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Abstract Tomato is one of vegetables crops that has the highest value in the world. Thus, researchers are continually
improving the agronomical traits of tomato fruits. Auxins and gibberellins regulate plant growth and development.
Aux/indole-3-acetic acid 9 (SIIAA9) and the gene encoding the DELLA protein (SIDELLA) are well-known genes that
regulate plant growth and development, including fruit set and enlargement by cell division and cell expansion. The absence
of tomato SIIAA9 and SIDELLA results in abnormal shoot growth and leaf shape and giving rise to parthenocarpy. To
investigate the key regulators that exist up- or downstream of SIIAA9 and SIDELLA signaling pathways for tomato growth
and development, we performed gene co-expression network analysis by using publicly available microarray data to extract
genes that are directly connected to the SITAA9 and SIDELLA nodes, respectively. Consequently, we chose a gene in the
group of heat-shock protein (HSP)70s that was connected with the SIIAA9 node and SIDELLA node in each co-expression
network. To validate the extent of effect of SIHSP70-1 on tomato growth and development, overexpressing lines of the target
gene were generated. We found that overexpression of the targeted SIHSP70-1 resulted in internode elongation, but the
overexpressing lines did not show abnormal leaf shape, fruit set, or fruit size when compared with that of the wild type. Our
study suggests that the targeted SIHSP70-1 is likely to function in shoot growth, like SITAA9 and SIDELLA, but it does not
contribute to parthenocarpy as well as fruit set. Our study also shows that only a single STHSP70 out of 25 homologous genes
could change the shoot length.
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from flowering to ripening that cannot be gained from

Introduction model plants such as Arabidopsis and rice (Koornneef

Tomato (Solanum lycopersicum) is an important
commercial vegetable that belongs to the Solanaceae
family (Tomato Genome Consortium 2012). The tomato
genome consists of 12 chromosomes with a genome size
of 950 Mb that has been completely sequenced by the
Tomato Genome Consortium (2012). This consortium
provides a huge amount of data for genomic researches
and reference genomes for more than 3000 species
(Tomato Genome Consortium 2012). One cultivar of
tomato, namely Micro-Tom, is considered to be a great
model because of its relatively short life cycle, small
size, prolific seed production, and small genome size
with the availability of genetic and genomic resources
(Meissner et al. 1997). In particular, tomato is a typical
climacteric fleshy fruit that shows special characteristics

and Meinke 2010; Shimamoto and Kyozuka 2002).
Understanding the gene functions in tomato can increase
the understanding of the principle and dynamics of
molecular plant physiology, which can be used to create
new valuable agronomic traits for vegetable and fruit
plants (Aoki et al. 2013).

Aux/indole-3-acetic acid 9 (SIIAA9) and SIDELLA are
two well-known genes that are involved in plant growth
and development, including fruit set and enlargement
through cell division and cell expansion (Fuentes
et al. 2012; Fujita et al. 2012; Sun 2010; Wang et al.
2005). SIIAA9 is a member of the Aux/IAA gene family
consisting of 26 genes in tomato plants. SIIAA9 acts as a
transcription factor in the regulation of the expression
of auxin-responsive factors through auxin signaling

Abbreviations: HSP70, heat shock protein 70; OE, over expressing; WT, wild type.
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(Audran-Delalande et al. 2012). Tomato Aux/IAA9
acts as a negative regulator of the auxin response
involved in the controlling of the fruit set by repressing
the transcription of the auxin-responsive and fruit
developmental genes by interacting with Auxin response
factor 7 (ARF7) (de Jong et al. 2009b). Downregulation
in the transcription level of SITAA9 can simplify the
leaf shape and elongate shoot parts, leading to changes
in the plant height. The downregulation also induces
parthenocarpy (Mazzucato et al. 2015; Okabe et al. 2011;
Wang et al. 2005). SIDELLA is a negative regulator of
gibberellin signaling by combining with the gibberellin
receptor GID1 (Yoshida et al. 2014). DELLA has been
suggested to function as a transcriptional activator and
as the fundamental component of the gibberellin-GID1-
DELLA signaling pathway. Procera, a Sldella mutant,
has been reported to show morphological changes in
plant elongation, branching architect, reproductive
organ development, and parthenocarpy (Bassel et al.
2008; Carrera et al. 2012; Lombardi-Crestana et al. 2012;
Marti et al. 2007). The parthenocarpy development
in both Sliaa9 and Sldella mutants has been elucidated
previously by their downstream activities that stimulate
phytohormone-related fruit development through their
direct or indirect crosstalk (Hu et al. 2018). Changes in
the plant architecture in these mutants were investigated.
However, these mechanisms remain unknown.

The rapid development of biotechnology with the
introduction of microarray and RNA sequencing
(RNA-seq) has brought a huge amount of information
from thousands of genes that are obtained from one or
multiple experimental conditions (Horvath et al. 2003;
Schadt et al. 2010; Wang et al. 2009). Gene co-expression
analysis shows potential candidate genes that are related
to plant growth and development (Aoki et al. 2007; Rhee
and Mutwil 2014; Saito et al. 2008; Usadel et al. 2009).
For example, co-expression network analysis has been
utilized to discover genes in enriched co-expression
module(s) related to the flavonoid biosynthetic pathway
and the modules of metabolites associated with fruit
ripening-related traits in tomato (DiLeo et al. 2011;
Ozaki et al. 2010). Besides, the Tomato Functional
Genomics Database (TFGD) provides not only the
fundamental database for functional genomics research
but also a huge resource for microarray, metabolite,
and small RNA-seq data sets for co-expression analysis
based on computational applications (Kudo et al. 2017;
Ohyanagi et al. 2015).

In this study, we conducted gene co-expression
network analysis by using publicly available microarray
data. Potential candidate genes that were directly
connected with SITAA9 and SIDELLA were investigated.
Consequently, a heat-shock protein SIHSP70-1 could
be extracted in each network. To understand the
mechanisms underlying tomato growth, development,

and fruit set such as parthenocarpy, lines overexpressing
the targeted SIHSP70-coding gene were generated.
Phenotyping using the lines were performed to evaluate
the gene functions of the targeted gene by comparing
the growth and development of transgenic plants to
that of wild type (WT) as the control when grown
under no-stress conditions. Overexpression of the
SIHSP70-1 promoted internode elongation, leading
to the production of leggy plants. The findings of our
study show the roles of SIHSP70-1 in tomato growth and
development processes in association with SIJAA9 and
SIDELLA regulations.

Materials and methods

Construction of gene co-expression networks

The data of 307 Affymetrix Tomato GeneChip was acquired
from Gene Expression Omnibus (https://www.ncbi.nlm.nih.
gov/geo/), ArrayExpress (https://www.ebi.ac.uk/arrayexpress/),
and TFGD (http://ted.bti.cornell.edu/), which are the gene
expression databases (Fukushima et al. 2012). To generate
co-expression networks, R (CRAN ver. 3.5.1) software was
used (Team RC and Computing RFfs 2019). The method
of normalization and probe sets removal was performed as
reported by Fukushima et al. (2012). For the ID conversion
of Affymetrix microarray’s probeset-ID and ITAG ID, we
used information in the Sol Genomics Network (ftp://ftp.
solgenomics.net/genomes/Solanum_lycopersicum/microarrays_
mapping-/A-AFFY-87_AffyGeneChipTomatoGenome.
compositeelements_ITAG2.3-GeneID_map-ping.txt). From
this conversion, IDs with one-to-one correspondence were
extracted, and 5228 genes were used for network construction.
The mrnet function from the minet package (Meyer et al.
2008) was used for the construction, and the threshold was set
to 0.05. MRNet generated a network using a feature selection
method called the minimum Redundancy Maximum Relevance
(mRMR) (Meyer et al. 2007).

Network diagram construction, gene ontology
analysis, and distance measurement

Cytoscape ver. 3.7.0 was used for preparing the network
diagram (Shannon et al. 2003). BINGO ver. 3.0.3, an application
of Cytoscape, was used for gene ontology (GO) analysis of
the neighboring genes (Maere et al. 2005). Pesca ver. 3.0, a
Cytoscape application, was used to measure the distances
between each gene in the network. The product name of each
gene was acquired using Panther (http://pantherdb.org/) (Mi
et al. 2013; Thomas et al. 2003).

Sequence analysis

For the molecular description and the phylogenetic analysis
of the SIHSP70-1 gene, genomic and amino acid sequences of
the target gene were download from the Phytozome database
ver.12.1 (available on https://phytozome.jgi.doe.g.,ov/pz/portal.
html) by using a search tool with the keyword “HSP70” for
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gene and “tomato” for species. Amino acid multiple sequence
alignments were performed using ClustalW (https://www.
genome.jp/tools-bin/clustalw). The phylogenic analysis was
inferred using the neighbor-joining method (Saitou and Nei
1987). A phylogenetic tree was constructed using the MEGA7
software, with 1000 replicates for bootstrap test (Kumar et al.
2016). The SIHSP70-1 gene features were visualized with intron,
exon, and UTR compositions using the Gene Structure Display
Server 2.0 (Hu et al. 2015), which is available online on the
website http://gsds.cbi.pku.edu.cn/. The genomic sequences,
CDS sequences, and the amino acid sequences of tomato family
genes are assembled in Supplementary Figure S1.

