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Abstract

In plants, the basic helix-loop-helix (pHLH) transcription factors play key roles in diverse biological
processes. Genome-wide comprehensive and systematic analyses of hHLH proteins have been well
conducted in Arabidopsis (AthHLH), rice (OsbHLH) and tomato (SIbHLH) species. However, there
are no reports of bHLH family genes have been functionally characterized in Persian walnut (Juglans
regia). We identified a total of 189 hHLH genes in J. regia, which are clustering into 18 subfamilies.
All JrbHLH contained the conserved domains HLH. A total of 69 JrbHLH genes were expanded as
whole genome duplications (WGD). The syntenic analysis was conducted for Persian walnut (J. regia)
with other two woody plants (P. trichocarpa and O. europaea) to infer the bHLH genes’ evolutionary
relationship between these species .We identified a total of 42 pairs of orthologous hHLH genes between
J. regia and P. trichocarpa, while only 29 orthologous gene pairs between J. regia and O. europaea,
while 25 collinear gene pairs were found in three species J. regia, O. europaea and P. trichocarpa.
Furthermore, JrbHLHs had different expressed patterns between reproduction and vegetative tissues
based on the transcriptome expression profiles of female flowers, male flowers, leaves, and hulls,
respectively. Specifically, both transcriptome data and quantitative polymerase chain reaction (QRT-
PCR) assessment showed that two JrbHLH genes (JrbHLH3-5 and JrbHLHI3-13) were highly
represented in female and male flowers, while one JrbHLH gene (JrbHLH13-4) was highly expressed in
leaves. Genome-wide identification, gene structure, phylogeny and expression analysis of the JrbHLH
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gene in J.regia, supplied a theoretical foundation for the functional study of the JrbHLH gene family

and provide an understanding of the further facilitated molecular studies of Persian walnuts.

Keywords: phylogenetic analysis, transcription factor, DNA binding with one finger, Juglans regia,

expression profile

Introduction

The basic helix-loop-helix (PHLH) gene, its
transcriptional factors were first observed in mammals
and subsequently detected in eukaryotic species [1-3].
In many species, members of the PHLH gene family
play a role in eukaryotic organisms with transcriptional
regulators [4, 5]. The bHLH superfamily is the second-
largest transcription factor (TF) family, defined by
a highly conserved hHLH domain with a length of
approximately 50-60 amino acids and divided into two
separate areas, the critical region and the HLH region
[2, 5]. The base area consists about 10-15 amino acids
for DNA binding located at N-terminus domain and
C-terminal site involving of two amphipathic a-helices
acting as a dimerization domain [6-8]. Concerning the
highly conserved hHLH domain, there are also other
preserved motifs in some bHLH superfamily [9, 10].

Genome-wide  comprehensive and  systematic
analyses of bHLH proteins in plants have been carried
out in many annual plant species, such as rice (Oryza
sativa), maize (Zea mays), thaliana (Arabidopsis
thaliana), and tomatoes (Solanum lycopersicum) [11,
12], including fruitful plants species such as apple
(Malus domestica) and poplar (Populus trichocarpa)
[2, 13]. However, the bHLH genes have not been
functionally reported in Persian walnut (Juglans regia)
previously. The function of JrbHLH proteins in plants is
also involved in biological and biochemical processes,
including the development of petals and the reaction
to drought and salt stress and biosynthesis [13-15].
Besides, bPHLH proteins are involved in the regulation
of fruit growth and anthocyanin biosynthesis in flowers
and fruit [16, 17].

Due to the importance of the DHLH genes in
various physiological programs, it would be of interest
to make a systematic investigation of the DHLH family
in Persian walnut. The walnut genome sequencing
provided an opportunity to reveal the organization,
expression and evolutionary traits of walnut bHLH
gene family at the genome-wide level [18]. In the
present study, we identified 189 walnut bHLH genes and
classified them into 18 main groups. The comprehensive
analysis including the exon-intron organization, motif
compositions, gene duplications, phylogenetic and
synteny analysis were further investigated. Expression
and quantitative polymerase chain response (qRT-
PCR) analysis was performed to identify involvement
of specific bHLH gene family members in flowering
process in walnut. This study provided valuable clues
for functional characterization of bDHLH gene family
members in walnut.

