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ABSTRAKT

Strepsiptera, as obligate parasites, have to face the constant selective pressure from their
hosts. For this reason, high host specificity and many peculiar autapomorphies have
developed in this group.

Only a little attention has been paid to the study of phylogeny within particular
families of Strepsiptera. Without knowledge of a species concept, it is difficult to estimate
different evolutionary scenarios of host-parasite relationships, especially when
the species concept is used inconsistently. This situation is made even more difficult
by the potential presence of cryptic species orspecies incorrectly synonymized.
Therefore, we focused to the most diversified family of Strepsiptera — family Stylopidae
which parasitizing bees (Anthophila: Andrenidae, Colletidae, Halictidae, Melittidae). As
amodel genus for our phylogenetic studies, we choose the genus Stylops Kirby, 1802
with holarctic distribution, whose representatives are parasites on bees of the genus
Andrena Fabricius, 1755.

Using the methods of molecular phylogeny, we created the first phylogenetic
study of the genus Stylops. Following the results, we could outline the approximate
boundary for species delimitation and thereby critically resolve the confusing situation
in the species diversity of thisgenus. Then we mapped the host subgenera
into the phylogenetic tree and obtained information about parasitic strategy of genus
Stylops. We have found that the individual crown groups, which should represent
species lineages, are almost always specialized according tothe host subgenus.
This information can help to set up guidelines for further taxonomic studies. The only
previously recognized European species so far, Stylops mellitae Kirby, 1802, was divided
into 30 other species.

For this reason, the nomenclatural-taxonomic study followed, in which we have
prepared a preliminary list of all the world's Stylops species. 67 valid species names were
provided intotal. We utilized the newly achieved results also for the taxonomic
reinterpretation of the rediscovered species of Stylops. For redescription, we used
integrative taxonomic approach with DNA barcoding, morphological descriptions,
and a differential diagnosis. The dissertation thesis is complemented by a taxonomic
article in which three new species are described, including a new genus of the family
Stylopidae.

This partial information can add another missing piece to the jigsaw of our ideas
about the coevolution of Strepsiptera and their hosts.



ABSTRACT

Rasnici, jako obligatni parazité, musi ¢elit neustalému selekénimu tlaku ze strany svych
hostitelt. Ztoho divodu se u nich vyvinula vysoka hostitelska specializace afada
neobvyklych autapomorfii.

Jen malé pozornost byla upiena ke studiu fylogeneze uvnitt jednotlivych celedi
fasnikd. Bez znalosti koncepce druhu lze jen tézko odhadovat riizné scénare evoluce
hostitelsko-parazitickych vztaht, tim spise, kdyz je druhovy koncept pouzit nejednotné.
Situaci navic jeSté znesnadiiuje mozni pritomnost kryptickych druh@i nebo druhy
nespravné synonymizované. Zamerili jsme se proto nanejdiverzifikované€jsi celed
Fasnikli — Celed Stylopidae parazitujici na véelach (Anthophila: Andrenidae, Colletidae,
Halictidae, Melittidae). Jako modelovy rod pro fylogenetické studie jsme si vybrali
rod Stylops Kirby, 1802 s holarktickym rozsitenim, jehoZz zastupci jsou parazité véel rodu
Andrena Fabricius, 1755.

Pomoci molekularné-fylogenetickych metod jsme vytvorili prvni fylogenetickou
studii rodu Stylops. Na tomto zakladé jsme nejprve navrhli mozné rozdéleni linii
dodruhit a diky tomu mohli zhodnotit druhovou diverzitu rodu. Poté jsme
do fylogenetického stromu namapovali podrody hostiteld a ziskali tak informaci
o parazitické strategii rodu Stylops. Zjistili jsme, Ze jednotlivé korunové linie, které by
mély reprezentovat potencialni druhy, jsou specializovany témér vzdy podle podrodu
hostitele. Tato informace miize pomoci nastavit voditko pro dalsi taxonomické studie.
Jediny dosud uznavany evropsky druh, Stylops mellitae Kirby, 1802, byl rozd€élen na 30
dal$ich druh.

