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Abstract

Objective: Group-living plays a key role in the success of many insects, but the mechanisms underlying group
formation and maintenance are poorly understood. Here we use the masked birch caterpillar, Drepana arcuata, to
explore genetic influences on social grouping. These larvae predictably transition from living in social groups to living
solitarily during the 3rd instar of development. Our previous study showed a notable shift in the D. arcuata transcrip-
tome that correlates with the transition from grouping to solitary behavior. We noted that one differentially regulated
gene, octopamine receptor gene (DaOAR), is a prominent ‘social’gene in other insect species, prompting us to test
the hypothesis that DaOAR influences grouping behavior in D. arcuata. This was done using RNA interference (RNAI)
methods by feeding second instar larvae synthetic dsRNAs.

Insect

Results: RT-gPCR analysis confirmed a significant reduction in DaOAR transcript abundance in dsRNA-fed lar-

vae compared to controls. Behavioral trials showed that caterpillars with reduced transcript abundance of DaOAR
remained solitary throughout the observation period compared to controls. These results provide evidence that
regulation of the octopamine receptor gene influences social grouping in D. arcuata, and that specifically, a decrease
in octopamine receptor expression triggers the larval transition from social to solitary.
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Introduction

Group living is key to the survival of many insects,
including many species of ecological and economical
importance (e.g., [1-4]). However, the mechanisms asso-
ciated with group formation and maintenance are poorly
understood [4, 5]. To gain insights into such mechanisms
we used the masked birch caterpillar (Drepana arcuata)
as our study organism for two main reasons. First, dur-
ing development these larvae predictably transition from
living socially to solitarily, with the 3rd instar as the
transition stage [6]. Second, a transcriptomic compari-
son between social and solitary phenotypes of D. arcu-
ata showed differential expression of a number of genes

*Correspondence: jayneyack@cunet.carleton.ca

Department of Biology, Carleton University, Ottawa, ON K1S 5B6, Canada

B BMC

associated with sociality in other organisms [7]. Among
these, octopamine receptor (OAR) is of particular inter-
est. Expression of OAR in gregarious and solitary D.
arcuata showed a log fold change (log,FC) of 4.9, indicat-
ing a relative upregulation in early, gregarious instars [7].
Behavioral changes associated with octopamine recep-
tors and the ligand, octopamine, are known to play a role
in a variety of insect behaviors, including sociality [8—12].
In both the migratory locust, Locusta migratoria, and the
desert locust, Schistocerca gregaria, for example, higher
expression of octopamine receptor has been reported in
gregarious compared to solitary phases [13, 14]. The dif-
ferential expression patterns in D. arcuata together with
associations with social behavior in other insects led
us to test OAR function in D. arcuata larval grouping
behavior.
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In this study we test the hypothesis that a decrease in
octopamine receptor expression triggers the larval tran-
sition from social to solitary. To test this, we used RNA
interference (RNAI) to reduce octopamine receptor tran-
script abundance. There were two main goals: (1) To
determine whether feeding synthetic dsSRNA to D. arcu-
ata larvae would elicit an RNAi response. This would be
evident by a reduction in octopamine receptor gene tran-
script abundance based on RT-qPCR analysis and; (2)
To test whether RNAi-induced reduction in octopamine
receptor transcript altered the timing of the social to soli-
tary transition in caterpillars.

Main text

Methods

Insect collection and rearing

Larvae were reared from eggs of female D. arcuata moths
collected near Ottawa, Ontario, Canada (45.4215°N,
75.6972°W). Larvae were fed on paper birch leaves (Bet-
ula papyrifera) held in water-filled vials kept in glass jars
at room temperature (21-23 °C) under 16 h light: 8 h
dark lighting.

dsRNA design and synthesis

Isoforms of the octopamine receptor gene were previ-
ously found to be upregulated in socially grouping early
instars of D. arcuata relative to solitary late instars [7].
After aligning the octopamine gene isoforms using
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clust
alo/), conserved regions were used for siRNA design
using Dharmacon’s siDESIGN tool (https://horizondis
covery.com/en/products/tools/siDESIGN-Center). Dou-
ble-stranded siRNAs were designed to match three dif-
ferent regions of the DaOAR transcript (Additional file 1:
Table S1). For each region, sense and antisense 21-nucle-
otide ssRNAs were commercially synthesized (https://
www.sigmaaldrich.com/life-science/custom-oligos/
sirna-oligos.html) with a dTdT overhang at the 3" end,
individually dissolved in diethyl pyrocarbonate-treated
(DEPC) water, and combined to allow formation of three
dsRNAs, referred to as dsDaOAR-1, dsDaOAR-2, and
dsDaOAR-3.

