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Abstract 

Background: The trihelix family of transcription factors plays essential roles in the growth, development, and abiotic 
stress response of plants. Although several studies have been performed on the trihelix gene family in several dicots 
and monocots, this gene family is yet to be studied in Chenopodium quinoa (quinoa).

Results: In this study, 47 C. quinoa trihelix (CqTH) genes were in the quinoa genome. Phylogenetic analysis of the 
CqTH and trihelix genes from Arabidopsis thaliana and Beta vulgaris revealed that the genes were clustered into five 
subfamilies: SIP1, GTγ, GT1, GT2, and SH4. Additionally, synteny analysis revealed that the CqTH genes were located on 
17 chromosomes, with the exception of chromosomes 8 and 11, and 23 pairs of segmental duplication genes were 
detected. Furthermore, expression patterns of 10 CqTH genes in different plant tissues and at different developmen-
tal stages under abiotic stress and phytohormone treatment were examined. Among the 10 genes, CqTH02, CqTH25, 
CqTH18, CqTH19, CqTH25, CqTH31, and CqTH36, were highly expressed in unripe achenes 21 d after flowering and in 
mature achenes compared with other plant tissues. Notably, the 10 CqTH genes were upregulated in UV-treated 
leaves, whereas CqTH36 was consistently upregulated in the leaves under all abiotic stress conditions.

Conclusions: The findings of this study suggest that gene duplication could be a major driver of trihelix gene evolu-
tion in quinoa. These findings could serve as a basis for future studies on the roles of CqTH transcription factors and 
present potential genetic markers for breeding stress-resistant and high-yielding quinoa varieties.
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Background
In plants, more than 60 transcription factor (TF) fami-
lies have been discovered, which play critical roles in 
the growth, development, and abiotic stress responses 
of various plant species [1–3]. In the 1980s, trihelix TFs 
were isolated for the first time in pea (Pisum sativum), 
and were found to occur solely in plants [4]. Trihelix TFs 
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typically attach to the core sequence (5′-G-Pu-[T/A]-A-
[T/A]-3) of ribulose-1,5-bisphosphate carboxylase-3A 
(rbcS-3A) promoter region to regulate light-dependent 
expression [5]. Additionally, the trihelix structure of GT 
factors is similar to that of Myb/SANT-LIKE DNA-bind-
ing domains [6]. However, the gaps between helix pairs 
result in distinct recognition sequences between GT fac-
tors and Myb/SANT-like proteins [6, 7].

Over the years, the trihelix family of TFs has been 
extensively studied in both dicots and monocots, includ-
ing Arabidopsis thaliana, Solanum lycopersicum, Chry-
santhemum × morifolium, Glycine max, Triticum, Zea 
mays, Oryza sativa, Fagopyrum esculentum, and Sorghum 
bicolor. Extensive studies have been performed on the 
trihelix gene family in different species under different 
stress conditions and at a different developmental stage 
owing to their role in plant development and environ-
mental adaptation. For instance, a total of 30 GT mem-
bers have been identified in A. thaliana, and divided into 
subfamilies, including GT1, GT2, GTγ, SH4, and SIP1 [8]. 
Additionally, 36 trihelix proteins have been identified in 
tomato, and divided into the GT1, GT2, SH4, SIP1, GTγ, 
and GTδ subfamilies [9]. Interestingly, the structures of 
most trihelix genes vary among plant species, especially 
at the C-terminal.

Furthermore, trihelix genes play an intricate physi-
ological role in plants. For instance, ectopic expression 
of TaGT2L1D influences floral organ development and 
growth in wheat [10]. Additionally, A. thaliana asil1 
mutant seedlings exhibited changes in gene expression 
profile, which was similar to the expression during late 
embryogenesis [8]. Moreover, GT2-like 1 (GTL1) and its 
homolog DF1 inhibit root hair growth by directly bind-
ing to and regulating the expression of ROOT HAIR 
DEFECTIVE SIX-LIKE4 (RSL4) activator. Loss of func-
tion of nuclear GTL1 during the post-branching phase 
of trichome development can increase the nuclear DNA 
content of trichomes that have completed branching [11]. 
Furthermore, the role of trihelix gene family in abiotic 
stresses has been examined. For instance, exposure to 
light enhanced the expression of GT1 subfamily genes, 
which are possibly involved in salt stress and pathogen 
infection responses, in 3-day-old A. thaliana seedlings 
[12]. Additionally, exposure to light inhibited the expres-
sion of the GT1 gene RML1 in yellow seedlings of S. lyco-
persicum [13]. Moreover, the trihelix TFs GmGT-2A and 
GmGT-2B, were activated in soybeans under osmotic, 
salt, and cold stress conditions [14]. Interestingly, GTL1 
mutations can reduce transpiration considerably and 
increase drought tolerance in A. thaliana [15]. Moreo-
ver, there was a 2.5–10-fold increase in the expression 
of the GT evolution branch gene OsGT-1 in tomatoes in 
response to salt stress and abscisic acid (ABA) exposure 

[16]. However, the functions of trihelix genes in signal 
transduction pathways associated with various stress 
responses requires further investigation.

Quinoa (Chenopodium quinoa Willd.) is a 5000-year-
old plant with seeds rich in nutrients and bioactive com-
pounds. Quinoa can be grown at altitudes ranging from 
sea level to 4500 m on high plateaus owing to its drought, 
cold, and salt tolerance [17]. However, there is limited 
information on the trihelix family genes in quinoa.

Therefore, the aim of this study was to identify and 
characterize trihelix genes in quinoa. Specifically, the 
chromosomal locations, protein properties, gene archi-
tecture, and conserved motif compositions of the iden-
tified trihelix genes were analyzed. The orthologous 
relationships and gene duplication events among the 
trihelix genes were also examined. Additionally, we 
investigated the expression patterns of selected genes in 
different tissues, under different abiotic stresses, at differ-
ent periods after flowering, and at different periods after 
phytohormone treatments.

