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Streszczenie

Muchoéwki (Diptera), jeden z najbogatszych w gatunki rzedow owadow, osiaggnety
nadzwyczajny sukces ewolucyjny oraz wyksztatcity niespotykang r6znorodnos¢ strategii
zyciowych. Jednakze relacje pokrewienstwa i historia ewolucyjna muchowek wcigz
pozostaja w duzej mierze nierozwigzane, a wyniki analiz morfologicznych postaci
dorostych 1 danych molekularnych czesto prowadza do sprzecznych hipotez
filogenetycznych lub stabo wspieranych statystycznie relacji. W niniejszej pracy, oprocz
analiz filogenetycznych, szczegdlny nacisk potozono na wykorzystanie morfologii
stadiow larwalnych jako zrodita danych uzytecznych w badaniach taksonomicznych i
systematycznych owadéw. Badania przeprowadzono na przedstawicielach rodziny
Muscidae, jednej z najbogatszych gatunkowo rodzin muchowek, charakteryzujacej sie
wyjatkowa roznorodnoscia morfologiczng 1 biologiczng zaréwno postaci dorostych, jak i
stadiéw preimaginalnych. Chociaz obecna koncepcja rodziny Muscidae jest stosunkowo
dobrze ugruntowana dzigki jednoznacznym i zgodnym wynikom zaréwno analiz
morfologicznych, jak i molekularnych, wiele powigzan filogenetycznych w jej obrebie,
zwlaszcza dotyczacych relacji miedzy gatunkami czy pozycji poszczegdlnych taksonow
w obregbie podrodzin, czesto wykazuje zmienno$¢ w zalezno$ci od wykorzystanego
zrédta danych lub przyjetej metody analizy.

Celem niniejszej pracy bylo poglebienie wiedzy o relacjach filogenetycznych
wybranych przedstawicieli Muscidae oraz szczegdtowe udokumentowanie morfologii
wczesnych stadiow larwalnych. W analizach wykorzystano zar6wno dane molekularne,
stosujac metody sekwencjonowania nowej generacji, jak 1 podej$cie morfologiczne
oparte na nowoczesnych technikach mikroskopowych. Zastosowanie skanujacej
laserowej mikroskopii konfokalnej umozliwilo szczegdétowa wizualizacje dotad
nieopisanych 1 niedokumentowanych struktur szkieletu glowowo-gardzielowego larw,
dostarczajac nowych cech istotnych dla rekonstrukcji filogenezy oraz rewizji systematyki
wybranych taksonow.

Szczegdlng uwage poswiecono trzem problematycznym taksonom: rodzajowi
Alluaudinella Giglio-Tos 1 taksonom siostrzanym Aethiopomyia Malloch 1 Ochromusca
Malloch, rodzajowi Achanthiptera Rondani oraz rodzajowi Lispe Latreille. W przypadku
Alluaudinella i taksondw siostrzanych zastosowano zaro6wno analize morfologiczng larw,
jak 1 dane molekularne, co pozwolito zweryfikowac ich dotychczas niejednoznaczng
pozycje systematyczng. Dla rodzaju Achanthiptera opracowano szczegOlowa

dokumentacje larw z wykorzystaniem skaningowej laserowej mikroskopii konfokalnej i
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skaningowej mikroskopii elektronowej, umozliwiajac ponowna ocen¢ jego relacji
filogenetycznych w obrebie podrodziny Azeliinae. Z kolei w przypadku rodzaju Lispe
zastosowano sekwencjonowanie fragmentow DNA powigzanych z miejscami
restrykcyjnymi (RAD-seq) oraz sekwencjonowanie nanoporowe, uzyskujagc nowe dane
o relacjach wewnatrzrodzajowych 1 wskazujac na potrzebg rewizji niektérych grup
gatunkowych. Istotnym elementem pracy bylo takze opracowanie i udokumentowanie
morfologii wczesnych stadiow larwalnych (pierwsze 1 drugie stadium larwalne)
gatunkéw Muscidae o znaczeniu medyczno-sgdowym. Uzyskane wyniki pozwolily na
opracowanie pierwszego kompleksowego klucza identyfikacyjnego dla gatunkow
wystepujacych w zachodniej Palearktyce, wypetniajac istotng luke w wiedzy i stanowigc
cenne narzgdzie m.in. dla entomologii sadowej oraz przysztych badan nad

réznorodnos$cig 1 ewolucja Muscidae.

Stowa Kkluczowe: Achanthiptera, Alluaudinella, szkielet glowowo-gardzielowy,
mikroskopia konfokalna, mikroskopia $wietlna, Lispe, filogeneza molekularna, precik

parastomalny, analiza filogenetyczna
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Abstract

Flies (Diptera), one of the most species-rich insect orders, have achieved
extraordinary evolutionary success and evolved an unprecedented diversity of life
strategies. However, phylogenetic relationships and evolutionary history of Diptera
remain largely unresolved, and the results of analyses of morphological and molecular
data often lead to conflicting phylogenetic hypotheses or statistically weakly supported
relationships. In this study, in addition to phylogenetic analyses, particular emphasis was
placed on utilising the morphology of the larval stage as a source of data useful in
taxonomic and systematic studies of insects. The study was conducted on representatives
of the Muscidae family, one of the most species-rich families of flies, characterised by
extraordinary morphological and biological diversity of both adults and preimaginal
stages. Although the current concept of the Muscidae as a family is relatively well-
established, many phylogenetic relationships within it, particularly those concerning
species relationships and the position of individual taxa within subfamilies, often exhibit
variation depending on the data source used or the analytical method adopted.

The aim of this study was to better understand the phylogenetic relationships of
selected representatives of the Muscidae and to document in detail the morphology of
early larval instars. The analyses utilised both molecular data, using next-generation
sequencing methods, and a morphological approach based on modern microscopic
techniques. Particularly, confocal laser scanning microscopy (CLSM) enabled detailed
visualisation of previously undescribed and undocumented structures of the
cephaloskeleton of larvae, providing new characters crucial for phylogenetic
reconstruction and systematic revision of selected taxa.

Particular attention was paid to three problematic taxa: the clade consisting of the
genus Alluaudinella Giglio-Tos and its sister taxa Aethiopomyia Malloch and
Ochromusca Malloch, the genus Achanthiptera Rondani and the genus Lispe Latreille. In
the case of A/luaudinella and its sister taxa, analyses were carried out on morphological
data from the larvae as well as on molecular data, allowing for the clarification of their
previously ambiguous systematic position. For the genus Achanthiptera, detailed larval
documentation was produced using CLSM and scanning electron microscopy (SEM),
enabling a reassessment of its phylogenetic relationships within the Azeliinae. For the
genus Lispe, restriction site-associated DNA sequencing (RAD-seq) combined with
nanopore sequencing was used, yielding new data on intrageneric relationships and

suggesting the need for revision of some species groups. A significant part of the work
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also involved documenting and interpreting the morphology of early immature stages
(first and second instar larvae) of necrophagous muscid species. The data obtained
allowed for the development of the first comprehensive identification key for species
occurring in the western Palearctic region, filling a significant knowledge gap and
providing a valuable tool for forensic entomology and future research on the diversity and

evolution of Muscidae.

Keywords: Achanthiptera, Alluaudinella, cephaloskeleton, confocal laser scanning
microscopy, light microscopy, Lispe, molecular phylogeny, parastomal bar, phylogenetic

analysis
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1. Introduction

Flies (Diptera) represent one of the most diverse and ecologically significant
groups of insects, and their evolutionary relationships have become the subject of
extensive molecular and morphological studies. The phylogeny of flies has traditionally
been reconstructed based on morphological characters of adults (Meier & Lim, 2009),
less frequently on larval morphology, however, recent advances in phylogenomics have
significantly improved the resolution of the dipteran Tree of Life, clarifying relationships
at deep, intermediate and shallow taxonomic levels. In many cases higher-level taxa, that
is families, subfamilies and tribes, are now well defined (Buenaventura et al., 2021;
Cohen et al., 2021; Stireman et al., 2019; Winkler et al., 2022; Young et al., 2016). The
use of modern molecular tools has, for example, led to a revision of the taxonomic status
of blowflies (Diptera: Calliphoridae), in which, despite decades of research, phylogenetic
relationships remained controversial (Kutty et al., 2019). Discussions regarding
monophyly and the classification or status of some subfamilies remain contentious,
although the results of recent analyses have led, among others, to the resurrection of the
former subfamilies Polleniinaec and Mesembrinellinae to the level of families (Polleniidae
and Mesembrinellidae, respectively) (Cerretti et al., 2019; Marinho et al., 2017; Yan et
al., 2021) and to the reassessment of the status of Rhiniinae, which was resurrected to
family level (Kutty et al., 2010) and is now treated again as a subfamily (Kutty et al.,
2019; Yan et al., 2021). Nevertheless, even in the era of phylogenomics, morphological
data remain a valuable source of information on phylogenetic relationships, for example,
by providing clues to support the interpretation of molecular analyses. Although both
morphological and molecular approaches are largely congruent in terms of many key
relationships within Diptera, they often lead to divergent conclusions regarding the
relationships between main evolutionary lineages, and some nodes of the phylogenetic
tree remain poorly supported statistically (Grzywacz et al., 2021; Haseyama et al., 2015).
Consequently, the reconstruction of the phylogeny of Diptera still faces significant
difficulties, as reflected in conflicting hypotheses derived from different data sources (San
Jose et al., 2018).

In cases of conflict, integrating multiple types of data, from morphological and
ecological traits to molecular sequences, becomes crucial. A particularly valuable but still

underestimated source of information is the morphology of larval instars, the individual
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features of which may reflect both deep phylogenetic relationships and adaptations to
specific feeding strategies (Meier & Lim, 2009).

House flies (Muscidae), with approximately 6 000 species, are one of the most
species-rich dipteran families, found in all biogeographic regions. Several muscid species
are well known for their economic, medical or veterinary importance, as they can act as
mechanical vectors for pathogens, posing a threat to public health and animal breeding.
Nevertheless, these are characteristics of a few notorious species, such as the house fly
(Musca domestica Linnaeus), the stable fly (Stomoxys calcitrans (Linnaeus)), and the
cattle fly (Haematobia irritans (Linnaeus)), and the great majority of members of this
family are harmless. Some of them, however, play a significant ecological role, for
example as pollinators or potential biological pest control agents (some species of
Azeliinae and Coenosiinae) (Couri & de Carvalho, 2013; Couri & Salas, 2010; Tiusanen
et al., 2016). In turn, immature stages exhibit remarkably diverse feeding strategies, as
they can parasitise bird nestlings (larvae of Passeromyia Rodhain & Villeneuve and
Philornis Meinert), feed on grasses (Atherigona Rondani), feed on dead snails
(Alluaudinella Giglio-Tos, Aethiopomyia Malloch and Ochromusca Malloch), live in
aquatic habitats (Coenosiinae), decompose organic matter and cause myiasis in humans
and animals (Muscina Robineau-Desvoidy, Hydrotaea Robineau-Desvoidy). The
extraordinary diversity of morphology, life histories, behaviour, feeding strategies, and
ecological adaptations, both in the immature and adult stages, makes the Muscidae an
excellent model for studying the evolution of morphology and behaviour in a
phylogenetic context, and for the application of these data sources to verify hypotheses
on higher-level relationships.

The modern classification of the family Muscidae (Michelsen, 1991; Roback,
1951) differs significantly from earlier concepts. Previously, this family included taxa
currently classified in the families Fanniidae, Anthomyiidae and Scathophagidae (Karl,
1928; van Emden, 1951), as well as in the superfamilies Hippoboscoidea and Oestroidea
(Séguy, 1937), resulting in a wide variability in the proposed number of subfamilies,
which ranged from four (Hennig, 1955) to fifteen (Séguy, 1937). The classification of
Muscidae gained greater clarity in the second half of the 20th century. In particular,
studies on female oviscapt have clearly distinguished muscid species from the
representatives of modern Anthomyiidae, Fanniidae and Scathophagidae, based on the
loss of two postabdominal spiracles in the female abdomen (Herting, 1957). Significant

progress in higher-level classification was achieved through the use of morphological
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data in realms of phylogenetic concepts (Couri & Pont, 2000; Hennig, 1965; Moura et
al., 1998; Nihei & De Carvalho, 2007; Savage & Wheeler, 2004). Nevertheless, most
studies were still based solely on adult morphology. The only data on preimaginal stages
were included in the work of Skidmore (1985), who, however, did not perform a formal
phylogenetic analysis and avoided reclassification when the morphological data of
immature stages and adults were at odds. The modern concept of Muscidae and the
understanding of relationships within the family were later refined by molecular analyses
(mS-seq, AHE, RAD-seq, transcriptomic data (Grzywacz et al., 2017, 2021; Haseyama
et al.,, 2015; Kutty et al., 2008, 2014, 2019)). Despite these advances, numerous
relationships, especially at the intermediate and deep taxonomic levels, are still poorly
understood and classifications based on adult morphology often do not matc—h with the
results of molecular studies. Currently, Muscidae is divided into eight subfamilies:
Atherigoninae, Azeliinae, Coenosiinae, Cyrtoneurininae, Muscinae, Mydaeinae,
Phaoniinae and Reinwardtiinae. However, most subfamilies and tribes, that have
traditionally been recognised based on adult morphology, appear to be either not
monophyletic or the various data sources suggest alternative phylogenetic hypotheses,
indicating the need to develop a new, robust classification system for Muscidae
(Grzywacz et al., 2021; Haseyama et al., 2015; Kutty et al., 2008, 2014).

The morphology of the immature stages is still a rarely implemented source of
taxonomic data. One of the key activities in this approach is the analysis of the
morphology of the cephaloskeleton, which is located inside the anterior part of the larval
body and is responsible for feeding in cyclorrhaphan Diptera (Ferrar, 1979). The analysis
of its structure (e.g., the presence/absence of individual elements of the cephaloskeleton,
1.e., sclerites, their position, connections, shape, modifications) and functional diversity,
which usually correlates with the mode of food acquisition, constitutes the basis for
reconstructing higher-level relationships between taxa (Ferrar, 1979; Skidmore, 1985). In
practise, traditional light microscopy, routinely used in the study of dipteran larvae,
allows only the observation of a limited range of features due to the cephaloskeleton being
a small structure, sclerotized to varying degrees and partially hidden by soft tissue. A
breakthrough in the study of these minor structures is confocal laser scanning microscopy,
which allows for the acquisition of high-resolution three-dimensional images using
chitin's autofluorescence properties (Brooker et al., 2012; Grzywacz, Géral, et al., 2014;

Lee et al., 2009). In this work, the application of CLSM to the systematics of muscids
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opens new possibilities for the interpretation of morphological data of immature stages in
the context of phylogenetic inference.

In this doctoral thesis, representative taxa from the family Muscidae that are
characterised by ambiguous phylogenetic relationships or problematic taxonomic
positions were selected. Each of the Articles 1-4 covers different taxa and employs
different analytical approaches: Article 1 combines detailed larval morphology with
molecular analyses, Articles 2 and 3 focus solely on morphological data of larvae and
Article 4 uses only molecular data to analyse intrageneric relationships. This
methodological diversity, and above all, the inclusion of larval morphology, enabled the
testing of existing phylogenetic hypotheses, the provision of new and revised
morphological descriptions of larval instars and contributed to resolving some
questionable nodes within the family Muscidae. Although particular emphasis was placed
on integrating larval morphology into phylogenetic inference in this dissertation, this was
not feasible for the genus Lispe (Article 4). The primary reason was the lack of complete
and comprehensive literature data and larval material for a broad set of species,
representing major evolutionary lineages in this genus. Where those were present,
available morphological descriptions and line drawings did not provide sufficient

information to allow for phylogenetic inference (Skidmore, 1985).

1.1 The systematic position of Alluaudinella (Article 1)

The phylogenetic position of the genus Alluaudinella, along with its relatives
Aethiopomyia and Ochromusca, has remained unclear for decades, and their classification
has undergone numerous changes. Previous authors based their hypotheses on adult
morphological characters, and only in a few cases took into account the morphology of
larvae, placing these taxa in different subfamilies of Muscidae (Dichaetomyiinae,
Dichaetomyiini of Phaoniinae, Muscinae, Reinwardtiinae). The only consistent and
unambiguous conclusion among authors was the close relationship between
Alluaudinella, Aethiopomyia, and Ochromusca, which together form a monophyletic
group supported by both immature and adult morphology, as well as by a highly
specialised snail-feeding strategy of larval stages. The unclear systematic position of the
entire Alluaudinella-Aethiopomyia-Ochromusca clade within other muscid species
resulted from several reasons: (i) overreliance on single features of adult morphology
(e.g., the shape of the lower calypter (Malloch, 1925; van Emden, 1939) or male

terminalia (Paterson, 1959) or yellow body colouration and/or setose anepimeron
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(Hennig, 1965)), (ii) the use of heterogeneous and often contradictory classification
criteria by subsequent authors (mostly the morphology of adult flies with single examples
of including larval biology and morphology), (iii) erroneous interpretations of the biology
of larvae, initially considered carnivorous (Paterson, 1959), while in fact they are
trimorphic saprophagous (Skidmore, 1985), (iv) reliance on homoplastic characters
devoid of phylogenetic value (Couri & Carvalho, 2003) and (v) scarcity of data on early
instar larvae. The up-to-date concept is that Alluaudinella is placed in the subfamily
Phaoniinae and is closely related to Dichaetomyia Malloch (Pont, 1980). Due to the
inconsistency and unclear subfamily position of the clade Alluaudinella-Aethiopomyia-
Ochromusca the aim of this study was to investigate its position within Muscidae using
larval morphology and, for the first time, molecular data. This approach allowed us to test
existing concepts and assess the congruence of morphological and molecular data in the
context of the systematic position of the A/luaudinella-Aethiopomyia-Ochromusca group

within the family Muscidae.

1.2 The systematic position of Achanthiptera (Article 2)

For many decades, the genus Achanthiptera remained one of the most challenging
taxa in muscid systematics. The genus has been placed in various tribes and subfamilies
(d’Assis Fonseca, 1968; Hennig, 1955, 1965), and even in its own subfamily,
Achanthipterinae (Hennig, 1965). This classification was based on a single observation
by Hennig (1965) that one postabdominal spiracle is retained in segment 6 of the female
abdomen, while all other members of the Muscidae lack postabdominal spiracles.
However, as later morphological reanalyses of adult flies showed (Kutty et al., 2014), this
peculiar feature was a misinterpretation. The phylogenetic analysis based on molecular
data with the addition of revisions of adult morphology (Kutty et al., 2014) demonstrated
that Achanthiptera did not occupy a unique position within Muscidae, but was closely
related to Potamia Robineau-Desvoidy and Australophyra Malloch, justifying its
placement in the subfamily Azeliinae. Nevertheless, detailed morphological
documentation of Achanthiptera larvae, which could have provided additional systematic
evidence, was still lacking. In Article 2, this gap was filled by examining the second and
third larval instars of Achanthiptera and Potamia, and the third larval instar of
Australophyra, using CLSM and SEM. The use of CLSM in this study proved invaluable
due to the poor condition of the 100-year-old museum Achanthiptera larvae, which

prevented sufficient analysis using LM. The obtained microscopic documentation
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allowed for a reanalysis of the systematic position of these taxa and provided new
evidence for the position of Achanthiptera within the subfamily Azeliinae. Furthermore,
CLSM observations revealed peculiar, previously undocumented modifications of the
cephaloskeleton, including distinct anterior rod shapes in the second and third instars of
Ac. rohrelliformis (Robineau-Desvoidy) and P. littoralis Robineau-Desvoidy. The
analysis also provided evidence for unique similarities between Achanthiptera, Potamia

and Australophyra, supporting their close relationship.

1.3 The morphology of early instar muscid larvae (Article 3)

Although the family Muscidae has for decades been the subject of considerable
interest among many authors, resulting in substantial descriptions of larval morphology,
these efforts have focused predominantly on late (third) instar larvae. Consequently, the
morphology of early (i.e., first and second) instars remains poorly understood or even
entirely unknown. Knowledge of larval morphology may prove useful, for example, in
the context of forensic entomology, where accurate species identification is of paramount
importance. This problem is particularly acute for the early larval instars of muscid larvae,
a family encompassing several species of medico-legal importance. A common opinion
was that first and second instar larvae are difficult to distinguish due to their small size
and significant morphological similarity. Current methods, which involve rearing larvae
to adults and then identifying them or molecular identification of larvae, are often limited
by difficulties in obtaining and properly storing material, as well as potential DNA
degradation (Byrd & Castner, 2010; Hajibabaei et al., 2005; Yeo et al., 2020). At the same
time, the development of modern microscopic techniques, i.e., CLSM, has opened up new
perspectives in the imaging and analysis of such small material, enabling much more
detailed morphological studies of early larval instars. In Article 3, a detailed analysis of
the morphology of first and second instar larvae of necrophagous muscid species was
conducted using LM and CLSM, and for two species, also SEM. Based on the obtained
data, the first comprehensive identification key for the first and second instars of muscid
larvae from the western Palearctic region was developed, filling a significant gap in

morphological knowledge and increasing the precision of early instar identification.
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1.4 The phylogenetic relationships within the genus Lispe (Article 4)

Lispe Latreille is a monophyletic genus of flies (Diptera: Muscidae) widely
distributed worldwide, except for New Zealand. Its monophyly is supported by
autapomorphies described by Hennig (1960, 1965) and recent molecular analyses (Gao
et al., 2022). Lispe is currently classified in the subfamily Coenosiinae and is closely
related to the genus Limnophora Robineau-Desvoidy (Hennig, 1960), which has been
confirmed by molecular studies (Gao et al., 2022; Ge et al., 2016; Grzywacz et al., 2021;
Kutty et al., 2014). So far, numerous attempts have been made to systematise species
within Lispe and classify them within smaller units, i.e., species groups. Initial divisions
into species groups were proposed in the mid-20th century (including the fentaculata,
uliginosa, palposa, scalaris, caesia and longicollis species groups), and in recent years,
Vikhrev has significantly expanded on them, introducing subsequent species groups.
Some groups, such as nivalis-group and palposa-group, are well-defined, while others,
such as caesia-group, remain unclear. Currently, fourteen species groups are recognised
based on morphological data and ecological preferences, however, some of them have an
unclear status, as do the relationships between them, and some species still remain
unassigned, which requires further study. To better understand species relationships
within Lispe, RAD-seq was applied in Article 4 using two approaches: de novo assembly
and reads mapping to a reference genome. For this purpose, the Lispe tentaculata (De
Geer) reference genome was obtained using long-read nanopore sequencing (Oxford
Nanopore Technologies). To obtain the highest possible genome quality, we tested
different ONT read assemblers to evaluate their performance in terms of completeness
and quality of the obtained genome sequence. Additionally, we compared different RAD-
seq analysis schemes, as the choice of analysis parameters is crucial and can significantly
impact the final results (Grzywacz et al., 2021). Our findings largely confirm the previous
division into species groups that were proposed based on traditional morphology, but at
the same time reveal new relationships between them and indicate the need for a thorough

revision of the phylogeny of the genus Lispe.
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2. Aims and objectives

The primary aim of this study was to clarify the phylogenetic relationships
between some taxa within the family Muscidae and to describe for the first time and/or
revise the morphology of selected immature stages of muscid species. The interpretation
of Muscidae as a distinct family (Michelsen, 1991) and the establishment of phylogenetic
relationships between taxa within it have been a subject of debate for many years. Despite
some progress in the classification of muscids achieved by incorporating molecular data
(Grzywacz et al., 2017, 2021; Haseyama et al., 2015; Kutty et al., 2014; Schuehli et al.,
2007), many relationships still remain unresolved, mainly due to divergent results (e.g.,
adult morphology versus molecular analyses) and poor statistical support for the proposed
phylogenetic hypotheses. Given the growing importance and abundant evidence (Meier
& Lim, 2009) that the morphology of immature stages of insects is a valuable source of
phylogenetic information, this work extensively uses morphological data of preimaginal
stages for phylogenetic inference. This dissertation utilised both molecular and
morphological analyses, with the choice of methods largely dependent on the availability
of larval material and research question. In Articles 1-3, morphological analyses were
performed (in Article 1, supplemented by molecular analysis using mS-seq), while in
Article 4, due to the lack of comprehensive data on immature stages for a broad set of

species, only a phylogenomic approach was used.
The specific objectives of the present work were as follows:

Article 1:
e to study and document the morphology of the egg, first, second and third instar of
Alluaudinella flavicornis (Macquart);
e to provide the first molecular phylogenetic analysis including A/luaudinella spp.;
e to incorporate larval morphology into the evaluation of certain nodes on the

phylogenetic tree that are consistent or inconsistent with traditional concepts.

Article 2:
e to evaluate the effectiveness of CLSM in visualising over 100-year-old museum
larval material exposed to excessive UV radiation;

e to examine and document in detail the morphology of second and third instar

larvae of Achanthiptera rohrelliformis (Robineau-Desvoidy) and Potamia
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littoralis Robineau-Desvoidy, and third instar larvae of Australophyra rostrata
Robineau-Desvoidy, using LM, SEM and CLSM,
e to reexamine the systematic relationships of Ac. rohrelliformis within the family

Muscidae.

Article 3:
e to conduct a detailed morphological analysis of the first and second instar larvae
of medico-legal muscid species using LM and CLSM;
e to develop the first illustrated identification key enabling species identification of
early instar of forensically significant muscids larvae from the western Palearctic

region.

Article 4:

e to obtain the L. tentaculata genome sequence using nanopore sequencing;
e to examine the phylogenetic relationships within the genus Lispe using RAD-seq

method.
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3. Materials and methods

Each of the four articles constituting this doctoral dissertation addressed different

taxa within the family Muscidae. The selection of taxa resulted from the need to fill gaps

in knowledge about their systematic position and the morphology of preimaginal stages.

Particular attention was paid to species whose early instar larvae were poorly known and

insufficiently documented, with the literature often providing only limited descriptions

that concerns only diagnostic features of mature larvae. An additional benchmark for

selecting taxa was their unresolved systematic position, resulting from the lack of solid

molecular or morphological evidence supporting the previously proposed phylogenetic

hypotheses.

Table 1. Summary of the taxa studied and methods used in each of the four studies.

Morphological
Molecular
Article | Taxon/taxa under study analysis
analysis methods
methods
Article
1 Alluaudinella flavicornis EE/IMCLSM’ mS-seq
Article | Achanthiptera rohrelliformis,
5 Potamia littoralis, Australophyra | CLSM, SEM -
rostrata
Atherigona orientalis, Hydrotaea
aenescens, Hydrotaea armipes,
Hydrotaea capensis, Hydrotaea
dentipes, Hydrotaea ignava,
Article Hydrotaea pilipes, Hydrotaea LM, CLSM,
3 similis, Musca domestica, SEM )
Muscina levida, Muscina
prolapsa, Muscina stabulans,
Stomoxys calcitrans,
Synthesiomyia nudiseta
Article RAD-seq,
4 genus Lispe - nanopore
sequencing

3.1 Materials

Article 1
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In Article 1, the main subject of the study was the species Alluaudinella
flavicornis. The morphological analysis covered the full range of its preimaginal stages,
from eggs to third instar larvae. The material was collected in 2018 in Uyo (Nigeria) by
Dr. Mfon Ekanem. Briefly, females of A. flavicornis were attracted to Achatina Lamarck
snails as bait and collected using an entomological net. The obtained females were then
brought to the laboratory to obtain larval material. After oviposition, some eggs were
transferred directly to 70% ethanol, and subsequently larvae of adequate age were killed
by immersion in boiling water and preserved in 70% ethanol (Adams & Hall, 2003).
Phylogenetic analyses based on molecular data were performed using a total of 55 species
representing all recently defined subfamilies of Muscidae (Grzywacz et al., 2021),
including five species from the family Anthomyiidae as an outgroup. The material for
molecular analysis was obtained from the collections of the Department of Ecology and
Biogeography, NCU, Torun, Poland. A complete list of all species used in the molecular
analyses is available in Supplementary Material: Table S1, Article 1.

