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Abstract

Lignin and polyphenols are important cellular components biosynthesized through phenyl-
propanoid pathway. Phenylpropanoid pathway in plants is regulated by some important
transcription factors including R2R3 MYB transcription factors. In this study, we report

the cloning and functional characterization of a banana R2R3-MYB transcription factor
(MusaMYB31) by overexpression in transgenic banana plants and evaluated its potential role
in regulating biosynthesis of lignin and polyphenols. Sequence analysis of MusaMYB31 indi-
cated its clustering with members of subgroup 4 (Sg4) of R2ZR3MYB family which are well
known for their role as repressors of lignin biosynthesis. Expression analysis indicated higher
expression of MusaMYB31 in corm and root tissue, known for presence of highly lignified
tissue than other organs of banana. Overexpression of MusaMYB31 in banana cultivar
Rasthali was carried out and four transgenic lines were confirmed by GUS histochemical
staining, PCR analysis and Southern blot. Histological and biochemical analysis suggested
reduction of cell wall lignin in vascular elements of banana. Transgenic lines showed alter-
ation in transcript levels of general phenylpropanoid pathway genes including lignin biosyn-
thesis pathway genes. Reduction of total polyphenols content in transgenic lines was in line
with the observation related to repression of general phenylpropanoid pathway genes. This
study suggested the potential role of MusaMYB31 as repressor of lignin and polyphenols
biosynthesis in banana.

Introduction

Lignin is an important macromolecule with roles in providing mechanical strength to the
plant, supporting water transport through xylem tissue and biotic stress tolerance [1]. Lignin is
one of the most abundant components of biomass and is synthesized through phenylpropa-
noid pathway which is responsible for synthesis of secondary metabolites such as polyphenols
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and flavonoids as well [2,1]. Covalent cross linking of lignin and other aromatic phenolic com-
pounds with cellulose prevent efficient enzymatic digestion of cellulose and thus reducing the
proficient conversion of lignocellulosic biomass to bioethanol [3, 4, 5]. Lignin biosynthesis
during secondary cell wall development is regulated by transcription factors belonging to NAC
and R2R3 MYB gene families [6]. Members of R2R3 MYB gene family have been clustered
into 22 subgroups on the basis of certain domains excluding the highly conserved MYB
domain [7]. Members of subgroup 4 (Sg4) have been characterized as repressors of lignin
biosynthesis pathway [8, 9]. Members of subgroup 4 (C2 repressor motif clade) shared the
presence of conserved C2 repressor core (D/E)LNL(D/N)L associated with EAR (ethylene
response factor-associated amphiphilic repression) motif [7, 10, 11]. Multiple reports on

MYB transcription factors have emerged over the years indicating their potential roles in regu-
lating the general phenylpropanoid pathway. Two MYB factors of Antirrhinum majus namely
AmMYB308 and AmMYB330 has been reported as repressors of lignification and phenolic
acid metabolism and they were able to down-regulate the expression of CAD (cinnamyl alco-
hol dehydrogenase), 4CL (4-coumarate:CoA ligase) and C4H (cinnamate-4-hydroxylase) in
transgenic tobacco plants [12]. Arabidopsis MYB4 regulate sinapate esters involved in UV pro-
tection as it down-regulates the C4H (cinnamate-4-hydroxylase) [10]. Maize, ZmMYB42
down-regulate several genes of lignin and flavonoid biosynthesis pathway and thus reducing
lignin content besides qualitatively altering lignin composition [2]. Another maize gene,
ZmMYB31 repress many genes involved in the synthesis of monolignols resulting in reduction
of lignin content in transgenic plants increasing their cell wall degradability [13]. Four of

the grapevine R2R3 MYB proteins (containing C2 repressor core) have been recently char-
acterized as repressors of general phenylpropanoid biosynthetic genes. Overexpression of
VWwMYB4a and VwMYB4b limit the synthesis of small weight phenolic compounds while
VWMYBC2-L1 and VwWMYBC2-L3 overexpression resulted in severe reduction in petal anthocy-
anins and seed proanthocyanidins [14]. Switchgrass (Panicumvirgatum) MYB transcription
factor, PvMYB4 can down-regulate the expression of monolignol pathway genes by binding to
AC-elements in their promoter and its overexpression cut down the lignin biosynthesis in
transgenic switchgrass [15].

In the present study we have investigated the role of a R2R3 MYB transcription factor
belonging to C2 repressor clade from banana and analyzed its potential role in regulating the
phenylpropanoid pathway genes after overexpression in transgenic banana plants. Our results
suggest that MusaMYB31 is an efficient repressor of lignin deposition as it down-regulate
many genes involved in lignin biosynthesis in transgenic banana plants. Further, transgenic
banana plants also display remarkable reduction in total polyphenolic and lignin content
along with repression in expression of many genes involved in general phenylpropanoid
pathway genes. Results obtained suggest that MusaMYB31 is a functional orthologous of
ZmMYB31 which has been reported as a competent repressor of lignin biosynthesis in maize
[13]. Present report will augment our understanding about regulation of lignin biosynthesis in
banana plants.

