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Background: Tamarix ramosissima is a desert forest tree species that is widely distributed in the drought-stricken
areas to sustain the fragile ecosystem. Owing to its wide usage in the desert restoration of Asia, it can be used as
an ecophysiological model plant. To obtain reliable and accurate results, a set of reference genes should be
screened before gene expression. However, up to date, systematical evaluation of reference genes has not been
conducted in T. ramosissima.
Results: In this study, we used eigenvalues derived from principal component analysis to identify stable
expressed genes from 72,035 unigenes from diurnal transcriptomes under natural field conditions. With
combined criteria of read counts above 900 and CV of FPKM below 0.3, a total of 7385 unigenes could be
qualified as candidate reference genes in T. ramosissima. By using three statistical algorithm packages, geNorm,
NormFinder, and BestKeeper, the stabilities of these novel reference genes were further compared with a panel
of traditional reference genes. The expression patterns of three aquaporins (AQPs) suggested that at least UBQ
(high expression), EIF4A2 (low expression), and GAPDH (moderate expression) could be qualified as ideal
reference genes in both RT-PCR and RNA-seq analysis of T. ramosissima.
Conclusions: Thisworkwill not only facilitate future studies on gene expression and functional analysis of genetic
resources of desert plants but also improve our understanding of the molecular regulation of water transport in
this plant, which could provide a new clue to further investigate the drought adaptation mechanism of desert
plant species under harsh environments.
How to cite: Yan X, Qian C, Yin X, et al. A whole-transcriptome approach to evaluating reference genes for
quantitative diurnal gene expression studies under natural field in Tamarix ramosissima leaves. Electron J
Biotechnol 2018;35. https://doi.org/10.1016/j.ejbt.2018.08.004.
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1. Introduction

Gene expression analysis is increasingly important in many fields of
biological research. Understanding gene expression patterns is
expected to provide insights into complex regulatory networks and
helps to identify genes that are relevant to new biological processes.
Plants fluctuate diurnally for approximately 24 h under diurnal signals
such as light–dark or temperature cycles with diverse biological
idad Católica de Valparaíso.
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activities and physiological output [1,2]. Most transcripts were
diurnally expressed following those signals in plants. In the dicot
model Arabidopsis thaliana, this number amounts to approximately
80% [3,4,5,6]. In rice, poplar, maize, tomato, and soybean, similar
results were observed [7,8,9,10]. In addition to rhythmic changes,
complex and noise environmental signals also affect gene expression.
Many studies have dissected these signals under artificial constant
conditions to further investigate the contribution of environmental
factors to the molecular mechanism in plants [2,11,12]. However,
many results showed discrepancy with those obtained under natural
field conditions, which is even more serious in transgenic crop
plants [13,14,15,16]. Natural conditions are increasingly taken into
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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consideration to meet the required arguments in modern agriculture
and ecology [17,18].

qPCR is the bestmethod for quantifying gene expression owing to its
simplicity, accuracy, and low cost. To obtain reliable and accurate
expression levels, one or a set of reliable reference genes with low
variation in expression across diverse sample types is a prerequisite
[19,20,21,22,23,24]. Usually, a handful of selected reference genes
such as actin (ACT), elongation factor 1 alpha (EF-1α),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and ubiquitin
(UBQ) are commonly used without any validation. Unfortunately,
these traditional reference genes can exhibit surprisingly high
expression variance in some species or under different environmental
conditions [19,25,26,27,28,29]. Consequently, bias of expression data
occurred, or incorrect conclusions were drawn [30]. Many statistical
methods for analyzing expression variability have been developed,
including geNorm, BestKeeper, and NormFinder [23,31,32], but these
programs can only analyze the expression data from a handful of
selected genes from a small priori set of genes. With the development
of sequence technology, reference genes from a genome-wide
background selected by high-throughput technologies have prevailed.
For example, microarray has been used in A. thaliana, Eucalyptus,
and soybean [26,33,34]; RNA-seq has been used in other plant species
[35,36,37,38]. The genes selected by high-throughput technologies are
generally better than commonly used reference genes after validation
with experiments [39]. At present, with advantages such as fast output,
inexpensive, and minimal variation across technical replicates, RNA-seq
is more attractive than microarray and is more widely used to select
reference genes [21,40,41,42,43].