Article 2

In Article 2, the phylogenetic position of Achanthiptera rohrelliformis, Potamia
littoralis and Australophyra rostrata was investigated based on larval morphology. To
achieve this, a detailed morphological analysis of the larvae was provided, including the
second and third instar larvae of Ac. rohrelliformis, the second and third instar larvae of
P. littoralis and the third instar larvae of Au. rostrata. Larvae of Ac. rohrelliformis were
obtained from the Natural History Museum (BMNH) in London (UK), the Natural
History Museum of Denmark (NHMD), University of Copenhagen (Denmark) and the
Museum fiir Naturkunde (ZMB), Leibniz Institute for Evolution and Biodiversity
Science, Berlin (Germany). Some of the larvae posed a challenge, since they were over
100 years old and faded from overexposure to UV light. Larvae of P. littoralis were
obtained by capturing adult female flies in Plawin (Poland) in 2013 by Dr. Andrzej
Grzywacz and allowing them to oviposit in the laboratory. Larvae of Au. rostrata were
collected during a police investigation from human cadaver in the Kuitpo Forest (South

Australia) by Prof. James F. Wallman.

Article 3

Article 3 focused on muscid species for which early larval morphology was
unknown or poorly described or insufficiently documented in the literature. The study

also included species that had already been relatively well studied by LM and SEM
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methods (i.e., Atherigona orientalis Schiner (Grzywacz & Pape, 2014) and Synthesiomyia
nudiseta (Wulp) (Velasquez et al., 2013)), but the use of CLSM in this study provided
new morphological data and more detailed microscopic documentation of the
cephaloskeleton. The following species were included in the analyses: A. orientalis,
Hydrotaea aenescens (Wiedemann), Hydrotaea armipes (Fallén), Hydrotaea capensis
(Wiedemann), Hydrotaea dentipes (Fabricius), Hydrotaea ignava (Harris), Hydrotaea
pilipes Stein, Hydrotaea similis Meade, Musca domestica, Muscina levida (Harris),
Muscina prolapsa (Harris), Muscina stabulans Fallén, St. calcitrans and Sy. nudiseta. The
larval material was obtained from the collections of the Department of Ecology and
Biogeography, NCU, Torun, Poland. Detailed protocols for material collection and
laboratory rearing have been described in previous works (Grzywacz, 2013; Grzywacz et
al., 2015; Grzywacz, Lindstrom, et al., 2014; Grzywacz & Pape, 2014; Velasquez et al.,
2013), with the exception of St. calcitrans. Larvae of St. calcitrans were collected in

Ptawin (Poland) in 2010 by Dr. Andrzej Grzywacz and preserved in 70% ethanol.

Article 4

Article 4 focuses on the phylogenetic analysis of the genus Lispe. Molecular
analyses were performed on 49 species representing all currently recognised and/or
revised species groups (Gao et al., 2022; Hennig, 1960; Snyder, 1954; N. Vikhrev, 2011;
N. E. Vikhrev, 2021; N. E. Vikhrev et al., 2016; N. E. Vikhrev, 2011, 2012c, 2012b,
2012a, 2014, 2015, 2016, 2020). The material included taxa from Afrotropical,
Australasian, Nearctic and Palaearctic regions. All species were collected successively
since 2008 and pinned or preserved in ethanol. Additionally, four species of the genus
Limnophora were included in the analysis as an outgroup. The full list of species and
metadata with information on collection location and source can be found in
Supplementary Material: Table S2, Article 4. Due to the need to obtain DNA with the
least degree of degradation, samples intended for genome sequencing were collected just
before the initiation of molecular studies. Thus, specimens of Lispe tentaculata were
collected in Torun (Poland) (53°00'14.4"N; 18°36'19.2"E) in June 2021 by Dr. Andrzej
Grzywacz. Adults were placed in a freezer for a few minutes for immobilisation and

subject to further steps.
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3.2 Methods
3.2.1 Morphological analyses

The larvae intended for morphological studies were examined using a
combination of different types of microscopy: LM, CLSM, SEM (Article 1, Article 3)
and CLSM, SEM (Article 2). The application of this approach allows to obtain
comprehensive and detailed documentation including all relevant morphological
structures. In the present study, CLSM was widely used to visualise muscid larvae
because light microscopy turned out to be insufficient for cephaloskeleton analysis.
Optical limitations of LM such as problems of resolution, illumination and depth of field,
prevented precise visualisation of the edges of small sclerites and their interactions
(Grzywacz et al., 2014). The use of innovative microscopy techniques, that is CLSM,
effectively overcomes these limitations. Confocal microscopy is particularly desirable for
visualising fine, complex, autofluorescent structures of larvae (Grzywacz et al., 2014). Its
use guarantees high resolution as well as high-fidelity imaging and 3D reconstruction
providing detailed information on examined structures (Szpila et al., 2021).

Due to the reproducibility of the microscopy methods used (LM, CLSM, SEM),
the description of the procedures in the following subsections is presented in a general
manner. Detailed parameters of the morphological analysis, such as maceration time in

10% KOH or the excitation wavelength used in CLSM, are presented in Articles 1-3.

3.2.1.1 Light microscopy

For light microscopy examination, the whole larvae were mounted in Hoyer’s
medium (chloral hydrate (CI3CCH (OH),) : gum arabic : glycerol : distilled water = 20 :
3 :2:5) prepared according to Cielecka et al. (2009). The prepared microscope slides
were examined and photographed using a M205C Leica Stereomicroscope (Leica
Microsystems, Wetzlar, Germany) equipped with an integrated high-resolution Leica
DFC495 digital camera or a Nikon Eclipse E200 microscope with a Nikon 8400 digital
camera (Nikon Corp., Tokyo, Japan).

3.2.1.2 Confocal laser scanning microscopy

The preparation and acquisition steps for CLSM examination were conducted in
accordance with the protocol provided by Walczak et al. (2022). Firstly, effective

visualisation of the cephaloskeleton requires maceration of the soft tissues. To achieve
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this, whole specimens of first-instar larvae were used, while in the case of second- and
third-instar larvae, the anterior part of the body was cut off and then transferred to a 10%
KOH solution. Maceration time was controlled by regularly assessing the degree of tissue
maceration. It varied depending on the developmental stage and larval size, with durations
of 20-24 hours for first-instar larvae, 24-36 hours for second-instar larvae and 2472
hours for third-instar larvae. After this step, the larvae were transferred to freshly prepared
80% EtOH for 15 minutes to dehydrate and rinse away any residual KOH. Each specimen
was then placed in a drop of glycerine or Euparal on a microscopic slide and covered with
a coverslip. Since acquisition times varied from 1 to 4 hours, this led to excessive heating
of the glycerine and its hydration, resulting in coverslip displacement and loss of image
quality. To prevent this, the edges of the coverslip were secured with quick-drying glue.
Prepared slides were scanned using a Leica TCS SP8 Confocal Laser Scanning
Microscope (Leica Microsystems, Wetzlar, Germany), using various combinations of
excitation wavelengths (488 nm, 561 nm, 633 nm) in sequential scanning mode. The
specimens were examined under a 40x or 63 oil immersion objective with a N.A. of 1.3
or 1.4, respectively. Effective 3D visualisation requires collecting more data than
necessary to obtain acceptable 2D images, and differences in larval thickness necessitated
optimisation of the number of frames collected for each sample (Grzywacz et al., 2014).
The Z-axis step size was defined individually and manually for each specimen. After
acquisition, all individual images were assembled to generate MIP using LAS AF V3.3

software and 3D visualisations were created using LAS X 3D Viewer.

3.2.1.3 Scanning electron microscopy

Preparation for SEM analyses included dehydration of specimens at 80.0%, 90.0%
and 99.5% EtOH, followed by critical point drying in carbon dioxide (CO2) with an
Autosamdri®-815, Series A critical point dryer (Tousimis Research Corp., Rockville,
MD, U.S.A.). Afterwards larvae were mounted on aluminium stubs using double-sided
adhesive tape and sputter coated with gold for 210 s or platinum for 140 s (30 nm or 20
nm of coating, respectively) using a JEOL JFC 2300HR high-resolution fine coater
(JEOL Ltd, Tokyo, Japan). SEM images were taken with a JEOL scanning microscope
(JSM-6335F; JEOL Ltd., Tokyo, Japan).
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3.2.2 Molecular analyses
3.2.2.1 Multilocus Sanger sequencing

For molecular analysis using an mS-seq approach (Article 1), de novo obtained
gene sequences as well as additional sequences retrieved from GenBank were used. The
newly obtained sequences were generated by gDNA extraction, gene amplification,
purification, Sanger sequencing, capillary electrophoresis and final assembly using
SeqMan Il v.4.0 (DNASTAR, Lasergene, Madison, WI, USA). The mS-seq alignment,
including two mitochondrial protein-coding genes (COI, cytB) and two nuclear genes (Ef-
la, CAD), was analysed with ML using RAxML 8.2.6 (with the GTR + G + I model) and
GARLI v.2.01 (using the best-fitting model of nucleotide substitution), and by BI using
MrBayes v.3.2.6. PartitionFinder v.1.1.1 was used to select the best partitioning scheme
according to the BIC. Branch support was assessed using 1000 nonparametric bootstrap
replicates for ML and posterior probabilities for BI, and the convergence of the Bayesian
analyses was verified in TRACER v.1.7. The phylogenetic tree was rooted using

Anthomyiidae species.

3.2.2.2 Genome sequencing (ONT) and data processing

DNA was isolated from freshly collected L. fentaculata specimens, and the two
extracts with the highest concentration and longest fragments (Qubit 3.0 evaluation and
gel electrophoresis) were selected. The selected samples were purified using AMPure XP
beads to remove short fragments and prepared for further steps. Due to the relatively low
gDNA concentration, two libraries were prepared, one for each L. tentaculata individual,
using the SQK-LSK110 kit (ONT) according to the manufacturer's protocol with some
modifications (extended incubation times). The libraries were sequenced in four runs on
two flow cells (SpotON Flow Cell Rev D (R.9.4.1; FLO-MIN106D)) using a Minl[ON
Mk1C device. ONT reads were basecalled in super-accuracy mode (Guppy v.5.0.7),
adapter-cleaned (PoreChop v.0.2.4), filtered for length (>500 nucleotides) and quality
(Q>10) (NanoFilt), and their quality was assessed using NanoPack. For genome
assembly, five long-read assemblers were compared: Raven, SMARTdenovo, wtdbg2,
Canu and Flye, using default parameters and adjusted to the genome size (~700 Mb). The
quality and completeness of the assemblies were assessed using BUSCO v.5.2.1 and
Inspector (number of contigs, total length, the longest contig, N50, QV). The most
complete assembly with the highest QV was selected for further analysis.
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3.2.2.3 RAD-seq

For each species, individually barcoded RAD-seq libraries were prepared with
modifications including double DNA digestion with Sbfl-HF restriction enzyme and
selection of 300—500 bp fragments (Pippin Prep). The final library was sequenced on an
[Mlumina HiSeq 2500 system (paired-end). Raw reads were quality controlled (FastQC
v.0.11.9), cleaned from adapters and low-quality sequences (7rimmomatic v.0.36) and
then analysed in ipyrad v.0.9.81. Two approaches of assembly were performed: (i) a de
novo approach, with a wide range of clustering threshold values (CT 0.70-0.90,
incremented by 0.01), and (ii) a reference-based approach, using the L. tentaculata
genome obtained in this study. For each dataset, phylogenetic trees were constructed
using the ML approach in RAxML v.8.2.12 with 100 bootstrap repetitions, selecting the
optimal CT based on the highest average bootstrap support and the highest number of
SNPs. For phylogenetic analysis, the maximum likelihood (RAXxML v.8.2.6) was applied
on four datasets: three de novo alignments and one reference-based alignment, using the
GTR+G model. For RAD-seq data with CT = 0.74, the multispecies coalescent model in
BPP v.4.0 was applied, analysing two sets of loci (11 693 retrieved from reference-based
assembly and 9 540 retrieved from assembly under 0.74 CT) in four independent MCMC
runs. The species tree topology from RAxML was used as a starting point, assuming priors
for population size and the divergence time of the root between Lispe and Limnophora

based on literature data (Haseyama et al., 2015).
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4. Results and discussion
Article 1

The results of all analyses carried out in Article 1 provided full and detailed
morphological descriptions of the egg and all three larval instars of A. flavicornis. New
descriptions prepared on the basis of documentation obtained, covered both the
cephaloskeleton and the external morphology of the larvae. Using microscopic images,
detailed line drawings for each larval instar were created. Extensive morphological
documentation with the use of LM, CLSM and SEM was also provided. The results were
compared with published data of A/luaudinella and their relatives (Aethiopomyia and
Ochromusca) (Ekanem, 2008; Paterson, 1959; Skidmore, 1985) and any differences were
highlighted. The most important differences identified concern the accuracy and
completeness of the documentation. This study visualised and described a larger number
of sclerites than previously observed by means of light microscopy only, and also
captured their structural details. For the eggs, differences in the shape and arrangement
of surface structures that have not been adequately explained in the literature were
described. Furthermore, more precise information regarding the details of the
cephaloskeleton was presented, including, in particular, visualisation of the accessory
stomatal sclerites, labial sclerites, the epistomal sclerite, parastomal bars and rami, as well
as the spinulation pattern. As a result, a coherent and more complete understanding of the
morphology of 4. flavicornis eggs and larvae has been obtained, which significantly
expands current knowledge and corrects previous fragmentary or erroneous
interpretations (including misidentification of larval instars (Ekanem, 2008)).

Considering the current systematics of A/luaudinella and the state of its close
relationship to Dichaetomyia, a comparative analysis of the larval morphology of these
taxa was conducted, taking into account both the obtained results and published literature
data on the biology and morphology of Dichaetomyia. Significant differences between
these taxa were demonstrated, particularly in the cephaloskeleton, which is crucial for
taxonomic diagnosis, as well as in the structure of the posterior spiracles and details of
the spinulation pattern. In turn, the larval morphology of representatives of the
Reinwardtiinae  (i.e., Muscina Robineau-Desvoidy, Passeromyia, Philornis,
Synthesiomyia Brauer & von Bergenstamm) shows significant similarity to the third
larval instar of Alluaudinella. A summary of selected larval characters is presented in

Table 2.
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Table 2. Summary of certain larval characters of Alluaudinella, Ochromusca and
Aethiopomyia compared to Dichaetomyia as a selected representative of Phaoniinae, and

Reinwardtiinae. The data included in the table are based on this study and the available

literature data (Paterson, 1959; Pont & Dear, 1976; Skidmore, 1985).

Alluaudinella,
Larval characters Ochromusca, Dichaetomyia Reinwardtiinae
Aethiopomyia
trimorphic
. trimorphic monomorphic saprophages
larval biol . . ; =70 .
arval biology saprophages obligatory carnivores | trimorphic facultative
carnivores

mouthhooks massive slender massive
dental sclerites fused e o o
with mouthhook Y Y Y
posterior ribbon absent present absent
basal sclerite robust elongated robust
posterior spiracles massive small massive

osition of spiracular . . .
Is)carl prracu median median median to dorsal
shape of respirator . .
oli tf SP1 Y| sinuate to curved straight curved to tortuous
arrangement of . subparallel to .
respiratory slits radiate convergent radiate
spinulation strong poor strong to moderate

ill 1 . e .

(Pf\l/) ilsigfl on ana distinct indistinguishable distinct

lerotization of o . o
;;;2;%2?;32 ° indistinct distinct indistinct
longitudinal ridges hardly visible to
inh h present b present

ypopharynx absent

Although analysis based on selected molecular markers obtained relatively low support,
Alluaudinella was not found to be the sister taxon of either Dichaetomyia or other
Phaoniinae, as would be expected from traditional classification. The systematic position
of Alluaudinella was not unequivocally confirmed, however, phylogenetic analyses
indicate that this genus may be a sister taxon to Reinwardtiinae + Neomuscina (BSgarci
= 20%, PPwmrBayes = 0.82) or is part of a clade Alluaudinella-Cyrtoneuropsis-Atherigona

with a sister group relationship to Reinwardtiinae + Neomuscina (BSraxmr = 27%).
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The phylogenetic tree obtained in this study, based on molecular data, as well as
details regarding the morphology of preimaginal stages, are inconsistent with the
hypothesis that the genus Alluaudinella is a sister taxon to Dichaetomyia or even closely
related to other members of the subfamily Phaoniinae. Considering the significant larval
discrepancies between Alluaudinella and Phaoniinae and the strong resemblance of
Alluaudinella larvae to Reinwardtiinae larvae (Table 2), the transfer of the clade

Alluaudinella—Aethiopomyia—Ochromusca to the subfamily Reinwardtiinae is proposed.

Article 2

In Article 2 complete and detailed morphological descriptions of the second and
third larval instars of Ac. rohrelliformis and P. littoralis, and the third larval instar of Au.
rostrata were provided. The second instars of Ac. rohrelliformis and P. littoralis were
visualised and described for the first time. The morphological descriptions presented in
this work included both the cephaloskeleton and the external morphology of the larvae.
Using microscopic images, detailed line drawings for larvae under study and
morphological documentation using CLSM and SEM were provided. A thorough
comparative analysis of the morphology of the analysed larvae and existing literature data
confirmed the affiliation of the studied species to the subfamily Azeliinae, with particular
similarity of the cephaloskeleton and anal division.

Even more importantly, this study revealed morphological details previously
unnoticed and undescribed in Muscidae. The most distinctive feature is the presence in
the second and third larval instars of Ac. rohrelliformis and P. littoralis of a dome-shaped
anterior rod that closely attached to each mouthhook, enveloping their tips and
constituting a kind of extension of them. This type of modification of the cephaloskeleton
has not been documented so far, at least within the family Muscidae, and its function
remains unclear. Another previously unreported morphological feature is the asymmetry
of accessory oral sclerites, i.e., oral bars and anterior rods, particularly pronounced in 4c.
rohrelliformis. Although asymmetry of the mouthhooks is known in Azeliinae (Grzywacz
et al., 2021), such a strong and unambiguous asymmetry of the accessory oral sclerites
has not been described before. In P. littoralis, the asymmetry is less pronounced, but this
species possesses well-developed accessory sclerites, which distinguishes it from most
muscids and indicates that previous interpretations, such as that of Skidmore (1985), who
described the anterior rods and oral bars as “very slender, short, and weak”, did not reflect

the true complexity of these structures, nor did discrepancies in the descriptions of related
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species such as Potamia scabra (Giglio-Tos) (Calhoun et al., 1956). The study corrects
these inconsistencies and shows that both the peculiar shape of anterior rods and the
presence and degree of asymmetry of the accessory oral sclerites distinguish these species
within the Muscidae.

Detailed morphological analysis and the visualisation of peculiar modifications of
the cephaloskeleton allowed conclusions to be drawn regarding the feeding strategy of
the studied species. Larvae of Au. rostrata remain classified as facultative predators. In
contrast, in Ac. rohrelliformis, the pronounced asymmetry of the mouthhooks and the
modified accessory oral sclerites indicate a saprophagous lifestyle, contradicting
Skidmore’s (1985) conclusion that Achanthiptera larvae are trimorphic facultative
carnivores. Similarly, P. littoralis larvae, whose larval morphology is similar to that of
Ac. rohrelliformis, indicate that they are saprophages, although this requires further
verification from rearing experiments. It is worth noting that the feeding strategy of
Potamia larvae has been previously debated. Skidmore (1985) considered them
trimorphic facultative carnivores, while Séguy (1923) and Iwasa et al. (1995) suggested
a saprophagous or coprophagous lifestyle, pointing out that larvae were found primarily

in faecal matter and in nesting materials, rather than feeding on nestlings or their carrion.

Article 3

In Article 3, the early larval instars of 14 muscid species of documented and/or
potential forensic importance (first and second instars of A. orientalis, H. aenescens, H.
capensis, H. dentipes, H. ignava, H. pilipes, H. similis, Mc. domestica, Mu. levida, Mu.
prolapsa, Mu. stabulans, St. calcitrans and Sy. nudiseta, and the second instar of H.
armipes) were analysed. Detailed microscopic documentation (LM, CLSM and SEM)
was provided and the first identification key enabling the identification of larvae of these
species was developed. The study showed that precise identification of larvae is possible
down to at least the genus level, and in many cases to the species level. The morphological
features of the cephaloskeleton (i.e., its overall shape, size, sclerite position) were crucial,
while external features can only serve a supporting role. In some cases (e.g., St. calcitrans
or A. orientalis), relatively distinctive features allowed for easy identification, while in
others, detailed evaluation of multiple morphological features was necessary.
Morphological characters of early larval instars, particularly details of the
cephaloskeleton, used for species discrimination purposes, did not allowed to draw

conclusive statements on higher-level relationships. For example, various degrees of
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mouthhooks reduction have been observed in second instars of Hy. capensis, Mu.
domestica and St. calcitrans. On the other hand, remaining Hydrotaea and other Azeliinae
(Walczak et al. 2024) representatives did not reveal such mouthhooks reduction,
suggesting possible convergence. The use of first and second instar characters in
Muscidae systematics is currently limited due to the lack of free-living larvae of these
instars for many species, as Muscidae are characterised by a peculiar feature of a variable
number of free-living larval instars (trimorphic, dimorphic and monomorphic larvae)
(Skidmore, 1985). While the morphological features of early larval instars indicated in
Article 3 are useful for distinguishing some species, their use in inferring higher-level
relationships is currently limited. For example, incomplete mouthhooks have been found
to have evolved independently in Musca Linnaeus, Stomoxys Linnaeus and some
Hydrotaea and they are not informative in a phylogenetic context.

Nevertheless, the use of CLSM allowed for precise visualisation of sclerite
connections and shapes, which were difficult or impossible to assess using classical light
microscopy. However, the developed identification key can also be used using LM alone,
and in doubtful cases, molecular methods are recommended. This study represents the
first attempt to develop a tool for identifying early larval instars of Muscidae species of
forensic importance. The results demonstrate the potential of combining LM and CLSM
in the study of fly larval morphology and emphasise the need for further, in-depth

analyses of early larval instars in other insect groups.

Article 4

In Article 4, the previously proposed division of the genus Lispe into species
groups and the relationships between them and between species within these groups were
examined. To do this, second-generation sequencing (RAD-seq) and third-generation
sequencing (nanopore sequencing) were employed. The use of nanopore sequencing
allowed the generation of long reads, which were later used for the assembly of the L.
tentaculata genome using five assemblers. Of these, Flye appeared to be the most
effective, with the highest completeness and quality, and the resulting genome sequence
was selected for further analysis. Regarding the results of RAD-seq analysis, different
clustering thresholds affected the alignment length, number of recovered loci, percentage
of missing data, number of variable sites, percentage of parsimony-informative sites (PIS)
and mean bootstrap for nodes. For subsequent phylogenetic analyses, alignments under

0.74, 0.75, and 0.85 CT were used, with 0.74 chosen as the superior due to the highest
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number of SNPs and the strength of the phylogenetic signal. Analyses based on the
multispecies coalescence model (BPP) yielded topologies largely consistent with ML
trees, confirming the monophyly of most groups and highlighting the need for further
investigation of problematic taxa and intergroup relationships.

Phylogenetic analyses, both de novo and reference-based with the newly obtained
L. tentaculata genome confirmed the monophyly of the genus Lispe and revealed three
major, well-supported (BS > 90%) clades. In most species groups, the interrelationships
were clearly defined, although for the palposa, caesia and kowarzii groups, they remained
ambiguous. Results of this study are partially consistent with the earlier hypotheses of
Gao et al. (2022), the only and first study to date using molecular data, but the
relationships between species groups remain uncertain and require further investigation.
In Article 4, ‘Clade A’ comprises the palposa-group, the rigida-group and the caesia-
group; ‘Clade B’ consists of L. albimaculata Stein, the nicobarensis-group, the nivalis-
group, the scalaris-group and the tentaculata-group; ‘Clade C’ is composed of the
longicollis-group, the desjardinsii-group, the uliginosa-group and the kowarzi-group.
Within Clade A, the close relationship of the palposa and rigida groups was confirmed
(Vikhrev, 2015), and an expansion of the caesia-group to include L. polonaise Vikhrev,
as well as L. cana (Walker) and its relatives was proposed. In Clade B, results of this
study support Gao et al. (2022) proposal to expand the tentaculata-group to include the
nana-group and L. mirabilis Stein, and suggest the need to include L. capensis Zielke.
Furthermore, the previous conclusion that the fentaculata supergroup includes species
from the nivalis-, scalaris- and extended tentaculata-groups was supported, while also
proposing the inclusion of the nicobarensis-group. In Clade C, the valid desjardinsii-
group was maintained, contrary to the proposal to include it in the longicollis-group, and
the expansion of the kowarzi-group to include the dichaeta and geniseta complexes was
confirmed. The position of L. pumila Wiedemann, L. pygmaea (Fallén) and the
leucospila-group remains uncertain and varies depending on the analysis method used,
indicating the need for further analysis and greater sampling. As explained, larvae were
not used in this study due to the lack of complete literature data and the unavailability of

larval material for analysis.

In summary, results of this dissertation (Articles 1-3) clearly demonstrate the
value of modern microscopic techniques in the morphological analysis of flies, enabling

the identification of larval structures previously difficult to capture using classical light
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microscopy. For the genus Lispe, for which larval morphology was not considered,
although RAD-seq analysis ultimately yielded incomplete and unambiguous results
(Article 4), it was feasible to deepen our understanding of the relationships between
species groups. By applying various approaches to phylogenetic inference, including
analyses of larval morphology and molecular data, a more complete and in-depth
understanding of the phylogenetic relationships within the family Muscidae was
achieved. Particularly, the use of CLSM enabled detailed examination of sclerites,
including accessory sclerites, epistomal sclerites, labial sclerites and rami, which were
often omitted or misinterpreted in previous descriptions due to the resolution limitations
of light microscopy. What is also of key importance, in the third larval instars of A.
flavicornis, Ac. rohrelliformis, P. littoralis, and Au. rostrata, we were able to visualise a
pair of parastomal bars, similar to those previously observed in Passeromyia (Walczak et
al., 2022). The parastomal bars in some muscid species are clearly visible on the dorsal
edge of the intermediate sclerite, as confirmed by the frame-by-frame analysis of CLSM
stack images. This finding is highly important because the absence of parastomal bars
was previously considered the single larval synapomorphy for Muscidae (Ferrar, 1979;
Roback, 1951; Skidmore, 1985). The visualisation of the presence of both parastomal
bars and rami in muscid species, for the first time, significantly expands our knowledge
of the morphology of the larvae of this family, revealing features that require verification
in the light of previous descriptions. The results presented in this paper highlight the
importance of integrating diverse approaches, both morphological and molecular, in a
comprehensive study of dipteran systematics and evolution. This work, in particular,
demonstrates that modern microscopic techniques not only allow for the verification of
previous observations but also open up new perspectives in morphological analysis,
revealing previously overlooked features that may have significant phylogenetic and

taxonomic significance.
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Abstract

The muscid genera Alluaudinella Giglio-Tos, 1895, Aethiopomyia Malloch, 1921
and Ochromusca Malloch, 1927 form a monophyletic group supported by im-
mature and adult morphology and a highly specialised snail-feeding strategy of
immature stages. In contrast to the undoubted monophyly of the Alluaudinella-
Aethiopomyia-Ochromusca clade, previous studies have provided contradictory
hypotheses of the subfamiliar position within the Muscidae, and these three gen-
era have been placed in the subfamily Muscinae, Dichaetomyiinae, Phaoniinae
and Reinwardtiinae. The systematic position of Alluaudinella, as a representa-
tive of Alluaudinella, Aethiopomyia and Ochromusca group, is revised by means
of larval morphology, biology and molecular data. Light microscopy (LM), con-
focal laser scanning microscopy (CLSM) and scanning electron microscopy
(SEM) are used to study the egg and all larval instars of Alluaudinella flavicornis
(Macquart, 1855) and a multilocus Sanger sequencing (mS-seq) approach to ex-
amine position within Muscidae. Results are inconsistent with the traditional,
morphology-based concept of the Alluaudinella-Aethiopomyia-Ochromusca clade
as closely related to Dichaetomyia Malloch, 1921, and the phylogenetic analysis
revealed no support for inclusion within subfamily Phaoniinae. Larval morphol-
ogy in Alluaudinella differs significantly from that of Dichaetomyia (and other
Phaoniinae), but resembles that of genera nested in Reinwardtiinae. Based on
molecular data and larval morphology a transfer of Alluaudinella, Aethiopomyia
and Ochromusca to the subfamily Reinwardtiinae is proposed.

