNAC042 with selected
NAC proteins from different plant species. Amino acid sequences of
NAC proteins in the tree are: Gossypium raimondii GrJUB1 (XP_
012441089.1), Citrus sinensis CsJUB1 (XP_006475534.1), Jatropha
curcas JcJUB1 (XP_012087398.1), Vigna radiata VrJUB1 (XP_
014500826.1), Nicotiana sylvestris NsJUB1 (XP_009778771.1),
Theobroma cacao TcNAC042 (XP_007048954.1), Nelumbo nucifera
NnJUB1 (XP_010272267.1), V. vinifera VvJUB1 (XP_002283251.1),
Phoenix dactylifera PdJUB1 (XP_008806688.1), Brachypodium
distachyon BdJUB1 (XP_003559373.1), O. brachyantha ObJUB1
(XP_006651871.1), Setaria italica SiJUB1 (XP_004981565.1),
Zea mays ZmJUB1 (XP_008644461.1), A. thaliana ANAC042
(NP_181828.1), Brassica rapa BrJUB1 (XP_009142897.1), A.
thal iana AtNST1 (NP_182200.2) , A. thal iana AtSND1
(AEE31527.1), and A. thaliana AtVND6 (AED96207.1). Neighbor
joining tree was built with bootstrap value of 1,000. MusaNAC042
is boxed in blue
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Leaf disc assay

Leaf discs (1.0 cm diameter) excised from healthy leaves of
control and transgenic lines were incubated on different con-
centrations of NaCl (0, 100, 200, and 250 mM) for imposing
salinity stress. Treatment was carried out for 6 days under
continuous white light at 27 ± 1 °C after which visual injury
to discs was recorded. Total chlorophyll estimation was car-
ried out as reported earlier (Arnon 1949). Briefly, leaf disc
homogenized in 80 % acetone was centrifuged at 5,000 rpm
(10 min) and the absorbance was recorded at 652 nm. Total
chlorophyll content was expressed as microgram per milli-
gram of fresh weight. Thiobarbituric-acid method was used
for analyzing the MDA content as described earlier (Negi et
al. 2015c). Briefly, leaf tissue was homogenized and incubated
at 95 °C for 15 min with 0.5 % TBA in 20 % TCA. Reaction
was terminated by cooling on ice and subsequently superna-
tant was collected by centrifugation. Absorbance was record-
ed at 600 and 532 nm and the reading of 600 nm was
subtracted with reading at 532 nm. MDA content was
estimated with the help of extinction-coefficient of
155 mM−1cm−1 as reported earlier (Heath and Packer 1968).
Experiment was carried out in triplicate. MDA and

chlorophyll content analysis was done in triplicate after
mixing the tissue of at least three separate treatments.

Drought and high salinity tolerance assay

Two-month-old control and transgenic lines maintained in the
green house were used for stress tolerance analysis. Plants were
exposed to salinity stress by irrigating plants with 20 ml of
250 mM NaCl on every alternate day up to 15 days. For
drought imposition, water was withheld for 14 days and stress
symptoms were recorded. Recovery potential of transgenic and
control plants was monitored after 1 month of regular re-
watering with tap water. MDA, FV/FM ratio, and proline con-
tent were calculated for stressed plants during treatment.
Photosynthetic efficiency was monitored in terms of Fv/Fm
ratio using plant efficiency analyzer (Hansatech Instruments,
Norfolk, UK;model: Handy-Pea). MDA content was estimated
as described above. Proline content was estimated using ninhy-
drin reaction procedure. Stress assay were carried out with three
biological replications. Tissues of the three replications were
mixed in equal amount and three technical replications were
performed for biochemical estimation of MDA and proline.
Soil gravimetric water content was estimated as described

Fig. 2 Multiple sequence
alignment of MusaNAC042 with
other selected NAC proteins from
A. thaliana ANAC042 (NP_
181828.1), Theobroma cacao
TcNAC042 (XP_007048954.1),
O. brachyantha ObJUB1 (XP_
006651871.1), and V. vinifera
VvJUB1 (XP_002283251.1).
The highly conserved NAC
domain is red boxed
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earlier (Gaxiola et al. 2001) with three biological replications.
Relative water content in the leaves of control and transgenic
lines was performed as described earlier (Gaxiola et al. 2001).
For relative water content, youngest fully expanded leaves were
used and three biological replications were tested.

