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Abstract

The Colorado potato beetle (Leptinotarsa decemlineata (Say)) is an agricultural pest that threatens the potato industry worldwide.
This insect is widely regarded as one of the most difficult-to-control pests, as it can thrive in a wide range of temperature
conditions and routinely develops resistance towards various insecticides. The molecular changes associated with response to
these challenges have not been fully investigated in L. decemlineata. While differential expression and characterization of heat
shock proteins (HSPs) in response to stress have been conducted in several insects, data regarding HSPs in L. decemlineata are
limited. The overarching objective of this study consisted of evaluating the expression of various HSPs in L. decemlineata
exposed to different temperatures or treated with the insecticides imidacloprid and chlorantraniliprole. Expression levels of
HSP60, HSP70, HSP90, and HSP Beta-1 were evaluated by qRT-PCR and insect mortality was assessed using dsRNAs aimed
at select HSP targets. Elevated HSP70 and HSP90 transcript levels were observed in heat-exposed L. decemlineata while
downregulation of HSP70 transcript levels was measured in insects submitted to cold conditions. Chlorantraniliprole exposure
was associated with reduced HSP Beta-1 transcript levels while no change in expression was monitored in insects exposed to
imidacloprid. RNAi-based knockdown of HSP60 levels correlated with significant insect mortality 14 days after dSRNA injec-
tion. These results highlight the modulation of HSPs that occur in L. decemlineata exposed to fluctuating temperatures and
position HSPs as interesting candidates in the identification of novel molecular leads that could be targeted to control this insect.
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Introduction

The Colorado potato beetle, Leptinotarsa decemlineata (Say),
is an agricultural insect pest that can harm potato crops world-
wide (Weber 2003). Adult insects can consume 10 ¢cm? of
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potato leaves daily while larvae can consume four times this
amount over the same period (Ferro et al. 1985). Efforts to
control L. decemlineata have largely relied on various classes
of insecticides, towards which L. decemlineata is notorious for
developing resistance (Scott et al. 2015). Alternative methods,
primarily relying on biological control, are leveraged to target
L. decemlineata populations (Alyokhin et al. 2015) but are
notably not as widely adopted as insecticides. This insect is
also adept at withstanding winter temperatures (Hiiesaar et al.
2001; Izzo et al. 2014) with supercooling points ranging from
—6 °Cto — 17 °C observed in overwintering adults (Hiiesaar
et al. 2006; Lyytinen et al. 2012). More than one-third of
L. decemlineata second instar larvae survived an exposure of
4 h at 43 °C further emphasizing the capacity of this insect to
tolerate a wide window of temperatures (Chen et al. 2016).
While select targets have been associated with response to
these conditions, the molecular basis underlying such adapta-
tion remains to be fully characterized.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12192-019-00983-3&domain=pdf
http://orcid.org/0000-0001-8117-0236
https://doi.org/10.1007/s12192-019-00983-3
mailto:pier.morin@umoncton.ca

540

P. Dumas et al.

The importance of heat shock proteins (HSPs) for stress re-
sponse has been extensively explored in several insects.
Modulation of HSP expression in response to elevated tempera-
tures is well characterized. Pioneering work revealed elevated
levels of a heat-inducible HSP70 in the red flour beetle
Tribolium castaneum exposed to a heat shock (Mahroof et al.
2005). Such conditions were also associated with upregulation of
three HSPs in the maize weevil Sitophilus zeamais
(Tungjitwitayakul et al. 2015). HSP70 and HSP90 transcript
levels were modulated following heat or cold stress in the orange
wheat blossom midge Sitodiplosis mosellana larvae (Cheng et al.
2016). HSP40 and HSP70 protein levels displayed elevated
levels in the freeze-tolerant gall fly Eurosta solidaginis when
maintained at — 16 °C for 1 day (Zhang et al. 2011). The under-
lying role of HSPs in moderating insect responses to various
insecticides has also been explored. HSP70 mRNA levels were
elevated following exposure to beta-cypermethrin in the aphid
Rhopalosiphum padi (Li et al. 2017). Increased HSP90 levels
were observed in the mirid bug Apolygus lucorum exposed to
insecticides and a link between this HSP and adaptation to sev-
eral chemicals such as cyhalothrin and imidacloprid was pro-
posed (Sun et al. 2014). With a central role in insect stress re-
sponse, it is not surprising that modulating levels of HSPs via
RNA interference (RNAi)-based approaches can lead to insect
mortality. Early work highlighted the lethal impact that double-
stranded RNA (dsRNA)-mediated knockdown of HSP23 and
HSP70 could have on heat shock survival in whitefly Bemisia
tabaci females (Lii and Wan 2011). Targeting the heat shock 70-
kDa protein cognate 3 using dsRNA in the emerald ash borer
Agrilus planipennis resulted in up to 90% mortality in larvae and
adult insects (Rodrigues et al. 2018). While the relevance of
HSPs for dealing with various stresses has been investigated in
multiple insects, information concerning HSP response in stress
adaptation in L. decemlineata is sparse and could provide useful
targets for RNAi-based pest management approaches.