Material and Methods

Identification of bHLH Transcription
Factors in J. regia

The whole protein sequence of walnuts downloaded
from the NCBI Genbank (https:/treegenesdb.org/
FTP/Genomes/Jure/vl.4/annotation/). The members of
Arabidopsis JrbHLH family were downloaded from
the TAIR website (https:/www.arabidopsis.org/index.
jsp). We used Arabidopsis bHLH protein sequences as
a query using a local alignment search tool (BLAST)
to search against walnut protein sequences, considering
those with an E-value of less than 1x107'°. Therefore, we
implemented the Markov hidden profile model (HMM)
in HMMER v.3.2.1 for window, with default parameters
for the search of bHLH proteins and domains in the
protein family (Pfam) database [19].

Phylogenetic, Domain Analysis, Motif, Gene
Structure Analysis of JrbHLH Transcription Factors

The neighbor-joining (NJ) tree of 189 bHLH
transcription factors were constructed using MEGA
v.7.0 software [16, 20], with the pairwise deletion of
1,000 bootstraps and a Poisson model, in the presence
of potential domains using the Pfam webserver [21].
The same domains were also obtained from Pfam with
an E-value cutoff of 1.0 to validate the result using the
simple modular architecture research tool (SMART)
program_through BLASTN, the whole genome sequence
of J. regia were examined JrbHLH transcription
factors. Similarly, from the NCBI the conserved domain
database (CDD) [22], and the whole CDS database was
downloaded (https://treegenesdb.org/FTP/Genomes/
Jure/vl.4/annotation/). The exon and intron structure
were displayed using the online gene structure display
server (http:/gsds.cbi.pku.edu.cn/) [11]. The genome
explorer (https:/www.ncbi.nlm.nih.gov/genome/) was
used to report the specific sequences of walnut genes
and the motif identification was done by MEME
software with default parameters, the maximum number
of motifs was (20) and the optimum motifs were (30-50)
[23].

Synteny Analysis

To identify the potential homologous gene pairs
(E<l x 10-5, top 5 matches) across multiple genomes
using BLASTP. The identification of syntenic chains
was determined using homologous gene pairs through
MCScanX and detected the duplicate pairs of two
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woody plants (P. trichocarpa and O. europaea) [24].
These detected duplicate gene pairs further analyzed
through MCScanX including whole-genome duplication
(WGD)/segmental and tandem duplication of walnut
genes pair with P. trichocarpa and O. europaea species
gene pairs.

GO Annotation

The Blast2GO v2.5 with a cutoff E-value of 1x107°
was used to conduct GO annotations [25]. First, we
use the JrbHLH protein sequence to perform a blastp
with an E-value of le-05. The GO mapping analysis
was used to obtain the GO annotation from the JroHLH
members the GO enrichment analysis was carried
out via the online GO enrichment program on the
Omicshare website (https:/www.omicsshare.com/tools/
Home/Sof/gogsea).

Interaction Network of JrbHLH Proteins

The function of JrbHLH protein based on bHLH
protein predicted in Arabidopsis due to lack of relevant
information on walnut protein. The 189 walnut bHLH
proteins aligned with Arabidopsis bHLH proteins using
the Blastp program with an E-value of le-05. The
JrbHLH protein interaction network was developed
with Arabidopsis using homologous AHLH proteins.
The network was developed with default parameters
on the String database (https:/string-db.org/) using
the input proteins of J. regia and six predicted input
proteins [26].

Plant Materials, Treatments and Collections

A total of 26 samples from walnut were collected
in this study, including 15 female flowers in different
stages, the first opening of female flowers took place
on April 10, April 15 and 22, and the full opening of
female flowers took place (specifically, on April 15 and
22, stigma was not fully developed) and May 1 was
the last date, 3 male flowers, 3 leaves, and 3 hulls. The
female flowers (consist of 3 replicates) were collected on
March 23, April 1, 8, 16 and April 23 respectively, the
male flowers were collected on April 10, 11 and May 2
respectively, the leaves and the hull transcriptome data
was from ‘Chandler’ walnut [18]. After harvesting,
the pericarp was dissected immediately and stored at
—80°C in liquid nitrogen. The total RNA has been
isolated from leaves and other tissues using the Pre-
Plant Kit (Tiangen, Beijing, China) [27]. After enough
RNA extraction, the quality and quantity were checked
with the help of NanoReady (Model: F-1100 made in
China). Finally, build 23 cDNA libraries using FastKing
RT Kit (Tiangen) and sequenced on the Illumina HiSeq
2500 platform. The differential gene expression analysis
(DESeq) was performed using package DESeq R
v.1.1.1. The predicted P-value>0.05 have been assigned
as expressed differently. In order to compare the

differences between the hPHLH gene expression level in
reproductive tissues and vegetative tissues, we selected
male and female flowers, young leaves, and hull with
biological replicates to create a clear expression pattern.