Results
Trihelix genes in C. quinoa and their physicochemical 
properties
A total of 47 non-redundant trihelix genes were identi-
fied in C. quinoa, and the genes were designated Cqtri-
helix1–Cqtrihelix47 (CqTH1–CqTH47) based on their 
chromosomal positions, and their physicochemical prop-
erties are listed in Table S1. CqTH38 encodes the smallest 
protein with 194 amino acids, whereas CqTH24 encodes 
the largest protein with 826 amino acids. The molecu-
lar weight of the CqTH proteins ranged from 21.54–
94.44 kDa, while the predicted isoelectric points ranged 
from 4.37 (CqTH12) to 10.31 (CqTH42). Subcellular 
localization analysis showed that 34 genes were located 
in the nucleus, 6 in the cytoplasm, 4 in the chloroplast, 
and 1 each in the plasmids, mitochondria, and extracel-
lular membrane. Among the 47 genes, two genes (4.26%; 
CqTH28, and CqTH31) contained the GT1 superfam-
ily domain (4.26%), whereas the remaining 45 genes 
(95.74%) contained the Myb/SANT-like DNA-binding 
domain. Additionally, the CqTH genes constitutes 0.11% 
of the total genes in C. quinoa genome [18].

Phylogenetic relationships between the trihelix genes in C. 
quinoa and other plants
To understand the relationship between trihelix genes, 
we constructed a phylogenetic tree using the amino acid 
sequences of 47 CqTH genes, 28 A. thaliana trihelix 
(AtTH), and 26 B. vulgaris trihelix (BvTH) proteins using 
the neighbor-joining (NJ) method of MEGA 7.0 with a 
bootstrap value of 1000 (Fig.  1 and Table S1). Accord-
ing to the topological tree structure and classification 
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approach by Kaplan-Levy et al. [19] and Qin [20], the 47 
CqTH genes were clustered into five groups: SIP1, GTγ, 
GT1, GT2, and SH4, which were analogous to those in A. 
thaliana and O. sativa. Specifically, the SIP1, GTγ, GT1, 
GT2, and SH4 subfamilies contained 21, 5, 3, 11, and 7 
genes, respectively. Although we detected 23 gene dupli-
cation events in the quinoa genome, there were no differ-
ences in the sequences of the 47 trihelix proteins shared 
among the three species during evolution. 

Motif compositions and exon/intron structures 
of the trihelix genes in C. quinoa
The MEME search tool (http:// meme. nbcr. net/ meme/ 
intro. html) was used to predict 10 conserved motifs 
in CqTH genes, which were designated as motifs 1–10. 
The 10 motifs were divided into 5 groups (SIP1, GTγ, 
GT1, GT2, and SH4), according to the similarity of motif 

pattern and gene structure (Fig.  2A). Additionally, the 
lengths of the conserved motifs ranged from 15 to 50 
amino acid residues (Table S2). The motif arrangement 
of each CqTH protein is depicted with the matching 
color boxes in Fig.  2B. Motif 1 was observed in almost 
all CqTH proteins, while other groups shared compa-
rable motifs, indicating that the conserved motifs may 
play a critical role in specific processes. In the GT2 sub-
family, several genes contained more than one copy 
each of motifs 1, 3, or 5. Specifically, CqTH16, CqTH22, 
CqTH26, CqTH28, CqTH29, and CqTH34 had two cop-
ies of motif 3; CqTH10, CqTH22, CqTH26, CqTH28, 
CqTH34, CqTH39, and CqTH46 possessed two copies of 
motif 1; and CqTH10, CqTH28, and CqTH46 contained 
three copies of motif 5. This may be considered a distin-
guishing feature between different subfamilies, and the 
different motif arrangements in some subfamilies could 

Fig. 1 The phylogenetic tree was derived using the NJ method in MEGA7. Unrooted phylogenetic tree showing relationships among trihelix 
domains of C. quinoa (red solid circle), A. thaliana (red star) and B. vulgaris (green triangle). As shown in the figure, the phylogenetic tree is divided 
into 5 subfamilies, including subfamily SIP1, GTγ, GT1, GT2, and SH4

http://meme.nbcr.net/meme/intro.html
http://meme.nbcr.net/meme/intro.html
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be attributed to structural differences in the amino acid 
sequences. Motifs 1, 2, 5, and 6 were detected in the 
majority of SIP1 members. However, CqTH12, CqTH13, 
CqTH23, CqTH30, CqTH40, and CqTH42 did not con-
tain motif 6, CqTH38 did not contain motifs 5 and 6, and 
CqTH43 did not possess motif 5. SH4 members mainly 
contained motifs 1, 8, and 10, but CqTH20, CqTH36, and 

CqTH45 did not contain motif 10. Furthermore, CqTH45 
possessed only motif 1, which was similar to CqTH19 
and CqTH31 in the GT1 subfamily. Notably, no motif 
was detected in the CqTH21 gene of the GT1 subfamily. 
Motifs 1, 7, and 9 were observed in the GTγ subfamily 
members, with CqTH24 containing two copies of motif 9 
and no motif 7.
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Fig. 2 Phylogenetic relationships, gene-structure analysis, and motif distributions of CqTH trihelix genes. A Phylogenetic tree was constructed 
based on the full-length sequences of CqTH proteins using the NJ method with 1000 replicates on each node, including group SIP1, GTγ, GT1, 
GT2, and SH4. B The motif composition of the CqTH proteins. The motifs, numbered 1–10, are displayed in different colored boxes. The sequence 
information for each motif is provided in Additional file 2. The length of the protein can be estimated using the scale at the bottom. C Exon-intron 
structures of CqTH genes. Yellow boxes indicate untranslated 5′- and 3′- regions; Blue-green boxes indicate exons; and black lines indicate introns
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The exon/intron structures and phases were identi-
fied by mapping the full-length cDNAs of CqTH genes 
to the genome sequence. Members of the same fam-
ily exhibited comparable exon/intron arrangement 
depending on the exon/intron number (Fig.  2C). The 
structural features of CqTH genes, including the num-
ber and placement of exons and introns, are depicted 
in Fig. 2C. Additionally, the introns isolated the coding 
sequences in the majority of trihelix genes (42, 89%). 
Structural analysis showed that no introns were pre-
sent in five CqTH genes (CqTH02/17/18/37/47) (11%), 
whereas the highest number of introns was present in 
CqTH24 (16). The number of exons in CqTH genes 
ranged from 1 to 15, of which the SIP1, GT2, SH4, GTγ, 
and GT1 subfamily members possessed 1–15, 1–5, 2–5, 
1–3, and 4–7 exons, respectively. The GTγ subfam-
ily had the fewest exons, while the GT1 family had the 
most.

