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Abstract: Quinoa is a gluten-free food crop that contains all the essential amino acids and vitamins.
The selection of proper housekeeping and tissue-specific genes is the crucial prerequisite for gene
expression analysis using the common approach, real-time quantitative PCR (RT-qPCR). In this study,
we identified 40 novel candidate housekeeping genes by the minimum transcript per million (TPM),
coefficient of variation (CV) and maximum fold change (MFC) methods and 19 candidate tissue-
specific genes by the co-expression network method based on an RNA-seq dataset that included
53 stem, leaf, flower and seed samples, as well as additional shoot and root samples under different
stresses. The expression stability of 12 housekeeping and tissue-specific genes, as well as that of
another two traditionally used housekeeping genes, was further evaluated using qPCR and ranked
using NormFinder, BestKeeper and the comparative delta-Ct method. The results demonstrated that
MIF, RGGA, VATE and UBA2B were ranked as the top four most stable candidate housekeeping genes.
qPCR analysis also revealed three leaf-specific genes and five root-specific genes, but no stem-specific
gene was identified. Gene Ontology (GO) enrichment analysis identified that housekeeping genes
were mainly enriched in the small molecule metabolic process, organonitrogen compound metabolic
process, NAD binding and ligase activity. In addition, tissue-specific genes are closely associated
with the major functions of a specific tissue. Specifically, GO terms “photosynthesis” and “thylakoid”
were most significantly overrepresented in candidate leaf-specific genes. The novel housekeeping
and tissue-specific genes in our study will enable better normalization and quantification of transcript
levels in quinoa.

Keywords: quinoa; housekeeping gene; tissue-specific gene; co-expression network

1. Introduction

Quinoa (Chenopodium quinoa Wild., 2n = 4x = 36) is an ancient seed crop originating
from the Andean region of South America, where it has developed tolerance to various
environmental stresses [1–3]. Quinoa not only can be grown on marginal lands unsuitable
for other main crops but is also used as a highly nutritional food source. Quinoa seeds are
gluten-free and contain an excellent balance of essential amino acids, dietary fiber, lipids,
carbohydrates, vitamins and minerals [4]. The genome of quinoa has been sequenced and
assembled [5], which enables the genetic improvement of quinoa. Considerable attention
has been focused on defining the biological significance and functional characteristics of
the quinoa genes.
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Housekeeping genes, also known as reference genes, are stably expressed in all cell
types. In qPCR analysis, the expression of target genes is calculated relative to house-
keeping genes. Suitable housekeeping genes should be steadily expressed in all samples
in a given study. Until now, little research has focused on the identification of suitable
housekeeping genes for use in qPCR analysis in quinoa, and conventional housekeeping
genes, such as GADPH and ACT1, were used randomly without experimental validation.
However, under some conditions, the expression of conventional housekeeping genes
varies across tissues or treatments, which could lead to errors in the quantitative analysis
of gene expression [6–9]. Thus, it is necessary to develop novel housekeeping genes for
quinoa gene functional analysis.

Tissue-specific genes (TGs) are genes that are highly expressed in one tissue. These
genes sets are closely related to the main functions performed by each specific tissue
type [10,11]. Thus, the study of the expression profiles of tissue-specific genes could help
us to understand the regulation mechanism of plant growth and development, how genes
function and the relationship between genes [12–14]. The sequence information of tissue-
specific genes contributes to the development of tissue-specific promoters, which activate
the expression of target genes only in the specific tissues [15–17].

Researchers are increasingly turning to transcriptome analyses to identify house-
keeping genes and tissue-specific genes in which they are interested. High-throughput
sequencing methods such as RNA-seq provide an opportunity to study the expression
patterns of quinoa genes in different cell types [18–20]. RNA-seq is a sensitive and reliable
method for identifying genes with specific expression patterns [21,22]. With RNA-seq
data, housekeeping genes and tissue-specific genes have been identified in various plants,
such as chickpea and onion [23,24]. Maldonado-Taipe et al. (2021) validated eight suitable
genes for normalization of diurnal gene expression studies in Chenopodium quinoa [25]. The
identification of housekeeping genes and tissue-specific genes will benefit the research of
gene function in quinoa.