KEYWORDS

confocal laser scanning microscopy, light microscopy, molecular phylogeny, scanning electron
microscopy

and Seychelles, whereas A. stuckenbergi Paterson, 1960
is endemic to Madagascar (Couri & de Sousa, 2020).

Alluaudinella Giglio-Tos, 1895 is a small muscid genus,
including seven species widespread in the continen-
tal part of the Afrotropical region (Paterson, 1959;
Pont, 1980). Alluaudinella bivittata Macquart, 1843 has
also been reported from Mauritius, Madagascar, Réunion

Species of Alluaudinella are moderate to large, yellow or
yellowish-brown flies (Paterson, 1959). Adults of A. bivit-
tata have been reported on human faeces in scrubland
or forests (Couri et al., 2006), but knowledge of adult life
history is otherwise scarce. Larvae of Alluaudinella are
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trimorphic saprophages and are known to feed on dying
or dead snails, mostly of the genus Achatina Lamarck,
1799 (Paterson, 1959; Skidmore, 1985). Any attempts to
induce females of A. bivittata to oviposit on living snails
were unsuccessful (Paterson, 1959). Alluaudinella fla-
vicornis (Macquart, 1855) has been considered as a spe-
cies of forensic importance due to its breeding in animal
carrion, and successful larval development has been ob-
tained on decaying beef meat (Ekanem, 2008). Based on
their shared, highly specialised larval life history related
to feeding on snails, Paterson (1959) and Hennig (1965)
suggested that Alluaudinella, Aethiopomyia Malloch,
1921 and Ochromusca Malloch, 1927 form a monophy-
letic group. Aethiopomyia is represented by five species
(de Sousa et al., 2020), Ochromusca by two species (Pont
& Dear, 1976), and both genera are also confined to the
Afrotropical region. This concept was supported by Couri
and de Carvalho (2003), who documented that adults of
Alluaudinella, Aethiopomyia and Ochromusca share ‘re-
markably short stubby spines on the upper side of the
palpi’. In contrast to their undoubted close relationship,
the systematic position of these three genera within the
family Muscidae has seen several changes over the years
and is still unclear. The classifications proposed so far
have been based mainly on the morphology of adult flies
(Hennig, 1965; Paterson, 1959; Pont & Dear, 1976; van
Emden, 1939), occasionally including features of the larval
biology (Hennig, 1965; Skidmore, 1985). Nonetheless, the
results are inconsistent and Alluaudinella, Aethiopomyia
and Ochromusca have been classified either in the sub-
family Muscinae, Dichaetomyiinae, Dichaetomyiini of
Phaoniinae or Reinwardtiinae. Malloch (1921) initially
included Alluaudinella and Aethiopomyia in the sub-
family Phaoniinae, yet 4years later he moved them to
the subfamily Muscinae, based on the shape of the lower
calypter (Malloch, 1925). van Emden (1939) accepted a
position of Alluaudinella and Aethiopomyia within the
Muscinae as defined by Malloch (1925) solely on the
basis of the details of the lower calypter, and he also
considered Ochromusca in Muscinae. Paterson (1959)
considered these three genera in Phaoniinae and sup-
ported his hypothesis by similarities in the morphology
of the male terminalia, but also included features of the
egg and larval instars. Paterson (1959) erroneously re-
garded the larvae to be carnivorous, which he considered
would additionally confirm their relationship with other
Phaoniinae, known for obligate carnivory. Hennig (1965),
following Paterson (1959), and further based on a setose
anepimeron as well as yellow body colouration, placed
Alluaudinella, Aethiopomyia and Ochromusca within the
Dichaetomyia-group of Phaoniinae. This concept was
adopted by Pont (1980), who classified Alluaudinella,
Aethiopomyia, Ochromusca and Dichaetomyia Malloch,

1921 within the tribe Dichaetomyiini of Phaoniinae. The
latest phylogenetic analysis, carried out by Couri and de
Carvalho (2003), placed Alluaudinella, Aethiopomyia
and Ochromusca in the subfamily Dichaetomyiinae to-
gether with Dichaetomyia, Cyrtoneurina Giglio-Tos, 1893,
Cyrtoneuropsis Malloch, 1925 and Charadrella Wulp, 1896,
albeit this subfamily was supported by homoplastic char-
acter states, that is setose anepimeron and prosternum.

The morphology of dipteran immature stages is an
invaluable source of data in taxonomic and phylogenetic
analyses (Grzywacz et al., 2014; Skidmore, 1985). Despite
the increasing number of papers documenting the impor-
tance of the morphology of immature stages (Grzywacz
et al., 2021; Piwczynski et al., 2017; Skidmore, 1985;
Szpila, 2010; Szpila & Pape, 2007), this approach is
used less frequently than adult characters (Meier &
Lim, 2009). In the case of Alluaudinella, Aethiopomyia
and Ochromusca, however, Skidmore (1985) proposed an
alternative classification that was in contradiction with
previous concepts based on adult morphology. Taking
into account the biology and morphology of the imma-
ture stages, he placed Alluaudinella, Aethiopomyia and
Ochromusca in the subfamily Reinwardtiinae stating
a close relationship with Muscina Robineau-Desvoidy,
1830 and Synthesiomyia Brauer & Bergenstamm, 1893.
Furthermore, Skidmore (1985) noted that he did not
find any specific similarities in the larval morphology be-
tween Reinwardtiinae and Phaoniinae. Moreover, in con-
tradiction to Paterson (1959), who considered larvae of
Alluaudinella to be carnivorous, Skidmore (1985) found
no evidence of larval carnivory, and based on the dark gut
contents, he concluded that the larvae of Alluaudinella
are saprophagous, which has later been confirmed by
Ekanem (2008). Larvae of Phaoniinae are monomorphic
to dimorphic obligate carnivores, whereas Alluaudinella,
Aethiopomyia and Ochromusca are trimorphic sap-
rophages (Skidmore, 1985).

Current knowledge of the morphology of the preimagi-
nal stages of Alluaudinella, Aethiopomyia and Ochromusca
is non-exhaustive and limited mainly to third instar lar-
vae and puparia. The morphology of the immature stages
of Aethiopomyia and Ochromusca has been presented
only by Skidmore (1985) and de Sousa et al. (2020), but
only the former included a short description in addition
to the line drawings. More information can be found in
the literature on Alluaudinella larvae. The third instar
larva of A. bivittata was described by Paterson (1959) and
Skidmore (1985), whereas Ekanem (2008) presented all
the larval instars of A. flavicornis. Nevertheless, these re-
sults are limited to line drawings and short descriptions
of the morphology. On the other hand, the morphology
of the eggs of Alluaudinella has been provided by several
authors (Paterson, 1959; Skidmore, 1985; Ekanem, 2008;
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Couri & de Sousa, 2020), and Pont & Dear (1976), who
stated that Ochromusca eggs are similar to those of
Alluaudinella.

Due to the inconsistency and unclear subfamily po-
sition of Alluaudinella, Aethiopomyia and Ochromusca
the aim of the study is to investigate the position of this
group within Muscidae with application of immature
morphology and molecular data. To achieve this goal,
Alluaudinella was chosen as a representative of the entire
Alluaudinella-Aethiopomyia-Ochromusca group. In par-
ticular, the objectives are to: (i) study and document the
morphology of the egg, first, second and third instar of
A. flavicornis; (ii) provide the first molecular phylogenetic
analysis including Alluaudinella spp.; and (iii) incorporate
larval morphology to evaluate certain nodes on the phylo-
genetic tree that are either in agreement or conflict with
traditional concepts.

2 | MATERIALS AND METHODS

21 | Sampling

In total, 55 species, representing all recently defined mus-
cid subfamilies (Grzywacz et al., 2021), were included
in the analysis (see Table S1). The outgroup included 5
representatives of the family Anthomyiidae. All adult
specimens were identified by AG using keys provided by
Pont (1974), de Carvalho (2002), Gregor et al. (2002) and
Shinonaga (2003). Our sampling focused particularly on
species in the subfamily Reinwardtiinae and Phaoniinae.
We obtained sequences of COI (cytochrome c oxidase sub-
unit), cytB (cytochrome b) and Ef-1a (elongation factor
1-alpha) genes for 18 species, while the CAD (carbamoyl-
phosphate synthetase 2) gene sequences, where possible,
were acquired from GenBank. To extend species and gene
sequence sampling, we also included gene sequences of
45 other species retrieved from GenBank as provided
by previous authors (Grzywacz et al., 2021; Haseyama
et al., 2015; Kutty et al., 2014).

2.2 | DNA isolation,
amplification and sequencing

Flies stored in ethanol were soaked three times for
30min in distilled water or rehydration buffer (STE) at
room temperature (Kim et al., 2021). After drying on a
thermoblock at 40°C, total genomic DNA was isolated
from entire specimens, detached legs or thoracic mus-
cles using a DNeasy Blood & Tissue Kit (Qiagen) fol-
lowing the manufacturer's instructions. The extracted
DNA was quantified with a Qubit 3.0 fluorometer using
a dsDNA High Sensitivity Assay Kit (Life Technologies,

O-WI1 LEYJ—3
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Inc.) following manufacturer's protocol. Mitochondrial
COI barcode region was obtained with COI-Fex-MP/COI-
Rex-MP (Grzywacz et al., 2017) or TY-J-1460/C1-N-2191
(Bernasconi et al., 2000), mitochondrial cytB with cytB-
F-MP /cytB-R-MP (Grzywacz et al., 2017) or cytB-J-10933/
TSI-N-11683 (Simon et al., 1994) and in case of Ef-1a we
used Efla-F-MP/Efla-R-MP or Efla-F-MPa/Efla-R-MPa
(Grzywacz et al., 2017). For all three genes, the first given
pair of primers was used, which resulted in a longer se-
quence. If no PCR product was obtained, a second pair of
primers was used, resulting in a shorter gene sequence. A
standard 25-pL PCR was performed using 1x PCR buffer,
0.2mM dNTPs, 0.2 pM of each primer, 2mM MgCl,, 1.25U
of DreamTaq Green DNA Polymerase (Thermo Fisher)
and 1.0 pL of the DNA template. The PCR products were
checked by electrophoresis on a 1% agarose gel, and sam-
ples with a poorly visible band were re-amplified. The
PCR cycles consisted of an initial denaturation at 94°C for
2 min, followed by 30cycles (or 35 in case of Ef-1a) com-
prising 94°C for 30s, annealing at temperatures ranging
from 45-54°C for 30s, extension at 70°C for 60-90s and
a final extension at 70°C for 10 min. The PCR products
were purified with AMPure XP (Beckman Coulter) at a
ratio of 1:1 and then re-suspended in TE buffer. The puri-
fied products were quantified with a Qubit 3.0 fluorom-
eter using the dsDNA High Sensitivity Assay Kit following
manufacturer's protocol. Cycle sequencing reactions were
performed using the PCR product and a BrilliantDye
Terminator v.3.1 Cycle Sequencing Kit (Nimagen B.V.).
The final sequencing products were resolved with an au-
tomated DNA sequencer at the Laboratory of Molecular
Biology Techniques, UAM (Poznan, Poland). The obtained
sequences were assembled and edited using SeqMan II
ver. 4.0 (DNASTAR). All newly obtained sequences were
deposited in GenBank.

2.3 | Phylogenetic analysis

The sequence alignment was analysed using a maxi-
mum likelihood (ML) approach in RAXML v.8.2.6
(Stamatakis, 2014) and GARLI v.2.01 (Zwickl, 2006),
as well as with a Bayesian (BI) approach using
MrBayes v.3.2.6 (Ronquist et al., 2012). PartitionFinder
v.1.1.1 (Lanfear et al., 2012), with the option: branch-
lengths = linked, was used to identify best-partitioning
scheme from models available in each software (by gene
and codon position) and nucleotide substitution mod-
els based on the Bayesian information criterion (BIC;
Table 1). Due to software constraints, for RAXML we
searched for the best-partitioning scheme using the
GTR+ G +1 model; for GARLI and MrBayes we searched
for the best model of nucleotide substitution according to
partitioning scheme. The ML analysis in GARLI included
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TABLE 1 Partitioning scheme for different data analysis
approaches

Partitioning scheme Model
GARLI

1 cytB _codon2, COI_codonl GTR+1+G
2 cytB _codon3, COI_codon2 K81UF+I+G
3 cytB _codonl, COI_codon3 HKY+I+G
4 Ef-1a _codonl GTR+1+G
5 Ef-1a _codon2, Ef-1a_codon3 K81+I+G
6 CAD _codonl GTR+G

7 CAD _codon2 F81+I1+G
8 CAD _codon3 SYM+I1+G
RAxXML

1 COI _codonl, cytB_codon2 GTR+I1+G
2 COI _codon2, cytB_codon3 GTR+I+G
3 COI _codon3 GTR+I+G
4 cytB _codonl GTR+I+G
5 Ef-1a _codonl GTR+I1+G
6 Ef-1a _codon2, CAD_codonl GTR+I1+G
7 CAD _codon2, Ef-1a_codon3 GTR+I+G
8 CAD _codon3 GTR+I1+G
MrBayes

1 COI _codonl, cytB_codon2 GTR+I+G
2 COI _codon2, cytB_codon3 HKY+I1+G
3 COI _codon3 HKY+I1+G
4 cytB _codonl HKY +G

5 Ef-1a _codonl GTR+I1+G
6 Ef-1a _codon2, Ef-1a_codon3 K80+I+G
7 CAD _codonl GTR+G

8 CAD _codon2 F81+I1+G
9 CAD _codon3 SYM+I1+G

Note: Maximum likelihood was performed in GARLI v.2.01 and RAXML
v.8.2.6., and Bayesian inference in MrBayes v.3.2.6.

50 independent search replicates (searchreps = 50) for
20,000 generations (genthreshfortopoterm = 20,000), all
other settings were left as default values. Branch support
was evaluated with 1000 nonparametric bootstrap repli-
cates (bootstrapreps = 1000) and summarised on the best
tree with SumTrees in DendroPy v.4.5.2 (Sukumaran
& Holder, 2010). In RAXML, we summarised (—f b -t
bestTree -z bootstrap -m GTRGAMMA) 1,000 nonpara-
metric bootstrap replicates (—m GTRGAMMA -p 12345 -b
29,812 -N 1000 -asc-corr lewis -q partition) on the best-
scoring maximum likelihood tree (—m GTRGAMMA -p
12345 -N 500 -q partition —asc-corr lewis). Two BI runs
were carried out in MrBayes, each using a random starting
tree, one cold and three heated chains (temperature at de-
fault = 0.1), for 40 million generations sampled every 2000

generations. All priors for estimated parameters were left
as defaults. The initial 25% of saved trees were discarded
as burn-in, then the 50% majority-rule consensus tree and
posterior probabilities (PPs) of each clade were calculated
based on the remaining trees from both runs. We visually
assessed runs for convergence in TRACER v.1.7 (Rambaut
et al., 2018) by checking for effective sample sizes that
were >200 for all model parameters.

2.4 | Morphological analysis

Material for the morphological part of the present study
was collected in 2018 in Uyo, Nigeria. Females were col-
lected from the field with the use of Achatina sp. snails as
bait, and larvae were obtained by keeping these flies in the
laboratory until oviposition. Specimens were reared in the
laboratory, eggs were transferred directly to 70% ethanol,
while larvae of appropriate age were killed by soaking in
boiling water and preserved in 70% ethanol. The larvae
intended for morphological studies were examined using
a combination of three types of microscopy: light micros-
copy (LM), confocal laser scanning microscopy (CLSM)
and scanning electron microscopy (SEM). The application
of this approach allows to obtain comprehensive and de-
tailed documentation including all relevant morphologi-
cal structures. CLSM observations were performed with
a Leica TCS SP8 Confocal Laser Scanning Microscope
(Leica Microsystems). The preparation and acquisition
steps were conducted in accordance with the protocol
provided by Walczak et al. (2022). The maceration time
in 10% potassium hydroxide (KOH) ranged from 20h for
the first instar, 24-30h for the second instar and 36h for
the third instar larvae. All larvae were mounted on cavity
slides using glycerine as medium. The autofluorescence
signal of the cephaloskeleton was collected with two ex-
citation wavelengths: 561 and 633nm. A weak signal was
also observed with 405 and 488 nm lasers, but they were
abandoned as neither of these lasers provided additional
information to the final images. The microscopic slides
were scanned with a 40x oil lens with a numerical aper-
ture of 1.3 (N.A. = 1.3). Following acquisition of sequen-
tial images, maximum intensity projections (MIP) and 3D
visualisation were built using LAS AF V3.3 and LAS X 3D
Viewer (Leica Microsystems), respectively.

SEM observations were performed with a JEOL scan-
ning microscope (JSM-6335F; JEOL Ltd.). The prepa-
ration of the samples for SEM included cleaning with a
fine brush, dehydration at 80.0%, 90.0% and 99.5% ethanol
(EtOH) and critical point drying in carbon dioxide (CO,)
with an Autosamdri®-815, Series A critical point dryer
(Tousimis Research Corp.). The larvae were then mounted
on aluminium stubs with double-sided adhesive tape and
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coated with platinum for 140s (20nm of coating) using
a JEOL JFC 2300HR high-resolution fine coater (JEOL
Ltd.).

The larvae for LM examination were prepared by im-
mersion in Hoyer's medium on a cavity slide. The light
microscopy observations were conducted with a Nikon
Eclipse E200 microscope (Nikon Corp.) with an inte-
grated Nikon 8400 digital camera. Specimens were stored
in Hoyer's medium after study and deposited in the col-
lection of the Department of Ecology and Biogeography,
Nicolaus Copernicus University, Torun, Poland. Egg ter-
minology follows Hinton (1981) with some clarification
described by Grzywacz et al. (2012). Larval terminology
follows Courtney et al. (2000) with a few modifications
proposed by Szpila and Pape (2005). Family-specific struc-
tures follow the terminology of Skidmore (1985) with
modifications proposed by Grzywacz (2013) and Walczak
et al. (2022).

3 | RESULTS

3.1 | Morphology

3.1.1 | Egg

Egg is creamy white in the centre to translucent white on
the sides, elongated and oval in lateral view (Figure 1a).
The dorsal surface is distinctly convex and the ventral
surface is flat to slightly convex (Figure 1f). The anterior
pole carries a bulge-like fold bearing the micropyle (mcp),
the posterior pole is wavy (Figure 1d,e). The micropyle is
in the form of a funnel-shaped area with distinctly raised
walls (Figure le). Eggs are laterally broadly foliaceous
through the entire length into folds resembling hatching
pleats (hp). The hatching line (hl) runs along the lateral
edge of the egg (Figure 1a,f) divides the median area (ma)
and the remaining chorion (c). The shape of the ma and
the c is defined by the whole dorsal and ventral surface of
the egg, respectively (Figure 1b,d). The ma, which bears a
plastron function, consists of two different configurations
simultaneously (Figure 1d). The ovoid central area of the
ma is covered with an island pattern (Figure 1c), whereas
the remaining surface, up to the hl, is covered with a hex-
agonal pattern (Figure 1d). The island pattern consists
of two different in size and shape islands, forming long
undulating groups of adjacent islands or clearly separated
islands (Figure 1c). The first are fine, mesh-like sparsely
islands, the second are slightly bigger neighbouring is-
lands, tightly adjacent (Figure 1c). A shallow depression
parallel to the hl is present on the ¢ (Figure 1b). The cho-
rion along the depression is covered with an angular and
longitudinal pattern. The anterior and posterior poles of

the c are covered with a poorly defined hexagonal pattern,
whereas the hexagonal pattern with elevated boundaries
reaches the mp. The remaining chorion is almost smooth
(Figure 1e).

3.1.2 | Larva

3.1.2.1 | Cephaloskeleton

In the first instar the cephaloskeleton consists of su-
prabuccal teeth (sub), paired mouthhooks (mh), an un-
paired labrum (lb), an unpaired intermediate sclerite
(is), paired parastomal bars (pb) and a basal sclerite (bs)
(Figures 2a,b, 3a,b and 4a). The anteriormost sclerites are
the sub, composed of several small closely adjacent teeth
directed ventrally (Figures 2a,b and 4a). The sub varies in
size and show an overall decrease in the ventral direction
(Figure 4a). The blunt-ended apical part of each mh ad-
joins anteroventrally to the first of the sub (Figures 2a and
4a). The mh is a slightly arched rod with the basal part
curved upwards and equipped with a lateral arm (la) di-
rected medially (Figure 4a). Mouthhooks are symmetrical
and well-separated, except for the converging apical part
(Figure 3b). The suprabuccal teeth, the mh, in particular
the la, are the least sclerotized parts of the cephaloskel-
eton (Figure 3a). The labrum (Ib), located above the basal
part of the mh, is robust and apically pointed. The basal
part of the Ib is fused with an anterior part of the pb and is
(Figure 4a). In dorsal view, the area just behind the poste-
rior edge of the b and between the anterior part of paired
pb is strongly sclerotized up to the posterior margin of
the epistomal sclerite (es) (Figures 3b and 4a). The ante-
rior part of the pb and the anterior part of the intermedi-
ate sclerite (is) are strongly elongated (Figure 2a,b). The
es is fused with the pb and easily visible in lateral view.
Anteriorly to the es are two symmetrical tear-shaped ap-
pendages pointed upwardly (Figure 3b). In ventral view,
the is has two strong transverse sclerotizations, the first in
the elongated part of the is, located just below the fusion
with the Ib and the pb and the second corresponding to the
crossbeam. A strongly sclerotized basal sclerite (bs) con-
sists of paired vertical plates (vp) with dorsal (dc) and ven-
tral cornua (vc) connected anterodorsally by sclerotized
dorsal bridge (db) (Figure 3a). The dc is shorter than the
ve. The posterior part of the ve is poorly sclerotized and
carries ventrally a sensory organ X (x) equipped with
paired sensilla (Figure 2a). The hypopharynx bears lon-
gitudinal ridges.

The mh of the second instar are symmetrical and
tightly appressed (Figure 3d). The anterior part of mh
adjoins laterally to the sub (Figures 2c,d and 4b). The
ventral part of mh is fused with the dental sclerite (ds)
(Figure 4b). Paired roundish accessory stomal sclerites
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(acc) are present ventrally to the area where the mh join
with the ds (Figures 2d and 3d). The is elongated and
H-shaped. The es is hemispherical and situated antero-
dorsally to the is, well visible in the lateral view, while
anteroventrally is a pair of labial sclerites (Ib) (Figures 2d
and 3d). A pair of rod-like rami (r) is present between the
lateral arms of the is (Figure 4d). The rami varies intra-
specifically being rod-shaped and strongly sclerotized
in some individuals, in others is cracked and indistinct.
The bs is connected anterodorsally with tightly appressed
dorsal bridge (db) and anteroventrally fused with the
ventral bridge (vb) (Figures 2c,d, 3d and 4c). The db is
well-perforated (Figure 3c). The vb is equipped with the
expansion directed posteriorly (Figure 2c). The length of
the dc and the vcis similar, both are further elongated with
poorly sclerotized lobe-like extensions. The hypopharynx
bears longitudinal ridges.

The cephaloskeleton of the third instar consists of
paired mh with additional sclerites, an unpaired is and a
bs (Figures 2e and 3e). Third instar mh are symmetrical
and well-separated throughout their entire length. The
basal part of the mh is robust, whereas the apical part is
slender and curved downwards (Figures 2e, 3e and 4e).

FIGURE 1 Alluaudinella flavicornis,
details of egg [SEM]. (a) habitus, lateral
view; (b) habitus, ventral view; (c)
central part of median area covered with
an island pattern; (d) habitus, dorsal
view; (e) anterior part with micropyle,
anteroventral view; (f) habitus, posterior
view. Abbreviations: c, chorion; hl,

hi hatching line; hp, hatching pleat; ma,
median area; mcp, micropyle.

100pm . WD 38.0mm

Parallel to and below the mh is a pair of irregular anterior
rods (aro) and a pair of oral bars (ob) with serrated tips
(Figures 2e and 4e). The accessory rectangular process
(rp)isindistinct. The ob is posteriorly adjacent to the basal
part of the mh (Figure 4e). The sub lies freely ventrally to
the apical part of ob (Figures 3e and 4e). Paired accessory
stomal sclerites (acc) and triangular ds are placed ven-
trally to the mh. The ds and the mh are connected by a
narrow sclerotized hinge (Figure 4e). The es and the pair
of Is lie between the posterior part of the mh and the an-
terior part of the is. The es bears four, slightly elongated
appendages (Figure 4f). The Is are fused together. The is is
robust and H-shaped with a broad crossbeam (crs) in ven-
tral view. The is is closely appressed anteriorly to the mh
and posteriorly to the bs (Figure 4g). The lateral arms of
the is are irregularly formed with a distinct protuberance
anteriorly (Figure 4g). Each of the parastomal bars (pb)
is in the form of an anterodorsal extension of is. Paired
rami (r), located ventrally to the is, are bar-like, slender
and well sclerotized (Figure 4f). The massive basal scler-
ite consists of paired broad vp each with an arched dorsal
(dc) and ventral cornua (vc) connected anterodorsally by
a perforated dorsal bridge (db) and anteroventrally by a

95UB017 SUOLUIOD BA 111D 3[cedl|dde 8Ly Aq peusenob a.1e sajole YO 9SN Jo Sa|nJ 10} ARiq1T 8UlUO AB]IM UO (SUORIPUOD-pUE-SWLBIALI0O" A3 1M Aleld1joulUO//Sdiy) SUORIPUOD pue SWs 1 84} 89S *[£202/20/Tz] U0 Akeiqi8uljuo A8]Im ‘ snoluiedod seloydiN/dod - YezoemeBuly Aq ¥8SZT 95Z/TTTT OT/I0p/LI0Y"A8|im Aleid Ul |uo//Sciy Woly papeojumod ‘0 ‘609E9T



WALCZAK ET AL.

L O-WILEY-

Zoologica Scripta

FIGURE 2 Alluaudinella flavicornis,
details of larva I-III. (a) cephaloskeleton
of the first instar larva, lateral view;

(b) cephaloskeleton of the first instar
larva, dorsal view; (c) cephaloskeleton

of the second instar larva, lateral view;
(d) cephaloskeleton of the second instar
larva, ventral view; (e) cephaloskeleton
of the third instar larva, lateral view.
Abbreviations: acc, accessory stomal
sclerite; aro, anterior rod; db, dorsal
bridge; dc, dorsal cornu; ds, dental
sclerite; es, epistomal sclerite; is,
intermediate sclerite; la, lateral arm; Ib,
labrum; Is, labial sclerite; mh, mouthhook; ds
ob, oral bar; pb, parastomal bar; r, rami;

sub, suprabuccal teeth; vb, ventral bridge;

ve, ventral cornu; vp, vertical plate; x,

sensory organ X.

ventral bridge (vb) (Figures 2e and 3e). The dc and vc are
of similar length. The dorsal extension (de) of the vc is
well marked (Figure 3e). The hypopharynx bears longi-
tudinal ridges.

3.1.2.2 | Pseudocephalon

Each lobe of the bilobate pseudocephalon of all instars
carries an antennal complex (an), maxillary palpus (mp),
ventral organ (vo) and oral ridges (or) as well as labial lobe
(Il) (Figures 5b, 7b and 8a,b). The antennal complex con-
sists of an antennal dome (and) situated on an antennal
basal ring (abr) (Figure 5c). The oblong antennal dome
is slightly longer than the height of the basal ring. The
abr carries dorsally a lateral pore equipped with a sensil-
lum (Figure 5c). The mp in the first and second instar is
surrounded by irregular folds (Figures 5d and 7c), while
in the third instar folds are circular and form five distin-
guishable rings (Figure 8c). The mp in all instars consists
of three sensilla coelonica (sc), three sensilla basiconica
(sb), several additional sensilla placed between the sc and
the sb and two sensilla coeloconica of non-maxillary origin
(ns) located laterodorsally (Figures 5d, 7c and 8c). The fa-
cial mask in the first instar is composed of oral ridges (or),
cirri and suprabuccal teeth (sub) (Figure 5b). The cirri are
arranged in one short row and are pointed apically. The

oral ridges in the subsequent instars are more numerous
and cover most of the latero-ventral surface of pseudo-
cephalon (Figures 7a,b and 8a,b). In the second and third
instar the vo is located anteriorly to the margin of the oral
ridges and is bulge-shaped (Figures 7b and 8b). The vo is
equipped with three sensilla ampullacea and one sensil-
lum resembling a sensillum placodeum.

