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A B S T R A C T
Apiaceae is a major family from Apiales and includes many important vegetable and medicinal crops. Heat shock transcription factors
(Hsf) play important roles in heat tolerance during plant development. Here, we conducted systematic analyses of the Hsf gene family in three
Apiaceae species, including 17 Apium graveolens (celery), 32 Coriandrum sativum (coriander), and 14 Daucus carota (carrot). A total of 73 Hsf genes
were identified in three representative species, including Arabidopsis thaliana, Vitis vinifera, and Lactuca sativa. Whole-genome duplication played
important roles in the Hsf gene family’s expansion within Apiaceae. Interestingly, we found that coriander had more Hsf genes than celery and
carrot due to greater expansion and fewer losses. Twenty-seven branches of the phylogenetic tree underwent considerable positive selection in
these Apiaceae species. We also explored the expression patterns of Hsf genes in three plant organs. Collectively, this study will serve as a rich
gene resource for exploring the molecular mechanisms of heat tolerance. Additionally, this is the first study to report on the Hsf gene family in
Apiaceae; thus, our research will provide guidance for future comparative and functional genomic studies on the Hsf gene family and others in
Apiaceae.
Keywords: Hsf gene family; Gene duplication and loss; Expression pattern; Apiaceae

1. Introduction
Apiaceae is one of the largest aromatic flowering plant families. It contains approximately 450 genera and 3 700 species,
which are widely distributed across the temperate zone (Lee
et al., 2019). The typical representative plants of Apiaceae include celery, coriander, and carrot, among others. Celery, which is
grown worldwide, is a popular medicinal herb (Maljaei et al., 2019;
Yin et al., 2020). Coriander is a phytogenic herb that is widely
distributed throughout North Africa, central Europe, and Asia

(Sojic et al., 2019). Carrot is a biennial herbaceous species and
belongs to the root vegetables (Que et al., 2019). Roots contain
high quantities of alpha- and beta-carotene, and are a good
source of vitamin K and vitamin B6, which may protect humans
against certain diseases (Iorizzo et al., 2016; Liu et al., 2019c).
Overall, these three plants are well known and are widely used
as vegetables, spices, and medicine.
Plants suffer from several extreme environmental stresses, including high temperature, high salinity, drought, and water deficiency (Song et al., 2014; Yan et al., 2018; Castañares and Bouzo,
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2019; Liu et al., 2019a; Qi et al., 2019). Among these stresses, heat
is one of the most detrimental as it negatively affects crop yield
(Kumar et al., 2018a). In response, plants need to relieve its adverse effects (Song et al., 2014; Wan et al., 2019). The ability of
plants to adapt to stress is important for their growth and development (Guo et al., 2008; Zhou et al., 2019). Furthermore, adjustments to stress are important for controlling the expression
of stress-responsive genes (Gomez-Pastor et al., 2018; Zhou et al.,
2019). Hsf (Heat shock transcription factor) is a key transcription
factor that responds to heat stress and plays an important role in
heat resistance (Ohama et al., 2016; Wan et al., 2019).
Hsf shares a DNA-binding domain (DBD) at the N-terminus, an
adjacent oligomerization domain (OD or HR-A/B), and nuclear localization signal (NLS) motifs (Scharf et al., 2012; Li et al., 2019).
Additionally, Hsf has a C-terminal activation domain (CTAD), AHA
motifs, and a nuclear export signal (NES) (Liu et al., 2018; Li et al.,
2019). The OD sequence contains a heptad repeat pattern of hydrophobic amino acid residues. Hsf has been classified into three
groups based on the number of amino acid residues between two
heptad repeats, respectively named HsfA, HsfB, and HsfC (Nover
et al., 2001; Liu et al., 2018). In groups A and C, there are 21 and
7 amino acid residue insertions in the HR-A/B regions, whereas
there are no insertions in group B, which is similar to all nonplant Hsfs (Nover et al., 2001). Additionally, group A has AHA motifs, which have not been detected in groups B or C (Döring et al.,
2000).
The first Hsf family gene was cloned and characterized in
yeast (Sorger and Pelham, 1988). Subsequently, corresponding
genes were cloned in Drosophila melanogaster, Homo sapiens, and
tomato (Pirkkala et al., 2001; Guo et al., 2008). With the increase
in available genomes, the Hsf gene family has been studied at
the whole-genome level in many plants. A total of 21, 25, 24,
35, 36, 64, 32, 18, 29, 20, 19, 25, and 26 Hsf family genes have
been identified in Arabidopsis, rice, tomato, Brassica oleracea, B.
rapa, B. napus, cassava, Prunus mume, Tartary buckwheat, chickpea, grape, pepper, and soybean, respectively (Guo et al., 2008;
Scharf et al., 2012; Chung et al., 2013; Song et al., 2014; Guo et
al., 2015; Huang et al., 2015; Zafar et al., 2016; Zhu et al., 2017;
Liu et al., 2018, 2019b; Lohani et al., 2019; Wan et al., 2019; Yu et
al., 2019). Collectively, these studies have served as rich resources
for comparative analyses on the Hsf gene family in plants. However, there has been no report on the heat shock transcription
factor (Hsf) gene family in these three plants (celery, coriander
and carrot) despite its important role in plant heat resistance.
An investigation of the Hsf gene family in the whole-genome of
celery, coriander, and carrot is valuable for plant heat resistance
breeding.
In this study, we comprehensively described the Hsf gene family in celery, coriander, and carrot. A comparative analysis using
lettuce, grape, and Arabidopsis as representative species was also
conducted. The goals of this study were to (i) identify Hsf family
genes in celery, coriander, and carrot; (ii) classify Hsf family genes
using phylogenetic relationships; (iii) map Hsf family genes on
corresponding chromosomes; (iv) identify orthologous and paralogous Hsf family genes; (v) detect duplications or losses of Hsf
family genes; and (vi) analyze Hsf family gene expression patterns in three plant organs using RNA-seq. This study will serve
as a useful resource for future studies on the biological functions
of the Hsf gene family. Additionally, these findings enhance our
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understanding of the evolutionary history of the Hsf gene family
in Apiaceae.