dsRNA feeding and behavioral trials

Second instar caterpillars, all within 1 day of molting
into the 2nd instar, were used for the feeding and behav-
ioural trials. There were two phases to the experiment—
a feeding period on leaves coated in either dsSRNA or
DEPC-water control, and a behavioral assessment period
(Fig. 1). Details on each trial including number of trials
performed are included in Additional file 1: Table S3.
At the beginning of each trial, a birch leaf (~4-6 cm?),
was suspended by the petiole in a water-filled Eppendorf
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tube. Using a micropipette tip, 3 pug dsRNA (i.e. 2 pl vol-
ume) was applied evenly per 1 cm? area on the upper sur-
face of the leaf (dsOAR-treated), and an equal volume of
DEPC water was applied to the upper surface of control
leaves (Fig. 1). One hour after application of dsRNA or
DEPC water (control), 2—3 larvae were flash frozen for
qPCR and an additional 6-10 larvae were placed on the
leaf (indicated by 0 h on Fig. 1) and allowed to feed for
48 h. At 48 h, 2-3 larvae were flash frozen for qPCR and
the remaining 4-8 larvae were transferred, with each
larva spatially separated, to a fresh sprig of 2-3 birch
leaves (each leaf= ~8 cm long x ~5 cm wide) held in a
water-filled plastic vial to assess group forming behav-
ior (Fig. 1). Grouping behavior was assessed for 24 h
(i.e. between 48 and 72 h of the experiment (Fig. 1)), at
the conclusion of which 2-3 larvae were flash frozen
for qPCR. During the 24 h grouping assessment, larvae
were monitored for the presence or absence of groups by
monitoring the following parameters at the time points
of 0, 1, 2, 3, 4, and 24 h: (i) the presence or absence of a
group; (ii) number of groups established and; (iii) number
of larvae in each group. Groups here refer to 2 or more
individuals residing within an established silk shelter.
The dsRNA treatment data and grouping data were each
subjected to a Wilcoxon—Mann—Whitney test, as appro-
priate for small sample sizes, using R-package ‘stats’ in
RStudio v1.3.1056 [15]. Leaf area consumed by caterpil-
lars during feeding treatments was recorded to assess if
there were any differences between control and dsOAR
treatments.

Primer design and RT-qPCR

Primer design RT-qPCR primers for a ‘housekeeping
gene, DaRps7 (D. arcuata ribosomal protein 7), and octo-
pamine receptor gene, DaOar, were designed using Prim-
er3Plus v2.4.2 software [16]. Sequences of genes used to
design primers were retrieved from the D. arcuata tran-
scriptome assembly deposited at DDBJ/EMBL/GenBank
under Accession Number GIKL00000000 [7] (see Addi-
tional file 1: Table S2 for RT-qPCR primer sequences).
The PCR efficiency of each primer pair was comparable
(~92%) as assessed using a 5-point standard curve.

RNA extraction and cDNA synthesis To prepare samples
for RNA extraction, a subset of two to three 2nd instars
was flash frozen in liquid nitrogen at each of three time
points during trials (Fig. 1): 0 h (beginning of feeding
period), 48 h (end feeding period, just before behavioral
observations), and 72 h (end of behavioral observations).
Frozen caterpillars were stored at — 80 °C prior to RNA
purification. Frozen caterpillars were ground in liquid
nitrogen with a mortar and pestle followed by RNA puri-
fication using the Norgen Biotek Plant/Fungi RNA extrac-
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Fig. 1 Overview of the methods used in this study. The effects of an octopamine receptor gene (DaOAR) on grouping behavior were tested by
feeding second instar D. arcuata larvae synthetic dsRNAs

tion kit (#31,350). DNase (Invitrogen TURBO DNase)
was added during RNA extraction to eliminate residual
DNA. Isolated RNA was quantified using a Nanodrop
Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and stored at — 80 °C in aliquots until cDNA
synthesis. One pg of RNA was used for cDNA synthesis
using M-MulLV reverse transcriptase and First Strand
c¢DNA Synthesis Quick Protocol (New England Biolabs
#M0253).

