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Abstract

Diese aus insgesamt drei Publikationen
bzw. Kapiteln bestehende Dissertation
soll zum allgemeinen Verstindnis der
Mechanismen der postkopulatorischen
sexuellen Selektion beitragen, die zur
Entstehung von Riesenspermien gefiihrt
haben. Zu diesem Zweck wurde das
Fortpflanzungssystem der Lanzenfliegen
(Diptera: Lonchopteridae) eingehender
untersucht. Bei den Vertretern dieser Fa-
milie gibt es hierbei bemerkenswerte
Unterschiede, wobei einige Arten Rie-
senspermien produzieren und die ent-
sprechenden Weibchen extrem lange
Spermatheken besitzen. Mit einer Linge
von 7.500 pm und einer Dicke von
1,3 um gehort das Spermium von Lon-
choptera fallax zu den groB3ten bisher be-
kannten tiberhaupt. Die Weibchen dieser
Art besitzen Spermatheken mit einer Ge-
samtldnge von etwa 14.000 um, womit
diese etwa viermal so lang wie deren
Korper sind.

Anhand von 3D-Rekonstruktionen und
Erkenntnissen aus der Elektronenmikro-
skopie wird in Kapitel I die Morphologie
und Ultrastruktur der Spermien der nahe
verwandten Art Lonchoptera lutea néher
beschrieben. Mit einer Lénge von
2.200 pm und einer Dicke von 1,4 um
sind diese zwar deutlich kleiner als die

von L. fallax, konnen aber dennoch als

This dissertation combines three sepa-
rate publications (structured in three
chapters) and aims to contribute to the
understanding of the mechanisms of
postcopulatory sexual selection leading
to the evolution of giant spermatozoa. In
this respect, the reproductive system of
spear-winged flies (Diptera: Lonchopter-
idae) was studied in detail. Among spe-
cies of this family, there are remarkable
variations in the reproductive system,
with some species producing giant sper-
matozoa and the respective females pos-
sessing extremely long spermathecae.
With a length of 7,500 um and a width of
1.3 um, the spermatozoon of Lonchop-
tera fallax ranks among the largest
known to date and with a total length of
about 14,000 um, the female spermathe-
cae of this species are more than four

times longer than their body.

Based on data from 3D reconstructions
combined with insights from electron
microscopy, the morphology and ultra-
structure of the spermatozoa of the
closely related species Lonchoptera lu-
tea are described in Chapter I. With a
length of 2,200 ym and a width of
1.4 pm, their dimensions are far smaller

than those of L. fallax, but they can



riesig bezeichnet werden. Anders als die
typischen Spermien anderer Fliegen ha-
ben sie einen stark asymmetrischen
Querschnitt mit nur einem, wenn auch
sehr groen Mitochondrienderivat und
einem Paar massiver akzessorischer
Korper, von denen sich aber nur einer
iiber die gesamte Linge des Flagellums
erstreckt.

Um die Entstehung von Riesenspermien
in dieser Fliegen-Familie ndher zu erfor-
schen, wurden fiir Kapitel II die Korper-
groBBe, die HodengroBe, die Spermien-
grofle und die Anzahl der Spermien pro
Biindel und pro Hoden bei insgesamt elf
Lonchoptera-Arten untersucht. Anhand
dieser Ergebnisse wird diskutiert, wie
diese Merkmale miteinander in Bezie-
hung stehen und wie ihre Entwicklung
die Ressourcenverteilung unter den
Spermien beeinflusst. Auf Grundlage der
Spermienmerkmale und  unterstiitzt
durch einen aus DNA-Barcodes abgelei-
teten molekularen Stammbaum wird zu-
dem eine phylogenetische Hypothese fiir
die Gattung Lonchoptera formuliert.
Um die postkopulatorischen Prozesse zu
verstehen, die zur Entstehung von riesi-
gen Spermien bei Lonchopteridae ge-
fiihrt haben, wurden fiir Kapitel I1I die
Abmessungen der Spermatheken, die
wiederum in vier morphologisch, histo-
logisch und funktionell unterschiedliche

Abschnitte unterteilt werden kénnen, bei

nevertheless be considered as giant. Un-
like the typical brachyceran spermato-
zoon, they have a highly asymmetrical
cross-section with only one single, albeit
very large, mitochondrial derivative and
a pair of massive accessory bodies, how-
ever, only one of which extends through-

out the entire length of the sperm tail.

To extend these findings and to address
the evolution of giant spermatozoa
within this brachyceran family, in Chap-
ter I, body size, testis size, sperm size
and the spermatid number per bundle
and per testis were examined across
eleven Lonchoptera species. Results are
discussed in terms of how these charac-
ters are related to each other and how
their evolution affects the resource allo-
cation amongst the spermatozoa. Addi-
tionally, based on some discrete sperma-
tozoal characters as well as a molecular
tree derived from DNA barcodes a phy-
logenetical hypothesis for the genus

Lonchoptera is proposed.

To understand the processes of postcop-
ulatory sexual selection having led to the
evolution of giant spermatozoa among
Lonchopteridae, in Chapter III the di-
mensions of the spermathecae, which
can be divided into four morphologi-
cally, histologically and functionally dis-

tinct sections were examined across



elf Lonchoptera-Arten untersucht und
mit den Mallen der entsprechenden Sper-
mien ins Verhéltnis gesetzt. 3D-Rekon-
struktionen machten es zudem moglich,
das Volumen in diese Uberlegungen mit
einzubeziehen, was einen neuen Ansatz
in diesem Kontext darstellt. Die Ergeb-
nisse zeigen, dass die Spermatheken im-
mer deutlich lédnger sind als die entspre-
chenden Spermien und dass ein hochsig-
nifikanter, positiv linearer Zusammen-
hang zwischen beiden GroBen besteht,
was auf einen zugrundeliegenden koevo-
lutiven Prozess hindeutet. Auf Grund-
lage aller Ergebnisse werden einige evo-
lutive Szenarien inklusive eines neuen
Ansatzes zu den selektiven Vorteilen lin-
gerer Spermien aufgezeigt, um zu disku-
tieren, wie Spermien- und Spermathe-
kenldnge bei Lonchopteridae abhingig

voneinander entstanden sein konnten.

eleven Lonchoptera species and related
to the dimensions of the respective sper-
matozoa. Besides, 3D reconstructions
made it possible to include the volume in
these considerations, which is a new ap-
proach in this context. Results show that
the spermathecae are per se far longer
than the respective spermatozoa and that
there is a highly significant positive lin-
ear correlation between these two char-
acters, suggesting an underlying coevo-
lutive process. Based on the whole scope
of this research some evolutionary sce-
narios, including a new hypothesis on
the selective advantage of increased
spermatozoon length, are presented to
discuss possible explanations concern-
ing the extant coevolution® of spermato-
zoon and spermathecal length among

Lonchopteridae.

! Der Begriff ,,Koevolution* wird im deutschen Sprachgebrauch definitionsgemaB nur fiir zwischenartli-
che Evolutionsprozesse verwendet (z. B. Nabors, 2007), die englischsprachige Literatur verwendet ihn
jedoch landldufig auch fiir evolutive Anpassungsprozesse zwischen Mannchen und Weibchen einer Art

(z. B. Kotrba et al., 2014; Dallai et al., 2021).



Allgemeine Einleitung

1 Vielfalt der Insektenspermien

Mit mehr als einer Million beschriebenen Arten sind die Insekten die mit Abstand arten-
reichste Gruppe aller Organismen. Vorsichtige Schitzungen gehen davon aus, dass welt-
weit sogar bis zu 5,5 Millionen Insektenarten existieren; folglich sind mehr als 80% der
Wissenschaft noch nicht bekannt (Stork, 2018). Dallai (2014) fiihrt diesen enormen Ar-
tenreichtum und damit den hohen evolutiven Erfolg der Insekten auf ein Zusammenspiel
mehrerer Faktoren zuriick: (1) Sie haben bereits eine verhéltnismifig lange Evolutions-
und Stammesgeschichte, da ihr Ursprung im unteren Devon (vor 411-407 Millionen Jah-
ren) liegt (Engel und Grimaldi, 2004). (2) Sie besitzen einige morphologische Besonder-
heiten wie Fliigel sowie stark modifizierbare Beine und Mundwerkzeuge, die ihnen eine
Vielzahl an 6kologischen Nischen eréffnen (Mayhew, 2007). (3) Sie durchlaufen eine
teils vollstindige Metamorphose, die vielgestaltige Umwandlungen erlaubt und die Mog-
lichkeit bietet, dass Larven und Imagines unterschiedliche Erndhrungsweisen nutzen und
dadurch innerartliche Konkurrenz reduziert wird. Und, (4) sie zeichnen sich durch eine
hohe Fortpflanzungsrate aus, die meist auf sexueller Fortpflanzung mit innerer Befruch-
tung basiert. Gerade die sexuelle Fortpflanzung hat sich als Grundlage und/oder Trieb-
kraft evolutiver Prozesse herausgestellt und ist daher auch die héufigste Fortpflanzungs-
strategie vielzelliger Eukaryoten (Nieuwenhuis und James, 2016).

Bei einer Mehrheit der vielzelligen Tiere (Metazoa), bei denen sexuelle Fortpflanzung
auftritt, umfasst diese die Kopulation (Ubertragung der Spermien des Minnchens auf das
Weibchen) und die Befruchtung (Verschmelzung eines Spermiums mit einer Eizelle)
(Boulton et al., 2023). Zusammen sind sie von fundamentaler Bedeutung fiir die Weiter-
gabe von Erbinformationen und fiir die Aufrechterhaltung der genetischen Vielfalt in Po-
pulationen. Gerade den langlichen und meist sehr beweglichen Spermien kommt hierbei
eine besondere Rolle zu, da sie in vielen Fillen den Weg zur Eizelle finden und meistern
miissen, sei es innerhalb oder, bei dullerer Befruchtung, aulerhalb des Weibchens. Sper-
mien sind daher die vielgestaltigsten Zelltypen iiberhaupt (z. B. Pitnick et al. 2009; Schéa-
rer et al., 2011) und in keiner Tiergruppe ist die Diversitit der Spermien grofler als bei
den Insekten, obwohl der Grundbauplan jedes Insektenspermiums grundsétzlich gleich
ist (Jamieson et al., 1999; Dallai, 2014). Die ldnglichen Zellen bestehen aus einem apika-
len Akrosom, einem meist verldngerten Zellkern, der fast den gesamten vorderen Bereich
des Spermiums einnimmt und einem posterior orientierten, ldnglichen Flagellum (Gei-

Bel). Dieses besteht wiederum aus einer mikrotubulidren Struktur, dem Axonem, meist
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zwei Mitochondrienderivaten und meist zwei akzessorischen Korpern (Dallai, 2014). Die
trotzdem schier unzihligen bekannten GroBen und Formen der Insektenspermien konnen
durch vielgestaltige Variationen im Grundplan zustande kommen. So macht allein der
Zellkern 95% des gesamten Spermienvolumens bei der Termitenart Reticulitermes luci-
fuges aus (Baccetti et al., 1981), fehlt jedoch vollstindig bei den apyrenen Spermien von
Schmetterlingen (Phillips, 1971). Auch das Akrosom kann ausgesprochen vielgestaltig
sein, so fehlt es zum Beispiel gidnzlich bei einigen Gallmiicken- (Dallai, 1988) oder K&-
cherfliegenarten (Dallai und Afzelius, 1995; Dallai et al., 1995a) oder es ist iiber
2.500 pm lang wie bei der Wasserlduferart Gerris remigis (Tandler und Moriber, 1966).
Die Spermien der Gespenstschrecken besitzen keine Mitochondrien (Baccetti et al.,
1973a), wohingegen diese bei dem Gemeinen Riickenschwimmer Notonecta glauca tiber
80% des Spermienvolumens ausmachen (Afzelius et al., 1976). Auch kennt man Insek-
tenspermien ginzlich ohne ein Flagellum, zum Beispiel bei einigen Kocherfliegenarten
(Dallai et al., 1975; Dallai und Afzelius, 1994) und solche mit hunderten, wie bei der
Termitenart Mastotermes darwiniensis (Baccetti und Dallai, 1978). Am augenschein-
lichsten wird die Vielfalt des Formenreichtums der Insektenspermien jedoch im Hinblick
auf die Spermienlénge. So gibt es sehr kurze Spermien von ca. 1,7 pm Linge bei der oben
genannten Termitenart R. [ucifuges (Baccetti et al., 1981), aber auch Riesenspermien (laut
Dallai (2014) alle Spermien, die eine Ladnge von 1.000 pm und/oder einen Durchmesser
von 0,7 pm tibertreffen) mit einer Linge von bis zu 58.000 um bei der Fruchtfliegenart
Drosophila bifurca (Pitnick et al., 1995). Schon Sivinski (1980) hat diesen enormen For-
menreichtum der Insektenspermien treffend als ,,the bizarre menagerie of insect sperm
types‘ beschrieben und ist der Meinung, dass die Voraussetzungen und Bedingungen in-
nerhalb der Weibchen mdoglicherweise die Ursachen fiir diese Vielfalt sein konnten.

Nicht selten wurde diese enorme Vielfalt der Insektenspermien bereits dazu genutzt, um
phylogenetische Fragestellungen anhand von vergleichenden Spermienuntersuchungen
zu kldren. So postulierte zum Beispiel bereits Baccetti (1979), dass die Ordnung Strep-
siptera aufgrund ihrer Spermienultrastruktur nicht zusammen mit der Ordnung Diptera
als Gruppe ,,Halteria® zusammengefasst werden darf, wie es zum Beispiel noch von Whi-
ting et al. (1997) oder von Wheeler et al. (2001) getan wurde. Vielmehr stellte er sie in
die Néhe der Ordnung Coleoptera, wo sie aktuell aufgrund morphologischer und geneti-

scher Untersuchungen auch gesehen wird (Beutel et al., 2019).



So unterschiedlich die Insektenspermien hinsichtlich Morphologie und Ultrastruktur auch
sein mogen, sie werden alle zunichst durch den Prozess der Spermatogenese in den Ho-

den der Ménnchen gebildet.

2 Spermatogenese

Mainnliche Insekten besitzen meist zwei Hoden. Jeder besteht aus mehreren, rohrenfor-
migen Follikeln, an deren Spitze sich ,,Hub“-Zellen, Urkeimzellen und somatische
Stammzellen befinden (Jamieson et al., 1999; Dallai, 2014). Wenn sich eine Urkeimzelle
teilt, bleibt eine der Tochterzellen mit den ,,Hub*-Zellen verbunden und die andere wird
zu einem Gonioblasten (Yamashita et al., 2003). Dieser wiederum durchlduft mehrere
mitotische Zellteilungen und eine entsprechende Anzahl an Spermatogonien entsteht, die
meist zusitzlich von somatischen Zellen umgeben sind (Gorgon und Swigtek, 2021). Bei
der Fruchtfliege Drosophila melanogaster, bei der die Phasen der Spermatogenese um-
fassend erforscht sind, entstehen auf diese Weise 16 Spermatogonien, die von zwei soma-
tischen Zellen begleitet werden (Fuller, 1998). Nach und nach werden die Spermatogo-
nien von der Spitze des Follikels verdringt, beginnen mit synchronen, meiotischen Tei-
lungen und werden zu einer Zyste, einer von einem Epithel aus somatischen Zellen um-
gebenen Gruppe von Keimzellen. Wéhrend dieses Prozesses werden sie als primére und
sekundére Spermatozyten bezeichnet, je nachdem, welchen Schritt der Meiose sie bereits
durchlaufen haben (z. B. Cruz-Landim, 2001). Nach Abschluss der Spermatogenese be-
finden sich in den Zysten von D. melanogaster 64 haploide Spermatiden im selben Sta-
dium der Entwicklung. Bei anderen Taxa kann durch weniger oder mehr mitotische Tei-
lungen vor der Meiose eine andere, wenn auch artspezifische Anzahl an Spermatiden ent-
stehen, die meist jedoch ein Vielfaches von zwei (2") darstellt (Jamieson et al., 1999). Es
wird vermutet, dass es innerhalb der Insekten einen Zusammenhang zwischen der Anzahl
der Spermatiden in einer Zyste und der systematischen Position der betrachteten Gruppe
gibt. Nach Virkki (1973) und Lachaise und Joly (1991) haben die basalen Insektenord-
nungen in der Regel viele Keimzellen pro Zyste, wihrend die weiter abgeleiteten Ord-
nungen tendenziell weniger haben. So sind es bei manchen Libellenarten bis zu 65.536
(2'%) Spermatiden pro Zyste (Virkki, 1973), bei einigen Kiferarten jedoch nur 16 (2).
Nichtsdestotrotz lassen sich immer wieder auch innerhalb einzelner Ordnungen (Dallai,
2014) oder sogar zwischen den verschiedenen Arten einer Gattung Unterschiede in der
Anzahl der Keimzellen pro Zyste feststellen. AnschlieBend durchlaufen die Spermatiden

einen Reifungsprozess, die Spermiogenese (Miao et al., 2019), zu dessen Beginn die
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Zyste ,,polarisiert* wird, sodass alle Zellkerne zum einen Ende und die wachsenden Fla-
gella zum anderen Ende hin orientiert werden (Fabian und Brill, 2012).

Das Akrosom entsteht wihrend der Spermiogenese in den Spermatiden durch die Aktivi-
tét eines speziellen Golgi-Apparats, welcher als Akroblast bezeichnet wird. Dieser er-
reicht spéter eine apikale Position iiber dem Zellkern und wird zum Akrosom umgewan-
delt (Gassner et al., 1972; Fari et al., 2016). Dieses ist im Wesentlichen ein mit hydroly-
sierenden Enzymen gefiilltes Bldschen, mit deren Hilfe die Schutzhiille der Eizelle auf-
gelost und durchdrungen werden kann (Dallai, 2014). Es sitzt in seiner endgiiltigen Form
hiufig als Kappe iliber dem vorderen Ende des Zellkerns, also an der Spitze des Spermi-
enkopfes, und besitzt eine konische oder stabféormige Form. Man unterscheidet hiervon
grundsétzlich drei morphologische Typen: (1) Ein Akrosom, das unterhalb des akrosoma-
len Blédschens ein Perforatorium besitzt, einen mit dichtem filamentdsem Material gefiill-
ten Raum, wird als ,,bi-layered* bezeichnet und stellt die haufigste akrosomale Form bei
Insekten dar. (2) Bei einigen Kéferarten wie zum Beispiel Tenebrio molitor (Baccetti et
al., 1973b) besitzt das Akrosom am Ende der Spermiogenese noch Riickstdnde zwischen
dessen Spitze und der Plasmamembran und wird deshalb als ,,three-layered* bezeichnet.
(3) Das ,,mono-layered* Akrosom besteht am Ende der Spermiogenese nur noch aus dem
akrosomalen Bldschen. Diese eher seltenere Form des Akrosoms kommt zum Beispiel bei
der Eintagsfliegengattung Cloeon (Lupetti et al., 2011), bei der Ficherfliiglergattung
Mengenilla (Pohl et al., 2013) oder bei einigen Miickenarten (Dallai et al., 1984) vor.
Die Zellkernmorphogenese wiahrend der Spermiogenese umfasst zwei Hauptaspekte: Die
Reorganisation des Chromatins (Kondensation) und die Verldngerung des Kerns (Kern-
formung). In den Spermatozyten dhnelt der Zellkern noch dem somatischer Zellen mit
Bereichen an Heterochromatin und Euchromatin. Wéhrend der Spermatidenreifung ver-
dichtet sich das Chromatin, bis es in den reifen Spermien so dicht gepackt ist, dass seine
Anordnung homogen wirkt. Diese Reorganisation des Chromatins geht vor allem mit dem
Austausch der Histone gegen Protamine einher und sorgt mit dafiir, dass in reifen Sper-
mien keine Transkription mehr stattfindet (Fabian und Brill, 2012). Die Kernformung
wird durch einzelne Mikrotubuli bewirkt, die um den Kern herum angeordnet sind und so
dessen Durchmesser reduzieren und ihn bei manchen Arten auch in eine schraubige Form
bringen (Schrankel und Schwalm, 1974; Dallai, 2014). Am kaudalen Ende des Kerns
kann sich zusétzlich noch eine Ansammlung an dichtem Material von granuldrer oder
fibroser Struktur finden, die als ,,centriole adjunct” bezeichnet wird. Auch wenn das

»centriole adjunct einen festen Bestandteil der meisten Insektenspermien darstellt und
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es wohl hauptsichlich aus Proteinen, Ribonukleoproteinen und Spuren von RNA besteht
(Dallai et al., 2016), ist dessen Funktion noch immer unklar. Da bei manchen Taxa der
reife Kern zusitzlich eine axiale Einstlilpung besitzt, aus der das Axonem des Flagellums
entspringt (Dallai et al., 1995b), konnte das ,,centriole adjunct™ zur Stabilisierung eben
dieses Ubergangs von Kopf und Schwanz des Spermiums dienen, was von manchen Au-
toren aber angezweifelt wird (Dallai, 2014; Dallai et al., 2016).

Das Axonem der Insektenspermien ist eine auf Mikrotubuli basierende Zytoskelettstruk-
tur, die sich im Laufe der Evolution stabil erhalten hat und die den Kern des Flagellums
bildet (Mencarelli et al., 2008). Es dient als dessen Stiitzstruktur und sorgt durch die Fa-
higkeit, sich zu biegen, flir dessen Beweglichkeit (Werner und Simmons, 2008). Es ent-
steht aus einem einzelnen Zentriol, welches bereits in den frithen Spermatiden vorhanden
ist. Dieses spielt eine Schliisselrolle bei der Ausbildung des Basalkdrpers, der die Grund-
struktur des Axonems bildet. Die meisten Insekten weisen eine 9+9+2-Anordnung der
Mikrotubuli auf, was bedeutet, dass es neun einfache dullere Mikrotubuli und neun innere
Doppelmikrotubuli gibt, die von zwei einzelnen Mikrotubuli im Zentrum unterstiitzt wer-
den. Ein Doppelmikrotubuli besteht aus einem vollstindigen A-Tubulus und einem ,,un-
vollstdndigen* B-Tubulus. Ersterer besteht wie die beiden zentralen Mikrotubuli aus 13
Protofilamenten, letzterer nur aus 10. Die einfachen duleren Mikrotubuli entstehen wih-
rend der Spermiogenese aus den B-Tubuli. Ihre Anzahl an Protofilamenten kann jedoch
je nach Taxa von 13 bis 20 variieren (Dallai und Afzelius, 1990; Dallai und Afzelius,
1991). Ein Dyneinprotein, welches wie Armchen an den A-Tubuli ansetzt, wird durch die
Moglichkeit der ATP-abhéngigen Konformationsédnderung fiir die Biegbarkeit des Axo-
nems verantwortlich gemacht (Werner und Simmons, 2008). Untersuchungen an reifen
Spermien deuten zudem darauf hin, dass die Anzahl und Anordnung der Mikrotubuli eine
entscheidende Rolle bei der Motilitét der Spermien spielt. So kdnnen die 9+2 Spermien
des Hundeflohs Ctenocephalus canis lediglich eine planare Wellenbewegung vollfiihren,
wohingegen die typischen 9+9+2 Spermien anderer Insekten eine komplexe, dreidimen-
sionale, schraubige Schwanzbewegung zeigen (Dallai et al., 2006) — sowohl bei der Vor-
wirts- als auch bei der Riickwirtsbewegung (Baccetti et al., 1989; Curtis und Benner,
1991). Wéhrend der weiteren Differenzierung verlangern sich die Mikrotubuli entlang
der gesamten Lénge des Flagellums und tragen damit zu dessen Verldngerung bei. Die
abschlieBende Phase der Axonementwicklung beinhaltet die Bildung einer duf3eren Hiille,

die das Axonem umgibt und es vor dufleren Einfliissen schiitzt. Diese Hiille besteht aus
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verschiedenen Proteinen und tragt zur Stabilitidt und Funktionsfdhigkeit des Axonems bei
(Jamieson et al., 1999; Dallai, 2014).

Schon zu Beginn der Spermiogenese bei D. melanogaster kommt es zu einer Agglome-
ration und anschliefenden Fusion der Mitochondrien an einer Seite des Zellkerns. Hierbei
entstehen zunichst der sogenannte ,,Nebenkern* und daraus spiter die Mitochondriende-
rivate (Fabian und Brill, 2012). Die zwei Mitochondrienderivate in den frithen Spermati-
den sind grundsitzlich von gleicher Grofle. AnschlieBend strecken sie sich wihrend der
weiteren Reifung und tragen dadurch mafigeblich zur Verlangerung des Spermiums bei
(Noguchi et al., 2012). Durch diesen Differenzierungsprozess unterscheiden sie sich von
normalen Mitochondrien in dreierlei Hinsicht: (1) Thre Grofe kann enorme Dimensionen
annehmen und in manchen Arten sogar den groffiten Volumenanteil des Spermiums aus-
machen. (2) Die mitochondrialen Cristae sind regelmiBig angeordnet und senkrecht zur
Langsachse ausgerichtet. (3) Die mitochondriale Matrix beinhaltet ein auffalliges, para-
kristallines Material, grof3tenteils bestehend aus dem Protein ,,Crystallomitin®, welches
einen Grofteil des gesamten Mitochondrienderivats einnehmen kann (Jamieson et al.,
1999). Bei einigen Arten sind die Mitochondrienderivate in den reifen Spermien in ihrer
GroBe und Form unterschiedlich, wobei eines fast den gesamten Bereich des Flagellums
einnimmt, wohingegen das andere nach einem gewissen Abschnitt endet oder stark redu-
ziert ist (Dallai, 2014). Einige Autoren vermuten, dass die elastischen Eigenschaften der
Mitochondrienderivate mit ihren parakristallinen Einschliissen wahrscheinlich eine Rolle
bei der Motilitit der Spermien spielen, wihrend ihre Rolle als energieproduzierende Or-
ganellen in Frage gestellt wird (Werner und Simmons, 2008). So zeigte eine Studie von
Perotti (1973), dass die Aktivitidt der Cytochrome-c-Oxidase (COX) in den Spermien-
schwénzen von D. melanogaster sehr niedrig ist. Zudem wurde hierbei festgestellt, dass
die Mitochondrienderivate intakt und mit unverinderten parakristallinen Strukturen ins
Zytoplasma der Eizelle eintreten. Daher geht Perotti (1973) davon aus, dass die Mito-
chondrienderivate keine intrazelluldren Reserven fiir den Spermienstoffwechsel wahrend
des Spermientransfers und des Durchgangs durch den weiblichen Fortpflanzungstrakt
sind. Stattdessen konnten sie eine Rolle bei den Prozessen nach der Befruchtung spielen
und als Anreicherung von viterlichem Material in der Eizelle, das nicht aus dem Sper-
mienkern stammt, betrachtet werden. Bei Arten der Gattung Drosophila bleiben die Mi-
tochondrienderivate sogar wihrend der gesamten Embryonalentwicklung in ihrer Struk-
tur nahezu unverindert bestehen und werden von der Larve nach dem Schliipfen ausge-

schieden (Pitnick und Karr, 1998). Letztlich ist die funktionelle Bedeutung der
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Mitochondrienderivate aber noch nicht hinreichend geklart (Jamieson et al., 1999; Kotrba
etal., 2016).

Zusétzlich zu den Mitochondrienderivaten besitzen die Flagella vieler Insektenspermien
noch meist zwei akzessorische Korper, die in den verschiedenen Taxa jedoch in Grofle
und Struktur stark variieren konnen (Dallai, 2014). Bereits Jamieson (1987) stellte fest,
dass nicht alle akzessorischen Kdrper homolog sind und man nur solche als ,,wahre* ak-
zessorische Korper bezeichnen sollte, die als Verldngerung des ,,centriole adjunct® ent-
stehen. Obwohl man noch wenig liber deren biochemische Natur weil3, scheinen die ak-
zessorischen Korper, wie das Mitochondrienderivat, stabile Strukturen zu sein (Baccetti
et al., 1977; Mencarelli et al., 2000), weshalb Mencarelli et al. (2008) davon ausgehen,
dass beide Strukturen dazu beitragen, das Axonem zu stabilisieren, es vor mechanischem
Schaden zu schiitzen und/oder dessen Bewegungsenergie als zusétzliche elastische Kom-
ponente zu verstdrken. Letztlich ist deren genaue Funktion aber auch noch nicht hinrei-
chend geklért (Dallai, 2014).

