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Abstract

Changes in gene expression patterns can reflect the adaptation of organisms to diver-
gent environments. Quantitative real-time PCR (qRT-PCR) is an important tool for
ecological adaptation studies at the gene expression level. The quality of the results of
gRT-PCR analysis largely depends on the availability of reliable reference genes (RGs).
To date, reliable RGs have not been determined for adaptive evolution studies in in-
sects using a standard approach. Here, we evaluated the reliability of 17 candidate
RGs for five Gynaephora populations inhabiting various altitudes of the Tibetan Plateau
(TP) using four independent (geNorm, NormFinder, BestKeeper, and the deltaCt
method) and one comprehensive (RefFinder) algorithms. Our results showed that EF1-
o, RPS15, and RPS13 were the top three most suitable RGs, and a combination of these
three RGs was the most optimal for normalization. Conversely, RPS2, ACT, and RPL27
were the most unstable RGs. The expression profiles of two target genes (HSP70 and
HSP90) were used to confirm the reliability of the chosen RGs. Additionally, the ex-
pression patterns of four other genes (GPI, HIF1A, HSP20, and USP) associated with
adaptation to extreme environments were assessed to explore the adaptive mecha-
nisms of TP Gynaephora species to divergent environments. Each of these six target
genes showed discrepant expression patterns among the five populations, suggesting
that the observed expression differences may be associated with the local adaptation
of Gynaephora to divergent altitudinal environments. This study is a useful resource
for studying the adaptive evolution of TP Gynaephora to divergent environments using
gRT-PCR, and it also acts as a guide for selecting suitable RGs for ecological and

evolutionary studies in insects.

KEYWORDS
adaptive evolution, gene expression, natural population, reference gene, stability evaluation,
Tibetan Plateau

TThese authors contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2017 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

9054 | www.ecolevol.org

Ecology and Evolution. 2017;7:9054-9065.


www.ecolevol.org
http://orcid.org/0000-0002-4078-8723
http://creativecommons.org/licenses/by/4.0/
mailto:yuanml@lzu.edu.cn
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1 | INTRODUCTION

Evolutionary shifts in gene expression profiles can be used to explore
genetic targets involved in local adaptation and ecological speciation
(Huang et al., 2016). Variation in gene expression is considered one
of the most important mechanisms for the adaptation of animals to
ecological environments (Eyres et al., 2016; Qu et al., 2013). Although
next-generation sequencing technologies are widely used in ecological
and evolutionary studies (Eyres et al., 2016; Luo, Yang, & Gao, 2013),
the data obtained from high-through sequencing may still need to be
further confirmed by quantitative real-time PCR (qRT-PCR) experi-
ments. With its large dynamic range, high sensitivity, and reproducibil-
ity, qRT-PCR is an effective technology for gene expression analyses,
especially in species for which genomic information is lacking (Bansal
et al., 2016; Sun et al., 2016). When using qRT-PCR to compare gene
expression patterns, the accuracy and reliability of the gRT-PCR re-
sults are influenced by many factors, such as RNA extraction, reverse
transcription, cDNA concentration, and PCR efficiency (Guénin et al.,
2009). Therefore, gRT-PCR data must be normalized using reference
genes (RGs) to avoid nonspecific variation or errors (Guénin et al.,
2009). Ideal RGs should be stably expressed under various experimen-
tal conditions (Chapman & Waldenstrém, 2014). Several traditional
RGs, such as elongation factor 1 alpha (EF1-a), p-actin (B-ACT), 18S
ribosomal RNA (18S), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), have been widely used in qRT-PCR studies (Koramutla,
Aminedi, & Bhattacharya, 2016; Nakamura et al., 2016; Robledo et al.,
2014). However, previous studies have shown that these RGs are
not always stably expression under various experimental conditions
(Chapman & Waldenstrom, 2014; Thellin, Elmoualij, Heinen, & Zorzi,
2009). Moreover, several studies have highlighted the importance of
the optimal number of RGs (normalization factors, NFs) being exper-
imentally determined when normalizing target genes (Bansal et al.,
2016; Yang, et al., 2015; Zhang et al., 2016).

FIGURE 1 Images of four
developmental stages of Gynaephora: (a)
egg; (b) larvae; (c) pupa; (d) adult. Image of
an Alpine meadow of the Tibetan Plateau
with abundant Gynaephora larvae (e)
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Recently, the selection of suitable RGs for gqRT-PCR has been
widely undertaken in many insect groups, such as the Hemiptera
(Bansal etal, 2016; Koramutla etal., 2016; Li etal, 2013;
Maroniche et al.,, 2011), Diptera (Nakamura et al., 2016; Ponton
et al., 2011), Coleoptera (Lord, Hartzer, Toutges, & Oppert, 2010;
Rajarapu, Mamidala, & Mittapalli, 2012), Orthoptera (Van Hiel et al.,
2009), and Lepidoptera (Fu et al., 2013; Tang, Zhang, Xue, & Yuan,
2016; Zhu et al., 2014). These studies were primarily conducted to
select RGs that are stably expressed throughout different devel-
opmental stages, biological tissues, treatments, and environmental
stresses (e.g., microbial infection and chemical stimulus) (Lord et al.,
2010; Nakamura et al., 2016; Schaeck et al., 2016). They intensively
focused on changes in gene expression associated with insecticide
resistance, immunity, growth, and differentiation in laboratory pop-
ulations. Conversely, the selection of suitable RGs in field popula-
tions is very limited, which impedes our understanding of ecological
adaptation (e.g., high-altitude adaptation) at the gene expression
level. Compared to laboratory populations, organisms in the wild
generally suffer from more diverse and complex ecological stress-
ors, which may result in discrepancies with the best RGs selected in
the laboratory. Therefore, it is necessary to evaluate the stability of
candidate RGs in field populations under divergent environmental
conditions.

Grassland caterpillars (Lepidoptera: Erebidae: Lymantriinae:
Gynaephora) are the most damaging insect pests in the alpine
meadow of the Tibetan Plateau (TP) (Figure 1). Over the past
50 years, TP Gynaephora have caused enormous economic losses
of forages (Zhang & Yuan, 2013). In particular, Gynaephora cocoons
in meadows can cause mouth sores and broken tongue disease in
domestic animals and wildlife (Yan, Wang, & Liu, 2006). To date, a
total of 15 species are described for this small genus, of which eight

are endemic to the TP, whereas the other seven species are mainly

distributed in the high mountains and arctic areas of the northern
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hemisphere (Zhang & Yuan, 2013). Gynaephora first colonized the
TP around 17.7 million years ago, when Tibet was located at an alti-
tude 3,000 m above sea level (masl). A burst of speciation has been
dated to 4.5-1.1 million years ago, which broadly corresponding
with the rapid uplift of the TP (Yuan et al., 2015). Changes in alti-
tude and related environmental factors were likely a driving force
for the diversification of the Gynaephora. Therefore, TP Gynaephora
species are ideal for investigating gene expression changes induced
by divergent local environmental conditions. The harsh environment
of the TP is typically characterized by hypoxia, low temperature,
and high ultraviolet (UV) radiation, which imposes strong selective
pressures on TP species (Luo et al., 2013; Yu et al., 2016). The mo-
lecular mechanisms underlying high-altitude adaptation have been
extensively studied in TP animals, such as humans (Huerta-Sanchez
et al., 2014; Yi et al., 2010), Tibetan mastiffs (Gou et al., 2014; Li
et al., 2014), yaks (Qiu et al., 2012), Tibetan antelopes (Ge et al.,
2013), snub-nosed monkeys (Yu et al., 2016; Zhou et al., 2016),
ground tits (Qu et al., 2013), and Tibetan cashmere goat (Song et al.,
2016). However, genetic information regarding the gene expression
changes that occur with adaptation to divergent high-altitude envi-
ronments in insects is largely lacking.