In this study, we profiled the gene expression abundance of 53 samples representing
22 distinct tissues. The purpose was to identify housekeeping and tissue-specific genes for
studies of genetic improvement of quinoa. Using a variety of statistical methods, we identi-
fied 40 candidate housekeeping genes and 19 candidate leaf-, stem- and root-specific genes.
The expression characteristics of these candidate genes were further validated by qPCR on
a group of tissues, including dry seeds, seedlings, roots, stems, leaves and inflorescences.

2. Materials and Methods
2.1. Plant Materials

Quinoa cv. ISLUGA plants were grown in a greenhouse at the Jiangsu Academy of
Agricultural Sciences, Nanjing, China. The following samples were selected: dry seeds
(0 weeks old), seedlings (1 week old), roots (6 weeks old), stems (6 weeks old), leaves
(6 weeks old) and inflorescences (6 weeks old). Three biological replicates were collected for
each tissue to validate housekeeping and tissue-specific gene candidates with quantitative
real-time PCR (qPCR). Samples were immediately frozen in liquid nitrogen and stored at
−80 ◦C for further use.

2.2. RNA Isolation and cDNA Synthesis

Total RNA was extracted using the RNAprep Pure Plant Kit (Tiangen, China) ac-
cording to the kit instructions. The integrity of RNA was determined by 1.2% agarose
electrophoresis. The quantity and quality of RNA were assessed using a BioPhotometer
D30 (Eppendorf, Germany). cDNA was then synthesized using a cDNA Synthesis Kit
(Takara, Japan) according to the kit instructions and was stored at −20 ◦C.
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2.3. RNA-Seq Analysis Pipeline

The RNA-seq dataset included 53 samples of stems, leaves, flowers and seeds, as well
as additional shoot and root samples under different stresses (heat, drought, salt and low
phosphorus), and was employed for identifying candidate housekeeping and tissue-specific
genes (Table S1) [5,26]. The FastQC program [27] was first used to check and evaluate
the sequencing quality of the raw data. Trimmomatic v0.36 [28] was then used to remove
adapters, low-quality bases and reads shorter than 36 bases. The genome assemblies and
sequence data for quinoa [5] were downloaded from ChenopodiumDB (http://www.cbrc.
kaust.edu.sa/chenopodiumdb/, accessed on 5 May 2020). Cleaned data were aligned to the
quinoa reference genome with Tophat v2.1.1 [29]. The expression levels of the genes were
quantified and normalized with cuffquant and cuffnorm, respectively [30]. The transcript
abundance was determined based on the fragments per kilobase of transcripts per million
fragments mapped (FPKM) value. Finally, an FPKM value matrix from multiple samples
was converted to a transcripts per million (TPM) value matrix using a custom R script.

2.4. Systematic Identification of Housekeeping and Tissue-Specific Genes with RNA-Seq Data

Housekeeping genes were identified as described by Hoang et al. (2017) [9] with
some modifications. First, genes with a minimum TPM value of zero were removed, since
housekeeping genes must be detectable in all samples. Then, we calculated the mean TPM,
the coefficient of variation (CV) and the ratio of the maximum to minimum (MFC) for
each transcript. The mean TPM value was calculated by averaging TPM values across all
samples. The CV was the ratio of the standard deviation to the mean TPM value. The MFC
was the ratio of the maximum TPM value to the minimum TPM value. The MFC-CV of a
transcript was also obtained by multiplying CV by MFC. Potential housekeeping genes
were identified based on MFC and CV according to the following criteria: (I) the minimum
TPM should be larger than 0; (II) MFC-CV should be less than the lower quartile value of
MFC-CV; and (III) CV should be less than 0.3.