3.1.2.3 | Thorax

The first thoracic segment carries an anterior band of
sclerotized spines (Figure 3a,c,e). The band is broad and
complete, forming a strong wreath, followed by a trans-
verse cleft approximately reaching the middle of the seg-
ment. The width of the band is not constant and is twice
as wide ventrally as dorsally. The spines of the anterior
spinose band are massive, tapered, pointed and posteri-
orly directed (Figures 5a,b, 7b and 8a). Spines in the first
instar are arranged separately, in the second instar are
fused into short rows of one to three spines, while in the
third instar the spines are arranged in the transverse and
adjacent rows fused at the base (Figures 5b, 7b and 8a). In
the third instar spinose band is broadened ventrally by an
additional patch of spines, present beyond the main broad
band and the cleft (Figure 8a). The degree of sclerotiza-
tion of spines increases from the first to the third instar
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(Figure 3a,c,e). Anterior spinose bands on the second and
third thoracic segments are complete and of a constant
width, but less frequently arranged than on the first tho-
racic segment (Figures 5a, 7a and 8a). The shape and ar-
rangement of spines in all instars correspond to those of
the first thoracic segment. In the first instar are arranged
individually, in the second instar are single-, double- or
three-pointed, while in the third instar are arranged in
short rows (Figures 6a, 7a and 8a). The thoracic segments
are ventrally equipped with paired Keilin's organs (ko)
with trichoid sensilla (Figures 6a, 7b and 8a). The first
instar anterior spiracles (as) are in the form of a simple
opening (Figure 5a), while in the second and third instar,
each anterior spiracle consists of 11 lobes tightly arranged
(Figures 7a and 8a).

3.1.24 | Abdomen

Only in the second instar the first abdominal segment
has colourless, fine and singly scattered spines placed
anterodorsally (Figure 7d). The remaining abdominal
segments in the second instar, as well as all abdominal
segments in the first and third instar are devoid of spines
placed anterodorsally. Abdominal segments I-VII in
the third instar carry ventrally a transverse crevice (cr)

FIGURE 3 Alluaudinella

flavicornis, details of larva I-III [LM].

(a) cephaloskeleton of the first instar
larva, lateral view; (b) cephaloskeleton

of the first instar larva, dorsal view; (c)
cephaloskeleton of the second instar
larva, lateral view; (d) cephaloskeleton of
the second instar larva, ventral view; (e)
cephaloskeleton of the third instar larva,
lateral view; (f) posterior spiracles of the
third instar larva. Abbreviations: acc,
accessory stomal sclerite; aro, anterior
rod; db, dorsal bridge; dc, dorsal cornu;
de, dorsal extension; ds, dental sclerite; es,
epistomal sclerite; is, intermediate sclerite;
la, lateral arm; 1b, labrum; ls, labial
sclerite; mh, mouthhook; ob, oral bar; pb,
parastomal bar; r, rami; sub, suprabuccal
teeth; vb, ventral bridge; vc, ventral cornu;
vp, vertical plate. Scale bars: 0.05mm.

(Figure 8d). In all instars strongly pronounced lateral
creeping welts (Icw) are placed posteriorly and run paral-
lel to the edge of each abdominal segment (Figures 7d and
8d). Abdominal segments carry anteriorly ventral creep-
ing welts (vew) with the welt on the anal division termed
the pre-anal welt (pre) (Figures 6a,b, 7d,e and 8d). The
vew bears rows of spines, which on successive abdominal
segments are similar in size and shape. In the first instar,
the vew carries a row of oblong, tapered spines pointing
backwards (Figure 6a). The regular row of spines is fol-
lowed by three rows of shorter spines perpendicular to
the surface of abdominal segments (Figure 6b). Spines
of the vew are separated in half by a narrow split. In the
second instar, the vew carries two rows of massive spines
(Figure 7e). The spines arranged in a row on a delicate
bulge are cylindrical and blunt, while behind them are
conical and irregularly arranged. In the third instar the
vew is equipped with a row of tightly contiguous spines
with a broad base and blunt ends (Figure 8d). The row
of spines is followed by irregularly arranged conical and
massive spines, which are followed by short rows of tiny,
pointed spines. In all instars, above the pre-anal welt,
additional spines are present on the aVII, creating an al-
most complete posterior spinose band (Figures 6e, 7f,g
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FIGURE 4 Alluaudinella flavicornis,
cephaloskeleton of larva I-IIT [CLSM].
(a) cephaloskeleton of the first instar
larva, lateral view; (b) mouthhooks of
the second instar larva, lateral view;

(c) intermediate sclerite of the second
instar larva, dorsal view; (d) intermediate
sclerite of the second instar larva, dorso-
lateral view; (e) mouthhooks of the third
instar larva, lateral view; (f) intermediate
sclerite of the third instar larva, dorsal
view; (g) intermediate sclerite of the third
instar larva, lateral view. Abbreviations:
acc, accessory stomal sclerite; aro, anterior
rod; bs, basal sclerite; ds, dental sclerite;
es, epistomal sclerite; is, intermediate
sclerite; la, lateral arm; 1b, labrum; Is,
labial sclerite; mh, mouthhook; ob, oral
bar; pb, parastomal bar; r, rami; sub,
suprabuccal teeth; vb, ventral bridge.
Scale bars: 0.05mm.

FIGURE 5 Alluaudinella flavicornis,
pseudocephalon of the first instar larva
[SEM]. (a) anterior end of body, lateral
view; (b) anterior end of body, ventral
view; (c) antennal complex; (d) maxillary
palpus; (e) ventral organ. Abbreviations:
abr, antennal basal ring; an, antennal
complex; and, antennal dome; as, anterior
spiracle; cir, cirri; 11, labial lobe; mp,
maxillary palpus; ns1-2, first and second
additional sensillum coeloconicum; or,
oral ridges; sb1-3, sensillum basiconicum
1-3; sc1-3, sensillum coeloconicum 1-3;
sub, suprabuccal teeth; vo, ventral organ.
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and 8e). On the dorsal and lateral surface of aVII spines
are less numerous, and the shape and distribution at the
subsequent instars correspond to those of the anterior
spinose bands. The spines on the anterior spinose band
are directed posteriorly, while the pre-anal welt spines
point forward (Figures 5a, 6e, 7a,h and 8d,e). The anal
division carries an anal plate (ap) with a ventrally located
anal opening (ao) and anal papillae (Figures 6f,g, 7f,g and
8e,h). The ap is porous, broadened laterally and well vis-
ible in lateral view (Figures 6e,g, 7g and 8h). The ap is
limited anteriorly by the pre, posteriorly by the anal pa-
pillae and laterally by a slight prominence of the integu-
ment. Directly behind the ao lies an unpaired, slightly
flattened post-anal papilla (pa), and laterally to the pa lie
pairs of sub-anal (sa), para-anal (paa) and extra-anal (ex)
papillae (Figures 6g, 7g and 8h). All papillae are conical
in shape and covered with pointed spines (Figures 6g, 7g
and 8h). In the first and second instar the sa are twice as
high as the other papillae (Figures 6g and 7f), while in

FIGURE 6 Alluaudinella flavicornis,
thorax and abdomen of the first instar
larva [SEM]. (a) thoracic and abdominal
segments, lateral view; (b) ventral
creeping welt, ventral view; (c) spines on
the seventh abdominal segment, lateral
view; (d) posterior spiracles; (e) posterior
end of body, lateral view; (f) anal division,
posterior view; (g) posterior end of body,
ventral view. Abbreviations: al, aVII,
abdominal segments 1 and 7; tIII, thoracic
segment 3; ad, anal division; ao, anal
opening; ap, anal plate; ex, extra-anal
papilla; ko, Keilin's organ; p1-p7, papillae
1-7 surrounding spiracular field; pa,
post-anal papilla; paa, para-anal papilla;
pre, pre-anal welt; ps, posterior spiracle;
1s, respiratory slit; sa, sub-anal papilla; st,
spiracular tuft; vew, ventral creeping welt.

the third instar, all papillae are of equal size (Figure 8h).
Each sa is equipped with a sensillum basiconicum and
two sensilla resembling sensilla ampullacea. The spirac-
ular field carries posterior spiracles and seven pairs of
papillae (p1-p7; Figures 6e.f, 7f and 8e). Posterior spira-
cles are clearly raised on the stem. Each of the posterior
spiracle carries four branched spiracular tufts (st) and
two respiratory slits (s) in the first and second instar,
and three rs in the third instar. In the second and third
instar spiracular scar (ss) is located medially (Figures 3f,
6d, 7f and 8f,g). The rs in the first and second instar are
straight and unevenly distributed, while in the third in-
star the rs are crescent-shaped and arranged in a radiat-
ing configuration. The ss is placed on the inner margin of
each posterior spiracle (Figures 7f and 8f,g). Papillae p1,
p3, p5 and p7 are arranged in the margins of the spiracu-
lar field, forming a strong stellar wreath, while papillae
p2, p4 and pé6 are shifted forward (Figures 6f, 7f and 8e).
The former are conical and equipped with a sensillum
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FIGURE 7 Alluaudinella flavicornis,
pseudocephalon, thorax and abdomen of
the second instar larva [SEM]. (a) anterior
end of body, lateral view; (b) anterior end
of body, ventral view; (c) maxillary palpus;
(d) first abdominal segment, lateral view;
(e) ventral creeping welt, ventral view; (f)
anal division, posterior view; (g) posterior
end of body, lateral view. Abbreviations:
aVII, abdominal segment 7; ad, anal
division; ap, anal plate; as, anterior
spiracle; ex, extra-anal papilla; ko, Keilin's
organ; lcw, lateral creeping welt; mp,
maxillary palpus; ns1-2, first and second
additional sensillum coeloconicum;

or, oral ridges; p1-p7, papillae 1-7
surrounding spiracular field; pa, post-
anal papilla; paa, para-anal papilla; pre,
pre-anal welt; ps, posterior spiracle;

sa, sub-anal papilla; sb1-3, sensillum
basiconicum 1-3; sc1-3, sensillum
coeloconicum 1-3; ss, spiracular scar; vo,
ventral organ; vcw, ventral creeping welt.

resembling a sensillum basiconicum. Papillae p1, p3, p5
and p7 in the second and third instar are covered with
long, narrow spines (Figures 7f and 8e). Papillae p2, p4
and pé6 are indistinct and each equipped with a sensillum
resembling a sensillum ampullaceum. The surface of the
spiracular field above papillae p7 in the second and third
instar is covered with fine protuberances that resemble
small grains (Figures 7f and 8e). The posterior spiracles
in young third instar larvae are convex and closely ap-
pressed to one another, while in mature larvae are raised
and distinctly spaced apart (Figure 8f,g).

3.2 | Phylogenetic inference

A highly supported dichotomy splits Muscidae into one
clade composed of Azeliinae + Muscinae and a second
clade containing the remaining Muscidae (BSgagp; = 100%,
BSpaxmr = 100% and PPyp,es = 1.0; Figure 9). In

O-WILEY-"

the second clade, a moderately supported dichotomy
(BSgarw1 = 73%, BSgasar, = 66% and PPy, = 1.0) splits
the clade into (Phaoniinae + (Mydaeinae + (Coenosiinae
+ Phaoniinae))) and (Phaoniinae + ((Atherigoniinae +
Cyrtoneurininae) + (Alluaudinella + (Reinwardtiinae ~ +
Cyrtoneurininae)))). Phaoniinae are found to be polyphy-
letic. Phaonia Robineau-Desvoidy, 1830 spp. are placed in
all analyses as sister taxon to (Mydaeinae + (Coenosiinae
+ Phaoniinae)) with high branch support (BSg g1 = 96%,
BSgaxmr, = 98% and PPy, = 1.0), while Prohardyia
Pont, 1969, Metopomyia Malloch, 1922 and Lophosceles
Ringdahl, 1922 as sister group to Cyrtoneurininae,
Atherigoniinae, Reinwardtiinae and Alluaudinella
(BSgarLr = 34%, BSpaur = 22% and PPypayes = 1.0).
Cyrtoneurininae are recovered as non-monophyletic,
with Cyrtoneuropsis Malloch, 1925 as the sister taxon of
Atherigoninae, and Neomuscina as the sister taxon of
Synthesiomyia nudiseta van der Wulp, 1883 and nested
within Reinwardtiinae. Xenotachina Malloch, 1921 sp.
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and Eginia ocypterata (Meigen, 1826) are placed within
Reinwardtiinae, as the sister group of Calliphoroides
antennatis Hutton, 1881+ Passeromyia Rodhain and
Villeneuve, 1915 (BSgarir = 42%, BSpaxmr = 44% and
PPy\ppayes = 1.0). Alluaudinella emerges as the sis-
ter taxon of Reinwardtiinae + Neomuscina spp., yet
with poor support (BSgarrs = 20%, PPyrpayes = 0.82). In
RAxXML Alluaudinella emerges as the sister taxon of
Cyrtoneuropsis (BSgaar, = 23%), and both, in turn, as the
sister taxa of Atherigona Rondani, 1856 (BSgaar = 9%).
In RAXML (Atherigoniinae + (Alluaudinella+ Cyrtone-
uropsis)) emerges as the sister group of (Reinwardtiinae
+ Cyrtoneurininae) (BSgaxmr, = 27%). No sister group
relationship is observed between Alluaudinella spp.
and Dichaetomyia spp. or any other representative of
Phaoniinae.

MNONE

4 | DISCUSSION

4.1 | Systematic position of Alluaudinella

All previous studies have treated Alluaudinella,
Aethiopomyia and Ochromusca as undoubtedly form-
ing a natural grouping (Couri et al., 2006; Couri & de
Carvalho, 2003; Couri & de Sousa, 2020; Hennig, 1965;
Paterson, 1959; Pont & Dear, 1976; Séguy, 1937;
Skidmore, 1985; van Emden, 1939); therefore, in this
study, Alluaudinella is considered as a representative for
this group. Since immature stages have been recognised
as a valuable source of phylogenetic information (Meier
& Lim, 2009), larval morphology and life history were ap-
plied to assess the traditional concept of Alluaudinella
closely related to Dichaetomyia (Table 2). Alluaudinella,

FIGURE 8 Alluaudinella flavicornis,
pseudocephalon, thorax and abdomen of
the third instar larva [SEM]. (a) anterior
end of body, lateral view; (b) facial mask,
ventral view; (c) maxillary palpus; (d)
thoracic and abdominal segments, lateral
view; (e) posterior end of body, posterior-
lateral view; (f) posterior spiracles in
young larvae, posterior view; (g) posterior
spiracles in mature larvae, posterior view;
(h) posterior end of body, ventral view.
Abbreviations: al, abdominal segment

1; tII, tIII, thoracic segments 2 and 3;

ad, anal division; ao, anal opening; as,
anterior spiracle; cr, transverse crevice;
ex, extra-anal papilla; ko, Keilin's organ;
lew, lateral creeping welt; 11, labial lobe;
lo, labial organ; ns1-2, first and second
additional sensillum coeloconicum; or,
oral ridges; pa, post-anal papilla; paa,
para-anal papilla; ps, posterior spiracles;
sa, sub-anal papilla; sb1-3, sensillum
basiconicum 1-3; sc1-3, sensillum
coeloconicum 1-3; vew, ventral creeping
welt; vo, ventral organ.
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The best maximum likelihood tree inferred from the analysis of mitochondrial and nuclear sequences data for 55

representatives of Muscidae in GARLI. Node support values are shown for maximum likelihood (bootstrap) using GARLI and RAXML

as well as Bayesian inference (posterior probability) analyses using MrBayes. Nodes that were not recovered in RAXML are marked

with hyphen (—). Branch lengths were estimated using the GTR + G substitution model (see scale bar). Outgroups marked with black

colour. Representatives of Muscidae subfamily marked with other colours. Ath, Atherigoninae; Aze, Azeliinae; Coe, Coenosiinae; Cyr,

Cyrtoneurininae; Mus, Muscinae; Myd, Mydaeinae; Pha, Phaoniinae; Rei, Reinwardtiinae.
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Aethiopomyia and Ochromusca include species with tri-
morphic larvae (i.e. three free-living larval instars), while
Phaoniinae, including Dichaetomyia, have mono- or di-
morphic larvae (i.e. one or two free-living larval instars,
respectively; Table 2). The cephaloskeleton, which is of pri-
mary importance for taxonomic purposes, as well as pos-
terior spiracles and spinulation details differ significantly
between these two groups. In Alluaudinella, the entire
cephaloskeleton is well sclerotized, with massive mouth-
hooks and a robust basal sclerite, while in Dichaetomyia
the cephaloskeleton is slender, and the basal sclerite is
elongated. Third instar larvae of Coenosiinae, Mydaeinae
and Phaoniinae, including Dichaetomyia, are equipped
with a posterior ribbon in the cephaloskeleton, while this
structure is absent in Alluaudinella. Another distinguish-
ing feature between Alluaudinella and Dichaetomyia lar-
vae is the hypopharynx. In Alluaudinella, the indistinctly
sclerotized hypopharynx bears visible longitudinal ridges,
while in Dichaetomyia the hypopharynx is distinctly scle-
rotized with hardly visible or absent longitudinal ridges.
With a few exceptions (Ferrar, 1979), the presence or
absence of longitudinal ridges is assumed to indicate a
larval feeding strategy (Courtney et al., 2000; Keilin &
Tate, 1930; Roberts, 1970; Skidmore, 1985). Saprophagous
larvae have been reported to show a hypopharynx with
well-developed longitudinal ridges, used for filtering
food particles (Courtney et al., 2000), while longitudi-
nal ridges are poorly developed or not distinguishable in

carnivorous species (Keilin & Tate, 1930). The third instar
of Alluaudinella is characterised by massive posterior
spiracles with curved respiratory slits arranged in a radi-
ating configuration. Larvae of Dichaetomyia have small
posterior spiracles with straight, subparallel to convergent
respiratory slits. Another distinguishing feature is the
presence of strong anal papilla and all of p1, p3, p5, p7 in
Alluaudinella. Larval morphology of Reinwardtiinae (i.e.
Muscina, Passeromyia, Philornis, Synthesiomyia) is similar
to that of third instar Alluaudinella (Table 2), that is exten-
sive spinulation, massive and heavily sclerotized cephalo-
skeleton (also in the earlier instars), well-separated and
symmetrical mouthhooks as well as broad intermediate
sclerite with a distinct protuberance and/or anterodorsal
extension and rod-like paired rami. The distribution and
the size of accessory oral sclerites below the apical region
of curved mouthhooks, the shape of the dental sclerite and
its fusion with the basal part of the mouthhooks through
sclerotized junction are other distinctive larval features of
Reinwardtiinae, which comply with Alluaudinella larvae.

Although phylogenetic analyses do not provide unam-
biguous results regarding the position of Alluaudinella,
certain tree topologies that conflict with traditional classifi-
cation of Alluaudinella within Phaoniinae (Figure 9) are re-
peatedly observed. Similar to the recently proposed changes
(Grzywacz et al., 2021), these results support both the resur-
rection of subfamily Reinwardtiinae as well as the transfer
of Eginia ocypterata + Xenotachina sp. into this subfamily.

TABLE 2 Summary of certain larval characters of Alluaudinella, Aethiopomyia and Ochromusca compared to Dichaetomyia as a selected

representative of Phaoniinae.

Alluaudinella,
Aethiopomyia,

Larval characters Ochromusca

Larval biology Trimorphic saprophages
Mouthhooks Massive
Dental sclerites fused with Yes
mouthhook
Posterior ribbon Absent
Basal sclerite Robust
Posterior spiracles Massive
Position of spiracular scar Median

Shape of respiratory slits Sinuate to curved

Arrangement of respiratory slits Radiate
Spinulation Strong
Papillae on anal division Distinct
Sclerotization of hypopharynx Indistinct
Longitudinal ridges in Present

hypopharynx

Note: The data included in the table is based on this study and the available literature data (Paterson, 1959; Pont & Dear, 1976; Skidmore, 1985).

Dichaetomyia Reinwardtiinae

Monomorphic obligatory Trimorphic saprophages, trimorphic
carnivores facultative carnivores

Slender Massive

Yes Yes

Present Absent

Elongated Robust

Small Massive

Median Median to dorsal

Straight Curved to tortuous

Subparallel to convergent

Radiate

Poor Strong to moderate
Indistinguishable Distinct

Distinct Indistinct

Hardly visible to absent Present
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Alluaudinella,included for the first time in a molecular phy-
logenetic analysis, clusters in all trees within a clade com-
posed of Atherigoninae, Cyrtoneurininae, Phaoniinae and
Reinwardtiinae. The systematic position of Alluaudinella
is the only difference that is observed between analyses.
While the GARLI and MrBayes trees are congruent and
Alluaudinella emerges as the sister taxon of Reinwardtiinae
+ Neomuscina, in the RAXML tree Alluaudinella forms a
clade with Cyrtoneuropsis and Atherigoninae as a sister
group of Reinwardtiinae + Neomuscina. Nevertheless,
Alluaudinella is not found to be the sister taxon of neither
Dichaetomyia nor other Phaoniinae as would be expected
from traditional classification (Couri & de Carvalho, 2003;
Paterson, 1959; Pont & Dear, 1976). Previous studies relied
solely on adult morphology, and little data on immature
stages were included in the analysis. Phylogenetic tree ob-
tained in this study from molecular data and the details of
the morphology and natural history of the immature stages
are inconsistent with the position of Alluaudinella as the
sister taxon of Dichaetomyia and even in close relationships
with other representatives of Phaoniinae.

4.2 | Immature stages morphology

A literature search revealed that the larval morphology
of Alluaudinella provided so far is unsatisfactorily docu-
mented and at some points inconsistent with the present
study. Most of the discrepancies relate to the recognition of
sclerites of the cephaloskeleton and details of the spinula-
tion pattern. The misidentification or overlooking of some
sclerites is a common issue due to the resolution limita-
tions of light microscopes, which do not allow for obtain-
ing details of minute morphological structures (Grzywacz
et al., 2014). It is noteworthy that none of the previous mor-
phology descriptions identified all the sclerites documented
in this study.

The egg morphology of A. flavicornis provided here
closely resembles those of A. bivittata (Paterson, 1959) and
A. flavicornis (Ekanem, 2008). Nevertheless, none of the
previous authors has provided a description of the egg, and
illustrations are limited to the outline of the shape only. On
the other hand, an illustration of A. jennyae egg, provided
by de Sousa et al. (2020) does not allow to discern whether
the dorsal or the ventral surface was presented. SEM images
presented in this study and line drawings or statements of
previous authors clearly show that eggs of Alluaudinella
(Ekanem, 2008; Paterson, 1959; Skidmore, 1985) and
Ochromusca (Pont & Dear, 1976) have a peculiar shape,
referred to by other authors as ‘flanged’ (Paterson, 1959)
and classified as Phaonia-type sensu Thomson (1937).
The junction between the median area and the remain-
ing chorion forms longitudinal folds named ‘hatching

pleats’, and these can be only slightly raised in Musca-type
eggs or broadly foliaceous in Phaonia- and Mydaea-type
(Grzywacz, Szpila, & Pape, 2012; Skidmore, 1985). Eggs
of Alluaudinella are distinctly expanded, which may be
regarded as folds of hatching pleats. However, contrary to
other Muscidae where hatching pleats are clearly marked
on the dorsal surface of the egg, in Alluaudinella the ex-
pansion is moved towards the latero-ventral surface and
there is no distinct transition between the median area
and expansions. Furthermore, in Alluaudinella, the dorsal
surface is convex and the ventral surface is flat or slightly
convex, while the opposite is present in other muscid eggs.
Nevertheless, the egg cell and subsequently developing
embryo, are located in the ventral part of the egg, not in
the convex dorsal part. The description of the egg provided
in this study differs from the types of muscid eggs listed
and described so far (Ferrar, 1979; Grzywacz & Pape, 2010;
Skidmore, 1985; Thomson, 1937). Phaonia-type egg
and its modification, Mydaea-type, are common within
Muscidae and have so far been reported in Atherigoninae,
Coenosiinae, Mydaeinae, Phaoniinae and Reinwardtiinae
(Ferrar, 1979; Skidmore, 1985; van Emden, 1965). Taking
into consideration the current knowledge of the muscid
eggs, as well as the peculiar morphology of Alluaudinella
eggs, it seems reasonable not to conclude on the classifica-
tion of Alluaudinella based on eggs morphology.

Ekanem (2008) provided drawings of the egg, larval
body, the cephaloskeleton for all instars as well as the
anal division and both anterior and posterior spiracles
for the third instar. Cephaloskeleton considered as the
first instar larva is in fact a second instar larva (Figure 2b
in Ekanem, 2008). Additionally, this study confirms the
presence of anterior spiracles in the first instar larva
(Figure 5a). So far it has been proven that the first in-
star anterior spiracles are widespread in Cyclorrhapha
and appear as a simple aperture almost invisible under
the light microscope (Grzywacz, Pape, & Szpila, 2012;
Kitching, 1976). Furthermore, the dorsal bridge is
clearly smooth in the first instar, and porosity is only
present in the remaining instars. As for the second in-
star, Ekanem (2008) presented the mouthhooks with su-
prabuccal teeth, the intermediate sclerite and the basal
sclerite. In this study non-hooked mouthhooks, dental
sclerites, accessory stomal sclerites, the epistomal scler-
ite, labial sclerites, rami and the ventral bridge are dis-
cerned. Moreover, we do not recognise a rupture of the
posterior part of the basal sclerite, and instead, the whole
cephaloskeleton is well sclerotized. In the third instar
Ekanem (2008) presented mouthhooks, the intermediate
sclerite and the basal sclerite. In this study suprabuccal
teeth, anterior rods, oral bars, dental sclerites, accessory
stomal sclerites, as well as paired rami and the ventral
bridge are also revealed. As in the second instar, the basal
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sclerite does not have a posterior rupture. What is more,
single-, double- and triple-pointed spines on the spiracu-
lar field are revealed (Figure 8e), instead of the previous
recognition of single-pointed spines only.

Following Skidmore (1985), the cephaloskeleton of
the third instar larva of Alluaudinella is very similar to
Ochromusca. Skidmore's (1985) examination of third in-
star larva of O. trifaria (Bigot, 1878) from puparium is
incomplete due to the lack of recognition of accessory
stomal sclerites, the epistomal sclerite, labial sclerites
and rami. Nevertheless, a strong and massive ceph-
aloskeleton, with properly recognised oral bars and
anterior rods in the area below the apical part of the
mouthhooks, as well as suprabuccal teeth are consis-
tent with this study. Moreover, Skidmore (1985) stated
that ‘larval mouthparts, anal spiracles, and anal plate’ of
A. bivittata were presented by Paterson (1959), but only
an outline of the shape of an egg and a puparium with
schematically drawn posterior spiracles can be found in
Paterson (1959).

4.3 | Identification of Alluaudinella

larvae

This study provides descriptions that allow the determi-
nation of Alluaudinella specimens to subsequent larval
stages and also to distinguish them from other Muscidae
species. All larval stages of Alluaudinella are character-
ised by strong spinulation. This is particularly visible in
the first thoracic segment, where sclerotized and promi-
nent spines form a continued wreath. For each instar,
the strongly developed post-anal papillae, sub-anal papil-
lae, para-anal papillae and extra-anal papillae as well as
four pairs of conical papillae (pI, p3, p5, p7) surround-
ing the spiracular field are other unique character states
within Muscidae (Ferrar, 1979; Keilin & Tate, 1930;
Schumann, 1954; Skidmore, 1985). The arrangement
and size of the latter papillae resemble a distinct eight-
pointed star. The first instar of Alluaudinella is char-
acterised by the simple cephaloskeleton construction,
typical of Cyclorrhapha (Ferrar, 1979; Schumann, 1954;
Skidmore, 1985). Nevertheless, certain features allow
them to be easily identified among other muscid spe-
cies. The epistomal sclerite was overlooked by many
previous authors or treated as an integral part of the la-
brum (Arnaldos et al., 2014; Skidmore, 1985; Szpila &
Pape, 2005; Veldsquez et al., 2013). In the first instar, the
epistomal sclerite is placed between the anterior arms of
parastomal bars (Grzywacz & Pape, 2014), however, this
study reveals that the epistomal sclerite in Alluaudinella
is neither fused nor even closely adjacent to the labrum,
and the space between these two is filled with elongated

parastomal bars. In the second instar, it would seem
unique for Alluaudinella that the dental sclerite is fused
with the base of mouthhooks. However, CLSM analysis
of selected muscid species showed that it is not exclu-
sive within Muscidae and the fusion of the dental sclerite
with the mouthhook also occurs in S. nudiseta and spe-
cies of the genera Atherigona and Muscina, what was not
recognised by previous authors (Grzywacz & Pape, 2014;
Velasquez et al., 2013). In the third instar, in turn, CLSM
analysis revealed a prominent connection of the dental
sclerite with the base of mouthhooks through the scle-
rotized junction. Previous studies on muscid morphology
treated the dental sclerite as a separate sclerite (Grzywacz
et al., 2015; Skidmore, 1985; Velasquez et al., 2013), how-
ever, this feature is not uncommon among the Muscidae
and additional CLSM observations confirm that the den-
tal sclerite is clearly fused with the base of mouthhooks
in third instar larvae of Coenosia Meigen, 1826, Lispe
Latreille, 1796, Muscina, Phaonia and Synthesiomyia (KW
& AG; data unpublished).