Z tohoto diivodu nasledovala nomenklatoricko-taxonomicka studie, ve které jsme
pripravili predbézny svétovy checklist vS§ech druhti rodu Stylops. Celkem bylo stanoveno
67 validnich druhovych jmen. Nové dosazenych vystupti jsme vyuzili také
pri taxonomické reinterpretaci znovuobjeveného druhu rodu Stylops. Pro redeskripci
jsme pouzili integrativni taxonomicky ptistup pomoci DNA barcodingu, morfologickych
deskripci adiferencialni diagn6zy. Diserta¢ni praci dopliiuje taxonomicky Cc¢lanek,
ve kterém jsou popsany tii nové druhy véetné nového rodu celedi Stylopidae.

Dilezitost dil¢ich informaci mfize prilozit dal$i pomyslny chybéjici dil

ke skladacce naSich predstav o koevoluci fasniki a jejich hostiteld.



Czech version

Uvob

Rasnici (Strepsiptera) jsou holometabolni ¥4d hmyzu s obligatnim parazitismem. Devét
stavajicich celedi tvori asi 600 druhti. Parazituji na rybenkach (Zygentoma), Svabech
(Blattodea), kudlankach (Mantodea), rovnokiidlém (Orthoptera) a polokiidlém hmyzu
(Hemiptera), dvoukridlych (Diptera) a blanokridlych (Hymenoptera) (Kathirithamby,
2009, 2016; Kinzelbach, 1971; Pohl and Beutel, 2008, 2013). JakoZto parazité, musi
fasnici neustéle interagovat s hostiteli. R4d je jako celek vysoce hostitelsky specializovany
a vykazuje mnoho adaptaci. Koevoluc¢ni procesy jsou v§ak velmi malo objasnéné, stejné
jako stupen hostitelské specializace v jednotlivych druzich ¢i celedich, druhovy koncept
nebo hostitelska specifita, které jsou neoddé€litelné spjaty. Druhovy koncept rasniki
zavisi na pojeti druhu samotnymi autory praci. Obvykle byla vyuZivdna morfologie
dospélcti fasnikt a v piipadé dostupnosti i morfologie prvnich larvalnich instart (Bohart,
1941; Kinzelbach, 1978, 1971). To neplati pro Celed’ Stylopidae. Tato Celed sestava z vice
nez jedné tiretiny vSech znamych druhi fasnik (Pohl and Beutel, 2008). Pro rod Stylops
Kirby, 1802 bylo zndmo pres 110 druhovych jmen, vSechny vSak s nejasnou platnosti.
Mnoho druhti, predevsim ze Severni Ameriky a Japonska, bylo popsano podle principu
jednohostitelskych asociaci, kdy jeden druh rasnika nalezi jen jednomu druhu hostitele
(e.g. Hofeneder, 1924; Kifune, 1991; Pasteels, 1954; Perkins, 1918). Jiny koncept
aplikovali Bohart (1941, 1937, 1936) nebo Luna de Carvalho (1974), kteri vzali v potaz
také podobnosti mezi druhy fasnikdl z blizce pribuznych hostiteli stejného podrodu.
Oproti tomu Kinzelbach (1978) pouZival "supergeneralisticky" koncept, kdy vSechny
znamé druhy zapadniho Palearktu synonymizoval pod jeden druh a rozliSeni posunul
na uroven poddruhu. V disledku vsSichni Fasnici rodu Stylops z této oblasti nesli jediné
jméno Stylops mellitae Kirby, 1802 (e.g. Bleidorn et al., 2004; Pohl and Oehlke, 2003;
Smit and Smit, 2005).

Rozhodli jsme se proto blize prozkoumat tuto éeled v z pohledu taxonomie

a hostitelsko parazitickych vztahi.



CIiLE PRACE

e Vytvorit fylogenezi rodu Stylops za pouziti molekularné-fylogenetickych metod,
nabidnout mozné hypotézy pro nastaveni druhového konceptu, vyznadit
pribliznou hranici pro rozdé€leni druhti a tim kriticky rozresit nejasnou situaci
ohledné druhové diverzity rodu, a nakonec zhodnotit stupen hostitelské
specializace za podpory namapovanych hostitelskych taxont do fylogenetického

stromu parazitti.

e Zrevidovat alfa taxonomii a nomenklatoriku jednotlivych druhti rodu Stylops
anavrhnout nové presn€jsi rozdéleni rodu do druhti pomoci integrativniho

taxonomického pristupu.

e Prepracovat popis a taxonomicky statut znovuobjeveného rasnika rodu Stylops za
pouziti integrativniho taxonomického pristupu s vyuzitim DNA sekvenci
a morfologie, néasledovaného diferencidlni diagn6zou samic a prvnich larvalnich

instarq.

e Popsat nové taxony a poskytnout k nim diagndzy a klice do druhi.

