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Fructose 1,6-bisphosphate aldolase (FBA) is a key enzyme in plants that is involved in glycolysis,
gluconeogenesis, and the Calvin cycle. FBA genes play signiﬁcant roles in biotic and abiotic stress
responses and also regulate growth and development. Despite the importance of FBA genes, little is
known about it in tomato. In this study, we identiﬁed 8 FBA genes in tomato and classiﬁed them into 2
subgroups based on a phylogenetic tree, gene structures, and conserved motifs. Five (SlFBA1, 2, 3, 4
and 5) and three (SlFBA6, 7, and 8) SlFBA proteins were predicted to be localized in chloroplasts and
cytoplasm, respectively. The phylogenetic analysis of FBAs from tomato, Arabidopsis, rice, and other
organisms suggested that SlFBA shared the highest protein homology with FBAs from other plants.
Synteny analysis indicated that segmental duplication events contributed to the expansion of the
tomato FBA family. The expression proﬁles revealed that all SlFBAs were involved in the response to
low and high temperature stresses. SlFBA7 overexpression increased the expression and activities of
other main enzymes in Calvin cycle, net photosynthetic rate (Pn), seed size and stem diameter. SlFBA7
overexpression enhanced tolerances in seed germination under suboptimal temperature stresses.
Taken together, comprehensive analyses of SlFBAs would provide a basis for understanding of evolution and function of SlFBA family.
© 2016 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Fructose-1,6-bisphosphate aldolase (EC 4.1.2.13, FBA) is a key
enzyme in energy metabolism (Rutter, 1964). FBA can be broadly
divided into two groups, designated class I and class II (Rutter,
1964). Both class I and class II aldolases catalyze the reversible
conversion of fructose-1,6-bisphosphate (FBP) into dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate (G3P)
during glycolysis (Rutter, 1964; Murad et al., 2014; Zeng et al.,
2014). However, the two enzyme classes differ in their mechanism of catalysis and prevalence among species. Speciﬁcally, class I
FBAs utilize a lysine residue to generate a nucleophilic enamine
from DHAP, whereas class II aldolases utilize a Zn (II) cation to
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stabilize the DHAP enolate intermediate involved in the aldol
condensation reaction (Capodagli et al., 2014a, b). Beyond the differences in their reaction mechanisms, the two classes of FBAs
distinctly differ in their distribution among species. Among eukaryotes, class I enzymes are characteristic of animals, plants, and
some protists, whereas class II enzymes are found in fungi (Rutter,
1964; Marsh and Lebherz, 1992).
FBAs in plants have two isoforms, chloroplastic FBA and cytosolic FBA (Lebherz et al., 1984; Lu et al., 2012). The chloroplastic FBA
is an essential enzyme in the Calvin cycle, in which its activity
generates metabolites for starch biosynthesis (Sonnewald et al.,
1994), and its repression in potatoes leads to an inhibition of
photosynthesis and a reduction in growth (Kossmann et al., 1994).
In contrast, cytosolic FBA is part of the sucrose biosynthetic and
gluconeogenesis pathways in which it catalyzes FBP production
(Fan et al., 2009). The inhibition of this isoform leads to increases in
starch and decreases in sucrose synthesis (Zrenner et al., 1996;
Strand et al., 2000).
FBAs have been found in many plant species, from the lowest
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plants (such as Chlamydomonas reinhardtii and Physcomitrella
patens) to higher plants (such as Oryza sativa and Arabidopsis
thaliana). Recently, a growing body of evidence suggests that FBA
genes are involved in many signiﬁcant physiological and
biochemical processes, such as CO2 ﬁxation (Haake et al., 1998;
Henkes et al., 2001; Obiadalla-Ali et al., 2004; Uematsu et al.,
2012; Raines, 2006) and the regulation of secondary metabolism
(Zeng et al., 2014; Henkes et al., 2001) and plant development
(Haake et al., 1998; Obiadalla-Ali et al., 2004; Zeng, 2013; Zhang
et al., 2014). They also participate in plant defense and response to
various biotic and abiotic stresses, including salt stress (Murad
et al., 2014; Lu et al., 2012; Fan et al., 2009; Yamada et al., 2000;
Zhang et al., 2003; Jiang et al., 2007; Osakabe et al., 2005; Du
et al., 2010; Shu et al., 2014), cadmium (Cd) stress (Sarry et al.,
2006), drought stress (Fan et al., 2009; Khanna et al., 2014),
cold stress (Lu et al., 2012; Purev et al., 2008), heat stress (Michelis
and Gepstein, 2000) and stress with Rhizoctonia solani Kuhn
(Mutuku and Nose, 2012). In addition, FBA genes in plants are
involved in regulating plant responses to phytohormonal cues,
such as abscisic acid (Osakabe et al., 2005) and gibberellin
(Konishi et al., 2004), and environmental signals such as light
(Oelze et al., 2014).
Extensive studies of the FBA genes in various plant species have
provided a better understanding of this gene family. Thus far,
different members of the FBA family have been identiﬁed and
characterized by functional genomics approaches in a variety of
plant species, including Arabidopsis and rice. In Arabidopsis, eight
FBA family genes (AtFBA1-8) were identiﬁed and classiﬁed into two
subfamilies, including three members (AtFBA1-3) with high similarity to FBAs occurring in plastids, and ﬁve members (AtFBA4-8)
with high similarity to FBAs localized in the cytoplasm (Lu et al.,
2012). In rice, seven genes encoding FBAs (OsFBAl-OsFBA6 and
ALD Y) were identiﬁed. OsFBA5 and OsFBA6 are predicted to localize
to the chloroplasts, and other members are likely to localize to the
cytoplasm (Zhang, 2014).
Despite extensive studies of FBAs in many other species, little is
known about this gene family in tomato (Solanum lycopersicum).
Tomato is not only one of the most important vegetables worldwide but is also an important model system for plants and especially for ﬂeshy fruit biology (Lin et al., 2014; Zhao et al., 2014).
Until now, none of the FBA genes have been reported in tomato.
Fortunately, the tomato genome sequence has recently been reported (The Tomato Genome Consortium, 2012). The completed
genome sequencing project for tomato and extensive bioinformatic analysis provide an opportunity to deduce the tomato
FBA gene family associated with tomato development and/or
stress tolerance and infer its evolutionary history (The Tomato
Genome Consortium, 2012). Thus, there is an urgent need to
completely identify and classify these FBAs and to characterize
their roles in tomato.
In the present study, we systematically identiﬁed 8 SlFBA genes,
which were divided into 2 subgroups. Phylogenetic and synteny
analyses revealed that segmental duplication events have
contributed to the tomato FBA evolution. We further analyzed gene
structures, conserved motifs, and the exon lengths of SlFBA genes
and found that the gene structure, motifs, and exon lengths of
duplicated genes were highly conserved. In addition, we obtained
the expression proﬁles of SlFBA genes in ﬁve different tissues and
measured their transcript abundance in response to different
abiotic stresses. Further, we obtained SlFBA7 overexpressed transgenic plants and functional analysis of SlFBA7 revealed its positive
role in response to suboptimal temperature stresses. The results
obtained from our study provide a foundation for the evolutionary
and functional characterization of FBA gene families in tomato and
other plant species.

