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Abstrakt

Obourodi¢ovska péce je u blanokiidlého hmyzu malo prozkoumany fenomén. Tento typ péce
byl objeven a popsan z etologického hlediska u véely druhu Ceratina nigrolabiata v Ceské
republice. JelikoZz ale obourodiCovska péCe neni u hmyzu cCastym jevem, nedostatek
genomickych studii tohoto chovani komplikuje porozumnéni vzniku obourodi¢ovské péce a
jeji podstaty na genomické a fyziologické trovni. Tato diplomova prace se zabyva analyzou
genomu vcely C. nigrolabiata. Obsahuje shrnuti znamého rodiCovského chovéani napfic
hmyzem, charakteristiku vcel rodu Ceratina, popis vyuzitych genomickych metod studia
genomu a vytycuje kandidatni geny pro pfipravovanou transkriptomickou studii

obourodicovské péce této vcely.

Klicova slova: obourodi¢ovska péce, genomika, Hymenoptera, Insecta, Ceratina, kyjorozky

Abstract

Biparental care in Hymenoptera is a little studied behaviour. This kind of parental care was
discovered and the ethological aspect described in the bee Ceratina nigrolabiata from the
Czech Republic and is well understood on the ethological level. However, biparental care is not
a common behaviour and the lack of genomic studies of this behaviour complicates the
understanding of the origin of the biparental care and its underlying pathways on the genomic
and physiological level. This master’s thesis presents the genome analyses of a biparental bee
Ceratina nigrolabiata. It consists of a brief summary of the known parental behaviour across
insects, characteristics of the genus Ceratina, summary of the used genomic methods and
presents a candidate genes for the transcriptomic study of the biparental behaviour of Ceratina

nigrolabiata.
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Introduction

The bees are one of the many interesting creatures inhabiting the world and they never cease to
amaze us with their variability and behaviour. The foundation of all research is to classify and
understand the manners of those living beings so we can probe into the secrets that cannot be
seen with our bare eyes. Nowadays, genomics is a widely available field in biology. Although
its usage is limited to those laboratories that focus on genetic and genomic information, many
laboratories focusing on the ecology and ethology have been incorporating genomic, population
genetics and other molecular ways of analysing data into their research.

It has been almost 20 years since the unbelievable expensive and demanding Human Genome
Project was published (Venter et al. 2001) and in those 20 years, we have been actively using
genomics and other omics in projects focusing on many widely different and even largely
unknown species. From the secrets of endosymbiosis (Beinart et al. 2018) to mammoths
(Rogers and Slatkin 2017), it seems genomics is a tool that help us broaden our knowledge
about things we could only have dreamt about in the past. In viruses, genomic analyses can help
us find new prevalent forms which we did not know about before and therefore can be
problematic for developing vaccines (Pachetti et al. 2020; Khailany, Safdar, and Ozaslan 2020),
sometimes, genomics can make us scratch our heads with new findings (Borowiec et al. 2015)
and it can also change our perception of relatedness between different taxa we did not think are
related (Boore and Staton 2002). However, genomics is not just a friend but can be an enemy,
as we know from the 1991 tree of life (Sogin 1991), where many clades were located at the
base of the tree because of LBA (Long Branch Attraction) (Stiller and Hall 1999; Hirt et al.
1999). This confused the scientific community for some time. We were, however, able to clear
previous mistakes and for instance find a possible right position of Acoelomorpha (Bourlat et
al. 2003; Mwinyi et al. 2010) previously thought to be flatworms. Presenting all the positives
and negatives would take us many weeks and maybe months but it is always good to look at
both in any field of interest.

Apart from establishing the communities in certain habitats (Evans et al. 2016) or the
understanding of diseases (Timmers et al. 2019; Gagliano et al. 2016; Ding, Frantzeskos, and
Orozco 2020), we can incorporate the understanding of certain genomic components and how
they are related to the behaviour of organisms (Johnsson et al. 2018). Much of the studies in
hymenoptera focus on sociality only (Weitekamp, Libbrecht, and Keller 2017; Sirvio et al.
2011; Shell and Rehan 2017; Greenberg et al. 2012; Yanega 1989; Jones et al. 2017; Rehan and



Toth 2015; Berens, Hunt, and Toth 2014; Rehan et al. 2018), however, the question still remains
to be answered. Biparentality in hymenoptera is much less studied since not so long ago
(Brockmann and Grafen 1989), the presence of biparentality has not been known. The only
genomic (transcriptomic) evaluation of biparental care in insects has been done on Nicrophorus
vespilloides (Silphidae, Coleoptera) (Roy-Zokan et al. 2015). In Hymenoptera only 7rypoxylon
species were known to exhibit a biparental behaviour (Brockmann and Grafen 1989; Alcock
1975), more so a male guarding behaviour, until not so long ago. The ongoing field research in
the Czech Republic presented another species with biparental care, Ceratina nigrolabiata
(Mikat et al. 2019) and possibly also some other species (Mikat et al., unpublished). Because
such a limited data was available, biparental care has been studied on the molecular and
behavioural level only in mammals and birds where the paternal care is explained as
environmental influences being responsible for either caring or not caring (Vincze et al. 2013;
Gleason and Marler 2013). Therefore, we are now facing a challenge of puzzling out the

genomic pathways underlying biparental care in Hymenoptera and maybe even in insects.



Objectives of the thesis

Understanding of programs and software needed for successful analysis of the genome of
Ceratina nigrolabiata. The whole genome analyses is demanding and thus it is one of the main

objectives of my thesis.

Understanding genes and pathways in the individuals exhibiting traits similar to our species to

understand the probable pathways underlying the parental behaviour in insects is needed.

Identifying regions in the genome which could be tied to the genomic pathways underlying the
parental (biparental) care in Ceratina nigrolabiata need to be targeted for future transcriptomic

analyses that will tell us more about these traits.



Biparental care in Hymenoptera and other animals

The concept of parental care is not unknown to the human kind. However common this
behavioural trait is, the reasons behind it is actually quite a complicated process. Caring for
offspring is an advantageous behaviour, that can improve the fitness of offspring (Tallamy and
Wood 1986; Sargent, Taylor, and Gross 1987; Halffter, Huerta, and Lopez-Portillo 1996) either
by nest guarding (Winkelman 1996; Vestergaard and Magnhagen 1993; Slack 1976) or
prolonged parental care even in adult stages (Beekman, Thompson, and Jusup 2019; Edwards
and Aschenborn 1989). Parents are however tied to the current brood and cannot reproduce
again, therefore the cost is high and has to be outweighted by the benefits that rise from the care
for the current clutch (Hamilton 1964). When the advantages of parental care are outweighed
by the disadvantages, parents can leave their offspring and reproduce again (Williams 1966;
Székely et al. 1996).

Biparental care is quite a common trait in mammals (Mammalia) (Stockley and Hobson 2016)
and common in birds (Aves, Archosauria, Reptilia) (Lack 1968). Less so can be seen in fishes
(Actinopterygii) (Goodwin, Balshine-Earn and Reynolds 1998; DeWoody et al. 2000),
amphibians (Lissamphibia) (Brown, Morales, and Summers 2010; Jungfer and Weygoldt 1999)
and in some crocodiles (Archosauria, Reptilia) (Tullberg, Ah-King, and Temrin 2002).

In insects, cosidering parental care, usually maternal care is present and paternal is not.
Maternal care is rather common in insects of taxa Dermaptera (Staerkle Michael and Kolliker
Mathias 2008; Radl and Linsenmair 1991), Hemiptera (Stegmann and Linsenmair 2002; Zink
2003; 2005; Hanelova and Vilimova 2013; Guershon and Gerling 2001; Taylor 2017),
Embioptera (Edgerly 1987, Ross 2011), Psocoptera (New 1973), Coleoptera (Jordal, Sequeira,
and Cognato 2011; Kirkendall 1997; Kavanaugh 1998) and Orthoptera (West and Alexander
1963). In Blattodea, maternal care is highly tied to the care for an ootheca (Baaren et al. 2003,
Nalepa and Bell 1997). Strictly paternal care is present in Hemiptera: Belostomatidae (Estévez
and Ribeiro 2011), Cydnidae (Filippi et al. 2009; Filippi-Tsukamoto et al. 1995),
Acanthosomatidae (Kaitala and Mappes 1997) and Tingidae (Loeb and Bell 2006).

