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FAR-RED IMPAIRED RESPONSE 1 (FAR1) is a class of transposase-derived transcription factors that
play a very important role in the initiation of the photosensitive pigment A (phyA) signaling pathway.
Despite theirimportance, the understanding of the function of FARI genes in quinoa is still limited,
especially regarding how they affect the spike sprouting response. Quinoa has gained global attention
in recent years for its health benefits and potential for sustainable agriculture. In our study, the CqFAR1
gene set in quinoa was characterized using HMMER (PF03101) and BLAST analyses, and 87 genes

were identified. The 87 CqFAR1 genes were systematically classified into five groups that showed a
high degree of conservation in gene structure and motif composition. Tissue expression profiles of the
CqFARI1 gene indicated that the CgFARI gene plays a key role throughout the growth and development
of quinoa, especially at mid (leaf) and end (spike) stages. By RT-qPCR analysis, we observed significant
differences in the expression of the CgFAR1 gene at different developmental stages. Notably,

the CqFAR1 gene showed significant expression enhancement at the early stage of quinoa spike
sprouting. The results are useful for understanding the role of the CqFAR1 gene in quinoa growth and
development and provide theoretical support for quinoa breeding.
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FAR-RED IMPAIRED RESPONSE 1 (FAR1) is derived from a family of homologous proteins of transposases,
originally identified in the model plant Arabidopsis thaliana as an important component of the photoreceptor
pigment A (phyA)-mediated far-red-light signaling pathway, and belongs to a family of transcription factors
that are found in most angiosperms!2. The FAR1 protein contains three main functional structural domains: the
N-terminal C2H2 zinc finger structural domain with DNA-binding activity; the central possible core transposase
structural domain; and the C-terminal SWIM zinc finger structural domain, which has a transcriptional
activation function®. In addition, the FARI gene family plays various important roles in plant physiology and
development, including participation in light signaling responses?, various stress responses?, regulation of
chlorophyll biosynthesis®, ABA signaling®, regulation of the biological clock and flowering time’, and other key
processes. In terms of light signaling response, the FARI/FHY3 dimer directly binds to the promoter. It activates
the expression of two key regulators, FHYI and FHL, which are key regulators of nuclear translocation, thus
indirectly affecting the nuclear translocation process of PhyAS. During plant growth and development, dimers
formed by FARI and FHY3 promote the expression of the ARC5 promoter by directly binding to it, thereby
activating the synthesis of a dynamin protein essential for chloroplast division®. In addition, FHY3 and FARI
can participate in the regulation of starch synthesis by promoting the transcriptional activation of ISA2, which
in turn regulates starch synthesis induced by daytime light'°. Particularly importantly, disruption of FHY3 and
FARI expression significantly attenuated the inhibitory effects of ABA on seed germination, seedling greening,
and root elongation processes®. In addition, they can bind to the ABI5 promoter and promote its transcriptional
activity, which in turn participates in the ABA signaling process®. So far, the FARI gene family has been analyzed
and reported in many plant species. For example, in Arabidopsis thaliana'l, Arachis hypogaea'?, Zea mays'?, and
Solanum tuberosum'*, 12, 24, 16, and 20 FARI family members were found respectively. However, there is no
research on the analysis of the FARI gene or the whole gene family in quinoa. Therefore, it is necessary to further
study the function of CgFARI gene family members.
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After a long domestication process, most crops have lost their inherent dormancy characteristics'®. Under
the continuous rainy or humid conditions before harvest, seeds are easy to germinate prematurely on the
mother plant, which is called spike sprouting!®. Spike sprouting usually severely reduces crop yield and quality'”.
According to statistics, the global grain loss caused by spike sprouting is more than 1 billion US dollars every
year. In order to effectively reduce yield loss, it is very important to study the genetic basis of seed dormancy and
spike sprouting.

Quinoa (Chenopodium quinoa Willd.), commonly known as "fake grain," is a dicotyledonous plant under
Amaranthaceae, with the characteristics of tetraploid (2n=4x=36) C3 crops. It has a common history of more
than 8000 years with the Andean indigenous culture and is honored as the "mother of ten thousand valleys" for its
unparalleled nutritional and cultural value!'3-2!. It is especially suitable for quinoa planted in alpine mountainous
areas. Its maturity coincides with the rainy season, which easily causes spike sprouting, which will not only
seriously affect the yield and quality of quinoa, but also reduce its commodity value and market competitiveness.
However, research on the mechanism of seed dormancy and spike sprouting is relatively scarce, which largely
limits the process of quinoa breeding. Therefore, it is very important to determine whether the FARI gene plays
arole in seed dormancy and spike sprouting of quinoa.

In this study, we screened and identified the CqFARI gene family using the quinoa genome, analyzed its
gene structure, phylogenetic relationships, GO functional annotation, and chromosomal localization, and
performed expression pattern analysis based on the expression data of this family of genes in quinoa, as well as
analyzed the promoter cis-acting elements. In addition to light-responsive elements, the quinoa FARI gene also
contains abundant hormone-responsive elements and growth and developmental elements. We investigated the
expression trends of the CgFARI gene at different times and initially discussed the expression patterns of these
family members under spike sprouting, to provide theoretical references and bases for subsequent functional
studies and applications of the CgFARI gene in quinoa.