MATERIAL A METODIKA

Materiadl a metodika jsou detailné popsany u odpovidajicich publikaci.
Hlavnimi metodami byly:

Svételna mikroskopie, skenovaci elektronova mikroskopie véetné pripravy vzorki
(pokryvani zlatem, metoda kritického bodu), védecka ilustrace, izolace DNA, PCR
a purifikace jejiho produktu, Uprava DNA sekvenci a zékladni statistika (editovani
chromatogramu, alignment, BLAST), barcoding a fylogenetické analyzy (partitioning,
testovani modeld, analyzy maximalni vérohodnosti, Bayesianské analyzy, bootstrapovani

a ovérovani konvergence).



VYSLEDKY A DISKUSE

Pokusili jsme se rozeznat mozné znaky specializace i bez znalosti fylogeneze hostitelskych
linii. Poskytli jsme prvni molekularni fylogenezi céeledi Stylopidae na mezidruhové
arovni. Pro tento tcel jsme vybrali 130 jedinct rodu Stylops ze 70 hostitelskych druhi
vcel rodu Andrena Fabricius, 1755 nalezejicich do 25 hostitelskych podrodu. 20 jedinci
fasnikl z jinych rodt i ¢eledi bylo vyuZito jako outgroup. Monofylie celého rodu Stylops
byla velmi dobfe podporena, stejné jako monofylie korunovych linii. Pro vérohodnéjsi
hodnoceni poétu druhii je zapotfebi morfologické a taxonomické revize. Je vSak zcela
zjevné, Ze v zapadnim Palearktu se nevyskytuje jen jediny druh rasnika rodu Stylops, jak
navrhoval Kinzelbach (1978). Velké mnoZstvi vzorkd hostitelskych druh@t umoznilo
testovat tii hypotézy parazitickych strategii: specifitu k hostitelskym druhti, specifitu k
podrodim hostiteld a specifitu k rodim hostiteld. Korunové linie, které
by reprezentovaly samostatné druhy byly pospolu vzdy podle hostitelskych podrodi.
Supergeneralisticky koncept, stejné jako koncept extrémné specializovaného rodu
Stylops byl tedy zavrhnut. Predpokladu, Ze se jednotlivé druhy rodu Stylops klastruji
podle hostitelskych podrodti mtze byt vyuzito jako pomocného néstroje, nikoli vSak
striktné a je potreba pristupovat ke kazdé linii individualné. V opaéném pripad€ by to
prineslo stejny problém, jako kdyz kazd4 nové zndmaé asociace rasnika s hostitelem vedla
k novému popisu druhu parazita, v tomto pripad€ pouze na jiné taxonomické Grovni.

NaS vyzkum poloZil zéklad pro budouci prace taxonomické a pro studium
koevoluci fFasnikit s hostiteli. Diky této praci jsme navazali nomenklatoricko-
taxonomickou praci rodu Stylops. Pouzili jsme morfologické popisy z literatury,
vzdalenosti bazi DNA barcodingovych sekvenci a jako pomocny nastroj zavery
z predchozi fylogenetické studie. RozliSili jsme velky podet moznych druhovych jmen,
ta zrevidovali a nadefinovali druhovy koncept. Mnoho druhti bylo synonymizovéno.
Pripravili jsme predbézny checklist vSech druhi rodu Stylops a ustanovili 67 validnich
jmen tohoto rodu. Seznam vsak zcela jisté neni definitivni. Tato prace byla jen prvnim
krokem ke komplexni taxonomii rodu.

Objev parazitované vcely Andrena savygnyi Spinola, 1838 umoznil ziskani DNA
sekvenci a morfologie samic a prvnich instart asociovaného trasnika r. Stylops, ptivodné
popsaného jako Stylops savygnyi Hofeneder, 1924. Vysledky byly porovnany
s pfibuznymi druhy pomoci DNA barcodingu a morfologie. Parazit byl popsan jako
S. nassonowi Pierce, 1909, tudiz jsme piredchozi nazev synonymizovali.