The current work was performed to profile the expression
status of four HSPs in L. decemlineata submitted to heat and
cold temperatures as well as exposed to two insecticides.
RNAi-mediated knockdown of select HSPs was also per-
formed to assess the impact of such modulation on insect
survival. Overall, this study highlights differential expression
of various HSPs in response to stress and further reinforces the
potential importance of HSPs as molecular targets of interest
in the agricultural insect pest L. decemlineata.

Materials and methods
Insect treatments
Adult Colorado potato beetles Leptinotarsa decemlineata (Say)

for heat, cold, and imidacloprid treatments were collected in
nursery potato fields at the Fredericton Research and
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Development Centre (FRDC) in the summers of 2016 and
2017 (45° 55" 17.5" N, 66° 36’ 01.8" W, Fredericton, New
Brunswick, Canada). Fields had not been previously treated with
insecticides prior to sampling. Adult beetles for
chlorantraniliprole treatments were obtained from the same nurs-
ery fields in the summer of 2017 but reared indoors until
December 2017. All insects were deposited in plastic containers
that contained potato leaves (var. Kennebec) and that were closed
with a screened lid for ventilation. Insects were brought back to
Moncton (New Brunswick, Canada).

Heat exposure time-courses were performed by initially accli-
mating a group of insects to 25 °C for 1 week under a 16 L:8D
photoperiod in an incubator (Thermo Fisher Scientific, Waltham,
MA, USA). A group of insects was sampled in liquid N, and used
as controls. Temperature was increased to 30 °C and the insects
were maintained at this temperature for 2 h. Temperature was fur-
ther raised to 35 °C and insects were kept for another 2 h.
Temperature was ultimately increased to 40 °C and insects were
held at this temperature for 2 h. Insect sampling in liquid N, ensued.

Cold exposure time-courses were conducted as described be-
fore (Morin et al. 2017a). Insects were kept for 1 week under a
16 L:8D photoperiod in an incubator set at 15 °C. An initial
group of insects was rapidly placed in liquid N, and subsequently
used as controls. Temperature was lowered to 5 °C at which the
remaining insects were held for 2 h before another group of
insects was placed in liquid N,. Temperature was further lowered
to — 5 °C and maintained for another 2 h before insect sampling.
Remaining insects were re-acclimated to 15 °C and allowed to
recover at this temperature for 24 h before sampling in liquid N,.

Imidacloprid exposure time-courses were conducted as de-
scribed elsewhere (Morin et al. 2017b). A group of insects was
placed in an incubator set at 25 °C for 5 days under 16 L:8D
cycles. Topical application of 5 pul (0.5 pg) of imidacloprid
(100 pg/ml in acetonitrile, Sigma-Aldrich, St. Louis, MO,
USA) was next performed on the abdomen of 15 beetles. An
equal volume of acetonitrile was applied on 15 control beetles
in parallel. Insects were subsequently returned to the incubator
for 24 h before sampling in liquid N,.

