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Abstract

The presence of two discrete sexes is a convergent characteristic of higher organisms, tightly linked to the
evolution of sex chromosomes. Those elements have evolved independently multiple times and the study of
their sequence, content and structure is important for unravelling the processes that drive sex chromosome
formation. The order of Diptera have been proved great models in this effort, as a multitude of sex
determination mechanisms and sex chromosome lineages exist among its members. Moreover, the
economical and epidemiological impact that many Diptera have on human activity poses an exceptional
interest in studying those elements, especially the sex-limited Y chromosome, as a necessity in the
implementation of Integrated Pest Management (IPM) approaches. In this study, two novel methods for the
characterization of Y-linked sequences were developed, benchmarked and employed on the novel assembly
of the olive fruit pest Bactrocera oleae (Diptera: Tephritidae). Thorough analysis of Y regions revealed an RNA-
mediated amplification of the karyopherin member importin-4, consistent to similar instances of nuclear
transport machinery gene duplications observed in Drosophilidae. Those Y copies have acquired testes specific
expression and possibly exert their function through the production of non-coding transcripts. The fertility
role attributed to homologues of this gene in both D. melanogaster and rats implied a similar function in B.
oleae, which is of great interest for IPM applications. Towards this, we attempted the characterization of a
putative fertility role for importin-4 gene in B. oleae, through the systemic knock-down of this gene’s function
by RNAi pathway activation.

Mepinym

H Umapén duo Stakpltwv GUAWV eival Eva KOWVO XOPAKTNPLOTIKO TWV AVWTEPWY EUKAPUWTLKWY OPYAVIOHWY,
To omoio BplokeTal 0 APEDN CUOYETLON e TNV EEEALEN TWV GUAETIKWV XPW LOCWHATWY. TETOLA XPWHOCWUOTA
gxouv e€eliyBel avefaptnta, MoANEG PopEC, evw N HeAETN TNG aAAnAou)iag, Tou TeplexoéVoU, KAl TG SOUNG
Toug Suvartal va armokaAU P el T Stadikaoieg mou 06nyouv oTov oXNUATIONO TouC. H TaEn Twv AUTtépwy £XeL
amodelytel W éva £€ALPETIKO LOVTEAO YLO TNV UEAETN TWV OUYKEKPLUEVWV YEVETIKWY OTOLXELWYV, KaBwWG
gUMEePLEXEL PETAED TwV PeEAWV TNG TAeloteg SLadopeTIKEG yevealoyieC GUAETIKWV XPWHOCWHATWY Kol
cuotnuatwv ¢ulokaboplopol. EmutAéov, n &pdon OpLOPEVWV AUTTEpWY eTLHEPEL OLKOVOULKEG KOl
ETUONULOAOYLKEG ETIMTWOEL OTNV avBpwrvn §paotneLotnTa, KABLOTWVTOG TNV UEAETN TwV PUAETIKWY
XPWUOOWHATWY, KOL CUYKEKPLUEVA TOU OpPPEVOELSLIKOU Y, WG avilkeipevo e€éyoucag onuaciog yla thv
edapuoyn pebodwv OhokAnpwpevng Alayeiptong Napacitwy (OAM). 3TN CUYKEKPLUEVN LEAETN avamTUEa e
KoL aflohoyroape 8U0 véeg peBoSoug yLa ToV eVTOTILOUO Y-eLSLKWVY AAANAOUXLWVY. 2T CUVEXELO OL TTAPATIAVW
uEBodol edapudotnkav oto yovidlwpa avadopdg tou evtopou Bactrocera oleae (Diptera: Tephritidae),
YVWOTO Kal WG AAKOG, TTOU ATtOTEAEL TTOPACLTO TOU KaproU TG eALAC. H ektevr¢ avaAluoh Tou Y XpwHOCWHOTOG
anokaAuPe tnv UTaPEN MoAAATAWY avtlypddwv evog yovidiou kapuodepivng, TG tumoptivng-4, n onola
Sumhaotdotnke oto Y péow evog RNA evSiapeocou poplou. Mapopoleg mMepMTwoelg SumAactacpol yovidiwy
TIOU EUMAEKOVTAL OTO CUOTN A TIUPNVLKAG HeTadopac, Kal oL omolieg StapecolaBolvtal anod popla RNA, £xouv
MPOOHATO XAPAKTNPLOTEL OTNV OLKOYEVELA TWV ApocodIAiSwv. Ta cuyKeKpLUEVA avTiypada rou evtomilovratl
oT0 Y XpWHOOWHO £XOUV OTTOKTAOEL OPPEVOELSLKA £KPPAON, CUYKEKPLUEVA OTOUC OPXELS TOU EVIOUOU, Kol
mbavwg Spouv PECW TNC MOPOYWYNG UN-kwdwkomowntikwv RNA. Ta opdAoya yovidia wumoptivnc-4 mou
evtoni{ovtat otnv Drosophila melanogaster KaL oOTa TPWKTIKA EUMAEKOVTIOL OTNV  YOVILOTNTO TWV
OUYKEKPLUEVWY OPYAVIOUWY, EVW O XOPAKTNPLOKOG HLoC tapdpolag Asttoupyiag oto Sako sival e€éxouoag
onpaotiag ya tnv epapuoyn npooeyyioewv OAl. Mpog tnv KatevOuvon autr, ETILXELPCOUE TNV LEAETN TOU
pOAou TNG UTOPTIVNG-4 oTNV YOVILOTNTO TOU AGKOU UECW OUOTNULKAG HETA-HETAYpadLKAC olynong tou
OUYKEKPLUEVOU yovidiou pe aflomoinon tou cuotrpotog RNA.
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[...] There is a war between the man and the woman.
There is a war between the ones who say there is a war,
and the ones who say thereisn’t [...]

L. Cohen
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Introduction

Diptera is an order of arthropods, towards which extensive studies are focused. Many of its members
possess great economical and epidemiological importance, as agronomic pests and disease vectors
respectively. Therefore, studies are targeted to the containment of the destructive action through population
reduction below an economic injury level in the former case, or minimization of infectious bites in the latter.
The use of chemical insecticides for insect population control has been the golden standard for decades.
However, their extensive application has raised major concerns regarding health and ecological impact.
Additionally, instances of resistance to insecticides posed a threat to the efficiency of these core pest control
tools, highlighting the need for more sustainable approaches that will make prudent use of chemical methods.

Integrated Pest Management (IPM) includes the careful consideration of all available pest control
techniques and subsequent integration of appropriate measures that discourage the development of pest
populations, while minimizing the risks to human health and the environment (Food and Agriculture
Organization (FAQ)). It consists of three interconnected areas: prevention, monitoring and intervention. IPM
intervention targets the reduction of the field population through the employment of chemical, biological and
genetic control methods. In this case, the use of chemical insecticides is judicious and acts auxiliary to natural
enemies of the insect (biological method) or more advanced genetic control methods that target the
reproductive potential of the population. The Sterile Insect Technique (SIT) is an alternative, eco-friendly and
species-specific genetic control method introduced in 1995 by Knipling. Since then, it has been efficiently used
for both population reduction and elimination purposes (De Longo 2000, Orankanok 2006, 2007). SIT is based
on the rearing, sterilization and release of male-only insects. The principles of SIT have been the base for the
development of more sophisticated genetic control methods like Release of Insects carrying a Dominant Lethal
(RIDL) (Phuc 2007), Incompatible Insect Technique (lIT) (Pagendam 2020) and more recently the gene-drive
based precision guided SIT (pgSIT) (Kandul 2019). Current advances in genomic technologies and molecular
tools assist in the thorough genome analysis of insect pest species, towards a wide and efficient application of
IPM programs for the containment of their destructive action.

This study initiates from the importance of Y chromosomes for sex determination and reproduction,
two key elements of IPM intervention methods, and explores the sequence, content and functional role of Y
chromosomes using the pest species Bactrocera oleae as an insect model.
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Evolution of sex determination

The presence of two separate sexes is a common characteristic found throughout the tree of life and
is particularly widespread in metazoans (Furman 2020). Sexual reproduction involves the mixing of two
genomes through the fusion of haploid gametes that are the result of meiotic division of cells. When present,
this reproductive mechanism confers the advantage of mixing genomic elements from two individuals,
revealing an excessive genetic variation that will be otherwise hidden by asexual reproduction (Otto 2009).
Sexual reproduction has been proven, through mathematical modelling, to inevitably lead to the production
of gametes by higher multicellular organisms that differ in size between males and females, a process known
as anisogamy (Bulmer & Parker 2002). Therefore, a distinct developmental program is required for each of the
two sexes to produce the primary sexual characteristics onto which the future reproductive potential of the
individual relies. Sex determination cascades are a convergent characteristic of higher organisms and are
responsible for tightly controlling this process.

Although the outcome of sex determination is
strongly conserved across species, the way that male and Female Male
female dev.elopmental programs are |n|.t|att.ed and m/m mp M/m
regulated differs across taxa. Sex determination has _[
evolved independently numerous times among plants
and animals, which suggests that hermaphroditism poses F F not

i i i active F/F | active
an evolutionary burden to organisms. Focusing on

Diptera, those are characterized by a plethora of
different sex determination mechanisms, while the GDS GDS

absence of hermaphroditism in them indicates that these ‘/ \‘C>7,
different systems evolved from a common gonochoric ? ng, 3%

ancestor (Blackmon 2016).

Figure 1 Classical four-element model of sex determination

The classical model of sex determination in & ;
in dipteran insects. (Shearman 2002)

Diptera can be described in terms of four key elements

(Figure 1): the primary signal (M), maternal products

(mp), the key gene (F) and a genetic double switch (GDS). In this scheme the primary signal (M), together with
the maternal products (mp), regulates the activity state of the key gene (F), which in turn sets the GDS to
either male or female mode (Shearman 2002). Despite the conservation of this mode, differences exist in the
genetic composition of sex determination cascades, which imply the fast evolution of those mechanisms even
in the same clade. Intriguingly, the acquisition of a different role in the cascade for the key transformer (tra)
gene is observed between Drosophilidae and Muscidae (Figure 2). In the former case, tra is alternatively
spliced based on the isoform of the upstream sex lethal gene (sx/), while in the latter, it has evolved as the
master switch gene in several members of Musca domestica (Hediger 2010). At the same time, sx/ is present
in studied members of Tephritidae insects like C. capitata, but with a paralog character (Saccone 1998). The
final gene in D. melanogaster cascade is the doublesex (dsx) that acts as a GDS and is alternatively spliced
depending on the activation or not of upstream elements of the cascade. Both sex specific isoforms of dsx are
functional and differ in their C-terminal protein domain. This functional dimorphism leads to the respective
downstream activation of genes responsible for shaping the primary sexual characteristics of the individual
(Pomiankowski 2004). The role of dsx as the base of the sex determination cascade is highly conserved across
several Diptera taxa and genes with structural similarity to dsx are found even outside arthropods, in distantly
related organisms like Caenorhabditis elegans (Lints & Emmons 2002). This observation supports the notion
that the evolution of sex determination cascades is bottom-up, and highlights the constant need for tight
regulation of sex determination. An eager plurality of sex determination cascades exists across taxa, and the
more non-model species are studied the more exciting mechanisms will be revealed.
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In sharp contrast to the highly conserved role of downstream sex determination cascade regulatory
genes, like the doublesex-mab3 (DM) family (Haag & Doty 2005, Kopp 2012), the master switch genes are
highly diverse across species. There are many instances where the mode of activation for the sex
determination cascade depends on external stimuli, namely environmental or social cues (Environmental Sex
Determination, ESD). Such examples include temperature-dependent sex determination in reptiles (Merchant
2013), photoperiod in marine amphipods (Guler 2012) and social factors in limpets (Warner 1996). However,
the well-studied model species D. melanogaster, C. elegans and also mammals, all determine sex through
specific genetic elements (Genotypic Sex Determination, GSD) (Bachtrog 2014). In heterogametic GSD systems
two important distinctions are made: 1) whether it is the male or female that produces different gametes
(male vs. female heterogamety), 2) whether the molecular mechanism of sex determination involves a
dominant sex determining gene (dominant Y/W system), or if sex is determined by the number or ratio of X
or Z chromosomes to autosomes (Blackmon 2017). It is therefore clear that although not universal, sex and
sex-determining genes are often associated with the distinct genomic elements known as sex chromosomes.

Drosophilidae Tephritidae, Muscidae and Calliphoridae
family families
XX: AA X(Y); AA XX XY, M factor
I:Sx]" SxIM Tra,,, Tra2,, Tra,, | Tra2,,

| . |

TraF Tra2 | TraM Tra2 | TraF :' +—Tra2 TraF:| +Tra2

\/ \/

DsxF DsxM DsxF DsxM
female male female male

Figure 2 Comparison of the sex determination gene cascades between Drosophilidae
(Drosophila), and Tephritidae (Ceratitis Anastrepha and Bactrocera), Muscidae
(Musca) and Calliphoridae (Lucilia) families of Diptera. (Sarno 2010)
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Evolution of sex chromosomes

Sex chromosomes are commonly found in heterogametic species and have evolved independently
numerous times with frequent turnovers from one system to the other (Bachtrog 2014). Two main types of
sex chromosome systems are observed (Figure 3). The most familiar is the XX/XY system, where males are the
heterogametic species possessing one X copy (hemizygous) and the sex-limited Y chromosome, while females
possess two X copies (homozygous). The initial discovery of sex chromosomes by Nettie Stevens in 1905
involved an XY system in mealworms. Similarly, XY systems can be found across heterogametic species, with
mammals and the majority of Tephritidae being two examples of interest (Bachtrog 2014). The second sex
chromosome system, the ZZ/ZW, is based on the exact converse motif, where the sex-limited W chromosome
is present only in females, in contrast to ZZ homozygous males. Examples of the ZW systems are found within
vertebrates (in all birds and snakes) and in Lepidoptera, Trichoptera and some Diptera (Tree of sex Consortium
2014, Sahara 2012, Frias 1992). The respective system and state of sex chromosomes should not be taken as
eternally stable. Although transitions to female heterogamety from male heterogamety are considered
difficult, as this will result in YY offspring, such transitions have been observed in Diptera and specifically within
the Tephritidae family, highlighting their dynamic state (Bush 1966).

]

differentiation }

Heteromorphic
sex chromosomes
Heteromorphic

sex chromosomes

Figure 3 Transitions of sex chromosomes and the respective effect on sex determination switch genes. (Bachtrog
2014)

The classic model for sex chromosome evolution suggests that those distinct genetic elements arise
from a pair of autosomal chromosomes upon acquisition of a sex determining role (Figure 4) (Bull 1983). There
are multiple ways by which such function can arise, ranging from point mutations that knock-out a gene’s
function, to gene duplication and neofunctionalization of the duplicate and possibly other ways yet
undiscovered (Kamiya 2012, Yoshimoto 2008). Thereafter, the genetic variant that takes control over the sex
determination cascade can act as a dominant switch gene or in a dosage dependent manner and might induce
the evolution of two distinct sex chromosomes. However, there is increasing evidence that this mechanism is
not universal and sex chromosomes exist that do not share a common ancestry between them.
Characteristically, supernumerary B chromosomes, small non-essential chromosomes that are often inherited
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in a selfish manner, are found to segregate as Y chromosomes in independent lineages (Nokkala 2003, Clark

& Kocher 2019).

