Investigation of the gene expression of Lethrus apterus in the

perspective of parental behaviour

Nagyfeji csajkok (Lethrus apterus) génexpressziojanak vizsgalata

az utodgondozo viselkedés szempontjabol

Thesis for the Degree of Doctor of Philosophy (PhD)

by: Nikoletta Andrea Nagy

Supervisors:
Prof. Zoltan Barta

professor

Dr. Zoltdn Németh

lecturer

UNIVERSITY OF DEBRECEN
Doctoral Council of Natural Sciences and Information Technology
Juhasz-Nagy Pal Doctoral School
Debrecen, 2021






Hereby 1 declare that I prepared this thesis within the Doctoral Council of Natural
Sciences and Information Technology, Juhasz-Nagy Pal Doctoral School, University
of Debrecen in order to obtain a PhD Degree in Natural Sciences at University of
Debrecen.

The results published in the thesis are not reported in any other PhD theses.

Debrecen, 2021.

Nagy Nikoletta Andrea

Hereby I confirm that Nikoletta Andrea Nagy candidate conducted her studies with my
supervision within the Biodiversity Doctoral Program of the Juhasz-Nagy Pal Doctoral
School between 2016 and 2020. The independent studies and research work of the
candidate significantly contributed to the results published in the thesis.

I also declare that the results published in the thesis are not reported in any other theses.
I support the acceptance of the thesis.

Debrecen, 2021.

Prof. Zoltan Barta

Hereby I confirm that Nikoletta Andrea Nagy candidate conducted her studies with my
supervision within the Biodiversity Doctoral Program of the Juhdsz-Nagy Pal Doctoral
School between 2016 and 2020. The independent studies and research work of the
candidate significantly contributed to the results published in the thesis.

I also declare that the results published in the thesis are not reported in any other theses.
I support the acceptance of the thesis.

Debrecen, 2021.

Dr. Zoltan Németh







Investigation of the gene expression of Lethrus apterus in the perspective of

parental behaviour

Nagyfejii csajkok (Lethrus apterus) génexpressziojanak vizsgalata az

utodgondozo viselkedés szempontjabol

Dissertation submitted in partial fulfilment of the requirements for the doctoral

(PhD) degree in Biology
Written by Nikoletta Andrea Nagy certified Biologist

Prepared in the framework of the Juhasz-Nagy Pal Doctoral School of the
University of Debrecen

(Biodiversity programme)
Dissertation advisors:

Prof. Zoltan Barta
Dr. Zoltdn Németh

The official opponents of the dissertation:

The evaluation committee:
ChAIIPETSON:  cooiiiiiiciieieceee e ees rteeiee st e e e e steeeteeeenaaaeeennaeas

IEIMIDETS, oo e

The date of the dissertation defence: .........uueeeeveeeeeeeneeeeennnn..






Table of contents

General INrOAUCTION. .......eeiutiriiiie ettt ettt et e e eesaeee e 1
Introducing the model SPeCIes.........coocvieeiiiriiiiiiirieeteee e 7
Outline and objectives of the dissertation............cccceeeveeveerieesieeciieeecieeeecieeens 9

Study 1: Predominant female care in the beetle Lethrus apterus with supposedly

DIPAreNtal CATE......cccvieieiieieiieciee ettt ettt e e et e e e e e e s tae e s tae e s ssabeaeeeesnnanaeas 11
ODJECHIVES. . eeeteetteeite ettt ettt et e et e st e s bt e st e s teesaeessbe e seesnseenseesssaaesnsseassnns 11
RESULLS. ..ttt ettt sttt e et e e e e 11
DISCUSSION......eutiiiiiiiiiieeeiteeet ettt ettt e s erae e e e arre e e e 12

Study 2: Draft genome of a biparental beetle species, Lethrus apterus................... 14
Introduction and ODJECHIVES..........eecvieriirrieiiienieeeee et 14
Materials and mMethods.........ccceiriiiiiiiiinieee et 15

Sampling and DINA eX{TaCtioN..........cecveriueerieeniieenienieeneeeseeseessseeseesssesssnnes 15
DNA library preparation and SEQUENCING........cc.cceeevverrrreeerieeerieeeeessivreeeeennnns 16
Quality control and filtering...........ccccueevieriieriieniieeieeieeeeeee e 16
Genome aSSEMDLY......cccuiiiiiieiiieeriieeeee et ree e e e e e e e e 17
Genome annNOtAtION.........civuiiiiiieiiieeeiieeeie ettt sree s sree s ae e e e e ans 17
Search for reproductive behaviour related genes...........cccccveeeecireeecireeennenen. 18
Orthology and phylogenetic analysis........ccccceevierieerienseeniiieeeiee e 19
Results and diSCUSSION......ccc.eeruieriiiiiiiieeieeeete ettt 20
Assembly quality and completeness...........ceoeeeverrieniieeniieniienreenieeseesiee s 20
GeNOMe aNNOTALION. ..cccuutiiiiiieiiieerieeertee et ettt e eerteeeateeereeeereeesbeesereeeeseans 25
Annotation of reproductive behaviour related genes............cccecuerrvervieennnnenn. 26
Comparison with other coleopteran Species...........ccceeeeeeriieeeriieeeeesiivreeeeennns 29

Study 3: Evaluation of potential reference genes for gene expression studies on the

parental care Of LetNIUS APLEIUS.........ccuveecueeeueeeciieeiieeiieeeieeecieesiaeeteesreeeaeesveesaaeveees 31
ODJECHIVES. ...eeeuveeiteeieeete et eete et e et et e e te e st e e beesbesbeessteesseesssesseesnsaennsseesnnns 31
RESULLS. ..ttt ettt et e e s e e 32
DISCUSSION......uetiiiiiiieiieeeteeet ettt e e s rae e e e arre e e e 32

Study 4: Inotocin, a potential modulator of reproductive behaviour in a biparental

Deetle, LOtNIUS APLOTUS. ....cccueeeeeeeieeieeeiieeieeeite et esitessteesatesaeesasesseesstesssesssseessnseeas 34
Introduction and ODJECHIVES.........ciecuiiiriiieiiee ettt e e e e e e araeeee s 34
Materials and Methods...........cocueeiereriieniireeieeeee e 36

The effect of humidity on expression of inotocin and its receptor................. 36
Field observations on the seasonal behaviour of Lethrus apterus.................. 37
Sample collection for measuring seasonal gene expression of inotocin and its

TRCEPEOT . ..eeeieuereeeeeeireeeeeirteeeeeereeeeessaeeeesaseeessanreeesasanaeeesssseeessnnnnnssnsnenaaeeeeens 38
RNA extraction and CDINA SYNthesiS........ccccvueeriiieriieeniieeniiieeeeeesrveeeeeeens 39
Gene identification and primer design...........ccceeveervieerieriiernienieeeeeee e 39
Real-time quantitative PCR........cccooviiiiiiieeiiieccieecteeeeeesee e eevveee e e 40
Statistical aNAlYSiS.....cueevveirieriiiiierieeeee e 41

ROSUIES ettt e e ettt e e e e e e e e et et e e eeeseeeseaaeannesenanesesaneeanen 42



Structure of inotocin and itS FECEPLOT.......evcverruiirieriierieeiee et et 42

The effect of humidity on expression of inotocin and its receptor................. 44
Seasonal variation in behaviour of Lethrus apterus...........ccccceccueeeviveeennnen. 45
Seasonal expression Of INOtOCIT........cccecieeiieeiiieieeierie et 46
Seasonal expression of iNOtOCIN TECEPLOT........cceeruereereerierieenieenreeeree e 47
DISCUSSION. ....uetiiiiieieitee ettt ettt et s it e st e e s e ssrae e e e e e mnaeeeee s 49
General diSCUSSION.....cc.eetirierieiieriiertteteeterte ettt ettt et st et e s et e s b e snee s 54
Summary - Key findings........cccueeiirriiiiiieiieeieciteeeieese ettt e 59
Osszefoglalas - Uj tudomanyos eredmeények................cceveerrureerereererseeeesesesennsennns 60
Contribution to the studies in the diSSertation...........ccecceeveereerieenieenenseeneeseeeeane 61
ACKNOWIEAGEMENLS......cveitiriiiiiiiieiieieete ettt ettt et sre s s seee e 62
RETEIOIICES. ...ttt et sttt be e st e s 63
List Of PUDLICAtIONS.....ccoveiiiriieiiiierteeeeeteee ettt 76
APPDEIAIX. ..ttt ettt ettt ettt et a et e et e et e st e e b e e e e nneeean 77
Availability of beetle proteomes referenced in Study 2........cccccecveevvieinvvinneennne. 77
Supplementary studies on the bimodal distribution of inotocin expression levels
............................................................................................................................. 78
EFfECt OF SEX.nuiiiiiieiieieee ettt e 80
Effect of sampling time..........cocueveriiriinieieneeeteeeee e 81
Effect of body size of individuals...........ccoceeverviiniininiiniieeeeeeeeee 82
Effect of location on RT-qPCR plates.........cccceeerienirnieriienieninienecseneeneenns 83
Effect of RNA CONCONTIatioN.....c.eevuereiirierieneeieeieniteieete st 84
Effect of protein contamination.............ceveeverveerierennieneeneneneeree e 85
Activity and leaf collection during the breeding period............cccccevveeriveennnn. 86

ATTACKITIENTS ..o et eeeieieeeeeeeeeeeee ettt ettt et eeeeeeeetaareeeeseataaaesseeanans 88






General introduction

Sociality and social behaviour occur on many different levels in extremely diverse
taxa. Even behaviour that was traditionally considered as non-social (e.g. fighting,
mating) have social aspects as in these processes as well, one individual’s fitness
depends on the other’s behaviour (Hofmann et al. 2014). One of the most complex
social behaviour is parental care, not only in terms of its diverse forms but in the
evolutionary processes underlying these forms (Royle et al. 2016). Parental care is
defined as ‘any parental trait that enhances the fitness of a parent’s offspring, and
that is likely to have originated and/or to be currently maintained for this function’
(Smiseth et al. 2012). This behaviour, however, is often costly for the parents
because it decreases their possibility to invest in further offspring (Trivers 1972).
Nevertheless, parental care evolved independently in as distant taxa as insects and
mammals varying from provisioning of gametes to care for mature offspring
(Smiseth et al. 2012). Organisms can be classified into four main groups based on
the parents’ investment in care:

* o care,

* female only care,

* male only care, and

* Dbiparental care.
Considering the evolutionary origins of these types, it seems that female-only and
male-only care evolved from the no care state, and biparental care originates from
female care by male joining (Royle et al. 2016). Among mammals, reptiles and
invertebrates, the most common form of care is maternal care, whereas paternal
care dominates in fish. Among amphibian species, maternal and paternal care are
equally distributed, and the most complex biparental care is mainly restricted to
birds (Balshine 2012).

The origin of parental behaviour is not clear yet, nevertheless, according to

Wilson (1975), four main conditions are likely contributing to the evolution of



parental care: stable and structured habitats, harsh environment, specialized food
resource and predation risk. For example, an interesting study was performed on a
lizard (Eutropis longicaudata) which showed that without predator stress, no care
was provided, in contrast, with high predation risk, females guarded their eggs
(Pike et al. 2016) supporting the above-described hypothesis. The importance of
environmental factors was further strengthened using mathematical models,
revealing that interaction between ecological factors, life-history traits and costs of
care is needed for inducing selection for parental care (Klug & Bonsall 2010).
However, these models also pointed out that other components are interplaying in
the evolution of parental care including the social environment, i.e. parent-parent,
parent-offspring, and sibling interactions. In addition, further characteristics of
sexes, such as mortality and stage-specific maturation, are theoretically shaping the
type, i.e. maternal, paternal or biparental care, and the level of care, i.e. how much
does the parent invest in the offspring (Klug et al. 2013). Consequently, one of the
major aims of evolutionary biology, besides uncovering the origin of parental care,
is to understand the causes of the diversity observed in parental care systems,
including the variance in the care provider sex as well as the forms, levels and the
duration of the activity (Clutton-Brock 1991). An important aspect of this
endeavour is the investigation of the proximal, e.g. genetic and physiological
mechanisms underlying the diverse forms of parental care observed in the animal

kingdom (Hofmann et al. 2014).

Arthropods express the most variable forms of social behaviour, however, until
recently, studies were largely restricted to understanding a highly complex
grouping mechanism, namely eusociality. In eusocial species, overlapping
generations live together exhibiting cooperative brood care and reproductive
division of labour (Wilson 1975). Besides this decidedly intriguing form of
sociality, not much attention was paid to the organisation and behaviour of non-
eusocial species, often called ’other’ societies (Costa 2006). One category within

the ’other’ societies was ’subsocial’ consisting of species that show any level of



parental care of the eggs or the young (Wilson 1975). However, this terminology
was argued to be inaccurate as it suggests that the species in question is not fully
social, despite the fact that these societies can provide insights from the motivation
and regulation of group formation (Costa 2018). More precisely, narrow
phylogenetic comparisons can reveal the background of choice of diverse social
paths between closely related species, whereas comparisons between distant taxa
can answer the questions on the relationship between convergent evolution of
parental behaviour and physiology (Trumbo 2012).

Within arthropods, insects can be outstanding models to investigate all aspects
of parental care, including its mechanism, ecology and evolution. They usually
have a relatively short life cycle and are highly manipulatable, besides, insect
species exhibit diverse forms of care, from egg attendance to a well-coordinated
system for offspring provision (Trumbo 2012). Moreover, both facultative, i.e.
offspring do not fully depend on the care, and obligate care, i.e. offspring do not
survive without care, can be found among insects (e.g. Capodeanu-Négler et al.
2016). In a comprehensive study by Gilbert & Manica (2015), the evolution of
parental care was investigated and compared between two groups of insect species:
holometabolans which undergo complete metamorphosis and usually have
immobile larvae; and hemimetabolans which develop through incomplete
metamorphosis with mobile and self-sufficient nymphs. They found that parental
care evolved in 44 families of nine orders among hemimetabolans and 51 families
of four orders among holometabolans. The most characteristic form of care in both
groups was found to be female only care, i.e. 87.2 % of parental hemimetabolan
and 73.9 % of parental holometabolan species, respectively. In contrast, male only
care was only described in hemimetabolan species (6.4 % of parental species).
Besides, biparental care is much more frequent in holometabolans than in
hemimetabolans (26.1 % and 6.4 %, respectively). These insect species provide
excellent targets of comparative research on the evolutionary origin and the

regulation of parental care (Kronauer & Libbrecht 2018).



Studies aiming to understand the regulation of parental care in insects are scarce.
Nearly 20 years ago, a review was published aiming to summarise the knowledge
on the hormones involved in parental care in insects (Trumbo 2002). In this review,
information on the following six main groups of previously investigated care was
collected: egg carrying by female cockroaches, guarding and grooming behaviour
of female earwigs, direct biparental food provision and nest protection of burying
beetles, egg and nymph attendance of burrower bugs, egg guarding of lace bugs
and nesting and food provision of scarab beetles sometimes exhibited by both
parents. In all referred studies, the main focus was on juvenile hormone. The level
of this gonadotropic hormone peaks and decreases right before oviposition and
remains at low levels during egg carrying in cockroaches. In addition, allatostatins
and octopamine were found to inhibit juvenile hormone biosynthesis, therefore, can
be potential modulators of behaviour forms related to reproduction. In earwigs,
juvenile hormone and ecdysteroids are both expressed at high levels which
decreases right after oviposition and remains at low levels during parental care.
However, it was also demonstrated that high titre of juvenile hormone is not
incompatible with parental care suggesting an indirect relationship between this
hormone and the maternal care of earwigs. Juvenile hormone is present in the
highest concentrations at the beginning of parental care in both sexes of burying
beetles and decreases continuously during care. Interestingly, the increase of
juvenile hormone occurs soon after finding a carrion that is necessary for offspring
development. Experiments on inhibition of juvenile hormone in burrower bugs and
lace bugs resulted in reduced offspring attendance of females suggesting a role in
parental care. However, juvenile hormone directly was not investigated in scarab
beetles, in spite, the volume of the secretory brain region, corpora allata was found
to be bigger after insemination and decreases in size during the parental period
implying a similar trend of juvenile hormone secretion in these species as described
in the above-mentioned insects (Trumbo 2002).

Albeit the small number of publications on the topic of the hormonal regulation

of parental care in insects, one important conclusion can be made, specifically,
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juvenile hormone plays a central role in all examined species. Therefore, genes and
hormones related to the regulation of synthesis and secretion of this
sesquiterpenoid are excellent targets of studies aiming to understand the regulation
of parental behaviour in insects. Besides the above-mentioned allatostatins,
ecdysteroids and octopamine, other important molecules affecting the control of
juvenile hormone or being influenced by the absence or presence of this hormone
are to be investigated, including allatotropins, neuropeptides, methoprene-tolerant
as juvenile hormone receptor and vitellogenin (De Loof & Schoofs 2021). For
instance, short neuropeptide F is a suppressor of juvenile hormone biosynthesis in
the silkworm Bombyx mori (Kaneko & Himura 2014), and vitellogenin activation
is induced by juvenile hormone in Colorado potato beetle (Leptinotarsa
decemlineata, De Loof & de Wilde 1970).