A large number of studies on systematic validation of reference
genes have been reported in classic plants such as Arabidopsis [26],
rice [44], poplar [45], soybean [46], wheat [47], barley [48], tomato
[49], grape [50], and potato [51]. Some stability evaluation of
orthologous genes of these plants was also reported in nonmodel
plant species [52]. These studies were limited to specific contexts and
generally unsuitable for any context, including any considerable
alteration in different biological samples [19,29]. Thus, selection of a
series of new reference genes on nonmodel plants was widely
developed, for example, in bamboo [53], peach [54], Caragana
intermedia [55], eggplant [56], Mimulus [20], andromonoecious
Taihangia rupestris [22], watermelon [40], lettuce [12], and Reaumuria
songarica [57].

Tamarix ramosissima is a typical halophytic plant. It can sequester
high concentrations of sodium and other salts in their above-ground
tissue and can secrete these concentrated salts through specialized
salt glands to the surface of leaves or shoots [58,59]. It is also a desert
forest tree species widely distributed in the drought-stricken areas,
with annual precipitation less than 200 mm in North China [60]. With
the pursuit to understand the desertification of Asia, the mechanism
by which T. ramosissima adapts to the harsh environment since
millions of years has attracted increasing ecological and physiological
interests in recent years. Some studies have investigated the
relationship between gene expression and water balance in other
species of Tamarix [61,62,63,64,65]. The results may lead to bias
regarding the stability of the reference genes. In addition, studies have
revealed that water from leaves has been regarded as an important
subsidiary to mitigate the deleterious effects of soil water deficits
[66,67,68]; aquaporins (AQPs) in leaves are responsible for absorbing
water from moisture in air at night in Tamarix [65]. On the basis of the
experiments, a diurnal transcriptome of T. ramosissima under natural
field conditions has been profiled to reveal the molecular mechanism
of foliar water uptake. There is an urgent need to develop a set of
candidate reference genes to finely analyze gene expression in
response to water availability [69]. In addition, there is no study to
date on the systematic evaluation of reference genes in T. ramosissima.

In this study, we used eigenvalues derived by using the
mathematical method and principal component analysis (PCA) to
identify stable expressed genes from 72,035 unigenes from diurnal
transcriptomes in T. ramosissima under natural field conditions. With
combined criteria of read counts above 900 and FPKM (fragments per
kilobase per million reads) coefficient of variation (CV) below 0.3, a
total of 7385 unigenes were selected as candidate reference genes in
T. ramosissima. Three statistical algorithm packages, geNorm [31],
NormFinder [23], and BestKeeper [32], were used to compare stability
between a set of novel reference genes from these 7385 unigenes and
a panel of traditional reference. Further validation was quantified on
the expression pattern of three AQPs against three representations of
the reference genes UBQ (high expression), EIF4A2 (low expression),
and GAPDH (moderate expression) with RT-PCR and RNA-seq,
respectively. This work will provide information for future studies
about not only gene expression and functional analysis of the genetic
resources in desert plants but also the molecular regulation of foliar
water uptake in T. ramosissima, which could provide a new clue to us
to understand the genetic mechanism of desert plants in their
adaptation to drought environments.

2. Material and methods

2.1. Ethics statement

T. ramosissima is a desert tree species widely distributed in Jingtai
County, Gansu Province, and other arid regions; it has not been
included in any list of endangered or protected species. Before
collecting the samples, oral permission was obtained from the local
management of forestry after sending introduction letters from the
CAREERI (Cold and Arid Regions Environmental and Engineering
Research Institute, Chinese Academy of Sciences).