Dale jsme vytvorili diagnézy a popisy tii novych druhti nového rodu Rozenia gen.
n. Pripojili jsme kli¢ do druhii jak pro samice, tak pro prvni larvalni instary. Zjistili jsme,

Ze prvni larvalni instary rodu Rozenia nesou nékteré vyjime¢né znaky (autapomorfie),



které dosud nejsou zndmé z zadnych jinych druht rasnikd. Byly to extrémné dlouhé
kaudalni stylety a pritomnost dalsi fady dorsalnich sét na hrudi. Do objevu téchto druhti
se zdalo, Ze chetotaxie dorsalnich sét ma v evoluci redukéni charakter. Mozné adaptace
pro extrémné dlouhé kaudalni séty, napriklad snaz$i uchyceni na hostiteli, jsou jen

spekulaci.

ZAVERY

Zakladnim znakem vSech parazitickych organismi je jejich asociace s hostiteli. Studium
hostitelsko-parazitickych vztahti se neobjede bez znalosti o hostitelské specifité
aevoluéni historii obou aktér. Bez dobie roziesené Kklasifikace paraziti
do hierarchického systému je to vSak velmi obtiZzné. Tento nedostatek jsme se pokusili
vyresit.

Prikrocili ke studiu hostitelské specializace u rasniki nejen pro to, abychom
o0 nich ziskali jasnéjsi predstavu, ale diky tomu miZeme vylepsit i nase znalosti o jejich
hostitelich.
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INTRODUCTION

Strepsiptera, also known as twisted-wing parasites, are an endopterygote order of insects
with obligatory mode of parasitism. They form about 600 species in nine extant families,
which parasitize in Zygentoma, Blattodea, Mantodea, Orthoptera, Hemiptera, Diptera
and Hymenoptera (Kathirithamby, 2016, 2009; Kinzelbach, 1971; Pohl and Beutel, 2013,
2008). As parasites, Strepsiptera have to constantly interact with their hosts. The order
as a whole is highly specialized with many adaptations. Nevertheless, the pattern of their
coevolution is poorly known, neither is the degree of host specialization, species concept
or host specificity, which are inextricably linked together. The species concept
of Strepsiptera depends usually on the opinion based concept for species recognition.
Usually, morphology of adults and first instars were used, if available (Bohart, 1941;
Kinzelbach, 1978, 1971), but not for family Stylopidae, which constitute of more than one
quarter of known Strepsiptera species (Pohl and Beutel, 2008). There were over 110
available species names of genus Stylops Kirby, 1802 from this family, but with uncertain
validity. Many of the species, especially in North America and Japan, were described
on the principle of single host association (e.g. Hofeneder, 1924; Kifune, 1991; Pasteels,
1954; Perkins, 1918). Contrary to this, Bohart (1941, 1937, 1936) or Luna de Carvalho
(1974) took into consideration similarities of Stylops from related hosts from the same
subgenus. By contrast, Kinzelbach (1978) used “supergeneralistic” concept, in which all
the recognized species of the Western Palaearctic were synonymized and placed them
on the subspecies level. Since then, all the Stylops parasites from Andrena Fabricius,
1755 hosts carried just one name Stylops mellitae Kirby, 1802 (e.g. Bleidorn et al., 2004;
Pohl and Oehlke, 2003; Smit and Smit, 2005).

We decided to use this family (and genus) for detailed investigation of their

taxonomy and host-parasitic associations.



AIMS OF THE STUDY

e To create the phylogeny of the genus Stylops Kirby, 1802 using molecular-
phylogenetic methods, suggest possible hypotheses for assessing the species
concept, outline the approximate boundary for species delimitation and thereby
critically resolve the confusing situation in the species diversity of this genus
and evaluate the degree of host specialization with alongside support of mapped

host taxa onto the tree of the parasites.

e To revise the alpha taxonomy and nomenclature for particular species
of the genus Stylops and propose a new, more accurate division of this genus

into species by means of an integrative taxonomic approach.

e To redescribe and reinterpret the taxonomic status of rediscovered Stylops
species by integrative taxonomic approach using DNA sequences
and morphology, followed by a differential diagnosis of the females and first

instars.

e To describe new taxa, provide diagnosis and key to species.

