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Abstract

Background: Multiprotein bridging factor 1's (MBFIs) are members of the transcriptional co-activator family that
have involved in plant growth, development and stress responses. However, little is known about the Solanum
lycopersicum MBF1 (SIMBFT) gene family.

Results: In total, five SIMBFT genes were identified based on the tomato reference genome, and these genes were
mapped to five chromosomes. All of the SIMBF1 proteins were highly conserved, with a typical MBF1 domain and
helix-turn-helix_3 domain. In addition, the promoter regions of the SIMBFT genes have various stress and hormone

responsive cis-regulatory elements. Encouragingly, the SIMBFT genes were expressed with different expression
profiles in different tissues and responded to various stress and hormone treatments. The biological function of
SIMBF1c was further identified through its overexpression in tomato, and the transgenic tomato lines showed
increased susceptibility to Botrytis cinerea (B. cinerea). Additionally, the expression patterns of salicylic acid (SA)-,
jasmonic acid (JA)- and ethylene (ET)- mediated defense related genes were altered in the transgenic plants.

Conclusions: Our comprehensive analysis provides valuable information for clarifying the evolutionary relationship
of the SIMBF1 members and their expression patterns in different tissues and under different stresses. The
overexpression of SIMBFic decreased the resistance of tomato to B. cinerea through enhancing the gene expression
of the SA-mediated signaling pathway and depressing JA/ET-mediated signaling pathways. These results will
facilitate future functional studies of the transcriptional co-activator family.
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Background

Transcriptional regulation is a key step in the expression
of genomic information during complex biological pro-
cesses in all organisms. Transcriptional co-activators are
important components of gene expression that function
by interacting with transcription factors and/or other
regulatory elements and the basal transcription machin-
ery [1]. Multiprotein bridging factor 1 (MBF1) proteins
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are members of the transcriptional co-activator family
and are highly conserved in eukaryotic organisms. MBF1
mediates the transcriptional activation of downstream
genes by bridging regulatory transcription factors and
TATA-box-Binding Protein [2]. MBF1 proteins are com-
posed of a N-terminal domain, a conservative helix-
turn-helix (HTH) domain and a short C-terminus [3].
The HTH domain is critical to maintain the functional
activity of MBF1 [4].

Several MBFI genes have been identified in plants and
have been shown to participate in plant growth, develop-
ment and stress response. For example, Arabidopsis
thaliana has three MBFI1 genes, and the expression
levels of these genes have been found to be induced by
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various types of abiotic and biotic stress [2, 5, 6]. Arabi-
dopsis plants that overexpress Arabidopsis thaliana
MBFla (AtMBFIla) show higher tolerance to salt stress
and infection of pathogens, and they display a phenotype
of hypersensitivity to Glucose [7]. The overexpression of
AtMBFIc could enhance the tolerance to high
temperature in Arabidopsis [8, 9]. The ectopic expres-
sion of Vitis labrusca x V. vinifera MBF1 in Arabidopsis
increased drought tolerance [10], and the ectopic ex-
pression the Triticum aestivum MBFIc improved
thermotolerance in rice [11]. However, not all of the
MBFI genes are positive regulators that can enhance
tolerance to environmental stress in plants. For ex-
ample, Capsicum annuum MBFI -overexpressing Ara-
bidopsis lines have larger leaves but display sensitivity
to cold and salt stress [12].

The tomato is one of the most widely cultivated vege-
table crops in the world and a key model plant for the
study of gene function [13]. However, the yield of to-
mato is seriously constrained by phytopathogens such as
Botrytis cinerea (B. cinerea). Although the function of
SIER24, a MBF1 family member, has been characterized
and demonstrated to play an important role in tomato
seed germination [14], the function of these genes except
SIER24 were few reported. In our study, in order to ex-
plore the gene number of the SIMBFI family in tomato,
a systematic analysis was performed in tomato with the
tomato genome database. A total of five SIMBF1 pro-
teins were identified. The phylogenetic results and motif
analysis showed that the SIMBF1 family was highly con-
served. In addition, an analysis of promoter response ele-
ments and the expression profiling of the SIMBFIs
revealed marked responses to various hormones and
stresses. Moreover, we obtained transgenic lines in
the tomato. The overexpression of SIMBFIc reduced
the resistance of tomato to B. cinerea, suggesting
SIMBFIc functions as a negative regulator in the to-
mato resistance to B. cinerea. Overall, the present
study laid the foundation for the further study of
MBFI genes, and their potentially use for trait im-
provement in the tomato.

