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Abstract

Augmenting shoot multiplication through genetic engineering is an emerging biotechnological application desirable in
optimizing regeneration of genetically modified plants on selection medium and rapid clonal propagation of elite cultivars.
Here, we report the improved shoot multiplication in transgenic banana lines with overexpression of MusaSNAC1, a drought-
associated NAC transcription factor in banana. Overexpression of MusaSNACI induces hypersensitivity of transgenic banana
lines toward 6-benzylaminopurine ensuing higher shoot number on different concentrations of 6-benzylaminopurine. Altered
transcript levels of multiple genes involved in auxin signaling (Aux/IAA and ARF's) and cytokinin signaling pathways (ARRs)
in banana plants overexpressing MusaSNAC1 corroborate the hypersensitivity of transgenic banana plants toward 6-ben-
zylaminopurine. Modulation in expression of ARRs reported to be involved in ABA-hypersensitivity and closure of stomatal
aperture correlates with the function of MusaSNAC1 as a drought-responsive NAC transcription factor. Present study suggests
a prospective cross talk between shoot multiplication and drought responses coordinated by MusaSNAC1 in banana plants.
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Introduction

In vitro shoot proliferation is an important factor for aug-
menting the banana productivity globally. This is of para-
mount importance in case of species propagated through
vegetative means as establishment of propagules is gener-
ally prolonged and uncertain in nature. Auxin and cytokinin
have pivotal roles in the plant development including shoot
regeneration (Skoog and Miller 1957). In particular, high
cytokinin-to-auxin ratios are aptly established to induce
shoot formation as substantiated by roles of cytokinin in
formation of shoot apical meristem (Skoog and Miller 1957;
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Kurakawa et al. 2007). Auxin are known to suppress shoot
branching, while cytokinin stimulates shoot multiplication
(Leyser 2009). Cytokinin mediated signals are conveyed as
multifarious phosphorelay cascades consisting of a com-
plex two component system having two contrasting types of
response regulators, commonly known as ARRs or Arabi-
dopsis response regulators (Heyl and Schmiilling 2003).
Experimental evidences point toward negative roles of type-
A ARRs (ARR3-ARR9, ARR15-ARRI17,ARR22, and ARR24)
in shoot regeneration, while type-B ARRs (ARRI-ARR2,
ARRIO-ARRI14, ARRIS—ARR21, and ARR23) are demon-
strated to augment shoot proliferation in plants (Hwang and
Sheen 2001; Hutchison and Kieber 2002). Auxin initiates
its signaling through degradation of Auxin/Indole-3-acetic
acid (Aux/TAAs) proteins which relieves their repressive
dimerization with auxin response factors (ARFs) proteins
(Liscum and Reed 2002; Powers and Strader 2020). Auxin
acts as “molecular glue” between Aux/IAAs and F-box
E3 ubiquitin ligase allowing polyubiqutination followed
by degradation of Aux/IAA proteins (Tan et al. 2007). In
Arabidopsis, 29 Aux/IAAs are predicted and many of them
appears to be redundant in their functions (Liscum and Reed
2002). Despite available information on hormonal signal-
ing in shoot proliferation, the knowledge in particular about
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independent regulators of shoot branching appears to be
patchy. Transcription factors such as LAS (LATERAL SUP-
PRESSOR) from Arabidopsis, MOC1 (MONOCULM]1), and
TADI (TILLERING AND DWARFI) from rice belongs to
GRAS family transcription factors with important roles in
lateral branching (Li et al. 2003; Greb et al. 2003; Xu et al.
2012). Besides shoot branching, MOCI and TAD] also con-
trol plant height which, hence, can be utilized as potential
tool for improving plant productivity through optimization
of height and branching pattern in plants (Li et al. 2003; Xu
et al. 2012; Mathan et al. 2016). Other transcription fac-
tors involved in direct or indirect regulation of lateral shoot
multiplication such as BAI (BARREN STALK]I) in maize, BL
(BLIND) in tomato, and TBI (TEOSINTE BRANCHED]) in
rice and maize have also been reported (Takeda et al. 2003;
Schmitz et al. 2002; Gallavotti et al. 2004).

