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most destructive forest pest in the Qinling Mountains of Shaanxi Province, China. Eight
of the DaAgps belong to three classical aquaporin grades, including the Drosophila
integral protein, the Pyrocoelia rufa integral protein, the entomoglyceroporins and one
that belongs to the unorthodox grade of aquaporin 12-like channels. The DaAgps
were increasingly expressed during different developmental stages and in different larval
tissues, and expression peaked in mid-winter. They were tested under cold conditions
for different lengths of time, and the expression of almost all DaAgps was down
regulated with decreasing temperatures and long-term exposure to cold conditions.
However, when the lowest temperatures were reached, the levels were immediately
upregulated. These genes indicate that cold tolerance can improve through mortality
responses at low temperatures after RNA interference of DaAgps. In our study, we
analyzed the molecular response, expression patterns, and RNA interference of DaAgps
and clarified the crucial role of protective compounds (aquaporins) underlying D. armandi
cold tolerance and provide a new pest control method.
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INTRODUCTION

Bark beetles (Curculionidae: Scolytinae), especially Dendroctonus species have been shown to cause
heavy damage to natural and coniferous forests. The Chinese white pine beetle Dendroctonus
armandi Tsai and Li destroys Pinus armandi Franch and is considered to be the most destructive
forest pest in the Qinling and Bashan Mountains of Shaanxi Province, China (Dai et al., 2014).
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D. armandi directly attacks healthy P. armandi trees over 30 years
of age but has also been shown to indirectly damage host
trees, attracting other pests to the host trees, causing even
greater ecological and economic (Chen and Tang, 2007). The
voltinism of D. armandi in the Qinling and Bashan Mountains
is altitude dependent (Wang et al., 2010). Commonly, there are
two generations per year at altitudes lower than 1,700 m, three
within 2 years from 1,700 to 2,150 m, and only one per year above
2,150 m (Zhao et al., 2017). Furthermore, ambient temperature
decreases with increasing altitude. Therefore, extremely low
temperatures coupled with high altitudes challenge the survival of
insects (Lee, 1989; Kostal and Simek, 2000). In recent years, low
winter temperatures have limited insect population size, activity,
and development with global climate change (Rosenberger et al.,
2017). The ability to survive annual low temperatures could be
a key determinant of insect distribution (Ungerer et al., 1999).
Winter climate can also exert a strong selection pressure on
physiological and behavioral attributes that promote overwinter
survival (Kukal et al., 1991; Lombardero et al., 2000).

Thus, insects exposed to cold during low winter temperatures
have developed diverse behavioral, physiological, and
morphological adaptations (Bale, 2002; Clark and Worland,
2008). These adaptations protect cells from rapid fluctuations
in weather (Kultz, 2003), including the production of protective
compounds, such as heat shock proteins (Kelty and Lee, 2001;
Rinehart et al, 2007; Li and Denlinger, 2008), aquaporins
(AQPs) (Nielsen et al., 2005; Philip et al., 2008; Yi et al,
2011), and polyols (Kostal et al., 2007). The results of these
previous studies suggest that AQPs might contribute to the
cold tolerance of D. armandi because free water would be
transformed into bound water to avoid the extracellular fluid
freezing (Wang et al., 2016a).

Water channel proteins known as AQPs belong to the major
intrinsic protein (MIP) superfamily. Several previous studies
have demonstrated that AQPs are transmembrane proteins
that promote selected solutes and movement of water across
biological membranes (Tsujimoto et al., 2017). AQPs have been
divided into two types, one of which is highly selective for the
passage of water; and the other is involved in the transport of
small neutral solutes (such as glycerol) as well as water, and it
is inhibited by mercuric chloride (Preston et al.,, 1992; Maurel,
1997; Le Cahérec et al., 1996a,b). AQPs are found in all higher
animals and plants, as well as some insects (e.g., the leathopper
Cicadella viridis and the mosquito Aedes aegypti) (Beuron et al.,
1995; Pietrantonio et al., 2000). Recent studies suggest that insect
AQPs are indispensable for cellular water management under
conditions that lead to dehydration and cold stress (Philip et al,,
2008; Xia et al., 2017). However, the physiological and molecular
mechanisms of AQPs underlying tolerance to low temperatures
in bark beetles remains poorly understood.

In the present study, to better understand the biological
significance of AQPs response to cold stress in bark beetles, we
isolated five AQPs from D. armandi and identified them in terms
of phylogenetics, bioinformatics predictions, and expression
patterns. The RNAi analysis also determined that AQPs play
an important role in the response of D. armandi overwintering
larvae to cold conditions.

MATERIALS AND METHODS

Insect Sampling, Preparation, and

Treatments

The larvae of D. armandi were collected from the Huangguan
Forest Farm, Ningxi Forestry Bureau in Shaanxi, China. The
sampling site was on the southern slope of the middle Qinling
Mountains (33° 40’ N, 108° 34’ E) where the dominant conifers
are the infested P. armandi trees, and we collected the larvae
according to the five-point sampling method (Dai et al., 2014).
The overwintering D. armandi larvae used in the experiments
were collected on the 25th of each month between September
2017 and May 2018. Then they were transported to the laboratory
in disposable petri dishes with moist paper and immediately
frozen in liquid nitrogen and stored at -80°C until analysis. The
larvae used for RNAi and the experiments under low temperature
conditions were stored in the dark.

Seven life stages of D. armandi used in the experiment were
collected: egg, larvae, mature larvae that had ceased feeding,
teneral adults with a light body color, emerged adults, and feeding
adults that were invading a new host. Adults were sexed by the
seventh abdominal tergite and external genitalia (Lyon, 1958;
Dai et al., 2014; Zhao et al, 2017; Li et al.,, 2018). We also
dissected the heads, foreguts, midguts, hindguts, and body fat of
overwintering larvae collected in February 2018 for analysis of
expression in tissues.

For testing the DaAqps expression and the larvae mortality
at different low temperatures, the larvae collected in January
2018 were put in a dry electro thermostat (Hangzhou Long Gene
Scientific Instruments Co., Ltd., Zhejiang, China). Individual
larvae were placed in 200 pl perforated Eppendorf PCR tubes
and exposed to seven different temperatures (4, 0, -2, -4, -6, -8,
and -10°C). The difference is that the exposure time points under
different low temperatures in the DaAqps expression experiment
are five (1, 6, 12, 18, and 24 h) and are seven in the mortality
test (0.5, 1, 2, 3, 4, 5, and 6 h). After testing, the samples were
kept at 25°C for 1 h until their body moved when they were
stimulated with tweezers (Atapour and Moharramipour, 2009).
We recorded the mortality at the end of the test, and the larvae
that survived in the expression experiment were used for RT-
qPCR. Twenty larvae were used for each treatment, including
three replicates.

Total RNA Isolation and cDNA Synthesis

Total RNA was isolated from insects using an UNIQ-10 Column
Trizol Total RNA Isolation Kit (Sangon Biotech, Shanghai,
China) according to the manufacturer’s protocol. The integrity
of RNA was verified with 1.0% agarose gels electrophoresis
and quantification by spectrophotometry in a NanoDrop 2000
(Thermo Fisher Scientific, Inc., Pittsburgh, PA, United States).
The purity was considered as the mean of the A260/A280 g/ml
(A260 x dilution factor x 40). First-strand cDNA synthesis with
carried out with the Fast King RT reagent Kit with gDNA Eraser
(Tiangen, China), following the manufacturer’s instructions.
Single-stranded 3’ and 5 RACE ¢DNA was synthesized from
mixed RNA (RNA at different developmental stages, 1 pg)
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using a SMARTer® RACE 5'/3’ Kit (TaKaRa, Dalian, China) per
specification, then stored at ~20°C until analysis.

DaAqgps Amplification and Cloning

The synthesized ¢cDNA was used as a template for the PCR.
Specific primers (Supplementary Table S1) were designed by
Primer Premier 5.0, based on transcriptome dataAQP sequences
of other related species from GenBank. The cDNA amplification
was carried out in a 20 pl reaction mixture containing 1 pl
cDNA (1:4 dilution), 0.25 pm of each primer, 2 x EcoTaq
PCR SuperMix (TransGen, Beijing, China), and sterile water.
Then the PCR was carried out in a C1000 thermocycler (Bio-
Rad, CA, United States) with the following cycling parameters:
initial denaturation for 3 min at 94°C, followed by 30 cycles
of 30 s at 94°C, 30 s at 45-60°C, 1 min at 72°C, and
a final extension for 10 min at 72°C. PCR products were
checked using a 1 x 4S Red Plus Nucleic Acid Stain (Sangong,
Shanghai, China) in 1% agarose gels and a 2K plus DNA marker
(TransGen, Beijing, China) for comparison. PCR amplified
fragments were purified using a Gel Purification Kit (Omega Bio-
Tek, Norcross, GA, United States), and connected with pMDTM
18-T vector (TaKaRa, Dalian, China), then transformed into
DH5a chemically competent Escherichia coli cells (TransGen,
Beijing, China). Transformants (white colonies) were selected
on Amp/LB/Xgal/IPTG plates, using vector-specific primers
(M13-F and M13-R) for positive clones from the PCR. Finally,
high concentration bacterial suspensions of positive clones were
sequenced by Augct Biotech, Beijing, China. Two independent
clones were submitted to minimize potential PCR mutations.
The obtained partial sequences were manually edited with the
DNAMAN software to obtain inserts, which were then blasted
against the NCBI database.