Normalerweise werden Insektenspermien vor deren Freisetzung aus den Hoden in Biin-
deln zusammengehalten. Innerhalb jedes Biindels sind sie mit groer RegelmiaBigkeit pa-
rallel zueinander angeordnet. Bei D. melanogaster sind die letzten Schritte der Spermio-
genese jedoch bereits die Individualisierung und das Aufrollen der reifen Spermien. Die
Individualisierung erfordert zuvor die Bildung eines Individualisierungskomplexes, der
aus 64 Aktinzapfen besteht, die sich um die 64 nadelférmigen Kerne in einer reifen Sper-
matidenzyste bilden. Der Individualisierungskomplex bewegt sich fortlaufend entlang der
Zyste hinunter, entfernt dabei nicht mehr benétigte Organellen und Zytoplasma und 16st
interzelluldre Briicken auf. Nach der Individualisierung wickeln sich die Gruppen reifer
Spermien umeinander und ziehen sich zur Basis des Hodens zuriick. Von hier werden sie
anschlielend entlassen und zur Samenblase transportiert, wo sie bis zur Kopulation ge-

speichert werden (Fabian und Brill, 2012).

3 Spermieniibertragung und -speicherung

Ein auffilliges Merkmal des megadiversen Stammbaums der Insekten ist die enorme mor-
phologische Vielfalt des Genitalapparats, vor allem bei den Ménnchen. Es ist wahrschein-
lich, dass das Potenzial zur Entwicklung einer extremen Vielfalt von Strukturen und Ver-
haltensweisen im Zusammenhang mit der Spermieniibertragung eng mit der beispiellosen
Diversifizierung der Insekten zusammenhéngt (Dallai et al., 2013). Bei vielen apterygo-

ten Insekten ist die Ubertragung von Spermien mit Hilfe einer Spermatophore, einem
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Spermienpaket, die vom Minnchen abgesetzt oder {ibergeben werden kann, {iblich. Die
Weibchen nehmen diese zur Besamung auf (Proctor, 1998). Alle Méannchen pterygoter
Insekten, die Spermatophoren produzieren, libertragen diese wihrend der Kopulation di-
rekt in das Weibchen. Dieser interne Spermientransfer stellt eine evolutiondre Neuheit der
Pterygota dar. Er erhoht die Wahrscheinlichkeit einer erfolgreichen Befruchtung und mag
damit zum evolutionédren Erfolg der gefliigelten Insekten beigetragen haben (Dallai et al.,
2013).

Bei D. melanogaster werden die Spermien zwar nicht als Spermatophore, aber trotzdem
vom Minnchen auf das Weibchen in grof8er Masse iibertragen, die anschlieend die Va-
gina vollstindig ausfiillt. Binnen weniger Minuten finden die ersten Spermien ihren Weg
in die Spermienspeicherorgane. Davon gibt es bei dieser Fliegenart zwei unterschiedliche
Typen (z. B. Miller, 1965), die jedoch nicht reprisentativ fiir alle Dipteren zu sehen sind:
Das ventrale Rezeptakulum und die Spermatheken. Das ventrale Rezeptakulum ist eine
lange, spiralige Rohre, die ventral, knapp unterhalb des Eileiters, in die Vagina einmiin-
det. Bei D. melanogaster betrdgt dessen Gesamtlange etwa 2 mm, was in etwa auch der
Liange eines Spermiums bei dieser Art entspricht (Pitnick et al., 1999). Im Gegensatz dazu
sind die beiden Spermatheken pilzformig und iiber jeweils einen etwa 0,1 mm langen
Gang mit der Vagina verbunden, der dorsal in diese einmiindet (Middleton et al., 2006;
Hopkins et al., 2020). Die Speicherung einer groen Menge an Spermien in den Spermi-
enspeicherorganen erlaubt es den weiblichen Fliegen, noch bis zu zwei Wochen nach der
Kopulation fertile Eier zu produzieren, indem sie die Spermien bis zu deren Verwendung
vital und am Leben erhalten (Lefevre und Jonsson, 1962). Diese grundsétzliche Fahigkeit,
die bei den meisten Insekten, aber auch bei vielen anderen Taxa vorkommt, kann als
Schliisselmechanismus betrachtet werden, der es den Weibchen erlaubt, sich nicht regel-
méiBig paaren zu miissen und dadurch reproduktiv unabhéngig zu sein (Pascini und Mar-

tins, 2017).

4 Riesenspermien und sexuelle Selektion

Nun kénnte man vermuten, dass es fiir die Mannchen einen evolutiven Vorteil hat, mog-
lichst viele Spermien pro Kopulation auf das Weibchen zu libertragen, da diese dort iiber
einen gewissen Zeitraum zur Befruchtung der Eier verwendet werden konnen und somit
der Fortpflanzungserfolg des Mannchens lingerfristig erhdht wird. Bei sehr kleinen Sper-
mien ist diese Methode durchaus denkbar und findet auch bei zahlreichen Insekten An-

wendung (z. B. Gilbert, 1981; Pitnick, 1996; Hosken und Ward, 2001; Gage und Morrow,
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2003; Kraus et al., 2004; Garcia-Gonzalez und Simmons, 2007; Sturm, 2014; Esfandi et
al., 2019; Strobl et al., 2019). Auch grofle oder gar riesige Spermien wie die von D. me-
lanogaster oder D. bifurca werden in den Spermienspeicherorganen der Weibchen ge-
speichert, jedoch konnen diese nur in deutlich geringerer Zahl {ibertragen werden. Zum
einen, da der verfligbare Speicherplatz im Weibchen begrenzt ist und zum anderen, da das
materielle und energetische Investment des Ménnchens in ein einzelnes Spermium deut-
lich grofBer ist und daher in Summe auch deutlich weniger Spermien produziert werden
konnen (bei vergleichbarer Korper- und/oder Hodengrof3e). Dass Riesenspermien trotz-
dem evolutionsbiologisch stabil sind und sich in diversen Taxa unabhédngig voneinander
entwickelt haben (Fitzpatrick et al., 2022), ldsst sich nur durch Prozesse der sexuellen
Selektion erklédren. Sie ist die treibende Kraft fiir die Evolution von Geschlechtsmerkma-
len und fordert in erster Linie Merkmale, die die Attraktivitit eines Individuums fiir das
andere Geschlecht erh6hen und/oder den Zugang zum anderen Geschlecht ermoglichen,
also allgemein Merkmale, die den Fortpflanzungserfolg eines Individuums vergroflern.
Damit unterscheidet sie sich von der natiirlichen Selektion, bei der Merkmale aufgrund
ihres Uberlebensvorteils in einer bestimmten Umwelt gefordert werden (Witte, 2009).

Es gibt zwei Hauptformen der sexuellen Selektion: Intrasexuelle und intersexuelle Selek-
tion (Campbell et al., 2011). Bei der intrasexuellen Selektion konkurrieren Mitglieder des
gleichen Geschlechts miteinander um den Zugang zu Partnern des anderen Geschlechts.
Dies fiihrt oft zu geschlechtsspezifischen Merkmalen und Verhaltensweisen, die es den
konkurrierenden Tieren ermoglichen, sich gegeniiber Rivalen durchzusetzen. Ein bekann-
tes Beispiel ist der Wettbewerb von Hirschen um die Gunst von Hirschkiihen wéhrend
der Paarungszeit, der hiufig durch die Groe des Geweihs entschieden wird. Die interse-
xuelle Selektion fordert Merkmale, die die Attraktivitit eines Individuums fiir das andere
Geschlecht erhoht. Ein klassisches Beispiel ist die Priaferenz weiblicher Vogel fiir Madnn-
chen mit lebhaften Federkleidern wie den Schwanzfedern von Pfauen, die auf gute Gene
und Uberlebensfihigkeiten hinweisen. Bereits Charles Darwin (1871) beschrieb die Idee
der sexuellen Selektion in seinem Buch "The Descent of Man, and Selection in Relation
to Sex" und fiihrte die Entwicklung vieler ausgefeilter mannlicher Merkmale auf die Se-
lektion durch die weibliche Partnerwahl zuriick. Die Auswahl durch das Weibchen ist
nach wie vor eine Grundlage der Theorie der sexuellen Selektion, wobei die meisten neu-
eren Modelle ein Muster der wechselseitigen Anpassung zwischen weiblicher Préferenz
und ménnlichen Merkmalen vorhersagen (Andersson, 1994). Dariiber hinaus ist es wich-

tig zu betonen, dass sexuelle Selektion nicht immer so offensichtlich ist wie in den oben
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genannten Beispielen. In einigen Fillen ist sie eher subtil und manifestiert sich in feinen
Verhaltensweisen oder Geruchsstoffen, die fiir die Partnerwahl von entscheidender Be-
deutung sind oder in Merkmalen, die erst nach der Kopulation zum Tragen kommen und
die biologische Fitness eines oder beider Geschlechter erhhen konnen (Birkhead, 2000;
Birkhead und Pizzari, 2002; Firman et al., 2017). Hierzu zéhlt auch die Ausbildung von
Riesenspermien, wie sie zum Beispiel innerhalb der Familie der Lanzenfliegen (Lonchop-

teridae) auftritt.

5 Lonchopteridae

Zu den Lanzenfliegen (Diptera: Lonchopteridae) gehoren kleine (2-5 mm), schlanke, gelb
bis braunschwarze Fliegen, deren deutscher Name sich auf ihre lanzettformig zugespitz-
ten Fliigel bezieht. Die Larven sind saprophag und leben meist in der Laubstreu in feuch-
ten oder nassen Umgebungen. Die erwachsenen Tiere sind teils in groBer Zahl in feuch-
ten, grasbewachsenen Lebensrdumen und in offenen Wildern anzutreffen, wo man sie oft
im Unterholz {iber Blétter krabbeln sieht (Bdhrmann und Bellstedt, 1988; Ebejer, 2012).
Arten dieser Familie sind aus der Paldarktis, der Orientalis, der Afrotropis und der Neark-
tis beschrieben. Einzig die weltweit vorkommende Art Lonchoptera bifurcata kennt man
aus der Australis und der Neotropis (Klymko und Marshall, 2008).

Frithe Untersuchungen (vgl. Anhang A) zeigten, dass die Lanzenfliegen durchaus viel-
versprechend im Hinblick auf die Untersuchung der evolutiven Prozesse bei der Entste-
hung von Riesenspermien sein konnten. Zum einen, da in Totalpridparaten der inneren
weiblichen Geschlechtsorgane von L. lutea bereits lichtmikroskopisch deutlich erkenn-
bare Strukturen auf das Vorhandensein von Riesenspermien hindeuteten und zum ande-
ren, da es sich hierbei um eine recht kleine, taxonomisch gut etablierte Familie innerhalb
der Fliegen (Brachycera) handelt, in der nur eine einzige rezente Gattung und 69 Arten
(Whittington und Beuk, 2022) beschrieben sind. Sie gehdrt zu den Phoroidea, die wiede-
rum zu den Aschiza gezihlt und in der Ndhe der Basis der Cyclorrhapha eingeordnet wer-
den (Wiegmann und Yeates, 2017). Damit stehen die Lonchopteridae phylogenetisch im
»Mittelbau* der Dipteren, was die Vergleichbarkeit mit nah verwandten Taxa grundsitz-
lich erleichtert. Wie sich im Laufe dieser Dissertation bestétigt hat, weist diese Fliegen-
familie tatsdchlich eine enorme Diversitdt in ihrem Reproduktionssystem auf, vor allem
im Hinblick auf deren Spermien und deren Spermienspeicherorgane. So gibt es Arten mit
kurzen (ca. 200 pm) und solche mit extrem langen Spermien (ca. 7.500 um). Die entspre-

chenden Weibchen haben verhéltnismaBig kurze (ca. 1.100 um) oder extrem lange (ca.
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14.000 um) Spermatheken. Dies deutet auf eine wechselseitige Anpassung dieser Struk-
turen und damit auf sexuelle Selektion hin. Von der sich wohl hauptsiachlich parthenoge-
netisch fortpflanzenden Art L. bifurcata sind die Spermien bisher noch nicht bekannt,
auch wenn von unterschiedlichen Autoren immer wieder das Vorkommen vereinzelter
Minnchen beschrieben wurde (Collin, 1938; Andersson, 1970; Drake, 1983). Im Verlauf
dieser Studie hat sich die gezielte Beschaffung von geeignetem Material teilweise jedoch
als Schwierigkeit erwiesen (vgl. Anhang B), denn obwohl vor allem die Arten L. lutea
und L. bifurcata in Mitteleuropa noch recht hdufig anzutreffen und daher einfach zu be-
schaffen sind, sind andere Arten selten oder auf bestimmte Habitate und/oder Regionen
beschriankt. Um jedoch die Evolution des Reproduktionssystems innerhalb der Familie
umfassend zu erfassen und zu verstehen, war es unabdingbar, moglichst viele Arten in
diese Uberlegungen mit einzubeziehen, weshalb groBtenteils auf Sammlungsmaterial zu-
rickgegriffen wurde. Auch das teils unausgeglichene Geschlechterverhiltnis in der freien
Natur, wie es schon von Bdhrmann und Bellstedt (1988) beschrieben wurde, verzogerte
und erschwerte stellenweise die laufenden Untersuchungen, da gerade von L. lutea haufig
nur Weibchen und kaum Ménnchen gefangen werden konnten. Dariiber hinaus stellte
auch die Bestimmung der Arten teilweise ein Hindernis dar. De Meijere (1906) beschrieb
bereits in der Einleitung seines umfassenden Werks iiber ,,Die Lonchopteren des palacark-
tischen Gebietes®, dass die Bestimmung der Lonchoptera-Arten mit bedeutenden Schwie-
rigkeiten verbunden ist. Dies fiihrt er vor allem auf die grofle Variabilitdt der einzelnen
Arten hinsichtlich Farbung und Struktur der Fliigeladerung zuriick. Als verldsslicher zur
Determination der Arten nennt er die Beborstung der Beine und des Scheitels. Beide
Merkmale werden mafBigeblich auch in heute noch géngigen Bestimmungsschliisseln der
europdischen Arten verwendet (Smith, 1969; Bdhrman und Bellstedt, 1988), was eine si-
chere Bestimmung der Arten ,,im Feld* aber schier unmdglich machte und daher der
Sammlungserfolg oder -misserfolg erst im Labor erkennbar wurde.

Nichtsdestotrotz gelang es im Rahmen dieser Studie elf verschiedene Lonchoptera-Arten
zu untersuchen und dadurch interessante Einblicke in das Reproduktionssystem der Lan-
zenfliegen zu gewinnen, die das allgemeine Verstindnis iiber die Prozesse der sexuellen
Selektion hinsichtlich der Entstehung von Riesenspermien erweitert haben. Dies war auch
das iibergreifende Ziel dieser Dissertation, die insgesamt aus drei Kapiteln besteht. Kapi-
tel I zeigt, dass die Spermien von L. lutea eine Lénge von {iber 2.200 pm und eine Dicke
von 1,4 um haben, deshalb nach Dallai (2014) als Riesenspermien kategorisiert werden

konnen und dass deren Ultrastruktur von der typischen Spermienultrastruktur anderer
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Fliegen (Jamieson, 1987; Jamieson et al., 1999) abweicht, da sie {iber weite Teile nur ein
Axonem, ein einzelnes massives Mitochondrienderivat und einen, strukturell auBBerge-
wohnlichen, akzessorischen Korper aufweist. Basierend auf ausgewéhlten morphologi-
schen Merkmalen der Spermien der verschiedenen Arten der Gattung Lonchoptera stellt
Kapitel IT eine durch DNA Barcoding gestiitzte Hypothese zur internen Phylogenie der
Lanzenfliegen auf, schlussfolgert daraus, dass Riesenspermien ein abgeleitetes Merkmal
innerhalb dieser Fliegengattung darstellen und zeigt Zusammenhinge zwischen Spermi-
enanzahl, Spermiengrof3e und weiteren morphologischen Merkmalen auf. Abschlie3end
zeigt Kapitel 111, dass iiber die untersuchten Arten der Gattung Lonchoptera hinweg eine
hochsignifikante Korrelation zwischen der Spermienlédnge und der Spermathekenlinge
besteht, was auf Prozesse der sexuellen Selektion und der Koadaptation hindeutet. Zu-
satzlich werden abschlieend und auf der Basis aller Untersuchungsergebnisse mehrere
evolutive Szenarien formuliert, die die Entstehung von Riesenspermien innerhalb der

Gattung Lonchoptera zu erklaren versuchen.
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Abstract

Lonchoptera lutea males produce giant spermatozoa that are more than 2000 um long
and 1.4 pm wide. Unlike the typical brachyceran spermatozoon, they have a highly asym-
metrical cross-section with only a single, albeit very large, mitochondrial derivative and
a pair of massive accessory bodies, one of which extends throughout the entire length of
the sperm tail. The accessory bodies consist of an electron-dense matrix in which numer-
ous peculiar electron-lucid substructures are embedded. In the mated female, the giant
spermatozoa are found inside two tubular spermathecae which are also extremely long,

measuring 4000 um or more.
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4000 pm or more.

Lonchoptera lutea males produce giant spermatozoa that are more than 2000 um long and 1.4 um wide.
Unlike the typical brachyceran spermatozoon, they have a highly asymmetrical cross-section with only a
single, albeit very large, mitochondrial derivative and a pair of massive accessory bodies, one of which
extends throughout the entire length of the sperm tail. The accessory bodies consist of an electron-dense
matrix in which numerous peculiar electron-lucid substructures are embedded. In the mated female, the
giant spermatozoa are found inside two tubular spermathecae which are also extremely long, measuring

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In his comprehensive overview on spermatogenesis and sperm
structure of Hexapoda, Dallai (2014) states that “spermatozoa, be-
ing under a constant evolutionary pressure, exhibit a rapid and
often bizarre diversification”. This particularly applies to the order
Diptera, where the diversity in sperm structure is said to be greater
than in all other insect groups taken together (Jamieson et al.,
1999). Species within the suborder Brachycera, however, are held
to have a rather uniform sperm structure (Jamieson et al., 1999;
Dallai 2014), with the exception of those few species provided with
giant spermatozoa (Pitnick et al., 1995; Kotrba and Hel3 2013). The
typical, plesiomorphic condition deduced for Brachycera comprises
a filamentous spermatozoon with an apical monolayered acrosome,
a compact nucleus, two mitochondrial derivativesand a9 + 9 + 2
axonemal complex (Jamieson 1987). But detailed knowledge on
sperm morphology is available only for very few brachyceran taxa.
When structures that appeared to be very large spermatozoa were
noticed in the spermathecal ducts of Lonchoptera lutea Panzer, 1809
females (Fig. 1), a literature search yielded nothing with respect to
the spermatozoa of Lonchopteridae.

* Corresponding author.
E-mail address: kotrba@snsb.de (M. Kotrba).

https://doi.org/10.1016/j.asd.2020.101004
1467-8039/© 2020 Elsevier Ltd. All rights reserved.

Lonchopteridae are a small family of Diptera within the Phor-
oidea, which belongs to the Aschiza and is placed near the base of
the Cyclorrhapha (Wiegmann and Yeates, 2017). Members of this
family are small (2—5 mm), slender, yellow to brownish-black flies.
The common name spear-winged flies refers to their pointed wings.
Of the approximately 63 species worldwide at least 13 species
occur in Europe (Pape et al,, 2011). Apart from descriptions of the
male external genitalia, very little information on the reproductive
system of Lonchopteridae is available. De Meijere (1906) describes
and illustrates the spermathecae of L. lutea as two very long tubular
structures of 4 mm length in which spermatozoa are frequently
observed. He finds that in L. bifurcata (Fallén, 1810; senior synonym
of L. furcata (Fallén, 1823)) the spermathecae are of similar shape
but only 0.7—1 mm long and have never been observed to contain
spermatozoa. Sinclair and Cumming (2006) describe and illustrate
the spermathecae of an undetermined Lonchoptera species from
Japan as two sausage-shaped unpigmented receptacles on very
long and often tightly coiled ducts.

Because sperm shape often coevolves with the female genital
apparatus, Dallai (2014) suggests to extend studies of sperm
structure to include an analysis of the respective female genitalia
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Fig. 1. Female genitalia of Lonchoptera lutea, whole mount. A: Overview, B: Sperma-
tozoa in parallel arrangement inside spermathecal ducts and projecting where ducts
are ruptured (magnification from A); C: Spermatozoa heads in basal part of sperma-
thecal ducts (magnification from A). ce, cerci; sd, spermathecal ducts; sdb, wide base of
spermathecal ducts; sz, spermatozoa; szh, spermatozoa heads; va, vagina. Scale bars:
A =200 pm; B, C = 20 um.

regarding structural modifications that may occur in the female
genital ducts. To resolve the nature of the presumably gigantic
spermatozoa in L. lutea, the reproductive system of this species
was studied with a focus on the dimensions and ultrastructure of
the spermatozoa and the dimensions of the spermathecal ducts.

2. Materials and methods
2.1. Animals

L. lutea and L. bifurcata adult specimens were collected by
sweeping vegetation at the Botanical Garden Munich, Germany, in
the summers of 2017 and 2019 and at Andechs, Germany, in the
summer of 2020. The specimens were determined according to
Bahrmann and Bellstedt (1988).
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2.2. Preparation/processing

The flies were killed by freezing and the reproductive tracts of
males and females were removed in their entirety by dissection of
the animals in a droplet of water. For studying the gross
morphology, these structures were mounted on microscopic slides
in polyvinyl lactophenol with an admixture of chlorazol black E.

Some freshly dissected L. lutea testes were fixed in 2.5% glutar-
aldehyde buffered in 0.1 M phosphate buffer at pH 7.4 for several
hours at room temperature, post-fixed in 1% osmium tetroxide for
2 h, and dehydrated in a graded acetone series. The testes were
then embedded in Epon resin for micro-CT imaging or in Spurr's
resin for semithin and ultrathin sectioning. Serial sections were cut
on a Leica UC6 Ultramicrotome using a diamond knife, continu-
ously alternating between 10 consecutive semithin sections
(1.5 wm) and 5—10 ultrathin sections (50—70 nm). The semithin
sections were mounted on glass slides and stained with Richard-
son's reagent (Richardson et al., 1960). The ultrathin sections were
mounted on formvar coated copper grids and contrasted with
uranyl acetate and lead citrate.

2.3. Examination and imaging

Whole mounts and semithin sections were investigated with
bright field illumination and/or differential interference contrast
(DIC) using a Zeiss Axioskop 2 equipped with Plan-Apochromat
20x, Plan-Apochromat 40x and Plan-Neofluar 100x oil objectives
as well as a drawing tube and a Jenoptic Progres Gryphax Subra
digital camera. Photographs included a digital scale bar calibrated
with a stage micrometer. Some of the photos were stacked by hand
from photos at different focal planes using Corel PHOTO-PAINT X5.
The dimensions of the spermathecae of four females were
measured in sketches done with the help of the drawing tube using
a stage micrometer.

Photos of a complete series of semithin sections of one testis
were imported into Amira software (version 6.5) to obtain a 3D
reconstruction of the testis and the spermatid bundles therein.
This method allows measurement of the length of the spermatid
bundles and to determine the exact position of the correspond-
ing ultrathin sections with respect to the total length of the
spermatozoon. Ultrathin sections were observed with a FEI
Morgagni transmission electron microscope operating at 80 kV.

Micro-CT scanning was performed with a Phoenix Nanotom m
(GE Measurement & Control, Wunstorf, Germany) CT scanner at a
voltage of 80 kV and a current of 325 pA using a tungsten (“stan-
dard”) target. 1441 projection images were taken during a 360°
rotation at a total duration of 120 min. The 3D volume (voxel size
0.6999 um) was converted to 8-bit and exported using VG Studio
Max 2.2 (Volume Graphics GmbH, Heidelberg, Germany). Further
visualization procedures were carried out with Amira 6.5 software.
The figure plates were created using CorelDRAW X5 and Corel
PHOTO-PAINT X5.

3. Results
3.1. Gross morphology

The male internal reproductive system of L. lutea comprises two
ovoid testes, paired vasa deferentia, one seminal vesicle and an
ejaculatory duct with a sperm pump (Fig. 2A). The testes are
roughly 500 um wide and coated with a brown pigment layer. They
open into extremely narrow vasa deferentia, which unite after
roughly 1300 um and connect with the seminal vesicle after
another 1300 pm. The seminal vesicle has a gastric shape, is about
300—500 um long and lined by a thick layer of gland cells. No
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accessory glands were found. The ejaculatory duct is about twice as
wide as the vasa deferentia and roughly 2000 um long, leading
from the seminal vesicle to the aedeagus. It is lined by a thick
epithelium and a thin layer of muscles. A muscular sperm pump
with a small club-shaped ejaculatory apodeme (Fig. 2B) is inserted
near the transition to the hypopygium. Some spermatozoa were
dislodged from the male genitalia in the dissection, thus lying
separate and allowing a first assessment of the sperm morphology.
They are filiform, roughly 2000 pm long and 1.4 um wide, and ar-
ranged in helical waves, which become smaller posteriorly. The
head region is much narrower, comparatively straight, and about
20 pm long (Fig. 3).

The spermathecae of L. lutea have a wide base and a very long
tubular part (Fig. 1A), terminating in short end sections which are
surrounded by gland cells. They are unpigmented. The length of the
spermathecae ranges from 4.1 to 6.1 mm (average 5.2 mm + 0.7 s.d.,
N = 8). In mated females, spermatozoa were found in the sper-
mathecae. They lie densely packed in parallel arrangement and may
take up the entire width of the spermathecal duct lumen (Fig. 1B).
Their heads, stained dark by chlorazol black E, are closely aligned
with each other in the basal part of the spermathecal duct, directed
towards the vagina (Fig. 1C).

3.2. Micro-CT

The micro-CT rendering of the testis shows a roundish shape,
reminiscent of a lemon (Fig. 4). A small hump at the apex cor-
responds to the germarium. Inside the apical part of the testis no
distinct structures stand out. Towards the middle, long strands of
compact material gradually emerge, corresponding to bundles of
maturing spermatids (below). They are arranged in a circular
fashion along the testis perimeter, sparing the centre. With
increasing distance from the germarium, these strands become
more and more sharply defined and acquire an undulating shape.
The funnel-shaped base of the testis, where the vas deferens
originates, does not contain spermatid bundles. Instead, this part
is occupied by a patty-shaped plug of dense material.

vd o
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3.3. Histology

In longitudinal semithin sections of the testis, the described
zonation is clearly evident (Fig. 5A). The apical germarium con-
tains an irregular arrangement of spermatogonia and spermato-
cytes, evident as cells with large nuclei and prominent nucleoli.
The adjacent area appears as a more homogenous, generally less
strongly stained mass, in which the faint outlines of large cysts can
be discerned. Next to that, bundles of early spermatids begin to
emerge within the cysts. The spermatid bundles correspond to the
strands of compact material observed by micro-CT (above). In the
apical part of the testis the bundles are wider and the contained
spermatids are less densely packed. Here, each spermatid cross-
section consists of 2—3 clearly separated, strongly stained sub-
units (Fig. 5B). Towards the base of the testis the spermatid bun-
dles and also the individual spermatids become more and more
condensed. Here, the spermatid cross-sections appear as solid,
strongly stained discs (Fig. 5C). Inside each bundle, the spermatids
are aligned with each other and in the same stage of maturation.
In the studied testis, the number of spermatids per bundle ranges
from 62 to 89 (average 76 + 6 s.d., N = 75). A large, clearly
delimited space next to the origin of the vas deferens does not
contain any spermatid bundles. Instead it is occupied by a
compact lump of material in which individual spermatozoa are
embedded. The vas deferens also contains some individual
spermatozoa.

3.4. 3D reconstruction

The reconstruction of one testis from a complete series of serial
sections showed the presence of roughly 50 spermatid bundles. The
supposedly mature or nearly mature spermatid bundles in the
basal part of the testis are arranged in roughly 2 1/2 large circular
loops following the curvature of the testis wall, their tapering ends
spiraling towards the center (Fig. 6). Additionally, each bundle is
twisted in shallow helical turns. The length of the bundles is
approximately 2200 pm (+60 s.d., N = 13) on average, maximally
2320 pm.

Fig. 2. Male genitalia of Lonchoptera lutea, whole mount. A: Overview, B: Ejaculatory apodeme. ed, ejaculatory duct; hy, hypopygium; sv, seminal vesicle; te, testis; vd, vas deferens.

Scale bars: A = 500 um; B = 100 pm.
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Fig. 3. Spermatozoa of Lonchoptera lutea, whole mount. A: Head region, overlap region and beginning of flagellar region. B: Another spermatozoon in its entire length. Lines and
letters in A and B indicate the approximate position of the respective TEM sections in Fig. 7. Scale bars: A = 20 um; B = 100 pm.