Chlorantraniliprole treatment of L. decemlineata was instigat-
ed by placing insects in an incubator set at 25 °C for 5 days under
16 L:8D cycles. Following acclimation, 1 ul (1 pg) of
chlorantraniliprole solution (Sigma-Aldrich), prepared in ace-
tone, was pipetted topically on the abdomen of 25 beetles. An
equal amount of acetone was applied on 25 beetles in parallel
which were used as controls. Insects were returned to the incu-
bator for 24 h before sampling as above. All insects, for this
treatment and each treatment described above, were stored at —
80 °C until use.

RNA isolation

RNA isolates were prepared from L. decemlineata using the
mirVana miRNA Isolation Kit (Thermo Fisher Scientific)
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following manufacturer’s protocol and as described previous-
ly (Morin et al. 2017a). Isolates were prepared using two in-
sects per replicate as starting material. Final products were
assessed with a NanoVue Plus Spectrophotometer (GE
Healthcare Life Sciences, Mississauga, ON, Canada) and
RNA samples were stored at — 80 °C until use.

cDNA synthesis

First strand synthesis for mRNA amplification was conducted
by mixing 1 pg of total RNA with 1 pl of oligo dT, 1 pl
10 mM dNTPs, and DEPC-treated water to a volume of
12 ul. Solution was incubated at 65 °C for 5 min and the
following reagents were added; 4 pl 5X First Strand Buffer,
2wl 0.1 M DTT, and 1.5 pl DEPC-treated water. This mixture
was placed at 37 °C for 2 min before adding 0.5 ul M-MLV
RT. A final incubation at 37 °C for 50 min and 70 °C for
15 min was performed.

gRT-PCR amplification of HSP transcripts

Primers to amplify transcripts were conceived based on
L. decemlineata sequences for each respective HSPs.
Primers are listed in Table 1. Preliminary amplification reac-
tions contained 5 pl diluted cDNA template (10°"), 1 pl
25 uM forward primer, 1 pl 25 uM reverse primer, 5.5 ul
DEPC-treated water, and 12.5 pul 2X Taq FroggaMix. The
amplification protocol was comprised of a denaturing step at
95 °C for 5 min, followed by 35 cycles at 95 °C for 15 s, at
temperature gradient between 54 and 65 °C for 60 s and 72 °C
for 45 s. Electrophoresis of products on a 2% agarose gel to
ensure correct size as well as products sequencing at the
Université Laval sequencing platform (Quebec City, QC,
Canada) were also performed. Targets were also amplified in
serial cDNA dilutions by qRT-PCR at different annealing tem-
peratures to assess efficiencies for each primer set. Subsequent
qRT-PCR reactions were performed to quantify transcript
levels using 2.5 ul of ¢cDNA (107"), 0.5 pul DEPC-treated
water, 1 ul 5 uM forward primer, 1 pul 5 uM reverse primer
and 5 pl of iTaq Universal SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA). The amplification protocol consisted of

a denaturing step at 95 °C for 3 min followed by 39 cycles at
95 °C for 15 s and at optimal annealing temperature for 30 s.
Transcript levels of «-tubulin were assessed in parallel reac-
tions and used as reference. Significant differences between
target expression observed in control insects and insects ex-
posed to heat, imidacloprid, and chlorantraniliprole were eval-
uated using an unpaired Student’s ¢ test. Significant differ-
ences in cold-exposed insects were assessed using one-way
analysis of variance (ANOVA). Relative normalized transcript
expression data and statistical analysis of data were performed
using CFX Maestro software version 1.1 (Bio-Rad).