Material and methods
Source of banana plants

The banana plants used in this study are regenerated in the laboratory from the embryogenic
cell suspension (ECS) of Musa cultivar Rasthali described below in the section “generation of
transgenic banana plants overexpressing MusaMYB31”. The control banana plants were main-
tained on shoot multiplication medium (MS medium with 2 mg/l BA and 30 mg/1 adenine sul-
phate) and rooted on MS medium with Img/I NAA.
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RNA isolation and first strand cDNA synthesis

Expression of MusaMYB31 in different organs of two month old banana (growing in green
house) was carried out using real time RT-PCR. Tissue of three uniform plants was mixed in
equal amount for RNA isolation. Total RNA isolation from various tissue of banana cultivar
Rasthali (leaves, pseudostem, petiole, corm and roots) as well as from embryogenic cells was
carried out using Concert plant RNA reagent (Invitrogen, USA) and cleaned by RNA binding
column of RNeasy plant mini kit (Qiagen, Germany).First strand cDNA was made using
RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific) as per the manufacturer
instruction.

Expression analysis of MusaMYB31 by real time RT-PCR

Transcript level analysis of MusaMYB31 in different organ of banana was carried out by
quantitative RT-PCR analysis. Synthesized cDNA was diluted 1:50 with molecular biology
grade water and used for QPCR using JumpStar Taq ReadyMix (2X) (Sigma, USA) following
the manufacturer instruction. The expression of Banana EFla (reference gene)was used for
normalization of different C,-values. Expression of MusaMYB31 in embryogenic cells of
banana cultivar Rasthali was used for determination of fold value change in transcript level of
MusaMYB31 in different organs. Readings of experiment was subjected to comparative Ct
method (27**“") to calculate the fold change of MusaMYB31as described previously [16]. Real
time RT-PCR for expression of MusaMYB31 in various tissues was performed at least three
times.

Amplification and cloning of full length MusaMYB31 coding sequence

Full length coding sequence of MusaMYB31 was amplified from leaf cDNA of banana cultivar
Rasthali. PCR conditions used are: 94°C (5min) followed by 35 cycles of 94°C (20 sec), 56°C
(30 sec) and 72°C (50 sec) which was followed by a final extension at 72°C for 5 minutes.
Amplified cDNA was PCR purified (High Pure PCR Product Purification Kit; Roche), digested
with Sbfl and Kpnl followed by gel extraction (Roche). The nos 3°>-UTR was cloned in Sacl and
EcoRI sites of multiple cloning site (MCS) in pCAMBIA1301 and the recombinant vector
(pCAMBIA1301-nos) was further digested with HindIII and Kpnl. Zea mays polyubiquitin pro-
moter (digested with HindlII and PstI) and MusaMYB31 (digested with Sbfl and Kpnl) were
ligated in a three way ligation with pCAMBIA 1301-nos (digested with HindIII and Kpnl) to
generate pPCAMBIA1301-MusaMYB31. The construct was sequenced to confirm the cloning
and coding sequence integrity of MusaMYB31(amplified by PCR technique). The complete
coding sequence of MusaMYB31 has been deposited in NCBI database with an accession num-
ber of KU507534.

Sequence analysis of MusaMYB31

The theoretical MusaMYB31coding sequence translation, pl (isoelectric point) and molecular
weight of the MusaMYB31 was predicted using online available tools at expasy server (www.
expasy.org). Sequence based similarity searching was performed in NCBI database using
PBLAST search. Related R2R3 MYB factors which are annotated and assigned for function are
used for building a neighbor joining tree (boot strap replicate of 1000) with the help of clustal
omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) and MEGA using default parameters [17].
Conserved motif search in multiple sequence alignment of R2R3 MYB transcription factors
was conducted using the MEME software (http://meme-suite.org/) with parameters: 3 to 10
residues, maximum five motifs and zero or one occurrence of motifs.
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Generation of transgenic banana plants overexpressing MusaMYB31

Transgenic lines of banana were generated after transformation of embryogenic cell suspen-
sion (ECS) of Musa cultivar Rasthali as described earlier [18]. Agrobacterium tumefaciens
strain EHA105 [19] transformed with pCAMBIA1301-MusaMYB31 was grown to optical den-
sity of 0.5 and was then induced with 100 uM ACS (acetosyringine). Further, the bacterium
was co-cultivated with 0.5 ml packed cell volume of ECS of banana cv Rasthali for 30 minutes.
Using a vacuum pump and filtration unit, the ECS were then filtered onto a glass fiber filter.
The T-DNA transfer events by Agrobacterium was allowed for three days in dark after cultur-
ing on semi-solid M2-medium [20]. The development of ECS into embryos was carried after
culturing the cells on embryo developing medium (BEM) which was supplied with 400mg/1
cefotaxime and 5 mg/1 hygromycin. Each stage was photographed and the well developed
embryos were converted into shoots by culturing on M4 medium (MS medium with 0.5 mg/l
BA). Shoot multiplication medium (MS medium with 2 mg/l BA and 30 mg/l adenine sul-
phate) and rooting medium (MS medium with Img/l NAA) were employed for raising in vitro
transgenic lines.