Biparental care is rare in insects. It can be found in Blattodea (Maekawa, Matsumoto, and
Nalepa 2008; Park, Grandcolas, and Choe 2002; Seelinger and Seelinger 1983; Nalepa 1990),
Thripidae (Tallamy 2001), Coleoptera: Passalidae (Schuster and Schuster 1997), Silphidae:
Nicrophorus spp. (Fetherston, Scott, and Traniello 1990; Trumbo 1990), Scarabeidae (Hunt and
Simmons 2002; Sowig 1996) and Scolitydae (Kirkendall 1997).



Until the end of the 20th century, the concept of biparental care was unknown in Hymenoptera.
Maternal care is, however, not an uncommon trait (Matthews and Matthews 2009; Matthews
1968; Lucas et al. 2011; Linksvayer and Wade 2005; Rehan and Richards 2010; Boraschi,
Peruquetti, and Del Lama 2005). Biparental care recorded in hymenoptera so far is present in
Trypoxylon (Brockmann 1992; Brockmann and Grafen 1989), Ceratina nigrolabiata (Mikat et
al. 2019) and other unpublished species (Mikat et al., unpublished).

Apart from maternal and biparental care, there are male specific behaviours tied to nesting. In
Microstigmus nigrophthalmus (Crabronidae, Hymenoptera), males exhibit a guarding
behaviour by chasing potential intruders away from the nest and therefore indirectly protect the
colony, since the behaviour is probably tied to defence (Lucas and Field 2011). Not only in
crabronids but also in bumblebee Bombus griseocollis, males partake in the nest cycle by
incubating pupae the same way the females do and can rise the temperature up to 6 degrees of
Celsius (Cameron 1985). We also know of male feeding the larvae in Polistes fuscatus and P.
metricus (Vespidae, Hymenoptera), where males malaxate the food before feeding it to larvae
(Hunt and Noonan 1979). This feeding behaviour can also be seen in Rhopalidia marginata
(Vespidae, Hymenoptera) where the males feed larvae as well (Sen and Gadagkar 2006). In all
these cases males are rather siblings than parents. Unfortunately, no further genomic studies

that could help us evaluate the behaviour on genomic level were done on these species.



Genus Ceratina

Ceratina is a genus of small carpenter solitary bees occasionally demonstrating subsocial
behaviour. They are a part of the subfamily Xylocopinae together with carpenter bees such as
Xylocopini as a sister group, then Manuellini and two sister taxa Ceratinini and Allodapini

(Shell and Rehan 2017) (Fig. 1), all in the family Apidae, Apoidea, Hymenoptera.
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Fig. 1: The phylogenetic tree of Apoidea (Hymenoptera). [llustration of a phylogenetic relationship between sweat bees
(Halictidae): sister taxa to the rest; Leafcutter Bees (Megachilidae): sister taxa to Apidae, which divide into Corbiculate and
Digger Bees (Apinae) and Carpenter Bees (Xylocopinae).

Xylocopinae: sister group Xylocopini to Manuellini, Ceratinini and Allodapini, Manuellini sister group to Ceratinini and
Allodapini, and Ceratinini with Allodapini creating a sister lineage. (Shell a Rehan 2017)

Ceratina nest in broken twigs with pith which they dig using their mandibules. Each cell is
divided from each other with a partition made from the pith particles (Michener 2007). Ceratina
provision their young with pollen (Rehan, 2020). On each pollen ball, the female lays an egg
and closes the cell with a partition (Danforth et al. 2019). Each species has a specific pattern of

cells in the nest and usually prefers to nest in different species of plants (due to the body size
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of the Ceratina species) but can be often found in many twig habitats suitable to its needs
(Rehan and Richards 2010). In nature, we can quite easily find Ceratina in places where there
is a high possibility of disturbance (roads, landscape with big animals, pathways) (Frafikova,
personal observation). For research, these disturbances are usually created artificially either by
breaking the twigs on purpose or by collecting twigs and making sheaves (Mikat et al. 2019).
Ceratina are small bees with solitary and social behaviour (Maeta a Sakagami 1995; Groom a
Rehan 2018) ranging from North America (Rehan and Richards 2010) to Australia (Dew,
Rehan, and Schwarz 2016). The research in past was mainly tied to Japanese Ceratina bees
(Maeta, Saito, and Hyudo 1993; Sakagami 1985; Okazaki 1987) but recently the most studied
species is Ceratina calcarata (Rehan and Richards 2010; Durant et al. 2016; Lawson,
Helmreich, and Rehan 2017) and Ceratina australensis (Oppenheimer, Shell, and Rehan 2018;
Rehan, Bulova, and O’Donnell 2015; Dew, Rehan, and Schwarz 2016; 2016; Rehan, Richards,
and Schwarz 2010). Studying Ceratina bees is not demanding, the observations need to be done
in their natural habitat because laboratory observations are not yet developed. However, since
a twig represents a nest, the only limiting factor is the ability to analyse and dissect the nest,
which needs practice and knowledge about the life history of the species.

In the Czech Republic, we have four species of Ceratina. Ceratina cyanea, C. chalybea, C.
cucurbitina and C. nigrolabiata (Straka and Bogusch 2007). Ceratina cyanea is usually found
across the Czech Republic and is the only species present in Bohemia. Ceratina cucurbitina,
C. chalybea and C. nigrolabiata have a high abundance in Moravia, mainly in the South

Moravian Region where most of the observations were conducted.

Behavioural characteristics of Ceratina bees

Species of the genus Ceratinas are variable, exhibiting many different behavioural
characteristics. They are mostly solitary, but Ceratina chalybea (Mikat, Benda, and Straka
2020) is able to nest socially (where multiple females and males are present) and solitarily.
Mother guards the nest or closes the nest with a thick partition and leaves it. Ceratina chalybea
is also the only species with an alternation of empty and filled cells, this behaviour has
antiparasitic properties. Other species capable of producing social nests are Cypriatic C.
bispinosa, C. dallatoreana, C. cypriaca (endemic to Cyprus) where males are visitors or helpers
from the previous brood, C. parvula, C. mandibularis, C. chrysomala and C. moricei (Mikat et
al., unpublished). There are usually females and sometimes also male helpers in the nest. Social

nests can have more cells provisioned than solitary nests. Social nests are usually longer and
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more cells are present, this is true for C. parvula, and C. mandibularis. This is however different
for C. chalybea social nests, where there is a lower number of cells. On the other hand, Ceratina
cucurbitina is a strictly solitary species with a mother who exhibits subsocial behaviour by
actively crawling through the nest and cleaning her offspring from feces (Mikat et al.,
unpublished). She guards and protects it against parasites and usurpation. Subsocial behaviour
is also present in C. cyanea, where the mother is in contact with her offspring in the outermost
cell, which is not closed. Other solitary species is C. dallatoreana, where the mother guards
offspring until adulthood (Mikét et al., unpublished). Nests can be also left without a mother,
however, knowing whether the nests are deserted or orphaned (in the case mother died) is
diffuclt to establish (Mikat et al. n.d.). The only known species with parthenogenesis known is
Ceratina dallatoreana (Daly 1966).

Ceratina calcarata is a well studied species with available transcriptome, genome and
methylome. Ceratina calcarata is a solitary subsocial North American species, and founds a
new nest each spring. The female actively controls the offspring by opening brood cells and
cleaning her young which is the same behaviour as in C. cucurbitina. If a dead individual is
present, the cell is cleaned and the material reused for creating new cell partitions. This
subsocial behaviour provides an opportunity for mother and the brood to interact (Rehan and
Richards 2010). Another interesting thing about C. calcarata is the production of the dwarf
eldest daughter, which is the difference between C. cucurbitina and C. calcarata. This
individual is fed less than her siblings (Lawson, Ciaccio, and Rehan 2016; Mikat, Franchino,
and Rehan 2017) and therefore smaller. The dwarf eldest daughter partakes in offspring care
by foraging for food to feed her siblings.

Ceratina australensis is an Australian endemic species exhibiting an insteresting socially
polymorphic behaviour. Ceratina australensis is able to nest solitarily and socially. Throughout
the winter, young adults overwinter and in the early spring, young females provision their nests.
Nest reuse is also present, but newly constructed nests are more common. Ceratina chalybea
produces social nests while reusing old nests which has not been observed in C. australensis.
During early summer, almost all first brood nests are already constructed and the newly
constructed nests probably hosts a second brood (Rehan, Richards, and Schwarz 2010). Since
many second brood females have highly worn margins of wings, it is assumed that the same
female produces two broods a year. This phenomenon could be present in Cypriac ceratinas
and other Ceratinas inhabiting warmer climates. However, no data is available to support the
hypothesis. The overwintering individuals are either worn (with worn margins of wings) or

new, which are likely the second brood. As well as C. calcarata and C. cucurbitina, mothers
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crawl through the nest to inspect the brood or guard the nest entrance with their abdomen
(Rehan, Richards, and Schwarz 2010).