2. Materials and methods
2.1. Dataset collection and identiﬁcation of FBA genes in the tomato
genome
Tomato genome sequence data was obtained from the Solanaceae Genomics Network (SGN) in 2012 (http://solgenomics.net;
ITAG Release 2.3) (The Tomato Genome Consortium, 2012). The
information and sequences of Arabidopsis FBAs were retrieved from
The Arabidopsis Information Resource (TAIR, https://www.
arabidopsis.org/), Oryza sativa FBAs were obtained from Zhang
(2014) (Zhang, 2014), and the corresponding protein sequences
were downloaded from the Rice Genome Annotation Project (RGAP,
http://rice.plantbiology.msu.edu/). A dataset of the FBA protein
sequences from other organisms was downloaded from NCBI
(http://www.ncbi.nlm.nih.gov/). Eight Arabidopsis FBA proteins
were used as query sequences and Blastp searches against the
predicted tomato proteins. In addition, the Hidden Markov Model
(HMM) proﬁle for the glycolytic domain (PF00274) from the Pfam
database (http://pfam.janelia.org) was also applied as a query to
identify all FBA proteins in the tomato genome. To further verify the
reliability of these candidate sequences, the Pfam database (http://
pfam.sanger.ac. uk/search) and SMART (http://smart.emblheidelberg.de/) (Letunic et al., 2009) were used to conﬁrm each
candidate SlFBA protein as a tomato FBA family member.
2.2. Phylogenetic analysis
Multiple sequence alignments were performed using ClustalX
1.81 with default parameters and DNAMAN, and the alignments
were then adjusted manually before a phylogenetic tree was constructed. The phylogenetic tree was constructed using MEGA 4
(Tamura et al., 2007). The neighbor-joining (NJ) method was used
with the following parameters: Poisson correction, pairwise deletion, and bootstrap (1000 replicates; random seed).
2.3. Gene structure and protein motif analysis
The DNA and cDNA sequences corresponding to each predicted
gene from SGN were downloaded, and the gene structures were
analyzed using the web-based bioinformatics tool GSDS (http://
gsds.cbi.pku.edu.cn/) (Guo et al., 2007). MEME (Multiple Expectation Maximization for Motif Elicitation) was used to identify
conserved motif structures of FBA protein sequences (Bailey and
Elkan, 1995; Bailey et al., 2006).
2.4. Genome distribution and synteny analysis
Genes were mapped on chromosomes by identifying their
chromosomal position provided in the Tomato Genome Database.
For synteny analysis, synteny blocks within the tomato genome and
between tomato and Arabidopsis genomes were detected by
searching the Plant Genome Duplication Database (PGDD; http://
chibba.agtec.uga.edu/duplication/), and those containing tomato
SlFBA genes were identiﬁed and analyzed.
2.5. Plant materials and stress treatments
After germination for 3 days, the tomato seeds (Jinpeng NO.1)
were cultured in nutrition pot in solar greenhouse. The seedlings at
the four-leaf stage were moved to growth chambers and incubated
at 4  C and 42  C for low temperature and heat stresses, respectively. Leaves were harvested at 0, 0.5, 1, 2, and 3 day(s) after their
respective treatments, frozen quickly in liquid nitrogen, and stored
at 80  C for further analysis. For tissue-speciﬁc expression
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analysis, the roots, stems, leaves, ﬂowers, and fruits (breaker stage)
of mature plants were collected separately. For the germination
assays, 100 seeds of wild type and transgenic plants were germinated on moist ﬁlter paper in incubator at 18, 28 and 42  C for 3
days, respectively.
2.6. RNA isolation and qRT-PCR
Total RNA was isolated using TRIzol according to the Manufacturer's instructions. First strand cDNA was synthesized from 1 mg
total RNA with the PrimeScript 1st Strand cDNA Synthesis Kit
(TaKaRa, Japan). To analysis the expression patterns of SlFBA genes,
quantitative real-time PCR was performed. b-actin was used as an
internal control. The PCR primers were designed to avoid the
conserved region and to amplify products of 150e300 bp. Primer
sequences are shown in detail in Supplementary ﬁle 1. Quantitative
real-time PCR was performed using the TransStart TipTop Green
qPCR SuperMix (Transgen, China), and expression was quantiﬁed
according to the manufacturer's protocol. Ampliﬁcation was performed on an iCycler iQ ™ multicolor real-time PCR detection
system (Bio-Rad, hercules, USA), and the analysis of each type of
sample was repeated three times. The analysis of relative mRNA
expression data was performed using the 2DDCt method (Livak and
Schmittgen, 2001). Each expression proﬁle was independently
veriﬁed in 3 replicate experiments performed under identical
conditions.
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SacI (SlFBA7ReS) (Supplementary ﬁle 1). After restriction digestion,
the PCR fragment was inserted into the binary plant vector pROKII,
which contains the CaMV35S constitutive promoter. The resulting
pROK:SlFBA7 construct was then transformed into Agrobacterium
tumefaciens strain LBA4404 through electroporation. The Agrobacterium-mediated tomato transformation was performed on
cotyledon of 7- to 8-day-old tomato seedlings (self-pollinated homozygous lines: WT) according to a previously described protocol
(Fillatti et al., 1987).
2.10. Western blot analysis
Proteins were extracted from the tomato leaves with an
extraction buffer. Equal quantities of total protein (20 mg for SlFBA7
antibody and 20 mg for Actin antibody) were separated by SDSPAGE on 10% acrylamide gels and processed for protein gel blot
analysis. For western blot, the separated proteins were electroblotted onto polyvinylidene ﬂuoride (PVDF) membranes, and then
detected with antibody preparations. The protein content was
determined with a dye-binding assay.
2.11. Statistical analysis
Statistical differences of the measured parameters were calculated by Student's t-test. Means were considered signiﬁcantly
different when P < 0.05 and P < 0.01, which are indicated by asterisks (*) and (**) in the ﬁgures, respectively.