Molecular confirmation of transgenic plants

Leaves of putative transgenic lines were stained with GUS (B-D-Glucuronidase) staining solu-
tion using X-Gluc (5-Bromo-4-chloro-3-indolyl Glucuronide) dissolved in sodium phosphate
buffer (pH7) containing 1% Triton X-100. Leaf sample was incubated at 37°C overnight and
later cleared in 90% methanol. Molecular confirmation of T-DNA insertion events in trans-
genic banana lines were carried out by PCR and Southern blot followed by transcript level
analysis by real time RT-PCR analysis. Genomic DNA of control and transgenic lines isolated
using commercially available genomic DNA isolation kit (Sigma, USA; catalogue number
G2N350) was analyzed for T-DNA insertion by PCR amplification of hpt-II (hygromycin phos-
photransferase) gene. PCR conditions utilized are 94°C (6 min), 38 cycles of 94°C (20 sec),
52°C (30sec), 72°C (40 sec) and finally 72°C for 3 min. Southern blot analysis was performed
as described earlier [21]. Genomic DNA (approx. 20ug) of control and transgenic lines di-
gested with 20 units of Kpnl overnight was separated on 1.5% agarose gel. Gel resolved di-
gested DNA was transferred by capillary action onto nylon membrane (Make Amersham,
RPN.203N) using 10x SSC buffer. Probe was generated using PCR amplified hpt-II and DIG
labeling kit (Roche;11585614910). Probe was hybridized to membrane fixed DNA at 42°C
(overnight) which was followed by stringency washes carried out at room temperature and 65°C
(using 2x SSC and 0.5x SSC with 0.1% SDS respectively) to remove excess probe. Blot was devel-
oped using appropriately diluted (1:5000) anti-DIG antibody and chemiluminescent substrate
CSPD as per instructions supplied with the kit (Roche, 11585614910). Transcript abundance of
MusaMYB31 in transgenic lines was determined by real time RT-PCR. Total RNA isolation
from leaves and cDNA synthesis as described above was performed. Real time PCR was per-
formed following the steps described in the heading “Expression analysis of MusaMYB31”.

Histological analysis of secondary wall

Free hand sections of the petiole of control and transgenic banana lines were prepared. The
secondary wall was observed with visualization of lignin by either auto-fluorescence or stain-
ing with toluidine blue-O. UV (ultra violet) excitation at 365 nm of the petiole sections in a
fluorescent microscope (Eclipse 80i, Nikon) was carried out and auto-fluorescence of the lig-
nin in the secondary wall image was recorded. Petiole sections were stained with 0.1% tolui-
dine blue-O solution (dissolved in phosphate buffer, pH 7) for two minutes followed by
rigorous washing in water to remove excess stain. The toluidine blue stained sections were
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observed and image was recorded in an optical light microscope. The histological observation
was taken for at least three uniform plants of each confirmed line.

Estimation of phenolic content in transgenic lines

Tissue of three uniform plants (two month growth in green house) was mixed in equal amount
for extraction of phenolics. Total phenolic content in leaves of control and transgenic lines was
estimated using Folin-Ciocalteu (FC) colorimetric assay. Fresh leaves (100mg) of control and
transgenic lines extracted in 80% methanol were incubated at 4°C for 3 hours. Supernatant
collected after centrifugation was made up to 3ml with distilled water. Further, 500 l of Folin
Ciocalteau reagent (diluted with equal volume of water) and 2 ml of 20% Na,CO; was mixed
with the supernatant which was subsequently incubated for 20 minutes at 48°C. Readings were
observed at 650 nm and data was represented in terms of gallic acid equivalents (mg GAE/g).
The experiment was repeated at least three times.

Biochemical estimation of lignin

Lignin estimation using thioglycolic acid reagent was carried out as described earlier [22]. In
brief, 300 mg pseudostem tissue of two month old plants (growing in green house) was
extracted in absolute methanol and the resulting pellet was mixed and incubated for twenty
minutes each with methanol (2x), NaCl (1M), SDS (1%), milli-Q water (2x), ethanol and 1:1
v/v of chloroform/methanol. The pellet obtained thereafter represent the cell wall, which was
further dried in an oven (overnight at 60°C). Lignin-thioglycolic acid complex (LTGA) was
generated by treating cell wall (10 mg) with thioglycolic acid (300 ul) as well as2 M HCI (1.2
ml) followed by heating at 95°C (4 hours). The pellet with LTGA was re-suspended in 0.5M
NaOH to extract the LTGA (overnight). This was repeated twice and the two alkali extracts
were combined together and further acidified with concentrated HCI (300 pl). The resulting
solution was incubated at 4°C (4 hours) and the LTGA was recovered after centrifugation. The
brown color pellet re-suspended in 0.5 M NaOH was analyzed at 280 nm. Lignin content esti-
mation was carried out in triplicate after mixing the tissue of at least three uniform plants.

Real time PCR analysis of genes involved in general phenylpropanoid
pathway

Total RNA from leaves tissue of control and transgenic lines(plants with growth of two months
in green house) was isolated using method as described above. RevertAid first strand cDNA
synthesis kit (Thermo Fisher Scientific) used for synthesis of cDNA utilizing 2ug of total RNA.
cDNA was diluted to 1:50 with molecular biology grade water and used for real time quantita-
tive RT-PCR on a Rotor gene-Q platform (Qiagen, Germany) with JumpStar Taq ReadyMix
(Sigma, USA) as per vendors instructions. Along with genes of lignin biosynthesis pathways and
genes involved in general phenylpropanoid pathway, expression of banana EFla (reference
gene)was also monitored. Analysis of reading was performed using comparative Ct method
(2724 resulting in estimation of fold change in expression of target gene. Primer sequences
utilized in the present study for all the molecular biology work carried out are provided in the
S1 Table. Real time RT-PCR for gene expression analysis was performed at least three times.