Results

Identification and chromosomal location of SIMBF1 genes
in the tomato

To identify the putative MBFI genes in the tomato gen-
ome, we used the three Arabidopsis MBF1 protein se-
quences and the conserved MBF1 and HTH_3 domains
as queries to search the tomato genome database using
the BlastP program (Additional file 3: Table S3). A total
of five putative SIMBF1 proteins were obtained with de-
fault parameters. Then, the existence of the conserved
MBF1 and HTH_3 domains was confirmed by SMART
and CD-Search. As described by Sanchez-Ballesta et al.
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[15], the four SIMBF1 genes were named SIMBFla to ¢
and SIER24, and the newly identified SIMBFI gene was
named SIMBFId.

The molecular property analysis revealed that these
SIMBF1 proteins display similar lengths (139 amino acid
for SIMBFla, SIMBF1b, SIMBF1d, and 146 amino acid
for SIER24). The predicted molecular weights of the five
SIMBF1 proteins ranged from 15272 (SIMBF1b) to
16.033 (SIER24) Dalton (Da). The predicted pl values
ranged from 9.95 (SIMBFla and SIMBF1d) to 10.11
(SIER24). The gene IDs and genomic positions were
summarized for these SIMBF1 proteins (Additional file 1:
Table S1). By analyzing the genomic location informa-
tion obtained from tomato genome database, these five
SIMBF1 genes were mapped on tomato chromosome 1,
7,9, 10, 12, respectively (Fig. 1.a).

Phylogenetic analysis, gene structure and conserved
motifs of the SIMBF1 genes

The full sequences of the five SIMBF1, three AtMBF1,
and two OsMBF1 proteins were used to perform protein
sequence alignment and phylogenetic analysis (Fig. 1b).
These MBF1 proteins were defined as members of the
other corresponding plants MBF1 subgroups [16].
Among these two subgroups, subgroup I is composed of
four SIMBF1, one OsMBF1 and two AtMBF1 proteins,
and subgroup II composed of one OsMBF1, one SIMBF1
and one AtMBF1 proteins. Due to evolutionary differ-
ences between these three species, subgroup I could be
further divided into two groups, subgroup I-A and sub-
group I-B. Among them, subgroup I-A included only
four tomato SIMBF1 proteins and subgroup I-B included
one OsMBF1 and two AtMBF1 proteins.

The gene structure analysis of the MBFI family genes
from the tomato, Arabidopsis and rice were conducted
and the results are consistent with the phylogenetic tree
analysis. As shown in Fig. 1b, the number of exons in
the SIMBFI1, AtMBFI1 and OsMBFI genes ranges from
one to five exons. We found that the two subgroups,
subgroup II and subgroups I-B, have similar intron-exon
structures (Fig. 1b). The three members, OsMBFIc,
SIER24 and AtMBFIc, in subgroup II contain one exon,
and the members, OsMBFIla, AtMBFIla and AtMBFIb,
in subgroups I-B four exons. However, in subgroups I-A,
SIMBF1b and SIMBFIc contain four exons, while
SIMBF1a five exons and SIMBF1d one exon (Fig. 1b).

The motif analysis of the MBF1 proteins was con-
ducted and four distinct motifs were identified (Fig. 1b;
¢ and Additional file 2: Table S2). Motif 2 and 3, which
are MBF1 domains, and motif 1, which is an HTH_3 do-
main, were identified in all MBF1 proteins. Interestingly,
motif 4 was only identified in the SIMBFla and
OsMBFIc proteins. Therefore, the similar motif distribu-
tion of the MBF1 proteins in these three model plants
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Fig. 1 The analysis of the genomic locations, phylogenetic relationships, gene structures and conserved motifs. a Genomic locations of the five
SIMBF1 genes on five chromosomes. b The analysis of phylogenetic relationships, gene structures and conserved motifs in the MBF1 genes from
tomato, Arabidopsis and rice. The phylogenetic tree was constructed based on the full-length protein sequences of the five SIMBF1s, three
AtMBF1 and two OsMBF1 proteins using MEGA 7.0 software. In the analysis of the gene structure, the number indicates the phases of
corresponding introns. The UTR, exon, domain and motif are displayed in different colors, and the intron is displayed in a straight line. ¢ The
logos indicate the conserved motifs in the SIMBF1, AtMBF1 and OsMBF1 proteins