dsRNA synthesis

Synthesis of dsRNA was performed using the MEGAscript
RNAI Kit (Thermo Fisher Scientific) and following manufac-
turer’s instructions. Fragments coding for HSP60 or HSP70
were chosen as RNAI target-sequences from L. decemlineata
sequences. T7 primers designed for HSP60 dsRNA synthesis
were forward 5'-TAATACGACTCACTATAGGGAGAATC
GTGAAGAGAGCGTTGAAA-3' and reverse 5'-TAAT
ACGACTCACTATAGGGAGACCTGGCAAACTAGGA
TATAAA-3". T7 primers conceived for HSP70 dsRNA syn-
thesis were forward 5'-TAATACGACTCACTATAGGG
AGATGTCCAAGCTGCCGTATTGAC-3" and reverse 5'-
TAATACGACTCACTATAGGGAGAATGACTCTC
AACTTCCCTCTC-3". PCR amplification of the target frag-
ments was performed at 95 °C for 5 min, followed by 39 cycles
of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 45 s. PCR
products were purified using the QIAquick PCR Purification
Kit (QIAGEN, Hilden, Germany) and sequenced as above.
dsRNAs were produced using PCR products as templates
and treated subsequently with DNase and RNase. Purified
dsRNA was assessed on a 2% agarose gel and quantified on
a NanoVue Plus Spectrophotometer. Products were stored at
—20 °C until injection.

dsRNA injection

dsRNA was injected in L. decemlineata using a 10 pl
Hamilton Microliter Syringe (Hamilton, Reno, NV, USA).

Table 1 Primers used to amplify
heat shock proteins transcripts of ~ Hsp60 Fwd
interest by qRT-PCR. Forward Rev

(Fwd) and reverse (Rev) primers Hsp70 Fwd
Rev

Hsp90 Fwd

Rev

Hsp Beta-1 Fwd

Rev

o-tubulin Fwd

Rev

5'- GTCACCATGGGTCCAAAGGGC -3’ 98.7% 61.0 °C
5'- TTCTTTGGCAATAGAACGGGC -3’

5'- GACGAGAAGCAAAGGCAAAG -3’ 108.9% 58.6 °C
5'- CCAATGAGTTGCTGTCTAACCA -3’

5'- GACCTTGTAAACAACTTGGGT -3’ 101.9% 64.0 °C
5'- ACACCAAACTGTACCAATCAT -3’

5'- GAAGAGATTGTAGTTAAAACC -3’ 95.9% 61.0 °C
5'- TTAGTGTTGAATTGGAATAAG -3’

5'- GARTTCCARACCAACTTGGT -3’ 104.4% 55.0 °C

5'- GCCATGTAWTTGCCGTGSCG -3’
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Insects were immobilized on their back using plasticine.
Insects were injected with 5 pl of a 600 ng/ul dsRNA solution
in the abdomen. Control insects were either not injected or
injected with an equal volume of saline solution used to dilute
dsRNAs. Insects were kept in an incubator (Thermo Fisher
Scientific) and held under a 16 L:8D photoperiod at 25 °C
for the duration of the experiment.

HSP silencing analysis

HSP60 and HSP70 transcript expression following dsRNA
injection was assessed by qRT-PCR in RNA isolated from
insects collected 3 days post-injection using a similar experi-
mental approach as above with the exception that total RNA
was isolated using Trizol (Thermo Fisher Scientific) and RNA
was treated with DNAse (Thermo Fisher Scientific) following
manufacturer’s protocols. Isolates were prepared using one
insect per replicate. Primers to verify target silencing were
designed outside of the input dsSRNA sequences. Primers were
conceived towards the 5’ end of the region targeted by the
dsRNA. Primers used to verify HSP60 knockdown were for-
ward 5-GTCACCATGGGTCCAAAGGGC -3’ and reverse
5'-TTCTTTGGCAATAGAACGGGC -3'. Primers used to
verify HSP70 knockdown were forward 5'- ATGCAGTC
GTCACAGTTCCA — 3’ and reverse 5’ - CGCCCAAA
TCGAAAATAAGA - 3'. Quantification of targets by qRT-
PCR using L. decemlineata cDNA was conducted using an
initial cycle at 95 °C for 3 min, followed by 39 cycles of 95 °C
for 15 s and at optimal annealing temperature for 30 s.
Transcript levels of «-tubulin were used as reference and am-
plified in parallel reactions using forward 5- GAGTTCCA
GACCAACTTGGT - 3’ and reverse 5' - GCCATGTA
CTTGCCGTGACG - 3'primers. Significant differences be-
tween target expression observed in control versus dsRNA-
injected insects were evaluated using an unpaired Student’s ¢
test.

