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Abstract

Chenopodium quinoa is a plant rich in a variety of nutrients, with strong resistance to
cold, drought, salt, and barren conditions. BHLH transcription factors are one of the larg-
est transcription factor families in plants, and they have a basic/helix-loop-helix struc-
ture. BHLH transcription factors are involved in the regulation of plant growth and de-
velopment and play a role in stress resistance. Besides, the bHLH family also participates
in various signal transduction and anabolic processes, such as light signal transduction

and hormone synthesis. In view of the important roles of the bHLH family in plant
growth, development, anabolism, signaling, and resistance to stress, the Chenopodium
quinoa bHLH (CqbHLH) family was identified in the genome by using bioinformatics
methods. Moreover, the structure, chromosomal assignment, replication, and collinearity
of all CgbHLH genes were analyzed. The results of this study have laid the foundation
for identifying CgbHLH genes that play a key role in the regulation of plant growth and
development and in stress resistance.
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1. Introduction

Chenopodium quinoa is an annual herbaceous plant, belonging to the Chenopodium genus of the Chenopodiaceae family.
The ear part of the plant can turn red, purple, or yellow, and the plant resembles Chenopodium album in appearance. The
ears of the plant in a mature state are like those of the sorghum. The plant height is influenced mainly by the environment
and hereditary factors, ranging between 0.3m and 3m. The stem is hard in texture and can be branched or unbranched. The
duck palm-shaped leaves are arranged in an alternate fashion, and the leaf margin can be serrated or smooth. The flowers
are bisexual and arranged like a corymb, a spike, or a cone. The plant seeds are shaped as small rounded pills and have a
small size, with a diameter of 1.5~2mm and a weight of 1.4~3g/1000 grains [1]. Chenopodium quinoa contains abundant
nutrients and is certified as the only food that can provide nutrients essential to the human body. It is described as the
perfect nutrient-dense food for human beings [2]. Chenopodium quinoa has a high content of proteins, fibers, and vitamins,
and a low content of fat and sugar. It also contains a large number of total polyphenols, saponins, flavonoids, and polysac-
charides, playing an important role in the research and development of functional foods, cosmetics, pharmaceuticals, and
biopesticides [2]. The protein content in Chenopodium quinoa is similar to that in beef and the protein quality is comparable
to that in meat and milk. There are diverse amino acids in Chenopodium quinoa, including 9 essential amino acids and
many other nonessential amino acids, especially lysine, which is not present in most crops. Moreover, Chenopodium qui-
noa is rich in a variety of mineral elements and contains many vitamins necessary for the normal metabolism of the human
body [3]. The sugar content, fat content, and calories are low in Chenopodium quinoa. All of the above features make
Chenopodium quinoa an ultra-high-nutrition plant. In addition, Chenopodium quinoa is highly resistant to abiotic stress,
such as cold [4], brought [5] and salt [6].
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Transcription factors play a crucial role in the regulation of many biological processes of plants, such as growth and
development, stress resistance, and protection against damage. BHLH transcription factors are known for having highly
conserved basic/helix-loop-helix regions [7]. There are 50 to 60 amino acids in the BHLH structural domain, which consists
of two regions with totally different functions, namely, a basic amino acid region and a helix-loop-helix region. The basic
region at the N end contains 15 amino acids, 6 of which are basic. This region regulates the transcription of genes mainly
by binding with the DNA cis-element E-box (5'-CANNTG-3’) 8, 9]. The helix-loop-helix region at the C end comprises
40 to 50 amino acids, which are connected by two hydrophilic and lipophilic a-helices and a hydrophobic amino acid ring
structure with unfixed length to form homologous or heterologous dimers for interactions with other bHLH proteins [10].
BHLH genes are greatly different from each other, except that they all have a highly conserved bHLH structural domain
[11]. Previous studies have proven that bHLH transcription factors play an important role in stress resistance in many types
of plants. For instance, the rapid expression of the GhbHLH gene in the leaves of upland cotton can be induced by ABA
and PEG, but not by high salt and low temperature. It suggests that GhbHLH 1 possibly participates in responses to osmotic
stress [12]. The expression of the rd22BP1 gene in Arabidopsis thaliana is mainly induced by drought and ABA stresses
Bl The 4tMYC?2 gene in the hHLH family and the AtMYB2 gene in the MYB family specifically combine with the MYC
and MYB sites in the promoter sequence of the rd22BP1 gene, respectively, thus regulating the ABA-induced expression
of genes and enhancing the stress resistance of transgenic plants [9]. OsbHLH] is a gene separated from Oryza sativa and
it is similar to ICE1. Transgenic plants overexpressing OsbHLHI show significant improvement in the resistance to low
temperatures [13]. In Populus koreana, PkbHLH?2 induces the expression of its own target gene after being activated by
the transcription factor of its upstream gene PkbZIP2, thus enabling the plant to resist drought [14]. Wang et al. [15]
isolated CsICE1 and CsCBF'I genes from camellia trees. These two genes are homologous to At/CE1 in Arabidopsis tha-
liana and have been demonstrated to participate in the ICE1-CBF cold stress regulatory pathway.