Results and analysis

Identification and physicochemical properties of CqFAR1 gene family members

A total of 87 CqFARI genes were identified from the quinoa genome (Table 1), and the protein sequence length
encoded by the genes ranged from 138 to 1,051 amino acids, with an average protein length of 526 amino acids.
The molecular weight ranged from 16,702.1 kDa to 121,696.35 kDa, and the average molecular weight was
60,470.21 kDa. AUR62033390 had the largest protein length and molecular weight, while AUR62026577 had the
smallest. The isoelectric point is between 4.71 and 9.62, and the average isoelectric point is 7.04. The instability
coeficient of most proteins was > 40, indicating that they were unstable proteins. The fat index ranged from
55.68 to 85.23, and the average fat index was 70.81. The total average hydrophilicity is <-0.2. According to the
Protscale function in EXPASY, it is known that all proteins are hydrophilic proteins. In addition, the subcellular
localization predicted that most of CgFARI was located in the nucleus, cytoplasm, and chloroplast, while only
AURG62008862 was located in the cytoskeleton, and AUR62017651 was located in the peroxisome.

Phylogenetic analysis of CgFAR1 genes

To deeply analyze the evolutionary relationship of the CqFARI gene family in quinoa, we constructed an
unrooted phylogenetic tree based on the FARI protein sequences of C. quinoa, O. sativa, and A. thaliana. The
CqFARI gene could be categorized into five main subgroups. The class I subfamily contains 18 genes, including 1
C. quinoa gene, 1 O. sativa gene, and 16 A. thaliana genes; there are 4 class II genes, including 0 C. quinoa genes,
2 O. sativa genes, and 2 A. thaliana genes; class III genes only contain 8 C. quinoa genes; there are 126 class IV
genes, including 60 C. quinoa genes, 17 O. sativa genes, and 49 A. thaliana genes; there are 130 class V genes,
including 18 C. quinoa genes, 44 O. sativa genes, and 68 A. thaliana genes (Fig. 1). These data show that the closer
the phylogenetic relationship of family members, the higher the similarity of gene structure and domain. Further
analysis suggested that different subtypes of FARI genes may assume different biological functions and genes
with similar structures may play a related role in the regulation of growth and development of quinoa.

Conservative domain, gene structure and visual analysis of CQFAR1 protein

The composition and distribution of motifs are relatively conserved among members of the same subpopulation,
and motifs between different subpopulations may lead to differences in CgFARI gene function (Fig. 2a). Motif
1 exists in all protein sequences. Motif 2 and Motif 3 are located at the N-terminal of most CqFARI protein
sequences. The motif types and numbers of the same subgroup are similar, indicating that the motif pattern
may be related to the function of the CqFARI protein. The conserved domain analysis of CQFAR1 protein using
TBtools-1I (v2.119) software showed that most genes belonged to the FAR1 superfamily and FHY3 superfamily.
Only AUR62036755 had the DBD_Tnp_Mut superfamily, AUR62023657 had DUF4283, AUR62017462 had
OTU_plant_OTU9-like, AUR62008862 had the FBD superfamily, and AUR62042833 had the MULE superfamily.
These results showed that the structure of the CgJFARI gene was diverse (Fig. 2b). To further understand the
distribution of CgFARI exons and introns, clarify the inherent sequence diversity of the CgFARI gene family,
and analyze its exon and intron distribution and cross-species conservation, the results showed that the number
of exons in CqFARI genes ranged from 1 to 16. It is worth noting that AUR62024057 has only one exon, and
AURG62017462 has 16 exons. The CDS of most CgFARI genes is not interrupted by introns. Although there are
differences in the location of exons, the CqFARI gene family members clustered in the same phylogenetic branch
usually have similar or the same number of exons (Fig. 2c).