RT-gPCR RT-qPCRs were performed using SYBR Fast
Universal qPCR kit (Sigma-Aldrich). qPCR reactions
were performed in duplicate with a total reaction volume
of 20 pl [10 pl SYBR mix, 2 pl each of 10 uM forward and
reverse primers (Additional file 1: Table S2), 4 pl milli-Q
water and 2 pl of cDNA]. qPCR was carried out using Bio-
Rad’s CFX Connect system (Bio-Rad Laboratories, Her-
cules, California, USA) with the following thermal cycling
conditions: initial denaturation at 95 °C for 3 min followed
by 40 cycles of 95 °C for 10's, 60 °C for 15 s and 72 °C for
20 s. No-template controls and no-reverse-transcriptase
controls were used during each qPCR run to confirm the
absence of primer-dimer formation and DNA contami-

nation, respectively. RT—-qPCR values across trials were
normalized to the reference gene (DaRps?) and the dou-
ble delta Ct method was used for relative quantification
of octopamine transcript abundance in dsSRNA-treated vs
control caterpillars [17].

Results

RNAi-associated decrease in octopamine receptor transcript
Three dsRNAs (dsDaOAR-1, dsDaOAR-2, dsDaOAR-3)
that target different regions of octopamine receptor
transcript were separately fed to D. arcuata larvae to
examine for evidence of RNAi in comparison to DEPC-
water control diets (Additional file 1: Table S3). Leaf
area consumed by each larva in DEPC-water controls
and dsOAR-treatment trials was similar, 2.73+0.15
mm?, equivalent to a dose of 0.082 pg (0.063—0.114 ug)
of dsRNA per larva, assuming equal feeding by all larvae.
Relative to DEPC-water control diets, RT-qPCR revealed
a significant reduction of target octopamine recep-
tor transcript at 48 h when larvae had been fed either
dsDaOAR-2 or dsDaOAR-3, but no significant difference
with dsDaOAR-1 feeding (Fig. 2). Octopamine receptor
transcript abundance increased by 72 h in dsDaOAR-2
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Fig. 2 A decrease in DaOAR transcript abundance correlates to grouping behavior. Bars represent means & S.E,, bars with different letters are
significantly different (Wilcoxon-Mann-Whitney). N =number of replicate trials. A Relative to the DEPC water control, a significant decrease in
the DaOAR transcript abundance of octopamine receptor gene was observed at 48 h for dsDaOAR2 (p=0.001) and dsDaOAR3 (p=0.0004), but
not with dsDaOART1 (p=0.642). Transcript abundance was quantified using RT-gPCR. B Percentage of larvae in control and dsRNA treatments
that remained solitary at the end of behavioral trials. No significant differences were observed in control vs dsDaOAR-1 where none of the larvae
remained solitary (p=0.05). Significant differences observed in control vs dsDaOAR-2 (p=0.001) and control vs dsDaOAR-3 (p = 0.0005)

and dsDaOAR-3 treatments (Additional file 1: Table S1),
indicating the transient nature of the dsRNA knockdown
effects. Overall, the results indicate that 48 h of feeding
larvae either dsDaOAR-2- or dsDaOAR-3-coated birch
leaves results in a significant reduction of the target octo-
pamine receptor transcript abundance (Fig. 2A).

Delayed behavioral transition correlates with reduced
octopamine transcript abundance

To determine if caterpillars that were fed on dsDaOAR-1,
dsDaOAR-2 and dsDaOAR-3 had different group-forma-
tion behavior compared to those fed on DEPC water con-
trol diets, observations were made during the 48-72 h
period. Figure 2B shows that over 90% of the larvae fed
with either dsDaOAR-2 or dsDaOAR-3 dsRNA remained
solitary throughout this 24 h observation period, com-
pared to less than 10% of those fed on dsDaOAR-1 or
the water control. The solitary life-style exhibited by
dsDaOAR-2- and dsDaOAR-3-treated 2nd-instar D.
arcuata larvae is highly unusual in our extensive experi-
ence with D. arcuata [6]. Note also, that dsDaOAR-1 does
not significantly induce RNAI (Fig. 2A) nor does it change
timing of the behavioral shift (Fig. 2B). dsDaOAR-1 can
be considered, then, as a negative control that shows that
simply feeding dsRNA to the caterpillars does not alter
the behavioral shift; an RNAi-induced decrease in octo-
pamine receptor expression is apparently needed for the
behavioral effect. At the end of group-formation trials,
all treatments had equivalent numbers of caterpillars in
2nd instar (40%) or initiating a 2nd to 3rd instar molt,
suggesting no differences in transition rates from 2nd to

3rd instar among treatments. These results support the
hypothesis that downregulation of octopamine receptor
gene in 2nd instars hastens the switch from social to soli-
tary behavior.