2.7. Net photosynthetic rate and FBA activity assay
3. Results
The net photosynthetic rate (Pn) was measured by an open gas
exchange system (Ciras-3, a portable photosynthetic system, PP
Systems International, Hitchin, Hertfordshire, UK). The FBA activity
assay was performed according to the instruction of the ALD
quantitative detection kit (GENMED SCIRNTIFIC INC. USA). Each
experiment was independently veriﬁed in 3 replicate experiments
performed under identical conditions.

3.1. Identiﬁcation of tomato FBA genes

Leaves had been ﬁnished photosynthesis were havested and
quick-freezen in liquid nitrogen. Frozen samples were ground to a
ﬁne powder in liquid nitrogen using a mortar and pestle. And 0.1 g
powder was transferred to a tube with 2 ml pre-chilled extraction
medium [100 mM Hepes-Na (pH 8.0), 10 mM MgCl2, 0.4 mM
ethylene diamine tetraacetic acid (EDTA), 1% polyvinyl pyrrolidone
(PVP), 100 mM Na-ascorbate, 0.1% bovine serum albumin (BSA), and
50 mM dithiothreitol (DTT)]. The resulting extract was centrifuged
for 15 min at 12, 000  g, 4  C. The supernatant was stored at 0  C
for a subsequent enzyme assay. The SBPase reaction solutions
contains 50 mM Tris-HCl (PH8.3), 15 mM MgCl2, 1.5 mM EDTA,
10 mM DTT, 2.5 mM Ca(NO3)2, 2 mM SBP. The FBPase reaction solutions contains 30 mM Hepes-KOH (PH8.2), 5 mM MgCl2, 5 mM
DTT, 0.5 mM NADP, 2 U/ml G6PD, 2 U/ml PGI. The GAPDH reaction
solutions contains 30 mM Hepes-KOH (PH8.0), 4 mM PGA, 5 mM
ATP, 10 mM MgCl2, 1 mM NaF, 1 mM KH2PO4, 5 mM DTT, 20 U/ml
PGA kinase, 10 U/ml TIM. The TK reaction solutions contains 30 mM
Hepes-KOH (PH7.9), 0.25 mM NADH, 3 mM MgCl2, 0.25 mM xylulose-5-P, 0.25 mM ribose-5-P, 0.12 mM cocarboxylase, 2 U/ml TIM,
2 U/ml GDH.

To identify FBA family genes in the tomato genome, 8 Arabidopsis
FBA proteins and the consensus protein sequences of the glycolytic
domain, Hidden Markov Model (HMM) proﬁle (PF00274), were
employed as a query to search against the tomato genome database
(http://www.sgn.cornell.edu/organism/Solanum_lycopersicum/
genome) (The Tomato Genome Consortium, 2012) using the BlastP
program. A total of 8 genes in the tomato genome were identiﬁed as
possible members of the SlFBA family. To conﬁrm the presence of
the glycolytic domain in putative tomato FBA proteins, the amino
acid sequences of all 8 proteins were searched by Pfam (http://
pfam.janelia.org/) and SMART (http://smart.embl-heidelberg.de/)
(Letunic et al., 2009). All of the 8 proteins contain the glycolytic
domain (Table 1), indiating that the 8 proteins are tomato FBA
family members. Speciﬁc information on these genes, including
chromosomal locations, number of amino acids (length), isoelectric
points (PIs), molecular weights (MWs), and predicted subcellular
localizations, are listed in Table 1. All identiﬁed SlFBA genes encode
proteins varying from 136 (SlFBA5) to 397 (SlFBA1) amino acids, the
isoelectric points (PI) ranged from 5.01 (SlFBA3) to 5.26 (SlFBA5),
and the MW ranged from 33.8 (SlFBA5) to 99.5 KDa (SlFBA1). The
number of SlFBA genes per chromosome ranged from 0 to 2. Two
SlFBA genes were localized on chromosome 10, two were on
chromosome 2, and there was only one SlFBA gene each on chromosomes 1, 5, 7, and 9. The subcellular localizations of SlFBAs were
also predicted by WoLF PSORT software. We found that 5 SlFBAs
(SlFBA1, 2, 3, 4 and 5) were localized in chloroplast; SlFBA6, 7, and 8
were localized in the cytoplasm.

2.9. Expression vector construction and tomato transformation

3.2. Phylogenetic analysis of the tomato FBA family

The full-length SlFBA7 CDS sequence was ampliﬁed by PCR using
cDNA obtained from total mRNA of tomato leaves by RT-PCR using
primers containing the restriction sites BamHI (SlFBA7FeB) and

Full-length protein sequence alignment of the 8 SlFBAs revealed
the conserved glycolytic domain, which localized in C-terminal
region (Fig. 1). The phylogenetic relationship among the SlFBA

2.8. Photosynthetic enzymes activity assay
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Table 1
Summary information of FBA gene family in tomato.
Gene name

SlFBA1
SlFBA2
SlFBA3
SlFBA4
SlFBA5
SlFBA6
SlFBA7
SlFBA8

Gene ID

Solyc01g110360.2.1
Solyc02g062340.2.1
Solyc02g084440.2.1
Solyc05g008600.2.1
Solyc10g054390.1.1
Solyc07g065900.2.1
Solyc09g009260.2.1
Solyc10g083570.1.1

Location

Ch01:97083797e97086446
Ch02:33954620e33952212
Ch02:47535697e47533192
Ch05:2920232e2916906
Ch10:55271422e55272215
Ch07:67492598e67495291
Ch09:2645801e2643600
Ch10:63363329e63360606

Deduced polypeptide
Length (aa)

Glycolytic domain position (aa)

PI

MW(KDa)

Predicted subcellular localization

397
395
392
395
136
431
358
358

53e397
51e395
48e392
51e395
42e125
11e357
11e358
11e358

5.02
5.02
5.01
5.03
5.26
5.08
5.03
5.03

99.5
99.0
98.3
98.4
33.8
87.8
89.4
89.3

Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Cytoplasm
Cytoplasm
Cytoplasm

Fig. 1. Multiple sequence alignments among the deduced amino acid sequences of the 8 members of the tomato FBA protein family. The boxed alignments are glycolytic domain.
The red line in the box indicates the glycolytic domain of SlFBA5. Amino acid identity of 100% is marked with a black background, amino acids identity of higher than 75% is marked
with a pink background, amino acids identity of more than 50% is marked with a light green background. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

proteins was examined by multiple sequence alignment of their
complete protein sequences with bootstrap analysis (1000 replicates). Based on their phylogenetic relationships, 8 members of the
SlFBA family were subdivided into two clades, designated C1 and C2
(Fig. 2).