Chromosomal localization and gene duplication of CgFARI genes
Chromosomal localization results showed that the CqFARI gene family was distributed on all chromosomes
except chromosome 13. Among them, the number of CqFARI genes on chromosome 17 and chromosome 1
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Gene ID Protein length | Mw (kDa) | pI | Instability index | Aliphatic index | GRAVY | Subcellular localization
AURG62001611 | 825 93,172.71 | 7.57 | 46.45 74.00 —0.424 | Nucleus
AUR62002320 | 499 57,258.63 | 8.94 | 45.62 75.75 —0.578 | Nucleus
AURG62002424 | 685 79,335.84 | 6.13 | 46.68 85.23 —0.269 | Nucleus
AURG62003534 | 795 91,634.24 | 6.92 | 56.97 69.69 —0.634 | Nucleus
AUR62003731 | 776 90,529.21 | 6.55 | 44.23 67.60 —0.752 | Nucleus
AURG62003777 | 389 44,744.33 | 6.83 | 46.49 55.68 —0.997 | Nucleus
AUR62003863 | 597 69,785.67 | 9.31 | 40.67 68.63 —0.587 | Nucleus
AUR62003871 | 813 93,654.91 | 6.26 | 44.84 71.51 —0.567 | Nucleus
AUR62003900 | 365 41,980.72 | 5.31 | 44.85 68.85 —0.711 | Nucleus
AUR62004004 | 446 51,370.72 | 7.31 | 41.19 65.31 —0.831 | Nucleus
AUR62006821 | 776 91,135.97 | 6.29 | 43.59 67.36 —0.756 | Nucleus
AUR62006830 | 656 76,298.82 | 8.72 | 46.92 66.17 —0.571 | Nucleus
AUR62008235 | 818 95,570.68 | 6.13 | 44.34 66.75 —0.780 | Nucleus
AURG62008862 | 327 37,823.60 | 5.99 | 57.72 75.11 —0.693 | Cytoskeleton
AURG62009197 | 317 36,081.23 | 5.25 | 48.37 76.88 —0.686 | Cytoplasm
AURG62009336 | 412 47,584.34 | 6.96 | 39.59 64.56 —0.877 | Nucleus
AURG62009774 | 569 65,596.85 | 6.57 | 57.92 69.10 —0.642 | Nucleus
AURG62011505 | 620 71,950.34 | 491 | 44.32 73.69 —0.589 | Nucleus
AURG62011506 | 647 74,992.73 | 8.70 | 47.97 82.12 —0.427 | Nucleus
AURG62013200 | 645 73,435.08 | 6.23 | 48.56 75.88 —0.484 | Nucleus
AURG62013877 | 712 82,54591 | 6.13 | 40.41 67.11 —0.734 | Nucleus
AURG62013882 | 227 26,967.77 | 8.83 | 57.41 66.96 —0.858 | Cytoplasm
AURG62014678 | 369 41,285.99 | 9.09 | 48.29 71.38 —0.735 | Nucleus
AURG62014696 | 420 48,424.96 | 9.62 | 36.34 67.74 —0.959 | Nucleus
AURG62015251 | 184 20,701.16 | 5.98 | 47.08 58.75 —0.679 | Cytoplasm
AURG62016321 | 621 72,149.63 | 4.95 | 43.53 74.06 —0.592 | Nucleus
AURG62016322 | 560 65,297.19 | 8.72 | 47.96 79.04 —0.554 | Nucleus
AURG62017439 | 694 79,465.62 | 7.29 | 46.97 82.46 —0.306 | Nucleus
AURG62017462 | 782 89,060.78 | 8.30 | 44.28 66.68 —0.567 | Nucleus
AURG62017476 | 403 46,181.89 | 8.99 | 56.68 67.49 —0.803 | Nucleus
AURG62017651 | 445 52,414.83 | 5.35 | 39.60 68.97 —0.834 | Peroxisome
AURG62017759 | 459 52,920.31 | 6.78 | 41.23 64.51 —0.850 | Nucleus
AURG62019840 | 469 54,096.50 | 8.48 | 56.29 67.55 —0.778 | Nucleus
AURG62019926 | 424 48,700.19 | 5.29 | 39.45 69.15 —0.670 | Cytoplasm
AURG62020169 | 740 83,310.52 | 6.68 | 50.00 76.80 —0.385 | Nucleus
AUR62020476 | 636 72,430.27 | 6.72 | 51.16 70.36 —0.633 | Nucleus
AUR62020737 | 356 40,872.25 | 5.19 | 49.05 66.77 —0.761 | Nucleus
AUR62023657 | 624 70,725.15 | 9.16 | 35.28 66.62 —0.648 | Nucleus
AURG62023864 | 427 48,799.44 | 7.99 | 45.10 72.32 —0.752 | Nucleus
AURG62024057 | 184 20,680.79 | 9.30 | 24.34 65.65 —0.603 | Nucleus
AURG62024627 | 263 30,707.43 | 6.15 | 45.48 66.31 —0.998 | Nucleus
AURG62025742 | 349 39,968.48 | 8.90 | 35.57 74.01 —0.746 | Nucleus
AURG62025986 | 445 51,056.26 | 6.54 | 38.72 66.34 —0.804 | Nucleus
AURG62026577 | 138 16,702.10 | 8.78 | 64.65 64.93 —0.808 | Cytoplasm
AURG62027644 | 247 28,077.21 | 4.78 | 43.32 76.23 —0.621 | Cytoplasm
AURG62029067 | 384 44,243.47 | 8.12 | 41.56 75.65 —0.425 | Cytoplasm
AURG62029102 | 685 79,153.74 | 6.29 | 46.94 85.09 —0.243 | Nucleus
AURG62029711 | 679 77,871.35 | 6.02 | 50.60 67.98 —0.694 | Nucleus
AURG62030115 | 448 52,599.95 | 6.71 | 46.68 69.20 —0.476 | Cytoplasm
AURG62030618 | 747 86,560.88 | 6.25 | 48.36 68.70 —0.627 | Nucleus
AURG62032468 | 694 79,679.82 | 6.88 | 47.65 83.44 —0.302 | Nucleus
AURG62033098 | 423 47,626.19 | 8.42 | 57.48 69.53 —0.481 | Nucleus
AURG62033390 | 1051 121,696.35 | 5.76 | 44.36 73.47 —0.577 | Nucleus
AURG62033700 | 459 51,883.76 | 6.70 | 42.67 70.87 —0.627 | Nucleus
AURG62033960 | 767 89,005.85 | 6.19 | 48.55 70.68 —0.577 | Nucleus
Continued
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Gene ID Protein length | Mw (kDa) | pI | Instability index | Aliphatic index | GRAVY | Subcellular localization
AUR62034038 | 549 64,337.45 | 8.42 | 41.74 69.64 —0.490 | Nucleus
AUR62034337 | 621 70,666.31 | 8.86 | 44.54 71.35 —0.571 | Cytoplasm
AUR62035065 | 754 85,705.52 | 5.98 | 51.91 80.09 —0.330 | Nucleus
AUR62035513 | 260 29,305.09 | 5.65 | 39.16 65.50 —0.650 | Cytoplasm
AUR62035717 | 624 72,448.59 | 8.86 | 47.18 67.24 —0.567 | Nucleus
AUR62036316 | 407 47,270.77 | 8.59 | 38.88 68.99 —0.530 | Cytoplasm
AUR62036643 | 394 45,273.79 | 5.81 | 30.51 66.50 —0.726 | Cytoplasm
AUR62036664 | 636 73,820.30 | 5.54 | 42.15 70.39 —0.540 | Nucleus
AUR62036716 | 674 77,751.86 | 6.22 | 28.05 66.53 —0.594 | Nucleus
AURG62036755 | 1023 115,652.59 | 6.23 | 36.46 75.06 —0.492 | Cytoplasm
AURG62037106 | 365 40,742.70 | 9.30 | 48.92 70.19 —0.574 | Nucleus
AURG62037552 | 666 77,133.26 | 8.91 | 32.99 66.29 —0.586 | Nucleus
AUR62037793 | 337 38,071.90 | 8.25 | 46.67 76.85 —0.378 | Cytoplasm
AUR62038308 | 586 68,610.61 | 5.08 | 47.39 68.21 —0.770 | Nucleus
AUR62039220 | 657 75,950.34 | 5.88 | 58.89 70.97 —0.621 | Nucleus
AURG62039343 | 457 52,097.69 | 9.00 | 42.56 78.88 —0.511 | Cytoplasm
AUR62039824 | 459 52,921.30 | 6.65 | 40.65 64.73 —0.859 | Nucleus
AURG62040034 | 265 30,282.72 | 5.21 | 50.37 73.92 —0.770 | Nucleus
AUR62040076 | 587 67,480.17 | 7.00 | 36.34 66.61 —0.597 | Nucleus
AURG62041272 | 619 69,408.48 | 8.05 | 46.03 67.50 —0.590 | Chloroplast
AURG62041424 | 359 41,036.18 | 9.15 | 42.68 65.13 —0.726 | Nucleus
AURG62042021 | 294 33,410.17 | 9.13 | 38.52 73.27 —0.736 | Nucleus
AURG62042129 | 241 26,782.27 | 5.19 | 29.74 71.12 —0.498 | Nucleus
AURG62042190 | 451 52,945.38 | 7.91 | 46.74 68.58 —0.505 | Cytoplasm
AURG62042615 | 661 76,805.57 | 5.79 | 43.59 67.59 —0.569 | Nucleus
AURG62042707 | 518 59,912.95 | 5.96 | 48.29 65.87 —0.863 | Nucleus
AURG62042792 | 367 41,808.57 | 5.50 | 41.00 70.90 —0.708 | Nucleus
AURG62042833 | 403 45,409.73 | 9.50 | 52.56 76.58 —0.522 | Chloroplast
AURG62042947 | 770 87,650.82 | 6.08 | 51.35 82.22 —0.306 | Nucleus
AURG62043517 | 258 29,454.47 | 4.71 | 57.35 68.76 —0.803 | Cytoplasm
AURG62043574 | 672 76,208.20 | 6.32 | 50.95 82.62 —0.269 | Chloroplast
AUR62044420 | 320 36,751.97 | 5.23 | 48.01 69.75 —0.758 | Cytoplasm