In the past two decades, the number of studies aiming to understand the
regulation of parental care in insects increased. However, from the potential models
suggested by Trumbo, burying beetles, especially Nicrophorus vespilloides became
the centre of such research. Species belonging to the Nicrophorus genus use small
vertebrate carcasses as a food resource for their offspring. Parents directly feed the
offspring with regurgitated liquid carrion, moreover, they maintain the nest and
protect the offspring from predators (Scott 1998). Studying this species has several
advantages, e.g. they can be easily bred and manipulated in laboratory and they
have highly flexible parental care system including female only care, male only
care and biparental care (Ratz & Smiseth 2018). Parker et al. (2015) performed
differential gene expression analysis on five groups of individuals: biparental
females, biparental males, uniparental females, uniparental males and control
females and males (mated but not caring). Overall, they found 867 genes that were
differentially expressed between parenting and control individuals. Within this gene
set, genes that were related to food breakdown were enriched, most likely because
of the regurgitation of food for the offspring. Additionally, two genes were
highlighted, namely vitellogenin and takeout, to be downregulated in both

parenting sexes compared to the control group suggesting a role in the regulation of
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parental care (Parker et al. 2015). Another study investigating the role of biogenic
amins (octopamine, serotonin and dopamine) in N. orbicollis was published one
year later (Panaitof et al. 2016). No relationship between parental care and
octopamine or serotonin was found, whereas, dopamine significantly increased
when offspring feeding started. Finally, Cunningham et al. (2016) examined the
expression of neuropeptide F and its receptor in different stages of parental care in
N. vespilloides. They reported lower expression levels of neuropeptide F receptor
during care compared to other reproductive stages suggesting that this neuropeptide
is involved in the regulation of parental care.

Another species has also attracted the interest of researchers, namely the small
carpenter bee (Ceratina calcarata). Females collect pollen for each offspring
separately in advance of their hatching. After this, mothers stay in the nest and
protect the offspring from predators, furthermore, they groom and feed even the
fully developed offspring. Besides, dwarf oldest daughters also forage to provide
food for the other offspring (Rehan & Richards 2013). Considering the parallel of
the dwarf daughters and the mothers of small carpenter bee with the workers and
queens of eusocial insect societies as well as its close relatedness to honey bee
(Apis mellifera), this species provides an outstanding opportunity to study the
evolution of social behaviour modulation in social insects (Rehan et al. 2014).
However, to date, not many studies were published aiming to identify genes that
are involved in the parental behaviour of C. calcarata. Transcriptome and
differential expression analysis of the mothers and dwarf oldest daughters at
different time points of the reproductive period resulted in 180 differentially
expressed genes associated with offspring care (Rehan et al. 2014). Among these,
an odorant-binding protein was highlighted as evidence of the importance of
olfaction in the regulation of parental care. A similar analysis was conducted
recently, where differentially expressed genes were searched among foraging,
guarding and nesting females (Shell & Rehan 2019). They found that compared to
the nesting individuals, 483 and 1104 genes were upregulated in foraging and

guarding females, respectively. Among the foraging and guarding associated genes,
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several were reported from other Hymenoptera species as well to be involved in
similar behaviour, taking us one step closer to understanding the evolution of

eusocial insect societies.

Unfortunately, the study of only a few species may bias evolutionary theories,
therefore, it is essential to investigate as many species as possible for comparative
objectives in order to make reliable conclusions on the evolution of parental care.
Here, we aimed to widen our knowledge on the parental behaviour occurring in
beetles and their genetic background using a species with well-developed division
of labour between parents to contribute to the endeavour to understand the

evolution of this complex behaviour.

Introducing the model species

One of the few insect species with biparental care is Lethrus apterus (Laxmann,
1770), a species belonging to the family Geotrupidae. Its distribution ranges from
Hungary to the river Don where the species prefers grassland habitats (Kral et al.
2013). The beetle is plain black and flightless since its elytra are fused. The body
length of an adult beetle can vary between 2-4 cm and the pronotum width between
8.5-14 mm (Rosa et al. 2019). Both sexes have strong mandibles which are used to
cut off leaves of diverse plants serving as food for themselves and the offspring.
Sexual dimorphism can be observed as males have a pair of processes (often called
tusks) on the ventral side of their mandibles which females do not bear. The size of
the tusks of a male individual significantly positively correlates with its body size
(Rosa et al. 2019).

L. apterus is only active during its breeding period which lasts from early March
till the beginning of June depending on the weather (Merkl & Vig, 2009). In
contrast to the literature from the previous century, the adults of L. apterus can live
more than one year, spending the time between two reproductive periods
underground in diapause (Kiss et al. 2020a). After emergence from the

overwintering, individuals search for mates and excavate underground nests



together (Schreiner 1906). The nests begin with a slant entrance channel which
continues in a vertical 50-90 cm deep main channel with 6-11 chambers branching
from it each of them ending in brood cells (von Lengerken 1939). According to
earlier literature, a division of labour can be observed between sexes: the male
collects fresh leaves cutting them with their strong mandibles, then the female
forms a ball from these leaves into each brood cell and finally, lays one egg into
each brood cells (Clutton-Brock 1991). In a field study, males were found to travel
longer distances during the parental care period than females suggesting that active
mate searching behaviour is present during the whole breeding season (Kiss et al.
2020b).

Accordingly, males protect their nests from intruders, being it either mate
searching conspecific or predator species (Heymons 1915). The contests between
two male individuals can last up to 30 minutes (Rosa et al. 2017) and the majority
of them results in the victory of the resident male (Rosa et al. 2018). Interestingly,
there is a difference between the behaviour of small and large males, i.e. large
males initiate contests more often than small males. However, if a fight starts,
duration does not depend on the body size of males (Rosa et al. 2018). According
to a field experiment, nest guarding behaviour increased if the density of
individuals or the proportion of males increased in the population which supports
the hypothesis that males try to assure their paternity under such circumstances
(Rosa et al. 2017).

At the end of the breeding period, when the parents finished with all of the
brood cells, adult beetles dig themselves into the soil and start the overwintering
period until next spring. Hatching larvae consume food stored in the brood
chambers. According to the observations made by Emich (1884), the size of the
imago correlates with the amount of leaf material provided for the larva. L. apterus
have three larval instars followed by pupation from which imagos develop usually
by September, but they will come up to the surface only in next spring (Merkl &
Vig 2009).



Outline and objectives of the dissertation
Here I provide a brief summary of the four studies building up my dissertation.

Study 1: Life cycle and breeding behaviour of L. apterus were mainly described at
the end of the 19th and the beginning of the 20th centuries. To obtain up-to-date
knowledge on this species, we performed field observations on the behaviour of the
beetles. We aimed to collect information on the division of labour between the
parents during the breeding period and also to estimate the reproductive success of

the individuals.

Study 2: To investigate the genetic and hormonal background of the parental
behaviour of L. apterus, the sequence of the genome was essential since no genome
was available from closely related species to use as a reference for downstream
analyses, e.g. gene expression analysis. In the second study, we sequenced and
assembled a draft genome of this species and performed structural and functional
annotation to identify the genes present in it. In addition, we used the annotated
genes to seek specifically for genes that were reported in other insects to be
involved in the reproductive behaviour, including parental care to provide potential

targets for future research on the regulation of parental behaviour in L. apterus.

Study 3: Gene expression analysis with RT-qPCR can provide a great opportunity
to examine the relationship between a few selected genes and the behaviour of
interest. A critical step for this is the use of reliable reference genes which can
balance the potential technical errors during the process. Therefore, we used the
draft genome of L. apterus to identify housekeeping gene sequences and
investigated the stability of their expression regarding sex and season to find the
best reference genes that can be used for data normalization in further gene

expression analyses.

Study 4: Oxytocin/vasopressin and their orthologs are present in the whole animal

kingdom from nematodes to mammals. These neuropeptides were shown to have



conserved functions across widespread taxa from which the most remarkable are
their roles in reproductive behaviour and water maintenance. We identified the
gene sequences of inotocin, the insect ortholog of the peptide family, and its
receptor in the genome of L. apterus. Based on the conserved roles found in diverse
animal taxa, we investigated two questions: (1) whether the expression of inotocin
or its receptor is affected by desiccation stress, and (2) whether the expression of
the two molecules differs between sexes and during the breeding period, i.e.

correlates with the reproductive and parental behaviour of the species.
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Study 1: Predominant female care in the beetle Lethrus
apterus with supposedly biparental care'

Objectives

As presented above, literature about the life cycle and breeding behaviour of L.
apterus is scarce. Based on the descriptions from the beginning of the 20th century
(Schreiner 1906; Heymons 1915; von Lengerken 1939), the majority of leaf
collection for the offspring is performed by males whereas females are responsible
for nest digging and ball formation from the collected leaves. However, no up-to-
date observation-based characterization is available on the reproductive behaviour
of L. apterus. Therefore, prior to starting work on the genetic background of
parental care in this species, we collected data on its behaviour during the breeding
period. For this purpose, we marked individually males and females in a natural
population near Doroghdza, Hungary in 2013 during their active season. Leaf
collection events performed by the marked individuals were recorded during the
breeding period. In September, when the offspring were fully developed, the nests

were excavated to estimate reproductive success of the observed individuals.

Results

Although the marked individuals were almost equally distributed between sexes,
our results showed that the majority of recorded leaf collecting events belonged to
females and only a small proportion to males. Furthermore, nests of males
contained only dead larvae, whereas nests belonging to observed females had

several fully developed, live offspring and only one dead larva.

1 This is a summary of the article published as: Kosztolanyi, A., Nagy, N., Kovacs, T., & Barta,
Z. (2015). Predominant female care in the beetle Lethrus apterus with supposedly biparental
care. Entomological Science, 18(2), 292-294. The full article is provided in the Attachment
section.
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Discussion

In contrast with descriptions of the parental behaviour of L. apterus from the
literature, our observations showed that leaves presumably stored up for the
offspring are mainly collected by females. Moreover, males that were collecting
leaves seemed to have lower reproductive success than females, although we had
small number of samples. These results are interesting because this species was
described to have a specific division of labour between the parents, namely, the
male collects the leaves and the female prepares them for the offspring. One
explanation for our rather different results could be variation between populations
since the majority of the descriptions were adapted based on the observations of
Schreiner (1906) in a South Russian population. Such distance with barriers such as
large rivers can result in divergence between populations, especially, in case of this
flightless beetle species suggesting limited gene flow between the mentioned
populations (Ito et al. 2010). Nevertheless, the same division of labour was
reported by Emich (1884) in a Hungarian population of L. apterus which makes
this explanation unlikely.

Another explanation could be that the predominant female leaf collection
behaviour is specific to the examined population. L. apterus used to be a
widespread, even pest species in Hungary until the transition of intense agriculture
activities making the distribution area of this species very fragmented (Kovécs et
al. 2014). Nevertheless, this behaviour pattern was also observed in the Susa
population in 2016, as well as in populations in Buda Hills and Debrecen
(unpublished data).

In addition to these hypotheses, one should note that males which are staying at
the nest could invest more energy into guarding it against intruders. Protection of
the eggs increases the offspring survival thus the reproductive success of the
parents (Wong et al. 2013). The guarding behaviour of males was also reported by
Emich (1884) and Schreiner (1906), likewise the fact that females can also

accomplish leaf collection if the male is missing. Moreover, as reported by Rosa et
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al. (2017), increasing proportion of males induces higher attendance to the nest.
Consequently, this behaviour may be beneficial considering both offspring survival

and paternity assurance (Figure 1).

Figure 1. The breeding cycle of L. apterus. Beetles are only active from early
March to the beginning of June. During the period of parental care, females collect

leaves for the offspring while males protect the nest from intruders.
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Study 2: Draft genome of a biparental beetle species,
Lethrus apterus®

Nikoletta A. Nagy, Rita Racz, Oliver Rimington, Szilard Péliska, Pablo Orozco-
terWengel, Michael W. Bruford and Zoltdn Barta

Introduction and objectives

Beetles have evolved an extraordinary variety of life history strategies (McKenna
& Farrel 2009), including very diverse social and reproductive behaviour, from
aggregation through creating nests to biparental care (Brandmayr 1992). Parental
behaviour appeared independently in 13 different insect orders, including 15
families of Coleoptera such as Scarabaeidac and Silphidae. These species are
outstanding objects of sociogenomics aiming to understand the interaction between
behaviour and genes regulating it, primarily under natural or naturalistic conditions
(Robinson et al. 2005). However, investigating the genetic background of complex
processes such as parental care in a non-model organism is challenging. One
pathway to inferring the origin of sociality is via comparative analysis of genomes
of many organisms with analogous parental behaviour (Cunningham 2020).
However, despite the fact that beetles represent the most diverse animal order, only
a handful of coleopteran genomes have been published to date, including model
species like the red flour beetle (7ribolium castaneum), a burying beetle, N.
vespilloides and important pests like the Colorado potato beetle (L. decemlineata),
and the small hive beetle (4ethina tumida). Nevertheless, of the sequenced beetle
species, only N. vespilloides and Onthophagus taurus have parental care (Gilbert &
Manica 2015).

Here, we report the draft de novo genome of L. apterus which is the first

published genome in the family Geotrupidae. We used the draft genome for

2 Accepted as: Nagy, N. A., Racz, R., Rimington, O., Péliska, Sz., Orozco-terWengel, P., Bruford,
M. W. & Barta, Z. Draft genome of a biparental beetle species, Lethrus apterus. BMC
Genomics

14



structural and functional annotation, with special emphasis on genes potentially
related to the regulation of reproductive behaviour. Finally, we performed
orthology and phylogenetic analysis using the annotated genes to achieve

information about the phylogenetic position of L. apferus among coleopterans.

Materials and methods

Sampling and DNA extraction

In the spring of 2016, 12 individuals were collected from three neighbouring
regions (Susa, Uraj and Ozd; 2 males and 2 females from each location) across
Hungary. Samples were taken from the thorax of each individual which consisted
of approximately 10 mg of muscle tissue. Each tissue sample was ground in a clean
mortar using a pestle and liquid nitrogen and after grinding, 430 pl of extraction
buffer was added. According to Gilbert et al. (2007), the buffer contained 3mM
CaCl,, 2% sodium dodecyl sulphate (SDS), 40 mM dithiotreitol (DTT), 250 pg/ml
proteinase K, 100 mM Tris buffer pH 8 and 100 mM NacCl (final concentrations).
The solution was suspended into a clean 1.5 ml microcentrifuge tube and 50 pl
Ribonuclease A (50 mg/ml; VWR, Radnor, Pennsylvania, USA) was added.
Suspensions were vortexed and centrifuged for 30 sec at 400 g. Samples were
incubated overnight at 56 °C until no tissue clumps were visible. After the mixtures
were cooled down at room temperature, 0.5 volume of 7.5 M ammonium-acetate
was added to each sample and vortexed, and then put in a -20 °C freezer for 10-15
minutes. After this, 1 volume of chloroform:isoamylalcohol 24:1 was added to each
sample and the tubes were vortexed for 2 sec. Samples were centrifuged for 5 min
at 18000 g and the supernatant was carefully transferred to a clean tube. This step
was repeated once more. Next, two volumes of ice-cold 96% ethanol were added
and samples were mixed by inverting, then incubated on -20 °C overnight. Tubes
were centrifuged at 18000 g for 10 min and the liquid phase was carefully removed

from the pellets, then 500 ul 70% ethanol was added. After inverting, samples were
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centrifuged at 5000 g for 3 min, then the pellets were dried at room temperature.
Finally, 50-100 pl of 10mM Tris-EDTA (pH=9.0) buffer was added to dissolve the
pellets, depending on the pellet size.

DNA library preparation and sequencing

The sequencing library was prepared using 300 ng of DNA fragmented with a
Bioruptor sonicator (Diagenode) with high mode 10 cycles setting (30 sec on/30
sec off). For the library preparation, the TruSeq® Nano DNA LT Sample
Preparation Kit (Illumina) was used following the manufacturer’s protocol.
Individually barcoded libraries were diluted to 10 nM and two pools of 16 samples
each were prepared for sequencing. Library preparation and paired-end sequencing
of 125 bp reads on a HiSeq2500 machine were performed at the EMBL GeneCore
Facility (Heidelberg).

Individual sequence coverage was on average low (~10x), therefore, the reads of
the 12 individuals were combined to achieve a higher coverage that would facilitate
genome reconstruction. Hereafter, we refer to this dataset of combined samples as

the Susa dataset.

Quality control and filtering

The read quality of the Susa dataset was checked with FastQC (v0.11.5, Andrews
2010). The proportion of bases with a base quality of 30 or higher was above 90 %
in all samples. Trimmomatic (v0.36, Bolger et al. 2014) was used to eliminate any
adapter sequences from the reads, with at least 97% of the reads passing the
trimming process. Next, the Susa reads were combined into two FASTQ files, one
for the forward and one for the reverse sequence, and because these reads derived
from different individuals, Musket (v1.1, Liu et al. 2013) was used to reduce the
variation introduced by combining samples. After this correction, the quality of the
dataset was checked with SGA-PreQC (v0.10.15, Simpson 2014). Results showed
that 20% were PCR duplicates, high mean quality score (>Phred 35), low
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sequencing error rate (<5x107), a peak of 51-mer distribution at count 70, and also
predicted high repeat branch frequency similar to the human and oyster genomes.
Additionally, GenomeScope (v1.0; Vurture et al. 2017), which works very well on
short reads, was run on the 17-mer count histogram of the Susa dataset after
Musket produced using Jellyfish (v2.2.6; Marcais and Kingsford 2011) to check

heterozygosity and repeat region content.
Genome assembly

MEGAHIT (v1.1.1, Li et al. 2015) was used (minimum k-mer size 51, maximum k-
mer size 111, k-mer step size 20) to generate the initial assembly of the Susa reads
and contig length was increased through running three cycles of SSPACE (v3.0,
Boetzer et al. 2011, Boetzer and Pirovano 2012) alternating with GapFiller (v1.10,
Nadalin et al. 2012, Boetzer and Pirovano 2012). Another assembly of the Susa
reads was run using SOAPdenovo2 (v2.04, Luo et al. 2012) with the default k-mer
size. These two assemblies were then merged with gam-nsg (v1.1b, Vicedomini et
al. 2013) to improve contig sizes. The final assembly was obtained by removing
contaminant and duplicated contigs as reported by GenBank Contamination Screen
and the potentially poor quality contigs shorter than 501 bp as short contigs can
bias downstream analyses, e.g. mislead the gene prediction methods.