Plasmid construction and Agrobacterium
introduction
The binary vector pDEST_35S_3fstop_BCKH/BCKK carried
the full-length cDNA of gene SIHSP70 (Solyc06¢076020.2.1)
and the kanamycin-resistance gene (neomycin phospho-
transferase 1I, NPTII) for selection was driven by the CaMV
35S promoter. The plasmid was introduced into the Rhizobium
radiobacter (Agrobacterium) strain LBA4404 using the
electroporation method. Bacterial cells were cultured in
liquid Luria Broth (LB) at 28°C for 1h, and then the cells were
collected by centrifugation using the centrifuge TOMY MX-305
(TOMY, Japan) at 1,000Xg for 5min. Thereafter, the cells were
spread in 1% (w/v) LB agar with 50 mg/]1 kanamycin. The colony
in each petri dish was validated by polymerase chain reactions
(PCRs) in the Bio-rad T100 Thermal Cycler (BIO-RAD, US)
with a specific primer of NPTII for genotyping. The colony
showing positive signal for NPTII was re-cultured in the liquid
LB medium with 100 mg/l kanamycin at 28°C in a shaking
incubator (Bioshaker BR-21FP, TAITEC, Japan) until ODgy, of
0.6-0.8 was achieved for co-cultivation with tomato explants.
Agrobacterium in glycerol stock was stored in —80°C until use.
One day before the inoculation, Agrobacterium was taken
from the colony or glycerol stock of Agrobacterium harboring
the binary vector for 24h at 28°C in 3ml of LB medium
containing 100 mg/1 kanamycin until the ODy, reached 0.6-0.8.
Samples of the bacterial culture were centrifuged at 1,000Xg
for 5min at room temperature and then the supernatant was
discarded. The obtained pellet was re-suspended in an infection
medium consisting of 1.2 g sucrose, 100 4M acetosyringone, and
10 uM mercaptoethanol at pH 5.8. The bacterial suspension was
poured into the petri dish for inoculation.

Transformation

The Agrobacterium strain LBA4404 carrying the SIHSP70-1
gene was transformed into tomato (S. Iycopersicum cv. Micro-
Tom) through cotyledon explants. Cotyledons of 7-day-old
seedlings were cut into two halves, which were dipped and
soaked in the infection medium for 10 min without shaking.
Thereafter, the explants were taken out and excess bacteria
were removed by absorption on a sterilized paper towel for
5min. The explants were placed in a co-cultivation petri plate
containing 30 mg/ml sucrose, 10 uM acetosyringone, 1.5 mg/1
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zeatin, and 3 mg/ml Gelrite in a pH 5.8 medium in the dark
for 2 days at 24°C. After 2 days of co-cultivation, calli were
transferred to a petri plate with Murashige-Skoog (MS) basal
medium containing 30 mg/ml sucrose, 1.5mg/1 zeatin, 100 mg/1
kanamycin, 375 mg/l Augmentin, and 3 g/ Gelrite at pH 5.8 to
induce callus formation at 24°C (16 light/8h dark condition,
16/8 (light/dark), hereafter). The medium was renewed every
10 days. After 3 weeks, 5-7 calli were transferred to a petri
plate with a shoot regeneration medium containing MS
basal medium with 30 mg/ml sucrose, 1 mg/l zeatin, 100 mg/1
kanamycin, 375mg/l Augmentin, and 3 g/l Gelrite at pH 5.8.
Shoots (2-cm long) were transferred to a rooting medium
containing half-strength MS basal medium, 15mg/ml sucrose,
50 mg/l kanamycin, 375mg/l Augmentin, and 3 g/l Gelrite at
pH 5.8 at 24°C (16/8 (light/dark)). Shoots with lateral roots
(approximately 3-4 cm long) were transferred to rock wool
supplied with 1/500 Hyponex 6-10-5 nutrient (HYPONeX
Corp., Japan) for the growth of transgenic plants. The process
of plant transformation was followed, as described previously
(Shikata and Ezura 2016).

Plant growth conditions

Tomato seeds were sterilized in 0.5% (v/v) sodium hypochlorite
solution for 10min. Seeds were washed three times in
sterilized deionized water (each rinse lasted 10 min). Seeds
were germinated in sterilized deionized water for 2 days
before sowing in a magenta box containing MS basal medium
with 30 mg/ml sucrose and 3 g/l gelrite (pH 5.7). Thereafter,
they were placed in the plant growth chamber (BiOTRON
Type LH-350SP, NK System, Taiwan) under fluorescent light
with 120 yumol/m?/s irradiance with 16/8 (light/dark) at 24°C
for 1 week. Transgenic and WT plants were grown in soil in
a growth chamber under the condition of 120 umol/m?*/s light
density and 16/8 (light/dark) duration at 24°C. Water and 1/500
Hyponex 6-10-5 nutrients were supplied every 2 days.

Genotyping

Genotyping of transgenic plants was performed using PCR
in a Bio-rad T100 Thermal Cycler (BIO-RAD, US) with
genomic DNA from leaves of transgenic plants and that of
WT samples with specific primers of a selective gene (NPTII).
Genomic DNA was isolated from the leaves, using cetyl
trimethylammonium bromide (CTAB) method (Doyle 1991).
Primers used for PCR amplification of the selective gene are
shown in Supplementary Table S1. The expected sizes of the
PCR products were 700 bp. PCR conditions were as follows:
pre-incubation at 95°C for 3min, 35 cycles of denaturation at
95°C for 30s, annealing at 58°C for 305, and extension at 72°C
for 30s, followed by a final extension at 72°C for 5min. PCR
products were analyzed on 1.5% agarose gel and visualized
under UV light of 254 nm wavelength.

RNA isolation and real-time quantitative PCR
analysis
Total RNA from frozen tomato plant tissues was extracted using
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TRIzol Reagent (Ambion, US) and treated with TURBO DNA-
free Kit (Invitrogen, US). Samples were collected from young
leaves and stems of 17-day-old plants and ovaries at —2, 0, 2
and 4 days after flowering (DAF), respectively. The young leaves
and stems of Sliaa9 mutant plants were collected at the same
stage with those from transgenic plants and WT plants for
RNA extraction by the same method. The quality of RNA was
assayed by the electrophoresis of total RNA on 1.2% agarose gel.
The cDNA was obtained from 1l total DNA-free RNA using
ReverTra Ace® qQPCR RT Master Mix (Toyobo, Japan).

For real-time PCR analysis, 2.0 ul of 10-fold diluted cDNA
was added to the PCR mixture containing 10uM of each
primer and 5.0l of Fast SYBR™ Green Master Mix (Thermo
Fisher Scientific, US). To investigate the expression level of
SIHSP70-1 in leaves, stems, and fruits of tomato, quantitative
amplifications were performed with specific primers of
HSP70 for tomato, while the ubiquitin gene was used as the
reference gene. To investigate the relationships among SITAA9,
SIDELLA, and SIHSP70, the expression levels of these genes
were evaluated in transgenic plants of SIHSP70, Sliaa9, and WT
and then compared by real-time PCR using specific primers
for each gene. The primers were designed using the computer
program OLIGO 7 Primer Analysis Software (Molecular
Biology Insights, Inc., US). Primer sequences are shown in
Supplementary Table S1. The amplification was conducted as
follows: preheat at 95°C for 3 min, 40 cycles of denaturation
at 95°C for 10s, synthesis at 60°C for 20s, and final extension
at 72°C for 3min in the StepOnePlus™ Real-Time PCR
System (Applied Biosystems, US). The melting temperature
of the product was determined to verify the specificity of the
amplified fragment at the end of PCR. The expression level of
the targeted gene was analyzed by the comparative Ct method
(AACt) using the reference gene (Livak and Schmittgen 2001).
The relative expression of the target gene was compared with
that of WT in the same tissue.

Phenotyping

The length of the whole plant, internodes, and leaves of
transgenic SIHSP70-1 tomato and WT at 60 days after sowing
were measured and compared together in pairs. The number
of leaves and internodes were counted from the ground to the
first inflorescence of each plant. The fruit sizes of the transgenic
tomatoes were measured and compared with that of WT. To
measure the fruit size at 0, 2, 4, 12, and 30 DAF, flowers were
labeled and hand pollinated on the day of anthesis. Then, all the
petals, sepals, and stamens were carefully eliminated to leave the
pistil and the ovary. The morphology of the fruit was observed
under the optical microscope Stemi 2000-CS (Zeiss, Germany)
with 50 folds of magnification and the photos were taken using
the camera AxioCam ERc5s (Zeiss). The size of the fruits was
analyzed and processed using the AxioVision software (Zeiss).

Statistical analysis
The significance of differences in the expression level of
SIHSP70-1 between overexpressing (OE) and WT plants were

assayed by Student’s ¢-test using Graphpad Prism 5.04 software
(GraphPad Software, San Diego California, US) on Windows
10 (64-bit). Significant difference by mean values between
genotypes for the evaluation of phenotypes was assayed
according to the p-value (significant, p=0.05, 0.01, 0.001).
Data were graphically represented as mean value*standard
deviation (SD) of each category for each genotype.