2. Materials and methods
2.1. Genome sequence collection and Hsf family gene
identification
The gene sequences of coriander (Coriandrum sativum) and
celery (Apium graveolens) were downloaded from the CGDB
database (Song et al., 2020a). For Arabidopsis, they were retrieved
from the Arabidopsis Information resource (TAIR10, http://www.
arabidopsis.org/). The gene sequences of carrot (Daucus carota)
(version 2), lettuce (Lactuca sativa) (version 5), and grape (Vitis
vinifera) (Genoscope.12X) were downloaded from the Phytozome
database (http://www.phytozome.net/) (Jaillon et al., 2007; Iorizzo
et al., 2016; Reyes-Chin-Wo et al., 2017). Arabidopsis and grape
were selected as they are typical model species and their Hsf family genes have been well characterized. Lettuce was selected as it
is a close relative to Apiaceae. The Pfam database was used to
identify Hsf family gene (PF00447) with an e-value < 1e−4 (Punta
et al., 2012). The SMART and CDD databases were used to perform domain validation and ensure accuracy (Marchler-Bauer et
al., 2009; Letunic et al., 2012). Additionally, DBD and HR-A/B domains were detected using the SMART and MARCOIL databases,
respectively (Letunic et al., 2012; Zimmermann et al., 2018).

2.2. Phylogenetic analysis
Amino acid sequences of the Hsf family genes from six
species were used to construct a phylogenetic tree using MEGA
X software (Kumar et al., 2018b). First, multiple alignments were
conducted using ClustalW (https://www.genome.jp/tools-bin/
clustalw); then the phylogenetic tree was constructed using the
neighbor-joining (NJ) method with 1 000 bootstrap replicates. Evolutionary distances were computed using the Poisson correction
method.