RACE

5’, 3 RACE and Cloning of Full-Length cDNA
Gene-specific primers for 5 and 3’ RACE (Supplementary
Table S1) were designed based on the obtained sequence
fragments. Touchdown PCR was used to improve the
amplification specificity of the 5-UTR and 3’-UTR sequences
(annealing temperatures: 60-50°C). The amplified products were
then subjected to repeat steps as described in the section “DaAqps
amplification and cloning”. The full-length sequence was
determined by assembling the cDNA fragments and the sequence
obtained from the 5 and 3’-RACE PCR. To obtain the full-length
gene, we designed gene-specific primers encompassing the
putative start and stop codons (Supplementary Table S1).

Full-Length cDNA Sequence Analysis and
Comparison

Putative full-length gene sequences were deposited in the
GenBank, and accession numbers are listed in Table 1. The open
reading frames (ORFs) of cDNA gene sequences were obtained
from ORF Finder'.

Uhttps://www.ncbi.nlm.nih.gov/orffinder

TABLE 1 | Blast matches of putative DaAgps.

Gene name Blast matches in gene bank Identify%
Species Gene Accession no.

DaDripv1 Dendroctonus AQP x 1 XP_019764073.1 96
ponderosae

DaDrip_v2 Dendroctonus AQP x 2 XP_019764074.1 96
ponderosae

DaDrip_v3 Dendroctonus AQP x 3 XP_019764075.1 96
ponderosae

DaPrip Dendroctonus AQP x 1 XP_019764042.1 94
ponderosae

DaEglpA1_v1 Dendroctonus AQP x 2 XP_019764160.1 90
ponderosae

DaEglpA1_v2 Dendroctonus AQP x 4  XP_019764163.1 92
ponderosae

DaEglpA1_v3  Dendroctonus AQP x 5  XP_019764165.1 93
ponderosae

DaEglpA2 Dendroctonus AQP XP_019759732.1 97
ponderosae

DaAgpi2L Anoplophora AQP11 XP_018562473.1 57
glabripennis

Molecular mass (kDa) and isoelectric points were computed
using the ProtParam tool” (Li et al., 2018). Signal peptide analysis
was performed using SignalP 4.1°. Glycosylation predictions were
based on Biological Sequence Analysis*. Homologs of D. armandi
(DaAgps) were identified with BlastP in the NCBI database’.
Multiple sequence alignment with secondary structure element
assignment of protein structure was exploited in ESPript®.
TMHMM v. 2.0’ was used to intuitively show topological
and transmembrane domain predictions. The phosphorylation
sites were predicted by NetPhos 2.0°. Sequence alignment and
phylogenetic analysis of DaAqps homologs from many insect
species were carried out in MEGA 5.0 (Tamura et al., 2011).

RT-gPCR

The Roche SYBR green system (Roche Diagnostics GmbH,
Mannheim, Germany) and the CFX-96 real-time PCR Detection
System (Bio-Rad, CA, United States) were employed for RT-
qPCR. We found that CYP4G55 (accession number: JQ855658.1)
and PB-actin (accession number: KJ507199.1) were more stable
than 18S rRNA. Therefore, the expression level of AQPs was
normalized by geometric averaging of these two control genes
(Vandesompele et al., 2002). Specific RT-qPCR primers were
designed in Primer Premier 5.0 based on obtained nucleotide
sequences (Supplementary Table S1). The amplification
efficiency and validity of each gene, relative standard curves
were plotted between the mean values of quantification cycles

Zhttp://web.expasy.org/protparam
3http://www.cbs.dtu.dk/services/Signal P/
*http://www.cbs.dtu.dk/services/
®https://blast.ncbinlm.nih.gov/Blast.cgi
Chttp://espript.ibep.fr/ESPript/cgi- bin/ESPript.cgi
http://www.cbs.dtu.dk/services/ TMHMM/
Shttp://www.cbs.dtu.dk/services/NetPhos/
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at different dilutions (1.0, 10-1, 10-2, 10-3, and 10-4) of
cDNA, and the efficiency of the primers was estimated to be
100 £ 5%. R2 values were used to directly evaluate the PCR
validation and were >0.95. Furthermore, a melting curve
reaction was used to estimate their specificity. The amplification
efficiency of primers was computed using the PCR reactions,
which were carried out in a 20 pl mixture containing 10 .l
of 2 x SYBR Premix Ex Taq (Roche Diagnostics GmbH,
Mannheim, Germany), 3 pl of ¢cDNA (diluted four times),
0.8 pl of each primer, and 5.4 pl of nuclease-free water. The
three-step thermocycling conditions used were as follows: 95°C
for 10 min, followed by 40 cycles of 95°C for 10 s, annealing
temperature of DaAqps each pair of primers for 10 s, 72°C
for 20 s; melting curve analysis at 95°C for 10 s, 65°C to 95°C
in increments of 0.55°C for 5 s. Three biological and three
technical replicates were included to ensure reproducibility.
Relative expression of DaAqps was determined using the
2~ AACt method (Livak and Schmittgen, 2001; Yuan et al., 2007;
Dai et al., 2014).

RNAi

The dsRNA Synthesis and Injection

The T7 Ribo-MAX™ Express RNAi System (Promega, Madison,
MI, United States) was used for the composition of dsRNA.
RNAI primers (Supplementary Table S1) were designed based
on the full-length DaAqps. The final dsRNA products (diluted to
1000 ng/pl in diethyl pyrocarbonate (DEPC)-treated water) were
stored at -80°C and used within 6 months.

Before injection, D. armandi larvae were placed in an ice
bath for 10 min. The larvae were immobilized on an agarose
plate using manual forceps (Wang et al., 2016b). Afterward, each
D. armandi larvae was injected with 0.05 1l DEPC treated water
or dsRNA solution (200 ng/jLl), using Hamilton Microliter™
syringes with 32 G sharp-point needles (Hamilton, Bonaduz,
Switzerland) (Chen et al., 2010; Tian et al., 2012; Choi et al.,
2014). The untreated larvae were used as the control group for the
experiment. Each treatment group contained 80 larvae. Following
injections, the larvae were kept at 4°C in a refrigerator. Nine
larvae were removed at different time intervals (24, 48, and 72 h)
from each treatment group and frozen in liquid nitrogen for
storage at —80°C until RT-qPCR analysis.

Low-Temperature Resistance Test

Larvae were injected after 72 h, and then left at room temperature
for 1 h. The larvae that did not move were considered to be dead
(Ma et al., 2006). Larval survival and mortality were tested under
the treatments and control conditions for 1 h to determine the
responses to low temperature (4, 0, -2, -4, -6, -8, and -10°C).
The test included three biological replicates.

Statistical Analysis

Data from RT-qPCR and mortality at low temperature were
analyzed with SPSS 19.0 (IBM, Chicago, IL, United States).
Significant differences between treatments in DaAqps mRNA
levels and mortality were calculated using an ANOVA (p < 0.05),
and then the results were adjusted using a Duncan’s multiple-
comparison test. Graphs were plotted in Prism 6.0 (GraphPad

Software, CA, United States) and OriginPro 2017 (Origin ECN,
Melbourne, VIC, Australia).

RESULTS

DaAgp Sequences and Bioinformatics
Analysis

Identification of Aquaporin Genes

In total, we identified nine sequences that were corresponded to
the AQPs from five D. armandi transcriptomes. The full-length
AQP gene sequences shared the highest identity (90-97%) with
the bark beetle D. ponderosae, except for DaAqp12L (Table 1),
which shared 57% identity with AQP11 from the Asian long-
horned beetle Anoplophora glabripennis.