According to Grzywacz et al. (2015), spiracular dis-
tance factor (SDF) defined by van Emden (1965) is not a
constant ratio in a particular species and is useless for tax-
onomic purposes; therefore, it should not be considered as
a diagnostic feature in the identification keys. This study
confirms that the distance between posterior spiracles in-
creases with the maturation of larva (Figure 8g,h).

Walczak et al. (2022) stated that muscid larvae possess
parastomal bars in a modified form of rod-like anterodor-
sal extension of intermediate sclerite, and with or with-
out posterior connection with the basal sclerite. In this
study, the third instar of Alluaudinella is also reported
to possess parastomal bars, easily discerned on the dor-
sal edge of the intermediate sclerite (Figure 4g), further
confirmed by the frame-by-frame analysis of CLSM stack
images.

5 | CONCLUSIONS

This study provides the first DNA-based phylogenetic
analysis including newly obtained gene sequences of
Alluaudinella spp. Although the systematic position of
Alluaudinella has not been unambiguously confirmed,
the phylogenetic analyses show that Alluaudinella ei-
ther emerged as the sister taxon of Reinwardtiinae +
Neomuscina or is the part of a clade Alluaudinella-
Cyrtoneuropsis-Atherigona with a sister group relation-
ship to Reinwardtiinae + Neomuscina. Results provided
in this study are incongruent with the traditional con-
cept of Alluaudinella, Aethiopomyia and Ochromusca as
closely related to Dichaetomyia. Neither the results of mo-
lecular analysis nor the features of the larval morphology
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support the placement of Alluaudinella in the subfamily
Phaoniinae. Taking into consideration significant larval
discrepancies between Alluaudinella and Phaoniinae, and
simultaneously the strong resemblance of Alluaudinella
with Reinwardtiinae larvae (Table 2), a transfer of
Alluaudinella, Aethiopomyia and Ochromusca into the
subfamily Reinwardtiinae is proposed.
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Table S1. List of species used in study, including authorship, classification, voucher ID, collecting data and GenBank accession numbers.
Voucher ID and collecting data are provided for newly obtained sequences. Accession numbers of newly obtained sequences are bolded.

Species/classification Voucher ID Collecting data Col cytB CAD Efla
Atherigoninae
Atherigona divergens KEIB_DIP_02208 Ethiopia OP800289 OP807859 - OP837972
Stein, 1913
Atherigona pendieburyi KEIB_DIP_01861 Malaysia 0OP800290 OP807860 - 0P837973
Malloch, 1935
Atherigona varia KEIB_DIP_00997 .
(Meigen, 1626) KEIB DIP 00827 Spain 0P800291 OP807861 MNS555710
Azeliinae
Australophyra rostrata .

. : KEIB_DIP_00832 Austral MN KU932153 ; KU932180
(Robineau-Desvoidy, 1830) DIP_0083 ustralia 555650
Hydrotaea dentipes KEIB_DIP_00244 Poland KU932132 KU932161 FJ025579 KU932187
(Fabricius, 1805) - -
Hydrotaea ignava KEIB_DIP_00242 Poland KU932134 KU932164 ; KU932190
(Harris, [1780]) - -
Hydrotaea irritans KEIB_DIP_ 01413 Poland KU932135 FJ025723 FJ025580 FJ025680
(Fallén, 1823) - -
Hydrotaea velutina KEIB_DIP_00243 Poland KU932141 KU932172 ; KU932197
Robineau-Desvoidy, 1830 - -
Potamia littoralis KEIB_DIP_00241 Poland KU932145 KU932176 FJ025598 KU932201
Robineau-Desvoidy, 1830
Cyrtoneurininae
Cyrtoneuropsis dubia KEIB_DIP_02318 French Guiana OP800292 OP807862 - OP837974
Snyder, 1954
Cyrtoneuropsis veniseta KEIB_DIP_02311 French Guiana OP800293 OP807863 KP161819 OP837975
(Stein, 1904)
Neomuscina currani .
Sryder. 1949 ; Brazil KP161705 ; KP161833 ;
Neomuscina instabilis - - KJ510634 KJ510567 ; KJ510598
Snyder, 1949
Reinwardtiinae
Alluaudinella bivittata KEIB_DIP_01495 Mozambique OP800287 - - OP837970



(Macquart, 1943)
Alluaudinella flavicornis
Macquart, 1855
Calliphoroides antennatis
(Hutton, 1881)

Eginia ocypterata
(Meigen, 1826)

Muscina angustifrons
(Loew, 1858)

Muscina levida

(Harris, 1780)

Muscina pascuorum
(Meigen, 1826)

Muscina stabulans
(Fallén, 1817)
Passeromyia heterochaeta
(Villeneuve, 1915)
Passeromyia indecora
(Walker, 1858)
Passeromyia longicornis
(Macquart, 1851)
Passeromyia steini

Pont, 1970

Philornis zeteki

Dodge & Aitken, 1963
Synthesiomyia nudiseta
(van der Wulp, 1883)
Xenotachina sp.
Malloch, 1921
Phaoniinae
Dichaetomyia bibax
(Wiedemann, 1830)
Dichaetomyia vicaria
(Walker, 1959)

Helina evecta

(Harris, 1780)

Helina fratercula

KEIB_DIP_01114
KEIB_DIP_02217

KEIB_DIP_00834

KEIB_DIP_01930
KEIB_DIP_00238
KEIB_DIP_02220A
KEIB_DIP_01135
KEIB_DIP_00976

KEIB_DIP_02066

KEIB_DIP_00825

KEIB_DIP_02225

KEIB_DIP_00833

Nigeria
New Zealand
Poland

Japan

Poland
Poland
Ethiopia
Australia
Australia
Australia
Brazil
Spain

Vietnam

Australia

0OP800288

MN555654

MF511758

FJ025638

OP800296

MN555671

MN410989

KJ510635

KY937944

0OP800297

KP161718

MN555677

OP800301

KJ510615

MN555652

FJ025619
KJ510621

OP807858

OP807872

KJ510551

FJ025735

OP807866

MN555690

OP807873

KJ510568

OP807874

OP807867

MN555693

OP807871

KJ510549

MN555680

FJ025719
KJ510555

KP161831

EF531167

KP161839

KP161849

KP161821

OP837971

OP837983

KJ510589

MK292741

FJ025688

OP837977

MN555706

OP837984

KJ510599

OP837985

OP837978

KP161748

MN555709

OP837982

KJ510588

MN555694

FJ025675
KJ510592



(Zetterstedt, 1845)

Helina lasiophthalma

(Macquart, 1835)
Helina reversio
(Harris, [1780])
Lophosceles hians
(Zetterstedt, 1837)

Lophosceles cinereiventris

(Zetterstedt, 1845)

Metopomyia atropunctipes

Malloch, 1922
Phaonia gobertii
(Mik, 1881)
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Abstract

The muscid genus Achanthiptera Rondani (Diptera: Muscidae) was classified within its own subfamily Achanthipterinae for decades
due to a misinterpretation of adult morphology. Conversely, the larval morphology suggested that Achanthiptera should be classified
within Azeliinae, yet no formal changes were implemented based on this source of data. Using scanning electron microscopy (SEM)
and confocal laser scanning microscopy (CLSM), we examined the larval morphology of Ac. rohrelliformis (Robineau-Desvoidy),
Potamia littoralis Robineau-Desvoidy and Australophyra rostrata Robineau-Desvoidy. Despite the challenges posed by the poor
condition of hundred-year-old museum specimens of Ac. rohrelliformis for light microscopy, CLSM examination yielded satisfactory
results. Additionally, CLSM observations revealed peculiar modifications to the cephaloskeleton, including a dome-shaped (second
instar) or spade-like (third instar) anterior rod attached to each mouthhook in Ac. rohrelliformis and P. littoralis. These structural
modifications are likely to enhance the efficiency of food collecting by enlarging the surface of the mouthhooks. The results of our
morphological analyses lead to the conclusion that larvae of Au. rostrata are facultative carnivores, while modified accessory oral
sclerites in Ac. rohrelliformis and P. littoralis suggest a saprophagous feeding strategy. This study contributes new evidence that
Achanthiptera is the sister taxon to Potamia Robineau-Desvoidy, and both are nested within the subfamily Azeliinae.

Key words

Achanthiptera rohrelliformis, anterior rod, confocal laser scanning microscopy, oral bar, saprophagy

1. Introduction

Achanthiptera rohrelliformis (Robineau-Desvoidy) is  gion (Zielke 2018), but it has also been recorded from
the sole representative of the muscid genus Achanthi-  China (Shanxi), Siberia and Tajikistan (Skidmore 1985;
ptera Rondani. Most records and observations of this ~ Sorokina and Pont 2010). Since Ac. rohrelliformis is an
species are from the European part of the Palaearctic Re-  uncommon species (Lobanov 1975; Bloxham 1982) with
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short-lived adults (Skidmore 1985), information about its
biology is scarce and found in only a handful of publica-
tions. Until now, adults of Achanthiptera have been no-
ticed visiting colonies of aphids (Homoptera: Aphididae)
(Cuny 1978), and females have been observed near ves-
pid (Hymenoptera: Vespidae) nests where they lay eggs
containing fully formed first-instar larvae, which hatch
immediately after oviposition (Séguy 1923) and feed on
decaying matter (Skidmore 1985). Larvae have been re-
ported from nests of species of Vespa Linnaeus and Ves-
pula Thomson (Hennig 1965; Bloxham 1978; Skidmore
1985), yet Lobanov (1975) also found them under moss
on a drying swamp and in soil under decaying honey
fungi Armillaria (Fr.) Staude. The fact that Achanthip-
tera larvae have been found in different substrates was
overlooked, leading to a common belief that this genus
is associated exclusively with social Hymenoptera (Skid-
more 1985). Taking this into consideration, as well as the
morphology of the third-instar cephaloskeleton, Skid-
more (1985) concluded that larvae of Achanthiptera are
trimorphic facultative carnivores, signifying the presence
of three free-living larval instars.

The systematic position of Achanthiptera has long
been a matter of great interest. Achanthiptera was as-
signed to the tribe Achanthipterini (Hennig 1955) and
later to the tribe Phaoniini (Assis Fonseca 1968), in both
cases of the paraphyletic subfamily Phaoniinae. Hennig
(1965) concluded that Achanthiptera should be classi-
fied in its own subfamily based on his earlier observation
(Hennig 1955) that a spiracle is retained in the female
abdominal segment 6, distinguishing it from all other
adult Muscidae, which lack spiracles distal to abdomi-
nal segment 5 (except Cariocamyia Snyder (Vockeroth
1972)). Later authors have widely accepted and imple-
mented this classification over the years (Lobanov 1975;
Michelsen 1977; Cuny 1978; Bloxham 1982; Pont 1986;
Rognes 1986; de Carvalho 1989; Couri 2007; Fan 2008;
Kutty et al. 2008). Also Skidmore (1985) adopted Hen-
nig’s classification, despite recognising the similarity in
the biology and morphology of larvae of Ac. rohrelli-
formis with species from the subfamily Azeliinae (Loban-
ov 1975; Skidmore 1985). Later re-examination of Ac.
rohrelliformis revealed, however, that Hennig’s (1955,
1965) observation was a misinterpretation (Kutty et al.
2014), thereby rejecting the sole morphological support
for the monospecific subfamily Achanthipterinae. Based
on this observation and results of molecular phylogeny
reconstruction in which Ac. rohrelliformis formed a sis-
ter group with P, [ittoralis Robineau-Desvoidy, the genus
Achanthiptera was assigned to the subfamily Azeliinae
(Kutty et al. 2014, fig. 2). The close relationship between
Achanthiptera and Potamia has been confirmed in subse-
quent morphological (Jorge 2016) and molecular studies
(Haseyama et al. 2015; Grzywacz et al. 2017), and these
two genera appear to be closely related to Australophyra
Malloch (Grzywacz et al. 2017).

Australophyra and Potamia are both small muscid
genera. Australophyra is limited to only one species, Au.
rostrata Robineau-Desvoidy, restricted to the Australot-
ropical Region (Pont 1973; Savage and Wheeler 2004)

and Potamia is represented by seven species (Evenhuis
and Pape 2023). Australophyra has been considered for
some time a synonym of Ophyra Robineau-Desvoidy
(Hardy 1939; Sabrosky 1948; Hennig 1955) or Hydro-
taea Robineau-Desvoidy (Pont 1989) or regarded as a
subgenus of Ophyra (Emden 1965). Recently Australo-
phyra was resurrected as a valid genus based on adult
morphology by Savage and Wheeler (2004), which was
later supported by molecular analyses (Grzywacz et al.
2017). Australophyra rostrata, the black carrion fly, has
been frequently found on human cadavers (Archer et al.
2006; Dawson et al. 2020) and animal carrion (Archer
and Elgar 2003a, 2003b; Mclntosh et al. 2017), partic-
ularly in the advanced stage of decomposition (Full-
er 1932; Pont 1973). As a tertiary agent of myiasis, its
veterinary importance is negligible as larvae develop in
contaminated wool rather than causing fly strike (Zumpt
1965). Fuller (1934) and Skidmore (1985) stated that
larvae of Au. rostrata are primarily saprophagous, but
ultimately, because they have been observed preying on
blow fly larvae and conspecific larvae, Skidmore (1985)
regarded them as trimorphic facultative carnivores. The
genus Potamia is widespread in the Holarctic and pres-
ent in the Neotropical and Oriental regions (Pont 1986;
Bartak and Rohacek 2011). Adults of the most common
Potamia species, P. littoralis, have been frequently col-
lected on tree trunks, honeydew, flowers, and visiting
aphid colonies (Cuny 1978; Skidmore 1985), as well as
on human cadavers and animal carrion (Grzywacz et al.
2017). In turn, larvae have been found in human faeces,
animal dung, rotten wood, fungi, nests of yellow jack-
ets, hornets (Zimin 1948; Skidmore 1985) and various
hole-nesting birds (Iwasa and Hori 1993; Iwasa et al.
1995). Skidmore (1985) considered Potamia larvae as
trimorphic facultative carnivores, however Séguy (1923)
and Iwasa et al. (1995) believed the larvae to be sap-
rophages or coprophages since they were found in faecal
matter and in nesting materials, rather than feeding on
nestlings or their carrion.

Despite numerous changes in the tribal and subfamil-
ial classification of the family Muscidae, Potamia (since
Hennig (1955, 1965)) and Australophyra (since Malloch
(1923, 1925)) have consistently been considered as close-
ly related to Hydrotaea. Whenever muscid classifications
were rearranged, these genera were classified together in
a higher-level taxon and assigned to the subfamily Azeli-
inae (Hennig 1965; Lobanov 1965; Pont 1973), supported
by the morphology of both immatures and adults (Hen-
nig 1955, 1965; Skidmore 1985; Pont 1986; de Carvalho
1989; Savage and Wheeler 2004; Couri 2010; Jorge 2016;
Michelsen 2022) as well as by molecular analyses (Kutty
et al. 2010, 2014; Haseyama et al. 2015; Grzywacz et al.
2017, 2021; Walczak et al. 2023). However, the composi-
tion and relationships among the remaining species within
Azeliinae have undergone numerous changes over the
years. Currently, this subfamily includes 13 genera (Sav-
age and Wheeler 2004; Grzywacz et al. 2021) represented
by at least 400 species worldwide (Pont, unpublished).
Although species of Azeliinae have been the subject of re-
latively frequent phylogenetic inferences based primarily
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on adult morphology and molecular studies, the systematic
position of some azeliines, such as Azelia Robineau-Des-
voidy, remains questionable (Savage and Wheeler 2004;
Kutty et al. 2014; Haseyama et al. 2015; Grzywacz et al.
2017, 2021). Comprehensive analysis of larval morphol-
ogy has already proven highly informative for inferring
phylogenetic relationships (Piwczynski et al. 2017; Grzy-
wacz et al. 2021). Thus, generating detailed morphological
documentation of immature stages from taxa of uncertain
or questionable taxonomic position is highly desirable.
Nevertheless, with the exception of Hydrotaea, for which
some species have well-described and documented larval
stages, immature stage morphology of the remaining Aze-
liinae is poorly known, e.g., Drymeia Meigen and Thricops
Rondani, or remains unknown. Current knowledge of the
morphology of the preimaginal stages of Ac. rohrelliformis
(Lobanov 1975; Skidmore 1985) and P, litforalis (Zimin
1948; Skidmore 1985) is limited to the third larval instar.
Due to the attention from forensic studies, more informa-
tion can be found on the larvae of Au. rostrata. O’Flynn
and Moorhouse (1980) produced line drawings and short
descriptions of the first and second instars of Au. rostrata,
allowing for their differentiation from other carrion-breed-
ing larvae, whereas Fuller (1932), Skidmore (1985) and
Zumpt (1965) documented the morphology of the third
instar. Published data are often superficial, encompassing
only a few selected features and frequently lacking detailed
illustrations. By utilising museum material in morpholog-
ical studies, researchers can gain a better understanding of
the evolutionary history and relationships of different taxa,
especially for taxa difficult to obtain (Buenaventura et al.
2021). The morphological examination of museum speci-
mens, however, may face obstacles due to damage caused
by the passage of time as well as inappropriate storage con-
ditions, including overexposure to UV light. In this paper,
taking advantage of extensive material of immature stages
of Achanthiptera recently revealed in European museum
collections, we evaluate the efficiency of confocal laser
scanning microscopy (CLSM) in visualising UV-overex-
posed and more than 100-year-old museum material. To
achieve this, we study and document in detail the second-
and third-instar larvae of Ac. rohrelliformis and P. littoralis
as well as the third-instar larva of Au. rostrata using light
microscopy (LM), scanning electron microscopy (SEM)
and CLSM. Based on the results, we reinvestigate the sys-
tematic relationships between Ac. rohrelliformis and other
Muscidae.

2. Materials and methods

Larvae of Ac. rohrelliformis were obtained from the Natu-
ral History Museum (BMNH), London (UK), the Natural
History Museum of Denmark (NHMD), University of Co-
penhagen, Copenhagen (Denmark) and the Museum fiir
Naturkunde (ZMB), Leibniz Institute for Evolution and
Biodiversity Science, Berlin (Germany). The museum
material from BMNH and NHMD was preserved in eth-

anol, while samples from ZMB were dried and collapsed
(due to evaporation of ethanol). After this was revealed,
the material was re-preserved in ethanol. Procedures for
obtaining P, /ittoralis larvae, including collection of grav-
id females during fieldwork and laboratory rearing and
killing of larvae, followed the protocols described by
Grzywacz et al. (2014). Briefly, adults of P. littoralis were
attracted to baits (decomposed chicken liver) in Plawin
(Poland) in 2013 and collected using an entomological
net. Females were then transported to the laboratory in
2-mL Eppendorf tubes with air exchange provided by in-
caps punctures. In the laboratory, flies were transferred
to plastic containers with a thin layer of wet sand and
supplied with water, sugar and a small piece of chicken
liver as an oviposition and feeding medium. Larvae of
appropriate instars were transferred to a Petri dish and
immersed in sub-boiling water (~97°C) for 60 s and then
transferred to 70% ethanol. Larvae of Au. rostrata were
collected from a human cadaver as part of a police in-
vestigation (Kuitpo Forest, South Australia). Soft forceps
were used to collect the larvae, which were brought to
the laboratory and preserved as described for P. littoralis.
Larvae of P, littoralis and Au. rostrata are deposited in
the Department of Ecology and Biogeography, Nicolaus
Copernicus University in Torun, Torun, Poland (NCUT).

Third-instar larvae were prepared for SEM examina-
tion by cleaning with a fine brush, dehydration in 80.0%,
90.0% and 99.5% ethanol (EtOH) and critical-point-dry-
ing in carbon dioxide (CO,) with an Autosamdri®-815,
Series A critical-point-dryer (Tousimis Research Corp.,
Rockville, MD, U.S.A.). Larvae were then mounted on
aluminium stubs with double-sided adhesive tape and
coated with platinum for 140 s (20 nm of coating) using
a JEOL JFC 2300HR high-resolution fine coater (JEOL
Ltd., Tokyo, Japan). Scanning electron microscopy im-
ages were obtained with a JEOL scanning microscope
(JSM-6335F; JEOL Ltd.).

CLSM observations were performed with a Leica
TCS SP8 confocal laser scanning microscope (Leica
Microsystems, Wetzlar, Germany). Larvae intended for
CLSM analysis were prepared according to the protocol
by Szpila et al. (2021). Second-instar larvae of Ac. rohrel-
liformis and P, littoralis were macerated by immersion in
10% potassium hydroxide (KOH) for 16 hours at room
temperature. Third-instar larvae of Ac. rohrelliformis
had faded due to exposure from UV light and, to avoid
over-macerating, the material was macerated twice, ini-
tially for 12 hours and subsequently for an additional 5
hours after an assessment showed that the first macera-
tion was insufficient due to large amounts of remaining
soft tissue residues. Third-instar larvae of P. littoralis and
Au. rostrata were macerated for 26 hours. Subsequently,
all larvae were washed by placing them in 99.5% EtOH,
transferred to a microscope slide with a drop of glycerine
and covered with a coverslip. The acquisition steps were
conducted in accordance with the protocol provided by
Walczak et al. (2022). The autofluorescence signal of the
cephaloskeleton was collected with two excitation wave-
lengths: 561 nm and 633 nm, as well as 488 nm in case
of the mouthhooks of Ac. rohrelliformis. The microscope
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Table 1. Abbreviations of morphological structures.

al-7 abdominal segments 1-7 mh mouthhook

abr antennal basal ring mp maxillary palpus

acc accessory stomal sclerites nsl-2 additional sensillum coeloconicum 1-2
ad anal division ob oral bar

an antennal complex ol optic lobe

and antennal dome or oral ridges

ao anal opening pl-p7 papillae 1-7

ap anal plate pa post-anal papilla

aro anterior rod paa para-anal papilla

as anterior spiracle pb parastomal bar

asb anterior spinose band pc pseudocephalon

bm bubble membrane pp posterior projection

bs basal sclerite pre pre-anal welt

cir cirri ps posterior spiracle

cl cleft r rami

cut cutaneous teeth p rectangular accessory process
db dorsal bridge rs respiratory slit

de dorsal cornu sa sub-anal papilla

de dorsal extension sb1-3 sensillum basiconicum 1-3
ds dental sclerite scl-3 sensillum coeloconicum 1-3
es epistomal sclerite sS spiracular scar

ex extra-anal papilla st spiracular tuft

is intermediate sclerite sub suprabuccal teeth

ko Keilin’s organ tl-3 thoracic segments 1-3

lew lateral creeping welt vb ventral bridge

1 labial lobe ve ventral cornu

lo labial organ vew ventral creeping welt

Ir longitudinal ridges Vo ventral organ

Is labial sclerite vp vertical plate

slides were scanned with a 40x oil lens with a numerical
aperture of 1.3 (N.A.=1.3). Following the acquisition of
sequential images, maximum intensity projections (MIP)
and 3D visualisation were built using LAS AF V3.3 and
LAS X 3D Viewers (Leica Microsystems, Wetzlar, Ger-
many), respectively.

Larval terminology follows Courtney et al. (2000)
with a few modifications proposed by Szpila and Pape
(2005). Family-specific structures follow the terminolo-
gy of Skidmore (1985) with modifications proposed by
Grzywacz (2013a) and Walczak et al. (2022). All abbre-
viations used in this study are listed in Table 1.

3. Results

3.1. Specimens examined

Achanthiptera rohrelliformis (Robineau-Desvoidy) (Figs
1A, B, 2A-F, 3A—-G, 4A-I): 2 third-instar larvae, labelled:
“C.27:17; BMNH — 15 third-instar larvae, labelled:
“April 1912 / Kryger / W. Lundbeck col.”; NHMD —
35 second- and 27 third-instar larvae, labelled: “Berlin
/ Jungfernheide / 1909”; ZMB — 8 third-instar larvae,
labelled: “Berlin / Wittenau / 1911”; ZMB

Potamia littoralis Robineau-Desvoidy (Figs 1C, D, SA—
C, E, G, 6A-I): 5 second- and 8 third-instar larvae, la-
belled: 21 Jul. 2013, Ptawin, Poland, A. Grzywacz leg.;
NCUT

Australophyra rostrata (Robineau-Desvoidy) (Figs 1E,
5D, F, H, 7A-I): 5 third-instar larvae, labelled: 1 Feb.
1995, Kuitpo Forest, South Australia, Australia, J. F.
Wallman leg.; NCUT

3.2. General larval morphology

To avoid repetition, general morphology of all species
is described jointly, and the species-specific details are
highlighted in the following subsections. Due to the poor
condition of the second-instar larva of Ac. rohrelliformis,
it was only feasible to examine its cephaloskeleton using
CLSM.

Pseudocephalon. Bilobate and equipped with paired an-
tennal complex (an), maxillary palpus (mp) and ventral
organ (vo) (Figs 3B, 6B, 7B). Functional mouth opening
surrounded by facial mask consisting of numerous oral
ridges (or) and a pair of labial lobes (/) equipped apical-
ly with sensilla of the labial organ (/o) (Figs 3B, E, 6B,
7B). Anterior margin of the facial mask with a row of
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cirri (cir). Antennal complex with conical antennal dome
(and) situated on antennal basal ring (abr) (Figs 3C, 6B,
7B); the length of and half the height of abr (Figs 3C, 6B,
7B). The mp consists of three sensilla coeloconica (sc),
three sensilla basiconica (sb), several small additional
sensilla arranged in a tight cluster and two sensilla coelo-
conica of non-maxillary origin (ns) positioned laterodor-
sally (Figs 3D, 6C, 7C). The bulge-shaped vo equipped
with four sensilla (Figs 3B, E, F, 6D, 7D) and placed at
the anterior margin of or (Figs 3B, E, 6B, 7B).

Cephaloskeleton. Paired mouthhooks (m#), unpaired in-
termediate sclerite (is) and basal sclerite (bs) (Figs 1A-E).

Second instar with several well-sclerotized, ventrally
directed suprabuccal teeth (sub) (Figs 2A, 5A) placed an-
terior to mh. The mh L-shaped in lateral view (Figs 1A,
C, 2A, 5A) with slender base and distal parts symmetrical
and closely appressed (Fig. 2B). Apical part of mh envel-
oped in the dome-shaped anterior rod (aro) (Figs 1A, C,
2A, B, 5A). Dental sclerite (ds) and irregular accessory
stomal sclerites (acc) located below each mh (Figs 2A,
5A). Convex epistomal sclerite (es) and a pair of labial
sclerites (/s) placed anteriorly between anterior arms of
is (Figs 2A, 5A, B). Paired rod-like rami () lie freely
between lateral arms of is (Figs 2B, 5B). Basal sclerite
(bs) with paired vertical plates (vp), with dorsal (dc) and
ventral cornua (vc) connected anteroventrally by strongly

aro

sclerotized ventral bridge (vb) (Figs 1A, C, 5A, B) and
anterodorsally by tightly appressed horseshoe-shaped
dorsal bridge (db) (Figs 1A, C, 5A). The vp broad, dc
shorter than ve (Fig. 1A, C). Posterior parts of dc and ve
poorly sclerotized, the latter with dorsal extension (de).
Hypopharynx with distinctly developed longitudinal
ridges.