2.2. Plant material and cDNA preparation

RNA was extracted from at least 5 g of leaves harvested from one
T. ramosissima plant from 6:00 AM to 24:00 PM on 25 June in 2013,
and it served as samples for both RNA-seq and qPCR. RNA
concentration and integrity were assessed using a NanoDrop Lite
spectrophotometer (Thermo Fisher Scientific, DE). RNA with high
quality isolated from leaves of at least three branches was mixed
equally for replicate experiments.

Part of the RNA sample was used to construct the CDNA library by
using the Illumina HiSeq platform. Expression levels in FPKM were
determined for a total of 72,035 unigenes with a mean length of
831 bp and N50 length of 1494 bp (unpublished data).

Part of the RNA sample was used for RT-PCR analysis. For each
sample, 1 μg of total RNA was reverse transcribed in a 20 μl reaction
volume with oligo(dT) primers, using the RevertAid™ First Strand
cDNA Synthesis Kit (Fermentas/Thermo Fisher Scientific). The cDNAs
were diluted as 1:10 with nuclease-free water and stored at−20°C.

2.3. Reference gene and AQP gene selection

As low-expression genes would make poor qPCR reference genes
owing to the difficulties in detecting and quantifying their expression,
genes with expression levels lower than 5 FPKM in any of the eight
transcriptomes were excluded from further stability analyses.
Eigenvalues derived by using the mathematical method with PAST
software were used to determine the comprehensive value, which
indicated the common expression pattern along time series. Genes
with slight or changed curve during the time series were selected to
meet the requirements of a reference gene. To further support
selection with eigenvalues, read counts and CV of FPKM were
included. Genes with both a mean of read counts above 500 and a CV
below 0.3 were considered as stably expressed [26,52]. According to
nonredundant (Nr) annotation, homologs of the traditional reference
genes used in previous diurnal studies [12,22,70] were also included.



Table 1
RT-PCR primer sequences and annotation information of aquaporin genes.

GeneID Forward primers
(5′–3′)

Reverse primers
(5′–3′)

Gene name Annotation

Unigene046477 GCTTGAGGATGGGAGGACTT TTGATCATAACAGCGCGTGG UBQ Ubiquitin [Arabidopsis thaliana]
Unigene042278 TGCAGAGGAAGCCATGAGAA GACACACCGGTTGCTTTTCT GAPDH Glyceraldehyde-3-phosphate dehydrogenase [Arabidopsis thaliana]
Unigene023196 CACTGAACCCCAAAAGAGCC TTCATCTGTGTTTGCGTGGG ELIF4A2 Eukaryotic initiation factor 4A-2-like [Solanum tuberosum]
Unigene045840 AGGGAGGGAGAGAGAGAAGG CGCTGTTCCTAATGGCTGTC PIP12 Aquaporin PIP12 [Arabidopsis thaliana]
Unigene021922 TTCCCAAGATACCCACACCC GCGGAGTTCATAGCTACCCT PIP21 Aquaporin PIP21 [Arabidopsis thaliana]
Unigene028225 GGGAGAGGGAAAAGGGTCAT ACGCGCCTAGGTGAAGTAAG PIP14 Aquaporin PIP14 [Tamarix sp. ZDY-001908]
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ForAQPgenes, keyword searcheswere carried out for putative protein
encoding sequences annotated as “aquaporin,” “PIP,” “TIP,” “NIP,” “SIP,”
“intrinsic,” “channel,” “transmembrane,” and “nodulin-like” on the
National Center for Biotechnology Information (NCBI) Nr protein
database with notation E-values less than 1e−14. Unique cDNAs from
three AQP genes (PIP12, PIP21, and PIP14) were translated in the
GENSCAN web server (http://genes.mit.edu/GENSCAN.html) to inspect
conserved features such as NPA motifs. In addition, cDNAs with a length
of more than 900 bp and FPKM of more than 500 were also considered.