To assess the completeness of our assemblies, BUSCO (v4.1.2, Simao et al.
2015) was run to identify the proportion of the Endopterygota gene set that was
found in the Lethrus genome. For this, the 7. castaneum gene set (named
‘tribolium2012”) was used for algorithm training. The distribution of coverage and
guanine-cytosine (GC) along the contigs was also analysed in R statistical

environment (v3.5.2; R Core Team 2018).
Genome annotation

The distribution of repetitive sequences was analysed with RepeatModeler (version

open-1.0.8, Smit & Hubley 2008-2015) and RepeatMasker (version open-4.0.7,
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Smit et al. 2013-2015). First, a de novo repeat library was built using
RepeatModeler. RepeatMasker was used for repeat analysis based on
RepeatModeler output and Repbase (version 20170127).

For gene prediction in the soft masked genome assembly, ab initio and
homology-based prediction methods were combined with the BRAKER pipeline
(v2.1.5; Hoff et al. 2016, 2019). 4b initio prediction was carried out using Augustus
(v3.3.3; Stanke et al. 2006, 2008). For homology-based prediction, hints for
GeneMark-EP (GeneMark-ES Suite v4.57 lic; Lomsadze et al. 2005) were
generated with ProtHint (v2.4.0; Bruna et al. 2020) based on the
endopterygota_db10. Augustus was then trained with these sequence hints with
default settings and used them for prediction. This was followed by another round
of training and prediction based on the first iteration results and GeneMark hints.
Predicted coding sequences containing premature stop codons and shorter than 50
amino acids were filtered out.

Before annotation, the ab initio and homology-based predicted genes were
merged using CD-HIT (v4.7; Fu et al. 2012) to cluster genes with the exact same
amino acid sequences. The merged gene dataset was functionally annotated on the
public server at usegalaxy.eu (Afgan et al. 2018) using InterProScan (v5.36-75.0;
Jones et al. 2014) with Pfam (El-Gebali et al. 2019), PANTHER (Mi et al. 2019),
ProDom (Servant et al. 2002), PROSITE (Sigrist et al. 2012), SMART (Letunic &
Bork 2018), SUPERFAMILY (Pandurangan et al. 2019), TIGRFAM (Haft et al.
2012) and PRINTS (Attwood et al. 2012) databases. Additionally, a search with
Diamond (v2.0.6.144; Buchfink et al. 2015) against Uniprot (downloaded on 6th
May 2020; UniProt Consortium 2019) database with an e-value of 10~ was used to

further annotate the predicted genes.
Search for reproductive behaviour related genes

To identify genes potentially involved in parental behaviour, a literature search was

carried out on 12th May 2020 on Web of Science using the following “Topic”
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keywords: (insect* AND (“reproductive behavior” OR “reproductive behaviour”
OR “parental care”) AND (gene OR genes)). This resulted in 96 articles from
which a list of candidate genes and gene families was extracted on the basis of the
genes being identified as playing a role in insect reproductive behaviour. NCBI was
searched and filtered for complete and reliable protein sequences (not partial,
predicted, putative, hypothetical, unknown or uncharacterised) of coleopteran
species. These sequences were used as query for searching homologous proteins
among the predicted genes of L. apterus using Diamond (in sensitive mode, with e-
value set to 10-5 and query coverage to 40%). Besides, the same search was run
against the proteomes of the following species: 7. castaneum which has a well-
annotated genome; N. vespilloides that is a model species for parental care among
insects; O. taurus, the most closely related species with an available genome;
Asbolus verrucosus which has a highly fragmented genome, therefore can be a

scale for the accuracy of our result from the assembly of L. apterus.

Orthology and phylogenetic analysis

Orthofinder (v2.3.12; Emms & Kelly 2019) was used to find orthologs and species-
specific genes and also create phylogenetic tree to reveal the phylogenetic
relationship of L. to the other beetle species. For this purpose, proteomes of all
available coleopteran species (4. tumida, Agrilus planipennis, Anoplophora
glabripennis, A. verrucosus, Callosobruchus maculatus, Dendroctonus ponderosae,
Diabrotica virgifera, Ignelater luminosus, L. decemlineata, N. vespilloides, O.
taurus, Photinus piralis, Sitophilus oryzae and T. castaneum) and Drosophila
melanogaster as an outgroup were downloaded from NCBI (accession numbers
listed in Table S1). For inferring the species tree, orthogroups containing all species
with only single-copy genes were used. Amino acid sequences by orthogroups were
first aligned with MUSCLE (v3.8.1551; Edgar 2004) using default parameters. A
concatenation-based phylogenetic tree was estimated using IQ-TREE (v1.6.9;

Nguyen et al. 2015) by specifying the gene-based partitioning scheme (i.e.
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allowing a different substitution model for each gene). Branch support was tested
using 1000 ultrafast bootstrap replications (-bb 1000) and by a likelihood-ratio test
(-alrt 1000). To further strengthen our results a coalescent based estimation of the
species phylogeny was also applied as implemented in ASTRAL-III (v5.7.3; Zhang
et al. 2018a). Maximum likelihood gene trees were inferred individually for each
alignment also by using IQ-TREE (v1.6.9; Nguyen et al. 2015). Branch support
values were assessed by 1000 ultrafast bootstrap replications (-bb 1000). Branches
with lower bootstrap support than 70 were collapsed into polytomies using nw_ed
from Newick Utilities (v1.6; Junier & Zdobnov 2010). Using these 37 individual
gene trees as input, coalescence-based species tree was estimated with ASTRAL-IIT
(v5.7.3; Zhang et al. 2018a). In all runs of IQ-TREE the best scoring substitution
matrix was simultaneously estimated by ModelFinder Plus (-MFP;
Kalyaanamoorthy et al. 2017) and the best fitting substitution model was used to
reconstruct the resulting phylogenetic tree. The cophyloplot function of the R

package “ape” (v5.4; Paradis et al. 2004) was used for visualisation.

Results and discussion

Assembly quality and completeness

The final assembly of L. apterus comprised 66,933 scaffolds with an N50 value of
8,902 bp (Table 1). The total length of the genome was estimated to be 286.93
Mbp, comparable with other beetle genomes published to date, and with the
estimated size by GenomeScope (252.49 Mbp; Figure 2). The GC content of the
final assembly is 31.66%, similar to other beetle genomes. GenomeScope results
showed a relatively high heterozygosity rate (0.148%) and a low percentage of
unique sequences (55.8%) which was probably due to the combined dataset (Figure
2). An additional peak was formed by the high frequency (0.864%) of duplicated k-
mers which predicts high proportion of repeats in the genome (Vurture et al. 2017).

High ratio of repeat regions together with short reads sequencing can lead to
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fragmented genome assemblies as repeats are often longer than the reads (Nadalin
et al. 2012). Therefore, low contiguity of our assembly, even after merging
assemblies generated by diverse softwares, is likely due to the high repeat sequence
content to which the lack of a closely related reference genome contributed as well.
Nevertheless, the L. apterus assembly has high gene completeness, since 93.5% of

BUSCOs from the Endopterygota database were detected (Table 2).
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Figure 2. Genome and read characteristics produced by GenomeScope. Len:
haploid genome length; uniq: overall length of unique (i.e. not repetitive)
sequences; het: heterozygosity rate; kcov: mean k-mer coverage for heterozygous

sequences; err: error rate of reads; dup: read duplication rate; k: k-mer length.
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Table 1. Descriptive statistics of different assemblies produced during analyses.

Statistics MEGAHIT MSG SOAP GAM GAM 501
Number of scaffolds 146,216 128,507 207,501 127,406 66,933
ﬁg;g)“t scaffold 99.34 11532 12501 11498  114.98
Total length (Mbp) 306.62 307.02  230.73  307.78  286.93
N50 (bp) 7,043 8,046 5406 8,140 8,902
GC content (%) 31.81 31,71 3862  31.63 31.66

MEGAHIT: assembly produced by MEGAHIT; MSG: assembly produced by the
MEGAHIT-SSPACE-GapFiller pipeline; SOAP: assembly produced by
SOAPdenovo2; GAM: assembly produced by merging assemblies MSG and
SOAP; GAM 501: the GAM assembly with contaminant and short contigs

removed (for details see Materials and methods).

Table 2. Completeness of the different assemblies assessed by BUSCO.

Predicted
BUSCOs MSG (%) SOAP (%) GAM (%) GAM 501 (%) genes (%)

Complete 1,763 83.0 1,906 89.8 1,761 82.9 1,985 93.5 1,927 90.7

Single- 1,749 823 1,896 893 1,746 82.2 1,969 92.7 1,128 53.1
copy

Duplicated 14 0.7 10 0.5 15 0.7 16 0.8 799 37.6
Fragmented 110 5.2 131 6.2 112 53 91 43 92 43
Missing 251 11.8 87 40 251 11.8 48 22 105 5.0
Total 2,124 100.0 2,124 100.0 2,124 100.0 2,124  100.0 2,124  100.0

Column headers are explained in legend of Table 1.

The distribution of contigs analysed for their coverage and GC content state-
space resulted in the scaffolds separating into two groups according to their read
coverage (Figure 3A). Both groups contained genes identified by the BUSCO
analysis. The quotient of the coverage of the two groups was 3/4 and the proportion

of males and females in the combined sample (see Materials and methods) was 1:1,
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suggesting that the group of scaffolds with lower coverage could reflect sequences
from the sex chromosomes. This is further supported by Figure 3B showing that the
lower coverage group of scaffolds are only present in males. This suggests an XY

or X0 sex-determination system in L. apterus.
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Figure 3. Read coverage distribution. (A) The distribution of scaffolds in the GC
content — read coverage state space. Blue symbols mark scaffolds, size of the
symbol is proportional to the length of the scaffold. Green symbols show BUSCO
genes, size of the symbol is proportional to the length of the scaffold containing the
gene. (B) Density plots of read coverage of scaffolds of size longer than 5 kbp.
Female samples are shown with black whereas males are shown with red lines. The
coverage values are rescaled so that the coverage value with maximum density is
one. Numbers at the top of the plot show the coverage values of the peak densities.

The relative coverage was 0.504 + 0.03 in the lower coverage group of males.
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Genome annotation

RepeatMasker was used to identify repetitive elements in the assembly of L.
apterus. Results showed that a high proportion (36.44% of bases) of the genome
contains interspersed repeats, most of which (71.46%) could not be classified as
known repeats (Table 3). The most abundant repeats were A-rich sequences with
low complexity. Only three of the next 10 repeat classes showed significant
matches with the NCBI nt database. One matched with an inverted repeat in the
pannier region of the harlequin ladybeetle (Harmonia axyridis), the other two had
hits with uncharacterised genome regions of the mountain pine beetle (D.

ponderosae) and the ringlet butterfly (Aphantopus hyperantus).

Table 3. Repetitive elements found by RepeatMasker.

Element type Num LO (Mbp) PS
Total interspersed repeats 421,620 104.58 36.44%
SINEs 0 0 0.00%
LINEs 42,401 11.19 3.90%
LTR elements 2,279 1.00 0.35%
DNA elements 60,124 17.66 6.15%
Unclassified 316,816 74.73 26.04%
Small RNA 0 0 0.00%
Satellites 0 0 0.00%
Simple repeats 77,082 3.23 1.12%
Low complexity 17,892 0.88 0.31%

Num: number of elements; LO: length occupied in mega base-pairs; PS: percentage

of sequence.

Ab initio gene prediction resulted in 25,385 sequences whereas homology-based
prediction found 22,551. After merging and filtering the two gene sets, 34,392
remained from which 20,734 were functionally annotated by either InterProScan or

Diamond using different databases. The annotated gene set had a 1,425 bp mean
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CDS length, 475 amino acids mean protein length and contained 5.10 exons and
4.10 introns per gene on average.

Based on the functional annotation, the potential sex chromosome related genes
coded mostly proteins necessary for cell maintenance, including housekeeping
genes and mitochondrial proteins, however, some transposons and retrotransposons
were also found. In addition, proteins involved in the innate immune responses,

circadian rhythm and memory were also identified.

Annotation of reproductive behaviour related genes

Based on a literature search, 23 candidate genes or gene families were found in 21
research articles (Table 4). Of these, 19 were found in coleopteran species and were
stored in NCBI. All 19 candidates had significant hits with the predicted genes of
L. apterus. Compared to the other examined beetle species, L. apterus had lower
number of hits of odorant-binding and pheromone-binding proteins. These
molecules play a significant role in recognition of the signals of the environment,
such as food resources or recognition of conspecifics (Fan et al. 2011). The loss of
these genes may be an excellent starting point of research on the evolution of
olfactory perception among dung beetles, however, we should note that the low
number of hits could be caused by the fragmented genome hence further
investigation would require additional data to include, such as RNA sequencing. In
addition, two of the 19 candidates, namely troponin C, and octopamine receptor
were found among genes located on potentially sex chromosomes and thus may

serve as targets for future research on gene regulation of reproductive behaviour.
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Table 4. Candidate genes and gene families involved in reproductive behaviour

among coleopterans.

Gene name
(reference)

NCBI hits in
Coleoptera Te

Hits in Hits in

Nv Ot

Hits in

Hits in
Av

Hits in
La

Fruitless
(Yapici et al.
2008)

Sex peptide
receptor
(Yapici et al.

2008; Hanin et al.

2011)

Apolipophorin-
11

(Park et al. 2012;
Benowitz et al.
2017)

Octopamine
receptor
(Cunningham et
al. 2015)

Insulin receptor
substrate
(Woodard et al.
2014)

Kriippel homolog
(Woodard et al.
2014)

Target of
rapamycin
(Woodard et al.
2014)

Odorant binding
protein

(Rehan et al.
2014; Kim et al.
2017; Wu et al.
2017)

Glucose oxidase

12 33

15 29

73 64

31 12

384 55

27

28

10

57

66

34

14

61

54

26

10

49

40

28

64
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(Rehan et al.
2014)

Alpha-
glucosidase
precursor
(Rehan et al.
2014)

Troponin C
(Rehan et al.
2014)

Vitellogenin
(Roy-Zokan et al.
2015)

Vitellogenin
receptor
(Roy-Zokan et al.
2015)

Juvenile hormone
acid o-
methyltransferas
e

(Wijesekera et al.
2016)

Malvolio
(Mehlferber et al.
2017)

Neuropeptide F
(Trumbo 2018)

Methyl geranate
(Trumbo 2018)

Odorant receptor
(Zhao et al. 2019;
Wu et al. 2017)

Pheromone-
binding protein
(Senthilkumar &
Srinivasan 2019)

Cryptochrome
(Xu et al. 2019)

31

27

21

418

26

33

11

266

36

28

37

12

51

52

35

17

30

83

40

19

11

259

33

29

13

13

63
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Sex peptide
(Aigaki et al. 0 - - - - -
1991)

Accessory gland

protein

(Ram & Wolfner 2 3 6 1 2 1
2007; Dottorini et

al. 2007)

Insulin-like

peptide
(Wigby et al. 11 7 4 13 5 4

2011)

Tc: T castaneum; Nv: N. vespilloides; Ot:. O. taurus; Av: A. verrusocus; La: L.

apterus

Fragmented genome assembly can lead to over-prediction of paralogous genes,
especially in case of gene families with a high number of similar members
(Indrischek et al. 2016). The results of the candidate gene search, however, showed
that the number of hits in genes of L. apterus and the related species were similar,
suggesting that the low contiguity of the assembly did not influence the gene

prediction.
Comparison with other coleopteran species

14 coleopteran proteomes available on NCBI and predicted L. apterus genes were
used to perform comparison of orthologous genes by Orthofinder. Based on the
results, 357,992 genes (95.9% of the total number of genes) were assigned to
23,528 orthogroups. All species were present in 4,754 orthogroups of which 44
included only single-copy genes. 9,618 orthogroups were species-specific from
which 607 (consisting of 1,664 genes) were specific to L. apterus. Of the predicted
genes, 436 were not assigned to any orthogroups. Finally, 42.1% of the orthogroups
contained L. apterus genes. Our phylogenetic results are in line with relationships

described in Zhang et al. 2018b. Based on the species trees reconstructed with two
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independent methods, N. vespilloides appeared to be the sister taxa of L.
apterus+Q. taurus. Monophyly of these groups received high statistical support in
all of our analyses (Figure 4). This branching not only marks the divergence of
Staphylinoidea and Scarabeoidea, but also separates those three species in our
dataset that have biparental care. Further studies are now needed to more precisely

decipher the origin of biparental care among beetles.