Third instar with asymmetric, closely appressed mh#,
the left being shorter (Figs 2C, D, 5C, D). Distal parts
curved ventrally (Figs 1B, D, E, 2C, D, 5C, D). Triangu-
lar ds and acc situated ventrally to base of each mh (Figs
2C, D, 5C, D). The ds connected with base of m#h by slen-
der, sclerotized hinge along anterodorsal margin (Figs
2C, D, 5C, D). Elongated and convex es and paired Is lie
freely between anterior arms of is (Figs 2E, F, 5E, F). The
is H-shaped in dorsal view (Figs 2F, 5E, F). Parastomal
bar (pb) fused with dorsal margin of is, creating antero-
dorsal extension (Figs 2E, 5F, G, H). Paired well-sclero-
tized, rod-like rami () lie between arms of is (Figs 2F,
5E, F). The bs consists of paired, broad vp each with dc
and vc (Fig. 1B, D, E). The vp connected anteroventrally
by vb and anterodorsally by db (Figs 1B, D, E, 2F, 5E, F).
Hypopharynx with longitudinal ridges.

Thoracic and abdominal segments. Anterior spinose
band (asb) on first thoracic segment (z/) broad and com-
plete (Figs 3A, B, 6A, B, 7A, B). Spines of asb colourless

Figure 1. Details of cephaloskeleton in left-lateral views. A Achanthiptera rohrelliformis, second-instar larva. B Achanthiptera

rohrelliformis, third-instar larva. C Potamia littoralis, second-instar larva. D Potamia littoralis, third-instar larva. E Australophyra

rostrata, third-instar larva. — Abbreviations: acc, accessory stomal sclerites; aro, anterior rod; bs, basal sclerite; cut, cutaneous

teeth; db, dorsal bridge; dc, dorsal cornu; de, dorsal extension; ds, dental sclerite; es, epistomal sclerite; is, intermediate sclerite; /7,

longitudinal ridges in hypopharynx; /s, labial sclerite; mh, mouthhook; ob, oral bar; o/, optic lobe; pb, parastomal bar; pp, posterior

projection; r, rami; 7p, rectangular accessory process; sub, suprabuccal teeth; vb, ventral bridge; ve, ventral cornu; vp, ventral cornu.
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and arranged densely in long rows, closely adjacent ven-
trally and slightly separated dorsally (Figs 3A, 6A, 7A).
Anterior third of ¢/ with transverse cleft (c/), followed
ventrally by several rows of spines (Figs 3A, 6A, 7A).
Each thoracic segment ventrally with a pair of trichoid
sensilla of Keilin’s organ (ko) (Figs 3B, 4B, 7A, E). Sec-
ond (#2) and third (z3) thoracic and first abdominal (a/)
segments in second instar with single short row of fine
spines. Third instar with complete anterior spinose bands
on £2 and ¢3 arranged in relatively short rows (Figs 3A,
6A, 7A). Abdominal segments (a2—a7) anteroventrally
with creeping welts (vew) and anal division (ad) with
pre-anal welt (pre) (Figs 4C, 1, 6F, I, 7F, I). Elliptical
lateral creeping welts (lcw) present between abdominal
segments, barely visible, never covered by spines (Fig.
7F). The posterolateral margin of @/ with circular bubble
membrane (bm) of many globules clustered together and
level with the adjacent integument (Figs 4D, 6F, 7F). All
spines of asb on t/—¢3 and al—a3, as well as of vew on
a2—a7 directed posteriorly (Figs 3A, B, G, 4A, C, 6A, B,
F, 7A, B, F), while spines of pre point anteriorly (Figs 41,
61, 7I). Scars from muscle attachments strongly visible on
surface of all thoracic and abdominal segments.

Anal division. Ventrally with anal opening (ao0), porous
anal plate (ap) and distinct anal papillae (Figs 41, 61, 7).
An unpaired post-anal papilla (pa) present directly poste-
rior to ao. Paired sub-anal (sa), para-anal (paa) and ex-
tra-anal (ex) papillae shifted anteriorly relative to the pa
(Figs 41, 61, 7I). Each sa with a sensillum basiconicum
and two sensilla resembling sensilla ampullacea. Spir-
acular field with seven pairs of papillae (p/—p7) and a
pair of posterior spiracles (ps) located centrally (Figs 4G,
H, 6H, 7H). Each papilla composed of a sensillum plus
the surrounding area. Papillae p/, p3, p5 and p7 with a
sensillum basiconicum. Papillae p2, p4 and p6 indistinct,
placed ventral to the spiracular field and equipped with a
sensillum ampullaceum.

3.3. Specific morphology

3.3.1. Second instar: Achanthiptera rohrel-
liformis

Cephaloskeleton. Arched ds, acc and the pair of » weak-
ly sclerotized (Fig. 2A, B).

3.3.2. Second instar: Potamia littoralis

Pseudocephalon. The and encircled with equidistantly
spaced pores. The perimeter of the mp composed of two
nearly circular folds. The cir angular and serrated. The or
digitate along their entire length.

Cephaloskeleton. Base of mh with a hooked appendage
on the ventral side (indicated by an asterisk in Fig. 5A).
The ds, acc and a pair of r robust and strongly sclerotized
(Fig. 5A, B). The de equipped with a sclerotized posterior
projection (pp) directed ventrally (Fig. 1C).

Anal division. The ao surrounded by convex, W-shaped
ap, which is anteriorly bounded by the pre, posteriorly by
a row of conical spines. The pa, sa and ex bulge-like, paa
flattened. Papillae p1/, p3, p5 and p7 positioned level with
adjacent integument. The ps slightly elevated and each
ps bears two slightly sinuate and subparallel respiratory
slits (rs), four branched spiracular tufts (s¢7) and a median
spiracular scar (ss).

3.3.3. Third instar: Achanthiptera rohrelli-
formis

Pseudocephalon. The perimeter of the mp composed of
two nearly circular folds (Fig. 3B, D). The or serrated
along entire length (Fig. 3A, B, E).

Cephaloskeleton. Left mh considerably shorter than
right mh (Fig. 2C, D). Distal part of right mh massive, left
one slender (Fig. 2C, D). Basal part of mh on right side
joins with ob through a small rectangular accessory pro-
cess (rp) (Fig. 2C). The ob serrated apically and parallel
to the distal part of mh through entire length (Fig. 2C). A
transformed aro embedded anteriorly to 0b (Fig. 2C). The
aro narrow at the base and strongly expanded apically.
The apical part of aro covers the tip of right (and longer)
mh (Fig. 2C, D). The irregular ob and short aro tightly
appressed to mh (Fig. 2D, lateral view from left m#). The
dc slender and slightly shorter than ve, which carries de
(Fig. 1B).

Thoracic and abdominal segments. Spines of asb trap-
ezoid with serrated posterior margin (Fig. 3B). The an-
terior spiracle (as) equipped with four or five lobes (Fig.
3A). Spines of anterior spinose bands on ¢2 and ¢3 of
various shape from slightly pointed to blunt-ended (Fig.
3A, G). First three abdominal segments (a/—a3) with
complete anterior spinose band of colourless, mostly
blunt-ended spines that are arranged in short rows (Fig.
4A). In the middle of each vew is a protuberance with
at least two rows of conical spines surrounded by sever-
al rows of fine, single- and double-pointed spines (Fig.
4C). Anterior part of pre with small spines arranged in
short rows similar to those of vew, posterior part with
irregularly arranged, more or less conical spines that are
twice as large (Fig. 4I). Lateral creeping welts (hardly
distinguishable) present posterolaterally on each abdom-
inal segment.

Anal division. The ao surrounded by W-shaped ap, an-
teriorly limited by pre and posteriorly by bulge-shaped
pa and sa (Fig. 41). The pa covered with tiny spines and
bigger than sa. Beyond each sa are paired, relatively flat-
tened paa and ex, the latter larger than other anal papil-
lae and covered with small spines (Fig. 4I). Anal papillae
followed by several rows of tiny spines (Fig. 41). Each
of pl, p3, p5 and p7 in the form of a small integumental
protuberance (Fig. 4G, H). The ps slightly elevated and
relatively small, comparable in size to p/ (Fig. 4H). Each
ps with three straight rs in convergent arrangement, four
branched st and ss in median position (Fig. 4E).
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Figure 2. Achanthiptera rohrelliformis, cephaloskeleton of larvae II and III [CLSM]. A anterior end of cephaloskeleton of second-

instar larva, lateral view. B mouthhooks and intermediate sclerite of second-instar larva, dorsal view. C mouthhooks of third-instar

larva, lateral view of right mouthhook. D mouthhooks of third-instar larva, lateral view of left mouthhook. E intermediate sclerite

of third-instar larva, lateral view. F intermediate sclerite of third-instar larva, dorsal view. — Abbreviations: acc, accessory stomal

sclerites; aro, anterior rod; bs, basal sclerite; ds, dental sclerite; es, epistomal sclerite; is, intermediate sclerite; /s, labial sclerite; mh,

mouthhook; 0b, oral bar; pb, parastomal bar; r, rami; rp, rectangular accessory process; sub, suprabuccal teeth. Scale bars: 0.05 mm.

3.3.4. Third instar: Potamia littoralis

Pseudocephalon. The perimeter of the mp consists of an
inner fold with four crescents and an outer circular fold
(Fig. 6B, C). The or bluntly serrated along entire length
(Fig. 6A, B). The cir trapezoid (Fig. 6B).

Cephaloskeleton. The mh asymmetrical with tip of mh
covered by a transformed aro in right lateral view (Figs
1D, 5C). Right aro with narrow basal part tightly at-
tached to ob and strongly expanded apical part in the
form of an incomplete dome (Figs 1D, 5C). Two rows
of minute cutaneous teeth (cuf) ventral to the rod-like
ob (Fig. 5C). The ds connected to base of mh through
narrow, sclerotized hinge [ruptured in the examined
specimen] (Fig. 5C). The es massive, convex in later-
al view, elliptical in dorsal view, with two perforations
located on anterolateral margin (Fig. 5E). A pair of
rod-like r adheres ventrally to each arm of is (Fig. 5E).
The dc slightly shorter and half the height of ve, the
latter with well-developed de posterodorsally. The vb

well-sclerotized, db less sclerotized and finely perforat-
ed (Fig. 1D).

Thoracic and abdominal segments. Spines of asb trape-
zoidal, mostly double- or triple-pointed (Fig. 6B, E). The
as equipped with six lobes (Fig. 6A). Spines of anterior
spinose bands on 2 and 3 single-pointed (Fig. 6A). Spines
on abdominal segments limited to anterior margin only
ventrally (Fig. 6F). The a/ anteroventrally covered by short
rows of small, colourless spines. Spines of vew arranged in
transverse rows separated in the middle by narrow strip.
Spines of two inner rows relatively massive, somewhat
hook-shaped, mostly single-pointed, adjacent short rows
consist of tiny single- and double-pointed spines (Fig. 6F).
The pre consists of three irregular rows of robust, conical
spines and is preceded with one or two rows of fine spines
(Fig. 6I). Lateral creeping welts barely visible but present
on posterolateral part of each abdominal segment.

Anal division. The ao surrounded by convex, W-shaped
ap (Fig. 6I). The ap anteriorly bound by pre, posteriorly
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Figure 3. Achanthiptera rohrelliformis, pseudocephalon of third-instar larva [SEM]. A anterior end of body, lateral view. B anterior
end of body, ventral view. C antennal complex. D maxillary palpus. E facial mask, ventral view. F ventral organ. G spines on first
thoracic segment. — Abbreviations: abr, antennal basal ring; an, antennal complex; and, antennal dome; as, anterior spiracle; asb,
anterior spinose band; cir, cirri; ¢/, cleft; ko, Keilin’s organ; //, labial lobe; /o, labial organ; mh, mouthhook; mp, maxillary palpus;
ns1-2, first and second additional sensillum coeloconicum; pc, pseudocephalon; or, oral ridges; sb/-3, sensillum basiconicum 1-3;
scl1-3, sensillum coeloconicum 1-3; ¢/, thoracic segment 1; 2, thoracic segment 2; vo, ventral organ.

by a row of spines similar in size and shape to those of  paa being smallest and ex the largest. The pa covered
the pre and further followed by several rows of small,  with sharply pointed spines. Several irregularly scattered
conical spines (Fig. 6I). All anal papillae bulge-like, with  spines between paa and ex. The pl, p3, p5 and p7 po-
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Figure 4. Achanthiptera rohrelliformis, thorax and abdomen of third-instar larva [SEM]. A third thoracic and first abdominal seg-
ments, lateral view, dorsal side up. B Keilin’s organ on ventral side of third thoracic segment. C pre-anal welt on seventh abdominal
segment, ventral view. D bubble membrane. E posterior spiracles. F sub-anal papilla. G posterior end of body, lateral view. H anal
division, posterior view. I posterior end of body, ventral view. — Abbreviations: ¢/, abdominal segment 1; a7, abdominal segment
7; ad, anal division; ao, anal opening; ap, anal plate; ex, extra-anal papilla; p/—p7, papillae 1-7 surrounding spiracular field; pa,
post-anal papilla; paa, para-anal papilla; pre, pre-anal welt; ps, posterior spiracle; rs, respiratory slit; sa, sub-anal papilla; ss, spirac-
ular scar; st, spiracular tuft; 73, thoracic segment 3.

sitioned level with adjacent integument (Fig. 6H). The 3 3.5 Third instar: Australophyra rostrata
ps slightly elevated, each with three slightly sinuate and

subparallel 7s, four branched s7 and ss in median position ~ Pseudocephalon. The perimeter of the mp composed of
(Fig. 6G). three semi-circular folds (Fig. 7B, C). The or gently ser-
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Figure 5. CLSM images of Potamia littoralis (A, B, C, E, G) and Australophyra rostrata (D, F, H). A anterior end of cephaloskel-
eton of second-instar larva with hooked appendage on ventral side of basal part of mouthhook (indicated by asterisk), left-lateral

view. B intermediate sclerite and neighbouring elements of second-instar larva; dorsal view. C mouthhooks of third-instar larva,
right-lateral view. D mouthhooks of third-instar larva, right-lateral view. E intermediate sclerite of third-instar larva; dorsal view.
F intermediate sclerite and neighbouring elements of third-instar larva; dorsal view. G intermediate sclerite of third-instar larva;
lateral view. H intermediate sclerite of third-instar larva; lateral view. — Abbreviations: acc, accessory stomal sclerite; aro, anterior
rod; cut, cutaneous teeth; db, dorsal bridge; ds, dental sclerite; es, epistomal sclerite; is, intermediate sclerite; /s, labial sclerite; mh,
mouthhook; ob, oral bar; pb, parastomal bar; 7, rami; sub, suprabuccal teeth; vb, ventral bridge. Scale bars: 0.05 mm.

rated. The vo in the form of an irregularly rounded bulge ~ Cephaloskeleton. The ob rod-like and not connected to
in the cuticle (Fig. 7B, D). The cir only visible in lateral  base of asymmetrical m# (Fig. 5D). The aro toothed ante-
view (Fig. 7A). riorly and the elongated basal part tightly appressed to an-
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Figure 6. Potamia littoralis, pseudocephalon, thorax and abdomen of third-instar larva [SEM]. A anterior end of body, lateral view.
B anterior end of body, ventral view. C maxillary palpus. D ventral organ. E spines on first thoracic segment. F first abdominal
segment, lateral view, dorsal side up. G posterior spiracles. H anal division, posterior view. I posterior end of body, ventral view.
— Abbreviations: a7, abdominal segment 7; an, antennal complex; ao, anal opening; aro, anterior rod; as, anterior spiracle; asb,
anterior spinose band; bm, bubble membrane; cir, cirri; ¢/, cleft; ex, extra-anal papilla; //, labial lobe; /o, labial organ; mp, maxillary
palpus; ns/-2, first and second additional sensillum coeloconicum; or, oral ridges; p/—p7, papillae 1-7 surrounding spiracular field,
pa, post-anal papilla; paa, para-anal papilla; pc, pseudocephalon; pre, pre-anal welt; ps, posterior spiracle; rs, respiratory slit; sa,
sub-anal papilla; sb1-3, sensillum basiconicum 1-3; sc/-3, sensillum coeloconicum 1-3; ss, spiracular scar; st, spiracular tuft; ¢/,
thoracic segment 1; £2, thoracic segment 2; vew, ventral creeping welt; vo, ventral organ.
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Figure 7. Australophyra rostrata, pseudocephalon, thorax and abdomen of third-instar larva [SEM]. A anterior end of body, lateral
view. B anterior end of body, ventral view. C maxillary palpus. D ventral organ. E Keilin’s organ on ventral side of third thoracic
segment. F first abdominal segment, lateral view, dorsal side up. G posterior spiracles. H anal division, posterior view. I posterior
end of body, ventral view. — Abbreviations: a7, abdominal segment 7; ad, anal division; an, antennal complex; ao, anal opening;
as, anterior spiracle; asb, anterior spinose band; bm, bubble membrane; cir, cirri; c/, cleft; ex, extra-anal papilla; ko, Keilin’s or-
gan; lcw, lateral creeping welt; //, labial lobe; /o, labial organ; mp, maxillary palpus; ns/—2, first and second additional sensillum
coeloconicum; or, oral ridges; p/—p7, papillaec 1-7 surrounding spiracular field; pa, post-anal papilla; paa, para-anal papilla; pc,
pseudocephalon; pre, pre-anal welt; ps, posterior spiracle; rs, respiratory slit; sa, sub-anal papilla; sb6/-3, sensillum basiconicum
1-3; sc1-3, sensillum coeloconicum 1-3; ss, spiracular scar; st, spiracular tuft; ¢/, thoracic segment 1; 72, thoracic segment 2; vew,
ventral creeping welt; vo, ventral organ.
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terodorsal margin of ob (Figs 1E, 5D). Each aro slightly
curved, forming an incomplete arch in dorsal view. The is
relatively short (Figs 1E, 5F). Optic lobe (o/) present and
weakly sclerotized (Fig. 1E). The bs is the least sclero-
tized part of the cephaloskeleton. The dc and vc of similar
length (Fig. 1E). The dc slender, and vc twice as wide as
dc and with weakly sclerotized de (Fig. 1E).

Thoracic and abdominal segments. Spines of asb slen-
der and single-pointed, occasionally double-pointed (Fig.
7B). The as with seven to eight lobes (Fig. 7A). Spines
of anterior spinose bands on ¢2 and 73 single- or dou-
ble-pointed (Fig. 7A). The al with asb incomplete lat-
erally, ventrally with more rows of spines than dorsally
(Fig. 7F). Spines of asb colourless and single-pointed,
arranged in short rows. Spines of vew relatively robust,
conical and blunt-tipped, arranged in two transverse
rows separated in middle by narrow strip and followed
by row of smaller spines (Fig. 7F). The pre consists of
three irregular rows of robust and conical spines that are
preceded by one row of single-pointed spines (Fig. 71).
A transverse crevice present ventrally in middle part of
segments a/—a7. A lateral creeping welt is distinctly de-
veloped posterolaterally on each abdominal segment.

Anal division. The ap almost entirely covered with mas-
sive anal papillae (Fig. 71). Anterior margin of ap covered
by the pre, posterior margin covered by broad strip of
spines equal to those of the pre. All anal papillae enlarged
and conical, together resembling a crown in dorsal and
ventral view (Fig. 7H). Paired sa, paa and ex of similar
size (Fig. 71). The p1, p3, p5 and p7 form distinct bulg-
es (Fig. 7H). The ps placed slightly below the surface of
spiracular field (Fig. 7G, H), with three subparallel and
slightly sinuous rs, four branched s and ss placed subme-
dially (Fig. 7G, H).

4. Discussion

4.1. Systematic position of Ac. rohrel-

liformis

Phylogenetic implications based on larval morphology
have been discussed for Muscidae by several authors
(Roback 1951; Schumann 1954; Ferrar 1979; Skidmore
1985), and, among all larval structures, the cephaloskel-
eton has been identified as of particular importance. For
instance, having observed a striking resemblance of the
cephaloskeleton, including the shape and arrangement of
sclerites between the larvae of P, littoralis and Hydrotaea
dentipes (Fabricius), Hennig (1965) ultimately concluded
that Potamia was more closely related to Hydrotaea than
to Phaonia Robineau-Desvoidy. The asymmetry of the
mouthhooks in the third-instar larva supports the place-
ment of Achanthiptera as well as Potamia and Australo-
phyra within the Azeliinae + Muscinae clade (Grzywacz
et al. 2021). All species examined in this study are nested

within the subfamily Azeliinae and have larvae closely
resembling those azeliines for which descriptions and
drawings are available. Similarities in general morphol-
ogy and in the details of the cephaloskeleton and anal
division with the dentipes-group within Hydrotaea are
particularly compelling (Skidmore 1985; Grzywacz et al.
2014). Shared features are the shape of the anal division:
angular outline of the segment in lateral view, spiracular
field directed posterodorsally often with dorsal-most part
of ad distinctly above the level of the dorsal surface of
preceding abdominal segments, a W-shaped anal plate
with all anal papillae well developed, mostly bulge-like,
as well as posterior spiracles with straight to sinuate re-
spiratory slits in a parallel to radiate arrangement (Skid-
more 1985; Grzywacz 2013b; Grzywacz et al. 2014). In
Muscinae, the spiracular field is directed posteriorly and
the dorsal surface of the segment is not above the level
of preceding abdominal segments, the anal plate is either
small to enlarged, with partially reduced anal papillae,
while the slits of the posterior spiracles are serpentine
to torturous and arranged in a peripheral to encircling
configuration (Skidmore 1985; Grzywacz 2013a). As for
the differences in the cephaloskeleton, Azeliinae larvae
usually possess well-developed accessory oral sclerites,
while in larvae of the Muscinae these are absent or re-
duced (Skidmore 1985; Grzywacz 2013b; Grzywacz et
al. 2014). In addition, the intermediate sclerite of Azeli-
inae is equipped with a visible anterodorsal extension de-
rived from the reduced parastomal bar, while in Muscinae
this sclerite is short and robust, and its dorsal surface is
strongly modified (Fig. 8E, F).

4.2. Comparative morphology

Our results provide the first description of the morphol-
ogy of the second-instar larva of Ac. rohrelliformis and
P. littoralis. The species exhibit numerous similarities in
their cephaloskeletons. Notably, the presence of a dome-
shaped anterior rod closely attached to each mouthhook
differentiates them from other muscid species. CLSM
images revealed that each rod envelops the tips of the
mouthhooks and further extends forward in relation to
them. To the best of our knowledge, this specific shape
of the anterior rod has not been documented previous-
ly and its function remains uncertain. Although previous
studies have provided relatively detailed descriptions
of spinulation pattern, arrangement of anal papillaec and
shape of posterior spiracles in the third-instar larva of
Ac. rohrelliformis, P. littoralis and Au. rostrata, details
of the cephaloskeleton have either been briefly described
or not described at all. Illustrations of the third-instar lar-
val body, the cephaloskeleton and the posterior spiracles
were provided by Lobanov (1975) for Ac. rohrelliformis,
by Zimin (1948) for P. littoralis, by Fuller (1932) and
Zumpt (1965) for Au. rostrata and by Skidmore (1985)
for all three species. Examination of these figures reveals
that the authors observed all sclerites recognised in this
study, except for the epistomal sclerite, parastomal bars,
a pair of labial sclerites and a pair of rami in all exam-
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Figure 8. CLSM images of mouthhook of third-instar larvae of some representatives of Musca, Stomoxys and Neomyia. Expanded

apical part of mouthhook assists coprophagous and saprophagous species to more efficiently collect food mass (A-D). A Musca

conducens Walker, left-ventrolateral view. B Stomoxys calcitrans (Linnaeus), left-ventrolateral view. C Neomyia gavisa (Walker),

right-ventrolateral view. D Neomyia lauta (Wiedemann), right-ventrolateral view. E intermediate sclerite of N. /auta, lateral view.

F intermediate sclerite of M. conducens, lateral view. — Abbreviations: bs, basal sclerite; is, intermediate sclerite; mh, mouthhook.

Scale bars: 0.05 mm.

ined species as well as the rectangular accessory process
in Ac. rohrelliformis. Additionally, CLSM revealed that
the dental sclerite in all examined species is connected
to the base of the mouthhook by a narrow, sclerotized
hinge. Skidmore (1985) noted that the intermediate scler-
ite of Ac. rohrelliformis, P. littoralis and Au. rostrata is
equipped with a “very strong acute dorsal tooth”, which
corresponds to the location of the parastomal bar that has
fused with the dorsal edge of the intermediate sclerite
(Walczak et al. 2022). Despite the long-standing belief
that the absence of a parastomal bar was considered a
distinctive feature of the family Muscidae (Schumann
1954; Ferrar 1979; Skidmore 1985), recent evidence has
demonstrated its presence in reduced form in muscid
species (Walczak et al. 2022, 2023). Most importantly,
all authors correctly observed the presence of additional
sclerites below the apical part of the mouthhooks, how-
ever they did not recognise the asymmetry of the oral

bars and anterior rods in Ac. rohrelliformis, as well as the
peculiar shape of anterior rods in both Ac. rohrelliform-
is and P, littoralis. The right mouthhook in Ac. rohrel-
liformis is fused basally to a serrated oral bar through
a rectangular accessory process, while its apical part is
closely attached to a spade-like anterior rod. Below the
left mouthhook, these structures are reduced, irregular
and unconnected to the base of the mouthhook. Although
asymmetry of the mouthhooks is a feature shared by
all species in the subfamily Azeliinae (Grzywacz et al.
2021), the pronounced asymmetry of the accessory oral
sclerites documented in this study has not been report-
ed previously. While the mouthhooks and accessory oral
sclerites do not exhibit such pronounced asymmetry in
P. littoralis, they do possess comparably well-developed
accessory oral sclerites as observed in Ac. rohrelliformis.
This is in comparison with Skidmore (1985), who mis-
interpreted the anterior rod and oral bar in P. littoralis as
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“very slender, short and weak”. A similar inconsistency
exists in the description of the morphology of P. scabra
(Giglio-Tos). Skidmore (1985) mentioned the absence of
accessory oral sclerites in this species, misinterpreting
the line drawings presented by Calhoun et al. (1956), and
thus considering P. scabra a sole representative of Azeli-
inae devoid of accessory oral sclerites. A re-examination
of fig. 3 in Calhoun et al. (1956) revealed that the third
instar of P. scabra has accessory oral sclerites that are
as well-developed or even more strongly developed than
in P. littoralis. Similarly to Ac. rohrelliformis, the oral
bar of P. scabra closely adjoins the basal part, and the
anterior rod adjoins the apical part of the mouthhook. All
aforementioned morphological structures, in particular
the shape of accessory oral sclerites, and the connection
between them, might have been overlooked by previous
authors due to the limitations of light microscopy tech-
niques. On the other hand, this might also have resulted
from the process of microscopical preparation itself. This
study revealed how maceration time in potassium hy-
droxide may critically impact the visibility of fine scler-
ites, making them nearly invisible. Individually adjusted
maceration time is therefore strongly recommended for
each specimen under study. Furthermore, Skidmore’s
cephaloskeletons of Ac. rohrelliformis and P. littoralis
were dissected from puparia, which could have caused
the displacement or rupture of small, weakly sclerotized
morphological structures.