Tissue-specific genes were identified by the co-expression network analysis method.
First, genes with low abundance (maximum TPM < 2) were filtered out. A gene co-
expression network was constructed using the WGCNA program [31,32]. Then, modules
that had a significant correlation (|r| > 0.8, p < 0.001) with a specific tissue were identified
by quantifying the correlation between the module eigengene and the tissue indicators [33].
Candidate tissue-specific genes were identified according to the following criteria: (I) they
should be members of the positively correlated modules, and (II) the minimum TPM in the
target tissue should be larger than 10.

2.5. qPCR Validation

Quinoa is an allotetraploid crop; consequently, the amplification of orthologous genes
should be considered and avoided. Transcript sequences were employed as the query
for a BLAST analysis against the quinoa transcript database. Based on BLAST results,
qPCR primers were designed using Primer Premier 6 (PREMIER Biosoft International,
Palo Alto, CA, USA). At least one primer of each pair must be located within the non-
conservative regions.

Thirty-three genes from the bioinformatic analysis were selected for qPCR validation,
including 12 candidate housekeeping genes, two commonly used housekeeping genes,
actin-1 (ACT1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 19 candidate
tissue-specific genes. PCR reactions were performed using the SYBR® Premix Dimer-
Eraser™ (Perfect Real Time) kit (Takara, Japan) on a LightCycler 96 Real-Time PCR System
(Roche, Indianapolis, IN, USA). Each PCR reaction was repeated three times, and relative
expression levels of genes were calculated by the comparative Ct (ÄÄCt) method [34].

http://www.cbrc.kaust.edu.sa/chenopodiumdb/
http://www.cbrc.kaust.edu.sa/chenopodiumdb/
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2.6. Evaluation of Candidate Housekeeping Gene Stability

The expression stability of candidate housekeeping genes was determined through
three statistical approaches, NormFinder [35], BestKeeper [36] and the comparative delta-Ct
method [37].

2.7. Gene Ontology Enrichment Analysis

All genes were aligned against NCBI non-redundant (nr) protein databases and the
UniProt database, and the annotated result was then imported into Blast2GO [38]. Gene
Ontology (GO) enrichment analysis of housekeeping genes and tissue-specific genes was
performed according to the Blast2GO user manual. GO terms with a false discovery rate
(FDR) less than 0.05 were considered significant.

3. Results
3.1. Expression Profiles of Candidate Housekeeping and Tissue-Specific Genes

The RNA-seq dataset included 53 samples of stems, leaves, flowers and seeds, as well
as additional shoot and root samples under different stresses (heat, drought, salt and low
phosphorus), and was employed for identifying candidate housekeeping and tissue-specific
genes (Table S1). Clean data (113.7 Gb) were aligned to the quinoa reference genome, and
44,776 genes were successfully quantified in total. The workflow of identification of
housekeeping and tissue-specific genes is summarized in Figure 1.
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Housekeeping genes should be generally stably expressed and be detectable in all
samples. Accordingly, three parameters, the minimum TPM, CV and MFC-CV, for each
transcript, were considered as filtering criteria for housekeeping genes (Figure 1). Among
the 44,776 genes in the quinoa genome, 1330 genes were screened based on the three criteria
(Table S2). Since poorly expressed genes (Cts around 30–35) and highly expressed genes
(Cts around 15 or lower) show different variances, we aimed to choose housekeeping
genes with a medium expression level. Our previous qPCR analysis showed that when
the mean TPM was between 80 and 150, the Ct values ranged from approximately 15 to
30. Finally, 40 candidate housekeeping genes met the criterion for the expression level
(80 < TPM < 150). We successfully designed primers for 15 genes, of which 12 encode
known proteins (Table 1). To further measure the stability of the candidate housekeeping
genes, 12 candidates were compared with two traditional housekeeping genes, GAPDH
and ACT1 (Table 1). The TPM of housekeeping genes is graphically represented in a box
plot with their quartiles (Figure 2A,B). The expression of GAPDH varied dramatically,
suggesting that it is not stable, at least in test data. The expression of ACT1 was less
variable than that of candidate genes, except for APX3 and AHRI. However, given the low
expression of ACT1, the lower volatility did not mean that ACT1 was more stable than the
candidate genes. Novel housekeeping genes had a lower CV value than commonly used
housekeeping genes (Figure 2C), and a much lower MFC value than ACT1 (Figure 2D).
In addition, there was no MFC value for GAPDH because GAPDH was not expressed in
quinoa roots under heat stress. These results suggested that candidate housekeeping genes
were more stable than traditional reference genes and were not abnormally expressed in
any of the samples.