may promote to the prediction of the functions of putative functions of the SIMBF1 genes, the 2.0-kb pro-
MBF1s. moter regions of the SIMBF1 genes were isolated for the

analysis of the potential cis-elements using the Plant-
Potential cis-elements in the promoters of SIMBF1 genes CARE database (Fig. 2), and many elements related to
Previous studies have shown that many MBFI genes play  stress responsiveness and plant hormones were pre-
regulatory roles in developmental processes and toler- dicted. As shown in Fig. 2, the promoters of SIMBFI
ance to environmental stresses in plants. To predict the genes contain many stress elements: drought response
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Fig. 2 The promoter analysis of the SIMBF1 members in the tomato. The potential cis-regulatory elements in the promoter regions 2.0-kb
upstream of the SIMBF1s genes, particularly the elements related to stress responsiveness and plant hormones, are shown. Different shapes and
colors indicate whether the motif exists in the plus or minus strand of the cis-acting elements
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l TGACG/CGTCA (JA response element)

| LTR (low temperature response element)

element, low temperature response element and defense
and stress response element. Moreover, hormone re-
sponsive elements including abscisic acid (ABA) re-
sponse element, gibberellin (GA) response element,
jasmonate acid (MeJA) response element, salicylic acid
(SA) response element and auxin response element were
also discovered in the SIMBFI promoters. These results
suggest that the five SIMBF1 genes may play important
roles in the response to several hormones and various
stresses.

Expression pattern of the SIMBF1 genes in different
tissues

To understand the potential function of the tomato
SIMBF1 genes, the expression pattern of these five
SIMBF1 genes were examined using qRT-PCR in

different tomato organs, including the root, stem, leaf,
flower and ripe fruit. As shown in Fig. 3, all of the
SIMBF1 genes were detected in these five tissues. The
expression of SIMBFla, SIMBF1b and SIMBFIc were at
relatively high levels in most tissues, but SIMBFI1d was
expressed at relatively lower levels in all tissues. SIER24
was expressed at relatively lower levels in root, stem and
leaves but at relatively high levels in fruit and flower.

Expression pattern of SIMBF1 genes under different stress
and different plant hormone conditions

To explore whether these five SIMBFI genes respond to
biotic and abiotic stresses in tomato, we examined the ex-
pression pattern of the SIMBFI genes under different
stress conditions, including salt, drought, low temperature,
B. cinerea and wounding using qRT-PCR (Fig. 4). As
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Fig. 3 Relative expression analysis of the SIMBFT genes in different tissues. The expression levels of SIMBFTs in the root, stem, young leaf, flower,
and ripe fruit using gRT-PCR analysis. Different letters indicate significant differences (P < 0.05)
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Fig. 4 Relative expression analysis of the SIMBFT genes under different stress conditions. The expression levels of the SIMBFT genes using gRT-
PCR analysis under salt, drought, low temperature, B. cinerea and wounding stresses. Different letters indicate significant differences (P < 0.05)

expected, most of the SIMBFI genes responded to differ-
ent stress treatments. For example, SIMBFIc was induced
during the late stage of all stress treatments (Fig. 4). The
expression level of SIER24 was upregulated during the late
stage of the salt and low temperature conditions (Fig. 4a,
c). The expression level of SIMBFIa was initially downreg-
ulated then upregulated and then downregulated at the
late stage under drought and B. cinerea conditions (Fig.
4b, d). Moreover, SIMBFI1b displayed the same expression
trend with SIMBFIa under drought conditions (Fig. 4c).
To further study how these five SIMBFI genes respond
to plant hormones in the tomato, we also examined the
expression pattern of the SIMBFI genes under different