Cis‑acting elements in the promoter region of CqTH gene 
family
Cis-acting elements serve as a molecular switch by 
binding to transcription factors, which are associ-
ated with gene transcription initiation and activ-
ity. To explore the putative functions of CqTH genes, 
we extracted and examined the 1500 bp sequences 
upstream of the transcription start site to identify cis-
acting elements using PlantCARE Online program. 
Ten types of cis-acting elements were present in the 
promoter regions, including abscisic acid-, methyl jas-
monate (MeJA)-, light-, gibberellin-, low-temperature-, 
and salicylic acid-, defense and stress-, and auxin-
responsiveness elements, drought-inducibility element, 
and enhancer-like element involved in anoxic specific 
inducibility. The distribution of the cis-acting elements 
on the promoters is shown in Fig. S1. In terms of the 
number of cis-acting elements, CqTH23 contains the 
most (23), while CqTH40 contains the least (2). In terms 
of the number of types of cis-acting elements, CqTH35 
has the most types (9), while CqTH20, CqTH26, and 
CqTH27 have only 1 type. Light responsive elements 
were present in almost all promoter regions of CqTH 
genes, with large numbers in CqTH12 and CqTH23. A 
total of 33 CqTH genes contained abscisic acid-respon-
siveness element, 25 contained MeJA-responsiveness 
element, 21 contained low-temperature-responsiveness 
element, 16 contained salicylic acid-responsiveness ele-
ment, 15 contained drought-inducibility element, and 
14 contained defense and stress-responsiveness ele-
ment. These results suggest that the CqTH genes in C. 
quinoa contain several environmental stress elements, 
which could play important roles in stress resistance.

Chromosome distribution and synteny of the trihelix genes 
in C. quinoa
The chromosome positions of CqTH genes were 
extracted from the genome annotation files. They were 
unevenly dispersed and non-randomly distributed at spe-
cific positions on chromosomes 1–18 (Chr01–Chr18) 
and Chr00, which was the remaining unassembled frag-
ment in the quinoa genome (Fig. S2). The 47 CqTH genes 
were designated according to their physical locations on 
the C. quinoa chromosomes, from top to bottom. Chr01 
has the highest number of CqTH genes (6, 12.8%), fol-
lowed by Chr17 (5, 10.6%), Chr07 and Chr15 (4 genes 
each, 8.5%), Chr02, Chr03, Chr04, Chr05, Chr06, and 
Chr16 (3 genes each, 6.4%); Chr10, Chr18, and Chr00 (2 
genes each, 4.3%); and Chr09, Chr12, Chr13, and Chr14 
(1 gene each, 2.1%). Additionally, 23 pairs of segmental 
duplications were detected on the chromosomes (Fig.  3 
and Table S3). A tandem duplication event is defined as 
a 200-kb chromosomal area with two or more identical 
genomic regions.

The CqTH gene family has 40 paralogs (85.1%), sug-
gesting the evolutionary link between the members 
(Fig. 3). Additionally, the CqTH genes were unevenly dis-
tributed among 18 C. quinoa linkage groups (LGs). There 
were no LGs in Chr08 and Chr11, where the trihelix gene 
family was not detected, and in the unassembled Chr00. 
Certain LGs contained more CqTH genes than oth-
ers, such as LG1 with six CqTH genes. Further analysis 
revealed that all genes were linked within their subfami-
lies. The SIP1 subfamily has the most related genes (20), 
accounting for half of the trihelix gene family’s linked 
genes, while the GT2 subfamily had nine linked genes.

Evolutionary relationship between the trihelix genes in C. 
quinoa and other plants
An unrooted NJ tree with 10 conserved motifs was gen-
erated using Geneious R11 to identify the evolutionary 
relationship of the trihelix gene family between C. quinoa 
and other plants (i.e., S. bicolor, O. sativa, B. rapa, S. lyco-
persicum, A. thaliana, and S. tuberosum) (Fig. S3, Tables 
S2 and S4). The CqTH proteins in the evolutionary tree 
were relatively dispersed, with motifs 1 and 5 shared by 
multiple trihelix family members from various species 
(Fig. S3). Trihelix proteins from the same subfamily had 
similar motif compositions. Notably, similar serial motifs 
tended to cluster in C. quinoa, tomato, and potato, indi-
cating that CqTH proteins may be more closely related to 
those of tomato and potato than those of the other plants.

To investigate the gene replication mechanisms in C. 
quinoa, we constructed seven comparison system dia-
grams between C. quinoa and six species, including 
four dicots (B. rapa, S. lycopersicum, A. thaliana, and 
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S. tuberosum) and two monocots (S. bicolor, O. sativa) 
(Fig. 4). The number of colinear genes between C. qui-
noa, S. bicolor, O. sativa, B. rapa, S. lycopersicum, A. 
thaliana, and S. tuberosum formed 2, 2, 3, 10, 9, and 16 
homologous gene pairs, respectively (Table S4). Anal-
ysis of the system diagrams showed that quinoa was 
most similar to potato and least similar to sorghum 
and rice, which may indicate the evolutionary rela-
tionships among the species. Notably, 22 CqTH genes 

were unique to dicots, indicating that these genes may 
have evolved after the differentiation of dicotyledon-
ous plants. Several CqTH genes were also associated 
with three synonymous gene pairs, including CqTH13, 
CqTH25, and CqTH44, which potentially played key 
roles in the trihelix gene family during evolution. Taji-
ma’s D neutrality test was performed to determine the 
evolutionary role of the CqTH gene family, and the 
Tajima’s D value was − 0.875727 (Table S5), indicating 

Fig. 3 Schematic representation of the chromosomal distribution and interchromosomal relationships of CqTH genes. Different color arcs 
represent different chromosomes and the arc length represents the length of the chromosome. Chromosome number is indicated at the bottom of 
each chromosome. The red lines indicate duplicated trihelix gene pairs
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that this gene family was strongly selected during the 
evolution of C. quinoa.

