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Abstract

Background:Walnut (Juglans regia) is an important tree cultivated worldwide and is exposed to a series of both
abiotic and biotic stress during their life-cycles. The heat stress transcription factors (HSFs) play a crucial role in plant
response to various stresses by regulating the expression of stress-responsive genes.HSFgenes are classified into 3
classes:HSFA, HSFB, andHSFC. HSFAgene has transcriptional activation function and is the main regulator of high
temperature-induced gene expression.HSFBgene negatively regulates plant resistance to drought and NaCl. And
HSFCgene may be involved in plant response to various stresses. There are some reports about the HSF family in
herbaceous plants, however, there are no reports about the HSFs in walnut.

Result:In this study, based on the complete genome sequencing of walnut, the bioinformatics method was used
and 29HSFgenes were identified. TheseHSFs covered 18HSFA, 9HSFB, and 2HSFCgenes. Phylogenetic analysis of
these HSF proteins along with those fromArabidopsis thalianashowed that the HSFs in the two species are closely
related to each other and have different evolutionary processes. The distribution of conserved motifs and the
sequence analysis ofHSFgenes family indicated that the members of the walnut HSFs are highly conserved.
Quantitative Real-Time PCR (qRT-PCR) analysis revealed that the most of walnutHSFswere expressed in the walnut
varieties of‘Qingxiang’ and ‘Xiangling’ under high temperature (HT), high salt and drought stress, and someJrHSFs
expression pattern are different between the two varieties.

Conclusion:The complexHSFgenes family from walnut was confirmed by genome-wide identification,
evolutionary exploration, sequence characterization and expression analysis. This research provides useful
information for future studies on the function of theHSFgenes and molecular mechanism in plant stress response.

Keywords:Heat stress transcription factors (HSFs), Multiple alignments, Phylogenetic analysis, Motif distribution,
Expression profiles

Background
Walnut (Juglans regia) is an important nut tree culti-
vated worldwide [1]. In 2017, its planting area was about
489,866 ha, and the output was about 1,925,403 tons in
China (FAO, http://www.fao.org/faostat/en/#data/QC/
visualize). However, the walnut is suffering from both

abiotic (e.g., high temperature, drought, high salt, chill-
ing.) and biotic (e.g., pathogenic microorganisms and
pests) stresses during its life-cycle. In recent years, as
“greenhouse effect” has intensified all around the world,
high temperature (HT) have reduced the yield of most
agricultural and forestry crops to some degree, including
the walnut plants. It is generally believed that with a
temperature 10 °C to 15 °C higher than the ambient
temperature, plants would have a heat shock response
(HSR) and obtain a heat resistance quickly within a few
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hours to withstand the HT which may be lethal [2].
Meanwhile, in China, walnuts are mainly planted in arid
and semi-arid regions, where are drought and less rain-
fall in spring and summer, and precipitation is unevenly
distributed. Therefore, moisture is one of the key factors
that affect the growth and development of walnuts, as
well as the yield and quality of nuts [3]. Moreover, soil
salinization and secondary salinization deserve attention.
Excessive salt can cause imbalance in osmotic regulation
of plants, and excessive accumulation of Na+ can also
cause ion toxicity. Therefore, the effect of the HT,
drought and salt stress on the growth and development
of the walnut cannot be ignored.