The bHLH family in plants has not been thoroughly studied, and existing studies only focus on model plants Arabidopsis
thaliana and Oryza sativa. Further research is required to study the specific functions of bHLH transcription factors in
other species. In addition, PHLH transcription factors have aroused wide concern among scholars as key regulatory proteins
in the stress-resisting signaling network of plants. Since the discovery of the first bHLH transcription factor in corn [16,
17], multiple biological techniques such as transcriptomics, proteomics, bioinformatics, and genetics approaches have been
used to explore the functions of bHLH proteins in plants. It has been found that bHLH proteins are involved in plant growth,
development, and metabolism processes, but more importantly, in stress responses. To date, the bHLH genes in wheat,
mulberry trees, Clerodendrum japonicum, and many other plant species [18-20] have been systematically identified and
analyzed, but there is no report about the analysis of PHLH genes in Chenopodium quinoa.

Considering the role of bHLH transcription factors in plant resistance to stress and the lack of studies on the bHLH genes
in Chenopodium quinoa, the present study identified 246 Chenopodium quinoa bHLH (CgbHLH) genes in the genome
using bioinformatics approaches and systematically analyzed their structure, location on chromosomes, replication, and
evolutionary relationships. The study results provide a basis for the screening of stress-resisting genes in Chenopodium
quinoa and for the in-depth study of the functions of CgpHLH genes.

2. Methods
2.1 Genomic data acquisition

Genomic data of Chenopodium quinoa, Oryza sativa, Beta volgaris, and Glycine max plants were extracted from the
Phytozome database (https://phytozome.jgi.doe.gov/). Genomic data of Arabidopsis thaliana and Fagopyrum tataricum
were obtained from the Arabidopsis Information Resource (TAIR) database (https://www.arabidopsis.org/) and the Mo-
lecular Breeding Knowledgebase (http://www.mbkbase.org/Pinkul), respectively.

2.2 Identification of CqbHLH genes

The genomic sequence of Chenopodium quinoa was downloaded from plant genome databases. The amino acid se-
quences of all Arabidopsis thaliana bHLH (AtbHLH) proteins were derived from the TAIR database. By taking the A¢-
bHLH genes as targets, we used TB tools to identify all possible bHLH genes in the genome of Chenopodium quinoa [21].
After comparing the amino acid sequences of CgbHLH proteins using the BLASTP program of NCBI, non-target se-
quences were deleted. In addition, the Web CD tool of NCBI was used to predict the conserved region of CgbHLH genes,
and then the wrong genes were removed.
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2.3 Phylogenetic analysis of CgqpHLH genes

Multiple sequence alignments of CqbHLH proteins were made using MEGA7. Then, the phylogenetic tree of CgbHLH
and AtbHLH proteins was constructed using the maximum likelihood (ML) method, with the Bootstrap value set at 1000.
The CgbHLH genes on adjacent branches of the evolutionary tree were divided into subgroups according to the classifica-
tion of AtbHLH proteins. Then, an evolutionary tree for CgpbHLH proteins was constructed using the same method for
subsequent gene structure analysis.