Sequence Characteristics

We identified three N-terminal isoforms of Drosophila integral
protein (Drip) for D. armandi (DaDrip) (variants 1, 2, and
3) by 5 RACE PCR. Each DaDrip CDS encoded 254, 249,
and 245 amino acids, respectively (Table 2). Pyrocoelia rufa
integral protein (Prip) for D. armandi (DaPrip) consisted of
an 828-bp CDS that encoded 275 amino acids, with molecular
weights (MW) and isoelectric points (IP) of 28.967 kDa and
7.75, respectively. D. armandi also contained the Eglps subfamily
of clade A (DaEglpA) (Ekert et al, 2016), and we identified
two unique DaEglpAs by gene cloning. DaEglpA1l contained the
three isoforms, variants 1, 2, and 3, which encoded 954, 783
and 762 amino acids, respectively. MW and IP of DaEglpA2
were 26.438 kDa and 8.26, respectively (Table 2). DaAqp12L is
in a different subfamily from D. armandi with 870-bp CDS and
MW of 31.765 kDa.

DaDrip and DaPrip had two Asn-Pro-Ala (NPA) motifs
like the other members of the AQP superfamily MIP (Murata
et al., 2000). While DaEglpAl and DaEglpA2 had one NPA
motif, the other motif comprised Asn-Thr-Ala and Asn-Pro-
Ile, respectively (Figure 1). In particular, DaAqp12L presented
two NPA motifs similar to other insect AQPs, but they were
different in other subfamilies (Campbell et al, 2008). An
NPA motif of DaAqpl2L was Cys-Pro-Tyr, and the other

TABLE 2 | Physicochemical properties of DaAgp sequences.

Gene name  Accession Full- ORF? size Mwsa P2
no. length (bp) (aa/bp) (KDa)
DaDrip_v1 MH579720 1113 254/765 27.054 6.03
DaDrip_v2 MH579721 1280 249/750 26.438 6.03
DaDrip_v3 MH579722 1185 245/738 25.994 6.03
DaPrip MH579719 1220 275/828 28.967 7.75
DaEglpA1_vl  MH579723 1341 317/954 34.904 7.10
DaEglpA1_v2  MH579724 1127 260/783 28.323 5.88
DaEglpA1_v3  MH579725 1087 253/762 27.417 6.04
DaEgIpA2 MH579726 1337 271/816 26.438 8.26
DaAgp12L MH579727 948 289/870 31.765 8.22

280RF, open reading frame; IR, isoelectric point; MW, molecular weight, predicted
by ORF Finder and Signal P 4.1 Server.
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FIGURE 1 | Multiple sequence alignment and secondary structure element assignment. The alignment included AQP genes from Dendroctonus armandi and Rattus
norvegicus AQP4. NPA motifs are shown with black boxes and residues that correspond to the ar/R constriction site are shown as stars. A predicted mercury
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was like that of the AQPs (Figure 1). The four residues
comprised the ar/R selectivity filter (Phe, His, Ala, Ser, Asn,
or Arg) which is conserved in all DaAqp-translated sequences,
except for that of DaAqpl2L (Figure 1). Especially for
DaEglpAl_v3, which has an N-palmitoyl cysteine in position
31 (Figure 1). All DaAgps have O-glycosylation in different
positions but do not have C-glycosylation (Table 3). In
addition, we predicted 6-7 transmembrane topology domains
in total and many phosphorylation sites in all DaAqp
genes (Table 3).

Phylogenetic Analysis

The maximum likelihood method was used in MEGA 5.0
for the phylogenetic analysis of DaAqps and other arthropod
AQPs (Figure 2). Recently, invertebrate AQPs were grouped
into six major subfamilies: the big brain cation channel
proteins, Drip, Prip, Eglps, the distantly related Aqpl2L,
and Glps (Kambara et al., 2009; Goto et al., 2011; Stavang
et al, 2015; Ekert et al, 2016). Phylogenetic analysis of
full-length DaAqps with 43 other invertebrate AQPs from
GenBank showed that DaAqp genes were separated into
four distinct subfamilies: Drip, Prip, EglpA, and Aqpl2L
(Figure 2). DaAqps not only have single copies of the Drip,
Prip, and Aqp12L subfamilies, but also have duplicated members
of EglpA (DaEglpAl and DaEglpA2). For DaAgps, there
were three isoforms of Drip (DaDrip_vl, DaDrip_v2, and
DaDrip_v3), and of EglpAl (DaEglpAl_vl, DaEglpAl v2,
and DaEglpAl v3), which have the alternatively spliced
N-terminal domain.

Expression Patterns of DaAqps

Expression of DaAqgps in Different Developmental
Stages and Tissues

DaAgps were expressed in all developmental stages of D. armandi
and were highly expressed in feeding adults and larvae (both
young and mature larvae) but were less abundant in the other
stages. Furthermore, we found that DaAqps expression in females

was evidently higher than that in males, except for DaEglpAl_v1
and DaAqp12L (Figure 3).

All DaAqps were expressed at different levels across multiple
tissues. Except for DaDrip_v3, all other AQPs were highly
expressed in the fat body, and DaEglpAl v3 expression was
predominant in this tissue. The highest expression of DaDrip_v3
was observed in the foregut. In the hindgut, only DaDrip_v1
was significantly expressed. All DaDrip and DaEglpA were not
abundant in the head. In the midgut, DaDrip_v1 was highly
expressed, while DaEglpA2 and DaAqp12L were only expressed
at low levels. DaPrip, DaEglpA2, and DaAqpl2L, all exhibited
much lower expression in the digestive tract including the
foregut, midgut, and hindgut (Figure 4).

Expression of DaAgps in Different Seasons

Real-time PCR analysis was used to detect the transcript
levels of DaAqps in different seasons from September 2017 to
May 2018 (Figure 5). The level of DaAqps was upregulated
in from fall to mid-winter (October to January). Significant
downregulation of DaAqps was observed in spring. Apart from
DaEglpAl_vl and DaAqpl2L, almost all DaAqps exhibited
peak expression in mid-winter after a low expression in early
winter. All other AQPs showed a lower expression in late-
winter than in early spring except DaAqpl2L (Figure 5).
These results indicated that DaAqps were highly expressed in
overwintering insects.

Expression Analysis of DaAgps Under Low
Temperatures

We found that DaAqps expression diversified when larvae were
exposed to cold conditions (Figure 6).

At 4°C, DaDrips expression was upregulated at 1, 6, 12, 18,
and 24 h. Conversely, DaDrip expression was downregulated at
-2°C. Also, DaDrip_v1 expression was highly up-regulated from
-4 to -10°C, and DaDrip_v2 expression was highly up-regulated
from -6 to —-10°C. DaDrip_v3 was not highly expressed at most
temperatures, however, it was highly expressed when larvae had

TABLE 3 | Prediction of transmembrane topology, phosphorylation sites and glycosylation for DaAgp sequences.

Protein name The predicted transmembrane helices?

Predicted phosphorylation sites Glycosylation predictions

Number Consensus position The number of residues Total NP o°
N-terminus C-terminus Serine Threonine Tyrosine

DaDrip_v1 6 Inside Inside 10 5 2 17 HINPAVTIS Ser201,Ser211
DaDrip_v2 6 Inside Inside 11 6 2 19 HINPAVTIS Ser206,Ser196
DaDrip_v3 6 Inside Inside 11 5 2 18 HINPAVTIS Ser202,Ser192
DaPrip 6 Inside Inside 5 1 10 HLNPAVTIG Ser199
DaEglpA1_v1 6 Inside Inside 8 12 1 21 HLNPAVTLS Ser4d5
DaEglpA1_v2 6 Inside Inside 6 11 0 17 HLNPAVTLS -
DaEglpA1_v3 6 Inside Inside 6 9 0 15 HLNPAVTLS -
DaEglpA2 6 Inside Inside 7 3 0 10 - Thr151
DaAgp12L 7 Outside Inside 11 10 3 24 - Ser62

aThe amino and carboxylterminal ends of DaAgp sequences were predicted to be either intracellular or extracellular based on consensus positions. bN-glycosy/aﬁon.

cO-glycosylation. ?No result.
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FIGURE 2 | Phylogenetic analysis and classification of DaAqgps. The phylogenetic tree analysis of DaAqps used the Maximum Likelihood method by using the amino
acidic substitution model WAG++G+I+F122 in MEGA5.0. The bootstrap consensus tree inferred from 1000 replicates. The analysis concerned 52 amino acid
sequences and DaAgps were marked with insect images. Representatives from four major arthropod subfamilies (Drips, Prips, Eglps, and Agp12L) are shown.
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FIGURE 3 | Relative mRNA expression levels of DaAqps in different developmental stages. The relative expression levels were normalized with actin and CYP4G55
using the expression levels in the egg for calibration. The standard errors of the means of three biological replicates are represented by error bars. Significant
differences between development stages DaAqgps are marked with letters (o < 0.05, one-way ANOVA). All values are mean + SE, n = 3. E, egg; L, larvae; ML,

Devolepmental stages

exposed to 0°C for 6 h. In other words, DaDrips expression
increased with decreasing temperature until being exposed to
-10°C for 24 h (Figure 6).