Multiple sequence alignment of 8 SlFBAs with 8 Arabidopsis FBA
proteins, 7 rice FBA proteins, and 23 FBAs from other species,
including ﬁve class II FBAs, indicated that SlFBAs showed high
homology, especially at the C-terminal region, with other Class I
FBAs and nearly the entire protein of the Class I FBAs was made up

Fig. 2. Neighbor-joining (NJ) phylogenetic tree (left), gene structures (middle), and conserved motif (right) analysis of SlFBA family genes. The unrooted phylogenetic tree was
depicted by the MEGA 4.0 program with the NJ method. The tree shows the 2 phylogenetic clades (C1 and C2) with high bootstrap value. The bootstrap values lower than 50 are not
shown in the phylogenetic tree. All of the 8 genes' intron-exon structures are described in the middle part. Exons and introns are indicated by green boxes and single lines,
respectively. Intron phases 0, 1, and 2 are indicated by the numbers 0, 1, and 2, respectively. The conserved motifs were detected using the MEME online tools. Different motifs are
indicated by different colors and are numbered 1e10. The same number in different proteins refers to the same motif. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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of the glycolytic domain. All of the Class I FBAs showed low similarity with the 5 class II FBAs (Figs. 1 and 3).
To determine the evolutionary relationship of FBA genes, a
phylogenetic analysis was performed based on the full-length
amino acid sequence alignment of 41 Class I and 5 Class II FBAs
from different species. The result indicated that SlFBAs belonged to
the class I FBAs (Fig. 4). Consistent with other plant FBAs, SlFBAs
also fell into two major subfamilies. Subfamily 1 (S1) comprised 5
members (SlFBA1, SlFBA2, SlFBA3, SlFBA4, and SlFBA5), which
shared high similarities with chloroplastic AtFBA1/2/3, SoFBA-cp,
OsFBA5/6, PsFBA1, and CrFBA from Arabidopsis, Spinacia oleracea,
Oryza sativa, Pisum sativum, and Chlamydomonas reinhardtii,
respectively. Subfamily 2 (S2) comprised 3 members (SlFBA6,
SlFBA7, and SlFBA8), which shared high similarities with cytosolic
AtFBA5/6/7/8, OsALD, SoFBA, McFBA, SpFBA, and GmFBA from
Arabidopsis, Oryza sativa, Spinacia oleracea, Mesembryanthemum
crystallinum, Sesuvium portulacastrum, and Glycine max, respectively. All members of the two subfamilies shared less similarity
with class II FBAs.
3.3. Chromosomal distribution, gene duplication, and synteny
analysis of tomato FBAs
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27 introns, 14, 8, and 5 were phase 0, 1, and 2 introns, respectively.
To investigate the motifs that are shared among related proteins
within the different groups, the MEME motif search tool was
employed to identify the motifs of the 8 SlFBA proteins. A total of 10
distinct motifs were found (Fig. 2), and the sequence logos and Evalues for each motif are given in Supplementary ﬁle 3. The individual motifs identiﬁed by MEME were then further annotated
using the Pfam and SMART tools. We found that motifs 1, 2, 3, 4, and
5 are representative glycolytic domains (PF00274), but the functional roles and biological signiﬁcance of the other 6 putative
motifs need to be investigated further. It will be interesting to
characterize the functions of these motifs in relation to the functions of these genes.
As expected, most of the closely related members in each subfamily have common motif compositions, suggesting functional
similarities between the FBA proteins within the same subfamily.
However, several divergences in motif compositions are evident
among the two subfamilies. Most members of C1 possessed all 10
motifs, and members in C2 contain only motifs 1e9 (Fig. 2). It is also
readily apparent that some motifs are speciﬁc to the different
subfamilies. For example, motif 10 is unique to C1, possibly leading
to some functional differentiation with members of C2 (Fig. 2).
3.5. Expression of the SlFBAs in different tissues

The chromosomal positions of each identiﬁed sequence were
retrieved from the tomato genome database to determine the
genomic distribution of tomato FBAs. All 8 SlFBAs were mapped on
chromosomes 1, 2, 5, 7, 9, and 10 (Fig. 5). Two SlFBAs (SlFBA5 and 8)
were found on chromosomes 10, two (SlFBA2 and 3) were on
chromosome 2, and one each was on chromosomes 1, 5, 7, and 9.
Gene duplication events, including tandem and segmental duplications, were investigated with the purpose of elucidating the
mechanism behind the expansion of the SlFBA gene family that is
thought to have occurred during the evolutionary process (Kent
et al., 2003; Cannon et al., 2004; Mehan et al., 2004). The phylogenetic analysis and chromosomal distribution results indicated
that there were no tandem duplicated genes in the SlFBA family,
which indicated the absence of a recent tandem duplication event
in the SlFBA family. Furthermore, we examined segmentally
duplicated blocks within the tomato genome and found that four
pairs of SlFBAs (SlFBA1-SlFBA2, SlFBA1-SlFBA3, SlFBA2-SlFBA3, and
SlFBA7-SlFBA8) were located in duplicated genomic regions (Fig. 5
and Supplementary ﬁle 2). In summary, most of the tomato FBA
family members were associated with segmental duplication
events.

To elucidate the physiological functions of different members of
the FBA family in tomato, real-time quantitative RT-PCR was used to
detect the expression patterns of SlFBA genes in different tissues,
including the roots, stems, leaves, ﬂowers, and fruits. The expression proﬁles of the 8 SlFBA genes showed different tissue-speciﬁc
expression patterns (Fig. 6). Four genes (SlFBA3, 4, 7 and 8) were
expressed in all tissues tested but varied in expression levels. For
example, SlFBA3 showed high expression in leaves but much lower
expression in roots. The expression of SlFBA4, 7, and 8 was highest
in fruits and lower in leaves than any other tissues. The rest of the
genes showed spatial variations in transcript abundance, with high
levels of transcript abundance in one or some tissues and low
transcript abundance in others. For example, SlFBA1 and 5 were
expressed at high levels in the stems, leaves, and ﬂowers but at
relatively low levels in the roots and fruits. Additionally, the levels
of SlFBA2 and 6 were notably high in leaves but barely detected in
other tissues. Overall, the overlapped but diverse expression patterns of the SlFBA genes suggested that SlFBA isoforms may play
redundant but unique roles in different tissues of tomato.

