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PHYLOGEOGRAPHY OF THE SAVI’S PIPISTRELLE
(VESPERTILIONIDAE, CHIROPTERA) COMPLEX BASED ON WHOLE
MITOCHONDRIAL GENOME ANALYSIS

SUMMARY

Understanding the phylogeography of species provides insight into the historical
processes that lead the formation of their current geographic distributions and also how
they evolve and adapt to variable environments over time. Intraspecific and
interspecific genetic variations stand as a great indicator for elucidation of the
evolutionary history of organisms in diverged phylogeographical patterns. Bats
represent an immensely diverged group among mammals. They inhabit a wide variety
of ecosystems, with the tropical belt hosting the highest number of bat species, similar
to many other life forms.

While the oldest known fossil of Chiroptera is approximately 52 million years old,
they are hypothesized to be evolved around the Cretaceous-Tertiary boundary. During
their evolution, they settled to the nocturnal niche. Echolocation and flight capabilities
have affected the phylogenetic classification in the era of morphological and
physiological taxonomy. However, the taxonomic classification of Chiroptera is a
more complex phenomenon.

The developments of modern genetic techniques transformed the historical perception
of taxonomy. The introduction of high-throughput sequencing, which enables the
sequencing of an organism’s whole genetic material, has made genomic studies
increasingly popular in biodiversity research. This powerful technique has revealed
that organisms can exhibit significant genetic variation, even when their phenotypic
characteristics do not reflect this diversity. Cryptic species, which arise from the
discordance between morphological similarity and genetic divergence, exemplify this
phenomenon. Resolving cryptic diversity is cruicial for identying evolutionary
significant units and provides a new dimension for investigating the ecological
dynamics of species. Furthermore, it is a significant concept in biodiversity assessment
and monitoring, essential for inforimg conservation actions.

Past studies have showned that the Palearctic Region hosts a rich fauna with signifacnt
cryptic diversity, including among bats. Savi’s Pipistrelle, Hypsugo savii, is a small-
sized, vespertilionid bat species with a broad distribution range across various
ecoregions in Europe, Asia, and North Africa. The accumulation of studies showing
intraspecific variation within the species has drawn attention to the investigation of
possible divergence within the taxon. Several studies idenfied deeply diverged
mitochondrial lineages of H. savii. Two of such lineages have been proposed as
distinct species statuses, H. darwinii and H. stubbei, based on their significant
divergence from H.savii. Hypsugo savii hosts possibly further cryptic diversity. It is
composed of deeply diverged clades, with sympatric occurences in Northwestern
Africa, the Iberian Peninsula, Italy, and some Mediterranean islands (Sardinia, Sicily,
and Malta). These studies, however, are based on limited sampling from a very broad
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geographical range. Furthermore, they utilize realtively short mitochondrial markers
and marker selection is not usually consistent among studies.

This study aims to invesitage the whole mitogemones of the previously identified
H. savii lineages and the recently suggested related species. There are three main
objectives: 1) establishing a reproducible workflow to de novo assemble mitogenome
from whole genome sequencing data; 2) de novo assembling complete mitogenome of
H. savii and the related species; and 3) reconstructing their phylogenetic relationships
based on whole mitogenome sequences.

Thirty samples from various regions including Central Asia, Sinai Peninsula, North
Africa, continental Europea, and Mediterranean islands were analysed. High-
throughput shotgun sequencing data was used for the analysis. The analysis workflow
covers data filtering, de novo assembling of complete mitogenomes, and annotating
the obtained mitogenomes. Complete mitochondrial genomes were succesfully de
novo assembled for thirty samples, representing all of the previously identified
lineages, as well as the closely related species, H. stubbei and H. alaschanicus.
Mitochondrial genes were annotated on the assembled genomes. The read pool of each
sample was mapped to the assembled mitogenomes to assess their coverage and also
to edit possible misallignments and gaps. The samples which had uncircular genomes
were manual edited and circularized. The tRNA profiles were analyzed with
tRNAscan-SE. Phylogenetic relations of the analysed samples were investigated
reconstructing phylogenetic trees. The sequences were aligned and the pairwise
distance of the sequences were calculated with MEGA11. The phylogenies were
obtained with Maximum-Likelihood model with IQ-TREE and RAXML tools. The
trees were visualized with FigTree abd iTOL WebServer. The alignments were
analysed with PopArt for a haplotype network analysis. The highly variable non-
coding D-loop regions were removed from the sequences for all these analysis .

All thirty-seven mitochondrial genes were annotated: two of them were ribosomal
RNAs; twenty-two were transfer RNAs; and thirteen were protein-coding genes. D-
loop regions of mitogenomes were also annotated. The secondary stuctures of the
tRNA profiles were calculated and illustrated. The tRNA for serine amino acid was
lacking the D- arm in the secondary stucture, which had no significant impact on its
functionality.

Phylogenetic analysis revealed that there are three main H. savii lineages in the
Western Palearctic region. The related species, H. ariel, H.alaschanicus, and
H. stubbei, also formed three distinct clusters. The latter was identified in Kyrgyzstan,
which is outside of its known range. The distribution of Hypsugo savii lineages were
in three main regions: Eastern Mediterranean, Western Mediterranean, and North
African-Southwestern Mediterranean. In Sardinia, the latter of these three lineages
were found together. The pairwise genetic distance between the clades in Europe were
between 8 and 10%, close to the difference observed between H. alaschanicus and the
other species. Similar levels of divergences were also found between newly proposed
species, H. stubbei, and the European clades. These observed high levels of
mitogenomic differences suggest that the H. savii complex probably harbours further
cryptic diversity.
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SAVI’NIN CUCE YARASASI KOMPLEKSININ (VESPERTILIONIDAE,
CHIROPTERA) FILOCOGRAFYASININ TUM MiTOKONDRIYAL
GENOM iLE ANALIZi

OZET

Tirlerin filocografyasin1 anlamak, onlarin mevcut cografi dagilimlarinin olusumuna
yol acan tarihsel siireglere, zaman i¢indeki evrimsel degisimlere ve degisen kosullarda
ortamlara uyum sagladiklarina dair fikir verir. Tir i¢i ve tiirler arasi genetik
varyasyonlar, farkli filocografik Oriintiilere sahip organizmalarin, evrimsel tarihinin
aydinlatilmasinda bliyiik bir gosterge olarak kullanilabilmektedir. Yarasalarin ait
oldugu memeli takimi Chiroptera, diinya ¢apinda yaklasik 1.400 tiire sahiptir ve
Memeliler sinifi igerisinde son derece farkli bir gruptur. Yasam alanlar1 Antartika harig
tim diinyay1 kapsamaktadir. Haibtat alanlarinin ekosistem ¢esitliligi de dikkate
degerdir. Kuru ve sicak ¢dl ekosistemlerinden sulak alanlara, dag bozkirlarindan asiri
nemli tropiklere kadar yayilmis halde bulunurlar. Tropikal kusak, ¢ogu yasam
formunda oldugu gibi, yarasalar i¢in de en fazla sayida tiire sahip bolgedir.

Bilinen en eski yarasa fosili yaklasik 52 milyon yil yasinda olsa da, takimin Kretase-
Tersiyer smirt civarinda evrimlestigi varsayilmaktadir. Evrimleri sirasinda gece
aktivitesine yonelmislerdir. Gece aktivitesi ve ugusun beraber evrimlesmesi, aktif
ucusa adapte olmus tek memeli olarak sahip olduklar1 essiz 6zelliklerden birinin,
ekolokasyonun ortaya ¢ikmasina neden olmustur. Yarasalar, karanliktaki hassas ve
keskin avlanma becerilerini, karanlikta ekolokasyonla u¢gmalarina borgludur. Bu iki
ozellik, morfolojik ve fizyolojik taksonomi ¢aginda filogenetik siiflandirmay: da
etkilemistir. Ancak Chiroptera takimindaki taksonomik siiflandirma ve filogenetik
orlintiiler sanildigindan daha karmagik bir olgudur.

Modern genetik teknik ve araglarinin geligsmesi, taksonominin tarihsel algisinin
degismesine de neden olmustur. Tiir kavramlarindan baslayarak takson taniminin
siirlari, popiilasyonlar arasindaki belirgin olmayan farkliliklara dogru kaymustir.
Genomik, bir organizmanin tiim genetik materyalinin dizilenmesine olanak saglayan
yiiksek verimli dizilemenin baglamasi ve gelistirilmesiyle bir¢ok alanda egemen bir
teknoloji olmustur. Bu giiclii konsept, fenotipik 6zellikler bunu temsil etmese bile
organizmalarin  genetik diizeyde biiyilk Olgiide farklilik gosterebileceginin
anlasilmasina katkida bulunmustur. Kriptik tiirler, tiirlerin morfolojik ve genetik yapisi
arasindaki bu uyumsuzlugun bir sonucudur. Genetik diizeyde onemli bir sekilde
farklilasan en az iki benzer tiiriin tek bir nominal tiirde siiflandirilmasi durumunda,
bu tiir kriptik tiirlerin bir 6rnegini teskil etmektedir. Kriptik cesitliligin arastirilip
anlasilmasi, evrimsel onemli birimlerin belirlenmesi i¢in miithim bir firsat saglar. Ayni
zamanda tiirlerin ekolojik dinamiklerinin arastirilmasina da yeni bir boyut
getirmektedir. Ayrica, koruma eylemi igin degerlendirilmesi gereken temel unsurlar
olarak ekolojik anlamda biyolojik ¢esitliligin degerlendirilmesi ve izlenmesi agisindan
onemli bir kavramdir.
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Gegmis caligmalar Palearktik'in yarasalar da dahil olmak iizere kriptik ¢esitlilige sahip
zengin bir faunaya ev sahipligi yaptigin1 gdsterdi. Savi'nin ciice yarasasi, Hypsugo
savii; Avrupa, Asya ve Kuzey Afrika'daki ¢esitli ekolojik bolgelerde genis bir dagilima
sahip kii¢lik boyutlu, vespertilionid bir yarasa tiiriidiir. Tiiriin genetik varyasyonunu
gosteren calismalarin birikmesi, takson igindeki olasi farkliliklarin arastirilmasina
dikkat ¢ekmistir. Literatiirde H. savii'nin mitokondriyal soylarinin olduk¢a farkli
oldugu ileri siiriilmektedir. H. darwinii ve H. stubbei, H. savii ile mitokondriyal
farkliliklarindan 6tiirli yeni tiirler olarak onerilmislerdir. Tiiriin filocografik dagilimi
cesitli simiflara boliinmiistiir. Kuzeybat1 Afrika, Iber Yarimadas, Italya ve Akdeniz
adalar1 (Sardunya, Sicilya, Malta vb.) dahil olmak iizere bazi1 bdlgelerde derinden
farklilasmis  smiflarin  simpatrik  dagilimlar1  oldugu  diisiiniilmektedir. Bu
caligmalardaki sorun, ¢cok genis bir cografyadan simirli sayida drnekleme yapilmasi,
kisa ve farkli mitokondriyal dizilerin genetik belirte¢ olarak kullanilmasi ve yeniden
olusturulan filogeniler arasinda uyumsuzluk tespit edilmesidir.