NAC-domain containing proteins belong to one of the
largest family of transcription factors in plants with pivotal
roles such as developmental regulation, stress responses, and
regulation of multiple signaling pathways (Olsen et al. 2005;
Kim et al. 2007; Negi et al. 2018b; Singh et al. 2021). Over-
expressing SNACI gene of rice can significantly improves
drought and salinity tolerance by stimulating photosynthesis
rate and boosting relative water content of transgenic ramie
plants under stress (An et al. 2015). Some NAC transcrip-
tion factors influence the developmental parameter such as
improved growth of different plant organs (Xie et al. 2000;
Negi et al. 2016). Increased transcript level of NACI tran-
scription factor from Arabidopsis modulates auxin signaling
pathway culminating in bigger plants with improved leaf
area, stem girth, frequency of lateral roots, and weight of
transgenic lines (Xie et al. 2000). Overexpressing NAC68
transcription factor from banana enhances height and root
biomass of transgenic lines besides reducing secondary wall
thickness of xylem vessels and changing the expression of
ARFs (Auxin response factors) and Aux/IAA genes (Negi
et al. 2016, 2019). NAC transcription factor also regulates
shoot apical meristem (SAM) and boundary formation for
organ separation at embryonic, floral, and vegetative phases
(Souer et al.1996; Aida et al. 1997; Sablowski and Meyerow-
itz 1998; Vroemen et al. 2003). Despite having enormous
roles in plant development and architecture, only few of the
NAC transcription factors have been assigned functions in
lateral shoot multiplication. OsNAC2, a NAC transcription
factor of rice augments shoot branching in transgenic rice
lines and thus can be prospectively utilized for improving
photosynthetic efficiency leading to increased crop yield
(Mao et al. 2007). Another report delineates positive effect
of overexpressing CUCI and CUC?2 transcription factors on
frequency of adventitious shoot formation on calli derived
from hypocotyl explants (Daimon et al. 2003). Recently,
RNA-Seq analysis of rice plants overexpressing SNAC! gene
indicates significant alteration in expression of a plethora of
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genes ranging from those involved in stress responses, tran-
scriptional regulation, and auxin responsiveness suggesting
the roles of SNACI in regulating complex mechanisms in
rice plants (Li et al. 2019).

In a previous study, we reported the improved drought
tolerance linked with pronounced stomatal closure by H,0,
generation in guard cells of transgenic banana lines over-
expressing MusaSNACI cells (Negi et al. 2018a). MusaS-
NACI regulates multiple stress responsive genes and influ-
ences their transcription after direct binding to their promote
region (Negi et al. 2018a). In the present work, we report
the improved shoot multiplication in transgenic banana lines
observed after overexpressing SNAC/ transcription factor of
banana. Our work suggest that overexpressing MusaSNAC1
induced hypersensitivity of banana plants toward 6-ben-
zylaminopurine (6-BAP). Transgenic banana plants with
overexpression of MusaSNACI displayed altered expression
of multiple genes involved in auxin signaling pathway (Aux/
IAA and ARF’) and cytokinin signaling pathway (ARRs).
The present study points toward functions of MusaSNACI
transcription factor in auxin and cytokinin signaling path-
ways for a tighter control over shoot multiplication in banana
plants.

Material and methods
Tissue culture conditions and plant material

Transgenic lines of Musa cv. Rasthali (AAB genome) were
regenerated and characterized in a previous report (Negi
et al. 2018a). The shoot multiplication medium composed
of MS medium (Murashige and Skoog) supplemented with
30 gm L~! sucrose, 2 mg L™! 6-BAP, and 30 mg L' ade-
nine sulphate. Individual shoots were elongated and rooted
on MS medium supplemented with 30 gm L~! sucrose and
NAA (1 mg L™Y). Tissue culture plants were maintained in
control conditions of a culture facility maintaining 25 +2 °C
with a 16 h light and 8 h dark regime. Following rooting, the
elongated shoots of transgenic lines were hardened in sterile
soil in pots in ambient conditions of green house facility.