2.4. qPCR experiments

Primers of each reference gene and AQP genes were designed using
the platform OligoPerfect Designer (Invitrogen), with an optimal
melting temperature of 60°C, optimal GC content of 50%, optimal
primer size of 20 bp, and product size of between 100 and 300 bp
(Table 1). qPCR experiments were performed using qTOWER2.0
(JENA, Germany) with a 20 μl reaction system volume. Each reaction
mixture contained 10 μl of DyNAmo Flash SYBR Green qPCR Kit
Master Mix (Thermo Fisher Scientific), 0.5 μl each of forward and
reverse primers, 0.2 μl of F-402 buffer, and 2 μl of cDNA synthesized
from total RNA. The PCR program involved initial denaturation for
5 min at 95°C, followed by denaturation for 15 s at 95°C, annealing for
30 s at 60°C, and extension for 30 s at 72°C for 40 cycles.

2.5. Statistical analysis

Three different types of Microsoft Excel-based software, geNorm,
NormFinder, and BestKeeper, were used to rank the expression stabilities
Fig. 1. PCA for reference
of reference genes across all experimental sets. The candidate reference
genes were ranked using geNorm according to the expression stability
value M, which was calculated for all reference genes investigated (the
lower the M value, the higher is the expression stability of the gene)
[31]. According to the geNorm program, the reference gene with an M
value below 1.5 is considered to be stably expressed, and a lower M
value represents more stable expression. The NormFinder program is a
Visual Basic application tool for Microsoft Excel used to determine the
expression stabilities of reference genes that ranks all reference gene
candidates according to intra- and inter-group variations and combines
both results into a stability value for each candidate reference gene [32].
According to the stability value for each reference gene, ranking order
was arranged from the smallest to the largest, with the lower stability
value indicating the higher stability. The BestKeeper program identifies
the most stably expressed genes depending on the coefficient of
correlation to the BestKeeper index, which is the geometric mean of the
candidate reference gene. BestKeeper also calculates the standard
deviation (SD) and CV of all candidate reference genes [32]. Genes with
SD N1 are considered unacceptable [71]. Thus, with the BestKeeper
program, the best reference genes should be the most stable ones,
which should have the lowest CV and SD [32]. Genes with an SD [±CP]
value below 1.0 are considered to be stably expressed. The Venn
method was used to overcome data overflow for BestKeeper software.

2.6. Validation of reference genes

To confirm the reliability of the candidate reference genes, the
relative expression profiles of three AQP genes (PIP12, PIP21, and
PIP14) were evaluated against UBQ, GAPHD, and ACT by using RT-qPCR
genes in Tamarix.

http://genes.mit.edu/GENSCAN.html


Fig. 2. Boxplot of 26 candidate reference genes.
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by the 2−ΔΔCT method. Pearson correlation coefficient (PCC) was used
to determine consistency of the reference genes. Comparison of
expression patterns between RT and RNA-seq further validated the
consistency of the genes.

3. Results

3.1. Selection of candidate reference genes

For the diurnal transcriptomes (4:00, 8:00, 12:00, 16:00, 20:00,
and 24:00) in T. ramosissima under natural field conditions,
eigenvalues derived by using the mathematical method were
obtained from 72,035 unigenes with PAST software (Fig. 1). The
common expression pattern showed that eigenvalues derived
from most PCAs accumulated gradually and then declined with a
clear-cut maximum, whereas genes in the PCA1 cluster showed a
slight peak or no peak during the time series, which suggested
that those genes have to meet the requirements of the reference
genes.

Combined with average read counts above 500 and CV b0.3, a total
of 7385 genes from the PCA1 cluster were obtained (Table S1),
including 10 traditional reference genes: Actin (ACT), elongation factor
1-alpha (EF1α), ubiquitin (UBQ), alpha-tubulin (TUA), eukaryotic
initiation factor 4A-2 (EIF4A2), cyclophilin (CYCL), TIP41-like protein
(TIP41), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
Table 2
FPKM for 26 candidate reference genes across time series.