Results

HSPs transcript expression in heat-exposed
L. decemlineata

Transcript levels of HSP60, HSP70, HSP90, and HSP Beta-1
were quantified by qRT-PCR in L. decemlineata exposed to
heat. «-tubulin transcripts were amplified in each sample and
used to normalize target transcripts expression. HSP70 and
HSP90 transcript levels were significantly elevated in heat-
exposed L. decemlineata with increases of 119.62-fold
(P<0.001) and 6.93-fold (P < 0.01) observed when compared
with control samples (Fig. 1). Elevated HSP60 transcript
levels, albeit not significantly, were measured as 1.80-fold
higher in insects exposed to heat versus control insects. HSP
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Fig. 1 Transcript levels, normalized to a-tubulin, in heat-exposed versus
control insects. Data are mean standardized transcript levels (mean +
SEM, n =3). Asterisks represent results significantly different from con-
trol samples (**P <0.01; *** P<0.001)

Beta-1 transcript levels were slightly decreased in heat-
exposed insects to values that were 0.70-fold the ones mea-
sured in control insects.

HSPs transcript expression in cold-exposed
L. decemlineata

Transcript levels of all four HSPs of interest were measured in
control and cold-exposed L. decemlineata using qRT-PCR.
HSP70 transcript levels displayed significant reduction in in-
sects exposed to —5 °C to values that were 0.25-fold
(P < 0.05) the ones observed in control insects maintained at
15 °C (Fig. 2). Elevated HSP70 transcript levels were ob-
served in insects kept at 5 °C and insects that were re-
acclimated at 15 °C when compared with the — 5 °C-exposed
insects with upregulation of 4.43-fold (P < 0.05) and 3.97-fold
(P <0.05), respectively. Significant modulation of HSP Beta-
1 transcript levels was also recorded in L. decemlineata ex-
posed to — 5 °C with levels that were 0.18-fold (P < 0.05) the
values observed in insects kept at 5 °C. HSP60 and HSP90
transcripts displayed no significant change throughout the
temperature time-course even though reduced levels were
nevertheless observed for both targets in L. decemlineata kept
at —5 °C and re-acclimated at 15 °C when compared with
control insects.

HSPs transcript expression in L. decemlineata treated
with imidacloprid or chlorantraniliprole

HSP60, HSP70, HSP90, and HSP Beta-1 mRNA levels
were measured by gqRT-PCR in insecticide-treated and
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Fig. 2 Transcript levels, 237  mEm control (15°C 7 Days)
normalized to o«-tubulin, in 3 +5°C 2h
insects submitted to cold 5°C 2h

conditions versus control insects.
Data are mean standardized
transcript levels (mean + SEM,
n=4). Asterisks depict results
that are significantly different
(*P<0.05)

15°C Recovery
2.0+

S
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Relative Normalized Expression

untreated L. decemlineata. HSP60, HSP70, HSP90, and
HSP Beta-1 expression remained stable in imidacloprid-
treated versus untreated insects as no significant change
in transcript levels was observed (Fig. 3). Expression
status of the four transcripts of interest was also inves-
tigated in insects treated with chlorantraniliprole. HSP
Beta-1 transcript levels were downregulated in
L. decemlineata exposed to chlorantraniliprole with
levels that were 0.31-fold (P <0.05) the values observed
in control insects (Fig. 4). Transcript levels of HSP60,
HSP70, and HSP90 did not change significantly follow-
ing chlorantraniliprole treatment.

Fig. 3 Expression of transcript 2.0+
levels, normalized to -tubulin, in
imidacloprid-treated versus un-
treated insects. Data are mean
standardized transcript levels
(mean + SEM, n=3)

1.5+
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Insect mortality in dsRNA-injected L. decemlineata

HSP60 and HSP70 transcript levels were modulated in
L. decemlineata injected with dsRNA and knockdown effi-
ciency was monitored by qRT-PCR. Transcript levels of both
targets displayed substantial downregulation in dsRNA-
injected insects when compared with control insects (Fig. 5).
HSP60 expression levels were reduced to levels that were
0.07-fold the values observed in saline-injected insects.
HSP70 levels were downregulated to levels that were 0.03-
fold the values observed in saline-injected insects. Similar
downregulation of HSP60 and HSP70 transcript expression
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Fig. 4 Transcript levels,
normalized to «-tubulin, in
chlorantraniliprole-exposed ver-
sus untreated insects (mean +
SEM, n =4-6). Asterisk depict
results that are significantly dif-
ferent (*P < 0.05)