Analysis of hypersensitivity of transgenic lines
toward 6-benzylaminopurine (6-BAP)

Single shoot of similar age and size from control plant and
transgenic lines was cultured on 6-BAP-free MS medium or
MS medium supplemented with either 0.2 mg L™" or 0.5 mg
L~! of 6-benzylaminopurine. The number of shoots obtained
after 1 month of culture from each plant on different treat-
ment was individually isolated and counted. The experiment
was conducted with three replications.
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Isolation of total RNA and synthesis of first-strand
cDNA

Leaves collected from 2 month old plants in green house were
used for total RNA isolation. Leaves were finely grounded to
powder using liquid nitrogen in a mortar pestle and the pow-
der was used with Concert plant RNA reagent (Invitrogen,
USA) and RNeasy plant mini kit (Qiagen, Hilden, Germany)
as described earlier (Tak et al. 2017). The traces of genomic
DNA contamination in RNA preparation were eliminated with
the help of on-column DNAase digestion (Qiagen, Hilden,
Germany). Integrity of RNA was analyzed on 1% agarose gel
and then first-strand cDNA was synthesized using 2 pg total
RNA and thermoscript AMV-RT (Invitrogen, USA) follow-
ing the kit manufacturer’s instructions. The cDNA was diluted
1:50 with milliQ water and used for expression analysis of
target genes.

Expression of auxin and cytokinin responsive genes

Multiple genes involved in auxin signaling (Aux/TAA and
ARF’s) and cytokinin signaling pathways (histidine kinases,
ARRs, and histidine-containing phosphotransfer proteins)
were identified from NCBI (National Center for Biotechnology
Information) database and genome sequence database (https://
banana-genome-hub.southgreen.ft/) of DH-Pahang, a doubled
haploid Musa acuminata genotype (AA) and their expression
were quantified by quantitative RT-PCR assay. Expression lev-
els of total 23 auxin signaling pathway genes and 30 cytokinin
signaling pathway genes were analyzed in qRT-PCR experi-
ments. Quantitative RT-PCR was performed on a rotor gene-Q
RT-PCR instrument (Qiagen, Germany) using KAPA SYBR
fast universal gPCR Master Mix (2X) (Sigma, USA; Catalogue
number: KK4601). The cycling conditions were: 94 °C (5 min)
followed by 30 cycles of 94 °C (25 s), 56 °C (25 s), and 72 °C
(25 s). The specificity of primer pair annealing was monitored
by introducing a melting curve analysis in qRT-PCR run. Dur-
ing each qPCR run, expression of MusaEFI1a gene was also
monitored using primers: FP:5'-CCGATTGTGCTGTCCTCA
TT-3' and RP:5 TTGGCACGAAAGGAATCTTCT-3". The Ct
values of target genes obtained after the gPCR run were nor-
malized by Ct values of MusaEF I gene, and then, fold value
change above control values was estimated with the help of
2-AACt a5 described in the comparative C, method previously
(Schmittgen and Livak 2008). The locus identifier and primer
pairs of the genes analyzed are provided as in the supplemen-
tary information.

Results

Overexpression of MusaSNACT increases shoot
proliferation

Our observation suggested that transgenic lines overex-
pressing MusaSNAC1 generate more number of shoots than
control plants from a single shoot explant on shoot multi-
plication medium-containing BAP (2 mg L™"). Subsequent
culturing of transgenic plants also gave similar kind of
observation, suggesting that MusaSNAC1 may have a prob-
able function in shoot proliferation of banana plants (Fig. 1).

Overexpression of MusaSNAC7-induced
hypersensitivity toward 6-BAP

As transgenic lines were generating more number of
shoots on 6-BAP supplemented medium, we analyzed this
response with different concentrations of 6-BAP. 6-BAP
is the most widely utilized plant cytokinin and regulates
cell division and shoot multiplication in plants. Single
shoot explant of transgenic lines and control plants were
cultured on medium supplemented with either 0.2 mg L™!
or 0.5 mg L™! concentration of 6-BAP for 1 month for
shoot regeneration (Fig. 2a). Under both the concentra-
tions of 6-BAP, the control explants failed to regenerate
additional shoots, while all the transgenic lines regen-
erates remarkably higher number of shoots (Fig. 2b-d).
Therefore overexpression of MusaSNACI induce hyper-
sensitivity of banana plants toward 6-BAP which suggest