Results
Isolation and sequence analysis of MusaMYB31

Complete coding sequence of MusaMYB31 contain 681 bases (NCBI accession number:
KU507534) and codes for a protein of 226 amino acids with theoretical pI of 9.4 and molecular
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weight of 25.8 kDa. Insilico analysis for subcellular localization (http://nls-mapper.iab.keio.ac.
jp/cgi-bin/NLS_Mapper_form.cgi) indicated the presence of a nuclear localization signal
(“RPDLKRGNFTEDEDELIIKLHSL” starting from amino acid at 62" position) suggesting
nuclear localization of MusaMYB31.MusaMYB31 contain the conserved R2R3 domain at the
N-terminal end, which is also the DNA binding site of the R2ZR3 MYB proteins. Characteristic
presence of three tryptophan residue (W) in R2 domain and one phenylalanine (F) and two
tryptophan residue (W) in R3 domain, important for formation of the core of helix-turn-helix
(HTH) [23] were also observed. Alignment of different R2R3 MYB proteins of Sg4 clade with
MusaMYB31 also indicated presence of another conserved motif with a consensus sequence
[DE]Lx2[RK]x3Lx6Lx3R. This motif within the R3 domain has been suggested to play impor-
tant role in interaction with the bHLH protein [24, 25] indicating that MusaMYB31 might
interact with bHLH protein for their function. MEME software analysis indicated presence of
characteristic signature sequences of the Sg4 group [7] of the R2R3 MYB proteins. Apart from
C1 and C2 motifs, recently an additional motif known as C3-motif/ZnF-like (zinc finger like)
has been identified in the c-terminal of certain repressors belonging to R2R3 MYB transcrip-
tion factors [14]. Similar C3 motif was also located in the C-terminal of MusaMYB31 suggest-
ing its role as a repressor of general phenylpropanoid pathway (Fig 1).

Phylogenetic analysis of MusaMYB31

As MusaMYB31 sequence analysis suggested presence of multiple motifs commonly

found in Sg4 clade of R2R3 MYB transcription factors, hence sequences of multiple R2R3
MYB transcription mostly belonging to Sg4 clade were aligned to build a phylogenetic tree.
MusaMYB31 was closely related to maize MYB31 and also show high percentage identity
with other R2R3 MYB factors known as repressors and activators of phenylpropanoid path-
way genes. MusaMYB31 share identities of 61% with PvMYB4a (AEM17348.1), 55% with
ZmMYB42 (NP_001106009.2), 62% with ZmMYB31 (NP_001105949.2), 54% with AtMYB7
(NP_179263.1), 60% with AtMYB32 (NP_195225.1), 57% with AtMYB4 (AAC83582.1),
67% with VVMYB4a (ABL61515.1), 68% with VVMYB4b (ACN94269.1), 62% with PhMYB4
(ADX33331.1), 63% with EgMYBI1 (CAE09058.1), 90% with AmMYB330 (P81395.1A), 81%
with AtMYB8 (NP_849749.1), 85% with AtMYB6 (NP_192684.1), 55% with AtMYB3
(NP_564176.2), 56% with FaMYB1 (AAK84064.1), 55% with VVMYBC2-L2 (ACX50288.2),
49% with VVMYBC2-L3 (AIP98385.1), 68% with PhMYB27 (AHX24372.1), 56% with
VvMYBC2-L1 (ABW34393.1), 56% with VVMYBF1 (ACT88298.1), 69% with VVMYBPA1
(CAJ90831.1), 63% with VVMYB5a (AAS68190.1), 58% with VVvMYB5b (Q58QDO0), 66%
with AtMYB5 (AAC49311.1), 56% with VVMYBA1 (BAD18977.1), 60% with AtMYB75
(AAG42001.1), 66% with VVMYBPA2 (ACK56131.1) and 68% with AtMYB123 (Q9FJA2.1)
(Fig 2).

Transcript level of MusaMYB31 in different tissues

Using quantitative RT-PCR the transcript abundance of MusaMYB31 in different organs was
analyzed. The expression of MusaMYB31 in different organs was calculated as fold change rel-
ative to expression in embryogenic cells of banana cultivar Rasthali. The lowest expression of
MusaMYB31 was detected in pseudostem followed by petiole. However, very high transcript
level was detected in corm and roots followed by leaves. The high level of MusaMYB31 expres-
sion in corm and roots may be due to more lignifying nature of these organs in banana com-
pared to other parts. The difference in expression of MusaMYB31 in different tissues suggested
its possible differential regulation in these tissues (Fig 3).
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Fig 1. Alignment of MusaMYB31 with other R2R3 MYB repressors belonging to C2 repressor clade.
The R2 and R3 domain has been indicated by colored lines on top. The conserved amino acids, tryptophan
(W) and phenylalanine (F) are indicated by star. A green line within the R3 domain indicate the motif
(consensus sequence [DE]Lx2[RK]x3Lx6Lx3R) interacting with the bHLH protein. The C1 and C2 motifs
outside the R2R3 MYB domain are boxed in red. MEME moitif logos with bit scores for each position are
shown on the top of C1 and C2 motif. The C3/ZnF like and C4 motif are also indicated. Sequences utilized for
alignment are: Antirrhinum majus AmMYB330 (P81395.1 A), Zea mays ZmMYB38 (XP_008664600.1), Zea
mays ZmMYB42 (NP_001106009.2), Antirrhinum majus AmMYB308 (P81393.1) and Zea mays ZmMYB31
(NP_001105949.2).