hormone treatments, including 1-amino cyclopropane-1-
carboxylic acid (ACC), salicylic acid (SA), methyl jasmo-
nate acid (MeJA), abscisic acid (ABA), and brassinoster-
oids (BR) using qRT-PCR (Fig. 5). As shown in Fig. 5,
most of the SIMBF1 genes responded to different
hormones. For example, the expression level of
SIMBFla and SIMBFIc was initially upregulated then
downregulated at late stage under ACC and MeJA
conditions. In contrast, the expression level of
SIMBFla was initially induced then repressed at the
late stage under ACC and MeJA conditions. Some of
the SIMBFI genes were also induced under the SA,
ABA and BR conditions (Fig. 5¢, d, e).
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Fig. 5 Relative expression analysis of the SIMBFT genes under different plant hormone treatments. The expression levels of the SIMBFT genes
under ACC, MeJA, SA, ABA and BR treatments using gRT-PCR analysis. Different letters indicate significant differences (P < 0.05)

The susceptibility of SIMBF1c overexpressing lines to B.
cinerea

To investigate the function of SIMBFIc in the defense
response to B. cinerea, we generated 35S:SIMBFIc
transgenic tomato plants (OE) by the Agrobacterium-
mediated method. Using kanamycin as selection
marker and genomic PCR detection, two independent
and homozygous T3 transgenic lines were selected for
further assays. These two OE lines display signifi-
cantly higher expression levels of SIMBFIc than the
WT plants (Fig. 6). Then, we examined the response
of the leaves from 5-week-old OE and WT seedlings
to B. cinerea infection in Petri dishes, using the

method previously described by Du et al., 2017 [17].
As shown in Fig. 7a and b, after infection with B.
cinerea, the OE leaves showed significantly larger nec-
rotic lesions compared with WT. Moreover, we also
conducted the whole plant inoculation experiments.
Similarly, the OE plants displayed a sensitive pheno-
type, compared with WT, after infection with B.
cinerea (Fig. 7¢, d and e). In addition, the expression
level of B. cinerea Actin was significantly increased in
OE plants compared with WT (Fig. 7 f). Taken all to-
gether, these results demonstrated that tomato
SIMBFIc is a negative regulator in the response to B.
cinerea infection.
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SIMBF1c regulates the expression of defense-related
genes

To explore the signaling pathways, we analyzed and
compared the changes in the relative expression of SA
signaling-related genes Nonexpressed Pathogenesis-
Related 1 (SINPRI) and Pathogenesis-Related genes
(SIPRIa, SIPRIb and SIPR2b), JA signaling-related genes
Coronatin Insensitive 1 (SICOI1), Myelocytomatosis
Oncogene 2 (SIMYC2), Proteinase Inhibitor I (SIPI I) and
Leucine Aminopeptidase Al (SILapAl), and ET
signaling-related genes Ethylene Response Factor 1
(SIERF1), Ethylene Receptor (SINR), ACC Synthase 6
(SIACS6) and Allene Oxide Synthase 2 (SIAOS2) before
and after infection with B. cinerea using qRT-PCR. As
shown in Fig. 8, before infection, the transcript levels of
SINPRI, SIPR1a, SIPR2b, SICOI1, SIPI I and SIACS6 dis-
play no significantly difference between the two OE lines
and WT. However, the transcript levels of SIPRIb,
SIERFI1, SINR, SIAOS2 were increased slightly and the
transcript levels of SILapAl were decreased slightly in
the OE lines. After infection with B. cinerea, the tran-
scriptional levels of SA signaling-related genes (SINPRI,
SIPR1a, SIPR1b and SIPR2b) were elevated significantly
in the two OE lines compared with WT (Fig. 8a). How-
ever, after infection with B. cinerea, the expression levels
of the JA signaling-related gene (SICOII, SIMYC2, SIPII
and SILapAl) and the ET signaling-related genes
(SIERF1, SINR, SIACS6 and SIAOS2) were significantly
decreased in the two OE lines compared with WT (Fig.
8b and c). These results indicated that the overexpres-
sion of SIMBFIc in the tomato could repress the JA/ET-
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mediated signaling pathways upon infection with B.
cinerea.