The species of our interest, Ceratina nigrolabiata (Mikat et al. 2019, Mikat et al., unpublished),
is the only biparental species of Ceratina occurring also in the Czech Republic. Male and female
are present in the nest in the majority of active brood nests observed. The function of male is to
guard the nest while females are departed from the nest on a foraging trip. The behaviour of the
male prevents a threat from natural enemies and parastitation of the nest and also a usurpation
by another female. Males are long-living and can either guard the nest for a couple of days
(about 7) and then depart or they can guard the nest up to more than 30 days. The abscence of
male results in lower offspring production and shorter foraging trips of the female. C.
nigrolabiata mates multiple times, therefore the male is guarding offspring of other males and
his own as well. However, the average number of offspring related to the guarding male is only
0.638 (Mikat et al. 2019). Ceratina nigrolabiata nests are on avearage 14 cm long and have
about 9 cells, however, there is a high variability observed in the number of provisioned cells.
Empty cells are often present and are usually longer then provisioned cells. The pattern is rather
random. All cells are enclosed and the thick partition at the entrance can also be present.
Mothers do not crawl through partitions to check for parasites and to clean their offspring,
although feces can be found in the next cell thanks to the perforated partitions between cells

(Mikat et al., unpublished).



Hymenoptera genomics

The Reproductive Ground Plan hypothesis (Amdam et al. 2004) proposes the correlation
between the behaviour of a foraging individual that is tied to the sensitivity to sucrose and
reproductive pathways, and the division of labour in the colony (Scheiner, Page, and Erber
2001; Page, Erber, and Fondrk 1998). Worker bees are facultatively sterile and perform tasks
related to their age based on the fluctuations of hormones (Scheiner, Page, and Erber 2001) The
main drive in the behaviour of worker is the titres of vitel/logenin in the hemolymph influencing
behaviour driven by the titres of juvenile hormon (JH) in the bee. When the titres of JH are low,
the production of vitellogenin is prominent (though still less than in the queen) and the
hypopharyngeal glands, where the Major Royal Jelly Protein is made, are active (Rutz et al.
1976). In Honey bees, the transcription level and titter of vitellogenin differs between the young
and old worker bees (Amdam et al. 2004). When the bee gets older and switches to a forager,
the titre of JH is high and the production of vitellogenin is low, hypopharyngeal glands
degenerate (Rutz et al. 1976) together with ovaries. The same findings while implementing a
JH analog pyriproxyfen were confirmed by (Pinto, Bitondi, and Simdes 2000).

To put it in complete perspective, young nursing bee has a high level of vitellogenin and
partially active ovaries (and is able to lay trophic eggs), the forager, however, is reprived of
vitellogenin and its ovaries degenerate together with hypopharyngeal glands (Engels and
Fahrenhorst 1974; Pinto, Bitondi, and Simdes 2000). This is however different in solitary bees,
where both egg laying and foraging exists (Michener and Engels 1990). The situation in solitary
bees could be explained by the oogenesis-flight syndrome, where the titres of vitellogenin lower
in the flight phase and result in the reproduction diapause (Park and Stanley 2015).
Vitellogenin in insects is not naturally produced only in female but also in males — honey bee
drones (Engels et al. 1990) or Nicrophorus vespilloides (Roy-Zokan et al. 2015). The only
biparental insect where the research was done is N. vespilloides. Both male and female express
vitellogenin, in higher doses while mated and in lower doses while caring for larvae.
Vitellogenin receptor is also expressed in males and females with corresponding doses to the
production of vitellogenin (Roy-Zokan et al. 2015). Therefore, changes in vitellogenin
production are tied to the social changes in both male and female. This corresponding trend
could mean, that the same pathways are tied in social insects, however, it does not explain the
origin of biparental care or eusociality! It only tells us the current situation that drives the care

in female and in male.
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To further understand the genetic differences between the queen and the worker, we have to
look at the differences occurring throughout the development of nurse and forager castes in 4.
mellifera. In foragers and nurses, the difference in mblk-1 transcription factor is high since it
has only been recorded in the nurse brain (Hernandez et al. 2012). Mblk-1 transcription factor
influences the neural activity of the mushroom body in the brain (Park, Kunieda, and Kubo
2003). KOG proteins (Eukaryotic Orthologous Groups), such as proteins influencing the
structure of ribosome, biogenesis of ribosome and translation of genes were differentially
expressed in foragers than in other castes of honeybee (namely glucose oxidase, a-amylase, o-
glucosidase glucose dehydrogenase and glycerol-3-phosphate dehydrogenase), Hernandez et
al. (2012) implies its possible connection to the increased brain activity in the forager as a
learning process and memorization which are essential for foraging.

The guard worker bee could be analogous to our guarding male in the nest. However, in
honeybees, the guarding behaviour is driven by environmental shifts (Downs and Ratnieks
2000) and we cannot establish the reason behind this behaviour of the C. nigrolabiata males
yet. Gene 14-3-3 and Cyp6a20, which influences aggression, is up-regulated in guard workers.
Aggressive bees also have a lower brain mitochondrial activity and the down-regulation of
oxidative phosphorylation pathways for Complex I, IV, and V, a major brain metabolism
pathway, was largely present (Alaux et al. 2009). We know that the differences in gene
expression in the brains of guard vs. nurse and forager are quite prominent (Cash et al. 2005)
(Fig. 2), sadly, noone properly studies guards in the Honeybee because this behaviour is very
short — term (Trumbo, Huang, and Robinson 1997).

Aggression in Drosophila melanogaster is driven by epistatic mechanisms and specific genes
such as the sex determination factor Fruitless where its elimination lowers the aggression
(Certel et al. 2010). Serotonin (5-HT) and neuropeptide F also influence the aggression,
moreover, the silencing of neuropeptide F increases aggression in Drosophila (Dierick and
Greenspan 2007). The overall difference between low aggression and high aggression lineages
is in about 1539 transcripts, 1480 of those specific for both male and female aggression
(Edwards et al. 2006).

However, not many studies regarding aggression and guarding behaviour on the genomic level
have been done in Hymenopteran lineages, but we assume, that many analogous or orthologous
genes underlay this behaviour in insect species. Although one interesting finding regarding
aggression was discovered in ant Harpegnathos saltator (Gospocic et al. 2017). They presents
a neuropeptide corazonin which high levels inhibit the production of vitellogenin in females

that express aggression in order to gain the gammergate position (Gospocic et al. 2017).
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Vitellogenin therefore supports aggressive behaviour. Looking at male-male interactions where
aggression is prominent could also give us some insight. Although linked to sociality, male-
male interactions between hymenopterans are common and may facilitate the potential of male
for guarding the nest as does the male of C. nigrolabiata (O’Neill 1983; Cheng et al. 2003;
Eickwort 1977; Barthell and Baird 2004; Mikat et al. 2019).

(a) Nurse vs. (b) Guard vs. (c) Comb builder vs.
forager undertaker guard and undertaker
1E-07 )
1E-06
1E-05
1E-04 " &
0.001 0 i 32
’ % 5
19 <% 248
0.01 -
0.1

1 2
025 05 1 2 4 025 05 1 2 4 025 05 1 2 4

(d) Guard and undertaker (e)  Guard and undertaker
VvS. nurse vs. forager
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(f) Comb builder (g) Comb builder
Vs. nurse vs. forager
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Expression ratio

Fig 2. Gene expression in the brains of workers of different behavioural phenotypes. No significance in Guard vs. Undertaker
and no difference for Comb builder vs. Guard and Undertaker. Significance found in Nurse vs. Forager and Guard and

Undertaker vs. Nurse. Less significant difference found in Guard and Undertaker vs. Forager, Com builder vs. Forager and
Comb builder vs. Nurse . (Cash et al. 2005)
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An epigenetic mechanism widely influencing the differential expression in Hymenoptera is
methylation (Kronforst et al. 2008). A genome-wide methylation requires several specific DNA
methyl transferases (DNMTs) (Yi and Goodisman 2009). Those DNMTs required for a
genome-wide methylation are DNMT1, DNMT2 and DNMT3. Some species, however, do not
have active methylation present (Standage et al. 2016). This process can influence the behaviour
of individuals from a colony (Amarasinghe, Clayton, and Mallon 2014; Sadd et al. 2015). The
transcription factor activity is not only tied to DNMTs, but a huge number of Zinc fingers is
present in eukaryotic organisms (Fedotova et al. 2017) and influence many proceses from DNA
binding (Wolfe, Nekludova, and Pabo 2000) protein-protein interactions (Simpson et al. 2004)
and are also able to recognise mRNA (Plambeck et al. 2003). Their function is tied to chromatin
regulation (Pefia et al. 2006), transcription regulation (Liew et al. 2005) and ubiquitination (Li
et al. 20006).