Results

Gene-to-gene correlation networks using publicly
available microarray data

SIIAA9 and SIDELLA are the two key genes that are
involved in auxin and gibberellin signaling. These genes
play important roles in the growth and development
of tomato (de Jong et al. 2009a; Wang et al. 2005).
To investigate the up- or downstream of SIIJAA9 and
SIDELLA, networks around SIIAA9 and SIDELLA were
cut out from each network constructed in the publicly
available microarray data (Figures 1 and 2). The gene co-
expression network comprising 26 genes were directly
connected to SITAA9 as the main hub (Figure 1), while
the network of SIDELLA had direct connection with
seven different genes (Figure 2).

Next, we investigated the neighboring genes of SITAA9
and SIDELLA. Genes directly connected with SITAA9
and SIDELLA in the co-expression networks are listed in
Supplementary Table S2 and Table 1, respectively. Among
the 26 neighboring genes in the SIIAA9 network, nine
genes have been characterized by their functions. The
most prominent one is the gene encoding SIAGAMOUS-
LIKE 11 (AGL11I) transcription factor, which is also
known as the member of the MADS box transcription
factors that plays an important role in the process of
plant growth and development, especially in the timing
of flowering and fruit development (Becker and Theiflen
2003; Puranik et al. 2014; Smaczniak et al. 2012). In
tomato, overexpressing SIAGLII results in abnormal
stamens with poorly viable pollen (Daminato et al.
2014). The gene coding for Ubiquitin-conjugating enzyme
E2 8 (UBC8) was reported to participate in the protein
modification process of protein ubiquitination (Kraft et
al. 2005), while two other genes are involved in the sugar
metabolism in tomato (Cai et al. 2018; Wong et al. 1990).

The analysis of the neighboring genes in the SIDELLA
network showed seven genes that were directly connected
to the SIDELLA node. The gene SAMDC3 encoding
S-adenosylmethionine decarboxylase proenzyme 3
(EC 4.1.1.50) is vital for the biosynthesis of polyamines
in the S-adenosylmethionine biosynthesis pathway
(Majumdar et al. 2017). The gene encoding constitutive
photomorphogenesis 9 (COP9) signalosome complex
subunit 4, a component of the COP9 signalosome
complex, is involved in various cellular and developmental
processes related to phytohormone auxin responses
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Figure 2. The co-expression network of the SIDELLA-neighboring
genes The first and second neighboring genes of SIDELLA were drawn
using the same method of the SITAA9-network generation.

(Wang et al. 2003). The gene Solyc06¢076020.2.1 that was
annotated as heat-shock protein 70 SIHSP70-1 appears
to have a direct connection with SIDELLA. In general,
genes of the HSP70 family are often expressed in response
to stresses such as heat or drought stresses (Zhang et al.
2015). The direct connection between SIHSP70-1 and
SIDELLA generates a new hypothesis that SIHSP70-1 in
association with SIDELLA might be involved in tomato
plant growth and development.

Next, we investigated the distance between the
targeted SIHSP70-1 and SIIAA9 and between SIHSP70-1
and SIDELLA, respectively. SIDELLA was directly
connected to the SIHSP70-1 gene, although the

distance from SIIAA9 to SIHSP70-1 was three hops
(Supplementary Table S3). Moreover, the distance from
SIIAA9 to SIDELLA was three hops. As the average of
the gene-to-gene distance in the network was 2.615 in
this network, the distance between SIHSP70-1 and
SIDELLA was greater than the connectivity of SIHSP70-1
and SITAA9 and SIIAA9 and SIHSP70-1. Further, the
overlaying of the SILAA9 and SIDELLA networks could
extract the SIHSP70-1 that was potentially useful because
this was the only gene to show direct connection with
SIDELLA within other SIHSP70s on the microarray
chip (Supplementary Table S3). We thus focused on the
SIHSP70-1 gene for further analysis.

The results of GO enrichment analysis showed that the
over-presented GO terms linked to SIIAA9 neighboring
genes were involved in various functions (Supplementary
Table S4). In the SIDELLA neighboring genes, GO terms
such as protein binding and proteasome complex were
over-represented (Supplementary Table S5).

Molecular characterization of the targeted
SIHSP70-1 on the tomato genome

Based on the genetic sequence of tomato from the
Phytozome database, 25 genes were predicted to be
in the SIHSP70 gene family (Supplementary Table
S6). Twenty-one genes were contained in the Interpro
domain IPR013126, while four genes were contained in
the Interpro domain IPR012725 for DnaK chaperone.
This chaperone was a member of the homologous
subfamily in HSP70s that was often expressed in bacteria
(Genevaux et al. 2007). The targeted SIHSP70-1 gene,
Solyc06¢076020.2.1, was located on chromosome six in

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

147



148 Comparative network analysis to extract SIHSP70-1

Table 1. The nearest neighbour gene group of SIDELLA gene. Gene names are at Planther (http://pantherdb.org/). IDs are base on iTAG 2.3.

Mapped ID Gene name/gene symbol PANTHER family/subfamily PANTHER protein class
Solyc03g006820 Uncharacterized protein Fi16820p1-related (PTHR10869:SF123)
Solyc09g014280 Uncharacterized protein Subfamily not named (PTHR31896:SF5)
Solyc05g010420 S-adenosylmethionine S-Adenosylmethionine Decarboxylase Proenzyme 3 Decarboxylse (PC00089)
decarboxylase proenzyme (PTHR11570:SF15)
Solyc11g011260 DELLA protein GAI DELLA protein RGL1-related (PTHR31636:SF47)
Solyc03g111330 Uncharacterized protein Subfamily not named (PTHR47525:SF1)
Solyc06g076020 Uncharacterized protein Subfamily not named (PTHR19375:SF255)
Solyc04g080160 Uncharacterized protein COP9 signalosome complex subunit 4 (PTHR10855:SF2)

the tomato genome. The phylogenetic tree constructed
by the alignment of the amino acid sequences of HSP70s
showed that the protein of the targeted gene showed
similarity with the other three genes in the gene family
located on chromosome nine (Solyc09g010630.2.1), ten
(Solyc10g086410.2.1), and eleven (Solyc11g066060.1.1).
The tree showed that they might share their biological
functions although the functions of these genes are still
uncharacterized (Supplementary Figure S1A). The target
gene is also named as SIHSC70-1, which was expressed
under stress conditions such as heat stress (Duck et al.
1989). The Solyc06¢076020.2.1 gene was classified in
heat-shock cognate 70 (SIHSC70-1) along with the gene
Solyc10g086410.2.1 (SIHSC70-2) and two isoforms of
SIHSC70-3 (Solyc04g011440.2.1 and Solyc09¢010630.2.1).
The four gene structures had the same number of introns
and exons and were of similar length (Supplementary
Figure S1B).

Overexpression of the targeted SIHSP70-1
promoted tomato internode elongation but did
not affect the leaf shape

To characterize the physiological functions of the
targeted SIHSP70-1 gene, a full-length cDNA of this gene
was introduced into tomato cv. Micro-Tom. Thirteen
transformants (T,) regenerated from kanamycin-
resistant calli contained the targeted SIHSP70-1 inserted
gene. T, transgenic lines with the introduced mRNA
of the targeted SIHSP70-1 were screened to choose
the homozygous mutants (Supplementary Figure S2).
Homozygous mutant plants of the T; generation of two
transgenic lines (S10 and S13) were used for phenotyping
during the vegetative and reproductive stages.

The main shoot of the overexpressing SIHSP70-OE
was longer than that of the controls (WT plants) (Figure
3, Supplementary Figure S3A). After two months of
cultivation, the average plant height of the control plants
was 137.4+10.95mm (mean*SD), while the average
plant height of SIHSP70-OE (S13) was 183.46+46.26 mm
(Figure 3A), suggesting that the SIHSP70-OE plant shoots
were significantly higher (133.6%, p=0.02) than that of
WT (Figure 3B). The transgenic line S10 was also higher
(120%, p=0.01) than WT (Supplementary Figure S3B).

