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Abstract The LATERAL ORGAN BOUNDARIES (LOB)
DOMAIN (LBD) proteins are plant-specific transcriptional
factors (TFs) functioning in the growth and development of
Arabidopsis and other plant species. However, the involve-
ment of LBD TFs in regulating the ripening of economically
important fruits is largely unknown. In the present study, four
full-length LBD genes, designated as MaLBDI-MalLBD4,
were isolated and characterized from banana fruit. Expres-
sions of MaLBD1-MaLBD4 in fruit with three ripening char-
acteristics revealed that MalLBD1/2/3 were ethylene-
inducible, and their transcript levels obviously increased dur-
ing fruit ripening, while MalL BD4 changed slightly. Moreover,
the activities of MaLBD1/2/3 promoters were activated after
ethylene treatment, further supporting their involvement in
fruit ripening. Subcellular localization showed that
MaLBD1/2/3 were nuclear proteins, and a transactivation
assay in protoplasts demonstrated that MaLBD1/2/3 had
transactivation activity. More importantly, a transient expres-
sion assay further indicated that MaLBD1/2/3 were transcrip-
tional activators that regulated ripening-related MaEXP1/2
expressions by directly binding to MaEXP1/2 promoters.
These results suggest that MaLLBDs are involved in regulating
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fruit ripening, in part by transcriptional activation of the
EXPANSIN expression related to cell wall modification. Taken
together, our findings provide some new information about
the functions of LBD TFs involved in the regulation of fruit
ripening.
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Introduction

Fruit ripening represents a complex and highly coordination
of physiological and biochemical processes, accompanying
with changes of thousand genes associated with color, flavor,
aroma, texture, and nutritional value of the flesh (Klee and
Giovannoni 2011; Gapper et al. 2013), which are influenced
by internal and external cues regulated by many critical tran-
scription factors (TFs) (Martel et al. 2011). A major break-
through in dissecting the transcriptional control of fruit ripen-
ing was the identification of several genes underlying rare
mutations that completely abolish the normal ripening process
of tomato, including ripening inhibitor (RIN), Colorless
nonripening (CNR), and nonripening (NOR) (Seymour et al.
2013). These three mutants loci that all harbor TFs belong to
MADS, NAC, and SBP TFs family, respectively (Seymour
et al. 2013). Other ripening TFs, such as HD-zip protein
LeHBI1, TAGLI, SIAP2a, and SIERF6, also have been iden-
tified in tomato (Gapper et al. 2013). In addition, several TFs,
like ERFs and EIN3-like, are suggested to be involved in the
ripening of other fruits, such as apples, kiwifruit, plums, and
longan fruit (Wang et al. 2007; El-Sharkawy et al. 2009; Yin
et al. 2010; Kuang et al. 2012). Together, these studies
highlight the dedicated transcriptional control of the fruit
ripening process.
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The LATERAL ORGAN BOUNDARIES (LOB) DO-
MAIN (LBD) (also known as ASL for ASYMMETRIC
LEAVES2-LIKE) proteins are plant-specific TFs, character-
ized by a typical N-terminal LOB/AS2 domain with a
CX,CXsCX;5C motif and a Leu zipper-like sequence
(Husbands et al. 2007; Majer and Hochholdinger 2011).
LBD proteins exhibit varied expression patterns ranging from
temporal to tissue differences, indicating that they may func-
tion in diverse processes (Shuai et al. 2002). Functional char-
acterization of several LBD members in Arabidopsis, rice,
maize, and poplar reveals that LBD proteins play critical roles
in defining lateral organ boundaries and in regulating many
aspects of plant development, including root, leaf, inflores-
cence, and embryo development (Liu et al. 2005; Soyano et al.
2008; Yordanov et al. 2010; Majer and Hochholdinger 2011;
Lee et al. 2013; Wang et al. 2013). In addition to developmen-
tal processes, LBD proteins also have been found to be directly
involved in the metabolic regulation in response to nitrogen
deficiency (Rubin et al. 2009), anthocyanin synthesis (Rubin
et al. 2009), auxin signal cascades (Okushima et al. 2007; Lee
et al. 2009; Rast and Simon 2012), and jasmonate signaling
(Thatcher et al. 2012a). However, LBD TFs have not been
previously implicated in the regulation of fruit ripening.

