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Abstract

Heat shock transcription factor (HSF) plays an important role in the expression regulation of thermal response genes in plants.
However, little is known about this family in cucumber. Recently, the availability of cucumber genome sequences has provided an
opportunity for identifying these Hsfs. In the present study, all members of the HSF gene family of cucumber (Cucumis sativus L.)
were identified from the sequenced genome and analyzed in silico. We identified at least 21 HSF genes in the cucumber, which
encode proteins with length between 184 and 560 amino acids. Multiple sequence alignments showed that cucumber HSF proteins
possess highly conserved DNA binding domains and other extensively conserved motifs. These HSF genes are unevenly distributed
in all seven chromosomes, with chromosomes 2 and 3 both having the greatest number of HSF genes. In addition, phylogenetic
analysis of the HSFs from cucumber and Arabidopsis thaliana showed that these proteins could be divided into three families (A, B
and C). The A family was then further divided into nine subfamilies, and there were eight pairs of orthologous genes and five pairs of
paralogous genes. HSF members in some subfamilies were from cucumber and Arabidopsis, indicating that the HSF gene family
existed before the separation of cucumber and Arabidopsis thaliana.

Keywords: cucumber; heat stress; heat shock transcription factor; bioinformatics; phylogenetic relationships.
Abbreviations: HSF_heat shock transcription factor; HSP_ heat shock proteins; DBD_DNA binding domain; HR-A/B_hydrophobic
amino repeat; NLS_nuclear localization signal; NES_nuclear export signal.

Introduction

Plants display a series of stress responses under heat shock components: a DNA binding domain (DBD) at the
stress conditions; heat shock proteins (HSP) are one of the N-terminal, a bidirectional oligomerization domain composed
major accumulated components in plants under these of hydrophobic amino repeat (HR-A/B), a cell nuclear
conditions, and the regulation at the transcription levels is the localization signal (NLS), and a nuclear export signal (NES).
main regulation method for plant heat shock protein In rare cases, there was also an additional acidic C-terminal
expression (Kimpel et al., 1990; Kotak et al., 2004; Lin et al., activation domain (CTAD) (Peteranderl et al., 1999).
2011). Heat shock transcription factors (HSF) are major According to the structural characteristics of the conserved
factors initiating the expression of downstream HSP genes DBD and HR-A/B regions, HSFs are also divided into three
under heat stress conditions (Baniwal et al., 2004; Kotak et subfamilies (A, B and C). The main differences between the
al., 2007; Ahmad, 2012). HSFs activate gene expression of three subfamilies were as follows: the B subfamily has 7
HSPs by binding to the conserved heat shock element (HSE), amino acid residues in the HR-A/B structural domain,
which further induce heat stress responses to resist damages whereas the A and C subfamilies have extra 21 and 7 residues,
from adverse environments. Since HSF genes were first respectively, in addition to the 7 residues. In addition, there
cloned from yeast in the 1980s (Sorger and Pelham, 1988; was no CTAD structural domain in the B and C subfamilies
Wiederrecht et al., 1988), many mammalian HSF genes have (Klaus-Dieter et al., 2012). Cucumber (Cucumis sativus L.) is
been isolated (Clos et al., 1990; Rabindran et al., 1991; Sarge one of the world’s most important economic vegetable crops,
et al., 1991; Schuetz et al., 1991). The plant HSF gene was and a model system for sex determination studies and plant
first cloned from Solanum lycopersicum (Scharf et al., 1990). vascular biology (Huang et al., 2009). Recently, sequencing
With more and more plant genomics being sequences, the of the cucumber genome has been completed (Huang et al.,
corresponding HSF genes in Arabidopsis and rice were also 2009), providing great advantages for studying HSFs in
identified (Huhel et al., 1994; Yamanouchi et al., 2002). cucumbers. In the present study, identification and
Subsequently, at least 52 and 30 HSF genes were found in comparative analysis of the HSFs in cucumber were
soybean (Chung et al., 2013) and maize (Lin et al., 2001), conducted wusing bioinformatics methods. Moreover,
respectively. Therefore, plant HSF genes are shown to be a sequence  characteristics,  phylogenetic  relationships,
large gene family (Nover et al., 1996; Kotak et al., 2004). chromosomal localization and conserved motifs were also
Previous studies have demonstrated that HSFs possess highly performed. These results will be helpful in better
conserved domains. Typical HSFs generally include four understanding the complexity of the HSF gene family to
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build a basis for further deciphering the functions of HSF.
Results and Discussion