2.3. Chromosomal localization, gene structure, and conserved
motif analyses
The distributions of Hsf family genes on each chromosome in
celery, coriander, and carrot were drawn according to the physical
position of their general feature format (gff) files using Tbtools
software (https://github.com/CJ- Chen/TBtools- Manual). The Hsf
family gene structure in these species was performed using Gene
Structure Displayer Server v2.0 (GSDS) (Hu et al., 2015). The gff
files were submitted to GSDS website, which showed the position of exons, introns, and untranslated regions (UTR). The amino
acid sequences of the Hsf family genes in celery, coriander, and
carrot were analyzed using Multiple Expectation maximization
for Motif Elicitation (MEME) to search for conserved motifs with
the default parameters (Bailey et al., 2009).

2.4. Ortholog, paralog, and gene duplication analyses
The orthologous and paralogous of Hsf family genes in celery,
coriander, and carrot were identified using OrthoMCL with an evalue of 1e−5 (Li et al., 2003). The relationships of the orthologous
and paralogous genes in these three species were drawn using
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Fig. 1 Phylogenetic tree of the Hsf gene family in the three Apiaceae species (carrot, celery, and coriander) and lettuce, grape, and
Arabidopsis
Phylogenetic tree topology was generated using MEGA X with the NJ method. Bootstrap values > 40% are shown.

Circos software (Krzywinski et al., 2009). The reconstructed Hsf
family gene trees were compared with real species trees by lineage using Notung v2.9 software with the default parameters to
conduct Hsf family gene duplication and loss estimation (Stolzer
et al., 2012).

2.5. Collinear analysis and duplication types of genes
The collinear analysis of the Hsf family genes among celery,
coriander, and carrot were conducted using MCScanX software
(Wang et al., 2012). First, whole-genome protein sequences of
these species were performed using the Blastp program with an
e-value of 1 × 10−5 . Then, we searched the collinear blocks using MCScanX with the parameters: -k 50, -s 5, and -m 25. The
duplication types of the genes were classified using a duplicate_gene_classifier program, which was incorporated in the MCScanX software. Finally, Hsf family genes located in the collinear
blocks were extracted using Perl scripts.

2.6. Ka/Ks calculation and divergence time estimation
To estimate the divergence time of the genes, the sequences
of orthologous Hsf family gene pairs in celery, carrot, and coriander were aligned using ClustalW. Then, the nonsynonymous rate

(Ka), synonymous rate (Ks), and their ratio (Ka/Ks) between orthologous gene pairs were calculated based on their coding sequence alignments using the Nei-Gojobori method, which was
implemented in the Ka/Ks_calculator program (Wang et al., 2010).
Ks values of all of the orthologous gene pairs were used for divergence time estimation based on a neutral substitution rate of
5.2 × 10−9 substitutions per site per year (Song et al., 2020b).

2.7. Selective pressure detection
The likelihood ratio test of positive selection was used with
maximum likelihood (ML) methods and codon substitution models. Alignment of the amino acid sequences of the Hsf family
genes was conducted using ClustalW, and then translated into
coding sequence (CDS) alignment. Based on previously reported
methods to explore evolutionary traces of selective pressures
(Mondragon-Palomino et al., 2002; Song et al., 2016, 2018), each
branch of the phylogenetic tree was analyzed to infer the ratio of
nonsynonymous to synonymous distances (ω) using CodeML implemented by PAML4.9 (Yang, 1997). A complete deletion method
was employed for analyzing alignments with gaps. Sequences
that contained > 40% of their length were eliminated. The varia-
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Fig. 2 Distribution of Hsf family genes on each chromosome in the three Apiaceae species
(a) celery; (b) coriander; (c) carrot.

tion among sites was calculated by employing a likelihood ratio
test between the M0 and M1 and M7 and M8 models.

2.8. Expression analysis
To explore the Hsf family gene expression patterns, Illumina RNA-seq data with three replications were generated.
These expression datasets contained three organs, including the
root, petiole, and leaf in coriander and celery. The fragments
per kilobase of exon model per million mapped (FPKM) values
were used and log2 -transformed. The expression patterns of the
Hsf family genes in each organ were analyzed using Cluster
v3.0 (http://bonsai.hgc.jp/∼mdehoon/software/cluster/software.
htm). The hierarchical clustering heat maps were visualized using Tree View (https://sourceforge.net/projects/jtreeview/).