Quantitative Real-Time PCR (qRT-PCR)

To validate the pattern of expression results, we
used the tissues of female and male flowers, and
leaves. The primer sequences details as JrbHLHI3-5
(Forward: GTGGACGAGATAGCTCACGG, Reverse:
TTCGTAGCCAGCGTCTTTGT), JrbHLHI13-13
(Forward: CGAAGAGACGGGAAGACTGG, Reverse:
ATGGTTCAAGCTCGCTCTCC), and JrbHLHI3-14
(Forward: ACCAGGCCCTGAGTTCTGTA, Reverse:
AGACCCTTGGCCTTTTGCTT). The synthetic cDNA
was used as qRT-PCR template when diluted to 1/10
with sterile water. The iQ™ SYBR® Green Supermix
was used to perform qRT-PCR (Cat. 170-8880AP; Bio-
Rad) on a Light Cycler 480 Real-Time PCR system
(Roche Diagnostics, Laval, QC, Canada). The 18S
rRNA has been used for internal gene control [28]. The
primer specificities and corresponding melting curves
were verified and repeated the experiment three times
(triplicates) [10].

Results and Discussion

The Number, Phylogenetic Relationships
and Location of JrbHLHs in Persian Walnut

The conserved domain of bHLH genes from
Arabidopsis were as a query to identify the gene family
members in walnut, the results showed that a total of
189 genes belong to the walnut hHLH gene family.
The JrbHLHs were used to construct a phylogenetic
tree with NJ method, it is clear that the JrbHLHs were
classified into 18 groups, and the number in these
groups were unevenly distributed (Fig. 1). Based on
their phylogenetic relationship walnut bHLH genes were
divided into 18 subfamilies (Fig. 1). Subfamily No. 13
reported the highest number of JrbHLH genes (25),
while family No. 11 reported the minimum number of
JrbHLH genes (4). In this study, we identified a total of
189 bHLH genes in Persian walnut, compared to other
plant members such as Arabidopsis thaliana, which
contains 133 bHLH genes [4, 16] and significant plants
such as peanuts, potatoes, wheat, beans, rice, carrots,
and tomatoes have JrbHLH genes 132, 124, 188, 225,
155, 167, 146 and 159 [29, 30] (Fig. 1).

Gene Structure and Protein Domains of the bHLH
Gene Family of Persian Walnut

Structures including exons and introns were mapped
to compare the structural parts of the 189 JrbHLH
genes (Fig. 2). The precise number and location of the
domains of each Persian walnut protein were determined
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Fig. 1. Phylogenetic analysis of bHLH proteins in Persian walnut (189). A neighbor-joining (NJ) tree was constructed using 189 JrboHLH

sequences. The tree further clustered into 18 subfamilies.

using the data available in the Pfam database (Fig. 2b).
Conserved domain and motif valuation indicated that
Motif 1 was present in all prevalent walnut JrbHLH
genes. The subfamily of 16 and 17 consists of various
motifs, such as 7, 8, 10, 15, 16, 17, and 19 also, as
shown in the 18 family includes only motif 5, as well as
a conserved motif (Fig. 2b). The analysis of the JrbHLH
gene structure revealed large gene variations. It has
been noted that the number of exons of Persian walnut
JrbHLH transcript varies from 1 to 17 (Fig. 2c).

MEME analysis has shown that the walnut JrbHLH
gene family consists of twenty-four residues of amino
acids has been conserved and has unique domains for
189 walnut JrbHLH gene families. Among all these
twenty-four conserved domains, one conserved domain
(HLH) is made up of walnut JrbHLH genes, while the
other 23 are unique domains. All of these conserved
amino acid residues are compatible with previous
JrbHLH domain research in other crops, such as peaches
twenty-nine conserved amino acid residues. Based on
conserved domains, walnut JrbHLH genes consist of
23 unique domains and one conserved domain (HLH)
found in all JrbHLH genes [4, 22].