Sitophilus oryzae Sitophilus oryzae
Dendroctonus ponderosae Dendroctonus ponderosae
Leptinotarsa decemlineata Leptinotarsa decemlineata
Diabrotica virgifera Diabrotica virgifera
Callosobrunchus maculatus Callosobrunchus maculatus
Anoplophora glabripennis Anoplophora glabripennis
Aethina tumida Aethina tumida
Tribolium castaneum Tribolium castaneum
Asbolus verrucosus Asbolus verrucosus
Nicrophorus vespilloides Nicrophorus vespilloides
Onthophagus taurus Onthophagus taurus 100/95
Lethrus apterus Lethrus apterus ]TOO/ 100
Photinus pyralis Photinus pyralis :Iljo b0
Ignelater luminosus Ignelater luminosus
100/100
Agrilus planipennis Agrilus planipennis —
Drosophila melanogaster Drosophila melanogaster

Figure 4. Phylogenetic relationships of 14 coleopteran species rooted with D.
melanogaster as outgroup. Tree was constructed based on the 44 common single-
copy protein sequences. Species with parental care are highlighted in bold and L.
apterus is additionally highlighted in red. (A) Phylogram generated with coalescent
based estimation, support values are local posterior probabilities. (B)
Concatenation-based  phylogenetic  tree, support values are ultrafast

bootstrap/aLRT.
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Study 3: Evaluation of potential reference genes for gene
expression studies on the parental care of Lethrus apterus®

Objectives

Investigation of the hormonal background of a process in question often starts with
only a few candidate genes. With the sequences of the target genes, the next step
usually is to analyze the expressed gene, i.e. the RNA levels in samples, and
compare them between the conditions of interest (VanGuilder et al. 2008). One of
the frequently used methods for gene expression measurement is real-time
quantitative polymerase chain reaction (RT-qPCR) which is an effective and
sensitive approach to estimate the expression levels of a moderate number of target
genes (Radoni¢ et al. 2004). One critical step of the analysis is to normalize the
expression values of the target genes in order to compensate for technical errors,
e.g. pipetting errors emerging during the multi-step process (Kozera & Rapacz
2013). For this purpose, reference genes are selected of which the expression is not
influenced by the examined conditions (Vandesompele et al. 2002). These reference
genes are usually selected from housekeeping genes, i.e. genes that are responsible
for cell maintenance processes. Accordingly, as a first step of studying specific
target genes potentially involved in the regulation of parental behaviour of L.
apterus, we aimed to find reference genes with stable expression regardless of the
sex and the part of the breeding period. For this purpose, we sampled equal
numbers of males and females of a natural population three times during the
breeding period, and evaluated 11 candidate reference genes identified in the draft
genome (GenBank accession number: GCA 018397195.1). Additionally, the

optimal number of reference genes has been determined.

3 This is a summary of the article published as: Nagy, N. A., Németh, Z., Juhasz, E., Poliska, S.,
Racz, R., Kosztolanyi, A., & Barta, Z. (2017). Evaluation of potential reference genes for real-
time qPCR analysis in a biparental beetle, Lethrus apterus (Coleoptera: Geotrupidae). PeerJ, 3,
e4047. The full article is provided in the RAttachments section.
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Results

According to our results, the usage of two reference genes is required for accurate
normalization for our conditions. The consensus results of the used methods
showed that for head samples, ribosomal protein L7A (L7A) and ribosomal protein
RP18 (RP18) are the best choices for expression data normalization, whereas, in
thorax samples, the best gene pair was ribosomal protein RP4 (RP4) and L7A
(Figure 5). Considering only females, RP18 and L7A are the most reliable
reference genes in both head and thorax samples. In case of male head samples,
ribosomal protein S8 (RPS8) and L7A should be used for normalization, whereas in
thorax samples, the best two genes are L7A and elongation factor 2 (EF2). These

genes were stably expressed regardless of the sampling date in the breeding season.
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Figure 5. Ranking of the candidate reference genes based on the comprehensive

results of RefFinder. Lower ranking values mean more stable expression.

Discussion

Draft genome of L. apterus was used to find candidate reference genes for data
normalization in RT-qPCR studies. Selected genes were evaluated in male and

female samples through the breeding period to find the best reference genes for
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gene expression studies examining the genetic and hormonal background of the
parental care of this biparental species. Both for head and thorax samples,
ribosomal proteins were found to be the most reliable reference genes. Ribosomal
proteins are frequently used genes for normalizing data from different sexes in
other coleopteran species as well, e.g. ribosomal protein L22e in the blister beetle
(Mylabris cichorii; Wang et al. 2014), ribosomal protein L19 in the cabbage beetle
Colaphellus bowringi (Tan et al. 2015) and ribosomal protein 49 in the Asian lady
beetle (H. axyridis; Yang et al. 2018). On the other hand, we evaluated two
commonly used reference genes, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and tubulin alpha-1 chain (TUB1la) among the least stable ones for our
conditions. These results support the findings that no universal reference gene can
be determined for all species, instead, housekeeping genes should be evaluated for

each species and specific condition (Thellin et al. 1999).
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Study 4: Inotocin, a potential modulator of reproductive
behaviour in a biparental beetle, Lethrus apterus®

Nikoletta A. Nagy, Zoltan Németh, Edit Juhész, Szilard Poliska, Rita Récz,

Johanna Kiss, Andras Kosztolanyi, Zoltan Barta

Introduction and objectives

Oxytocin, vasopressin and their orthologs compose a highly conserved
neuropeptide family as indicated by their appearance in numerous animal taxa.
Orthologs were found in mammals, birds, amphibians, fishes and also in
invertebrates including insects, molluscs, and even earthworms and nematodes
(Beets et al., 2013). These peptides are of great interest, as not only their structures
are homologous but their roles in physiology and behaviour appear to be
remarkably similar even in distant species (Hanoune, 2010).

One of the ancient roles of this peptide family is related to the regulation of
water balance (Hanoune, 2010). For example, vasotocin has antidiuretic functions
in birds and amphibians (McCormick and Bradshaw, 2006), similarly to the role of
vasopressin in mammals (Banerjee et al., 2017). An osmoregulatory role of
vasotocin was also described in fish (Balment et al., 2006). Moreover, relationship
between vasopressin-like peptides and water homeostasis was also found in several
invertebrate species, including leeches (Whitmania pigra and Erpobdella
octoculata; Fujino et al., 1999, Salzet et al., 1993) and pleated sea squirt (Styela
plicata; Ukena et al., 2008).

Another widespread role of these peptides is their involvement in the
modulation of affiliative and reproductive behaviour across distant taxa as worms,
molluscs, insects and vertebrates (Donaldson and Young, 2008). For instance,

oxytocin is responsible for maternal nurturing, and vasopressin affects paternal care

4 Accepted as: Nagy, N. A., Németh, Z., Juhasz, E., Poliska, Sz., Racz, R., Kiss, J., Kosztolanyi,
A. & Barta, Z. Inotocin, a potential modulator of reproductive behaviours in a biparental beetle,
Lethrus apterus. Journal of Insect Physiology
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and mate guarding in prairie vole (Microtus ochrogaster; McGraw et al., 2010),
activation of oxytocin receptor is required for stable pair formation in zebra finch
(Taeniopygia guttata; Klatt and Goodson, 2013), and vasotocin induces egg-laying
behaviour in rough-skinned newt (Taricha granulosa; Moore et al., 1992). Among
invertebrates, lysine-conopressin-G regulates male copulatory behaviour in great
pond snail (Lymnaea stagnalis; van Kesteren et al., 1995), annetocin plays a role in
egg-laying behaviour in brandling worm (Eisenia fetida; Oumi et al., 1996), and
arginine-conopressin-G, annetocin, as well as hirudotocin activate a sequence of
reproduction-related behaviour in a medicinal leech (Hirudo verbana; Wagenaar et
al., 2010).

The insect ortholog of the oxytocin/vasopressin peptide family, inotocin, was
found in 22 out of 29 insect orders investigated using genome annotations
(Liutkeviciute et al., 2016). Within the 20 previously examined coleopteran
species, all but one have only one type of inotocin with the same amino acid
sequence. The genome of L. decemlineata, however, codes two different types of
this peptide, both of them differ in the 8th amino acid position from the inotocin of
other coleopterans (Liutkeviciute et al., 2016).

Even though inotocin appears to be widespread across insects, its function and
the specific behaviour it affects have only been investigated in a few species
(reviewed in Muratspahi¢ et al., 2020). In migratory locust (Locusta migratoria)
and red flour beetle (7. castaneum), inotocin was found to be involved in
controlling water balance (Proux et al., 1987, Aikins et al., 2008). Considering the
conserved function in reproductive behaviour, an association between inotocin and
metabolism was discovered recently in ants which is important as the reproduction
and hence the related behaviour both depend on the energy availability
(Liutkevicituteé et al., 2018). A potential function of inotocin in reproductive social
behaviour has also been suggested in black garden ant queens (Lasius niger,
Chérasse and Aron, 2017), however, in this study only the expression of inotocin
receptor, but not the hormone was measured. Based on the examples above and the

conserved functions of the oxytocin/vasopressin system over evolutionary time,
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one would expect that besides the ancient diuretic function, inotocin also modulates
the expression of social behaviour, however, evidence is scarce. Thus, it is an
intriguing question whether inotocin may have a function in shaping social
behaviour of insects similar to that of the vertebrate orthologs.

Here, we report a new form of inotocin for beetles and its receptor from L.
apterus. Based on the knowledge so far on its function (see above), inotocin in L.
apterus may regulate water balance and/or play a role in the control of reproductive
social behaviour, probably including parental care. To uncover the role of inotocin
in water management we experimentally exposed beetles from a wild population to
different levels of humidity and examined the gene expression of both the
preprohormone (hereafter inotocin) and the receptor. If inotocin has a function in
controlling reproductive behaviour in general and parental care in particular, one
would expect that the expression levels of inotocin and its receptor increase over
the breeding season in concurrence with the change in the behaviour of beetles
shifting from mate searching, through pair formation to parental care. To
investigate this possibility, we sampled beetles over the reproductive season in the
field to measure the gene expression level of inotocin and the receptor. Coinciding
with this sampling we also performed field surveys to observe the reproductive

behaviour of the beetles.

Materials and methods

The effect of humidity on expression of inotocin and its receptor

An experiment was performed on 24th April 2018 at Susa, Hungary (48°16"27"N,
20°15'08"E) to examine the effect of humidity on the expression of inotocin and its
receptor. For this purpose, individuals were collected in the field during their daily
activity, and three experimental groups were created (dried, saturated and control),
each consisting of five males and five females. Individuals in the dried and

saturated groups were placed for four hours in 50 ml conical centrifuge tubes which
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contained 20 ml indicating silica gel (Qingdao Fraken International Trading Co.
Ltd, Orange indicating silica gel) which is a widely used hygroscopic agent in
insect desiccation experiments (Andersen et al. 2010, Pallarés et al. 2016). For the
dried group, water was completely eliminated from the silica gel by heating at 180
°C in a dry heat steriliser for two hours. In these tubes 12.7 = 1.34 % (mean = SD)
humidity was measured with a digital hygrometer (Exo Terra PT2477 Digital
Hygrometer). For the saturated group, silica gel was saturated in an experimental
box in 95% humidity for six hours. In tubes filled with saturated silica gel, the
humidity was 41.8 = 3.85 % (mean = SD). Sponge plugs were used as barriers to
separate beetles from silica gel during the experiment. For the control group,
samples were taken immediately, whereas sampling of individuals from
experimental groups was performed after the four hours of treatment. During
sample collection for the control group, relative humidity was 53.75 + 8.02 % in
the field based on four measurements.

Sample collection was approved by the Northern Hungarian Inspectorate for
Environment Protection and Nature Conservation (No. 9007-8/2014) since L.
apterus is a protected species in Hungary. Because the brain of L. apterus is
surrounded by other tissues from which it is difficult to distinguish with the naked
eye in the field, we decided, similarly to other insect species studies of expression
analysis (Chérasse and Arun, 2017, Stafflinger et al., 2008), to remove all tissues
from the head capsule. Each sample was immediately put in separate 1.5 ml tubes
filled with 600 pul RNAlater® Stabilization Solution (Thermo Fisher Scientific,
Waltham, MA, USA) in order to inhibit RNase enzyme activity. Tissue samples
were taken in the field in less than five minutes after collecting individuals.

Samples were stored at -20°C in the laboratory until RNA extraction.

Field observations on the seasonal behaviour of Lethrus apterus

To investigate the phenology and reproductive behaviour of L. apterus, line

transect monitoring was conducted between 16 March and 23 May in 2016 in the
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Susa population. During the survey, we walked on four previously selected line
transects (length 285.45 + 7.08 m, mean = SD) covering an area of approximately 1
ha. The activity of every detected specimen was recorded as four categories
(resting, travelling, leaf-carrying, fighting). In case of leaf-carrying, the taxonomic
identity of the carried leaf was also determined. Surveying was usually carried out
between 10 am and 6 pm depending on weather conditions and in total we had 40

survey days.

Sample collection for measuring seasonal gene expression of inotocin and its

receptor

Sample collection over the reproductive period was carried out in Northern
Hungary in two years. In 2015, samples were collected at Doroghaza (47°5929"N,
19°53'36"E) on three occasions (16th April, 4th May and 28th May). In 2016,
samples were collected at Susa on five occasions (18th March, 1st and 15th April,
and 2nd and 17th May). On each sampling date, head samples were taken from
eight males and eight females, except on 18th March 2016 when we sampled only
four male and four female beetles because of the scarcity of individuals — the

breeding season has just begun.
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RNA extraction and cDNA synthesis

Total RNA was extracted from each sample using TRIzol Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer's instructions. The
isolated RNA was eluted in 15-30 pl RNase-free water, depending on the pellet
size. Concentration and quality of the extracts were determined by NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Genomic
DNA was eliminated using RQ1 RNase-Free DNase (Promega, Madison, VI, USA)
just before the reverse transcription. First-strand cDNA synthesis was performed
from 1 ng DNA-free RNA using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA).

Gene identification and primer design

Genes for inotocin and its receptor were identified in the draft genome of L.
apterus (GenBank accession number: GCA 018397195.1) based on homologous
sequences from 7. castaneum using BLASTX (BLAST 2.2.31+; Camacho et al.,
2009). Gene structures were determined using transcriptome data (unpublished
data). For the two genes (GenBank accession numbers in Table 5), primers were
designed manually using the web-based Sequence Manipulation Suite (Stothard,
2000). In addition, Multiple Primer Analyzer (Thermo Fisher Scientific, Waltham,
MA, USA) was applied to check that our primers do not form any secondary
structures. For normalisation, two reference genes were used, ribosomal protein
L7A and L18, for which primers described in Nagy et al. (2017) were applied.

Sequences of the primers are shown in Table 5.
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Table 5. Primers used to measure the expression levels of the two targets and the

two reference genes by RT-qPCR.

AL MT
Gene Acc. no Primer sequence (5'-3") (bp) (°C) E (%) R?
In MT920922 F: ATGTTTAAAATCGTCGTTC 169 81.0 109.37 0.90
R: CAAGCAACCGAAAGTTCCA
InR MT920923 F: AGATGTCCATGAACAATACG 331 80.08 101.44 0.97

R: CGTTATATTCCTGGTGACC

L7A  KY786277 F: TAGCGACTCAACTGTTCAAGG 224 84.8 99.54 095
R:

CCTCAATTGGATCGACGTCATGTG

RP18 KY786276 F:
TTGTAACCACATGAACGCCTACG
R:
AGTTAGCTTTACGTTCACCTACTG
G

186 852 99.75 0.96

In: inotocin; InR: inotocin receptor; L7A: ribosomal protein L7A; RP18: ribosomal
protein L18; Acc. no: GenBank accession number; AL: amplicon length; MT:

melting temperature; E: efficiency.

Real-time quantitative PCR

Real-time qPCR was performed on a QuantStudio 12K Flex Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) using SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) and ROX Passive
Reference Dye (Affymetrix, Santa Clara, CA, USA). Amplifications were carried
out under the following conditions: initial denaturation at 95 °C for 10 min
followed by 40 cycles of 10 sec at 95 °C and for 1 min at the optimal annealing
temperature. For melting curve analysis, temperature was raised from 65 °C to 95
°C in sequential steps of 0.05 °C for 1 sec. Three technical replicates were
performed for each biological sample, and the average cycle threshold (Ct) values
of triplicates were calculated. A no-template control was included in each run for
each gene to exclude primer-dimers and non-specific contamination. Standard
curves were created with five 5-fold dilution series from cDNA samples. Products

of the qPCR were sequenced in order to check whether the correct sequences were
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amplified. Due to logistical reasons, inotocin expression was measured only in
samples from Susa from 2016 and in samples from the humidity manipulation
experiment (Susa, 2018), whereas inotocin receptor was measured in samples from

Doroghaza (2015), Susa (2016) and the humidity manipulation experiment (2018).
Statistical analysis

Prior to statistical analysis, expression of inotocin and its receptor were normalised
with the geometric mean of the two reference genes. As samples were collected
from natural populations, no control group was determined, thus for the 244
method, sample with the highest Ct value was used as control sample for each gene
(Pabinger et al., 2014).

All statistical analyses were carried out using the R statistical environment
version 3.6.0 (R Core Team, 2019). Before analyses, the expression values were
log-transformed. Significance of sampling dates (hereafter date) or treatment and
sex and their interactions were investigated by linear models in each site separately.
During model selection, non-significant interactions were excluded (all p>=0.05).
All main effects of interest were retained in the final models and their significance
were investigated with F-test. Pairwise post-hoc comparisons of the expression
levels of inotocin and the receptor between sampling dates were performed using
the “emmeans” package and Tukey adjustment (Lenth, 2020).

In case of inotocin measured in both the humidity manipulation experiment and
the seasonal pattern analysis, expression levels split into two groups (Figure S1).
To search for the reason behind the bimodal distribution, possible confounding
effects were investigated (see Appendix for details). However, none of these effects
explained the apparent clustering of expression levels. Therefore, a two-level factor
explaining the expression groups was included in the linear models to maintain the
unimodal normal distribution of errors assumption of the models. The cutoff values
for the two groups were determined as the minimum of the estimated density

function of expression values by two-group mixture models using the “mixsmsn”
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package (Prates et al., 2013).