3. Results
3.1. Phylogenetic and classification analyses
In total, 17, 32, and 14 Hsf family genes were identified from
the whole genomes of celery, coriander, and carrot (Table S1). Additionally, 24, 17, and 32 Hsf genes were identified in Arabidopsis,
grape, and lettuce, respectively, which were used for the comparative analysis with the three Apiaceae species. To explore the evolutionary relationship and classification of the Hsf family genes,
we constructed a phylogenetic tree using all of the amino acid
sequences identified among these six species (Fig. 1). Results revealed that the Hsf family genes were divided into three groups,
respectively named group A, B, and C. Group A further was divided into five subgroups according to their bootstrap values and
phylogenetic relationships defined by Arabidopsis and grape.
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Fig. 3 The conserved motifs and gene structure of Hsf gene family in three Apiaceae species
(a) The conserved motifs of Hsf gene family; (b) The gene structure of Hsf gene family.

To gain further insights into the phylogenetic relationship
among the Hsf family genes in the Apiaceae species, a phylogenetic tree was constructed only using the Hsf family genes from
celery, coriander, and carrot (Fig. S1). The classifications of the
phylogenetic tree showed that most Hsf genes (39, 61.9%) belonged to group A and its subgroups, whereas only three genes
belonged to group C (Fig. S1). In the subgroups of group A, group
A4 had the most genes (11), whereas group A3 only had four
genes. Additionally, there were no carrot or celery genes in group
A1 or A3, respectively.

3.2. Chromosomal distribution of Hsf family genes in celery,
coriander, and carrot
To investigate the distribution of Hsf family genes on chromosomes, we performed an analysis of their locations on different chromosomes (Fig. 2). All of the 17 celery Hsf genes were
mapped on nine corresponding chromosomes. Among the 32 coriander Hsf genes, 7 genes failed to be mapped on a chromosome,
whereas 25 genes were mapped on 10 corresponding chromosomes. Among the 14 carrot Hsf genes, two genes, DCAR_031338
and DCAR_031340, failed to map on a chromosome, whereas 12
genes were mapped on corresponding chromosomes. In celery,
17 genes were unevenly distributed on 9 chromosomes, except
the Agr1 chromosome (Fig. 2, a). Chromosomes Agr2 and Agr10
had the most genes (three genes). In coriander, 25 genes were
unevenly distributed on 10 chromosomes (Csa1–10) (Fig. 2, b).
Chromosomes Csa1, Csa8 and Csa10 had only one gene, whereas
chromosome Csa3 had the most genes (six genes). Moreover, five

genes clustered at the end of Csa 3 may be due to gene duplication. In carrot, 12 Hsf genes were distributed on eight chromosomes (Dca1–8). Most genes were found on the Dca6 and Dca7
(three genes), while only one gene located on the each of other 6
chromosomes (Fig. 2, c).