Identification of heat shock transcription factor gene family
in cucumber

In order to comprehensively acquire cucumber HSF genes,
the genome data of cucumber
(http://cucumber.genomics.org.cn/page/cucumber/index.jsp)
were searched using the BLASTP method. The acquired
genes were examined in the Pfam  database
(http://pfam.sanger.ac.uk). In the meantime, to confirm the
accuracy of the obtained HSF genes, the coil structures
characteristic of the HSF genes were detected in the
MARCOIL database
(http://toolkit.tuebingen.mpg.de/sections/seqanal).  Twenty
one cucumber HSF genes were eventually identified and
named as CsHSF01-CsHSF21. The length of CsHSF proteins
were between 184 (CsHSF14) and 560 (CsHSF12) amino
acids. Their theoretical isoelectric points spanned from 4.70
(CsHSF17) and 9.10 (CsHSF13), indicating the presence of
both basic and acidic proteins. The molecular weights varied
between 21.2 kDa (CsHSF14) and 62.3 kDa (CsHSF12)
(Table 1).

Multiple sequence alignments of HSF genes in cucumber

CsHSF had typical structures of transcription factors,
including conserved DNA binding domain (DBD) (Scharf et
al., 1990). The DBD domain in the N terminal of the HSFs
contained three a helixes (o;~a3) and four g folds (Bi~B.),
that had the functions of specific recognition and accurate
location of heat stress elements. To analyze the DBD
structure in CsHSF, multiple sequence alignments of the
DBD domains were conducted by using Clustal X (Fig. 1),
and the results demonstrated that the DBD domains are
highly conserved in most CsHSF proteins. The DBD domain
is 94 residues in length. However, the DBD domains of
CsHSF14 and CsHSF17 were partially truncated, with 32
residues in the B3 and B4 0f CsHSF14 and 21 residues in the
B4 0f CSHSF17 being deleted. These deletions may have been
attributed to the genetic diversity in CsHSFs. In order to
further analyze the structural characteristics of HSF genes in
cucumber, a CsHSF phylogenetic tree and intron-exon
structure diagram were constructed (Fig. 2). The CsHSF gene
family could be divided into two subfamilies (I-11), then each
subfamily was further subdivided into two groups. The
numbers of gene members in each group were different. The
intron-exon structure diagram showed that there were few
number variations of introns in all of the CSHSF genes. Most
CsHSF contained one intron; only CsHSF10 and CsHSFO03
contained two introns, and CsHSF17 contained three introns.

Distribution of conserved motifs in cucumber HSFs

Conserved motifs in the 21 CsHSF proteins were identified
using the MEME online tool (Fig. 3). The results
demonstrated that these proteins contained 15 conserved
motifs with lengths of 6-40 amino acids (Table 2). The
distribution of the 15 conserved motifs in the CSHSF proteins
was further analyzed. The number of the conserved motifs in
each gene varied between 3 and 12. CsHSF20 had the least
number of motifs (Motifl, Motif2 and Motifl4), whereas all
CsHSF01, CsHSF02 and CsHSFO03 had 12 motifs. Two
motifs, namely Motifl and Motif2, were completely
conserved in all of the CsSHSF proteins. In general, they were
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highly conserved in all of the CsHSF gene family members.
Chromosomal localizations of cucumber HSF genes

The chromosomal localizations of the 21 CsHSF genes were
analyzed according to the data information of cucumber
genome sequencing (Fig. 4). Twenty CsHSF genes were
located in the seven chromosomes, with the exception that
one HSF (CsHSF21) was located in Scaffold_repeat037858
that has not been fully assembled. The chromosomal
localizations of 20 CsHSF genes were not distributed evenly.
Chromosomes 2 and 3 each had five CsHSFs, collectively
accounting for 50% of the gene family. Six CsHSFs, namely
CsHSF14 and CsHSF15, CsHSF16 and CsHSF17, and
CsHSF18 and CsHSF19 were located on chromosomes 4, 5
and 6, respectively. Thereamining CsHSF genes were located
on Chromosome 1 (CsHSF01, CsHSF02 and CsHSFO03) and
Chrosomose 7(CsHSF20).