Lipid metabolism is an important part of insect life in terms of reproduction, growth and
functions as an energetic reserve for the unfavourable times (Arrese and Soulages 2010). The
most common sugar found in insects is trehalose present in hemolymph in huge quantities
(80 %) (Wyatt and Kalf 1957; Becker et al. 1996). Trehalose is not only an energy storage for
insects and the mechanism guarding an intake of nutritions, but also functions as a stabilising
protein during the thermal and osmotic stress (Thompson 2003). The alocation of energy
resources is essential, because the quantities in the hemolymph differ during different phases
of an insect life (Stein and Fell 1992). Insulin signalling pathway are influencing metabolism,
reproduction, aging and metabolism (Wu and Brown 2006) and inositol monophosphatase
mediates a synthesis of myo-inositol which is thought to be involved in lipid metabolism
(Michell 2008). All those components of metabolism could be essential for the divergence of
behaviour in males as well as other species of Ceratina since many of the metabolic tied genes
are tied to caste differenciation and sociality (Hunt et al. 2010; Woodard et al. 2011) and to
different activities (Harrison 1986). Odorant receptors are a part of the evolution of eusociality
(Zhou et al. 2015) and are an essential drive of comunication (Tegoni, Campanacci, and
Cambillau 2004; Pask et al. 2017). Odorant receptors are specific to the ecological demands of
species. Such differences can be found in parasitoids, that need to locate their host in the
environment (Sun et al. 2019; Robertson, Gadau, and Wanner 2010). The communication in C.
nigrolabiata could seem to be in need of more complex structure because of the prolonged

male-female interaction.
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Materials and methods

Specimen collection

The individual was collected in 2018 in Havraniky Heathlands, Czech Republic, during a
research of Ceratina species in NP Podyji (NPP0188/2017).

DNA extraction and sequencing

The isolation was done in our laboratory with the Blood and Tissue Kit from the Qiagen
company. We followed the instructions from Qiagen. The extracted specimen was enclosed in
an Eppendorf tube and sent to the GENEWIZ company for sequencing. The DNA was
sequenced on the next generation Illumina Platform NovaSeq 6000 for double stranded reads
and 2*151 read length. According to approximate genome size of C. calacrata which is
199 Mbp (Ceratina calcarata BioProject accession number PRINA299559) we targetted our

sequencing data for 100x coverage. Amount of raw data from C. nigrolabiata count 33 Gbp.

Genome assembly

The reads were first controlled for quality with FastQC (Andrew 2010). FastQC is a program
that estimates the quality of acquired reads based on the encoded quality value for each base.
These values are automatically generated while sequencing the requested genome or genes and
expresses the confidence of the presence of a particular nucleotide base during sequencing.
Warning or failed reads are estimated based on a usual expectance of the quality of a normalised
dataset.

For trimming, we used Trimmomatic (Bolger, Lohse and Usadel 2014) to trim the low quality
reads and adapters in our fastq dataset. We used the pair-end approach with adapter clipping,
and set the quality for the start and end of the read to 5. The minimal length used was 25 bp.
After trimming, the reads were controlled again with FastQC (Andrew 2010) to check the
quality of reads after the first trimming. Because some adapters usually remain in the dataset,
we ran the second round of trimming with Trimmomatic to clean the dataset of the remaining
adapters and trim other previously undetected low quality reads. The quality was once again
checked with FastQC and estimated to be satisfactory for the next steps.

For error-correcting and extending reads, the Tadpole (Bushnell 2014) was implemented.
Tadpole takes k-mers, which can be set up as needed. Both corrections, ,,pincer* for the middle

of reads and ,,tail“ for the ends, were used.
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The normalisation of the genome was performed with BBNorm (BBMAP) (Bushnell 2014).
The error-corrected tadpole output file was run with target 150 (an average depth of 150x) and
min 0 to include all unique k-mers. The second run with target 30 and min 0. The normalised
genome was checked for quality with FastQC (Andrews 2010).

MIRA (Chevreux 2007; Biswas, Ranjan, and Zubair 2011) is an assembling and mapping
software for the whole genome annotation projects. Apart from Illumina sequencing, it is
suitable for Sanger, GS20, FLX, Titanium, Ion Torrent and Pacific Biosciences sequences.
Reads assembled into contigs by MIRA can be used in annotation projects. Even though MIRA
is an old assembler, it works accurately and efficiently only for small data. Assembly to 30-40
coverage was produced with MIRA on COMMON_SETTINGS [output in oetg, 16 CPUs, sep
(Skim each part) set to yes (= skim algorihm is called between each pass), cmrnl
(check maxreadnamelength) and cac (check average coverage) to no] and on
SOLEXA SETTINGS ( msr (merge short reads) was set on no (default is yes), we also saved
single simplets in project (sssip) and tagged singlets in project (stsip) producing a high coverage
contigs. These contigs were manualy cleand up for non-nucleotide letters and replaced by Ns.
The names of contigs remained unchanged. Second assembler, SPAdes (Bankevich et al. 2012)
was loaded with MIRA contigs with k-mers 21, 33, 55, 77 and 99 on --only-assembler mode.
The —careful mode was enabled to reduce the amount of short indels and mismatches. We used
SPAdes to perfect our assembly and when compared, the combination of MIRA and SPAdes
proved to be more efficient (even though slightly) than using only a single assembler. Missing
BUSCOs (Seppey, Manni and Zdobnov 2019) for C. nigrolabiata to hymenoptera odb9
BUSCO database was only 132 out of 4415 total BUSCOs searched which is 2,99% of
BUSCOs missing.

Contigs were renamed and contigs with coverage lower than 2 were removed with GENEIOUS
(Kearse et al. 2012) as it could be a possible contamination. Reads were mapped to contigs with
MINIMAP2 (H. Li 2018) to produce SAM format and converted to BAM with SAMTOOLS
(H. Li et al. 2009) and then sorted and indexed. Sorted and indexed files were concatenated.
Scaffolding was produced with BESST (Sahlin et al. 2014). Scaffolding is a technique that links
contigs into a scaffold where contigs are separated by gaps which usually correspond to the real
length of a missing sequences in between. This bridges the gaps between contigs and creates a
somewhat continuous sequence and creates a so called scaffold (M. D. Cao et al. 2017). BESST
was loaded with a contig file and a BAM file. Gaps in the scaffold which are produced during
the scaffolding of assembled contigs were filled with GapCloser module of SOAPdenovo (Luo
et al. 2012). All the remaining contigs below 200 bp were deleted.
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RepeatModeler

To prepare the genome for annotation, the identification of transposable elements in our
genome is necessary. First, the database using our genome was created for RepeatModeler
(Smit and Hubley 2008) to use. RepeatModeler was then run with ncbi engine to create a file
with identified transposable elements in the genome. The output was cleaned from redundant
and higly similar sequences with cd-hit (Cluster Database at High Identity with Tolerance).
This nonredundant sequence was blasted using blastx as a query towards the uniprot sprot blast
protein database and D. mellanogaster blast database. All the output files were run through a

custom Python script to clean up all additional repeats found with BLAST.

RepeatMasker

With cleaned genome from transposable elements, we had to tackle the interspersed repeats and
low complexity DNA regions. These redundant elements can cause problems with gene
prediction and often lead to false findings (Alkan, Coe, and Eichler 2011; Terresen et al. 2019).
The nonredundant genome was concatenated with arthropoda RepeatMasker library.
RepeatMasker (Smit, Hubley and Green 2013-2015) was run on this library and produced two
outputs, one with edited query sequence with masked (replaced by Ns) elements and a file with

annotated repeats.