For further analysis, the length of the internodes (from
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Figure 3. The shoot height of the SIHSP70-OE plant. A) The
visible phenotype of the SIHSP70-OE and WT plants at 60 DAF. B)
Mean values of plant height of the SIHSP70-OE and WT. Asterisks
representative for significant difference with * p<<0.05, ** p<<0.01
according to Student’s ¢-test carried out on raw data. Bar indicates mean
values of six biological replicates=SD.

cotyledon to the first inflorescence) of six independent
plants of SIHSP70-OE were measured and then compared
with those of WT at the same position. The length of
nine internode positions of each SIHSP70-OE (line S13)
as well as those of WT was compared. The internodes of
SIHSP70-OE tended to be longer than that of WT, and
the most remarkable difference in the internode length
between the SIHSP70-OE and WT was observed in
the fifth and sixth internode length (Figure 4A-C). A
comparison of the fifth and sixth internode lengths of the
transgenic plants of line S13 showed 147.2% (p=0.0023)
and 143.2% (p=0.0065) increase, respectively, over
that of the WT plants in the same position (Figure
4C). Similarly, the transgenic line S10 showed longer
internodes than WT (Supplementary Figure S4A, B); in
particular, the eighth internode had 207% length of that
in WT plants (p=0.0004) (Supplementary Figure $4D).
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Figure 4. Comparison of the internode length of SIHSP70-OE and
WT plants. A) Morphological phenotypes of 5th and 6th internodes
of WT at 60 DAS. B) Morphological phenotypes of 5th and 6th
internodes of SIHSP70-OE plant at 60 DAS. C) Comparison the length
of internode of SIHSP70-OE and WT by each internode position.
Internode position was set from cotyledon (the first) to top (the 9th)
of the plant. Bar indicates the mean value of the internode length of the
six independent plants for each genotype*=SD. D) Comparison of the
SIHSP70-1 expression level in the internode of SIHSP70-OE and WT.
Bar indicates the mean value of the three biological replications for each
genotype®=SD (*), (¥*), (¥***) representative for significant difference
at p-value less than 0.05, 0.01 and 0.001 by Students ¢-test, respectively.

The expression level of SIHSP70-OE in the stems of the
transgenic mutants was higher than that of SIHSP70-OE
in WT stems (Figure 4B, Supplementary Figure S4C).
Since the high expression of SIHSP70-1 gene leads to a
longer internode in transgenic plants, it is suggested that
this gene might promote internode elongation via cell
division or elongation in tomato.

Next, we compared the morphological phenotypes of
SIHSP70-OE and Sliaa9 mutant plants. The shoot length
of Sliaa9 mutants was significantly longer than that of
WT with 135% increase in length (p=0.0014) under the
same condition, while the shoot length of SIHSP70-OE
and Sliaa9 mutants showed a similar trend (p=0.0661)
(Supplementary Figure S5). The differences in the lengths
generate a hypothesis that SIHSP70-1 in association with
SITAA9 might also be involved in phytohormone signals
in controlling the growth and development of tomato
plants (Goda et al. 2004)

To investigate the effects of SIHSP70-1 on leaf size and
structure, true leaves from the first to the ninth leaf node
position of the mutants at 30 DAF were compared with
those of WT. The mutants and WT showed considerable
similarity in the appearance of leaf structures as well as
leaf complexity at each leaf position (Supplementary
Figure S6A, Supplementary Figure S7A). The leaf lengths
of the mutants were also compared with those of WT.
Although the relative expression level of the SIHSP70-1
gene in the transgenic plants was double that of the
SIHSP70-1 gene of WT (Supplementary Figure S6B,
Supplementary Figure S7B), there were no significant
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differences in the leaf sizes between the SIHSP70-OE and
WT plants (Supplementary Figure S6C, Supplementary
Figure S7C). Our study shows that the SIHSP70-1
expression level did not have any considerable effect on
tomato leaf morphology.

SIHSP70-1 showed no effect on fruit set,
formation, and development

In order to investigate the effects of SIHSP70-1 on tomato
fruit set and the first flowering period, the number of
flowers and fruits were observed to calculate the fruit set
rate in the SIHSP70-OE and WT. Our findings showed
that the blooming of transgenic plants started earlier
than that of WT (Supplementary Figure S8A). However,
though the number of flowers and fruits in WT plants
was more than that in transgenic plants (Supplementary
Figure S8B, C), there was no significant difference
in the fruit set rate between SIHSP70-OE and WT
(Supplementary Figure S8D).

For evaluating the effects of the targeted gene on
fruit formation, the size of the transgenic fruits at 0, 2,
and 4 DAF were measured and compared with that of
WT (Supplementary Figure S9A). At four days after
anthesis, the level of SIHSP70-1 in the transgenic fruits
was significantly higher than that of WT (Supplementary
Figure S9B), while the sizes of the transgenic and WT
fruits were not significantly different. This finding
suggested that the high expression of the SIHSP70-1
gene did not contribute much to the fruit formation. The
mutant and WT fruits showed almost similar sizes at
each time period (Supplementary Figure S9C, D). Fruit
sizes of SIHSP70-OE plants and WT were compared
at 12 DAF and 30 DAF periods. There were no clear
differences in the fruit sizes of the SIHSP70-OE lines and
WT. In summary, these results suggested that the high
expression of the targeted SIHSP70-1 did not clearly
contribute to tomato fruit development (Supplementary
Figure S9E, F).

mRNA content of SIIAA9, SIDELLA,
SIHSP70-1 in the SIHSP70-OE tomato
To assess the relationships among SIIAA9, SIDELLA,
and SIHSP70-1 in plant growth and development, we
quantified the expression level of SIIAA9 and SIDELLA
genes in the leaves, stems, and fruit tissues of the
transgenic plants of SIHSP70-1 and WT. Our findings
showed that the gene SIIAA9 was highly expressed in
the leaves of the transgenic plants compared to that in
WT plants (p=0.016), while the mRNA content of
SITAA9 showed no significant changes in the stem tissue
(p=0.063; Figure 5A). Meanwhile, the SIDELLA gene
was also highly expressed in the leaves of the transgenic
plants (p=0.0286) but not in the stems of the transgenic
plants (p=0.0168) (Figure 5B).

To evaluate the role of SIIAA9 in the expression
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Figure 5. Quantification of mRNA content of SIIAA9, SIDELLA
and SIHSP70-1. The expression levels of A) SIIAA9 and B) SIDELLA
in leaves and stems of SIHSP70-OE plants comparing to WT. C) The
expression level of SIHSP70-1 in leaves and stems of SIHSP70-OE,
Sliaa9 mutant and WT plants. Bar indicates the mean value®=SD of the
three biological replications=SD. (¥), (**) showed the significance at
p<<0.05, p<<0.001 by Student’s ¢-test.

of SIHSP70-1, we quantified the expression level of
SIHSP70-1 gene in the leaves and stems of the Sliaa9
mutant plants and subsequently compared the levels with
that of WT. The SIHSP70-1 gene in the SIHSP70-OE and
that in Sliaa9 were more highly expressed in both tissues
than in WT (Figure 5C). This result shows the hidden
relationships between SIIAA9 and SIHSP70-1 genes in
the leaves and stems of tomato plants. These results also
suggest that the expression level of the SIHSP70-1 gene
was likely to be suppressed in the presence of SIIAA9
gene. This gene expression seemed to be up-regulated
when the SITAA9 level was down-regulated (Figure 5C).

Discussion

Gene co-expression networks focusing on
phytohormone-related genes can extract candidate
genes related to tomato growth and development

Gene co-expression networks can be utilized to analyze
a big dataset of DNA microarray or RNA-seq for several
purposes such as discovering new candidate genes that
have specific functions in a biological process, functional
annotation, and identifying the regulating elements (van
Dam et al. 2018). Therefore, gene co-expression networks
are often used to clarify individual objectives for various
plant species (Rao et al. 2019; Tai et al. 2018; Wisecaver
et al. 2017). Depending on the different objectives, many
internet-based packages have been built to analyze the
gene expression data (Langfelder and Horvath 2008; Liu
et al. 2010). In this study, the minet package was applied
to construct the co-expression network of SIIAA9 and
SIDELLA from a public microarray dataset. MRNet
utilized a method of maximum relevance/minimum
redundancy feature selection to decide the candidate
genes based on its highly relevant selection criteria

(Meyer et al. 2007). GO enrichment analysis showed that
genes connecting to SIIAA9 and to SIDELLA have GO
terms related to plant growth and development functions
in both networks. The greater number of correlated
genes with SIIJAA9 in the SIIAA9 network than that of
the SIDELLA indicated that SIIAA9 may participate in
more biological processes at the transcript levels than
SIDELLA. Since the complex SIIAA9 network contained
many uncharacterized genes, it was difficult to find out
which candidate gene(s) should be chosen for further
analysis (Figure 1). However, the association between the
targeted SIHSP70-1 and SIDELLA with direct connection
suggested that SIHSP70-1 might have a strong correlation
with SIDELLA that acts as a hub in the SIDELLA network
(Figure 2). The integrated analysis of the networks
of SITAA9 and SIDELLA highlighted SIHSP70-1 as
a potential target for further analysis. The targeted
SIHPS70 gene was directly connected with SIDELLA.
As we mentioned above, the SITAA9 network showed
complex connections. The integrated network approach
described here suggests a possibility to find candidate
genes that may act as key genes for phytohormones in
tomato (He and Maslov 2016; Obayashi et al. 2018; Serin
etal. 2016).