Con S1 S2 S3 sS4

Fig. 1 Overexpression of MusaSNACI augments shoot proliferation.
Transgenic lines generate more number of shoots compared to control
plant on shoot multiplication medium. Figure shows shoot abundance
obtained from culture of single shoot of control plant and transgenic
lines on medium with 2 mg L' BAP. S1-S4; Transgenic lines
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Fig.2 Overexpression of MusaSNACI-induced hypersensitivity of
banana plants toward 6-benzylaminopurine (BAP). a Single shoot of
control plant and transgenic lines was cultured on medium-containing
either 0.2 mg L™! or 0.5 mg L™! concentration of 6-benzylaminopu-
rine. b—c¢ Transgenic lines produce more shoots than control plant on
both 0.2 mg L™! or 0.5 mg L™! concentration of 6-benzylaminopu-

potential roles of MusaSNACI in regulating cytokinin
signaling pathway and shoot multiplication in banana
plants. In medium devoid of 6-BAP, both control and
transgenic lines failed to regenerate additional shoots
(Fig. 2d). The transgenic lines have 8—12-fold expression
of MusaSNACI with respect to control and line S2 has
lowest level of MusaSNACI overexpression (Negi et al.
2018a). The varied level of shoot multiplication over con-
trol among transgenic lines might be due to factors such
as fold change in expression of MusaSNACI, insertion
effects of T-DNA in genome, and other unexplored con-
tributing factors.
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rine. The visual results were photographed and a representative pic-
ture is shown. d Number of shoots of control plant and transgenic
lines after culturing in medium with different concentration of BAP.
Substantially higher number of shoots were obtained with transgenic
lines. Results are presented as mean+SD

QPCR analysis of auxin-responsive genes

Increased regeneration of shoots due to overexpression
of MusaSNACI prompted us to analyze the expression of
auxin signaling pathway genes as shoot multiplication is
outcome of interplay between concentrations of auxin and
cytokinin. We performed transcript level analysis of Aux/
IAA (Indole acetic acid induced) and ARF's (auxin response
factors) type auxin-responsive genes in transgenic banana
lines and control plants. Among 23 auxin signaling path-
ways genes analyzed, expression of at least four Aux/
IAA encoding genes (GSMUA_Achr4T21020_001,
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GSMUA_Achr4T22520_001, GSMUA_
Achr9T24330_001, and GSMUA_Achr9T25550_001) and
one ARF encoding gene (GSMUA_Achr8T13620_001)
was remarkably elevated over control expression (Fig. 3).
The identities of these differentially expressed auxin
signaling pathway genes as annotated in banana genome
sequence database and their closest homologue in Arabi-
dopsis are provided in Table 1.

QPCR analysis of cytokinin responsive genes

Cytokinin are key players for lateral branching in plants,
hence, to further obtain an insight in the hypersensitiv-
ity of transgenic lines toward 6-BAP, we examined tran-
script levels of multiple cytokinin signaling pathway
genes. Among 3 histidine kinases, 22 ARRs and 5 his-
tidine-containing phosphotransfer protein coding genes,
expression of at least 6 ARRs coding genes (GSMUA _
Achr3T08680_001, GSMUA_Achr5T08230_001,
GSMUA_Achr10T06040_001, GSMUA_
Achr1T17800_001, GSMUA_Achr11T08310_001, and
GSMUA_Achr2T05130_001) were found to be signifi-
cantly reduced suggesting an imperative role of MusaS-
NACI in cytokinin signaling pathways (Fig. 4). The
identities of these differentially expressed cytokinin sign-
aling pathway genes as annotated in DH-Pahang genome
sequence database and their closest homologue in Arabi-
dopsis is provided in Table 1.
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Fig.3 Expression analysis of Aux/IAA (indole acetic acid induced)
and ARFs (auxin response factors) type auxin-responsive genes. The
transcript abundance of different genes was estimated after quan-
titative RT-PCR in transgenic banana plants with overexpression of
MusaSNACI. The data values obtained after normalization with the
expression of EFla gene of banana spp. were represented as fold
change over control values. Identity of different genes is represented
as banana genome locus identifier on the top of each bar. Each data
point represented mean+SD of at least three independent replica-
tions. Statistically significant difference for at least 5% (P <0.05) is
denoted with an asterisk (*)