Construction and analysis of phylogenetic tree of cucumber
HSF genes

In order to analyze the evolutionary relationship of the
cucumber HSF gene family, the HSF genes of the model
plant Arabidopsis thaliana were selected to construct the
phylogenetic trees (Fig. 5). According to the HSF
classification methods of Arabidopsis thaliana used by
previous researchers (Nover et al., 1996), the HSF gene
family members of the two species were divided into three
subfamilies (A, B and C). Each subfamilies contained
members from the two species, in which A contained 26 HSF
genes, B contained 13 genes, and C only had 3 genes, the
least of the three subfamilies. A was further divided into nine
subgroups (A1-A9). A phylogenetic tree is used not only to
analyze the phylogenetic relationships in every gene family,
but also to recognize homologous genes. As illustrated in Fig.
5, there were eight pairs of orthologous genes, namely
At1g32330 and CsHSF09, At2g26150 and CsHSFO07,
CsHSF10 and At3g22830, CsHSF16 and At1g67970,
CsHSFO5 and At5g54070, CsHSF12 and At5g03720,
CsHSF17 and At4g11660, CsHSF19 and At4g36990; and
five pairs of paralogous genes, including three pairs from
Arabidopsis thaliana (namely At5916820 and At3g02990,
At3g63350 and At3g51910, At3g63350 and At3g51910), and
two pairs from cucumber (namely Csa009386 and Csa011478,
Csa014653 and Csa026480). Although similar numbers of
HSFs were found in these two species, multiple pairs of
paralogous genes among them identified by the phylogenetic
tree indicated that the HSF genes may have underwent
different evolution processes after the divergence of
Arabidopsis thaliana and cucumber. In addition, there was no
orthologous gene of the Arabidopsis thaliana HSF gene
At4g18870 and At5g43840 in cucumber, indicating that there
may have been a deletion of homologous genes in cucumber
genome. In the present investigation, 21 HSF genes were
identified from the cucumber genome by using
bioinformatics methods, which were divided into three
subfamilies, namely groups A, B and C, which contained 11,
8 and 2 HSF genes, respectively. The gene number in each
group was different, suggesting that cucumber HSF gene
family members were unevenly distributed and extensively
diversified. This provided gene resources for the functional
studies of cucumber HSF genes. Phylogenetic relationships
may provide help in searching for orthologous genes and
paralogous genes within species. In the present study, there
were only eight pairs of orthologous genes and five pairs of
paralogous HSF genes, indicating that most of these gene
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Table 1.

Basic characteristics of the HSFs gene family members in the cucumber genome.

G Cucumber Chromosomal Length_ of ORF Length  Isoelectric Molecule weightd
ene : a - genomic Length 5 e
Genomics ID location (aa) point (kDa)
sequence (bp)

CsHSF01 Csa021238 Chr1:11832007-11833006 1000 876 291 5.21 33.2
CsHSF02 Csa017341 Chrl:15259860-15261199 1304 1230 409 5.20 46.7
CsHSF03  Csa006414 Chrl:21622359-21625154 2796 891 296 8.94 34.3
CsHSF04  Csa006876 Chr2:214174-215205 1032 915 304 6.15 34.2
CsHSF05 Csa009195 Chr2:5793154-5794838 1685 1149 382 5.66 44.0
CsHSF06 Csa014653 Chr2:10689909-10691168 1263 1047 348 5.78 40.1
CsHSFO7 Csa011545 Chr2:15110057-15111445 1389 1095 364 5.12 415
CsHSF08 Csa011478 Chr2:15757198-15758515 1318 1125 374 7.28 41.7
CsHSF09 Csa019047 Chr3: 290397-294690 4294 1557 518 5.04 57.0
CsHSF10 Csa000108 Chr3:9135193-9137428 2236 1092 363 5.48 425
CsHSF11 Csa008853 Chr3:11762367-11763348 982 882 293 5.56 333
CsHSF12 Csa005086 Chr3:25459662-25462183 2522 1683 560 5.09 62.3
CsHSF13  Csa002380 Chr3:28298304-28299992 1689 759 252 9.10 29.5
CsHSF14 Csa019876 Chr4:7370508-7373291 2784 555 184 8.44 21.2
CsHSF15 Csa009386 Chr4:20950404-20951491 1088 990 329 7.35 38.0
CsHSF16 Csa010629 Chr5:9885091-9888254 3164 1191 396 4.77 459
CsHSF17 Csa012865 Chrb:15335879-15337074 1196 765 254 4.70 28.2
CsHSF18 Csa011800 Chr6:10167494-10168488 995 903 300 7.78 34.8
CsHSF19 Csa010236 Chr6:21145571-21147058 1488 873 290 5.72 327
CsHSF20 Csa016743 Chr7:12554732-12556255 1524 1113 370 5.13 42.7
CsHSF21  Csa026480 Scaffold_repeat037858: )¢ 1050 349 578 40.2