Bu c¢alismada, H. savii kriptik tiir kompleksinin kendi i¢inde Bati Palearktik'te
birbirinden ¢ok farkli en az ii¢ taksonu igerdigi diisiiniilmektedir. Bunlar Dogu
Akdeniz dagilim gosteren takson, Bati Akdeniz’de dagilim gosteren takson
(Literatiirde H. ochromixtus olarak da isimlendirilmekte) ve Kuzey Afrika ile
Gilineybati Akdeniz’de yayilan takson (Literatiirde H. darwinii olarak ayri bir tiir
olmasi onerilmekte) gruplaridir. Farkli bolgelerden toplanan caligsma sayisinin artmast,
Iber Yarimadasi, italya ve Akdeniz adalarinda (Sardunya, Sicilya, Malta vb.) bu
dallardan bazilarinin simpatrik dagilim Oriintiilerini gostermektedir. Bu dallarin yeni
tiirler olarak taninmasi i¢in, simpatrik bolgelerdeki genetik cesitliligi yansitan iyi bir
ornekleme ile ¢oklu ve tutarli genetik analizlerle daha fazla kanita ihtiya¢ vardir. Bu
caligma, tim mitokondriyal genomlarin kullanilmasi ve H. savii kriptik tiir kompleksi
icindeki mitokondriyal filocografik oriintiileri anlamay1 amacglamaktadir. Calisma bu
hedefe uygun olarak {i¢ ana hedef lizerinde planlanmistir: 1) Tiim genom dizileme
verilerinden mitogenom olusturmak i¢in tekrarlanabilinir bir is akisi olusturulmasi, 2)
H. savii ve yakin tiirlerin tam mitogenomlarinin elde edilmesi, 3) H. savii kriptik tiir
kompleksinin tam mitogenom dizileri ile filogenetik iligkilerinin anlagilmasi.

Bu calisma oncesinde Orta Asya, Sina Yarimadasi, Avrupa kitas1 ve adalari, Fas gibi
cesitli bolgelerden otuz ornek calisilmis ve yiiksek verimli dizileme ile analiz
edilmistir. Bu ornekleri incelemek igin birka¢ adimdan olusan bir is akisi
olusturulmustur. Is akisi, verilerin fastp ile niteliklere gére filtrelenmesini, MitoZ ile
“de novo” algoritmasini kullanarak tam mitogenomlarin bir araya getirilmesini ve elde
edilen mitogenomlara gen bdlgesi anotasyonlarinin yapilmasini kapsar. Buna gore,
toplanan otuz ornek i¢in tam mitokondriyal genomlar de novo algoritmasi ile analiz
edilmistir. Ayrica 6rneklere Dogu Asya'dan yakin akraba olan H. stubbei ve H.
alaschanicus tiirleri de dahil edilmistir. Mitokondriyal genlerin, olusturulan genom
dizilerindeki yerleri tayin edilmistir. Her numunenin okuma havuzu, kapsama
dagiliminm1 gérmek ve bir yanlis hizalama veya bosluk olup olmadigini kontrol etmek
icin bwa ile bir araya getirilmis mitogenomlarla haritalandirilmistir. Haritalama
Geneious Prime ile gorsellestirilmis ve dairesel olmayan genomlarin manuel olarak
diizenlenmesi tamamlanmistir. Mitogenomlar, tRNA profilini ortaya ¢ikarmak i¢in
tRNAscan-SE ile analiz edilmistir.

XXIV



Filogeni agacglar olusturmak i¢in, oldukca degisken, kodlamayan mitokondriyal dizi
bolgeleri, dizilerin geri kalanindan ¢ikarilmistir. Dizilerin geri kalan1 hizalanmis ve
dizilerin genetik uzaklik mesafesi MEGA11 ile hesaplanmistir. Filogeniler, IQ-TREE
ve RAXML araglariyla “Maksimum Olabilirlik” modeliyle elde edilmistir. Agaclar
FigTree ve iTOL WebServer ile gorsellestiril. Hizalamalar bir haplotip ag analizi i¢in
PopArt ile analiz edilmistir. Ortaya ¢ikan filogenetik gruplar hem agaglarda hem de
haplotip aginda gosterilmistir. R Studio'da ggplot2 ile dallar1 gdsteren bir dagitim
haritasi ¢izilmistir.

Tiim numuneler i¢in tam mitokondriyal genomlar elde edilmistir. Mitogenomlarin gen
bolgelerinin belirlenmesinde, memeli mitogenomlarina 6zgii otuz yedi mitokondriyal
genin tamami tespit edilmistir; bunlardan ikisi ribozomal RNA, yirmi ikisi transfer
RNA ve on iigii protein kodlayan genlerdir. Mitogenomlarin kodlamayan kontrol
bolgeleri de tanimlanmistir. tRNA profilinin analizinde tRNA’larin ikincil yapilar
tanimlanmis ve gorsellestirilmistir. Serin amino asit tasimasinda goérevli tRNA'nin
ikincil yapisinda D-kolunun bulunmadigi tespit edilmistir. Bu eksikligin islevsellik
tizerinde Onemli bir etkisi olmadigi literatiirde destek gormiistiir. Olusturulan
mitokondriyal genomlar arasindaki farklar, taksonlar arasindaki ¢esitliligi gosterecek
sekilde dlclilmiistiir. Genetik soylar arasindaki cesitlilik seviyeleri mesafe matrisinde
sunulmustur. Tanimlanan mitokondriyal soylarin evrimsel tarihini arastirmak icin
filogenetik aga¢ yontemleri kullanilmistir. Filogenetik analizler, H. savii tiiriiniin dort
ana gruptan olustugunu ortaya koymustur. Yeni Onerilen H. stubbei tiiriniin
bulundugu Kirgizistan grubundan ornekleri igeren kiime bu dort kiimeden biridir.
Hypsugo savii tiiriiniin diger ii¢ grubu Bat1 Palearktik'te tespit edilmistir. Orneklerin
cogu Dogu Akdeniz ve Bat1 Akdeniz olmak tizere iki grupta yer almistir. Sardinya'dan
iki 6rnek, dogu ve bati dallarindan tamamen ayr1 bir dalda konumlanmistir. Bu iki
ornegin Kanarya Adalari, Fas, Iber Yarimadasi ve Akdeniz adalarinda bulunan, daha
onceki calismalarda tespit edilmis Kuzey Afrika/Giineybati Akdeniz soyundan
bireyler oldugu tahmin edilmektedir. Ikili genetik mesafe matrisi, Avrupa'daki dallar
arasindaki farklilagsma diizeyinin (%8-10) H. alaschanicus'un, H. savii gruplarindan
farkliligina ¢ok yakin oldugunu géstermistir. Ayrica, yeni dnerilen H. stubbei tiirii ile
Avrupa soylar1 arasinda da benzer diizeyde cesitlilik bulunmustur. Bu fark, dallar
arasinda ¢ok belirgin bir farklilik olarak degerlendirilmektedir. H. savii'nin sahip
oldugu tiir i¢i1 kriptik cesitlilik bu caligsma ile desteklenmistir.

Calismanin kapsami Onemli derecede farklilasmis soylarin potansiyel temas
bolgelerinden smirli 6rnek incelenebilmesinden o6tiirii belirli smirlar igerisinde
kalmistir. Ayrica filogenetik agaglardaki kladlar1 dogrulamak i¢in tam mitokondriyal
genomlarla daha farkl: filogenetik modeller kullanilabilir.

Bu ¢alisma, H. savii kompleksinin filocografyasi ve evrimsel tarihine kapsamli bir
bakis sunmakta ve ayni zamanda yarasa evrimini anlamlandirmamiza da katkida
bulunmaktadir. Bu kapsamda genetik ¢esitlilige dayali filocografik oriintiileri yeniden
olusturmak i¢in bir metodoloji olusturulmustur. Bu ¢aligma, H. savii tiirii iizerine
yapilan calismalarida, filogenetik analizlerde yiiksek ¢oziintirliigi saglamak i¢in ilk
kez tiim mitogenom dizilerinden yararlanmistir. Bu ¢alismadan elde edilen bulgular,
tirlerin evrimsel dinamiklerinin anlagilmasinda kapsamli genomik analizlerin
Oneminin altini ¢izmektedir.