The expression of DaPrip exhibited a similar trend to that of
DaDrips at 4°C, and it was almost the same at different time
points. Initially, expression decreased at 0 and -2°C, and then
increased from -4 to -8°C. Finally, the level of DaPrip expression
decreased again at -10°C (Figure 6).

DaEglpA expression responded in different ways when
exposed to cold temperatures for different periods of time.
From 0 to -8°C, DaEglpAl vl and DaEglpA2 expression
initially decreased and then increased with decreasing
temperature, and their expression continuously decreased
at -10°C. Conversely, the expression of DaEglpA1_v3 decreased
from 4°C to -4°C, and then was highly up-regulated at -6
and -4°C. DaEglpAl_v2 was not highly expressed at most
temperatures, however, it was highly expressed when the
larvae were at -4°C between 1 and 6 h. Consistently, the

expression of the three DaEglpAls was all downregulated at
-10°C (Figure 6).

DaAqpl2L expression exhibited a similar trend to that
observed in DaDrip_v1. The high expression of DaAqp12L was
observed at 4°C at all time points, and the lowest expression
was observed at -2°C after 6 h. From -4 to -10°C, the level of
DaAqpl2L expression gradually decreased but was more highly
expressed than it was at -2°C (Figure 6).

In general, among the different times tested under cold
conditions, the expression of DaAqps decreased at lower
temperatures until a critical temperature was reached,
at which point they increased before decreasing again. In
addition, the expression of DaEglpAls expressions was lower
throughout the experiment.

Mortality at Low Temperature
The ability of overwintering D. armandi larvae to survive
at low temperatures improved in January (Figure 7).
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FIGURE 4 | Relative expression levels of DaAqgps in different tissues from larvae collected in February 2018. The relative expression levels were normalized with actin
and CYP4G55 using the expression levels in the head for calibration. The standard errors of the means of three biological replicates are represented by error bars.
Significant differences between tissue DaAgps are marked with letters (o < 0.05, one-way ANOVA). All values are mean + SE, n = 3. H, head; FG, foregut; MG,

In January, the larvae could tolerate temperatures of -10°C for
6 h, but mortality was 33.33%. It was noted that the lower
the temperature at longer durations, the higher the observed
mortality. However, mortality at -8°C was higher than -10°C
after 6 h (Figure 7). Our results confirm a higher cold tolerance
of larvae because they were able to survive when exposed to
low temperatures, and when the temperature is low enough, the
mortality rate drops.

Efficiency Analysis of RNAi on DaAqps
Effect of dsRNA Treatment on DaAqps Transcript
Level

The relative expression level of DaAqps peaked in January
2018 (Figure 5). Therefore, we composed the dsRNA and
injected it into the larvae in January to study the influence
of RNAi on mortality. As shown in Figure 8, injection of
dsRNA significantly decreased target gene expression. There were
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significant differences among the non-injected, water-injected
and dsRNA-injected groups at 24, 48, and 72 h after dsRNA
injection. DaAqps expression in the dsRNA-injected groups was
down-regulated after 72 h.

Effect of dsRNA Treatment on Mortality Under Low
Temperatures

We tested the responses of dsRNA-injected, water-injected,
and non-injected larvae to low temperature by mortality

analysis. Mortality changed significantly with exposure to
different low temperatures for different durations (Figure 7).
We selected 1 h of exposure between 4 and -10°C to
detect the effect of dsRNA treatment. After cold stress, the
mortality of the dsRNA-treated larvae was higher than that
of the water-injected and non-injected controls (Figure 9).
An evident increase in mortality occurred when the larvae
were injected with dsRNA from -6 to -10°C, except for
DaEglpA2 (Figure 9).
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FIGURE 7 | Mortality of D. armandi larvae at low temperatures. The larvae
were treated at low temperatures (4, 0, -2, -4, -6, -8 and —10°C) for different
time periods (0.5, 1, 2, 3, 4, 5, and 6 h) in January 2018.

DISCUSSION

Insect AQPs are essential for homeostasis because they regulate
water movement. For example, AQPs are involved in desiccation
and cold tolerance in gall flies, Diptera fergusoninidae (Philip
et al, 2008, 2011), diuresis in mosquitoes (Drake et al,
2010; Liu et al., 2011), and heat tolerance and intrauterine
lactation in Tsetse flies (Benoit et al., 2014). Insects have
multiple functional AQPs and based on other systems these
proteins probably play diverse physiological roles (Campbell
et al., 2008; Gomes et al., 2009). However, comprehensive
molecular and functional characterization of most insect
AQPs is regarded as their initial identification. For example,
Drosophila melanogaster has eight AQPs, but only two have been
functionally described (Yool and Weinstein, 2002; Kaufmann
et al., 2005). Furthermore, biochemical characterization of AQPs
in mosquitoes is not yet complete, and the roles of these genes
are yet to be phenotypically defined. To better understand
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marked with letters (p < 0.05, one-way ANOVA). All values are mean + SE, n = 3.

the biological significance of AQP response to cold stress in
bark beetles, we structurally and functionally identified some
AQPs gene sequences.

Nine full-length genes were cloned from D. armandi. In
total, five AQPs (DaDrip, DaPrip, DaEglpAl, DaEglpA2, and
DaAqpl2L) were determined with DaDrip and DaEglpAl
with three isoforms each. The sequence characteristics of
DaAqps were similar to those of AQPs in other species.
Two standard NPA motifs along with residues (the ar/R
constriction site) were critical for traversing the AQP channel
to determine the selectivity of solutes (Sui et al., 2001; Beitz
et al, 2006). The residues form the narrowest restriction
point and, similar to the AQP water channel, and it is only
slightly larger than the size of a single water molecule (Sui
et al., 2001; Beitz et al., 2006; Ho et al, 2009). It was
found that residues participated in defining solute permeability
and additionally influence the permeation pathways in the
AQP channel (Wallace et al, 2012). It is possible that
mature proteins may not have been exposed to glycosylation

machinery because DaAqps lack a signal peptide. However,
they have 6-7 transmembrane topology domains and many
phosphorylation sites that also fit the pattern known for
other members of MIP (Fabrick et al, 2014). In general,
DaAqps sequence characteristics all conform to the typical
AQP, which is found in different arthropod subfamilies
(Campbell et al., 2008).

The phylogenetic alignments of DaAqps with other
arthropod representatives were used to classify four subfamilies
of arthropod AQPs, including two previously described
(Drip and Prip) (Campbell et al, 2008), and two new
subfamilies (Eglps and Aqpl2L). Two functional classes
of AQPs have previously been characterized within four
phylogenetic subfamilies, including water-specific AQPs
and Glps (Echevarria et al., 2001; Shakesby et al, 2009;
Mathew et al, 2011). In DaAgqps, the arthropod Drip
subfamily contains a number of water-specific AQPs that
generally improve fluid homeostasis by moving water through
tissues to conserve osmotic potential (Campbell et al., 2008;
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Mathew et al.,, 2011). According to two conserved AQP motifs
and sequence similarity (Figures 1, 2), two O-glycosylation
and the predicted transmembrane domain (Table 3), and the
three isoforms are water-specific AQPs in the Drip subfamily
(Kaufmann et al, 2005). DaPrip belongs to the arthropod
Prip subfamily with diverse physiological functions, such as
water recycling for the cryptonephric rectal complex (Azuma
et al, 2012), hydration and dehydration (Kikawada et al,,
2008), and water homeostasis during oogenesis (Herraiz
et al, 2011). DaEglpAl and DaEglpA2 belong to the Eglp
subfamily, which has a multifunctional transport channel,

that of the Glps. They are important for water homeostasis
in the formation of body fat (Kikawada etal, 2008), urine
(Echevarria et al.,, 2001), water or urea excretion, homeostasis
in the midgut and Malpighian tubules (Kataoka et al,
2009), and osmoregulation in aphids (Wallace et al, 2012).
DaAqpl2L is placed in the new subfamily Aqpl2L. They
share similarity with “S-aquaporins” deviating from the other
AQP subfamilies (Nozaki et al., 2008; Wallace et al., 2012;
Calvanese et al., 2013).