Table 1. qPCR primers for candidate and commonly used housekeeping genes.

Gene_ID Symbol Gene Name Forward Primer Reverse Primer Product
(bp)

AUR62013045 APX3 L-ascorbate peroxidase 3 TCGTCAACACAGAATACCT GCACTCTTCCTCATTCCTA 179

AUR62038932 AHRI Ketol-acid
reductoisomerase GGTGTCTATGTTGCTCTAATG AAGTCTTGCTGTGGTTGA 174

AUR62019540 MDH1 Malate dehydrogenase 1 GGTTCAGCAACATTGTCTAT TCTTCCACTCCATTCTTCC 170

AUR62020291 RSZ22 Serine/arginine-rich
splicing factor RSZ22 TGCTATGAGTGTGGTGAG GGCTCCTCCTGTATCTTG 109

AUR62013759 RGGA RGG repeats nuclear RNA
binding protein A-like AAGTCTGTCAGCATTAACG TTACCTCCACCACCATATC 113

AUR62010794 VATE V-type proton ATPase
subunit E GTTGCCGAAAGGATGATG CCAGGAGGAAGATGAATAGT 124

AUR62030760 MIF Macrophage migration
inhibitory factor homolog CTTATGTTATGGTGGTGCTTA TTGTTGGTGTCGGGATTA 115

AUR62009613 ADF1 Actin-depolymerizing
factor 1 GCCGTTATGCTGTGTATG TGAATGCCATCCAACTCT 160

AUR62008267 CYCL Cytochrome c1-1 CACATCTCATCCTCCTCTT ATCTACCTCCAGCCATTATC 134

AUR62018470 UBA2B UBP1-associated protein 2B TGTTCGTGTATAGGAGTGTT CCTCTTGGCTGATGATGT 145

AUR62012065 OEP163 Outer envelope pore
protein 16-3 ACCAGGATTGATAAGGACTT CCAACTGCTCCATTAACAA 138

AUR62032855 HEX1 Woronin body
major protein GCTTCCTATGACAAATGGG CGTTCCGATTTCAATTCACT 94

AUR62042589 GAPDH
Glyceraldehyde-3-

phosphate
dehydrogenase

AGCAGCAGGTCCGTTGAAGG ACCACCCGTTGGCTGTAACC 180

AUR62039382 ACT1 Actin-1 CGTGTGGCTCCAGAAGAGCA CCTGTTGTACGTCCACTGGCA 167
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1330 selected transcripts. Each transcript is represented by a single dot. (D) MFC value of candidate and commonly used
housekeeping genes.

Compared to stably expressed housekeeping genes, we employed a new method, the
weighted gene co-expression network method, to identify candidate tissue-specific genes
with the WGCNA program [31,32]. Based on RNA-seq data across different tissues, we suc-
cessfully identified three kinds of tissue-specific modules, which corresponded to the leaf,
stem and root (Figure 3A). Three co-expressed modules, black, red and orange modules,
were leaf-specific modules, and the other three modules, green, purple and white modules,
were stem-specific modules. However, only one module, the turquoise module, was root
specific. There were 1708, 3586 and 19,227 members in the leaf-, stem- and root-specific
modules, respectively. After strict filtration and BLAST analysis, we successfully designed
19 primers for six candidate leaf-specific genes (L1–L6), four candidate stem-specific genes
(S1–S4) and nine candidate root-specific genes (R1–R9) (Table S3). The expression patterns
of these tissue-specific genes are shown in Figure 3B. Root-specific genes were barely
expressed in tissues other than roots, and leaf-specific genes were preferentially expressed
in leaves. Some stem-specific genes were expressed in stems and roots, but the expression
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of stem-specific genes in stems was obviously higher than that in roots. These results indi-
cated that it was feasible and effective to identify candidate tissue-specific genes through
gene co-expression analysis.
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3.2. qPCR Validation and Stability Measurement of Candidate Housekeeping Genes