SIHSP70-1 may regulate internode elongation
that might orchestrate with SIIAA9
The targeted gene SIHSP70-1 belonging to the HSP70
family in tomato was expressed in most of the organs
with various expression levels (Koenig et al. 2013)
(Supplementary Figure S10, Supplementary Table S7).
The abundant expression of the targeted SIHSP70-1 in
both vegetative and reproductive tissues suggested that
the gene family is likely to play roles in tomato growth,
development, and fruit ripening (Duck et al. 1989).
There are 18 genes in the AtHSP70 family of which 14
genes are classified in the DnaK subfamily while 4 genes
are classified in the Hsp110/SSE subfamily (Sung et al.
2001). Of these, two orthologous genes of SIHSP70-1
in Arabidopsis were elucidated to uncover their
physiological roles in plant growth and development,
senescence, response to immunity, and heat-shock
tolerance (Clément et al. 2011; Li et al. 2016; Noél et
al. 2007; Sung et al. 2001). The two genes, AtHSP70-1
(AT5G02500.1) and AtHSP70-2 (AT5G02490.1),
exhibited 80% identity in genomic sequence and 92%
identity in amino acid sequence. Moreover, both genes
and the targeted gene showed high similarity in the
amino acid sequence (80%) at the genomic level. The
target gene SIHSP70-1 (Solyc06¢076020.2.1) showed
80% identity with gene AtHSP70-1 (AT5G02500.1).
This suggests that SIHSP70-1 may contribute to other
physiological events although further investigations are
required.

The internode elongation length of the SIHSP70-OE

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology



and Sliaa9 mutants may involve cell elongation and/
or division in tomato stem. Cell division and elongation
are closely related to phytohormone signals, particularly
auxin and gibberellin, in which auxin signals promote
the activity of auxin-responsive genes directly or
via intermediates through gibberellin biosynthesis
(Campanoni and Nick 2005; Ross et al. 2000; van den
Heuvel et al. 2001). The functions of SIIAA9 and SIDELLA
were revealed not only in the process of fruit formation
and development but also in the growth of other organs
of the tomato plant (Bassel et al. 2008; Wang et al.
2005). The SIIAA9 was highly expressed in most organs
of the tomato plants (Koenig et al. 2013). The point and
antisense mutants showed remarkable simplification in
leaf structure and internode elongation in tomato (Wang
et al. 2005; Zhang et al. 2007). SIDELLA also contributed
to morphological changes in leaves and internode
elongation (Bassel et al. 2008; Nir et al. 2017). In this
study, the expression levels of SITAA9 and SIDELLA in
SIHSP70-OE leaves were significantly higher than those
in WT leaves (Figure 5A, B). The low expression level
of SITAAY in the leaves was observed in WT tomato
(Koenig et al. 2013). SIDELLA was expressed differently
in distinct organs, in which the expression levels in the
leaves were extremely lower than those in the flowers and
stems. These findings implied that the high expression of
the SIIAA9 and SIDELLA in SIHSP70-OE leaves seems to
maintain a stable leaf morphology in tomato.

High expression of the SIHSP70-1 gene in the
SIHSP70-OE and Sliaa9 mutants in stems was associated
with internode elongation in tomato (Figure 5C).
These results suggested that the expression of the
targeted SIHSP70-1 probably contributed to healthy
stem elongation in tomato. Further investigations are
necessary to understand how the SIHSP70-1 gene affects
specific phenotypes of Sliaa9 and Sldella mutants.

Acknowledgements

These plant materials of WT tomato cultivar Micro. Tom and Sliaa9
mutant were provided by Tsukuba-Plant Innovation Research
Center (T-PIRC), University of Tsukuba, through the National Bio-
Resource Project (NBRP) of the Japan Agency for Research and
Development (AMED), Japan. This research was partly supported
by the “Sustainable Food Security Research Project” in the form
of an operational grant from the National University Corporation.
Authors are grateful to members of the Metabolic Network Biology
laboratory, Gene Research Center at University of Tsukuba (Japan)
for all kindly supporting of facilities this study. The authors would
like to thank Enago (www.enago.jp) for the English language
review.

Conflict of interest

The authors declare that they have no conflict of interest.

N.T. Vuetal

Author contributions

MK supervised the study. MK, NTV, KK, NW carried out the
experiments, analyzed and interpreted the results. TA and
SH provided Sliaa9 mutant line and TA and HE provided
Agrobacterium strain. KK and AF conducted gene co-expression
network analysis. NTV, KK and MK prepared the manuscript. All
authors have read and approved the manuscript.

References

Aoki K, Ogata Y, Igarashi K, Yano K, Nagasaki H, Kaminuma E,
Toyoda A (2013) Functional genomics of tomato in a post-
genome-sequencing phase. Breed Sci 63: 14-20

Aoki K, Ogata Y, Shibata D (2007) Approaches for extracting
practical information from gene co-expression networks in plant
biology. Plant Cell Physiol 48: 381-390

Audran-Delalande C, Bassa C, Mila I, Regad F, Zouine M,
Bouzayen M (2012) Genome-wide identification, functional
analysis and expression profiling of the Aux/IAA gene family in
tomato. Plant Cell Physiol 53: 659-672

Bassel GW, Mullen RT, Bewley JD (2008) procera is a putative
DELLA mutant in tomato (Solanum lycopersicum): Effects on the
seed and vegetative plant. ] Exp Bot 59: 585-593

Becker A, Theiflen G (2003) The major clades of MADS-box genes
and their role in the development and evolution of flowering
plants. Mol Phylogenet Evol 29: 464-489

Cai B, Li Q, Liu E Bi H, Ai X (2018) Decreasing fructose-1,6-
bisphosphate aldolase activity reduces plant growth and
tolerance to chilling stress in tomato seedlings. Physiol Plant 163:
247-258

Campanoni P, Nick P (2005) Auxin-dependent cell division
and cell elongation: 1-Naphthaleneacetic
2,4-dichlorophenoxyacetic acid activate different pathways. Plant
Physiol 137: 939-948

Carrera E, Ruiz-Rivero O, Peres LEP, Atares A, Garcia-Martinez
JL (2012) Characterization of the procera tomato mutant shows
novel functions of the SIDELLA protein in the control of
flower morphology, cell division and expansion, and the auxin-
signaling pathway during fruit-set and development. Plant
Physiol 160: 1581-1596

Clément M, Leonhardt N, Droillard M]J, Reiter I, Montillet JL,
Genty B, Lauriére C, Nussaume L, Noél LD (2011) The cytosolic/
nuclear HSC70 and HSP90 molecular chaperones are important
for stomatal closure and modulate abscisic acid-dependent
physiological responses in Arabidopsis. Plant Physiol 156:
1481-1492

Daminato M, Masiero S, Resentini F, Lovisetto A, Casadoro G
(2014) Characterization of TM8, a MADS-box gene expressed in
tomato flowers. BMC Plant Biol 14: 319

de Jong M, Mariani C, Vriezen WH (2009a) The role of auxin and
gibberellin in tomato fruit set. J Exp Bot 60: 1523-1532

de Jong M, Wolters-Arts M, Feron R, Mariani C, Vriezen WH
(2009b) The Solanum lycopersicum auxin response factor 7
(SIARF?7) regulates auxin signaling during tomato fruit set and
development. Plant ] 57: 160-170

DiLeo MV, Strahan GD, den Bakker M, Hoekenga OA (2011)
Weighted Correlation Network Analysis (WGCNA) applied to
the tomato fruit metabolome. PLoS One 6: 26683

Doyle J (1991) DNA Protocols for plants. In: Hewitt GM, Johnston
AWB, Young JPW (eds) Molecular Techniques in Taxonomy. vol.
57, Springer, Berlin, Heidelberg, pp 283-293

acid and

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

151


http://dx.doi.org/10.1270/jsbbs.63.14
http://dx.doi.org/10.1270/jsbbs.63.14
http://dx.doi.org/10.1270/jsbbs.63.14
http://dx.doi.org/10.1093/pcp/pcm013
http://dx.doi.org/10.1093/pcp/pcm013
http://dx.doi.org/10.1093/pcp/pcm013
http://dx.doi.org/10.1093/pcp/pcs022
http://dx.doi.org/10.1093/pcp/pcs022
http://dx.doi.org/10.1093/pcp/pcs022
http://dx.doi.org/10.1093/pcp/pcs022
http://dx.doi.org/10.1093/jxb/erm354
http://dx.doi.org/10.1093/jxb/erm354
http://dx.doi.org/10.1093/jxb/erm354
http://dx.doi.org/10.1016/S1055-7903(03)00207-0
http://dx.doi.org/10.1016/S1055-7903(03)00207-0
http://dx.doi.org/10.1016/S1055-7903(03)00207-0
http://dx.doi.org/10.1111/ppl.12682
http://dx.doi.org/10.1111/ppl.12682
http://dx.doi.org/10.1111/ppl.12682
http://dx.doi.org/10.1111/ppl.12682
http://dx.doi.org/10.1104/pp.104.053843
http://dx.doi.org/10.1104/pp.104.053843
http://dx.doi.org/10.1104/pp.104.053843
http://dx.doi.org/10.1104/pp.104.053843
http://dx.doi.org/10.1104/pp.112.204552
http://dx.doi.org/10.1104/pp.112.204552
http://dx.doi.org/10.1104/pp.112.204552
http://dx.doi.org/10.1104/pp.112.204552
http://dx.doi.org/10.1104/pp.112.204552
http://dx.doi.org/10.1104/pp.112.204552
http://dx.doi.org/10.1104/pp.111.174425
http://dx.doi.org/10.1104/pp.111.174425
http://dx.doi.org/10.1104/pp.111.174425
http://dx.doi.org/10.1104/pp.111.174425
http://dx.doi.org/10.1104/pp.111.174425
http://dx.doi.org/10.1104/pp.111.174425
http://dx.doi.org/10.1186/s12870-014-0319-y
http://dx.doi.org/10.1186/s12870-014-0319-y
http://dx.doi.org/10.1186/s12870-014-0319-y
http://dx.doi.org/10.1093/jxb/erp094
http://dx.doi.org/10.1093/jxb/erp094
http://dx.doi.org/10.1111/j.1365-313X.2008.03671.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03671.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03671.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03671.x
http://dx.doi.org/10.1371/journal.pone.0026683
http://dx.doi.org/10.1371/journal.pone.0026683
http://dx.doi.org/10.1371/journal.pone.0026683