Discussion

Auxin and cytokinin plays key roles in multifarious aspects
of plant growth and development such as formation of lat-
eral organs and meristem development (Waldie and Leyser
2018). Auxins and cytokinins have antagonistic activities
in control of shoot and root formation (Kurepa et al. 2019;
Miiller and Leyser 2011). Auxin negatively impacts shoot
multiplication by inhibiting development of axillary buds,
while cytokinin promotes shoot multiplication (Leyser
2009; Miiller and Leyser 2011). This striking antagonis-
tic effect of auxins and cytokinins on plant development
was established nearly half a decade back by pioneering
work of Skoog and Miller (1957) which demonstrates
shoot induction in the presence of high cytokinin-to-auxin
ratio. Previous reports have analyzed the effects of silenc-
ing Aux/IAA and ARF genes in Arabidopsis and results
have demonstrated the redundant roles of different member
of these genes (Okushima et al. 2005; Overvoorde et al.
2005). Single mutants of ARFs in Arabidopsis failed to
trigger a phenotypic aberration, albeit it was observed in
case of few ARF's; however, increased transcript levels of
ARFs can potentially lead to auxin-mediated phenotypic
abnormalities (Okushima et al. 2005; Tian et al. 2004).
Transcript level of one ARF (GSMUA_Achr8T13620_001)
with close homology with Arabidopsis ARFS was elevated
in banana plants overexpressing MusaSNACI. ARF8 is an
important auxin-responsive gene for vegetative and floral
development and it negatively control the turnover of free
TIAA in plants (Nagpal et al. 2005; Tian et al. 2004). Over-
expression of ARF8 reduces free IAA content in hypocotyl
and roots causing auxin deprivation symptoms leading to
stunted hypocotyl and diminished abundance of lateral
roots (Tian et al. 2004). This suggests that increased tran-
script level of GSMUA_Achr8T13620_001 could poten-
tially leads to auxin depletion phenotype which in part
explains the augmented shoot multiplication observed
in transgenic lines. We did not notice any phenotypic
variations in the transgenic banana lines overexpressing
MusaSNACI as reported by Tian et al. (2004) about var-
ied hypocotyl length in Arabidopsis plants with altered
expression of ARF8. This might be due to the fact that
the banana cultivar Rasthali is a vegetatively propagated
crop which makes the observation of hypocotyl length
impossible. Moreover, the stem is underground in banana
and aerial pseudostem in transgenic lines appeared simi-
lar to control. Unlike ARF's, even triple mutants of Aux/
IAA genes in Arabidopsis failed to develop auxin-mediated
phenotypic anomalies despite that dominant mutations
leading to gain of function are reported to induce severe
phenotypic peculiarities (Overvoorde et al. 2005; Leyser
et al. 1996). In the present study transcript level of four
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Table 1 Musa genome locus identifier and primer sequences of genes displaying altered expression in MusaSNAC1 overexpressing lines

S.No Musa genome locus identifier Forward primer and reverse

primer

Annotation in banana genome
sequence database

Closest homologues in Arabidop-
sis (accession number)

GSMUA_Achr3T08680_001  5-GTGATCATGTCATCCGAA
AA-3
5-GTCTCGGTCTTCTCCTCT
CA-3
5'-ACAGGGTATGACCTCCTC
AA-3
5'-CTGCTGATGATGATGGTG
TT-3’
5'-AAACCGAGTTCGTCCACT
TA-3’
5 TATTGCATCAACATCCAA
cc-3°
5'-GCAGCTCCAAGTACAGAG
TG-3’
5'-GGCTTGAGCAGGAAATCT
AC-3’
5'-CTCTCAGCAGAAATGGGA
TT-3’
5'-GAGCCGTATTCACCCTTA
AA-3’
5'-CACCTCTGAGTGATCCAA
CA-3’
5'-CATTCTCTGATGCCTGAC
AC-3’
5'-ACTGTGGCTCTCAAGGAA
TGA-3’
5 TTGCACTTCTCCATTGCT
CTT-3’
5'-CTGGCTGTCCAATCTGAG
AAG-3’
5'-ACCCACAGCTTGATGAAA
CAC-3’
5 TGTAGCCAAGAAACAGGT
CGT-3’
5 TCCTTCTGCACCACCTAA
AGA-3’
5'-AGGGGGTTCGCTGAGACT
AT-3’
5'-CCTTGCTTCCCTTCTCAG
AGT-3’
5'-CCCTGAAGGGAACACTGA
cc-3°
5'-GCAGATGCATCACCGAGA
GT-3