Expression patterns of CqTH genes in different organs
The functional evaluation of various genes in plants 
revealed that trihelix genes play significant roles in crop 
growth and development [19]. The expression levels of 10 
selected genes in different plant tissues were examined 
to determine the physiological role of CqTH genes in the 
growth and development of C. quinoa. Histograms were 
generated to depict the expression patterns of the CqTH 
genes in tissues, including roots, stems, leaves, flow-
ers, and achenes (Fig. 5a, Table S6a). Notably, the CqTH 
genes were significantly expressed in specific tissues, sug-
gesting that CqTH genes perform various functions in 
C. quinoa growth and development. Specifically, seven 
genes, including CqTH02, CqTH05, CqTH18, CqTH19, 
CqTH25, CqTH31, and CqTH36, were highly expressed 
in the achenes. Additionally, CqTH28 and CqTH42 were 
highly expressed in the leaves, whereas CqTH27 was 
highly expressed in the flowers. Notably, CqTH31 expres-
sion was highest in the achenes, whereas CqTH42 expres-
sion was highest in the leaves. In contrast, the expression 
patterns of the 10 CqTH genes in the roots and stems of 
C. quinoa seedlings were low.

Additionally, we explored the correlation between the 
CqTH expression profiles and found that the majority 
of the CqTH genes were positively associated, particu-
larly those that were highly correlated with several other 
genes (Fig. 5b). In contrast, CqTH28 and CqTH42 were 
negatively correlated with seven CqTH genes. Addition-
ally, CqTH27 was negatively associated with CqTH19 and 
not associated with the remaining eight genes. However, 
CqTH02, CqTH05, CqTH18, and CqTH25 were signifi-
cantly positively correlated.

CqTH gene expression patterns in response to diverse 
abiotic stresses
Furthermore, the expression profiles of 10 CqTH genes 
in response to diverse abiotic stress conditions, includ-
ing high temperature, low temperature, osmotic pres-
sure, flooding, salt, and UV radiation, were determined 
by qPCR. Most of the CqTH genes were relatively 
highly expressed in different tissues 2 h after expo-
sure to high and low temperatures, osmotic pressure, 

and salt stress conditions. However, most of the CqTH 
genes were highly expressed in the different plant organ 
only after 24 h of exposure to flooding and UV radiation 
(Fig. 6, Table S6b). The 10 CqTH genes exhibited differ-
ent expression patterns in specific tissues under various 
stress conditions. Particularly, most of the genes were 
upregulated in the leaves, with some expressed in the 
stems and roots. However, CqTH18, CqTH19, CqTH25, 
CqTH28, and CqTH42 were upregulated in the stems 
after flooding for 24 h. Moreover, CqTH18 was upregu-
lated in the stems after low temperature, high tempera-
ture, flooding, and osmotic treatments for 24 h and in the 
roots after salt treatment for 24 h. Across the different 
treatments, the 10 genes were consistently expressed in 
specific tissues. For example, all genes were upregulated 
in UV-radiated leaves after 24 h, with CqTH36 reaching 
high expression levels after only 2 h of treatment. Under 
salt stress, CqTH02, CqTH19, CqTH25, and CqTH28 
were significantly downregulated in different tissues. 
Additionally, CqTH02 was also significantly downregu-
lated in different tissues after exposure to low tempera-
ture, high temperature, and flooding treatments. Among 
the 10 genes, CqTH36 showed the highest expression in 
the leaves after only 2 h of abiotic stress treatment.

Furthermore, we examined the correlation between 
the expression patterns of the 10 CqTH genes. There was 
no significant correlation between the expression levels 
of most genes after 2 h of abiotic stress treatment, with 
only a few genes highly associated with each other. Spe-
cifically, there was no correlation between CqTH42 and 
CqTH02 and the other genes, except CqTH25, whereas 
a negative correlation was observed between CqTH18 
and three other genes, including CqTH36, CqTH27, and 
CqTH05 (Fig. 7a). After 24 h of treatment, no correlation 
was detected between CqTH18, CqTH36, and CqTH31, 
whereas a significantly positive correlation was observed 
between CqTH05, CqTH27, CqTH28, CqTH19, CqTH25, 
CqTH42, and CqTH02 (Fig. 7b).

Expression patterns of CqTH genes at different periods 
after flowering
Subsequently, the expression profiles of the 10 CqTH 
genes at various periods of quinoa achenes development 
was examined. There was an increase in the expression 
of seven genes, including CqTH02, CqTH05, CqTH18, 

(See figure on next page.)
Fig. 4 Synteny analyses of the trihelix genes between C. quinoa and six representative plant species (S. bicolor, O. sativa, B. rapa, S. lycopersicum, A. 
thaliana, and S. tuberosum). Gray lines in the background indicate adjacent blocks in the genomes of C. quinoa and six other representative plants, 
and red lines highlight gene pairs formed on the genomes of CqTH genes and six other representative plants
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Fig. 4 (See legend on previous page.)
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CqTH19, CqTH25, CqTH31, and CqTH36, 21 d after 
flowering, after which the expression levels gradually 
decreased. Among the genes, CqTH05 had a > 700-fold 
change in expression. Additionally, CqTH19 expression 
was significantly upregulated 28 d after anthesis, whereas 
CqTH28 expression was upregulated only 14 days after 
anthesis. Moreover, there was significant downregulation 
in CqTH42 and CqTH27 expression after anthesis (Fig. 8, 
Table S6c).