3.5. Ultrastructure

Fig. 7 illustrates the ultrastructure of the spermatozoon. The
relative positions of the TEM cross-sections along the length of the
sperm cell, as established by the 3D reconstruction of the bundles,
are indicated by lines and letters in Fig. 3. Subsequently, the sper-
matozoon is subdivided into head, overlap, and flagellar region
following Curtis et al. (1989) and other authors.

3.5.1. Head region

The head region is about 20 pm long and 0.3 pm wide
(Fig. 7A—D). Its apex is constituted by the acrosome, which consists
of moderately electron-dense material and is in tight contact with
the plasma membrane (Fig. 7A—C). In some cross-sections it con-
tains a small, electron-lucent core (Fig. 7C). The base of the acro-
some is tapered, roughly triangular in cross-section, and tightly
fitted into a corresponding lateral furrow in the anterior portion of
the nucleus. Posterior to this, the nucleus is round in cross-section,

Fig. 4. Testis of Lonchoptera lutea, volume rendering of micro-CT data. dm, plug of
dense material; ge, germarium; sb, spermatid bundles; vd, vas deferens. Scale bar:
100 pum.

with two narrow lateral incisions that start behind the tip and
become deeper posteriorly (Fig. 7D). These incisions form a blunt
angle of roughly 150°, thus defining a larger “dorsal” and a smaller
“ventral” subdivision of the nucleus. The nucleus contains electron-
dense, finely granular material that is generally somewhat more
condensed near the incisions.

3.5.2. Overlap region

The appearance of a round area in the nucleus marks the
beginning of the peg region (Fig. 7E). In subsequent cross-sections
the peg regions widens within the dorsal section of the nucleus
(Fig. 7F) and the root of the axoneme emerges inside the peg. The
axoneme shows the typical brachyceran 9 + 9 + 2 pattern and was
not further investigated here. The dorsal part of the nucleus nar-
rows and splits, so that the axoneme comes to lie next to the plasma
membrane (Fig. 7G). The split lies off the center line, resulting in a
longer and a shorter dorsal nuclear lobe and establishing a funda-
mental asymmetry that persists throughout almost the entire rest
of the spermatozoon. Electron-dense areas, here interpreted as
centriole adjunct material, appear between the ends of the dorsal
nuclear lobes and the axoneme (Fig. 7G). Moreover, a glob of
moderately electron-dense material between the axoneme and the

Fig. 5. Testis of Lonchoptera lutea, semithin section. A: Overview, B: spermatid bundle,
strongly stained subunits visible (magnification from A), C: more mature and
condensed spermatid bundle (magnification from A). cy, cysts with early spermatids;
dm, plug of dense material with individual spermatozoa embedded; ge, germarium; pl,
peritoneal sheath with pigment layer; sb, spermatid bundles; vd, vas deferens. Scale
bars: A = 100 um; B, C = 10 pm.



M. Kotrba, M. Troster, H. Gensler et al.

Fig. 6. Individual spermatid bundles within testis of Lonchoptera lutea, 3D surface
rendering from serial semithin sections. A: All reconstructed bundles. B: Same
reconstruction, rotated to display an entire idividual spermatid bundle (black in both
figures), all other bundles rendered transparent. Scale bars: 100 pm.

ventral part of the nucleus constitutes the beginning of the mito-
chondrial derivative.

Further posterior, the dorsal lobes of the nucleus decline while
the adjacent electron-dense areas grow. Subsequently this space is
occupied by the massive, curved accessory bodies. They consist of
an electron-dense matrix in which numerous substructures are
embedded (Fig. 7H—M). The substructures are elongate in cross-
section, suggesting that their three-dimensional shape is band-
like. At higher magnification they appear as regularly spaced
rows of electron-lucent spots, somewhat reminiscent of a cross-
section through a strip of corrugated cardboard (Fig. 8D). These
rows are about 20 nm wide and 100 nm long on average. They are
embedded in the matrix with an average distance of 14 nm, not less
than about 6 nm. In early stages of spermatogenesis, i. e. in sper-
matid bundles that are located closer to the germarium, the sub-
structures appear as larger electron-lucent round dots with an
electron-dense spot in the center (Fig. 8A). These dots are about
60 nm wide and embedded in the matrix with an average distance
of about 24 nm, not less than 15 nm. Stages with mixtures of both
forms of substructures occur (Fig. 8B), suggesting that the dots
mature into the rows during spermatogenesis.

The ventral part of the nucleus projects posteriorly in the shape
of a rapidly shrinking band, which is embraced between the ventral
margin of one accessory body (ab1) and the ventral inner margin of
the other (ab2) (Fig. 7H). This second accessory body, which
emerges as the smaller one in anterior cross-sections, posteriorly
increases in size and replaces the end of the nucleus (Fig. 7I). The
complete zone of overlap, from the beginning of the peg region to
the posterior end of the nucleus, has a total length of approximately
30 pm. Its width increases to about 0.9 um posteriorly.

3.5.3. Flagellar region

For a short sector posterior to the end of the nucleus, the two
accessory bodies are about equal in size and shape, and the cross-
section of the spermatozoon is symmetrical once more (Fig. 7I).
But while the first accessory body (ab1) rapidly tapers and ends, the
second one (ab2) continues to increase (Fig. 7]). From here on
posteriorly, with the exception of the very tip of the tail, the sper-
matozoon shows a rather uniform cross-section, comprising the
axoneme and a large accessory body that curves around the side of
a single, large mitochondrial derivative (Fig. 7K—M). Within one
spermatid bundle all cross-sections have the same orientation and
across all spermatid bundles in the testis the accessory body is
positioned to the same side of the axoneme.

The width of the flagellum increases, reaching its maximum of
about 1.4 um after about 500 pm of the total sperm length and then
gradually decreasing again. The mitochondrial derivative occupies
the largest share of the flagellum cross-section, thus largely
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defining the shape of the sperm tail. The principal accessory body
(ab2) forms a large C-shaped band that is fitted against the
axoneme at one end and curves around the mitochondrial deriva-
tive, tapering into a blunt edge. At the widest part of the sperm tail
the accessory body contains up to 55 of the electron-lucent sub-
structures described above.

Nearing the tip of the sperm tail the accessory body (ab2) is the
first to disappear from the cross-sections, shortly followed by the
mitochondrial derivative (Fig. 7N). Finally the arrangement of the
microtubules within the axoneme becomes irregular and then
disappears (Fig. 70).

4. Discussion
4.1. Size

According to Dallai (2014), insect spermatozoa exceeding
1000 um in length and/or 0.7 pm in width are to be considered
exceptional. With a length of about 2200 um and a width of 1.4 pm
the spermatozoa of L. lutea can therefore justly be classified as
giants. Their extraordinary length concurs with the likewise
extraordinary length of the females' spermathecae, which exceed
4 mm in L. lutea and were frequently observed to contain sper-
matozoa throughout their entire length (De Meijere 1906).
Notably, in the congeneric species L. bifurcata, the spermathecae
are of similar shape but only 0.7—1 mm long and have never been
observed to contain spermatozoa (De Meijere 1906). De Meijere
(1906) interprets this as an adaptation to parthenogenesis.
Without more information on the conditions in other Lon-
chopteridae, however, speculations on the potential coevolution
of the male and female structures and on the phylogenetic origin
of the giant spermatozoa in this family must remain vague and are
not further addressed here. A comparative study across a larger
range of Lonchoptera species is in preparation to address these
issues.

4.2. Morphology

Apart from their extraordinary size, the spermatozoa of L. lutea
also have an unusual internal structure, involving a highly asym-
metrical cross-section with a single, very large mitochondrial de-
rivative and a very prominent accessory body with peculiar
ultrastructure.

4.2.1. Mitochondrial derivative

Two mitochondrial derivatives are present in the ground plan of
Brachycera (Jamieson 1987). They are sometimes asymmetrical, e.
g. in Empididae, Drosophilidae and Muscidae (Jamieson et al.,
1999). The complete reduction of one of the mitochondrial de-
rivatives, as observed in L. lutea, constitutes a rare derived condi-
tion. It has been reported to occur e. g. in some Calliphoridae (Name
et al, 2012a). In L. lutea, the single mitochondrial derivative is
extremely large in terms of both width and length, constituting the
largest volume of all cell components. Similarly large mitochondrial
derivatives that are many times wider than the axoneme have been
found as a derived condition in Drosophila kanekoi Watabe and
Higuchi, 1979 (Dallai et al., 2008). Moreover Kotrba et al. (2013,
2016) described their occurrence in Diasemopsis comoroensis Carr
et al., 2006. The functional significance of the mitochondrial de-
rivatives, specifically such gigantic ones, is unresolved (Jamieson
et al.,, 1999; Kotrba et al., 2016).

4.2.2. Accessory bodies
The most enigmatic component of the L. lutea spermatozoon are
the large accessory bodies with their peculiar substructure.
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Fig. 7. Spermatozoon of Lonchoptera lutea, TEM cross-sections. Parts A-O positioned along the length of the spermatozoon as indicated by the respective letters and lines in Fig. 3.
ab1, smaller accessory body; ab2, principal accessory body; ac, acrosome; amt, axonemal microtubuli in loose arrangement; ax, axoneme; ca, centriole adjunct material; dn, dorsal
part of nucleus; ldn, larger dorsal lobe of nucleus; md, mitochondrial derivative; n, nucleus; pg, peg-like nuclear insertion of axoneme; sdn, smaller dorsal lobe of nucleus; vn,

ventral part of nucleus; arrowheads, nuclear incisions. Scale bars: 0.3 pm.

Although accessory bodies are constant components of insect
spermatozoa (Dallai 2014), the nature of these structures is
generally not well understood. Jamieson (1987) established that “it
is doubtful that all accessory bodies are homologous but we may
define as ‘true’ accessory bodies those, constituting the most
common type, which are derived as extensions of the centriole
adjunct from which they may or not become separated”. Not much
substantial insight on these structures has accrued since. Dallai
et al. (2016) summarized that in advanced spermatogenesis the
dense and compact material that is deposited beneath the nucleus
constitutes what has been described as centriole adjunct, and this
in many insect orders gives rise to two prolongations, or accessory
bodies, of variable length that accompany the axoneme for most of
its length.

In the branch leading to the Diptera, accessory bodies are pur-
portedly lost (Jamieson 1987). But various scattered occurrences of
accessory bodies or centriole adjuncts have been reported within
that order (Curtis et al., 1989; Jamieson et al., 1999; Dallai et al.,
2016). For the suborder Brachycera, to which L. lutea belongs, the
respective information is briefly reviewed here.

The closest relative of L. lutea, in which the sperm ultrastructure
has been studied, is the phorid Megaselia scalaris (Loew, 1866). Like
Lonchopteridae, Phoridae are placed in the superfamily Phoroidea,
a basal branch of the Cyclorrhapha: Aschiza (Wiegman and Yeates,
2017). Curtis et al. (1989) described and illustrated the accessory
body in the overlap region of the spermatozoon of M. scalaris as a
massive C-shaped structure, in contact with the axoneme at one
end, and curving around the lateral side of one of the mitochondrial
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Fig. 8. Accessory body of Lonchoptera lutea spermatids with electron-lucent substructures, TEM cross-sections showing various stages of maturation/development. A: Early
spermatid with substructures appearing as larger electron-lucent round dots with an electron-dense spot in the center, B: Later stage with some of the substructures narrower and
elongated, C: Stage with all substructures narrow and elongated, D: Mature spermatozoon with substructures consisting of rows of regularly spaced electron-lucent spots. Scale

bars: 0.5 pm.

derivatives. It consists of an electron-dense matrix with a vaguely
lamellated appearance. Posteriorly, the accessory body rapidly
narrows and is absent in the second half of the flagellum.

The only other Aschiza taxon, in which the sperm ultrastructure
has been studied, is the syrphid Eristalinus tarsalis (Macquart, 1855).
For this species Wu and Zhou (1986) report a big centriole adjunct
located in a short neck, i. e. overlap region, between the head and
flagellum of the mature spermatozoon, but very little detail is
visible in the respective photograph (Wu and Zhou 1986: Figs. 5—7).
In the flagellum a centriole adjunct or accessory body are lacking.
From this it appears that the centriole adjunct is relatively short and
does not give rise to an accessory body.

For the Orthorrhapha, which occupy a more basal position
within the Brachycera than the Cyclorrhapha: Aschiza, two species
have been studied. For the bombyliid Anthrax sp. Jamieson et al.
(1999) report an exceptionally long, single, approximately semi-
circular accessory body, which symmetrically embraces the two
mitochondrial derivatives opposite of the axoneme. In the respec-
tive figures it appears as a solid, homogenously electron-dense
structure. Anteriorly it originates from two lateral bodies poste-
rior of the nucleus which “comprise the centriole adjunct or,
alternatively, may be regarded as a paired commencement of the
accessory body”. Posteriorly it persists for a large portion of the
length of the axoneme.

The spermatozoa of the stratiomyiid Hermetia illucens (Lin-
naeus, 1758) were independently described by Kotzé et al. (2019)
and Malawey et al. (2019). In the published cross-sections various
structures are interpreted as centriole adjunct material by one
and/or the other author. From anterior to posterior these are
specifically (1) various structures of different densities between
the axoneme and the nucleus in the overlap region (Kotzé et al.,
2019: Fig. 3A and C; Malawey et al, 2019: Fig. 4C—F). (2) A

single, asymmetrically arranged, very electron-dense U-shaped
structure (Kotzé et al., 2019: Fig. 3B and C; Malawey et al., 2019:
Fig. 4F). Malawey et al. interpret this as centriole adjunct material
“same as the accessory body of M. scalaris”, whereas Kotzé et al.
label it as nucleus. (3) A single body positioned between the
axoneme and the two mitochondrial derivatives (Kotzé et al.,
2019: Fig. 3E-G; Malawey et al., 2019: Fig. 4 G). This structure is
filled with microtubules flanked by a thin electron dense U-sha-
ped lamina. (4) A symmetrical two-winged structure posterior of
this (Kotzé et al., 2019: Fig. 4A and B; Malawey et al., 2019: Fig. 4H
and I), which according to Kotzé et al. (2019) gives rise to two
accessory bodies posteriorly. The relations between these various
structures remain unclear, not least because of their controversial
interpretation by the respective authors.

In the Cyclorrhapha: Schizophora, which occupy a more derived
position than the Cyclorrhapha: Aschiza, a number of taxa has been
studied with respect to the spermatozoa ultrastructure. For the
tephritid Bactrocera oleae (Rossi, 1790), Dallai and Afzelius (1991)
report and illustrate a short centriole adjunct. It forms a homoge-
nous electron-dense bar embedded between the two mitochon-
drial derivatives, present in the overlap region immediately behind
the centriolar region, but absent in the main portion of the sperm
tail. Very similar conditions are found in a number of calyptrate
taxa, such as the scathophagid Scathophaga sp. (Dallai and Afzelius
1990), the muscid Musca domestica Linnaeus, 1758 (Gassner et al.,
1972), and the calliphorids Chrysomya megacephala (Fabricius,
1794) (Name et al., 2010), Lucilia cuprina (Wiedemann, 1830) (Name
et al., 2012a), and Cochliomyia hominivorax (Coquerel, 1858) (Name
et al., 2012b), but there the centriole adjunct may extend further
into the region of the flagellum. In the diopsid Teleopsis whitei
(Curran, 1936) the electron-dense central bar is more substantial
(Kotrba 1993), and in the confamilial D. comoroensis, which
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produces giant spermatozoa (Kotrba and Hel3 2013; Kotrba et al.,
2016) it is very greatly enlarged and extends through the entire
length of the sperm tail. Various drosophilid species have been
studied in detail (e. g. Dallai and Afzelius 1991; Dallai et al., 2008;
Fabian and Brill 2012, Gracielle et al., 2016, Rego et al., 2013),
including the giant spermatozoa of Drosophila bifurca (Patterson
and Wheeler, 1942), which represent the longest sperm in the an-
imal kingdom, reaching a length of 58,000 um (Pitnick et al., 1995).
But for this family no centriole adjunct or accessory body is re-
ported for the mature spermatozoon.

In all likelyhood, the electron-dense bar, which is embedded
between the two mitochondrial derivatives in the median axis of
the sperm tail, is homologous across all Schizophoran taxa where it
occurs. Beyond this clade, the spacial arrangement is very different
and the homology relations are uncertain. Compared with the
accessory body here described for L. lutea, the accessory body in
M. scalaris is arguably the most similar regarding its shape and
asymmetrical arrangement. This matches the fact that Phoridae
and Lonchopteridae are quite closely related. The similarity could
therefore possibly be based on homology, but in M. scalaris the
accessory body occupies a much shorter portion of the sperm tail
and lacks the characteristic electron-lucent substructures. The
electron-dense U-shaped structure in the spermatozoon overlap
region of the orthorrhaphan H. illucens is also reminiscent of the
accessory body in L. lutea. But because the true identity of the U-
shaped structure in H. illucens is controversial, and also because this
taxon is phylogenetically remote from L. lutea, the structures can
not be homologized with certainty.

The few available records on the presence, morphology, and
ultrastructure of accessory bodies in brachycerous Diptera regard
phylogenetically remote taxa and are very different in appearance.
Therefore, although the C-shaped structure in the spermatozoa of
L. lutea is here classified as accessory body, its relationship with
the respective structures in other Brachycera cannot be estab-
lished yet.

5. Conclusions

The new results add to the growing body of evidence that bra-
chyceran spermatozoa are not as uniform as once believed.
Particularly, the occurrence of gigantic mitochondrial derivatives
and of sometimes very substantial accessory bodies, which
constitute an enigmatic type of cell organelles, deserves further
study. This will undoubtedly be costly, requiring technologies such
as TEM and laser scanning microscopy, the application of a range of
molecular markers, etc. But it will also be rewarding, as it can
hardly fail to produce new and important insights, regarding, e. g.,
(1) the ultrastructural and biochemical properties and the cellular
origin of these structures, (2) their questionable homology across
taxa and thus the potential phylogenetic signal, and (3) their
function with respect to sperm motility and/or longevity, various
kinds of sexual selection, and/or male investment.

Author contributions

MK and MT designed the study, obtained and dissected speci-
mens, acquired light microscope images, evaluated the results, and
wrote the manuscript. BR acquired Micro-CT data and provided
support in 3D procedures. HG performed semithin and ultrathin
sectioning. HG and MT acquired TEM images. MT carried out 3D
data processing and designed the figures. MH supervised the TEM
study. All authors revised the manuscript and read and approved
the final version.

Arthropod Structure & Development 60 (2021) 101004
Funding

This research did not receive any specific grant from any funding
agency in the public, commercial or not-for-profit sector.

Acknowledgements

The authors would like to thank Eva Lodde-Bensch (SNSB-ZSM,
Munich, Germany) for helping with semi-thin sectioning, Romano
Dallai (Department of Life Sciences, University of Siena, Italy) for
helpful comments on the manuscript, and Eva Facher (Department
of Biology, LMU, Germany) for her efforts in trying to produce SEM
images of spermatozoa of L. lutea.

References

Bahrmann, R., Bellstedt, R., 1988. Beobachtungen und Untersuchungen zum Vor-
kommen der Lonchopteriden auf dem Gebiet der DDR, mit einer Bestimmung-
stabelle der Arten. (Dipt., Lonchopteridae). Deut Entomol. Z. 35, 265—279.

Curtis, S.K., Benner, D.B., Musil, G., 1989. Ultrastructure of the spermatozoon of
Megaselia scalaris Loew (Diptera: Brachycera: Cyclorrhapha: Phoridae).
J. Morphol. 200, 47—61.

Dallai, R., 2014. Overview on spermatogenesis and sperm structure of Hexapoda.
Arthropod Struct. Dev. 43, 257—290.

Dallai, R., Afzelius, B.A., 1990. Microtubular diversity in insect spermatozoa: results
obtained with a new fixative. ]. Struct. Biol. 103, 164—179.

Dallai, R., Afzelius, B.A., 1991. Sperm flagellum of Dacus oleae (Gmelin) (Tephritidae)
and Drosophila melanogaster Meigen (Drosophilidae) (Diptera). Int. ]. Insect
Morphol. Embryol. 20, 215—-222.

Dallai, R., Mercati, D., Giusti, F.,, 2008. Structural organization of the “zipper line” in
Drosophila species with giant spermatozoa. J. Struct. Biol. 161, 43—54.

Dallai, R., Paoli, F, Mercati, D., Lupetti, P., 2016. The centriole adjunct of insects:
need to update the definition. Tissue Cell 48, 104—113.

De Meijere, J.C.H., 1906. Die Lonchopteren des palaearktischen Gebietes. Tijdschr.
Entomol. 49, 44—98.

Fabian, L., Brill, J.A., 2012. Drosophila spermiogenesis: big things come from little
packages. Spermatogenesis 2, 197—-212.

Gassner, G., Klemetson, D.J., Richard, R.D., 1972. Spermiogenesis in house fly, Musca
domestica L. (Diptera: Muscidae): a transmission electron microscope study. Int.
J. Insect Morphol. Embryol. 1, 105—120.

Gracielle, LM.S., Tidon, R,, Bao, S.N., 2016. Structure and ultrastructure of sperma-
tozoon in six species of Drosophilidae (Diptera). Tissue Cell 48, 596—604.
Jamieson, B.G., 1987. The Ultrastructure and Phylogeny of Insect Spermatozoa.

Cambridge Univ. Press, Cambridge, UK.

Jamieson, B.G.M., Dallai, R., Afzelius, B.A., 1999. Insects: Their Spermatozoa and
Phylogeny. Science Publishers, Enfield, New Hampshire, USA.

Kotrba, M., 1993. Das Reproduktionssystem von Cyrtodiopsis whitei Curran 1936
(Diopsidae, Diptera) unter besonderer Beriicksichtigung der inneren weiblichen
Geschlechtsorgane. Bonn. Zool. Monogr. 33, 1-115.

Kotrba, M., HeR, M., 2013. Giant spiral shaped spermatozoa of Diasemopsis comor-
oensis (Diptera, Diopsidae) with a unique ultrastructural component. Tissue Cell
45, 443—-445.

Kotrba, M., HeR, M., Dallai, R., 2016. Giant spermatozoa of Diasemopsis (Diopsidae,
Diptera) — structural, ultrastructural and functional aspects. Arthropod Struct.
Dev. 45, 42—56.

Kotzé, R.C.M., Muller, N., du Plessis, L., van der Horst, G., 2019. The importance of
insect sperm: sperm ultrastructure of Hermetia illucens (black soldier fly). Tis-
sue Cell 59, 44—50.

Malawey, A.S., Mercati, D., Love, C.C., Tomberlin, J.K., 2019. Adult reproductive tract
morphology and spermatogenesis in the black soldier fly (Diptera: Strat-
iomyidae). Ann. Entomol. Soc. Am. 112, 576—586.

Name, K.P.O., Barros-Cordeiro, K.B., Filho, ].B.G., Wolff, M., Pujol-Luz, J.R., Bao, S.N.,
2012a. Structure and ultrastructure of spermatozoa and spermiogenesis in
three species of Lucilia Robineau-Desvoidy, 1830 (Diptera: Calliphoridae).
J. Morphol. 273, 160—172.

Name, K.P.O., Barros-Cordeiro, K.B., Filho, G., Wolff, M., Pujol-Luz, J.R., Bdo, S.N.,
2012b. Morphological and cytochemical aspects of spermatozoa in the genus
Cochliomyia (Diptera: Calliphoridae). J. Electron. Microsc. 61, 415—422.

Name, K.P.O., Pujol-Luz, J.R., Bdo, S.N., 2010. Structure and ultrastructure of sper-
matozoa of Chrysomya megacephala (Diptera: Calliphoridae). Micron 41,
853—-860.

Pape, T., Blagoderov, V., Mostovski, M.B., 2011. Order Diptera Linnaeus, 1758.
In: Zhang, Z.-Q. (Ed.), Animal Biodiversity: an Outline of Higher-Level
Classification and Survey of Taxonomic Richness, 3148. Zootaxa,
pp. 222-229.

Pitnick, S., Spicer, G.S., Markow, T.A., 1995. How long is a giant sperm? Nature 375,
1009.

Rego, L.N.A.A,, Silistino-Souza, R., Azeredo-Oliveira, M.T.V.D., Madi-Ravazzi, L., 2013.
Spermatogenesis of Zaprionus indianus and Zaprionus sepsoides (Diptera,


http://refhub.elsevier.com/S1467-8039(20)30127-4/sref1
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref1
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref1
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref1
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref1
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref2
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref2
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref2
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref2
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref3
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref3
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref3
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref4
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref4
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref4
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref5
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref5
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref5
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref5
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref6
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref6
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref6
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref7
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref7
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref7
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref8
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref8
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref8
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref9
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref9
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref9
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref10
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref10
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref10
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref10
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref11
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref11
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref11
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref12
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref12
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref13
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref13
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref14
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref14
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref14
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref14
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref15
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref15
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref15
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref15
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref15
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref16
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref16
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref16
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref16
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref16
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref16
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref17
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref17
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref17
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref17
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref17
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref18
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref18
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref18
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref18
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref21
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref21
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref21
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref21
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref21
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref21
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref22
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref22
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref22
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref22
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref22
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref23
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref23
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref23
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref23
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref23
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref24
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref24
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref24
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref24
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref24
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref25
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref25
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref26
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref26

M. Kotrba, M. Troster, H. Gensler et al.

Drosophilidae): cytochemical, structural and ultrastructural characterization.
Genet. Mol. Biol. 36, 50—60.

Richardson, K.C,, Jarret, L., Finke, E.H., 1960. Embedding in epoxy resins for ultrathin
sectioning in electron microscopy. Stain Technol. 35, 313—323.

Sinclair, BJ., Cumming, J.M., 2006. The morphology, higher-level phylogeny and
classification of the Empidoidea (Diptera). Zootaxa 1180, 1-172.

Arthropod Structure & Development 60 (2021) 101004

Wiegmann, B.M., Yeates, D.K., 2017. Phylogeny of Diptera. In: Kirk-Spriggs, A.H.,
Sinclair, B.J. (Eds.), Manual of Afrotropical Diptera, Suricata 4, vol. 1. South Af-
rican National Biodiversity Institute, Pretoria, pp. 253—265.