3.4. Structure analysis of tomato FBA genes

3.6. SlFBAs expression is temperature stresses associated

To support the phylogenetic analysis, we performed an exonintron analysis by comparing the predicted coding sequence
(CDS) with the genomic sequence of the tomato FBA genes from the
Gene Structure Display Server (GSDS, http://gsds.cbi.pku.edu.cn/)
to generate gene structure schematic diagrams. As shown in Fig. 2
and Table 2, the number of exons in SlFBA genes was highly variable, ranging from 2 to 6 exons. The large variation in the structures
of SlFBA genes suggests that the tomato genome has changed
signiﬁcantly during its long evolutionary history. However, most
members in the same subgroups had similar exon-intron structures. For example, SlFBA1, SlFBA2, SlFBA3, and SlFBA4 in S1 contain
5 or 6 exons. Of these exons, the lengths of exons 2, 3, and 6 were
highly conserved in these 4 genes; exons 4 and 5 were moderately
conserved. SlFBA7 and SlFBA8 had the same intron/exon organization; both contained 3 exons. The lengths of these 3 exons were 28,
228, and 821 bp, respectively, in SlFBA7 and SlFBA8. In addition,
SlFBA6 contains 4 exons, whereas SlFBA5 had only one intron. Intron
phases with respect to codons were also investigated. Among the

Tomato is frequently challenged by abiotic stresses, such as low
and high temperature (Zhang et al., 2014; Zhou et al., 2014; Chen

 et al.,
et al., 2015), salt, and drought stress (Li et al., 2014; Zi
zkova
2015). FBA proteins can be widely involved in responding to
abiotic stresses, such as salt stress (Murad et al., 2014; Lu et al.,
2012; Fan et al., 2009; Yamada et al., 2000; Zhang et al., 2003;
Jiang et al., 2007; Osakabe et al., 2005; Du et al., 2010; Shu et al.,
2014), drought stress (Fan et al., 2009; Khanna et al., 2014), cold
stress (Lu et al., 2012; Purev et al., 2008), and heat stress (Michelis
and Gepstein, 2000), but limited information was available on FBA
involvement in stress responses in tomato. In this study, the relative expression levels of SlFBAs were investigated under low temperature (4  C) and heat stress (42  C).
As shown in Fig. 7A, the expression levels of SlFBA1, 2, and 3
were signiﬁcantly reduced under low temperature, whereas SlFBA4
was increased gradually from 0 d to 3 d. The transcripts of SlFBA5, 6,
7 and 8 reached maxima at 1 or 2 d and decreased thereafter. All of
the SlFBAs showed similar expression patterns under high
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Fig. 3. Multiple sequence alignments of FBA proteins from tomato (SlFBA1-8), Arabidopsis (AtFBA1-8), rice (OsALD, OsFBA1-6), and other organisms, including ﬁve class II FBAs. The
other FBA proteins are from Elaeis guineensis (EgFBA, GenBank ID: ACF06562), Persea americana (PaFBA, GenBank ID: CAB77243), Codonopsis lanceolata (ClFBA, GenBank ID:
BAE48790), Solanum tuberosum (StFBA, GenBank ID: ABC01905.1), Fragaria x ananassa (FaFBA, GenBank ID: AAG21429), Cicer arietinum (CaFBA, GenBank ID: CAA06308), Pisum
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temperature, ﬁrst increasing and then decreasing (Fig. 8A). For
example, the expression of SlFBA2, 3, 6, 7, and 8 increased rapidly
and reached a maximum at 0.5 d. Expression of the remaining
SlFBAs peaked at 1 d and then gradually decreased thereafter.
To further investigate the function of SlFBA in regulating FBA
activity and photosynthetic capacity, FBA activity and the Pn of
tomato leaves were analyzed. Interestingly, the FBA activity and Pn
were gradually decreased under the two abiotic conditions (Figs. 7B
and 8B).
3.7. Characterization of the overexpression SlFBA7 transgenic
plants
SlFBA7 was remarkably induced by low and high temperature
stress treatments (Figs. 7 and 8). Therefore, SlFBA7, which may be
involved in response to temperature stress, was chosen for further
functional characterization with its overexpression in tomato. A
total of about 9 independent kanamycin-resistant plants carrying
the overexpression gene SlFBA7 were obtained from tissue culture
and were named T0. The progenies obtained from T0 were named
T1. Four lines named T1-1, T1-2, T1-3, and T1-4 were selected for
further analysis. They were checked by PCR using CaMV35S promoter speciﬁc primer (35SF) together with SlFBA7 reverse primer
(SlFBA7R1) (Fig. 9A; Supplementary ﬁle 1). qRT-PCR showed that
the level of SlFBA7 mRNA increased by 1.79, 2.55, 3.62 and 6.86 fold
in the T1-1, T1-2, T1-3 and T1-4, respectively, relative to the WT
plants (Fig. 9C). Western-blot analysis with an antiserum against
SlFBA7 revealed the presence of strong protein signals corresponding to SlFBA7 in transgenic plant leaves, whereas a weak
signal was found in WT tomato leaves (Fig. 9B).
The activity of FBA in WT and transgenic lines were measured.
Fig. 9D showed that the activity of FBA in the four lines (T1-1, T1-2,
T1-3 and T1-4) was 39%, 41%, 60% and 69% higher than the activity
in WT plants, respectively (P < 0.01). This indicates that overexpression of SlFBA7 increases the activity of FBA in transgenic
plants relative to the activity of WT plants.
3.8. SlFBA7 overexpression increased the expression and activities
of other main enzymes in Calvin cycle
To further evaluate the role of SlFBA7 in the Calvin cycle, the
mRNA level and the activity of sedoheptulose-1,7-bisphosphatase
(SBPase), fructose-1,6-bisphosphatase (FBPase), glyceraldehyde-3phosphate dehydrogenase (GAPDH), ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco) and transketolase (TK) in the
WT and transgenic plants were also determined. The results
showed that the mRNA level and the activity of SBPase in the T1-2,
T1-3 and T1-4 lines were signiﬁcantly higher than that in the WT
plants (Figs. 10A and 11A). Overexpression of SlFBA7 signiﬁcantly
increase the activity of FBPase in the four transgenic lines and the
expression level in T1-2, T1-3 and T1-4 (Figs. 10B and 11B). The
mRNA level of GAPDH was increased by 129%, 377% and 407%, and
the activity was increased by 32%, 45% and 62% in the T1-2, T1-3
and T1-4 lines, respectively (Figs. 10C and 11C). The mRNA level of
rbcL was signiﬁcantly increased in the four transgenic lines and that
of rbcS was signiﬁcantly higher in T1-2, T1-3 and T1-4 compared to

Fig. 4. Phylogenetic relationships of FBA proteins from tomato (SlFBA1-8), Arabidopsis
(AtFBA1-8), rice (OsALD, OsFBA1-6), and other organisms, including ﬁve class II FBAs.
The Genbank accessions of other FBA proteins were shown in Fig. 2 legend. The two
subfamilies are labeled as S1-2.