GSMUA_Achr5T08230_001

GSMUA_Achr10T06040_001

GSMUA _Achr1T17800_001

GSMUA_Achr11T08310_001

GSMUA_Achr2T05130_001

GSMUA_Achr4T21020_001

GSMUA_Achr4T22520_001

GSMUA_Achr9T24330_001

10

GSMUA_Achr9T25550_001

11 GSMUA_Achr8T13620_001

Two-component response regu-
lator ARR9

Two-component response regu-
lator ARR9

Putative two-component
response regulator

Two-component response regu-
lator ARR9

Putative two-component
response regulator

Two-component response regu-
lator ARR12

Auxin-responsive protein IAA30

Indoleacetic acid-induced
protein 30

Auxin-induced protein 22D

Indoleacetic acid-induced
protein 16

Auxin response factor 12

ARRS (XP_020884524.1);
ARR9 (NP_001325622.1)

ARRS8 (XP_020884524.1);
ARRY (NP_001325622.1)

Arabidopsis response regulator 12
(NP_180090.6);
ARR10 (XP_002867269.1)

ARR4 (NP_001321924.1);
ARRY (NP_001325622.1)

Arabidopsis response regulator 12
(NP_180090.6)

Arabidopsis response regulator 12
(NP_180090.6)

Indoleacetic acid-induced protein
14

(NP_193191.2);

TAA9 (OA096506.1)

Indoleacetic acid-induced protein
16
(NP_187124.1)

Indoleacetic acid-induced protein
4
(XP_020871044.1)

Indoleacetic acid-induced protein
16
(NP_187124.1)

Auxin response factor 8
(XP_020873073.1)

Aux/IAA encoding genes were escalated, three (GSMUA _
Achrd4T21020_001, GSMUA_Achr4T22520_001, and
GSMUA_Achr9T25550_001) of them having maximum
elevation exhibits high-sequence similarities with func-
tionally characterized IAA14 and IAA16 of Arabidopsis
(Table 1). Dominant gain-of-function mutation in JAA16
in Arabidopsis drastically diminished auxin responses
such as fewer lateral roots and reduced plant height
(Rinaldi et al. 2012). Gain of function studies of IAA14
in Arabidopsis also results in loss of auxin-mediated
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effects such as reduced lateral root abundance and lower
auxin-induced gene expression (Fukaki et al. 2002). These
reports indicate that increased expressions of GSMUA _
Achr4T21020_001, GSMUA_Achr4T22520_001, and
GSMUA_Achr9T25550_001 in transgenic banana have
potential to overcome auxin-mediated effects such as
suppression of shoot multiplication which is consistent
with our observations in the present study. Cytokinin-
induced signals are transmitted by response regula-
tors (ARRs) and type-A ARRs negatively regulate shoot
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Fig.4 Quantitative RT-PCR analysis for transcript abundance of
cytokinin signaling pathway genes. Transcript abundance of dif-
ferent genes was estimated after quantitative real-time RT-PCR of
transgenic banana plants overexpressing MusaSNACI. The data
values obtained after normalization with the expression of EFla
gene of banana spp. were represented as fold change over control
values. Identity of different genes is represented as banana genome
locus identifier on the top of each bar. Each data point represented
mean =+ SD of at least three independent replications. Statistically sig-
nificant difference for at least 5% (P <0.05) is denoted with an aster-
isk (*)