4.3. Functional morphology and notes
on larval feeding strategy

The function of the modified anterior rods in Ac. rohrel-
liformis and P. littoralis remains ambiguous, and further
investigation of larval biology would be necessary to
unravel its significance. Keilin (1917) demonstrated a
close relationship between larval feeding habits and the
presence/absence and shape of cephaloskeletal elements,
which was later refined by other authors (Keilin and Tate
1930; Thomson 1937; Roberts 1971; Ferrar 1979; Skid-
more 1985). Based on the presence of additional oral
sclerites and following the conclusions of previous au-
thors, larvae of Achanthiptera, Australophyra and Pota-
mia should be considered facultative carnivores. This lar-
val feeding strategy is particularly indicated by relatively
blunt-tipped mouthhooks, well-developed accessory oral
sclerites composed of oral bars and anterior rods and well
visible longitudinal ventral pharyngeal ridges. Accessory
oral sclerites are known to play a vital role in facilitating
the movement of mouthhooks when piercing the cuticle
of the prey (Roberts 1971). When the mouthhooks are
flexed downwards, the oral bars emerge from the func-
tional mouth opening being held in place by the anterior
rods to grip the cuticle of potential prey, as shown in fig.
5H in Grzywacz et al. (2014) (Roberts 1971; Skidmore
1973). While accessory oral sclerites in Au. rostrata re-
semble those of the majority of species within the genus
Hydrotaea (Grzywacz et al. 2014), their modified shape
in Achanthiptera and Potamia seems unlikely to support

this function. It is therefore proposed here that the mod-
ified anterior rods in the second- and third-instar larvae
of both Achanthiptera and Potamia, in conjunction with
the mouthhooks, increase the surface area for collect-
ing food mass. A similar modification for increasing the
surface area of the mouthhooks for shovelling liquefied
food has already been reported in some saprophagous
and coprophagous species within the subfamily Musci-
nae. For example, species of Musca Linnaeus, Neomyia
Walker and Stomoxys Geoffroy are known to have a later-
ally expanded apical part of the mouthhook (Fig. 8A-D),
enabling more efficient collection of food mass (Ferrar
1979; Skidmore 1985). In Atherigona Rondani, in turn,
a distinct modification of accessory oral sclerites is well
known, reflecting the adaptive transition from facultative
carnivory (e.g. At. culicivora Kovac, Pont and Deem-
ing and At. orientalis Schiner) to phytophagy (e.g. At.
reversura Villeneuve) (Skidmore 1985; Grzywacz and
Pape 2013, 2014; Kovac et al. 2023). In the subgenus
Atherigona s. str., the massively enlarged oral bar and the
reduced mouthhook are fused, thereby functioning as a
single structure. As a result, lateral movement is inhib-
ited, and the fused sclerites functionally resemble the
broadened mouthhooks of phytophagous Anthomyiidae
(Roberts 1971; Ferrar 1987).

In summary, based on the current study and litera-
ture data, the larval instars of Au. rostrata are consid-
ered facultative carnivores, while strong asymmetry of
mouthhooks and modified accessory oral sclerites in Ac.
rohrelliformis indicate a saprophagous lifestyle. The lar-
val morphology of the second and third instars of P. /itto-
ralis closely corresponds to that of Ac. rohrelliformis, the
only difference being that in P. littoralis both oral bars lie
freely. Nonetheless, considering similar modifications of
accessory oral sclerites, we assume that both P. littora-
lis and P. scabra are saprophages, although this requires
corroboration, such as through observations from rearing
experiments.
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There is a significant gap in the availability of comprehensive identification keys for the early larval stages of
forensically important fly species. While well-documented identification keys exist for the third instar larvae,
particularly for the Calliphoridae, Muscidae and Sarcophagidae families, there is a notable scarcity of keys for the
first, except Calliphoridae, and the second instar larvae, with no such resources available for muscid species. The
second instar larvae suffer the most from the lack of morphological descriptions and available identification keys.
The Muscidae is one of the most frequently reported dipteran families of forensic importance colonising animal
cadavers and human corpses. Nevertheless, descriptions of the morphology of their early instars remain scarce
and limited to only a few species, thus their larval identification is challenging or impossible. Considering the
numerous challenges associated with studying small-sized entomological material, we tested whether it is
feasible to identify muscid flies to the species or at least genus level based predominantly on the details of the
cephaloskeleton. To overcome the obstacle of observing details of small sclerites, especially their shapes and
interconnections, we effectively employed confocal laser scanning microscopy (CLSM) as a supplementary
method for light microscopy (LM). This study provides an identification key for first and second instar larvae of
forensically important muscid species from the western Palaearctic (Europe, North Africa, Middle East). The

proposed key primarily utilises details of the cephaloskeleton with only addition of external morphology.

1. Introduction

The utilisation of entomological material in forensic investigations
most often enables the estimation of the time that has elapsed since
death [1,2]. This estimation of minimum post-mortem interval (mPMI)
has proven invaluable in cases where traditional methods of deter-
mining the time of death might be imprecise or no longer applicable [3].
One method is to determine the age of the oldest immature stages, pri-
marily dipteran flies, as they are usually the first colonisers of human
bodies [1]. The first step for the successful application of any entomo-
logical method, however, is a thorough and precise identification of the
entomological material. Identification of adult stages is more straight-
forward due to the availability of well-documented identification keys
[4,5] or semi-automated identification by means of wing venation pat-
terns [6], whereas identification of larval stages poses a significantly
greater challenge. The guidelines developed so far recommend identi-
fying the immature stages using reliable identification keys, followed by

rearing eggs or larvae to their adult stage under controlled laboratory
conditions [2,7]. Nevertheless, in practice, this process is fraught with
many challenges. The morphological diagnosis of immature stages is
limited due to their morphological similarities as well as their small size,
which hinders accurate examination [8]. Despite the significant increase
in morphological descriptions of immature stages of necrophagous
species in recent years [9-16], well-documented and user-friendly
identification keys are still missing. Consequently, obtaining adult
specimens becomes essential either to confirm the initial identification
of eggs or larvae, if established, or as the only means of identification.
On the other hand, successful rearing requires proper collection and
delivery of live immature specimens [17], which is often unfulfilled due
to the infrequent involvement of entomologists in the initial phase of
forensic investigation. Although molecular methods have been shown to
be effective for identifying preimaginal stages, this method depends not
solely on the proper preservation of the material, which can significantly
affect DNA degradation, but also on the potential challenge of obtaining
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adequate amount of material in case of small-sized specimens. Combi-
nation of inappropriate preservation, small size of examined samples
and extended time [18] from material collection to DNA extraction may
contribute to potential failure of molecular taxonomy approach. To
overcome the issue of degraded DNA, shorter fragments, c. 100-150 bp,
can be amplified, but barcodes shorter than 200 bp may perform poorly
in species identification [19]. The literature search highlights a scarcity
of identification keys for preimaginal stages of forensically important
Diptera species [20-23]. Among the dipteran families, well-documented
identification keys have been established for all instars of Calliphoridae
[10,13,14,24,25], as well as for the third instar larvae of Piophilidae
[26], Sarcophagidae [27] and Muscidae [28].

The Muscidae is a large cosmopolitan family, whose potential
forensic significance was already recognised by Mégnin [29] in the late
19th century. This family has since become a subject of growing interest
in forensic entomology and has frequently been collected in experi-
mental research and forensic investigations. Although Muscidae is rep-
resented by ca. 6000 species [30], only a few species are considered
necrophagous [28]. Nonetheless, muscid specimens have been consis-
tently observed colonising human corpses or animal cadavers under
diverse conditions. These range from buried [31,32] and burnt remains
[33,34] to those wrapped [35] or submerged in water [36]. They have
also been collected during various seasons [37,38], inside building [39,
40] and vehicles [41], in urban and rural areas [42-44], in sunny and
shaded ones [45,46] and during early and advanced stages of decom-
position [47,48]. Despite their widespread occurrence, this family faces
a conspicuous absence of identification keys for the first and second
instar larvae. The need to provide such a tool is demonstrated by the
number of papers in which muscid larvae have been identified only to a
family or genus level [36,49-51].

The primary objective of this study is to conduct a detailed
morphological analysis of the early instars of necrophagous muscid
species using both a light microscope (LM) and a confocal laser scanning
microscope (CLSM). For two species, a scanning electron microscope
(SEM) was utilised to achieve more precise identification to the species
level. Based on the findings from our study, we provide the identification
key for the first and second instar muscid larvae, increasing the precision
and reliability of distinguishing forensically important Muscidae species
from the western Palaearctic (Europe, North Africa, Middle East).

2. Material and methods

The choice of species for examination followed a review of the
literature to identify Muscidae species documented in real forensic cases
or in forensic entomology experiments. Larvae of selected species were
obtained by keeping field-collected females in the laboratory until
oviposition. Detailed protocols have been provided in Grzywacz & Pape
[12] for Atherigona orientalis Schiner, 1868, Grzywacz et al. [52] for
Hydrotaea dentipes (Fabricius, 1805) and Hydrotaea similis Meade, 1887,
Grzywacz et al. [53] for Muscina levida (Harris, 1780), Muscina prolapsa
(Harris, 1780) and Muscina stabulans Fallén, 1817, Velasquez et al. [11]
for Synthesiomyia nudiseta Brauer & von Bergenstamm, 1893 as well as
Grzywacz [54] for Hydrotaea aenescens (Wiedemann, 1830), Hydrotaea
armipes (Fallén, 1825), Hydrotaea capensis (Wiedemann, 1818), Hydro-
taea ignava (Harris, 1780), Hydrotaea pilipes Stein, 1903 and Musca
domestica Linnaeus, 1758. Larvae of Stomoxys calcitrans (Linnaeus,
1758) were collected in Pltawin (Poland) in 2010. The material was
collected in accordance with the protocol described in Grzywacz et al.
[53].

Light microscopy examination was prepared by immersion larvae in
Hoyer’s medium on cavity microscope slides. The light microscopy ob-
servations were conducted with a M205C Leica Stereomicroscope (Leica
Microsystems, Wetzlar, Germany) with an integrated high-resolution
Leica DFC495 digital camera. All examined specimens are stored in
Hoyer’s medium and deposited in the collection of the Department of
Ecology and Biogeography, Nicolaus Copernicus University in Torun,
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Torun, Poland.

The preparation of the material for the CLSM examination was
conducted in accordance with the protocol provided by Walczak et al.
[55]. Firstly, the anterior part of each specimen was cut off, taking care
not to damage the cephaloskeleton. This step may be omitted if there is
no need to preserve the posterior part of the larval body. The subsequent
step involves maceration in a 10% potassium hydroxide (KOH) solution,
which stands as a pivotal step in the preparation of specimens for CLSM
examination. Inadequate maceration time might result in insufficient
maceration of soft tissues, consequently obscuring the desired
morphological structures. Conversely, excessively prolonged macera-
tion leads to over-maceration of the tissue, causing a significant decrease
in image quality and resulting in blurred edges of sclerites. It is therefore
preferable to choose a shorter initial maceration and, if necessary, carry
out a second maceration. We recommend beginners, if possible, to test
this step in advance on less important entomological material. Given
that the first and second larval stages are relatively small and macera-
tion makes them almost transparent, this step should be conducted in
the smallest container possible. To facilitate later visibility of the
macerated material, it may also be helpful to cover the bottom of the
container with black tape. In this study, the maceration time in 10%
KOH ranged from 8 h to 12 h for the first instar larvae and from 12 h to
20h for the second instar larvae. Following tissue maceration, speci-
mens were transferred to 80% EtOH for 15 min (or even kept overnight)
to wash out KOH. After that, all first instar larvae were mounted on flat
microscope slides using glycerine as medium and gently covered with a
coverslip. When using flat microscope slides, the coverslip should be
gently placed to avoid crushing or displacement of the fine sclerites. It is
also possible to place first instars on cavity slides, but due to the limited
focal plane of CLSM, the material should be placed on the edge of the
cavity. In turn, all second instars were placed on cavity microscope
slides in a drop of viscous glycerine. CLSM examination was performed
with a Leica TCS SP8 Confocal Laser Scanning Microscope (Leica
Microsystems, Wetzlar, Germany). The autofluorescence signal of the
cephaloskeleton was collected with two excitation wavelengths: 561 and
633 nm using the sequential scanning option. The microscopic slides
were scanned with a 40x oil lens with a numerical aperture of 1.3 (N.A.
= 1.3). Following the acquisition of sequential images, maximum in-
tensity projections (MIP) and 3D visualisation were built using a LAS AF
V3.3 and a LAS X 3D Viewer (Leica Microsystems, Wetzlar, Germany),
respectively.

First and second instar larvae of H. dentipes and H. similis were
additionally prepared for SEM examination by cleaning with a fine
brush, dehydration in 80.0%, 90.0% and 99.5% ethanol (EtOH) and
critical point drying in carbon dioxide (CO2) with an Autosamdri®-815,
Series A critical point dryer (Tousimis Research Corp., Rockville, MD, U.
S.A.). Larvae were then mounted on aluminium stubs with double-sided
adhesive tape and coated with platinum for 140s (20 nm of coating)
using a JEOL JFC 2300HR high-resolution fine coater (JEOL Ltd., Tokyo,
Japan). Scanning electron microscopy images were obtained with a
JEOL scanning microscope (JSM-6335 F; JEOL Ltd.).

Larval terminology follows Courtney et al. [56] with a few modifi-
cations proposed by Szpila and Pape [57]. Family-specific structures
follow the terminology of Skidmore [58] with modifications proposed
by Grzywacz [59] and Walczak et al. [55]. For each species, observa-
tions were made on five to ten individuals, except for the first instar of
Hydrotaea pilipes, which was limited to two individuals due to limited
access to the material.

3. Results and discussion

Our literature search showed almost 250 muscid species collected on
human corpses or animal cadavers, however, for the vast majority of
them there was only one record. Given the frequency of their appear-
ances, we ultimately selected 14 muscid species, occurring in the
western Palaearctic, of documented and/or potential forensic
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importance. In this study, we analysed the first and second instar of
A. orientalis, H. aenescens, H. capensis, H. dentipes, H. ignava, H. pilipes,
H. similis, Mc. domestica, Mu. levida, Mu. prolapsa, Mu. stabulans, St.
calcitrans and Sy. nudiseta and the second instar of H. armipes. Larvae of
H. armipes are dimorphic, which means that the number of free-living
instars is reduced, and the second instar hatches directly from the egg.

The morphology of the cephaloskeleton, spinulation pattern and
posterior spiracles in the third instar larvae have proven to be crucial for
taxonomic purposes [53,58]. However, when it comes to early instars,
detailed analysis of these features can be difficult or even impossible due
to their small size and mostly colourless spines. Our study has demon-
strated that it is feasible to identify first and second instar larvae to the
species, or at least genus level, based solely on the details of the ceph-
aloskeleton. To overcome the challenges of observing fine details in
small-sized entomological specimens, we effectively applied CLSM.
Although for some larvae the results of both LM and CLSM are compa-
rable, the latter allowed precise visualisation of the shapes, positions
and interconnections between sclerites. For example, in the first instar of
A. orientalis CLSM provided information on the shapes of suprabuccal
teeth and mouthhooks, as well as the interconnections of the labrum,
parastomal bars and intermediate sclerite, which could not be assessed
using LM.

Forensic Science International 360 (2024) 112028

Identification key to first and second instar larvae of forensi-
cally important Muscidae

1. Cephaloskeleton with labrum (Figs. 1-3); anterior spiracles

indistinguishable, present as simple aperture ...... first instar
larva 2

Cephaloskeleton without labrum (Figs. 4-6); anterior spiracles
with distinct lobes ...... second instar larva 14

2. Parastomal bars interrupted. Mouthhooks strongly reduced and
labrum long, slender and of equal width. Basal sclerite connected
only with intermediate sclerite. Intermediate sclerite in half
strongly curved ventrally. Vertical plate very broad and at least
2.5 times as wide as ventral cornu. The posterior part of dorsal
cornu pointed and directed posterodorsally (Fig. 3G-H) ......
Stomoxys calcitrans

Parastomal bars uninterrupted through its entire length.
Mouthhooks curved, well-developed or reduced. Vertical plate
relatively narrow and no more than 1.5 times as wide as ventral

3. Suprabuccal teeth strong, sclerotized and well-visible (Fig. 1A, B;
Fig. 2G, H; Fig. 3A-F) ...... 4

Fig. 1. Cephaloskeletons of first instar larvae using LM (A, C, E, G) and CLSM (B, D, F, H); lateral view. A, B: Atherigona orientalis; C, D: Hydrotaea aenescens; E, F:
Hydrotaea capensis; G, H: Hydrotaea dentipes. Abbreviations: bs, basal sclerite; db, dorsal bridge; dc, dorsal cornu; es, epistomal sclerite; is, intermediate sclerite; 1b,
labrum; mh, mouthhook; pb, parastomal bar; sub, suprabuccal teeth; vc, ventral cornu; vp, ventral plate. Scale bars: 0.1 mm.
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Suprabuccal teeth reduced or not distinctly sclerotized
(Fig. 1C-H; Fig. 2A-F; Fig. 3L, J) ...... 8
. Labrum tear-shaped, with dorsal surface curved. Suprabuccal
teeth blunt-ended. The anterior part of intermediate sclerite
sinuous. The tips of the anterior arms of parastomal bars placed
between epistomal sclerite and intermediate sclerite (Fig. 1A, B)
...... Atherigona orientalis

Labrum elongated, with dorsal surface straight. Suprabuccal
teeth sharply pointed. Vertical plate narrow, no more than 1.5
times as wide as ventral cornu (Fig. 2G, H; Fig. 3A-F) ...... 5
. The narrow apical part of labrum no more than one-fourth the
length of the broad basal part and labrum broadly rounded
anteroventrally. Dorsal bridge broadly sclerotized. Dorsal cornu
broad and slightly shorter than ventral cornu. Dorsal and ventral
cornua 1.5 times as wide as vertical plate (Fig. 2G, H) ...... Musca
domestica

The narrow apical part of labrum no more than half the length
of the basal part and labrum not broadly rounded ante-
roventrally. Dorsal bridge narrow and/or basally less sclerotized.
Ventral cornu twice as long as dorsal cornu (Fig. 3A-F) ......
Muscina spp. 6
. Mouthhooks with numerous pointed and strongly sclerotized
suprabuccal teeth (more than eight). The basal part of labrum
bulged ventrally in lateral view. Intermediate sclerite sinuous in
lateral view (Fig. 3A, B) ...... Muscina levida

10.

Fig. 2. Cephaloskeletons of first instar larvae using LM (A, C, E, G) and CLSM (B, D, F, H); lateral view. A, B: Hydrotaea ignava; C, D: Hydrotaea pilipes; E, F: Hydrotaea
similis; G, H: Musca domestica. Scale bars: 0.1 mm.

Mouthhooks with 2-4 suprabuccal teeth. The basal part of
labrum flat ventrally (Fig. 3C-F) ...... 7

. In lateral view, intermediate sclerite uniformly broad through its

entire length. Mouthhooks weakly sclerotized (Fig. 3C, D) ......
Muscina prolapsa

In lateral view, intermediate sclerite not uniformly broad
through its entire length, with broadened apical and posterior
parts. Mouthhooks strongly sclerotized (Fig. 3E, F) ...... Muscina
stabulans

. Mouthhooks well-developed with the basal part more than 2

times as wide as the apical part. The basal part of each mouth-
hook with distinct lateral arm. The ventral edge of labrum with
protuberance. The tips of the anterior arms of intermediate
sclerite bifurcated (Fig. 3L, J) ...... Synthesiomyia nudiseta
Mouthhooks with the basal part less than 2 times as wide as the
apical part. Sometimes mouthhooks reduced, with apical and
basal parts separated. Labrum at most rounded ventrally. Dorsal
cornu pointed (Fig. 1C-H; Fig. 2A-F) ...... Hydrotaea spp. 9

. Mouthhooks reduced and weakly sclerotized, especially in the

apical part. The apical and basal parts of mouthhooks with
rupture (Fig. 1C-F) ...... 10

Mouthhooks well-developed and strongly sclerotized. The
apical and basal parts of mouthhooks without rupture (Figs. 1G,
H, Fig. 2A-F) ...... 11
The narrow apical part of labrum short, as long as wide. In lateral
view, the basal part of labrum angular anteroventrally (Fig. 1E, F)
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Fig. 3. Cephaloskeletons of first instar larvae using LM (A, C, E, G, I) and CLSM (B, D, F, H, J); lateral view. A, B: Muscina levida; C, D: Muscina prolapsa; E, F: Muscina

stabulans; G, H: Stomoxys calcitrans; 1, J: Synthesiomyia nudiseta. Scale bars: 0.1 mm.

11.

12.

13.

...... Hydrotaea capensis

The narrow apical part of labrum long and sharply pointed,
longer than wide in the widest part. In lateral view, the basal part
of labrum rounded anteroventrally (Fig. 1C, D) ...... Hydrotaea
aenescens
Labrum elongated and slender, without distant anteroventral
expansion of the basal part (Fig. 2C, D) ...... Hydrotaea pilipes

Labrum broadened in the basal part, with distinct ante-
roventral expansion (Fig. 1G, H; Fig. 2A, B, E, F) ...... 12
The apical part of labrum directed anterodorsally (Fig. 2A, B)
...... Hydrotaea ignava

The apical part of labrum directed anteriorly (Fig. 1G, H;
Fig. 2E, F) ...... 13
Cirri long and pointed apically. Anterior spinose band broad
ventrally and narrow (almost incomplete) dorsally. Transverse
cleft clearly distinguishable on the first thoracic segment (Fig. 7A,
B) ...... Hydrotaea dentips

15.

16.

Cirri short and trapezoid. Anterior spinose band uniformly
broad and complete. Transverse cleft indistinguishable on the
first thoracic segment (Fig. 7D, E) ...... Hydrotaea similis

. The apical and basal parts of mouthhooks broadly ruptured with

the apical part almost entirely reduced. Lateral arms of inter-
mediate sclerite long, slender and directed anterodorsally and
posterodorsally (Fig. 6G, H) ...... Stomoxys calcitrans
The apical and basal parts of mouthhooks fused, at most
narrowly ruptured, yet still with distinct apical part (Fig. 4G, H).
Lateral arms of intermediate sclerite not directed upwardly
(Fig. 4A-H; Fig. 5A-J; Fig. 6A-F, 1, J) ...... 15
Each mouthhook separated into two pieces, i.e., rod-like apical
part and boomerang-like basal part (Fig. 4G, H; Fig. 51, J) ...... 16
Each mouthhook in one piece (Fig. 4A-F; Fig. 5A-H; Fig. 6A-F;
LJD..... 17
Suprabuccal teeth well-developed. Mouthhooks robust. The basal
part of mouthhooks with distinct prominence directed posteriorly
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Fig. 4. Cephaloskeletons of second instar larvae using LM (A, C, E, G) and CLSM (B, D, F, H); lateral and dorsal view. A, B: Atherigona orientalis; C, D: Hydrotaea
aenescens; E, F: Hydrotaea armipes; G, H: Hydrotaea capensis. Abbreviations: acc, accessory stomal sclerite; bs, basal sclerite; db, dorsal bridge; dc, dorsal cornu; es,
epistomal sclerite; is, intermediate sclerite; ls, labial sclerite; mh, mouthhook; pb, parastomal bar; r, rami; sub, suprabuccal teeth; us, unpaired sclerite; vb, ventral
bridge; vc, ventral cornu; vp, ventral plate. Scale bars: 0.1 mm.

17.

18.

19.

(Fig. 5L, J) ...... Musca domestica

Suprabuccal teeth absent. Mouthhooks slender. The basal part
of mouthhooks without distinct prominence directed posteriorly
(Fig. 4G, H) ...... Hydrotaea capensis
Suprabuccal teeth well-developed (Fig. 4A, B; Fig. 6A-F, 1, J) ......
18

Suprabuccal teeth reduced or absent (Fig. 4C-F; Fig. 5A-H)
...... Hydrotaea spp. 21
Mouthhooks F-shaped in lateral view. Dorsal cornu longer than
ventral cornu (Fig. 61, J) ...... Synthesiomyia nudiseta

Mouthhooks with irregular L-shape in lateral view. The base of
each mouthhook fused with dental sclerite, hence these two
sclerites form a U-shaped structure in lateral view (Fig. 4A, B;
Fig. 6A-F) ...... 19
The tip of the apical part of mouthhooks bifurcated. Vertical plate
broad, at least 3 times as wide as the width of dorsal cornu. Dorsal

20.

cornu somewhat shorter than ventral cornu (Fig. 4A, B) ......
Atherigona orientalis

The apical part of mouthhooks blunt-ended. Vertical plate less
than 3 times as wide as the width of dorsal cornu. Dorsal and
ventral cornua of similar length (Fig. 6A-F) ...... Muscina spp. 20
Suprabuccal teeth numerous, strongly developed in dorsal view
and the apical part of mouthhooks distinctly expanded anteriorly
in lateral view (Fig. 6A, B) ...... Muscina levida

Suprabuccal teeth consist of 3-4 teeth and the apical part of
mouthhooks slightly expanded, but not more than half the pos-
terior part. The apical part of dental sclerite directed ventrally
(Fig. 6C, D) ...... Muscina prolapsa

Suprabuccal teeth consist of 3-4 teeth and the apical part of
mouthhooks of uniform width along entire length. The apical part
of dental sclerite directed posteroventrally (Fig. 6E, F) ......
Muscina stabulans



K. Walczak and A. Grzywacz

A

Forensic Science International 360 (2024) 112028

Fig. 5. Cephaloskeletons of second instar larvae using LM (A, C, E, G, I) and CLSM (B, D, F, H, J); lateral and dorsal view. A, B: Hydrotara dentipes; C, D: Hydrotaea
ignava; E, F: Hydrotaea pilipes; G, H: Hydrotaea similis; 1, J: Musca domestica. Scale bars: 0.1 mm.

21.

22.

23.

Dental sclerite, excluding accessory stomal sclerite, at least half
the length of mouthhook or dorsal cornu uniformly narrow
through its entire length (Fig. 4E, F; Fig. 5E, F) ...... 22

Dental sclerite, excluding accessory stomal sclerite, less than
half the length of mouthhook or dorsal cornu narrowing poste-
riorly (Fig. 4C, D; Fig. 5A-D, G, H) ...... 23
Mouthhooks converging in dorsal view. Intermediate sclerite
short and pointed ventrally in lateral view (Fig. 4E, F) ......
Hydrotaea armipes

Mouthhooks parallel in dorsal view and closely appressed to
each other (Fig. 5E, F) ...... Hydrotaea pilipes
Dental sclerite very short, less than one-third of mouthhook
length (Fig. 4C, D) ...... Hydrotaea aenescnes

24.

25.

Dental sclerite at least one-third as long as mouthhook
(Fig. 5A-D, G, H) ...... 24
Junction between the apical and basal parts of mouthhooks
rounded. Accessory stomal sclerite reduced and weakly sclero-
tized (Fig. 5C, D) ...... Hydrotaea ignava

Junction between the apical and basal parts of mouthhooks
angular. Accessory stomal sclerite well-developed (Fig. 5A, B, G,
H) ...... 25
Anterior spinose band on the first thoracic segment uniformly
broad; spines do not reach transverse cleft (Fig. 7C)
Hydrotaea dentipes

Anterior spinose band on the first thoracic segment not
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Fig. 6. Cephaloskeletons of second instar larvae using LM (A, C, E, G, I) and CLSM (B, D, F, H, J); lateral and dorsal view. A, B: Muscina levida; C, D: Muscina prolapsa;
E, F: Muscina stabulans; G, H: Stomoxys calcitrans; 1, J: Synthesiomyia nudiseta. The arrows indicate the apical part of the dental sclerite directed ventrally (D) or

posteroventrally (F). Scale bars: 0.1 mm.

uniformly broad and ventrally with a few additional rows of
spines just behind transverse cleft Fig. 7F) ...... Hydrotaea similis

The identification key provided in this manuscript is considered the
first-choice tool that can be used by practitioners to identify first and
second instars of muscid larvae in a relatively short time. While CLSM
approach has been used in this study to illustrate fine details of the
cephaloskeleton of early larval stages, the key itself can be used with
only classical light microscopy methods. In case of difficulties in mate-
rial identification or ambiguous results, users should support themselves
with alternative methods of molecular taxonomy. Our examination
revealed that precise identification of early instars of muscid larvae is
possible by observing the shape, size and position of the

cephaloskeleton’s sclerites. Examination of details of external
morphology in some cases may be used as a supplementary source of
information, however, it does not allow for unambiguous discrimination
of all species. It is in contrast to third instar muscid larvae, which may be
precisely identified by means of external morphology examination [28].
Some of the examined species display peculiar characters that allow
relatively easy and straightforward identification, while others require a
thorough assessment based on a combination of morphological features.
As for the first instar larvae, St. calcitrans can be easily identified by its
robust basal sclerite with a broad vertical plate and it is the only species
examined in which the basal sclerite is fused only with the intermediate
sclerite and the connection with the labrum through parastomal bars is
interrupted. Previous authors did not report incomplete parastomal bars
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Fig. 7. SEM images of Hydrotaea dentipes (A, B, C) and Hydrotaea similis (D, E, F). A: first instar larva, anterior end of body, ventral view; B: first instar larva, anterior
end of body, lateral view; C: second instar larva, anterior end of body, lateral view; D: first instar larva, anterior end of body, ventral view; E: first instar larva,
anterior end of body, lateral view; F: second instar larva, anterior end of body with transverse cleft followed with additional rows of spines (arrow), lateral view.
Abbreviations: asb, anterior spinose band; cir, cirri; cl, transverse cleft; t1, first thoracic segment.

in St. calcitrans [58,60,61] and in some cases misinterpreted the
connection of the basal sclerite with the intermediate sclerite as a par-
astomal bar [58]. The first instar of A. orientalis is another species in
which interconnections between sclerites have proven to be useful for
taxonomic purposes. In this species, the labrum is fused with the inter-
mediate sclerite, whereas in all other species examined, the labrum is
fused to the parastomal bars. Another helpful aspect in the initial
identification is the presence/absence of suprabuccal teeth, since species
of Atherigona, Musca and Muscina typically exhibit strong and
well-sclerotized suprabuccal teeth, while in species of Hydrotaea and
Synthesiomyia, they are either absent or greatly reduced. The ratio of the
length of the narrow apical part of the labrum to the height of the labrum
can be used to distinguish species of Musca and Muscina. In Mc. domes-
tica, this part is much shorter than half of the height of the labrum, while
in Muscina the apical part of the labrum is longer than its height. Species
of Muscina can be distinguished based on the number of suprabuccal
teeth (most numerous in Mu. levida), the shape of the labrum in lateral
view and the degree of sclerotization of the mouthhooks. Species
without or with reduced suprabuccal teeth can be distinguished by the
shape of the labrum. In Sy. nudiseta the ventral edge of the labrum is
equipped with a strong protuberance, and additionally, the base of each
mouthhook carries a well-sclerotized lateral arm, i.e. a dental sclerite. In
turn, the width, length and shape of the labrum are helpful for
species-level identification of Hydrotaea. However, due to subtle dif-
ferences between H. dentipes and H. similis in both the first and second
instar larvae, these species could not be identified to the species level
based solely on LM and CLSM examination. In this case, the observation
and comparison of external morphology proved advantageous (Fig. 7).