Gene 4 h 8 h 12 h 15 h

ACT 304.79 304.45 310.89 279.78
EF1α 127.81 139.02 128.55 121.62
UBQ11 640.90 873.03 1099.33 762.69
CYPH 980.72 948.16 1095.76 1083.95
TBA 256.56 256.47 272.26 347.41
GAPDH 40.24 43.18 40.41 36.56
TIP41 16.75 17.39 16.16 15.54
DnaJ 33.53 31.98 28.15 27.24
EIF4A2 31.53 29.86 37.61 43.19
H2A 535.87 532.29 466.37 567.09
ADF1 138.50 141.45 141.47 149.25
UFD1 92.05 81.23 81.29 74.31
ISU1 171.26 170.44 143.19 134.37
STR1 52.46 51.62 51.09 48.93
TMM50 47.91 39.98 35.72 38.41
VP321 66.24 60.56 78.10 70.85
ENO3 41.41 39.92 39.44 41.28
CAB39 35.36 32.31 33.84 34.77
TECR 160.20 145.96 154.67 150.58
SMT1 121.17 111.68 112.74 118.13
ACCA 139.82 140.02 135.29 132.76
DCNL1 49.38 49.33 51.39 51.11
KCR1 77.33 79.22 76.65 73.00
SCAM1 78.73 74.48 72.70 77.13
KOR2 92.24 85.51 90.11 88.24
MMK2 47.12 46.64 48.89 48.57
histone H2A (H2A), and DNAJ-like protein (DNAJ). Additionally, six
novel reference genes from [22], including actin-depolymerizing factor
3 (ADF3), ubiquitin fusion degradation protein 1 (UFD1), iron–sulfur
cluster assembly protein (ISP), thiosulfate/3-mercaptopyruvate
sulfurtransferase (THS), transmembrane protein 50 (TMP50), and
vacuolar protein sorting-associated protein 32 (VAP32) were also
evaluated to test their common stability under diurnal natural
field conditions. To find specific novel reference genes in
T. ramosissima, the following top 10 genes with lower CV were also
selected: cytosolic enolase 3 (ENO3), Mo25 family protein isoform 1
(CAB39), very long-chain enoyl-CoA reductase (TECR),
cycloartenol-C-24-methyltransferase (SMT1), Acetyl Co-enzyme a
carboxylase carboxyltransferase alpha subunit (ACCA), DCN1-like
protein 1 (DCNL1), very long-chain 3-oxoacyl-CoA reductase 1 (KCR1),
secretory carrier-associated membrane protein 2-like (SCAM1),
mitogen-activated protein kinase kinase kinase (KOR2), and
mitogen-activated protein kinase (MMK2) (Table S1). In summary, 26
potential candidate reference genes in T. ramosissima were evaluated
(Table 2). The average transcript abundance (FPKM) of each gene
ranged from 16.506 (TIP41) to 1045.969 (CYPH), and the CV value
varied from 0.0285 (ACCA) to 0.2297 (H2A) (Table 2). CYPH, UBQ11,
H2A, ACT, and TBA were expressed relatively high across the time
series (Fig. 2). Further, another 10 novel genes from T. ramosissima
were also listed in the moderate expression group, among which
TECR, SMT1, and ACCA ranked on the top list.
16 h 20 h 22 h 24 h

356.32 276.28 198.73 398.24
150.76 119.65 109.52 151.89
954.11 815.23 536.19 1042.23
1176.56 1077.27 598.15 1407.18
314.78 279.95 387.40 249.43
39.32 37.94 53.46 36.68
16.90 18.41 18.03 12.87
31.74 28.77 42.81 28.76
53.74 37.29 32.67 37.06
424.34 515.42 523.38 734.94
140.63 139.83 132.10 174.65
83.66 89.75 63.59 105.51
198.01 166.54 105.64 179.50
48.87 56.15 44.19 50.79
36.48 46.25 50.13 55.04
70.59 73.17 71.29 85.69
39.06 43.06 38.86 39.88
33.53 35.85 32.73 35.41
152.78 154.84 158.72 152.50
118.29 121.70 111.05 116.65
138.48 138.91 137.46 146.31
49.83 53.97 47.65 50.81
81.60 78.05 76.95 80.20
77.74 75.68 79.59 71.75
83.26 86.38 83.33 87.36
51.24 46.86 46.19 47.14



Fig. 3. Gene expression stability and ranking of 26 reference genes calculated using geNorm. The most stable genes are on the left and the least stable genes are on the right.