Male
heterogamety |

autosomes
1

Evolution of genetic
sex determination

I I* determining
Xy

Homomorphic sex

Female

heterogamety I

autosomes
1

Evolution of genetic
sex determination

I l@rl»lun-mrv,
ZwW

Homomorphic sex

chromosomes chromosomes
\ 1 W 1
I l r Restriction of recombination; I Ir Restriction of recombination;
X1 X2 Y degeneration Y1 717 W degeneration w1
X fission X -~ autosome fusion 2 fission Z - autosome fusion
2 p Y2 . a w2
X Z

Ix Ir

XY zZW
Y- att‘losome fusion W fission  Heteromorphic W~ aufosome fusion

Yfission  Heteromorphic

[ AR sex A [ %Y= sex A
chrompsomes Y r chrompsomes w
Y
X ' & Y degeneration z w2 W degeneration
| X1 x2 | nn
v v
X - autosome fusion r Z - autosome fusion r
“a Y 3 w
X0 20
X z

Figure 4 Differentiation of XY and ZW sex chromosomes and alternate pathways towards origination of complex
sex chromosomes. (Blackmon 2016)

Upon generation of a sex chromosome pair, two types of morphology can be observed: homomorphic
and heteromorphic. Heteromorphic sex chromosomes are the most common type, where the sex-limited Y or
W chromosome usually degenerates and obtains a distinct structure and content compared to its X or Z
chromosomal pair (Figure 4). However, it’s not rare for sex chromosomes to be morphologically similar, in
which case are known as homomaorphic. Characteristically, mosquitoes of the genus Aedes have homomorphic
sex chromosomes, in sharp contrast to the heteromorphic Anopheles species (Presgraves 1998, Zdobnov
2002). In both cases, the chromosomal region that contains the sex determining function stops recombining
between different sex chromosomes. It is thought that recombination suppression is the driver force for sex
chromosome differentiation. Non-recombining sex chromosomes are not the result of a single event (e.g.
inversion) but rather evolve through a more progressive mechanism. The linkage of sexually antagonistic
alleles (alleles that are preferentially advantageous to one sex but not to the other) close to a sex determining
locus creates selective pressure favouring recombination suppression between sex chromosomes, thus
ensuring that the sexually antagonistic allele is preferentially transmitted by the sex that it benefits (Rice
1987). Male beneficial genes that are under sexual conflict are favoured over linkage to non-recombining
regions (e.g. Y chromosome) since in this way they are no longer present in females and therefore cannot be
selected against.
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Several mechanisms have been proposed to cause recombination suppression, possibly in a synergistic
way. The observed outcome suggests two models for the expansion of non-recombining regions: discrete and
progressive, which differ in the presence or not of distinct gene blocks with similar evolutionary divergence
form the homologous X copies (Figure 5) (Furman 2020). Chromosomal inversions are a dominant mechanism
which can halt recombination in newly formed sex chromosomes. A chromosomal inversion spanning the sex
determining region and linked sex-biased alleles is often assumed to promote divergence between sex
chromosomes. Once an inversion has been established in the sex determining region, further inversion events
can expand the non-recombining regions of the newly formed

young

mm Loci in recombining region
‘:]‘:I Age of non-recombining

— X/Z-hemizygous

sex chromosomes. This process results in the generation of  — y'vorz-wortholog - region
distinct strata, regions where genomic characteristics cluster p

into distinct groups (Figure 5.A), which represent independent Q I
inversion events with age-dependent degeneration (Lahn E — ++ .
1999, Wright 2014, Vicoso 2013). Recent findings coming from = d‘“&'%ey"‘e

the planarian species Schmidtea mediterranea suggested a = R +.+

dominant role for chromosomal inversions in the : P ——L
recombination suppression of neo-sex chromosomes (Guo = gene
2022). Specifically, the researchers identified three i

population-specific inversions of >20Mb in size that halt
recombination on a chromosome that possesses much of the
master regulators related to the reproductive system.
Additionally, the same chromosome shows allele-specific
expression of sex-related genes, and collectively provides ideal
foundation for the evolution as a primer sex chromosome.
Furthermore, the accumulation of transposable elements (TE)
near the sex determining locus is also assumed to supress
recombination through creating sequence divergence
between sex chromosomes. Transposable elements comprise
a category of selfish genetic elements that are capable of
replicating and inserting themselves throughout the genome.
TEs are thought to accumulate after sex chromosomes stop to
recombine, as a result of reduced positive selection. However,
the insertion of TE sequences near the sex determining locus
would force the silencing of these genetic elements, which
might result in a reduced recombination of the region adjacent
to the TE insertion (Kent 2017). Additionally, TE sequences can
promote the recombination between ectopic regions, causing
genomic rearrangements that would amplify recombination
suppression (Bonchev & Willi 2018).

+++

Synonymous +

divergence
(X-Y
XX

22w [0¢

T
sex determining
gene
Synonymous +
divergence
(X Y:

¢
¢¢¢

ZW)

T
sex determining
gene

Position along chromosome

Figure 5 Expected patterns of sex chromosome
divergence following recombination suppression. (A)
Stepwise progression results in distinct strata. (B)
Progressive expansion (e.g., TE accumulation,
methylation changes) results in a linear relationship
between ortholog divergence across the range of the
sex chromosome. (C) A potential problem of
inadequate gene sampling is that progressive
expansion can be misinterpreted as stepwise. (Furman
2020).
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Morphological differentiation of sex chromosomes

In heteromorphic sex chromosomes, the X and Z can exist in a homozygous state (XX or ZZ individuals)
and therefore continue to recombine. The persistence of recombination on X, together with the reduction of
their effective population size due to hemizygous individuals, has led to the fast X effect hypothesis which
implies a faster evolution rate for genes on X, especially for strong male-beneficial recessive alleles
(Charlesworth 1987). Therefore, these sex chromosomes tend to maintain most of their former autosomal
content. In sharp contrast, it is common for the sex-limited chromosome (Y or W) to morphologically
differentiate from its pair through a degeneration process. Two major changes are observed during this
process that reshape the sequence, structure and content of the sex-limited chromosome: 1) the
heterochromatinization and repeat acquisition, and 2) the loss of its former autosomal gene content. These
two are considered interconnected and are both thought to be driven by the evolutionary forces acting post
recombination suppression.

Although the outcome of Y masculinization can be easily observed in heteromorphic species, it cannot
be monitored in real time. The dynamic interplay between evolutionary processes and genomic
rearrangements leads in the formation of the known heteromorphic-Y morphology, being hard though to infer
a cause-and-effect relationship for instances acting post recombination suppression like
heterochromatinization and repeat acquisition. It is a common instance for repeats on the Y to consist of
repetitive satellite DNA and transposable elements (TEs). The random insertion of the latter is known for
intervening with functional regions of the genome and can cause disturbance to the Open Reading Frame
(ORF) of coding genes or interfere with regulatory elements (Bonaccorsi and Lohe 1991). Since TEs might be
detrimental for genome’s integrity, several defence mechanisms exist that regulate them from spreading in
the genome. Those include RNA-mediated silencing through RNAi or piRNAs that can cause extensive DNA
methylation of TEs (Sliwiiska 2016, Allshire 2018). Therefore, one assumption is that the accumulation of such
sequences on the Y might force the organism to suppress them through initiating an extensive
heterochromatinization. These large-scale changes in the chromatin structure might cause the wide silencing
of genes residing in that region, known as position-effect variegation (Dorer 1994, Gatti 1992, Schotta 2003,
Lippman 2004). Evidence pointing in the direction of TE-induced heterochromatinization arise from
Drosophilae Y chromosome, where the age-dependent loss of Y heterochromatin and the expression of TE
regions significantly reduce the lifespan of male insects (Brown 2020, Nguyen 2021). On the other hand, the
above observations cannot exclude the possibility that TEs might accumulate on the Y post
heterochromatinization. Additionally to TEs, large ampliconic regions of genes belonging to different gene
families are commonly found to form the repetitive sequences on Y chromosomes, and usually reside in
palindromes (Skaletsky 2003). The functionality of such palindromes is thought to be intra-chromosomal
recombination and gene conversion between them. This confers the advantage of correcting mutated copies,
increasing the number and possibly expression of advantageous genes and counteracting degenerative forces
on Y chromosomes (Lange 2009, Marais 2010, Rozen 2003). Collectively, the above result in the characteristic
repetitive and heterochromatic nature of Y (or W) heteromorphic sex chromosomes.

Masculinization process also includes the translocation of the former autosomal gene content from
the degenerating Y to the autosomes, leading to the shrinkage of the Y (Potrzebowski 2008, Morkovsky 2010).
This is suggested from empirical observations, where the Y chromosomes are extremely gene poor compared
to the respective X pair. Emerging data from the neo-Y of Drosophila miranda provide valuable insights into
the process of Y masculinization. In this species, the ancestral degenerate Y chromosome of the clade fused
with former autosome 3, generating a pair of neo-sex chromosomes. This turnover took place ~1.5 million
years ago and the pair of neo-X and neo-Y are currently in the process of differentiating from one another.
These neo-sex chromosomes still share a high homology between them (~98% shared sequence), that can be
attributed to their former autosomal origin and therefore are still able to recombine throughout most of their
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length (Bachtrog 2019). However, the expected former autosomal gene loss from the neo-Y is profound, with
5% of the ancestral autosomal genes being lost from the non-recombining region of the neo-Y. The respective
percentage of gene loss from the neo-X is ~0.5%, which complies with the expected rate for autosomal
chromosomes (Bachtrog 2019). Although these results are consistent with the theoretical and empirical
expectations, a radical observation was that the neo-Y chromosome dramatically increased in size by threefold
compared to the neo-X. The size increase is attributed to the massive amplification of genes, which in some
cases were found to be co-amplified also on the former X and neo-X chromosomes. This gene amplification
was observed to take place in distinct gene clusters that were amplified in a palindrome orientation, as
discussed previously. Additionally, TEs start to accumulate on the non-recombining region, which are often
integrated into intronic sequences of coding genes leading to the dramatic increase of their size (Koerich
2008).

The degeneration of Y is a convergent process observed in cases of heteromorphic sex chromosomes.
However, it should not lead to the misconception that all sex-chromosome pairs are intended to become
heteromorphic. There are numerous cases where ancient homomorphic sex chromosomes exist, which
recombine and are undifferentiated in most of their length (Bachtrog 2014). Even in the case where
heteromorphic sex chromosomes exist, the level of divergence from their ancestral state is not linearly related
to their age (Mank 2012). The traditional theory for the evolution of Y chromosomes implied that these genetic
elements will be led to extinction based on the assumption of a continuous degeneration process; cases of
minor sex chromosome loss exist to support this notion (Steinemann & Steinemann 2005, Graves 2006). Sex
chromosome systems that completely lack a Y are termed X0/XX, in which case Y loss can be tolerated if
required male-specific Y-linked genes are translocated to autosomes and an alternative sex determination
scheme is established (Bachtrog 2013). That is, determination of sex based on the number of X chromosomes
or the X/A ratio. Such systems exist in nematodes and are widespread among insects, having been proposed
as the ancestral state in many lineages (Nakamura 2009, Blackman 1995). Apparently, D. melanogaster’s XY/XX
system was suggested to have evolved from an X0/XX when a supernumerary B chromosome started
segregating as the Y (Carvalho 2010, Carvalho 2002, Hackstein 1996). Furthermore, interesting examples are
foundin tsetse fly (Glossina, Wiedemann) populations; consistent to what was mentioned before, in this family
of insects, sex is not determined by a dominant locus on the Y chromosome, thus irregular X/Y segregation
instances are observed with the co-existence of X0, XY or XYY males in natural populations (Maudlin 1979).
Despite the exceptions of X0/XX systems, the current opinion on the degeneration of Y chromosomes is that
this process does not proceed linearly, but rather degeneration and gene loss slows down and even seizes at
a certain point where an equilibrium gene content has been reached. Conversely, evolutionary old gene-poor
Y chromosomes, like D. melanogaster’s, show a net rate of increased gene gain rather than a continuous gene
loss (Koerich 2008). The tight linkage of sex chromosomes with sex determination might generate evolutionary
traps that favour the preservation of a degenerated Y with an explicit role in sexual reproduction, instead of
transitioning to a different sex chromosome system (Bachtrog 2014).
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Genomic composition of sex-limited chromosomes

There is a convergent pattern for genes persisting on degenerate Y chromosomes across different
species. Usually, ancient Ys possess few coding genes, compared to their X pair, which are enhanced for male-
specific functions and appear to have translocated on the Y from other autosomal locations (Mahajan &
Bachtrog 2017). Additionally to the coding content of Y chromosomes, there is a manifold of regulatory roles
and cryptic variation attributed to those sex chromosomes (Lemos 2008, Maier 2021). To understand the
processes that form the gene content of sex-limited chromosomes we must consider the unique selective
forces acting on these genetic elements throughout their evolution /degeneration.

Random mutagenesis is a process naturally occurring in populations and can lead to the generation of
deleterious (common) or beneficial mutations (rare). Natural selection is responsible for favouring beneficial
mutations and eliminating deleterious ones. Upon recombination suppression, the efficacy of natural selection
on the sex-limited chromosome is dramatically reduced and leads to the accumulation of deleterious
mutations. In recombining chromosomes, natural selection can operate on each mutation independently.
However, non-recombining regions are locked into a complete linkage disequilibrium, with the net effect of
the linkage group being selected as a whole, rather than each locus independently (Mank 2012). Therefore,
when sex chromosomes completely stop recombining, natural selection can only act at a chromosome-wide
level on the sex-limited chromosome. Different evolutionary models have been proposed to account for the
selection under non-recombining conditions. These are background selection, selective sweeps and Muller’s
ratchet. Background selection suggests that strongly deleterious mutations are eliminated from a population
in a deterministic fashion, therefore only mutation-free non-recombining chromosomes can survive in the
long run (Charlesworth 1996). On the other hand, the selective sweep scenario accounts for the hitchhiking
process that follows the fixation of a highly advantageous allele in a non-recombining region. In this case,
deleterious mutations that are linked to the beneficial allele can persist in the population given that the fitness
advantage of the beneficial gene outweighs their adverse effect (Bachtrog 2004, Rice 1987). Finally, Muller’s
ratchet suggests that in a population the Ys vary in the number of mutations they carry, and the least-loaded
mutational class can be lost in a stochastic way, since recombination cannot restore its composition
(Charlesworth 1978). It is thought that the above forces, together with the father-to-son inheritance pattern
of Y, shape the genetic content of degenerate Ys. The relative contribution of each one is still debatable, and
it is even thought that different forces might have stronger effects depending on the degeneration stage of
the Y. For example, on a young Y chromosome background selection might have a stronger effect due to the
presence of many functional genes, while in later stages of degeneration selective sweeps are considered to
be more important (Bachtrog 2008).