1545-2807

Available at http://cucumber.genomics.org.cn/page/cucumber/index.jsp.

deduced polypeptide

Plength (number of amino acids) . “molecular weight (kilodaltons) . Sisoelectric point (pl) of the

Fig 1. Multiple sequence alignment of the DBD domains of the HSF protein family in cucumber. The multiple alignment results
clearly show the highly conserved DBD domains among cucumber HSF genes. The secondary structure elements of DBD
(al- B 1- B 2-a2-a3- B 3- B 4) are shown above the alignment. Cylindrical tubes represent a-helices and diamond arrows represent

b-sheets.

family members were expanded in cucumber and
Arabidopsis thaliana according to their species-specific
modes. The phenomenon has been extensively confirmed in
gene family analysis of other plant species (Bai et al., 2002;
Zhang et al., 2005; Jain et al., 2006). Furthermore, there were
no orthologous HSF genes for At4g18870 and At5g43840
present in cucumber, suggesting that gene loss events may
occur in the evolution process of cucumber HSF. Previous
researches showed that MdHsfs transcripts were detected in
several apple organs, and expression changes were observed
in developing flowers and fruits as well as in leaves in the
field and exposed to the naturally increased temperatures
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(Giorno et al., 2012). Furthermore, the transcripts of all
ZmHsf genes exhibit different expression levels in heat stress
treatment (Lin et al., 2011). These results indicated that HSF
genes play an important role in plant in response to heat
response. In the present study, HSF was identified and
analyzed at the whole genome level using bioinformatics
methods with cucumber genome sequence as the materials,
and 21 HSF sequences were obtained. Then sequence
characteristics, gene structure and molecule evolution were
analyzed, which will form the basis for further investigations
of gene expression and function.
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Table 2. Motif sequences identified by MEME tools.
Motif Width Best possible match

1 40 WDPHEFARDLLPKYFKHNNFSSFVRQLNTYGFRKIDPDRW
2 29 PFLTKTYDMVDDPATDHIISWGRDGTSFI

3 27 EFANEGFLRGQKHLLCNIHRRKPIHNH

4 40 LWEEIDRLRRDKQMLMMELVKMRQQCQNTRYYIQTMCQRL
5 29 TEMKQQQMMYFLARAMQNPDFIHQLIQQK

6 11 PMEGLHDVGPP

7 8 CVEIGRFG

8 32 CGYEVSELEALALEMQGLGRAVKKETKVKEEM

9 20 KKKDIEEAITKKRRRPIDQG

10 29 ENGDAELDEGFWEEFFSGRIEEGENDDMV

11 12 KLFGVWIGGKKR

12 21 MNPQYPVKEEDWGPSSSEFGG

13 10 GRFGYLGSI

14 6 HYHHHH

15 7 GQIVKYQ

L n 4 " " L ¢
(7 Tty 10ty iy iRy ity Ty ke 3

g

—
0.05

Legeds

oo g R = i e st tstren 012: inkron phase

Fig 2. Phylogenetic analysis and intron/exon configurations of HSFs in cucumber. The phylogenetic tree of CsSHSFs was constructed
using MEGA 5.0. Introns and exons are drawn to scale with the full encoding regions of their respective genes. Boxes indicate the
exon, and lines indicate the intron. 0 = intron phrase 0; 1 = intron phrase 1; 2 = intron phrase 2.