Quantification of stress-related gene expression

Multiple members of CBF/DREB, WRKY, and LEA family
were identified from NCBI and banana genome sequence da-
tabase (http://banana-genome.cirad.fr/). Total RNA was
isolated from leaves of control and transgenic lines as
described above. The cDNA synthesis was performed as
described earlier. Quantitative RT-PCR with 1:50 diluted
cDNA as template was carried out and the data obtained was
used for calculations of fold change in expression as described
above. The quantitative RT-PCR analysis was carried out in
triplicate. Primer sequences employed in this study are avail-
able in ESM 1. Sequences of primers for quantitative RT-PCR
are provided in ESM 1.

Results

Phylogenetic analysis of MusaNAC042

MusaNAC042 was identified employing pBLAST in banana
genome sequence database (http://banana-genome.cirad.fr/)
using Arabidopsis NAC042 (ANAC042: At2g43000.1 in
Arabidopsis Genome Initiative) as search query. Sequence
with the highest pBLAST score was designated as
MusaNAC042. Coding sequence of MusaNAC042 contained
861 bases and encoded a 287-amino-acids-long protein with
predicted molecular weight of 32.7 kDa and a theoretical
pI of 6.4. MusaNAC042 shared high sequence similarity
with other NAC042/JUNGBRUNNEN1 proteins from dif-
ferent plant species. MusaNAC042 exhibited identities of
52 % with GrJUB1, 50 % with CsJUB1, 54 % with
JcJUB1, 52 % with VrJUB1, 52 % with NsJUB1, 55 %
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Fig. 3 Expression profiles ofMusaNAC042. Expression ofMusaNAC042
after exposure to a drought (drying of plants) and b 250 mMNaCl. Values
indicated are mean ± SD of three technical replicates. Statistical significant
events at 5 % are represented with an asterisk (*)
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Fig. 4 Subcellular localization
of MusaNAC042 in banana
embryogenic cells. a GFP
fluorescence observed in
pCAMBIA1302 transformed cells.
b Nuclear position in the cells
detected by Hoechst 33258
staining. c Green fluorescence
observed in cells transformed with
pCAMBIA1302-MusaNAC042.
d Hoechst 33258 staining of cell
transformed with pCAMBIA1302-
MusaNAC042. The scale bar
measures 50 μm
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TcNAC042, 56 % with NnJUB1, 55 % with VvJUB1, 62
% with PdJUB1, 60 % with BdJUB1, 68 % with ObJUB1,
54 % with SiJUB1, 51 % with ZmJUB1, 51 % with
ANAC042, 50 % with BrJUB1, 34 % with AtNST1, 23
% with AtVND6 and 31 % with AtSND1 (Fig. 1). N-
terminal end of MusaNAC042 possessed a conserved
NAC domain while the C-terminal end was relatively
divergent (Fig. 2).

Expression analysis of MusaNAC042

MusaNAC042 was induced in the leaves of banana cultivar
Karibale Monthan under high salinity and drought. During
drought (drying of the plant on blotting paper), expression of
MusaNAC042 was maximum at 5 h and then it was decreased
at 48 h but remain higher than control level (Fig. 3a).
Similarly, upon application of 250 mM NaCl (Fig. 3b)
expression of MusaNAC042 peaked at 12 h and then re-
duce towards 48 h but remain higher than the expression
value in control.

Sub-cellular localization of MusaNAC042

MusaNAC042 was fused with GFP in pCAMBIA1302 and
transiently overexpressed in banana cultivar Rasthali embryo-
genic cells displayed uniform distribution of green fluo-
rescence (Fig. 4a) indicating GFP distribution throughout the
cell. Cells transformed with pCAMBIA1302-MusaNAC042
displayed preferential localization of green fluorescence in nu-
cleus suggesting nuclear localization of MusaNAC042
(Fig. 4c). Position of nucleus in cells was determined after
staining with Hoechst 33258 (Fig. 4b, d).

Regeneration of transgenic banana lines

Complete coding sequence of MusaNAC042 was cloned
downstream of CaMV35S promoter in NcoI and PmlI sites
of pCAMBIA1301 for achieving constitutive expression of
MusaNAC042 in transgenic lines (Fig. 5a). Embryogenic cells
of banana cultivar Rasthali were transformed with
pCAMBIA1301-MusaNAC042 by Agrobacterium-mediated
method and further growth was monitored (Fig. 5b). Growth
of transformed embryogenic cells on hygromycin selection
medium resulted in white and globular embryos (Fig. 5c).
Further culturing of embryos on shoot development medium
resulted in the conversion into putatively transformed shoots
(Fig. 5d). Individual shoots were clonally propagated on shoot
multiplication medium (Fig. 5e) and rooting was carried
on MS-medium supplemented with 1 mg/l NAA (Fig. 5f)
which were subsequently hardened in the green house
(Fig. 5g).