Under the scope of sexual conflict, the fact that heteromorphic Ys are present only in males makes
them an ideal location for male-beneficial genes. This notion can easily explain the conserved patterns of
genetic content across different Y chromosomes, by assuming that male-beneficial genes become Y-linked to
avoid negative selection by females. However, this hypothesis is difficult to test, and newly emerged sex
chromosomes are again valuable models into the processes that form the gene content of Y. Emerging data
from the massive gene amplification on D. miranda’ s neo-Y indicate that some of the co-amplified neo-X and
-Y genes are dosage sensitive, which might indicate a putative dosage compensatory role of Y-linked copies
(Bachtrog 2019). On the other hand, neo-Y amplified genes tend to acquire male-specific expression patterns,
with the majority of them being expressed in testis and male accessory glands. Additionally, accelerated
protein evolution rates are observed for neo-Y genes that are classified as male beneficial, which might
indicate a trend for neo-Y genes to acquire or improve male-functions (Zhou & Bachtrog 2012). Most of the
X/Y amplified genes of D. miranda originated from the autosome to which the ancestral Y linked to, therefore
the gene amplification might act as a mechanism for the evolution of sex-specific functions in young sex
chromosomes. Contrary to this, the gene content observed in ancient Y chromosomes is still consistent to a
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male-specific role, but appears to have translocated to the Y from other autosomal regions. Such is the case
for Y-linked genes of both humans and D. melanogaster, where the majority of fertility related genes have
translocated to the Y from other autosomes (Skaletsky 2003, Carvalho 2002). However, it should not be
misconceived that there is a deterministic way of linking genes on the Y. Rather, the selective forces acting on
Y chromosomes favour random events to an extent where they confer an advantage to the non-recombining
region of Y or resolve cases of sexual conflict.

It would be naive to assume that the genetic content of the Y has only a protein coding role. The non-
coding content of Y chromosomes has been found to be implicated in metabolic regulation (Molina 2017), and
male disease in humans, through transcription of long, small and the newly discovered yet promising class of
circular RNA (Maier 2021). Similarly, studies of the regulatory dynamics between different Y chromosomes of
D. melanogaster revealed a manifold of cryptic variation among them (Lemos 2008). Under the same genetic
background, different Y chromosomes were able to differentially regulate the expression of autosomal and X
located genes, with a preference in male-biased genes. The mechanism of this gene regulatory role was not
resolved. However, variation in heterochromatin blocks that contain TEs and repeats was hypothesized as
being responsible, through altering the availability of limited transcription factors or chromatin regulators (Liu
2007).
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Meiotic gene drives

Another approach for the elements that reside on the Y and their functional role suggests that
intragenomic genetic conflict is a major contributor to their evolution. Mendelian inheritance predicts an equal
probability for transmission of each chromosomal copy to the progeny of a diploid organism. However, selfish
genetic elements exist that increase their transmission to the next generation through manipulating meiosis
or gametogenesis (Sandler 1957). Such mechanisms, known as meiotic gene drives, consist of a distorter gene
and a responder locus with variable sensitivity. The distorter gene must be able, upon presence of a sensitive
responder allele, to trigger or halt a molecular cascade that will result in a bias inclusion of its allele into
functional gametes. Sex chromosomes can be highly differentiated and are considered relatively easy targets
for segregation distorters (Bachtrog 2020). Although such selfish mechanisms have been evolved multiple
times in different organisms (Courret 2019, Cocquet 2012), they are usually forced to suppression due to the
burden caused by population sex-ratio distortion. The process of X/Y gene co-amplification has been proposed
as being such a meiotic gene drive repressor mechanism that arises during the early stages of neo-X and -Y
differentiation, during which sex chromosomes are vulnerable (Bachtrog 2020). In fact, a Gene Ontology
analysis performed on co-amplified X/Y genes revealed an over-representation of biological processes related
to meiosis and chromosome segregation which might indicate an ongoing X-Y interchromosomal conflict over
segregation (Bachtrog 2019). Additionally, components of the RNAi machinery were also found amplified,
which together with the occurrence of both orientation transcripts from co-amplified genes, implies a putative
dsRNA mediated gene regulation.

An interesting example of a meiotic gene (| ) ') 31 /2 A R G AN B 3
drive system is the Segregation Distorter (SD) ' | ; : ‘
system, which can be found at low frequency in 37 ‘ ST © '38ize 39140
almost all wild populations of D. melanogaster. In a
male SD/SD* heterozygote, SD* bearing spermatids
fail to complete histone-to-protamine-transition, a
process needed for the hypercondensation of DNA
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the complete mechanisms of the distorter’s mode
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o Figure 6 Structure of the SD region. (A) A polytene map showing the
of action is yet to be found. location of the Sd locus at band 37D2-6. (B) Gene arrangement on

o . the Sd locus. (C) A schematic representation of RanGAP and Sd—
The components of the meiotic gene drive  runGap proteins. (Larracuente & Presgraves 2012)

are mapped on chromosome 2 of D. melanogaster.

All SD flies share a ~5kb tandem duplication characterized as the Sd locus (Powers & Ganetzky 1991). Two
nested genes reside inside the duplication, which encode for a heparan sulfate 2-O-sulfotransferase (Hs2st)
and a Ran GTPase activating protein (RanGAP) (Figure 6). The distorter role has been attributed to the RanGAP
gene duplication, and specifically to one of the two duplicates that appears to be structurally altered compared
to the WT allele (Merrill 1999). In the distal part of the duplication, the RanGAP copy is cleaved at the
duplication junction, while an introduced early stop codon leads in the production of a truncated protein that
lacks 234 amino acids of the COOH-terminus termed Sd-RanGAP (Figure 6.C). Two important amino acid motifs
are absent from the truncated product: a SUMOylation site that is responsible for anchoring the RanGAP on
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the nuclear envelope, and one of the two Nuclear Export
Signals (NES) (Mahajan 1998, Kusano 2003). The Sd-
RanGAP protein has altered subcellular distribution, being
diffused in the nucleus and cytoplasm consistent to
exclusion of SUMOylation and NES signals, while its normal
localization is associated with the outer periphery of the
nuclear envelope (Figure 7). The Responder locus of the SD
system was more challenging to identify since it
corresponds to a class of DNA elements for which little is
known, satellite DNA. Rsp was mapped near the
centromere of chromosome 2, in a highly heterochromatic
region (Brittnacher and Ganetzky 1989). It was found that
a repeated array of a dimeric 120bp AT-rich repeat
correlates with the SD phenotype, and specifically the

-
.

degree of sensitivity is proportional to the copy number of
the repeats: Rsp* alleles include ~ 2500 copies, Rsp°® alleles
include ~700 copies, Rsp’ alleles associated with SD*
chromosomes (no Sd duplication) include 100-200 copies,

Figure 7 Nuclear mislocalization of Sd-RanGAP in primary
spermatocytes. Confocal images show Sd-RanGAP-HA or
wild type Sd-RanGAP anti-body staining (green) and
propidium iodine staining of chromatin (blue). A & B:
primary spermatocytes from wild-type males, C & D:
primary spermatocytes from distorting males expressing a

and Rsp’ alleles associated with SD chromosomes include
<20 copies of the repeat (Wu 1988, Pimpinelli 1989).

Sd-RanGAP-HA transgene (Kusano 2001).

Several modes of action have been proposed for the SD system, however the exact mechanism of
segregation distortion is unknown. Ran protein and its cofactor are associated with a number of different
cellular processes, including mitotic spindle assembly, nuclear envelope assembly, chromosome segregation
and other cellular processes that take place during anaphase and cytokinesis (Quimby & Dasso 2003, Renso &
Wilde 2011). In addition to that, Ran protein is mostly known for its essential role in the nuclear transport
process. Ran belongs to the Ras protein family and is a small GTPase, meaning that it hydrolyses GTP and
exploits the released energy to change its conformation. Ran is found in two forms, GTP- and GDP-bound, and
it cycles between them through the help of its co-factors RanGAP and RanGEF (Ran guanin nucleotide
exchange factor). These proteins catalyze the nucleotide hydrolysis and nucleotide exchange respectively and
their differential localization (RanGAP: nuclear envelope, RanGEF: chromatin associated) generates a
concentration gradient of Ran-GTP and Ran-GDP across the nuclear envelope (Figure 8) (Kalab 2002). An
essential role for the directionality and trafficking of components between the nucleus and the cytoplasm has
been attributed to the differential distribution
of Ran-GTP and Ran-GDP (Gorlich & Kutay 1999).
Import complexes that carry cargo proteins into
the nucleus, enter through the nuclear pore and
are dissociated through the help of nuclear Ran-
GTP, thus releasing their cargo. Similarly,
proteins and RNAs that are intended to exit the
nucleus form export complexes that require
Ran-GTP for their stability, which is hydrolyzed
to Ran-GDP by the co-factor RanGAP upon
entering the cytosol leading to complex
dissociation (Figure 8). Sd-RanGAP is thought to
perturb the concentration gradient of GTP- and
GDP-bound Ran through its aberrant subcellular
distribution.

Importin- B

&} RanGAP
[ ] 2
® v\

o W
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RCC1 (Ran-GEF1)

Figure 8 Schematic view of conventional nuclear transport mechanism
using RanGTP/RanGDP gradient. (Mirsalehi 2021)
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Karyopherins in gametogenesis

The compartmentalization of DNA and the shuttling of proteins and RNA to and from the nucleus is a
fundamental aspect of eukaryotic systems. Molecules smaller than ~40kDa are capable of translocating
between cytoplasm and nucleus through diffusion. However, larger macromolecules require a carrier to move
them through a basket-like structure called nuclear pore. This movement is mediated by karyopherins, a family
of proteins that use the Ran-GTP/-GDP gradient described before to transfer molecular cargo (Figure 8)
(Kimura 2014). Three distinct types of karyopherins are found in eukaryotes: alpha-importins (IMPa), beta-
importins (IMPB) and exportins. As suggested by their names, the two former types cooperate for the import
of cargo in the nucleus while the latter type is responsible for the export process. For the purposes of this
thesis, | will focus on importins as it appears to have an intriguing role in gametogenesis. IMPa are
characterized by an importin-B binding domain on the N-terminus (IBB) and armadillo (ARM) repeats on the
C-terminal domain, while IMP consist mostly of HEAT motif repeats on the C-terminus and a Ras binding
domain on the N-terminus (Bednenko 2003). The ARM and HEAT protein domains share common ancestry,
with IMPs being the progenitors of IMPas (Malik 1997).

. . A A Subfamilies Human Kapps S. cerevisiae Kapfis

Proteins that are intended for nuclear localization often
carry respective signals (NLS: Nuclear Localization Signal) IMB1 —{Importin-fKapf1 Kepip |
which are recognized by importins. A classical NLS includes IMB2 —{ Kapti2Transportin Kap1D4p J
stretches of basic amino acids that are recognized by the ARM IMB3 —{Imporiin-5/RanBP5/kapp3 Kap121pPsetp |
repeats of IMPa. The NLS-ARM interaction causes a IMB4 —{importin-4/RanBP4 Kap123p )
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|
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mediate the translocation of proteins to the nucleus without XPOS—{Exporin s | Kaptazphsnco)
the need for prior IMPa interaction while the NLSs recognized ~ XPO8—{Eeaxins | ]
by IMPBs contain much greater variation (Lee 2003, Lee 2006). XPO7 —| Exportin-7/RanBP16 | ]
The developmental transitions and differentiation of XPOT—| Exportin-tXpo-t | Losip J
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Figure 9 The importin beta family of nuclear transport
proper time (Loveland 2015). Therefore, there is an expected fuctors. Schematic of all known human and S.
plurality over the number of IMPB members, the type of NLSs cerevisiae IMPBs divided into evolutionary-derived

. . . subfamilies (Chook 2011).

each IMPB member recognizes, as in its spatiotemporal
expression (Major 2011). The members of IMPBs found across
species range from 14 in Saccharomyces cerevisiae to 20 in humans (Figure 9), highlighting the parallel
transport pathways that exist (Chook 2011). In D. melanogaster, mutations in IMPB genes that disrupt the
transport pathways are found to be detrimental for specific developmental and morphogenesis processes
(Kimura & Imamoto 2014). Of high interest for the purposes of this thesis is the role of IMPB members in
spermiogenesis and testis physiology functions.
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Spermiogenesis is a process that involves drastic rearrangements in the cell, in a way that the unique
morphology of sperm can be accomplished. Therefore, shuttling regulation of specific transcripts and proteins
to and from the nucleus is vital for the differentiation to be successful. Major (2011) described a pattern of
differential cell-type expression and subcellular localization of karyopherins throughout spermiogenesis in
rodents. During this process, the expression profiles of two IMPB members, importin-4 and importin-5, were
found to be associated with specific stages of spermiogenesis (Figure 10). A convergent characteristic of
mature sperm cells is the tight condensation of chromatin in the nucleus of mature spermatids. To achieve
this, canonical histones, the proteins that form nucleosomes, are replaced by protamines in a process called
histone-to-protamine transition (Miller 2010). In mammals, this process is initiated by intermediate mediators,
transition protein 1 (TP1), TP2 and TP4, that replace ~90% of the somatic and testis specific histones.
Consistent with the overexpression of importin-4 during that stage, studies in rodents revealed the
involvement of imp-4 in the translocation of TP2 during mammalian spermiogenesis process (Pradeepa 2008).
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Figure 10 Expression of importin Bs throughout mouse spermatogenesis. Data are separated into lower/higher detection levels for
visualisation purposes (Major 2011).

The essential role of imp4 in gametogenesis appears to be also conserved in the Diptera clade. A
tandem duplication of imp4 homologue in D. melanogaster generated two genes termed Apollo (Apl) and
Artemis (Arts), which evolved to resolve intragenomic sexual conflict (Vankuren 2018). Based on the mutation
acquisition of the two copies, Ap/ seems to have derived from Arts ~208.000 years ago. Each copy is
characterized by a tissue enriched expression pattern, with Ap/ being predominantly expressed in testis while
Arts has acquired higher expression in ovaries. Respective knockouts of each allele indicate that each copy has
acquired a vital sex-specific role, with Ap/”" induced sterility in males and Arts” induced sterility in females.
The sterility phenotype of Ap/ and Arts null mutants appears to result from a disruption in the actin/myosin
network responsible for gamete elongation, that leads in round spermatid nuclei and eggs. Interestingly, this
no-elongation phenotype is also apparent in dysfunctional spermatids of the SD system, in which the nuclear
translocation system is perturbed by the aberrant Ran-GTP/GDP gradient (Tokuyasu 1977). Sexual conflict is
thought to be the selective force that drove the duplication of the ancestral imp4 gene, since its ancestral
pleiotropic state would not allow for the optimization of its male- or female-specific function (Vankuren 2018).
Therefore, the duplication and subsequent rapid evolution of sex-enriched role offered a resolution to the
intragenomic conflict. It is worth mentioning that the ancestral imp4 gene was also found duplicated in three
additional drosophila lineages through RNA-mediated duplication, and acquired the similar tissue-enriched
expression as Apl/Arts pair.
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In fact, imp4, or the precursor of Apl and Arts, is not the only member of the nuclear transport pathway
that was duplicated in the Drosophila lineage. A broad comparative analysis of 131 nuclear transport genes
from 22 Drosophila species identified eight classes of duplicated genes, with the highest number of individual
duplication events being observed for Ran, importin-a and Ntf-2 (Figure 11) (Mirsalehi 2021). Importin-a2 was
found as having the most independent duplication events, and intriguingly its function is specialized in
Drosophila lineage for gametogenesis (Mason 2009, Mason 2002, Phadnis 2012). In sharp contrast to the
Apl/Arts example, the majority of duplicated genes (~78%) were found to be RNA mediated retroposed copies,
as the coding exons are conserved between copies while introns are either differentiated or absent. A general
pattern was observed for nuclear transport gene copies, where the ancestral copy retained a ubiquitous
expression while the retrocopy obtained tissue-enriched expression in testis. Furthermore, in several lineages
the retrocopies are under positive selection, indicating a functional role for the duplication of these genes,
possibly male-related. The duplication events were found to predominantly exist in the Drosophila lineage,
although the genomes of several other Diptera were studied. However, it should be noted that no members
of the Tephritidae family were included in the analysis.
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Figure 11 Summary of nuclear transport genes duplication events across 22 Drosophila species is shown in the phylogeny. Each
rectangle represents a duplication event. DNA-mediated duplications are shown in bold in the table and with striped boxes in the
phylogeny (Mirsalehi 2021).
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The olive fly B. oleae as a member of the Tephritidae family

Bactrocera oleae (Rossi), also known as the olive fruit fly, is a
member of the Tephritidae family of diptera, belonging to the Daculus
subgenus. The Tephritidae, or true fruit flies, is a family of insects
known for its worldwide economic importance. Out of an approximate
of 4.000 members, more than 250 Tephritidae species are known to
attack a wide range of fruits and vegetables, making them one of the
most important family of pests (Hoy 2018). Their destructive action
results from the developmental cycle of the insects, and specifically
from the process called holometabolism. During the development of
diptera, an individual undergoes complete metamorphosis meaning
that the early developmental stages are morphologically different from
the adult insect. Therefore, four characteristic life stages are observed:
egg, larva, pupae and adult. In an effort to protect the embryos until
pupal formation and to provide direct access to nutrients just after egg
emergence, adult female pest species oviposit their eggs inside crops
from which the larvae feed upon (Figure 12). As a result, the crop is
destroyed and made inappropriate for consumption.