52 X. Yan et al. / Electronic Journal of Biotechnology 35 (2018) 48–56
3.2. Expression stability of candidate reference genes with geNorm analysis

Results from geNorm analysis showed that all the top 10 genes have
M values lower than 1.5, which suggested their acceptable stability in
the diurnal expression (Fig. 3). In this study, ACCA, CAB39, SMT1,
DCNL1, and KCR were the top five genes with low M values, which
belonged to the novel specific group from T. ramosissima. Compared to
these five genes, the traditional reference genes, namely, UBQ11, CYPH,
TBA, EIF4A2, and ACT have less stable M values. The stability ranking of
the tested genes was plotted according to the M value shown in Fig. 3.

3.3. NormFinder analysis

By using NormFinder analysis, UFD1was ranked in the first place for
expression stability, followed by ADF1, EF1α, VP321, and ACCA, which
suggested to be the top five stable internal reference genes across the
time series (Table 3). UBQ and CYPH were listed as the least stability
genes, although these two genes had high FPKM, which suggests these
genes can be more detectable and easy perform for RT-PCR.

3.4. BestKeeper analysis

Data of the top 15 genes obtained using three software programs
(CV, geNorm, and NormFinder) were input into Venny 2.1.0 (Fig. 4).
Table 3
Expression stability of the reference genes calculated using NormFinder software.

Gene name Stability value Standard error

ACT 40.633 11.877
EF1α 5.796 7.950
UBQ11 183.410 49.172
CYPH 218.011 58.368
TBA 65.130 18.029
GAPDH 21.712 7.681
TIP41 17.853 7.031
DnaJ 21.060 7.562
EIF4A2 13.968 6.571
H2A 86.558 23.587
ADF1 4.766 8.981
UFD1 2.011 18.425
ISU1 19.055 7.218
STR1 14.675 6.633
TMM50 17.375 6.961
VP321 10.725 6.484
ENO3 16.125 6.794
CAB39 15.349 6.703
TECR 18.819 7.180
SMT1 15.222 6.689
ACCA 13.753 6.554
DCNL1 14.992 6.665
KCR1 14.784 6.644
SCAM1 18.947 7.201
KOR2 15.685 6.741
MMK2 15.277 6.695
Finally, data of 10 candidate genes were entered into BestKeeper
software (Table 4). The stability ranking order of the 10 genes was as
follows: CAB39, ENO3, MMK2, DCNL1, KCR1, STR1, KOR2, ACCA, SMT1,
and ADF1, which suggested little discrepancy with NormFinder
analysis. Further data processing using PCC and regression analysis
(r) showed that ACCA exhibited the lowest correlation with KCR1
(r = 0.845, p-value = 0.008), which could be selected as a less likely
combination reference system.

In summary, ACCA, KCR1, SMT1, andDCNL1 shared on the top rank of
four analysis (CV, geNorm, NormFinder, and BestKeeper), which is a
potential candidate reference gene in T. ramosissima. GAPDH, DnaJ,
H2A, ACT, CYPH, and UBQ11 expression was relatively high; however,
their stability was less than the novel candidate reference genes.

3.5. Reference gene validation

From stability analysis with three software (geNorm, NormFinder,
and BestKeeper), a total of 26 genes were found to be very stable
during the diurnal variation, which was well consistent with the
definition of the internal reference gene. However, from the CV
analysis with past software, UBQ had the highest transcript level,
Fig. 4. Venn diagram using CV geNorm and NormFinder.