CqTH genes expression patterns in response 
to phytohormone treatments at various stages 
after flowering
To investigate the expression patterns of the CqTH genes 
in response to phytohormone treatment, we sprayed 
the flowers of the plants with paclobutrazol (PBZ) and 
abscisic acid (ABA) during the flowering stage and col-
lected samples at weekly intervals. PBZ-treated plants 
had significantly higher expression of CqTH05, CqTH18, 

Fig. 5 a Tissue-specific gene expression patterns of 10 CqTH genes in the root (R), stem (S), leaf (L), flower (F) and Achene (A) tissues were 
examined by qPCR. Error bars were obtained from three measurements. Lowercase letter(s) above the bars indicate significant differences (p < 0.05, 
LSD) among the treatments. b The correlation between the gene expression patterns of 10 CqTH genes. Red squares or positive number: positive 
correlation, light blue squares or negative number: negative correlation. The significance level was 0.01
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Fig. 6 The expression patterns of 12 CqTH genes in roots, stems and leaves of quinoa seedlings treated with 2 h and 24 h under different abiotic 
stress (LT: Low temperature, HT: High temperature, FL: Flooding, PEG: Osmotic, SA: Salt, UV: Ultraviolet radiation) were examined by qPCR. Error bars 
were obtained from three measurements. Lowercase letter(s) above the bar indicates significant difference (p < 0.05, LSD) among the treatments
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CqTH19, CqTH25, CqTH27, CqTH28, CqTH31, and 
CqTH42 than plants in the control group at different 
periods. Specifically, there was a 200-fold increase in 
CqTH05 and CqTH18 expression 28 d post-treatment 
compared with that of the control plants. Additionally, 

CqTH19 expression was > 1000-fold higher than that of 
plants in the control group 14 d post-treatment. In con-
trast, PBZ-treated plants had lower expression levels of 
CqTH02 and CqTH36 than plants in the control group 
at several periods after the PBZ treatment (Fig. 9a, Table 

Fig. 7 a Correlation coefficient diagram of relative expression of 10 CqTH genes in roots, stems and leaves of quinoa seedlings treated with 2 h. 
Red squares or positive number: positive correlation, light blue squares or negative number: negative correlation. The significance level was 0.01. b 
Correlation coefficient diagram of relative expression of 10 CqTH genes in roots, stems and leaves of quinoa seedlings treated with 24 h. Red squares 
or positive number: positive correlation, light blue squares or negative number: negative correlation. The significance level was 0.01
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S6d). ABA treatment significantly decreased the relative 
profiles of several genes at several periods compared with 
the control group, with a decrease in CqTH05 expression 
from 750-fold to 50-fold after 21 d of treatment. In con-
trast, ABA treatment significantly increased the expres-
sion patterns of CqTH02, CqTH18, CqTH19, CqTH25, 
CqTH27, and CqTH31 after 14 d compared with the con-
trol group (Fig. 9b, Table S6d).

Discussion
C. quinoa is a drought, cold, and salt tolerant crop plant 
that is grown mainly for its edible seeds, which are rich 
in protein, fiber, and bioactive compounds. However, 
whole-genome studies on the quinoa trihelix gene family 
have not been published. In this study, a total of 47 trihe-
lix genes were identified in C. quinoa genome, which is 
in agreement with the studies on tomato, sorghum, and 
rice [9, 21, 22]. The CqTH genes account for 0.11% of the 
total genes in the C. quinoa genome [18], which is similar 
to A. thaliana (0.11%) [23], G. max (0.14%) [24], and O. 
sativa (0.10%) [25] and higher than that of S. lycopersi-
cum (0.05%) [26], Chrysanthemum (0.04%) [27], Triticum 
(0.08%) [28], and F. tataricum (0.06%) [29]. Trihelix genes 
were initially grouped into three separate subfamilies, 
namely GTα, GTβ, and GTγ [16]. However, Kaplan-Levy 
et  al. classified rice (O. sativa) and Arabidopsis trihelix 
genes into five subfamilies: GT1, GT2, SH4, SIP1, and 

GTγ [19]. In the present study, phylogenetic analysis 
showed that the CqTH genes were classified into five 
subfamilies: GT1, GT2, SH4, SIP1, and GTγ subfami-
lies. Moreover, at least one CqTH protein was detected 
in each subgroup of AtTH and BvTH proteins [30], indi-
cating that the differentiation of the trihelix TF family 
occurred prior to monocot–dicot divergence.

Additionally, the results of the motif composition and 
gene structure analysis of the 47 CqTH genes were con-
sistent with the phylogenetic classification of the genes. 
Most motifs in the same family possess considerable 
similarities, indicating that the conserved motifs may 
be necessary for the normal function of specific CqTH 
proteins. Genes with similar motifs may have been gen-
erated by gene duplication events within the same popu-
lation, which was similar to findings in chrysanthemum 
[31]. Particularly, the homology between the other sub-
families was considerably lower than that between the 
GT1 and GT2 subfamilies [32]. Gene duplication, which 
is one important evolutionary mechanisms for gener-
ating new genes, directly influences the adaptation of 
species to changing environments [33, 34]. Generally, 
tandem and segmental duplications are the most nota-
ble drivers of gene family expansion [33], and thus, are 
important contributors to protein enrichment and gene 
evolution [35]. Interestingly, C. quinoa possessed less tri-
helix genes than G. max (71), P. trichocarpa (56), and B. 