Bananas are the world’s fourth most important food crop
after rice, wheat, and maize, with a vast majority of the crop
grown and consumed in the tropical and subtropical countries
(Cruz-Hernandez and Paredes-16pez 2012). Banana is a typi-
cal climacteric fruit, characterized by a peak in ethylene
production that orchestrates ripening-associated processes,
which results in a short postharvest life of 10-15 days at
ambient temperature (Bapat et al. 2010; Shan et al. 2012;
Xiao et al. 2013). Accordingly, it is important to gain a better
understanding of the mechanism of banana fruit ripening, in
order to explore effective technologies to maintain the quality
and storage potential of this fruit. Very recently, several rip-
ening TFs, including MADS-box, NAC, and ERF, have been
identified in banana fruit, as well as their transcriptional con-
trol of ripening (Elitzur et al. 2010; Choudhury et al. 2012;
Shan et al. 2012; Xiao et al. 2013). However, it is clear that
multiple TFs influence the ripening process (Klee and
Giovannoni 2011), indicating that the full complexity of tran-
scriptional regulatory mechanism remains elusive. Moreover,
recently, the whole-genome sequence for banana is reported
(D’Hont et al. 2012), which has given researchers access to a
new source of vast numbers of TFs. In this study, four LBD
TFs were isolated and characterized from banana fruit. Their
expression patterns in association with three different ripening
treatments were analyzed. Moreover, the interactions of the
ripening-related MaLBDs with cell wall-modifying genes
MaEXPs encoding for EXPANSIN protein were investigated.
Our findings suggest that MaLBDs may be involved in ba-
nana fruit ripening via in part by transcriptional activation of
cell wall-loosening-related genes MaFEXPs.
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Materials and Methods
Plant materials and Treatments

Pre-climacteric banana (Musa acuminata, AAA group, cv.
Cavendish) fruits at 75-80 % maturation were obtained from
a local commercial plantation near Guangzhou, China. Three
postharvest treatments, including a control (natural ripening),
ethylene-induced ripening (100 pl 1" ethylene, 18 h), and
1-methylcyclopropene (1-MCP)-delayed ripening (0.5 pl 17!
1-MCP, 18 h) were performed to create three different ripen-
ing characteristics, and samples were taken as described pre-
viously (Shan et al. 2012). All assessments were conducted
using three biological replicates.

RNA Extraction, Gene Isolation, and Sequence Analysis

Total RNA was extracted using the hot borate method of Wan
and Wilkins (1994). Total RNA extract was treated with
DNAse I (Promega, Madison, WI, USA), and the resulting
DNA-free total RNA was used as the template for reverse
transcription PCR (RT-PCR). The first-strand cDNA of the
product was subjected to PCR amplification.

According to gene annotation and bioinformatics analysis,
four full-length LBD genes with complete start and stop codes,
termed MalLBD1-MalBD4, were selected randomly from ba-
nana whole-genome sequence (D’Hont et al. 2012), and the
sequences were verified by further cloning from banana fruit
pulp and sequencing. Alignments were carried out on
ClustalX (version 1.83) and GeneDoc software, and a phylo-
genetic tree was constructed using the minimum evolution test
method with the MEGAS program.

Quantitative Real-time PCR Analysis

Synthesis of first-strand cDNA and all RT-qPCR analysis
were performed as described previously (Chen et al. 2011;
Shan et al. 2012). The sequences of all primers used for RT-
qPCR analysis are listed in Supplementary Table S1. MaRPS4
(ribosomal protein 2) was selected as a reference gene accord-
ing to our previous study on the selection of reliable reference
genes under different experimental conditions (Chen et al.
2011). All RT-qPCR reactions were normalized using Ct value
corresponding to the reference gene. The relative expression
levels of target gene were calculated with the formula 2 TAACT,
Three independent biological replicates were used in the
analysis.

Promoter Activity Assay
Genomic DNA was extracted from banana leaves using the

DNeasy Plant Mini Kit (Qiagen). The promoter of MaLBDs
gene was isolated using the GenomeWalker Kit (Clontech)
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with nest PCR according to the manufacturer’s instructions.
Two gene-specific primers for the nest PCR are listed in
Supplementary Table S1. The amplification product was
cloned into pGEM-Teasy vector (Promega, Madison, W1,
USA) and sequenced. Conserved cis-element motifs of pro-
moter were predicted using PLACE (http://www.dna.affrc.go.
jp/PLACE/signalscan.html) and Plant-CARE (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/)
databases.

For promoter activity assay, the MaLBD promoter region
was amplified by PCR using the specific primers listed in
Supplementary Table S1. The PCR product was inserted into
the pGreenll 0800-LUC double reporter vector (Hellens et al.
2005) at the HindIIl and BamHI sites to fuse it with the Firefly
luciferase (LUC) reporter gene (MaLBDs pro-LUC); a Renilla
(REN) luciferase under the control of the 35S promoter at the
same vector was used as a positive control. The construct
CaMV35S-REN/MalLBDs pro-LUC was transformed into to-
bacco BY-2 protoplasts by polyethylene glycol (PEG)
methods as described previously (Abel and Theologis 1994).
The promoter activity is indicated by the ratio of LUC to REN.
The transformed protoplasts were subjected to 0 mM (control)
or 0.8 mM of ethylene releaser (ethrel) treatment and then
incubated at 23 °C for 14 h, and LUC and REN luciferase
activities were assayed using the dual luciferase assay kits
(Promega). The analysis was carried out using the
Luminoskan Ascent Microplate Luminometer (Thermo) ac-
cording to the manufacturer’s instructions, with a 5-s delay
and 15-s integrated measurements. At least six assay measure-
ments were included for each.