XXV






1. INTRODUCTION

1.1 Bats and Their Evolutionary History

In 1968, Martin Eisentraut said “No other mammal group can surpass the diversity and
curiosity of the face design of bats.” (Dietz & Kiefer, 2016). Not only the face of them,
but with almost 1,400 species recognized worldwide, the bats are one of the most
diverse groups in class Mammalia (Simmons et al, 2024). In addition to their rich
taxonomic diversity, they inhabit all continents except Antarctica. Their habitats span
a wide range from harsh desert conditions to tropical forests, and from wetlands to
alpine steppes. As with many forms of life, the majority of bat species cluster around
the equator zone (Figure 1.1), and their distribution is also influenced by geographical
features (Mickleburgh et al, 2002). While a large number of bats are insectivorous,

there are also carnivorous, frugivorous, or sanguivorous bats (Dietz & Kiefer, 2016).

Figure 1.1: The distribution of number of bat species in the world adapted from
Findley (1993).

Chiroptera, the order of bats, stands apart from other mammalian groups. Studies

reveal that Chiroptera lack close phylogenetic ties with other groups in mammalian



orders. The closest — but still the distant — relatives to bats are pangolins. They are
thought to share a common ancestor in the distant reaches of geological history
(Murphy et al, 2001). The earliest fossil records of bats were found in Green River,
Wyoming dating back to the Eocene epoch, approximately 52 million years ago (Dietz
& Kiefer, 2016). Molecular phylogenetics analysis traces the last common ancestor of
bats even further back, to around 64 million years ago. The emergence of bats appears
to have coincided with an upswing in the diversity of flowering plants and insects
toward the end of the Cretaceous period (Lillegraven et al, 1987). Telling et al. (2005)
propose that the major diversification of microbat taxa during the Tertiary period
correlates with a remarkable increase in mean temperature, approximately 7 °C higher
than previous levels. This warming likely led to a critical upsurge of the plant species
and the insects. As these flying mammals adapted to their ecological niche,
characterized by nocturnal activity, they experienced immense diversification,
facilitated by the reduction of strong predator pressure (Altringham, 2011).

For quite a long time, debates surrounding the evolutionary history of bats were
revolved around their unique feature: echolocation. With a highly specialized larynx
muscle that can contract 200 times per second, the echolocating bats can make high-
frequency ultrasound calls up to 212 kHz (Dietz & Kiefer, 2016). From a broad
perspective, echolocation enables nocturnal flight and efficient hunting. Consequently,
the central question in understanding bat divergence has been whether echolocation or
flight evolved first. Notably, these two critical traits appear to be intertwined, as
precise echolocation likely sharpened the effectiveness of nocturnal flight and feeding
(Altringham, 2011).

1.1.1 Cryptic diversity in bat species

Modern genomics challenges the strict boundaries of species definitions, including
Mayr’s biological species concept, which traditionally relies on reproductive isolation
(De Queiroz, 2005). From this perspective, the common perception of cryptic species
as “sibling species” is also ambiguous due to the lack of a universally accepted
concept. Bickford et al. (2006) define cryptic species as instances where two or more
species are classified as a single nominal species due to the difficulty of morphological
differentiation.



Cryptic diversity has gained significance in light of recent biodiversity advances.
Espindola et al. (2016) highlight its importance based on three key factors. First,
cryptic diversity plays a crucial role in biodiversity assessments. Parameters such as
species abundance and endemism are central to local conservation efforts, and
unraveling cryptic diversity would provide more accurate estimates. Second,
investigating the cryptic diversity aids in identifying evolutionary significant units. A
critical task considering that many species face a "silent™ extinction without proper
taxonomic recognition (Lobl et al, 2023). Lastly, cryptic diversity is essential to
comprehend the effects of anthropogenic activities on species and ecosystem health.
Recognizing these factors underscores the need for increased research and support in
cryptic diversity, particularly given the challenges posed by climate change and the

conservation of richness of life (Espindola et al, 2016).

Bats hold great potential for cryptic diversity assessments. While pioneering molecular
studies had already identified several cryptic species, the increased resolution of
genomic analyses reveals that much remains to be discovered (Mayer & Helversen,
2001). Coraman et al. (2013) showed an important example of rich intraspecific
genetic diversity and potential cryptic diversity among several bat species in the
Western Palearctic region, particularly in Anatolia. Among these, Hypsugo savii

stands out as a candidate for respresting a cryptic species complex.

1.1.2 Study organism: Hypsugo savii sensu lato

Before the advent of molecular genetic studies, Hypsugo, Vespertilio, Eptesicus, and
Pipistrellus were grouped together as a genus. These classifications were primarily
based on phenotypic similarities, including dental characteristics (Kipson et al, 2023).
Later on, the genus Hypsugo was also classified as a subgenus of Pipistrellus (Hill &
Harrison, 1987). Menu et al. (1987), on the other hand, claimed that the savii group
and its closely related relatives warrant recognition as a distinct genus due to their
unique characteristics, such as phallus morphology in males and karyology. Horac¢ek
et al. (2000) further supported this view. Finally, pioneering mitochondrial DNA
marker analyses have clarified the taxonomic position of several vespetilionid bat

genera, including Hypsugo (Hoofer, 2003; Mayer et al, 2007).

Currently, there are eighteen recognized Hypsugo species (Table 1.1). These species

are distributed all around the Palearctic region, extending to sub-Saharan and Southern
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latitudes of the Arabian Peninsula in the south (Kipson et al, 2023). Recent studies
suggested that the sub-Saharan taxa might also represent a distinct genus, Parahypsugo
(Hutterer et al, 2019).

Table 1.1 : Recognized species of the genus Hypsugo (Simmons & Cirranello, 2024).

Species Name Common Name Described
Hypsugo affinis Chocolate Pipistrelle (Dobson, 1871)
Hypsugo alaschanicus ~ Alashanian Pipistrelle  (Bobrinskii, 1926).
Hypsugo arabicus Arabian Pipistrelle (Harrison, 1979)
Hypsugo ariel Fairy Pipistrelle (Thomas, 1904)
Hypsugo cadornae Cadorna's Pipistrelle (Thomas, 1916)
Hypsugo dolichodon  Long-toothed Pipistrelle  (Gorfol et al, 2014)
Hypsugo imbricatus Brown Pipistrelle (Horsfield, 1824)
Hypsugo kitcheneri Red-brown Pipistrelle (Thomas, 1915)
Hypsugo lanzai Lanza's Pipistrelle (Thomas, 1915)
Hypsugo lophurus Burmese Pipistrelle (Peters, 1866)
Hypsugo macrotis Big-eared Pipistrelle (Thomas, 1914)
Hypsugo mordax Pungent Pipistrelle (Peters, 1866)
Hypsugo musciculus Mouse-like Pipistrelle (Meyer, 1899)
Hypsugo petersi Peter’s Pipistrelle (Peters, 1871)
Hypsugo pulveratus Chinese Pipistrelle (Peters, 1870)
Hypsugo savii Savi’s Pipistrelle (Bonaparte, 1837)
Hypsugo stubbei Stubbe’s Pipistrelle (Stubbe, 2002)

Hypsugo vordermanni  Vordermann’s Pipistrelle (Jentink, 1890)

Savi’s pipistrelle is a small-sized vespertilionid bat that closely resembles Pipistrellus
species (Figure 1.2). The dark skin color of its wings, ears, and nose is one of the
distinct features of this species. Its fur exhibits golden hair tips. Additionally, it has
short, round ears with a blunt and broader tragus (Dietz & Kiefer, 2016). The penial
morphology, which is a distinctive character among vespertilionid bats in the
Palearctic region, has also its own unique shape. The baculum (penis bone) resembles
the pipistrelloid bats in length, but it is more flat and has a roof-like section and disc-
like endings, setting it apart from other species (Dietz & Kiefer, 2016; Kipson et al,
2023). The forearm length of H. savii varies between 31.4 mm and 37.9 mm; the fifth
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finger, between 38 mm and 47 mm; the third finger, between 52 mm and 63 mm, and
its weight, between 5 and 9 g (Dietz & Kiefer, 2016). Hypsugo savii can also be
acoustically identified to a certain degree. It has quasi-contant frequency calls peaking
between 30 and 35kHz, which are up to 16ms long (Dietz & Kiefer, 2016).

Figure 1.2 : A mature individual of Hypsugo savii.

The first record of Savi’s pipistrelle, Hypsugo savii, belongs to Bonaparte (1837) from
Pisa, Italy. It was recorded as Vespertilio savii since the genus Hypsugo was not
recognized at the time (Ellerman & Morrison-Scott, 1966). Also, Hypsugo cf darwinii
(Tomes, 1859) was described from the materials collected from Canary Islands by
Charles Darwin and later it was classified with Hypsugo savii (Dondini et al.
2016).Hypsugo savii is a thermophilous species, primarily inhabiting rocky terrains
and mountain regions, reaching up to 3,300 m above sea level (Kipson et al, 2023). It
has a wide distribution range across the Western Palearctic region, spanning from
Central Asia to the Western Mediterranean (Figure 1.3). Especially in the Middle East,

it is one of the most common species (Uhrin et al, 2016; Kipson et al, 2023).
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Figure 1.3 : The distribution map of H. savii based on IUCN. The distribution data

for H. stubbei was adapted from Dolch et al. (2021).

1.1.3 Closely related species

Hypsugo savii has four closely related species in the region, some of which have been

recently described (Figure 1.3):

1)

2)

3)

4)

H. ariel: Distributed along the west coast of the Arabian Peninsula, extending
toward the eastern Mediterranean coast. It is also found in Sudan and Yemen
(Dietz, 2005; Wilson & Reeder, 2005).