WT (Fig. 10D, E). Overexpression of SlFBA7 signiﬁcantly increased
the mRNA level of TK in all transgenic lines and the activity in T1-3
and T1-4 (Figs. 10F and 11E).

3.9. Net photosynthetic rate (Pn), seed size and stem diameter in
WT and transgenic plants
To further evaluate how the Pn responds to the changes in FBA
activity, the change of the Pn in transgenic plants was determined.
The results showed that the Pn of T1-2, T1-3 and T1-4 were
signiﬁcantly higher than that of WT plants under ambient conditions in solar-greenhouse (Fig. 12A). As shown in Fig. 12, overexpression of SlFBA7 signiﬁcantly increased seed size (Fig. 12B).

sativum (PsFBA, GenBank ID: CAA61947), Spinacia oleracea (SoFBA-cp, GenBank ID: CAA47293.1 and SoFBA, GenBank ID: CAA46649.1), Mesembryanthemum crystallinum (McFBA,
GenBank ID: AAB61592.1), Sesuvium portulacastrum (SpFBA, GenBank ID: ACG68894.1), Glycine max (GmFBA, GenBank ID: AAR86689.1), Chlamydomonas reinhardtii (CrFBA, GenBank ID: EDO97897.1), Zea mays (ZmFBA, GenBank ID: ACG36798.1), Triticum aestivum (TaFBA, GenBank ID: ACM78035.1), Nicotiana paniculata (NpAldP1, GenBank ID: BAA77604.1
and NpAldP2, GenBank ID: BAA77603.1), Bigelowiella natans (BnFBA-ctII, GenBank ID: AAO89071.1), Saccharomyces cerevisiae (ScFBA, GenBank ID: EDN59849.1), Isochrysis galbana
(IgFBA, GenBank ID: AAV71136.1), Phaeodactylum tricornutum (PtFBA, GenBank ID: XP_002181958.1), and Escherichia coli (EcFBA, GenBank ID: BAE76989). The boxed alignments are
glycolytic domain. The red line in the box indicates the glycolytic domain of SlFBA5. Amino acid identity of 100% is marked with a black background, amino acids identity of higher
than 75% is marked with a pink background, amino acids identity of more than 50% is marked with a light green background. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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36%, whereas those of T1-1, T1-2, T1-3 and T1-4 were approximately 46, 49, 63 and 63%, respectively (Fig. 13D). These results
indicated that SlFBA7 overexpression enhances tolerances to suboptimal temperature stresses (Fig. 13).
4. Discussion
4.1. Characterization of the tomato FBA family

Fig. 5. Distribution and synteny analysis of FBA genes on tomato chromosomes. Six
tomato chromosomes are randomly colored differently with their names on the periphery. Colored lines in the ﬁgure denote syntenic regions of the tomato genome.

Table 2
The exon number and length of each SlFBA gene.
Subgroup

Gene name

Exon number

Exon length
E1

E2

E3

E4

C1

SlFBA1
SlFBA2
SlFBA3
SlFBA4
SlFBA5
SlFBA6
SlFBA7
SlFBA8

5
6
6
6
2
4
3
3

174
168
159
168
121
28
28
28

270
270
270
270
288
381
228
228

110
110
110
110

365
91
91
91

302
821
821

363

C2

E5

E6

270
274
270

279
279
279
279

E7

Accordingly, the 1, 000-seed weight of the transgenic lines were
signiﬁcant higher than that of the wild-type plants (Fig. 12C). In
addition, stem diameter (Fig. 12D) were also increased in transgenic
lines, especially in T1-2, T1-3 and T1-4.
3.10. SlFBA7 overexpression enhances seed germination under
suboptimal temperature stresses
To determine the potential involvement of SlFBA7 under suboptimal temperature stresses, seed germination of transgenic and
WT tomato were tested under 18  C and 42  C. As shown in Fig. 13A,
the seed gernimation of all plants was suppressed but was more
severe in the WT plants than in the transgenic plants after germination and cultivation at 18  C and 42  C for 3 d (Fig. 13A). As for
germination percentage, no signiﬁcant differences were observed
between transgenic and WT tomato plants and about 100% seeds
both from WT and transgenic plants germinated at 28  C for 3 d
(Fig. 13B). The seed germination percentage of transgenic lines T1-1,
T1-2, T1-3 and T1-4 were 41, 45, 50 and 63%, respectively, under
18  C for 3 days (Fig. 13C). By contrast, the seed germination percentage of WT was only approximately 28.7% (Fig. 13C) under the
same condition. When the seeds were treated at 42  C for 3 days,
the germination percentage of the WT seeds was approximately