Table 1. Physicochemical properties of the quinoa FARI gene family.

was the most (12 and 9, respectively), while the number of CgFARI genes on chromosomes 8, 12, and 14 was
the least, with only one CqFARI gene. In other chromosomes, there are 8 CgFARI genes on chr00, 4 genes on
chr06, 8 genes on chr09, 2 genes on chrl0, 4 genes on chrll, 3 genes on chr02, chr04 and chrl5, 6 genes on
chr03, chr07 and chr16, and 5 genes on chr05 and chr18. CqFARI genes on some chromosomes tend to exist
in clusters, such as AUR62003731, AUR62003777, AUR62003863, AUR62003871 and AUR62003900, which are
closely adjacent in physical position. On the whole, CJFARI genes tend to be located at the bottom of the
chromosome, followed by the top, and the middle region is less populated. In addition, most CqFARI genes tend
to be located in chromosome regions with high gene density (Fig. 3a). Gene duplication plays an important role
in the evolution of organisms. The replicated genes lay the foundation for the physiological and morphological
changes of individual plants. The whole genome of quinoa was analyzed for collinearity. The results are as follows
(Fig. 3b). A total of 19 collinearity gene pairs were identified among 87 CqFARI genes. These collinearity gene
pairs were scattered across 18 chromosomes of quinoa. There may be a large number of gene duplication events
in the evolution of CgFARI family genes. In the quinoa genome, the CgFARI gene family has been amplified
to some extent. All these indicate that gene duplication plays a very important role in the evolution of quinoa.

Collinearity analysis of CqFAR1 gene

Collinearity analysis is an important tool to reveal the process of genome differentiation and evolution. To
further study the covariance of the CgFARI gene family, we found a collinear relationship between CqFARI
in C. quinoa, O. sativa and A. thaliana (Fig. 4). One pair of CqFARI gene and OSFARI gene had collinearity
(AUR62017462-0804T0402300-00), and 10 pairs of CqFARI gene and AtFARI gene had collinearity
(AUR62023864-AT2G43280.1, AT3G59470.2, AUR62011505-AT1G80010.1, AT1G52520.1, AUR62016322-
AT1G80010.1, AT1G52520.1, AUR62013200-AT4G38170.1, AUR62002320-AT2G43280.1, AT3G59470.2,
AURG62001611-AT2G27110.1), indicating that the quinoa CqFARI gene family is more closely related to the A.
thaliana FARI gene family and may have similar biological functions.
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Fig. 1. Phylogenetic tree of the FARI gene family in C. quinoa, A. thaliana and O. sativa. Note: %, @, and A
indicate the genes of C. quinoa, A. thaliana and O. sativa, respectively. All FARI genes were subdivided into
groups I through V; the same branch color represents a group.