H. arabicus: Occurs in a very limited range in Oman and southern Iran (Benda
et al. 2002, 2012).

H. alaschanicus: Found in East Asia, ranging from Mongolia to Japan (Kipson
et al, 2023).

H. stubbei: A recently described species, distributed in Mongolia (Dolch et al,
2021).

The conservation status for Hypsugo savii in the International Union for Conservation

of Nature (IUCN) is categorized as “Least Concern” and the population trend is listed

as stable in the last assessment (Juste & Paunovi¢, 2016). This species is strictly

protected, listed under the Bern Convention on the Conservation of European Wildlife

and Natural Habitats. The status for Hypsugo alaschanicus is also evaluated in “Least

Concern” category. However, there is not enough knowledge of population sizes to
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designate a trend (Fukui et al, 2019). Hypsugo ariel is listed as “Data Deficient” in the
IUCN Red List and the current population trend is considered as unknown (Benda &
Aulagnier, 2020). Hypsugo arabicus, formerly known as Pipistrellus arabicus as well,
is also considered as “Data Deficient” in IUCN Red List based on the last assessment
(Srinivasulu & Srinivasulu, 2019). Current population trend is unknown, however, it
has potential to be common in the distribution range according to Benda et al. (2012).
There is no available assessment report for Hypsugo stubbei included in IJUCN Red
List.

1.2 Genomic Analyses and Its Implications in Phylogenetics

1.2.1 Mitochonrial DNA

Mitochondria represent a fundamental element in eukaryotic cells. It is hypothesized
that mitochondria originated through an ancient symbiotic event between ancestral
eukaryotes and alphaproteobacteria, approximately two billion years ago. This
evolutionary hypothesis initially emerged from the distinctive genomic characteristics
of mitochondria. Mitochondrial genomes (often referred to as mitogenome of MtDNA)
are circular, lack introns, and have relatively small sizes. They encode proteins for
subunits within oxidative phosphorylation enzyme complexes, as well as components
of the ribosome (rRNA) and transfer RNA (tRNA). Additionally, there is a small
section of non-coding control region, commonly known as D-loop, which likely

contains regulatory elements.

The animal mitochondrial genome is typically between 15 to 17 kilobases long making
it smaller than the mitochondrial genomes of plants and fungi. There are thirty-seven
genes and a control region on a typical vertebrate mitogenome. Among these genes,
thirteen of them are protein-coding genes (PCGs), coding for NADH dehydrogenase
complex (ND), cytochrome c oxidase complex (CO), cytochrome b (CYTB), and ATP
synthase complex. Two genes are transcribed as rRNA for 12S and 16S subunits of
ribosomes. Remaining twenty-two genes encode transfer RNAs of twenty amino acids
which are Alanine (A), Arginine (R), Asparagine (N), Aspartic acid (D), Cysteine (C),
Glutamic acid (E), Glutamine (Q), Glycine (G), Histidine (H), Isoleucine (1), Leucine
(L), Lysine (K), Methionine (M), Phenylalanine (F), Proline (P), Serine (S), Threonine
(T), Tryptophan (W), Tyrosine (Y), and Valine (V).



Mitochondrial DNA markers have been frequently utilized in phylogenetic studies and
population genetics analysis, as they have several advantages. Firstly, they are easier
to sequence as they have several copies. Secondly, mtDNA has a high mutation rate
(reference). Higher mutation rate enables the accumulation of genetic differences in
relatively shorter time periods. Lastly, mtDNA is maternally inherited. Lack of
recombination allows tracking the maternal lineages. All of these features make
mtDNA markers a powerful approach for DNA barcoding and taxonomic
identification, population genetic and demographic analyses, and phylogenetic

studies.

1.2.2 Increased resolution with high-throughput sequencing

In recent years, the reduced cost and increased practicality of high-throughput
sequencing (also referred as next-generation sequencing) have revolutionized
genomics (Satre & Ravinet, 2019). All genetic material extracted from an individual
sample is sequenced via high-throughput technologies in a method called whole
genome approach. Whole genome sequencing is the most substantial method to reveal
the genetic landscape and variations of an individual (Ng & Kirkness, 2010). Before
the enhanced feasibility of this approach, genotyping of a certain loci on genomes and
partial fragments of genes were widely used as “genetic markers.” Target sequencing
methods such as Restriction-site Associated DNA sequencing (RAD-seq) also provide
high resolution, especially for wild populations and non-model organisms (Davey &
Blaxter, 2010). However, whole-genome sequencing is taking over as the leading
method for all genomic studies. A recent study showed the robustness of low-coverage
whole genome sequencing (ICWGS) in investigating population structure across both
model and non-model organisms. Notably, IcWGS proved effective across varying

coverage levels and sampling sizes (Lou et al, 2021).

1.3 Literature Overview

Hypsugo savii has been considered a polytypic species for a very long time, with
diverse subspecies notifications, ranging between five to ten (Ellerman & Morrison-
Scott, 1966; Corbet, 1978). Horacek (2000) asserted that four of these subspecies,
savii, ochromixtus, caucasicus and austenianus, are distinct and potentially represent
cryptic species. Despite this differentiation, H. savii has maintained its overarching

status across all claimed groups.



Pestano et al. (2003) revealed a deep genetic divergence between individuals collected
from mainland Spain and Canary Islands. The differentiation was between 6.3% to
7.2% in CYTB and at least 3.8% in 16S rRNA gene. A similar finding was reported
by Mayer et al. (2007) with a comparison between an individual from Morocco and a
European individual. Partial ND1 gene of the Moroccan sample was at least 9.6%
different from the European H. savii. In this study, a separate species, Hypsugo
darwinii (which was historically described) was proposed to include a Moroccan
sample and samples from Canary Islands in Pestano et al. (2003). More samples from
Sicily, Sardinia (Veith et al, 2011), island of Tuscany, Italy (Dondini et al, 2016) and
Malta (Mifsud and Vella, 2019) were examined and included in haplotypes of
proposed H. cf darwinii. Ibanez et al. (2006) stated that there are three lineages based
on several genetic markers (CYTB, ND1 and RAG2) in Europe: 1) Southern Iberia, 2)
Iberia to Switzerland, and 3) Eastern Mediterranean. Sympatric occurrence of 1 and 2
was shown. Similarly, Garcia-Mudarra et al. (2009) presented three lineages as North
African, West European, and East European. They also included CYTB and ND1
markers. Molecular diversity of H. savii was once again divided into three main groups
with more samples from different areas like Turkey in Coraman et al. (2013). The
differentiations of Eastern Mediterranean samples from Western Mediterranean was
around 7-8% and from Southwestern - North African, H. cf darwinii, was 9-8% in
ND1 gene. These findings are consistent with other supporting studies (Bogdanowicz
et al, 2015; Dolch et al, 2021), collectively enhancing our comprehension of the

intricate genetic landscape of H. savii.

1.4 Aim of the Study

Previous studies have shown that Hypsugo savii harbours several deeply diverged
lineages, some of which might represent distinct species (Kipson et al, 2023).
Although most of the studies recovered these identified lineages, their relationships
are not fully resolved. This lack of resolution was mostly due to the heterogenous
marker selections. In this study, we aim to understand the phylogeographic patterns
within the H. savii cryptic species complex with utilization of complete mitochondrial
genomes. There are three main objectives of this thesis: 1) establishing a reproducible
pipeline for assembling mitogenomes from whole genome sequencing data; 2)

assembling the complete mitogenomes of H. savii and the related species; and 3)
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reconstructing a phylogenetic tree for the H. savii complex based on whole

mitogenomes.
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2. MATERIALS AND METHODS

2.1 Data collection and Whole Genome Sequencing

For the genomic analysis, whole genome sequencing data from a total of 30 samples

were utilized (Table 2.1). The specific locations are shown on the world map in Figure

2.1.Dr. Frieder Mayer at the Berlin Natural History Museum generated this dataset,

which originates from the museum’s sample collection. The following protocols were

employed for DNA extraction and whole genome sequencing.

Table 2.1 : Specimen list and localities

Isolation Genus Species Location Region
Number

125 Hypsugo stubbei Mongolia Tsenkhar gol

128 Hypsugo stubbei Mongolia Hoyer Tsenkher gol

213 Hypsugo alaschanicus  Mongolia Orog Nuur

332 Hypsugo alaschanicus  Mongolia Chatanbulag
4198 Hypsugo savii Morocco Gorges du Todra
4674 Hypsugo savii Morocco Gorges du Dades
5297 Hypsugo ariel Egypt Wadi Nasb
5686 Hypsugo savii Greece Agia Anastasia
5687 Hypsugo savii Greece Kapelle am Neda-Fluss
5856 Hypsugo savii Greece Crete

8842 Hypsugo savii Israel Banyas

8843 Hypsugo savii Israel Haslaga pools
9451 Hypsugo savii Kyrgyzstan Aravan, Mandaniat
9668 Hypsugo savii Croatia Trilj-lokacija
9681 Hypsugo savii Croatia Cavtat, Miljasi, Lokva
9769 Hypsugo savii Armenia North of Meghri
9840 Hypsugo savii Armenia Noravank-Canyon
10102 Hypsugo savii Kyrgyztan Sasyk-Unkur cave
10206 Hypsugo savii Slovenia Roznik, Ljubljana
10207 Hypsugo savil Slovenia Pond at Poletic
10426 Hypsugo savii Sardinia  Casa Oppes, Via De Martini
10431 Hypsugo savii Sardinia Teletottes
10442 Hypsugo savii Sardinia Rio di Curadoreddu
10445 Hypsugo savii Sardinia Rio di Curadoreddu
10462 Hypsugo savii Sardinia Vascone Cumbida Prantas
10522 Hypsugo savii Italy Roma
10523 Hypsugo savii Italy Roma
10524 Hypsugo savii Italy Naples
10525 Hypsugo savii Italy Naples
10526 Hypsugo savil Italy Naples
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Figure 2.1: The distribution of localities of the thirty samples investigated in this
study.