Discussion

With the genomes of more species completely se-
quenced, many regulatory gene families such as the
MYB [18], bHLH [19] and WRKY [20] transcription fac-
tor families, have been identified. In addition to these
transcription factor families, there are also transcrip-
tional co-activator families such as MBFls. Studies of
MBF1 genes have mainly focused on the regulation of
plant growth, development and stress responses in Ara-
bidopsis [2, 7, 8]. Although in the year 2007, Sanchez-
Ballesta et al. identified four MBFI genes in the tomato
and analyzed their structures, tissue-specific expression
and response to ethylene treatment during fruit develop-
ment [15], the tomato genome sequence completed in
2012 provides more information for the identification of
this gene family [13]. Here, five tomato MBFI genes
were identified and confirmed based on the completed
tomato genome (Fig. 1la). Meanwhile, the more precise
and comprehensive bioinformatics analysis (including
the chromosomal location, phylogenetic analysis, gene
structure, conserved motifs and cis-elements in the pro-
moters) were performed. Notably, we found five exons
in the gene structure of SIMBFla, but Sanchez-Ballesta
et al. only found four exons. Comprehensive expression
levels of these genes in different tissues, responses to dif-
ferent stresses (salt, drought, low temperature, B. cinerea
and wounding) and different plant hormone conditions
(ACC, MeJA, SA, ABA and BR) were also detected
(Figs. 4 and 5). More importantly, we identified the bio-
logical function of SIMBFIc which negatively regulate
the tomato resistance to B. cinerea (Figs. 6,7 and 8).

In this study, five MBFI genes were distributed on five
chromosomes of tomato, respectively (Fig. 1a). Com-
pared with three MBFls in Arabidopsis [2] and two
MBFIs in rice, the number of MBFIs was greater in the
tomato, which means an expansion of MBFIs in tomato.
A phylogenetic analysis divided these 10 MBF1 proteins
into two main branches (Fig. 1b), the same as in previ-
ous description [16]. One branch contained subgroup I-
A and B, and the other contained subgroup II (Fig. 1b).
This result revealed that there are two different evolu-
tionary directions for these MBF1 proteins in tomato,
Arabidopsis and rice. Importantly, subgroup I-A only in-
cludes four MBF1 proteins but did not include any Ara-
bidopsis or rice MBF1 proteins (Fig. 1b), which means
that this subgroup was lost in Arabidopsis and rice and
was acquired in tomato after divergence from the last
common ancestor. Moreover, the gene structure analysis
showed similar intron-exon structures in subgroup I-B
and subgroup II but not in subgroup I-A (Fig. 1B), sug-
gesting that the evolutionary dynamics of intron
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differences between treatments (P < 0.05)
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Fig. 7 Overexpression of SIMBF1c resulted in decreased resistance to B. cinerea. a The response of wild-type and SIMBF1c-OF plant leaves to B.
cinerea infection at 2 dpi in Petri dishes (Scale bars, 1 cm). b The quantification of lesion areas on the leaves shown in (a). ¢ and (d) The response
of whole plants of wild-type and SIMBF1c-OF to B. cinerea infection at 2 dpi (Scale bars, 5cm and 1.cm, respectively). e The quantification of
lesion areas on the leaves shown in (c). f Relative transcript abundance of the B. cinerea Actin in the infected leaves from the whole plant
inoculation experiments at 2 dpi. Detached leaves from 5-week-old tomato plants were spotted with 5 pl of spore suspension (10° spores/ml).
The results in (b), e and (f) are presented as the mean values + SD; n = six leaves from different plants. Different letters indicate significant
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insertion and loss occurred in subgroup I-A of the to-
mato MBFI genes. Previous studies have shown that the
yeast mbfl mutant was fully/partially rescued by the
MBEFI genes from human, silkworm and Arabidopsis (2,
21], which revealed that the functions of the MBFI
genes are highly conserved. In this study, the motif ana-
lysis showed that these MBF1 proteins share similar pat-
tern of motif composition and that all of them have
MBF1 and HTH_3 domains (Fig. 1b), which means that
the function of MBF1 proteins among tomato, Arabi-
dopsis and rice might be similar and conserved.