Here, we determined the suitability of 17 candidate RGs (Table 1)
and recommended the optimal NFs for gene expression studies in
five Gynaephora populations along an altitudinal gradient. The sta-
bility of the expression of these genes was evaluated using four in-
dependent statistical algorithms (geNorm, NormFinder, BestKeeper,
and the deltaCt method) and one comparative method (RefFinder).
Two target genes, encoding the heat shock 70 kDa protein (HSP70)
and the heat shock 90 kDa protein (HSP90), were chosen to confirm
the reliability of the selected RGs using three normalization strate-
gies (recommended, optimal, and worst NFs). In addition to HSP70
and HSP90, we also performed gRT-PCR analyses of four other tar-
get genes encoding glucose-6-phosphate isomerase (GPI), hypoxia-
inducible factor 1 alpha (HIF1A), heat shock 20 kDa protein (HSP20),
and ubiquitin-specific protease (USP) using the optimal RGs (EF1-a,
RPS15, and RPS13) for normalization. Previous studies showed that
these six target genes were associated with the response to divergent
altitude stressors in TP animals, such as Rana kukunoris (Yang, Qi, Bi,
& Fu, 2012) and Capra hircus (Tang et al., 2015). This study provided
an important resource for gene expression analyses of target genes in
field populations of TP Gynaephora species, which will be helpful for
further understanding the mechanisms of gene expression-mediated

adaptation in TP insects.

2 | MATERIALS AND METHODS

2.1 | Sampling

Gynaephora larvae (4th instar) were collected from the alpine meadow
of the TP across five sampling sites (Huangchen: HC, Zeku: ZK, Yushu:
YS, Naqu: NQ, and Anduo: AD) with different altitudes (3,100-
4,800 masl). Detailed sampling information is provided in Table S1.
Instar larvae were identified by the method of Yan et al.(2006). All

samples were collected in the field, immediately frozen in liquid ni-
trogen, and stored at -80°C at the State Key Laboratory of Grassland

Agro-Ecosystems, Lanzhou University, Lanzhou, China.

2.2 | RNA extraction and cDNA synthesis

For each locality, total RNA was isolated from a pool of five 4th-
instar larvae using TRIzol reagent (Ambion, USA) according to the
manufacturer’s instructions. Residual genomic DNA was digested by
RNase-free DNase (Qiagen, Germany) according to the manufactur-
er’s instructions. Three biological replicates were performed for each
locality. RNA quality and quantity were measured with a Nanodrop
1000 spectrophotometer (Thermo Scientific, USA), and its integrity
was confirmed by 1.5% agarose gel electrophoresis. Only high-quality
RNA with an OD,,,,/OD,4, between 1.8 and 2.0 was used for subse-
quent analyses. Single-stranded cDNA was synthesized in a total vol-
ume of 20 pl containing 4 pl 5x PrimeScript RT Master Mix (including
oligo dT primers; TaKaRa, Japan), 1 pl total RNA (1 pg/ul), and 15 pl
RNase-free dH,O under conditions of 37°C for 15 min and 85°C for
5 s, according to the manufacturer’s protocol. cDNA (100 ng/ul) di-

luted with Rnase-free water was used for further experiments.

2.3 | Design and evaluation of primers for each gene

Seventeen candidate RGs were selected for assessment of robustness
as internal controls for gRT-PCR. Six target genes (HSP70, HSP90,
GPI, HIF1A, HSP20, and USP) were analyzed to explore changes in
gene expression in the five TP Gynaephora populations from diver-
gent altitudinal environments (Table 1). All sequences of reference
and target genes were obtained from the annotated transcriptome of
G. menyuanensis (Table S2). All specific primers were designed using
Beacon Designer 7.0. The specificity of the amplification product for
each primer was checked by the appearance of a single band at the
targeted length using 1.5% agarose gel electrophoresis. We also con-
firmed all gene-specific amplified PCR products by sequencing. The
amplification efficiency and correlation coefficient (R?) of each primer
were calculated using the standard curve generated from a 10-fold di-
lution series of mixed cDNA samples at five dilution. The correspond-
ing gRT-PCR efficiencies (E) were calculated according to the equation
E (%) = (100519 — 1) x 100 (Zhang et al., 2016).

2.4 | Quantitative RT-PCR

gRT-PCR was performed using an ABI7500 real-time PCR system
(Applied Biosystems, USA). cDNA was amplified using the SYBR
Premix Ex Taq Il (TaKaRa, Japan) according to the manufacturer’s pro-
tocol. Reactions were prepared in a total volume of 10 pl containing
1 pl diluted cDNA (100 ng/pl), 5 pl 2 x SYBR Premix ExTaq Il (TaKaRa,
Japan), 3 ul RNase-free sterile water, and 0.5 pl each of the forward
and reverse primers (10 ng/pl). The PCR program was 95°C for 30 s,
40 cycles of 95°C for 5s, 55°C for 30 s, and 72°C for 30 s, followed
by a melting curve analysis to confirm the specificity of amplification
for each reaction. The reaction solution without a cDNA template was
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TABLE 1 Description of 17 candidate reference genes and six target genes in Gynaephora used for qRT-PCR analysis