3.3. Hsf family gene structure and conserved motif analyses
The gene structure and conserved motif analyses uncovered
the conservative patterns of the Hsf family genes. Similar gene
structures and conserved motifs were detected in the same group
or subgroup. Here, the gene structure of 63 Hsf family genes from
celery, coriander, and carrot are illustrated (Fig. 3). Almost all of
the Hsf family genes had two exons, although there were some
exceptions, such as the carrot gene, DCAR_014591, in group B,
which had seven exons. Moreover, one carrot gene, DCAR_024331,
in group A had 25 exons, whose length was much longer than
other Hsf family genes. Thus, it was speculated that this phenomenon may be due to gene fusion or inaccurate predictions
of some genes in the carrot genome.
Motif analyses were performed using MEME software, and six
obvious motifs were selected (Fig. 3). For convenience, the motifs were respectively named motifs 1–6. Motif 3 was at the start
of the genes, followed by motifs 1 and 2. In Apiaceae, most Hsf
family genes had motifs 1–4. However, some motifs were lost
in several Hsf genes, especially for carrot. For example, one carrot gene, DCAR_025732, lacked motifs 1 and 3, and two genes,
DCAR_020924 and DCAR_019444, lacked motif 2. Moreover, there
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Fig. 4 Paralogous and orthologous analyses of the Hsf gene family
(a) Circle plot of paralogous and orthologous Hsf gene pairs among the three Apiaceae species. The number on the scale represents
the physical location of each chromosome; (b) Ks and Ka/Ks values of orthologous Hsf gene pairs between any two of the three
Apiaceae species; (c) Divergence time estimation of orthologous Hsf gene pairs between any two of the three Apiaceae species.
was only one motif (motif 3) in DCAR_023571, which indicated the
carrot genome lost motifs throughout its evolution.
Interestingly, we found that all of the Hsf family genes in
group B had motif 6, but this motif was not detected in other
groups. Additionally, all of the genes in group B did not contain motif 5, which was detected in most genes of other groups.

In group A4, most genes had motifs 1–5, except Cs06G00799.1,
which lacked motifs 2, 4, and 5. Collectively, these results indicated that most motifs within the same group were highly similar
and had more consistent position distributions within their gene
structures.

Comprehensive identification and analyses of the Hsf gene family in the whole-genome of three Apiaceae species

463

Fig. 5 Duplication, loss, and positive selection analyses of the Hsf gene family in three Apiaceae species
(a) Percentage of duplication types of the Hsf family genes and whole genome genes; (b) Duplication and loss analyses of the Hsf
family genes, where “+” and “–” indicate duplication and loss, respectively, and the number after “+” and “–” represents the gene
number; (c) Positive selection analysis of the Hsf family genes, where the red five-star represents positive selection branches. The
maximum-likelihood (ML) phylogenetic tree was constructed using PhyML software. The numbers on each branch indicated the
bootstrap values.
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Fig. 6 Expression analysis of the Hsf family genes in three plant organs, including the root, petiole, and leaf
(a) Expression hierarchical clustering of the Hsf genes in celery based on RNA-seq data, where the expression values were calculated
by reads per kilobase per million mapped reads (FPKM) and were log2 -transformed; (b) Expression hierarchical clustering of the Hsf
genes in coriander based on RNA-seq data; (c) Gene expression (FPKM) of the three organs was used for comparative analysis of the
paralogous Hsf genes in coriander.

3.4. Identification of orthologous and paralogous Hsf family
genes
To further explore the relationship of the Hsf family genes
among celery, coriander, and carrot, orthologous and paralogous
genes were identified (Fig. 4). There were 18 orthologous gene
pairs between celery and coriander, 13 between coriander and
carrot, and 10 between celery and carrot (Fig. 4, a; Table S2). The
number of orthologous genes between celery and coriander was
much greater than the other comparisons, indicating that the relationship between celery and coriander was closer than carrot
and celery or coriander. Additionally, we identified 10 paralogous
Hsf gene pairs in coriander, of which, only three were anchored on
chromosomes (Figs. 4a and S2; Table S3). In carrot, there was only
one paralogous gene pair, which was not anchored on a specific
chromosome. Moreover, no paralogous gene pairs were detected
in the celery genome.
Selected types of orthologous gene pairs were calculated according to nonsynonymous (Ka) and synonymous (Ks) substitutions (Fig. 4, b; Table 1). In total, we obtained the Ks, Ka, and
Ka/Ks values, and selected the types of 41 orthologous gene pairs
(Fig. 4, b; Table 1). Results revealed that most orthologous gene
pairs (40/41) had Ka/Ks ratios < 1, indicating that purifying
selection had acted upon these orthologous genes. One pair,

Ag6G00810.1 versus DCAR_002368 could not be calculated Ks
value, indicating that there might be more sequence divergence
between these two genes.
Finally, we estimated the divergence time of orthologous Hsf
gene pairs according to their synonymous substitution rates
(Fig. 4, c; Table 1). Results revealed that the divergence time
span was 15.48–96.63 million years for the orthologous gene
pairs between celery and coriander, 34.70–74.34 million years
for the orthologous gene pairs between celery and carrot, and
23.15–78.68 million years for the orthologous gene pairs between
coriander and carrot.