Molecular confirmation of T-DNA integration
in transgenic lines

Genomic DNA of putative transgenic lines was analyzed
fo r PCR ampl i f i c a t i on o f hp t - I I (Hygromyc in
phosphotransferase). PCR amplification of a 788-bp band
from coding region of hpt-II indicated successful integra-
tion of T-DNA in genome of transgenic lines (Fig. 6a)
while no amplification was observed in the wild-type
(control, non transformed) plants. Southern blot analysis
carried out with digoxin labeled hpt-II probe revealed two
to five copies of T-DNA transferred in different transgenic

LB RB
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MCS

CaMV35S
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T-nos

NcoI PmlI

Musa 
NAC042

CDS
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d e
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Fig. 5 Regeneration of transgenic banana lines. a T-DNA region of
pCAMBIA1301-MusaNAC042 designed to overexpress MusaNAC042.
b Development of embryogenic cells of banana cultivar Rasthali trans-
formed with pCAMBIA1301-MusaNAC042 on glass fiber filter. c Close up
of developing embryos on selection medium. d Shoot emergence on selec-
tion medium. e Multiple shoots of different putatively transgenic banana
lines. f Rooting of different putative transgenic lines. g Hardened
plants of different transgenic lines in green house
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lines (Fig. 6b). Further, overexpression of MusaNAC042
due to T-DNA copies analyzed by quantitative RT-PCR indi-
cated that lines L2, L4, L7, and L11 accumulated 8.18-, 6.12-,
12.88-, and 9.23-fold ofMusaNAC042 transcript respectively
over control value (Fig. 6c).

Leaf disc method for analysis of salinity tolerance

Tolerance of transgenic banana lines towards salinity stress
was analyzed by leaf disc method. For this, leaf disc punched
using cork borer were incubated in different concentrations of
NaCl. Visual injury to leaf disc due to chlorophyll degradation

was lower in transgenic lines than control suggesting better
tolerance to salinity in the transgenic lines. While bleaching in
the control discs was profound even in 100 mM NaCl, leaf
discs of transgenic lines showed remarkably less bleaching
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and senescence even in 200 mMNaCl (Fig. 7a) after 6 days of
treatment. Higher tolerance of transgenic lines in leaf disc
method was confirmed by estimation of total chlorophyll
and MDA content. Transgenic leaf discs retained significantly
more chlorophyll than control at different concentrations of
NaCl (Fig. 7b). Extent of oxidative damage in term of MDA
content was significantly lower in transgenic discs than the
control plant leaf disc suggesting enhanced salinity tolerance
of transgenic lines (Fig. 7c).

High salinity and drought-tolerance analysis of transgenic
banana lines

Superior stress tolerance of transgenic banana lines observed
in leaf discs assay was further confirmed by stress-tolerance
analysis of hardened plants (Figs. 8a, 9a). Salinity (250 mM
NaCl) and drought stress (Soil gravimetric water content was
0.21 and 0.15 on 7th and 14th day, respectively) was imposed
on plants and symptoms appeared in the form of leaf
yellowing and wilting. However, the stress symptoms were
less prominent in transgenic lines than control suggesting that
overexpression of MusaNAC042 could reduce the stress-
induced damage (Figs. 8b, 9b). Recovery of transgenic lines
was much better than control in case of both salinity and

drought stress. Compared to recovery in NaCl-stressed plants,
control plants failed to recover and ceased to grow while ma-
jority of transgenic lines recovered and resumed normal growth
(Fig. 8c). Transgenic lines stressed by drought treatment recov-
ered better than control indicating superior drought tolerance
ability of transgenic lines overexpressing MusaNAC042
(Fig. 9c). Biochemical responses of control and transgenic lines
were recorded during and after stress treatment in terms of
photosynthetic efficiency (Fv/Fm) and content of proline and
malondialdehyde (MDA). Transgenic lines displayed better
photosynthetic efficiency than control as measured by signifi-
cantly higher Fv/Fm ratio during imposition of salinity (Fig. 8d)
and drought (Fig. 9d). Stress-induced oxidative damage was
significantly lower in transgenic lines as shown by lower
MDA (marker for membrane damage) content in transgenic
lines under salinity (Fig. 8e) and drought stress (Fig. 9e).
Level of osmoprotectant proline was higher in transgenic lines
than control which further suggested that performance of
transgenic lines was better under salinity (Fig. 8f) and
drought stress (Fig. 9f). Relative water content of all the
transgenic lines was remarkably higher than control plants
at the same level of drought stress indicating that trans-
genic lines could survive better than control under such
stress conditions (Fig. 9g).
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Expression of stress-related genes in transgenic lines