Figure 12 Female adult B. oleae ovipositing

o i . inside an olive crop (above). The larvae
The majority of Tephritidae pests are polyphagous, and their hatched from the eggs feed upon the olive’s

larvae can feed upon a wide range of fruits and vegetables. fesh (bellow).
Characteristic examples of such pests are Ceratitis capitata
(Wiedemann), Bactrocera dorsalis (Hendel) and Bactrocera tryoni (Froggatt). However, the larvae of the olive
fly B. oleae are strictly monophagous and can survive through feeding exclusively from crops of olea species,
mainly Olea europaea (Daane & Johnson 2010). Due to the dietary association of B. oleae to olive crops, the
distribution of the insect is tightly linked to olive cultivating areas. Olive fly is widely distributed in the
Mediterranean basin where the vast majority of olive trees are cultivated (~98%), and it was accidentally
e ' , introduced in California in 1998,
' spreading to N. America and Mexico
by 2004 (Burrack & Zalom 2008,
Zalom 2008). An endemic species of
this pest was also reported in
Pakistan, B. oleae var asiatica (Nardi
2006, 2010), while Australia is one
of the few areas where olive trees
can be cultivated for commercial
purposes and the olive fly is not

established yet (Figure 13)
Figure 13 World distribution of Bactrocera oleae. (Malheiro 2015) (Malheiro 2015).

The population control measurements taken for the containment of the destructive action caused by
B. oleae reside mainly on conventional methods. Traditionally, chemical insecticides are used against the olive
fly, including organophosphates (Skouras 2007), pyrethroids (Margaritopoulos 2008) and the biopesticide
compound Spinosad (Thomas 2005). However, the absence of species-specificity for those compounds make
them detrimental to human health and the environment. The potentially serious health effects of insecticides
in humans are well reported (Yano 2002, Mansour 2008a, 2008b), resulting in a total of 1 million word-wide
deaths and chronic diseases per year (Environews Forum, 1999). Additionally, the extensive use of insecticides
underlies the risk of resistance development in wild populations, with such instances being reported in
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laboratory conditions (Skouras 2007, Vontas 2011, Kakani 2010). From an ecological point of view, the lack of
species-specificity poses a serious threat to biodiversity through affecting advantageous insects, birds, aquatic
organisms and animals (Denholm and Rowland 1992).

Eco-friendly alternatives to the use of insecticides for population
control purposes have been suggested, with Sterile Insect Technique (SIT)
being the most widely approved method (Knipling 1955). SIT is based on the ZAPMALE FLIES WITH RADIATION
TO MAKE THEM STERILE
mass rearing and release on the field of sterilized, preferably male-only
insects (Figure 14). The sterile males are intended to mate with wild type W
(WT) females, thus reducing the reproductive potential of the wild *
population, leading to its suppression. In contrast to chemical control a
methods, SIT is a species-specific and non-disruptive method that allows for I —

the suppression or even elimination of a local pest population (Dyck 2005). - ¥ W ¥ ¥

Although SIT is efficiently applied in IPM programs for the containment of ¥ *
other major Tephritidae pest species like C. capitata and B. dorsalis (De ‘ FA AN
T @

Longo 2000, Orankanok 2006, 2007), its application on B. oleae is hindered

by the inability to separate male-only insect at early developmental stages.

Such separation requires Genetic Sexing Strains (GSS) that are based on the ‘
translocation of genetic phenotypic markers on the male-limited Y *
chromosome. The mutation of those markers on the autosomal loci and the
subsequent phenotypic rescue on the Y confer a distinct phenotype on
females (eg. white pupae pigmentation, embryonic thermal sensitivity)
while the males possessing the WT phenotype are selected over. Efforts for
the genetic translocation of phenotypic markers on olive fly’s Y Figure 14 Principles of Sterile Insect
chromosome were unsuccessful, as were both-sex release SIT trials Technique (SIT) method (New
(Economopoulos 1972, Economopoulos 1977, Economopoulos & Zervas scientist©)

1982).

\.l
¥ W
¥

MALES MATE WITH WILD FEMALES

BUT EGGS DON'T HATCH
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The principle of male-only releases in SIT highlights the importance of sex chromosomes, and
specifically of the sex-limited Y, for the efficient implementation of IPM programs. In many higher Diptera, the
chromosomal composition consists of 5 large rod chromosomes, described as A-E Muller elements in
Drosophila melanogaster, and a smaller heterochromatic dot-like chromosome (Muller 1940). Consistent to
this is the typical karyotype for Tephritidae, which is composed of six chromosomal pairs, including a pair of
heteromorphic sex chromosomes (XY), with the males being the heterogametic sex (Figure 15) (Garcia &
Martinez 2009, Kounatidis 2008, Mavragani & Tsipidou 1992, Zhao 1998). In contrast to D. melanogaster
where the sex is determined by the A:X chromosome ratio (Cline 1993), the Y chromosome of Tephritidae was
long known to house the male determining factor. The Maleness-On-the-Y (MoY) gene was recently
characterized on the Y chromosome of major Tephritidae pest species, including B. oleae, as the necessary
and sufficient factor for male development (Meccariello 2019). Despite the high conservation of MoY’s
sequence and localization on the Y, there is a high variability in Tephritidae’s Y chromosome size, in both inter-
and intra-specific level. In the karyotype of B. oleae, the Y appears as a dot-like heterochromatic chromosome
of ~4 Mb in size (Figure 15.B). Similarly, B. dorsalis, B. zonata and Rhagoletis completa also possess dot-like Y
chromosomes while the Y of Anastrepha ludens, B. tryoni and B. curcubitae are larger than dot but still short
in size. An exception to this morphology is the Y chromosome of C. capitata which is large and characterized
by distinct chromosomal arms (Figure 15.A).

-

Figure 15 Male mitotic karyotype of Tephritidae species. X and Y chromosomes are indicated. (A) Ceratitis capitata, (B) Bactrocera
oleae, (C) B. tryoni, (D) B. dorsalis, (E) Zeugodacus cucurbitae, (F) Dacus ciliatus, (G) Anastrepha fraterculus, (H) A. ludens, (1)
Rhagoletis cerasi, (J) R. completa, and (K) R. cingulate. (Zacharopoulou 2017)
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Studying the Y chromosome of B. oleae

Considering the importance of sex chromosomes and sex-related genes for the efficient application
and expansion of IPM approaches, the thorough study of these elements becomes inevitable. Moreover,
model species are extremely useful for studying the biology of different lineages in the tree of life. However,
studying the sex chromosomes, sex determination and sexual conflict only in a model species could lead to
misconceptions about the universality of characteristics. Notably, those mechanisms appear to have
independently and convergently evolved multiple times even in organisms of the same clade. Therefore, new
data emerging from sex chromosomes of non-model organisms provide interesting exceptions and empirical
insight into the evolutionary processes and dynamics of sex chromosomes and sex-related characteristics.

The study of sex chromosomes, and especially of differentiated Ys, was traditionally challenging. Due
to their heterochromatic and highly repetitive nature, Y chromosomes are notoriously difficult to sequence
and assemble with standard bioinformatic approaches. Usually, these parts of the genome are
underrepresented in the final assembly, with Y regions appearing highly fragmented and mis-assembled due
to unresolved repeats (Hall 2013, Carvalho 2013). Characteristically, out of the ~40Mb heterochromatic Y
chromosome of D. melanogaster, only ~4Mb were included in the final reference assembly while the rest
required custom curation in order to be resolved (Chang & Larracuente 2021). Additionally, the difficulty in
assembling the fuzzy Y has led to female-only sequencing efforts, resulting in Y chromosomes falling behind in
genomic studies (Jiang 2022). Even when males are included in the sequencing, the identification of the
regions in the assembly that represent sequences of the Y remains a big challenge. Traditionally, the
Chromosome Quotient (CQ) approach is used for this purpose (Hall 2013). CQ can identify both X and Y
assembly regions in the presence of independent male and female sequencing data of high depth. The
sequencing reads are aligned on the reference assembly and different chromosomal regions are characterized
by the differences in depth of coverage. Single copy Y is expected to be covered only by male datasets, while
the ratio of depth of coverage for X chromosome is expected to be 1/2 based on the presence of single copy
X on males. This method was proven efficient in the characterization of human and mosquito sex
chromosomes, however the unique evolutionary history and sequence divergence of different Y
chromosomes, in addition to variations in sequencing technology and depth utilized across species, sets the
global efficacy of the method at a risk.

The use of hybrid sequencing and assembly methods has provided remarkable results in de novo
assembly efforts of non-model organisms. Consistently, the use of hybrid technologies in the recent whole
genome sequencing of B. oleae resulted in one of the most contiguous assemblies in Tephritidae and closed
many gaps in the composition of the genome (Bayega 2020). Moreover, it provided exceptional insights into
the sequence of the dot Y chromosome of this insect, which hosts the maleness factor. The Y chromosome
sequences were characterized through the initial CQ method (Hall 2013), which predicted ~3.9Mb in the
assembly as being Y-linked, the ~1.7Mb of which were PCR validated. Surprisingly, the size of predicted Y
sequences is consistent with the estimated ~4Mb size for B. oleae’s dot Y. However, the reference assembly
still contains major errors on Y-linked regions, which are apparent from the mis-assemblies observed on the
maleness gene locus. The MoY gene was recently characterized in many Tephritidae, including B. oleae, as the
necessary and sufficient factor for male development (Meccariello 2019). Notably, its computational
identification on the Y of B. oleae was hindered by assembly errors on the coding region of MoY. Currently,
MoY gene is the only functionally characterized gene on the Y, but considering the evolutionary implications
and empirical observations on sex-limited chromosomes, it is expected that additional male fitness and fertility
roles should be attributed to it.
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Thesis goal and objectives

The goal of this thesis is to provide the appropriate methods for the exploitation of publicly available
genomic and transcriptomic data from non-model insect species towards a thorough characterization of the
sequence, content, and role of Y chromosomes. We use the high-quality assembly of the olive fruit pest
Bactrocera oleae as a case study. Initiating from the identification of the Y-linked genomic content we extend
the analysis to the point of functionally characterizing a Y-linked gene, acknowledging the importance of Y
chromosome’s content for the monitoring and implementation of IPM approaches. Specifically, the objectives
of this thesis are:

i Develop novel Y identification method and benchmark them against existing ones
ii.  Computationally characterize predicted coding genes on Y regions
iii.  Validate Y-linkage of selected assembly regions through PCR

iv. Experimentally characterize the function of a Y-linked gene with IPM-related role
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Materials and methods

Genomic resources

The analysis was based solely on publicly available data deposited on NCBI SRA dataset. The recent de
novo assembly of B. oleae was used as a reference (GCA_001188975.4) and genomic sequencing data from
male (SRR8788979, SRR8767399) and female (SRR8788622) insects were used for the Y-identification
analysis. The transcriptomic dataset used included data from different developmental stages
(SRR8820069-SRR8820076, SRR8819878 - SRR8819887, SRR5559327, SRR5559328, SRR826667,
SRR826668, SRR8800824, SRR8800826, SRR8800833) and adult tissues (SRR826665, SRR826666,
SRR8800821- SRR8800823, SRR8800825, SRR8800827- SRR8800832) of male and female insects. For
benchmarking the novel algorithms, D. melanogaster ’s chromosome-level reference assembly
(GCF_000001215.4) was used together with male (ERR2163721, ERR2163723) and female (ERR2163720,
ERR2163722) DNA-sequencing datasets. Both DNA and RNA reads were aligned on the reference genome
using GSNAP algorithm. The gene annotations and Apollo genome browser were provided by A/Professor
Alexie Papanicolaou.

DNA extraction and Y contig validation

DNA was extracted from adult B. oleae flies from Demokritos laboratory strain using CTAB buffer in-house
protocol. The insect samples for DNA isolation were collected from the general insect laboratory
population and included whole body of adult males and head-thorax of adult females. Abdomen of
females was discarded to avoid male DNA contamination from sperm maintained in spermatheca post
mating. Male and female genomic DNA was used for PCR validation of putative Y contigs. One primer pair
per contig was designed using Geneious Primer3 plug-in and each primer was validated for its uniqueness
through BLASTn of its sequence against the reference genome of B. oleae. PCR reactions were conducted
with 30ng/ul of genomic DNA using KapaTaqg polymerase (Sigma-Aldrich), following the suggested PCR
conditions. The sequence and respective Tn, of each primer pair can be found in Table 10.

Insect rearing conditions and injections

The Demokritos laboratory strain of B. oleae was used for the experimental procedures. Insects were
reared under controlled conditions of maintained 60% humidity, a temperature of 25°C and 16:8 day:night
photoperiod. Artificial larval and adult diets were provided to the insects as previously described and
paraffin cones were used for egg laying and collection (Tzanakakis 1989). Prior to injection, emerging
adults were sexed and kept at separate cages, to maintain virgin populations. At the first day after
emergence, individuals were removed from the sexed populations and injected with 96nl of dsRNA
(1,5ug/ul). Injections were performed with Nanoject Il using glass needles, at the metathoracic segment
as suggested by Tsoumani (2020), and injected individuals were kept in sexed populations. Quadruplicates
of injected flies were sampled from day 0 to day 6 post injection, and kept at extrazol reagent until RNA
extraction.

dsRNA preparation
Synthesis of IMP4 and GFP dsRNA for the injections was done through in vitro transcription using T7 RNA
polymerase (Thermo Scientific). Specific primers were designed that amplified a 400bp region on the 4"
exon of autosomal importin-4 gene. Both primers contained a T7 promoter overhang that was
incorporated into the final amplicon. DNA in vitro transcription template was amplified from female
genomic DNA using KapaTaq polymerase, ran on agarose gel, size selected and extracted using NucleoSpin
gel and PCR clean-up kit (Macherey-Nagel). Similarly, a 500bp DNA template for in vitro transcription of
dsGFP was amplified from a plasmid containing the GFP gene using primers with T7 overhangs and isolated
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as described previously. In both cases dsRNA was diluted and administered in water for injection (wfi).
Primer sequences can be found in Table 10.