Results

Structure of inotocin and its receptor

Both inotocin and its receptor were identified in the draft genome of L. apterus.
Based on the comparison of mRNA sequence and the genome, no intron intermits
the gene coding for the 150 amino acids long inotocin preprohormone from which
the mature nine amino acids long peptide is formed by cleavage steps. Compared
with the mature inotocin sequences of beetle species reported in Liutkeviciute et al.
(2016), we found that valine instead of threonine is coded in position 4 of the
nonapeptide of L. apterus (Figure 6). However, in the neurophysin part, the highly
conserved 14 cysteine residues were identified similarly to other species (Stoop,

2012).
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Figure 6. Multiple sequence alignment of the inotocin preprohormone of the L.
apterus (La, GenBank accession number: MT920922), the biparental N.
vespilloides (Nv, XP_017777933) and the model species T. castaneum (Tc,
NP _001078831). The red box highlights the mature peptide.

In case of the receptor, the comparison of mRNA and genomic sequence
revealed 5 introns in the gene. The whole protein consists of 397 amino acids and
has seven transmembrane domains that are characteristic of G protein-coupled

receptors (Figure 7).

42



r————————TM I———————j

La 1 YUNVEMENETREDG---—-———-- jD A ID RDENLAMIE IATLAYIFLVTILGNWIVLLAL

Nv 1 ——————- MNNDTBHDGSNTTLF VA LPANERINDIGIHNVCESBINSN-NH T\ ARG NeNG Ia% N N4

Tc 1 MYTEKLSQMDEHS|INSTYLFDKHRNN TERIARHNIVIAVES NN S R4V T()1]S TARN-NA
r—————————TM II—————————j

—
La LMW TRRRYAGRKKLSRMYFFILHLSIADLITAFLSVLPQLAWDITYRFJGGFLLCKVVKYGQ
Nv LYW TRRRYAGRKKLSRMYFFILHLSIADLITAFLSVLP QLEWDTHRF[8GGEYL CKBVKEGO
Tc (3 TRRRYAGRKKLSRMYFFILHLSIADLITAFLSVLPQLAWDITYRFMGGFLLCKVVKYGQ

— TM III———————j [ ™ IV

]
R T LGP YLSSYVLMATAIDRHQAICYPLTYCSWT SRRSKIFMVWIMAWLSYS LIF C TP Q LINT FEAY|
A ST .GP YLS S YHLMATAIDRHQAICYPLTYCSWTSRRSEVMVWHMAWVIAS LAFCIPQHTIFFY
F SRS Ml T .GP YLSSYVLMATAIDRHQAICYPLTYCSWTSRRSKVMVEZH2 SLAFCIPQLTIFMY
| ™ V |
La 172 DCWATFKAYVTWYGISVFIVPL L\VTYS[JICREIWHSAVGELGS
PA

Nv 174 EIVISUYAEYDCWATE)A EKAYVTWYGISVFIEPLVVLIVTYSCICREIWHSAVGELG
Tc 181 TS\YGEDpe I r-¥e30 BOAAYVTWYNISVFIUIVPLVVL IIYT YRS T CSE T W{e]S SRR 3-) #

™ VI |

[
La 232 KiERElY\S|d——-—-—— ISP K| GP LI SRAKINTVKQTIAVIVMYWCSTPFIIQAQLWATWDPQA
Nv 234 13N TGNGKSQQTGKR'PLISRAKINTVKQTIAVIVMEIVCSTPFISGQLWATWDPE‘
Te 239 BPlssOd-—-—-—-— BV APGKRIWPLISRAKINTVKQTIAVIVMYINCSTPFIMAQLWATWD Pl
r———————TM VII———————j

SR E R $ A AP F N GPR{F TILTLLYSLNSCVNPWIYLAFNRELPRLLLRHY TApYSHY ¥Xe-
Nv 294 VN IINGPVFTIFFLLYSLNSCNPWIYLAFNRELPRLLERHY TERIT: IMAAGE
Tc 292 -Q sGPVFILTLLYSLNSCVNPWIYLAFNRELPRLLLRHY TAK|S]H HARG[E
La 346 REEIR0EHABRKEGINCEEASY-SEISAK Y S T SEILENEVERAYO Y N — SRR LSy
AL IS NS SGG VIS TSLRPFRWS[CN{E AFAKIBNIROP OIR[]Y VENOYNARRWIVTT Tg
Tc 351 EhEF]eD AQRREIAIPYS)IEFRN - SARSN)HYP T IRPYVINQYNARRWIVTTTT

Figure 7. Multiple sequence alignment of the inotocin receptor of L. apterus (La,
MT920923), N. vespilloides (Nv, XP 017769191) and 7. castaneum (Tc,
NP_001078830). Transmembrane regions are indicated by TMI-TMVII.
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The effect of humidity on expression of inotocin and its receptor

No significant difference was found among the experimental groups either in the
expression of inotocin (Figure 8A, Table 6) or in the expression of the receptor
(Figure 8B, Table 6). Expression of inotocin was marginally higher in females (3=-

0.672 + 0.37, Table 6), in contrast, receptor expression was marginally higher in
males (B=0.478 + 0.26, Table 6).
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Figure 8. Effect of humidity manipulation experiment on the expression patterns of
inotocin (In) and inotocin receptor (InR). Expression of inotocin (A) and its
receptor (B) in the different treatment groups. Within each box, horizontal black
lines denote median values; boxes extend from the 25th to the 75th percentile of
each group's distribution of values; vertical extending lines denote the minimum
and maximum values. Original data points are represented as dots shaded black for

males and grey for females.

44



Table 6. Results of linear model selections on the gene expression levels of
inotocin and its receptor from different years. Effect sizes of the final models (see
Materials and methods) are presented as adjusted R-squared. Significant results are

highlighted in bold.

Year  Gene Effect dfs F value p value
(r’ =0.072) Sex 1,30 1.822 0.187
Inotocin Date 443 10645  <0.001
(r* =0.897) Sex 1,43 0.627 0.433
2016
(r* =0.25) Sex 1,44 0.156 0.695
. Drying
I = V.
Sex 1,25 3.227 0.085
2018 D
mn
inzotogi&rg)ceptor oerment 226 0418 063
I = V.
Sex 1,26 3.328 0.079

Seasonal variation in behaviour of Lethrus apterus

In the beginning of the active season, males were observed more frequently, by
contrast, in the second half of the season females tended to be more active, i.e.,
they were observed above ground more frequently (Figure S8A, S8B). Increased
number of leaf carrying events was observed in the second half of the breeding
period of which the majority was done by females (Figure S8C, S8D). A large
proportion of the collected leaves were classified as members of the Fabaceae
family, especially later in the breeding season, presumably indicating the parental

care period (Figure 9).

45



Leaf collection during the active period in 2016, Susa
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Figure 9. Number of leaf collection events of both sexes during the active period
of L. apterus in 2016, Susa. Grey bars represent the collection of a leaf of a legume
species, whereas black bars show leafs of any other taxa. Estimated marginal
means of expression levels of inotocin and inotocin receptor are represented with

solid and dashed lines, respectively.

Seasonal expression of inotocin

Date had a significant effect on inotocin expression (Table 6). Specifically,
expression levels at the first two sampling dates differed significantly (or
marginally) from the gene expression levels at the last three sampling dates (Figure
10C, Table 7) which change was in line with the increase in leaf collecting events,
i.e., inotocin expression was higher during the period of parental care (Figure 9).

On the other hand, no difference between sexes was detected (Table 6).
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Seasonal expression of inotocin receptor

In the Doroghaza population (2015), expression of the receptor showed an increase
with date but this was not significant (Figure 10A, Table 6, 7). In the Susa
population (2016), on the other hand, receptor expression levels changed
significantly over the season (Table 6). Based on the post-hoc comparisons,
expression levels on the third date was only marginally higher than the first two
sampling dates, however, a peak of receptor expression on the fourth sampling date
was significantly higher than the expression on the first two sampling dates (Figure
10B, Table 7). After this peak, receptor expression tended to decrease at the end of
the season. These seasonal changes in receptor expression were consistent with
changes in leaf collecting behaviour, i.e. the peak of receptor expression coincided
with the peak of carrying legume leaves (Figure 9). Sex had no significant effect in

either population (Table 6).
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A
7
a
a
c
g 6 i
E
,E a .
= [ ]
5] |
£ 5
B
E [ ]
E
@ 41
|
16 IApr 4 May 28 May
Susa, 2016
B
6] b
=
5} ab
5
E . ab
©
£ [ ]
24 . : .
E
ks
s 3 ]
£ .
0
w5
18 Mar 1 Apr 15 Apr 2 May 17 May
Susa, 2016
C
7 q
b b
c bc
© 4
e | .
E .
o ac
= 5
5]
£ a
3 .
5] |
E Y e
@
i
3
18 Mar 1 Apr 15 :Apr 2 May 17 May

Sampling date
Figure 10. Expression pattern of inotocin receptor (InR) (A, B) and inotocin (In)
(C) during the reproductive period of L. apterus. Samples were taken at five
different time points in the Susa population (B, C) and three different time points in
the Doroghaza population (A). Black dots represent the estimated marginal mean
of expression levels, grey stripes the 95% confidence intervals for estimated
marginal means. Dates with distinct letters differ significantly (Tukey-adjusted

comparisons).
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Table 7. Pairwise post-hoc comparisons of gene expression levels among dates in
the Doroghaza and the Susa populations. Adjusted P values were calculated with
the Tukey method. Results were averaged over sex, and, in case of inotocin, over
the two-level factor that explains the expression groups (see Materials and

methods). Significant comparisons are in bold.

Contrast Estimate + SE p value
2015, Doroghaza
Inotocin receptor (df = 30)
16 Apr 4 May -0.817 £ 0.599 0.3720
16 Apr 28 May -1.088 + 0.582 0.1654
4 May 28 May -0.271 + 0.622 0.9007
2016, Susa
Inotocin (df = 43)
18 Mar 1 Apr -0.455 £ 0.399 0.7842
18 Mar 15 Apr -2.089 £+ 0.402 0.0001
18 Mar 2 May -1.976 + 0.439 0.0005
18 Mar 17 May -1.466 + 0.441 0.0150
1 Apr 15 Apr -1.633 £ 0.346 0.0002
1 Apr 2 May -1.521 £ 0.386 0.0026
1 Apr 17 May -1.010 +0.379 0.0764
15 Apr 2 May 0.112+0.368 0.9980
15 Apr 17 May 0.623 + 0.397 0.5239
2 May 17 May 0.511 £0.433 0.7627
Inotocin receptor (df = 44)
18 Mar 1 Apr -0.289 + 0.536 0.9827
18 Mar 15 Apr -1.509 + 0.534 0.0521
18 Mar 2 May -2.088 £ 0.578 0.0066
18 Mar 17 May -1.124 £ 0.591 0.3320
1 Apr 15 Apr -1.220 + 0.446 0.0650
1 Apr 2 May -1.799 + 0.493 0.0059
1 Apr 17 May -0.835+0.510 0.4831
15 Apr 2 May -0.579 £ 0.494 0.7672
15 Apr 17 May 0.385 £ 0.511 0.9427
2 May 17 May 0.964 + 0.552 0.4176
Discussion

Our findings support our expectation that inotocin may be involved in the control

of reproductive social behaviour in a beetle species, L. apterus. Gene expression of
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inotocin receptor, as well as inotocin, was found to change over the course of the
breeding period, i.e. expression was higher later in the season when parental
behaviour dominates the activities of both sexes. In particular, changes in
expression of inotocin and its receptor were in accordance with changes in legume
leaf collection events. Legumes have high nitrogen content which may be
necessary for fast larval development (Ohmart et al., 1985; Heisswolf et al., 2005).
Examples of a similar expression pattern of oxytocin/vasopressin related peptides
correlating with different forms of reproductive social behaviour can be found in
vertebrates. In the biparental prairie vole, for instance, expression of the
vasopressin gene was found to be higher postpartum in both males and females
suggesting a role in parental behaviour (Wang et al., 2000). Furthermore, increased
isotocin expression was related to affiliative behaviour toward the pair in a
monogamous cichlid species, Neolamprologus pulcher (O'Connor et al., 2016). In
case of zebra finches, with the pair formation, the expression of both mesotocin and
vasotocin increased in males as well as in females (Lowrey et al., 2014).
Considering the conserved functions of the oxytocin/vasopressin peptide family,
higher inotocin expression after pair formation can suggest a role in affiliative or
parental behaviour in L. apterus. Nevertheless, we cannot rule out alternative
explanations for the changed expression pattern. A possible reason for this change
may be the effect of the altered spectrum of collected plant species. The followings,
however, make this alternative explanation less likely. First, leaves collected during
the second part of the breeding season are mainly stored up as food for the larvae
(Emich, 1884), hence the changed preference for plant species does not necessarily
mean that the diet of the adults also changes during the breeding period. Second,
legume leaf collection, which is driving the change in species composition, is
largely carried out by females (Figure S7), but gene expression patterns changed
with the season in both sexes. We also have to note, however, that a study found an
association between oxytocin/vasopressin related peptides and metabolism in an

vt —

over the season influences gene expression pattern. Nevertheless, the activity
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pattern changes differently in sexes (Figure S8) but no sex differences were found
in gene expression patterns. One could also argue that the observed expression
patterns might be related to changes in immunity during the breeding period.
However, there is no obvious link between immune response and season (Kiss et
al., 2020a), therefore, we would not expect that seasonal changes in inotocin or
inotocin receptor gene expression correlate with changes in immunity. Finally,
since our investigation was performed in a natural population, we cannot exclude
the possibility that seasonally changing abiotic factors, e.g., temperature influenced
the gene expression patterns of inotocin and its receptor.

In the beetle 7. castaneum higher expression levels of inotocin preprohormone
and receptor were found in the head compared to other body parts by Stafflinger et
al. (2008). Based on their results, Stafflinger et al. rejected the hypothesis that
inotocin contributes to water balance regulation. By contrast, inotocin was found to
exert an indirect effect on diuresis in the same species (Aikins et al., 2008).
Furthermore, inotocin receptor has a role in desiccation resistance in an ant species,
Camponotus fellah (Koto et al., 2019). We found, however, that the expression of
inotocin and its receptor did not change as a response to low humidity stress.
Although these results suggest that inotocin is not involved substantially in the
regulation of water balance in the adults of this beetle species, a more robust
sampling with longer experimental time and more sampling dates could provide a
more reliable result to answer this question.

An interesting result of our study is that we identified a threonine-valine
substitution in the fourth position of the inotocin of L. apterus. Threonine is the
most common amino acid in the fourth position of the mature nonapeptide in
arthropods, and also threonine was found in the fourth position in all other 20
beetle species studied to date (Liutkeviciute et al., 2016). This threonine-valine
substitution was only identified in a highly social ant species earlier (Gruber and
Muttenthaler, 2012).

Consistent bimodal distribution was found in the expression of inotocin gene in

two years which was explained neither by the sex nor any of the potential
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confounding effects that may have arisen during the sampling or laboratory
procedures (see Appendix for details). Therefore, we suggest that the source of this
clustering in the expression levels may be due to some unknown biological reasons.
One explanation could be that individuals of a stable pair express inotocin in higher
or lower amount compared to unpaired individuals. Another possible cause can be
age-related differences in reproductive history, as both first breeders and older
breeders occur in the populations. For instance, in C. fellah ant workers the
expression of both inotocin and its receptor increased with age (Koto et al., 2019).
Unfortunately, information on either the reproductive state (i.e. paired or unpaired)
or the age of the sampled individuals was not collected before sampling in this
study. Therefore, investigating the background of this bias in inotocin gene
expression in beetles observed prior to sampling could reveal intriguing biological
details at both the behavioural and molecular levels.

Even though plenty of studies focusing on the oxytocin/vasopressin peptide
family have been published, few have investigated the time course of expression,
especially among invertebrates. Only two studies have been published to date in
which receptor levels were measured over a period of time. Levoye et al. (2005)
examined vasopressin-related receptor expression in a leech species, Theromyzon
tessulatum during its reproductive period and found that the expression increased in
adult individuals during the reproductive maturation until egg-laying. Chérasse and
Aron (2017) measured inotocin receptor expression over the course of the lives of
black garden ant queens till colony foundation. Their results showed that
expression of the receptor was lower during colony foundation than before mating
which suggests a relationship between reproductive state and inotocin. Exploring
and comparing the changes in expression of oxytocin/vasopressin related peptides
and their receptors in a wide range of species with different types of reproductive
strategy during their breeding period could reveal evolutionary processes

modulating the functions of these molecules (Hofmann et al., 2014).
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Based on our results we provide a new perspective on the potential functions of
inotocin, the insect oxytocin-like hormone. However, it is important to note that
from expression data one can only infer the activity of the gene, but not the actual
levels of hormones in the haemolymph. Therefore, examining inotocin at the
peptide level could provide more specific results about its function in the control of
parental behaviour, additionally, a repeated experiment with humidity manipulation
could lead to a better understanding of the function of inotocin in water
maintenance. Further comparative investigations into the regulatory roles oxytocin-
like neuropeptides play in invertebrate species are important to understand the

evolution of biparental care and its neuroendocrine regulation.
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General discussion

One of the major goals of sociobiology is to understand the function and evolution
of parental care. Care for the offspring has been investigated from several aspects
in vertebrates, especially in mammals and birds (Scheiber et al. 2017). Although
this highly complex behaviour is present in many different invertebrate taxa, it is
still understudied among these species (Trumbo 2012). Insects are the most diverse
class in the animal kingdom presenting a vast diversity of parental behaviour, yet,
the interests of behaviour ecologists have mainly been focused on the organisation
and function of eusocial insect societies (Smiseth et al. 2014). Many non-eusocial
species, however, display various parental behaviour forms similar to those we can
observe among vertebrates, e.g. food provision and nest attendance, making them
outstanding targets of investigating the origin of care. Moreover, eusociality
evolved likely from solitary behaviour through parental care, therefore, exploring
the underlying mechanisms of the latter can contribute to a better understanding of

social evolution (Rehan & Toth 2015).