Wu, D.-S., Zhou, H.-X., 1986. Studies on ultrastructure of spermatozoa from flies:
Eristalinus tarsalis (Maq.). Acta Entomol. Sin. 29, 25—28.


http://refhub.elsevier.com/S1467-8039(20)30127-4/sref26
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref26
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref26
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref27
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref27
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref27
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref28
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref28
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref28
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref29
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref29
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref29
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref29
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref30
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref30
http://refhub.elsevier.com/S1467-8039(20)30127-4/sref30

Kapitel 11

Variation of sperm size and evolution of giant spermatozoa in Lonchopteridae
(Diptera)

Michael Troster ®®, Marion Kotrba 2, Martin Hef °

4 SNSB-Zoologische Staatssammlung Miinchen, MiinchhausenstraBe 21, D-81247 Miinchen, Germany

b Ludwig-Maximilians-Universitdt, Biocenter, GroBhaderner Strale 2, D-82152 Planegg-Martinsried,

Germany

Abstract

Among species of the spear-winged flies (Lonchopteridae) there is remarkable variation
in sperm size, with some species producing giant spermatozoa. With a length of 7500 um
and a width of 1.3 um the spermatozoon of Lonchoptera fallax ranks among the largest
known to date. In the present study body size, testis size, sperm size, and spermatid num-
ber per bundle and per testis were examined across 11 Lonchoptera species. Results are
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lution affects the resource allocation amongst spermatozoa. Based on some discrete mor-
phological characters and a molecular tree derived from DNA barcodes a phylogenetic
hypothesis of the genus Lonchoptera is proposed. The occurrence of giant spermatozoa

in Lonchopteridae is compared to convergent occurrences reported in other taxa.
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Among species of the spear-winged flies (Lonchopteridae) there is remarkable variation in sperm size,
with some species producing giant spermatozoa. With a length of 7500 um and a width of 1.3 um the
spermatozoon of Lonchoptera fallax ranks among the largest known to date. In the present study body
size, testis size, sperm size, and spermatid number per bundle and per testis were examined across 11
Lonchoptera species. Results are discussed in terms of how these characters are related with each other

and how their evolution affects the resource allocation amongst spermatozoa. Based on some discrete

Handling Editor: Dr G. Scholtz

Keywords:

Giant spermatozoa
Reproduction

Phylogeny of Lonchopteridae

morphological characters and a molecular tree derived from DNA barcodes a phylogenetic hypothesis of
the genus Lonchoptera is proposed. The occurrence of giant spermatozoa in Lonchopteridae is compared
to convergent occurrences reported in other taxa.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Spermatozoa are under constant evolutionary pressure and
frequently show signs of a rapid, oftentimes bizarre diversification
(e.g., Sivinski, 1980; Jamieson et al., 1999; Dallai 2014). Giant
spermatozoa independently evolved multiple times even within
genera (Pitnick et al., 1999, 2009; Fitzpatrick et al., 2022), consti-
tuting a significant divergence from the common scheme of pro-
ducing as many small spermatozoa as possible (Parker, 1970, 1982).
Within Diptera giant spermatozoa are known to occur in very few
families such as Cecidomyiidae, Drosophilidae and Diopsidae, likely
as a consequence of postcopulatory sexual selection by sperm
competition and/or changes in female reproductive tract design
(Hihara and Kurokawa, 1987; Kotrba, 1995; Pitnick et al., 1995a,
1999, 2009; Presgraves et al., 1999; Kotrba et al., 2016). Recently
Kotrba et al. (2021) described the giant spermatozoa of a species of
Lonchopteridae, a small family of Diptera also known as spear-
winged flies. Lonchopteridae are a family of Phoroidea, which
belong to the Aschiza and are placed near the base of the Cyclo-
rrhapha (Wiegmann and Yeates, 2017). They contain only one
recent genus which occurs worldwide. Of the approximately 68

* Corresponding author. SNSB-Zoologische Staatssammlung
Miinchhausenstraf3e 21, D-81247, Miinchen, Germany.
E-mail address: troestermichael@web.de (M. Troster).
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species at least 15 occur in Europe (Whittington and Beuk, 2022).
The common palearctic species Lonchoptera lutea Panzer, 1809 has
spermatozoa which are not only very long, but also much wider
than the usual dipteran spermatozoon. Using 3D reconstruction, it
was possible for Kotrba et al. (2021) to measure the total length of
the spermatozoa and to assign ultrastructural details in cross-
sections to their corresponding positions in the mature spermato-
zoon. This elaborate method also allows to determine the volume of
a spermatid bundle and calculate the approximate volume of a
single spermatozoon. Through the comparative study of several
species the present study aims to resolve whether the conditions
found in L. lutea apply to Lonchopteridae in general or whether they
vary within this taxon. To elucidate the underlying evolutionary
trends, the data are analyzed in two approaches. (1) Analysis with
respect to the existence and shape of mathematical correlations
between various numerical characters of the male reproductive
system allows to construct hypotheses on likely functional associ-
ations and/or operative reproductive strategies. Correlations alone,
however, do not indicate the direction of change. Therefore, (2) the
variation of the analyzed characters is discussed in the light of
possible evolutionary pathways. Because no information on the
intrafamilial phylogeny of Lonchopteridae is available from the
literature, an evolutionary hypothesis is constructed based on the
studied characters combined with the results of a DNA barcode-
based neighbor-joining tree.
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2. Materials and methods
2.1. Material

The study is based on alcohol preserved material (Table 1).
Lonchoptera nigrociliata Duda, 1927, Lonchoptera nitidifrons Strobl,
1898, Lonchoptera scutellata Stein, 1890, Lonchoptera tristis Meigen,
1824, Lonchoptera spec. T1 and Lonchoptera spec. T2 specimens were
acquired from the SNSB Bavarian State Collection of Zoology wet
collection. Lonchoptera strobli De Meijere, 1906 and Lonchoptera
fallax De Meijere, 1906 specimens were provided by P. Zwick and
Lonchoptera spec. R1 specimens were provided by M. von Tschirn-
haus from their respective collections. Specimens of Lonchoptera
barberi Klymko, 2008 were freshly collected and identified by K.
Barber in the summer of 2021. The 7 European species were iden-
tified on the basis of morphological characters using Bahrmann and
Bellstedt (1988). Data for L. lutea are from Kotrba et al. (2021).

2.2. Preparation/processing

One male per species was studied by serial sectioning. After
assessing the body length (of those species for which no literature
data on the average body length were available), abdomina were
detached, dried in a graded alcohol series and embedded in Spurr's
resin. Serial semithin sections of 1.0 pm were cut with a RMC MTXL
ultra-microtome using a diamond blade, mounted on glass slides
and stained with Richardson's reagent (Richardson et al., 1960).

2.3. Examination and imaging

Body length and morphological characteristics for species
identification were examined using a Leica MZ 8 dissecting mi-
croscope. To assess the number of spermatids per bundle and the
width of the spermatozoa, semithin sections were investigated
with a Zeiss Axioskop2 equipped with a Jenoptic Progres Gryphax
Subra digital camera at maximal magnification using a Plan-
Neofluar 100 x oil objective and 1.6 x additional magnification.
Photographs included a digital scale bar calibrated with a stage
micrometer. Measurements in the photos were taken using Corel-
DRAW Home and Student 2018. The maximal width of the sper-
matozoa was measured in semithin sections through the widest
part of the bundle as assessed by digital 3D reconstruction (below).

For digital 3D reconstruction, the series of semithin sections
were photographed with an automated Olympus BX61VS micro-
scope with 40 x objective and DotSlide software using an Olympus
XC10 digital camera. The photos were imported into Amira soft-
ware (version 5.4.5) to obtain volume rendering depictions of the
testis and the spermatid bundles therein. For detailed 3D re-
constructions of the testes and individual spermatid bundles
therein, the circumference of these structures was digitized by
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hand for each individual section. Due to the laboriousness of this
method only one testis per species and 3—4 supposedly mature
spermatid bundles from the basal part of this testis were recon-
structed. Lengths and widths were assessed with the Amira 3D
length measurement tool and volumes were calculated with the
Amira material statistics tool. Because the spermatids are arranged
in parallel longitudinally within the bundles, the length of the
mature bundles was used as an approximation for the length of the
contained spermatozoa. Because the width of the bundles changes
along their length, the maximal width of the reconstructed sper-
matid bundles was chosen for comparison across the species. The
volume of the individual spermatozoon was estimated by dividing
the reconstructed volume of the bundle by the number of con-
tained spermatids. The potential total number of spermatozoa per
testis was estimated by dividing the testicular volume by the
spermatozoon volume. Both assessments are overestimations
because small gaps occur between the densely packed spermatozoa
in the bundles and because parts of the testis are occupied by
earlier stages of spermatogenesis. Because the same restrictions
apply to all studied species, these estimates can still be used for
comparative aspects.

The figure plates were created using CorelDRAW Home and
Student 2018 and Corel PHOTO-PAINT Home and Student 2018.
Statistical analyses and scatter plots were computed with MS Excel
2019. For each character pairing the mathematical model that
provided the most plausible approach in terms of trendline fit and
the highest 2 (linear or inverse proportional) was selected. In case
of inverse proportionality, the data were reciprocally transformed
into a linear relationship before running the statistical analysis (the
respective r° and P values are marked by *).

2.4. DNA barcoding

All vouchers were sent to AIM - Advanced Identification
Methods GmbH in Leipzig, Germany for DNA barcoding using a
DNeasy kit (QIAGEN, Valencia, CA). Laboratory operations were
carried out following standardized protocols for COI amplification
and sequencing. DNA barcode sequences, primer pairs and trace
files are publicly accessible in the dataset ‘DS-BALONCH’ (Dataset
ID: dx.doi.org/10.5883/DS-BALONCH) on the Barcode of Life Data
System (BOLD; www.boldsystems.org (Ratnasingham and Hebert,
2007)). Although fast evolving protein coding genes such as COI
cannot be used for phylogenetic analyses that focus on deep and old
branches, they can be useful for the study of more recent phylo-
genetic events on species level (Raupach et al., 2019). To obtain a
visualization of putative species clusters based on DNA barcode
distance divergences, a neighbor-joining (N]) tree was calculated
with the analysis tools of BOLD following alignment based on
Kimura-2-parameter (K2P) distances (Kimura, 1980). To add to the
support and root the resulting cladogram, publicly available

Table 1

Collection data.
Species Date Location Collector
L. barberi 2021-08-14 Canada, Ontario, Sault Ste. Marie K. Barber
L. fallax 2003-06-11 Austria, Vorarlberg, Silbertal P. Zwick
L. lutea 2019-08-26 Germany, Bavaria, Munich M. Troster
L. nigrociliata 1985-08-12 France, Alpes-de-Haute-Provence, Montlaux W. Schacht
L. nitidifrons 1988-09-11 Germany, Bavaria, Ottmaring W. Schacht
L. scutellata 2003-06-14 Germany, Mecklenburg-Western Pomerania, Giitzkow M. Kotrba
L. spec. R1 1999-08-09 Russia, Kamchatka, Delta of river Avacha M. v. Tschirnhaus
L. spec. T1 2002-12-09 Taiwan, Nantou County, Puli W. Schacht
L. spec. T2 2000-07-01 Taiwan, Nantou County, Puli W. Schacht
L. strobli 1983-10-14 Austria, Lower Austria, Lunz P. Zwick
L. tristis 1991-09-06 Germany, Bavaria, Schongeising W. Schacht
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sequences from the BOLD database were incorporated into the
analyzed dataset, including not only longer sequences for the
species studied here, but also some additional lonchopterids,
namely Lonchoptera bifurcata (Fallen, 1810), Lonchoptera uniseta
Curran, 1934, Lonchoptera impicta Zetterstedt, 1848 and Lonchoptera
occidentalis Curran, 1934, as well as representatives of other Phor-
oidea (Ironomyidae, Phoridae, Platypezidae and Opetiidae) as
outgroups. The sequences were aligned using ClustalW and
analyzed using a neighbor-joining cluster analysis based on K2P
distances with MEGA X (Kumar et al., 2018) in order to obtain non-
parametric bootstrap support values by resampling and analyzing
1000 replicates (Felsenstein, 1985).

3. Results

In Fig. 1 the testes and the reconstructed spermatid bundles
therein are illustrated comparatively for all studied species. All
numerical characters assessed are shown in Table 2 and their cor-
relations are shown in Table 3. Fig. 2 illustrates all significant cor-
relations from Table 3 in terms of a network. Relationships
indicated in bold will be addressed below. Correlations indicated by
narrow lines are not specifically addressed. They are likely sec-
ondary effects, as evident from the fact that they can be traced back
to a combination of two or three of the relationships indicated in
bold.

3.1. Testes

The testes are elongate to roundish (Fig. 1). Their volume is
biggest in L. nitidifrons and more than seven times smaller in
L. tristis (Table 2). This is the only one of the assessed characters that
shows a significant correlation with the body length (* = 0.47,
P = 0.02) (Fig. 2). The relationship is positive and seems to be linear
(Fig. 3A). However, the data points are widely spread, only a single
testis per species was reconstructed, and variation due to different
states of maturity or depletion after mating cannot be excluded.
Larger sample sizes would be needed to corroborate the finding.
The volume rendering reveals the internal organization of the
testes (Fig. 1). Basal of the germarium strands of compact material
emerge, corresponding to bundles of maturing spermatids. To-
wards the base of the testis these bundles and the spermatids
therein become more and more condensed and mature. In species
with very long spermatid bundles, these are arranged in large
transversal coils within the testes. The otherwise elongate testes
are correspondingly distended into a roundish shape. The distor-
tion is reflected in a positive correlation between testes width and
bundle length (r* = 0.36, P = 0.05) and a negative correlation be-
tween testes length and bundle length (7 = 0.56, P < 0.01). The
testis width shows a significant correlation with the testis volume
across the species (7 = 0.66, P < 0.01), whereas the testis length
does not.

3.2. Spermatid bundles and spermatozoa

The length of the mature spermatid bundles varies greatly
across the species (Fig. 1, Table 2). They are short in L. barberi,
L. nigrociliata and L. scutellata (190 um in L. scutellata) and up to 40
times longer in L. fallax and L. spec. R1 (7500 pm in L. fallax) (Fig. 1).
In the remaining species their length ranges from about 1000 pm to
about 2000 um. Within the bundles all spermatids are in an equal
stage of maturation and arranged longitudinally in parallel. The
length of the spermatozoa therefore can be directly inferred from
the length of the reconstructed mature spermatid bundles with the
same dramatic variation across the species. Within the scope of this
study no evidence for sperm polymorphism was found. As opposed
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to the variable length of the mature spermatid bundles, their
maximal width is rather similar in all studied species
(11.5—14.5 um). Correspondingly, the reconstructed volume of the
mature spermatid bundles increases with their length in terms of a
positive linear correlation (° = 0.90, P < 0.01).

In spite of the small variation in bundle width, the number of
spermatids per bundle varies greatly across the species, generally
amounting to a multiple of 2 or slightly less (Table 2, Fig. 4, Fig. 5). It
is 64 (28) or slightly less in L. fallax, L. nitidifrons and L. spec. R1, 128
(27) or slightly less in L. spec. T1, L. spec. T2 and L. tristis, and 256 (28)
or slightly less in L. barberi, L. nigrociliata and L. scutellata. Only
L. lutea and L. strobli deviate from this pattern, as their number of
spermatids per bundle ranges above 64, but also significantly below
128 (Fig. 5). Because across the species a similar spermatid bundle
cross section area is apportioned to a variable number of sperma-
tozoa, it is no surprise that the width of the individual spermatozoa
shows an inverse proportional correlation with their number per
bundle (¥ = 0.85*, P < 0.01*) (Fig. 3B). But there is also an inverse
proportional correlation between spermatozoon length and sper-
matid number per bundle (° = 0.57*, P < 0.01*) (Fig. 3C). The width
and length of the spermatozoa are positively related, with the short
spermatozoa of L. barberi, L. nigrociliata and L. scutellata being only
about 0.4 pm wide, whereas the spermatozoa of L. lutea and
L. nitidifrons reach a maximum diameter of 1.4 pm (Fig. 3D). The
relationship is significant under the hypothesis of a linear correla-
tion (% = 0.45, P = 0.02). However, the data points for the longest
spermatozoa are widely spread. The significance would be much
increased by excluding either L. fallax and L. spec. R1 (r* = 0.81,
P < 0.01) or L. lutea and L. nitidifrons (* = 0.83, P < 0.01) as outliers.
This would also strongly affect the slope of the respective trendline
(alternative trendlines in Fig. 3D). Because the width and the length
of the spermatozoa are related with each other and also both are
related with the spermatid number per bundle, it can not be
decided, which part of these effects is a secondary result of the
others. The highly variable and positively correlated spermatozoon
length and width both contribute to the spermatozoon volume in
terms of a positive linear correlation (length r* = 0.93, P < 0.01,
width r# = 0.54, P < 0.01) (Fig. 3E and F). Accordingly, the recon-
structed spermatozoon volume varies by a factor of up to 150. In
Fig. 3F the data points for the wider spermatozoa show a large
vertical spread, because in these taxa the volume is much affected
by an excessive variation in length. After exclusion of the species
pair with the longest spermatozoa (L. fallax and L. spec. R1) the data
for the remaining species closely fit a linear trendline (r* = 0.80,
P <0.01).

3.3. Sperm number per testis

The potential number of spermatozoa per testis is related with
the volume of the individual spermatozoon in terms of an inverse
proportional correlation (Fig. 3G), i.e., the testes may hold many
small spermatozoa or fewer large ones (° = 0.89*, P < 0.01*). In all
species producing large numbers of (comparatively small) sper-
matozoa the testes are rather small, but in only about half of the
species with small testes these contain large sperm numbers
(Fig. 3H). Similarly, all species with large testes produce small
numbers of (comparatively large) spermatozoa but in only about
half of the species with small sperm numbers the testes are large.
Basically, large testes and large sperm numbers are not related in
terms of a significant correlation, but instead mutually exclusive,
leaving the upper right sector of the scatter plot empty (Fig. 3H).

3.4. Analysis of character evolution

Four of the numeric characters show discrete character states
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L. barberi

L. fallax

L. lutea
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L. nigrociliata

L. scutellata

Fig. 1. 3D reconstruction of the testis and three individual spermatid bundles from semithin sections in L. barberi, L. fallax, L. lutea, L. nigrociliata, L. nitidifrons, and L. scutellata. Left,
volume rendering; middle, surface rendering of the testes and three spermatid bundles therein; right, one of the reconstructed spermatid bundles. Scale bar = 100 pm.

and were evaluated with respect to the contained phylogenetic
information. These are the length and the width of the spermato-
zoa, the number of spermatids per bundle, and the estimated
number of spermatozoa per testis (Table 4).

Unfortunately, very little information from potential outgroups
is available to determine the polarity of these characters. Phoridae
is the only closely related aschizan family for which some detailed
information on the sperm morphology has been published. Curtis
et al. (1989) described the spermatozoon of Megaselia scalaris

(Loew, 1866) as “threadlike, lacking distinct head and tail areas”
with a total length of 150 um. The respective illustrations show a
spermatozoon with a maximal width of about 0.5 pm (estimated
there in Figs. 18—20). Other than that, some information on the
sperm morphology of the more distantly related Syrphidae has
been published by Wu and Zhou (1986). The authors described the
flagellum axoneme of Eristalinus tarsalis (Macquart, 1855) with a
total length of approximately 500 pm, which is here used as an
approximation for the length of the entire spermatozoon. The
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L. spec. R1

L. tristis

Fig. 1. (continued): 3D reconstruction of the testis and three individual spermatid bundles from semithin sections in L. spec. R1, L. spec. T1, L. spec. T2, L. strobli, and L. tristis. Left,
volume rendering; middle, surface rendering of the testes and three spermatid bundles therein; right, one of the reconstructed spermatid bundles. Scale bar = 100 pum.

Table 2

Body length; testis length, width and volume; spermatid bundle average length, maximal width and volume; spermatozoon average length (equal to average spermatid bundle
length), maximal width and approximate volume; average number of spermatids per bundle; estimated number of spermatozoa per testis; ratio of maximum and minimum
values per column. Body length data taken from the literature: 'Klymko and Mashall (2008); 2Czerny (1934); *De Meijere (1906).

Species Body Testis Spermatid bundle Spermatozoa
Length Length Width Volume Length Width Volume Length Width Volume Number per Number per
[mm] [um]  [um]  [x10°pm3®] [um]+sd.(N) [um]  [x 10° um?] [um] £s.d.(N) [um] [um®]  bundle testis

+s.d. (N) [x 10%]

L. barberi 2.7 550 175 6.3 280 =+ 25 (4) 125  10+0.9 (4) 280 + 25 (5) 0.4 40 250 + 2.6 (6) 157.5

L. fallax 3.0° 400 370 214 7500 + 157 (3) 125 370 +13.7(3) 7500 + 157 (3) 1.3 5970 62+1.7(8) 36

L. lutea 3.0 500 450 38.5 2200 + 60 (13) 14.5 190 + 13.5(10) 2200 +60(13) 1.4 2560 74 +7.1(47) 15.0
3.0

L. nigrociliata  2.5° 730 210 13.0 370 £ 13 (3) 125 14 + 0.5 (4) 370 + 13 (3) 0.4 61 235+ 13(5) 213.6
2.6

L. nitidifrons 3.5 780 350 41.0 1700+ 120 (3) 125 82+53(3) 1700 + 120 (3) 1.4 1300 63+0.7(11) 320

L. scutellata 2.8% 650 230 15.5 190 + 13 (4) 14.5 14 + 0.8 (4) 190 + 13 (4) 0.4 55 255+ 0.5(3) 2823

L. spec. R1 2.8 380 350 18.7 7150 + 193 (3) 125 270 + 31 (3) 7150 + 193 (3) 1.3 4290 63+13(7) 44

L. spec. T1 25 700 180 124 970 + 50 (3) 135 40+36(2) 970 + 50 (3) 0.7 320 125+3(5) 388

L. spec. T2 34 630 260 26.8 1150+20(3) 140 80+44(3) 1150 +20(3) 0.9 655 122 +63(6) 409

L. strobli 3.0 490 270 16.0 1500 +26 (3) 115 38+3(3) 1500 + 26 (4) 0.7 430 81 +7(23) 37.0

L. tristis 3.0 650 200 55 1730 +26(4) 140 66 +63(4) 1730 +26 (4) 0.9 540 122 +28(5) 102

max./min. 14 2.1 25 7.5 40 13 37 40 3.5 149 4 78
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Table 3
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Correlations between all assessed numerical characters. For all significant correlations the slope is indicated by arrows (.~ linear, positive linear; \ linear, negative linear; | inv.

prop., inverse proportional). n.s., not significant; 2, coefficient of determination; P, probability of error.

Testis Testis Testis Bundle length Bundle Bundle Spermatozoon  Spermatozoon Number per Number per
length width volume =Spermatozoon width volume width volume bundle testis
length
Body length n.s. n.s. ~ linear  n.s. n.s. n.s. n.s. n.s. n.s. n.s.
?<001 =022 r*=047 r><001 <001 r’=003 r?=033 r?=0.02 2 =026 ?=0.18
P=0.77 P=0.15 P=0.02 P=0.80 P=089 P=0.62 P=0.07 P=0.67 P=0.11 P=0.20
Testis length n.s. n.s. \ linear n.s. \ linear n.s. \ linear n.s. n.s.
=023 r’<001 r>=056 =006 r°=053 r?=0.13 ?=0.53 2=0.15 2=0.15
P=0.13 P=091 P<0.01 P=048 P=0.01 P=0.28 P=0.01 P=0.23 P=0.25
Testis width ~ linear  ~ linear n.s. ~ linear ~ linear ~ linear | inv. prop. n.s.
=066 r2=0.36 <001 =055 r2=0.75 ?=0.53 12 = 0.68* 12 = 0.27*
P<0.01 P=0.05 P=094 P<0.01 P<0.01 P=0.01 P <0.01* P =0.10*
Testis volume n.s. n.s. n.s. ~ linear n.s. n.s. n.s.
2 =0.03 =002 =012 r?=053 ?=0.11 2 =031 2 =0.12
P=0.62 P=069 P=0.30 P=0.01 P=0.33 P=0.07 P=0.30
Bundle length n.s. ~ linear ~ linear ~ linear | inv. prop. | inv. prop.
= Spermatozoon ?=008 1r2=091 1?>=046 ?=0.93 r? = 0.57* r? = 0.96*
length P=041 P<0.01 P=0.02 P<0.01 P <0.01* P <0.01*
Bundle width n.s. n.s. n.s. n.s. n.s.
<001 r?<001 r?=0.03 2 =0.03 2 =0.02
P=0.77 P=0.96 P=0.61 P=0.59 P=0.67
Bundle volume ~ linear ~ linear | inv. prop. | inv. prop.
?=0.58 =099 2 = 0.59*% 2 = 0.88*
P<0.01 P <0.01 P < 0.01* P <0.01*
Spermatozoon width ~ linear | inv. prop. | inv. prop.
?=0.55 2 = 0.85* 2 = 0.39%
P<0.01 P <0.01* P = 0.04*
Spermatozoon | inv. prop. | inv. prop.
volume 2 = 0.60* 1% = 0.89*
P < 0.01* P < 0.01*
Number per bundle ~ linear
2 =0.85
P<0.01
body length
spermatozoon width
testis length
spermatozoon volume
testis width

spermatozoon length
=bundle length

number per bundle

number per testis

testis volume

Fig. 2. Graphical representation of correlations between the assessed numerical characters (Tables 2 and 3); bold lines, associations that are specifically adressed in the results;

black, positive correlation; blue, negative correlation.

respective illustrations show a spermatozoon with a maximal
width of about 0.5 pm (estimated there in Figs. 6—7). Short and
narrow spermatozoa can thus be identified as plesiomorphic con-
ditions for the Lonchopteridae. Moreover, it is plausible that these
characters evolved progressively and are to be treated as ordered.

This allows to arrange the studied lonchopterid species into a hi-
erarchy of three intrafamilial clades each set against a paraphyletic
group of two or more species (Fig. 6). The most basal paraphyletic
species group comprises L. scutellata, L. barberi and L. nigrociliata
(group I). These species are characterized by short (190—370 um)
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Fig. 3. Interspecific correlations between selected characters across the 11 investigated Lonchoptera species with trendlines for the most plausible mathematical model (linear or
inverse proportional). A: Testis volume and body length, B: Spermatid number per bundle and spermatozoon width, C: Spermatid number per bundle and spermatozoon length, D:
Spermatozoon width and spermatozoon length (dashed trendline, L. fallax and L. spec. R1 excluded; dotted trendline, L. lutea and L. nitidifrons excluded), E: Spermatozoon volume
and spermatozoon length, F: Spermatozoon volume and spermatozoon width (dashed trendline, L. fallax and L. spec. R1 excluded), G: Sperm number per testis and spermatozoon

volume, H: Sperm number per testis and testis volume.

and narrow (0.4 pm) spermatozoa, approximately 256 (28) sper-
matids per bundle and elongate testes containing about 150
thousand or more spermatozoa. Unfortunately, the numbers of
spermatids per bundles and per testes are not available for
M. scalaris and E. tarsalis, so the status of these characters as ple-
siomorph or apomorph cannot be resolved at this level. The first
intrafamilial clade (groups II-IV) is characterized by spermatozoa
about 1000 pm long or more and 0.7 um wide or more, about 128
(27) or less spermatids per bundle, and not more than about 50
thousand spermatozoa per testis. Within this first clade, a second
clade (groups III-IV) is characterized by spermatozoa 1.3—1.4 pum
wide and approximately 2% spermatids per bundle. The para-
phyletic species group set against this clade comprises L. tristis,
L. strobli, L. spec. T1 and L. spec. T2 (group II). These species have an
intermediary  spermatozoon width (0.7-0.9 pm) and

approximately 27 spermatids per bundle. Only L. strobli constitutes
an outlier with only about 81 spermatids per bundle. Within the
second clade L. fallax and L. spec. R1 form a small clade (group IV)
characterized by extremely long spermatozoa (more than 7000 um)
and only about 4 thousand spermatozoa per testis. The paraphyletic
species group set against this third clade comprises L. lutea and
L. nitidifrons (group III) with 1700—2200 pm long spermatozoa and
15—32 thousand spermatozoa per testis. L. lutea shares with the
third clade the shape of the testis which is distinctly roundish
instead of elongate.

3.5. DNA barcode analysis

DNA barcode sequences were recovered for all vouchers except
L. nitidifrons, ranging from 227 to 658 base pairs (bp), but mostly
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Fig. 4. Cross-sections of spermatid bundles of the investigated Lonchoptera species. Semithin sections, not necessarily at the widest part of the spermatid bundle. Scale bar = 5 pm.

L. barberi
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Fig. 5. Frequency of spermatid number per bundle across the 11 investigated Lonchoptera species.
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Table 4
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Character coding for the characters evaluated with respect to their phylogenetic information (Fig. 6).