Discussion

Social behaviors in insects are complex and can be mod-
ulated by one or multiple genes and complex environ-
mental cues [18]. The results presented here indicate that
differential expression of octopamine receptor modulates
the behavioral transition from group to solitary living in
D. arcuata caterpillars. Octopamine has varied functions
in insects, acting as a neuromodulator, neurohormone
and a neurotransmitter [19], and previous studies have
described the roles of octopamine receptors in mediat-
ing different behaviors, including social behavior [13,
14, 19-25]. Our current study extends the evidence that
octopamine signaling acts as a driver of social behavio-
ral transitions to the Lepidoptera. It should be noted
that other biogenic amines such as dopamine and sero-
tonin are also involved in mediating various insect social
behaviours (e.g., [26—28]) and the interactions among the
different amines including octopamine could be involved
in shaping larval grouping behavior; however, exploring
these molecular mechanisms is beyond the scope of this
study. Our results confirm that the feeding dsRNA to
Lepidoptera can trigger RNAi. Evidence for the efficacy
of this method are few in Lepidoptera; however, it is not
without precedence. For example, Gong et al. [29] fed
dsRNA that targeted transcripts of the acetylcholinester-
ase gene to disrupt larval growth and development in the
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crop pest- diamondback moth, Plutella xylostella, pro-
viding an innovative strategy for developing RNAi-based
pesticides. The findings of our current study broaden the
potential applications of RNAI to unraveling the genetic
mediation of social behaviors in Lepidoptera.

Limitations

Sample sizes of caterpillars were limited for two reasons.
First, caterpillars of this species must be reared from eggs
obtained from wild-caught female moths. Both moths
and host plants are seasonally limited. Second, the social/
grouped phase of development is restricted to 3—5 days,
reducing the availability of larvae of the same age.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513104-022-06102-3.

Additional file 1: Table S1. Positions and sequences of synthesized
siRNAs targeting D. arcuata octopamine transcript sequence. Table S2.
Sequences of RT-gPCR primers used in this study. Table S3. RT-gPCR and
behavioral assay results for individual trials for dsRNA and water control.

Acknowledgements
Not applicable.

Author contributions

Experiments were designed by CY, MLS and JEY. Experiments were carried out
by CY. Manuscript was written, edited, and approved by CY, MLS and JEY. All
the authors read and approved the final manuscript.

Funding

This research was funded by Discovery Grants from the Natural Sciences and
Engineering Council of Canada (NSERC) to JEY (2020-07056; 2014-05947) and
MLS (2014-05436), and by Ontario Graduate Scholarships to CY.

Availability of data and materials

All the data generated and/or analyzed in this study are included in this
manuscript and its additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Received: 23 February 2022 Accepted: 7 June 2022
Published online: 20 June 2022

References

1. Fitzgerald TD. The tent caterpillars. Ithaca: Cornell University Press;
1995.

2. Wilson EO. The insect societies. Cambridge: Harvard University Press;
1971.

22.

23.

24.

25.

26.

27.

28.

Page 5 of 6

Riaz S, Johnson JB, Ahmad M, Fitt GP, Naiker M. A review on biological
interactions and management of the cotton bollworm, Helicoverpa
armigera (Lepidoptera: Noctuidae). J Appl Entomol. 2021;145:467-98.
Costa JT. The other insect societies. Cambridge: The Belknap Press of
Harvard University Press; 2006.

Costa JT, Pierce NE. Social evolution in the Lepidoptera: ecological
context and communication in larval societies. In: Choe JC, Crespi BJ,
editors. The evolution of social behaviour in insects and arachnids.
Cambridge: Cambridge University Press; 1997. p. 407-22.

Yadav C, Yack JE. Immature stages of the masked birch caterpillar,
Drepana arcuata (Lepidoptera: Drepanidae) with comments on feeding
and shelter building. J Insect Sci. 2018;18(1):18.

Yadav C, Smith ML, Yack JE. Transcriptome analysis of a social caterpil-
lar, Drepana arcuata: De novo assembly, functional annotation and
developmental analysis. PLoS ONE. 2020;15(6): €0234903.

Schulz DJ, Barron AB, Robinson GE. A role for octopamine in honeybee
division of labor. Brain Behav Evol. 2002;60(6):350-9.

Roeder T. Tyramine and octopamine: ruling behaviour and metabolism.
Annu Rev Entomol. 2005;50:447-77.

Dierick HA. Fly fighting: octopamine modulates aggression. Curr Biol.
2008;18(4):161-3.