Recently, a new species has been introduced which can be a valuable target of
research aiming to contribute to the deeper understanding of the evolution and
molecular background of parental care. L. apterus is a biparental beetle species
presenting a well-developed division of labour between the parents. Albeit the
optional biparental offspring care observed in burying beetles, no separate roles are
assigned to the parents in those species (Suzuki 2011). In contrast, our results show
that in L. apterus both parents have their determined role in the provision and
protection of the offspring. This kind of organisation can only be observed among
scarab beetles and the eusocial insects and biparental vertebrate species.
Comparisons against the genomes of non-eusocial and eusocial insect species could
reveal important changes in the evolution of processes responsible for parental role
determination. Therefore, this species can be an exciting model species in social

evolution for investigating the cues displayed by the parents.
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An intriguing result of ours was the differences in the roles of parents compared
to the literature from the previous centuries (Study 1). L. apterus was widely
distributed and even considered as a pest in Hungary because of the damage it
caused in vineyards by cutting the fresh leaves off the plants (Merkl & Vig 2009).
However, this species is sensitive to disturbance thus the intense agriculture
restricted the distribution of the species into smaller areas (Kovéacs et al. 2014).
According to Rosa et al. (2017), nest attendance increases in high-density
populations. Considering the habitat loss of the species since the observations of
Emich (1884), it might be a possible explanation that the narrowing distribution led
to increased density in remaining populations. This could induce males to invest
more in protection of the nests and assurance of their paternity. As already
described by Emich (1884) and Schreiner (1906), females can replace males in leaf
collection labour when necessary, hence, the increased guarding behaviour of males
could lead to increased leaf collecting behaviour in females.

Investigating the genetic background of such complex processes as parental care
and the division of labour between parents requires an available reference genome.
However, to date, no genome was published in the genus Lethrus or the family
Geotrupidae, therefore, we sequenced, assembled and annotated the genome of L.
apterus (Study 2). The sequence and annotation of the genome can serve as a
useful basis for transcriptome research. Differential gene expression analyses
during the breeding period and between sexes can lead to identification of
important gene regulatory pathways in the modulation of behaviour displayed
during the period of care. We have already sampled males and females at five time
points through the breeding period. Analysing the differences between dates can
reveal the genes regulating reproductive behaviour. Further, we can find the genes
and hormones responsible for the division of roles between parents by comparing
the males and females in each date. Finally, a comprehensive analysis of the
differentially expressed genes between dates for each sex followed by the

comparison of the resulting genes between the parents to find the shared ones can
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reveal the genes that are responsible for the formation of parental behaviour
exhibited by both parents.

We used the predicted genes in the genome for searching genes that are
potentially related to the reproductive and parental behaviour of L.. apterus (Study
2). Comparison of the number of found genes in L. apterus with other coleopteran
species showed a reduction of odorant-binding and pheromone-binding proteins
coded in the genome. Considering that L. apterus favours legume species during
collection of food for the offspring (Study 4) and that the cooperation between the
parents suggest a well-developed recognition system, this is an intriguing result. On
the other hand, parents and offspring do not interact during the parental period, thus
no pheromone-based communication is needed for expression of parental
behaviour which could be in relationship with this gene reduction. Therefore, it is
worth to continuing the investigation of these proteins. One of the main steps to
take is to use the RNA-sequencing reads to improve the continuity of our genome.
Reads of transcriptome of different developmental and reproductive stages could
provide hints for genome scaffolding (Zhang et al. 2016, Song et al. 2016),
furthermore, assembled transcriptomes can be used as evidence for gene prediction
as it contains the expressed protein-coding genes (Hoff et al. 2019). Besides, it
would also be interesting to investigate the expressed genes directly in the antennae
of L. apterus with transcriptome analysis. For this purpose, samples could be taken
at the moment of meeting of a pair or a random conspecific, during fighting
between males and leaf collection by females with special attention on the choice
of legume species. This sampling could reveal the main pheromones and hormones
responsible for the recognition of the social and non-social environment as well.

The draft genome sequence was used to find candidate reference genes for
normalization of RT-qPCR data which is a critical step of relative gene expression
analyses (Study 3). Thus, finding the best reference genes made it possible to
examine the gene expression changes of inotocin and inotocin receptor during the
breeding season of L. apterus (Study 4). The gene expression of inotocin showed

consistent bimodal distribution which could not be explained with any examined
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technical sources. This most likely means that the difference in the expression
levels originated from biological causes. Considering that the samples were taken
from natural populations where several environmental factors may affect the
mRNA levels, we cannot give a certain explanation for this phenomenon. However,
it would be of interest to investigate some hypotheses with a more robust sampling.
With respect to the fact that the grouping of expression levels was detected during
the whole active season, a direct relationship between parental care and the
bimodal distribution seems unlikely. Possible explanations include age,
reproductive history, additionally, food consumption, i.e. whether the sampled
individual has fed prior to sampling and the specific activity at the moment of
capture, specifically, difference between leaf collection for the parent itself or for
the offspring, nest defence and intrusion, nest cleaning and arrangement and mate
searching. To test these hypotheses, information on the listed characteristics should
be collected before sampling. Moreover, as gene expression does not directly
predict the titre of the peptide, it would be also interesting to collect haemolymph
samples from the same individuals together with the sampling for gene expression
analysis. Thus, we could compare if the bimodal distribution of the inotocin gene
expression has an actual effect on peptide levels.

Another interesting result of ours is that the sequence of the mature inotocin of
Lethrus apterus differs in one amino acid from sequences of other coleopteran
species, specifically, valine is found in the fourth position instead of threonine. The
mature peptide is a small, nine amino acids long molecule in which the two
cysteines in the first and the sixth position create a disulphide bridge making a loop
formation (Gruber & Muttenthaler 2012). Thus, the threonine-valine substitution
affects the loop of the molecule and may have an effect on the activity of the
peptide, further, on the interaction with the receptor. For instance, in case of
oxytocin, the 4-valine-oxytocin (i.e. oxytocin having valine at the fourth position)
had increased activity compared to other synthesised oxytocin analogs (Sawyer &
Manning 1973). Moreover, a study on the specificity of inotocin receptor in 7.

castaneum revealed that several oxytocin orthologs can activate the receptor, albeit
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only with much higher concentration than inotocin (Stafflinger et al. 2008). These
results suggest that even small changes in the sequence and the structure of the
peptide can lead to significant effects on the induced processes. Therefore, it would
be of interest to examine more deeply the significance of this amino acid

substitution in the function of inotocin.

To date, genetic and physiological background of parental behaviour in non-
social insects were investigated in only two model species, namely the burying
beetle N. vespilloides and the small carpenter bee (C. calcarata). Therefore,
research on other insect species is still needed for a reliable comparative
evolutionary work on both the ultimate and proximate levels of parental care. L.
apterus provide an exceptional model species to investigate the evolution and
genetic background of parental care, not only for finding the genes and hormones
regulating the behaviour displayed but also for identifying the environmental

factors responsible for forming the roles of parents during offspring care.
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Summary - Key findings

* Consistent division of labour was found between parents in Lethrus apterus
which differed from the previously described, i.e. females collect the leaves

for the offspring while males are guarding the nest from intruders.

e Draft genome of the Lethrus apterus has been assembled into 66,933
contigs in which 20,734 protein-coding genes were structurally and

functionally annotated.

* Probable sex chromosome related contigs were found which were present in

only male samples suggesting an XY or X0 sex determination system.

e Genes potentially involved in reproductive related behaviour were
identified among the annotated genes of Lethrus apterus from which we
found a reduction of odorant-binding and pheromone-binding proteins

compared to other beetle species.

e Housekeeping genes were identified and evaluated as reference genes for

validation of data for gene expression analysis using RT-qPCR.

* Gene expression of inotocin and its receptor is higher later in the breeding

season when the parental behaviour dominates.
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Osszefoglalas - Uj tudomanyos eredmények

e Kovetkezetes munkamegosztast figyeltiink meg a nagyfejii csajkéd sziilok
kozott, amely kiillonbozott az eddig leirtaktol: a néstények gytjtik a levele-

ket az utédoknak, mig a himek 6rzik a fészket a betolakodoktol.

o Osszeszereltiik a nagyfejii csajko nyers genomjat, amely 66.933 kontigbol
all, és amelyben 20.734 protein kodold gént talaltunk strukturalis és funkci-

onalis annotacio soran.

e Lehetséges ivari kromoszomakhoz tartozo kontigokat azonositottunk, me-
lyek csak a himekben megtalalhatéak, amely XY vagy X0 ivarmeghataroza-

si rendszerre utal.

e A nagyfeji csajké annotalt génjei kozott azonositottunk potencialisan sza-
porodasi viselkedéshez kothetd géneket, melyek koziil a szaganyagokhoz és
feromonokhoz k6tddd fehérjékbdl kevesebbet talaltunk, mint a tobbi bogar-
fajban.

e Azonositottunk és kiértékeltiink haztartasi géneket, melyek a valos-idejii
kvantitativ PCR-rel torténd génexpresszids analizisek soran az adatok nor-

malizalasara hasznalandok.

* Az inotocin ¢€s receptoranak génexpresszidja magasabb a szaporodasi 1id0-
szak azon szakaszaban, amikor az utddgondoz6 viselkedések domindlnak,

azonban ivari kiilonbséget nem talaltunk.
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Appendix

Availability of beetle proteomes referenced in Study 2

Table S1. Scientific names of the species and the accession number of their

proteomes used for phylogenetic analysis of L. apterus.

Species Accession number
Aethina tumida GCF_001937115.1
Agrilus planipennis GCF_000699045.2
Anoplophora glabripennis GCF_000390285.2
Asbolus verrucosus GCA _004193795.1
Callosobruchus maculatus GCA_900659725.1
Dendroctonus ponderosae GCF_000355655.1
Diabrotica virgifera GCF _003013835.1
Ignelater luminosus GCA _011009095.1
Leptinotarsa decemlineata GCF _000500325.1
Nicrophorus vespilloides GCF _001412225.1
Onthophagus taurus GCF_000648695.1
Photinus piralis GCF _008802855.1
Sitophilus oryzae GCF_002938485.1
Tribolium castaneum GCF _000002335.3
Drosophila melanogaster GCF_000001215.4
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Supplementary studies on the bimodal distribution of inotocin
expression levels

Gene expression levels of inotocin have bimodal distribution across our samples
both from 2016 and 2018 (Fig. S1). To find out the origin of this clustering, several
possible bias effects were investigated whether they correlate with the distribution
of the two groups of inotocin expression: sex (Fig. S2), sampling time during the
day (minutes since sunrise; Fig. S3), body size (pronotum width, only for 2016;
Fig. S4), location on RT-qPCR plate (Fig. S5), concentration of the RNA samples
(Fig. S6) and level of protein contamination of the samples (Fig. S7). At each
sampling time, all samples were taken by one person, therefore, we did not

investigate the effect of the dissecting person.
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Figure S1. Expression groups of inotocin hormone during the active season in 2016
(A) and in the drying experiment in 2018 (B). Points shaded in black show males,
whereas grey ones represent females. The dashed grey lines represent the minimum
of the estimated density function in two-group mixture models that were used as
the cutoff value for the two-level factor added to the linear models (see Material

and methods).
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Differences between expression groups in continuous variables (i.e. sampling
time, size, concentration and protein contamination) was investigated using
Wilcoxon rank sum test with continuity correction, whereas differences between
groups in categorical variables (i.e. sex and location during RT-qPCR) was
analysed with Fisher's Exact Test. Results of the different effects are shown

separately for both years.
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Effect of sex

As sexual dimorphism often can be measured in hormonal and thus gene
expression levels, we tested the effect of sex, however, no difference between
expression groups of sexes was found (Fig. SI; Fisher's Exact Tests, 2016:

p=0.776; 2018: p=0.462).
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Figure S2. Samples belonging to the different expression groups of inotocin

hormone in the two sexes. (A) Samples from 2016 and (B) samples from 2018.
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Effect of sampling time

Hormonal and gene expression usually have a daily cycle, hence the effect of the
sampling time (i.e. the time since sunrise expressed in minutes) was investigated.
No difference was found between groups in sampling time (Fig. S2; Wilcoxon rank

sum tests, 2016: W=350.5, p=0.317; 2018: W=84, p=0.438).
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Figure S3. Sampling time during the day in the two expression groups of inotocin

hormone. (A) Samples from 2016 and (B) samples from 2018.
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Effect of body size of individuals

Difference between size can effect the life-history strategy of the individuals and
therefore, also the hormonal levels. Individual sizes were measured as the
pronotum width only in 2016 in advance of sampling. No significant difference
was detected in size between groups (Fig. S3; Wilcoxon rank sum test, 2016:

W=274, p=0.610).
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Figure S4. Individual size in the two expression groups of inotocin hormone across

samples from 2016.
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Effect of location on RT-qPCR plates

Technical errors during laboratory methods, e.g. different handling of samples, can
cause bias in data. For example samples measured in different reactions, hence on
different plates might cause variance in the results. According to the results no
difference between the expression groups in RT-qPCR plate IDs (i.e. the order
samples were measured) was found (Fig. S4; Fisher's Exact Tests, 2016: p=0.395;
2018: p=1.000).
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Figure S5. Location of samples during RT-qPCR in the two expression groups of
inotocin hormone. (A) Samples from 2016 and (B) samples from 2018.
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Effect of RNA concentration

Despite samples were diluted to the same concentration for reverse transcription,
1.e., concentration differences should not cause bias in the expression levels,
however, we investigated whether the starting RNA concentration differs in the
groups. Results showed no significant difference (Fig. S5; Wilcoxon rank sum

tests, 2016: W=350, p=0.322; 2018: W=74, p=0.223).
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Figure S6. Starting RNA concentration in the two expression groups of inotocin

hormone. (A) Samples from 2016 and (B) samples from 2018.
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Effect of protein contamination

Contamination of samples by proteins may worsen the success of reverse
transcription thus the quality of cDNA. Protein contamination was measured by
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). All samples had high 260/280 nm value which means they had high purity,
and there was no significant difference in the contamination between the two
groups (Fig. S6; Wilcoxon rank sum tests, 2016: W=217, p=0.097; 2018: W=89.5,
p=0.591).
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Figure S7. Protein contamination values in the two expression groups of inotocin

hormone. (A) Samples from 2016 and (B) samples from 2018.

85



Activity and leaf collection during the breeding period
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Figure S8. The seasonal variation in activity of L. apterus. (A) Number of observed
male and (B) number of observed female individuals during the transect survey. (C)

Number of leaf collection events by males and (D) females. Light grey bars
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represent the collection of a leaf of a legume species, whereas dark grey bars depict

leafs of any taxa.
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Abstract

Although intensive care for offspring by both parents is rare in arthropods, it occurs in some species
including the beetle Lethrus apterus. According to previous publications, in this species the male collects
leaves, which are used by the female to form balls in the underground nest burrow. These balls serve as food
for the hatched offspring. Most knowledge about the behavior of this species is based on information
collected more than a century ago. Therefore, we investigated above-ground breeding behavior and the
status of nest burrows of this beetle in its natural habitat in Hungary. Our results suggest that contrary to
previously documented cases, above-ground parental care, i.e. the collection of leaves, is done predomi-
nantly not by the males but the females. Further research is needed to understand the role of the sexes in
parental care in this species and to explain the discrepancy between the previously documented cases and the

results we report here.

Key words: Coleoptera, Geotrupidae, parental roles, role specialization.

Family life was long thought being ideal: in species with
biparental care the female and male cooperate to raise
the common offspring. In his seminal work, Trivers
(1972) realized that this is not the case: family life is rife
with conflicts, and there is an ongoing battle between
the sexes. In the last 40 years biparental care became a
model for studying cooperation and conflict between
unrelated individuals (Székely et al. 2010). Biparental
care is over-represented in some taxa; for example, most
bird species have biparental care (Cockburn 2006). Care
by both parents is relatively rare among invertebrates
(Clutton-Brock 1991); however, it occurs in several
arthropod groups (Wilson 1971; Zeh & Smith 1985;
Tallamy 1999; Trumbo 2012), and it is relatively
common in Scarabaeidae (Monteith & Storey 1981;
Sato 1998; Hunt & House 2011).

The beetle Lethrus apterus (Laxmann, 1770) (Cole-
optera: Geotrupidae) is a biparental species with Eastern
European and Anatolian distribution. The western edge
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of its distribution is in Hungary (Merkl & Vig 2009).
The sexes are dimorphic, as males are larger and have
two tusks (ventral mandibular processes). According to
the literature the male defends the nest burrow from
intruders and pulls cut leaves into the nest underground,
whereas the female forms balls from the leaves in the
brood chambers where the eggs were laid previously
(von Lengerken 1939; Wilson 1971; Clutton-Brock
1991).

We investigated the breeding behavior of L. apterus in
its natural habitat in Northern Hungary, and here we
report on the observed division of labor between sexes
in the above-ground leaf collecting activity and on the
status of the brood cells in the nest burrows.

We studied L. apterus in Northern Hungary in the
Maitra Mountains at Doroghdza village (47°5929”N,
19°53’36"”E), where more than 5000 individuals can be
found on the grass-covered slopes of hills. The study was
carried out between 15 April and 17 June and between
12 and 27 September 2013. Beetles emerged early April
and their above-ground activity had mostly ceased by
mid June. Data on leaf collecting behavior of individu-
ally marked individuals were collected. Between 15
April and 7 June, 89 individuals (44 females and 45
males) were individually marked with paint marker
(Marabu Brilliant, Bietigheim-Bissingen, Germany or



Marvy Uchida DecoColor, Tokyo, Japan) after their
capture either at the entrance of their nest or if encoun-
tered above ground. Between 1 May and 12 June we
spent over 100 h in the field, and recorded all occasions
when an individually marked individual was observed
carrying a leaf. The collected leaves can be used to form
food balls for the offspring but can serve also as food for
the parents themselves. Therefore, to ensure that the
leaves were collected also for creating food balls, some
nests were filled with plaster of Paris and dug out to
check the status of the food cells underground (on 23
May and between 12 and 27 September 2013). The
entrances of nests investigated in September had been
filled with a 1015 c¢m long plastic tube in June after the
above-ground activity of beetles ceased to prevent the
entrance from collapsing due to grazing stock. A large
nail was also hammered in the soil at the entrance, and
a metal detector (Silver Star 3; FE  Chrenkd,
Szigetszentmiklds, Hungary) was used to find the exact
position of nests in September.