Subcellular Localization of MaLLBDs

The coding sequence of MalLLBDs without the stop codon was
amplified by PCR (primers are listed in Supplementary
Table S1) and subcloned into the pUC-GFP vector, in frame
with the green fluorescent protein (GFP) sequence, resulting
in 35S::gene-GFP vectors under the control of the cauliflower
mosaic virus (CaMV) 35S promoter. The fusion constructs
and the control GFP vector were used for transient assays in
tobacco BY-2 suspension culture cell protoplasts as described
above. GFP fluorescence was observed with a fluorescence
microscope (Zeiss Axioskop 2 Plus). All transient expression
assays were repeated at least three times.

Transient Assay in Protoplast

A dual luciferase assay was performed in the transient assay.
For transactivation analysis of MaLBDs, the coding sequence
of MaLBDs without the stop codon was cloned into the
reconstructed GAL4DBD vector as effector. The double re-
porter vector includes a GAL4-LUC and a internal control
REN driven by the 35S promoter. GAL4-LUC contains five

copies of GAL4-binding element and minimal TATA region
of'the 35S promoter of CaMV, and these sequences are located
upstream of the LUC.

For the assay of the binding activity of MaLBDs to the
MaEXPs promoter, two pGreenll vectors, pGreenll 0800-
LUC reporter vector and pGreenll 0029 62-SK effector vec-
tor, were used (Hellens et al. 2005). The MaEXPs promoter
was cloned into pGreen 0800 at the HindIIl and BamHI sites
to fuse it with the LUC reporter gene (MaEXPs pro-LUC).
MaLBDs were cloned into the pGreenll 62-SK vector. The
pGreenll 0800-LUC vector carried a REN under the control of
the 35S promoter as a positive control.

The constructed effector and reporter plasmids were co-
transfected into BY-2 protoplasts as described above. The
resulted protoplasts were incubated at 23 °C for 16 h in the
dark and then were harvested to determine the LUC and REN
luciferase activities as described above. The transactivation
ability of MaLLBDs and the binding activity of MaLLBDs to the
MaEXPs promoter are indicated by the ratio of LUC to REN.
At least six transient assay measurements were included for
each pair. The primers used in the construction of the effector
and reporter vectors are listed in Supplementary Table S1.

Statistical Analysis

The experiment was performed using a completely random-
ized design. Data were presented as mean=standard error
(S.E.). Least significant difference (LSD) at the 5 % level
was analyzed by DPS software (version 3.01; Zhejiang Uni-
versity, Hangzhou, China).