For DNA isolation, commercially available QIAgen™ Dneasy Blood & Tissue Kit
was utilized, following the manufacturer’s protocol. The isolated DNA concentrations
were quantified using a Qubit fluorometer using and the Invitrogen™ double-stranded
DNA (dsDNA) high-sensitivity kit. For whole genome sequencing, two commercial
library kits were utilized, QIAgen™ QIAseq FX DNA Library Kit and illumina™
TruSeq Library Prep Kit, adhering to the respective manufacturer’s protocols. During
the library preparation, the DNA fragment size were controlled with the Agilent™

TapeStation instrument. The resulting DNA libraries had an average insert size of 280
bp.

DNA libraries containing adapter-ligated DNA fragments were sequenced using the
illumina™ NovaSeq 6000 instrument. The sequencing was performed in paired-end

mode with 150 bp reads. The resulting sequencing data were reported in Illumina 1.9
FastQ file format.

2.2 Sequence Analysis

A pipeline was constructed to assemble the complete mitogenomes of the analyzed

samples (Figure 2.2)
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Figure 2.2: The pipeline constructed for the assemblying of complete mitogenomes.

2.2.1 Quality assessment

The quality of the raw FastQ files were assessed by utilizing fastp software (Chen et
al, 2018). This algorithm detects the adapter sequences that were attached to the
sequencing reads. These adapter sequences and low quality reads were removed from
the data pool. Bases that have a Phred quality score above 33 were kept. If a Phred
score is 33 for a base, this indicates that the probability of the error for this base is
0.05% and this base is a 99.95% correctly called base during the sequencing.

The reads dropped below than 35 bp-long after the quality and adapter trimming and
PCR duplicates were removed. To handle the assembly of the repetitive regions, pate-

pairs were not merged. The quality assessment of the whole process were recorded.

2.2.2 Complete mitochondrial assembly

The mitochondrial genomes were de novo assembled with the MitoZ software (Meng
et al, 2019). MitoZ is specifically designed for animal mitochondrial genomes with
and has faster and more accurate algorithm in comparison to other methods available
(Mabhar et al, 2023).

MitoZ offers separate modes for different phyla in animals. For each phylum, a distinct

database is utilized to initialize the assembly. Additionally, various assembler options,
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including data size, time-bound, and k-mer sizes can be set. The de novo analyses in
this study were run in ‘chordata’ mode using the ‘megahit’ assembler with 59, 79 and

99 k-mer sizes.

2.2.3 Mapping of reads

The initial assembly products may include gaps, particularly if there are repetitive
regions in the sequences. By mapping the cleaned data set to the assembled
mitogenomes, these gaps can be closed. Additionally, mapping serves as a means of

validation for the de novo assemblies.

For the mapping analyses, the Burrow-Wheeler Aligner (bwa) algorithm (Li, 2013)
was utilized. The FASTA files of the de novo assembled mitogenomes were used as
reference. The associated reads of the specimens were mapped onto these reference
sequences with default parameters. Both forward and reverse sequences were utilized.
The mapping statistics, including the number of reads mapped to the reference, the

amount and percent of covered bases, mean coverage, and depth, were recorded.

The mappings were individually inspected and the repeat regions in the D-loop
segment were manually edited. Geneious Prime (Geneious Prime, 2024) was used for
the manual inspection and editing. As a result, a complete mitochondrial genome
sequence was generated for each individual in FASTA format.

2.2.4 Mitogenome annotation and tRNA profiling

In the final step, the mitogenome of each studied species was annotated using two
different algorithms: The MITOS software (Bernt et al, 2013) via the Galaxy Platform
(https://usegalaxy.eu/root?tool_id=toolshed.g2.bx.psu.edu%2Frepos%2Fiuc%2Fmito
$2%2Fmitos2%2F2.1.3%20galaxy0) and MitoZ. Through these analyses, the

positions, lengths, and orders of the mitochondrial genes were determined. The results

from both algorithms were compared to ensure the reliability of the annotations. A
gene list was created, providing exact location information on the sequences.
Additionally, the MitoZ algorithm’s annotation command allowed visualization of
gene locations and the circular structure of the mitogenomes using a subpackage called

OrganellarGenomeDRAW  (https://chlorobox.mpimp-golm.mpg.de/OGDraw.html).

Furthermore, the same annotation visualizations displayed the mapping coverage of

the mitogenomes.
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Finally, the transfer RNA (tRNA) genes in the mitogenome of H. savii were identified
using tRNAscan-SE Search Server (http://lowelab.ucsc.edu/tRNAscan-SE/). The

positions of the relevant genes were then confirmed with the previous annotations.

Additionally, the secondary structures of the tRNAs were predicted.

For the annotations, the following samples were selected: Sample 332, H. alaschanicus
from Mongolia; Sample 5297, H. ariel from Egypt; Sample 4198, H. savii from

Morocco; and Sample 128, H. stubbei from Mongolia.

2.3 Phylogenetic Analyses

The phylogenetic relationships of the analysed samples were investigated by
reconstructing a phylogenetic tree and a haplotype network (Figure 2.3). Given the
high variability and repetitive sequences in D-loop regions, they were extracted from

the mitogenomes, leaving the remaining sequences for further analysis.

NEXUS Formatting Haplotype Network
(DNAsp) "~ Integer NJ Model
/ (PopArt)
Complete Removal of D-loop Al
. gnment
Mitogenomes o — e

\

Distance Tree
Maximum-Likelihood
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(1QTree)

Figure 2.3: The illustration of the workflow of phylogenetic analyses.

The whole mitogenomes (excluding the D-loop regions) were aligned using the
MUSCLE (MUItiple Sequence Comparison by Log-Expectation) alignment model
(Edgar, 2004), as implemented in MEGA (Molecular Evolutionary Genetics Analysis)
11.0 software (Tamura et al, 2021). The publicly available complete mitochondrial
sequence of Pipistrellus kuhlii (GenBank accession number: KU058655) was used as
an outgroup for the phylogenetic reconstructions. Subsequently, the final alignments

were visually inspected in Geneious Prime to identify any poorly aligned regions.

Finally, the alignments were exported as a MEGA file (.meg) and converted to a
NEXUS file (.nex) using the DnaSP 6.0 software (Rozas et al, 2017). The pairwise

genetic distance between mitochondrial sequences of individuals was calculated in
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MEGA 11.0, using the Tamura-Nei model (Tamura & Nei, 1993) to estimate the
nucleotide differentiation ratio of each sample

The Maximum-Likelihood estimation model was selected for phylogenetic
reconstructions. Two different methods were employed to construct the phylogenetic

distance tree. In the first method, IQ-TREE v.2.3.5 (http://www.igtree.org/) was used

with default settings. In the second approach, RAXML v.8 (Stamakis, 2014) was
utilized via CIPRES Science Gateway v.3.3 (https://www.phylo.org/portal2/). The

analysis ran with 100 bootstrap iterations, using a random seed value of 12345 for
rapid bootstrapping. The GTRCAT model was selected for the bootstrapping phase.
The best substitution model was chosen using the ModelFinder algorithm
(Kalyaanamoorthy et al,. 2017) with 1000 bootstrapping iterations. Reconstructed
phylogenetic trees were visualized with FigTree v.1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/) and iTOL:Interactive Tree of Life Web
Server (http://itol.embl.de).

In the final step, a haplotype network with complete mitochondrial sequences (D-loop
regions excluded) was built with PopART v.1.7 (Leigh et al, 2015) utilizing the integer
Neighbor-Joining model (Saitou & Nei, 1987).
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3. RESULTS

3.1 Evaluation of Data Filtering

A total number of filtered paired-end reads (forward and reverse) obtained for each
sample varied between 28 and 233 million reads, with an average of 123 million (Table
3.1). Mean length of reads was 150 bp. The average quality of reads was around 31 to
36, which are considered to be high quality. The bases that have quality scores lower
than 33 were generally located at the end of the reads, between the 140" and 150"
bases. The average duplication rate in the readpools was 3,58%, ranging between
1,96% and 9,06%.

In the filtering step, the number of reads reduced by an average of 4,38%, ranging
between 0,85% and 18,48%. The average number of filtered reads which are utilized
in the mitochondrial assembly pipeline was around 123 million reads, ranging between
29 and 232 million reads.

3.2 Mitochondrial Genomes and tRNA Profiles

The mitochondrial sequences assembled with MitoZ differentiated in their length.
Although some of these sequences were not automatically circularized by the
algorithm, all of the mitochondrial genes were present in all of the assemblies. For
H. savii samples, the algorithm estimated the closest complete mitochondrial sequence

as the mitogenome of Pipistrellus kuhlii in its database.

The obtained mitogenomes were inspected in Geneious Prime through alignment. The
highest variation among the sequences were located in the control region (D-loop
region). This region was also the only part of the mitogenome where alignment gaps
were identified. The D-loops region is characterized by two main repeating motifs; the
first one consists of 81 bp repeat sequences, occurring at least three times in the

beginning of the D-loop.

The second motif features a microsatellite sequence pattern ‘TACGCA,’ reperating
multiple time. The exact repeat number of this latter microsatellite region could not be
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estimated due to its length exceeding the read length (150 bp). Notably, this repeat
region exhibited variation both among individuals and among species.