2.4 Chromosomal assignment, gene structure, and protein motif analysis of CgbHLH genes

The locations of genes were extracted from the genome annotation Gff file. The structure of CgbHLH genes was visu-
alized with the help of TB tools. Then, CgbHLH proteins were analyzed using the online MEME analysis tool
(http://meme-suite.org/), with the number of motifs set at 10, totaling 5~200 amino acids in length. Moreover, the structure
annotation of each motif for replacement was obtained from the Pfam database (https://pfam.xfam.org/) in order to further
confirm the core structural domain of bHLH genes.

2.5 Collinearity analysis

Collinearity genes in the genome of Chenopodium quinoa and between Chenopodium quinoa and other species were
identified using the multiple collinearity scan toolkit MCScanX. Based on the information of locations given in the genome
annotation files of Chenopodium quinoa and other species, the locations of all collinearity gene pairs were visualized on
their respective chromosomes.

3. Results and discussion
3.1 Genome-wide identification and phylogenetic analysis of CgbHLH genes

A total of 246 CqbHLH genes were identified from the genome of Chenopodium quinoa through bidirectional BLASTP
alignments. After multiple sequence alignments of 158 AtbHLHs and 246 CgbHLHs, the phylogenetic tree of the CgpHLH
and AthHLH families was constructed to show the revolutionary relationships of CgbHLH proteins (Figure 1).

According to the classification method of the AtbHLH family, all CgpHLH and AthHLH genes were divided into 23
subgroups, each of which contained one or several CgbHLH genes. Among all the subgroups, subgroup No.6 has the least
number of CgbHLH genes (only 1 gene), while subgroup No.23 contains the most CqbHLH genes (23 genes) (Figure 1).
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Figure 1. Phylogenetic tree of 246 CgbHLH and 158 AtbHLH genes.
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3.2 Chromosomal assignment of CqbHLH genes

The information on the locations of all CgbHLH genes was acquired from the genomic structure annotation files of
Chenopodium quinoa, and these genes were separately assigned to 18 chromosomes of Chenopodium quinoa (Figure 2).
The location results showed that among 246 CgbHLHs, 234 genes were successfully located on chromosomes No.1 to
No.18, and 12 genes were located on chromosome No.0 due to match failure possibly caused by low genome quality. The
234 successfully located CgbHLHs were distributed unevenly on the 18 chromosomes. Chromosome No.7 contains the
most CgbHLH genes (27 genes), while there are fewer CgpbHLH genes on chromosomes No.3, No.4, No.5, No.12, No.13,
and No.18 (Figure 2). Twenty-one tandem repetitive genes were detected on 10 chromosomes of Chenopodium quinoa,
and they may arise from the tandem duplication of genes (Figure 2).
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Figure 2. CqbHLHS’ locations on chromosomes and tandem repeats.
3.3 Structure and protein motif analysis of CgbHLH genes