Results
Sequence Analysis of Banana Fruit MaLBDs Genes

Based on the banana whole-genome sequence (D Hont et al.
2012), four LBD full-length cDNAs, designated as MaLBD1
to MaLBD4, were cloned from banana fruit pulp. MaLBD1—
MaLBD4 were predicted to encode proteins of 236, 211, 287,
and 250 aa, with calculated molecular weights of 24.4, 23.0,
30.7, and 26.7 kDa, and pl values of 7.46, 9.22, 6.20, and
6.14, respectively. Alignment of the deduced amino acid
sequences of MaLBDs clearly showed that the conserved
DNA-binding domain, designated as the LOB domain,
existed in the N-terminal regions of the MaLBDs proteins
(Fig. 1), which is a defining character of the LBD TF family
(Majer and Hochholdinger 2011). The LOB domain com-
prises a C-domain presumably required for DNA binding
which contains four perfectly conserved cysteine (C) residues
in a CX2CX6CX3C zinc finger-like motif (Fig. 1). Moreover,
an invariant glycine residue and a C-terminal leucine-zipper-
like motif responsible for probable protein-protein
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Fig. 1 Alignment of the deduced MALBD1 : ——=———————mmmmmmm o MSGSTGPNGGEEGEEEGEEG- - SGEEEREGGE- -~ —————~———— 26
amino acid sequences of four MaLBDZ : —————--———————————- MSTPRERIEEVGKKIKREADVVTDRTGRR—-LSLVGTIN-—-————--—-— 37
. MALBD3E 1 i oo o oo o on oo e o 0 e B i 5 e o e -
banana.MaLBDs and their MaLBD4 : MASCSSALALYMYSPGLEASHHHLDSFPPPSSKAMKSSDPTTTITSSFQHSSSSSSSNESSPTSSPISSS 70
respective homologs from grape WVVLBDl ¢ ————————m e MSANT S S SGGGEEEEEEEET SGEEEEEE————————————— 28
(VVLBDI1, XP_002279521), TELBDL : ——————mm—m MSRERERFDEIGKKIKREADVS SHHMERRHMLGEPETLN-——————————— 39
cacao (TcLBD1, EOY20040), BB D L. & R S S e S S S R e S R S SRR e e e -
and soybean (GmLBDI,
XP_003541285). Identical and %
similar amino acids were MaLBDl : E EN————SEQGAAHFAAE ASNASKMALHI 76
dby black and MaLBD2 : PEARYEA-—~—[JHE - POREAS A SN S RALE Y 89
presented by ack and gray MaLBED3 : ® L TRI=CLOWIKS)ESQANATVE LAISF)ERACHMSIMINAG : 57
shading, respectively. Gaps were MaLBD4 : 17T, FP--——|2TE- PLKFT T AH)J A SN {T KiA0DL 135
introduced to optimize alignment. VvLBD1 : FD————'EOGAAHFAA§ SN SKM#CHT 78
The LOB domain was TELBDL : ————--——————-TTT J@AASAT IR @A O F8 PF Sl=vF 5 - ——— = HE - PORFAS | RSN SRMEY 91
. GmLBD1 : ESQANATVE [LASFIER AGEMNIREN AG 57
underlined. The C-motif 5 -
(CX2CX6CX3C) was included in
the rectangle, and the invariant
Ivei d indicated b MaLED1 : LsCLOMH@ATLELPTPPPS-——-———— 1 139
glycine residue was n y MaLED2 : LOAVRLEMLEHKFROASACVIDTSHA @ 159
the asterisk MaLBD3 : VLKGL DWVOI PYEKAASTDAE--DPL : 125
MaLED4 : LAQAQ}%E LNLQAQHRN-———-—~- LT : 198
VvLBD1 : LSYTLQHMATLELPSPPPEPPERPPY : 148
TeLBDL : LNAVRLEMLKYKCREAN--LIESSHY : 159
GmLBDL : VLKGE DT PITSEARANGRAE--DPL : 125
MaLBDl : LASPIPFSMSDLESSSTLPSTADLSTLEDEPLLE-SWPLOO-—QQRPTLEMOQRSTSTRSPEESSGCGEG @ 206
MaLBD2 : AFLAPSEAVSMAAPPPRSVTEPPP-—--—— ALGESSSFMYTSLDE5A-~— TTMNHNTLYF G———~=- -~~~ 211
MaLBD3 : KAYDIRHVEKDSAAARAAAELHKVNKPRSRFERSGAKTTRPDTPL- PEFQRARSHES--AASHATERGPS : 192
MaLBD4 : ALICVEVAQNQODRAPRSTDALAAGN--——YLLONDAYFLDEINQEG-———SVWDEPLWI-————-———— 1 250
VVLEDl : MVTPPSLSISDLPSASSMPPIYDLSSLEDPMVQPESWPMOQHROIDPROFGGERGP-TDLPETAGGSGEG : 217
TcLBDL : ALLS-SGAVEVAALPSADPTHPPPRDPEPPPPLEETSSSSSMYTQPTTAADY STISNENVEYFGMSRERERFD : 228
GmLBD1 : KAYDIRHVSKD---QNSAMETPKT-KTRSRFKRTSGTLIKPKASKGTGEVEVEPEMANRTASHESGLSHL @ 191
MaLBD]l : DLQELARELLGRH--CLGDVT--AEPGVQOESKST——— === ——— - mmmmmm e oo 236
MaLBDZ2 & =-osrc s e e e e e e e e e e e e e e -
MaLBD3 : AAAASGEEAECRENESMASADTAEEASHVSQGEPQRAEEAEQEEEEISLELTLGLEPASRSARPAEHEAA : 262
MaLBDd § — oo e e e e e e e e e e e e e e e e e e e e s e e e e e -
VvLED]l : DLQALARELLHRHSSALGGHVPCTESSMPEST §K—————————=——=—————————————— o 251
TcLBDL : EIGKKIKREADVSSHHMGRRHMLGPRGTLNTITPCAACKLLRRRCAQECEF SPYFSPHEPQKFASVHEVE : 298
GmLBDl : SEATAMVEGESKESESVVSMDTSNLIHEEPEWVAKTSDGTGESGNEIGLELTLGFEPVSRLHHVVEMEKR : 261
MELBDL, | i i i e e e e e e T e e T e R e i =
MELBD2! § ———c-m—m——m e m e s e e e e e e e e e e e e e e e e s -
MaLBD3 : PQCDVSSWDAVAR--TSGLGLALDPPES-—— 287
MALBD4: ! ~———rrcmeme—c s s e e e e s e e e =
WULBD L 1 mmmmmm e : -
TcLBD1 : GASNVSKMLMEVPESQRADAANSLVYEANVRLRDPVYGCMGAT SALQQQOVQSLOAELNAVRAETILKYKCR : 368
GmLBD1 : KITELKSCGDSAEKDSCRMELGLEYPA—————— oo 288
MaLBD1 : -
MaLBD2 : -
MaLBD3 : -
MaLBD4 : -
VvLBD1 : =
TcLBD1 : 438
GmLBD1 : .

interactions, which includes five hydrophobic amino acids
(valine, isoleucine, leucine) separated by six variable amino
acids, are observed within the LOB domain (Fig. 1) (Shuai
et al. 2002; Matsumura et al. 2009; Majer and Hochholdinger
2011).