RNA extraction cDNA synthesis and RNAi evaluation

Total RNA was extracted from the whole body of injected insects using Extrazol reagent (BLIRT) based on
manufacturer’s instructions, with an additional DNase-| treatment step to remove DNA contaminants.
Synthesis of cDNA was done with MMLV-RT (Invitrogen), using random hexamer primers to initiate first
strand reverse transcription. The total quantity of RNA introduced to the RT reaction was 1 pg, while the
synthesized cDNA was diluted with wfi to a final volume of 400pl. Subsequently, the levels RNAi on imp4
transcript were evaluated using gPCR. A primer pair was designed for gPCR that amplified a 104bp region
on exon 3 of autosomal imp4 gene, standard primers for the housekeeping GAPDH and 14-3-3zeta
transcripts were used for normalization of expression and reactions were carried out at conditions
suggested by Sagri (2017). Primer sequences can be found in Table 10.

Importin-4 sequence alignments
Reference sequences for importin-4 gene were obtained from the official gene set of each organism on
NCBI. These included B. oleae’s importin-4 (LOC106622256), D. melanogaster’s Apollo (Dmel_CG32165)
and Artemis (Dmel_CG32164) and D. simulans importin-4 (LOC6738355). Pairwise alignments of genes
were performed using MAFT alignment plugin of Geneious. Multiple alignments of B. oleae’s importin-4'Y
copies were done with Geneious mapper using autosomal importin-4 as the reference sequence.
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Results

Development and benchmarking of novel methods

The identification of genomic elements on the Y chromosome requires the thorough characterization
of assembly regions that reflect Y-linked sequences. Bayega (2020) supported the characterization of the
majority (3.9 Mb) of sequences linked to the ~4 Mb dot Y of B. oleae through the use of a published CQ method
(Hall 2013). In brief, CQ employees the male/female ratio of read coverage to predict Y-linked regions, based
on the low or none support of those regions by female reads. In an attempt to expand the knowledge over the
regions of Y, and to test the efficiency of Y-identification methods across different organisms and/or assembly
approaches, we developed two additional Y-prediction methods (“Thessaly CQ”, “Kmer”) and evaluated them
against methods used by friendly labs (“Israel”, “CQ repeats”). The CQ repeats method is an improved version
of the traditional CQ used by Bayega (2020), as it masks repetitive elements identified on contigs. The two
novel methods used different approaches to identify Y regions, these included: i) a CQ approach and ii) a kmer-

based approach.

Traditional CQ approaches require separate male and female high-depth (>50X) sequencing data sets
for the valid assessment of male/female read coverage. The implementation of our own CQ approach uses
male and female read coverage files as input and calculates a median read-coverage ratio, in sequence
windows of predetermined size. It accomplishes this by using an autosomal contig to calibrate the depth of
each sequencing dataset, it normalizes the depth of the least covered dataset (usually females) and calculates
the male/female read-coverage for each contig while also accounting for repetitive sequences. Each contig is
partitioned in smaller sequences (100 bp default window size) and the male/female mean value of read-
coverage is estimated for each window. Subsequently, the ratio of male/female read-coverage is calculated
for each window, while the contig’s ratio is derived from the calculation of the median ratio from all respective
windows.

Manual curration of contigs identified by each method
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Figure 16 Categorization of putative Y contigs predicted by each of the methods assessed, to one of the five contigs categories: Y, X,
autosomal (A), misassembly (M) and contamination (C). Bar plots indicate the number of predicted contigs by each respective method
and colour categories indicate the result of manual curation.
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On the other hand, Kmer method uses an alignment-free approach to predict Y-linked contigs. The
estimation of read coverage through CQ principles requires the prior alignment of whole-genome-sequencing
reads on the reference sequence, a process that is time consuming and uses major computational resources.
Additionally, the high sequencing depth required for a credible estimation of the male/female ratio increases
the cost and limits the applicability of the method. In an effort to account for these drawbacks, a novel method
was developed that predicts Y contigs by accounting for male-specific regions across the genome. Specifically,
the method still requires separate male and female read datasets and uses them to generate sex-specific kmer
databases. Continuously, the percentage of sequence supported by kmers of the male and female-specific
database is determined and male-specific contigs can be predicted through a simple division of the male-
female (or male-common) percentage of coverage. We expect male-specific regions (Y chromosome) to have
higher coverage by the male-specific kmer database, while common genomic regions (X and Autosomes) are
expected to possess identical kmer coverage by male- and female-specific databases. This method has the
advantage of smaller computational time, since it bypasses the need for read alignments, however it falls
behind in the identification of X-linked contigs since the X sequence is present in both male and female
datasets.

The two novel methods, as well as those developed by collaborating labs, were employed on the
reference assembly of B. oleae, which outputted four lists of putative Y contigs. In addition to this, a list of
PCR-validated contigs was available from Bayega (2020). The number and IDs of predicted Y contigs differed
between the methods used. Specifically, Israel method predicted 195 contigs, CQ-repeats outputted 64 contigs
and the novel Thessaly CQ and kmer methods resulted in 350 and 370 putative Y contigs respectively. It should
be noted that the predictions of our methods are based on a user defined threshold, above which the contigs
are considered putatively Y. For this analysis, the threshold for Thessaly CQ method was set at InMedian > 2
male/female ratio while for the kmer method it was set at >5% differential coverage by male and female kmer
databases (Figure 22, Figure 21). The thresholds used were relaxed and based on empirical observations, while
no size filter was applied in the analysis, therefore small contigs of ~2kb were also included in the final lists
based on the observation that Y chromosomes appears highly fragmented in the assembly (Tomaszkiewicz
2017). Indeed, Figure 21 suggests an inverse relationship between contig size and number of putative Ys, with
the final size category completely lacking any of them. Overall, 13 putative Y predictions overlapped between
the four assessed methods (Figure 17, Table 7), resulting in a total of ~1.75 Mb of resolved Y sequence.
Additionally, the largest number of shared putative Ys was observed between the two novel methods which
highlights their increased sensitivity compared to the others.

Israel Kmers

CQ-repeats Thessaly CQ

Figure 17 Venn diagram with the number of shared curated Y and Y/M contigs identified among the four assessed
methods.
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In order to evaluate the efficiency of each method, the total 768 putative Y contigs predicted by all
methods were manually assessed for their chromosomal origin. Male and female reads were aligned on the
reference genome and the curation of the chromosomal origin was done in Apollo genome browser, through
observation of the depth and consistency of read coverage across each contig’s sequence. In this way, the
contigs were categorizedin: X, Y, A (Autosomal) or as being erroneous assemblies (misassemblies) of unknown
origin (M) or misassemblies of two chromosomes (e.g. X/Y/M). An additional category was included for contigs
that were considered contaminations (C) of non-fly DNA and mainly reflected bacterial sequences of the
insect’s microbiome (Figure 16). Those contaminants were supposedly removed from the final assembly
during quality control (Bayega 2020), however we were still able to identify bacterial genes and sequences in
the published assembly, the read-coverage of which did not support a hypothesis of exogenous element
integration in the fly’s genome. The above manually curated dataset was used to estimate the efficiency of
each method in recalling Y contigs as well as the amount of false positives that each one produces (Table 1,
Table 2). Since several contigs were identified by more than one method, it was appropriate to define the
number of curated Y contigs that are uniquely identified by each method as this reflects its superiority and
sensitivity over the others (Table 3, Table 4). Apparently, the newly developed Thessaly CQ method appears
to be the most sensitive of all, with a recall percentage of ~93% for curated Y contigs and a false positive rate
of ~15% (53/350 predicted Y contigs) (Table 1, Table 2). Kmer method was benchmarked as the second-best
method in identifying curated Y contigs, with a recall rate of 43.3 % and a false positive rate of ~54% (198/370
predicted Y contigs). The high false positives derive from the abundance of misassembled contigs predicted as
putative Ys. In fact, contig regions that were not supported by adequate male or female short reads were
categorized as M, since their origin could not be confidently interpreted. As Kmer method accounts only for
horizontal read coverage and not depth, few male reads aligning on misassembled regions led to their
characterization as putative Ys by the algorithm. We cannot conclude whether this is an algorithmic drawback
or a higher sensitivity, PCR validation of those regions could provide an answer to this.

Although the results from B. oleae suggested that the two novel methods overperformed the
previously used ones, we wanted to test their efficiency over the reference genome of D. melanogaster. We
used the model species of Diptera for this analysis since its scaffold characterization is at chromosome level,
therefore we could avoid the manual curation for this organism. In fact, the Kmer method had the highest
efficiency, achieving an 81.1 % recall rate for validated Y contigs and predicting 52.6 % of the Unknown contigs
as Y-linked (Table 5). Similarly, Thessaly CQ had a recall rate of 71 % for validated Y contigs and predicted
65.9 % of the Unknown as being Y-linked (Table 6). It is possible that the different sequencing and assembly
methods used in D. melanogaster and the unique sequence characteristics of its Y chromosome compared to
B. oleae, might be responsible for the variance in performance. Overall, the two methods performed efficiently
in characterizing >70 % of validated Y contigs and also predicting uncharacterized contigs as Y-linked.

Gene predictions on putatively Y contigs

In an attempt to identify Y-linked genes, the reference assembly of B. oleae was automatically
annotated using the JAMg pipeline. Continuously, the manually curated Y contigs were inspected for the
presence of automatic gene annotations, which resulted in a total of 80 computationally predicted genes. It
should be noted that the MoY gene was not included in the computational predictions, probably due to its
genomic region being erroneously assembled in the reference assembly. Apparently, MoY was absent from
both NCBI’s official gene set and JAMg gene predictions, while the genomic region contained significant read
coverage inconsistencies (Figure 19), suggesting that errors in the assembly of that region could impeded the
prediction of the Open Reading Frame (ORF) from the maleness factor. The translated ORF of each predicted
gene was subjected to a BLASTp search and the results are presented in Table 7. Although the majority of
predicted genes had at least partial similarities with gene annotations from other organisms, their expression

30| Page

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 16:49:13 EEST - 18.117.184.27



was not always supported by B. oleae RNA-seq datasets used in the analysis. This could be interpreted either
as false predictions of the annotation algorithm or as low expression regions of the genome. Additionally, it is
expected for Y regions to regulate the expression of autosomal genes, possibly through production of small
RNAs, which could be missed in the RNA seq dataset due to the library preparation strategy used (poly-A
enrichment).

One gene was found to be present in multiple copies in the curated Y contig dataset, the karyopherin
family member importin-4. Specifically, 13 copies of imp4 were found to be distributed in 5 curated Y contigs
(Table 8), while the expected number of actual Y linked copies is expected to be higher. This is inferred from
the high DNA-seq read coverage of Y imp4 regions, that exceed the expected 150X depth of Y-linked regions.
Such coverage inconsistencies are expected in highly similar repetitive regions, since the short-read assembly
approaches used in the reference assembly fail to resolve long repeats that exceed in length the size of the
library. In Y contigs that contained more than one imp4 copies, those were arranged either in a palindrome
orientation (LGAMO02015762.1, LGAM02021661.1, LGAMO02007390.1) or in tandem (LGAMO02019339.1). An
assessment of the Y imp4 expression, based on available RNAseq data revealed an exclusive expression of the
Y copies in male tissues, namely testes (SRR826665, SRR8800830) and sex organs of male insects
(SRR8800827). In many cases, the expression data were inconsistent to the automated gene annotations,
partially supporting the expression of the predicted imp4 genes. Furthermore, the transcription orientation of
Y imp4 genes was determined through identifying the strand to which the first sequencing reads of the paired
RNAseq supportive data align to, and comparing it to that of the ausosomal imp4 gene. Similar to what is
observed for Y amplified genes in Drosophila miranda, some imp4 Y copies were transcribed in the sense
orientation while at least one copy was transcribed in the antisense.

A group of 20 contigs from the computationally predicted putative Ys were chosen to further assess
their Y-linkage through PCR validation. The prioritization of the putative Y contigs was done based on the
following criteria: i) Number of predicted genes, ii) Size, iii) Presence of imp4 copies, iv) Transcriptome data,
v) Identification method. The design of the PCR validation included one primer pair per contig, which was
preferentially designed in regions of the predicted genes. Higher genetic variability is expected for Y regions
since the absence of recombination allows the fixation of neutral variance. Therefore, all PCR reactions were
performed using as template genomic DNA from Demokritos laboratory strain, that was used for the
generation of the reference assembly, so to avoid primer mismatches due to genetic variability in Y regions.
The results suggested the Y-linkage of 7/20 putative Y contigs that included a total of 10 computationally
predicted genes, 3 of which were predicted imp4 copies (Table 9). The rest of the copies were mapped on
contigs that were PCR validated as Y-linked by Bayega (2020). Although these results suggest a ~35% efficiency
of our Y curation method, both sex amplification in regions of Y curated contigs could be a false positive result
of the one-contig one-primer pair approach.

The genomic regions of Y imp4 gene copies were isolated, and their sequence was studied in
comparison to the autosomal copy. Structurally, the Y copies’ annotations indicate the presence of small
introns between the CDS, with the exceptions of LGAMO02019339.1 (1), LGAMO02015762.1 (1) and
LGAMO02021661.1 (2) that possess long introns and LGAMO02021661.1 (3), LGAMO02015762.1 (3),
LGAMO02007390.1 (1) and LGAMO02019339.1 (2) that are intronless. Mapping their sequences onto the
reference imp4 reveals that Y copies consist fragments of the autosomal imp4 gene, which collectively cover
large part of autosomal imp4 coding sequence (CDS). The gene region that is shared among Y copies and the
autosomal gene includes parts of the CDS, while there is a total absence of intron conservation. In fact, the
small annotated introns of Y copies are erroneous algorithmic predictions, as their sequence corresponds to
autosomal’s CDS. As for the larger introns, those could not be mapped anywhere on the autosomal gene,
therefore might consist secondary sequence acquisition. Collectively, those observations indicate an RNA
mediated mechanisms of imp4 gene amplification on the Y chromosome of B. oleae (Figure 18). The sequence
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conservation appears to be higher between Y copies, which share common SNPs, small insertions and
deletions, rather than among Y copies and the autosomal. This might imply a common origin of Y copies from
an ancestral RNA mediated duplication of imp4, which could be further amplified on the Y through non-allelic
homologous recombination induced by Y-located repeats.