3.5. Hsf family gene evolutionary losses and duplications
Gene duplication directly reflects gene family expansion.
Here, we detected five types of gene duplication, including
singleton, dispersed, proximal, tandem, and WGD/segmental.
Among the five types, we found that WGD/segmental played
a key role in Hsf gene family expansion of these three species
(Fig. 5, a; Tables 2 and S4). The percentage of Hsf genes belonging to WGD/segmental was 52.9%, 52.0%, and 50.0% for celery,
coriander, and carrot, respectively. There were no singleton or
proximal duplication types detected in any of the three species.
Additionally, >50% of the genes were detected in collinear blocks
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Table 1 Ka/Ks calculations and divergence times of the orthologous Hsf gene pairs between celery (Agr), coriander (Csa), and
carrot (Dca)
Species

Orthologous gene pairs

Ka

Ks

Ka/Ks

Purify

Divergence time (Mya)

Agr
vs
Csa

Ag2G00355.1 Vs Cs03G01294.1
Ag3G02367.1 Vs CsUnG04444.1
Ag3G00561.1 Vs Cs08G00949.1
Ag4G01086.1 Vs Cs01G01900.1
Ag8G00253.1 Vs Cs05G00295.1
Ag3G00561.1 Vs Cs04G00100.1
Ag2G00355.1 Vs Cs02G00436.1
Ag10G01542.1 Vs Cs02G01986.1
Ag5G00279.1 Vs Cs07G00354.1
Ag4G01404.1 Vs Cs03G02990.1
Ag8G02137.1 Vs Cs05G02485.1
Ag5G02653.1 Vs Cs07G03123.1
Ag7G00386.1 Vs CsUnG05568.1
Ag9G02596.1 Vs Cs06G00312.1
Ag7G00386.1 Vs Cs04G03110.1
Ag10G02349.1 Vs CsUnG04270.1
Ag10G01924.1 Vs Cs03G01221.1
Ag6G00810.1 Vs Cs09G02567.1
Ag10G02349.1 Vs DCAR_020496
Ag3G02367.1 Vs DCAR_014591
Ag2G00355.1 Vs DCAR_019444
Ag10G01542.1 Vs DCAR_012077
Ag5G00279.1 Vs DCAR_025732
Ag8G00253.1 Vs DCAR_031340
Ag8G00253.1 Vs DCAR_031338
Ag5G02653.1 Vs DCAR_024331
Ag8G02137.1 Vs DCAR_026657
Ag6G00810.1 Vs DCAR_002368

0.1072
0.0978
0.1256
0.0253
0.1097
0.0222
0.0264
0.0344
0.0879
0.0369
0.0404
0.0623
0.0768
0.1028
0.0764
0.0254
0.1569
0.0368
0.1000
0.1173
0.0370
0.0560
0.3595
0.1813
0.1813
0.1069
0.0864
0.5834

1.0050
0.5611
0.5472
0.3404
0.3129
0.3094
0.2905
0.2720
0.2718
0.2695
0.2535
0.2485
0.2433
0.2263
0.2189
0.2091
0.2022
0.1609
0.7731
0.7602
0.7049
0.7020
0.6247
0.4856
0.4856
0.4815
0.3609
NaN

0.1067
0.1742
0.2296
0.0745
0.3504
0.0716
0.0909
0.1264
0.3233
0.1369
0.1595
0.2507
0.3156
0.4543
0.3489
0.1213
0.7760
0.2287
0.1293
0.1543
0.0525
0.0798
0.5756
0.3733
0.3733
0.2219
0.2393
NaN

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NaN

96.63
53.96
52.61
32.73
30.09
29.75
27.93
26.15
26.13
25.92
24.38
23.89
23.40
21.76
21.05
20.11
19.44
15.48
74.34
73.09
67.78
67.50
60.07
46.69
46.69
46.29
34.70
NaN