To determine the evolutionary relationship among
MaLBDs and those of Arabidopsis and apple and then group
them into established subfamilies, a phylogenetic tree was
generated with full-length protein sequences (Fig. 2). The
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whole LBD proteins of Arabidopsis and apple could be clas-
sified into two major groups, I and II. Class I and class II
families were further divided into 8 and 2 groups, as reported
by Wang et al. (2013). In class I, the subgroups were named
from class I a to class I i, while class II a and class II b
comprised the class I group. Based on the tree, the four
banana MaLLBD proteins were clustered into four subgroups.
MaLBD1 to MaLLBD4 belonged to class I a, class I b, class II
a, and class I f, respectively (Fig. 2). Together, these data
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Fig. 2 Phylogenetic tree of
LBDs. Four banana MalLBDs
(black circles) were aligned with
the Arabidopsis and apple LBD
family as designated by Wang
et al. (2013). The multiple
alignment was made using
ClustalW, and the phylogenetic
tree was constructed with MEGA
5.0 using a bootstrap test of
phylogeny with minimum
evolution test and default
parameters
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indicate that MaLBD1 to MaLBD4 may exhibit diverse
functions.

Expression of MaLBDs Genes during Fruit Ripening

The data related with fruit ripening and softening, including
changes in fruit firmness and ethylene production in banana
fruit in three different ripening treatments caused by natural,
ethylene-induced, and 1-MCP-delayed treatments, have been
described in the previous publication (Shan et al. 2012).
Control natural fruit showed the ethylene climacteric at
15 days and reached a peak at 21 days. Ethylene treatment
accelerated fruit ripening, with a climacteric peak appearance
at 3 days. In contrast, I-MCP treatment delayed ethylene
production, with a peak appearance at day 30 (Shan et al.
2012).

To investigate the possible role of MaLBD genes during
banana fruit ripening, RT-qPCR was carried out to determine
their mRNA accumulations in banana fruit pulp with those
three different ripening characteristics. As shown in Fig. 3,
among the four MaLBD genes, MaLBDI, MaLBDZ2, and
MalLBD3 were strongly induced after ethylene treatment,
and their transcript levels in fruit pulp of natural, ethylene-

MALBD22
MdLBD21
MdLBD5S
MdLBD4g
MdiBD3g
AtLBD36

MaLBD, '
Attgp
21
" 5
Moy

o ISSEIO

MdLBD4s
MdLBD23

induced, or 1-MCP-delayed ripening clearly increased with
ethylene evolution during ripening. However, MaLBD4 was
expressed constitutively and its transcripts changed slightly
during ripening (Fig. 3). These results indicate that MaLBDI,
MaLBD2, and MalLBD3 may be more associated with fruit
ripening. Thus, these three MaLBD genes were selected for
the following analysis.

Promoter Activities of MalLBD1/2/3 are Induced by Ethylene

To further understand the regulation of MaLBD1/2/3 expres-
sion by ethylene, the upstream promoter region sequences
from the transcription start site of MaLBD1/2/3 were isolated
from the genome of M. acuminata using genome walking
PCR methods. Amplification using specific primers for
Mal.BD1/2/3 upstream sequences resulted in 1,585-, 491-,
and 1,067-bp amplicon, subsequently named MalLBDI,
MalBD2, and MalLBD3 promoter, respectively. Analysis of
these promoters using the PLACE and Plant-CARE databases
was illustrated in Supplementary Tables S2, S3, and S4. In
addition to the core cis-acting elements like the TATA box and
CAAT box, several regulatory motifs that are potentially
related to light response and phytohormones such as salicylic
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Fig. 3 Expressions of MaLBDs
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acid (SA), methyl jasmonate (MeJA), auxin, abscisic acid
(ABA), and gibberellin were also found. In particular, PERE
motif, which has also been shown to function as an ethylene-
responsive element (Solano et al. 1998; Yin et al. 2010), was
observed in MalLBDI1/2/3 promoters (Supplementary
Tables S2, S3, and S4). These results indicate that the activ-
ities of MaLBD1/2/3 promoters may be modulated by
ethylene.