Gene name Abbreviation Primer name Sequences (5'-3’) Amplicon size (bp) Tm E (%)/R?
185 ribosomal RNA 185 18SF ATTACCACAGTTATCCAA 138 54 98.7/.984
18SR CAGTAGTTATATGCTTGTC
28S ribosomal RNA 28S 28SF CTACTCGTTACGGCTTAATG 80 59 98.3/.994
28SR TGAAGCGTTTTGCCTATAC
Actin ACT ActinF AGAGGGAAATCGTGCGTGAC 195 60 100.3/.989
ActinR CCATACCCAAGAAGGAAGGC
Arginine kinase AK AKF TATGACATCTCCAACAAG 93 54 78.1.3/.993
AKR TTCAATCTTAATCAGTTCAG
Cyclin A CYCA CyclinAF GAATCTCCTATGTCAGTTGTG 94 59 111.1/.983
CyclinAR CAGTGGTTGTGTCTTCATC
Elongation factor 1 alpha EF-1a EFlaF CCCGCCAACATCACCACT 130 60 97.3/.972
EF1aR CGTAACCACGACGCAACTCC
Glyceraldehyde-3- GAPDH GAPDHF GTGGAATCTACTGGTGTAT 85 57 120.6/.997
phosphate dehydrogenase GAPDHR GAGCAGAGATGATGACTT
Ribosomal protein L10 RPL10 RPL10F CATTCTAATGTGGAACTGAT 114 57 96.7/.990
RPL10R CTTGTGTCTGACGAGTAT
Ribosomal protein L27 RPL27 RPL27F CACTCTTGTATCTTTCCT 116 54 111.1/.993
RPL27R TTACTCAGTAGACTTCAG
Ribosomal protein L28 RPL28 RPL28F CCTTAGCCTTCTTGTATA 110 53 119.7/.989
RPL28R GACTAACCTCAACTCTTA
Ribosomal protein S2 RPS2 RPS2F CTTGGCAAGTATGATAGC 84 56 114.5/.994
RPS2R GACAACAATGGACACATC
Ribosomal protein $13 RPS13 RPS13F TGACTTGTGCTACTCCAT 110 59 105.2/.984
RPS13R ACTGACTGCTGATGATGT
Ribosomal protein $15 RPS15 RPS15F GTTGGCTCTATTGTAGGTATC 108 59 99.7/.984
RPS15R AGGCTTGTATGTGACTGA
Troponin C TPNC TPNCF TGCCAAGTTCATCGTAGA 94 59 95.8/.990
TPNCR AATGTAACCGTTGCCTTC
a-Tubulin «-TUB o-TubulinF GACCTCATCAACTACTGT 95 57 111.3/.999
o-TubulinR ACTCCTTCAACACATTCT
B-Actin B-ACT p-actinF TATGGAATCTTGCGGTATC 76 58 106.7/.976
p-actinR CAAGTCCTTACGGATGTC
p-Tubulin p-TUB p-TubulinF CTGCGATATTCCTCCTAA 95 56 144.7/.984
p-TubulinR ATTGCTCTGATATTCTCTTG
Heat shock protein 70 HSP70 HSP70F CCAACAACACAGTCTTCG 75 60 151.5/.997
HSP70R TCATGTCCTGCTGAATCTTA
Heat shock protein 90? HSP90 HSPYOF ACAATACAGCAAGGTGAT 118 57 156.9/.997
HSPYOR GTGAGGAAGACAAGGTTA
Glucose-6-phosphate GPI GPIF1 CTACTCGCTAACTTCTTG 86 56 95.6/.982
isomerase? GPIR1 CCTGACTTCTCTAACTCT
Hypoxia-inducible factor 1 HIF1A GynHIF1F GACTTGTTGCTTCGTATGA 92 59 119.9/.993
alpha® GynHIF1R CCTGTGATGTGTATTACCTTAT
Heat shock protein 20? HSP20 HSP20F TGAAGTGATTCGCCAAGA 135 60 87.1/.982
HSP20R AATTCCAAGTGAACCTAAGC
Ubiquitin-specific protease®  USP USPF TCGTAGAACAGTAGGTAGG 80 59 107.4/.997
USPR TGGTACACATCAGACACA

E, PCR efficiency; Rz, correlation coefficient. Tm, annealing temperature
2Six target genes.
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used as a negative control to confirm template-specific amplification.
PCR reactions were conducted for three biological replicates, and the
detection of each gene was performed in an independent sample with

three technical replicates.

2.5 | Determining the stability of candidate
RGs expression

The expression stability of each RG was evaluated with four independ-
ent algorithms: geNorm (Vandesompele etal., 2002), NormFinder
(Andersen, Jensen, & @rntoft, 2004), BestKeeper (Pfaffl, Tichopad,
Prgomet, & Neuvians, 2004), and the deltaCt method (Silver, Best,
Jiang, & Thein, 2006). All data from three biological and technologi-
cal replicates were used to calculate the average Ct value according
to previous methods (Yang et al., 2015; Zhang et al., 2016). geNorm
software calculates an expression stability value (M) and ranks the
genes in order for a given set of samples. A lower M value indicates
a higher expression stability. Pairwise variation (V) analysis was per-
formed to evaluate the most reliable NFs (Vandesompele et al., 2002).
The pairwise variation value of V,/V, , between two sequential NFs
was used to determine the optimal number of RGs required for better
normalization. A threshold value below 0.15 suggests that no addi-
tional RGs are needed for normalization (Vandesompele et al., 2002).
NormFinder ranks candidate RGs by calculating their stability values,
with lower values indicating more stable genes (Andersen et al., 2004).
NormFinder calculates not only the overall variation of the candidate
normalization genes but also the variation between sample subgroups
of the sample set (Andersen et al., 2004). The BestKeeper program
determines the stability of an RG based on the standard deviation (SD)
of the Ct values, with a lower SD (Pfaffl et al., 2004) indicating a more
stable RG. The deltaCt method calculates the relative expression lev-
els (RELs) between one RG and the other RGs within each sample,
with candidate RGs with smaller SD values of RELs being more stable
(Silver et al., 2006). Finally, the candidate genes were ranked based
on the web-based analysis tool RefFinder (http:/www.leonxie.com/
referencegene.php) (Xie, Sun, Stiller, & Zhang, 2011). RefFinder ranks
all RG candidates based on the main statistics methods used, including
those from geNorm, NormFinder, BestKeeper, and the deltaCt method
(Silver et al., 2006), and then finally ranks the RGs by calculating the
geometric mean (GM) values. RGs with lower GM values are consid-
ered to be more stable. Thus, RefFinder enables the best candidates to
be selected based on the comprehensive ranking results of different

programs.

2.6 | Evaluation of suitable RGs

To confirm the reliability of the RGs, the RELs of HSP70 and
HSP90 were determined and normalized using the most stable RG
[EF-1a = NF(1)], thethreetop stable RGs[EF-1a,RPS15,andRPS13 = NF
(1-3)], and the two least stable RGs [ACT, RPL17 = NF(16-17)].
Relative normalized expression values were calculated for each gene
using the 2722%" method (Livak & Schmittgen, 2001; Pfaffl et al.,
2004). Statistical analysis of the data was performed using the IBM

SPSS statistics 22 software based on the nonparametric Mann-
Whitney U test.

2.7 | Quantitative RT-PCR analysis of six target
genes associated with high-altitude adaptation

The RELs of six target genes were explored based upon the optimal
RGs [EF-1a, RPS15, and RPS13 = NF(1-3)]. The method of calculation
and statistical analysis of the relative quantification of these target
genes were the same as described above. The data obtained from
biological replicates were analyzed separately to verify that the varia-
tion was not due to the treatment but was intrinsic to the gene itself
(Castro, Roman, Rubio, & Die, 2012; Remans et al., 2008).

3 | RESULTS

3.1 | Efficiency of primers for candidate RGs

Quantitative real-time PCR amplification with each primer pair yielded
a single specific band of the expected size following 1.5% agarose
electrophoresis (Fig. S1). The melting curve of the qRT-PCR showed
a single peak for each primer pair, indicating the absence of any non-
specific amplification (Fig. S2). The amplification efficiency (E%) values
of all candidate RGs ranged from 78.1 to 144.7, with correlation coef-
ficient (R?) values varying from .972 to .999 (Table 1).

3.2 | Determination of expression stability of
candidate RGs

The geNorm algorithm indicated that RPL10 and RPS13 were the most
stable genes, followed by EF-1a, B-ACT, TPNC, and RPS15 (Table 2).
The optimal number of suitable RGs required for proper normali-
zation was determined to be fewer than three based upon a V;,,
value of 0.148 (with <0.15 being the default cutoff) (Figure 2), sug-
gesting that three RGs could be used for normalization. NormFinder
analysis identified EF-1a as the most stable, followed by RPS15 and
TPNC, whereas RPL27 was the least stable RG (Table 2). According
to BestKeeper analysis, 28S was the most stable gene, followed by
CYCA and 18S, while ACT was the least stable (Table 2). The best RG
according to the deltaCt method as EF-1a, whereas RPL27 and 18S
showed the lowest expression stabilities, similar to the results of the
NormFinder analysis (Table 2). The results of a comprehensive ranking
using RefFinder showed that the most stable RGs were EF-1a, RPS15,
and RPS13, whereas the least stable were AK, 18S, RPS2, ACT, and
RPL27 (GM > 9.0) (Table 2).