Cs03G00796.1 Vs DCAR_020496
CsUnG04270.1 Vs DCAR_020496
Cs02G01986.1 Vs DCAR_012077
Cs03G01294.1 Vs DCAR_020924
CsUnG04444.1 Vs DCAR_014591
Cs07G00354.1 Vs DCAR_025732
Cs02G00436.1 Vs DCAR_019444
Cs07G03123.1 Vs DCAR_024331
Cs05G00295.1 Vs DCAR_031338
Cs05G00295.1 Vs DCAR_031340
Cs03G01112.1 Vs DCAR_020778
Cs05G02485.1 Vs DCAR_026657
Cs06G01179.1 Vs DCAR_002368

0.0724
0.0724
0.0497
0.0702
0.0903
0.2944
0.0416
0.0977
0.1511
0.1511
0.1482
0.0860
0.0576

0.8183
0.7985
0.7304
0.7208
0.6743
0.6642
0.6219
0.4598
0.4202
0.4202
0.3071
0.2725
0.2407

0.0884
0.0907
0.0680
0.0974
0.1339
0.4432
0.0669
0.2125
0.3595
0.3595
0.4827
0.3157
0.2394

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

78.68
76.77
70.23
69.31
64.83
63.86
59.80
44.21
40.41
40.41
29.53
26.20
23.15

Agr
vs
Dca

Csa
vs
Dca

by detecting gene collinearity within a genome, which was
considerably higher than the average level of the whole genome
(Table S5).
We further performed gene loss and duplication analyses using Notung software. Results revealed the gene loss and duplication numbers of the Hsf genes in celery, coriander, carrot, lettuce,
Arabidopsis, and grape based on the reconstructed phylogenetic
tree (Figs. 5b and S3). In the lineages of the common ancestor of
celery and coriander, 2 genes were lost and 4 were duplicated. In
the lineages of the common ancestor of celery, coriander, and carrot, 15 genes were lost and 10 were duplicated. We found that the
Hsf gene family underwent expansion in coriander when compared to celery and carrot. Additionally, there were more Hsf gene
duplications in coriander (+7) than celery (+0) and carrot (+1),
and fewer Hsf genes losses in coriander (–7) than celery (–15) and
carrot (–17).

3.6. Positive selection analysis
Positive selection analyses are important for understanding
gene functions during evolution. To investigate natural selec-

tion that acted upon celery, coriander, and carrot, a phylogenetic tree was constructed using PhyML and a positive selection analysis was conducted on all of the Hsf family genes from
these three species (Fig. 5, c). In total, 27 significant nonsynonymous versus synonymous substitutions were detected, showing
strong positive selection in most branches of the phylogenetic
tree.

3.7. Expression analysis
To explore the expression patterns of the Hsf family genes in
celery and coriander, we conducted an expression analysis of the
Hsf family genes in three plant organs, including the root, petiole,
and leaf. In celery, most genes (11, 64.71%) had higher expression levels in the root than the other organs (Fig. 6, a; Table S6).
However, only one gene (Ag2G00355) had higher expression levels in the petiole than the root or leaf. In groups A2 and C, all of
the three genes had higher expression levels in the leaf than the
other organs. In groups A1 and A4, all of the five genes had higher
expression levels in the root than the petiole or leaf. Phylogenetic
tree of the celery Hsf genes was constructed to show their ex-
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Table 2 Identification of duplicated gene types in the Hsf genes and the genome of celery, coriander, and carrot

Species
Celery
Coriander
Carrot

Singleton

Dispersed

Proximal

Tandem

WGD or segmental

Genome

Hsf

Genome

Hsf

Genome

Hsf

Genome

Hsf

Genome

Hsf

Percentage (%)