152

Comparative network analysis to extract SIHSP70-1

Duck N, McCormick S, Winter ] (1989) Heat shock protein hsp70
cognate gene expression in vegetative and reproductive organs of
Lycopersicon esculentum. Proc Natl Acad Sci USA 86: 3674-3678

Fuentes S, Ljung K, Sorefan K, Alvey E, Harberd NP, Ostergaard L
(2012) Fruit growth in Arabidopsis occurs via DELLA-dependent
and DELLA-independent gibberellin responses. Plant Cell 24:
3982-3996

Fyjita K, Horiuchi H, Takato H, Kohno M, Suzuki S (2012) Auxin-
responsive grape Aux/TAA9 regulates transgenic Arabidopsis
plant growth. Mol Biol Rep 39: 7823-7829

Fukushima A, Nishizawa T, Hayakumo M, Hikosaka S, Saito K,
Goto E, Kusano M (2012) Exploring tomato gene functions
based on coexpression modules using graph clustering and
differential coexpression Approaches. Plant Physiol 158:
1487-1502

Genevaux P, Georgopoulos C, Kelley WL (2007) The Hsp70
chaperone machines of Escherichia coli: A paradigm for the
repartition of chaperone functions. Mol Microbiol 66: 840-857

Goda H, Sawa S, Asami T, Fujioka S, Shimada Y, Yoshida S
(2004) Comprehensive comparison of auxin-regulated and
brassinosteroid-regulated genes in Arabidopsis. Plant Physiol
134: 1555-1573

He F, Maslov S (2016) Pan- and core-network analysis of co-
expression genes in a model plant. Sci Rep 6: 38956

Horvath DP, Schaffer R, West M, Wisman E (2003) Arabidopsis
microarrays identify conserved and differentially expressed
genes involved in shoot growth and development from distantly
related plant species. Plant ] 34: 125-134

Hu B, Jin ], Guo AY, Zhang H, Luo J, Gao G (2015) GSDS 2.0: An
upgraded gene feature visualization server. Bioinformatics 31:
1296-1297

Hu J, Israeli A, Ori N, Sun T (2018) The interaction between
DELLA and ARF/TAA mediates crosstalk between gibberellin
and auxin signaling to control fruit initiation in tomato. Plant
Cell 30: 1710-1728

Koenig D, Jiménez-Gémez JM, Kimura S, Fulop D, Chitwood DH,
Headland LR, Kumar R, Covington MFE, Devisetty UK, Tat AV,
et al. (2013) Comparative transcriptomics reveals patterns of
selection in domesticated and wild tomato. Proc Natl Acad Sci
USA 110: E2655-E2662

Koornneef M, Meinke D (2010) The development of Arabidopsis as
a model plant. Plant J 61: 909-921

Kraft E, Stone SL, Ma L, Su N, Gao Y, Lau O-S, Deng X-W, Callis
J (2005) Genome analysis and functional characterization
of the E2 and RING-type E3 ligase ubiquitination enzymes of
Arabidopsis. Plant Physiol 139: 1597-1611

Kudo T, Kobayashi M, Terashima S, Katayama M, Ozaki S,
Kanno M, Saito M, Yokoyama K, Ohyanagi H, Aoki K, et al.
(2017) TOMATOMICS: A web database for integrated omics
information in tomato. Plant Cell Physiol 58: e8

Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular
evolutionary genetics analysis version 7.0 for bigger datasets. Mol
Biol Evol 33: 1870-1874

Langfelder P, Horvath S (2008) WGCNA: An R package for
weighted correlation network analysis. BMC Bioinformatics 9:
559

Li L, Xing Y, Chang D, Fang S, Cui B, Li Q, Wang X, Guo S, Yang
X, Men S, et al. (2016) CaM/BAG5/Hsc70 signaling complex
dynamically regulates leaf senescence. Sci Rep 6: 31889

Liu BH, Yu H, Tu K, Li C, Li YX, Li YY (2010) DCGL: An R
package for identifying differentially coexpressed genes and
links from gene expression microarray data. Bioinformatics 26:

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

2637-2638

Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the 2-AACt
method. Methods 25: 402-408

Lombardi-Crestana S, da Silva Azevedo M, e Silva GFF, Pino LE,
Appezzato-da-Gloria B, Figueira A, Nogueira FT, Peres LE
(2012) The Tomato (Solanum lycopersicum cv. micro-tom)
natural genetic variation Rgl and the DELLA mutant procera
control the competence necessary to form adventitious roots and
shoots. ] Exp Bot 63: 5689-5703

Maere S, Heymans K, Kuiper M (2005) BiNGO: A Cytoscape
plugin to assess overrepresentation of gene ontology categories in
biological networks. Bioinformatics 21: 3448-3449

Majumdar R, Shao L, Turlapati SA, Minocha SC (2017)
Polyamines in the life of Arabidopsis: Profiling the expression
of S-adenosylmethionine decarboxylase (SAMDC) gene family
during its life cycle. BMC Plant Biol 17: 264

Marti C, Orzdez D, Ellul P, Moreno V, Carbonell ], Granell A (2007)
Silencing of DELLA induces facultative parthenocarpy in tomato
fruits. Plant J 52: 865-876

Mazzucato A, Cellini E Bouzayen M, Zouine M, Mila I, Minoia S,
Petrozza A, Picarella ME, Ruiu E, Carriero F (2015) A TILLING
allele of the tomato Aux/IAA9 gene offers new insights into fruit
set mechanisms and perspectives for breeding seedless tomatoes.
Mol Breed 35: 22

Meissner R, Jacobson Y, Melamed S, Levyatuv S, Shalev G, Ashri
A, Elkind Y, Levy A (1997) A new model system for tomato
genetics. Plant ] 12: 1465-1472

Meyer PE, Kontos K, Lafitte F, Bontempi G (2007) Information-
theoretic inference of large transcriptional regulatory networks.
EURASIP ] Bioinform Syst Biol 2007: 79879

Meyer PE, Lafitte F, Bontempi G (2008) Minet: A R/bioconductor
package for inferring large transcriptional networks using
mutual information. BMC Bioinformatics 9: 461

Mi H, Muruganujan A, Thomas PD (2013) PANTHER in 2013:
Modeling the evolution of gene function, and other gene
attributes, in the context of phylogenetic trees. Nucleic Acids Res
41(D1): D377-D386

Nir I, Shohat H, Panizel I, Olszewski N, Aharoni A, Weiss D (2017)
The tomato DELLA protein PROCERA acts in guard cells to
promote stomatal closure. Plant Cell 29: 3186-3197

Noél LD, Cagna G, Stuttmann J, Wirthmiiller L, Betsuyaku S, Witte
C-P, Bhat R, Pochon N, Colby T, Parker JE (2007) Interaction
between SGT1 and cytosolic/nuclear HSC70 chaperones
regulates Arabidopsis immune responses. Plant Cell 19:
4061-4076

Obayashi T, Aoki Y, Tadaka S, Kagaya Y, Kinoshita K (2018)
ATTED-II in 2018: A plant coexpression database based on
investigation of the statistical property of the mutual rank index.
Plant Cell Physiol 59: e3—e3

Ohyanagi H, Takano T, Terashima S, Kobayashi M, Kanno M,
Morimoto K, Kanegae H, Sasaki Y, Saito M, Asano S, et al.
(2015) Plant omics data center: An integrated web repository for
interspecies gene expression networks with NLP-based curation.
Plant Cell Physiol 56: €9

QOkabe Y, Asamizu E, Saito T, Matsukura C, Ariizumi T, Bres C,
Rothan C, Mizoguchi T, Ezura H (2011) Tomato TILLING
technology: Development of a reverse genetics tool for the
efficient isolation of mutants from Micro-Tom mutant libraries.
Plant Cell Physiol 52: 1994-2005