Fig. 8 The expression pattern of 10 CqTH genes at different periods after flowering. 0D, 7D, 14D, 21D, 28D and 35D respectively represent the 0, 
7th, 14th, 21st, 28th and 35th day after flowering
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napus (52) [36–38], but more than Chrysanthemum (20), 
F. tataricum (31), and S. lycopersicum (36) [9, 39, 40]. 
This discrepancy could be attributed to whole-genome 
duplication events that may have occurred after species 
divergence from the earliest land plants. Therefore, we 

speculated that these fragment duplication events facili-
tated the differentiation and evolution of several CqTH 
genes, similar to a previous report in P. trichocarpa [37]. 
Similarly, 6 (29.3%), 13 (36.6%), and 7 (35.0%) duplicated 
gene pairs have been detected in 41 rice, 71 soybean, 

Fig. 9 The expression patterns of 10 CqTH genes at different periods after flowering in response to treatment with the plant growth regulator and 
the phytohormone. CK: not sprayed (control), PBZ: sprayed with Paclobutrazol, ABA: sprayed with Abscisic acid. 0D,7D,14D,21D,28D indicate day 0, 
day 7, day 14, day 21, day 28 after spraying respectively. a The expression patterns of 10 CqTH genes at different periods after flowering in response 
to treatment with PBZ. b The expression patterns of 10 CqTH genes at different periods after flowering in response to treatment with ABA
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and 40 sorghum trihelix genes, respectively [21, 22, 
41]. However, the absence of CqTH genes on Chr8 and 
Chr11 indicates that gene deletion events may have also 
occurred during the evolutionary process [42]. The loss 
of CqTH genes could be attributed to dynamic changes 
during fragment duplication [37]. In the present study, 
segmental duplication events were the major drivers 
of the increased number of trihelix genes in C. quinoa, 
accounting for 40 trihelix genes (85%) in the species. 
Further analysis revealed that these trihelix genes were 
linked within subfamilies, and certain trihelix genes 
might be created via duplication events.

Furthermore, we investigated the exon/intron archi-
tecture of the 47 CqTH genes and found that the count 
of exons varied from 1 to 15 (Fig.  2A, B and Table S1), 
which is similar to findings in rice and sorghum. Addi-
tionally, the proportion of CqTH genes without introns 
(5, 10.6%) was lower than that of rice (18, 43.9%) and sor-
ghum (15, 37.5%) [21, 22]. Interestingly, the majority of 
intron-free genes were found in the GTγ and SIP1 sub-
families, which was previously observed in A. thaliana 
[23]. Introns can increase gene length and enhance the 
likelihood of genetic recombination, both of which are 
favorable for species evolution. Moreover, intron-free 
genes are more responsive to environmental changes 
[43]. The findings of the present study showed that the 
GTγ subfamily had the least amount of exons, while the 
GT1 subfamily had the highest amount of exons, which 
is consistent with findings of studies done on wheat [44] 
and buckwheat [39]. Similar to the reports on chrysan-
themum [40], wheat [44], and Medicago truncatula [45], 
the motif compositions of the SIP1 subfamily were dis-
tinct from those of other subfamilies. These results indi-
cate that SIP1 subfamily genes may play important and 
diversified roles in C. quinoa.

Since the trihelix TF family has been implicated in 
the formation of plant organs in previous studies [39], 
we assessed the expression levels of CqTH genes in the 
stems, roots, leaves, flowers, and achenes of C. quinoa. 
Several selected CqTH genes showed considerable differ-
ential expression in the different organs (Fig. 5a). Notably, 
CqTH02, which belongs to the GT2 subfamily, had the 
highest expression levels in the leaves and achenes, simi-
lar to the expression pattern of its homolog AT5G03680.1 
in A. thaliana. Moreover, this gene is involved in regulat-
ing leaf structure creation and achenes development in A. 
thaliana [46]. However, CqTH02 expression was low in 
roots and stems, which may be related to its subcellular 
localization to the mitochondria. CqTH31, a GT1 sub-
family member, was also markedly expressed in the leaves 
and achenes, which is similar to the expression pattern 
of its homolog AT1G13450 in A. thaliana [47]. Further-
more, the achenes had considerably higher expression of 

CqTH05, CqTH18, CqTH25, and CqTH36 than the roots, 
stems, leaves, and flowers. It could be speculated that 
these tissue-specific trihelix genes are important in the 
development and differentiation of the relevant organs 
[48]; however, additional research is required to confirm 
their functions. Additionally, several CqTH genes, such 
as CqTH25 and CqTH42, exhibited significant positive 
correlations with each other (Fig.  7a and b). CqTH25, 
CqTH42, and AtTH13 are all members of the SIP1 sub-
group and share similar motif components (Fig. 2). Nota-
bly, the expression patterns of CqTH25 and CqTH42 in 
various organs under different abiotic stresses were simi-
lar to that of AtTH13 [48]. However, further studies are 
necessary to confirm the putative association between 
these genes and their response to abiotic stress in differ-
ent organs. The significant positive correlations observed 
between the expression profiles of CqTH genes suggest 
that they may play a synergistic role in organ develop-
ment and abiotic stress response (Fig. 5b).

The expression patterns of the 10 CqTH genes in seed-
lings exposed to six different stressors were determined 
to elucidate the role of the trihelix TF family in adapta-
tion to stress (Fig. 6). There was a considerable increase 
in the expression levels of the selected genes in the leaves 
after 24 h exposure to UV radiation, indicating that they 
may be involved in plant protection against UV damage, 
especially at high altitudes. Notably, CqTH28 also dis-
played high expression levels in UV-radiated leaves. As 
members of the GT2 subfamily, the motif composition 
between AtTH26 and CqTH28 is comparable. Previous 
research showed that AtTH26 (At5G28300) was acti-
vated in Arabidopsis inflorescence and leaves to improve 
salt, cold, drought, and ABA stress [49]. Additionally, 
ShCIGT, a cold-inducible gene identified in wild tomato, 
has been shown to promote abiotic stress resistance [50]. 
Similarly, CqTH36 expression was considerably upregu-
lated under all abiotic stress conditions, indicating that it 
may be involved in stress resistance in C. quinoa. In vitro 
and yeast system studies demonstrated that the GT1 
cis-element interacts with the GT1-like TF AtGT-3b in 
Arabidopsis. Interestingly, AtGT-3b transcription was 
upregulated within 30 min following the salt treatment, 
indicating that it is more resistant to salt stress [51]. 
GTL1 functions as a transcriptional suppressor for the 
STOMATAL DENSITY AND DISTRIBUTION 1 (SDD1) 
promoter, which influences stomatal development and 
transpiration [49, 51, 52]. Notably, CqTH18 was sig-
nificantly expressed in different tissues in response to 
all stressors, indicating that certain novel evolutionary 
pathways in quinoa may be the product of environmen-
tal adaptations to different stressors. Several studies have 
shown that TH-TFs are not only in abiotic stress response 
but also in disease resistance [14]. For instance, there was 
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a rapid increase in the expression of the GT1-like gene 
RML1 in rice seedlings infected with Magnaporthe gri-
sea to minimize pathogen damage [13]. In Arabidopsis, 
GTL1 regulates salicylic acid homeostasis and acts as a 
bacteria-induced immunological factor associated with 
the MPK4 pathway [53]. The results of the present study 
showed that there was a considerable decrease in the 
expression of CqTH02, which belongs to the GT2 sub-
family, in various organs under six different stress condi-
tions, indicating that the gene is negatively regulated in 
response to abiotic stresses. Similarly, light stress sup-
pressed the expression of the GT2 subfamily gene PHYA 
in rice [20]. Overall, there were significant differences in 
the expression patterns of the CqTH genes belonging to 
the five subfamilies depending on the stressor, indicating 
that individual genes may be involved in distinct physi-
ological activities. These findings suggest that the trihe-
lix gene family may play crucial roles in C. quinoa tissue 
formation and abiotic stress response; however, further 
studies are necessary to validate their functions.