Based on the chromosomal assignment results, the structure and motifs of the CgbHLH family were further analyzed.
The protein motif analysis showed that almost all CgpHLH proteins have motifs No.l and No.2, indicating that these two
motifs possibly constitute the core structure domain of the bHLH family and play a decisive role in certain functions of
bHLH proteins. The motif type varies among different subgroups of bHLH proteins and is associated with certain functions
of the proteins. Some proteins contain a few types of motifs. For example, there is only motif No.1 in AUR60208866 and
AURG62031845 and only motif No.2 in AUR62009524. In addition, most genes from the same branch have identical or
similar motifs, which may explain their similar functions. A closer kinship is associated with a more similar composition
and arrangement of conserved motifs. It suggests that these genes possibly have identical or similar functions in the growth
and development of Chenopodium quinoa (Figure 3A). Gene structure analysis revealed that the number of introns ranges
from 0 to 4 in 246 CqbHLHs on average. However, there are 8 introns in AUR62029235, and the introns in AUR62024734
and AURG62011893 have long base sequences. The introns may play a potential role in the regulation of gene expression.
The number of exons ranges from 2 to 8, and the genes from the same branch have a similar structure, indicating that
CgbHLH proteins maintain basic functions in the process of evolution. The structural domain varies among different sub-
groups, implying that bHLH genes have developed different structures during the long-term evolution and thus participate
in different biological processes of plants (Figure 3B).
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Figure 3. Motifs and structures of CgqpbHLH genes.
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(A) Conserved motifs of proteins, with different colors representing different types of motifs; (B) Gene structure, with
different colors representing different structures

3.4 Intraspecific and interspecific collinearity analysis of CqbHLH genes(

Intraspecific collinearity analysis of CgbHLH genes was made, and the results showed that there are 14 pairs of seg-
mental duplicated genes. It demonstrates the high conservativeness of bHLH genes in the evolution process and the im-
portant role of conserved sequences in performing particular functions (Figure 4).
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Figure 4. Intraspecific collinearity analysis of CgbHLH genes.

Interspecific collinearity analysis of genes is also an approach to investigating the evolution of species. The collinearity
between CgbHLH genes and bHLH genes in typical dicotyledon and monocotyledon plants was examined. The results
showed that only 32 pairs of collinear genes were found between CgbHLH genes and AtbHLH genes, and the number is
relatively small. It indicates that these two types of plants differentiate early in the evolution process. There are 107, 60,
and 64 pairs of collinear genes between CqgbHLH genes and Beta volgaris genes, Fagopyrum tataricum genes, and Oryza
sativa genes, respectively, and the numbers are moderate. The largest number of collinear gene pairs (173 pairs) were
observed between CqbHLH genes and soybean genes. This finding suggests that bHLH genes in Chenopodium quinoa and
Glycine max are highly homologous, and these two plants differentiate late (Figure 5). According to the intraspecific and
interspecific collinearity analysis, gene duplication and collinearity genes between species are the driving force and cause
of the rapid evolution and expansion of the bHLH family.
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Figure 5. Interspecific collinearity analysis between CgbHLH genes and AtbHLH genes, Beta volgaris genes, Fagopyrum tataricum
genes, Glycine max genes, and Oryza sativa genes.

4. Conclusion

In this study, 246 bHLH genes were identified in the genome of Chenopodium quinoa, and the number is large, compared
with 162 bHLH genes in Oryza sativa [22], 159 bHLH genes in Solanum tuberosum [23], and 152 bHLH genes in Di-
oscorea esculenta [24]. For this reason, Chenopodium quinoa has good stress resistance. According to the gene replication
analysis, tandem duplication and segmental duplication play an important role in the amplification of the CgbHLH family.
Gene structure and protein motif analysis indicate that motifs No.1 and No.2 of CgbHLH proteins are highly conserved in
subgroups, which may be related to the biological functions of CgbHLH proteins. Different subgroups differentiate into
different motifs to perform different functions. Intraspecific and interspecific collinearity analysis reveals that CgbHLH
genes expand through intraspecific gene duplication and interspecific gene differentiation. Taken above, the number of
bHLH genes in Chenopodium quinoa is more than that in other plants. Intraspecific tandem replication, fragment duplica-
tion, and interspecific differentiation promote the expansion of the CgbHLH family. The systematical identification of
CgbHLH genes in this study helps with the selection of stress-resistant bHLH genes. The study results have important
theoretical and practical significance for cultivating stress-resistant Chenopodium quinoa varieties and lay a foundation
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for the verification of the functions of these varieties.
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