Due to potential high similarity of the nucleotide sequence between subgenomes in
polyploid plants, qPCR primers were carefully designed to avoid amplifying conservative
regions. We successfully designed primers for 12 genes (Table 1). To determine the stability
of candidate housekeeping genes, qPCR analysis was carried out for the transcription
profiling of the 12 candidate housekeeping genes as well as the two commonly used
housekeeping genes, GAPDH and ACT1. In total, six tissues were tested, including dry
seeds, seedlings, roots, stems, leaves and inflorescences. Three statistical approaches,
NormFinder [35], BestKeeper [36] and the comparative delta-Ct method [37], were used to
measure the stability of candidate housekeeping genes.

BestKeeper software first determines the most suitable housekeeping genes out of the
candidates and then combines them into an index [36]. The stability of a housekeeping gene
is measured by the correlation between the gene and the BestKeeper Index. The stronger
the correlation, the more stable the gene. Since the 14 genes in our analysis, both candidate
and commonly used housekeeping genes, were recognized as suitable housekeeping



Horticulturae 2021, 7, 235 8 of 15

genes (p < 0.001), all of them were used to calculate the BestKeeper Index. The genes
were all highly correlated with the BestKeeper Index (r > 0.90, p < 0.001), which means
that candidate housekeeping genes were stably expressed across samples (Figure 4A).
Candidate housekeeping genes showed a higher level of correlation with the BestKeeper
Index than the commonly used housekeeping genes, ACT1 and GADPH, indicating a
higher level of stability. Except for HEX1, the Pearson correlation coefficients between
candidates and the BestKeeper Index exceeded 0.95. NormFinder software measures the
stability of genes in terms of stability value [35]. Notably, the lower the stability value, the
more stable the candidate RG. NormFinder analysis showed that the most stable candidate
housekeeping genes were MIF, RGGA, UBA2B and VATE, and the best housekeeping
gene combination was VATE and MIF. ACT1, GADPH and HEX1 were the least stable
housekeeping genes (Figure 4B). The comparative delta-Ct method evaluates expression
stabilities via a parameter called the mean standard deviation [37]. The lower the mean
standard deviation, the more stable the gene. The mean standard deviations of MIF, RGGA,
VATE and UBA2B were relatively small (mean SD < 1), indicating a low level of variability.
HEX1, ACT1 and GADPH showed the highest level of variability, with a mean SD of 1.66,
1.69 and 2.34, respectively (Figure 4C).
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NormFinder, BestKeeper and the comparative delta-Ct method all demonstrated that
candidate housekeeping genes tended to be more stable than commonly used housekeeping
genes. Although there were some differences in the relative order of gene stability across
the three methods, their general tendency was similar, showing that MIF, RGGA, VATE and
UBA2B were ranked as the top four most stable candidate housekeeping genes.

3.3. qPCR Validation and Specificity Measurement of Candidate Tissue-Specific Genes

To verify the specificity of candidate tissue-specific genes, qPCR analysis was per-
formed using MIF as a reference gene. The expression patterns of candidate genes (Table S2)
are shown in Figure 5 in the form of a relative expression level. After removing genes with
low expression (maximum relative expression lower than five), we observed the expression
of three candidate leaf-specific genes (L2–L4), three candidate stem-specific genes (S2–S4)
and seven candidate root-specific genes (R1, R2 and R5–R9) across three tissues: the leaf,
stem and root. Candidate leaf-specific genes, L2, L3 and L4, showed strong preferential
expression in leaves, with L4 being expressed at the highest level. Six of seven candidate
root-specific genes were exclusively expressed in roots, whereas R5 was expressed in both
roots and leaves. Candidate stem-specific genes S2, S3 and S4 were expressed in all three
tissues, although S3 and S4 had the highest expression in stems.
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Furthermore, we evaluated the tissue specificity index for each candidate gene [39].
ô ranges between 0 and 1; 0 represents genes that are stably expressed in different tissues,
and 1 indicates genes that are exclusively expressed in only one tissue [39]. In our study,
tissue-specific genes were defined as those genes that had the highest expression in target
tissues and with ô > 0.9 [40]. As a result, candidates L2, L3 and L4, as well as R1, R2, R6, R7
and R9, were recognized as tissue-specific genes (Table 2). However, no stem-specific gene
was identified, even though we conducted genome-wide screening of tissue-specific genes.
This may be because, compared with roots and leaves, stems lack a unique function.