FBAs are widely distributed in higher plants, animals, fungi,
and prokaryotic bacteria (Schnarrenberger et al., 1990; Gross et al.,
1999). FBA genes have been identiﬁed in many plants, such as
Arabidopsis (Lu et al., 2012; Jiang et al., 2007; Osakabe et al., 2005;
Sarry et al., 2006; Oelze et al., 2014), Solanum tuberosum (Haake
et al., 1998; Henkes et al., 2001; Obiadalla-Ali et al., 2004),
Avena sativa (Michelis and Gepstein, 2000), Nicotiana paniculata
(Uematsu et al., 2012; Yamada et al., 2000), Pisum sativum (Lee
and Hahn, 2002), Oryza sativa (Mutuku and Nose, 2012; Konishi
et al., 2004; Zhang, 2014), Cucumis sativus (Du et al., 2010; Shu
et al., 2014), Camellia oleifer (Zeng et al., 2014), Saccharum spp.
(Murad et al., 2014), and others. To date, the genome-wide analysis of the FBA family has only been performed in Arabidopsis (Lu
et al., 2012) and rice (Zhang, 2014), and none of the FBA genes have
been reported in tomato. This study identiﬁed and characterized 8
tomato FBA genes through genome-wide analysis. Compared to
rice (7) (Zhang, 2014), the size of the FBA family was large in tomato and Arabidopsis (Lu et al., 2012), which suggested that the
FBA gene family in tomato and Arabidopsis had expanded
compared to rice.
Gene duplication, including segmental and tandem duplications, is one of the primary driving forces in the evolution of genomes (Cannon et al., 2004; Moore and Purugganan, 2003). Song
et al. (2012) (Song et al., 2012) used the tomato genome to detect
whole genome duplication (WGD) events during the long evolutionary history of Solanaceae, and two WGD events were detected
after the divergence of rice-Arabidopsis (monocot-dicot). The large
size of the FBA gene family in tomato may suggest that this gene
family underwent frequent duplication events during evolution. To
learn more regarding the duplication of these genes, we deﬁned the
duplicated genes based on synteny analysis (Fig. 2 and
Supplementary ﬁle 2). Here, we studied duplicated blocks in the
tomato genome and found that 6 FBAs (SlFBA1, 2, 3, 7 and 8) were
located in 4 pairs of genomic regions that were duplicated. These
genes, which share similar gene structure and protein structure,
were shown in chromosomes and in the phylogenetic tree
(Figs. 1e5). However, none of these pairs were genetically linked to
each other on their corresponding chromosomal locations. Therefore, all duplicated SlFBA gene pairs were involved in segmental
duplication events, but there were no tandemly duplicated gene
pairs, indicating that segmental duplication rather than tandem
duplication served as the most important driving force throughout
the long period of SlFBA gene evolution.
4.2. Phylogenetic analysis and evolution of tomato FBA genes
Phylogenetic analyses of the FBA proteins have been conducted
extensively in Arabidopsis (Lu et al., 2012) and rice (Zhang, 2014),
and the evolutionary relationship of this gene family within and
among the different species has been systematically studied. To
obtain an overall picture of the 8 tomato FBA proteins and their
relationships with those of Arabidopsis, rice, and other plants, both
syntenic and phylogenetic analyses have been performed, and the
evolutionary relationship of this gene family within and among the
different species has been systematically studied. Eight SlFBA
members were divided into 2 subgroups. Phylogenetic analysis of
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Fig. 6. Tissue-speciﬁc expression proﬁles of 8 tomato FBA genes. Relative transcript abundances of SlFBA genes were examined by qRT-PCR. The Y-axis is the scale of the relative
transcript abundance level. The X-axis is the tissues of tomato. Total RNA was isolated from root, stem, leaf, ﬂower, and fruit. Measurements were made relative to the root, and
values represent the means ± S.D. (n ¼ 3). Asterisks indicate statistically signiﬁcant differences (*P < 0.05).

SlFBA proteins based on the amino acid sequences revealed that
SlFBA1, 2, 3, 4, and 5 shared high homology with chloroplastic FBAs
(such as AtFBA1, 2, and 3 and OsFBA 5 and 6), and SlFBA6, 7, and 8
have homology with cytosolic FBAs (such as AtFBA4, 5, 6, 7 and 8,
OsALD, and OsFBA 1, 2, 3, and 4) (Fig. 4). These results were
consistent with previous studies (Lu et al., 2012; Zhang, 2014) and
the prediction of the subcellular localization of SlFBA proteins
(Table 1).

As discussed above, segmental duplication expanded the tomato
FBA gene family. Most of the tomato FBA genes involved in the
segmental duplication were clustered in the same phylogenetic
clade (Fig. 2), had highly similar exon/intron structures (Fig. 2), and
exhibited similar spatial expression patterns in different tissues
(Fig. 6), such as SlFBA1/2/3 and SlFBA 7/8.
To further explore the origin and evolutionary process of tomato
FBA genes, we analyzed the comparative synteny map between
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Fig. 7. Effect of low temperature (4  C) on FBA expression level, FBA activity and net photosynthesis rate in tomato. (A) Hierarchical SlFBA gene clustering. Log2-based-fold changes
were used to create a heatmap. Differences in gene expression changes are depicted in color on the right scale. (B) FBA activity and Pn of tomato leaves.

Fig. 8. Effect of high temperature (42  C) on FBA expression level, FBA activity, and net photosynthesis rate in tomato. (A) Hierarchical SlFBA gene clustering. Log2-based-fold
changes were used to create a heat map. Differences in gene expression changes are depicted in color on the right scale. (B) FBA activity and net photosynthetic rate of tomato
leaves.

tomato and Arabidopsis genomes. Arabidopsis is among the most
important model plant species, particularly with regard to FBA
genes, because the functions of some of these genes have been well
characterized. Thus, through comparative genomics we can determine the origin and diversiﬁcation of tomato FBAs based on their
Arabidopsis homologs. The results indicated that none of the tomato
and Arabidopsis FBA genes were located in syntenic regions (data
not shown). However, the gene structure and exon lengths were
similar and highly conserved among homologs in tomato and
Arabidopsis (Table 2; Supplementary ﬁle 4). Our data may be
explained as follows: after the speciation of tomato-Arabidopsis,
each of the genomes underwent multiple rounds of chromosome
breakage and fusion, and this was followed by the selective loss of
genes, which could obscure the identiﬁcation of chromosomal
syntenies.
It has been previously suggested that orthologous genes usually
share similar functions and are clustered in the same clades. As
shown in Fig. 4, several tomato FBA proteins were clustered into
some functional clades, which provided valuable information
regarding the functions of tomato FBA genes. For example, SlFBA1, 2,
and 3 were grouped together with NpAldP1 and NpAldP2, which are