doi:10.1371/journal.pone.0172695.9001

Generation of transgenic banana plants overexpressing MusaMYB31

The complete coding sequence of MusaMYB31 was cloned downstream of maize polyubiquitin
promoter (pZmUbi) in pCAMBIA1301 to generate a cassette for constitutive overexpression of
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Fig 2. Phylogenetic analysis of MusaMYB31 and other R2R3 MYB transcription factors from different
plant species acting as repressors and activators in phenylpropanoid pathway. Predicted and reported
function of these MYB factors is indicated. The NCBI accession numbers used in tree construction are:
Panicum virgatum PvMYB4a (AEM17348.1), Zea mays ZmMYB42 (NP_001106009.2), Zea mays ZmMYB31
(NP_001105949.2), Arabidopsis thaliana AAMYB7 (NP_179263.1), Arabidopsis thaliana AtMYB32
(NP_195225.1), Arabidopsis thaliana AtMYB4 (AAC83582.1), Vitis vinifera VvMYB4a (ABL61515.1), Vitis
vinifera VWMYB4b (ACN94269.1), Petunia hybrida PhAMYB4 (ADX33331.1), Eucalyptus gunnii EQMYB1
(CAE09058.1), Antirrhinum majus AmMYB330 (P81395.1 A), Arabidopsis thaliana AtMYB8 (NP_849749.1),
AtMYB6 (NP_192684.1), Arabidopsis thaliana AtMYB3 (NP_564176.2), Fragaria ananassa FaMYB1
(AAK84064.1), Vitis vinifera VVMYBC2-L2 (ACX50288.2), Vitis vinifera VWMYBC2-L3 (AIP98385.1), Petunia
hybrid PhMYB27 (AHX24372.1), Vitis vinifera VWMYBC2-L1 (ABW34393.1), Vitis vinifera VVMYBF1
(ACT88298.1), Vitis vinifera VWVMYBPA1 (CAJ90831.1), Vitis vinifera V\VMYB5a (AAS68190.1), Vitis vinifera
VvMYBS5b (Q58QD0), Arabidopsis thaliana AtMYB5 (AAC49311.1), Vitis vinifera VVMYBA1 (BAD18977.1),
Arabidopsis thaliana AtMYB75 (AAG42001.1), Vitis vinifera VZVMYBPA2 (ACK56131.1) and Arabidopsis
thaliana AtMYB123 (Q9FJA2.1).

doi:10.1371/journal.pone.0172695.9002

67

8

MusaMYB31 (Fig 4A). Embryogenic cells of banana cultivar Rasthali transformed with the
above mentioned construct resulted in emergence of putative embryos on embryo develop-
ment medium (Fig 4B). The embryos appeared globular and lead to generation of white
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Fig 3. Transcript level analysis of MusaMYB31 in different organs of the Musa cv. Rasthali. Fold value
change in expression of MusaMYB31 was calculated relative to expression in embryogenic cells of banana cv
Rasthali. Values are represented as meanz SD. Statistical significant events at 5% are shown with an asterisk
(*) on the top.

doi:10.1371/journal.pone.0172695.9003

Fold Value Change

translucent secondary embryos (Fig 4C). Emerging embryos converted to small shoots on
shoot development medium supplemented with hygromycin (5 mg/l) (Fig 4D). Individual
shoots were numbered and then multiplied on shoot multiplication medium (Fig 4E). Rooting
of putatively transformed shoots was carried out on rooting medium and later hardened in the
green house (Fig 4F and 4G).

Confirmation of transgenic lines for T-DNA integration and their
phenotypic analysis

Putatively transformed shoots tested for histochemical GUS staining suggested that all the
hygromycin resistant lines (L1,L2,L3 and L4)were positive for GUS activity (Fig 5A). Further,
the hpt-II coding sequence was PCR amplified from genomic DNA of different transgenic
lines (Fig 5B). Southern blot analysis performed after isolation of the genomic DNA suggested
integration of one to two copies of T-DNA in different transgenic events (Fig 5C). The alter-
ation in expression of MusaMYB31 in different transgenic lines due to constitutive overexpres-
sion was analyzed by quantitative RT-PCR. Fold change in transcript level of MusaMYB31 in
different lines was: 11.2 in line L1, 15.6 in line L2, 5.3 in line L3 and 6.9 in line L4 (Fig 5D).
The morphology of transgenic lines and control plants was comparable in early developmental
stages suggesting similar morphological development. However, maximum expressing line
(L2) after prolonged growth in green house displayed marginal growth stunting relative to
control plant (Fig 6).