Table 2. Tissue specificity index ô and maximum expression level of the candidate tissue-
specific genes.

Gene_ID Symbol τ
Tissue with the

Highest Expression
Maximum Relative

Expression Level

AUR62005063 L1 0.488 Leaf 1
AUR62005589 L2 0.968 Leaf 35.334
AUR62005590 L3 0.975 Leaf 35.09
AUR62039526 L4 0.94 Leaf 53.557
AUR62034418 L5 0.695 Leaf 2.193
AUR62039803 L6 0.69 Leaf 4.237
AUR62033160 R1 0.90 Root 9.51
AUR62010528 R2 0.91 Root 25.28
AUR62016467 R3 0.74 Root 4.72
AUR62026665 R4 0.62 Root 4.69
AUR62038762 R5 0.80 Root 16.22
AUR62043174 R6 0.92 Root 8.51
AUR62002636 R7 0.99 Root 32.67
AUR62032910 R8 0.89 Root 12.21
AUR62009323 R9 0.98 Root 35.02
AUR62002145 S1 0.65 Stem 2.00
AUR62003648 S2 0.39 Root 35.75
AUR62028094 S3 0.62 Stem 60.55
AUR62017190 S4 0.67 Stem 40.22

3.4. GO Enrichment of Housekeeping and Tissue-Specific Genes

GO analysis was then performed to predict the potential functions of candidate
housekeeping and tissue-specific genes. Among GO terms associated with housekeeping
genes, significant terms were mainly associated with metabolic processes, such as the
small molecule metabolic process (GO: 0044281), organonitrogen compound metabolic
process (GO: 1901564), cellular amino acid metabolic process (GO: 0006520) and organic
acid metabolic process (GO: 0006082). In molecular functions (MF), NAD binding (GO:
0051287) was the most significant, followed by ligase activity (GO: 0016874). These genes
were most significantly enriched in the nuclear part (GO: 0044428) of cellular components
(CC) (Figure 6A, Table S4).

In addition, for candidate leaf-specific genes, the most significant GO terms were
photosynthesis (GO: 0015979), iron–sulfur cluster binding (GO: 0051536) and the thylakoid
(GO: 0009579). For candidate stem-specific genes, the most significant GO terms were
protein phosphorylation (GO: 0006468), kinase activity (GO: 0016301) and the extracellular
region (GO: 0005576), and for candidate root-specific genes, the most significant ones were
cellular process (GO: 0009987), structural molecule activity (GO: 0005198) and intracellular
(GO: 0005622) (Figure 6B, Table S5).
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4. Discussion

It is important to select an appropriate housekeeping gene to quantify gene expression
precisely. However, the commonly used housekeeping genes are highly variable in many
circumstances [7,8]. We showed that GADPH was not expressed in quinoa roots under
heat stress. Thus, it is necessary to develop novel and more stable housekeeping genes for
quinoa. We measured the variability of genes using the RNA-seq approach and succeeded
in developing candidate housekeeping genes. Subsequent qPCR validation demonstrated
that RNA-seq was an effective and feasible method to identify tissue-specific genes. GO
analysis demonstrated that candidate housekeeping genes were most significantly involved
in small molecule metabolic processes, including nitrogen compound metabolism and
organic acid metabolism. The stable expression of this group of genes is reasonable, as the
tight regulation of carbon and nitrogen metabolism is critical for the realization of the basic
functions of tissues and cells.