To analyze MaLBD1/2/3 promoter activities in response to
ethylene, a transient protoplast assay was conducted using a
dual luciferase reporter vector containing the Firefly LUC
driven by the MalLBD1/2/3 promoter and the REN luciferase
driven by the CaMV35S promoter (CaMV35S-REN/
MalLBDs pro-LUC, Fig. 4a). As shown in Fig. 4b—d, in BY-2
protoplast transfected with CaMV35S-REN/MalLBD1/2/3
pro-LUC, MalLBD1/2/3 pro-LUC/REN ratio apparently
increased after ethylene treatment (Fig. 4b—d), suggest-
ing that MaLBD1/2/3 promoter activities were induced
by ethylene. These observations, together with the ac-
cumulation of MaLBD1/2/3 mRNA during ripening or
following ethylene treatment, further strengthen the
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Time after treatment (d)

notion that MalLBDI1/2/3 are likely to be involved in
banana fruit ripening.

MaLBD1/2/3 are Nucleus-localized Proteins

LBD proteins are TFs that have previously been shown to
localize to the nucleus (Husbands et al. 2007; Okushima et al.
2007; Rubin et al. 2009). To examine the subcellular locali-
zation of MaLBD1/2/3 in vivo, the full-length coding se-
quences of MaLBD1/2/3 were fused in-frame with the GFP
gene and transient-expressed in tobacco BY-2 protoplasts. As
shown in Fig. 5, the fluorescence of MalLBD1/2/3 proteins
was localized exclusively in the nucleus, whereas the fluores-
cence from the GFP control was distributed throughout the
entire cell (Fig. 5). These results indicate nuclear localization
of MaLLBD1/2/3, consistent with their predicted role as TFs.

MaLBD1/2/3 Exhibit Transactivation Activity in Protoplasts

To investigate the abilities of MaLBD1/2/3 to activate tran-
scription, the transactivation activities of MaLBD1/2/3 were
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Fig.4 MalLBD promoter activities in response to ethylene. The top panel
(a) shows schematics of the dual luciferase reporter vectors containing
MaLBD promoters (CaMV35S-REN/MaLBDs pro-LUC). The bottom
panel (b—d) shows promoter activities of MaLBD1/2/3 in response to
ethylene. The reporter constructs containing MaLBD promoters were
transiently transformed into tobacco BY-2 protoplasts using a modified
PEG method and test for ethylene induction. After incubation for 14 h,
LUC and REN luciferase activities were assayed, and the promoter
activity is indicated by the ratio of LUC to REN. The asterisk indicates
a significant difference at the 5 % level compared to the control. Each
value represents the means of six biological replicates, and vertical bars
represent the S.E

examined using transient expression assay in BY-2 proto-
plasts. We employed a dual luciferase reporter plasmid har-
boring five copies of the Gal4-DNA binding element and
minimal TATA region of 35S promoter fused to the LUC
reporter, and a REN reporter under the control of the 35S
promoter at the same vector was used as an internal control for
successful transfection, while an effector plasmid encoding
full-length MaLLBD1/2/3 fused to the Gal4 DNA-binding
domain (Gal4BD) (Fig. 6a). Compared with the GAL4-BD
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Fig. 5 Subcellular localization of MaLBDs in tobacco BY-2 protoplasts.
Protoplasts were transiently transformed with 35S:MaLLBDs—GFP con-
structs or 35S:GFP vector using a modified PEG method. GFP fluores-
cence was observed with a fluorescence microscope. VirD2NLS-
mCherry was included in each transfection to serve as a control for
successful transfection, as well as for nuclear localization. Images were
taken in a dark field for green fluorescence, while the outline of the cell
and the merged were photographed in a bright field. Bars, 25 um

(pBD) negative control, MaLBD1/2/3 strongly activated the
LUC reporter gene, and the LUC/REN ratio of MaLBD1/2/3
was 4.5-, 5.8-, and 0.9-fold higher than that of the negative
control, respectively (Fig. 6b). These results indicate that
MaLBD1/2/3 may function as transcriptional activators.

MaLBD1/2/3 are Transcriptional Activators That Regulate
MaEXPI1/2 Genes

Recently, LBDI8 is reported to function as a transcriptional
activator that regulates the expression of EXP[4/17 by directly
binding to EXP14/17 promoters, facilitating the emergence of
lateral root (Lee et al. 2013; Lee and Kim 2013). Five EXP
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Fig. 6 Transcriptional activation of MaLBDs in tobacco BY-2 proto-
plasts. a Reporter and effector constructs. The dual luciferase reporter
construct contained the LUC reporter gene driven by the mini-35S (TATA
box) plus five GAL4-binding elements. Each of the effectors contained a
GAL4 DNA-binding domain (GAL4-BD), and pBD was used as a
negative control. MaLBDs were fused with the GAL4-BD and driven
by the 35S promoter plus the translation enhancer €2 sequence. b
Transactivation ability of MaLBDs. Plasmid combinations of dual
REN/LUC reporter, and effectors were cotransformed into BY-2 proto-
plasts. The protoplasts were incubated for 16 h, and the transactivation
ability of MaLBDs is indicated by the ratio of LUC to REN. Each value
represents the means of six biological replicates, and vertical bars repre-
sent the S.E. The asterisk indicates a significant difference at the 5 % level
compared to the negative control pBD