To assess the quality of assemblies and circularize those that were not already circular,
the reads were mapped onto the de novo assembled mitogenomes. The highest number
of reads mapped to the assembled mitogenomes was around 1,5 million, while the
lowest was around 15 thousand.

Overall, the mean depths were consistent across the mitogenome, except for the D-
loop region. The average mean deapth and the median mean depth were calculated as
1176X and 600X, respectively. The maximum mean depth reached approximately
13000X, whereas the minimum was around 150X. All of the mitogenomes were

succesfully circularized after manual editing.

The de novo assembled mitogenomes exhibited typical circular mammalian
mitochondrial genomes (Figure 3.1). The average mitogenome length was
approximately 16,600 bp, with the exception of H. stubbei, which was approximately
600 bp shorter (Table 3.1).

NC Region
PCGs
H tRNA
M rRNA
B GC Content
B GC Skew+
B GC Skew-

Figure 3.1: The annotated complete mitogenome of H. savii. Transfer RNA genes
are indicated by the single letter for their corresponding amino acid.
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Among conspecifics, slight variations were observed due to differences in the length
of the D-loop region, overall lengths remained comparable. The nucleotide
composition of the mitogenomes were asymmetrical in accordance with the AT-GC

skew.

The average GC content was approximately 35% (Table 3.1). For all the analysed
species, all 37 mammalian mitochondrial genes were identified (Table 3.2 and Figure
3.1).

Among these genes, two encoded ribosomal RNA (12S and 16S subunits), while
twenty-two encoded transfer RNAs. Each tRNA gene on the mitochondrial sequence
is shown in Figure 3.1 with the symbol of the corresponding amino acid. The list of
amino acids are given in Table 3.2. The remaining thirteen genes encoded proteins for
mitochondrial enzyme complexes. Those complexes are the elements of the
mitochondrial respiratory chain as members of the center for cell metabolism.
Additionally, a long non-coding control region (D-loop) was identified within the

sequence. This sequence was around 1.1 kb and varied from individual to individual.

The profiles of the tRNA genes were investigated (Figure 3.2), assessing their length
and positions. In the H. savii mitogenome The total length of the tRNA genes were
1,598 bp . The length of the tRNA genes ranged between 58 bp and 74 bp. The
predicted secondary structures of the tRNA genes exhibited characteristic cloverleaf
structures, with the exception of tRNA>" , where the D arm of a complete cloverleaf

was missing.
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Figure 3.2: The secondary structures of tRNAs, encoded with H. savii mitogenome.

20



Table 3.1 : Filtration, assembly and mapping statistics of the read pools for each sample.

Number of Reads Elimination Length of Mitogenomes (base-  GC Content Coverage Mean Depth
in pair) (%) (%) X)
Isolation Raw Pool Filtered Mapped on Filtering (%) D-loop
Number Genus Species Pool Mitogenome Assembled extracted D-loop extracted

125 Hypsugo stubbei 72,958,720 69,688,062 69,111 4.48 16,822 15,435 35.2 100 600
128 Hypsugo stubbei 181,234,670 172,183,802 81,665 4.99 15,987 15,435 35.2 100 750
213 Hypsugo alaschanicus 241,444,810 233,495,648 1,515,095 3.29 16,618 15,432 35.3 100 13000
332 Hypsugo alaschanicus 140,599,254 136,826,534 458,924 2.68 16,579 15,433 35.3 100 5000
4198 Hypsugo savii 131,362,690 127,326,516 73,753 3.07 16,571 15,432 35.7 100 600
4674 Hypsugo savii 130,114,166 127,298,956 83,695 2.16 16,727 15,432 35.7 100 700
5297 Hypsugo ariel 100,290,796 81,761,528 62,497 18.48 16,655 15,419 34.9 100 300
5686 Hypsugo savii 131,387,124 124,744,774 84,464 5.06 15,942 15,437 35.8 100 750
5687 Hypsugo savii 112,728,448 108,126,210 66,103 4.08 15,906 15,435 35.7 100 550
5856 Hypsugo savii 56,297,310 51,665,172 34,469 8.23 15,870 15,435 35.8 100 300
8842 Hypsugo savii 98,062,814 95,545,512 64,890 2.57 16,684 15,433 35.8 100 600
8843 Hypsugo savii 81,843,276 79,113,604 41,426 3.34 16,599 15,433 35.8 100 400
9451 Hypsugo savii 98,057,316 93,561,474 19,048 4.58 16,514 15,434 35.2 100 150
9668 Hypsugo savii 89,256,250 84,143,118 20,611 5.73 15,899 15,435 35.8 100 150
9681 Hypsugo savii 94,620,174 89,011,720 14,921 5.93 15,907 15,436 35.8 100 100
9769 Hypsugo savii 137,917,380 132,256,884 144,507 4.10 16,528 15,432 35.7 100 1200
9840 Hypsugo savii 72,499,182 68,908,562 144,292 4.95 16,686 15,431 35.7 100 1200
10102 Hypsugo savii 117,732,824 116,748,492 76,235 0.84 16,560 15,435 35.2 100 650
10206 Hypsugo savii 87,897,852 84,070,950 56,132 4.35 16,570 15,431 35.6 100 500
10207 Hypsugo savii 30,078,636 28,748,126 140,794 4.42 16,624 15,431 35.6 100 1200
10426 Hypsugo savii 157,671,152 150,494,832 54,686 4.55 15,984 15,431 35.6 100 500
10431 Hypsugo savii 189,762,620 183,314,346 28,142 3.40 16,610 15,435 35.6 100 200
10442 Hypsugo savii 152,757,912 144,625,460 79,204 3.02 16,688 15,432 35.7 100 650
10445 Hypsugo savii 158,360,520 152,629,830 14,514 3.62 15,972 15,431 35.7 100 150
10462 Hypsugo savii 161,231,430 154,983,704 74,230 3.88 16,617 15,431 35.6 100 650
10522 Hypsugo savii 132,917,780 127,420,348 141,354 4.14 16,653 15,431 35.6 100 1250
10523 Hypsugo savii 131,983,814 127,784,062 69,901 3.18 16,651 15,431 35.6 100 600
10524 Hypsugo savii 233,921,564 231,722,800 115,731 0.94 16,651 15,431 35.6 100 1000
10525 Hypsugo savii 212,582,992 204,090,722 116,167 3.99 16,714 15,431 35.6 100 1000
10526 Hypsugo savii 126,577,414 122,314,960 69,624 3,37 16,639 15,431 35.6 100 600
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Table 3.2 : The list of genes annotated on the complete mitogenome of H.savii.

Gene Type Abbreviation Start End  Strand

tRNA-Phenylalanine transfer RNA tRNAPhe 0 72 +

Ribosomal RNA for small subunit : ribosomal SrRNA 72 1027 +
SSU (12S) RNA

tRNA-Valine transfer RNA tRNAVa 1027 1096 +

Ribosomal RNA for large subunit ; ribosomal IrRNA 1095 2657 +
LSU (16S) RNA

tRNA-Leucine (Leu-CUN) transfer RNA tRNALeu2 2659 2734 +

NADH dehydrogenase, subunit 1 protein ND1 2739 3690 +
coding

tRNA-Isoleucine transfer RNA tRNA® 3695 3764 +

tRNA-Glutamine transfer RNA tRNAGIn 3761 3835 -

tRNA-Methionine transfer RNA tRNAMet 3835 3904 +

NADH dehydrogenase, subunit 2 protein ND2 3904 4942 +
coding

tRNA-Tryptophan transfer RNA tRNAT™ 4946 5013 +

tRNA-Alanine transfer RNA tRNAAIR 5017 5086 -

tRNA-Asparagine transfer RNA tRNAAS 5088 5161 -

tRNA-Cysteine transfer RNA tRNACYs 5194 5261 -

tRNA-Tyrosine transfer RNA tRNATY 5261 5329 -

Cytochrome c oxidase, subunit 1 protein Col 5330 6863 +
coding

tRNA-Serine (Ser-AGY) transfer RNA tRNASe2 6878 6947 -

tRNA-Aspartic acid transfer RNA tRNAAP 6954 7021 +

Cytochrome c oxidase, subunit 2 protein coll 7021 7702 +
coding

tRNA-Lysine transfer RNA tRNALYS 7708 7775 +

ATP synthase, Fo subunit 8 protein ATP8 7776 7971 +
coding

ATP synthase, Fo subunit 6 protein ATP6 7937 8612 +
coding

Cytochrome c oxidase, subunit 3 protein colll 8617 9400 +
coding

tRNA-Glycine transfer RNA tRNACY 9401 9470 +

NADH dehydrogenase, subunit 3 protein ND3 9470 9815 +
coding

tRNA-Arginine transfer RNA tRNAAT 9817 9885 +

NADH dehydrogenase, subunit 4L protein ND4L 9886 10180 +
coding

NADH dehydrogenase, subunit 4 protein ND4 10176 11544 +
coding

tRNA-Histidine transfer RNA tRNAHS 11554 11622 +

tRNA-Serine (Ser-UCN) transfer RNA tRNASer1 11622 11681 +

tRNA-Leucine (Leu-UUR) transfer RNA tRNAR1 11682 11752 +

NADH dehydrogenase, subunit 5 protein ND5 11758 13555 +
coding

NADH dehydrogenase, subunit 6 protein ND6 13562 14081 -
coding

tRNA-Glutamic acid transfer RNA tRNAGH 14084 14152 -

Cytochrome b protein CYTB 14157 15291 +
coding

tRNA-Threonine transfer RNA tRNATM 15297 15366 +

tRNA-Proline transfer RNA tRNAPr® 15365 15432 -
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3.3 Phylogenetic Analyses