Cis acting elements in the promoter region of CFAR1 gene

Cis-acting elements are involved in regulating gene expression. We identified 65 cis-regulatory elements in the
promoter region of the CgFARI gene family, which were mainly divided into plant hormone elements (abscisic
acid response element, salicylic acid response element, gibberellin-response element, cis-acting regulatory
element involved in the MeJA-responsiveness, auxin-responsive element); environmental stress elements (cis-
acting regulatory element essential for the anaerobic induction, cis-acting element involved in low-temperature
responsiveness, cis-acting element involved in defense and stress responsiveness, cis-acting regulatory element
involved in circadian control, MYB binding site involved in drought-inducibility); photoresponse elements (light
responsive element, MYB binding site involved in light responsiveness, part of gapA in (gapA-CMA1) involved
with light responsiveness); growth and development elements (cis-regulatory element involved in endosperm
expression, cis-acting regulatory element involved in seed-specific regulation, AT-rich DNA binding protein
(ATBP-1), MYBHvI binding site, cis-acting regulatory element related to meristem expression, involved in
endosperm-specific negative expression, protein binding site, element involved in differentiation of the palisade
mesophyll cells, cis-acting element involved in cell cycle regulation, cis-acting regulatory element root specific,
wound-responsive element); secondary metabolic elements (cis-acting regulatory element involved in zein
metabolism regulation, MYB binding site involved in flavonoid biosynthetic genes regulation) (Fig. 5). Most
CqFARI genes exhibit at least one plant hormone response element in their promoter region. Ten cis-acting
elements of phytohormone response were identified, including abre, auxrr core, TGA element, TGA box, p-box,
gale motif, TatC box, tgacg motif, CGTCA motif, and TCA element. Cis-acting elements play an important role
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Fig. 2. Protein conserved motif, gene structure and visual analysis of quinoa CqFARI gene family. (a) The
analysis of conserved motifs in FAR1 proteins. In total, three different motifs are represented by squares of
different colors. (b) Analysis of protein domains in FAR1 proteins. Various symbols represent different protein
structural domains. (c) Exon-intron structures of CgFARI genes. Exon-intron structures of CgFARI genes
were obtained after analysis with TBtools-II (v2.119) for gene structure. Red bars indicate upstream and
downstream UTRs, blue bars indicate coding sequences (CDS), and black lines indicate introns in the gene
diagrams.

in regulating the reactivity of ABA, auxin, gibberellin, methyl jasmonate, and salicylic acid. At the same time,
the abre homeopathic element is the most common in the CgFARI gene family. In addition, photoresponse
elements were present in the promoter region of all CqFARI genes, and 36 cis-acting elements played a role
in photoresponse. Six cis-regulatory elements related to abiotic stress response were identified, including
LTR, ARE, MBS, TC-rich repeats, circadian, and GC-motif. The root-specific regulatory elements related to
growth and development only exist in the gene AUR62039343. In addition, the MYB binding site was found in
AURG62003863, AUR62023657, and AUR62044420, which is an indispensable part of the regulation of flavonoid
biosynthesis gene elements. In conclusion, the CgFARI gene family plays an important role in regulating plant
growth and development.

GO annotation and functional differentiation of the CgFAR1 gene family

To understand the function of quinoa CgFARI, we performed GO functional annotation of 87 CqFARI genes,
of which 47 CqFARI genes were annotated to biological process (BP), molecular function (MF), and cellular
component (CC) categories in the GO database. Among the 47 quinoa CgFARI genes that were functionally
annotated, 33 quinoa CqFARI genes were annotated for biological processes, 11 quinoa CqFARI genes for
molecular functions, and 3 CqFARI genes for cellular components (Fig. 6a). The GO enrichment bubble plot
(Fig. 6b) indicated that the main enrichment was in positive regulation of circadian rhythms, cellular response
to far-red light, negative regulation of the developmental process, and other metabolic pathways. These indicate
that the CgFARI gene family has functional differentiation and multiple functions in quinoa.

Expression pattern of CqFAR1 gene

Gene expression patterns provide important clues for understanding potential gene functions. Most CqFARI
family members are expressed in all; however, their expression levels in different strains are quite different. Some
family members showed preferential expression, and most genes were highly expressed in the control group.
Specifically, the expression levels of AUR62003731 and AUR62003871 genes were the highest in the control,
while the expression levels of AUR62003777 and AUR62003863 genes were the highest at 12 h (Fig. 7a). These
findings suggest that the CgFARI gene family members have potential roles in growth and development as well
as dormancy response. CgFARI genes showed significant expression levels in quinoa spikes, especially the genes
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Fig. 4. Analysis of covariance in C. quinoa, O. sativa and A. thaliana.

AURG62003731 and AUR62003871. In contrast, the expression of these genes was relatively low in leaves and
lowest in quinoa grains. This finding provides important clues for further investigation of the role of CgFARI
genes in the growth and development of quinoa (Fig. 7b).