BRAKER

HISAT2-2.0.5. (Kim, Langmead and Salzberg 2015), a program for mapping next-generation
sequencing reads, either DNA or RNA, to the reference genome, was used for creating an
indexes for our masked genome with hisat2-build. This splits the genome into several smaller
files with which the program works. After splitting the genome, hisat2 was run on our data with
reference transcriptomes from two individuals obtained from NCBI. At this point, we did not
have transcriptomic data from our Ceratina nigrolabiata, therefore Ceratina calcarata
transcriptomes from newly enclosed two individuals were used (accession number:
SRX3776755, SRR6819908). The output file from HISAT2 was converted from bam to sam
using samtools and sorted.

Using BRAKER (Hoff et al. 2019) is a bit challenging. The installation proces requires many

steps and adjustments. However, once installed correctly, the genome analyses is not that
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complicated. At this point, BRAKER v2.1.0. was implemented. BRAKER (Hoff et al. 2019)
is a gene prediction pipeline implementing GeneMark (Ter-Hovhannisyan et al. 2008) and
Augustus (Stanke et al. 2006). It uses protein homology information or RNA sequence to
automatically train the GeneMark and Augustus for gene prediction given the RNA sequence
data which does not have to be in high quality.

GeneMark is a program for gene prediction which uses all available information on input data
such as the size of RNA sequence dataset, quality of both datasets and the amount of
fragmentation in the assembly (GeneMark Manual). GeneMark uses Hidden Markov Model
(HMM) for eukaryotic gene prediction, which takes the training set (in our case the provided
sorted file from hisat2 run and masked file from RepeatMasker) and focuses on the gene
structure elements such as introns and coding regions. These regions are analysed for the
nucleotide content and assumed pairing of nucleotides in the training set. The base frequencies
usually occurring in the genomes of eukaryotes are taken into consideration in predicting coding
regions in our query dataset. The prediction dataset is taken and decoded. The model parameters
are then set based on the gene structures from our RNA dataset and declared a parameter which
is set by the Maximum Likelihood of the current parameter in the RNA dataset (Munch and
Krogh 2006).

Another program for gene prediction, AUGUSTUS 3.3.3. (Stanke et al. 2006), is used in
BRAKER v2.1.0. Augustus is pretrained on many organisms ranging from prokaryotes to
eukaryotes. However, it can also be used for ab initio prediction. Augustus uses Generalized
Hidden Markov Model (GHMM) which unlike HMM considers the output parameter not as
one but as a string of finite length for a current parameter (generalized interval probability) (Xie
et al. 2016; Kulp et al. 1996; Stanke, 2003). Augustus also makes the alternative-transcipts
option available and thus providing a more successful training. BRAKER v2.1.0 produces a

gff3 files with predictions from augustus and genemark-ex.

Transcriptome preparation

Trinity

Using Trinity (Grabherr et al. 2011), we conductet a de novo transcriptome assembly from
downloaded Ceratina calcarata transcriptomic data from 6 individuals (NCBI SRA accession
number: SRR6819907, SRR6819908, SRR6819909, SRR6819910, SRR6819911,

SRR6819912). The data was used to construct a transcriptome used for Trinity-GG run
(Genome Guided).
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Before Trinity-GG run, we ran hisat2-build (Kim, Langmead and Salzberg 2015) to create
indexdes for the unmasked assembled genome of Ceratina nigrolabiata, hisat2 was run with
the two Ceratina calcarata individuals obtained from NCBI (NCBI SRA accession number
SRX3776755, SRR6819908). The output file was again converted from sam to bam and sorted.
The sorted bam files were used for the trinity genome guided assembly of transcriptomes. In
the next step, hisat2 was run again on different set of data (NCBI SRA accession number:
SRR1284947) of a complete transcriptome of individual of Ceratina calcarata. We are using
multiple input data to ensure the transcriptome output is as close to a completion as possible.
Trinity GG was run again, this time on the sorted data from the second hisat2 run. The output

file is later used in MAKER (Holt and Yandell 2011) gene prediction run.

PASA pipeline

In its full name, Program to Assemble Spliced Alignment (Haas et al. 2003; Campbell et al.
2006; Haas et al. 2008), is a program for modelling gene structures from spliced alignments. It
can model either partial gene structures or complete gene structures. Apart from this, PASA
also annotates deletions and additions of exons, models alternative splicing variants, splitting
and merging genes, untranslated regions (UTRs) and models novel genes. Its advantage lies in
the ability to identify antisense transcripts, identify and also classify splicing variations found
in the genome, map polyadenylation sites to the query sequence and to track down all partial
and fill-length protein-coding genes with ab initio prediction.

PASA also incorporates other software into its pipeline, such as seqclean which finds the poly-
A ends in the sequence and trimms the sequences which quality is below set threshold. Two
engines for mapping aligning transcripts to genome, GMAP (Genome Mapping and Alignment
Program ) (T. D. Wu and Watanabe 2005) and BLAT (BLAST-Like Alignment Tool) (Kent
2002) is a part of the pipeline as well. With the usage of GMAP (Wu and Watanabe 2005), the
alignment is fast and memory efficient. Therefore highly improving the run of a pipeline, which
can be critical and challenging. The main advantage of GMAP lies in its memory efficiency
with only as much as 128 MB of RAM needed. Apart from that, GMAP can align cDNAs
(either mRNA or ESTs) with alternative splicing without the probabilistic splice site models
and therefore its usage is not tied to a specific organism but can be used across the tree of life.
Small exons (microexons) which would otherwise be discarded will be included in the mapping

if they are statistically significant (T. D. Wu et al. 2016).
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BLAT (Kent 2002) is another mapping engine used in PASA for the alignment of closely
related species. It pre-indexes the genome and a protein database and does not store the genome
itself during each run. It makes BLAT highly efficient and precise with finding matches which
have up to 95% similarity and needs just 2 GB of RAM, therefore it can be run on an average
machine. To align the sequence to the genome, BLAT uses 11-mers to quickly find candidate
regions for the alignment. These homologous regions are taken and worked with separately.
This requires less computation resources and less time and the K-mers can be reduced to a
desired number for a more precise alignment (Bhagwat, Young and Robison 2012).

To further analyse transcriptomes and create a functional annotation, we modified PASA
alignAssembly configuration file to suit our needs. Since we had problems with an online
MySQL (MySQL 2001) application we chose an alternative approach with SQLite (Bhosale,
Patil, and Patil 2015) which is a local library and does not need an access to the world wide
web. Database from our C. nigrolabiata genome using SQLite was created.

All transcriptomes used were checked with a custom python script to make sure the names of
transcripts were unique and there are no overlaps. Transcriptomes of C. calcarata constructed
with Trinity Genome Guided assembly and the genome of C. nigrolabiata were concatenated
into one file and the file was extracted from transcript accessions with PASA perl script
accession_extractor.pl. Poly-A ends were cleaned from the file with seqclean which is included
in the PASA pipeline. The cleaned file was loaded into Launch PASA pipeline.pl script
together with the C. nigrolabiata genome and run with the BLAT (Kent 2002) aligner on one
CPU due to our usage of SQLite which is not able to parallelise the process. This slows the
alignment therefore figuring out the usage of MySQL is needed for future larger datasets.

At this point, we had an available training dataset for the last step. The training dataset consists
of transcriptome assembly which is analysed with TransDecoder (Haas and Papanicolaou
2018). TransDecoder identifies coding sequences in the transcriptome by a minimum length of
open reading frame (ORF) present in a transcript and computes its log-likelihood score. The
sequence is considered to be coding if the ORF is present in the first reading frame. The last
step produces a gff3 file with aligned sequences and provides a sequence ID, type of the
sequence (exon, intron, nRNA rRNA etc.), start and end of the sequence, e-value, + or — strand
and phase (the position of the ORF (0 = first base, 1 = second base, 2 = third base), which

indicates whether some bases before the start of the coding regions need to be removed).
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MAKER2

MAKER (Cantarel et al. 2008) is an annotation pipeline for prokaryotic and eukaryotic data
invented by Yandell lab. MAKER2 (Holt and Yandell 2011) is an upgraded version of MAKER
(which is capable of de novo annotation), however MAKER?2 includes other ab initio prediction
tools, which perfects the annotation. MAKER?2 needs only a small cluster of training data for
gene prediction and is able to analyse genomes of various sizes thanks to the support of MPI
parallelisation which is needed for large genomes for example such as those of amphibians
(Organ et al. 2011). It is an easy to use software with built in installation executables and
therefore is suitable even for beginners in bioinformatics. Maker uses SNAP (Korf 2004),
Augustus (Stanke et al. 2006), BLAST (Altschul et al. 1990), RepeatMasker (Smit, Hubley and
Green 2013-2015) and other software included in its pipeline. For our run, only BLAST,
RepeatMasker, Exonerate (Slater and Birney 2005), interproscan, SNAP and Augustus was
used.