Based on the results, the IQ-TREE analysis was done with the TIM2 substitution
model with Gamma rate variation. Both of the phylogenetic reconstruction methods
produced identical topologies, revealing six main clades (Figure 3.3). The individual
representing H. ariel was located at the basal node of the group. The second major
branch separated two individuals representing H. alaschanicus from the rest of the
group. In the subsequent branch, two H. stubbei individuals from Mongolia and two
individuals recorded as H. savii from Kyrgyzstan clustered together. Finally, the H.
savii individuals formed three main clades: i) one clade in Sardinia; ii) another clade
spanning Croatia, Greece, Armenia, Israel; and iii) a third clade in western Europe
(including Sardinia) and Morroco. The first of these clustered together and then

merged with the latter.
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4o 10522 H._savii_IT
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1% 10526 H._savii IT
10525_H. savii_IT
10445_H._savii__SA
90.415686_H._savii__GR_
10010 5856_H._savii__ GR_
+4..5687_H._savii__GR_
1429668 H. savii_ CR_
9681 H. savii CR_

$o08842_H._savii_IL_
Lﬂe 8843 H. savii_IL_

1
100/100

Bs

99.8/100

1001100

104

10dpod769_H._savii__AM_
9840_H._savii_AM_

94

100100 * 10431_H._savii__SA
. 10442_H._savii__SA

1001100 [ 213_H._alaschanicu
332 _H._alashanicus

5297 H. ariel ET_
Pipistrellus_kuhli

0.04

Figure 3.3: The distance tree of the samples analyzed with the ML model.
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OG 5297 332 213 8842 8843 9769 9840 5856 5686 5687 9668 9681
oG
5297
332 0.123
213 0.123 0.001
125 0.127 0.100 0.101
128 0.127 0.101 0.101 0.000
9451 0.127 0.101 0.101 0.001 0.001
10102 0.127 0.101 0.101 0.001 0.001 0.001
0.119 0.093 0.094 0.085 0.085 0.086 0.086
0.119 0.093 0.093 0.085 0.085 0.085 0.085 0.001
8842 0.130 0.100 0.101 0.094 0.094 0.094 0.094 0.080 0.080
8843 0.130 0.100 0.101 0.094 0.094 0.094 0.094 0.079 0.079 0.001
9769 0.130 0.101 0.101 0.095 0.095 0.095 (0.095 0.080 0.080 0.008 0.008
9840 0.130 0.101 0.102 0.094 0.094 0.095 0.094 0.080 0.080 0.008 0.008 0.003
5856 0.131 0.102 0.102 0.095 0.095 0.096 0.095 0.080 0.080 0.020 0.019 0.020 0.020
5658 0.131 0.102 0.102 0.095 0.095 0.096 0.095 0.080 0.080 0.020 0.019 0.020 0.020 0.001
5687 0.131 0.102 0.102 0.094 0.094 0.095 0.094 0.079 0.080 0.019 0.019 0.019 0.019 0.002 0.002
9668 0.131 0.102 0.102 0.094 0.094 0.095 0.095 0.079 0.080 0.019 0.019 0.019 0.019 0.002 0.002 0.001

9681
10445
4674
4198
10462
10525
10524
10526
10426

10206
10207
10522
10523

0.131 0.102 0.102 0.094 0.094 0.095 0.094 0.079 0.080 0.019

0.019 0.019 0.019 0.002 0.002 0.001 0.000

0.122 0.094 0.094 0.090 0.090 0.090 0.090 0.078 0.078 0.087 0.087 0.087 0.087 0.087 0.087 0.087 0.086 0.086

0.122 0.095 0.095 0.092 0.092 0.092 (.092
0.122 0.095 0.095 0.091 0.091 0.092 0.091
0.122 0.096 0.096 0.091 0.091 0.091 (.091
0.122 0.096 0.096 0.091 0.091 0.091 (.091
0.122 0.096 0.096 0.091 0.091 0.091 0.091
0.122 0.096 0.096 0.091 0.091 0.091 0.091
0.122 0.096 0.096 0.091 0.091 0.092 (.091
0.122 0.095 0.095 0.091 0.091 0.091 0.091
0.122 0.096 0.096 0.091 0.091 0.091 0.091
0.122 0.095 0.095 0.091 0.091 0.091 (.091
0.122 0.095 0.095 0.091 0.091 0.091 (.091

0.079 0.079 0.088 0.088 0.089 0.088 0.088 0.088 0.088 0.088 0.088 0.012
0.078 0.078 0.088 0.088 0.088 0.088 0.088 0.088 0.088 0.088 0.088 0.012
0.080 0.080 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.014
0.081 0.081 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.014
0.080 0.080 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.013
0.080 0.080 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.013
0.080 0.080 0.089 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.014
0.080 0.080 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.013
0.080 0.080 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.014
0.080 0.080 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.013
0.080 0.080 0.089 0.089 0.089 0.089 0.088 0.088 0.088 0.088 0.088 0.013

0.001

0.012 0.012

0.012 0.012 0,001
0.012 0.012 0.001
0.012 0.012 0.001
0.012 0.012 0,002
0.012 0.012 0,001
0.012 0.012 0.002
0.011 0.011 0.001
0.012 0.012 0,001

Figure 3.4: The distance matrix of the samples based on ML model.
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The pairwise genetic distance analysis revealed distinct differentiation levels among
various Hypsugo samples (Figure 3.4). Pipistrellus kuhlii mitogenome used as an
outgroup, exhibited the highest variation, with at least a 19.6% difference from all
other mitogenomes. H. ariel (Sample 5297) showed differentiation ranging from
11.9% (with samples 10442 and 10431) to 13.1% (with samples in the blue group:
5856, 5686, 5687, 9668, and 9681). H. alaschanicus (Samples 213 and 332) differed
from other Hypsugo samples by 9.3% to 10.2%. The yellow cluster including H.
stubbei (Samples 125, 128, 9451, 10102) were closely related based on morphological
assessment. The turquoise cluster (Samples 10442 and 10431) exhibited slight
differentiation from each other, however, showed an 8% (+0.01) difference from other
Hypsugo samples. Within the blue cluster, Israeli samples (Samples 8842, 8843) and
Armenian samples (Samples 9769, 9840) were closely related, with only a 0.08%
difference between these subgroups. However, these subgroups within the blue cluster
differentiated from the rest of the group samples by around 2%, and by at least 8.6%
from other Hypsugo savii samples. The Moroccan samples (Sample 4674, 4198) in the
green cluster, were in close proximity to each other but with about 1.2% differentiation
from the other green cluster samples. One of the Sardinian samples (Sample 10445)
within the green cluster exhibited a 1.3% difference from the rest of the green cluster,
while the remaining of this cluster samples (Samples 10462, 10525, 10526, 10426,
10206, 10207, 10522, and 10523) had no major differences, showing less than a 0.3%

variation among them.

Accordingly, with the IQ-TREE phylogenetic tree and the pairwise distance matrix,
the tree generated with RAXML is edited with colors based on clades (Figure 3.5). The
yellow cluster includes H. stubbei samples and H. savii samples from Kryzygstan in
Central Asia (CA), the blue cluster shows Eastern Mediterranean (EM) samples of H.
savii, and the green cluster represents Western Mediterranean (WM) samples of
H.savii. Following the literature (Pestano et al, 2003; Ibafiez et al, 2006; Mayer et al,
2007; Garcia-Mudarra et al, 2009; Veith et al, 2011; Coraman et al, 2013), three solid
clades occupy European continent. Therefore, the remaining Samples 10442 and
10431 from Sardinia are claimed as the third major clade from the North African/
Southwestern Mediterranean (SWM) (as Mayer et al, (2007) proposed, H. cf darwinii)

in the turquoise group.
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Figure 3.5: Estimated geographical clades are labeled on the phylogenetic tree
generated with the ML model.

A haplotype network analysis was performed with PopArt using the integer NJ model.
The general structure of the network and the grouping of the individuals were

concordant with the phylogenetic trees (Figure 3.6).

Based on the objective of the study, an optimal pipeline was generated to assemble
complete mitogenomes from whole genome sequencing, the complete mitogenomes
of of all thirty samples were obtained. The phylogenetic analyses were performed with
the obtained complete mitogenomes to establish an understanding of the
phylogeography of Hypsugo savii cryptic species complex. Based on the phylogenetic
analyses, the species complex was divided into related subgroups according to their
geographic patterns.

26



Central Asia

10442
Southwestern
Mediterranean

10462 10523 10206

10522

10525+ "t“, 4

10524 ’ 10207
"’ {0426
A
g

968

9668 Eastern Mediterranean

Western Mediterranean

4674

4198

Hypsugo alaschanicus

Figure 3.6: The haplotype network of the complete mitogenomes of the samples.
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4. DISCUSSION

This study provides an integrated and homogenous approach for the investigation of
phylogeographic patterns at the genomic level with complete mitogenomes. The
utilization of mixed and limited genetic markers is the root cause of the lack of
validation between accumulating work on the species of interest (Kipson et al, 2023).
An alternate way of phylogenetic reconstruction is presented. Whole genome
perspective contributes to the establishment of the consensus for previously proposed

intraspecific diversity of Hypsugo savii cryptic species complex (Coraman et al, 2013).

Three main objectives were determined for this study. The first objective was
accomplished with the pipeline for the assembly of mitogenomes. A regeneratable
methodological installment was aimed to be used in future studies for many species.
Therefore, different algorithms were trialed to achieve the fastest and most accurate

results with easy use.