3.3 | Expression analysis of target genes for
RG validation

Overall, the expression levels of HSP70 and HSP90 peaked in
the YS and AD populations, respectively (Figure 3). HSP70 had
the lowest expression in the AD population when using NF(1) or
NF(1-3) for normalization, but it had the lowest expression level in
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the ZK population using NF(16-17). Compared to expression levels
in the HC population, the expression of HSP70 was significantly
down-regulated in the ZK population based on NF(1) or NF(16-
17) normalization but not NF(1-3). The expression of HSP90 was
significantly up-regulated in the ZK and NQ populations based
on NF(1) and NF(1-3) normalization but not using NF(16-17).
Although there were no significant differences among the ZK, YS,
and NQ populations, the expression of HSP90 gradually decreased
along with an increasing altitudinal gradient when using NF(1) and
NF(1-3) for normalization, whereas a gradual increase in expres-
sion was observed using NF(16-17). The difference between the
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highest expression level of HSP70 (YS) and the lowest (ZK) was
103-fold when using NF(16-17) for normalization. However, using
NF(1-3) or NF(1) for normalization of HSP70, the difference be-
tween the highest expression level (YS) and the lowest (AD) was
52- or 50-fold, respectively (Figure 3). Based on these findings,
the normalization results based on NF(16-17) did not accurately
reflect the expression levels of the two target genes in the five
Gynaephora populations distributed among divergent altitudinal
environments, indicating the necessity of selecting stable RGs
and using multiple internal genes for normalization of qRT-PCR
experiments.

TABLE 2 Stability ranking of the candidate reference genes in the five Gynaephora populations derived from different altitudes

RefFinder geNorm

Reference gene Rank SV Rank
EF-1a 1 0.417 2
RPS15 2 0.725 5
RPS13 3 0.214 1
TPNC 4 0.625 4
RPL10 5 0.214 1
B-ACT 6 0.529 3
g-TUB 7 1.05 8
RPL28 8 1.186 9
28S 9 1.986 14
CYCA 10 1.789 13
a-TUB 11 1.486 11
GAPDH 12 0.818

AK 13 0.911 7
18S 14 2.164 15
RPS2 15 1.639 12
ACT 16 1.327 10
RPL27 17 2.371 16

SV, stability value.

0,25 --==mmmm oo ooooee ool

0151 Tl e T R CRTOROTEISREE

0.10+4-1 - J---- ---- k- - -

Pairwise variation (V)

0.05+4-1 ----J----1 -

0.20 - --mmmommmm e oo

NormFinder BestKeeper deltaCt
Rank SD Rank SV Rank

0.52 1 3.01 8 1.68 1
0.58 2 2.64 6 1.80 3
1.06 6 3.22 11 1.83 4
0.63 3 3.04 9 1.75 2
1.10 8 3.19 10 1.85 6
1.07 7 343 13 1.84 5
0.91 4 2.84 7 1.99 8
0.97 5 243 5 2.06 9
2.80 15 0.51 1 3.22 15
2.06 12 1.87 2 2.67 12
1.72 11 2.16 4 2.48 11
1.14 9 3.53 14 1.93 7
1.50 10 3.67 15 2.14 10
2.96 16 1.95 3 3.33 16
2.62 14 3.36 12 3.00 14
2.50 13 4.39 17 2.80 13
3.62 17 3.88 16 3.93 17

0.00 T T T T T T
V2/3 V34 V45 V5/6  V6/7T  V7/8

Vv8/9  V9/10 V10/11 V11/12 V12/13 V13/14 V14/15 V15/16 V16/17

FIGURE 2 Pairwise variation (V,/V,,,) analysis for selecting the optimal number of reference genes in the normalization of five Gynaephora
populations using the geNorm algorithm. Values <0.15 indicate that additional genes are not required for gene expression analysis, and the

optimal number of normalization factors is indicated in red
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FIGURE 3 Expression profiles of HSP70 (a) and HSP20 (b) based on different normalization factors in five Gynaephora populations derived
from different altitudes. Normalization was performed using the most stable RGs [EF-1a; NF(1)], the top three most stable RGs [EF-1«, RPS15,
RPS13; NF(1-3)], and the two least stable RGs [ACT, RPL27; NF(16-17)]. Data are shown as mean + standard deviation of three biological
replicates. Significant expression differences among the five populations are indicated by different lowercase letters in the same color (p < .05),
as determined by the nonparametric Mann-Whitney U test. RGs, reference genes; NF, normalization factor

3.4 | Expression analysis of high-altitude-related
genes requires normalization with the optimal RGs

A significant difference in the expression level of each of the six target
genes (GPI, HIF1A, HSP20, HSP70, HSP90, and USP) was found be-
tween the HC population and most other populations (Figures 3 and
4). These genes showed expression patterns that varied depending on
altitude. With exception of GPI in the NQ population and HSP90 in
the AD population, the highest expression for each of the other four
genes was found in the YS population. Compared to the HC popula-
tion, the YS population showed significantly up-regulated expression
of all six genes. Three genes (HSP90, GPI, and HSP20) were signifi-
cantly up-regulated, and HSP70 was significantly down-regulated in
the AD population, whereas the expressions of the remaining two
genes (HIF1A and USP) did not differ significantly between the HC
and AD populations. Expressions of GPl and HIF1A increased from the
HC population to the NQ and YS populations and then declined in
the AD and NQ populations, respectively. HSP90 showed a relatively
smaller peak in expression in the ZK population and then continued
to decrease in the YS and NQ populations. Interestingly, HSP20 and
USP were significantly down-regulated in the ZK population and then
significantly up-regulated in the YS population, and finally significantly
down-regulated in the NQ and AD populations.

4 | DISCUSSION

As suggested in the “Minimum Information for publication of
Quantitative real-time PCR Experiments” (MIQE) guideline (Bustin
et al., 2009), accurate results strongly depend on the availability of

reliable RGs. Expression of the optimal RGs should be stable under

various conditions, such as in different tissues, treatment conditions,
and cell lines (Robledo et al., 2014). However, due to the noncom-
monality of optimal RG and NF numbers in qRT-PCR experiments,
these should be determined under specific experimental conditions
(Bustin et al., 2009; Vandesompele et al., 2002). Fortunately, several
statistical algorithms now provide the ability to assess the expression
stability of candidate RGs. In this study, comparative analysis showed
high consistency in the ranking of 17 candidate RGs according to sta-
bility among different statistical methods. For example, the results
from the deltaCt method were highly similar to those of NormFinder.
However, due to different statistical models among algorithms, some
discrepancies were also observed among the four independent algo-
rithms, as has been frequently reported in previous studies (lbanez
& Tamborindeguy, 2016; Koramutla et al., 2016; Yang, et al., 2015).
The BestKeeper results were the most divergent from the other three
independent algorithms, as reported in other studies (Lu et al., 2015;
Zhang et al., 2016). In order to overcome differences among algo-
rithms, we determined an overall ranking for the 17 candidates RGs
based on another algorithm (RefFinder) to obtain the final stabilities.
Our results suggest that additional research involving more candidate
RGs under various experimental conditions with more statistical algo-
rithms is needed to improve the reliability and accuracy of gRT-PCR.
EF-1a was the best RG for grassland caterpillars from divergent al-
titudinal environments, as observed in other lepidopteran insects, such
as Spodoptera litura under different developmental stages (Zhu et al.,
2014), Plutella xylostell under diverse experimental conditions (devel-
opmental stages, tissues, and strains) (Fu et al., 2013), larval Sesamia
inferens under insecticide exposure (Lu et al., 2015), and Plodia inter-
punctella under different strains (Tang et al., 2016). This reflects the
stable expression of EF-1a in lepidopteran insects under many experi-

mental conditions, and this gene should be considered as a candidate
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FIGURE 4 Gene expression analysis of four genes associated with high-altitude adaptation. Normalization was performed using the top
three most stable RGs [EF-1a, RPS15, RPS13; NF(1-3)]. (a) Glucose-6-phosphate isomerase (GPI); (b) hypoxia-inducible factor 1 alpha (HIF1A);
(c) heat shock protein 20 (HSP20); (d) ubiquitin-specific protease (USP). Bars indicate the standard deviation (+SD) of three biological replicates.
Significant expression differences among the five populations are indicated by different lowercase letters (p < .05), as determined by the
nonparametric Mann-Whitney U test. RGs, reference genes; NF, normalization factor