Gene expression changes triggered by various abiotic
stresses are important mechanisms that enable plants to
respond and adapt to adverse conditions and thus en-
sure survival [4]. Therefore, the possible impact of heat,
salt and drought stress on walnuts and its molecular
mechanisms have been widely surveyed in recent years
[5]. Heat stress transcription factors (HSFs) is a protein
with transcriptional regulatory activity that responds to
a variety of stresses [6]. HSF proteins have five typical
structural features: a highly conserved DNA-binding
domain (DBD) at the N-terminus, an oligomerization
domain (OD or HR-A/B), a nuclear localization signal
(NLS), a nuclear export signal (NES) and a C-terminal
domain (CTD) at the C-terminus [7]. The DBD domain
of HSFs can accurately recognize the heat shock element
(HSE: 5� -AGAAnnTTCT-3 � ; n: any base) that located in
the upstream promoter region ofheat shock proteins
(HSPs) genes and induce the transcription ofHSPgenes
[8, 9]. Depending on the number of amino acids that
inserted between the A and B segments of the HR-A/B
region, HSF genes are classified into 3 classes:HSFA,
HSFB, and HSFC. The structure of the classHSFB is
relatively simple and has no amino acid inserted between
the A and B segments, whereas the classesHSFA and
HSFChave 21 and 7 amino acids inserted between the A
and B segments, respectively [10]. The CTD of most
classHSFA is acidic and contains short peptide motifs
(acidic amino acid residues, AHA: Activator motifs) with
central Trp or Phe residues [11, 12]. The AHA motifs
are essential for activation function, and a similar motif
has also been identified as part of the activation region
of transcription factors (TFs) in mammalian and yeast
(Saccharomyces cerevisiae) [12, 13]. HSFB and HSFC
lack the AHA motifs; and therefore, they are considered
to have no transcriptional activation function. Under
normal conditions,HSFs exists in the cytoplasm and nu-
cleoplasm without the activity binding to DNA. HSP70
(or HSP90 and multi-companion complex) interacts with
HSFs to make HSFs in a passivated monomer state.
However, abnormal proteins will be produced during
heat shock and then HSPs can be deprived from HSFs

and release HSFs, further, HSFs in the nucleus will be
assembled into a trimer that binds to the thermal re-
sponse element at the 5� end of the heat shock to induce
transcription [14].

Although the adversity response function ofHSFgenes
is not well understood in most plants, the information
about the HSFs has accumulated inA. thaliana and
Lycopersicon esculentum. For example, inL. esculentum,
HSFA1ahas been found to be a major regulator for the
induction of heat-resistant genes and synthesis ofHSFA2
and HSFB1[15, 16]; The expression ofHSFA1, HSFA2
and HSFB1 were affected by salicylic acid (SA) under
heat shock conditions [17]. In A. thaliana, HSF1, HSF3,
HSFA2 and HSFA3 are related to heat tolerance, and
HSFA2is the most strongly induced one by heat; overex-
pression ofHSFA2not only enhances plants with basic
and heat resistance, but also improves the tolerance of
root callus; When osmotic stress occurs,HSFA2muta-
tions lead to a significant reduction in basic heat toler-
ance and antioxidant capacity [18]. Due to the extensive
multifaceted roles in anti-stress response, theHSFshas
recently attracted broad attentions. However, there were
few reports on walnut HSFs. Considering that abiotic
stress causes a significant reduction in walnut yield, and
HSFsplays a non-negligible role in plant stress resist-
ance, a better understanding of the function of walnut
HSF genes is important. In this study, the walnutHSFs
was identified and analyzed according to the released
genome [1]. Phylogenetic tree analysis revealed that the
evolutionary relationships of HSFs between walnut and
A. thaliana are different. Quantitative Real-Time PCR
(qRT-PCR) analysis provided a solid basis for further
functional characterization of the HSF genes. In
addition, the results may provide vital information for
understanding the walnut adversity adaptation mechan-
ism, which will benefit for walnut industry.

Results
Genome-wide identification and chromosomal locations
of walnut HSFgenes
Total 33 candidateHSFgenes were identified by BLAST
and HMMER methods. Among the 33 candidates, 4
sequences were repeated and abandoned. Finally, 29
walnut HSF genes were confirmed and named from
JrHSF01to JrHSF29. The molecular weight of theseHSF
proteins is between 14.43 kDa and 65.42 kDa, consisting
with 128 ~ 505 amino acid residues. The theoretical PIs
of theseJrHSFs are 2.12 ~ 9.28 (Table1).

These 29JrHSFgenes were located on 13 chromo-
somes ofJ. regia, while the chromosomes 4S, 7D and 8S
do not contain anyJrHSFgene. There are 4JrHSFgenes
mapped on the chromosome 2D, which contains the
most number ofJrHSFgenes. The chromosomes 2S, 4D,
6D and 7S each contain only 1JrHSFgene (Fig.1).
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The conservative domains ofJrHSFs
The JrHSFsprotein sequences were aligned and the re-
sult showed that the DBDdomain exists in allJrHSFse-
quences and is highly conserved. The number of amino acid
residues is from 94 (JrHSF12) to 103 (JrHSF19) (Fig. 2a).
However, there are different degrees of insertion or deletion
in these proteins. For example, 9 amino acids are inserted
between� 1 and � 1 in JrHSF19, 6 amino acid sequences are
inserted between� 1 and� 1 in JrHSF22, however, 36 amino
acid residues are lacked inJrHSF12, who delete 3 amino acid
residues between� 2 and� 3, and 33 amino acid residues be-
tween� 3 and� 4 (Fig.2b).