The recent duplication of the imp4 homologue in D. melanogaster gave rise to two copies termed
Apollo and Artemis, which rapidly evolved sex-specific gametogenesis essential role, possibly resolving sexual
conflict over the original gene (Vankuren 2018). Considering the fertility role attributed to the imp4 gene
duplications, we compared their sequence to that of the homologous autosomal imp4 of B. oleae. Although
the two D. melanogaster copies have sex biased roles, they share an impressive amount of sequence similarity
at nucleotide level. The comparison of the two genomic loci indicates a 92.72 % identity in their sequence,
that corresponds to a 96.2 % similarity in the predicted amino acid sequences. In fact, the most profound
difference is an additional intron in Ap/ sequence that removes 20 amino acids from exon-3, near the N-
terminal domain (Figure 31). Arts was suggested to be the initial copy by which Ap/ emerged, therefore the
additional intron might be the result of a secondary acquisition related to the sex-specific function. This intron
is also absent from B. oleae imp4 homologue, although the two organisms share a 46.8 % similarity in the imp4
amino acid sequence. Additionally, B. oleae is characterized by two imp4 isoforms, which differ in the presence
of an intervening exon 4(2) between exons 4 and 5. Apl and Arts of D. melanogaster miss this small exon in
their gene annotation, however the closely related species Drosophila simulans includes one between exons
4 and 5, in one of the two predicted isoform annotations. The size of the exons is almost identical between
the two species (B. oleae: 108 bp, D. simulans: 111 bp), in contrast to the flanking introns that differ in size,
therefore positioning the intervening exons differently in the linear gene alignment (Figure 32). However, an
alignment of the exons’ sequence reveals a ~48.2 % nucleotide sequence conservation, similar to the total CDS
similarity shared by the two species (~48.3 %). Overall, B. oleae and D. simulans produce two isoforms of
autosomal imp4 gene that differ in the inclusion of an additional exon, whereas D. melanogaster produces a
single isoform from each of its imp4 duplicates (Ap/ and Arts) that differ in the exclusion or not of an exonic
region. Taking into consideration the above, it could be hypothesized that there is a sex specific role in each
isoform, which in the case of D. melanogaster was transposed from the intervening exon to the structural
variation found in Ap/ gene duplicate.
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Figure 18 Graphic representation of Y importin-4 gene copies’ alignment on autosomal importin-4. Grey regions on genes indicate
sequence similarity with autosomal, black regions indicate dissimilar sequence. Orange boxes highlight autosomal intronic regions
that lack homologues in Y copies. Aligned copies are (top to bottom): LGAM02021661.1 (4), LGAM02021661.1 (1), LGAM02015762.1
(2), LGAM02021661.1 (3), LGAM02015762.1 (3), LGAM02019339.1 (3), LGAM02007390.1 (2), LGAMO02006872.1 (1),
LGAM02007390.1 (1) and LGAM02019339.1 (2). Copies LGAM02021661.1 (2), LGAM02019339.1 (1) and LGAM02015762.1 (1) were
not mapped to reference due to the presence of large introns, their sequence similarity to imp4 was validated by aligning CDSs only.
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Concerning the genomic composition of the Y chromosome of B. oleae, the only functionally
annotated gene is that of the maleness factor (MoY). As noted before, the computational prediction of this
gene was impeded in B. oleae, possibly due to erroneous assembly of the respective genomic region. A manual
inspection of the annotated MoY gene revealed major inconsistencies in read coverage (Figure 19). The
expected 150X coverage depth was exceeded in the genomic region of MoY on contig LGAM02002022.1, with
the respective reads reaching in some regions a depth of ~280X. Additionally, the linear coverage depth was
inconsistent, with sudden drops of coverage from ~280X to the expected ~150X and back. A BLAT search of
the annotated MoY region on the whole genome of B. oleae revealed the presence of a second contig that
was supported mainly by long sequencing reads and few short reads. The comparison of a ~3kb region that
included the MoY gene in those two contigs indicated a ~¥91.2 % similarity between them, while a whole contig
alignment was not possible due to high divergence in the rest of their sequence. It could be hypothesized that
the presence of two MoY genomic regions was responsible for the initial error, since the short read assembly
that was initially used in the hybrid approach pipeline could not distinguish between highly similar reads
deriving from those two independent loci. The presence of multiple MoY copies was also validated through
gPCR through the AACq relative quantification method. Two single copy housekeeping genes, 14-3-3 zeta and
a-tubulin were used as reference, the amplification of which was based on primers designed and evaluated by
Sagri (2016). The results of relative DNA quantification indicated the presence of 3.4 copies of MoY gene,
which is peculiar, considering that we were expecting a relative quantity of ~1 in the case of duplication (same
ACq as the single copy housekeeping genes). The higher relative quantity of MoY could not be attributed to an
increased efficiency of the primers used for its amplification, since this was calculated to be within optimal
rates (E: 94.1 %, R?: 0.997). Possibly, the presence of repetitive MoY regions on the Y, that however do not hit
as MoY in the BLAT search, are responsible for the aberrant calculated copy number. In fact, a manual
inspection of the expressed loci on Y contigs revealed the presence of at least 5 assembly regions that
contained transcriptomic data and share partial sequence similarity with MoY gene, suggesting that fragments
of the maleness factor might also be amplified on the Y.
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Figure 19 Genomic locus of MoY gene on the reference assembly of B. oleae. Coverage inconsistencies are observed in regions
supported by genomic data across the locus, with sudden drops peaks of coverage, indicating the erroneous assembly of the region.

Functional analysis of importin-4 gene

The presence of amplified imp4 copies on the Y chromosome was intriguing, considering the suggested
fertility role of its homologues in other organisms. We proceeded to the functional characterization of
autosomal imp4 gene in B. oleae, as a first step in inferring a putative role for the Y copies. Towards that, we
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induced RNAi silencing of the imp4 gene in virgin adult populations by the administration through
microinjection of double stranded RNA (dsRNA). The design of the injections was based on similar functional
assessments done on the same organism by Tsoumani (2020). Specifically, a 400 bp region of autosomal imp4
exon-4 was amplified by female genomic DNA, with primers containing T7 promoter overhangs. Male genomic
DNA was avoided due to the amplification of Y by-products (Figure 33). Followingly, the amplicon containing
the minimal T7 promoter was transcribed in vitro from both orientations, generating complementary single
strand RNA molecules that formed the desired dsRNA. The double strand state of transcribed RNA molecules
was validated through electrophoresis in agarose gel. A final dsRNA concentration of 1.5 pg/ul was obtained,
that was 50 % higher than that suggested by Tsoumani (2020), resulting in the administration of 144 ng of
dsRNA per injection. Similarly, a dsRNA including a 500 bp region of the non-endogenous GFP gene was
amplified from a plasmid and used as treatment control to account for changes in expression caused by the
microinjection treatment and RNAi mechanism activation. Since our hypothesis for the fertility role was mainly
based on the duplication of imp4 in D. melanogaster, we could not predict the sex towards which the
autosomal imp4 gene is beneficial. Therefore, microinjections were performed in groups of both male and
female adult B. oleae insects. The microinjections were performed the first day post adult emergence at the
metathoracic segment of the insects, prior to sexual maturation. This design was intended as to avoid false
positive phenotypic results caused by a pre-injection fertile state.

Prior to the phenotyping process, it was appropriate to optimize the microinjection conditions as to
obtain a credible and repetitive RNAi induced silencing. The levels of imp4 expression were assessed using
gPCR reactions, for which a specific pair of primers was designed that amplified a region of imp4 exon-3. Care
was taken as not to design qPCR primers that overlapped with the dsRNA region, so to avoid possible false
negative results caused by the reverse transcription and amplification of dsRNA (Figure 34). Relative
expression of imp4 transcripts was determined in quadruplicates at days 0-6 post injection by the AACq
method, using respective dsGFP treated insects as control samples. Two housekeeping genes were used for
normalization, GAPDH and 14-3-3 zeta, as suggested by Sagri (2016). The quantification results indicated that
by using the above approach, there was no conclusive silencing phenotype. Based on Tsoumani (2020), a
reduction in the relative quantity of the transcript is expected at day 3 post injection. For male insects, our
results suggest an ~50 % reduction in the transcript abundance of imp4 at day 3 post injection which is
followed by an increase in relative expression at day 4 and finally a second gradual decrease at days 5 and 6
post injection (Figure 20, Figure 23). Among these changes in relative expression, the ~50% decrease at day 3
post injection is the only statistically significant one (p < 0,05, paired Student’s t-test). In sharp contrast,
females do not show a reduction of imp4 transcript abundance at day 3 post injection, rather the respective
expression levels appear to increase without any statistical significance (Figure 20, Figure 24). A slight increase
is observed from day 2, similar to that of males, and continues until day 5, where a reduction at control’s levels
is reached. The final timepoint of day 6 post injection indicates a second increase in abundance of almost ~45
%. It is worth noting that a significant biological variability was observed among control samples (Figure 27,
Figure 29), which is reflected in the ACq standard deviation values. Although outliers were removed from the
analysis, an increase in standard deviation was noted from day 3 and onwards, specifically for female
individuals (Figure 23, Figure 24). Interestingly, a differential level of imp4 expression between day 0 and day
6 post injection was also observed (Figure 25, Figure 26), assuming that dsGFP treated controls reflect the
normal variance in expression. By assessing the ACq values of imp4 amplification, the normalized expression
levels seem to increase by time, having a final difference of ~0.93 cycles for males and ~1.67 cycles for females,
which based on the AACq method indicate a ~1.9 fold increase in expression for males and ~3.2 fold increase
for females. The biological importance of this increase might be reflected in the fertility role of this gene, since
B. oleae insects reach complete sexual maturity at ~6 post emergence.
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Figure 20 Normalized relative expression of importin-4 gene at males and females from day O to 6 post injection.

Discussion

In this study, we focused on the computational identification of Y chromosome regions in sequence
assemblies, inspired by the complex process of sex chromosome evolution and the important role these
elements have in the development and application of IPM methods. For this purpose, the novel hybrid
assembly of the major olive fruit insect pest Bactrocera oleae was used as a model, which contained high
quality and high depth sequencing data, that included large part of the 4 Mb dot Y chromosome. We developed
two novel computational methods, kmer and Thessaly CQ, for the identification of Y-linked regions on the
assembly and compared them against other methods used by friendly labs. Our analysis of B. oleae Y regions
suggested the amplification of one specific gene, the karyopherin importin-4 (imp4), on the male specific
chromosome. In fact, the amplification of this gene on the Y of B. oleae was already known, even prior to the
first genome assembly of the insect, as Y-linked imp4 gene fragments were identified in a Representational
Difference Analysis (Gabrieli 2011). However, possible off-targets of the FISH approach performed in the above
work, mapped the imp4 fragments also in the pericentromeric region of chromosomes and led scientist to the
false conclusion of it being part of the cell’s heterochromatin. The high-quality sequencing data that are
currently available and our PCR validation (Figure 33), limit the amplified imp4 copies only in male datasets,
revealing their organization on the genome and their amplification origin. At the same time, transcriptomic
data support the testis expression of those copies thus refuting the previous claims. Considering the fertility
role that has been attributed to homologues of this gene in D. melanogaster and rats, we intended the
functional characterization of imp4 in B. oleae.
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The Kmer and Thessaly CQ method, as well as the other methods used by our collaborators, were
benchmarked for their efficiency using a dataset of contigs that were manually curated for their chromosomal
origin. Relying on the manual characterization as a metric, our methods had the highest Y recall efficiency,
~93 % for Thessaly CQ and ~43 % for Kmer, ranking as the best two of the methods assessed (Table 2). The
percentages do not correspond to actual Y chromosome coverage, since the manually curated contig dataset
does not include the total contigs of the assembly but rather those that were predicted as Y-linked by any of
the methods assessed. Therefore, although Thessaly CQ appears to be the most sensitive method, its efficiency
might drop in case an even more sensitive method was to be introduced in the analysis. It is also worth noting
that none of the methods was able to achieve a 100 % recall efficiency and 0 % of false positives, indicating
that every available approach suffers from weaknesses. Some Y predicted contigs of high interest were
subjected to PCR validation, which suggested that the manual curations does not always reflect real Y
sequences, as 7/20 of the tested contigs were validated as Y linked, further reducing the efficiency of the
methods. These false positive results question the initial characterization of 3.9 Mb from the dot Y of B. oleae
(Bayega 2020). However, this assumption does not override the fact that a large part of the Y has been
sequenced. In many of the Y contigs assessed, local abnormal increases in the read coverage were observed
which suggest the presence of unresolved repeats on the Y regions of the reference assembly. Such
inconsistencies could arise from the assembly strategy that was used, which included a first round of short
read assembly from 10X linked-reads that were sequenced from high molecular weight DNA libraries, and then
proceeded to scaffolding with long read sequencing datasets. In this way, highly similar repeats that appear in
tandem or share flanking regions could have been assembled as one region if the size of the repeat exceeded
the size of the high molecular weight DNA library. It is expected for the Y chromosome to be highly repetitive,
and although standard hybrid assembly strategies can be efficiently employed for the assembly of other
genomicregions, resolving the Y might be in need of custom pipelines that rely primarily on long reads. Overall,
the above results highlight the fact that computational approaches comprise useful tools for reconstructing
the genomic characteristics of organisms, however a blind faith on such methods might be misleading,
especially in the study of quirky genomic elements like the Y chromosomes. Rather, the manual assessment
of computational outputs might reveal the weaknesses of current respective methods and adjust the results
to the peculiarities of each genome, sequencing, or assembly method. Characteristically, the Thessaly CQ
method had the second-best recall rate over PCR-validated Y contigs of D. melanogaster, although it was
ranked as the most efficient in Y-recall on B. oleae (Table 5, Table 6).

The employment of our novel methods on the Y chromosome of B. oleae and the subsequent manual
curation of contigs revealed the presence of 80 computationally predicted genes, 69 of which contained at
least few or partial coverage by RNA-seq data (Table 7). As discussed previously, since not all of the selected
manually curated contigs were identified as Y-linked by PCR-validation, these predictions should also be PCR-
tested for Y-linkage and male expression to exclude false positives. It is expected for many of these genes to
be false computational predictions, as in many instances no gene similarity was found using BLASTp algorithm
while it was rare for gene predictions to be consistent and supported by adequate transcriptomic data. In fact,
empirical observations from the Y chromosomes of other fruit-flies, consistent to the evolutionary process of
Y-degeneration, set the number of Y-linked genes to only 15-20, ergo the 80 predicted genes far exceed these
expectations. Conversely to this, the instance of MoY highlights a weakness of gene prediction algorithms in
efficiently identifying Y-linked genes, related to local misassemblies observed in the fuzzy Y. Therefore, it
would not be of a surprise if more Y-linked genes were missed from the predictions. During manual curation,
confidently Y-linked contigs were assessed for the presence of highly transcribed regions that were not
predicted as coding genes. Several candidates were found that contained expression data from male tissues
or male embryos, which need to be further assessed through qPCR for their male-only expression and their
coding or not nature. Additionally, non-predicted genes should exist that were missed due to the fragmented
character of the Y on the reference assembly. Studies on D. melanogaster indicate a trend for Y-linked genes
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to gain large introns due to the acquisition of repetitive elements in them (Koerich 2008). It is therefore
expected for the exons of a single Y-linked gene to reside in different contigs of the highly fragmented Y, thus
hindering its computational prediction.