Secondly, the complete mitogenomes were constructed as it was targeted. Except for
the complete mitogenome of Hypsugo alaschanicus (GenBank ID: MK135784), there
is no complete mitogenome available for the species included in this study. The
mitogenomes produced in this study will be added to GenBank to contribute to further
studies.

As the last objective, the phylogeographic patterns were investigated through the
construction of phylograms with complete mitogenomes as a highly resolved,
homogenous dataset. Mutational distance, gene rearrangements and mitochondrial
morphology in a complete mitogenome are valuable in the sense of the phylogenetic

position of closely related taxa (Cameron, 2014).

4.1 Data Assessment

The sample collection, library preparation and sequencing of the isolated DNA from
the samples were performed prior to this study. The raw reads are polished with fastp
tool for elimination of adaptors, low-quality reads and PCR duplications. fastp is a
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multi-functioned and quite fast tool for preprocessing high-throughput sequencing data
(Chen et al, 2018). It is shown to have high performance in comparison with other
tools (Hao et al,2022) and the all-in-one functions ease the multi-stepped

preprocessing.

The reports from fastp analyses have shown the previous and past situations of the read
pools during data filtering. The number of reads in the readpool of each sample was
highly different. The largest number was 8 times higher than the smallest read pool.
This is thought to be a reason for varied sampling from various regions, different times

of storage, and dissimilar pre-sequencing and sequencing protocols.

Even though the numbers of total reads diverged, the rates of eliminated reads during
the filtering were consistently proportional to their total reads. There was only Sample
5297 as an exception with 18,48% eliminated reads. The report and mapping statistics
were not incongruent in comparison with other samples. The relatively higher number
of eliminated reads might be a result of the procedures prior to sequencing or
sequencing itself. The mapping statistics of this sample also showed no abnormal

pattern to reconsider the inclusion of the sample in the study.

4.2 Assessment of the Assembled Mitogenomes

Among many, MitoZ v.3.6. tool, which run with k-mer based approach, was
considered as powerful tool for de novo assembly of novel species (Mahar et al, 2023).
After testing algorithms such as MITObim, GetOrganelle, NOVOplasty, MitoZ was
chosen as the best fitting for the data pool we have. It provided the mitogenomes with

minimum mismatch ratio and gaps.

Whole genome sequencing approach is followed with mitochondrial DNA. The
inclusion of all protein-coding genes (PCGs) became a common practice to increase
the resolution of mitochondrial lineages. However, the inclusion of rRNAs and tRNAs
is less common without a solid justification of exclusion. In some studies, these regions
also shown to be effective tools in phylogenetic comparisons (Domes et al, 2008; Yu
et al, 2019). Even the addition of these genes to analyses can enhance the confidence

in nodal clustering and branching (Cameron, 2014).

The length of mitogenomes has shown variation intraspecifically. D-loop regions had

gaps in the sequences. The further annotations and alignments indicated variations in
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the D-loop was the main cause of variation in the length of mitogenomes and the
incomplete circularization of some of the samples. Two perspectives were evaluated
for evaluation of the cause. The first is that significant variability of nucleotide
composition and length variations was detected in intra- and interspecific comparisons
of mtDNA. Studies showed length and sequence variation in the D-loop of
mammalians including bats (Wilkinson & Chapman, 1991). On the other hand, the
repeat regions on the D-loop are prone to be inflated due to PCR in sequencing
processes (Wu et al, 2015).

Each of the perspectives were evaluated with the analysis of D-loop regions which lay
between tRNAP™ and tRNAP". Two distinct tandem repeat regions were detected. The
first region which was was 81 base-pair long and close to tRNAP™. This tandem region
was studied on Vespertilionidae previously and it was shown that they are between 78
to 85 base-pair length and composed of two to nine repeats. As the control region of
mtDNA, the D-loop is thought to act as a protein-binding site and ensure signal
redundancy (Wilkinson, 1997). At least two repeats were detected in this region of our
samples. However, the average coverage for this region in all samples were notably
high from the rest of the sequence. This may indicate an underestimated number of
repeats in the sequence or poor filtration of PCR duplicates in prior to assembly. By
following the pre and post reads, the actual number of repeats were estimated for each

sample and curated manually.

Second repeat region was microsatellite-like short tandem repeats. The major
differentiation of the lengths in the samples was resulted from this region. De novo
assembly underestimates the number of repeats. This is interpreted to be challenging
situation if the insert size of the paired-end reads was smaller than the actual length of
in this region. Therefore, an average number of repeats for this region was manually

curated with some question marks.

D-loop sequences were hypervariant and manually curated. Microsatellites in mtDNA
D-loop may fail to represent polymorphic patterns and accumulation of recurrent
mutations in this heteroplasmic sequence may blur the distinct branches in the trees
(Cameron, 2014; Dobrowolski et al, 1998; Zhan et al, 2012). Therefore, the D-loop
regions were removed from the coding sites for phylogenetic analyses to maximize

phylogeny resolution.
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All PCGs, rRNAs, and tRNAs were presented in the sequences. The tRNAs were
evaluated with their transcriptions to reveal codons for further studies. Codon usage
bias analysis is a trending way of understanding selection pressure on mitochondrial
genomes during evolutionary history (Wei et al, 2014). Since the typical form of
secondary structure of tRNAs is cloverleaf, tRNASerl, the only tRNA without this
form, was investigated. In metazoan mitochondrial genomes, the deletion of D-arm in
tRNA is considered a common feature in previous studies and there is no significant

functionality with C-arm being used as an amino acid acceptor (Yoon & Park, 2015).

4.3 Phylogenetic Relations

Previous studies investigating the phylogenetics of Hypsugo savii utilized relatively
short sequences from different mitochondrial and nuclear markers. In this study, the
phylogeny of the investigated lineages was analysed with complete mitochondrial
genomes. Two commonly used Maximum Likelihood-based interference tools were
used, aaa and bbb (Stamatakis & Kozlov, 2020).

The structures of the phylogenetic trees and the haplotype network were concordant.
Related species, H. alaschanicus and H. ariel, were located at the basal nodes of the
phylogeny, indicating their earlier split from the rest of the group. Hypsugo savii
samples were grouped into four major clusters. These clusters exhibit spatial
structuring (Figure 3.5).

The levels of genetic distances among the European clades of H. savii (8-10%) were within
the range of their differentiation from H. alaschanicus. The newly proposed species,
H. stubbei also exhibits similar levels of differentiation from these lineages (Dolch et al,
2021). These high genetic divergences among the H. savii indicate that this group might

harbor further cryptic diversity.

Two samples originated from Kyrgyzstan grouped with the H. stubbei samples from
Mongolia. In Dolch et al. (2021), this species was only identified in Mongolia. Based on
their analysis with partial ND1 sequences, the samples of H. savii that they analyzed from
Kyrgyzstan were diffentiated from H. stubbei samples. These findings suggest that these

distinct lineages occur in Kyrgyzstan, potentially with a contact zone.
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The Eastern and Western Mediterranean lineages exhibit further substructuring. The
subgroups within the former exhibit around 2% genetic differentiation and are
geographically separated; one is distributed in Europe and the other in Asia. These
lineages might have a contact zone in Anatolia. Coraman et al. (2013) have shown the
distribution of this clade in Anatolia. There were notable variations in ND1 and CYTB
genes within the Eastern Mediterranean clade compared to other clades. Likewise, in
the Western Mediterranean lineage, the Moroccan subgroup distinctly diverges from
the European subgroup with 1,2% genetic differentiation. Garcia-Mudarra et al. (2009)
claimed that there is no genetic patterns shaped directly by the Straits of Gibraltar. Hence,
more samples from Morocco and Iberia can clarify this subdivision. Also, one sample

from Sardinia was different from the rest of the lineage with average 1,3% variation.

The co-occurrence of deeply diverged lineages (SWM and WM) on Sardinia and Italy
assured the studies sympatric existence of these clades on the Mediterranean island
(Veith et al, 2011; Bogdanowicz et al, 2015; Dondini et al, 2016; Mifsud & Vella et al,
2019). Samples 10442 and 10431 from Sardinia were species-level differentiated from
other Sardinian samples showing a totally different lineage. Our estimation is the turquoise
group represents the North African/ Southwestern Mediterranean (H. cf darwinii) clade
which was researched in the studies showing the cryptic diversity in H. savii (Pestano et
al, 2003; Ibafiez et al, 2006; Mayer et al, 2007; Garcia-Mudarra et al, 2009; Veith et al,
2011; Coraman et al, 2013; Bogdanowicz et al, 2015; Borloti et al, 2020). Sample 10445
from Sardinia which was grouped with Western Mediterranean clade showed relatively
small but notable differentiation within the clade it was included. Further sampling may

also help to understand what is behind this variation.

The Moroccon samples were clustered in the Western Mediterranean clade showing
another sympatry region for deeply diverged clades since the individual proposed as H. cf

darwinii by Mayer et al. (2007) was from Morocco.
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5. CONCLUSION

This study aimed to enhance our understanding of the evolutionary history of the
Hypsugo savii species complex by de novo assembling whole mitogenomes and
analyzing their phylogenetic relations. Constructing a robust phylogenetic tree based
on mitogenomic data provided insight into the relationships among different lineages
within the complex, as well as their closely related relatives. While the data collection
spanned a broad geographical range, it remains limited in sample size. Furthermore,
the study focused exclusively on mitochondrial genomes. Further investigations that
incorporate nuclear genomes and explore putative contact zones among the identified
lineages would yield additional insights about the cryptic diversity within this group.
Elucidating biodiversity patterns and ensuring accurate taxonomic assignments are
critical for effective conservation planning. In this context, this study provides
foundational information about this species complex for subsequent research

endeavors.
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