Ozaki S, Ogata Y, Suda K, Kurabayashi A, Suzuki T, Yamamoto N,
Tijima Y, Tsugane T, Fujii T, Konishi C, et al. (2010) Coexpression


http://dx.doi.org/10.1073/pnas.86.10.3674
http://dx.doi.org/10.1073/pnas.86.10.3674
http://dx.doi.org/10.1073/pnas.86.10.3674
http://dx.doi.org/10.1105/tpc.112.103192
http://dx.doi.org/10.1105/tpc.112.103192
http://dx.doi.org/10.1105/tpc.112.103192
http://dx.doi.org/10.1105/tpc.112.103192
http://dx.doi.org/10.1007/s11033-012-1625-9
http://dx.doi.org/10.1007/s11033-012-1625-9
http://dx.doi.org/10.1007/s11033-012-1625-9
http://dx.doi.org/10.1104/pp.111.188367
http://dx.doi.org/10.1104/pp.111.188367
http://dx.doi.org/10.1104/pp.111.188367
http://dx.doi.org/10.1104/pp.111.188367
http://dx.doi.org/10.1104/pp.111.188367
http://dx.doi.org/10.1111/j.1365-2958.2007.05961.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05961.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05961.x
http://dx.doi.org/10.1104/pp.103.034736
http://dx.doi.org/10.1104/pp.103.034736
http://dx.doi.org/10.1104/pp.103.034736
http://dx.doi.org/10.1104/pp.103.034736
http://dx.doi.org/10.1038/srep38956
http://dx.doi.org/10.1038/srep38956
http://dx.doi.org/10.1046/j.1365-313X.2003.01706.x
http://dx.doi.org/10.1046/j.1365-313X.2003.01706.x
http://dx.doi.org/10.1046/j.1365-313X.2003.01706.x
http://dx.doi.org/10.1046/j.1365-313X.2003.01706.x
http://dx.doi.org/10.1093/bioinformatics/btu817
http://dx.doi.org/10.1093/bioinformatics/btu817
http://dx.doi.org/10.1093/bioinformatics/btu817
http://dx.doi.org/10.1105/tpc.18.00363
http://dx.doi.org/10.1105/tpc.18.00363
http://dx.doi.org/10.1105/tpc.18.00363
http://dx.doi.org/10.1105/tpc.18.00363
http://dx.doi.org/10.1073/pnas.1309606110
http://dx.doi.org/10.1073/pnas.1309606110
http://dx.doi.org/10.1073/pnas.1309606110
http://dx.doi.org/10.1073/pnas.1309606110
http://dx.doi.org/10.1073/pnas.1309606110
http://dx.doi.org/10.1111/j.1365-313X.2009.04086.x
http://dx.doi.org/10.1111/j.1365-313X.2009.04086.x
http://dx.doi.org/10.1104/pp.105.067983
http://dx.doi.org/10.1104/pp.105.067983
http://dx.doi.org/10.1104/pp.105.067983
http://dx.doi.org/10.1104/pp.105.067983
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1186/1471-2105-9-559
http://dx.doi.org/10.1186/1471-2105-9-559
http://dx.doi.org/10.1186/1471-2105-9-559
http://dx.doi.org/10.1038/srep31889
http://dx.doi.org/10.1038/srep31889
http://dx.doi.org/10.1038/srep31889
http://dx.doi.org/10.1093/bioinformatics/btq471
http://dx.doi.org/10.1093/bioinformatics/btq471
http://dx.doi.org/10.1093/bioinformatics/btq471
http://dx.doi.org/10.1093/bioinformatics/btq471
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1093/jxb/ers221
http://dx.doi.org/10.1093/jxb/ers221
http://dx.doi.org/10.1093/jxb/ers221
http://dx.doi.org/10.1093/jxb/ers221
http://dx.doi.org/10.1093/jxb/ers221
http://dx.doi.org/10.1093/jxb/ers221
http://dx.doi.org/10.1093/bioinformatics/bti551
http://dx.doi.org/10.1093/bioinformatics/bti551
http://dx.doi.org/10.1093/bioinformatics/bti551
http://dx.doi.org/10.1186/s12870-017-1208-y
http://dx.doi.org/10.1186/s12870-017-1208-y
http://dx.doi.org/10.1186/s12870-017-1208-y
http://dx.doi.org/10.1186/s12870-017-1208-y
http://dx.doi.org/10.1111/j.1365-313X.2007.03282.x
http://dx.doi.org/10.1111/j.1365-313X.2007.03282.x
http://dx.doi.org/10.1111/j.1365-313X.2007.03282.x
http://dx.doi.org/10.1007/s11032-015-0222-8
http://dx.doi.org/10.1007/s11032-015-0222-8
http://dx.doi.org/10.1007/s11032-015-0222-8
http://dx.doi.org/10.1007/s11032-015-0222-8
http://dx.doi.org/10.1007/s11032-015-0222-8
http://dx.doi.org/10.1046/j.1365-313x.1997.12061465.x
http://dx.doi.org/10.1046/j.1365-313x.1997.12061465.x
http://dx.doi.org/10.1046/j.1365-313x.1997.12061465.x
http://dx.doi.org/10.1186/1471-2105-9-461
http://dx.doi.org/10.1186/1471-2105-9-461
http://dx.doi.org/10.1186/1471-2105-9-461
http://dx.doi.org/10.1093/nar/gks1118
http://dx.doi.org/10.1093/nar/gks1118
http://dx.doi.org/10.1093/nar/gks1118
http://dx.doi.org/10.1093/nar/gks1118
http://dx.doi.org/10.1105/tpc.17.00542
http://dx.doi.org/10.1105/tpc.17.00542
http://dx.doi.org/10.1105/tpc.17.00542
http://dx.doi.org/10.1105/tpc.107.051896
http://dx.doi.org/10.1105/tpc.107.051896
http://dx.doi.org/10.1105/tpc.107.051896
http://dx.doi.org/10.1105/tpc.107.051896
http://dx.doi.org/10.1105/tpc.107.051896
http://dx.doi.org/10.1093/pcp/pcx191
http://dx.doi.org/10.1093/pcp/pcx191
http://dx.doi.org/10.1093/pcp/pcx191
http://dx.doi.org/10.1093/pcp/pcx191
http://dx.doi.org/10.1093/pcp/pcu188
http://dx.doi.org/10.1093/pcp/pcu188
http://dx.doi.org/10.1093/pcp/pcu188
http://dx.doi.org/10.1093/pcp/pcu188
http://dx.doi.org/10.1093/pcp/pcu188
http://dx.doi.org/10.1093/pcp/pcr134
http://dx.doi.org/10.1093/pcp/pcr134
http://dx.doi.org/10.1093/pcp/pcr134
http://dx.doi.org/10.1093/pcp/pcr134
http://dx.doi.org/10.1093/pcp/pcr134
http://dx.doi.org/10.1093/dnares/dsq002
http://dx.doi.org/10.1093/dnares/dsq002

analysis of tomato genes and experimental verification of
coordinated expression of genes found in a functionally enriched
coexpression module. DNA Res 17: 105-116

Puranik S, Acajjaoui S, Conn S, Costa L, Conn V, Vial A, Marcellin
R, Melzer R, Brown E, Hart D, et al. (2014) Structural basis for
the oligomerization of the MADS domain transcription factor
SEPALLATA3 in Arabidopsis. Plant Cell 26: 3603-3615

Rao X, Chen X, Shen H, Ma Q, Li G, Tang Y, Pena M, York W,
Frazier TP, Lenaghan S, et al. (2019) Gene regulatory networks
for lignin biosynthesis in switchgrass (Panicum virgatum). Plant
Biotechnol ] 17: 580-593

Rhee SY, Mutwil M (2014) Towards revealing the functions of all
genes in plants. Trends Plant Sci 19: 212-221

Ross JJ, O’Neill DP, Smith JJ, Kerckhoffs LHJ, Elliott RC (2000)
Evidence that auxin promotes gibberellin A1 biosynthesis in pea.
Plant J 21: 547-552

Saito K, Hirai MY, Yonekura-Sakakibara K (2008) Decoding genes
with coexpression networks and metabolomics: ‘Majority report
by precogs. Trends Plant Sci 13: 36-43

Saitou N, Nei M (1987) The neighbor-joining method: A new
method for reconstructing phylogenetic trees. Mol Biol Evol 4:
406-425

Schadt EE, Linderman MD, Sorenson J, Lee L, Nolan GP (2010)
Computational solutions to large-scale data management and
analysis. Nat Rev Genet 11: 647-657

Serin EAR, Nijveen H, Hilhorst HWM, Ligterink W (2016)
Learning from co-expression networks: Possibilities and
challenges. Front Plant Sci 7: 444

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D,
Amin N, Schwikowski B, Ideker T (2003) Cytoscape: A software
environment for integrated models of biomolecular interaction
networks. Genome Res 13: 2498-2504

Shikata M, Ezura H (2016) micro-tom Tomato as an alternative
plant model system: Mutant collection and efficient
transformation. In: Botella JR, Botella MA (eds) Plant Signal
Transduction: Methods and Protocols, Methods in Molecular
Biology. vol. 1363. New York, Springer Science+ Business Media,
pp 47-55

Shimamoto K, Kyozuka J (2002) Rice as a model for comparative
genomics of plants. Annu Rev Plant Biol 53: 399-419

Smaczniak C, Immink RGH, Muifno JM, Blanvillain R, Busscher
M, Busscher-Lange J, Dinh QDP, Liu S, Westphal AH, Boeren
S, et al. (2012) Characterization of MADS-domain transcription
factor complexes in Arabidopsis flower development. Proc Natl
Acad Sci USA 109: 1560-1565