The expression pattern analysis in different tissues,
stresses and plant hormones is usually used to predict
the potential functions of genes in plant growth, devel-
opment and the responses to stresses. Through the ex-
pression pattern analysis, we found that all of the
SIMBF1s genes were expressed in the five tissues, and

most of them had much higher expression in the flower
and leaf (Fig. 3). In addition, GA response element was
found in the promoter regions of these five SIMBFI
genes and IAA response element also in the promoter
regions of SIMBFla, SIMBFI1b and SIER24 (Fig. 2).
These results indicated that SIMBFIs might be involved
in plant growth and development. Besides the roles in
plant growth and development [14], MBFI genes also
participate in the responses to abiotic and biotic stresses,
such as salt, drought, temperature and pathogens [5—
12]. Indeed, several stress-related elements (drought, low
temperature, ABA, defense and stress, JA and SA re-
sponse elements) were found in the promoter regions of
these SIMBF1s (Fig. 2). In addition, SIMBFI genes were
induced by abiotic and biotic stresses (e.g. salt, drought,
cold and B. cinerea) and by stress-related hormones (e.g.
ABA, SA, JA and ACC) (Figs. 4 and 5). These results
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Fig. 8 Overexpression of SIMBFIc affected the expression of SA-, JA- and ET-mediated signaling genes after B. cinerea infection. a Expression
levels of SA-mediated defense-related genes. b Expression levels of JA-mediated defense-related genes. ¢ Expression levels of ET-mediated
defense-related genes. The inoculation with a spore suspension of B. cinerea was done at 10° spores/ml. The sampling time is 1 dpi after
infection. Different letters for each defense-related gene indicate significant differences (P < 0.05)

indicated that these SIMBFI genes were involved in the
responses to stresses with the functions similar to the
MBF1s from other species [7-12].

The tomato is an important economic and vegetable
crop. However, B. cinerea seriously limits the yield of

tomato [22]. In this study, the expression of SIMBFIc
was significantly induced by B. cinerea, wounding and

defense-signaling related hormones (Figs. 4 and 5). Add-

itionally, several defense related elements were also
found in the promoter of SIMBFic (Fig. 2). Moreover,
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overexpressing the AtMBFla gene in Arabidopsis con-
fers increased resistance under the infection by B.
cinerea [7]. In order to clarify the function of SIMBFIc
in the defense response, tomato plants overexpressing
SIMBFIc were generated. To our surprise, the transgenic
lines displayed a sensitive phenotype, as compared with
WT, under infection with B. cinerea (Fig. 6). The finding
that SIMBFIc regulates the resistance to B. cinerea is
distinct from the function of its Arabidopsis homolog.
This phenomenon might be due to the evolutionary dif-
ferences between SIMBFIc and AtMBFla, because
SIMBFIc belonged to subgroup I-A, but AtMBFla to
subgroup I-B in the phylogenetic tree (Fig. 1b).

Previous studies showed that B. cinerea can activate
the SA signaling pathway to promote its pathogenicity in
plants [23, 24]. Meanwhile, plants can activate the JA/
ET-mediated defense responses against B. cinerea infec-
tion [23, 25, 26]. However, the SA signaling pathway can
antagonize the JA/ET signaling pathways in plants under
B. cinerea infection [23, 25]. In our study, under control
condition, only SIPRib in the SA signaling pathway
showed slightly higher expression in the OE lines com-
pared with WT, but under B. cinerea infection, all of
SINPRI, SIPRIa, SIPR1b and SIPR2b were significantly
up-regulated in OE lines (Fig. 8a). Moreover, the
overexpression of SIMBFIc further promote the ex-
pression levels of the SA signaling pathway genes, es-
pecially SIPRIa and b (Fig. 8a). On the contrary,
under control condition, only SILapAl in the JA sig-
naling pathway showed slightly lower expression in
the OE lines compared with WT; but under B.
cinerea infection, all of SICOI1, SIMYC2, SIPI I and
SlLapAl were significantly down-regulated in OE lines
(Fig. 8b). These results suggested that the JA-
mediated defense responses in infected OE lines was
seriously suppressed by the highly activated the SA
signaling pathway under B. cinerea infection (Fig. 8b)
[26]. In addition, although under control condition,
the ET-mediated defense genes (SIERF1, SINR, SIACS6
and SIAOS2) showed higher expression in the OE
lines compared with WT (Fig. 8c), all of these genes
were significantly down-regulated in the infected OE
lines, indicating that the ET signaling pathway in the
infected OE lines was also greatly suppressed by the
highly activated SA signaling (Fig. 8c). Taken to-
gether, these results clarified that the SIMBFIc-over-
expressing tomato plants displayed a sensitive
phenotype due to the strongly activated SA pathway
which antagonized the JA/ET-mediated defense re-
sponses under B. cinerea infection.