Character

Character states

Spermatid number per bundle
Spermatozoon width
Spermatozoon length

BAwN =

Estimated number of spermatozoa per testis [x 10%]:

(1) 235255, (2) 81—125, (3) 62-74

(1) 0.4—0.5 pm, (2) 0.7—0.9 pm, (3) 1.3—1.4 ym

(1) 150—500 um, (2) 970—2200 pm, (3) 7150—7500 pm
(1) 157.5-282.3, (2) 10.2—40.9, (3) 3.6-4.4
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L. tristis 122
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Fig. 6. Most parsimonious hypothesis for the evolution of sperm morphology and numbers in Lonchoptera. Characters states and species groups defined in chapter 3.4. Character
changes constituting synapomorphies are indicated by black squares. Values for E. tarsalis from Wu and Zhou (1986) and for M. scalaris from Curtis et al. (1989).

below 350 bp (Fig. 7). Where longer conspecific sequences (>500
bp) were publicly available, the voucher sequences invariably
cluster with these, corroborating the species identification and
considerably adding to the support of the topology. Overall, 31 DNA
barcode sequences of 15 Lonchoptera species were analyzed.
Moreover, 13 datasets for other families of the Phoroidea were
added as outgroups. The NJ analysis invariably groups the

specimens belonging to one species or to closely related sister
species (i.e., L. barberi/L. occidentalis, L. lutea/L. nitidifrons) in non-
overlapping clusters with very strong support (95—100%) (Fig. 7).
For all other groupings above the species level the support values
are not significant. It is noteworthy, however, that the found to-
pology is mostly compatible with the results of the character
analysis above. Lonchoptera is retrieved as a monophyletic clade.
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100 —Phora tincta | GMGRA239-13 | 627 bp

97

| Phora tincta| GMGRA186-13 1 622 bp

100, Phora carlina | SSPEA380-15 | 564 bp

'Phora carlina | SSPEA365-15 | 622 bp

100 ,Opetia nigra | AMTPD1424-15 1 561 bp

L|Opetia nigra | AMTPD1422-15 | 528 bp
gg 'Opetia nigra | AMTPD1423-15 | 546 bp

100 — Megaselia scalaris | DIQT796-10 | 658 bp

32

L—Megaselia scalaris | DIQT797-10 | 658 bp

Ironomyia francisi | DPAST869-11 | 658 bp

99

85

Platypeza consobrina | GBDP18909-15 | 568 bp

99 Platypeza aterrima | GBDP18908-15 | 568 bp
Platypeza hirticeps | GBDP18910-15 | 568 bp

Lonchoptera bifurcata | AIMEKO011-21 | 343 bp

9093 Lonchoptera bifurcata | BBDEC630-09 | 658 bp
Lonchoptera bifurcata | BBDEC896-10 | 658 bp

53

100 ILonchoptera bifurcata | BBDEC629-09 | 658 bp

100 ILonchoptera scutellata | AIMEKO008-21 | 344 bp

[Lonchoptera scutellata | AIMEKO0Q07-21 | 346 bp
81 Lonchoptera scutellata | FIDIP1299-12 1 658 bp

Lonchoptera uniseta | KNWRA173-14 | 658 bp

95 | Lonchoptera barberi | LYMAD999-19 | 621 bp
4‘_‘Lonchoptera barberi | AIMEK025-22 | 309 bp
2 93 'Lonchoptera barberi | AIMEK024-22 | 308 bp

33

—— Lonchoptera occidentalis | SMTPL9011-15 | 537 bp

Lonchoptera nigrociliata | AIMEK018-22 | 227 bp

58

Lonchoptera impicta | UAMIC3029-15 1 658 bp

99 Lonchoptera spec. T1 | AIMEK014-22 | 326 bp

21

0.02

L Lonchoptera spec. T11AIMEK016-22 | 291 bp

100 [ onchoptera spec. T2 | AIMEK015-22 | 302 bp

49

— Lonchoptera spec. T2 | AIMEK017-22 | 291 bp

87  Lonchoptera strobli| AMTPD1417-15 | 558 bp

—Wmoptera strobli | AMTPD1419-15 | 549 bp
Lonchoptera strobli | AIMEK021-22 | 330 bp

100 |Lonchoptera tristis | AMTPD1409-15 | 579 bp

Lonchoptera tristis | AMTPD1416-15 | 576 bp
55 Lonchoptera tristis | AIMEK004-21 | 322 bp

Lonchoptera nitidifrons | AMTPD1401-15 | 534 bp
100

Lonchoptera lutea | FIDIP1037-12 | 658 bp

\_QLonchoptera lutea | AIMEKO009-21 | 658 bp
39 Lonchoptera lutea | SMTPM1489-1521 | 579 bp

29

Lonchoptera spec. R1 | AIMEK027-22 | 313 bp

100 | onchoptera fallax | AIMEK013-22 1 313 bp

'Lonchoptera fallax | FIDIP1167-12 | 658 bp

Fig. 7. Neighbor-joining tree of the analyzed Lonchoptera and outgroup species based on Kimura-2-parameter distances. Species names followed by BOLD sequence/process ID and
length of sequence. Specimens from this study are indicated in bold. Numbers next to nodes represent non-parametric bootstrap values (1000 replicates). Scale bar = 0.02 sub-

stitutions/site.
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Within the genus a basal bifurcation separates two major clades.
One comprises L. barberi, L. scutellata and L. nigrociliata but also the
parthenogenetic L. bifurcata and the other three additional species
from the BOLD database, i.e., L. uniseta, L. impicta and L. occidentalis.
Therein two species pairs emerge with strong support, i.e.,
L. barberi[L. occidentalis (95%) and L. bifurcata/L. scutellata (85%). In
the other clade the species pair L. fallax/L. spec. R1 emerges as a
weakly supported (29%) sister clade to the remaining 6 species, i.e.,
L. strobli, L. tristis, L. nitidifrons, L. lutea, L. spec. T1 and L. spec. T2,
among which L. lutea/L. nitidifrons form a very strongly supported
clade (100%). The only inconsistency with respect to the results of
the character analysis is that L. fallax/L. spec. R1. do not emerge next
to L. lutea/L. nitidifrons.

4. Discussion

The giant spermatozoa described for L. lutea by Kotrba et al.
(2021) are not unique to this species, but also not a general
feature of the family Lonchopteridae. Instead, the comparative
study of 11 species of Lonchoptera revealed considerable variation
across the species, not only with respect to the length of the
spermatozoa, but also with respect to their width and their
numbers per spermatid bundle and per testis. These four numeric
characters show discrete character states. Although they are not
independent of each other and by far not sufficient to construct a
well-founded phylogenetic hypothesis, an evolutionary scenario
can be drafted based on the assumption of a progressive develop-
ment (Fig. 6). The topology receives some support from the fact that
it is mostly compatible with the topology of a NJ tree based on a
DNA barcode analysis (Fig. 7). However, the latter has weak support
for most of the nodes.

4.1. Plesiomophic conditions in the basal taxa

The most basal taxa in the family are characterized by
comparatively short (190—370 pm) and narrow (0.4 pm) sperma-
tozoa, which are most similar to the conditions in the outgroup taxa
M. scalaris and E. tarsalis and quite typical for Diptera in general
(according to data in Fitzpatrick et al., 2022). The respective species
L. scutellata, L. nigrociliata and L. barberi are further characterized by
a large number of spermatids per bundle (2%), as well as club-
shaped testes, which accommodate large numbers of spermato-
zoa. The molecular NJ tree combines these species in one clade
together with L. impicta, L. uniseta, L. occidentalis and L. bifurcata, of
which no male specimens were available for study. It is therefore
very likely that numerous small spermatozoa are a common feature
for these species as well.

4.2. Trends within the Lonchopteridae

The remaining eight species comprise a clade characterized by a
number of trends which occur in parallel and are more or less
related to each other (Fig. 2): (1) The number of spermatids per
bundle is reduced. (2) The spermatozoon width increases. (3) The
spermatozoon length increases. (4) The number of spermatozoa per
testis (and the number of spermatid bundles per testis) decreases.

4.2.1. Reduction of number of spermatids per bundle

The number of spermatids per bundle results from a variable but
typically species-specific number of spermatogonial premeiotic
divisions preceding the final two meiotic divisions (Virkki, 1969;
Cruz-Landim, 2001). For example, 64 (2°) spermatids per bundle
are the result of four premeiotic multiplication divisions of the
primary spermatogonia in the germarium followed by two meiotic
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divisions of the secondary spermatogonia. In Lonchopteridae, the
numbers of spermatids per bundle show some intraindividual
variation, usually ranging slightly below the respective (2") value.
This very likely results from a small loss of spermatids during
spermiogenesis. Only L. lutea and L. strobli do not fit this pattern. In
these species the numbers range between the values (2° and 27)
which could be due to either a major loss of spermatids during
spermiogenesis or nonsynchronous divisions. Deviations from the
2" pattern were also described in various studies for Drosophila
(Liebrich et al., 1982; Hanna et al., 1982; Scharer et al., 2008).
Scharer et al. (2008) note that some heritable variation for a certain
trait is the necessary precondition for selection to act and evolution
to occur. Evolution generally proceeds towards a reduced number
of divisions so that “specialized insects tend to have less sperma-
tozoa per bundle than more primitive insects” (Virkki, 1973). This
pattern was corroborated for Drosophilidae by Scharer et al. (2008).
It is also evident in Lonchoptera, where the plesiomorphic condition
of roughly 256 (28) spermatids per bundle in the basal taxa (group
1) is reduced to roughly 128 (27) at the base of the first major clade
and roughly 64 (2°) in the next subordinate clade therein (Fig. 6).
Because the number of mitotic divisions stands ontogenetically at
the beginning of spermatogenesis, its variation is most likely at
least partially causal to the consecutive changes in sperm
morphology. The first and most immediate effect is a respective
change in spermatozoon width, which appears to result from a
redistribution of material within the individual cyst.

4.2.2. Increase in spermatozoon width

The width of the spermatid bundles is the only one of the
assessed characters which shows no obvious correlation with any
of the other characters. Its superficial constancy conceals the sub-
stantial changes occurring within. Comparison of histological sec-
tions of mature spermatid bundles across the species shows that a
rather consistent bundle cross section area is apportioned to a
variable number of spermatozoa, thereby directly affecting the
width of the individual spermatozoa (Table 2, Figs. 3B, Fig. 4). The
close relationship between spermatid number per bundle and
spermatozoon width is reflected in a highly significant inverse
proportional correlation of the two characters (Fig. 3D) and in their
simultaneous progressive changes on the family tree (Fig. 6). With a
diameter of about 0.4 um the spermatozoa of the basal taxa (group
I) roughly match those of the outgroups. In the derived clades, the
spermatozoa are about twice (0.7—0.9 pm) and in a second step
even more than three times as wide (up to 1.4 pm). According to a
comprehensive review on insect spermatozoa by Dallai (2014),
spermatozoa exceeding a width of 0.7 um are exceptional. In
Diptera extraordinarily wide spermatozoa have been found in four
very distantly related families, i.e., Cecidomyiidae, Drosophilidae,
Diopsidae, and Lonchopteridae. In each case, the width increase has
been achieved by different ultrastructural changes. In L. lutea there
is a very largely increased mitochondrial derivative which is
accompanied by an also very large and unusual accessory body
(Kotrba et al., 2021). These subcellular components are so enor-
mous that they even show up in light microscopic images of L. spec.
R1 and L. lutea (Fig. 4). In Diasemopsis comoroensis Carr and
Foeldvari, 2006 a very large accessory body (“central band”) is
flanked by two large mitochondrial derivatives, which are partic-
ularly wide at the very tip of the sperm tail where the diameter
reaches its maximum of up to 3 pm (Kotrba et al., 2016). In
Drosophila kanekoi Watabe and Higuchi, 1979 (Dallai et al., 2008)
and Drosophila hydei Sturtevant, 1921 (Jamieson et al., 1999) there
are one or two comparatively large mitochondrial derivatives
respectively, but no conspicuous accessory bodies. Only in Ceci-
domyiidae the axoneme itself is modified, involving a multiplica-
tion of the axonemal doublets to several thousands (Dallai, 1988;
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Dallai et al., 1996). The fundamental differences in ultrastructural
architecture reflect the independent evolution of exceptionally
wide spermatozoa in these distantly related taxa.

4.2.3. Increase in spermatozoon length

During the elongation period, the sperm cysts and the sper-
matids within attain their final length which varies by a factor of up
to 40 across the studied species. It ranges at a few hundred mi-
crometers in the basal taxa (group I), increases to about
1000—2000 pm at the base of the first major clade and in a second
step soars to over 7000 um in the species pair L. fallax and L. spec. R1.
The spermatozoa of the latter species range among the longest
spermatozoa known to date. Out of the 1667 species recorded in
the sperm tree data base (Fitzpatrick et al., 2022), they are sur-
mounted only by several Drosophila species (Diptera), three Noto-
necta species (Hemiptera), and one species each in Coleoptera,
Lepidoptera and Ostracoda. Phylogenetic analysis of the data shows
that extraordinarily long spermatozoa arose repeatedly in
comparatively small and derived clades within distantly related
taxa. In almost every case, for which comparative data for several
species within the respective genus are available, the spermato-
zoon length varies strongly on the subgeneric level, as it does in
Lonchoptera, indicating a fast and recent evolution of the sperma-
tozoon length. In fact, the intrageneric variation in Drosophila alone
ranges from 139 pm to 58360 pm, covering 99.8% of the known
variation in the entire animal kingdom.

If the increase in length of the spermatids was mainly achieved by
a redistribution of material within the spermatids, it would be
accompanied by a respective decrease in diameter. This is not the
case. To the contrary, in Lonchoptera spermatozoon length and width
are positively correlated (Table 3, Fig. 3D) and on the proposed
cladogram the increase in spermatozoon length either concurs with
or follows an increase in spermatozoon width (Fig. 6). In the species
pair L. fallax/L. spec. R1, however, further investment in spermato-
zoon width is abandoned in favor of an escalating increase in length.
This species pair is placed as sister clade to the first major clade in the
DNA barcode N] tree (Fig. 7), but according to the evolutionary sce-
nario based on the morphological characters arises from the subor-
dinate clade therein (Fig. 6). An increase in width is apparently not,
or only to a limited extent, an obligatory precondition for the evo-
lution of longer spermatozoa. Most notably the spermatozoon of
Drosophila bifurca Patterson and Wheeler, 1942, the longest sper-
matozoon known to date (58 mm, Pitnick et al., 1995b), has an only
moderately increased diameter of approximately 0.6 um (measured
in Dallai, 2014 in Fig. 1). On the other hand, the spermatozoa of the
closely related D. kanekoi, which ranges second in terms of length
(24.29 mm, Pitnick et al., 1999), has a much larger diameter of at least
1.2 pm (estimated in Dallai et al., 2008 in Figs. 5a, e) due to the
presence of a very wide mitochondrial derivative. Findings in Zor-
aptera suggest a positive relationship between spermatozoon length
and width in that taxon (Dallai et al., 2014). Unfortunately, literature
data on spermatozoon width and ultrastructure are much less
common than those on spermatozoon length, so there is not enough
substantiation for speculation about the general relationship of
spermatozoon width and length across the taxa.

In Lonchoptera the positively correlated spermatozoon length
and width both have a positive effect on the spermatozoon volume
(Fig. 2) resulting in an overproportional spermatozoon volume
variation by a factor of up to 150. Compared with the spermatozoa
of L. scutellata, those of the outgroup taxa M. scalaris, E. tarsalis, and,
in fact, the vast majority of the animal kingdom (Fitzpatrick et al.,
2022), the spermatozoa of L. fallax are veritable giants in terms of
length, width and especially volume (almost 6000 pm?). This
obviously implies huge differences in the male investment per
spermatozoon.
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4.2.4. Decrease in the number of spermatozoa per testis

The evolutionary increase of the volume of the spermatid
bundles and the individual spermatozoa is not matched by a
respective inflation of the testis size (Fig. 1). Therefore, the pro-
jected number of spermatozoa per testis decreases dramatically.
This corroborates respective predictions by Liipold et al. (2016). It
seems likely that fewer spermatozoa will be transferred per mating
and that in case of multiple matings competition among individual
spermatozoa and/or female choice are involved rather that dilution
effects in terms of a raffle system.

4.3. General considerations regarding the evolution of sperm
number and size

In the numerous comparative studies dealing with the evolution
of sperm number and/or dimensions two fundamental questions
frequently arise.

(1) Is testis size an indicator of the contained number of sper-
matozoa with the respective implications regarding the un-
derlying reproductive strategies?

(2) What is the benefit of investing in larger individual sper-
matozoa at the expense of sperm numbers?

(1) The relationship between body size and testis size was not in
the focus of the present study and the assessed data are not suffi-
cient for a conclusive analysis in this respect. Still, the finding of a
positive linear relationship between these parameters across the
lonchopterid species matches earlier results in other insects (e.g.,
Gage, 1994; Pitnick, 1996). That larger species have the option to,
and in fact do, assign more resources to sperm production is
plausible and was extensively discussed in a study by Pitnick (1996)
on the investment in the testes in Drosophila. However, testis size
does not necessarily translate into sperm numbers. In Lonchoptera
both the testis volume and the projected number of spermatozoa
per testis vary strongly across the species with a factor of up to 7.5
and 80 respectively. In this taxon the testis size is no straightfor-
ward indicator of the contained sperm number (Fig. 3H), mainly
because the spermatozoon volume varies strongly (by a factor of up
to 150). In some of the species with small testes these can theo-
retically accommodate the highest numbers of spermatozoa,
whereas in the five species with the largest testes these can
accommodate only comparatively small numbers of (larger) sper-
matozoa. Very similar results can be deduced from the respective
values reported for Drosophila (Pitnick, 1996). In both taxa re-
sources are redistributed within the testes to produce either many
small or fewer larger spermatozoa. And in both taxa the redistri-
bution in favor of large spermatozoa seems to occur especially in
species with larger testes, i.e., species that allot more resources to
the testes in general.

The results highlight, that the superficial dimensions of the
testes alone cannot be used as an indicator of the contained sperm
numbers. Neither can they be used to gauge the dimensions of the
individual spermatozoa, at least not without detailed information
on the internal organization of the testes. Other than in Droso-
philidae (Pitnick, 1996; Lowe and Montell, 2022) and Diopsidae
(Kotrba et al., 2016), in Lonchopteridae the spermatid bundles are
arranged in coils which are oriented transversally inside the testes
(Fig. 1). In species with very long spermatozoa and respectively
larger coils, the otherwise club-shaped testes are distended into a
roundish shape and thus get wider and shorter. In consequence,
neither the volume nor the length of the testes show a positive
correlation with the length of the spermatozoa, as is the case in
Drosophila (Pitnick, 1996).

(2) That the development of giant spermatozoa comes at the
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expense of spermatid number per bundle and per testis is evident
not only in Lonchoptera but also in Drosophila (Pitnick, 1996;
Scharer et al., 2008). Moreover, a tradeoff between spermatozoon
length and spermatid number per bundle can be deduced from
values published for Tenebrionoidea (values in Dias et al., 2021;
Dias et al., 2022). So why has the widespread strategy of producing
as many small spermatozoa as possible (Parker, 1970, 1982) in these
taxa been replaced by its opposite, which involves a highly
increased paternal investment per individual spermatozoon?

Parker's predictions that under sperm competition males are
selected to produce numerous, tiny spermatozoa mainly apply to
taxa with external fertilization and to large organisms with internal
fertilization such as vertebrates, where the female reproductive
organs are very large in comparison to the spermatozoa. It has
received widespread support that under such conditions males
transferring more sperm gain a numerical advantage, particularly
when fertilization approximates a random process (Parker, 1982;
Pizzari, 2006; Liipold et al., 2020). Subsequent models, however,
have suggested that in small organisms such as many insects sperm
competition occurs in the form of displacing rival sperm from
densely packed sperm-storage organs and this can lead to stronger
selection on spermatozoon length than on sperm number (Parker,
1993; Pizzari, 2006; Liipold et al., 2020). This argument can be
broadened to include spermatozoon width and/or volume. The long
and wide spermatozoa of L. lutea seem perfectly suited to displace
rival spermatozoa from the long and narrow tubular spermathecae
described for this species (Kotrba et al., 2021) or to resist such
displacement. Sperm competition might therefore be the driving
factor in the evolution of giant spermatozoa in Lonchopteridae. But
other selective forces such as cryptic female choice or paternal
investment may also be involved. The very long spermathecae in
L. lutea constitute a suggestive clue in this respect. Coevolution of
sperm length and the morphology of the female sperm-storage
organs has been documented in a wide range of taxa (Liipold
et al, 2020; Dallai et al., 2021). That this is driven by female
choice has been shown experimentally in Drosophila (Miller and
Pitnick, 2002). Female choice could select for longer spermatozoa
as an indicator of male genetic fitness, but also as an indicator of
more immediate benefits, e.g., in terms of zygote provisioning
(Perotti, 1973; Bressac et al., 1994; Kotrba et al., 2016).

Clues regarding the functional particularities of the giant sper-
matozoa could be expected from their ultrastructural and
biochemical properties. Remarkably, across the taxa sperm gigan-
tism is achieved by the enlargement of different cell components
(above). This may still serve a common purpose such as expanding
the spermatozoon volume, thereby facilitating sperm displacement
and/or the resistance against such displacement or meeting the
requirements of some kind of cryptic female choice. Alternatively
the different forms of sperm gigantism serve likewise different
purposes such as improved motility or stability, prolonged survival,
or zygote provisioning. Unfortunately, next to nothing is known
about the properties of the accessory body and little is known about
the potential function of enlarged mitochondrial derivatives
(Baccetti et al., 1977; Perotti, 1973; Kotrba et al., 2016).

Which process of selection is crucial for the evolution of giant
spermatozoa in Lonchopteridae cannot yet be determined, but it is
clear which issues need to be addressed next to resolve this ques-
tion: (1) The precise phylogeny of Lonchopteridae; (2) the
morphology of the internal female reproductive system with
respect to its potential coevolution with the sperm morphology and
also with respect to the number and arrangement of the stored
spermatozoa; (3) the mating behavior, especially with respect to
the levels of promiscuity, but also with respect to the evolution of
parthenogenesis in L. bifurcata, which belongs to group I (Figs. 6
and 7), i.e., the clade in which the many small sperm strategy
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prevails; (4) the mechanical and biochemical properties of the
spermatozoon's giant mitochondrial derivative and the peculiar
accessory body (Kotrba et al., 2021); (5) the oviposition, especially
with respect to the fate of the spermatozoon in the egg and also
with respect to the use of ephemeral substrates, which might select
for extra egg provisioning, giving the larvae a head start over their
competitors, similar to vivipary (Meier et al., 1999). Each of these
approaches may contribute to the understanding of the advantages
of giant spermatozoa in lonchopterids, but also in general. A
detailed comparative study of the female reproductive system of
the species included in this study is already in progress.

5. Conclusions

This study corroborates that sperm gigantism is a derived
feature which evolves rapidly within small clades, generally below
the genus level. It also corroborates that sperm gigantism comes at
the cost of reduced sperm numbers per bundle and per testis.
Lonchopteridae represent a promising taxon for the study of such
evolutionary processes because they are highly diverse, especially
with respect to sperm morphology, with some species matching
the common scheme of producing many small spermatozoa and
others producing very few giant spermatozoa. The study of these
tiny nondescript flies may thus contribute to the resolution of big
questions such as how reproductive strategies change and why
“exaggerated traits” such as giant spermatozoa generally only occur
in small and derived clades.
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Abstract

Across the species of spear-winged flies (Diptera: Lonchopteridae) there is a remarkable
variation in size of the female reproductive tract, especially of the spermathecae. In this
family there are two tubular spermathecae, which are divided into four morphologically
and histologically distinct sections of different lengths and functions. The dimensions of
the spermathecae and their individual sections were examined across 11 Lonchoptera
species and related to the dimensions of the respective spermatozoa. 3D reconstructions
from serial sectioning made it possible to include the volume in these considerations,
which is a new approach in this context. Results show that the spermathecae are always
longer than the respective spermatozoa. There is a highly significant positive linear cor-
relation between the length of the spermatozoa and the length of the spermathecae in total
as well as some of the individual spermathecal sections, suggesting a coevolution of these
characters. Moreover, the volume of the spermathecae is much larger in those species
with longer and more voluminous spermatozoa, but the volume increase is not sufficient
to keep constant the number of spermatozoa that fit within. The observed patterns are
discussed with respect to their functional and evolutionary implications, including a new

hypothesis on the possible selective advantage of increased spermatozoon length.
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Across the species of spear-winged flies (Diptera: Lonchopteridae) there is a remarkable variation in size
of the female reproductive tract, especially of the spermathecae. In this family there are two tubular
spermathecae, which are divided into four morphologically and histologically distinct sections of
different lengths and functions. The dimensions of the spermathecae and their individual sections were
examined across 11 Lonchoptera species and related to the dimensions of the respective spermatozoa. 3D
reconstructions from serial sectioning made it possible to include the volume in these considerations,
which is a new approach in this context. Results show that the spermathecae are always longer than the
respective spermatozoa. There is a highly significant positive linear correlation between the length of the
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the possible selective advantage of increased spermatozoon length.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
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1. Introduction

The occurrence of giant spermatozoa in the spear-winged fly
Lonchoptera lutea Panzer, 1809 was first reported by Kotrba et al.
(2021). In a subsequent comparative study of the male reproduc-
tive system of 11 Lonchoptera species, Troster et al. (2023) found a
dramatic variation in their sperm dimensions. Spermatozoon
length and width both progressively increase within part of the
genus at the expense of the sperm number per bundle and per
testis. With a length of 7500 um and a width of 1.3 um the sper-
matozoon of Lonchoptera fallax De Meijere (1906) ranks among the
largest in the animal kingdom. The authors discuss that the driving
factor in the evolution of giant spermatozoa in Lonchopteridae
might be sperm competition, but that other selective forces such as
cryptic female choice may also be involved and that the very long
spermathecae of L. lutea constitute a suggestive clue in this respect.
Coevolution of spermatozoon length and the morphology of the

* Corresponding author. SNSB-Zoologische Staatssammlung Miinchen,
Miinchhausenstraf3e 21, D-81247, Miinchen, Germany.

E-mail address: troestermichael@web.de (M. Troster).

https://doi.org/10.1016/j.asd.2024.101385

female sperm storage organs has been documented in a wide range
of insect orders such as Zoraptera (Dallai et al., 2014), Coleoptera
(Ptiliidae: Dybas and Dybas, 1981; Bruchidae: Rugman-Jones and
Eady, 2008; Dytiscidae: Higginson et al., 2012), Heteroptera (Ger-
ridae: Dallai et al, 2021a; Hydrometridae: Dallai et al., 2021b),
Lepidoptera (Gage, 1994; Morrow and Gage, 2000) and especially
Diptera (Diopsidae: Presgraves et al., 1999; Scatophagidae: Minder
et al., 2005; Drosophilidae: Pitnick et al., 1999), but also in other
taxa such as birds (Briskie and Montgomerie, 1992; Briskie et al.,
1997). For Drosophilidae, Miller and Pitnick (2002) have shown
experimentally that the length of the female's sperm storage organ
(the seminal receptacle) represents the mechanical determinant of
postcopulatory female “sperm choice” and this is the driving factor
for the evolution of spermatozoon length. Nevertheless, the
convergent evolution of giant spermatozoa in a number of phylo-
genetically unrelated taxa (Fitzpatrick et al., 2022) constitutes a
puzzling phenomenon. In spite of a number of studies in that
respect, the underlying selective mechanisms have not been
resolved. Based on their studies in Lonchopteridae Troster et al.
(2023) suggested a number of potential approaches to address
this problem. One of them is the (comparative) investigation of the

1467-8039/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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morphology of the internal female reproductive system with
respect to its potential coevolution with the sperm morphology.
This approach is pursued in the present study by studying the same
set of lonchopterid species as in Troster et al. (2023) with a focus on
the dimensions of the spermathecae and their four morphologically
and histologically distinct sections. Some evolutionary scenarios
are discussed as possible explanations for the observed patterns.

2. Materials and methods
2.1. Material

The study is based on alcohol preserved material (Table 1). The
species list follows that of Troster et al. (2023) with the addition of
Lonchoptera bifurcata (Fallén, 1810), but lacking Lonchoptera spec. R1
of which no female material was available. L. bifurcata and L. lutea
specimens were collected by sweeping at the Botanical Garden
Munich, Germany, in the summer of 2017, killed by freezing and
immediately preserved in 80 % alcohol. L. fallax, Lonchoptera
nigrociliata Duda, 1927, Lonchoptera nitidifrons Strobl, 1898, Lon-
choptera scutellata Stein, 1890, Lonchoptera tristis Meigen, 1824,
Lonchoptera spec. T1 and Lonchoptera spec. T2 females were ac-
quired from the SNSB Bavarian State Collection of Zoology wet
collection. Females of L. strobli De Meijere (1906) were provided by
P. Zwick from his respective collection. Females of L. barberi
Klymko, 2008 were freshly collected and identified by K. Barber in
the summer of 2021. The 8 European species were identified on the
basis of external morphological characters using Bahrmann and
Bellstedt (1988).

2.2. Preparation/Processing

For studying the gross morphology, freshly collected females of
L. bifurcata and L. lutea were killed by freezing and their repro-
ductive tract was extracted by dissection in a droplet of water using
a Leica MZ 8 dissecting microscope. The extracted structures were
mounted on microscopic slides in polyvinyl lactophenol with an
admixture of chlorazol black E. Moreover, one female of each of the
11 species (Table 1) was studied by serial sectioning (two of
L. fallax). For this, the abdomina of the alcohol preserved specimens
were detached, dried in a graded alcohol series and embedded in
Spurr's resin. Serial semithin sections were cut on an RMC MTXL
ultra-microtome using a diamond knife, mounted on glass slides
and stained with Richardson's reagent (Richardson et al., 1960).

2.3. Examination and imaging
The external morphological characters for species identification

were examined using a Leica MZ 8 dissecting microscope. To assess
the details of the internal female reproductive tract, semithin
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sections were investigated with a Zeiss Axioskop2 equipped with a
Jenoptic Progres Gryphax Subra digital camera at maximal
magnification using a Plan-Neofluar 100 x oil objective and
1.6 x additional magnification. Photographs included a digital scale
bar calibrated with a stage micrometer. Measurements in the
photos were taken using CoreDRAW Home and Student 2018.