First we reformated the gff3 file with a custom python script and looked for matches in IDs
which makes it easier to sort and read. We created a new sorted file.

This sorted file was loaded to maker with -fix nucleotides parameter to fix any letters that are
not ACTG and replace them with N’s. Maker was run again on paralelisation to complete round
one of coding regions prediction. Indexes found were merged with the genome file, gff3
prediction file for all found genes and proteins, and gff3 gene prediction file. The protein file
was checked with BUSCO towards the hymenoptera odb9 database. We had 389 missing
buscos out of 4415 total searched. Therefore we aimed for a second maker run to perfect the
prediction.

For identifying the protein domains we used InterProScan (Quevillon et al. 2005). We used the
C. nigrolabiata protein file to find the GOterms (Gene Ontology) for our genome. Results
shown in the result section.

From the InterProScan output file of proteins, we took only the unique finds and sorted them.
The file with gff3 prediction file for coding regions prediction was concatenated with the unique
finds from InterProScan so we have a complete file of found proteins and protein families
found.

Round two of maker predictions was run on the InterProScan prediction file and indexes found
were merged again with the genome file, gff3 prediction file for all found genes and proteins

and gff3 gene prediction file. IDs and GFF IDs were mapped.
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BLAST

Gene prediction file was BLASTed (Kent 2002) towards the nt (nucleotide) database
downloaded with update blastdb.pl perl script, which is incorporated into BLAST.
The output file was filtered to remove low e-value genes found (e-value < 0.00009). We

selected top hits from the filtered file for the purpose of the thesis.
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Results

Assembly

After the assembly of the genome, BUSCO (Seppey, Manni and Zdobnov 2019) was
implemented to determine the number of missing BUSCOs. For C. nigrolabiata to
hymenoptera odb9 BUSCO database there was only 132 missing out of 4 415 total BUSCOs
searched which is 2.99% of BUSCOs missing (Table 1). Missing BUSCOs for Ceratina
calcarata (BioSample accession number: SAMNO04252592) were higher, 173, however only 99
frangmented BUSCOs and complete and single-copy BUSCOs were present (Table 1) which
is much less than in our assembly. Therefore our genome has more fragmented BUSCOs and
less complete single-copy BUSCOs. The single copy BUSCOs towards the hymenoptera
BUSCO database in C. calcarata was 92.7%, in C. nigrolabiata 85.4%. Our genome is lower
in quality and this loss is probably tied to this fact.

C. nigrolabiata C. calcarata
Complete BUSCOs (C) 3782 4143
Complete and single-copy BUSCOs (S) 3770 4 096
Complete and duplicated BUSCOs (D) 12 47
Fragmented BUSCOs (F) 501 99
Missing BUSCOs (M) 132 173
Total BUSCO groups searched 4415 4 415

Table 1: BUSCO table summary of complete BUSCOs found, complete and single-copy BUSCOs found, complete
and duplicated BUSCOs, fragmented buscos, missing buscos and the total BUSCO groups searched. The first half
is a summary for Ceratina nigrolabiata towards hymenoptera_odb9 BUSCO database, second half is a summary
for Ceratina calcarata towards hymenoptera_odb9 BUSCO database.

Our genome has 6 539 /scaffolds after the assembly in comparison to 46 222 scafolds in C.
calcarata (Rehan et al. 2016) which is considerably less! The longest scaffold however is longer
in our species, C. nigrolabiata, which is 66 3120 bp in comparison to C. calcarata, where the
longest scaffold is 52 351 bp. The N50 of C. calcarata was 73 643, in our species the N50 is
70 145.
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RepeatModeler and RepeatMasker redundant elements

All 15 953 redundancies found with RepeatModeler against D. melanogaster and 5 016
redundancies against uniprot database were deleted and stored separately. All repetetive
elements found with RepeatMasker are shown in the Table 2 where the most of repetitive

elements are unclassified as expected.

File name: Cnig.fasta
Sequences: 6 539
Total length 154 475 013
CG level: 42.41%
Bases masked: 11 443 744
Number of elements Length occupied Percentage of
sequence
SINEs: 24 1520 bp 0.00 %
ALUs 0 0 bp 0.00%
MIRs 0 0 bp 0.00 %
LINEs 1734 211 855 bp 0.14 %
LINE1 44 2226 bp 0.00 %
LINE2 329 21263 bp 0.01 %
L3/CR1 82 4515bp 0.00 %
LTR elements: 2 337 657 312 bp 0.43 %
ERVL 0 0 bp 0.00 %
ERVL-MaLRs 0 0 bp 0.00 %
ERV _classl 0 0 bp 0.00 %
ERV classll 0 0 bp 0.00 %
DNA elements: 3657 509 230 bp 0.33 %
hAT-Charlie 88 8 096 bp 0.01 %
TcMar-Trigger 15 1115bp 0.00 %
Unclassified: 44 556 8 295 541 bp 537 %
Small RNA: 131 23223 bp 0.02 %
Satellites: 36 3053 bo 0.00 %
Simple repeats: 35 5s8¢ 1469 648 bp 0.95 %
Low complexity: 5767 288 732 bp 0.19 %

Table 2: Summary of found repetetive elements for Ceratina nigrolabiata genome with RepeatMasker. The
number of sequences searched is 6539, total length of the sequences together is 154 475 013 bp with the level of
GC content being 42.41 %. We masked 11443744 bp of sequences, which is 8.41% of the initial length. SINEs
(Short Interspersed Nuclear Elements), LINEs (Long Interspersed Nuclear Elements), LTR elements (Long
Terminal Repeat elements), ERVL (Endogenous Retro-virus Related), MaLRs (Mammalian Apparent LTR-
retrotransposon). Highest number was in Unclassified elements.
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The total masked bases is 7.41% (Table 2) and although these elements are essential for the
organism (Shapiro and Sternberg 2005), it is preferable to strip the genome off of them for the
annotation because they can cause false findings (Alkan, Coe, and Eichler 2011). Also, the data
is stored in a separate file which can be used for the analyses of repetitive elements found in

the genome.

BRAKER gene prediction

With BRAKER, we can check the structure of our genome with braker-produced files. This can
give a general idea of the number of genes present in the genome with the number of start and
stop codons, introns and exons. However, this is more for a general idea of the number of
expected genes and the general length of intronic and exonic regions in the genome. The
problem is that there are many duplicities since there can be found many variations in the
intronic and exonic regions. Therefore the genes and transcripts found are the outcome of the
duplicities as well. This table then serves a purpose of a control in between steps. If the numbers
were really low, in our case, we would be looking for a mistake in our scripts. In our genome,
we had 300 970 genes (taking into consideration the different variations found) (Table 3). This

also informed that the analyses is running correctly.

Stop-codon 13 561
CDS 92 525
Intron 77078
Exon 92 525

Start-codon 13412
Gene 300970

Transcript 302 505

Tab 3: BRAKER output summary file. Found elements of CDS (coding sequence), introns, exons, start-
codons, stop-codons, genes and transcripts.

MAKER and BLAST gene predictions

Unique orthogroups

From MAKER, we got protein predictions from an InterProScan run for the significant proteins

in our genome. In this file, we got 3 299 unique proteins found many of which are transcription
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factors (TF). The majority (15/23) of Pfam reported unique orthogroups in C. calcarata were

found also in our genome (Table 4).

PF00001 7 transmembrane receptor (rthodopsin family)
PF00046 Homeodomain

Reverse transcriptase (RNA-dependent DNA
PF00078 polymerase)
PF00089 Trypsin
PF00096 Zinc finger, C2H2 type
PF00098 Zinc knuckle
PF00226 DnalJ domain
PF00341 PDGF/VEGF domain
PF00929 Exonuclease
PF01607 Chitin binding Peritrophin-A domain
PF05485 THAP domain
PF05970 PIF1-like helicase
PF07679 Immunoglobulin I-set domain
PF07690 Major Facilitator Superfamily

Alcohol dehydrogenase transcription factor

PF10545 Myb/SANT-like

Table 4: Unique orthogroups found in Ceratina nigrolabiata. First column are Pfam accession numbers,
second column specific orthogroups found.
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With BLAST, we found 1 049 261 genes. A lot of them were of low value and were filtered out
(e-value < 0.00009). Only 8 881 top-hits were taken out of the filtered file and analysed for the
purpose of the thesis. We assume that our genome has a lower quality and therefore some genes
might be missing. It is also possible that the gene prediction algorhythms were set to be too

sensitive and therefore we missed a number of genes. Several candidate genes will be listed.