Synteny Analysis of JrbHLH Genes
The syntenic analysis was conducted for Persian

walnut (J. regia) with other two woody plants (P.
trichocarpa and O. europaea) to infer bHLH genes

evolutionary relationship between these species
(Fig. 3). We identified 42 pairs of orthologous bHLH
genes between J. regia and P. trichocarpa, while only
29 orthologous gene pairs between J. regia and O.
europaea (Fig. 3). A total of 24 collinear gene pairs
identified between J. regia and P. trichocarpa were not
found between J. regia and O. europaea, 3 collinear
gene pairs identified between J. regia and O. europaea
were not found between J. regia and P. trichocarpa,
importantly, 25 collinear gene pairs were found in
three species J. regia, O. europaea and P. trichocarpa
(Fig. 3). Gene organization plays a vital role in the
evolution of multigene families [28]. Analysis of the
gene structure indicated that exons present in the
walnut JrbHLH gene ranged from 1-17 considered to
exhibit the lower expression levels in plants [31, 32]. In
the case of the JrbHLH gene in Persian walnuts, almost
all gene structures have an intron 0 phase; therefore, the
JrbHLH gene is evolutionarily preserved. The position
of intron at 1, 2, 3, 4 and 5 were present throughout the
JrbHLH family gene showed that the JrbHLH family
is evolutionarily protected [14]. Since the evolutionary
studies of JrbHLH transcription factors are limited in
walnut need to be explored in further study (Fig. 3).
There are collinear genes between the walnut and P.
trichocarpa and O. europaea these results suggested
that the PHLH genes may have evolved from the Persian
ancestor in different plants [29, 33, 34].
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Fig. 2. The Phylogenetic relationship, motif compositions, and gene structure of JrtbHLH transcription factors. a) The phylogenetic
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Fig. 3. Duplicate type, synteny analysis of bHLH genes between J. regia and two groups of representative plant species. Synteny
analysis of bPHLH genes between J. regia and three plant species. Gray lines in the background indicate the collinear blocks within
Persian walnut and other plant genomes, while the red lines highlight the syntenic BHLH gene pairs. The specie names with the prefixes
‘P, trichocarpa’, ‘O. europaea’ indicate Popus trichocarpa, Olea europaea, and Quercus. robur, respectively.

The Expansion and Evolution of the JroHLH Gene
Family of Persian Walnut

The analysis of GO enrichment based on 189
JrBHLH proteins annotated in the GO database. In
the category of biological processes, bio-regulation,
metabolic processes, cellular processes, and stimulus-
response are significantly enriched terms. In the
cellular component category, cell, organelle and cell
parts are significant. GO terms for the transcription
factor activities of nucleic acid binding were highly
represented in the molecular function category.
Besides, the most GO term enriched by members of the
JrbHLH is GO: 003674 (molecular function). Tandem
duplication, segmental duplication, and WGD were most
likely chosen by gene families as forms of expansion
[10]. However, a total of 69 JrbHLHs were duplicated as
WGD, and no gene pair experienced tandem duplication
events. These results indicated that the evolutionary
expansion patterns of hHLH transcription factor family
members were duplicated by WGD events (Fig. 1
and 2). These finding contrasts with several previous
reports in which a similar phenomenon was analyzed
[27, 35]. For example, the expansions of the Gossypium,
bHLH genes were tandem duplication events [29, 34].

Transcriptome Expression Profile Analysis,
gRT-PCR, and Interaction Work of JroHLH Genes
in Persian Walnut

Transcript expression analysis of different tissues of
Persian walnut (female flower, male flower, young leaf,
and hull) showed that the JrbHLHs expression levels
were different in female flowers, and male flowers,