RG in the gene expression analysis of lepidopteran insects in the fu-
ture. In addition to lepidopterans, EF-1a has also performed well as
an RG in other insects, such as Anastrepha oblique under different
developmental stages (Nakamura et al., 2016), Bemisia tabaci across
various abiotic conditions (Li etal., 2013), Drosophila melanogaster
under heat-stressed conditions (Ponton et al., 2011), Dicentrarchus
labrax under nutritional/environmental changes (Schaeck etal.,
2016), and Bactericera cockerelli under different life stages (Ibanez &
Tamborindeguy, 2016). Nevertheless, EF-1a has also exhibited unsta-
ble expression in some insects, such as rice planthopper (Delphacodes
kuscheli) under viral infection conditions (Maroniche et al., 2011).
Two ribosomal protein genes (RPS15 and RPS13) also showed sta-
ble expressions among five Gynaephora populations, as observed in

Helicoverpa armigera under different developmental stages and tissues

(Zhang et al., 2014). RPS15 had been demonstrated to be a RG in
humans (Kitagawa et al., 1991; Shiga, Yamamoto, & Okamoto, 1990)
and is a suitable RG in many cases in mammals (Bionaz & Loor, 2007;
Kumar et al., 2012). Interestingly, the least stable genes according to
our stability ranking included some genes widely used as RGs in pre-
vious studies (e.g., ACT and 18S). Although TPNC has not always been
considered as a stable RG in general, in the present study, this gene
ranked among the top four in terms of stability. Therefore, unconven-
tional RGs (e.g., TPNC) should not be ignored as candidates in further
experiments involving RG selection. These results indicated that the
selection of properly tested RGs is necessary prior to conducting
experiments.

As suggested by several studies, the accuracy of qRT-PCR can be
improved by using more than one RG (Vandesompele et al., 2002;
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Yiizbasioglu, Onbasilar, Kocaefe, & Ozgiic, 2010). The optimal num-
ber of NFs for normalization was evaluated by pairwise variation
analysis using geNorm. The validation of two target genes (HSP70
and HSP90) also indicated that the combination of three RGs (NF = 3,
EF-1a, RPS15, and RPS13) was sufficient for optimal normalization.
Conversely, the least stable candidate genes (ACT, RPL2, and RPL27)
were not suitable for the normalization of the gRT-PCR data of grass-
land caterpillars from different altitudes, despite using the same num-
ber of NFs. Overall, it should be noted that the optimal number of RGs
will vary under different experimental conditions, and therefore, these
genes should be experimentally selected for each study according to
the MIQE guideline.

Several studies have shown that adaptation to ecological stress-
ors not only involves genomic structural and sequence variations
(positive selection), but also variation in gene expression levels (Tang
et al., 2015; Zhao et al., 2013). Here, we performed gRT-PCR analyses
normalized using the optimal RGs to detect the expression patterns
of six target genes (GPI, HIF1A, HSP20, HSP70, HSP90, and USP) as-
sociated with adaptation to extreme environments. Previous studies
have shown that variation in the expression of GPI can improve the
ability of organisms to adapt to extreme environments, such as high
salinity and hypoxia (Cui et al., 2010; Naughton, 2003). Low oxygen
supply is a major challenge for species living at high altitudes (Yang,
Wang, Zhang, & He, 2015); thus, hypoxia may be a key ecological fac-
tor driving changes in GPI expression in the grassland caterpillar. The
expression responses of GPI to divergent altitudes might be key in the
adaptation of the energy metabolism of TP Gynaephora species. HIF1A
is a main regulator in the hypoxia signaling pathway, and responses
to hypoxia are largely regulated by changes in its expression in other
animals (Wang et al., 2015; Xiao, 2015). Here, we observed significant
expression changes in HIF1A along an altitudinal gradient, suggesting
that the expression of this gene may be associated with adaptation to
hypoxia in Gynaephora. Whether the gene sequence of HIF1A has also
experienced adaptive evolution in Gynaephora remains unknown, and
further study of the population genetics of this gene involving DNA
sequencing techniques is required. Notably, we investigated HIF1A-
related genes through automated computational analysis of the NCBI
database and found HIF1A genes in Hemiptera, Hymenoptera, and
Ephemeroptera (data not shown), indicating that HIF1A may be im-
portant in the adaptation of insects to divergent environments.

Low temperatureis also a severe ecological stress for TP Gynaephora
species. HSPs have been shown to be involved in cryoprotection in
insects under cold conditions (Singh, Jaiswal, & Sharma, 2013). Three
genes in the HSP family (HSP20, HSP70, and HSP90) showed signifi-
cant differences in expression across the five Gynaephora populations.
HSP70 is the most commonly studied transcript expressed after cold
shock in many insects (Singh et al., 2013). Although the specific func-
tional mechanism of HSP70 in insects has not been studied under
low temperature, more intense cold shocks induce high expression
of HSP70 that is more significant and of longer duration, and its up-
regulation may increase survival rates following cold exposure in
insect diapauses (Li, Andorfer, & Duman,1998; Singh et al., 2013).
HSP90 recognizes and repairs damaged proteins that are bound by