Yellow and Major Royal Jelly Proteins

Four copies of Major Royal Jelly Proteins/Yellow proteins (IPR017996) were detected in our
species. Yellow-like proteins found from our tophits BLAST prediction were: Eufriesea
mexicana protein yellow-like (LOC108552730), mRNA, Ceratina calcarata protein yellow
(LOC108629389), three copies of yellow-like (LOC108626509) and yellow-like
(LOC108629401). From the MRIP, Ceratina calcarata major royal jelly protein 1
(LOC108629418), transcript variant X2, mRNA; major royal jelly protein 1-like
(LOC108626615), mRNA and major royal jelly protein 1-like (LOC108629504).

Vitellogenin and vitellogenin related genes

Vitellogenin and vitellogenin related genes are present in our genome: vitellogenin receptor
(LOC108623179), mRNA; vitellogenin-like (LOC108623035), mRNA; vitellogenin-like
(LOC108625909), mRNA.

Transcription modification mechanisms

DNA methyl transferases (DNMTs) found are DNMT1 (LOC108629831) and DNMT3A
(LOC108627172). As expected, many E3 ubiquitin-protein ligases were found in the genome,
some of them with transcription factor properties such as E3 SUMO-protein ligase PIAS1
(LOC108627000), E3 ubiquitin-protein ligase Brel (LOC108625380), E3 ubiquitin-protein
ligase RING1 (LOC108632232), enhancer of polycomb homolog 1 (LOC108622233), KATS
regulatory NSL complex subunit 2 (LOC108627782) and KATS regulatory NSL complex
subunit 3 (LOC108630754).

Most of the TFs are the usual zinc finger C2H2 type (IPR013087), zinc finger RING type
(IPRO01841) and THAP type zinc finger (IPR006612). Other zinc fingers in our genome were
C4H2 domain-containing protein (LOC108622924), zinc finger CCCH domain-containing
protein 10-like (LOC108631488), zinc finger CCCH domain-containing protein 11A-like

26



(LOC108623833), zinc finger CCCH domain-containing protein 13 (LOC108627873), zinc
finger CCCH domain-containing protein 13-like (LOC108628954, LOC108632776), zinc
finger CCCH domain-containing protein 14 (LOC108625667), zinc finger CCCH domain-
containing protein 15 homolog (LOC108629546), zinc finger CCCH domain-containing
protein 18-like (LOC108626140, LOC108626140, LOC108626140), zinc finger CCCH
domain-containing protein 3 (LOC108630137), zinc finger CCCH-type with G patch domain-
containing protein (LOC108627347), zinc finger CCHC domain-containing protein 10-like
(LOC108625928), zinc finger CCHC domain-containing protein 2 (LOC108625428), zinc
finger CCHC domain-containing protein 24-like (LOC108627709), zinc finger CCHC domain-
containing protein 4 (LOC108623856), zinc finger CCHC domain-containing protein 8
homolog (LOC108628608), zinc finger CCHC-type and RNA-binding motif-containing
protein 1-like (LOC108625119) Zinc finger RING type (IPR001841)

Metabolism related genes

Trehalose and trehalose-related genes found in our genome were trehalose transporter Tretl
(LOC108622238, LOC108630318) several copies of trehalose transporter Tretl-2
homolog(LOC108622481, LOC108622840, LOC108627635, LOC108627874,
LOC113464173), several copies of facilitated trehalose transporter Tretl-like
(LOC108622488, LOCI108622655, LOC108623328, LOC108623915, LOC108624163,
LOC108627678, LOC108627882, LOC108628450, LOC108628450, LOC108629180,
LOC108631903, LOC113464927), gustatory receptor Sa for trehalose-like (LOC108624801)
Inositol monophosphatase genes and related genes found were putative inositol
monophosphatase 3 (LOC108629481), inositol monophosphatase 3-like (LOC117213019),
inositol monophosphatase-like (LOC108632425), inositol monophosphatase ttx-7-like
(LOC108632419) and inositol monophosphatase derivate myo-inositol 2-dehydrogenase-like
(LOC108623353).

Insulin interaction was present in duplications of insulin gene enhancer protein ISL-1
(LOC108626854), insulin receptor substrate 1 (LOC108623285), insulin receptor-like
(LOC108622672), insulin-like growth factor 2 mRNA-binding protein 1 (LOC108628931).

Odorant receptors

We found only 11 odorant receptors which in comparison to 16 odorant receptor families C.

calcarata. Odorant receptor 13a-like (LOC108625197, LOC108626998, LOC108627089,
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LOC108627093, LOC108627129, LOC108627605, LOC108631820), odorant receptor 4-like
(LOC108624242, LOC108624267, LOC108625415) odorant receptor 46a-like
(LOC113464013), odorant receptor 49a-like (LOC113464848), odorant receptor 49b-like
(LOC108630531, LOC108630531), odorant receptor 67c-like (LOC113465063), odorant
receptor 82a-like (LOC108622449, LOC108624260, LOC113464235), odorant receptor 85b-
like (LOC108624245), odorant receptor Or2-like (LOC108624238, LOC108631828), odorant
receptor 19b (LOC113463995), odorant receptor 7tm (PF02949) were found.
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Conclusion and discussion

The genome was sequenced with the next generation approach. These techniques are becoming
slowly overcome by the third generation sequencing techniques such as Oxford Nanopore
technologies (Cao et al. 2017). For our future genomic studies, we will sequence our genomes
with newer technologies since they are being more affordable and the assembly from long reads
is much easier and accurate. Also, in Hymenoptera, males are usually sequenced because their
haplodiploidity makes it easier for assembly (Lu, Giordano, and Ning 2016). We opted for
female instead which could result in false duplicities in case our assembly was not done
properly. We made sure our genomes are males for future studies and we will possibly sequence
another C. nigrolabiata to get a better insight into the differences of assembling the diploid and
haploid genome.

The genome of C. nigrolabiata was successfully assembled and annotated. Our genome was of
a lower coverage, which may have resulted in an incomplete annotation of our genome. The
comparison with another Ceratina species, C. calcarata (Rehan et al. 2016) showed the
incompletness of our genome where the number of complete and single copy BUSCOs in our
genome is lower and the number of fragmented BUSCOs is much higher than in C. calcarata.
Therefore, trying a more suitable and newer assembly software and approaches is needed to
achieve a better genome assembly where we will have less fragmented elements.

We cleaned the genome of low-complexity elements. Since we did not have RNA information
(transcriptome) from our species, we opted to use a well sequenced species C. calcarata. We
trained the gene prediction program Augustus with our genome and downloaded transcriptome
data and successfully predicted coding regions and their structure. To predict other coding
regions that could occur in the genome, we assembled downloaded transcriptomes from C.
calcarata individuals and used for further detection of coding regions in our genome. With the
training dataset, we analysed the genome and created a file with found and predicted coding
sequences. These sequences were BLASTed towards the NCBI nucleotide database. The gene
file from BLAST with identified genes was filtered from low e-values and from the duplicities,
only top hits were taken. Those top-hits were analysed and several candidate genes were taken
for further analyses. We found 15 out of 23 unique orthogroups previously discovered in C.
calcarata. We presume our genome contains more shared unique orthogroups, however, they
were not identified in our analyses.

Our gene dataset from BLAST is smaller than that of C. calcarata. There are several

explanations, either the genome contains less genes than C. calcarata, the genome was not
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properly sequenced, the assembly was not precise or the annotation came across a problem
because we do not have transcriptome from our species and used a north american species,
Ceratina calcarata.