Materials and methods obtained HSF transcription factor was identified by using
) ) PFAM (http://pfam.janelia.org/). Moreover, the coil structure
Plant genomics materials specific to the HSF protein was detected by the online tool

MARCOIL  (http://toolkit.tuebingen.mpg.de/marcoil),  to

The related information of the HSF family members in obtain candidate genes for further analysis.

cucumber was mainly obtained from the database of genomes

n _ _ cucumber Sequence analysis and construction of phylogenetic tree

(http://cucumber.genomics.org.cn/page/cucumber/index.jsp),

and the data of the HSF family members in Arabidopsis The basic physicochemical parameters of HSF proteins in

thaliana were obtained from the database at cucumber were evaluated by the online tool EXPASy

http://datf.cbi.pku.edu.cn/. (http://web.expasy.org/compute_pi/). The nucleotide
sequences of the searched HSF genes in cucumber and

Identification of HSF transcription factor in cucumber Arabidopsis were translated into amino acid sequences using

the BioXM2.6 software program, and the file format was
transformed into the FASTA format. Sequence alignment was
conducted using the Clustal X software program (Ramu et al.,

In order to comprehensively identify the HSF transcription
factor in cucumber, the cucumber genome database was
conducted by BLAST research, using the amino acid
sequences of the HSF members in the model plant
Arabidopsis thaliana. The DBD structural domain of the
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Fig 3 Distribution of conserved motifs in the CsHSF family members. All motifs were identified by MEME using the complete
amino acid sequences of 21 cucumber HSF genes. Motif sizes are indicated at the bottom of the figure. Different motifs are indicated

by different colors numbered 1-15.
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Fig 4. Chromosomal distribution of cucumber Hsf genes. Chromosomal mapping was based on the physical position (Mb) in 7
tomato chromosomes. The chromosome number is indicated at the top of each chromosome. Chromosomal positions of the cucumber

Hsf genes are indicated by gene name (assigned in Table 1).

2003), and the file format was further transformed into the
format of “CLUSTAL”. The phylogenetic tree was
constructed with the amino acid sequences of the HSFs by
the Neighbor-Joining Method in the MEGA5.0 software
program (Tamura et al., 2011). Bootstrapping (1000
replicates) was used to evaluate the degree of support for a
particular grouping pattern in the phylogenetic tree and the
joints with bootstrap supporting values less than 50% were
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removed, to demonstrate the lengths of various branches.
Analysis of conserved motifs of HSF in cucumber
The conserved motifs of cucumber HSF proteins were

analyzed using the Multiple Em for Motif Elicitation (MEME)
tool (http://meme.nbcr.net/meme/cgi-bin/meme.cgi), and the


http://meme.nbcr.net/meme/cgi-bin/meme.cgi

100

97

95 Atag11660
88
98

100
100
2 290 99
99
91
95
83
91 |
ad Csa017341
100 AtAg 8880 A4
100 At5g45710
AtAg18870
fr———]
0.1

Fig 5. The phylogenetic analysis of all the Hsf genes in
Arabidopsis and cucumber. The phylogenetic tree of all the
Hsf genes in two species was constructed from a complete
alignment of these Hsf proteins by the neighbor-joining
method with bootstrap analysis (1, 000 replicates).
Arabidopsis and cucumber genes are indicated at the end of
branches, respectively. Bootstrapping values are indicated as
percentages (when > 50%) along the branches. The resulting
eleven clusters of orthologous genes according to the report
by (Nover et al., 1996) are shown on the right.

parameters were set as follows: the minimum length of the
conserved motif was 6, the maximum length of the conserved
motif was 40, and the largest number of the discovered and
conserved motifs was 15; other parameters retained their
default settings.

Chromosome location of HSFs in cucumber

The cucumber chromosome map was drawn according to the
chromosome data from the Cucumber Genome Database
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(http://cucumber.genomics.org.cn/page/cucumber/index.jsp).
The chromosome location image of HSF genes was generated
using the MapDraw V2.1 software program (Liu et al., 2003).

Conclusion

In this study, a total of 21 HSF genes were identified from the
sequenced cucumber (Cucumis sativus L.) genome. These
HSF proteins possess highly conserved DNA binding
domains and other extensively conserved motifs, and are
unevenly distributed in all seven chromosomes. The
phylogenetic tree showed that these proteins could be divided
into the A, B and C families. Evolutionary analysis indicated
that the HSF gene family existed before the separation of
cucumber and Arabidopsis thaliana.
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