For digital 3D reconstruction, the series of semithin sections
were photographed with an automated Olympus BX61VS micro-
scope with 40 x objective and DotSlide software using an Olympus
XC10 digital camera. The photos were imported into Amira soft-
ware (version 5.4.5) and aligned to obtain volume rendering de-
pictions of the internal female reproductive tract. For detailed 3D
reconstructions of the spermathecae, the circumference of these
structure was digitized by hand for each individual section. Due to
the laboriousness of this method only the two spermathecae of one
specimen per species were reconstructed. Lengths and widths were
assessed with the Amira 3D length measurement tool and volumes
were calculated with the Amira material statistics tool. For some of
the specimens retrieved from museum collections the quality of
preservation is uncertain. This has to be considered as source of
error especially regarding the volume renderings, but also with
respect to the fact that the position of the spermatozoa within the
reproductive tract may have shifted.

Statistical analyses and scatter diagrams were computed with
MS Excel 2019. Because L. fallax often constitutes an outlier due to
its extraordinarily long spermatozoa and was treated as such by
Troster et al. (2023), some of the regression analyses were calcu-
lated alternatively with and without including this species. The
values for spermatozoon length and volume are taken from Troster
et al. (2023). Because body size does not vary greatly across the
investigated species and no correlation between body size and
characters of the male reproductive tract was found by Troster et al.
(2023), this character was not included in the present study. In the
scatter diagrams the published sperm dimensions are consistently
displayed on the abscissa, while the newly assessed spermathecal
dimensions are displayed on the ordinate. This is not meant to
imply an a priori hypothesis regarding a direction of dependence.

The figure plates were created using Core]DRAW Home and
Student 2018 and Corel PHOTO-PAINT Home and Student 2018.

3. Results
3.1. Female reproductive tract of Lonchopteridae

The inner reproductive tract, as exemplified by L. lutea and
L. barberi in Figs. 1—3, comprises paired ovaries and lateral oviducts,
which are connected to the anterior end of the vagina by the
common oviduct. The number of ovarioles per ovary varies from
species to species. It is 5—7 in L. barberi (Fig. 2), L. bifurcata and
L. scutellata, 4—5 in L. lutea, L. nitidifrons, L. spec. T1, L. spec. T2,

Table 1

Collection data.
Species Date Location Collector
L. barberi 2021-08-14 Canada, Ontario, Sault Ste. Marie K. Barber
L. bifurcata 2017-08-07 Germany, Bavaria, Munich M. Troster
L. fallax 1992-05-23 Germany, Bavaria, Schongeising W. Schacht
L. lutea 2017-08-07 Germany, Bavaria, Munich M. Troster
L. nigrociliata 1985-08-12 France, Alpes-de-Haute-Provence, Montlaux W. Schacht
L. nitidifrons 1988-09-11 Germany, Bavaria, Ottmaring W. Schacht
L. scutellata 2003-06-14 Germany, Mecklenburg-Western Pomerania, Giitzkow M. Kotrba
L. spec. T1 2002-12-09 Taiwan, Nantou County, Puli W. Schacht
L. spec. T2 2000-07-01 Taiwan, Nantou County, Puli W. Schacht
L. strobli 1983-10-14 Austria, Lower Austria, Lunz P. Zwick
L. tristis 1991-09-06 Germany, Bavaria, Schongeising W. Schacht
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Fig. 1. Female reproductive tract of L. lutea, fresh dissection, without ovaries. ag,
accessory glands; ce, cerci; sp, spermathecae; va, vagina. Scale bar: 500 um.

Fig. 2. Abdomen of L. barberi in ventral view, volume rendering from serial semithin
sections with surface rendering of the spermathecae (red and blue). ce, cerci; co,
common oviduct; in, intestine; lo, lateral oviduct; ov, ovary; sp, spermathecae; va,
vagina. Scale bar: 400 pum.

L. strobli and L. tristis, and 2—3 in L. fallax. For L. nigrociliata the
number could not be determined. No discrete structure resembling
the ventral receptacle or the fertilization chamber of higher Diptera
was identified. Only in some of the L. lutea whole mounts a sack-like
membranous evagination of the anterior vagina was detected
(Fig. 3), which never contained spermatozoa. Into the dorsal vagina
wall open two unpigmented tubular spermathecae, each arising
from an individual evagination of the vagina wall and, slightly
posterior to these, two very delicate accessory glands (Fig. 1). Along
the length of the spermathecae, four sections can be distinguished
based on morphological and histological differences (Figs. 1 and 3).
Their differentiation into spermathecal ducts and spermathecal
reservoirs in terms of homology with the respective organs of other
Diptera is not obvious from the results.

3.2. Morphology and histology of the spermathecae

The first section (S1), i.e., the basal part of the spermathecae, is
lined by thin cuticle born on a layer of cuboidal epithelium. In most

Arthropod Structure & Development 82 (2024) 101385

species a surrounding layer of circular musculature was detected
(Fig. 4A, B, E, G) and this is likely present in all species. In L. bifur-
cata, L. barberi, L. nigrociliata and L. scutellata the lumen of S1 is
narrow throughout with a smooth internal surface. In the other
species the lumen widens apically. Here the cuticular lining is
thicker, mostly due to a prominent endocuticular component, and
the internal surface is adorned with transverse fringes of very fine,
apically directed bristles (Fig. 4E—G).

The transition to the second section (S2) is defined by an abrupt
widening of the lumen and a distinct change in the cuticular lining.
The cuticle of S2 is denser and stains more strongly than that of S1
(Figs. 4 and 5). In the majority of the species, the inner surface is
smooth throughout S2. Only in L. barberi, L. bifurcata, L. nigrociliata
and L. scutellata the area apically adjacent to the transition from S1
to S2 is internally adorned with fringes of fine, apically directed
bristles (Fig. 4A—D). The beginning of S2 is moreover generally
defined by a surrounding layer of longitudinal musculature, which
runs along its entire length and can be quite prominent. In
L. nigrociliata, which shows an intermediary condition, the part
marked by the internal cuticular ornamentation is similar to that in
L. barberi, L. bifurcata and L. scutellata, but lacks the surrounding
longitudinal musculature, which inserts apically of it (Fig. 4D), as in
the remaining species. Apically the lumen of S2 tapers off gradually
and the longitudinal muscle fibres terminate (Fig. 5A—C). Only in
L. strobli the apical change in diameter appears as abrupt as the
basal one (Fig. 5C).

The third section (S3) constitutes the longest of the four sec-
tions. It is a narrow tube lined by thin smooth cuticle born on a
delicate epithelial layer and devoid of any prominent musculature.
The lumen is widest near the transition from S2 and narrows
apically. It is particularly narrow in L. strobli (Fig. 5C), L. tristis and
L. fallax (Fig. 5E) with only 2—3 um diameter along much of its
length.

The fourth section (S4) is slightly wider than S3 and rather short.
It is lined by thin smooth cuticle surrounded by glandular epithe-
lium (Fig. 5F).

3.3. Spermatozoa within the reproductive tract

Matings were never observed in the wild or in the collecting
cages. But in most of the dissections, with exception of L. barberi
and the supposedly parthenogenetic species L. bifurcata, sperma-
tozoa were detected within the female reproductive tract
(Figs. 3—5). These were mostly located in S2 and often also in the
basal part of S3, but not beyond the basal two-thirds. Inside S4 none
were ever observed. Within the wide lumen of S2 the spermatozoa
are usually arranged in a dense tangled mass (Fig. 4B and F, 5A-C)
with sometimes some spermatozoa protruding a short way into S1
(Fig. 3B, also Fig. 1C in Kotrba et al., 2021). Near the transition to S3
and in the basal part of S3 itself, the spermatozoa lie stretched out
in parallel, often very densely packed (Fig. 3C and 5D). Judged by
their width, they are mostly oriented with their head regions
pointing basally (Fig. 3C and D).

Very rarely, spermatozoa were observed in other regions of the
reproductive tract. In some L. lutea specimens, masses of sperma-
tozoa were observed in the posterior part of the vagina and once in
the anterior region near the oviduct, but not within the sack-like
membranous evagination. In one specimen of L. fallax spermato-
zoa were found transiting between the vagina and S1. These cases
are taken to show transitory states shortly after mating or possibly
preceding oviposition. From these results it appears that in Lon-
chopteridae spermatozoa are stored exclusively in the
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Fig. 3. Female reproductive tract of L. lutea, whole mount, without ovaries. A: Total, B-E: Magnifications from A, B: Detail of the transition between section 1 and section 2 of the
spermatheca, C, D: Details of section 3 of the spermatheca, E: Detail of section 4 of the spermatheca. ce, cerci; me, membranous evagination; S1-4, sections 1-4 of the spermatheca;
sg, glandular epithelium surrounding section 4 of the spermatheca; cm, circular musculature; Im, longitudinal musculature; va, vagina; arrow, transition from section 1 to section 2
of the spermatheca; black arrowhead, spermatozoon, wide anterior region; white arrowhead, spermatozoon, narrow tail region. Scale bars: A = 500 um; B, C, D, E = 50 um.

spermathecae, and the morphometric investigations below focus
on the dimensions of these.

3.4. Morphometry of spermathecae and correlation with
spermatozoon size

The numerical characters used for the statistical analysis are
compiled in Table 2. These are the length and volume of the sper-
mathecae and their individual sections as assessed from the 3D
reconstructions (Fig. 6), as well as the length and volume of the
respective spermatozoa from Troster et al. (2023). Fig. 7 compara-
tively illustrates the length of the spermathecae and their four
sections as well as the respective spermatozoon length across the
studied species, which are arranged in four groups according to the
phylogenetic hypothesis proposed by Troster et al. (2023). The
width of the spermathecae changes along their length, even within
the individual sections. Thus, no representative value for the width

of the spermathecae could be assessed and this character was not
encompassed in the statistical analysis, but exemplary values are
included in Fig. 7.

The length of the spermathecae varies dramatically across the
species. With up to 1300 pm it is shortest in group I, which com-
prises L. barberi, L. nigrociliata and L. scutellata. L. bifurcata also falls
into this category. In L. fallax, which belongs to the most derived
group IV, the spermathecae are more than ten times longer,
measuring about 13700 pum. In the species of groups II and III the
length of the spermathecae is intermediary, ranging from about
3100 pm to about 5600 um. From the exemplary values for the
width, it is evident, that the width of S2 follows a similar pattern. It
is smallest in group I, intermediary in group II, and largest in groups
II-1V. The width of S3 shows no such consistency. Particularly wide
forms occur in groups Il and I1I, and particularly narrow forms with
diameters of only 2—3 pm occur in groups II and IV. Comparison of
the length of the spermathecae with the length of the respective
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Fig. 4. Semithin sections of section 1 and section 2 of the spermatheca of some Lonchoptera species. A: L. bifurcata, B: L. scutellata, C: L. barberi, D: L. nigrociliata, E: L. tristis, F: L. fallax,
G: L. lutea. cm, circular musculature; Im, longitudinal musculature; sz, spermatozoa; arrow, transition from section 1 (below) to section 2 (above) of the spermatheca indicated by a
distinct change in the cuticle; arrowhead, basal end of the area internally adorned with transverse fringes of bristles; double arrowhead, basal end of the longitudinal musculature.

Scale bars: 20 pm.

spermatozoa shows that the spermathecae are always much longer.
The individual length variation of the four sections is not propor-
tional to the variation of the total length. Instead, S3 stands out as
the most variable section in this respect.

3.5. Statistical analysis

3.5.1. Length

The statistical analysis reveals a highly significant positive linear
correlation between the total length of the spermathecae and the
length of the spermatozoa across the species (° = 0.95, P < 0.01)
(Fig. 8A). All values lie well above the 1:1 line, indicating that the
spermathecae are always longer than the spermatozoa. The slope of
the trendline is 1.7. Its intercept is at 1500 um. The statistical cor-
relation remains strong when the outlier L. fallax is excluded (1° =

0.83, P < 0.01), albeit with a steeper slope of 2.3 and smaller
intercept of 900 um. The length ratio between spermathecae and
spermatozoa decreases as their length increases. Thus, the sper-
mathecae are about twice as long as the spermatozoa in those
species with the longest spermatozoa, i.e., L. fallax and L. lutea, and
up to 6 times as long in the other species (Fig. 8B).

Analysis of the individual sections (Fig. 8C—F) identifies S3 as
the main contributor to the described correlation. This is the
longest of the four sections, and it is the only part of the sperma-
thecae that is always longer than the respective spermatozoa, with
all values lying above the 1:1 line (Fig. 8E). The highly significant
positive correlation with the length of the spermatozoa is very
similar to that of the total spermathecal length (* = 0.93, P < 0.01).
The slope of the trendline is 1.5, its intercept at 900 um. Again, the
statistical correlation remains strong when the outlier L. fallax is
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Fig. 5. Semithin sections of sections 2-4 of the spermatheca of some Lonchoptera species. A: L. scutellata, B: L. nigrociliata, C: L. strobli, D: L. nitidifrons, cross sections of section 2 of
the spermatheca containing some spermatozoa and section 3 densely packed with spermatozoa, E: L. fallax, extremely long and convoluted section 3 of the spermatheca seen in a
large number of oblique cross sections, F: L. strobli, oblique section through section 4 of the spermatheca. Im, longitudinal musculature; sg, spermathecal gland cells; sz, sper-
matozoa; arrow, transition from section 2 (below) to section 3 (above) of the spermatheca indicated by the apical end of the longitudinal musculature. Scale bars: 20 pm.

Table 2
Average length and volume of the spermathecae in total and the individual sections as assessed from the 3D reconstructions as well as the respective values for the sper-
matozoa from Troster et al. (2023).! The reconstructed length in L. lutea falls in the range described by De Meijere (1906) and Kotrba et al. (2021).

Species Length Length S1 Length S2  Length S3  Length 4 Volume Volume S2 Volume S3 Volume S4 Length Volume
spermathecae [um] +s.d. [pm]+s.d. [pm]+sd. [pm]+s.d. spermathecae [x [x [x spermatozoa spermatozoa
[pm] +sd. (N) (N) (N) (N) (N) [x10*um® 10 pm®] 10*pm3®] 10° pm®] [um]+sd.(N)  [x 10° um?]

L. barberi 1183 191 258 542 192 58 31 24 4 280 0.04
+16(2) +4(2) +6(2) +15(2) +1(2) +25(5)

L. bifurcata 1134 244 216 511 162 122 70 49 4 - —
+15 (2) +6(2) +2(2) +12(12)  +7(2)

L. fallax 13705 496 860 11945 403 723 458 230 35 7500 5.97
+384 (4) +3(4) +37(4) +419(4) +4(4) + 157 (3)

L. lutea 4678 635 397 3289 358 760 190 545 25 2200 2.56
+41'(2) +24(2) +6(2) +75(2) +4(2) + 60 (13)

L. nigrociliata 1278 261 340 464 214 90 65 16 8 370 0.06
+6(2) +9(2) +0(2) +6(2) +10(2) +13(3)

L. nitidifrons 4896 550 759 3398 190 754 142 594 18 1700 1.30
+2(2) +11(2) +47(2) +50(2) +10(2) +120(3)

L. scutellata 1133 230 193 527 183 70 50 15 6 190 0.05
+11(2) +7(2) +3(2) +16(2) +9(2) +13(4)

L. spec. T1 4378 401 267 3596 115 173 56 123 4 970 0.32
+71(2) +3(2) +3(2) + 76 (2) +4(2) +50(3)

L. spec. T2 3143 540 903 1505 196 950 703 238 8 1150 0.66
+125 (2) +32(2) +9(2) +81(2) +3(2) +20(3)

L. strobli 4845 495 148 4004 198 218 134 75 9 1500 0.47
+25 (2) £37(2) +£10(2) +63(2) +11(2) +26(4)

L. tristis 5597 519 478 4398 203 665 373 279 13 1730 0.54
+108 (2) +41(2) +10(2) +60(2) +18(2) + 26 (4)

excluded (7 = 0.70, P < 0.01) with a steeper slope of 1.9. respective spermatozoa, as evident from the fact that the values lie

The other sections are much shorter than S3 (Table 2). In the close to the 1:1 line (Fig. 8C, D, F). In the other species, which are
species belonging to group I, i.e., L. barberi, L. nigrociliata and characterized by longer spermatozoa, the values lie below the 1:1
L. scutellata (Fig. 7), each of these sections are about as long as the line, indicating that S1, S2 and S4 are each distinctly shorter than
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L. barberi L. nigrociliata

L. spec. T1

v

L. tristis

L. lutea L. fallax

v

L. spec. T2

L. nitidifrons

v

L. strobli

Fig. 6. 3D reconstructions of the paired spermathecae of the 11 investigated Lonchoptera species, surface rendering from serial semithin sections. Arrowhead, basal end of section 1

of the spermatheca. Scale bar: 300 pm.

the spermatozoa.

A significant positive correlation with the length of the sper-
matozoa is evident for ST when the outlier L. fallax is excluded (1° =
0.92, P < 0.01) (Fig. 8C), but with a slope of only 0.2 the respective
trendline is very shallow. Moreover, there is a similarly shallow
positive correlation between the length of the spermatozoa and S4
(? = 0.64, P < 0.01) (Fig. 8F) with a slope of 0.3, which turns
insignificant upon the exclusion of L. fallax. The length of S2 shows
no significant correlation with the length of the respective sper-
matozoa at all (Fig. 8D).

3.5.2. Volume

The observed changes in volume are not strictly proportional to
those in length, because the widths of the spermathecae and their
individual sections also varies across the species. The volume of the
spermathecae is much larger in those species with longer and more
voluminous spermatozoa, but not in terms of a strict linear corre-
lation across all species. Instead, the spermathecal volume in-
creases with the spermatozoon volume across the species of groups
I-11 (7 = 0.76, P = 0.01), but levels off in groups IV (Fig. 9G), i.e., in
the three species with the most voluminous spermatozoa L. fallax, L.
lutea and L. nitidifrons. The volume increase does not suffice to keep
constant the number of spermatozoa that would theoretically fit
into the spermathecae (spermathecal volume/spermatozoon vol-
ume), but it considerably reduces its decline (Fig. 9H). Thus, while
the spermatozoon volume varies by a factor of 150, the number of

spermatozoa that theoretically fit into the spermathecae only var-
ies by a factor of 12.

Like the total spermathecal volume (above), there is a positive
correlation between the spermatozoon volume and the volume of
S2 across the species of groups I-1I (* = 0.68, P = 0.02), but the
values for groups III-IV fall behind (Fig. 91). The impression that
these latter values might lie on a second, much shallower trendline
would need to be substantiated by studying more species. The
volume of S3 shows a significant positive correlation with the
volume of the respective spermatozoa when the outlier L. fallax is
excluded (r* = 0.15, P = 0.26, respectively > = 0.77, P < 0.01 with
L. fallax excluded) (Fig. 9]).

S4 is the smallest part or the spermathecae. It never contributes
more than 8 % and often much less to the total volume of the
spermathecal complex. But this is the section which shows the
most striking correlation with the volume of the spermatozoa (1 =
0.89, P < 0.01) (Fig. 9K). The trendline is steeper when the
outlier L. fallax is excluded (° = 0.88, P < 0.01). Because this section
is glandular and most likely produces a secretion which is dis-
charged into the spermathecal tract, the relation of its volume with
that of the entire spermathecae was also computed. The analysis
shows a positive correlation (r? = 0.39, P = 0.05, respectively 1 =
0.45, P = 0.05 with L. fallax excluded) (Fig. 9L), but the significance is
much lower than that for the correlation with the spermatozoon
volume.



M. Troster, M. Kotrba and M. Hef$

14000

130004

120004 3

110004+

100004

0004

80004

70004

60004

50004

40004

0004 7

20004 i

18;

5 o 10
L 4
1000 & 5 4 2 " 60 61
4 o sf-|
8 5 7 1 5
5 10, i E
1 10
2% 2| w ] & I T

oy group | group Il group IIl group IV

= " ——

= = 9

= o S <

> & = = =

= 1 S = 3 ~ N = L x

@ g 2 & 9 S I S 2 35 « o x

- S 3 = @ @ [ k] S o @ =
£ o s 2 = -3 = 2 = s -3 =
< a < < @ @ 7} = < = @ &
-~ ~ ~ < ~ - < ~ ~ < ~ ~

i

Fig. 7. Comparative schematic representation of the assessed numerical characters
(Table 2) of the spermathecae and their four morphologically distinct sections com-
bined with the length of the spermatozoa (red line) and the cladogram presented in
Troster et al. (2023). The lengths of the spermathecae and spermatozoa refer to the
scale bar on the left. Exemplary local values for the width (in pm) are indicated left of
the horizontal lines in the graphical representation. Gray blocks mark those parts of
the spermathecae in which spermatozoa were observed.

4. Discussion
4.1. Evolutionary trajectories

The found changes in the morphology and the dimensions of the
spermathecae are consistent with the phylogenetic hypothesis
proposed by Troster et al. (2023) based on their study of the di-
mensions of the spermatozoa of Lonchopteridae (cladogram
included in Fig. 7). The results reflect the correspondence of these
two structures and possibly lend further support to that hypothesis.
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It has to be considered, however, that some of the characters are not
independent. The shift of the location of the internal ornamenta-
tion with fringes of cuticular bristles between the apical region of
S1 and the basal region of S2 separates group I from the clade which
comprises groups II-IV. Group I is further characterized by short
spermatozoa and also short spermathecae, both characters
showing little variation within this group. The spermathecae of
L. bifurcata very closely match those of the species of group I in
terms of both morphology and dimensions. This suggests the in-
clusion of L. bifurcata in this group. It contradicts the assumption of
De Meijere (1906) that the short spermathecae of L. bifurcata
represent a specific adaptation to parthenogenesis. His assumption
was based on the comparison with L. lutea only. In comparison with
the species of group I no reduction is evident. This might suggest
that either the shift to parthenogenesis is only partial or it occurred
very recently which, in turn, is consistent with isolated evidence of
L. bifurcata males from the last century (Collin, 1938; Smith, 1969;
Andersson, 1970). If males of L. bifurcata do exist, they likely pro-
duce short spermatozoa, like L. barberi and L. scutellata, not only
because of the close relationship with these species, but also
because the spermatozoon length correlates with the length of the
spermathecae.

The clade comprising groups II-IV is characterized by an increase
in both spermatozoon length and spermathecal length and also by a
reduction in the number of ovarioles per ovary. These trends
escalate in the most derived group 1V, i.e., L. fallax, which emerged
as an outlier in the preceding study regarding the dimensions of the
spermatozoa (Troster et al., 2023) and again in the present study
regarding the length of S3.

4.2. Coevolution of spermathecae and spermatozoa

The evolutionary increase in length and volume of the sper-
matozoa in the genus Lonchoptera (Troster et al., 2023) is matched
by an increase in the length and, to some degree, also the volume of
the female sperm storage organs, i.e. the spermathecae. This
finding suggests that the two structures coevolved. The finding
does not come as a surprise. A positive correlation between the
spermatozoa and the female sperm storage organs has been re-
ported in several other nonrelated taxa, sometimes involving the
evolution of extraordinarily long forms (introduction). Various
hypotheses regarding the adaptive significance of unusually large
spermatozoa and a female selection for such giants have been
proposed (e.g., Perotti, 1973; Dybas and Dybas, 1981; Parker, 1993;
Bressac et al., 1994; Miller and Pitnick, 2002; Pizzari, 2006; Kotrba
etal., 2016; Troster et al., 2023). Many of these address the resulting
benefits in terms of overall fitness for the male and female side. But
tangible evidence on the underlying selective processes on the
morphological and physiological level, regarding the interactions
either among competing spermatozoa and/or between the sper-
matozoa and the female structures, remains scarce. The topic is
extremely multifaceted and challenging to analyze in detail. For
example, although changes in the size of the spermatozoa are most
often regarded in terms of their length, they also affect a number of
closely related components such as the width and volume (Troster
et al, 2023), but also the surface area. These components are
difficult to discriminate from each other in an analysis and each
offer their own range of implications for selective processes. The
length might have effects on the propulsion, lends itself for some
kind of direct competition in lengthwise arrangement with rivals,
but might also serve to bridge a given distance, allowing the
spermatozoon to be near to two distant points of special interest at
the same time (below). The width might have effects regarding the
rigidity of the sperm tail, but also on blocking a narrow duct or
passage. The volume might signify some kind of paternal
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Fig. 8. Interspecific correlations between selected length characters of the spermathecae and the spermatozoon length across the investigated Lonchoptera species, only significant
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diamonds, species of group 4 (L. fallax). Solid line, trendline across all species; dashed line, trendline with the outlier L. fallax excluded; dotted line, 1:1 line.

investment, but may also have effects regarding sperm displace-
ment. The surface area might affect the number of present receptor
molecules, but also the friction. The respective selective processes
might take place during sperm transfer, storage and release from
the female storage organs, but also on the way to, and directly at,
the fertilization site. Observed changes of the female morphology
might be secondary adaptations to changes in the spermatozoa. For
example, the storage volume might be increased to ensure the
necessary number of stored spermatozoa for egg fertilization, or
some glandular tissue might be enlarged to support the survival of
larger and more demanding spermatozoa. But the female
morphology might also evolve to set the stage for enhanced sperm
competition or to actively select for sperm of some superior quality.

This is just a selection of the possible aspects and it is very
challenging to consider them all. Regarding the female
morphology, the results of this study have revealed a considerable
diversity. The limited amount of data is not sufficient for a proper
multifactorial analysis. But even ordinary regression analyses
already allow some preliminary speculations on the significance of
the observed evolutionary changes.

4.2.1. Volume

One of the first obvious connections that springs to mind is the
fact that any increase in spermatozoon volume will reduce the
number of spermatozoa that can be stored, unless the female sperm
storage organs adapt accordingly. Such a reduction is not neces-
sarily a selective disadvantage for the female, especially if the fewer

spermatozoa that are stored are of superior quality. But this applies
only as long as their number is sufficient to fertilize all eggs to be
oviposited. Hence, the first and most proximate reason for an in-
crease in size/volume of the sperm storage organs might be to
ensure that the number of stored spermatozoa is sufficient for egg
fertilization. Beyond that, a secondary reason might be to ensure a
surplus in sperm number and thus allow for enhanced sperm
competition and/or female sperm selection.

The volume relations between spermatozoa and sperm storage
organs have rarely been addressed in previous publications, prob-
ably due to the fact that they are difficult to assess. The present
studies of the genus Lonchoptera with 3D reconstructions make
such considerations possible. The results, particularly those
regarding S2, have to be considered with a caveat, however,
because here the volume is probably much dependent on the de-
gree of filling and the tension of the surrounding tissues. Some of
the reconstructed shapes of S2 appear to be considerably distorted
(Fig. 6). The analysis suggests that the effect of the increased
spermatozoon volume is partially neutralized by a concurrent in-
crease in spermathecal volume, but not in terms of a strict linear
correlation (Fig. 8G). The volume increase is kept up throughout the
species of groups I-1I, but discontinued in the derived groups III-1V.
Whereas the spermatozoon volume varies by a factor of 150, the
number of spermatozoa theoretically fitting into the spermathecae
only varies by a factor of 12, i.e., more than ten times less (Fig. 8H).
At the same time the number of ovarioles is smaller in species with
larger spermatozoa. In a conservative calculation for the species
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with the most voluminous spermatozoa L. fallax, taking into ac-
count only the storage capacity of S2 alone (77 per spermatheca)
and the maximal observed number of ovarioles (3 per ovary), the
ratio of stored spermatozoa per ovariole would still be about 25 as
opposed to more than 100 in the group I species with small sper-
matozoa. Because within the ovarioles the eggs mature consecu-
tively, this should still suffice for many oviposition events.
Moreover, the female has time to remate while new eggs are
maturing in the ovaries. The evolutionary increase in spermathecal
volume together with a reduced number of ovarioles thus ensures
that the number of stored spermatozoa does not become a limiting
factor for the number of eggs that can be fertilized in species with
larger spermatozoa. But the number of stored spermatozoa is still
much reduced. There is no indication that the observed volume
increase of the spermathecae per se enhances sperm competition
or selection for more voluminous spermatozoa.