genes have been isolated from banana fruit, and cell wall
loosening mediated mainly by MaFEXP1/2 is related to fruit
ripening (Mbéguié-A-Mbéguié et al. 2009). We also investi-
gated expressions of MaEXP1/2 in banana fruit pulp during
ripening. As shown in Supplementary Fig. S1, similar with the
expression patterns of MalLBD1/2/3, MaEXP1/2 were strong-
ly induced after ethylene treatment, and their transcript levels
in fruit pulp of natural, ethylene-induced, or 1-MCP-delayed
ripening obviously increased with ethylene evolution during
ripening (Supplementary Fig. S1), further confirming that
MaEXP1/2 are associated with fruit ripening. Thus, it is rea-
sonable to speculate that ripening-related MaLBDs might
function as transcriptional activators to regulate MaFEXP1/2
expression in banana fruit.

To confirm the speculation, transient expression assay in
BY-2 protoplasts was performed with a dual luciferase report-
er plasmid harboring the MaEXP1/2 promoter fused to LUC,
and the REN driven by the CaMV35S promoter (CaMV35S-
REN/MalLBDs pro-LLUC, Fig. 7a), while an effector plasmid

@ Springer

harboring MalLLBD1/2/3 was expressed under the control of
the CaMV 35S promoter (Fig. 7a). The results showed that
MaLBD1/2/3 obviously activated the MaEXPI promoter ac-
tivity, with 10.1-, 9.8-, and 4.9-fold enhancement of LUC/
REN ratio than that of the negative empty control vector
(Fig. 7b). Similarly, MaLBD1/2/3 also activated the MaEXP2
promoter activity (Fig. 7b). These results clearly demonstrate
that MaLLBD1/2/3 are transcriptional activators that directly
regulate MaFEXP1/2 gene expressions.

Discussion

LBD proteins are a plant-specific TFs family with 42 mem-
bers in Arabidopsis (Shuai et al. 2002), 35 in rice (Yang et al.
2006), 57 in poplar (Zhu et al. 2007), 43 in maize (Schnable
etal. 2009), and 58 in apple (Wang et al. 2013). LBD proteins
are characterized by the presence of a highly conserved N-
terminal DNA-binding domain termed the LOB domain,
whereas little conservation is found in their C-termini (Majer
and Hochholdinger 2011). In this study, based on the banana
whole-genome sequence, four banana fruit LBD genes, des-
ignated as MaLBD1 to MaLBD4, were cloned. Similar to the
previous reports, alignment of the four MaLBD proteins
showed that they shared a highly conserved LOB domain
(Fig. 1). Phylogenetic analysis and evolutionary relationship
of the LBD proteins have been intensively investigated in
Arabidopsis and rice (Shuai et al. 2002; Yang et al. 2006;
Matsumura et al. 2009), which divides the LBD gene family
into class I and class II, characterizing by the presence or
absence of functional leucine-zipper-like domains, respective-
ly, and the majority of LBD proteins belong to class I (Majer
and Hochholdinger 2011). Similarly, the four MaLBDs fell
into class I and class II of the previously characterized LBD
proteins, in which MaLBD1/2/4 belong to class I, while
MaLBD?3 belongs to class II (Fig. 2).

Most LBD proteins so far identified have been functionally
characterized in Arabidopsis and crop plants. These LBD
proteins are involved in regulating plant lateral organ such
as embryo, root, leaf, inflorescence and flower development,
anthocyanin or nitrogen metabolism, or responses to phyto-
hormones such as cytokinin, auxin, gibberellins, and JA
(Majer and Hochholdinger 2011). Recently, LBD proteins
involved in biotic stress response are reported (Thatcher
et al. 2012a, b). In the present work, among the four banana
fruit MaLBD genes, MalL.BD1/2/3 were ripening-inducible;
moreover, their expressions also apparently upregulated after
ethylene treatment (Fig. 3). Further, when MalLBD1/2/3 pro-
moters transiently expressed in protoplasts, they were all acti-
vated by ethylene applications (Fig. 4). These data indicate that
MalLBD1/2/3 might be associated with banana fruit ripening.
This is the first time, to our knowledge, that a possible role for
LBD proteins has been demonstrated in the involvement of
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Fig. 7 MaLBDs activate the MaEXP1/2 promoter in a dual luciferase
assay. a Schematic representation of the double reporters and effector
plasmids used in the assay. The double-reporter plasmid contained the
MaEXP1/2 promoter fused to LUC luciferase and REN luciferase drove
by CaMV358S. The effector plasmid contained the MaLBDs drove by the
CaMV35S. b MaLBDs activate the MaEXP1/2 promoter. The reporter