The levels of DaAqps transcripts differed through the
developmental stages of D. armandi (Figure 3). Previous studies
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have also reported similar trends in other arthropods and
found that the highest expression of CsDrip1 (Chilo suppressalis)
was observed in the third instar larvae (Lu et al., 2018).
RsAQP1 (Rhipicephalus sanguineus) mRNA transcripts have
been observed in unfed larvae and adults in ticks (Balla
et al, 2009), and louse AQPs were observed to be highly
expressed in adults (Stavang et al., 2015). These findings support
that AQPs play key roles in insect response to cold stress
because it is the mature larvae that overwinter. In our study,
DaAqp expression was found to be at its lowest during the
egg stage (Figure 3), which disagrees with a previous study
that detected high levels of LhAQP1, 3, and 4 transcripts
in eggs of Lygus hesperus (Fabrick et al., 2014). However,
in R. sanguineus, no RsAQPI expression could be detected
in the embryos. Therefore, these results indicate that water
transport is not necessarily required in the egg stage (Balla
et al., 2009). DaAqps were more abundant in adult females
than males, which is in agreement with the results of a
previous study regarding AgDripl of the mosquito Anopheles
gambiae (Liu et al.,, 2011). We speculated that high expression
in females might be connected with storing energy to invade
host trees. Furthermore, DaAqps were also at higher levels
in adults compared to those in pupae (Figure 3), and the
results of the previous study on C. suppressalis suggested
that CsDripl expression might be related to reproduction
(Lu et al, 2018).

Levels of DaAqp transcripts varied in D. armandi larval
tissues (Figure 4). Except for DaDrip_v3, AQPs were most
present in the body fat, which is one of the most cold-
tolerant tissues because glycerol accumulates in overwintering
larvae (Izumi et al, 2006, 2007). The body fat actively
participates in the exchange of metabolites and solutes with
hemolymph (Wallace et al., 2012). However, low abundance
was also observed in the fat body of several species (Liu
et al, 2011; Philip et al, 2011). DaPrip and DaEglpAl_vl
were more highly expressed in the hindgut than other
tissues of the digestive tract, which is consistent with the
results observed for CsDrip185 (Figure 4). Interestingly,
DaEglpA2, DaDrip_v3, DaEglpAl v2, DaEglpAl v3, and
DaAgpl2L were more highly expressed in the foregut,
where the AQP gene has been expressed in other insects
such as Coptotermes formosanus (Kambara et al, 2009).
DaDrip_vl and DaDrip_v2 transcripts were expressed in
the midgut, suggesting a role in water absorbance from
food (Kambara et al, 2009) (Figure 4). We speculate
that DaAqps may play a role not only in water transport
processes in the body fat but also in water recycling in the
digestive tract.

The expression of DaAqps peaked in mid-winter (Figure 5),
following an early winter (December), low point between
October and January. We inferred that the low expression
in early winter might be in preparation for the coming cold
stress in mid-winter. In addition, there was a wider range of
DaAqps expression in mid-winter 2017 than in early spring
2018, and the expression of all AQPs was down-regulated
in late spring (Figure 5). This finding might provide a
basis that AQPs play a crucial role during the overwintering

period because they maintained water homeostasis at low
temperatures. Among the different test times under cold
conditions (Figure 6), trends in DaAqps expression were like
a valley, in that expression levels for almost all DaAqps
decreased at lower temperatures until a critical temperature
threshold but then increased for a time before decreasing again.
We also found that the expression levels of DaDrip_v3 and
DaEglpAl_v2 were different from those of other AQPs, and
their expression was not conspicuous under low temperatures.
This indicates that they may not participate in water transport
during winter. Based on all of our results, we suspected that
other AQPs may be present in D. armandi and could be
coordinated to tolerate low-temperature stress conditions. Some
species exhibited similar trends under extreme temperatures
such as C. suppressalis, in which the CsDripl transcript
was significantly down-regulated under low-temperature stress
(Luetal., 2018).

According to the expression level of each month in
the D. armandi larvae, we selected January to measure
mortality. We observed higher cold tolerance in larvae
based on their greater ability to survive when exposed
to low temperatures (Figure 7). It was also verified in
Monochamus alternatus (Ma et al., 2006) and D. melanogaster
(Yi et al., 2007).

The importance of DaAqps for cold tolerance capacity
of overwintering larvae was further confirmed by our
RNAi experiment. RNAi of AQPs was successful in that it
could be used as a functional genomic tool in D. armandi
(Figure 8). This effect was also reported on the RNAi of
the vitellogenin gene in adult honeybees Apis mellifera
(Drake et al, 2010). We examined the mortality of water-
injected, dsRNA-injected, and non-injected D. armandi
larvae exposed to low temperatures for 1 h (Figure 9). The
low-temperature mortality was significantly lower in the
two controls than in the dsRNA-treated larvae. Therefore,
silencing the target genes DaAqps not only suppressed
their expression levels but also led to increased mortality
due to cold stress, affecting the cold-tolerance capacity
of larvae. This result agrees with those from previous
studies on other species, such as A. aegypti, which has
six putative AQPs and RNAi was used to show that three
of these have apparent roles in the Malpighian tubules
(Drake et al., 2010).

Water homeostasis is a critical function for insects, especially
those suffering from extreme environmental conditions such as
drought or cold stress. Water channel proteins are important
for improving osmoregulation and reaching equilibrium of
internal water and water lost to the environment. AQP has
been previously studied in many plants and animals, but it
is not well known in bark beetles. Therefore, in the present
study we used molecular and physiological methods to clarify
the identification of DaAqps and their important roles in cold
tolerance. Although our results do not completely elucidate
insect overwintering behaviors or the cold-tolerance strategies
in D. armandi, they may act as a foundation for future
studies and provide novel insights for developing new pest
control methods.

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 967


https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Fuetal.

Aquaporins in Overwintering Larvae of Dendroctonus armandi

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the Supplementary Files.

AUTHOR CONTRIBUTIONS

DF, LD, and HC designed the experiments and revised the
manuscript. DE HG, YS, and BL performed the experiments. DF
analyzed the data and drafted the manuscript. All authors read
and approved the manuscript for final submission.

FUNDING

The financial support received from the National Natural
Science Foundation of China (31670658) and the Natural

REFERENCES

Atapour, M., and Moharramipour, S. (2009). Changes of cold hardiness,
supercooling capacity, and major cryoprotectants in overwintering larvae of
Chilo suppressalis (Lepidoptera: Pyralidea). Environ. Entomol. 38, 260-265. doi:
10.1603/022.038.0132

Azuma, M., Nagae, T., Maruyama, M., Kataoka, N., and Miyake, S. (2012). Two
water-specific aquaporins at the apical and basal plasma membranes of insect
epithelia: molecular basis for water recycling through the cryptonephric rectal
complex of lepidopteran larvae. J. Insect Physiol. 58, 523-533. doi: 10.1016/j.
jinsphys.2012.01.007

Bale, J. S. (2002). Insects and low temperatures: from molecular biology to
distributions and abundance. Philos. Trans. R. Soc. Lond. B Biol. Sci. 357,
849-861. doi: 10.1098/rstb.2002.1074

Balla, A., Campbella, E. M., Jacoba, J., Hopplerb, S., and Bowman, A. S. (2009).
Identification, functional characterization and expression patterns of a water-
specific aquaporin in the brown dogtick, Rhipicehalus sanguineus. Insect
Biochem. Mol. Biol. 39, 105-112. doi: 10.1016/j.ibmb.2008.10.006

Beitz, E., Wu, B., Holm, L. M., Schultz, J. E., and Zeuthen, T. (2006). Point
mutations in the aromatic/arginine region in aquaporin 1 allow passage of urea,
glycerol, ammonia, and protons. Proc. Natl. Acad. Sci. U.S.A. 103, 269-274.
doi: 10.1073/pnas.0507225103

Benoit, J. B., Hansen, L. A., Attardo, G. M., Michalkova, V., Mireji, P. O., Bargul,
J. L., etal. (2014). Aquaporins are critical for provision of water during lactation
and intrauterine progeny hydration to maintain tsetse fly reproductive success.
PLoS. Negl. Trop. Dis. 8:¢2517. doi: 10.1371/journal.pntd.0002517

Beuron, F., Le Cahérec, F., Guillam, M. T., Cavalier, A., Garret, A., Tassan, J. P.,
etal. (1995). Structural analysis of a MIP family protein from the digestive tract
of Cicadella viridis. ]. Biol. Chem. 270, 17414-17422. doi: 10.1074/jbc.270.29.
17414

Calvanese, L., Pellegrini-Calace, M., and Oliva, R. (2013). In silico study of human
aquaporin AQP11 and AQP12 channels. Protein Sci. 22, 455-466. doi: 10.1002/
pro.2227

Campbell, E. M., Ball, A., Hoppler, S., and Bowman, A. S. (2008). Invertebrate
aquaporins: a review. J. Comp. Physiol. B 178, 935-955. doi: 10.1007/s00360-
008-0288-2

Chen, H., and Tang, M. (2007). Spatial and temporal dynamics of bark beetles in
Chinese white pine in Qinling Mountains of Shaanxi Province. China. Environ.
Entomol. 36, 1124-1130. doi: 10.1093/ee/36.5.1124

Chen, J., Zhang, D., Yao, Q., Zhang, J., Dong, X., Tian, H., et al. (2010). Feeding-
based RNA interference of a trehalose phosphate synthase gene in the brown
planthopper, Nilaparvata lugens. Insect Mol. Biol. 19, 777-786. doi: 10.1111/j.
1365-2583.2010.01038.x