Probable involvement of MusaNAC042 in stress response
pathways in banana was monitored by analyzing expression
of members of CBF/DREB, LEA, andWRKY family by quan-
titative RT-PCR. A total of 55 members of CBF/DREB, 30
members of LEA, and 50members ofWRKY gene family were
analyzed by quantitative RT-PCR. At least expression of nine
CBF/DREBs, five WRKY, and three LEA coding genes was
found to be altered in transgenic lines suggesting that
MusaNAC042 might be directly or indirectly affecting their
expression. The quantum of expression change among these
nine CBF/DREBs was as follows: FL659594 (3.3-fold),
ES433029 (5.1-fold), FF561178 (3.2-fold), GSMUA_Achr11
T15810_001 (14.2-fold), GSMUA_Achr6T28760_001 (2.3-
fold), GSMUA_Achr4T26080_001 (7.1-fold), GSMUA_Ach
r11T03210_001 (9.9-fold), GSUA_Achr8T09110_001 (3.4-

fold), and GSMUA_Achr1T15350_001 (3.1-fold). While the
expression alteration for 5 WRKY was: GSMUA_Ach
r5G04870_001 (2.9-fold), GSMUA_Achr10G23420_001
(2.5-fold), GSMUA_Achr6G13630_001 (3.9-fold), GSMUA_
Achr3G05670_001 (2-fold), and GSMUA_AchrUn_randomG
17570_001 (3.1-fold). Fold change in transcript level of three
LEAwas: GSMUA_Achr11T05130_001 (4.6-fold), GSMUA_
Achr10T21680_001 (7.4-fold), and GSMUA_Achr5T16860_
001 (2-fold) (Fig. 10).

Discussion

In this report, we have characterized NAC042 transcription
factor from banana and investigated its involvement in salinity
and drought stress responses. Only few reports (Wu et al.
2012; Shahnejat-Bushehri et al. 2012; Saga et al. 2012) are
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available on functions of NAC042/JUB1 suggesting necessity
of investigations into functions of this important NAC protein.
Expression analysis and cloning ofMusaNAC042was carried
out in Musa cv. Karibale Monthan (ABB genome) while
transformation for generation of transgenic banana lines was
carried out with Musa cv. Rasthali (AAB genome). Banana
cultivars with more copies of B-genome (cultivars with ABB
genome) have been documented to be more robust towards
tolerance of stress conditions compared to banana cultivars
with single B-genome or having only A-genome, i.e., cultivars
with AAB or AAA genome (Placide et al. 2012; Robinson
and Sauco 2010). Recently, the higher stress tolerance ability
of banana cultivars with B-genome than cultivars with A-ge-
nome has been experimentally tested using molecular tech-
niques (Vanhove et al. 2012). MusaNAC042 is induced by
abiotic stress conditions like drought and high salinity.
Abiotic stress conditions lead to generation of harmful reactive
oxygen species (ROS) which also acts as signaling molecules
for triggering stress responses (Choudhury et al. 2013).
Arabidopsis JUB1 is induced by many abiotic stress conditions
like high salinity, stress induced by methyl viologen, hydrogen
peroxide (H2O2), ozone, Alternaria alternata fungal toxin, and
other conditions leading to generation of H2O2, a type of ROS
(Wu et al. 2012). Induction of MusaNAC042 by high salinity
indicates that Arabidopsis NAC042/JUB1 and MusaNAC042
may be sharing similar function of conferring abiotic
stress tolerance.

The data obtained from Q-PCR experiments are generally
represented after 2−ΔΔCt, 2−ΔCt, or 2−Ct transformation
(Schmittgen and Livak 2008; Livak and Schmittgen 2001).
The comparative Ct method (2−ΔΔCt) gives the Bfold change^
in expression of a particular gene while the 2−ΔCt transform
the QPCR readings into Bnormalized expression^ relative to
expression of an internal control (Schmittgen and Livak
2008). We have calculated fold change in the expression of
genes analyzed in this study by dividing the normalized ex-
pression (2−ΔCt) under treatment and control conditions.
Expression of Musa EF1α was monitored for normalization
of Ct values. One of the earlier reports has evaluated different
reference genes in banana suggesting that banana EF1α is one
the most optimal reference genes among others for quantita-
tive RT-PCR experiments as it shows minimum variation in
different tissues including leaves of greenhouse plants
(Podevin et al. 2012). The suitability of EF1α as a reference
gene has been well-documented in many other plant systems
supporting the utilization of EF1α as a reference gene in
banana (Ray and Johnson 2014; Silveira et al. 2009;
Galeano et al. 2014; Reid et al. 2006).