The distribution of number of marked males and
females either observed or not observed to collect leaf
material was analyzed in 2 X 2 contingency tables with
Chi-squared and Fisher’s exact tests in R v3.0.3 (R Core
Team 2014).

From the 89 marked individuals 21 were observed at
least once to carry leaf material. While the number of
marked individuals was approximately equally distrib-
uted between the sexes (44 females and 45 males), the
distribution of leaf-collecting individuals was highly
biased toward females: 18 females vs three males (Fig. 1;
Chi-squared test, y* =12.63, P <0.001). This highly
unequal distribution holds also if only the individuals
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Figure 1 Number of individually marked females and males
observed (light gray) or not observed (dark gray) to collect leaf
material in a Lethrus apterus population in Northern Hungary.
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that presumably had already mated (i.e. both a female
and a male were marked at the same nest) are consid-
ered: from 16 females and males caught at 16 nests,
eight females and zero males were observed to carry leaf
material (Fisher’s exact test, P = 0.002).

The status of the nest burrow of two females observed
to collect leaf material was checked on 23 May. These
two nests contained three and four brood cells, respec-
tively, filled with leaves and also an egg was found at one
of the brood cells. In September when the offspring are
already fully developed we checked the nest of 13 females
and two males observed to collect leaf material in May
and June. All 15 nests contained brood cells, and there
were 6.5 +4.56 (mean + SD) brood cells in the nests. The
nests of the two males contained no developed offspring,
only one and two dead larvae. However, 12 nests of the
13 females contained 3.9 * 2.84 developed offspring, and
one nest contained only one dead larva.

We found that in a population of L. apterus in North-
ern Hungary during the breeding season there was a
remarkable sex difference in leaf-collecting activity of
individually marked individuals: predominantly the
females were responsible for carrying the leaves to the
nest. Because at least 12 from the 21 leaf-collecting
individuals reproduced successfully, we can conclude
that these leaves were collected at least partly to serve as
food for the offspring.

Our findings are surprising in a way given that this
species has been characterized as a good example for
role specialization between the parents with males col-
lecting the leaves for the offspring (e.g. von Lengerken
1939; Wilson 1971; Clutton-Brock 1991). An obvious
explanation for this discrepancy can be that reviews on
the parental behavior of this species (von Lengerken
1939; Wilson 1971; Clutton-Brock 1991) are heavily
based on the detailed observations of Schreiner (1906)
in South Russia at that time. One may argue that the
same species has different behavioral patterns in a popu-
lation located more than 1000 km from Schreiner’s
(1906) original observations. This argument seems to be
especially reasonable because this flightless species has
presumably low dispersal ability, and intensive specia-
tion was observed in other, closely related Lethrus
species on the Balkan peninsula (Kral & Hillert 2013).
However, this explanation is unlikely because Emich
(1884) observed L. apterus in Hungary, and reported
the same parental care behavior as Schreiner (1906).
Although Schreiner (1906) disagrees with Emich’s
(1884) findings at several points, he describes the divi-
sion of labor between the sexes in leaf collection and ball
forming the same way as Emich (1884). Thus, we can
conclude that parental behavior was similar in South
Russia and Hungary more than a century ago; at both
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places males heavily took part in above-ground leaf
collection.

Another explanation for our results may be that this
behavior is characteristic for our study population only.
Until recently L.apterus was a common species in
Hungary; however, because of intense agricultural
activities in the last century, most of its habitats were
destroyed and now it can be found only in fragmented
populations (Merkl & Vig 2009). Altered circumstances
may lead to quick changes in behavior (cf. the recent
behavioral changes in many bird species in relation to
urbanization; Sol et al. 2013). However, it seems that
this behavioral pattern is not restricted to the population
investigated in this study, as undocumented observations
suggest that L. apterus in the Buda Hills in Hungary
located about 100 km away the focal population has
similarly female-biased leaf collecting role specialization
(S. Bérces, pers. comm., 2013).

At the moment, it is unclear what roles the L. apterus
males have in parental care, if they have any, and
whether males participate in underground food ball
preparation. Nests of two leaf-collecting males were
checked for offspring and these nests contained brood
cells and dead larvae, but unfortunately we had no
information on female behavior at these nests. Thus, it is
unknown what proportion of food balls was collected
by the males in these cases. The nests of 15 leaf-
collecting females were excavated (two in May and 13 in
September), and at eight of these nests the male was also
marked. That is, a male was present at least for a part of
the breeding period; however, these males were not
observed to collect leaf material. Thus, it is unknown
whether they took part in above-ground parental care.

In summary, we showed that in a beetle species with
presumed role specialization during parental care, the
division of labor between the sexes is different from the
accessible documented cases. Further investigations of
the parental role of the sexes and especially the explo-
ration of underground behavior in this beetle are needed
to solve this enigma.
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ABSTRACT

Hormones play an important role in the regulation of physiological, developmental and
behavioural processes. Many of these mechanisms in insects, however, are still not well
understood. One way to investigate hormonal regulation is to analyse gene expression
patterns of hormones and their receptors by real-time quantitative polymerase chain
reaction (RT-qPCR). This method, however, requires stably expressed reference genes
for normalisation. In the present study, we evaluated 11 candidate housekeeping genes
as reference genes in samples of Lethrus apterus, an earth-boring beetle with biparental
care, collected from a natural population. For identifying the most stable genes we used
the following computational methods: geNorm, NormFinder, BestKeeper, comparative
delta Ct method and RefFinder. Based on our results, the two body regions sampled
(head and thorax) differ in which genes are most stably expressed. We identified two
candidate reference genes for each region investigated: ribosomal protein L7A and RP18
in samples extracted from the head, and ribosomal protein L7A and RP4 extracted from
the muscles of the thorax. Additionally, L7A and RP18 appear to be the best reference
genes for normalisation in all samples irrespective of body region. These reference genes
can be used to study the hormonal regulation of reproduction and parental care in

Lethrus apterus in the future.

Subjects Entomology, Genetics, Molecular Biology
Keywords Insect, Parental care, Housekeeping gene

INTRODUCTION

Hormonal regulation in insects generates great interest among entomologists but hormones
have only been studied in detail in a few species (Gullan ¢ Cranston, 2014). Insect hormones
of particular interest include juvenile hormones, ecdysteroids and neuropeptides. These
molecules regulate a vast number of physiological and developmental processes as well as
behaviours (Gdide, Hoffmann ¢ Spring, 1997). Studying these hormones used to be difficult
considering their small amount and the occasional instability (Gullan ¢ Cranston, 2014).
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The technical revolution of molecular biology and genetics, however, made it attainable
to discover the details of genetic and hormonal regulation in insects (Raikhel, Brown ¢
Belles, 2005). Some of the processes controlled by hormones mentioned above, such as
ecdysis (Mykles et al., 2013), are already well described. Nevertheless, there are many other
interesting physiological and behavioural mechanisms, like parental care, the hormonal
regulation of which are not well understood (Panaitof et al., 2016). One way to increase our
understanding of hormonal regulation is to identify patterns of gene expression associated
with the hormones in question (Champagne ¢ Curley, 2012).

Real-time quantitative polymerase chain reaction (RT-qPCR) is a commonly used
method for analysing gene expression as it is a sensitive, fast and reproducible method;
moreover, it requires only a minimal amount of RNA (Radonic et al., 2004). With this
method, gene expression levels can be measured simultaneously in several different
samples for a limited number of genes. Gene expression analyses with RT-qPCR, however,
require some kind of normalisation in order to control the variation caused by stochastic
processes occurring during the analytic procedure (Vandesompele et al., 2002). This
normalisation is usually achieved by taking into account the expression level of so-called
reference genes (VanGuilder, Vrana ¢ Freeman, 2008). These genes are usually selected
from housekeeping genes, which produce proteins vital for maintaining fundamental cell
functions, like ribosomal or cytoskeletal proteins. Therefore, the expression levels of these
reference genes are thought to be relatively stable. Thus, comparing the expression level
of genes of interest with the expression levels of the reference genes, we can eliminate
the differences caused by the different amount and quality of starting material. With this
method we are able to control for differences occurring due to technical errors during
sample preparation as well (e.g., RNA isolation and cDNA synthesis, Radonic et al., 2004).
Nonetheless, expression levels of the housekeeping genes may also vary considerably under
certain circumstances because they can be involved in processes other than maintenance
functions of the cell, e.g., apoptosis (Nicholls, Li ¢ Liu, 2012), cytokinesis (D’Souza-Schorey
& Chavrier, 2006) and development (Zhou et al., 2015). Therefore, a given housekeeping
gene cannot automatically serve as reference gene, and normalisation with unstable
reference genes can lead to erroneous quantification results and conclusions (Thellin et al.,
1999). Consequently, reference genes must be carefully selected so that their expression
levels are similar between the different samples and should not be influenced significantly
by different experimental conditions (VanGuilder, Vrana ¢ Freeman, 2008). According
to Vandesompele et al. (2002), the combination of two or more reference genes is highly
recommended for normalisation to obtain more accurate results. In case of multiple
reference genes, it is advised to use the geometric mean for normalisation since it better
controls for extreme values and the possible differences between expression levels of the
different genes (Vandesompele et al., 2002).

Lethrus apterus (Laxmann, 1770) (Coleoptera: Geotrupidae) is an earth-boring beetle
that has biparental care during which the parents provision food for their offspring in
advance their hatching (Kosztoldnyi et al., 2015). This kind of parental care is a complex
and relatively rare trait among insects (Smiseth, Kolliker ¢ Royle, 2012) and makes this
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beetle an outstanding model species for studying the hormonal background of parental
care. In order to do so, however, stably expressed reference genes have to be identified.

In recent years, numerous studies aimed to identify stable reference genes in insects
(Lord et al., 2010; Ponton et al., 2011; Bansal et al., 2012; Li et al., 2013; Pan et al., 2015; Yu
et al., 2016). Nevertheless, there is a lack of reference gene studies that use individuals from
natural populations. Our objective in this study was to examine the expression stability of
several housekeeping genes in Lethrus apterus across different times of the breeding period
in a natural population in order to identify the most stable reference gene(s). With the
right combination of reference genes, the expression levels of hormone regulating genes
involved in parental care in Lethrus apterus can be examined accurately in the future. Based
on the literature (Shi et al., 2013; Liang et al., 2014; Zhu et al., 2014; Yang et al., 2015), we
probed eleven housekeeping genes.

MATERIALS AND METHODS

Sample collection

Samples were collected near Doroghdza, northern Hungary (47°59'29"N, 19°53'36”E) on
16th April, 4th May and 28th May in 2015, which dates corresponded to the beginning,
middle and end of the breeding season of Lethrus apterus, respectively. Sample collection
was approved by the Nothern Hungarian Inspectorate for Environment Protection and
Nature Conservation (No. 9007-8/2014). The first sampling date represents the period
of mate choice, while the second and third samplings were done during the period when
parents were collecting leaves for the offspring. On each sampling dates, head and thorax
samples were collected from eight males and eight females. All tissues were removed from
the head capsule and muscle samples were taken from the thorax. Samples were collected
in the field in less than five minutes after euthanizing the individuals. Each head and thorax
sample was put immediately into separate eppendorf tubes which already contained 600 .l
RNAlater® Stabilization Solution (Thermo Fisher Scientific, Waltham, MA, USA), then
stored at —20 °C in the laboratory in order to inhibit RNase enzyme activity until RNA
extraction.

RNA extraction and cDNA synthesis

Total RNA was isolated from each samples using TRIzol® Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s instructions. The extracted
RNA was eluted in 15-30 pul RNase-free water, depending on the pellet size. Yield of
RNA was quantified by NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). To eliminate genomic DNA, samples were treated with RQ1 RNase-
Free DNase (Promega, Madison, WI, USA) just before the reverse transcription. First
strand cDNA was synthesized from 1 pg DNA-free RNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA).

Reference gene selection and primer design
Using a draft genome of Lethrus apterus (unpublished data) eleven reference genes,
which were already described as stable reference genes in other arthropods, were selected
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Table 1 The list of the candidate housekeeping genes with their biological functions.

Gene Symbol used Function Reference
glyceraldehyde 3-phosphate dehydrogenase GAPDH glycolytic enzyme Liang et al. (2014)
tubulin alpha-1 chain TUBla cytoskeletal structural protein Liang et al. (2014)
elongation factor 1-alpha EFla protein synthesis Liang et al. (2014)
elongation factor 2 EF2 protein synthesis Zhu et al. (2014)
ADP-ribosylation factor-like protein 1 ARF1 GTP-binding protein Shi et al. (2013)
ADP-ribosylation factor 4 ARF4 GTP-binding protein Shietal. (2013)
ribosomal protein S8 RPS8 structural constituent of ribosome Yang et al. (2015)
ribosomal protein L4 RP4 structural constituent of ribosome Shi et al. (2013)
ribosomal protein L7A L7A structural constituent of ribosome Zhu et al. (2014)
ribosomal protein L10 L10 structural constituent of ribosome Zhu et al. (2014)
ribosomal protein L18 RP18 structural constituent of ribosome Shi et al. (2013)

(Table 1). We manually designed primers (Table 2) using the web-based Sequence
Manipulation Suite (Stothard, 2000) and Multiple Primer Analyzer (Thermo Fisher
Scientific, Waltham, MA, USA) in order to avoid the forming of possible secondary
structures of the primers. To check the specificity of primer pairs and to determine optimal
annealing temperature, PCR reactions were performed in 10 pul volumes containing the
following components: 10x buffer, 2 mM MgCl,, 0.2 mM dNTP, 0.02 U/uL Taq DNA
polymerase enzymes (DreamTaq Green, Thermo Fisher Scientific, Waltham, MA, USA),
0.2 pM forward and 0.2 pM reverse primer and 0.1 pg cDNA. PCR conditions were
optimized by determining the optimal annealing temperature using temperature gradient
ranging from 54 °C to 62 °C for primer binding. In this study, we used ABI Veriti® 96-Well
Thermal Cycler (Applied Biosystems, Foster City, CA, USA). Cycling conditions consisted
of a denaturing step at 95 °C for 2 min followed by 40 cycles at 95 °C for 30 sec, at a
temperature gradient (54 °C, 56 °C, 58 °C, 60 °C or 62 °C) for 30 s and at 72 °C for 90 s,
and finally at 72 °C for 10 min. PCR amplicons were run on 1% agarose gel stained with
GelRed™ (Biotium, Fremont, CA, USA).

Real-time quantitative PCR

RT-qPCR was performed on a QuantStudio 12K Flex Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) using SYBR® Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) and ROX Passive Reference Dye (Affymetrix, Santa
Clara, CA, USA). Amplifications were carried out under the following conditions: initial
denaturation at 95 °C for 10 min followed by 40 cycles of 10 sec at 95 °C and for

1 min at the optimal annealing temperature. This was followed by a melting curve
analysis in which the temperature raised from 65 °C to 95 °C in sequential steps of
0.05 °C for 1 s. Three technical replicates were performed for each biological sample,
and the average cycle threshold (Ct) values of triplicates were calculated. Furthermore,
no-template control was done in order to check whether primer-dimers or contamination
with amplified PCR product were detectable. Five 5-fold serial dilution was made from
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Table 2 The primers used to measure gene expression levels for the candidate reference genes by RT-qPCR.

Gene GenBank Primer sequence (5'to 3')" Amplicon Tm (°C)" E (%)° R¥
accession length
number (bp)

GAPDH KY786279 F: GCCATTCCAGTAAGTTTTCCATTGAG 157 85.0 100.75 0.91
R: GCTGTTACTGCTACACAAAAGAC

TUBla KY786273 F: CAGACTGCACGTTGGACTTTAGC 172 83.6 100.04 0.96
R: TACAGAGGAGATGTTGTCCCCAAG

EFla KY786281 F: AAACCTTTGCGTCTTCCACTACAGG 184 81.7 99.83 0.94
R: CTTCAGTTGTAAGACCAACAGGTG

EF2 KY786280 F: GATGAGAAATCCACATGTCCAG 244 82.0 102.00 0.86
R: CGACTCCCTAGTATCAAAGG

ARF1 KY786283 F: GTATGACAGTAGCTGAAGTTC 141 81.4 112.70 0.84
R: CTGTTTTGTAAAGCATTGGC

ARF4 KY786282 F: TAGTACGGACGGTCAAGTC 197 89.1 105.91 0.81
R: GTAGACCGTCACCTGTTATGGC

RPS8 KY786274 F: CATTATGTACGTACGAGAGGAGGCAACG 200 84.0 99.96 0.91
R: TCTAAAGGGAGTAGCGTCGATAACG

RP4 KY786275 F: TAATGGACCACGACGCTGTATGC 248 84.5 100.33 0.92
R: CGTACCAGCTTTAGTAATGAGCAAGG

L7A KY786277 F: TAGCGACTCAACTGTTCAAGG 224 84.8 99.54 0.95
R: CCTCAATTGGATCGACGTCATGTG

L10 KY786278 F: CGTAGAGCCTCGATAACTTGG 210 84.7 9935, 0.94
R: TCATGTGCTGGAGCTGATAGG

RP18 KY786276 F: TTGTAACCACATGAACGCCTACG 186 85.2 99.75 0.96

R: AGTTAGCTTTACGTTCACCTACTGG

Notes.