We evaluated the stability of housekeeping genes using three methods, BestKeeper,
NormFinder and the comparative delta-Ct method. The results showed some differences
in the relative stability of genes, but the overall stability of candidate genes was higher
than that of commonly used genes. The discrepancies were likely to result from the
characteristics of different algorithms. BestKeeper is based on the principle that proper
housekeeping genes should have a similar expression pattern [36]. NormFinder works
on a linear mixed-effects model, with estimates of both intra- and inter-group variation
for each gene, and automatically calculates the gene stability value [35]. The founding
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principle of the comparative delta-Ct method is that the delta-Ct value between two
housekeeping genes remains constant across samples [37]. Any algorithm has its strong
and weak points. We used approaches based on different principles to minimize bias
caused by statistical methods. In our study, the highest-ranking candidate housekeeping
genes were the same for NormFinder and the comparative delta-Ct method (Figure 4B,C).
In the case of BestKeeper, although UBA2B and MIF were not recognized as the most stable
housekeeping genes, their stability was only slightly lower than that of the most stable
genes (Figure 3A). Generally speaking, the top four candidate housekeeping genes, MIF,
RGGA, VATE and UBA2B, are ideal housekeeping genes for use in quinoa. By contrast, the
traditional reference gene, GAPDH, is not suitable for quinoa, as it was not expressed in
quinoa roots under heat stress (Figure 2A,B). Previous studies also recommended not using
GAPDH for normalization purposes to analyze gene abundance [9,41].

Tissue-specific gene identification, similar to that of housekeeping genes, is currently
carried out with high-throughput approaches, including cDNA microarray and RNA-
seq methods. Usually, the tissue specificity of genes is evaluated directly, based on their
expression levels in different tissues. For example, Yanai et al. [39] proposed a tissue-
specific index “ô,” which takes into consideration the variation in gene expression across
different tissues. Other similar indexes include the weighted index [42], which determines
the confidence level and expression abundance simultaneously, and the HKera index,
which is based on the sequencing of gene expression levels [43]. We adopted a novel
analysis method with RNA-seq data. First, a gene co-expression network was constructed.
Then, the correlation coefficients between the module eigengene and the tissue indicators
were calculated to identify tissue-specific modules whose members were recognized as
candidate tissue-specific genes. On the one hand, the functions of tissue-specific genes are
highly related to that of the specific tissue [10,11]. On the other hand, genes in the same
module tend to have similar or related functions [31]. Therefore, our method was helpful to
reduce the false positive rate of tissue-specific gene detection and could test tissue-specific
genes quickly and easily.

GO enrichment analysis was performed on candidate leaf-, stem- and root-specific
genes. The analysis results confirmed the theory that tissue-specific genes are closely
associated with the major functions of a specific tissue. Specifically, GO terms “photosyn-
thesis” and “thylakoid” were most significantly overrepresented in candidate leaf-specific
genes. Candidate stem-specific genes included those known to be highly expressed in this
tissue, such as the xyloglucan endotransglycosylase gene, whose products are involved in
the formation of secondary walls of xylem and/or phloem cells [44]. As anticipated, the
candidate root-specific genes included those associated with substrate uptake (e.g., ABC
transporter, amino acid transporter, ammonium transporter, nitrate transporter, phosphate
transporter, potassium transporter, sulfate transporter).

5. Conclusions

Through RNA-seq analysis and qPCR evaluation, we finally identified 12 novel
candidate housekeeping genes and eight tissue-specific genes. The MIF, RGGA, VATE and
UBA2B genes were finally ranked as the top four most stable candidate housekeeping
genes. Our developed PCR primers for the novel housekeeping and tissue-specific genes
will provide important resources for future gene expression studies in quinoa.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7080235/s1, Table S1: Public RNA-seq data for detecting housekeeping genes and
tissue-specific genes, Table S2: Expression profiles of candidate housekeeping genes, Table S3: qPCR
primers of candidate tissue-specific genes, Table S4: Significantly overrepresented GO terms in candi-
date housekeeping genes, Table S5: Significantly overrepresented GO terms in tissue-specific genes.
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