Real-Time Fluorescence Quantitative PCR Validation

To further investigate the effect of the FARI gene on quinoa spike sprouting and to verify the accuracy of the
transcriptomic data, we selected six representative FARI genes and five transcriptomic genes in quinoa for
real-time fluorescence quantitative analysis (Fig. 8). The results showed that the expression trend of these 11
genes detected by RT-qPCR closely matched the expression trend in the RNA-seq data, proving the reliability
of gene expression in this study. The RT-qPCR assay and expression pattern analysis revealed that, except for
AUR62003731 and AUR62003871, the expression of the remaining four CJFARI genes was very low in both
resistant and sensitive lines, and it was speculated that they were not key regulatory genes. In addition, the
decreasing trend of the expression of AUR62003731 and AUR62003871 in the sensitive lines was significantly
higher than that in the resistant quinoa lines, suggesting that there is some kind of resistance mechanism in the
resistant lines, so that the expression of AUR62003731 and AUR62003871 can be maintained or only slightly
affected. In conclusion, it can be seen that the FARI gene is responsive to quinoa spike sprouting.

Discussion
Gene family analysis reveals the relationship between genetic diversity and functional evolution, providing us
with a perspective to deeply understand the role of genes in the adaptive evolution of species®?. In this study,
we identified 87 CqFARI genes in quinoa, which is significantly more than other crops. This may be due to
the combined effect of multiple factors such as quinoa genome size and complexity®, gene duplication and
amplification?!, genome doubling events®®, and differences in bioinformatics analysis methods?. The quinoa
FARI gene is distributed on 18 chromosomes, and 19 pairs of genes have tandem replication and segmental
replication, indicating that genome replication events play an important role in maintaining the function of the
gene family?’. The reason for this analysis may be the high number of quinoa CgFARI gene family members.
Based on the subcellular localization of CgFARI family proteins, most of the CqFARI proteins were localized
in the cytoplasm. In O. sativa, the majority of OsFARI predictions showed that the gene was localized in the
cytoplasm®. In A. thaliana, the majority of AtFARI predictions showed that the gene was localized in the
cytoplasm and endoplasmic reticulum??. The prediction results in quinoa were largely consistent with those in
O. sativa and A. thaliana, and it is hypothesized that the CgFARI gene may perform similar biological functions
at the same site in different species. After analysis, it was found that there were some differences in gene structure
and motif of different subgroups. They all contain the FARI domain. Phylogenetic tree analysis revealed that
quinoa could be divided into five groups, and each group member showed similar exon length and number as
well as motif structure. This finding showed that genes belonging to the same group were similar in function.
FARI family genes not only have structural diversity, but also may have other functional characteristics.
These genes contain a variety of homeopathic elements?, which enable them to respond not only to light
signals, but also to the adaptation of quinoa under hypoxia and low temperature conditions and the regulation
of circadian rhythm. In addition, the abundant hormone response elements in this family mean that they may
play a role in the hormone signal transduction pathway of quinoa. In the promoter region of quinoa CqFARI
gene, several cis-regulatory elements have been identified, including GATA element, Box-4 and G-box. These
findings suggest that CgFARI gene may be involved in the photosensitive reaction process in quinoa®. There
is often a precise regulatory relationship between light reaction and a variety of hormones, which interact with
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each other to maintain physiological balance®. In this study, CJFARI gene, as a positive regulator of ABA signal
transduction, has been further revealed. Studies have shown that the promoter of this gene contains multiple
response elements, such as ABRE, AUXRR core, TGA element, TGA box and P-box, which may be closely
related to ABA synthesis and signal transduction process, indicating that CgFARI plays a key role in the ABA

signaling pathway>!.

Induction of dormancy is a prerequisite for the initiation of dormancy in plants. PhyA, as a major
photoreceptor of far-red light, induces the expression of a series of far-red light-responsive genes by transferring
them from the cytoplasm to the nucleus, which in turn regulates processes such as seed germination and seedling
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de-yellowing. In the model plant A. thaliana, far-red light significantly down-regulated the expression levels of
FARI and FHY3®. As key regulators in the far-red light pathway, FARI and FHY3 are not only involved in light
signaling but also interact with the abscisic acid (ABA)-related transcription factor ABI5, thus linking the light
signaling pathway and the hormone signaling pathway, which together affect the dormant state of seeds®. It
is noteworthy that the expression of FARI and FHY3 can also be induced by ABA, which further reveals the
complex interaction mechanism between light signaling and hormone signaling®. In this study, we found that
the expression of AUR62003731 and AUR62003871 decreased consistently throughout spike sprouting, which
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Fig. 7. Heat map of quinoa CqFARI gene expression. (a) Expression levels of quinoa CqFARI in different lines
at the same time of spike sprouting. (b) Expression of quinoa CqFARI gene in different tissues.

may be involved in the induction process of quinoa spike sprouting. In different strains of quinoa, the expression
patterns of the CgFARI gene at the same time showed significant differences. In particular, the gene showed
a high expression level in the spike of most strains, which suggested that the CgFARI gene might play a key
role in the growth and development of the spike. By analyzing the expression patterns of genes, we can predict
the physiological activities of these genes to some extent. Previous studies have revealed that in A. thaliana,
members of the FARI gene family play a key role in regulating flowering timing and growth and development™.
In this study, we found that the CgFARI gene had a significant expression pattern in spike tissues. However, the
expression of this gene showed a gradual decrease as the spike sprouting process progressed. It is noteworthy that
the expression level of CgFARI gene was significantly higher in the sensitive spike sprouting lines compared to
the resistant spike sprouting lines. The regulation of the FARI gene on agronomic traits such as spike sprouting
has been confirmed in other plants. In A. thaliana and O. sativa, the FARI gene regulates the synthesis and
accumulation of phytochrome by interacting with the FHY1 protein. These genes play a crucial role in the light
signal transduction pathway of plants, affecting the perception and adaptation of plants to light conditions®*3%.
This study showed that the expression level of the CgFARI gene in quinoa panicle was higher than that when the
panicle had sprouted, indicating that C§FARI may be involved in regulating the process of panicle germination.