NPRI1 is not only a master regulator of SA signaling,
but also a key regulator in the antagonism between SA
and JA through suppressing the JA signaling gene PI I [23,
27]. Indeed, the expression level of SINPRI was increased
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and SIPI [ repressed in the infected OE lines (Fig. 8a-b),
suggesting that SIMBFIc could activate SINPRI to repress
SIPI I in infected OE lines. This result is consistent with
the previous study [26]. However, in our study, the expres-
sion levels of SIPRIa and SIPRIb were more dramatically
increased than SINPRI in the infected OE lines, and
SILapA1 more dramatically decreased than SIPI I (Fig.
8a-b). Therefore, it will be interesting to clarify that
how SIPRIa and SIPRIb are induced and whether
SIPR1a and/or SIPR1b are the new key regulators to
suppress SILapAl in the antagonism between SA and
JA signaling pathways when SIMBFIc is being overex-
pressed in the tomato under B. cinerea stress condition in
the future studies.

Conclusion

In this study, five SIMBFI genes including SIMBFId
newly-found were identified and confirmed in the to-
mato genome. The analysis of phylogenetic tree, gene
structures and protein motifs revealed that MBF1 pro-
teins are conserved among tomato, Arabidopsis and rice
and expanded in the tomato. The cis-elements in the
promotors, tissue specific expression pattern and re-
sponses to stresses and hormones suggested that the
SIMBF1Is might participate in plant growth and develop-
ment and stress responses in the tomato. Finally, trans-
genic experiments showed that SIMBFIc negatively
regulate the tomato resistance to B. cinerea through en-
hancing SA-signaling genes and repressing the genes in
the JA/ET-mediated pathways.

Methods

Identification of MBF1 genes in the tomato

To identify the SIMBFI gene family members from the
entire tomato genome, three AtMBF1 proteins were
used as query sequences for Blastp searches with an e-
value of 10~ '° against the predicted tomato proteins. In
addition, the Hidden Markov Model (HMM) profile of
MBF1 (PF08523.9) and HTH_3 (PF01381.21) from the
Pfam database (http://pfam.janelia.org) were also applied
as queries to search the MBFI genes from the tomato
genome database (http://solgenomics.net; ITAG Release
3.20). In order to identify the conserved domains, five
candidate genes were further confirmed due to the pres-
ence of both the MBF1 (PF08523.9) and HTH_3
(PF01381.21) domains using the Pfam database and
SMART database (http://smart.embl-heidelberg.de).

The MBF1 proteins in the representative model plants
Arabidopsis and rice were downloaded from The Arabi-
dopsis Information Resource database (https://www.ara-
bidopsis.org) and the Rice Genome Annotation Project
Database (http://rice.plantbiology.msu.edu/).
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Phylogenetic analysis

The multiple sequence alignment was constructed by
Clustal W (version 1.81, a resident software, European
Molecular Biology Laboratory, Heidelberg, Germany.)
with default parameters [28]. Full sequences of five
SIMBF1, thress AtMBF1 and two OsMBF1 proteins were
used to construct the phylogenetic tree using MEGA v7.0
[29]. The Neighbor-Joining method was used with the fol-
lowing parameters: Poisson correction, pairwise deletion,
and bootstrap (1000 replicates; random seed) [30].