Sequence logos were constructed using WebLogo program
and showed that the HSF domain is highly-conserved with
100% of amino acids sequence identity at sites of 1, 9, 14, 15, 18,
22, 25, 26, 28, 29, 30, 31, 33, 34, 35, 45, 50, and so on (Fig.2c).

Evolutionary relationship of the JrHSFgenes
An un-rooted phylogenetic tree relating to the evolu-
tionary relationship between theHSFsfrom the walnut
and Arabidopsiswas constructed (Fig.3). According to
the classification ofA. thaliana, the HSFsof these two
plants was divided into three groups: group A contains
18 JrHSFs, group B contains 9JrHSFs, and group C
contains 2JrHSFs. The group A was further divided into
9 subgroups (A1 to A9), of which A5 contains only
AT4G13980 (HSFA5), A7 includes only AT3G51910
(HSFA7), and A9 covers only AT5G54070 (HSFA9).
Meanwhile, no Orthologous and paralogousHSF genes
from walnut were found in the above three subgroups,
suggesting that gene deletions may have occurred during
evolution. The group B was divided into four subgroups
(B1 to B4), of which B1 contains only AT4G36990

Table 1 TheHSFgenes inJ. regia

Gene Accession No. Gene ID Chromos-ome Number of
amino acids/aa

Molecular
weight/kDa

Theoretical PI

JrHSF01 XP_018829016.1 LOC108997276 Chr3S 500 55.64 5.12

JrHSF02 XP_018811267.1 LOC108983931 Chr1D 277 30.62 5.26

JrHSF03 XP_018845450.1 LOC109009449 Chr2D 480 53.69 4.89

JrHSF04 XP_018845303.1 LOC109009313 Chr2D 471 52.78 4.84

JrHSF05 XP_018829017 LOC108997276 Chr3S 500 55.64 2.12

JrHSF06 XP_018856444 LOC109018727 Chr4D 363 41.39 5.69

JrHSF07 XP_018830717 LOC108998591 Chr2D 300 33.45 6.26

JrHSF08 XP_018839407 LOC109005079 Chr1S 368 42.22 4.96

JrHSF09 XP_018849985 LOC109012680 Chr5D 390 44.47 5.26

JrHSF10 XP_018844061.1 LOC109008434 Chr1D 505 65.42 5.75

JrHSF11 XP_018818650 LOC108989484 Chr1D 321 37.37 5.58

JrHSF12 XP_018847363 LOC109010870 Chr3D 128 14.43 8.8

JrHSF13 XP_018848541.1 LOC109011701 Chr1S 490 54.58 5.58

JrHSF14 XP_018805575.1 LOC108979361 Chr2D 336 38 5.49

JrHSF15 XP_018813737.1 LOC108985770 Chr1S 277 30.71 6.23

JrHSF16 XP_018838842.1 LOC109004663 Chr2S 332 37.52 5.59

JrHSF17 XP_018811948.1 LOC108984436 Chr6D 344 37.28 4.82

JrHSF18 XP_018847277.1 LOC109010817 Chr3D 505 55.39 5.02

JrHSF19 XP_018820155 LOC108990606 Chr5D 206 23.63 9.28

JrHSF20 XP_018822295 LOC108992254 Chr8D 363 40.65 8.16

JrHSF21 XP_018839503 LOC109005155 Chr5S 503 56.92 5.14

JrHSF22 XP_018848321.1 LOC109011524 Chr5S 208 24.25 8.5

JrHSF23 XP_018805848.1 LOC108979602 Chr5S 390 44.34 5.05

JrHSF24 XP_018818420.1 LOC108989320 Chr5D 250 28.54 6.97

JrHSF25 XP_018855724.1 LOC109017997 Chr7S 287 33.17 6.46

JrHSF26 XP_018836499.1 LOC109003006 Chr3D 351 40.31 4.78

JrHSF27 XP_018809115.1 LOC108982254 Chr6S 497 55.65 4.84

JrHSF28 XP_018858526.1 LOC109020508 Chr8D 383 42.96 4.69

JrHSF29 XP_018811530.1 LOC108984137 Chr6S 489 54.72 4.84
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(HSFB1) with no homologous from. The group C was
not further divided (Fig.3).