Altered secondary wall deposition in transgenic banana

The lignification in vascular elements of transgenic and control plants were monitored by
examination of cross sections under microscope. The secondary wall depositions in vascular
elements of banana was visualized by auto fluorescence of lignin under UV (ultra violet) light
and by staining the cross section with toluidine blue. Observation of lignin deposition pattern
indicated incomplete deposition of lignin in most of the vascular elements of transgenic lines

PLOS ONE | DOI:10.1371/journal.pone.0172695 February 24, 2017 9/20
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(A) EcoRi Kpni

Hindill

Fig 4. Generation of transgenic banana plants overexpressing MusaMYB31. (A)Schematic representation
of T-DNA portion utilized to generate transgenic lines. (B) Transformed embryogenic cells of Musa cv. Rasthali
showing growth on selection medium (BEM with 5 mg/I hygromycin). (C) Close up view of embryos showing
development in various stages. (D) Conversion of embryos into shoots on shoot multiplication medium. (E)
Generation of multiple shoots of putative transgenic lines. (F) Rooting of different transgenic lines on rooting
medium. (G) Hardening of rooted transgenic lines in green house.

doi:10.1371/journal.pone.0172695.g004

suggesting the repressive activity of MusaMYB31 towards lignin biosynthesis. However, the
number of cell layers in vascular elements of control and transgenic lines appeared to be unal-
tered suggesting MusaMYB31 represses only secondary wall deposition (Fig 7). In majority of
transgenic lines, the xylem vessel elements either failed to deposit lignin or stain unsubstan-
tially with toluidine blue (Fig 8).
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Fig 5. Confirmation of transgenic lines. (A) GUS staining test of putative transgenic lines. (B) PCR analysis
of transgenic lines. Amplification of hpt-// indicated T-DNA insertion in transgenic lines. (C) Southern blot
confirmation of T-DNA insertion in transgenic lines. (D) Real time PCR analysis of MusaMYB31 transcript
level in different transgenic events. Values represented are mean * SD. Statistical significant events at 5% are
shown with an asterisk (*) on the top.
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Overexpression of MuaMYB31 represses general phenylpropanoid
biosynthesis pathway

The effect of MusaMYB31 overexpression on the secondary wall deposition provided evidence
that MusaMYB31 can represses the phenylpropanoid biosynthesis pathway. We have esti-
mated the total polyphenolic content of the control and transgenic lines to support the above
observation. Polyphenolic content of all the transgenic lines was remarkably lower than con-
trol plants with maximum repression in synthesis of polyphenols observed in transgenic event
L2 (Fig 9A). Similarly lignin content was also reduced in the transgenic lines overexpressing
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Fig 6. Growth phenotype of transgenic banana overexpressing MusaMYB31. Transgenic line (L2) with
highest expression of MusaMYB31 show reduced growth than control plants. The plants were photographed
after three months of growth in green house under similar conditions.

doi:10.1371/journal.pone.0172695.9006

MusaMYB31 supporting the observation of diminished secondary wall depositions in trans-
genic lines (Fig 9B).The quantum of reduction in polyphenol content as well as lignin in differ-
ent transgenic lines followed the quantum of overexpression of MusaMYB31 further proving
that the reduction is infact due to overexpression of MusaMYB31. Given that MusaMYB31
reduced the deposition of secondary wall in vascular elements and synthesis of polyphenols in
transgenic lines, we performed the quantitative RT-PCR analysis of important genes involved
in lignin and polyphenols biosynthesis to obtain a broader picture about probable downstream
target of MusaMYB31. Total RNA isolated form leaves of transgenic lines and control plants
was used for first strand cDNA synthesis, which was subsequently utilized for quantitative
RT-PCR analysis. Remarkable reduction in expression of PAL (phenylalanine ammonia-
lyase), COMT (caffeic acid 3-O-methyltransferase), C3H (coumarate 3-hydroxylase), HCT
(hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase) and CCR (cinnamoyl
CoA reductase) was recorded, while the expression of 4CL (4-coumarate: CoA ligase), C4H
(cinnamic acid 4-hydroxylase), F5H (ferulate 5-hydroxylase) and CAD6(cinnamyl alcohol
dehydrogenase 6) appeared to be unaffected by the overexpression of MusaMYB31 (Fig 9C).
The fold changeof different genes observed relative to control expression was: 0.31 fold of
PAL, 0.56 fold of COMT, 0.44 fold of C3H, 0.39 fold of HCT and0.55 fold of CCR. The repres-
sion of these important lignin biosynthesis pathway genes is in line with the reduction in the
deposition of secondary wall in transgenic lines. However, the expression of CCOAOMT (caf-
feoyl-CoA O-methyltransferase) was elevated due to overexpression of MusaMYB31 (2.5 fold
relative to control expression). Similar elevation in expression of CCoOAOMT due to overex-
pression of other R2R3 MYB transcription factors have been reported in other studies as well
[11]. We also analyzed other phenyl phenylpropanoid biosynthesis pathway related genes to
study the effect of MusaMYB31 overexpression on their expression. Our analysis suggested
that MusaMYB31 overexpressing transgenic line manifested repression of many of such genes,

PLOS ONE | DOI:10.1371/journal.pone.0172695 February 24, 2017 12/20
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Fig 7. Secondary wall analysis of transgenic lines. Lignin autofluorescence after ultra violet (UV)
excitation of petiole sections allowing the visualization of secondary cell deposition around the vascular
bundles. Images is taken after focusing on the vascular bundle of petiole of (A) control plant (B-E) transgenic
lines L1-L4. Notice the incomplete and non-uniform lignin deposition in transgenic lines. The scale bar
corresponds to 10 ym.