MATERIAL AND METHODS

Materials and methods are described in detail in the original publications.
The main methods were:

Light microscopy, scanning electron microscopy + preparation of samples (golden
sputter, critical point drying), scientific illustration, DNA isolation, PCR + purification
of PCR product, preparation of DNA sequences and basic statistics (editing
the chromatogram, aligning, BLAST), barcoding, phylogenetic analyses (partitioning,
testing the models, maximum-likelihood analyses, Bayesian analyses, bootstraping,

examining the convergence).



RESULTS AND DISCUSSION

We tried to pick out a pattern of specialization of Strepsiptera, even without knowledge
of the host’s phylogeny. We continued through nomenclatural and taxonomic study,
thanks to which we have examined a large number of potential species names, defined
species concept, and revised the known species names. Our effort on taxonomic
investigations also resulted in two descriptive articles.

We have provided the first molecular phylogeny of family Stylopidae
on interspecific level. For this aim we chose 130 individuals from the genus Stylops
associated with 70 host species of genus Andrena Fabricius, 1755 belonging to 25
subgenera. 20 individuals of Strepsiptera from other genera or even family were used as
an outgroup. The monophyly of entire genus Stylops was well supported as well
as monophyly of more than 30 crown groups. For more accurate evaluation of number
of species, morphological and taxonomical revision is needed. In all cases, it is obvious,
that there is not just one species of Stylops in West Palearct, as was assumed according
to Kinzelbach (1978). Broad sampling of host species allowed testing three hypotheses
of parasitic strategy: specificity to host species, specificity to host subgenus and
specificity to host genus. The lineages, which should represent species lineages, were
mostly clustered according to the host subgenus. Supergeneralistic concept as well as
the concept of superspecialized Stylops species was rejected. The premise, that Stylops
species are sorted according to host subgenera can be used as a support tool, but not as
astrict one and it is necessary to approach to each lineage individually. Otherwise, it
would bring a similar problem, as when a new association with a host led to description
of a new species of parasite, only in our case it would be on different level.

Our study laid the foundation for future studies on taxonomy and coevolution
with strepsipteran hosts. We continued by nomenclatore and taxonomy of genus Stylops.
We used morphological descriptions from literature, distances of DNA barcode
sequences and previous phylogenetic study as an auxiliary tool. When several names
were proposed from the same host subgenus, synonymy was considered, but just
as aguideline and not as a rule. Many species had to be synonymized as conspecific
species. We prepared the preliminary nomenclatural list of all Stylops species and
highlighted 67 valid species names for genus Stylops. The list is surely not definitive.
This study should be just a first step towards comprehensive taxonomy of Stylops.

A rediscovery of parasitized Andrena savygnyi Spinola, 1838 enabled to obtain
DNA sequences and morphology of females and first instars of associated Stylops sp.,
originally described as Stylops savygnyi Hofeneder, 1924,



Results were compared with DNA and morphology of related species. The parasite was
redescribed as conspecific S. nassonowi Pierce, 1909, so we synonymized the former
name.

We have also provided the diagnosis and descriptions of three new species
from new genus Rozenia gen. n. The key to species was attached for both females and
first instar larvae. We have found, that first instars of Rozenia species possess some
exceptional characters not know for any other species of Strepsiptera. These were
extremely long caudal setae and the presence of additional row of setae on dorsal
thoracic segments. We named that row an ,interstitial row"“. Until the discovery
of Rozenia, the chaetotaxy of dorsal rows seemed to be reductive inevolution
of the order. Possible adaptation of such long caudal setae is unknown. An easier

attachment to the host is only a speculation.

CONCLUSIONS

The elementary characteristic of all of the parasitic organisms is their association with
hosts. The study of host-parasite relationship cannot do without knowledge of host
specificity and evolutionary history of both parasites and hosts. Without well resolved
classification of parasites into hierarchical system it would be hard to do so. We have
contributed to the resolution of that part.

At the current stage of knowledge, we proceed deeper into the study of host-
parasite specialization in Strepsiptera not just to get clearer picture about Strepsiptera,

but we can also improve our knowledge about their hosts.
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