Table 4
Expression stability of the reference genes calculated using BestKeeper software.

Score ACCA ADF1 DCNL1 ENO3 KCR1 KOR2 MMK2 SMT1 STR1 VP321

Std. dev. [± CP] 0.02 0.05 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.06
CV [% CP] 1.89 5.32 2.73 2.83 2.44 2.79 2.66 3.00 4.89 6.93

Table 5
Pearson correlation coefficient (PCC) of aquaporin expression against three reference
genes.

PIP12 PIP21 PIP14

PCC GAPDH UBQ PCC GAPDH UBQ PCC GAPDH UBQ

UBQ 0.968
(0.001)

– UBQ 0.968
(0.001)

– UBQ 0.968
(0.001)

–

EIF4A2 0.873
(0.005)

0.942
(0.001)

EIF4A2 0.873
(0.002)

0.942
(0.001)

EIF4A2 0.873
(0.002)

0.942
(0.001)
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GAPDH had a moderate transcript level, and EIF4A2 had the lowest
transcript level. In this study, the expression level of three AQP genes
(PIP12, PIP21, and PIP14) was normalized against three genes (UBQ,
GAPDH, and EIF4A2), respectively, to validate the consistence of
reference genes (Fig. 5). PCC values of the diurnal expression level of
three AQP genes were calculated against UBQ, GAPDH, and EIF4A2,
respectively (Table 5). PCC values showed that the expression level of
the three genes against each reference gene was all consistent, with a
significant p-value (the lowest PCC was 0.841). For further validation,
comparisons between expression data collected by RNA-seq and data
collected by RT-PCR were performed; primer details are listed in
Table 1. The peak of gene expression occurred almost at 10:00 AM,
which is 4 h after the beginning of the light period. At approximately
noon, when the light intensity was very strong, the abundance of
transcripts declined rapidly. A slight second peak was displayed before
dusk. The transcript abundance then decreased slightly to a low level
at approximately 20:00 PM (Fig. 5). This clearly shows that the diurnal
expression pattern of each AQP gene was similar against the three
reference genes.

4. Discussion

Owing to limited genetic and sequence information, most reference
genes used in nonmodel plant species were ortholog genes from the
model plants, mainly from A. thaliana [52]. However, numerous
studies have reported that expression levels of the selected genes
exhibited surprisingly high expression variance in some species
or under different environmental conditions [19,25,26,27,28,29].
Consequently, bias of expression data occurred or incorrect
conclusions were drawn [30]. Before the development of
high-throughput technologies, a handful of genes from a small priori
set of genes were evaluated. With the advantage of RNA-seq, a large
Fig. 5. Diurnal expression pattern compa
amount of gene expression data had been released, and the
assessment of reference genes has been upgraded to the level of
complete genome strategy.

T. ramosissima plays an important role in sustaining the fragile
ecosystems of arid areas. It has been found to be an alleviation of
drought in addition to water being transported from the root in
T. ramosissima under severe drought conditions [65]. To further
investigate the mechanism of adapting to the drought environment,
global transcriptome profiling had been conducted in the field at
multiple time points. However, to reduce the false discovery rate of
high-throughput RNA-seq, the interested genes should be validated
against the RT-PCR method, which needs to investigate a set of stable
reference genes for normalizing gene expression.

In this study,we have identified a large amount of genes (7385)with
slightmodulation using past software, with criteria average read counts
above 500 and CV b0.3 (Table S1). Among them, 10 traditional
reference genes, 10 newly discovered genes, and 6 reference genes
used in Taihangia were included in the modules (Table 2). Although
the average transcript abundance (FPKM) varied heavily, the CV value
did not change much (from 0.0285 to 0.2297). Stability analyses using
geNorm, NormFinder, and BestKeeper also supported that all 26 genes
rison between RT-PCR and RNA-seq.
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were stable and hence be an acceptable choice of reference genes under
diurnal gene expression normalization. Clearly, the ranking order of
individual genes was little different with each software. From geNorm,
the top five stable genes were ACCA, CAB39, SMT1, DCNL1, and KCR,
whereas from NormFinder, the genes were UFD1, ADF1, EF1α, VP321,
and ACCA. This is not unexpected because each program employed
different algorithm packages and analytical procedures. The data of 10
common genes obtained using geNorm and NormFinder by Venn
analysis were applied to BestKeeper software to overcome the
drawback of software.