The identification and characterization of MoY region had been long-awaited by the Tephritidae
studying community, due to the prospects that this gene offers in the development of novel population
suppression methods. As discussed, the automatic prediction of this gene was hindered possibly by the
erroneous assembly of its genomic region that disturbed the ORF on the reference sequence. It was therefore
important to understand the reason why assembly algorithms failed in resolving its sequence, as to improve
the methods for Y sequence reconstruction and exclude the possibility that other Y-linked genes are missed
due to similar errors. The read coverage on MoY region suggested that the reference sequence was a
misassembly of at least two independent loci, a hypothesis that was validated by the presence of two MoY
containing contigs and the relative quantification of the copy number of MoY through gPCR. This observation
could provide valuable insights toward the characterization of the sex determination mechanism is
Tephritidae. It could be assumed that each MoY copy produces opposite orientation transcripts that lead in
the activation of the RNAi pathway, which might cause the downstream regulation of transcripts. Upon RNAI
pathway activation, long dsRNA is digested to 20-22nt fragments, the sequence of which determines the target
transcripts. Therefore, no linear similarity is required for MoY to act against other transcripts and determine
sex through post transcriptional regulation of female specific genes. Although exciting, such mode of action is
unlike since the injection of MoY dsRNA on B. oleae embryos causes feminization, suggesting that targeting
the MoY transcripts emits their functional role. Another hypothesis for the existence of multiple copies could
be the dose-dependent action of MoY gene. Since transcriptomic data suggest the expression of both MoY
containing contigs and an ORF is predicted on those transcripts, the existence of a second gene copy might
ensure the presence of adequate MoY proteins during early embryogenesis. Considering the highly
heterochromatic nature of B. oleae’s Y chromosome and the fact that no other Y region is found to be
expressed during embryonic stages, multiple MoY copies might be needed to reach required expression levels
from an otherwise transcriptionally idle Y.

Among the predicted genes on Y contigs, one was found to be amplified on the male-specific
chromosome. Thirteen partial copies of the karyopherin member importin-4 were located on PCR-validated Y
contigs, the majority of which were partially supported by expression data exclusively from testes datasets.
The genomic analysis of those copies indicated an RNA-mediated mechanism of amplification, which was
suggested from the total absence of autosomal introns on Y copies (Figure 18). However, this does not imply
that all 13 copies were transposed on the Y through RNA intermediates. If this were the case, we would expect
for each single imp4 Y copy to have followed an individual divergence path, being characterized by unique
mutations. However, shared polymorphism is found among Y copies, which indicates that the amplification on
Y was not the result of individual translocations but rather the expansion of some initial RNA-mediated imp4
integrations, possibly through non-allelic homologous recombination mediated by intra-Y repeats. Recent
results from the study of neo-Y chromosome from D. miranda suggest that the amplification of gene families
on the Y and even co-amplification between X and Y is a common instance, with hypothesized sex related or
dosage compensating function (Bachtrog 2019). Moreover, the Y amplified copies of D. miranda are found to
produce both sense and anti-sense transcripts that are almost exclusively expressed in testes, supporting the
male-specific role. This amplification is observed at the initial stages of neo-Y differentiation and involves
genes that resided on the autosome from which the neo-Y derived. Although imp4 Y copies of B. oleae match
the expression pattern of amplified D. miranda’s Y genes, the RNA-mediated integration comes in contrast to
the amplification scheme on the neo-Y of this insect, probably suggesting a secondary translocation and
fixation of an autosomal gene on the ancient B. oleae’s Y that should provide an advantage to males. We can
make several hypotheses about the origin and mode-of-action of Y copies. Imp4 copies might infer their
function through the production of coding transcripts. The fact that the copies are fragmented could suggest
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the production of truncated proteins that act by interfering through their binding domain with targets of the
autosomal imp4, thus reducing their translocation to the nucleus. However, the production of anti-sense
transcripts, together with the sparse and partial coverage by RNA data suggests that this is not the dominant
mode-of-action. Rather, the production of both orientation transcripts could serve a regulatory role through
non-coding imp4 dsRNA formation. This could also explain the sparse RNA data, since the method that was
used for RNA library preparation targeted the poly-A tails of mature transcripts, which non-coding Y copies
could be deprived of. This scenario also serves the fact that the copies were RNA-mediated. The translocation
of the CDS only, avoids the carryover of any regulatory elements from the parental gene, in which case the
random integration on the Y could confer to the copies the transcription orientation of the insertion region.
Based on parsimony, this scenario would easily fix anti-sense producing copies if, in this way, a direct
advantage was conferred for males. Finally, the testis only expression might not actually serve a functional
role, but it could rather be a side effect of the spermatid maturation. During this process, chromatin undergoes
drastic changes with the exchange of somatic histones to protamines, a process known as histone-to-
protamine transition. The relaxation of chromatin prior to hypercondensation by protamines might cause
leaked expression of imp4 Y copies. However, such trend of random testis expression on Y regions was not
observed during the manual curation of the Y contigs, thus excluding this possibility.

The changes observed on genomic content during the masculinization of heteromorphic Y
chromosomes suggest that a male-specific genomic character is acquired on the non-recombining region of
those elements. This includes the translocation of non-sex-related genes to the autosomes, the neo-
functionalization of genes toward a male-beneficial role and the secondary acquisition of genes characterized
by a male-beneficial function (e.g. male fertility genes). The reason behind the fixation of these changes has
been attributed to sexual conflict, which is avoided through the linkage of sexually antagonistic genes that
confer an advantage to males, to the Y chromosome that has only male-to-male transmission. Therefore, it is
expected for the Y-amplification of imp4 gene to also serve a male beneficial role, since copies are found solely
on the Y and not in any other chromosome. Imp4 belongs to karyopherin family of proteins which are part of
the nuclear transportation machinery, responsible for shuttling cargo to the nucleus through the nuclear pore.
Several members of karyopherins are found to mediate nuclear transportation in different cell types and/or
developmental stages, with notions suggesting that nuclear gene activation and expression is spatio-
temporarily related to the karyopherin proteins available. Importins of the beta category like imp4 mainly
identify non-canonical NLSs thus further specifying their interactome. This could possibly be an advantage for
proteins that are intended to enter the nucleus at specific cell-cycle timepoints, as by sharing a common non-
canonical NLS they can ensure synchronous nuclear translocation upon presence of the respective importin
beta member on the cytosol. One such process is spermatogenesis, which requires the tight regulation of
meiosis stages while drastic rearrangements take place in the morphology of the nucleus through chromatin
hypercondensation. In humans, the imp4 homologue has been found to be implicated in this process, being
expressed for a specific time window during spermatogenesis (Figure 10). The critical role of nuclear
transportation for the successful outcome of gamete maturation is further highlighted by examples of meiotic
gene drive systems, like the SD system in Drosophila, where dysfunctional spermatids are produced upon
perturbation of nuclear transportation. Meiotic gene drives tend to arise on genomic regions that lack
recombination, like sex chromosomes or centromeric regions, and usually originate from duplication events
that cause imbalance in expression (Courret 2019). On the other hand, suppressors of meiotic gene drives
have also been reported to originate from gene duplication events suggesting a major role for gene copy
number in the battle over fair genomic transmission (Lin 2018, Zhang 2015). Interestingly, imp4 copies of B.
oleae are not the only karyopherins that are amplified in the Diptera clade. A comparative analysis on
members of the nuclear transport machinery from Diptera revealed that the duplication of karyopherin genes
has happened independently multiple times in the Drosophila lineage (Mirsalehi 2021). However, no
Tephritidae members were introduced in the comparative analysis. The researchers of this study suggest that
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piRNAs, a class of small RNAs expressed in germ cells, are involved in maintaining integrity of the genome
through silencing transposons and other repetitive elements during gametogenesis; nuclear translocation
genes are essential to mediate the insertion of piRNA-induced silencing complexes (piRISCs). Our results
suggest that the karyopherin duplications in Drosophilidae are consistent to what is observed for B. oleae
imp4, with the events being mainly RNA-mediated and the copies usually acquiring testis-specific expression.
Although an exception to the above trend, the tandem duplication of the imp4 homologue from D.
melanogaster has recently given rise to two independent genes that rapidly acquired sex-specific roles. Each
of the two copies, termed Apollo and Artemis, serve a fertility role for one of the two sexes, through mediating
the correct elongation of the respective gametes. This is assumed to be the result of sexual conflict over the
function of the ancestral imp4 gene, which was resolved by the duplication and acquisition of sex-biased
expression and function. The high conservation of imp4’s role in gametogenesis, from mammals to Diptera,
suggests that B. oleae’s imp4 should also be under sexual conflict and the amplification events on Y might be
part of a compensatory mechanism. To validate these assumptions, we initiated the functional
characterization of the autosomal imp4 gene with a focus in assessing its fertility role in males and females.
This characterization was based on the silencing of the autosomal gene copy through RNAI, which was
activated by the administration through microinjection of a dsRNA molecule possessing a 400 bp part of the
autosomal imp4 gene. The silencing validation results indicated that the levels of imp4 transcript’s abundance
were temporarily reduced in males with variable efficiency in each individual, while females were highly
opposed to the silencing (Figure 20). Additionally, the assessment of imp4 expression levels on control samples
suggested an increase in transcript’s abundance as insects were approaching sexual maturation (Figure 29,
Figure 27). The relative increase between day 0 and 6 was higher for females, which might indicate a stronger
dependency on imp4’s function compared to males. It is also worth noting that the injections were not
targeted in the germline of the insects, neither the expression of autosomal imp4 is limited in gametic cells.
This suggests a pleiotropic role for imp4 on different tissues, which can explain the higher female expression
under the scope of a non-gametogenesis female function. Furthermore, during the injection process females
were empirically observed to be larger in size compared to males, thus possibly higher doses of dsRNA might
be needed for an efficient silencing. Overall, since the silencing was not succeeded in both sexes and the
reduction in males was not persistent, further injection rounds should be performed with higher dosages of
imp4 dsRNA in order to confidently move to the assessment of imp4’s role in male and female fertility.

Apparently, we cannot conclude to a possible role for Y imp4 copies without having in context the role
of the autosomal gene. However, the collected evidence suggest that a sex-related function should be
attributed to the amplification on the Y that is served through the production of non-coding partial sense and
anti-sense transcripts. As discussed previously, the coding role for imp4 copies is excluded by transcriptomic
evidence, which suggests that it is most likely for the anti-sense transcripts to be functionally responsible. The
activation of the RNAi pathway in testes through imp4 anti-sense transcription could be a defense mechanism
against a meiotic gene drive. If any factor that affects the proper segregation of the Y chromosome in male
gametes exists and is dependent on imp4 for nuclear translocation, then the reduction in the abundance of
imp4 transcripts during specific stages of spermatogenesis could impede the function of this system, acting as
a silencer for the gene drive. However, this approach lacks an explanation for the role of sense transcribed
copies. A hypothesis that can account for this could be based on the observation that deleterious alleles can
hijack the Y chromosome in case they are linked to an advantageous allele, since no recombination takes place
to extrude them. B. oleae’s Y chromosome is known to possess copies of an active transposable element
(Tsoumani 2015), the activation of which can have detrimental effect in the integrity of the genome. The
integration of an imp4 copy inside an active Y transposon could interrupt its sequence therefore inactivating
it. This advantageous effect could fix the duplication on the Y, even if the production of anti-sense imp4
transcripts compromises the fitness of the individual. In such case, further expansion of imp4 on the Y could
fix sense transcribed copies that dynamically counterbalance the effect through “sponging” the anti-sense
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transcripts. Alternatively, the non-coding imp4 transcripts could act through gene regulation mechanisms
other than RNAI. One such hypothesis is the production of transcripts that induce RNA activation (RNAa)
pathway, which causes epigenetic activation of target genes by a yet uncharacterized mechanism (Tan 2021).
Interestingly, the autosomal imp4 gene resides near the transformer (tra) gene of the sex determination
cascade. Sexual conflict could arise over imp4 if it serves a male-beneficial role but is located in a region that
gets deactivated during spermatogenesis due to female-specific function. The conflict could be possibly
resolved through the generation of endogenous dsRNA by sense and anti-sense transcripts produced from Y
copies. This could ensure the downstream RNAa-mediated maintenance of an active transcriptional state for
autosomal imp4 during spermatid maturation, serving a trans-acting fertility role. The fact that amplification
of imp4 on Y does not suggest a straightforward role, but rather leaves room for different hypotheses, further
increases the interest in unraveling the underlying mechanism and proves that Y chromosomes and their
evolutionary dynamics are diamonds in the rough.

In order to experimentally check those speculations, an adequate and persistent post-transcriptional
gene silencing should be reached (~80 %) in both male and female individuals, which will require an increase
in the quantity of administered dsRNA. Furthermore, insect dissections should be performed in injected flies
to validate that the systemic RNAi affects the sex specific tissues (testes, ovaries). Thereafter, pairwise crossing
male/female injected and WT individuals followed by assessment of their fertility rate would provide insights
into the role of imp4 expression in each sex. A complete knock-out (KO) of the autosomal imp4 gene using
CRISPR/Cas9 system would better assist in the phenotyping process, but poses the risk of a detrimental fitness
cost to individuals due to the pleiotropic effect of the gene. Our transcriptomic data indicate a somatic
expression for the autosomal imp4, which should be counterbalanced by another karyopherin member upon
KO, otherwise lethality is expected. An alternative approach would include the insertion of a construct that
constantly produces shRNA targeting imp4, under the control of a testis specific promoter. However, such
promoters are not characterized in B. oleae, and although beta-2 tubulin expression is known to be testes-
limited, the characterization of its promoter would be laborious. The functional characterization of the
autosomal copy will reveal the role and the sex towards which imp4 expression is more favorable while limiting
the hypotheses over the amplification on Y. Continuously, and after a fertility role has been attributed to
autosomal imp4, assessing the expression levels of that gene in tissues of interest (testes, ovaries) under
intersex conditions (Y- males, Y* females) would offer to provide a plausible explanation for Y amplification.
Intersexes could be achieved through knock-down of MoY (Y* females) or tra (Y males) genes during
embryogenesis. In this way, the effect of Y-specific imp4 transcripts on the expression and function of
autosomal imp4 gene would be revealed, assisting in determining the mode-of-action, role and origin of Y
amplified copies.
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Appendix

Table 1 Number of contigs falling in each manual curation category (rows), for each of the methods assessed (columns).

Category CQ-repeats Israel Kmers Thessaly CQ Category’s total
A1l 88 1 2 91
A/M | 2 61 3 0 65
A/X |0 0 2 0 2
A/X/M | O 1 0 0
A/Y |0 0 1 1
c| 10 1 13 34 48
M| 14 8 168 15 194
X0 4 5 0 9
X/?/M | 0 0 0
X/M | 1 3 3 0 7
Y| 8 6 97 208 224
Y/M | 28 23 75 89 124
Y/X/M | 0 0 1 1 1
Total | 64 195 370 350 768

Table 2 Percentage of contigs identified in each category (rows) by each different method (column) over the total of contigs identified
in that category by all methods (Category’s total).