4.2.2. Length

As opposed to the volume, the length of the spermatozoa and
their coevolution with the female sperm storage organs has been
addressed in a large number of previous publications. Dybas and
Dybas, 1981 were the first to describe the complementary
morphological relationship between large spermatozoa and cor-
responding female structures in featherwing beetles (Ptiliidae).
They attributed this condition to the ensurance of sperm prece-
dence by the first male to mate with the female and to the
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preclusion of displacement by spermatozoa from subsequent
matings, but provided no experimental evidence for this hypoth-
esis. By now, the best studied taxon in this respect is the dipteran
genus Drosophila. In this very speciose genus, the spermatozoon
length is highly variable (e.g., Hatsumi and Wakahama, 1986;
Hihara and Kurokawa, 1987; Joly et al., 1989; Joly and Bressac, 1994;
Pitnick et al., 1995a), including the longest spermatozoon known to
date (Pitnick et al., 1995b). The length of the tubular seminal
receptacle of the female is likewise highly variable and strongly
correlated with the spermatozoon length across the species (Hihara
and Kurokawa, 1987; Joly and Bressac, 1994; Yang and Lu, 2011).
Miller and Pitnick (2002) demonstrated experimentally that the
length of the seminal receptacle in Drosophila melanogaster Meigen,
1830 constitutes a mechanical determinant of postcopulatory fe-
male “sperm choice”. They speculate that this could be affected by
providing an environment in which “being the right size” offers
some advantage to spermatozoa in occupying a superior position,
e.g., with their heads located near the exit of that organ and thus
closest to the site of egg fertilization (Miller and Pitnick, 2002).
Pattarini et al. (2006) showed that longer spermatozoa are better at
displacing and resisting being displaced by shorter spermatozoa
from that position and Manier et al. (2010) corroborated that this
physical displacement by competitor spermatozoa is a critical
determinant of competitive fertilization success. But even after
decades of intense studies in this exemplary taxon a functional
explanation as to how the selection on spermatozoon length is
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exerted is still lacking.

The ventrally positioned seminal receptacle of Drosophila is not
homologous with the dorsally positioned spermathecae, but an
entirely different organ that has secondarily assumed the function
of sperm storage (Nonidez, 1920; Pitnick et al., 1999). However, in
several aspects the spermathecae of Lonchoptera species seem quite
comparable. Both structures constitute narrow tubular ducts where
large numbers of filamentous spermatozoa are stored prior to
fertilization. And in both cases the length of the sperm storage
organ is significantly correlated with the length of the spermatozoa
across the species. Therefore, it seems plausible to expect similar
selective regimes in both systems. However, there are also some
notable differences. The seminal receptacle of Drosophila is not
conspicuously differentiated along its length and has no distinct
glandular section at its distal end. It is generally only little longer
than the spermatozoa, which are predominantly arranged longi-
tudinally within. In contrast, the spermathecae of Lonchoptera
species are differentiated into four morphologically and histologi-
cally distinct sections, including a specific glandular section at their
distal end (Figs. 3A and E, 5F). They are always much longer than
the spermatozoa, which lay in a tangled mass within the volumi-
nous S2, while only those (parts of the) spermatozoa extending into
S3 are arranged longitudinally. Thus, in Lonchoptera it can be
excluded, that the observed coevolution of spermatozoon length
and spermathecal length is driven by a straightforward mechanical
fit of the two structures in total. Instead, the potential interactions
of the spermatozoa with the four individual sections should to be
scrutinized separately.

The basal section S1, which directly connects to the vagina, most
likely has the function of a duct, allowing passage in and out of
storage, rather than being a storage site itself. It was only rarely
found to contain any sperm. The surrounding circular musculature
probably allows to constrict or seal off this passage. Moreover, the
transition into S2 is marked by a sharp increase in diameter and
adjacent areas are lined by fringes of fine, apically directed bristles.
These fringes may obstruct the exit of spermatozoa from S2 or
alternatively help their orientation into and/or out of S2. In some
dissections a cluster of sperm heads was found protruding from S2
into this bristly area. These morphological details suggest that the
female can exert some control over the release of spermatozoa from
S2 into S1. The length of S1 is significantly correlated with the
spermatozoon length across the majority of the species, albeit with
a very shallow slope (Fig. 8C). Only in the species of group I this
section is long enough to accommodate the entire length of the
respective spermatozoa; in all other species it is much too short.
Thus, it is hard to conceive a selective mechanism that could affect
the coevolution of the lengths of S1 and the respective
spermatozoa.

S2 is always the widest, and in the majority of the species also
the most voluminous part of the spermathecae, where usually the
bulk of the spermatozoa is found in a coiled or apparently unor-
dered tangled mass (Fig. 4B andF). This suggests that S2 is the
predominant site for sperm storage. It is surrounded by a promi-
nent layer of longitudinal musculature (Fig. 3B and 4B-G, 5A-D)
which likely plays a part in actively discharging its contents. The
length of S2 shows no significant correlation with the spermato-
zoon length. Only in the species of group I it is long enough to
accommodate the entire length of the respective spermatozoa; in
all other species it is much too short. All evidence considered, S2
seems not to be the relevant section of the spermathecae for the
length coevolution between spermatozoa and spermathecae.

S3 is the most interesting component in this respect. It consti-
tutes the longest and most variable part of the spermathecae and
this is the only section that is always more than long enough to
accommodate the entire length of the spermatozoa in an
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outstretched fashion. Moreover, its length is strongly correlated
with the spermatozoon length across all species. Within the
(sometimes extremely) long and narrow lumen of S3, whose
perfectly round diameter is stabilized by a solid cuticular lining
(Fig. 5D and E), the contained spermatozoa are found stretched out
in parallel and sometimes very densely packed (Figs. 3D and 5D).
Thus, it is plausible that the lengths of the spermatozoa and S3
directly interact in some way. However, the selective advantage for
the spermatozoa of entering S3 instead of mixing with the bulk of
spermatozoa in S2 is not obvious. One possible reason is that
spermatozoa lodged in S3 are isolated from any kind of sperm
displacement occurring in S2, be it by rival spermatozoa or by the
female itself. Moreover, the longitudinal arrangement within the
narrow lumen of S3 provides for increased contact between the
spermatozoa and the spermathecal wall which may facilitate sperm
locomotion (Morrow and Gage, 2000; Werner et al., 2007) and/or
improve the ability to displace other spermatozoa or resist such
displacement (Dybas and Dybas, 1981; Presgraves et al., 1999;
Pattarini et al., 2006). However, S3 is not merely a tubular extension
of S2. This narrow duct connects the site of glandular discharge
with the site of bulk sperm storage. Spermatozoa residing in S3 will
have better and faster access to any discharge generated in S4 and
at the same time may effectively reduce access to this secretion for
other spermatozoa by blocking the lumen of S3. Although nothing
is known about the biochemistry of the spermathecal glands in
Lonchoptera, their secretion is likely to constitute an important
resource for the spermatozoa, possibly fostering their survival,
performance or release. In Drosophila the survival of spermatozoa
in the seminal receptacle depends on the presence of functional
spermathecal glands (Anderson, 1945; Boulétreau-Merle, 1977;
Pitnick et al, 1999). A similar dependency could exist in
Lonchoptera.

S4, which is the smallest of the four sections and the apical end
of the spermathecae, is obviously itself no major player in driving
the coevolution of length of spermatozoa and spermathecae. This
section constitutes the glandular part of the complex, as evident
from the surrounding glandular epithelium. Spermatozoa were
never observed in this section and, if they ever enter it at all, are
definitely not stored there. Nevertheless, the length and especially
the volume of this section are significantly correlated with the
respective sperm dimensions (Fig. 8F and K). One possible expla-
nation for this relation is that more secretion has to be produced to
meet some needs of the larger spermatozoa. Alternatively, more
secretion might be required to fill the more voluminous sperma-
thecae of those species with larger spermatozoa. The fact, that the
correlation with the volume of the spermatozoa (Fig. 8K) is stricter
than that with the volume of the spermathecae (Fig. 8L), presently
lends more support to the first scenario.

The preceding considerations suggest that the female structures
most relevant for a coevolution with the spermatozoa in terms of
length are likely either S3 or S2 and S3 combined. Moreover, they
allow to identify two positions that might infer a particular
advantage for spermatozoa residing there. The first one is near the
basal exit of S2, which might provide a head start at the time of
sperm release for egg fertilization. In the dissected specimens,
spermatozoa were found in S2 and in the basal part of S3 with their
head portions predominantly oriented towards or inside S2 and
their tails extending towards S4. In some specimens, a cluster of
sperm heads was found embedded in the bristly area at the apical
end of S1. Of course, it cannot be dismissed that spermatozoa may
have shifted their position during the process of killing and fixing
the specimen. But the latter arrangement is very much reminiscent
of a similar finding described for Drosophila, where “a small and
well-organized group of sperm heads can be observed near the
proximal end of the SR [seminal receptacle] with their tails
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extending distally” (Miller and Pitnick, 2002). The authors propose
that these by virtue of their location take precedence over sperm
residing more distally within the seminal receptacle. In Lon-
choptera, a second location of potentially high advantage is the
position near the distal end of the spermathecae next to S4, which
provides priority access to the secretions of that section. If, for
example, at the time of oviposition a chemical signal secreted in S4
triggered the departure of the spermatozoa from the spermathecae
towards the fertilization site, then spermatozoa residing next to
this section might be the first if not the only ones to receive this
signal, as opposed to their rivals further down the spermathecal
complex. The spermatozoa — long as they may be — are still always
much shorter than the distance between the two advantageous
positions, which implies that they cannot partake in both advan-
tages at the same time. In this scenario any increase in spermato-
zoon length should translate into a melioration of that dilemma
and thus to an immediate gain in fitness for the respective male. At
the same time, the female fitness might be advanced by further
extending the distance and thereby directly selecting for increased
spermatozoon length as a sign of superior male genetic quality or of
more immediate benefits e.g., in terms of zygote provisioning
(Perotti, 1973; Bressac et al., 1994; Kotrba et al., 2016).

For now, it remains unresolved which of the sexes actually takes
the leading part. On the one hand, the excessive length of the
spermathecae and also of S3 alone, which is always much longer
than necessary to accommodate the length of the spermatozoa
(Figs. 7 and 8A, B, E), suggests that the female structures might
constitute the driving factor. On the other hand, the fact that the
length ratio between spermathecae and spermatozoa decreases as
their length increases (Fig. 8B), i.e., the length of the spermatozoa
increases faster than that of the spermathecae, seems to indicate
that the spermatozoon size is the driving factor. In total, the
described system seems predestined for entering an evolutionary
arms race (Dawkins and Krebs, 1979; Parker, 1983) and the
extremely long spermatozoa and spermathecae found in L. fallax
appear to be a result of just that.

5. Conclusions

The findings of this study show that the spermatozoa and the
female sperm storage organs coevolved in Lonchopteridae and add
to the notion that such coevolution constitutes a widespread
pattern. Some functional implications of the observed morpho-
logical structures and dimensional correlations are elucidated,
contributing to the general understanding of the covert in-
teractions taking place within the female reproductive tract. But
ultimately, it can not be discriminated which form of sexual se-
lection occurs in Lonchopteridae and, most importantly, whether
male or female aspects constitute the driving factor in this respect.
In order to understand the processes in mechanistic and functional
terms, it could be rewarding to study more taxa with a record of
extremely long sperm storage organs for a correlated response in
the sperm morphology. In this respect, Diptera offer a wide array of
distantly related taxa, such as Asilidae (Artigas et al., 1997), Doli-
chopodidae (Sturtevant, 1925, 1926), Chloropidae and Milichiidae
(Sturtevant, 1925, 1926; Brake, 2000) for extremely long sperma-
thecae, and Agromyzidae (Sasakawa, 1958), Clusiidae (Sturtevant,
1925, 1926; Lonsdale and Marshall, 2006), Anthomyzidae
(Rohacek, 1999, 2006) and Micropezidae (Kotrba, 2016) for long
tubular ventral receptacles, just to name a few. But merely finding
more examples for the established pattern will not add to the un-
derstanding of the underlying mechanisms. This will only be ach-
ieved by extending the detailed studies with the more
sophisticated methods available today, e.g., fluorescent markers
and/or specific antibodies to directly observe the interactions of
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spermatozoa and female sperm storage organs in vivo or by the
precise analysis of the biochemical composition and physiological
role of the spermathecal secretion. Ultimately, it must be decided in
case-by-case studies which processes of postcopulatory sexual se-
lection led to the coevolution of spermatozoa and sperm storage
organs in each respective taxon, but the study of tiny nondescript
flies such as Lonchopteridae can certainly contribute to the reso-
lution of such big questions.
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Allgemeine Diskussion

1 Postkopulatorische sexuelle Selektion und die Entstehung von Riesenspermien

Die Idee der sexuellen Selektion besteht seit Darwins (1871) Veroffentlichung "The
Descent of Man, and Selection in Relation to Sex", aber erst einhundert Jahre spater kam
Parker (1970) zu dem Schluss, dass sexuelle Selektion nicht mit der Paarung enden muss,
sondern auch danach noch Einfluss nehmen kann. Die unabhédngige Entstehung von Rie-
senspermien innerhalb der Familie Lonchopteridae und in diversen anderen Taxa (Fitz-
patrick et al., 2022) lasst sich nur aus eben diesem Blickwinkel nachvollziehen und er-
kliaren. Eberhard (2015) unterscheidet hierbei drei unterschiedliche Formen der postko-
pulatorischen sexuellen Selektion: (1) ,,Cryptic Female Choice®, (2) ,,Sexually Antago-

nistic Coevolution* und (3) ,,Sperm Competition*.

1.1,,Cryptic Female Choice*

Der erstmals von Thornhill (1983) gepriagte Begriff ,,Cryptic Female Choice® beschreibt
eine Form der intersexuellen Selektion, die durch mit dem Weibchen assoziierte Prozesse
oder Mechanismen wiéhrend oder nach der Paarung entsteht. Sie kann dazu fiihren, dass
bestimmte Spermien mit hoherer Wahrscheinlichkeit zur Befruchtung genutzt werden und
wirkt sich damit direkt auf den Fortpflanzungserfolg der entsprechenden Ménnchen aus.
Eberhard (1996) hat diese Idee in seinem Buch ,,Female Control: Sexual Selection by
Cryptic Female Choice” weiter ausgearbeitet und von den Weibchen vermittelte morpho-
logische, verhaltensbedingte oder physiologische Mechanismen beschrieben, die die Be-
fruchtungwahrscheinlichkeit der Spermien bestimmter Méannchen beeinflussen konnen.
Dazu zéhlen zum Beispiel die Kontrolle der aufgenommenen Spermienmenge und die
damit unter Umsténden verbundene, systematische Ausscheidung von Spermien oder de-
ren Neutralisation, die Spermienversorgung und -lagerung in speziellen Spermienspei-
cherorganen, die Beeinflussung der Spermienleistung (vor allem bezogen auf deren
Schwimmféhigkeit) oder deren gezielte Aktivierung (Firman et al., 2017). Ménnchen
wiederum, die ,,Cryptic Female Choice* zu ihren Gunsten beeinflussen kdnnen, besitzen
einen Vorteil im Wettbewerb mit anderen Méannchen und damit eine erh6hte biologische
Fitness. So konnen die Verhinderung der Neutralisation der Spermien nach der Paarung
durch einen schiitzenden Schleimbeutel, wie es zum Beispiel bei dem Plattwurm Dugesia
gonocephala (Vreys et al., 1997) und der Schnecke Helix pomatia (Lind, 1973) vorkommt
oder die zusitzliche Ubertragung von nicht-befruchtenden Pseudospermien bei der

Fruchtfliege Drosophila pseudoobscura, die der spermiziden Wirkung des weiblichen
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Genitaltrakts entgegenwirken konnen (Holman und Snook, 2008), den Fortpflanzungser-
folg der entsprechenden Ménnchen steigern. Auch ein Allomon, welches bei Landschne-
cken mit dem Liebespfeil iibertragen wird und die rasche Einlagerung der Spermien in
den Spermienspeicherorganen begiinstigt, dient einem vergleichbaren Zweck (Chase und
Blanchard, 2006). Umgekehrt und unter der Annahme, dass ,,Cryptic Female Choice* vor
allem der biologischen Fitness des Weibchens zugutekommt, ist ein sexueller Konflikt
zwischen dem Weibchen und seinen Geschlechtspartnern, deren Spermien durch ,,Cryptic
Female Choice* unter Umstidnden nicht zur Befruchtung genutzt werden wiirden, unaus-
weichlich (Eberhard, 2015). Aus diesem Grund kann beispielsweise bereits im Vorfeld
durch das Minnchen eine weitere Kopulation des Weibchens mit anderen Ménnchen ver-
hindert oder verzogert werden, indem die Partnerin vor Rivalen ,,geschiitzt* oder ein Ko-
pulationspfropfen eingesetzt wird. Auch durch die Ubertragung akzessorischer Driisen-
proteine wahrend der Kopulation, die das Paarungsverhalten des Weibchens beeinflussen,
konnen weitere Kopulationen und/oder fiir das Ménnchen negative ,,Cryptic Female
Choice* umgangen werden (Firman et al., 2017).

Das Wissen iiber die Existenz der nicht zufdlligen Nutzung von Spermien durch ,,Cryptic
Female Choice und die damit einhergehenden erh6hten Kosten (in erster Linie fiir das
Weibchen) erforderte passende evolutionsbiologische Erklarungsansétze, von denen in
den Jahren nach Eberhards (1996) Veroftentlichung zahlreiche etabliert wurden: (1) Ver-
hinderung von Polyspermie (z. B. Levitan et al., 2007; Firman et al., 2014), (2) Steigerung
der Lebensfahigkeit der Nachkommen (,,Good genes*) (z. B. Fisher et al., 2006), (3) Stei-
gerung des Reproduktionserfolges der Nachkommen (,,Fisherian runaway selection®)
(z. B. Liipold et al., 2016), (4) Optimierung der Geschlechterverteilung (z. B. Calsbeek
und Bonneaud, 2008), (5) Vermeidung von Inzucht (z. B. Bretman et al., 2009; Tregenza
und Wedell, 2002; Welke und Schneider, 2009; Firman und Simmons, 2015) oder (6)
Vermeidung von Hybridisierung (z. B. Manier et al., 2013; Tyler et al., 2013; Yeates et
al., 2013).

Unabhéngig von Grund und Mechanismus treiben ,,Cryptic Female Choice* und die ent-
sprechenden ,,Reaktionen* der Mannchen darauf intersexuelle koevolutive Prozesse vo-
ran, was sich bei Insekten zum Beispiel nicht selten in einem direkten Zusammenhang
zwischen Spermienldange und der GroBe der Spermienspeicherorgane widerspiegelt (z. B.
Dybas und Dybas, 1981; Gage, 1994; Morrow und Gage, 2000; Minder et al., 2005; Hig-
ginson et al., 2012; Joly und Schiffer, 2010; Rugman-Jones und Eady, 2008; Dallai et al.,
2014, 2021; Presgraves et al., 1999; Pitnick et al., 1999). Auch Diversifizierung und
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Artbildung koénnen gefordert werden, weshalb ,,Cryptic Female Choice* einen wichtigen
postkopulatorischen Prozess der sexuellen Selektion darstellt und daher taxonomische
Hinweise liefern kann, die zur Bestimmung bzw. Zuordnung von Arten oder Artengrup-

pen genutzt werden konnen (Firman et al., 2017).

1.2 ,,Sexually Antagonistic Coevolution*

Koevolutive Prozesse zwischen zwei Arten, die zu einer (teilweise sehr engen) wechsel-
seitigen Anpassung gefiihrt haben, sind in vielgestaltiger Form weithin bekannt (z. B.
Ehrlich und Raven, 1964; Anderson und May, 1982; Rothstein, 1990; Dawkins und
Krebs, 1979; Woolhouse et al., 2002; Weiblen, 2003; Nabors, 2007; Netz und Renner,
2017). Als ,,Sexually Antagonistic Coevolution* bezeichnet man hingegen den koevolu-
tiondren Wettstreit zwischen Mannchen und Weibchen einer Art, bei dem sich Merkmale
des Reproduktionssystems und/oder des Fortpflanzungsverhaltens im Laufe der Evolu-
tion verdndern, um denen des anderen Geschlechts entgegenzuwirken und so einen ma-
ximalen Fortpflanzungserfolg zu gewdéhrleisten (Eberhard, 1985, 1996; Arnqvist und
Rowe, 2002, 2005; Rowe und Arnqvist, 2002; Sirot, 2003; Hosken und Stockley, 2004).
Diese Form der intersexuellen Selektion beruht auf der Tatsache, dass die Fortpflanzungs-
interessen eines Weibchens (priméres Investment in den Nachwuchs) selten vollstindig
mit denen der Mannchen (priméres Investment in die Maximierung der Fortpflanzungs-
moglichkeiten) iibereinstimmen (Holland und Rice, 1998; Pizzari und Birkhead, 2002;
Miller und Pitnick, 2003). So konnen sich bei Insekten Verhaltensweisen oder morpholo-
gische Eigenschaften der Méannchen vor, wiahrend oder nach der Paarung nachteilig auf
die biologische Fitness der Weibchen auswirken (Eberhard, 2006). Beispielsweise konnte
ein Weibchen vom Ménnchen dazu veranlasst werden, seine Eier frither nach der Kopu-
lation zu legen (bevor ein anderes Ménnchen sich mit ihm paaren kann), obwohl der op-
timale Eiablageplatz noch nicht gefunden ist (Eberhard, 2015). Dies reduziert die Uber-
lebenswahrscheinlichkeit der Nachkommen und damit die Gesamtfitness des Weibchens.
In solchen Fillen begiinstigt die Selektion vornehmlich Merkmale des Weibchens, welche
diese schidlichen Einfliisse durch das Ménnchen verringern. Ein Beispiel fiir solch eine
Veranderung auf verhaltensbiologischer Ebene konnte sein, dass das Weibchen grund-
satzlich langer mit der Eiablage wartet oder bei der Suche nach Eiablagepldtzen unmit-
telbar nach der Kopulation wéhlerischer ist. Eine dergestalte Verhaltensinderung des
Weibchens verringert wiederum die Fiahigkeit des Ménnchens, das Weibchen zu beein-

flussen und erhoht damit dessen adaptiven Selektionsdruck (Eberhard, 2015). Wenn bei
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solch wechselseitigen Prozessen weder minnliche noch weibliche Merkmale zu einer
stabilen ,,Losung® fiir die vom anderen Geschlecht aufgeworfenen ,,Probleme* fiihren,
kann sich ,,Sexually Antagonistic Coevolution* zu einem fortwahrenden evolutiven Wett-
lauf ausdehnen, der die rasch divergierende Entwicklung von morphologischen oder Ver-
haltensmerkmalen erkléren kann, die im Zusammenhang mit intersexuellen Interaktionen
hiufig auftritt (Pizzari und Birkhead, 2002). Da die in einer bestimmten evolutioniren
Linie bevorzugten minnlichen oder weiblichen Merkmale von den Merkmalen des ande-
ren Geschlechts in derselben Linie abhingen, liefert ,,Sexually Antagonistic Coevolution*
somit einen moglichen Ansatz, der die oft deutlichen Unterschiede im Reproduktionssys-
tem und/oder im Fortpflanzungsverhalten zwischen eng verwandten Arten erkldren kann.
Ein typisches Beispiel in diesem Zusammenhang ist die rasche und stark divergierende
Evolution der minnlichen Genitalien (z. B., Eberhard, 1985, 2009; Sirot, 2003; Hosken
und Stockley, 2004; Joly und Schiffer, 2010; Kotrba et al., 2014). Urspriinglich diente zu
deren Erklarung die klassische Schliissel-Schloss-Hypothese, die besagt, dass sich diese
Vielfalt entwickelt hat, um eine artspezifische Passung zwischen ménnlichen und weibli-
chen Genitalien herzustellen und so interspezifische Paarung und Hybridisierung zu ver-
meiden (Eberhard, 1985; Mikkola, 2008). Da aber in vielen Féllen die Auspriagung der
minnlichen Geschlechtsmerkmale das Mal3, das notwendig wére, um Hybridisierung
durch nahverwandte Arten auszuschlieBen, erheblich tibersteigt, reicht das urspriingliche
Erklarungsmodell nicht mehr aus (Kotrba et al., 2014), weshalb auch Mechanismen wie

»Sexually Antagonistic Coevolution® in Betracht gezogen werden miissen.

1.3 ,,Sperm Competition*

Paarungen eines Weibchens mit mehreren Ménnchen fiihren unweigerlich zu einem Wett-
streit unter den Spermien der verschiedenen Médnnchen (Spermienkonkurrenz) und damit
zu einer Form der intrasexuellen Selektion. Laut Eberhard (2015) wird der Begriff
»Sperm Competition* heute sogar noch weiter gefasst und beinhaltet zusétzlich Prozesse
zur direkten Beeinflussung der Befruchtungswahrscheinlichkeit von konkurrierenden
Spermien, die auf Aktivititen des Ménnchens zuriickzufiihren sind. Dazu gehdren zum
Beispiel das aktive Entfernen der Spermien eines anderen Ménnchens aus dem Weibchen,
deren Neutralisation oder der Aufbau von Barrieren, die kiinftige Besamungen verhindern
sollen (z. B. Danielsson, 1998). In den iiber 50 Jahren seit Parkers (1970) Erkenntnissen
zeigte sich, wie auBBerordentlich weit verbreitet Mehrfachpaarungen im Tierreich tatséch-

lich sind (Birkhead und Megller, 1998; Birkhead et al., 2009), was einen ersten
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Erkliarungsansatz fiir die vielgestaltigen Formen der ,,Sperm Competition* liefert. Daher
ist es nur folgerichtig, davon auszugehen, dass Miannchen ihr grundlegendes Investment
in die Spermienproduktion steigern (miissen), sobald Spermienkonkurrenz auftritt. So
geht die Grundannahme der Theorie zur ,,Sperm Competition (Parker, 1970) davon aus,
dass Ménnchen, die in solchen Fillen mehr Spermien produzieren und iibertragen, einen
numerischen Vorteil erlangen, der ihnen einen hoheren Fortpflanzungserfolg gewéhrleis-
tet. In diesem Kontext gibt es grundsitzlich zwei Modelle, die Erh6hung der produzierten
Spermienmenge zu erklédren: (1) Die Ausbildung groBerer und effektiverer Hoden und (2)
die Produktion kleinerer Spermien in gréferer Anzahl.

(1) Die erste Annahme hat groBe Unterstiitzung durch empirische Studien erfahren. Uber-
einstimmend mit den modernen Modellen zur ,,Sperm Competition* (Parker und Pizzari,
2010) fanden Liipold et al. (2020) in einer groBangelegten Metaanalyse iiber ver-
schiedenste Taxa hinweg heraus, dass Ménnchen grundsatzlich mehr in ihre Hoden in-
vestieren, wenn sie einem erhdhten Mall an Spermienkonkurrenz ausgesetzt sind. Daher
wird heutzutage hiufig die relative Hodengrof3e als Index fiir den Grad der Spermienkon-
kurrenz verwendet (Liipold et al., 2020). Dass dieses Vorgehen ohne quantitative Uber-
priifung zu enormen Fehlschliissen fithren kann, haben jedoch mehrere experimentelle
Studien an der Gattung Drosophila (Crudgington et al., 2009; Wigby und Chapman, 2004;
Chechi et al., 2017) und einer Vielzahl anderer Taxa, zum Beispiel Fischen (Pyron, 2000),
Froschen (Byrne et al., 2002), Robben (Fitzpatrick et al., 2012) oder Fasanen (Liao et al.,
2019) gezeigt. Hier konnte kein Anstieg der HodengroB3e bei erhdhter Spermienkonkur-
renz festgestellt werden, was die Frage aufwirft, warum es scheinbar nicht selten zu Ab-
weichungen von diesem allgemein akzeptierten Modell kommt. In diesem Kontext ist zu
berticksichtigen, dass auch andere Faktoren einen Einfluss auf die Hodengrof3e haben
konnen, die nicht notwendigerweise etwas mit Spermienkonkurrenz zu tun haben miis-
sen. So kann die Selektion auf groflere Hoden zum Beispiel aus einer hdheren Fortpflan-
zungsrate der Méannchen resultieren (Vahed und Parker, 2012; Crudgington et al., 2009;
Reuter et al., 2008). Auch spiegelt die Hodengréfe nicht immer nur die tatséchliche Sper-
mienproduktion wider, da vor allem bei Vertebraten ein Teil des Hodens zur Hormonpro-
duktion dient, wodurch die tatsdchliche Menge an spermienproduzierendem Zellgewebe
nur bis zu einem Drittel der Hodengrof8e betragen kann (Russell et al., 1990; Moreira et
al., 1997). SchlieBlich spielt auch die Effizienz des spermienproduzierenden Zellgewebes
eine Rolle und kann damit die tatsdchliche Korrelation zwischen Hodengrof3e und ,,Sperm

Competition verfilschen (Wistuba et al., 2003; Liipold et al., 2011; Ramm und Stockley,
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2010). All das verdeutlicht, dass die bloBen Abmessungen der Hoden alleine nicht als
Indikatoren fiir das tatsdchliche Maf} an Spermienkonkurrenz dienen konnen.