Conservative motif distribution and sequence feature of
the JrHSFs
The MEME was used to analyze the motifs in theJrHSFs
and their basic information (Table2 and Fig.4). The results
showed that there are 20 different conserved motifs (includ-
ing 11 ~ 50 amino acids) in these 29JrHSFs, and each
JrHSFinclude 2 ~ 16 conserved motifs (Table2, Fig. 4).
Among 29JrHSFs,JrHSF01, JrHSF05andJrHSF22have the
most number of conserved motifs, whileJrHSF16contains
only 2 conserved motifs;JrHSF23, JrHSF24and JrHSF26
contain 3 conserved motifs;JrHSF07, JrHSF21, JrHSF28
and JrHSF29 contain 4 conserved motifs, respectively.
Furthermore, there are 4 motifs (Motif1, Motif2, Motif3
and Motif4) are completely conserved in these 29JrHSFs.
Most of the 29 JrHSFshave Motif1, Motif2 and Motif3.
The Motif1 (FVVWBPPEFARDLLPKYFKHNNFSSFVR
QLNTYGFRKVDPDRWEFANEGF) is located in� 2-� 4.
The Motif2 (PFLTKTYDMVDDPATDSIVSW) is located
in � 1-� 1. The Motif3 is dispersed in the DBD and is highly
conserved (Fig.4). The Motifs 1…3 represent the DBD
domain. Therefore, it is concluded that the members of the
JrHSFsare highly conserved.

Expression of theJrHSFsin the walnut
The expression ofJrHSFswas analyzed in the leaves of
the •Qingxiang• and •Xiangling• using qRT-PCR under
drought, HT and high salt stresses. The results showed
that all JrHSFswere expressed under these stresses with
different expression patterns (Fig.5).

In ‘Qingxiang’. (1) Under drought stress, the expres-
sion of eight JrHSFs (JrHSF24, JrHSF13, JrHSF19,
JrHSF15, JrHSF11, JrHSF22and JrHSF09) were increased
at 7 d and then decreased at 22 d; the expression levels
of JrHSF08, JrHSF20and JrHSF03were enhanced at 13
d; five JrHSFs(JrHSF16, JrHSF24, JrHSF15, JrHSF11and
JrHSF05) maintained high expression after 7 d, but low
transcription after rehydration. (2) After heat stress, the
transcription of JrHSF21, JrHSF13and JrHSF06reached
to peak level at 8 h; five otherJrHSFs(JrHSF28, JrHSF17,
JrHSF19, JrHSF08and JrHSF11) increased to maximum
level at 24 h; and eightJrHSFs (JrHSF21, JrHSF13,
JrHSF06, JrHSF17, JrHSF02, JrHSF19, JrHSF08 and
JrHSF15) maintained high expression status after 2 h. (3)
Under salt stress, thirteenJrHSFs(JrHSF13, JrHSF17,
JrHSF19, JrHSF8, JrHSF15, JrHSF26, JrHSF18, JrHSF23,
JrHSF10, JrHSF05, JrHSF01, JrHSF22 and JrHSF09)
showed the highest abundance at 24 h and then
decreased. In summary, the expression ofJrHSF28,
JrHSF21, JrHSF06, JrHSF02 and JrHSF07 under heat

Fig. 1 Distribution of theJrHSFgenes on pseudo chromosomes ofJ. regia. The scale on the right is in million bases (Mb). D: Dominant;
S: Subdominant
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stress was significantly higher than that under drought
and salt stresses, but the expression patterns ofJrHSF05
and JrHSF01was opposite. In addition,JrHSF13and

JrHSF17 maintained high expression levels while
JrHSF25, JrHSF04and JrHSF12were hardly expressed
under above three stresses (Fig.5).

Fig. 2 Multiple sequences alignment of JrHSFs.a Comparison of amino acid sequences of 29 HSFs inJ. regia. b Multiple sequence alignment of
the DBDs of JrHSF proteins.c The logo map of JrHSF DBDs
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