involved in salt stress (Yamada et al., 2000). This ﬁnding implied
that SlFBA1, 2, and 3 were might play important roles in tomato
response to salt stress. In addition, SlFBA6, 7 and 8 were grouped
together with StFBA, which controls photosynthesis, carbon partitioning, plant growth, and fruit size (Haake et al., 1998; ObiadallaAli et al., 2004; Uematsu et al., 2012). SlFBA7 shared a high level of
sequence similarity with OsALD. It has been proposed that OsALD
controls the synthesis of chlorophyll and plant development,
especially the width of seeds and the length between each internode (Zhang et al., 2003). Therefore, it is possible that SlFBA7 may
control plant and seed development in tomato.
In this study, the seed size of SlFBA7 overexpression plants was
larger than that of the wild type (Fig. 12B). Accordingly, the 1000seed weight of the transgenic lines was signiﬁcant higher than
that of the wild-type plants (Fig. 12C). Furthermore, the stem
diameter was also increased in transgenic lines (Fig. 12D), however,
the plant height of transgenic lines exhibited no signiﬁcant difference compared with that of WT (data not shown). The reason for
larger seed size and stem diameter probably was higher Pn, gene
expression and activity of some calvin cycle enzymes in transgenic
lines (Figs. 10, 11 and 12A). It is worth to note that although SlFBA7
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Fig. 9. Identiﬁcation of transgenic tomato plants. (A) Tomato transformants were conﬁrmed by PCR using CaMV35S promoter speciﬁc forward primer (35SF) together with SlFBA7
reverse primer (SlFBA7R1) (Supplementary ﬁle 1). (B) Western blot analysis of SlFBA7 in WT and transgenic plants. The proteins were separated by SDSePAGE and then stained with
Coomassie brilliant blue R250 for the western blotting. (C) qRT-PCR analysis of SlFBA7 transcript abundance in WT and transgenic plants. (D) FBA activity analysis in WT and
transgenic plants. P, positive control (vector); WT, wild type; T1-1, T1-2, T1-3 and T1-4 represent SlFBA7 overexpression trangenic tomato plants. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 10. The transcript abundance of SBPase (A), FBPase (B), GAPDH (C), rbcL (D), rbcS (E) and TK (F) in WT and transgenic tomato plants. The values represent the means ± S.D.
(n ¼ 3). Asterisks indicate statistically signiﬁcant differences (*P < 0.05, **P < 0.01).
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Fig. 11. The activity of SBPase (A), FBPase (B), GAPDH (C), Rubisco (D) and TK (E) and RuBP content (F) in WT and transgenic tomato plants. The values represent the means ± S.D.
(n ¼ 3). Asterisks indicate statistically signiﬁcant differences (*P < 0.05, **P < 0.01).

was predicted as a cytoplasmic protein, over-expression of SlFBA7
could modulates photosynthesis, which is a centric event in cholorplast. The possible reasons as follows: (1) over-expression of
SlFBA7 not only increased the FBA activity (Fig. 9D) but also
enhanced the activities of the other enzymes in the Calvin cycle
(Figs. 10 and 11). This result indicated that increasing enzyme's
activities in Calvin cycle promotes the ﬁxation of CO2 and regeneration of RuBP (Fig 11F), thereby enhancing the photosynthetic
potential of the plants; (2) There are some common compounds in
chloroplasts and cytoplasm. For example, primary products of
photosynthesis are three-carbon compounds (DHAP, 3-PGA) which
are subsequently processed in either chloroplasts or cytoplasm
(Flügge, 1999). Increasing the activities of cytoplasmic FBA and
FBPase promotes the regeneration of RuBP through converting G3P
and DHAP into fructose 6-phosphate (6C), leading to photosynthetic efﬁciency increased. (3) Over-expression of SlFBA7 increased
not only the FBA activity but also FBPase activity (Fig. 11B) that
catalysises the dephosphorylation from fructose 1,6-bisphosphate
(FBP) to fructose 6-phosphate (F6P), leading to Pi accumulation.
As is known, Pi is the important constituent for chloroplast and ATP

which is the main place of photosynthesis and offer energy for
carbon reduction, respectively (Wang et al., 2014), and plays
important role in photosynthesis (Quiek and Mills, 1988). However,
the mechanism is still to be studied further.

4.3. SlFBAs might play an important role in responses to
temperature stress
Many FBA proteins are upregulated in response to various
abiotic stresses. However, no FBA family genes have been shown to
respond to abiotic conditions in tomato. For this reason, the
expression patterns of tomato FBA genes were investigated under
low temperature (4  C) and high temperature (42  C) stress treatments for 3 days. The results demonstrated that all 8 SlFBAs
responded to the 2 treatments and exhibited similar expression
pattern. The expression of most SlFBA genes was induced by the 2
treatments and peaked after 0.5 d or 1 d before decreasing (Figs. 7
and 8). Similar results were obtained by Salekdeh et al. (2002)
(Salekdeh et al., 2002), who observed that the expression of FBA
was increased in salt-stressed rice leaves. Abbasi and Komatsu
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Fig. 12. The Pn (A), Seed size (B), 1000-seed weight (C), and stem diameter (D) analysis of WT and SlFBA7 overexpression transgenic lines. The values represent the means ± S.D.
(n ¼ 3). Asterisks indicate statistically signiﬁcant differences (*P < 0.05, **P < 0.01).

(2004) (Abbasi and Komatsu, 2004) also observed increased
expression of FBP aldolase in the rice leaf sheath under different
stresses such as cold, salinity, and drought, indicating that the plant
responded to stressful stimuli by over-expressing this enzyme. It is

worth noting that the expression of SlFBA3 and 4 gradually
decreased and increased, respectively, from 0 d to 3 d under the low
temperature treatment, which showed different expression patterns compared with other SlFBAs. These results indicated that the 8

Fig. 13. Germination of WT and transgenic seeds under normal condition and temperature stresses. Germination of WT and transgenic seeds at 18, 28 and 42  C for 3 d (A), and
germination percentage every day from 1 d to 3d or 4 d under 28  C(B), 18  C (C) and 42  C (D). Germination was deﬁned as appearance of the radicle. The germination percentage at
each time point was determined as the percentage of germinating seeds at that point relative to the total number of seeds.
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SlFBAs played a major role in the plant response to temperature
stress.
The Calvin cycle is the initial pathway of photosynthetic carbon
ﬁxation, and FBA is one of the non-regulated enzymes in the Calvin
cycle; it is predicted to have the potential to control photosynthetic
carbon ﬂux through the cycle and then promote plant growth
(Uematsu et al., 2012). In this study, the net photosynthetic rate and
FBA activity were also investigated under the 2 treatments. The
results showed that the net photosynthetic rate and FBA activity
were both gradually reduced in tomato leaves under stress conditions. This is similar with data from Yang et al. (2008) (Yang et al.,
2008), who reported that the activity of photosynthesis-related
enzymes including aldolase was inhibited by salt stress in tobacco. In this study, the expression of SlFBA7 was strongly induced
by low and high temperature stress treatments and peaked at 0.5 d
(Figs. 7 and 8). Remarkably, we found that SlFBA7 overexpression
could signiﬁcantly improved germination percentage under 18 and
42  C conditions (Fig. 13), indicating that SlFBA7 might has positive
role in seed germination under suboptimal temperature stresses in
tomato.
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