Choi, B. G., Hepat, R., and Kim, Y. (2014). RNA interference of a heat shock
protein, Hsp70, loses its protection role in indirect chilling injury to the beet

Science Basic Research Plan in Shaanxi Province of
China (2018JQ3055).
ACKNOWLEDGMENTS

We acknowledge support with respect to collection of
insects from Huangguan Forest Farm of Ningxi Forestry
Bureau, Shaanxi, China.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2019.00967/full#supplementary-material

armyworm, Spodoptera exigua. Comp. Biochem. Physiol. A Mol. Integr. Physiol.
168, 90-95. doi: 10.1016/j.cbpa.2013.11.011

Clark, M. S., and Worland, M. R. (2008). How insects survive the cold: molecular
mechanisms are view. ] Comp. Physiol. B Biochem. Syst. Environ. Physiol. 178,
917-933. doi: 10.1007/s00360-008-0286-4

Dai, L., Wang, C., Zhang, X., Yu, J., Zhang, R., and Chen, H. (2014). Two CYP4
genes of the Chinese white pine beetle, Dendroctonus armandi (Curculionidae:
Scolytinae), and their transcript levels under di-erent development stages and
treatments. Insect Mol. Biol. 23, 598-610. doi: 10.1111/imb.12108

Drake, L. L., Boudko, D. Y., Marinotti, O., Carpenter, V. K., Dawe, A. L.,
and Hansen, I. A. (2010). The aquaporin gene family of the yellow fever
mosquito, Aedes aegypti. PLoS One 5:e15578. doi: 10.1371/journal.pone.001
5578

Echevarria, M., Ramirez-Lorca, R., Hernandez, C. S., Gutiérrez, A., Méndez-Ferrer,
S., Gonzilez, E., et al. (2001). Identification of a new water channel (Rg-MIP) in
the malpighian tubules of the insect Rhodnius prolixus. Eur. J. Phys. 442, 27-34.
doi: 10.1007/s004240000494

Ekert, V. E., Chauvigné, F., Finn, N. R., Mathew, G. L., Hull, J. J., Cerda, J., et al.
(2016). Molecular and functional characterization of Bemisia tabaci aquaporins
reveals the water channel diversity of hemipteran insects. Insect Biochem. Mol.
Biol. 77, 39-51. doi: 10.1016/j.ibmb.2016.07.010

Fabrick, A. J., Pei, J., Hull, J. J., and Yool, J. A. (2014). Molecular and functional
characterization of multiple aquaporin water channel proteins from the western
tarnishe dplant bug, Lygus hesperus. Insect Biochem. Mol. Biol. 45, 125-140.
doi: 10.1016/j.ibmb.2013.12.002

Gomes, D., Agasse, A., Thiébaud, P., Delrot, S., Gerés, H., and Chaumont, F.
(2009). Aquaporins are multifunctional water and solute transporters highly
divergent in living organisms. BBA-Biomemb. 1788, 1213-1228. doi: 10.1016/
j.bbamem.2009.03.009

Goto, S. G., Philip, B. N, Teets, N. M., Kawarasaki, Y., Lee Jr., R. E., and Denlinger,
D. L. (2011). Functional characterization of an aquaporin in the antarctic midge
Belgica antarctica. ]. Insect Physiol. 57, 1106-1114. doi: 10.1016/j.jinsphys.2011.
03.023

Herraiz, A., Chauvigné, F., Cerda, J., Bellés, X., and Piulachs, M. D. (2011).
Identification and functional characterization of an ovarian aquaporin from the
cockroach Blattella germanica L. (Dictyoptera, Blattellidae). ]. Exp. Biol. 214,
3630-3638. doi: 10.1242/jeb.057406

Ho, J. D., Yeh, R,, Sandstrom, A., Chorny, I, Harries, W. E., Robbins, R. A, et al.
(2009). Crystal structure of human aquaporin 4 at 1.8 A and its mechanism of
conductance. Proc. Natl. Acad. Sci. U.S.A. 106, 7437-7442. doi: 10.1073/pnas.
0902725106

Tzumi, Y., Sonoda, S., and Tsumuki, H. (2007). E-ects of diapause and cold-
acclimation on the avoidance of freezing injury in fat body tissue of the rice
stem borer, Chilo suppressalis Walker. J. Insect Physiol. 53, 685-690. doi: 10.
1016/j.jinsphys.2007.04.005

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 967


https://www.frontiersin.org/articles/10.3389/fphys.2019.00967/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2019.00967/full#supplementary-material
https://doi.org/10.1603/022.038.0132
https://doi.org/10.1603/022.038.0132
https://doi.org/10.1016/j.jinsphys.2012.01.007
https://doi.org/10.1016/j.jinsphys.2012.01.007
https://doi.org/10.1098/rstb.2002.1074
https://doi.org/10.1016/j.ibmb.2008.10.006
https://doi.org/10.1073/pnas.0507225103
https://doi.org/10.1371/journal.pntd.0002517
https://doi.org/10.1074/jbc.270.29.17414
https://doi.org/10.1074/jbc.270.29.17414
https://doi.org/10.1002/pro.2227
https://doi.org/10.1002/pro.2227
https://doi.org/10.1007/s00360-008-0288-2
https://doi.org/10.1007/s00360-008-0288-2
https://doi.org/10.1093/ee/36.5.1124
https://doi.org/10.1111/j.1365-2583.2010.01038.x
https://doi.org/10.1111/j.1365-2583.2010.01038.x
https://doi.org/10.1016/j.cbpa.2013.11.011
https://doi.org/10.1007/s00360-008-0286-4
https://doi.org/10.1111/imb.12108
https://doi.org/10.1371/journal.pone.0015578
https://doi.org/10.1371/journal.pone.0015578
https://doi.org/10.1007/s004240000494
https://doi.org/10.1016/j.ibmb.2016.07.010
https://doi.org/10.1016/j.ibmb.2013.12.002
https://doi.org/10.1016/j.bbamem.2009.03.009
https://doi.org/10.1016/j.bbamem.2009.03.009
https://doi.org/10.1016/j.jinsphys.2011.03.023
https://doi.org/10.1016/j.jinsphys.2011.03.023
https://doi.org/10.1242/jeb.057406
https://doi.org/10.1073/pnas.0902725106
https://doi.org/10.1073/pnas.0902725106
https://doi.org/10.1016/j.jinsphys.2007.04.005
https://doi.org/10.1016/j.jinsphys.2007.04.005
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Fuetal.

Aquaporins in Overwintering Larvae of Dendroctonus armandi

Izumi, Y., Sonoda, S., and Yoshida, H. (2006). Role of membrane transport of water
and glycerol in the freeze tolerance of the rice stem borer, Chilo suppressalis
Walker (Lepidoptera: Pyralidae). J. Insect Physiol. 52, 215-220. doi: 10.1016/j.
jinsphys.2005.11.001

Kambara, K., Takematsu, Y., Azuma, M., and Kobayashi, J. (2009). cDNA cloning
of aquaporin gene expressed in the digestive tract of the formosan subterranean
termite, Coptotermes formosanus shiraki (Isoptera; Rhinotermitidae). Appl.
Entomol. Zool. 44, 315-321. doi: 10.1303/aez.2009.315

Kataoka, N., Miyake, S., and Azuma, M. (2009). Aquaporin and aquaglyceroporin
in silkworms, differently expressed in the hindgut and midgut of Bombyx mori.
Insect Mol. Biol. 18, 303-314. doi: 10.1111/j.1365-2583.2009.00871.x

Kaufmann, N., Mathai, J. C., Hill, W. G., Dow, J. A. T., Zeidel, M. L., and Brodsky,
J. L. (2005). Developmental expression and biophysical characterization of a
Drosophila melanogaster aquaporin. Am. J. Physiol. Cell Ph. 289, C397-C407.
doi: 10.1152/ajpcell.00612.2004

Kelty, J. D., and Lee, R. E. (2001). Rapid cold-hardening of Drosophila melanogaster
(Diptera: Drosophilidae) during ecologically based thermoperiodic cycles.
J. Exp. Biol. 204, 1659-1666.