Category (CQ-repeats Israel Kmers Thessaly CQ Category’s total
A | 1.10% 96.70% 1.10% 2.20% 91
A/M | 3.08% 93.85% 4.62% 0.00% 65
A/X | 0.00% 0.00% 100.00% 0.00% 2
A/X/M | 0.00% 100.00% 0.00% 0.00% 1
A/Y | 0.00% 0.00% 100.00% 100.00% 1
C | 20.83% 2.08% 27.08% 70.83% 48
M| 7.22% 4.12% 86.60% 7.73% 194
X | 0.00% 44.44% 55.56% 0.00% 9
X/?/M | 0.00% 0.00% 100.00% 0.00% 1
X/M | 14.29% 42.86% 42.86% 0.00% 7
Y | 3.57% 2.68% 43.30% 92.86% 224
Y/M | 22.58% 18.55% 60.48% 71.77% 124
Y/X/M | 0.00% 0.00% 100.00% 100.00% 1
Total | 1.10% 96.70% 1.10% 2.20% 768
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Table 3 Number of contigs falling in each manual curation category (rows) that were uniquely identified by each of the different
methods assessed (columns).

Category CQ-repeats Israel Kmers Thessaly CQ Category’s total
A0 86 1 2 91
A/M | 1 61 2 0 65
A/X | O 0 2 0 2
A/X/M | 0 1 0 0 1
A/Y | O 0 0 0 1
c|7 0 6 24 48
M |7 8 157 10 194
X0 4 5 0 9
X/?/M | O 0 1 0 1
X/M | 1 3 3 0 7
Y| O 1 14 123 224
Y/M |0 8 20 36 124
Y/X/M | O 0 0 0 1
Total | 16 172 211 195 768

Table 4 Percentage of contigs uniquely identified in each category (rows) by each different method (column) over the total of contigs
identified in that category by all methods (Category’s total).

Category (CQ-repeats Israel Kmers Thessaly CQ Category’s total
A 0.00% 94.51% 1.10% 2.20% 91
A/M 1.54% 93.85% 3.08% 0.00% 65
A/X 0.00% 0.00% 100.00% 0.00% 2
A/X/M 0.00% 100.00% 0.00% 0.00% 1
A/Y 0.00% 0.00% 0.00% 0.00% 1
C 14.58% 0.00% 12.50% 50.00% 48
M 3.61% 4.12% 80.93% 5.15% 194
X 0.00% 44.44% 55.56% 0.00% 9
X/?/M 0.00% 0.00% 100.00% 0.00% 1
X/M 14.29% 42.86% 42.86% 0.00% 7
Y 0.00% 0.45% 6.25% 54.91% 224
Y/M 0.00% 6.45% 16.13% 29.03% 124
Y/X/M 0.00% 0.00% 0.00% 0.00% 1
Total 16 172 211 194 768
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Table 5 Benchmarking of Kmer method using contig data from D. melanogaster. Descr [sub]/ total [sub] indicates the percentage of
D. melanogaster contigs corresponding to each chromosomal category that were predicted as putative Y by Kmer method (Descr
[subtracted]), over the total contigs predicted as putative Ys (total [sub]). Descr [sub]/Descr [total] indicates the percentage of D.
melanogaster contigs corresponding to each chromosomal category that were predicted as putative Y by Kmer method (Descr
[subtracted]), over the total of contigs that are characterized in this category in the dataset (Descr [total]).

Descr [subtracted] Descr [total] Descr [sub]/ total [sub]  Descr [sub]/Descr [total]

% %

Y | 369 455 41.46 % 81.10 %
XY | 14 69 1.57 % 20.29%

Mitochondrial | 0 3 0 0.00 %

X0 477 0 0.00 %

Autosome | 38 270 4.2% 14 %
Unknown | 469 1099 52.6 % 42.67 %
Total | 890 2374

Table 6 Benchmarking of Thessaly-CQ method using contig data from D. melanogaster. Descr [sub]/ total [sub] indicates the
percentage of D. melanogaster contigs corresponding to each chromosomal category that were predicted as putative Y by Thessaly-
CQ method (Descr [subtracted]), over the total contigs predicted as putative Ys (total [sub]). Descr [sub]/Descr [total] indicates the
percentage of D. melanogaster contigs corresponding to each chromosomal category that were predicted as putative Y by Thessaly-
CQ method (Descr [subtracted]), over the total of contigs that are characterized in this category in the dataset (Descr [total]).

Descr (subtracted) Descr (total) Descr (sub)/ total (sub)  Descr (sub)/Descr (total)

% %

Y| 142 200 25% 71%

XY |9 67 1.6% 13%
Mitochondrial | O 1 0 0.00 %
X1 447 0 0.00 %

Autosome | 12 177 21% 6.7 %
Unknown | 369 978 65.9 % 37.7%

Total | 560 1870

Table 7 Similarity of predicted genes on the manually curated Y contigs. IDs on bold indicate contigs that were predicted as putative
Ys by all four assessed methods. The predicted amino acid sequence was used as query on BLASTp algorithm. The table includes the
contig over which each gene was predicted, the gene with the highest BLASTp similarity, the respective organism, the e-value of the
hit, the size of the gene, the presence of large introns and the existence of expression data.

Contig ID  Gene similarity Organism e-value  Size (bp) Introns Expression
LGAMO02012741.1 | Hypothetical Bactrocera 7e-51 1,515 No No
tryoni
Uncharacterized Bactrocera le-111 864 No No
oleae
Uncharacterized Bactrocera le-111 1,267 No Low
oleae
ATP dependent DNA helicase Teleopsis 7e-70 658 No Low
dalmanni
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LGAMO02017130.1

LGAM02003750.1
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LGAM02019339.1
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LGAM02030549.1
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Bacterial RNase
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Importin-4
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Dynein regulatory complex
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N66 matrix protein-like
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like
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Bactrocera
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Candidatus
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oleae
Bactrocera
tryoni
Bactrocera
oleae
Bactrocera
oleae
Bactrocera
oleae
Ctenocephalid
es felis
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craccivora
Bactrocera
dorsalis
Bactrocera
oleae
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LGAM02034668.1

LGAM02037669.1

LGAMO02002186.1

LGAM02007390.1

LGAM02009529.1

LGAM02010183.1

LGAM02012394.1

LGAM02016159.1

LGAM02022200.1

LGAM02026604.1

LGAM02030084.1

LGAM02036318.1

LGAM02002022.1

LGAM02006383.1

LGAM02006501.1

LGAMO02006872.1
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Unnamed protein product
Zinc finger protein chimno
Hypothetical
Uncharacterized

Antigen 5 like allergen Cul n 1-
like

Putative DD34D transposase
Uncharacterized
Uncharacterized

Unnamed protein
Histone-lysin N
methyltransferase SETMAR
No significant similarity

No significant similarity

G protein activated inward
rectifier potassium channel 3
Uncharacterized

Serine tRNA ligase
Bumetadine-sensitive sodium
chloride cotransporter
Sodium dependent dopamine

transporter
Importin-4

09/06/2024 16:49:13 EEST - 18.117.184.27

Rhagoletis
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Drosophila
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LGAMO02008989.1

LGAMO02014419.1
LGAMO02016277.1

LGAM02016868.1

LGAMO02017966.1

LGAMO02020433.1

LGAMO02022011.1

LGAM02022521.1

LGAMO02023287.1
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LGAM02027773.1
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Table 8 Number and IDs of PCR validated Y-linked contigs containing importin-4 copies. Presence and origin of RNA data are also
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included.
ID Size PCR Number  Number of Transcriptomic RNA-seqID  RNA-seq tissue
(Kb) verified ofgenes predicted  data
importins
LGAMO02015762.1 | 76.72 Yes 3 3 Yes SRR826665  Testes
SRR8800827 Sex organs of adult
male insects
SRR8800830 Testes
LGAMO02021661.1 | 78.27 Yes 4 4 Yes SRR826665 Testes
SRR8800827 Sex organs of adult
male insects
SRR8800830 Testes
LGAM02019339.1 | 71.16 Yes 3 3 Yes SRR826665 Testes
SRRS800827 Sex organs of adult
male insects
SRR8800830 Testes
LGAM02007390.1 | 14.49 Yes 2 2 Yes SRR826665 Testes
SRR8800827 Sex organs of adult
male insects
SRR8800830 Testes
LGAMO02006872.1 | 2.12 Yes 1 1 No
Table 9 Group of contigs that were validated for Y-linkage through PCR.
ID Contig size (Kb) Gene similarity Transcriptomic data  Validation primers
(BLASTp) on gene region
LGAM02002186.1 | 16 Helicase POLQ-like Yes Yes
Transcriptional Yes No
corepressor trA
LGAM02006872.1 | 2 Importin-4 No Yes
LGAM02007390.1 | 13.7 Importin-4 Yes No
Importin-4 No Yes
LGAM02026204.1 | 5 Mucin Yes Yes
LGAMO02029489.1 | 56 ATP dependent DNA  No Yes (in intron)
helicase
LGAMO02030549.1 | 90 Protease Yes No
No-hits Yes No
Viral Yes No
LGAM02033308.1 | 10.6 - - -
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Table 10 Primer names and sequences

Primer Forward primer sequence Primer Reverse primer sequence
name (F) name (R)
Bo_2186-F TCGGTGTGCTTTTTCTTTGCC Bo_2186-R GCTTCAGCTTCCTCTTCCAG
Bo_2951-F AAAACCACGCTTGAGCACAC Bo_2951-R TAGCGCGCTTGTTGTTGTTG
Bo_6872-F AAGAGCCGAACAAACGTTGC Bo_6872-R TTGTCCCAGCGCATAGAAGG
Bo_7390-F ACGTCATGGTATCAGTGGCC Bo_7390-R AATGAATTTCGAAGCGGCGG
Bo_9529-F ACAAACGGAGCAAAGCATCC Bo_9529-R CCGCCAATACGTCCGATTTG
Bo_1797-F TGAGTTTGTTGTTGCGGCAG Bo_1797-R GGTGCAGTAGCGTTGTGTTG
Bo_4419-F AAAAGTTTGCCCGAACTCCAC Bo_4419-R CATACCCACAAAGTGCCGTG

S Bo_6277-F GCTTACGGGTGTCATTGCAC Bo_6277-R ACCATGAAGCACGAAAAGGC

E Bo_2011-F GAATAACGGGTTTGTGGGCG Bo_2011-R GTATTGGCTACCGCATTGGC

E Bo_3136-F ATTTCGACGACAACAGGCAC Bo_3136-R TCAACACCGACGACTATCCG

: Bo_3287-F AGCAACACACTACTGTCGGG Bo_3287-R TGCTCTTCAGGTGAGTTCCAC

'% Bo_4152-F TCACGCAGACTCGATTGTCC Bo_4152-R TCGCATGTTAAGTACTTTCTGGATG

é Bo_5742-F CCTGCATTATCGACGATGGC Bo_5742-R TGCAAAAATATCTGCCGCCG
Bo_6204-F TACTGGGGCATCATGGCAAG Bo_6204-R ACAAGCGCATATGCCTCAATC
Bo_7299-F AGGCGCTTTGAAAATTTTGGTG Bo_7299-R TTCTTTGTATTGTATTGCTGTGTAATAC
Bo_9489-F TCGAGAGCAAGGTAATTGTTGG Bo_9489-R CAATCCCAAGACCTACCTCACC
Bo_0391-F CACTTAACTATGTGCCAGTATGTCAG Bo_0391-R TCGGGGTAAAACTTTGCGTG
Bo_0549-F TATGGTCGCCCTCAACTAGG Bo_0549-R TTTCTTTGCGTTTGGGAGCG
Bo_2337-F TCAGGTCGATCTCACAGCTG Bo_2337-R TTAGTTTTGTTGGCGGTGGG
Bo_3308-F CACCGATGATTGTGGCTTCG Bo_3308-R AACCCAACGGCTTAAAAGGG

w Bo_imp4_ex TAATACGACTCACTATAGGGTTTTTGGGT | Bo_imp4_ex TAATACGACTCACTATAGGGGCAATTCA

S 4_T7-F GAAGACAACTCG 4 T7-R TTGCAGAGCTGA

% T7-GFP-F TAATACGACTCACTATAGGGCCGCCAGT | T7-GFP-R TAATACGACTCACTATAGGGGATATCTG

4 GTGCTGGAA CAGAATTCGCC

E Aut_lmp4-F  ACAAACGTTGCAGAAATCCATACC Aut_Imp4-R  TCTCGAGAATATCAAAAGCGTGAA
MoY- AAATGAGATCAGTGTGGATAAT MoY- TGTGGTTTCGTTTCCTTTG
OLFLY_F OLFLY_R1
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Figure 22 Scatter plot representing the percentage of coverage by male and female kmer databases for each B. oleae contig. Contigs
with less than 5% differential coverage (diagonal) were excluded from plotting as were considered autosomal or X-linked. The size of
each dot is determined by the common logarithm of each contig’s size.
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Figure 21 Violin plots of the different size categories of B. oleae’s contigs over the InMedian value of the male to female ratio for each
contig. All contigs with InMedian > 2 were considered putative Y and were subjected to manual curation.
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Male IMP4 normalized relative expression
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Figure 23 Normalized relative expression of importin-4 gene on males from day 0 to 6 post injection. Error is calculated as
Vi ((s1)?/n1) + N ((s2)?/n2), where S1 and S2 are the standard deviations of dsGFP treated and dsIMP4 treated respectively while

nland n2 are the group sizes.
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Figure 24 Normalized relative expression of importin-4 gene on females from day 0 to 6 post injection. Error is calculated as
V((s1)?/n1) + V((s2)2/n2), where 51 and S2 are the standard deviations of dsGFP treated and dsIMP4 treated respectively while

nlandn2 are the group sizes.
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ACq average of IMP4 amplification on control
(ds GFP treated) male flies
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Figure 25 Average normalized ACq values from impotin 4 amplification on male control dsGFP treated flies at day 0 to 6 post
injection. Error bars indicate the SD for each sample group.
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Figure 26 Average normalized ACq values from impotin 4 amplification on female control dsGFP treated flies at day O to 6 post
injection. Error bars indicate the SD for each sample group
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ACq of IMP4 amplification on control
(dsGFP treated) male insects
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Figure 27 Normalized ACq values of importin 4 amplification on quadruplicates from dsGFP treated male insects sampled from day0
to 6 post injection.
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Figure 28 Normalized ACq values of importin 4 amplification on quadruplicates from dsIMP4 treated male insects sampled from day0O
to 6 post injection.
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ACq of IMP4 amplification on control
(dsGFP treated) female insects
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Figure 29 Normalized ACq values of importin 4 amplification on quadruplicates from dsGFP treated female insects sampled from day0
to 6 post injection.
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Figure 30 Normalized ACq values of importin 4 amplification on quadruplicates from dsIMP4 treated female insects sampled from
dayO0 to 6 post injection.
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Figure 32 Graphic representation of nucleotide alignment between D. simulans (above) and B. oleae (bellow) importin 4 homologues.
The intervening exon is located dissimilarly in the linear alignment. Consensus identity bar plot indicates level of sequence
conservation in colour scale (red < green).
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Figure 31 Graphic representation of nucleotide alignment between Artemis (above) and Apollo (bellow) copies. The additional intron
of Apollo is visible. Consensus identity bar plot indicates level of sequence conservation in colour scale (red < green).
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Figure 33 Amplification of template for in vitro transcription of importin 4. The use
100 of male genomic DNA as template results in the amplification of major by-products
due to amplification of imp4 on Y.
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Figure 34 Exon 3 and 4 of the B. oleae autosomal importin 4 gene. T7 overhand containing primers (white-green) were
used for amplification of the dsRNA transcription template. Aut_Imp4 primer pair (green) was used for the validation of

silencing through gPCR.
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