From the genes analysed, we focused mainly on transcription factors — zinc fingers, which are
essential for a differential expression which we will be analysing in the future. We expect
significant differences taking part in the different parts of the nesting season and between C.
nigrolabiata males that guard the nest for a short time and males that guard a long time. Apart
from transcription factor activity, we expect significant differences in the metabolism in
individuals in different phases of the nesting season, therefore, we focused also on the genes
that take part in mediating and influencing the lipid metabolism, such as trehalosa, inositol
monophosphatase and insulin pathways. Insulin takes part in many different processes in
insects, from a stimulatory effect on the oogenesis (Brown et al. 2008) to the metabolic uptake
driven by insulin signaling pathways which influence the proliferation of cells (Drummond-
Barbosa and Spradling 2001). The vitellogenesis is also stimulated by insulin observed in
Diptera (Roy, Hansen, and Raikhel 2007). With insulin influencing the pathways in many
different processes, we expect insulin to be tied to vitellogenesis in females and males in case
of vitellogenin presence in males. Inositol monophosphatase as mentioned above mediates a
synthesis of myo-inositol. This product being involved in lipid metabolism (Michell 2008) is
present in our species and we expect to see differences in its occurence in our species during
different phases of the season and between different behavioural cohorts mentioned. The
enrichment of inositol monophosphatase gene family in L. albipes is suggested to be tied to the
diapause in adult foundresses (Kocher et al. 2013) therefore it is an active proces mediating the
usage of energy resources. Many duplications of trehalosa transporters are present which is
expected, since trehalosa facilitates the membrane comunication, energy and carbon uptake and
even has a signaling function (Kanamori et al. 2010). We presume there will be differences
between different metabolic levels in our cohorts for the future transcriptional analyses and
looking for the levels of different sugars and transporters might give us an insight into the
energy demand each cohort has. Because males guarding the nest allows the female longer
foraging trips, we expect to see a higher metabolism activity in those females. We also think
there might be a higher metabolism activity in males guarding the nest for a short time since
they are more active regarding the flight activity when migrating from the nest unlike the long
term guarding males, that stay in the nest and have to invest into saving the energy. We however

do not know, whether males feed in the nest or not.
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DNA methyl transferase (DNMT) in studied genome found are DNMT1 and DNMT 3A. The
DNMT]1 is responsible for the methylation of cytosine and is a part of gene silencing processes
in mammals (Tate and Bird 1993). The processes are involved in reproduction and therefore an
organism with DNMTT1 knocked out posttranscriptionally is not able to reproduce (Bewick et
al. 2019). We assume that active methylation process is present in our species since DNMT1
can be missing in insect species and those species do not posses methylation processes (Lyko
and Maleszka 2011; Standage et al. 2016). The DNMT3A, on the other hand, is a
methyltransferase regulating learning, synaptic plasticity and memory in the brain (Feng et al.
2010; 2005). Because our species forages for food and actively navigates through the habitat,
learning and memory abilities are essential.

The E3 SUMO-protein ligase uses a process called sumoylation which is similar in terms of
effects to ubiquitination (Geiss-Friedlander and Melchior 2007) which flags desired element
which is afterwards targeted and disassembled. The E3 ubiquitin-protein ligase Brel plays an
important role in H2B histone tagging for epigenetic transcriptional activation, telomeric
silencing, elongation by RNA polymerase II and the modulation of the formation of double
strand brakes during meiosis (Xiao et al. 2005; Yamashita, Shinohara, and Shinohara 2004;
Wood et al. 2003). E3 ubiquitin-protein ligase RING1 acts as an epigenetic tag on H2A histone
therefore influencing the transcription by repression in mammals (Cao, Tsukada, and Zhang
2005). An opposite process, acetylation, which enhances or enables the transcription of a certain
gene (Verdone, Caserta, and Di Mauro 2005) is mediated by the enhancer of polycomb
homolog 1, which acts in the acetylation of histon H4 and H2A, therefore regulating
transcription of specific genes present in organisms from yeast to human (Doyon et al. 2004).
This enhancer is a critical structure for gene regulation and is also associated with some diseases
(Searle and Pillus 2018).

Found KATS regulatory NSL complex subunit 2 is another acetylation mediator in histone H4.
It is an essential process regulating house-keeping genes expression (Pavlova et al. 2019) and
its absence can cause lethal effects.

Apart from the unique orthogroups, we found 47 zinc finger coppies, in comparison to C.
calcarata (Rehan et al. 2016) with 50 zinc finger copies, 16 copies in L. albipes and 2 in A.
mellifera (Kocher et al. 2013). The zinc finger C2H2 TF is abundant in many eukaryotic
organisms, however, the principle of zinc finger C2H2 is still poorly understood (Fedotova et
al. 2017). This type of zinc finger was reported to be unique in C. calcarata genome Rehan et
al. 2016) in comparison to other bee genomes. We report the presence of zinc finger C2H2 in

our genome as well. Known influence of the C2H2 type is protein folding and assembly, lipid
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binding, RNA packaging, DNA recognition and transcriptional activation, cell apoptosis and
proliferation (Laity, Lee, and Wright 2001). The most interesting is not their DNA binding
however, but the interaction with proteins (Polekhina et al. 2002). The protein-protein
interaction is documented in Zinc finger RING type (IPR001841) as well (Saurin et al. 1996).
Second most common zinc finger was the THAP type zinc finger (IPR006612), a sequence-
specific DNA-binding zinc finger (Bessiere et al. 2008).

The Major Royal Jelly Proteins/Yellow proteins are present in our species as well (IPR017996).
Those proteins are present only in insects and some bacteria (Ferguson et al. 2011). These genes
are thought to be associated with melanic pigmentation (Wittkopp, Vaccaro, and Carroll 2002;
Gompel et al. 2005) and also in the formation of chorion and cuticule of insects (Li and
Christensen 2011). In Apis mellifera, ten yellow genes were found and clustered as Major Royal
Jelly Proteins (MRJPs) influencing eusocial behaviour (Drapeau et al. 2006). The MRJP1 fed
to the larvae increases its body mass and supports the ovary proliferation (Kamakura 2011)
therefore producing caste-specific morphotypes. Apart from MRJP1, MRJP2 complex acts as
an antimicrobial unit and possesses antioxidant properties in the royal jelly produced by
workers (Park et al. 2019). In our genome, we found 4 copies of MRJP/yellow protein and we
assume it to have properties regarding melanisation and provisioning of larvae mainly. We also
expect to see the production of Major Royal Jelly Proteins 1 and 2 in the females. The deposition
of pollen balls in the nest requires antimicrobial properties to stay edible for the larvae. The
female offspring also mate without exception since no workers in C. nigrolabiata are present,
therefore the presence of MRJP1 could influence the ovary proliferation.

Odorant receptors were thought to be in a higher abundance in social species (Wilson 1971)
and although some research support the thesis (Yan et al. 2017), a parasitoid wasp Nasonia
vitripennis has a higher number of odorant receptors (Robertson and Wanner 2006) than A.
mellifera (Robertson, Gadau, and Wanner 2010). We expected to see a similar number of
odorant receptors as in C. calcarata, which is 16 (Rehan et al. 2016). However, we thought that
the occurence of male in the nest could pose a challenge for the communication and therefore,
the number of odorant receptors would be higher. This hypothesis seems to be wrong since only
12 odorant receptors were found in C. nigrolabiata and more insight into the comunication of
the species could be splendid. We assume that the reason might be either the lower quality of
our genome or there indeed is a contraction of the odorant receptor gene families tied to the
ecology of the species. For comparison,

Thanks to the study of (Roy-Zokan et al. 2015), we focus on vitellogenin and vitellogenin-

receptor in our species. We found both, vitellogenin and vitellogenin-receptor genes in our

32



genome. We expect to see the activity of vitellogenin in the males and females of C.
nigrolabiata, which will most probably fluctuate throughout the nesting season as well. We did
not find any discussed aggression related genes in our species.

While genomics is a tool that helps us to understand processes on the molecular level, we must
not forget, that the basis of biological sciences is a complicated and still poorly understood
field. It is important to seek answers to our hypothesis not only in one aspect but we have to
consider the ecology and evolution of the species as well. I would like to use this opportunity
and stress out the importance of the taxonomists, ecologists, ethologists and field scientists for
the science. We are now in a period, where these fields, mainly taxonomists and field scientists,
are needed and the surge of molecularly oriented scientists is high. Also, as I experienced, the
proper use of genomics takes a lot of practice and experience and we have to use it correctly.
Learning the genomic methods on our own is a demanding and difficult process and without
proper guidance usually leads to incorrect results. There is not enough resources for individuals
considering this path in their career and they often have to seek help somewhere else. I hope
that we will continue to improve the situation and that genomic techniques and methods will be

more available in the future for the students and the scientists likewise.
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