“F, forward primer; R, reverse primer.

Y melting temperature.
‘real-time qPCR efficiency (calculated by the standard curve method).
dregression coefficient (calculated from the regression line of the standard curve).

cDNA samples to create a standard curve, and the amplification efficiency was determined

for each candidate gene. The efficiency (E) values were calculated according to the

equation: E = (10(~1/slope) _

(Radonic et al., 2004).

Statistical analysis of raw Ct values
In order to examine the differences between sample groups, random intercept mixed-effects

1) x 100, where slope is the slope of the standard curve

models were used with sample id as a random factor for each gene. Significance of fixed
terms was investigated by likelihood ratio tests. For likelihood ratio tests models were fitted

using Maximum Likelihood estimation. The analyses were carried out using “lme4” (Bates

et al., 2014) and “car” (Fox ¢ Weisberg, 2011) packages in the R statistical environment

version 3.3.2 (R Core Team, 2016).
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Determination of reference gene expression stability

In order to determine the expression stability of the selected reference genes, we used the
following methods: geNorm (Vandesompele et al., 2002), NormFinder (Andersen, Jensen
& Orntoft, 2004), BestKeeper (Pfaffl et al., 2004), delta Ct method (Silver et al., 2006) and
RefFinder (Xie et al., 2012). For the analyses with the geNorm and NormFinder procedures,
the average Ct values were transformed to relative quantities by dividing sample values
by the lowest average Ct value. For calculations by BestKeeper, delta Ct method and
RefFinder, the untransformed average Ct values were used. All calculations, except the
ones done by the web-based RefFinder, were carried out in R with “NormqPCR” package
(Perkins et al., 2012).

geNorm calculates the expression stability value M by assessing the mean pairwise
expression ratio for each candidate gene against all the other candidates (Vandesompele et
al., 2002). The basic assumption of this method is that the expression ratio between two
reference genes is identical across the samples. The lower the M value the more stable
the expression of the candidate reference gene. Stepwise exclusion of the genes with the
highest M value results in the selection of the two most stably expressed reference genes in
the tested samples both sharing the same M value. Vandesompele et al. (2002) also suggest
not to accept candidate genes as stably expressed reference genes with M value higher
than 1.5. Moreover, the procedure determines the normalisation factor by taking the
geometric mean of the expression levels from the most stable genes and then additively
recalculating with each of the next most stable gene. The pairwise variation, V;,/,+1 between
two sequential normalisation factors is then calculated in order to determine the effect
of each newly added gene to the normalisation factor. The optimum number of genes
is the lowest number of genes with V,,/,41 less than 0.15 (Vandesompele et al., 2002).

NormFinder determines the stability of the candidate reference genes by measuring
the intra- and intergroup variation between user specified groups (e.g., male and female
groups or treated and control groups) first. Stability values for each candidate gene are
then calculated by adding the two sources of variation. The lowest stability value means
the most stable expression (Andersen, Jensen ¢ Orntoft, 2004).

BestKeeper calculates, for each candidate reference gene across the samples, the geometric
mean, the arithmetic mean, the minimal and the maximal Ct values, in addition to the
average absolute deviation from the arithmetic mean. Genes with the lowest average
absolute deviation can be considered as stably expressed reference genes. BestKeeper
Index is calculated as the geometric mean of the Ct values of the candidate reference
genes. Inter-gene relations are estimated by performing pairwise correlation analyses of
all possible reference gene pairs. Furthermore, correlation between the expression level of
each candidate gene and the BestKeeper Index is calculated, describing the relation between
the index and the contributing genes by the Pearson correlation coefficient, coefficient of
determination and the corresponding p-value (Pfaffl et al., 2004).

The delta Ct method compares relative expression of pairs of candidate genes within
each sample in order to identify the stably expressed housekeeping genes. If the ACt value
of the two genes fluctuates when analysed in different samples, it means that one or both
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genes are variably expressed. If the ACt value remains constant, both genes are stably
expressed among the samples (Silver et al., 2006).

Each procedure mentioned above uses different algorithms to calculate an expression
stability value which represents the suitability of the candidate genes as reference genes,
therefore the ranking of the examined genes according to the methods may vary. The
web-based tool RefFinder (Xie, 2012) was used in order to combine our results and rank
the candidate genes. This user-friendly program integrates the four methods mentioned
above. Using the ranking from each program, it assigns an appropriate weight to an
individual gene and calculates the geometric mean of their weights for the overall ranking.
The lowest rank indicates the most stably expressed gene (Xie et al., 2012).

For each analysis, except for NormFinder, seven sample groups were used: all samples
irrespective of body part or sex; head samples irrespective of sex; male head samples;
female head samples; thorax samples irrespective of sex; male thorax samples; female
thorax samples. The calculation by NormFinder requires subgroup specification, therefore,
body regions were set as subgroups for the analysis of all samples. In order to investigate
the effect of sexes, male and female subgroups were specified for the analysis of head and
thorax sample groups separately. In this way, three sample groups, each divided into two
subgroups, were analysed by NormFinder.

RESULTS

Transcriptional profiling of candidate reference genes

Before the evaluation of expression stability of the eleven candidate genes, specificity of each
primer pair was checked on 1% agarose gel which showed single products with the expected
sizes. Moreover, gene-specific amplification was confirmed by single melting curve peaks.
These results indicate that no primer-dimers or nonspecific amplification products were
formed. Additionally, no fluorescent signals were detected in the negative control during
the RT-qPCR. Each amplicons were sequenced and annotated to the sequences from which
the primer design was based in order to check that the correct genes were amplified. The
sequences are available in File S1. The efficiency of the eleven candidate genes ranged
from 99.33 to 112.70%. The efficiency values and other basic information of the RT-qPCR
required based on the guideline of Bustin et al. (2009) are included in Table 2.

Raw Ct values ranged from 11.66 (TUBIla) to 30.12 (ARF4) (Fig. 1). The mean and
standard deviation (SD) of the Ct values across all samples were calculated for each gene
(Table 3). Since the mean Ct values ranged between 15 and 30 for all the candidate
reference genes, all of them were analysed further (Kozera ¢ Rapacz, 2013). ARF1 had the
least variable expression level with the lowest SD value (SD = 1.85), while ARF4 had the
most variable expression level (SD = 3.04). Low average Ct values indicate high expression
level in TUBla and EF2 (Ctpean = 15.11), on the other hand, high Ct values of ARF1
(Ctmean = 20.77) indicated low expression.

Based on the likelihood ratio tests, sex had no significant effect on the expression level
of the candidate genes. However, significant effect of body region was found in case of six
genes: GAPDH, EFla, ARF1, ARF4, RP4 and L10. The interaction of sex and bodypart had
no significant effect on the expression level of the candidates, except for RPS8 (Table 4).
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Figure 1 Expression profiles of the 11 candidate reference genes.

Full-size & DOI: 10.7717/peer;j.4047/fig-1

Table 3 Mean, standard deviation and coefficient of variation for the Ct values of 11 candidate refer-
ence genes, calculated across all samples.

Genes Mean SD Cv
GAPDH 15:27 2.62 0.17157826
TUBla 1511 2.64 0.17471873
EFla 15.44 2.34 0.1515544
EF2 1551l 2.05 0.13567174
ARF1 20.77 1.85 0.08907078
ARF4 20.22 3.04 0.15034619
RPS8 16.38 212 0.12942613
RP4 15:52) 1.94 NP5

L7A 17:27, 210 0.12159815
L10 16.15 1.97 0.12198142
RP18 16.02 1.93 0.12047441

Expression stability of candidate reference genes
Based on geNorm analysis for all samples, eight candidate genes had an M value below
the threshold of 1.5 (Table S1). The results show that the lowest M value was 0.390 for
RPS8 and L7A. Among the head samples irrespective of sex, all of the tested genes except
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Table 4 Results of likelihood ratio tests on the effects of body region, sex and their interaction on the
expression levels of the eleven candidate reference genes.

Gene Sex Bodypart Sex*Bodypart
X P x P X p

GAPDH 0.019 0.889 5.668 0.017 0.965 0.326
TUBla 0.642 0.423 1.960 0.162 12995 0.158
EFla 0.002 0.968 4.096 0.043 0.857 0.355
EE2 1.216 0.270 2.271 0.132 2.030 0.154
ARF1 0.476 0.490 4.147 0.042 2.459 0.117
ARF4 1.417 0.234 4.885 0.027 1.289 0.256
RPS8 0.586 0.444 2.307 0.129 4.007 0.045
RP4 0.356 0.551 4.272 0.039 2.384 0.127
L7A 0.556 0.456 3.087 0.079 2.901 0.089
L10 0.246 0.620 8.509 0.004 331119 0.068
RP18 1.028 0.311 2.336 0.126 2.896 0.089

Notes.
Significant effects are highlighted in bold.

L10 had an M value below 1.5, and RPS8 and RP18 were co-ranked as the most stable
genes from the candidates (M = 0.304). Furthermore, the same two genes had the lowest
M value considering male and female head samples separately (M = 0.264 for females and
M =0.346 for males). In case of the thorax samples irrespective of sex, eight genes had an
M value below the threshold. RPS8 and L7A were the most stable candidate gene pair with
an M value of 0.358. In thorax samples collected from females, RPS8 and RP18 were the
most stable genes as well with an M value of 0.222. However, in thorax samples of males,
RPS8 and L7A were ranked as the best reference gene pair (M = 0.288).

According to NormFinder, L7A was the most stable gene when calculating with all
samples divided into groups of head and thorax samples (Table S2). The second and third
genes were RP4 and RPS8, indicating that these are also worth considering as reference
genes. In the case of specifying males and females as subgroups within head and thorax
samples, L7A was found again to be the most stably expressed gene among the candidate
ones. In both head and thorax samples, L7A was followed by similar ranking order: EF2,
RP4, RP18 and RPS8 as second, third, fourth and fifth genes, respectively.

Based on BestKeeper, across all samples ARF1 had the lowest mean absolute deviation
(MAD) value; however, L7A had the highest correlation r value (Table S3). In the group of
head samples irrespective of sex, ARF1 had the lowest MAD value, while among the thorax
samples irrespective of sex, L10 was the most stable according to the MAD value. This was
surprising as the other programs ranked this gene consistently as one of the least stable
genes. On the other hand, in both head and thorax samples, L7A had the highest r value.
In head samples of males RPS8 (MAD = 0.827), and of females ARF1 (MAD = 1.122)
were the most stable candidate genes. In both male and female head samples, L7A had the
highest correlation r value. Considering male thorax samples L10 had the lowest MAD
value (MAD = 1.576), while in female thorax samples EF2 was ranked as the most stable
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Table 5 Stability ranking of the eleven candidate reference genes in the different sample groups as calculated by RefFinder.

Rank All samples Head samples Thorax samples
All head Male head Female head All thorax Male thorax Female thorax
samples samples pl pl samples samples
1 L7A L7A RPS8 RP18 L7A L7A RP18
2 RP18 RP18 L7A L7A RP4 EF2 L7A
3 RPS8 RPS8 RP18 RPS8 RP18 RPS8 EF2
4 EF2 ARF1 EF2 EF2 RPS8 RP4 RPS8
5 ARF1 RP4 TUBla ARF1 EF2 L10 RP4
6 RP4 EF2 RP4 RP4 L10 EFla L10
7 EFla GAPDH ARF1 EFla ARF1 RP18 ARF1
8 TUBla TUBla GAPDH GAPDH EFla ARF1 EFla
9 L10 EFla L10 ARF4 TUBla ARF4 TUBla
10 GAPDH L10 ARF4 L10 ARF4 TUBla GAPDH
11 ARF4 ARF4 EFla TUBla GAPDH GAPDH ARF4

with MAD value 1.236. L7A had the highest r value in female thorax samples, however, in
male thorax samples EF2 had the highest correlation r value.

According to the delta Ct method, L7A was the most stable gene among the candidates
overall with the stability value always below 1.0 (Table 54).

Finally, the candidate genes were evaluated by RefFinder to combine the results of
individual methods (Table 5). Using all samples irrespective of body region and sex, and
separately the head and thorax samples irrespective of sex, L7A was ranked first, as the
most stably expressed gene among the candidate reference genes. In head samples, RP18
was co-ranked with L7A as the most stable reference genes. In thorax samples, RP4 was
ranked on the second place. In female head and thorax samples, RP18 was the most stably
expressed gene of the candidates. Considering head samples of males, RPS8 was ranked on
the first place, while in thorax samples of males, L7A was ranked as the best reference gene.
L7A was ranked on the second place in all subgroups, with the exception of male thorax
samples, where EF2 was the second best reference gene according to RefFinder.

Optimal number of reference genes

To determine the minimal number of genes necessary for normalisation, the V' -value was
computed by geNorm. The results demonstrated that across all samples V,/3 was the first
V -value lower than the cut-off value of 0.15 (Fig. 2). Considering separately the head
and thorax samples, V53 was again lower than 0.15. Separate analyses of female and male
samples within head and thorax groups showed that V;/3 was also the first value below the
threshold in all cases (results not shown). Therefore, two stably expressed reference genes
are sufficient for normalisation in any case of sample classification.

DISCUSSION

RT-qPCR is a widely used method for measuring gene expression levels due to its
relatively low cost, high accuracy and sensitivity. A critical step of this method is data
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Figure 2 Pairwise variation analyses by geNorm to determine the optimal number of reference genes
for accurate normalization. Pairwise variation for all samples together, as well as separately for head and
thorax samples. The lowest number of genes with V,, ., less than 0.15 means the optimum number of
genes.

Full-size & DOI: 10.7717/peerj.4047/fig-2

normalisation which requires careful selection of reference genes for the given experimental
or environmental conditions. With these stably expressed genes, technical errors and
variance resulting from the method can be moderated (Udvardi, Czechowski & Scheible,
2008). Several studies have examined the stability of reference genes in various insect species
in the past decade and these studies suggest that no universally stable reference gene can
be found that is applicable for all species, tissue types and experimental conditions. Hence,
it is necessary to identify the most suitable reference genes for the specific circumstances
in a given study for a given species (Zhu et al., 2014).

In the present study, variation in expression levels of eleven housekeeping genes were
evaluated across a span of 1.5 months covering most of the breeding period of the biparental
beetle Lethrus apterus. To date, no study investigated the possible reference genes either
in this species, or in the family of Geotrupidae. We analyzed the expression stability of
the candidate reference genes by four frequently used programs: geNorm, NormFinder,
BestKeeper and comparative delta Ct method. The outcomes of these programs can vary
because of the differences in the algorithms. Therefore, the combined use of them ensures
more reliable results. For this purpose, RefFinder, a freely available web-based tool was
used to calculate a comprehensive ranking value for each candidate gene.

According to the comprehensive ranking by RefFinder, the most stably expressed
reference gene was L7A across all samples, irrespective of body region and sex. Based
on the results of geNorm analysis, two reference genes are sufficient for normalisation
in gene expression analysis in Lethrus apterus during the breeding period. For accurate
normalisation, we recommend the use of L7A and RP18 in head samples irrespective of
sex. When considering the sexes separately, RPS8 and L7A should be used for head samples
of males, and RP18 and L7A for females. In thorax samples irrespective of sex, L7A and
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RP4 are the best reference genes. In case of thorax samples, L7A and EF2 are recommended
for normalisation in males, RP18 and L7A in females.

Consistent with our results, ribosomal proteins are reported to be the best reference genes
in many insect species. In a study by Zhu et al. (2014), ribosomal protein L7A was ranked
as one of the best reference genes in Spodoptera exigua in different tissues, specific larval
physiological stages and male individuals. Studies of other coleopterans gave similar results:
RP4 and RP18 were the best reference genes in Leptinotarsa decemlineata (Shi et al., 2013),
RPS3 (ribosomal protein S3), RPL13a (ribosomal protein 13a) and RPS18 (ribosomal
protein S18) were suitable reference genes for Tribolium castaneum (Lord et al., 2010; Sang
et al., 2015), and RPL22e (ribosomal protein 22e) was one of the best reference genes in
Mylabris cichorii both in males and females (Wang et al., 2014). In other species, e.g., in
Drosophila melanogaste r Rpl32 (ribosomal protein L32) was a suitable reference gene in
individuals on different diets (Ponton et al., 2011), and in Aphis craccivora, RPS8, RPL14
(ribosomal protein L14), and RPL11 (ribosomal protein L11) were the three most stable
housekeeping genes across different developmental stages and temperature conditions
(Yang et al., 2015).

Interestingly, two frequently used reference genes, GAPDH and TUB1a were ranked as
less stable genes in this study, beside ARF4, with stability values above the threshold values
of all the programs used. L10 was also found to be an unstable candidate gene in all but the
geNorm analysis. These results correspond with the findings of Thellin et al. (1999), i.e.,
housekeeping genes should be evaluated as reference genes across the given experimental
conditions in the given species. Based on our results, we recommend to avoid the use of
these last four genes for normalisation in studies investigating gene expression patterns
during the reproductive period in this species.

CONCLUSION

By evaluating the stability of eleven candidate housekeeping genes in samples collected
during the breeding period of free-living Lethrus apterus, we conclude that two of them
provide sufficient reference for normalising target gene expression. In head samples, these
two genes appear to be L7A and RP18, whereas in thorax samples L7A and RP4 should
be used. In both thorax and head samples of females, RP18 and L7A are the best choices
for normalisation. Based on our results, in head samples of males, RPS8 and L7A, while
in thorax samples of males, L7A and EF2 are recommended to use. These results provide
reliable reference genes that are suitable normalizers for further RT-qPCR investigations
on the hormonal regulation in Lethrus apterus.
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