Promoter cis-elements play important roles in biotic 
and abiotic stress responses in plants [54]. In the present 
study, most promoter regions of CqTH genes contained 
phytohormone, biotic, and abiotic stress responsive-
ness cis-elements, including abscisic acid-, MeJA-, gib-
berellin-, low-temperature-, salicylic acid-, defense 
and stress-, light-, and auxin-responsiveness elements, 
drought-inducibility element, enhancer-like element 
involved in anoxic specific inducibility, indicating they 
play important functions under different stresses. Nota-
bly, the higher expression of CqTH36 under the six abi-
otic stresses was associated with the presence of multiple 
cis-acting elements in its promoter region.

Interestingly, CqTH27 and CqTH42 were highly upreg-
ulated in the flowers of C. quinoa during flowering but 
were poorly expressed in the seeds, which is similar to 
the expression of the PETAL LOSS gene in Arabidopsis 
[55]. PETAL LOSS gene is involved in regulating flower 
development in Arabidopsis, indicating that CqTH27 and 
CqTH42 may also be involved in regulating flower devel-
opment in C. quinoa. Furthermore, PBZ treatment sig-
nificantly upregulated most CqTH genes, whereas ABA 
treatment significantly downregulated CqTH genes. This 
discrepancy was attributed to differences in the physi-
ological functions of the two hormones [56, 57].

Conclusions
In summary, this is study is the first genome-wide anal-
ysis of the trihelix gene family in C. quinoa. A total of 
47 trihelix genes distributed across 17 chromosomes 
were identified in C. quinoa in this study and classified 
into five subfamilies. Additionally, we identified 23 pairs 
of segmental duplications in the CqTH gene family, 

demonstrating that the trihelix gene evolution in quinoa 
was mostly driven by gene duplication events. Based on 
the expression profiles of the CqTH genes in different 
plant tissues under six abiotic stress conditions, at differ-
ent stages of achene development, and in reaction to phy-
tohormone treatments, some key candidate genes were 
screened out. For instance, we observed the significant 
differential expression of several CqTH genes, specifi-
cally CqTH31 during quinoa seed production, CqTH36 
under abiotic stress, CqTH05 at 21 d after flowering, and 
CqTH19 at 14 d after PBZ treatment. Overall, the find-
ings of the present study could serve as a propeller for 
further studies on the functions of CqTH genes and pro-
vide putative genes for the breeding of stress-resistant 
quinoa varieties.

Methods
Identification of C. quinoa trihelix genes
The whole C. quinoa genome sequence (Cq PI614886 
genome V1 pseudomolecule) was downloaded from the 
ChenopodiumDB database (https:// www. cbrc. kaust. edu. 
sa/ cheno podiu mdb/) [18], and the trihelix family mem-
bers were identified by two BLASTp searches [58]. First, 
all.

possible trihelix proteins with score value ≥100 and e 
value ≤1− 10 were identified from the C. quinoa genome, 
referring to trihelix protein sequences of A. thaliana by 
BLASTp search. Thereafter, the hidden Markov model 
(HMM) profile corresponding to the trihelix domain 
(PF13837) was obtained from the Pfam protein family 
database (http:// pfam. sanger. ac. uk/) [59]. Candidate pro-
teins containing the trihelix motifs were screened using 
HMMER3.0 (http:// plants. ensem bl. org/ hmmer/ index. 
html) at a cutoff of 0.01 [60] and SMART (http:// smart. 
embl- heide lberg. de/) [61]. Information on basic fea-
tures of the candidate CqTH proteins, including coding 
sequence lengths, isoelectric points, molecular weight, 
and subcellular localization, was obtained from the 
ExPasy website (http:// web. expasy. org/ protp aram/) [62].

Characterization of trihelix gene structure
Multiple sequence alignments of the CqTH proteins 
were generated using ClustalW with default parameters 
[63]. The inferred amino acid sequences in the trihelix 
domains were manually altered using MEGA 7.0 [64]. 
The exon/intron structures of the CqTH genes were gen-
erated using TBtools [65]. The conserved motifs in the 
CqTH proteins were identified and compared to detect 
the motif differences using MEME (http:// meme- suite. 
org/ tools/ meme), an online search software [66]. The 
largest number of motifs and motif size were set to 10 
and 15–50 amino acid residues, respectively [67–69].

https://www.cbrc.kaust.edu.sa/chenopodiumdb/
https://www.cbrc.kaust.edu.sa/chenopodiumdb/
http://pfam.sanger.ac.uk/
http://plants.ensembl.org/hmmer/index.html
http://plants.ensembl.org/hmmer/index.html
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://web.expasy.org/protparam/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
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Analysis of cis‑acting elements in the promoter region 
of the CqTH gene family
To further investigate the function of the CqTH gene 
family in the C. quinoa genome, the 1500 bp region 
upstream of the CqTH genes was extracted from the C. 
quinoa genome data file as the promoter sequence using 
TBtools [65] and analyzed using the online software 
PlantCARE (http:// bioin forma tics. psb. ugent. be/ webto 
ols/ plant care/ html/) [70]. Cis-acting elements related to 
stress response, hormone response, and light response 
were selected. Finally, graphical visualization was per-
formed using TBtools.