Conclusion

In this study, 87 members of the CqFARI gene family were identified. After examining their physicochemical
properties, chromosomal localization, gene organization, evolutionary relationships, and covariance, it was
determined that the 87 quinoa CgFARI gene family members were distributed on 18 chromosomes. The CgFAR1
genes were categorized into five subfamilies, with each subgroup exhibiting the same gene structure and motif.
How the quinoa CqFARI gene family is expressed in various tissues and how it responds to spike sprouting
was investigated. AUR62003731 and AUR62003871 showed significant differences in different quinoa lines and
different tissue sites. The findings of this study provide important insights into the evolution of the CJFARI gene
family and provide a solid foundation for further exploration of the specific functions of its family members.

Materials and methods

Data source and sequence acquisition of gene family analysis

From ensemblplants® (http://plants.ensembl.org/index.html) download the genome files (cDNA, CDS, DNA.to
plevel, PEP) and annotation files (GTE, GFF3) of C. quinoa and O. sativa. From TAIR (https://www.arabidopsis.
org/), download the genome and annotation files of A. thaliana FARI.
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Fig. 8. Validation of the transcription levels for selected DEGs via RT-qPCR.

Gene family identification

To identify all FARI gene family members in C. quinoa, first, a TBtools-II (v2.1 19)3¢ Blast search (score > 100,
e<1e1%) was performed on the genome-wide protein files of C. quinoa based on the A. thaliana FAR1 protein
sequence to obtain the candidate FARI genes. Second, the hidden Markov model file of the FAR1 domain
(FARI1, PF03101) was downloaded from the Pfam database®” (http://pfam.xfam.org/), and the HMMER (v3.2.1)
program in TBtools-II (v2.119)*® was used to search the whole genome protein of C. quinoa to obtain the
candidate FARI gene. Third, SMART?® (http://smart.embl-heidelberg.de/) and batch CD search®® (https://ww
w.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) were used to domain test all candidate FAR1 proteins searched
by BLAST and HMMER, and each candidate gene was artificially screened to obtain a complete FARI protein.
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Finally, the online tool program on the ExPASy*® website (https://web.expasy.org/protparam/) was used to
analyze the physicochemical properties of the FAR1 protein, including protein length, molecular weight, pI,
instability index, aliphatic index, grand average hydrophilicity. The Wolf PSORT*! website (https://wolfpsort.hg
c.jp/) was used to predict the subcellular localization of the FARI protein.

Phylogenetic evolutionary analysis of the FAR1 gene family in C. quinoa

The sequences of the identified FAR1 proteins were subjected to phylogenetic analysis with those of the A.
thaliana FARI family and O. sativa FARI family protein sequences using the built-in Clustal W program in
MEGA 7.0 software*. The phylogenetic tree was constructed using the neighbor-joining (NJ) method, with the
Poisson model selected and the Bootstrap value set to 1,000, the missing values handled by pairwise deletion,
and other parameters using the default values. To enhance the visualization, the phylogenetic tree was beautified
using EvolView*® (https://www.evolgenius.info/evolview/).

Analysis of gene structure and conserved structural domains of the FAR1 gene family in C.
quinoa

The MEME Suite online tool* was used to analyze the conserved structural domains of the CgFARI gene family
members with the parameter number of motifs set to 3, and the TBtools-II (v2.119)% software was used to draw
the gene structure and motif map. Motif analysis was performed on the protein conservative sequence of each
FARI1 (motif number is 3, and the rest is the default). Finally, TBtools-II (v2.119)% was used to organize and
visualize the gene structure of FARI family members.

Chromosome localization and collinearity analysis of the FARI gene family in 5.6 C. quinoa
Firstly, this study needs to obtain the gene structure information and chromosomal localization data of the C.
quinoa FAR1 transcription factor family, which can be extracted from the genome annotation files (GFF3, GTF).
In TBtools-1I (v2.119)% software, the “Gene Density Profile” function was used to generate a gene density file,
which provided the necessary data support for the mapping of gene localization. Then, the chromosome names
and lengths were extracted in “Fasta Tools” Finally, the “Gene Location Visualization” function was used to
visualize the gene locations.

Chenopodium quinoa FARI gene family duplicates were identified based on the following criteria: (1)
coverage of the shorter gene sequence length was greater than 70% of the longer sequence; and (2) similarity was
greater than 70% when comparing the two sequences. Two genes of the same family that are five or fewer genes
apart in a 100 kb chromosome segment are considered tandem duplications*>*®. Next, to deeply understand
the evolutionary relationship of FARI family genes, this study analyzed the collinearity of FARI family genes
in C. quinoa, A. thaliana, and O. sativa using the MCScanX algorithm in TBtools-II (v2.119)%. Subsequently,
the visualization tools in TBtools-II (v2.119)¢ were used to intuitively display the analysis results to facilitate
the comparison and interpretation of the collinearity evolution patterns of FARI family genes among different
species.