(2) Parkers (1970, 1982) urspriingliche Modelle sagten einen Selektionsvorteil fiir eine
grofle Anzahl an kleinen Spermien beim Auftreten von ,,Sperm Competition® voraus.
Auch diese Annahme hat bereits mehrfach Unterstiitzung durch empirische Studien er-
fahren (Martin et al., 1974; Gage und Morrow, 2003; Garcia-Gonzéalez und Simmons,
2007). Jedoch langst nicht alle Mannchen iibertragen in solchen Fillen eine gro3e Anzahl
kleiner Spermien, was auch hier die Frage nach den Griinden fiir die Abweichung von
diesem Modell aufwirft. Dariiber hinaus kann in manchen Taxa und unter bestimmten
Bedingungen immer wieder ein Trend hin zu wenigen, aber gréoeren Spermien festge-
stellt werden, was scheinbar der Grundannahme, insgesamt mehr Spermien zu produzie-
ren, um einen numerischen Vorteil zu erhalten, géinzlich widerspricht. Spétere Uberlegun-
gen von Parker (1993) schlossen die Moglichkeiten der Vergroferung der Spermien mit
ein, wenn groBere Spermien zum Beispiel eine hohere Uberlebenswahrscheinlichkeit ha-
ben, es eine Beschrinkung der Spermienanzahl gibt oder die Grof3e einen kompetitiven
Vorteil bei hohem Spermienaufkommen bringt. Wieder zeigten Liipold et al. (2020) in
ihrer Metaanalyse, dass diese Modelle grundsitzlich zutreffen und daher in verschiedenen
Taxa und unabhéngig voneinander immer wieder gro3e oder sogar Riesenspermien auf-
treten, wenn entsprechende Selektionsfaktoren eine Rolle spielen. Vor allem bei Arthro-
poden, in deren verhdltnisméBig kleinen Spermienspeicherorganen die Spermiengrof3e
zum Beispiel ein Vorteil bei der optimalen Positionierung gegeniiber konkurrierenden
Spermien sein kann (Pattarini et al., 2006), tritt dieses, von Parkers (1970) urspriinglicher
Annahme signifikant abweichende Phinomen, hédufiger auf. Bei Vertebraten wird dage-
gen eher davon ausgegangen, dass der kompetitive Vorteil groB3erer bzw. langerer Sper-
mien eher darin besteht, effektiver schwimmen und dadurch die Strecke zur Eizelle
schneller iberwinden zu konnen (Gomendio und Roldan, 1991; Fitzpatrick et al., 2009;
Liipold et al., 2009; Gémez Montoto et al., 2011). So oder so, ohne einen wie auch immer
gearteten Selektionsvorteil 1dsst sich die Evolution von groBeren oder sogar Riesensper-
mien und das damit verbundene erhdhte Investment des Médnnchens in ein einzelnes Sper-

mium nicht erklaren.

2 Riesenspermien bei Lonchopteridae
Kapitel I zeigt, dass die Ménnchen von L. lutea Spermien produzieren, die eine Linge

von 2.200 um und eine Dicke von 1,4 um haben und damit nach Dallai (2014) als
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Riesenspermien klassifiziert werden konnen. Auch bei weiteren Arten der Lonchopteri-
dae treten Riesenspermien auf, aber ldngst nicht bei allen (Kapitel II). Welche Evoluti-
onsprozesse bei dieser Fliegenfamilie zur Entstehung von Riesenspermien und damit zu
einer signifikanten Abweichung der sonst fiir Zweifliigler iiblichen Spermienmorphologie
gefiihrt haben, war eine zentrale Fragestellung dieser Dissertation. Zunéchst galt es daher,
die Morphologie und Ultrastruktur der extrem dicken und langen Spermien von L. lutea
aufzukldren und die Zellkomponenten zu identifizieren, die zu deren VergroBerung bei-
tragen. Dies gelang durch eine Kombination von 3D-Rekonstruktion und Transmissions-
elektronenmikroskopie (Kapitel I). Bei L. lutea dominiert iiber den GroBteil der Gesamt-
lange des Spermiums ein stark vergrofertes Mitochondrienderivat, welches von einem
groflen, ungewohnlich gestalteten akzessorischen Korper flankiert wird. Beide tragen
mafgeblich zur GroBe und zum Gesamtvolumen des Spermiums bei. Innerhalb der Ord-
nung Diptera wurden Riesenspermien bisher erst bei drei weiteren, nicht ndher verwand-
ten Familien beschrieben (Diopsidae, Drosophilidae, Cecidomyiidae). Hier 1dsst sich die
VergroBerung der Spermien jedoch auf ultrastrukturelle Besonderheiten zuriickfiihren,
die von denen der Lonchopteridae klar abzugrenzen sind. Bei der Stielaugenfliege Dia-
semopsis comoroensis sind dies ein grofer akzessorischer Korper (,,central band*) und
zwei Mitochondrienderivate, die ihrerseits eine besondere Grofie erreichen (Kotrba und
HeB, 2013; Kotrba et al., 2016). Bei den Riesenspermien einiger Vertreter der Taufliegen
(Drosophilidae) sind es zwei stark vergroferte Mitochondrienderivate ohne einen ak-
zessorischen Korper (Jamieson et al., 1999; Dallai et al., 2008) und bei manchen Vertre-
tern der Gallmiicken (Cecidomyiidae) erreicht das Axonem durch mehr als tausendfache
Vervielfdltigung der Mikrotubuluspaare eine auBBergewohnliche Grofe (Dallai, 1988).
Diese grundlegenden Unterschiede in der ultrastrukturellen Architektur der Riesensper-
mien innerhalb der Ordnung Diptera spiegeln die unabhingige Entwicklung voneinander
wider und kénnten auf einen Selektionsdruck hindeuten, der die schiere Grofe der Sper-
mien begiinstigt und nicht die Ausgestaltung einzelner Zellkomponenten. In Kapitel 11
wird zudem klar, dass dieser, wie auch immer geartete Selektionsdruck, vermutlich nicht
auf alle Arten der Lonchopteridae gleichermaflen wirkt oder wirken kann, da innerhalb
der Familie deutliche Unterschiede in der Spermiengréf3e bestehen. Mit einer Linge von
etwa 190-370 um weisen einige Arten (Lonchoptera barberi, Lonchoptera nigrociliata,
Lonchoptera scutellata) fir Fliegen vollig unauffillig groBe Spermien auf, wéhrend
L. fallax mit einer Gesamtliange von etwa 7.500 um eines der langsten bekannten Sper-

mien im Tierreich besitzt (Fitzpatrick et al., 2022). Wie bereits beschrieben, kommen zur
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Erkliarung dieses schwer greifbaren Phdnomens nach Eberhard (2015) drei Formen post-
kopulatorischer sexueller Selektion in Frage.

(1) ,,Sperm Competition*: Zwar ist bei Lonchopteridae nichts Ndheres iiber eine aktive
Entfernung der Spermien eines anderen Méannchens aus dem Weibchen, deren Neutrali-
sation oder den Aufbau von Barrieren, die kiinftige Besamungen verhindern sollen, be-
kannt, aber wenn man Form und Funktionalitit der Spermatheken in die Uberlegungen
mit einbezieht (Kapitel III), dann ist ,,Sperm Competition* zunédchst der naheliegendste
Erkldrungsansatz fiir die Entstehung von Riesenspermien in dieser Fliegenfamilie. Die
Spermatheken der Lonchopteridae lassen sich in vier morphologisch und histologisch
verschiedene Abschnitte einteilen, wobei gerade dem zweiten Abschnitt ma3geblich die
Aufgabe der Spermienspeicherung zukommt. Dieser zeichnet sich durch eine vergleichs-
weise bauchige Form aus, in der die Spermien scheinbar willkiirlich verkndult autbewahrt
werden. Lediglich in dessen basalem Bereich, am Ubergang zum ersten Abschnitt, finden
sich eindeutige Anzeichen dafiir, dass sich die Kopfe einzelner Spermien in Richtung Va-
gina ausrichten und sogar in den distalen Bereich des ersten Abschnitts vordringen (Ka-
pitel I und Kapitel III). Eine dhnliche Orientierung der Spermien in den Spermienspei-
cherorgangen kennt man zum Beispiel von Drosophila (Miller und Pitnick, 2002). Das
weitere Vordringen der Spermien in den ersten Abschnitt wird bei den untersuchten Lon-
choptera-Arten durch einen von Ringmuskulatur verschlossenen Ubergang sowie durch
reusenartig angeordnete Borsten erschwert oder verhindert. Nichtsdestotrotz bleibt die
Positionierung der Spermienkdpfe in diesem speziellen Bereich der Spermathek oder
moglichst nahe daran ein selektiver Vorteil, da diejenigen Spermien, die beim Offnen der
Ringmuskulatur als erste in Richtung Vagina und Ei starten kdnnen, eine grof3ere Wahr-
scheinlichkeit auf Befruchtung haben. Diesen Vorteil haben folglich vor allem Spermien,
die sich aufgrund ihrer Grofe/Dicke diese Position sichern konnen, indem sie die even-
tuell etwas kleineren Spermien anderer Méannchen verdrangen konnen und/oder vor solch
einer physischen Verdriangung geschiitzt sind (Displacement-Hypothese). Diese Hypo-
these wurde bei anderen Taxa schon vielfach formuliert (z. B. Lefevre und Jonsson, 1962;
Dybas und Dybas, 1981; Presgraves et al., 1999; Miller und Pitnick, 2002; Minder et al.,
2005; Rugman-Jones und Eady, 2008; Higginson et al., 2012; Dallai et al., 2021) und
erfahrt durch die Untersuchungen von Pattarini et al. (2006) starke Unterstiitzung, die
zeigten, dass lingere Spermien besser in der Lage sind, kiirzere Spermien aus einer giins-
tigen Position zu verdrangen und/oder vor eben solch einer Verdrangung besser geschiitzt

sind. Auch Manier et al. (2010) bestitigten experimentell, dass diese physische
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Verdringung durch konkurrierende Spermien ein entscheidender Faktor fiir den Befruch-
tungserfolg einzelner Spermien ist. Bei den Lonchopteridae sprechen jedoch zwei Unter-
suchungsergebnisse dieser Dissertation eher gegen die Displacement-Hypothese oder zu-
mindest dafiir, dass sie nicht der einzige Faktor postkopulatorischer sexueller Selektion
sein kann, der zur Entwicklung von Riesenspermien in dieser Fliegenfamilie gefiihrt hat.
(1) Eine extreme Lénge, wie die der Spermien von L. fallax (7.500 um), erscheint doch
etwas unverhédltnisméBig fiir die bloBe Verdrangung rivalisierender Spermien in einem
vergleichsweise winzigen Abschnitt der Spermathek, selbst wenn man die gesamte Lange
des zweiten Abschnitts (etwa 860 um bei L. fallax) als ,,Schauplatz* der Selektion in Be-
tracht zieht. (2) Die Spermatheken aller untersuchten Lonchoptera-Arten weisen im ent-
sprechenden Bereich einen sehr dhnlichen Grundbauplan auf, das heif3t, einen sehr engen
Ubergang vom zweiten Abschnitt in den ersten, der zusitzlich durch Ringmuskulatur
noch verjiingt/verschlossen wird, sowie reusenartig angeordnete Borsten (Kapitel III).
Folglich sollte der Selektionsdruck, der nach der Displacement-Hypothese auf die Sper-
mien wirkt, auf die Spermien aller Arten in dhnlicher Weise wirken und daher bei allen
Arten zu vergroferten oder Riesenspermien fithren. Da dies nicht der Fall ist, im Gegen-
teil, Riesenspermien bei den untersuchten Lonchoptera-Arten ein abgeleitetes Merkmal
darstellen und eher die Ausnahme bilden (Kapitel II), kann ,,Sperm Competition* zumin-
dest nicht der alleinige Faktor sexueller Selektion sein, der fiir eine derart extreme Ver-
lingerung der Spermien verantwortlich ist.

(2) ,,Sexually Antagonistic Coevolution*: Auch Prozesse der ,,Sexually Antagonistic
Coevolution* konnen grundsétzlich die Entstehung von Riesenspermien verursachen
oder zumindest begiinstigen. Geht man davon aus, dass ein Weibchen sich mit mehreren
Minnchen paart, um die genetische Variabilitdt ihrer Nachkommen zu erh6hen, wiirde es
fiir das Weibchen einen evolutiven Nachteil bedeuten, wenn das erste Mannchen, mit dem
es sich paart, bei der Paarung die Spermienspeicherorgane komplett auffiillen wiirde, so
dass keine Spermien anderer Ménnchen mehr aufgenommen werden konnten. Fiir das
erste Ménnchen wire dies jedoch ein entscheidender Selektionsvorteil, da auf diese Weise
seine Vaterschaft fiir alle Nachkommen dieses Weibchens sichergestellt wire (Miller und
Pitnick, 2003; Minder et al., 2005). Um dies zu erreichen, gibt es grundsitzlich zwei
Moglichkeiten: Pro Kopulation kdnnten entweder eine gro3ere Anzahl vergleichbar gro-
Ber Spermien oder insgesamt deutlich groBere Spermien auf das Weibchen iibertragen
werden. So konnte ein evolutiver Wettstreit zwischen Mannchen und Weibchen entstehen,

der sukzessive zu volumindseren Spermienspeicherorgangen und, wére vor allem
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letzteres der Fall, zu groBeren Spermien fithren wiirde. Da bisher weder in freier Wild-
bahn noch in Gefangenschaft Paarungen beobachtet werden konnten, ist iiber Menge und
Anzahl der pro Kopulation {ibertragenen Spermien bei Lonchopteridae nichts bekannt.
Auch nicht dariiber, ob tatsdchlich Mehrfachpaarungen in dieser Fliegenfamilie vorkom-
men. In Kapitel Il konnte jedoch gezeigt werden, dass es weder einen Zusammenhang
zwischen der Hodengréfe und der produzierten Spermienanzahl pro Hoden, noch zwi-
schen der Hoden- und der Spermiengrof3e gibt. Sollte ,,Sexually Antagonistic Coevolu-
tion* maligeblich fiir die Evolution der Riesenspermien bei Lonchopteridae verantwort-
lich sein, so wére zumindest zu erwarten, dass Arten mit sehr volumindsen Spermatheken
(entspricht den Arten mit langen Spermien) auch groflere Hoden haben sollten, da Rie-
senspermien zwar ein erhohtes Investment des Médnnchens in ein einzelnes Spermium
bedeuten, bei vergleichbarer Hodengrofle jedoch nur eine Umverteilung des Materials
darstellen. Ein wie oben beschriebener Prozess wiirde aber einen verstdrkten Selektions-
druck auf das Gesamthodenmaterial bedeuten und dadurch zu insgesamt groBBeren Hoden
fiihren. Auch von der Morphologie der Spermatheken der untersuchten Lonchoptera-Ar-
ten wire zu erwarten, dass die Selektion vor allem Spermatheken mit grof3eren Volumina
hervorbringt, vor allem der Abschnitte zwei und drei, in denen die Spermien mafigeblich
gespeichert werden. Eine liberproportionale Verldngerung des dritten Abschnitts (Kapi-
tel II1), wie es vor allem bei L. fallax der Fall ist, lieBe sich mit dieser Hypothese nicht
hinreichend erkldren. Daher sprechen die Untersuchungsergebnisse dieser Dissertation
eher gegen den vorherrschenden Einfluss von ,,Sexually Antagonistic Coevolution® bei
der Entstehung von Riesenspermien innerhalb der Lonchopteridae.

(3) ,,Cryptic Female Choice*: Bei Lonchoptera sind viele Prozesse der ,,Cryptic Female
Choice* nicht bekannt. So weil3 man bisher noch nichts dariiber, ob Weibchen aktiv die
Ausscheidung oder Neutralisation bestimmter Spermien herbeifiihren oder ob sie deren
Aktivierung oder Leistung steuern konnen. Hinweise darauf gibt jedoch die Morphologie
der Spermatheken (Kapitel III). Deren vierter Abschnitt ist bei allen untersuchten Arten
von einem Driisengewebe umgeben, das Sekrete produziert, die in die Spermathek abge-
geben werden. Aus Untersuchungen bei Drosophila weill man, dass das Uberleben der
Spermien im ventralen Rezeptakulum vom Vorhandensein funktionsfahiger Spermathe-
kendriisen abhingt (Anderson, 1945; Boulétreau-Merle, 1977; Pitnick et al., 1999). Zwar
besitzen Lonchopteridae kein ventrales Rezeptakulum und die Spermien werden, anders
als bei Drosophila, direkt in den Spermatheken gespeichert, aber eine dhnliche Funktion

der Spermathekensekrete ist naheliegend. Auch eine zusétzliche Aktivierung oder
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gezielte Freisetzung der Spermien aus der Spermathek, die liber solcherlei Sekrete vom
Weibchen gesteuert werden, sind vorstellbar. Uber die Biochemie dieser Sekrete und de-
ren Funktion bei Lonchopteridae ist bisher nichts bekannt, aber Spermien, die durch eine
auBergewohnliche Lénge mit ihrem Schwanz moglichst nah an den vierten Abschnitt der
Spermathek heranreichen, erhalten frither Zugang zu den entsprechenden Sekreten und
damit zu etwaigen Signalen des Weibchens. Dies kdnnte in Kombination mit der Dis-
placement-Hypothese zur Selektion auf kréftigere und lingere Spermien hinweisen, um
einerseits die Positionierung nahe dem Ausgang des zweiten Abschnitts zu sichern, und
andererseits, um moglichst nah an den vierten Abschnitt heranzureichen. Uber den ent-
scheidenden Selektionsdruck, der auf die Morphologie des weiblichen Fortpflanzungs-
trakts wirkt und damit ,,Cryptic Female Choice* ermoglicht, kann nur spekuliert werden
und auch die Untersuchungen an Lonchoptera lieferten diesbeziiglich keine eindeutigen
Hinweise, aber eine weit verbreitete Theorie ist, dass die Weibchen von einer stiarkeren
Kontrolle iiber den Befruchtungsprozess grundsitzlich profitieren (Eberhard, 1996; Hell-
riegel und Ward, 1998; Pitnick et al., 1999).

Zusammenfassend ist zu sagen, dass die Ergebnisse dieser Studie keine eindeutige Aus-
sage dariiber zulassen, welcher konkrete Prozess der postkopulatorischen sexuellen Se-
lektion bei Lonchopteridae zur Entstehung von Riesenspermien gefiihrt hat und es kann
auch keiner kategorisch ausgeschlossen werden. Eine Kombination aus ,,Sperm Compe-
tition” und ,,Cryptic Female Choice* scheint hinsichtlich der vorliegenden Daten jedoch

den plausibelsten Erklarungsansatz zu liefern.

3 Revision der Gattung Spilolonchoptera

In dieser Dissertation wurde filir die umfassendere Untersuchung der Morphologie und
der Evolution des Reproduktionssystems der Lonchopteridae auch auf nicht niher deter-
miniertes Sammlungsmaterial der SNSB-Zoologischen Staatssammlung Miinchen zu-
riickgegriffen, das von einem langjdhrigen Mitarbeiter der Sektion Diptera in den Jahren
1997-2002 auf mehreren Forschungsreisen in Taiwan gesammelt wurde. Die zwei Arten
wurden in Kapitel IT und Kapitel III zunichst als Lonchoptera spec. T1 und Lonchoptera
spec. T2 bezeichnet. Auf der Basis vergleichender Spermienmorphologie und mit Hilfe
von Daten aus dem DNA Barcoding konnten beide dem ,,Mittelbau* der in Kapitel II
aufgestellten phylogenetischen Hypothese und damit zweifelsfrei der Gattung Lonchop-
tera zugeordnet werden. Erst mit Unterstiitzung eines Dipterologen aus Wales konnten

diese beiden Arten kurz vor Abschluss dieser Arbeit als Lonchoptera zhejiangensis (T1)
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und Lonchoptera malaisei (T2) determiniert werden. Erstere wurde urspriinglich von Gao
et al. (2021) als Spilolonchoptera zhejiangensis und damit in einer Schwesterngattung zu
Lonchoptera beschrieben. Diese, ausschlieBlich in China vorkommende, Gattung wurde
von Yang (1998) etabliert, galt seit jeher als umstritten und wurde von etlichen ,,westli-
chen* Autoren nicht anerkannt (z. B. Sinclair und Cumming, 2006; Klymko und Mars-
hall, 2008; Kahanpii, 2014; Whittington und Beuk, 2022). Mit Hilfe der Daten und des
Materials aus dieser Dissertation gelang Whittington (2024) die Revision dieser Fliegen-
gruppe und die Umgruppierung der in der Gattung Spilolonchoptera beschriebenen Arten
in die Gattung Lonchoptera. Dies ist ein gutes Beispiel dafiir, wie hilfreich und wichtig
reproduktionsmorphologische Merkmale bei der Bestimmung von Arten und bei der Auf-

stellung einer gesicherten Phylogenie sind.

4 Zusammenfassung und Ausblick

Im Rahmen dieser Dissertation gelang es, das Reproduktionssystem der Lanzenfliegen
(Lonchopteridae) ndher zu untersuchen und zu beleuchten. So konnte zum einen die
grundlegende Morphologie der inneren ménnlichen und weiblichen Geschlechtsorgane
ndher beschrieben werden, deren letzte Beschreibung bereits {iber 100 Jahre alt und eher
oberfldchlich ist (De Meijere, 1906). Zum anderen stellte sich heraus, dass bei einigen
Arten Riesenspermien auftreten, dass diese eine von den herkdmmlichen Spermien der
Zweifliigler abweichende Morphologie und Ultrastruktur aufweisen und dass wohl
koevolutive Prozesse in Zusammenhang mit den Spermienspeicherorganen der Weibchen
fiir deren auBergewdhnliche Grofle verantwortlich sind. Solcherlei Prozesse, vor allem
bezogen auf die Lange der Spermien und der Spermienspeicherorgane, sind flir andere
Taxa bereits mehrfach beschrieben. Die aufwidndige 3D-Rekonstruktion dieser Kompo-
nenten des Reproduktionssystems der Lonchopteridae ermdglichte es jedoch zusitzlich,
die entsprechenden Volumina in die Uberlegungen mit einzubeziehen, was bisher von
keinen anderen Autoren gemacht wurde. Obwohl in Kapitel III eine vielversprechende
neue Hypothese zur Entstehung von Riesenspermien vorgestellt wird, gibt auch diese Ar-
beit keine finale Antwort auf die Frage, welche konkreten Evolutionsprozesse bei Lon-
choptera zur Entstehung von Riesenspermien gefiihrt haben. Die Bandbreite der hier dar-
gestellten Forschungsergebnisse lieferte dennoch wichtige Anhaltspunkte, die das allge-
meine Verstdndnis dieses sehr vielschichtigen Themas erweitert und vertieft haben. Um
dieses zusdtzlich auszuweiten und zu festigen, sollte in anschlieBenden Untersuchungen

(1) die genaue Phylogenie der Lonchopteridae geklirt, (2) deren Paarungsverhalten, vor
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allem im Hinblick auf Mehrfachpaarungen gepriift, (3) die mechanischen und biochemi-
schen Eigenschaften des riesigen Mitochondrienderivats und des strukturell auerge-
wohnlichen akzessorischen Korpers untersucht und (4) die biochemische und funktio-
nelle Natur der Spermathekensekrete aufgeklart werden. Erst dann werden sich eindeu-
tige Aussagen iiber das Reproduktionssystem und die Prozesse postkopulatorischer sexu-
eller Selektion in dieser spannenden und auflergewo6hnlichen Fliegenfamilie treffen las-

sen.
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Giant spermatozoa of Lonchoptera lutea (Lonchopteridae, Diptera) -
Structural and ultrastructural aspects

Michael Troster, Marion Kotrba

SNSB-Zoologische Staatssammlung Miinchen. Email: troestermichael@web.de, kotrba@snsb.de

Introduction:

Light microscopic dissections of the female reproductive tract of Lonchopteridae (Diptera, Brachycera) revealed spermatozoa
apparently much wider and much longer than the average dipteran spermatozoon. Subsequent studies in the species Lonchoptera
lutea Panzer, 1809 with micro-CT, serial sectioning, and TEM substantiate this finding and reveal new and interesting details.

la

germarium

bundles of early
spermatocytes

1b

bundles of late
spermatocytes

individualized, mature
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100 pm
—
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body
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Fig. 1. Micro-CT scan, visualization with Amira.
a: Testis with spermatocyte bundles. b: Partial re-
construction of spermatocyte bundles. c: Partial

Fig. 2. Histological semi-thin sections. Longitudinal section through testis of Lonchoptera lutea
shows different stages of spermatogenesis. Stiched image from 17 light microscopic photos at 100x
magnification.

Fig. 3. TEM images. a: Cross section of bundles of late
spermatocytes. b: Wide mid region and narrower end
region of mature spermatozoa. c¢: Mature spermato-

reconstruction of single spermatocyte bundle. zoon.

Results:

Partial reconstructions of bundles of maturing spermatocytes show that some of them exceed 1800 um in length (Figs. 1a-c). The
bundles comprise 62 to 89 (average 76) spermatocytes, while in other Diptera the number is generally 64 (Figs. 2, 3a). Mature
spermatozoa have a width of about 1.4 um along much of their length (Figs. 3b-c). The commonplace axoneme (0.2 um wide) is
accompanied by a single large pseudocrystalline mitochondrial derivative (1.2 um wide) and a large band-shaped accessory body
(1.3 um x 0.2 um). The ultrastructure of the accessory body shows up to 50 evenly spaced electron-light tubules embedded in an
otherwise homogenous electron-dense matrix. This condition is unique among all Diptera studied to date.

Outlook:

Apart from their large size, the most striking feature of the studied spermatozoa is the
enigmatic accessory body (Figs. 3c, 4). Investigating the early stages of spermatogenesis could
shed light on its cellular origin and molecular composition. The ongoing study will add
considerably to the hitherto scarce information on the diversity of spermatozoa structure and
ultrastructure in the Aschiza section of higher Diptera.
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Fig. 4. TEM images.

Stage from early spermato-
genesis showing accessory body with peculiar
ultrastructure.
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Fly Times, 65

Wanted: Fresh or alcohol material of Lonchopteridae

Michael Troster & Marion Kotrba

SNSB Zoologische Staatssammlung Miinchen, Miinchhausenstrafie 21,
81247 Miinchen, Germany; kotrba@snsb.de

We just published a paper (Kotrba et al. 2020) on the morphology and ultrastructure of the
spermatozoa of Lonchoptera lutea Panzer, 1809 (Diptera: Lonchopteridae). Therein we show that L.
lutea, which is very common in Europe, has exceptionally large spermatozoa. with a length of 2,200
pum and a width of 1.4 pm. Furthermore, females of this species have very long, tubular
spermathecae (Fig. 1), which can exceed a length of 4.1 mm and often contain densely packed
bundles of spermatozoa.

Fig. 1. Spermathecal ducts of Lonchoptera lutea Panzer, 3D-reconstruction from serial sections

Another very common species in Europe is Lonchoptera bifurcata (Fallén, 1810, senior synonym of
Lonchoptera furcata (Fallén, 1823)). Its spermathecae are of similar shape but only 0.7-1 mm long
and never contain spermatozoa. DeMeijere (1906) interprets this as an adaptation to parthenogenesis,
especially because males of this species are extremely scarce. This hypothesis is plausible but
requires substantiation by outgroup comparison.

To resolve the evolutionary trajectories of the length of the spermathecae and the length of the
spermatozoa and the potential relationship between these two traits in Lonchopteridae, it is necessary
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to study other species of this family. From the Bavarian State Collection of Zoology we could
already acquire alcohol material of the species L. fallax DeMeijere, 1906, L. tristis Meigen, 1824, L.
scutellata Stein, 1890 and L. nitidifrons Strobl, 1899 for further investigations. However, in order to
cover the phylogenetic range of the family, it is essential to study more European species, such as L.
meijerei Collin, 1938, L. impicta Zetterstedt, 1848, L. nigrociliata Duda, 1927, L. strobli DeMeijere,
1906 or L. pictipennis Bezzi, 1899, but also species from other regions of the world. Therefore we
would be very thankful, if you could provide fresh or alcohol material of male and/or female adults
of the family Lonchopteridae for serial sectioning.
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