leaves, and hulls (Fig. 4). Expression profiling revealed
that a total of 28 JrbHLH genes have higher expression
in multiple tissues of Persian walnut [the values of
FPKM (fragments per kilobase per million) were
more than 60] (Fig. 4). A total of 4 and 8§ members of
JrbHLH genes show higher expression in female flowers
and male flowers, respectively. For vegetative tissues
transcriptome expression levels, we found that a total of
4 and 12 JrbHLH genes were expressed highly in leaves,
while 12 JrbHLH genes were expressed highly in hulls.
Among these high expressed genes, the JrbHLHI3-10,
JrbHLHI-15, and JrbHLH14-8 showed highly expression
levers in both tissues (Fig. 4). Moreover, five JrbHLH
genes were extremely high expressed (the values of
FPKM were more than 400) (Fig. 4). Furthermore, by
compared the differences between the JrbHLH gene
expression levels in reproductive tissues and vegetative
tissues, and we found that the two genes (JrbHLH13-13
and JrbHLHI14-8) both expressed high in reproductive
tissues (female flowers and male flowers), while three
genes (JrbHLHI3-4, JrbHLHI4-3, and JrbHLHI4-4)
both expressed high in vegetative tissues (leaves and
hulls) (Fig. 4). In woody plants, previous research
showed that the JrbHLH gene plays an important role
in flowering, such as peach and other fruit varieties,
and some JrbHLH superfamily genes may be involved
in fruit development [16]. This finding is consistent
with previous findings of the JrbHLH protein, which
also plays a regulatory role in tomato fruit ripening
[29]. Especially in the reproductive development
members of rice and A. thaliana, the functional
subfamilies, OsbHLHI42, AtbHLH091, OsbHLHI41,
AtbHLH010 and AtbHLHO089 of these genes have
similar expression patterns. While from the present we
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may be associated with fruit development. This finding
was consistent with previous findings that bHLH
proteins play a regulatory role in fruit ripening in walnut
and other fruit species [37]. Additionally, the findings
of this study are in agreement with transcriptomic
results [37]. During the developmental stage (1%-5") of
the female flower, the transcriptome expression levels
of JrbHLH genes were increased ie. JrbHLH3-S5,
JrbHLHI13-4, JrbHLHI3-13, and JrbHLHI4-4 [37]
(Fig. 5a). We further verified the difference gene
expression level patterns in Persian walnut flowers and
leaves used by qRT-PCR experiment (Fig. 5b). The
results showed that JrbHLH3-5 and JrbHLH13-13 were
highly expressed in female compared to male flowers,
while JrbHLHI13-25 expressed highly in leaves of
J. regia (Fig. 5b). These genes differentially expressed
in female flowers, male flowers and leaves (Fig. 5b),
which could be subsequently prioritized in plant
functional studies for further analysis. Based on
transcriptome and relative (QRT-PCR) expression, the
walnut JrbHLH genes JrbHLH3-5 and JrbHLHI13-13
show high expression in the female flower followed by
the male flower, while the JrbHLHI3-4 shows greater
expression in the vegetative part of the leaves followed
by the male flower and also decreased expression in the
female walnut family members of the JrbHLH gene.
Therefore, further characterization of the 28 JrbHLHs
is highly important and will provide a new insight to
understand the molecular mechanism which may play
some roles in the expression of the Persian walnut in
multiple tissues.

Conclusions

In summary, we have recognized 189 JrbHLH
genes in Persian walnut (Juglans regia) in this research.
Phylogenetic analysis showed the division of the
JrbHLH gene into 18 subfamilies. Also, expression
profiling revealed that the JrbHLH gene showed
distinct patterns of expression in distinctly prevalent
walnut tissues. A total of 10 genes (JrbHLHI4-8,
JrbHLHI12-3, JrbHLHI13-13, JrbHLH7-10, JrbHLH4-1,
JrbHLHI16-8, JrbHLHI16-9, JrbHLHG6-4, JrbHLH3-5,
and JrbHLHI1I-9) were highly reflected in multiple
phases of female flowers and male flowers, which may
play a significant role in Persian walnut flowers. During
the flowering of female flowers, it was shown that some
genes had increased expression rates as females grew.
Overall, 28 members of the JrbHLH gene family are
highly expressed in reproductive and vegetative tissues,
while JrbHLH13-4, JrbHLHI-15, and JrbHLH14-8 have
been highly expressed in all tissues. Specifically, both
transcript information and (qQRT-PCR) analysis showed
that two JrbHLH genes (JrbHLH3-5, JrbHLHI3-13)
were extremely expressed in female and male flowers,
while one JrbHLH gene (JrbHLHI3-4) was strongly
expressed in leaves. Our outcome was consistent
with that in Persian walnuts, but without any

combination with other tissues, the expression of the
JrbHLH gene in male flowers was fully associated with
female flowers.
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