Sun TP (2010) Gibberellin-GID1-DELLA: A pivotal regulatory
module for plant growth and development. Plant Physiol 154:
567-570

Sung DY, Vierling E, Guy CL (2001) Comprehensive expression
profile analysis of the Arabidopsis Hsp70 gene family. Plant
Physiol 126: 789-800

Tai Y, Liu C, Yu S, Yang H, Sun J, Guo C, Huang B, Liu Z, Yuan
Y, Xia E, et al. (2018) Gene co-expression network analysis

N.T. Vuetal

reveals coordinated regulation of three characteristic secondary
biosynthetic pathways in tea plant (Camellia sinensis). BMC
Genomics 19: 616

Team RC and Computing RFfS (2019) R: A Language and
Environment for Statistical Computing. Vienna, Austria

Thomas PD, Campbell M]J, Kejariwal A, Mi H, Karlak B, Daverman
R, Diemer K, Muruganujan A, Narechania A (2003) PANTHER:
A library of protein families and subfamilies indexed by
function. Genome Res 13: 2129-2141

Tomato Genome Consortium (2012) The tomato genome sequence
provides insights into fleshy fruit evolution. Nature 485: 635-641

Usadel B, Obayashi T, Mutwil M, Giorgi FM, Bassel GW, Tanimoto
M, Chow A, Steinhauser D, Persson S, Provart NJ (2009) Co-
expression tools for plant biology: Opportunities for hypothesis
generation and caveats. Plant Cell Environ 32: 1633-1651

van Dam S, Vosa U, van der Graaf A, Franke L, de Magalhaes JP
(2018) Gene co-expression analysis for functional classification
and gene-disease predictions. Brief Bioinform 19: 575-592

van den Heuvel KJPT, Barendse GWM, Wullems GJ (2001) Effect
of gibberellic acid on cell division and cell elongation in anthers
of the gibberellin deficient gib-1 mutant of tomato. Plant Biol 3:
124-131

Wang H, Jones B, Li Z, Frasse P, Delalande C, Regad F, Chaabouni
S, Latche A, Pech JC, Bouzayen M (2005) The tomato Aux/IAA
transcription factor IAA9 is involved in fruit development and
leaf morphogenesis. Plant Cell 17: 2676-2692

Wang X, Feng S, Nakayama N, Crosby WL, Irish V, Deng XW, Wei
N (2003) The COP9 signalosome interacts with SCFU' and
participates in Arabidopsis flower development. Plant Cell 15:
1071-1082

Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: A revolutionary
tool for transcriptomics. Nat Rev Genet 10: 57-63

Wisecaver JH, Borowsky AT, Tzin V, Jander G, Kliebenstein D],
Rokas A (2017) A global coexpression network approach for
connecting genes to specialized metabolic pathways in plants.
Plant Cell 29: 944-959

Wong JH, Kiss F, Wu M-X, Buchanan BB (1990) Pyrophosphate
fructose-6-P 1-phosphotransferase from tomato fruit: Evidence
for change during ripening. Plant Physiol 94: 499-506

Yoshida H, Hirano K, Sato T, Mitsuda N, Nomoto M, Maeo K,
Koketsu E, Mitani R, Kawamura M, Ishiguro S, et al. (2014)
DELLA protein functions as a transcriptional activator through
the DNA binding of the indeterminate domain family proteins.
Proc Natl Acad Sci USA 111: 7861-7866

Zhang ], Chen R, Xiao J, Qian C, Wang T, Li H, Ouyang B, Ye Z
(2007) A single-base deletion mutation in SIIAA9 gene causes
tomato (Solanum lycopersicum) entire mutant. J Plant Res 120:
671-678

Zhang L, Zhao H, Dong Q, Zhang Y-y, Wang Y, Li H-y, Xing G,
Li Q-y, Dong Y (2015) Genome-wide analysis and expression
profiling under heat and drought treatments of HSP70 gene
family in soybean (Glycine max L.). Front Plant Sci 6: 773

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

153


http://dx.doi.org/10.1093/dnares/dsq002
http://dx.doi.org/10.1093/dnares/dsq002
http://dx.doi.org/10.1093/dnares/dsq002
http://dx.doi.org/10.1105/tpc.114.127910
http://dx.doi.org/10.1105/tpc.114.127910
http://dx.doi.org/10.1105/tpc.114.127910
http://dx.doi.org/10.1105/tpc.114.127910
http://dx.doi.org/10.1111/pbi.13000
http://dx.doi.org/10.1111/pbi.13000
http://dx.doi.org/10.1111/pbi.13000
http://dx.doi.org/10.1111/pbi.13000
http://dx.doi.org/10.1016/j.tplants.2013.10.006
http://dx.doi.org/10.1016/j.tplants.2013.10.006
http://dx.doi.org/10.1046/j.1365-313x.2000.00702.x
http://dx.doi.org/10.1046/j.1365-313x.2000.00702.x
http://dx.doi.org/10.1046/j.1365-313x.2000.00702.x
http://dx.doi.org/10.1016/j.tplants.2007.10.006
http://dx.doi.org/10.1016/j.tplants.2007.10.006
http://dx.doi.org/10.1016/j.tplants.2007.10.006
http://dx.doi.org/10.1038/nrg2857
http://dx.doi.org/10.1038/nrg2857
http://dx.doi.org/10.1038/nrg2857
http://dx.doi.org/10.3389/fpls.2016.00444
http://dx.doi.org/10.3389/fpls.2016.00444
http://dx.doi.org/10.3389/fpls.2016.00444
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1146/annurev.arplant.53.092401.134447
http://dx.doi.org/10.1146/annurev.arplant.53.092401.134447
http://dx.doi.org/10.1073/pnas.1112871109
http://dx.doi.org/10.1073/pnas.1112871109
http://dx.doi.org/10.1073/pnas.1112871109
http://dx.doi.org/10.1073/pnas.1112871109
http://dx.doi.org/10.1073/pnas.1112871109
http://dx.doi.org/10.1104/pp.110.161554
http://dx.doi.org/10.1104/pp.110.161554
http://dx.doi.org/10.1104/pp.110.161554
http://dx.doi.org/10.1104/pp.126.2.789
http://dx.doi.org/10.1104/pp.126.2.789
http://dx.doi.org/10.1104/pp.126.2.789
http://dx.doi.org/10.1186/s12864-018-4999-9
http://dx.doi.org/10.1186/s12864-018-4999-9
http://dx.doi.org/10.1186/s12864-018-4999-9
http://dx.doi.org/10.1186/s12864-018-4999-9
http://dx.doi.org/10.1186/s12864-018-4999-9
http://dx.doi.org/10.1101/gr.772403
http://dx.doi.org/10.1101/gr.772403
http://dx.doi.org/10.1101/gr.772403
http://dx.doi.org/10.1101/gr.772403
http://dx.doi.org/10.1038/nature11119
http://dx.doi.org/10.1038/nature11119
http://dx.doi.org/10.1111/j.1365-3040.2009.02040.x
http://dx.doi.org/10.1111/j.1365-3040.2009.02040.x
http://dx.doi.org/10.1111/j.1365-3040.2009.02040.x
http://dx.doi.org/10.1111/j.1365-3040.2009.02040.x
http://dx.doi.org/10.1055/s-2001-12904
http://dx.doi.org/10.1055/s-2001-12904
http://dx.doi.org/10.1055/s-2001-12904
http://dx.doi.org/10.1055/s-2001-12904
http://dx.doi.org/10.1105/tpc.105.033415
http://dx.doi.org/10.1105/tpc.105.033415
http://dx.doi.org/10.1105/tpc.105.033415
http://dx.doi.org/10.1105/tpc.105.033415
http://dx.doi.org/10.1105/tpc.009936
http://dx.doi.org/10.1105/tpc.009936
http://dx.doi.org/10.1105/tpc.009936
http://dx.doi.org/10.1105/tpc.009936
http://dx.doi.org/10.1038/nrg2484
http://dx.doi.org/10.1038/nrg2484
http://dx.doi.org/10.1105/tpc.17.00009
http://dx.doi.org/10.1105/tpc.17.00009
http://dx.doi.org/10.1105/tpc.17.00009
http://dx.doi.org/10.1105/tpc.17.00009
http://dx.doi.org/10.1104/pp.94.2.499
http://dx.doi.org/10.1104/pp.94.2.499
http://dx.doi.org/10.1104/pp.94.2.499
http://dx.doi.org/10.1073/pnas.1321669111
http://dx.doi.org/10.1073/pnas.1321669111
http://dx.doi.org/10.1073/pnas.1321669111
http://dx.doi.org/10.1073/pnas.1321669111
http://dx.doi.org/10.1073/pnas.1321669111
http://dx.doi.org/10.1007/s10265-007-0109-9
http://dx.doi.org/10.1007/s10265-007-0109-9
http://dx.doi.org/10.1007/s10265-007-0109-9
http://dx.doi.org/10.1007/s10265-007-0109-9
http://dx.doi.org/10.3389/fpls.2015.00773
http://dx.doi.org/10.3389/fpls.2015.00773
http://dx.doi.org/10.3389/fpls.2015.00773
http://dx.doi.org/10.3389/fpls.2015.00773