1.5

Relative Normalized Expression

3 days following dsRNA injection was also observed in an
additional cohort of insects (Fig. S1). Impact of dSRNA injec-
tion was monitored post-injection. A significant difference
was found between the treatments (chi-square=16.57,
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Fig. 5 HSP60 and HSP70 levels in dsRNA-injected L. decemlineata.
Histogram presents HSP60 and HSP70 transcript levels in insects injected
with dsRNA targeting select HSPs 3 days post-injection. Control insects
were injected with saline solution. Data are mean standardized transcript
levels (mean + SEM, n = 2). Asterisks depict results that are significantly
from control samples (*P < 0.05; **P < 0.01)
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P <0.01). Insect mortality rates 14 days following injection
of dsRNA targeting HSP60 (100%) significantly differed
from all other treatments, including control insects that re-
ceived no injection or that were injected with a saline solution
(30% for both conditions; Table 2). Insect mortality following
injection of dsRNA targeting HSP70 (20%) was not signifi-
cantly different from control insects.

Discussion

Several studies have highlighted the temperature-mediated
modulation of HSPs in insects (King and MacRae 2015;
Colinet et al. 2018). On the other hand, data is limited regard-
ing the differential expression of HSPs in L. decemlineata
exposed to various stresses including cold and heat shock as
well as insecticides. The present work reveals select HSPs that
are responsive to temperature fluctuations in L. decemlineata
as well as highlights the impact of RNAi-mediated downreg-
ulation of HSPs on insect survival.

The current study showed HSP70 differential expression in
both heat- and cold-exposed L. decemlineata. HSP90 upreg-
ulation following heat shock was also recorded. These results
are aligned with other studies that have assessed expression of
these HSPs in insects maintained at low or high temperatures.

Table 2  Impact of dsRNA-based knockdown of select HSP targets on
insect lethality. Lethality of L. decemlineata was recorded 14 days post-
injection

No injection 3/10 30%
Saline 3/10 30%
dsRNA-Hsp60 10/10 100%
dsRNA-Hsp70 2/10 20%
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As stress-responsive proteins, HSPs are capable of protecting
proteins from various challenges and are modulated in insects
exposed to different temperatures (Shi et al. 2013; Zhang et al.
2015; Chen et al. 2016). HSP70 transcript levels upregulation
was reported in L. decemlineata larvae submitted to a heat
shock 0f43 °C for 4 h (Chen et al. 2016). Similar results were
obtained when other insects were submitted to heat treat-
ments. Elevated HSP70 expression was shown in the lace
bug Corythucha ciliata when kept at high temperatures in
the field and in a laboratory setting (Ju et al. 2018). Work that
measured transcript levels of several HSPs in the corn
earworm Helicoverpa zea also highlighted the heat-inducible
properties of HSP70 and, to a lesser extent, HSP90 (Zhang
and Denlinger 2010). Cold exposition of L. decemlineata was
associated with a downregulation of HSP70 transcript levels.
Previous work demonstrated HSP70 cold induction in three
different L. decemlineata populations collected in Poland and
Russia (Lyytinen et al. 2012). On the other hand, activation of
the heat shock transcription factor (HSF) and subsequent in-
creased expression of its target HSP70 were not observed in
the fruit fly Drosophila melanogaster during rapid cold hard-
ening (Nielsen et al. 2005). Additional experiments, including
HSP70 protein expression measurement as well as HSP70
expression status following cold shock of varying lengths,
are envisioned to better characterize its cold-associated func-
tion in this insect.