the constitutive form of HSP70, sequestering heat shock transcription
factor and then degrading the target protein (Cheng et al., 2016; Singh
et al.,, 2013). HSP90 is also up-regulated in response to cold shock in
insects (Wu et al., 2017). Small HSPs (sHSPs) are a highly diverse fam-
ily of proteins (12-40 kDa) (Singh et al., 2013). sHSPs show high het-
erogeneity and are identified by a conserved alpha-crystalline domain
(Singh et al., 2013; Zhu et al., 2013). Previous studies of thermal tol-
erance in insects have reported the response of HSP20 expression to
changes in temperature (King & MacRae, 2015). Here, we found that
HSP20 expression was strongly affected by differences in altitudinal
environments. Therefore, the HSP family may influence cold tolerance
in TP Gynaephora species at various altitudes. Furthermore, the up-
regulated expression of HSPs has been detected in hypoxia-induced
and UV-radiated insects, which is thought to be responsible for re-
ducing reactive oxygen species (Azad, Ryu, & Haddad, 2011; King &
MacRae, 2015). These studies indicate that ecological stressors repre-
sent a complex and diverse challenge for high-altitude animals.
Ultraviolet radiation is one of the three most serious challenges
for the survival of animals on the TP (Yang et al., 2012). USP is a con-
served gene that encodes an ubiquitin-specific protease that plays
a key role in DNA repair against UV damage (Yang et al., 2012). Our
results showed that USP expression was significantly up-regulated in
the YS population compared with levels at lower altitudes, indicating
that the expression of this gene responded dramatically to the rising
altitude. Thus, USP may be particularly important for the resistance of
Gynaephora to the high UV radiation from the exposure to sunlight
acquired by climbing on the top of the grass or forage leaves.
Previous studies have reported a general reduction in nuclear
gene expression during the entry into hypometabolic states in stress-
tolerant animals based on an energy-saving mechanism (McMullen
& Storey, 2008; Storey & Storey, 2004); a similar suppression of mi-
tochondrial gene transcription was detected in the Epiblema moth
(McMullen & Storey, 2008). Therefore, we proposed that the tran-
scriptional suppression of these target genes in responses to extreme
environments may ensure a proper energy storage when faced with
ecological challenges beyond a certain range. Our results showed that
most target genes reached a peak of transcription in the YS popula-
tion, expression suppression initially occurring between altitudes of
4,000 (YS) to 4,500 masl (NQ). Thus, in the future, comparisons of
gene expression differences between the YS and NQ populations will
be valuable for exploring the adaptation of TP insects to high-altitude
environments using RNA-Seq of additional Gynaephora populations
living at divergent altitudes. The use of the most reliable RGs and
number of NFs for normalization should improve our understanding of
the molecular mechanisms involved in insect adaptation to divergent

altitudinal environments.

5 | CONCLUSION

In this study, we selected and validated suitable RGs for ecological
and evolutionary studies in natural populations of TP insects. As a
case study, we assessed the expression levels of six well-known genes
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involved in adaptation to extreme environments. Our results con-
firmed the necessity of the evaluation of RG stability and the choice
of appropriate RGs for ensuring the accuracy of qRT-PCR results.
The recommended RGs are expected to be important resources for
gene expression analyses of target genes in natural populations of TP
Gynaephora and other insects. In addition, measuring the expression
levels of target genes associated with ecological adaptation using the
most reliable RGs for normalization should provide insight into the
molecular mechanisms associated with insect adaptation to divergent

altitudinal environments.

ACKNOWLEDGMENTS

This study was funded in part by the Program for Changjiang Scholars
and Innovative Research Team in University (IRT_17R50), the National
Natural Science Foundation of China (31201520), the Natural
Science Foundation of Gansu Province, China (1506RJZA211), the
Fundamental Research Funds for the Central Universities (Izujbky-
2016-5 and LZU-JZH1933).

AUTHOR CONTRIBUTIONS

M.L.Y. designed the study. Q.L.Z. and M.L.Y. collected the insect sam-
ples. L.Z., X T.W., X.2.Y., and X.P.L. performed the molecular experi-
ment. L.Z., Q.L.Z, X.T.W., and X.Z.Y. analyzed the data. L.Z. and Q.L.Z.
wrote the manuscript. M.L.Y. revised the manuscript. All authors read

and approved the final manuscript.

CONFLICT OF INTEREST

None declared

ORCID

Ming-Long Yuan http:/orcid.org/0000-0002-4078-8723

REFERENCES

Andersen, C. L., Jensen, J. L., & @rntoft, T. F. (2004). Normalization of real-
time quantitative reverse transcription-PCR data: A model-based vari-
ance estimation approach to identify genes suited for normalization,
applied to bladder and colon cancer data sets. Cancer Research, 64,
5245-5250.

Azad, P., Ryu, J., & Haddad, G. G. (2011). Distinct role of Hsp70 in Drosophila
hemocytes during severe hypoxia. Free Radical Biology and Medicine, 51,
530-538.

Bansal, R., Mittapelly, P, Chen, Y., Mamidala, P., Zhao, C., Michel, A. (2016).
Quantitative RT-PCR gene evaluation and RNA interference in the
brown marmorated stink bug. PLoS ONE, 11, e0152730.

Bionaz, M., & Loor, J. J. (2007). Identification of reference genes for quanti-
tative real-time PCR in the bovine mammary gland during the lactation
cycle. Physiological Genomics, 29, 312-319.

Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista,
M., .. Wittwer, C. T. (2009). The MIQE guidelines: Minimum
information for publication of quantitative real-time PCR
experiments. Clinical Chemistry, 55, 611-622.

Fcology and Evolution o 9063
& WILEY- |7

Castro, P, Roman, B., Rubio, J., & Die, J. V. (2012). Selection of reference genes
for expression studies in Cicer arietinum L.: Analysis of cyp81E3 gene ex-
pression against Ascochyta rabiei. Molecular Breeding, 29, 261-274.

Chapman, J. R., & Waldenstrom, J. (2014). With reference to reference
genes: A systematic review of endogenous controls in gene expression
studies. PLoS ONE, 10, e0141853.

Cheng, W,, Li, D., Wang, Y., Liu, Y., Salzman, K. Z. (2016). Cloning of heat
shock protein genes (hsp70, hsc70 and hsp90) and their expression in
response to larval diapause and thermal stress in the wheat blossom
midge, Sitodiplosis mosellana. Journal of Insect Physiology, 95, 66-77.

Cui, L., Chai, Y., Li, J.,, Liu, H., Zhang, L., Xue, L. (2010). Identification of a
glucose-6-phosphate isomerase involved in adaptation to salt stress of
Dunaliella salina. Journal of Applied Phycology, 22, 563-568.

Eyres, |., Jaquiéry, J., Sugio, A., Duvaux, L., Gharbi, K., Zhou, J. J., ... Ferrari,
J. (2016). Differential gene expression according to race and host plant
in the pea aphid. Molecular Ecology, 25, 4197-4215.

Fu, W., Xie, W., Zhang, Z., Wang, S., Wu, Q,, Liu, Y., ... Zhang, Y. (2013).
Exploring valid reference genes for quantitative real-time PCR analysis
in Plutella xylostella (Lepidoptera: Plutellidae). International Journal of
Biological Sciences, 9, 792.

Ge,R. L., Cai,Q., Shen,Y.Y.,San,A.,Ma, L., Zhang, Y., ... Wang, J. (2013). Draft
genome sequence of the Tibetan antelope. Nature Communications, 4,
54-56.

Gou, X., Wang, Z., Li, N,, Qiu, F, Xu, Z., Yan, D., ... Li, Y. (2014). Whole-
genome sequencing of six dog breeds from continuous altitudes reveals
adaptation to high-altitude hypoxia. Genome Research, 24, 1308-1315.

Guénin, S., Mauriat, M., Pelloux, J., Wuytswinkel, O. V., Bellini, C., Gutierrez,
L. (2009). Normalization of gqRT-PCR data: The necessity of adopting a
systematic, experimental conditions-specific, validation of references.
Journal of Experimental Botany, 60, 487-493.

Huang, X., Gao, Y., Jiang, B., Zhou, Z., Zhan, A. (2016). Reference gene se-
lection for quantitative gene expression studies during biological inva-
sions: A test on multiple genes and tissues in a model ascidian Ciona
savignyi. Gene, 576, 79-87.

Huerta-Sanchez, E., Jin, X., Bianba, Z., Peter, B. M., Vinckenbosch, N., Liang,
Y., ... Nielsen, R. (2014). Altitude adaptation in Tibetans caused by in-
trogression of Denisovan-like DNA. Nature, 512, 194-197.

Ibanez, F., & Tamborindeguy, C. (2016). Selection of reference genes for
expression analysis in the potato psyllid, Bactericera cockerelli. Insect
Molecular Biology, 25, 227-238.