3 028
3 577
3 543

0
0
0

15 258
14 963
13 378

7
10
5

1 167
2 161
1 428

0
0
0

2 426
3 032
3 501

1
2
1

7 787
10 200
8 974

9
13
6

52.9
52.0
50.0

pression patterns in different subgroups. In group A2, two genes
(Ag7G00386 and Ag9G02596) had similar expression patterns in
all the organs, but with higher expression levels in the leaf
(Fig. 6, a).
Similarly, most genes (20, 62.50%) had higher expression levels in the root than the other organs in coriander (Fig. 6, b; Table
S6). Among all of the coriander Hsf family genes, only one gene
(Cs05G00295) was not detected in the root, petiole, or leaf, indicating that it may not play a role in the development of these three
organs in coriander.
In coriander, expression levels were greatly similar between
Cs02G00436 and Cs03G01294 in all the organs, and they belonged
to paralogous genes (Fig. 6, c). We also detected the expression
levels of other paralogous genes and found that all of the paralogous genes were distributed on the same branches in the phylogenetic tree. Furthermore, the expression patterns of most paralogous genes exhibited similar trends in the three organs.

4. Discussion
4.1. Systematic and comprehensive analyses of the Hsf gene
family
Although the Hsf gene family has been reported in many
plants, it had not been reported in Apiaceae until now. Celery, coriander, and carrot are important, globally grown vegetables and
with their genomes completed, which provided us the opportunity to study the Hsf gene family in these three Apiaceae species
(Iorizzo et al., 2016; Song et al., 2020b). Here, we identified 17, 32,
and 14 Hsf genes in the celery, coriander, and carrot genomes,
respectively. Furthermore, we identified 24, 17, and 32 Hsf genes
in Arabidopsis, grape, and lettuce, respectively, for a comparative
analysis with the three Apiaceae species.
This study systematically compared and analyzed the Hsf
gene family. We constructed a phylogenetic tree of celery, coriander, carrot, Arabidopsis, lettuce, and grape. We found that
conserved motifs of genes within the same group were highly
similar and had more consistent position distributions in gene
structure. There were no paralogous gene pairs in celery, and only
one pair in carrot, which was far less than coriander (10). Based
on the collinearity analysis, we found that WGD/segmental
played a very important role in the Hsf gene family’s expansion.
As the first study on the Hsf gene family in Apiaceae, our
research will serve as an abundant data resource for future
comparative and functional genomic studies on the Hsf gene
family. We comprehensively identified and analyzed the gene
structure, conserved motifs, chromosomal distribution, gene duplication and losses, orthologous and paralogous genes, and gene
collinearity of Hsf genes in three Apiaceae species, and further
conducted the expression pattern analysis of celery and coriander. A total of 136 Hsf genes were identified in these species, of
which, 63 genes were identified in the Apiaceae species.

4.2. Rich resource for future interaction studies on Hsf genes
and Hsps in Apiaceae
Hsf is specifically recognized as heat shock elements (HSEs)
of the heat shock protein (Hsp) promoter (Nguyen et al.,
2016). The N-terminal of Hsf was a highly conserved DBD,
whose hydrophobic core forms a helix-turn-helix conformation
(Nover et al., 2001). The accumulation of Hsps under the control of Hsf genes played a key role in plant heat stress responses
(Kotak et al., 2007). Plant Hsps are grouped into five families
based on their approximate molecular weights, including Hsp100,
Hsp90, Hsp70, Hsp60, and small Hsp (Aevermann and Waters,
2008; Waters et al., 2008). Here, we identified 63 Hsf family genes
in three Apiaceae species, celery, coriander, and carrot. The findings of this study provide rich resources for future interaction
studies on Hsf family genes and Hsps in Apiaceae species.
Until now, only a few gene family studies have been characterized in Apiaceae species. Thus, this is the first comprehensive
and systematic analysis of the Hsf gene family in three Apiaceae
species. Identification of these transcription factors will assist in
clarifying the heat tolerance ability and regulatory molecular genetic basis for Apiaceae genetic improvement, as well as provides
a functional gene resource for transgenic research and gene editing. Moreover, this study will serve as a useful resource for future
studies on the evolution and function of Hsf genes in Apiaceae.
It may also facilitate our understanding of the effects of duplications and losses during Apiaceae evolution or other plants.
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