multiplication (Heyl and Schmiilling 2003; Hwang and
Sheen 2001). In the present study, expressions of 6 ARR
coding genes were significantly reduced in transgenic
banana lines. These aforementioned 6 ARR (GSMUA _
Achr3T08680_001, GSMUA_Achr5T08230_001,
GSMUA_Achr10T06040_001, GSMUA_
Achr1T17800_001, GSMUA_Achr11T08310_001, and
GSMUA_Achr2T05130_001) exhibits high-sequence
similarities with ARR8, ARR9, ARRI12, and ARR4 of
Arabidopsis. ARR4, ARRS, and ARRY of Arabidopsis are
type-A ARRs and hence negatively regulates shoot multi-
plication, while ARR12 is type-B ARR and promotes shoot
regeneration in Arabidopsis (Hwang and Sheen 2001;
Hutchison and Kieber 2002). Overexpression of ARR4,
ARRS5, ARR6, ARR7, and ARR9 induce cytokinin resist-
ance which was demonstrated by increased root growth in
the presence of benzyladenine (BA) in a root elongation
assay (To et al. 2007). The aforementioned study and other
reports indicate that reduced transcript levels of GSMUA_
Achr3T08680_001, GSMUA_Achr5T08230_001, and
GSMUA_Achr1T17800_001 can augment cytokinin-
mediated phenotypes including shoot multiplication as
observed in the present study (To et al. 2007; Hwang and
Sheen 2001). This become more evident with repression
of cytokinin induced genes and diminished shoot multi-
plication observed after overexpression of ARRS of Arabi-
dopsis (Osakabe et al. 2002). Despite that, our study also

found repression in expression of three ARRs (GSMUA _
Achr10T06040_001, GSMUA_Achr11T08310_001, and
GSMUA _Achr2T05130_001) with high-sequence similar-
ity with Arabidopsis ARR12 and ARRI10 which are type-B
ARRs and acts as positive mediators of cytokinin-induced
effects. Overexpressing ARRI2 of Arabidopsis improves
shoot regeneration, while arrl2 mutants have impaired
cytokinin responsiveness and shoot regeneration (Dai
et al. 2017). Despite that, arrl, arrl0, arrl2 mutants
were reported to have superior drought tolerance which
was attributed in part to ABA-hypersensitivity and reduced
stomatal aperture establishing the negative function of
ARRI, ARRI0, and ARRI2 in drought tolerance (Nguyen
et al. 2016). In line with report by Nguyen et al. (2016),
repression in ARRI0 and ARRI2 like ARRs in banana is
consistent with improved drought tolerance due to higher
relative water content and increased drought induced sto-
matal closure of transgenic lines overexpressing MusasS-
NACI (Negi et al. 2018a). Despite that, the improved shoot
multiplication due to overexpression of MusaSNACI is an
outcome of finely tuned balance between auxin and cyto-
kinin signaling pathwaysmeticulously orchestrated by a
stress inducible NAC transcription factor MusaSNACI in
banana plants. Moreover, a recent report indicates impor-
tant roles of SMALL AUXIN UP RNA (SAUR) proteins
in stomatal movements strengthening the potential roles
of auxin signaling under drought conditions (Wong et al.
2021).

The present study provides vital information on genetic
control of shoot regeneration and multiplication using
banana as a model system. This is of great importance
in rapid clonal propagation and genetic transformation of
plant species such as those belonging to Malvaceae and
Chenopodiaceae, wherein the regeneration is quite clumsy
and arduous (Mustafa 2012). These genetic differences
toward in vitro shoot regeneration despite augmenting
cytokinin concentration in culture medium point toward
potential in ability of such species to respond to cytokinin
(Hill and Schaller 2013). This becomes evident when
enhanced expression of ARRI0 augmented plant regenera-
tion by inducing hypersensitivity to cytokinin supplemen-
tation (Hill et al. 2013; Hill and Schaller 2013). The pre-
sent study reports MusaSNACI-induced hypersensitivity
of banana plants toward 6-BAP leading to enhanced shoot
multiplication. Improved shoot multiplication of trans-
genic lines is corroborated with differential expression of
auxin and cytokinin signaling pathway genes. However,
further work with emphasis on deletion analysis of Aux/
IAA and ARFs in banana will lead to more insights in regu-
lation of shoot branching in banana plants. The present
study also points toward a potential cross talk between
shoot multiplication and drought stress responses, wherein
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the SNAC1 functions at the cross roads of these imperative
aspects of plant functions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-021-02744-5.
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