Analysis of physical properties, chromosomal localization,
gene structure, conserved motif recognition and response
elements in promoter regions

Physical properties such as theoretical protein isoelectric
point (pI) and molecular weight of the SIMBF1 proteins
were calculated using the ExPASy server’s Compute pl/
Mw tool (http://web.expasy.org/compute_pi/) [31]. The
information of the chromosomal locations and gene
structures were downloaded from the tomato genome
database. The conserved motifs were analyzed using
MEME database (http://meme-suite.org/) [32]. Addition-
ally, the response elements in the promoter regions were
analyzed using the PlantCARE database (http://bioinfor-
matics.psb.ugent.be/webtools/plantcare/html/) [33]. The
chromosomal locations were visualized by Mapchart 2.30
software [34]. The gene structures, conserved motifs and
response elements in the promoter regions were visual-
ized by GSDS Server 2.0 (http://gsds.cbi.pku.edu.cn/).

Plant materials and growth conditions

Tomato (Solanum lycopersicum L. cv ‘SN1’ [35]) seed-
lings were grown in a biotron at Shandong Agricultural
University with a 16h light (28°C)/8h dark (22°C)
photoperiod (18.5 pmol m™?s™'). Four-week-old tomato
seedlings were used for all types of treatments.

Different stresses and hormone treatments

For the salt and drought stress treatment assays, tomato
plants (4-week-old) were transferred into the 10 L tanks
containing half-strength Hoagland nutrient solution and
were maintained in this system for one week before sup-
plementation with NaCl (150 mM) and Polyethylene gly-
col 8000 (20%), as previously described [36]. The tomato
plants were transferred to the incubator for cold treat-
ment at 4°C. The seedling leaves were pressed with
hemostatic forceps for the wounding treatment. The in-
oculation of the tomato plants with B. cinerea (B05.10)
was performed as previously described [17, 23, 37], with
minor modifications. The seedling leaves were spotted
with a single 5-pl droplet of B. cinerea spore suspension
(10° spores/ml) for the pathogen treatment. For the hor-
mone treatments, the seedling leaves were sprayed with
ACC (100puM), SA (2mM), MeJA (100uM), ABA
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(100 uM) and BR (200 uM). The leaves from different to-
mato plants were collected for the qRT-PCR analysis.

RNA isolation and quantitative real-time PCR analysis

The total RNA from tomato leaves was extracted with TRI-
zol Reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. The first-strand cDNA was
synthesized from one microgram of total RNA using a re-
verse transcriptase system (Thermo, Beijing, China), ac-
cording to the manufacturer’s instructions. The reactions
were performed using the SYBR Mixture (Juheme) with an
Applied Biosystems 7500 real-time PCR system (Applied
Biosystems). The PCR assays were conducted with the fol-
lowing parameters: 95 °C for 30s; 40 cycles of 95 °C for 30
s, 60°C for 155, and 72°C for 155s. All of the primers that
were used in the qRT-PCR analysis are listed in Add-
itional file 4: Table S4, some of which came from the previ-
ous studies [24, 38—40]. The tomato Actin2 gene was used
as the internal control. The results were calculated using
the 2724 method [41]. All of the qRT-PCR assays were
conducted in three biological replicates and each biological
replicate had three technical replicates.

Vector construction and plant transformation

For the construction of the overexpressing SIMBFIc vec-
tor, the entire SIMBFIc coding sequence was amplified
using the primers SIMBFlc-F: TATCACAAGACTGG
GAGC and SIMBFlc-R: GTCGTACTACTAGAGGCA.
Then, the amplified products were digested with Xbal
and Kpnl sites and inserted into the pBI121 vector under
the control of the 35S promoter. The 35S: SIMBFIc con-
struct was transferred into the Agrobacterium strain
LBA4404 by electroporation, and the Agrobacterium-
mediated tomato transformation was performed follow-
ing the protocols described by Fillatti et al. [42].

Statistical analysis

All of the error bars for expression levels, represent the
standard deviation (SD) which came from three technical
replicates, except that in the phenotypic analysis of OE lines
which came from six biological replicates. The analysis of
significance level was performed with the Student’s ¢-test at
p< 0.05 using Excel 2010 (Microsoft Cooperation, Wash-
ington, NJ, USA).
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