doi:10.1371/journal.pone.0172695.9007

with fold change in expression relative to control was as follows: 0.64 fold for ANS (anthocya-
nin synthase), 0.7 fold for LAR (leucoanthocyanidin reductase), 0.35 fold for ANR (anthocya-
nidin reductase), 0.87 fold of CHI (chalcone isomerase), 0.4 fold for DFR (dihydroflavonol
4-reductase), 0.49 fold for CHS (chalcone synthase), 0.78 fold for CHR (chalcone reductase),
0.64 fold for F3H (flavanone 3-hydroxylase), 0.63 fold for F35H (flavonoid 3,5-hydroxylases),
0.6 fold for UGFT (UDP-glucose: flavonoid-3-O-glucosyltransferase) and 0.64 fold for FLS (fla-
vonol synthase). The expression of isoflavone synthase (IFS) appeared to be unaffected by
overexpression of the MusaMYB31 (Fig 9D). These results indicated that overexpression of
MusaMYB31 has the potential to amend the expression of a whole set of genes involved in phe-
nylpropanoid biosynthesis pathway.

Discussion

Plants activate production of various primary and secondary metabolites in response to exter-
nal factors and developmental stages. Transcription factors regulate the time and stage specific
production of several of these metabolites. Important among these are members belonging to
subgroup4 of R2R3-MYB transcription factors, which have been associated with repression of
phenylpropanoid pathway including lignin and polyphenols biosynthesis [12, 10, 15]. In this
report we have characterized the first RZR3 MYB transcription factor associated with repres-
sion of general phenylpropanoid biosynthesis pathway in an economically important fruit
crop, banana. MusaMYB31 contain all the important motifs like C1 (llsrGIDPxTHR), C2
(pdLNL[D/E]L), C3/ZnF like and C4 motifs which are characteristic of subgroup 4 of R2R3
MYB transcription factors [7]. The ethylene response factor-associated amphiphilic repression
(EAR) motif (LxLxL pattern) of MusaMYB31 has sequence conservation with EAR motif
(DLNxxP or LxLxL) of AtMYB4, AtMYB7 and AtMYB32 [26, 27], suggesting the repression
activity of MusaMYB31 towards transcription of other genes [7, 25]. C- terminal end of Musa-
MYB31 also contain C4 motif which has been detected in some repressors of phenylpropanoid
pathway and lignin biosynthesis pathway, like maize ZmMYB31 and ZmMYB42 [2, 13], petu-
nia PhMYB4 [28] and switchgrass PvMYB4 (conserved sequence of C4 motif: FLGLX,_,V/
LLD/GF/YR/SX1LEMK) [15].

We successfully regenerated transgenic banana plants overexpressing MusaMYB31 by
Agrobacterium mediated transformation of embryogenic cell suspensions of Musa cultivar
Rasthali, which is an economically important banana crop. Four transgenic lines were regener-
ated and were confirmed for transgene integration by GUS staining, PCR analysis and South-
ern blot analysis. PCR analysis for T-DNA integration was conducted by analyzing the
amplification of hpt-II from the genomic DNA as hpt-II coding sequence is present within the
T-DNA border sequences. Southern blot indicated that all the transgenic lines were originated
from independent transformation events as number of T-DNA copies and their position on
autoradiograph were variable among different lines. It was difficult to correlate the T-DNA
copy number and MusaMYB31 overexpression in different lines, possibly due to factor of dif-
ferential locus integration of T-DNA (position effect). Transgenic lines with high expression of
MusaMYB31 displayed marginal growth retardation relative to control plants at later stages of
growth in the green house. Similar, growth retardation due to overexpression of R2R3 MYB
repressors has been well documented [11]. Other reported morphological alteration observed
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Fig 8. Toluidine blue staining of secondary wall. Toluidine blue stained cross sections of petiole displaying
the secondary wall deposition over the vascular tissue. Note the non-uniform and incomplete secondary wall
deposition in vascular elements of transgenic lines. Scale bar measures 10 pm.