Functional analysis of MusaNAC042 was carried out by
generating transgenic banana lines overexpressing
MusaNAC042. Four transgenic lines were generated by trans-
formation of embryogenic cells of banana cultivar Rasthali
and confirmed by PCR and Southern blot. Genomic DNA
was restricted with NcoI for Southern blot analysis as NcoI
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digest the T-DNA of pCAMBIA1301-MusaNAC042 only
once, resulting in a direct interrelationship between number
of bands observed during autoradiography and copies of T-
DNA transferred to genome of transgenic lines. Moreover,
difference in band size in autoradiograph suggested that each
transgenic line has originated by an independent transformation
event. Data regarding the overexpression of MusaNAC042
could not be correlated with copies of T-DNA in transgenic
lines indicating that different copies of T-DNAmight have been
incorporated into regions of genomic DNAwith differences in
transcriptional activities. Some of NAC domain proteins are
characterized as positive regulators of senescence. Notable
among these are ORS1 (Balazadeh et al. 2011), AtNAP (Guo
and Gan 2006), and ANAC092 (ORE1) (Balazadeh et al. 2010).
However, many of the NAC domain factors are known to re-
press the senescence process. Arabidopsis NAC genes
ANAC019, ANAC055, and ANAC072 overexpression resulted
in superior drought tolerance (Fujita et al. 2004; Tran et al.
2004). Arabidopsis JUB1 delayed senescence in overexpres-
sion lines while jub1-1mutant plants showed precocious senes-
cence indicating that JUB1/ANAC042 can be an important
candidate gene for stress responses (Wu et al. 2012). In our stu
dies, transgenic banana plants overexpressing MusaNAC042
were significantly more tolerant to drought and high salinity
than control, which is further supported by the induction pattern
of MusaNAC042 in response to high salinity and drought.
Overexpression of some of the transcription factors like rice
NAC6 and DREB1, resulted in growth retardation (Ito et al.
2006; Nakashima et al. 2007) which can lead to reduction of
productivity. However, such retardation was not observed in
case of MusaNAC042 indicating that MusaNAC042 can be
useful for increasing salinity and drought tolerance of banana.
Abiotic stress conditions generally lead to proline accumulation
(Surender Reddy et al. 2015) which is known to act as molec-
ular chaperon preventing protein denaturation along with main-
taining osmotic balance (Székely et al. 2007). Similarly in our
study, transgenic banana lines overexpressing MusaNAC042
contained higher proline level after salinity and drought stress
indicating that elevated proline can be one of the possibilities
for enhanced stress tolerance of transgenic lines. Transgenic
lines retain higher relative water content than control plants at
the same level of drought stress suggesting better drought tol-
erance in transgenic lines. Relative water content has been com-
monly employed to measure the water content in plants and is a
useful parameter to indicate the turgidity of plants under water
scarcity conditions (Smart and Bingham 1974). Possible
molecular mechanisms by which MusaNAC042 overexpres-
sion confers elevated salinity and drought tolerance was studied
by probing expression of multiple stress-related genes.
Elevated expression levels were detected for at least nine
CBF/DREB (C-repeat-binding/dehydration-responsive ele-
ment-binding ) , f ive WRKY, and three LEA (Late
Embryogenesis Abundant) coding genes. CBF/DREB

transcription factors are important class of transcription factors
involved in stress responses and regulate expression of multiple
stress-responsive genes (Akhtar et al. 2012). WRKY transcrip-
tion factors are one of the major regulators of disease re-
sponses, abiotic stress responses, development, and senes-
cence in plants (Banerjee and Roychoudhury 2015). LEA
proteins accumulate during seed maturation for acquisition
of desiccation tolerance in embryo and during dehydration
in vegetative organs suggesting their protective functions
during abiotic stress conditions mainly drought stress
(Rorat 2006).

In conclusion, it is revealed that MusaNAC042 is a stress-
responsive NAC transcription factor as it is rapidly induced
under high salinity and drought stress. MusaNAC042 is a
nuclear localized protein was demonstrated by transiently
overexpressing MusaNAC042::GFP in banana embryogenic
cells. Further, the study dealt with morphological and physio-
logical features of MusaNAC042 overexpression in banana
plants. Role of MusaNAC042 in increasing salinity and
drought tolerance was demonstrated in transgenic banana
plants and results were supported with elevated proline and
reduced MDA content in transgenic lines. Expression pattern
of abiotic stress responsive genes suggests potential molecular
mechanism of MusaNAC042 function as well as its
transactivation activity. Present study will expand our
knowledge about the role of NAC transcription factors in
understanding the mechanisms involved in abiotic stress
responses in banana.
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