Kikawada, T., Saito, A., Kanamori, Y., Fujita, M., Snigérska, K., Watanabe, M., et al.
(2008). Dehydration-inducible changes in expression of two aquaporins in the
sleeping chironomid, Polypedilum vanderplanki. BBA-Biomemb. 1778, 514-520.
doi: 10.1016/j.bbamem.2007.11.009

Kostdl, V., and Simek, P. (2000). Overwintering strategy in Pyrrhocoris apterus
(Heteroptera): the relations between lifecycle, chill tolerance and physiological
adjustments. J. Insect Physiol. 46, 1321-1329. doi: 10.1016/s0022-1910(00)
00056-1

Kostal, V., Zahradni¢kovd, H. Simek, P., and Zeleny, J. (2007). Multiple
component system of sugars and polyols in the overwintering spruce bark
beetle, Ips typographus. J. Insect Physiol. 53, 580-586. doi: 10.1016/j.jinsphys.
2007.02.009

Kukal, O., Ayres, P. M., and Scriber, M. J. (1991). Cold tolerance of pupae in
relation to the distribution of swallowtail butterflies. Can. J. Zool. 69, 3028-
3037. doi: 10.1139/291-427

Kultz, D. (2003). Evolution of the cellular stress proteome: from monophyletic
origin to ubiquitous function. J. Exp. Biol. 206, 3119-3124. doi: 10.1242/jeb.
00549

Le Cahérec, F., Bron, P., Verbavatz, J. M., Garret, A., Morel, G., Cavalier, A., et al.
(1996a). Incorporation of proteins into (Xenopus) oocytes by proteoliposome
microinjection: functional characterization of a novel aquaporin. J. Cell Sci. 109,
1285-1295. doi: 10.1083/jcb.133.6.1403

Le Cahérec, F., Deschamps, S., Delamarche, C., Pellerin, I, Bonnec, G., Guillam,
M. T., et al. (1996b). Molecular cloning and characterization of an insect
aquaporin: functional comparison with aquaporin 1. Eur. J. Biochem. 241,
707-715. doi: 10.1111/§.1432-1033.1996.00707.x

Lee, R. E. Jr. (1989). Insect cold-hardiness: to freeze or not to freeze. BioScience 39,
308-313. doi: 10.2307/1311113

Li, A., and Denlinger, D. L. (2008). Rapid cold hardening elicits changes in brain
protein profiles of the flesh fly, Sarcophaga crassipalpis. Insect Mol. Biol. 17,
565-572. doi: 10.1111/j.1365-2583.2008.00827.x

Li, Z., Dai, L., Chu, H.,, Fu, D., Sun, Y., and Chen, H. (2018). Identification,
expression patterns, and functional characterization of chemosensory proteins
in Dendroctonus armandi (Coleoptera: Curculionidae: Scolytinae). Front.
Physiol. 9:291. doi: 10.3389/fphys.2018.00291

Liu, K., Tsujimoto, H., Cha, S. J., Agre, P., and Rasgon, J. L. (2011). Aquaporin
water channel AgAQP1 in the malaria vector mosquito Anopheles gambiae
during blood feeding and humidity adaptation. Proc. Natl. Acad. Sci. U.S.A. 108,
6062-6070. doi: 10.1073/pnas.1102629108

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2- A ACt method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lombardero, M. J., Ayres, M. P., Ayres, B. D., and Reeve, J. D. (2000).
Cold tolerance of four species of bark beetle (Coleoptera: Scolytidae) in
North America. Environ. Entomol. 29, 421-432. doi: 10.1603/0046-225X-29.
3.421

Lu, M.-X,, Pan, D.-D., Xu, J,, Liu, Y., Wang, G.-R., and Du, Y.-Z. (2018).
Identification and functional analysis of the first aquaporin from striped
stem borer, Chilo suppressalis. Front. Physiol. 9:57. doi: 10.3389/fphys.2018.
00057

Lyon, R. L. (1958). A useful secondary sex character in Dendroctonus Bark Beetles.
Can. Entomol. 90, 582-584. doi: 10.4039/Ent90582-10

Ma, R.-Y., Hao, S.-G., Kong, W.-N,, Sun, J.-H., and Kang, L. (2006). Cold hardiness
as a factor for assessing the potential distribution of the Japanese pine sawyer
Monochamus alternatus (Coleoptera: Cerambycidae) in China. Ann. For. Sci.
63, 449-456. doi: 10.1051/forest:2006025

Mathew, L. G., Campbell, E. M., Yool, A. ], and Fabrick, J. A. (2011). Identification
and characterization of functional aquaporin water channel protein from
alimentary tract of white fly, Bemisia tabaci. Insect Biochem. Mol. Biol. 41,
178-190. doi: 10.1016/.ibmb.2010.12.002

Maurel, C. (1997). Aquaporins and water permeability of plant membranes. Annu.
Rev. Plant Physiol. Mol. Biol. 48, 399-429. doi: 10.1146/annurev.arplant.48.1.
399

Murata, K., Mitsuoka, K., Hirai, T., Walz, T., Agre, P., Heymann, J. B., et al. (2000).
Structural determinants of water permeation through aquaporin-1. Nature 407,
599-605. doi: 10.1038/35036519

Nielsen, M. M., Overgaard, J., Serensen, J. G., Holmstrup, M., Justesen, J., and
Loeschcke, V. (2005). Role of HSF activation for resistance to heat, cold and
high-temperature knock-down. J. Insect Physiol. 51, 1320-1329. doi: 10.1016/j.
jinsphys.2005.08.002

Nozaki, K., Ishii, D., and Ishibashi, K. (2008). Intracellular aquaporins: clues for
intracellular water transport? Eur. J. Physiol. 456,701-707. doi: 10.1007/s00424-
007-0373-5

Philip, B. N., Kiss, A. J., and Lee, R. E. (2011). The protective role of aquaporins
in the freeze-tolerant insect Eurosta solidaginis: functional characterization
and tissue abundance of EsAQP1. J. Exp. Biol. 214, 848-857. doi: 10.1242/jeb.
051276

Philip, B. N., Yi, S.-X., Elnitsky, M. A., and Lee, R. E. Jr. (2008). Aquaporins
play a role in desiccation and freeze tolerance in larvae of the goldenrod
gall fly, Eurosta solidaginis. J. Exp. Biol. 211, 1114-1119. doi: 10.1242/jeb.
016758

Pietrantonio, P. V., Jagge, C., Keeley, L. L., and Ross, L. S. (2000). Cloning of an
aquaporin-like cDNA and in situhybridization in adults of the mosquito Aedes
aegypti (Diptera: Culicidae). Insect Mol. Biol. 9, 407-418. doi: 10.1046/j.1365-
2583.2000.00201.x

Preston, G. M., Carroll, T. P., Guggino, W. B., and Agre, P. (1992). Appearance of
water channels in Xenopus oocytes expressing red cell CHIP28 protein. Science
256, 385-387. doi: 10.1126/science.256.5055.385

Rinehart, J. P., Li, A., Yocum, G. D., Robich, R. M., Hayward, S. A., and Denlinger,
D. L. (2007). Up-regulation of heat shock proteins is essential for cold survival
during insect diapause. Proc. Natl. Acad. Sci. U.S.A. 104, 11130-11137. doi:
10.1073/pnas.0703538104

Rosenberger, D. W., Aukema, B. H., and Venette, R. C. (2017). Cold tolerance
of mountain pine beetle among novel eastern pines: a potential for tradeoffs
in an invaded range? For. Ecol. Mang. 400, 28-37. doi: 10.1016/j.foreco.2017.
05.031

Shakesby, A. J., Wallace, 1. S., Isaacs, H. V., Pritchard, J., Roberts, D. M.,
and Douglas, A. E. (2009). A water-specific aquaporin involved in aphid
osmoregulation. Insect Biochem. Mol. Biol. 39, 1-10. doi: 10.1016/j.ibmb.2008.
08.008

Stavang, A. J., Chauvigné, F., Kongshaug, H., Cerda, J., Nilsen, F., and Finn,
N. R. (2015). Phylogenomic and functional analyses of salmonlice aquaporins
uncover the molecular diversity of the superfamily in Arthropoda. BMC
Genomics 16:618. doi: 10.1186/s12864-015-1814-8

Sui, H., Han, B.-G,, Lee, J. K., Walian, P., and Jap, B. K. (2001). Structural basis of
water-specific transport through the AQP1 water channel. Nature 414, 872-878.
doi: 10.1038/414872a

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011).
MEGAS5: molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28,
2731-2739. doi: 10.1093/molbev/msr121

Tian, H.-G., Peng, H., Yao, Q., Chen, H.-X,, Xie, Q., Tang, B., et al. (2012).
Developmental control of a lepidopteran pest Spodoptera exigua by ingestion
of bacteria expressing dsRNA of a non-midgut gene. PLoS One 4:e6225. doi:
10.1371/journal.pone.0006225

Tsujimoto, H., Sakamoto, M. ], and Rasgon, L. J. (2017). Functional
characterization of aquaporin-like genes in the human bed bug Cimex
lectularius. Sci. Rep. 7, 1-12. doi: 10.1038/s41598-017-03157-2