Determination of chromosomal location and gene 
duplication events
All CqTH genes were mapped to the C. quinoa Willd. 
chromosomes based on physical location information 
from the database of the C. quinoa genome to determine 
their physical locations in the genome using Circos [71]. 
The detection and study of the gene duplication events 
were performed using multiple collinear scanning (MCS-
canX) toolkits with the default settings [72]. The homol-
ogy of trihelix genes between C. quinoa Willd. and other 
representative plants, including S. bicolor, O. sativa, B. 
rapa, S. lycopersicum, A. thaliana, and S. tuberosum, was 
analyzed using Dual Synteny Plotter (https:// github. com/ 
CJ- Chen/ TBtoo ls) [65]. Non-synonymous (ka) and syn-
onymous (ks) substitutions of each duplicated trihelix 
gene were calculated using Ka/Ks-Calculator 2.0 [73].

Phylogenetic analysis and classification of trihelix gene 
family
Multiple sequence alignments of the AtTH, BvTH, and 
CqTH proteins were performed to generate an unrooted 
phylogenetic tree using the NJ method in MEGA 7.0 soft-
ware with 1000 bootstrap repetitions with default param-
eters [64]. The phylogenetic trees were constructed using 
full-length amino acid sequences of trihelix proteins 
from C. quinoa, A. thaliana, V. vinifera, S. lycopersicum, 
B. distachyon, O. sativa, and Z. mays (Table S1). The tri-
helix protein sequences were retrieved from the UniProt 
database (UniProt https:// www. unipr ot. org/) [74], and 
the discovered CqTH genes were classified into distinct 
subfamilies.

Plant materials, growth conditions, and experimental 
design
The “Qingli No. 1” variety of C. quinoa, which was bred 
by the Qinghai Academy of Agricultural Sciences and 
validated by the Crop Variety Validation Committee of 
Qinghai Province in 2016, was used for this study. This 

variety was introduced by the Institute of Upland Food 
Crops, Guizhou Academy of Agricultural Sciences, iden-
tified by Prof. Liyi Zhang, and preserved in the germ-
plasm repository with the conservation number GL078. 
The use of this plant material was licensed and approved 
by the Guizhou Academy of Agricultural Sciences and 
the Qinghai Academy of Agricultural Sciences. The 
C. quinoa plants used in this study were grown in the 
Guizhou University greenhouse from May–September 
2021. The plants were cultivated in pots filled with soil 
and vermiculite (1:1) in a growth chamber at 16 h/25 °C 
during the day and 8 h/20 °C at night, with a relative 
humidity of 75%. At the five-leaf stage, five healthy plants 
were harvested, and the stems, roots, and leaves were 
sampled. The plant parts were promptly frozen in liq-
uid nitrogen and kept at − 80 °C for further analysis. The 
expression patterns of selected CqTH genes in the differ-
ent plant parts of 24-day-old quinoa plants under various 
abiotic stress conditions for 2 h and 24 h were determined 
by qPCR. Specifically, the seedlings were exposed to salt 
(400 mM NaCl) [75], flooding (whole plant), osmotic 
pressure (30% PEG6000) [76], UV light (70 W/cm2, 220 V, 
30 W), and high (40 °C) and low (4 °C) temperature stress 
(under 80% light, 16 h during the day and 8 h at night, and 
75% humidity). Each stress experiment was performed 
using five replicates. Quinoa plants used for later sam-
pling were planted in the Guizhou Academy of Agricul-
tural Sciences’ experimental plot, and the culture and 
management practices were consistent with field prac-
tices. Samples of different tissues for qPCR were obtained 
from the roots, stems, leaves, and flowers of five quinoa 
plants of uniform length at flowering, and the fruits were 
obtained at maturity. During flowering, six plants with 
uniform growth were selected for mixed sampling at 0, 7, 
14, 21, 28, and 35 days after flowering. Twelve additional 
plants were designated for phytohormone treatments, 
in which half were sprayed with 25 mL/L of ABA solu-
tion and the other half were sprayed with 250 mL/L PBZ. 
Mixed samples obtained at 7, 14, 21, and 28 days after 
flowering were immediately placed in liquid nitrogen and 
transported to the laboratory for storage at − 80 °C.

Total RNA extraction, cDNA synthesis, and qPCR
Total RNA was isolated from each organ using the 
RNAprep Pure Plant Plus Kit (DP441; TIANGEN Biotech 
Co. Ltd., Beijing, China) and reverse-transcribed to gen-
erate cDNAs. qPCR was performed using qPCR SYBR 
Green Premix (Vazyme, Nanjing, China) and CFX96 
Touch Real-time PCR Detection System (Bio-Rad Labo-
ratories, Hercules, CA, USA). The primer sequences for 
the ten CqTH genes were generated using Primer Pre-
mier 5.0 software [77] (Table S7). We used the GAPDH 

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://github.com/CJ-Chen/TBtools
https://github.com/CJ-Chen/TBtools
https://www.uniprot.org/
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gene as the internal control because of its consistent 
expression across developmental stages in most plant 
organs [78]. qPCR was performed using three biological 
replicates and three technical replicates per sample. The 
relative expression of the target genes was determined 
using the  2-ΔΔCT method [79].

Statistical analysis
Data acquired in this study were subjected to ANOVA 
using SPSS software (IBM SPSS, Armonk, NY, USA). 
Mean values were compared and performed using Fish-
er’s least significant difference (LSD) test, and means 
were considered significant at p < 0.05. Histograms were 
generated using Origin 8.0 (OriginLab Corporation, 
Northampton, MA, USA). Tajima’s D neutrality test was 
performed using MEGA 7.0 [64, 80].
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