fruit ripening. LBD proteins are suggested to act as TFs based
on their nuclear localization and DNA-binding activity (Shuai
et al. 2002; Husbands et al. 2007; Naito et al. 2007; Rubin
et al. 2009). It has been demonstrated that Arabidopsis ASL4
(AtLOB) specifically binds to a DNA motif 5'-GCGGCG-3’
designated as the LBD motif (Husbands et al. 2007). Our
present work also showed that MalLBD1/2/3 were localized
in the nucleus (Fig. 5). Moreover, MaLBD1/2/3 possessed
transcription-activating abilities in BY-2 protoplasts (Fig. 6).
These results suggest that MalLBD1/2/3 may function as tran-
scriptional activators. Accordingly, it is interesting to explore
their downstream targets that related to banana fruit ripening.

Following the discovery of several important ripening-
related TFs in tomato fruit, including MADS-RIN, NOR,
and CNR, the identification of their downstream targets has
been extenstively investigated. For example, MADS-RIN di-
rectly controls the expression of a wide range of other
ripening-related genes, targeting the promoters of genes in-
volved in ethylene biosynthesis and perception, cell wall
metabolism, carotenoid formation, aroma biosynthesis, and
ATP generation (Seymour et al. 2013). As to LBD TFs,
several downstream targets of LBD TFs have been identified
(Majer and Hochholdinger 2011), and interestingly,
Arabidopsis LBD18/ASL20 activates EXPANSINAI14/17
(EXP14/17) expression by directly binding to EXPI14/17

MaEXPIpro
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and effector vectors, as indicated, were co-transformed into tobacco BY-2
protoplasts. The protoplasts were incubated for 16 h, and the activation of
MaEXP1/2 promoter by MaLBDs was indicated by the ratio of LUC to
REN. Each value represents the means of six biological replicates, and
vertical bars represent the S.E. The asterisk indicates a significant differ-
ence at the 5 % level compared to the empty effector

promoters to enhance lateral root formation during the auxin
response (Lee et al. 2013; Lee and Kim 2013). Expansins are
primary wall-loosening factors that directly induce turgor-
driven wall extension (Cosgrove 2000). Secondary wall-
loosening factors such as xyloglucan endotransglicoylase/
hydrolases (XET/XTH), glucanases, and polygalacturonase
(PG), which enzymatically modify the structures of the cell
wall, render it more responsive to wall-loosening events pri-
marily mediated by expansins (Cosgrove 2000; Péret et al.
2009). Fruit softening is a typical textural change associated
with ripening, and it has been suggested that cell wall modi-
fication enzymes and expansions contribute to fruit softening
significantly (Cruz-Hernandez and Paredes-16pez 2012). Pre-
viously, five EXP genes have been isolated from banana fruit,
and MaEXPI/2 expressions are related to fruit ripening
(Mbéguié-A-Mbéguié et al. 2009). During fruit ripening,
MaEXP1/2 transcript levels obviously increased, as well as
strongly induced after ethylene treatment (Supplementary
Fig. S1). Using a transient expression assay in BY-2 proto-
plasts, we showed that ripening-related MaLLBD1/2/3 are tran-
scriptional activators that regulate MaEXPI1/2 gene expres-
sions by directly binding to MaEXP1/2 promoters (Fig. 7).
In addition to EXP, other cell wall modification factors, such
as XET/XTH, PG, and PME, are also reported to be associated
with banana fruit ripeing (Mbéguié-A-Mbéguié et al. 2009);
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however, whether XET, PG, and PME are direct targets of
MaLBD1/2/3 needs to be further investigated. In addition, it
has been shown that several LBD proteins interact with MYB
and bHLH TFs to co-regulate hormone-mediated organogen-
esis (Husbands et al. 2007; Guo et al. 2008; Wang et al. 2013);
it is thus interesting to study whether MaLBD1/2/3 could
interact with the reported ripening-related TFs of banana fruit,
including MADSs (Choudhury et al. 2012), NACs (Shan et al.
2012), and ERFs (Xiao et al. 2013) to be involved in fruit
ripening.

Overall, four banana fruit MaLBD genes were identified
and characterized. Gene expression and promoter analysis
demonstrated the possible involvement of MalLBD1/2/3 in
fruit ripening. MaLBD1/2/3 were nucleus-localized proteins
and had transactivation activity in protoplasts. More impor-
tantly, MaLBD1/2/3 were transcriptional activators that regu-
lated MaEXP1/2 gene expressions by directly binding to
MaEXP1/2 promoters. Taken together, our results elucidate
the molecular mechanism by which MaLBDs involved in
regulating fruit ripening, in part by transcriptional activation
of the EXPANSIN expression related to cell wall modification.
Our findings provide some new information about the func-
tions of LBD TFs involved in the regulation of fruit ripening.
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