King, A. M., & MacRae, T. H. (2015). Insect heat shock proteins during
stress and diapause. Annual Review of Entomology, 60, 59-75.

Kitagawa, M., Takasawa, S., Kikuchi, N., Itoh, T., Teraoka, H., Yamamoto,
H., Okamoto, H. (1991). Rig encodes ribosomal protein S15 The pri-
mary structure of mammalian ribosomal protein S15. FEBS Letters, 283,
210-214.

Koramutla, M. K., Aminedi, R., & Bhattacharya, R. (2016). Comprehensive eval-
uation of candidate reference genes for qRT-PCR studies of gene expres-
sion in mustard aphid, Lipaphis erysimi (Kalt). Scientific Reports, 6, 25883.

Kumar, P, Yadav, P, Verma, A, Singh, D., De, S., Datta, T. K. (2012).
Identification of stable reference genes for gene expression stud-
ies using quantitative real time PCR in buffalo oocytes and embryos.
Reproduction in Domestic Animals, 47, e88-e91.

Li, N., Andorfer, C. A., & Duman, J. G. (1998). Enhancement of insect an-
tifreeze protein activity by solutes of low molecular mass. Journal of
Experimental Biology, 201, 2243-2251.

Li, Y., Wu, D.-D., Boyko, A. R., Wang, G. D., Wu, S. F, Irwin, D. M., Zhang,
Y. P. (2014). Population variation revealed high-altitude adaptation of
Tibetan mastiffs. Molecular Biology and Evolution, 31, 1200-1205.

Li, R., Xie, W., Wang, S., Wu, Q., Yang, N., Yang, X., ... Zhang, Y. (2013).
Reference gene selection for gRT-PCR analysis in the sweetpotato
whitefly, Bemisia tabaci (Hemiptera: Aleyrodidae). PLoS ONE, 8, e53006.

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 27*2¢T method. Methods,
25,402-408.


http://orcid.org/0000-0002-4078-8723
http://orcid.org/0000-0002-4078-8723

ZHANG ET AL.

9064 WI LEY—ECOlOgy and Evolution

Open Access,

Lord, J. C., Hartzer, K., Toutges, M., & Oppert, B. (2010). Evaluation of quan-
titative PCR reference genes for gene expression studies in Tribolium
castaneum after fungal challenge. Journal of Microbiological Methods,
80, 219-221.

Lu, Y., Zheng, X., Liang, Q., Xu, H., Yang, Y., Tian, J., ... Lu, Z. (2015). Evaluation
and validation of reference genes for SYBR Green gRT-PCR normaliza-
tion in Sesamia inferens (Lepidoptera: Noctuidae). Journal of Asia-Pacific
Entomology, 18, 669-675.

Luo, Y., Yang, X., & Gao, Y. (2013). Mitochondrial DNA response to high
altitude: A new perspective on high-altitude adaptation. Mitochondrial
DNA, 24, 313-319.

Maroniche, G. A., Sagadin, M., Mongelli, V. C., Truol, G. A., Vas, M. D. (2011).
Reference gene selection for gene expression studies using RT-qPCR in
virus-infected planthoppers. Virology Journal, 8, 1-8.

McMullen, D. C., & Storey, K. B. (2008). Mitochondria of cold hardy insects:
Responses to cold and hypoxia assessed at enzymatic, mMRNA and DNA
levels. Insect Biochemistry Molecular Biology, 38, 367-373.

Nakamura, A. M., Chahad-Ehlers, S., Lima, A. L. A., Taniguti, C. H., Sobrinho,
I. Jr, Torres, F. R., de Brito, R. A. (2016). Reference genes for accessing
differential expression among developmental stages and analysis of
differential expression of OBP genes in Anastrepha obliqua. Scientific
Reports, 6, 17480.

Naughton, D. (2003). Hypoxia-induced upregulation of the glycolytic en-
zyme glucose-6-phosphate isomerase perpetuates rheumatoid arthri-
tis. Medical Hypotheses, 60, 332-334.

Pfaffl, M. W., Tichopad, A., Prgomet, C., & Neuvians, T. P. (2004).
Determination of stable housekeeping genes, differentially regulated
target genes and sample integrity: BestKeeper-Excel-based tool using
pair-wise correlations. Biotechnology Letters, 26, 509-515.

Ponton, F., Chapuis, M.-P., Pernice, M., Sword, G. A, Simpson, S. J. (2011).
Evaluation of potential reference genes for reverse transcription-qPCR
studies of physiological responses in Drosophila melanogaster. Journal of
Insect Physiology, 57, 840-850.

Qiu, Q., Zhang, G., Ma, T., Qian, W., Wang, J., Ye, Z,, ... Liu, J. (2012). The
yak genome and adaptation to life at high altitude. Nature Genetics, 44,
946-949.

Qu, Y., Zhao, H., Han, N., Zhou, G., Song, G., Gao, B., ... Lei, F. (2013).
Ground tit genome reveals avian adaptation to living at high altitudes
in the Tibetan plateau. Nature Communications, 4, 2071.

Rajarapu, S. P., Mamidala, P., & Mittapalli, O. (2012). Validation of reference
genes for gene expression studies in the emerald ash borer (Agrilus pla-
nipennis). Insect Science, 19, 41-46.

Remans, T., Smeets, K., Opdenakker, K., Mathijsen, D., Vangronsveld, J.,
Cuypers, A. (2008). Normalisation of real-time RT-PCR gene expres-
sion measurements in Arabidopsis thaliana exposed to increased metal
concentrations. Planta, 227, 1343-1349.

Robledo, D., Hernandez-Urcera, J., Cal, R. M., Pardo, B. G., Sanchez, L.,
Martinez, P., Vifias, A. (2014). Analysis of qPCR reference gene stability
determination methods and a practical approach for efficiency calcula-
tion on a turbot (Scophthalmus maximus) gonad dataset. BMC Genomics,
15,1-15.

Schaeck, M., Spiegelaere, W. D., Craene, J. D., Broeck, W. V. D., Spiegeleer,
B. D., Burvenich, C,, ... Decostere, A. (2016). Laser capture microdis-
section of intestinal tissue from sea bass larvae using an optimized
RNA integrity assay and validated reference genes. Scientific Reports,
6,21029.

Shiga, K., Yamamoto, H., & Okamoto, H. (1990). Isolation and charac-
terization of the human homologue of rig and its pseudogenes: The
functional gene has features characteristic of housekeeping genes.
Proceedings of the National Academy of Sciences of the United States of
America, 87, 3594-3598.

Silver, N., Best, S., Jiang, J., & Thein, S. L. (2006). Selection of housekeeping
genes for gene expression studies in human reticulocytes using real-
time PCR. BMC Molecular Biology, 7, 33.

Singh, A, Jaiswal, S. K., & Sharma, B. (2013). Low temperature induced
stress and biomolecular imbalances in insects with special reference to
silkworms. Journal of Biochemistry Research, 1, 26-35.

Song, S., Yao, N., Yang, M., Liu, X., Dong, K., Zhao, Q,, ... Jiang, L. (2016).
Exome sequencing reveals genetic differentiation due to high-altitude
adaptation in the Tibetan cashmere goat (Capra hircus). BMC Genomics,
17,122.

Storey, K. B., & Storey, J. M. (2004). Metabolic rate depression in ani-
mals: Transcriptional and translational controls. Biological Reviews, 79,
207-233.