To validate expression stability of candidate genes, the expression
pattern of three AQP genes was quantified against three
representations of the reference genes UBQ (high expression), EIF4A2
(low expression), and GAPDH (moderate expression) with RT-PCR and
RNA-seq, respectively. The PCC values were all higher than 0.841 with
a significant p-value, which suggested consistence of expression level.
According to Table S1, it is not troublesome to select the most stable
internal reference genes across diurnal studies in the genus Tamarix.

As a halophyte, T. ramosissima grows in broad habitats from low soil
salinity to salt marshes. It can sequester high concentrations of sodium
and other salts in its above-ground tissue and secrete these
concentrated salts through specialized salt glands to the surface of
leaves or shoots [58,59]. Based on another halophyte R. songarica,
which is also a species relative to T. ramosissima, variation in salinity
has little effect on the internal reference gene in different ecotypes
[59]. We also evaluated the expression patterns of the candidate
reference genes in the transcriptomes of the sister species Reaumuria
trigyna under stress [72]. We did not find any internal reference gene
in the list of differentially expressed genes. Thus, we focused on the
diurnal gene expression of T. ramosissima under natural conditions
without considering salt stress and eco- or geotypes.

Although the expression patterns of the three AQP genes in
T. ramosissima were consistent, the expression level for each gene was
apparently higher by RNA-seq than that by the RT-PCR method. In
addition to systematic error from the sequencing concentration of
RNA, water absorption from air moisture at night attributed to the
high expression of AQP genes [65]. As a major channel to control
water content within plant [73,74,75], AQP isoforms direct water
transport by different expression [76,77] under different physiological
and environmental stresses [78]. Much work has focused on the
differential expression from the root or stress response [69,79,80,81,
82,83,84,85]; few papers reported their regulation of foliar water
uptake [86,87]. Previous studies have revealed that PIP21, one of the
isoforms of AQPs was responsible for water uptake through the leaf at
night [65]. In this study, two other genes (PIP12 and PIP14) were
included into the regulation system of foliar water uptake. From
another halophyte, Kochia sieversiana, results showed that some
paralogs of AQPs were regulated by low- or high-salinity stresses,
whereas some were regulated only by low-salinity stress [88].
Considering potassium (K+), one of the important signals of gene
expression involved in ion balance, the water uptake was suggested to
be a complex network. Future studies should consider the mechanism
of osmotic homeostasis in halophytes. Nevertheless, this study
provided some indication with regard to the gene level to support
absorption of moisture from air as a subsidiary to alleviate drought in
arid regions.

5. Conclusion

To our knowledge, this study was the first to systematically analyze
reference genes in T. ramosissima against diurnal oscillations. With the
evaluation of expression stability using past software, geNorm,
Norm-Finder, and BestKeeper, the genes ACCA, KCR1, SMT1, and DCNL1
were ranked as the top 26 genes, which were suggested to be
potential candidate reference genes in T. ramosissima. However, the
genes GAPDH, DnaJ, H2A, ACT, CYPH, and UBQ11 showed relatively
high expression, which made them easier to be detected or quantified
by RT-PCR; their stability was less than that of the novel candidate
reference genes. In addition, we provided a diurnal transcript pattern
of AQPs in the field and referred a possible additional mechanism for
drought adaptation in T. ramosissima through regulating AQPs in
leaves to absorb moisture in the air. This study will speed up
functional analysis of special genetic resources and serve a solid
foundation for study in Tamarix species under natural conditions.
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