Recent work has also highlighted the potential importance
of HSPs in response and resistance to insecticides in various
insects. Pioneering work notably evaluated transcript levels in
honeybee Apis mellifera larvae exposed to imidacloprid via
high-throughput RNA-sequencing and revealed decreased
HSP90 expression (Derecka et al. 2013). Treatment of
A. lucorum with cyhalothrin, imidacloprid, chlorpyrifos, and
emamectin benzoate was associated with elevated HSP90
transcript and protein levels further supporting the involve-
ment of HSP90 in response to different chemicals (Sun et al.
2014). HSP70 modulation has also been observed in insects
submitted to insecticides. qRT-PCR-based quantification of
HSP70 revealed marked upregulation of HSP70 transcripts
in the brown planthopper Nilaparvata lugens treated with
imidacloprid (Lu et al. 2017). Transcript levels of all four
HSPs investigated in the current study were not altered in
insects exposed to imidacloprid suggesting the potential
species-specific modulation of HSP transcripts following ex-
posure to this chemical. It is nevertheless important to point
out that a HSP70 transcript downregulation, albeit not statis-
tically different, was reported in L. decemlineata larvae treated
with imidacloprid for 4 h at 43 °C when compared with con-
trol larvae (Chen et al. 2016). While transcript expression of
the four HSPs remained unchanged in L. decemlineata follow-
ing imidacloprid treatment, transcript levels of HSP Beta-1
were shown to be downregulated in chlorantraniliprole-
exposed insects. Data are lacking in the literature regarding

the potential modulation of HSPs following exposure to this
ryanoid. Subsequent work involving longer duration of insec-
ticides treatment or performed at different life stages of
L. decemlineata is envisioned to further explore the role, if
any, of HSPs in imidacloprid and chlorantraniliprole response
in this model.

Several studies have leveraged RNAi-based approaches to
modulate HSP levels in insects and evaluate the impact of this
variation on diverse phenotypes. Pioneering work in
D. melanogaster demonstrated that HSP23 and HSP70 sup-
pression by RNAi approaches could significantly impact the
pupa’s ability to cope with cold temperatures (Rinehart et al.
2007). RNAi-based targeting of HSP70 in the firebug
Pyrrhocoris apterus altered its ability to recover from a heat
shock (Kostal and Tollarova-Borovanska 2009). HSP70/
HSC70 downregulation in the haematophagous insect
Rhodnius prolixus via dSRNA injection was associated with
reduced resistance to starvation and insect mortality approxi-
mately 5 weeks following dsRNA injection (Paim et al. 2016).
No marked impact was observed on insect mortality in the
current work following dsRNA-mediated alteration of
HSP70 levels in L. decemlineata. On the other hand, substan-
tial mortality was observed when downregulation of HSP60
levels was performed. While information pertaining to RNAi-
based regulation of HSP60 in insects is limited, previous work
in D. melanogaster has shown that downregulation of HSP60,
a mitochondrial chaperone that underlies mitochondrial pro-
tein homeostasis (Ostermann et al., 1989), could interfere with
caspase-dependent apoptosis (Arya and Lakhotia 2008). In
addition, rat pancreatic tissue isolates administered with
HSP60 siRNA and treated with various toxicants revealed a
protective effect that HSP60 could have on pancreatic tissues
in response to these challenges (Li et al. 2010). These studies,
combined with the results gathered here, support the potential
impact that an RNAi-based strategy aimed at HSP60 could
have on L. decemlineata. RNAi-based approaches are in fact
being assessed in multiple insects such as L. decemlineata
(Wan et al. 2015) and a closer investigation at RNAi-based
strategies directed at HSPs is warranted.

In conclusion, the reported differential expression of
HSP70 and HSP90 in insects exposed to heat and cold
temperatures positions these HSPs as key molecular nodes
involved in temperature adaptation. Characterization of
these HSPs is envisioned to better delineate their func-
tions in L. decemlineata exposed to various temperatures.
In addition, RNAi-mediated HSP60 knockdown was as-
sociated with efficient target downregulation and substan-
tial insect mortality when compared with control insects.
Follow-up work is planned to characterize additional phe-
notypical effects resulting from HSP60 knockdown in this
insect. Overall, these results further strengthen the under-
lying role of select HSPs during stress response in
L. decemlineata.
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