doi:10.1371/journal.pone.0172695.9008

in transgenic plants overexpressing R2R3 MYB repressors such as changed leaf curvature and
white lesions on older leaves was not observed in the present study. Similar growth retardation
without appearance of white lesions have also been reported in case of transgenic plants over-
expressing LIMYB1, a R2R3 MYB transcription factor from Leucaena leucocephala [11].
Overexpression of MusaMYB31 could down regulate many genes of general phenylpropa-
noid as well as lignin biosynthesis pathway. Strong repression of PAL, C3H and HCT was
observed in transgenic lines while expression of CCoAOMT was marginally elevated suggesting
probable differential regulation of these genes by MusaMYB31.A few reports on regulation of
lignin deposition and phenylpropanoid pathway in fruit crops, specially loquat, pear, grape
and apple has emerged in recent years[29-32]. In Loquat fruit, EEMYB8 and EjMYB9 were
induced in response to chilling injury causing elevated lignin content, while heat treatment
inhibit their expression reducing lignification [29]. EjMYBS8 regulate Ej4CLI promoter and
transient overexpression of EfJMYB8 in tobacco and loqaut leaves increased lignin content
suggesting EfMYB8 is a functional regulator of lignin deposition [29]. Majority of the work on
regulation of lignin biosynthesis pathway has been focused on members of NAC and MYB
transcription factor family. Recently the involvement of AP2/ERF family members in regula-
tion of lignin deposition has been shown. Arabidopsis AP2/ERF factor, SHINE can bind to the
promoters of MYB 58 and SNDI among others [33]. Eriobotrya japonica AP2 transcription fac-
tor, EjAP2-1 has been shown to indirectly repress chilling induced lignin biosynthesis in fruit
and the repression has been attributed to EAR motifs and its interaction via lignin biosynthe-
sis-related EfJMYB1 and EjMYB2 [34]. Another MYB transcription factor EjJODOI, in Loquat
(Eriobotrya japonica) fruit lignification has been recently reported. Expression of EfODO1
decreased with reduction in lignification and its transient overexpression elevated lignin
content [35]. Recent annotation of MYB genes in Chinese pear (Pyrus bretschneideri Rehd.)
identified 129 MYB genes and expression of PbMYB25 and PbMYB52 during pear fruit devel-
opment indicated their role in regulation of lignin biosynthesis [30]. The fruit pericarp hard-
ening of mangosteen (Garcinia mangostana L.) is attributed to activation of lignin biosynthesis
pathway and an R2R3 MYB transcription factor, GmMYB30[36]. Maize transcription factors,
ZmMYB31 and ZmMYB42 which show high sequence identity with MusaMYB31 are also
reported to repress lignin biosynthesis pathway genes including PAL, COMT, HCT, CADS6,
C4H and 4CL[2, 13]. Reduction in total polyphenols content and lignin was observed in all the
transgenic lines which was in line with repression of many genes involved in flavonoids, lignin
and polyphenols biosynthesis. Two MYB transcription factors, Ef]MYBI1 and EjMYB2 act as
transcriptional activator and repressor respectively in regulation of Loquat (Eriobotrya japon-
ica) fruit lignification as they regulate the promoter of lignin biosynthesis genes [37].Strong
repression of important genes like ANS, ANR, DFR, F3H among others in transgenic lines sug-
gest downregulation due to overexpression of MusaMYB31. Maize ZmMYB42 can also reduce
total polyphenols content and repress F3H and F3’H expression [2]. Anthocyanins are vacuolar
pigments and their biosynthesis is through one of the branches of general phenylpropanoid
pathway [38]. Some of the recent studies on regulation of anthocyanin in fruit crops by MYB
transcription factors have been carried out. In apple (Malus domestica),anthocyanin biosyn-
thesis is regulated by a MYB transcription factor, MdMYBI0, and it’s over expression induced
accumulation of anthocyanin patches [32]. Expression of PYMYBI0, from Asian pear (Pyrus
pyrifolia cv. ‘Aoguan)is related to anthocyanin accumulation in fruit and its overexpression
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Fig 9. MusaMYB31 represses general phenylpropanoid biosynthesis pathway. (A) Total polyphenols
content of control and transgenic lines. Values represented in terms of mg gallic acid equivalents (GAE)/ gm.
(B) Lignin content (%) in cell wall of transgenic lines overexpressing MusaMYB31 relative to control plant. (C)
Overexpression of MusaMYB31 alters the expression of multiple genes of lignin biosynthesis pathway. (D)
Real time PCR analysis of important genes involved in branches of phenylpropanoid biosynthesis pathway.
Values represented are mean = SD. (CON: control; L1,L2,L.3 and L4: transgenic lines). Abbreviations are PAL
(phenylalanine ammonia-lyase), COMT (caffeic acid 3-O-methyltransferase), C3H (coumarate 3-hydroxylase),
HCT (hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase), CCR (cinnamoyl CoA reductase),
4CL (4-coumarate: CoA ligase), C4H (cinnamic acid 4-hydroxylase), F5H (ferulate 5-hydroxylase), CAD6
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(cinnamyl alcohol dehydrogenase 6), CCoOAOMT (caffeoyl-CoA O-methyltransferase), ANS (anthocyanin
synthase), LAR (leucoanthocyanidin reductase), ANR (anthocyanidin reductase), CHI (chalcone isomerase),
DFR (dihydroflavonol 4-reductase), CHS (chalcone synthase), CHR (chalcone reductase), F3H (flavanone
3-hydroxylase), F35H (flavonoid 3,5-hydroxylases), UGFT (UDP-glucose: flavonoid-3-O-glucosyltransferase),
FLS (flavonol synthase) and /FS (isoflavone synthase). Statistical significant events at 5% are shown with an
asterisk (*) on the top.

doi:10.1371/journal.pone.0172695.9009

induced pigmentation in immature seeds of transgenic Arabidopsis[39]. MYB transcription
factor (VImybAI-1) in grape regulating anthocyanin biosynthesis via expression of UDP-glu-
cose: flavonoid 3-O-glucosyltransferase (UFGT) was isolated and its transient overexpression in
grape somatic embryos induced ectopic anthocyanin deposition [31]. The reduction in lignin
deposition in vascular elements of transgenic lines overexpressing MusaMYB31 suggested the
potential application of this transcription factor in genetic improvement of banana for its utili-
zation as a biofuel crop. Recent studies have shed some light on the genetic regulation of lignin
deposition in banana [21, 22]. Present study has provided an alternative approach for genetic
improvement of banana in the context of biofuel production.
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