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 967


https://doi.org/10.1016/j.jinsphys.2005.11.001
https://doi.org/10.1016/j.jinsphys.2005.11.001
https://doi.org/10.1303/aez.2009.315
https://doi.org/10.1111/j.1365-2583.2009.00871.x
https://doi.org/10.1152/ajpcell.00612.2004
https://doi.org/10.1016/j.bbamem.2007.11.009
https://doi.org/10.1016/s0022-1910(00)00056-1
https://doi.org/10.1016/s0022-1910(00)00056-1
https://doi.org/10.1016/j.jinsphys.2007.02.009
https://doi.org/10.1016/j.jinsphys.2007.02.009
https://doi.org/10.1139/z91-427
https://doi.org/10.1242/jeb.00549
https://doi.org/10.1242/jeb.00549
https://doi.org/10.1083/jcb.133.6.1403
https://doi.org/10.1111/j.1432-1033.1996.00707.x
https://doi.org/10.2307/1311113
https://doi.org/10.1111/j.1365-2583.2008.00827.x
https://doi.org/10.3389/fphys.2018.00291
https://doi.org/10.1073/pnas.1102629108
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1603/0046-225X-29.3.421
https://doi.org/10.1603/0046-225X-29.3.421
https://doi.org/10.3389/fphys.2018.00057
https://doi.org/10.3389/fphys.2018.00057
https://doi.org/10.4039/Ent90582-10
https://doi.org/10.1051/forest:2006025
https://doi.org/10.1016/j.ibmb.2010.12.002
https://doi.org/10.1146/annurev.arplant.48.1.399
https://doi.org/10.1146/annurev.arplant.48.1.399
https://doi.org/10.1038/35036519
https://doi.org/10.1016/j.jinsphys.2005.08.002
https://doi.org/10.1016/j.jinsphys.2005.08.002
https://doi.org/10.1007/s00424-007-0373-5
https://doi.org/10.1007/s00424-007-0373-5
https://doi.org/10.1242/jeb.051276
https://doi.org/10.1242/jeb.051276
https://doi.org/10.1242/jeb.016758
https://doi.org/10.1242/jeb.016758
https://doi.org/10.1046/j.1365-2583.2000.00201.x
https://doi.org/10.1046/j.1365-2583.2000.00201.x
https://doi.org/10.1126/science.256.5055.385
https://doi.org/10.1073/pnas.0703538104
https://doi.org/10.1073/pnas.0703538104
https://doi.org/10.1016/j.foreco.2017.05.031
https://doi.org/10.1016/j.foreco.2017.05.031
https://doi.org/10.1016/j.ibmb.2008.08.008
https://doi.org/10.1016/j.ibmb.2008.08.008
https://doi.org/10.1186/s12864-015-1814-8
https://doi.org/10.1038/414872a
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1371/journal.pone.0006225
https://doi.org/10.1371/journal.pone.0006225
https://doi.org/10.1038/s41598-017-03157-2
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Fuetal.

Aquaporins in Overwintering Larvae of Dendroctonus armandi

Ungerer, M. T., Ayres, M. P., and Lombardero, M. J. (1999). Climate and
the northern distribution limits of Dendroctonus frontalis Zimmermann
(Coleoptera: Scolytidae). J. Biogeogr. 26, 1133-1145. doi: 10.1046/j.1365-2699.
1999.00363.x

Vandesompele, J., Preter, D. K., Pattyn, F., Poppe, B., Roy, V. N., Paepe, D. A.,
et al. (2002). Accurate normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome Biol.
3:research0034. doi: 10.1186/gb-2002-3-7-research0034

Wallace, 1. S., Shakesby, A. J., Hwang, J. H.,, Choi, W. G., Martinkova, N.,
Douglas, A. E., et al. (2012). Acyrthosiphon pisum AQP2: a multifunctional
insect aquaglyceroporin. Biochim. Biophys. Acta 1818, 627-635. doi: 10.1016/
j.bbamem.2011.11.032

Wang, J., Gao, G., Zhang, R., Dai, L., and Chen, H. (2016a). Metabolism and
cold tolerance of Chinese white pine beetle Dendroctonus armandi (Coleoptera:
Curculionidae: Scolytinae) during the overwintering period. Agr. For. Entomol.
19, 10-22. doi: 10.1111/afe.12176

Wang, J., Zhang, R, Gao, G., Ma, M., and Chen, H. (2016b). Cold tolerance and
silencing of three cold-tolerance genes of overwintering Chinese white pine
larvae. Sci. Rep. 6:€34698. doi: 10.1038/srep34698

Wang, X., Chen, H.,, Ma, C, and Li, Z. (2010). Chinese White pine beetle,
Dendroctonus armandi (Coleoptera: Scolytinae), population density and
dispersal estimated by mark-release-recapture in Qinling Mountains, Shaanxi,
China. Appl. Entomol. Zool. 45, 557-567. doi: 10.1303/aez.2010.557

Xia, W., Zhao, P.-W,, Yi, Z.-Q., and Cui, Y. (2017). Phylogenetic and specific
sequence analysis of four paralogs in insect aquaporins. Mol. Med. Rep. 16,
4903-4908. doi: 10.3892/mmr.2017.7148

Yi, S. X, Benoit, J. B., Elnitsky, M. A., Kaufmann, N., Brodsky, J. L., Zeidel,
M. L, et al. (2011). Function and immunolocalization of aquaporins in the

antarctic midge Belgica antarctica. J. Insect Physiol. 57, 1096-1105. doi: 10.1016/
j-jinsphys.2011.02.006

Yi, S. X., Moore, C. W., and Lee, R. E. (2007). Rapid cold-hardening protects
Drosophila melanogaster from cold-induced apoptosis. Apoptosis 12, 1183—
1193. doi: 10.1007/s10495-006-0048-2

Yool, A. J., and Weinstein, A. M. (2002). New roles for old holes: ion channel
function in aquaporin-1. News Physiol. Sci. 17, 68-72. doi: 10.1152/nips.01372.
2001

Yuan, L. H,, Chen, J. P, Lin, B. F, Zhang, J. P.,, and Zhang, S. Y. (2007).
Differential expression and functional constraint of PRL-2 in hibernating bat.
Comp. Biochem. Phys. B 148, 375-381. doi: 10.1016/j.cbpb.2007.07.005

Zhao, M., Dai, L., Fu, D., Gao, J., and Chen, H. (2017). Electrophysiological and
behavioral responses of Dendroctonus armandi (Coleoptera: Curculionidae:
Scolytinae) to two candidate pheromone components: frontalin and
exo-brevicomin. ~ Chemoecology 27, 91-99. doi: 10.1007/s00049-017-
0235-3

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Fu, Dai, Gao, Sun, Liu and Chen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org

17

August 2019 | Volume 10 | Article 967


https://doi.org/10.1046/j.1365-2699.1999.00363.x
https://doi.org/10.1046/j.1365-2699.1999.00363.x
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1016/j.bbamem.2011.11.032
https://doi.org/10.1016/j.bbamem.2011.11.032
https://doi.org/10.1111/afe.12176
https://doi.org/10.1038/srep34698
https://doi.org/10.1303/aez.2010.557
https://doi.org/10.3892/mmr.2017.7148
https://doi.org/10.1016/j.jinsphys.2011.02.006
https://doi.org/10.1016/j.jinsphys.2011.02.006
https://doi.org/10.1007/s10495-006-0048-2
https://doi.org/10.1152/nips.01372.2001
https://doi.org/10.1152/nips.01372.2001
https://doi.org/10.1016/j.cbpb.2007.07.005
https://doi.org/10.1007/s00049-017-0235-3
https://doi.org/10.1007/s00049-017-0235-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Identification, Expression Patterns and RNA Interference of Aquaporins in Dendroctonus armandi (Coleoptera: Scolytinae) Larvae During Overwintering
	Introduction
	Materials and Methods
	Insect Sampling, Preparation, and Treatments
	Total RNA Isolation and cDNA Synthesis
	DaAqps Amplification and Cloning
	RACE
	5, 3 RACE and Cloning of Full-Length cDNA
	Full-Length cDNA Sequence Analysis and Comparison

	RT-qPCR
	RNAi
	The dsRNA Synthesis and Injection
	Low-Temperature Resistance Test

	Statistical Analysis

	Results
	DaAqp Sequences and Bioinformatics Analysis
	Identification of Aquaporin Genes
	Sequence Characteristics
	Phylogenetic Analysis

	Expression Patterns of DaAqps
	Expression of DaAqps in Different Developmental Stages and Tissues
	Expression of DaAqps in Different Seasons
	Expression Analysis of DaAqps Under Low Temperatures

	Mortality at Low Temperature
	Efficiency Analysis of RNAi on DaAqps
	Effect of dsRNA Treatment on DaAqps Transcript Level
	Effect of dsRNA Treatment on Mortality Under Low Temperatures


	Discussion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