. Wada-Katsumata A, Yamaoka R, Aonuma H. Social interactions influ-

ence dopamine and octopamine homeostasis in the brain of the ant
Formica japonica. J Exp Biol. 2011;214(10):1707-13.

Hewlett SE, Delahunt Smoleniec JD, Wareham DM, Pyne TM, Barron
AB. Biogenic amine modulation of honey bee sociability and nestmate
affiliation. PLoS ONE. 2018;13(10): e0205686.

Ma Z, Guo X, Lei H, Li T, Hao S, Kang L. Octopamine and tyramine
respectively regulate attractive and repulsive behaviour in locust phase
changes. Sci Rep. 2015;5:8036.

Verlinden H, Vleugels R, Marchal E, Badisco L, Tobback J, Pfliger HJ,

et al. The cloning, phylogenetic relationship and distribution pattern
of two new putative GPCR-type octopamine receptors in the desert
locust (Schistocerca gregaria). J Insect Physiol. 2010;56(8):868-75.

R Core Team. R A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2019.

Untergasser A, Nijveen H, Rao X, Bisseling T, Geurts R, Leunissen JA.
Primer3Plus, an enhanced web interface to Primer3. Nucleic AcidsRes.
2007;35:W71-4.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2-AACT method. Methods.
2001;25(4):402-8.

Rittschof CC, Robinson GE. Genomics: moving behavioural ecology
beyond the phenotypic gambit. Anim Behav. 2014;92:263-70.
Farooqui T. Review of octopamine in insect nervous systems. Open
Access Insect Physiol. 2012;4:1-17.

Liang ZS, Nguyen T, Mattila HR, Rodriguez-Zas SL, Seeley TD, Robinson
GE. Molecular determinants of scouting behaviour in honeybees. Sci-
ence. 2012;335(6073):1225-8.

. Spindler SR, Mote PL, Li R, Dhahbi JM, Yamakawa A, Flegal JM, et al.

B1-Adrenergic receptor blockade extends the life span of Drosophila
and long-lived mice. Age. 2013;35(6):2099-109.

Cunningham CB, Douthit MK, Moore AJ. Octopaminergic gene expres-
sion and flexible social behaviour in the subsocial burying beetle
Nicrophorus vespilloides. Insect Mol Biol. 2014;23(3):391-404.
McQuillan HJ, Nakagawa S, Mercer AR. Mushroom bodies of the hon-
eybee brain show cell-population-specific plasticity in expression of
amine-receptor genes. Learn Mem. 2012;19:151-8.

Reim T, Scheiner R. Division of labour in honey bees: Age- and task-
related changes in the expression of octopamine receptor genes.
Insect Mol Biol. 2014;23(6):833-41.

Roeder T. The control of metabolic traits by octopamine and tyramine
in invertebrates. J Exp Biol. 2020;223:194282.

Anstey ML, Rogers SM, Ott SR, Burrows M, Simpson SJ. Serotonin medi-
ates behavioral gregarization underlying swarm formation in desert
locusts. Science. 2009;323:627-30.

Kambhi JF, Arganda S, Moreau CS, Traniello JFA. Origins of aminergic
regulation of behavior in complex insect social systems. Front Syst
Neurosci. 2017;11:74.

Sasaki K, Okada Y, Shimoji H, Aonuma H, Miura T, Tsuji K. Social
evolution with decoupling of multiple roles of biogenic amines into


https://doi.org/10.1186/s13104-022-06102-3
https://doi.org/10.1186/s13104-022-06102-3

Yadav et al. BMC Research Notes (2022) 15:211 Page 6 of 6

different phenotypes in Hymenoptera. Front Ecol Evol. 2021. https://
doi.org/10.3389/fevo.2021.659160.

29. Gong L, ChenY, Hu Z, Hu M. Testing insecticidal activity of novel
chemically synthesized siRNA against Plutella xylostella under laboratory
andfield conditions. PLoS ONE. 2013;8(5):1-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.3389/fevo.2021.659160
https://doi.org/10.3389/fevo.2021.659160

	Octopamine receptor gene influences social grouping in the masked birch caterpillar
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Methods
	Insect collection and rearing
	dsRNA design and synthesis
	dsRNA feeding and behavioral trials
	Primer design and RT–qPCR
	Primer design 
	RNA extraction and cDNA synthesis 
	RT–qPCR 


	Results
	RNAi-associated decrease in octopamine receptor transcript
	Delayed behavioral transition correlates with reduced octopamine transcript abundance

	Discussion

	Limitations
	Acknowledgements
	References