Analysis of promoter cis-acting elements of the CqFAR1 gene family in C. quinoa

First, we extracted all upstream sequences (2000 bp) of the quinoa FARI gene family and uploaded them to
the PlantCARE*’ database (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/). After manually
screening for relevant cis-acting elements, we mapped them using the TBtools-II (v2.119) software.

GO annotation and functional classification of the FAR1 gene family in quinoa

Blast2Go version 5.0 was used to annotate and classify FARI transcripts. According to the annotation results,
these transcripts were divided into different functional categories (biological process, molecular function, and
cellular composition), and the number of transcripts under each functional category was counted. The results
were visualized using the online tool jvenn (https://jvenn.toulouse.inrae.fr/app/example.html)*.

Analysis of plant materials, growth conditions, treatments, and tissue site expression
patterns

It was planted in Xundian County, Kunming City, Yunnan Province (102°41'E, 25°20'N, 1766 m above sea
level) and harvested immediately after 120 days of maturity using conventional management and normal
fertilization. Since quinoa spikes had more seeds and were covered with sepals, which were difficult to observe,
one spikelet was randomly selected from the main spike of quinoa and clipped for the experiment. Two quinoa
lines, sensitive (Dianli-222) and resistant (Dianli-654), were selected. Distilled water was sprayed regularly to
provide a moist environment for quinoa. When determining spike sprouting, the number of seeds was observed
and counted every 6 h. The results showed that the sensitive strain partially germinated at 6 h, the resistant
strain showed no sprouting, and the difference was greatest at 12 h, which was the optimal sampling time for
both strains (0/6/12 h). A total of 18 samples with three biological replicates were frozen in liquid nitrogen
and stored in a — 80 °C refrigerator for subsequent transcriptome sequencing analysis. The experimental
process of transcriptome sequencing includes RNA extraction, RNA detection, library construction, and online
sequencing. The downstream data will be filtered to obtain clean data, and then compared with the specified
reference genome to obtain mapped data, which will be used to perform structural level analyses such as
variable splicing analysis, new gene discovery, and gene structure optimization, etc. According to the expression
of the genes in different samples or different sample groups, we will carry out expression level analyses such
as differential expression analysis, differentially expressed gene function annotation, and function enrichment
analysis. We used FPKM (Fragments Per Kilobase of transcript per Million fragments mapped) as a measure
of the expression level of transcripts or genes, and screened differential genes with |log2Fold Change|>1 and
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FDR <0.05. We used RNA-seq data (https://www.ncbi.nlm.nih.gov/sra/SRP474959), including sensitive and
resistant material, corresponding to three periods. We analyzed the transcript levels of the FARI gene family in
different strains during the same period and used TBtools-1I (v2.119) to create a heat map of gene expression
(v2.119). In addition, leaf, seed, and spike transcriptome sequencing data of quinoa were downloaded from the
NCBI SRA database (http://www.ncbi.nlm.nih.gov/sra/) under the sequence numbers SRP383884, SRP474959,
and SRP431581, respectively. Based on the above data, the transcriptome sequencing data of C. quinoa were
analyzed using Tophat®® and Cufflink® software packages to analyze the transcriptome sequencing data and
perform expression calculations to extract the gene expression data of the FARI gene family members. The
expression data were normalized, and the expression heatmaps created using TBtools-1I (v2.119)*¢ software
illustrated the expression patterns of the C. quinoa FARI gene family in various tissues.

Presentation of RNA and establishment of cDNA libraries

In this experiment, the CTAB method was used to extract RNA?2, The kit used was the Hieff NGS® Ultima Dual-
mode mRNA Library Prep Kit. The library construction process included: total starting RNA > 1 ug, enrichment
of mRNA and fragmentation using Oligo(dT) magnetic beads; synthesis of the first strand of cDNA by M-MuLV
reverse transcriptase, and synthesis of the second strand by RNase H degradation of RNA; after double-stranded
cDNA was end-repaired, A-tailed ligated and ligated with sequencing junctions, the cDNA library was screened,
PCR-amplified and purified. The cDNA library was initially quantified and diluted to 1.5 ng/pL using Qubit 2.0,
the insert size was measured by Agilent 2100, and the effective concentration (> 2 nM) was accurately quantified
by qRT-PCR to ensure the quality.

Real-time fluorescence quantitative PCR validation

To verify the reliability of the transcriptome sequencing results, the FARI-related genes with high expression in
the transcriptome were selected for RT-qPCR experiments. The ACT-1 gene was chosen as an internal reference
gene and primers for the associated gene were designed in Beacon Designer 7.9 for RT-qPCR analysis®»>%. The
PerfectStart SYBR qPCR supermix (TransGen Biotech, Beijing, China) was used for RT-qPCR according to the
manufacturer’s instructions. The reaction volume was 20 pL, including 2 X Perfectstart™ SYBR qPCR Supermix
10 pL, calibration solution 0.4 pL, nuclease-free water (RNase-free water) 6.8 pL, forward primer and reverse
primer each (10 uM) 0.4 uL, cDNA 2 pL (200 ng/pL). The thermal cycle was as follows: 94 °C (30 s), 94 °C (5 5),
60 °C (30 s), for 40 cycles. The relative gene expression level was calculated using the 274€T method®”.

Data availability

The original contributions presented in the study are publicly available. This data can be found here National
Center for Biotechnology Information (NCBI) SRA database under accession number a SRP474959. The names
of the repository and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra/SRP474959.
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