Sun, K., Zhang, Y., D'Alessandro, A., Nemkov, T., Song, A., Wu, H.,, ... Xia,
Y. (2016). Sphingosine-1-phosphate promotes erythrocyte glycolysis
and oxygen release for adaptation to high-altitude hypoxia. Nature
Communications, 7, 12086.

Tang, Q., Huang, W., Guan, J, Jin, L, Che, T., Fu, X,, ... Li, M. (2015).
Transcriptomic analysis provides insight into high-altitude acclimation
in domestic goats. Gene, 567, 208-216.

Tang, P. A, Zhang, Q. L., Xue, H., & Yuan, M. L. (2016). Selection of ref-
erence genes in quantitative real-time PCR of Plodia interpunctella
(Lepidoptera: Pyralidae). Scientia Sinica Vitae, 46, 1201-1209.

Thellin, O., Elmoualij, B., Heinen, E., & Zorzi, W. (2009). A decade of im-
provements in quantification of gene expression and internal standard
selection. Biotechnology Advances, 27, 323-333.

Van Hiel, M. B., Van Wielendaele, P., Temmerman, L., Soest, S. V., Vuerinckx,
K., Huybrechts, R., ... Simonet, G. (2009). Identification and validation
of housekeeping genes in brains of the desert locust Schistocerca gre-
garia under different developmental conditions. BMC Molecular Biology,
10, 56.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Roy, N. V., Paepe, A.
D., Speleman, F. (2002). Accurate normalization of real-time quantita-
tive RT-PCR data by geometric averaging of multiple internal control
genes. Genome Biology, 3, 7.

Wang, Y., Yang, L., Zhou, K., Zhang, Y., Song, Z., He, S. (2015). Evidence
for adaptation to the Tibetan Plateau inferred from Tibetan loach tran-
scriptomes. Genome Biology and Evolution, 7, 2970-2982.

Wu, Y. K., Zou, C., Fu, D. M., Zhang, W. N., Xiao, H. J. (2017). Molecular
characterization of three Hsp90 from Pieris and expression patterns in
response to cold and thermal stress in summer and winter diapause of
Pieris melete. Insect Science, https://doi.org/10.1111/1744-7917.12414

Xiao, W. (2015). The hypoxia signaling pathway and hypoxic adaptation in
fishes. Science China Life Sciences, 58, 148-155.

Xie, F., Sun, G,, Stiller, J. W., & Zhang, B. (2011). Genome-wide functional
analysis of the cotton transcriptome by creating an integrated EST da-
tabase. PLoS ONE, 6, €26980.

Yan, L., Wang, G., & Liu, C. Z. (2006). Number of instars and stadium du-
ration of Gynaephora menyuanensis (Lepidoptera: Lymantriidae) from
Qinghai-Tibetan Plateau in China. Annals of the Entomological Society of
America, 99, 1012-1018.

Yang, C., Pan, H., Noland, J. E., Zhang, D., Zhang, Z., Liu, Y., Zhou, X. (2015).
Selection of reference genes for RT-gPCR analysis in a predatory bio-
logical control agent, Coleomegilla maculata (Coleoptera: Coccinellidae).
Scientific Reports, 5, 18201.

Yang, W., Qi, Y., Bi, K., & Fu, J. (2012). Toward understanding the genetic
basis of adaptation to high-elevation life in poikilothermic species: A
comparative transcriptomic analysis of two ranid frogs, Rana chensin-
ensis and R. kukunoris. BMC Genomics, 13, 588.

Yang, L., Wang, Y., Zhang, Z., & He, S. (2015). Comprehensive transcrip-
tome analysis reveals accelerated genic evolution in a Tibet fish,
Gymnodiptychus pachycheilus. Genome Biology and Evolution, 7,251-261.

Yi, X., Liang, Y., Huerta-Sanchez, E., Jin, X., Cuo, Z. X., Pool, J. E., ... Wang,
J. (2010). Sequencing of 50 human exomes reveals adaptation to high
altitude. Science, 329, 75-78.

Yu, L., Wang, G.-D., Ruan, J., Chen, Y.-B., Yang, C. P, Cao, X, ... Zhang, Y.
P. (2016). Genomic analysis of snub-nosed monkeys (Rhinopithecus)


https://doi.org/10.1111/1744-7917.12414

ZHANG ET AL

identifies genes and processes related to high-altitude adaptation.
Nature Genetics, 48, 947.

Yuan, M.-L., Zhang, Q.-L., Wang, Z.-F., Guo, Z. L., Bao, G. S. (2015). Molecular
phylogeny of grassland caterpillars (Lepidoptera: Lymantriinae:
Gynaephora) endemic to the Qinghai-Tibetan plateau. PLoS ONE, 10,
e0127257.

Yiizbasioglu, A., Onbasilar, i., Kocaefe, C., & Ozgiic, M. (2010). Assessment
of housekeeping genes for use in normalization of real time PCR in
skeletal muscle with chronic degenerative changes. Experimental and
Molecular Pathology, 88, 326-329.

Zhang, S.,An, S., Li, Z., Wu, F,, Yang, Q,, Liu, Y., ... Liu, X. (2014). Identification
and validation of reference genes for normalization of gene expres-
sion analysis using gRT-PCR in Helicoverpa armigera (Lepidoptera:
Noctuidae). Gene, 555, 393-402.

Zhang, Q. L., & Yuan, M. L. (2013). Research status and prospect of grass-
land caterpillars (Lepidoptera: Lymantriidae). Pratacultural Science, 30,
638-646.

Zhang, Q.-L., Zhu, Q.-H., Liao, X., Wang, X. Q., Chen, T., Xu, H. T,, ... Chen,
J. Y. (2016). Selection of reliable reference genes for normalization of
quantitative RT-PCR from different developmental stages and tissues
in amphioxus. Scientific Reports, 6, 37549.

Zhao, D., Zhang, Z., Cease, A., Harrison, J., & Kang, L. (2013). Efficient utiliza-
tion of aerobic metabolism helps Tibetan locusts conquer hypoxia. BMC
Genomics, 14, 631.

Zhou, X., Meng, X., Liu, Z., Chang, J., Wang, B., Li, M., ... Li, M. (2016).
Population genomics reveals low genetic diversity and adaptation

Fcology and Evolution o 9065
& WILEY- L7

to hypoxia in snub-nosed monkeys. Molecular Biology Evolution, 33,
2670-2681.

Zhu, X., Yuan, M., Shakeel, M., Zhang, Y., Wang, S., Wang, X., ... Li, J. (2014).
Selection and evaluation of reference genes for expression analysis
using gRT-PCR in the beet armyworm Spodoptera exigua (Hibner)
(Lepidoptera: Noctuidae). PLoS ONE, 9, e84730.

Zhu, J., Zhang, L., Li, W., Han, S., Yang, W., Qi, L. (2013). Reference gene se-
lection for quantitative real-time PCR normalization in Caragana inter-
media under different abiotic stress conditions. PLoS ONE, 8, e53196.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Zhang L, Zhang Q-L, Wang X-T, Yang
X-Z, Li X-P, Yuan M-L. Selection of reference genes for
gRT-PCR and expression analysis of high-altitude-related
genes in grassland caterpillars (Lepidoptera: Erebidae:
Gynaephora) along an altitude gradient. Ecol Evol. 2017;7:
9054-9065. https://doi.org/10.1002/ece3.3431



https://doi.org/10.1002/ece3.3431