Given the obscure yet significant differences in cirri and the anterior
spinose band on the first thoracic segment morphology between
H. dentipes and H. similis, it becomes possible to reliably distinguish them
to the species level.

Second instar larvae can be readily classified to genus level based on
the shape of the mouthhooks. Firstly, the second instar larva of St. cal-
citrans has strongly reduced mouthhooks which are placed apart from
the rest of the cephaloskeleton’s sclerites. On the other hand, the second
instar of Sy. nudiseta can be easily identified by its F-shaped mouth-
hooks, Hydrotaea species by L-shaped mouthhooks, while Atherigona and
Muscina species by U-shaped sclerite resulting from the fusion of
mouthhooks with dental sclerites. Another easily distinguishable feature
is that the mouthhooks in H. capensis and Mc. domestica consist of two
parts: the rod-like apical part and the boomerang-like basal part. These
species, however, show differences in the orientation of the basal parts
of the mouthhooks: in H. capensis concave part is directed anteriorly,
while in Mc. domestica posteriorly. Additionally, in H. capensis the
anterior part of mouthhooks and dental sclerites are slender, whereas in
Mc. domestica, are robust. When it comes to distinguishing between
Atherigona and Muscina species, the former is characterised by a small
unpaired sclerite just above the mouthhooks and a broad vertical plate.
On the other hand, Muscina species are recognised by their strongly
developed and well-sclerotized dental sclerites. Further identification of
Muscina to the species level involves assessing the number of supra-
buccal teeth (most numerous in Mu. levida) and the shape of the dental
sclerite. Species identification within Hydrotaea can be performed based
on the exact shape of the mouthhooks, the length of the dental sclerites
and intermediate sclerites and the degree of sclerotization of the
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accessory stomal sclerites.

Although some muscid species have received significant attention
and comprehensive morphological descriptions are available for them
[11,12,58,60,61], previous authors focused mostly on the differentia-
tion of the third instar larvae [53], with the exception of dung-breeding
muscid fauna [60]. This work is the first attempt to provide a key
allowing for discrimination of the first and second instar larvae of a
broad range of muscid species of forensic importance. The present study,
although making a significant contribution, fills only a small gap in the
analysis of the morphology of necrophagous Diptera larvae. Further
in-depth examinations of larval morphology with particular emphasis on
early instar larvae are strongly desirable. The use of CLSM in this study
proved helpful in obtaining much more detailed insight into the
morphology of most of the species studied, confirming its potential in
future studies of larval morphology. A combination of LM and CLSM not
only enriched our knowledge of the morphology of the specimens, but
also facilitated their accurate identification.
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ABSTRACT

Lispe represents a species-rich genus within the family Muscidae. The current subdivision of Lispe species into
species groups is based mainly on adult morphology and ecology, with the only available phylogenetic study
based on three molecular markers. Nonetheless, certain species groups remain unclear and the relationships and
composition of these groups are still unresolved. This study employs restriction-site associated DNA sequencing
(RAD-seq) with both reference-based and de novo reads assembly approaches to investigate relationships within
Lispe. To apply a reference-based approach we utilised Oxford Nanopore Technologies (ONT) long read
sequencing to assemble a draft genome of L. tentaculata. We evaluated various assemblers for ONT reads of L.
tentaculata in order to demonstrate the highest effectiveness in terms of completeness and assembly quality. The
resulting phylogenetic trees topologies are well supported and present a consistent division into three main
clades: 1) the palposa-, rigida- and caesia-groups, 2) the nicobarensis-, nivalis-, scalaris- and tentaculata-groups and
3) the longicollis-, desjardinsii-, uliginosa- and kowarzi-groups. The primary discrepancy between topologies ob-
tained under our various analytical approaches is the relationship between the leucospila-group and all other
ingroup taxa, being a sister taxon either to all remaining Lispe or to a clade consisting of the longicollis-, des-
jardinsii-, uliginosa- and kowarzi-groups. Lispe polonaise, included for the first time in a molecular phylogenetic
analysis, is nested within the caesia-group. Similarly, L. capensis and the hitherto unassigned L. mirabilis belong to
the tentaculata-group. Our study confirms the validity of the 14 species groups currently recognised in the genus
Lispe.

1. Introduction

and they are commonly known as predators of small insects, e.g.,
Diptera (Pont, 2019) and Coleoptera (Steidle et al., 1995). Their most

Lispe Latreille, 1796 is a genus of Diptera (Fig. 1) widespread in all
biogeographical regions, but with a notable absence from New Zealand
(Hennig, 1965; Vikhrev, 2015). The genus contains 163 described spe-
cies (Pont, 2019), but extensive taxonomic changes and descriptions of
new species are ongoing (Vikhrev, 2014, 2016, 2020, 2021; Zielke,
2018; Pont, 2019). Species of Lispe can be easily distinguished from
other muscid genera by the combination of an apically dilated palpus
and a setulose anepimeron (Curran, 1937; Snyder, 1954; Pont, 2019).
Adults are mainly observed on river banks, along the shores of lakes,
seas and oceans or in other wetlands (Snyder, 1954; Vikhrev, 2011a),

common prey are other flies of families such as Psychodidae, Milichiidae
(Williams, 1938), Muscidae (Hennig, 1960), or Chironomidae and
Culicidae (Snyder, 1954; Shinonaga & Kano, 1983; Pont, 2019). Due to
their predation of culicid and simuliid populations, species of Lispe serve
as natural biological control agents and thus can be considered of eco-
nomic and medical importance (Snyder, 1954; van Emden, 1965;
Werner et al., 2014). However, representatives of Lispe exhibit various
feeding strategies (Vikhrev, 2011a). Lispe binotata Becker, 1914 feeds on
invertebrate carrion (Vikhrev, 2011a), and active hunting was observed
for example in L. geniseta Stein, 1909, L. tentaculata (De Geer, 1776) and
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L. pygmaea (Fallén, 1825) (Vikhrev, 2011a; Werner et al., 2014). Lispe
caesia Meigen, 1826 successfully attacks much larger flies (Hennig,
1960) and L. candicans Kowarz, 1892 can penetrate the cuticle of adult
beetles (Steidle et al., 1995). In some species of Lispe, males perform
spectacular courtship dances around passive females, making them
valuable models for studying mating behaviour (Frantsevich & Gorb,
2006; Butterworth & Wallman, 2022). Larvae of Lispe are obligatory
carnivores (Skidmore, 1985), which develop in wet sand or mud with
high organic content (Séguy, 1937; Hennig, 1960; Skidmore, 1985),
where they feed on aquatic invertebrates (Pont, 2019).

Lispe is recognised as a monophyletic group, supported by several
autapomorphies listed by Hennig (1960, 1965) and more recently
confirmed by molecular data (Gao et al., 2022). The systematic position
of Lispe within Muscidae has changed over the years. Initially, the genus
was placed in its own subfamily Lispinae (Malloch, 1923; Séguy, 1937;
van Emden, 1941, 1965; Snyder, 1949) or in the tribe Limnophorini of
Mydaeinae (Karl, 1928). Hennig (1960) later reclassified Lispe in the
Limnophorini of Coenosiinae based on morphological characters of the
eggs, larvae and adults. He argued that Lispe exhibits specific derived
features also present in some genera of Limnophorini, particularly
Limnophora Robineau-Desvoidy, 1830, indicating a probable sister-
group relationship. This classification has been widely accepted
(Skidmore, 1985; Werner et al., 2014; Pont, 2019; but see Fan, 2008 for
an exception) and the sister-group relationship between Lispe and Lim-
nophora has recently been confirmed by molecular studies (Kutty et al.,
2010, 2014; Ge et al., 2016; Grzywacz et al., 2021; Gao et al., 2022).
Attempts to organise species of Lispe into smaller units have been a
matter of debate for many years. Currently, the genus is divided into
several species groups defined by leg and body chaetotaxy, characters of
the male terminalia, as well as the ecology of adults (Hennig, 1960;
Pont, 2019). Even though Snyder (1954) is believed (Hennig, 1960) to
be the first to have proposed a subdivision, van Emden (1941) tenta-
tively used the term ‘tentaculata-group’ and Paterson (1953) used ‘Lispe
leucospila-group’. To date, Lispe has been classified into 14 species
groups (Supp. Table S1). Snyder (1954) proposed three species groups
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for Nearctic Lispe, i.e., the tentaculata-group, the uliginosa-group and the
palposa-group. Hennig (1960) complemented Snyder’s classification by
adding Palaearctic species of Lispe, and he established another three
species groups: the scalaris-group, the caesia-group and the longicollis-
group, with the latter divided into two subgroups, and he also left
several Palaearctic species unassigned. Most recently, Vikhrev has
contributed significantly to the ordering of Lispe by proposing and
defining further species groups and revising the existing ones, such as:
leucospila (Vikhrev 2011b), nivalis and rigida (Vikhrev 2012b), desjar-
dinsii, kowarzi and nana (Vikhrev 2014), nicobarensis (Vikhrev 2015) and
ambigua, dichaeta, geniseta, pumila and pygmaea (Vikhrev 2016). Some
groups are well-defined, like the nivalis-group (Vikhrev, 2012a) and the
palposa-group (Vikhrev, 2015), while others remain unclear, e.g., the
caesia-group (Vikhrev et al., 2016). Moreover, five species complexes
have been proposed based on similarities in ecology rather than
morphology (Vikhrev, 2016). Previous authors did not conduct formal
morphology-based phylogenetic analyses, yet hypotheses based on
morphological evidence suggest that the nivalis-group is closely related
to the tentaculata-group (Vikhrev, 2012a) and that the nana-complex has
an intermediate position between the tentaculata-group and the scalaris-
group (Vikhrev, 2014). These four groups form the tentaculata super-
group, which is additionally supported by a shared similar ecological
association with freshwater habitats (Vikhrev, 2014). Furthermore,
Vikhrev (2014) stated that species of the desjardinsii-group resemble
those of the longicollis-group, and that the palposa-group appears to be
closely related to the rigida-group. A recent molecular study based on
three genes investigated the limits of some species groups and confirmed
some of those phylogenetic hypotheses (Gao et al., 2022). However, tree
topologies were susceptible to changes depending on the inference
methods, and the relationships between species groups emerged with
low to moderate nodal support values, especially along the backbone of
the phylogenetic tree.

The rapidly decreasing costs of next-generation sequencing (NGS)
make it feasible to obtain genomic-scale data in a relatively short time
(Metzker, 2010). Advances in high-throughput sequencing approaches

Fig. 1. Representative taxa of Lispe. (A) Lispe assimilis Wiedemann, 1824; (B) Lispe caesia Meigen, 1826; (C) Lispe loewi Ringdahl, 1922; (D) Lispe nana Macquart,
1835; (E) Lispe polonaise Vikhrev, 2021; (F) Lispe pygmaea (Fallén, 1825); (G) Lispe sydneyensis Schiner, 1868; (H) Lispe tentaculata (De Geer, 1776). Scale bars 3 mm.
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over the past decade have proven to be advantageous for phylogenetics
and population genetics studies (Hohenlohe et al., 2010; Rubin et al.,
2012). Restriction site-associated DNA sequencing (RAD-seq) is one
method that has revolutionised ecological, biogeographical and evolu-
tionary studies (Hohenlohe et al., 2010; Etter et al., 2011; Andrews
et al., 2016). The ongoing development of whole-genome sequencing
remains challenging compared to RAD-seq, which targets a reduced
representation of the genomic regions flanking restriction sites (Baird
et al., 2008; Davey & Blaxter, 2010). RAD sequencing provides an effi-
cient method for the discovery and genotyping of thousands of single
nucleotide polymorphisms (SNPs) at sites scattered throughout the
genome, when no, or limited, prior genomic resources are available for
the organisms under study (Davey & Blaxter, 2010; Emerson et al.,
2010). Therefore, RAD-seq has been utilised for non-laborious and
relatively cost-effective phylogenetic inference of model and non-model
organisms (Cariou et al., 2013; Suchan et al., 2017; Wagner et al., 2018).
Raw RAD-seq reads can be mapped to a reference genome, if available,
or processed de novo by clustering together reads based on a certain level
of sequence similarity (clustering threshold or CT, see 2.3 below). The
CT defines the minimum percentage of sequences similarity below
which two reads are considered to have come from different loci.
Consequently, de novo assembly is highly sensitive to changes in this
parameter, as both too low and too high CT values can adversely affect
the analysis (McCartney-Melstad et al., 2019).

Despite recent advancements in de novo assembly pipelines (Willing
et al., 2011; Paris et al., 2017; Diaz-Arce & Rodriguez-Ezpeleta, 2019),
this approach continues to face significant challenges, including
sequencing errors, sequencing bias, repetitive region complexity and
high computational requirements (Rubin et al., 2012; Dida & Yi, 2021,
Kunvar et al., 2021). However, one of the critical considerations is that
the final results of de novo assembly may strongly depend on the chosen
filtering parameters, which can influence the accuracy and reliability of
the assembly. On the other hand, studies have suggested that assembling
raw RAD-seq reads to a reference genome can yield improved results
compared to a de novo method, as it facilitates the determination of the
genomic locations of loci and subsequently a higher number of SNPs
calls (Manel et al., 2016; Shafer et al., 2017; Kunvar et al., 2021).
Reference sequences can be either the genome of the target species or a
species closely related to the study group (Manel et al., 2016). In some
cases even a draft genome from a distant relative can be used with
success (Shafer et al., 2017; Kunvar et al., 2021). However, an increase
in evolutionary distance between ingroup taxa and reference genome
can result in considerably lower phylogenetic signal and a failure in the
reconstruction of relationships between deeper nodes (Tripp et al., 2017;
Grzywacz et al., 2021).

Due to the unclear status of some of the proposed species groups
within Lispe, this work aims to examine relationships within Lispe with
the main objective to clarify the division of Lispe into species groups and
analyse their phylogenetic relationships. To achieve this goal, and to
investigate whether mapping short RAD-seq reads to a draft genome
increases the phylogenetic signal, we applied RAD-seq using both de
novo assembly and mapping to a reference genome under different
analytical schemes. We utilised long read sequencing to obtain a refer-
ence genome sequence of L. tentaculata, and to achieve a high-quality
genome assembly, we compared several assemblers for ONT reads to
determine their effectiveness in producing accurate and reliable
genomic data.

2. Methods
2.1. Taxon sampling and DNA isolation

For phylogenetic analysis, we sampled 49 species of Lispe repre-
senting all recently proposed and/or revised species groups (Snyder,

1954; Hennig, 1960; Vikhrev, 2016, 2020, 2021, 2011a, 2011b, 2012a,
2012b, 2012¢, 2014, 2015; Vikhrev et al., 2016; Gao et al., 2022) and
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including taxa from the Afrotropical, Australasian and Palaearctic re-
gions, as well as one from the Nearctic region (Supp. Table S2). All adult
specimens were identified by Nikita Vikhrev and AG using keys provided
by Hennig (1955), Pont (2019) and Vikhrev (2020, 2021). Outgroups
included four representatives of Limnophora. Voucher specimens, where
available, have been deposited in the collection of the Department of
Ecology and Biogeography, Faculty of Biological and Veterinary Sci-
ences, Nicolaus Copernicus University in Torun.

Prior to DNA extraction, ethanol-soaked samples were rinsed three
times for 30 min in distilled water and dried on a thermoblock at 40°C.
Pinned specimens were directly used for DNA extraction. Total genomic
DNA was isolated from entire specimens using a DNeasy Blood & Tissue
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s pro-
tocol with the following modifications: (i) for each individual, 40 pL of
proteinase K (>600 mAU/ml; Qiagen) was used; (ii) after initial incu-
bation at 56 °C, 4 uL of RNase A (100 mg/ml; Qiagen) was added to each
sample. The extracted DNA was quantified with a Qubit 3.0 fluorometer
using a dsDNA High Sensitivity Assay Kit (Life Technologies, Inc.,
Carlsbad, CA, USA) following the manufacturer’s protocol. Samples with
DNA concentrations below 0.1 ng/uL based on Qubit measurements
were further amplified using the REPLI-g Mini Kit (Qiagen) to increase
DNA concentration. Extractions were electrophoresed in a 1 % agarose
gel, stained with GelRed (Biotium, Darmstadt, Germany) and photo-
graphed with a gel documentation system.

Specimens of Lispe tentaculata for nanopore sequencing were
collected in Torun, Poland (53°00'14.4'N 18°36'19.2"E) in June of 2021.
Adults were placed in a freezer for a few minutes for immobilisation. The
material was subjected to DNA extraction, as described above. The two
L. tentaculata isolates with the highest concentration and the longest
DNA fragments were selected based on results from the Qubit 3.0 assay
and electrophoresis. The samples were subsequently purified with
AMPure XP beads (Beckman Coulter, Carlsbad, CA, USA; 0.4 x ratio of
beads to sample volume) to remove short DNA fragments and then re-
suspended in TE buffer. The purified products were quantified with a
Qubit 3.0 fluorometer using the dsDNA High Sensitivity Assay Kit
following the manufacturer’s protocol.

2.2. Library preparation for genome sequencing and data processing

Two libraries were prepared simultaneously, one for each L. tenta-
culata individual. We could not limit our approach to a single adult of L.
tentaculata due to the low concentration of gDNA, insufficient for four
sequencing runs on two flow cells. We used the SQK-LSK110 Ligation
Sequencing Kit (Oxford Nanopore Technologies, Oxford, United
Kingdom) to prepare libraries according to the manufacturer’s protocol
with the following modifications: to minimise pipetting steps, the input
DNA was prepared by transferring 1 ug of gDNA into a 0.2 ml PCR tube
and adjusted with nuclease-free water to 47 ul. Times recommended for
the initial 65 °C binding incubation, incubation during a bead-based
AMPure XP clean-up after DNA repair, end-prep, and adapter ligation
steps, as well as incubation with a NEBNext Quick T4 DNA Ligase (New
England BioLabs Inc., Ipswich, MA, USA) were doubled. For the beads
washing step that follows the adapter ligation, the Long Fragment Buffer
(LFB) was used. The incubation in the increased volume of 26 pl of
Elution Buffer (EB) was performed at 37 °C. After the completion of the
library preparation protocol, half of the library (12 pl) was loaded onto a
SpotON Flow Cell Rev D (R.9.4.1; FLO-MIN106D), while the other half
and the second library were stored in 4 °C according to the manufac-
turer’s recommendations. After the first run, the flow cell was washed
with the Flow Cell Wash Kit (EXP-WSK002) following the manufac-
turer’s protocol and the second half of the library was immediately
loaded for sequencing. A total of four sequencing runs were performed
on two flow cells using a MinION Mk1C device (MIN-101C) (Oxford
Nanopore Technologies, Oxford, United Kingdom).

The FAST5 ONT (Oxford Nanopore Technologies) reads were base-
called using Guppy v.5.0.7 with the super-accuracy mode (SUP), and
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output fastq files were then concatenated together into a single file
before subsequent data processing. Adapter sequences were trimmed
using PoreChop v.0.2.4 (https://github.com/rrwick/Porechop) (Wick
etal., 2017) with an option to discard reads with internal adapters. Next,
reads were additionally filtered using NanoFilt (https://github.com/
wdecoster/nanofilt) and sequences shorter than 500 nucleotides or
with Phred quality scores (Q) below 10 were removed. The quality check
of overall raw and trimmed ONT reads was performed using NanoPack
scripts (De Coster et al., 2018).

In this study, five state-of-the-art de novo long-read only assemblers
were utilised and compared to determine their efficiency and capacity to
produce complete assembled genomes. To assemble the L. tentaculata
genome, we used: Raven v.1.5.1 (Vaser & Siki¢, 2021), SMARTdenovo
(Liu et al., 2021), wtdbg2 (Ruan & Li, 2020), Canu v.2.2 (Koren et al.,
2017) and Flye v.2.9-b1768 (Kolmogorov et al., 2019). Default param-
eters were used in Raven assembler with two polishing rounds of Racon
(Vaser et al., 2017). In SMARTdenovo and wtdbg2 assemblers, a mini-
mum length of alignment was set to 1000 bp (—J and —L, respectively).
For wtdbg2, Canu and Flye an approximate genome size was set to 700
Mb (Scott et al., 2014). The accuracy and completeness of each de novo
genome assembly was evaluated using BUSCO v.5.2.1 (Manni et al.,
2021). Analyses were performed with the odb10 Diptera lineage dataset
from 56 genomes that were available in NCBI GenBank in July 2022.
Summary assembly statistics (number of contigs, total length, the
longest contig, N50) and assembly quality (QV) were obtained using
Inspector (Chen et al., 2021). QV score was calculated based on the
identified structural and small-scale errors scaled by the total base pairs
of the assemblies. For subsequent analyses we selected the most com-
plete assembly according to BUSCO assay and that with the highest QV.

2.3. Rad-seq library preparation and data processing

Genomic DNA for each species was individually barcoded and pro-
cessed into a reduced complexity library based on the original RAD-seq
protocol described by Ali et al. (2016) with the following modifications:
(i) for each sample, two separate repetitions of 75 ng DNA each were
digested using SbfI-HF restriction enzyme (New England BioLabs) at
37 °C for 2 hr to mitigate the risk of reaction failure; (ii) 5 pL of P1
adapter-ligated fragments of each of the 106 samples (2 repetitions x 53
species) were pooled and then divided into three equal parts before the
clean-up step; (iii) sonication was performed for 60 s using a Covaris
M220 (Covaris, Inc. Woburn, MA, USA); (iv) Pippin Prep (Sage Science,
Beverly, MA, USA) was used to select fragments between 300 and 500 bp
with prior library cleaning with AMPure XP beads (1:1 ratio of beads to
sample volume); (v) four independent PCRs (15 cycles) were carried out
and subsequently pooled; and (vi) PCR products were purified twice
with AMPure XP beads (1:1 ratio of beads to sample volume) to
completely remove the remaining primers. A final library check was
performed using a Qubit 3.0 fluorometer and 2100 Bioanalyzer with the
High Sensitivity DNA Analysis Kit (Agilent Technologies, Santa Clara,
CA, USA). Commercial paired-end sequencing (Macrogen) of the mul-
tiplexed library was conducted using an Illumina HiSeq 2500.

Raw sequence read quality was analysed using FastQC v.0.11.9 (htt
ps://www.bioinformatics.babraham.ac.uk/projects/fastqc/; accessed
27.03.2021). Ilumina-specific adapters and low-quality bases were
removed using Trimmomatic v.0.36 (Bolger et al., 2014) with the
following options: TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:50. For
downstream phylogenetic analyses, the raw RAD-seq R1 reads were
processed with the ipyrad v.0.9.81 pipeline (Eaton, 2014). Reads were
demultiplexed and assigned to species based on sequence barcodes
(allowing one mismatch).

Further, two assembly pipelines were performed for 1) de novo as-
sembly and 2) reference- guided assembly using the newly obtained
reference genome sequence. For de novo assembly, various combinations
of clustering thresholds (CT) were tested. Since this parameter is known
to alter assembly results (Rubin et al., 2012; Cariou et al., 2013;
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Grzywacz et al., 2021; Piwczynski et al., 2021), we implemented a wide
range of CT values from 0.70 to 0.90 incremented by 0.01. Other pa-
rameters used for ipyrad analysis were as follows: min_samples_locus = 4,
max_SNPs_locus = 0.6, max_Indels_ locus = 8. For each alignment we
performed phylogenetic tree reconstruction using maximum likelihood
(ML) approach implemented in RAxML v.8.2.12 with 100 rapid boot-
strap repetitions (Stamatakis, 2014). To select the best CT, we consid-
ered the highest average bootstrap support and the highest number of
obtained SNPs. For the reference-based approach, we performed an as-
sembly guided by a draft genome of L. tentaculata obtained in this study.
The remaining parameters were kept unchanged, as previously
mentioned.

2.4. Phylogenetic inference

Four alignments were analysed by maximum likelihood (ML) using
RAxML v.8.2.6 (Stamatakis, 2014) under the concatenation approach:
two de novo alignments with the highest average bootstrap support from
preliminary study (Supp. Fig. S3), one de novo alignment with the
highest number of SNPs and one alignment obtained from mapping to
reference genome. We applied nucleotide substitution model GTR + G.
In the ML analysis, a search for the best scoring ML tree was performed
with 100 replicates, and branch support for each node was assessed by
1000 nonparametric bootstrap replicates and summarised on the best
ML tree. For the analysis of results, bootstrap support (BS) values were
classified as follows: poor support (BS < 75 %), moderate support (75 %
< BS <90 %) and high support (BS > 90 %) (e.g., Johnston et al., 2024).

We used the multispecies coalescent model as implemented in BPP
v.4.0 software (Flouri et al., 2018) to analyse RAD-seq data assembled
with the reference-based approach and under 0.74 CT. This approach
allows investigation of the potential incomplete lineage sorting and can
be used to account for sites in the genome that are evolutionarily linked
which may lead to highly supported, yet incorrect species trees when
analysed using concatenation-based approach. To infer a species tree
using BPP we used the A01 analysis (speciesdelimitation = 0 and spe-
ciestree = 1). We performed inference on two data sets: the first con-
sisting of all 11 693 loci retrieved from reference-based assembly, and
the second with 9 540 loci retrieved from assembly under 0.74 CT. We
conducted four independent MCMC runs with burn-in set to 10 000, a
sample frequency of 5 and with 50 000 total samples. For each dataset
we used the corresponding RAXML output as the starting species tree
topology for the analysis. We specified inverse gamma priors for both
population sizes (0) and the divergence time of the root (10). We
assigned the inverse gamma priors for 6 with a« = 3 and § = 0.02, and for
root age we set o = 3 and § = 0.234. The divergence time between Lispe
and Limnophora lineages was derived from Haseyama et al. (2015).

3. Results
3.1. Nanopore sequencing and genome assemblies

Long-read sequences of L. tentaculata were obtained in two
sequencing runs on MinION Mk1C. A total of 9.06 x 10° reads (6.01 Gb)
were generated for the first run and 1.34 x 10° (5.3 Gb) for the second
run. The N50 read lengths were 9.4 kb and 9.2 kb, respectively. We
benchmarked five de novo tools for genome assembly from long ONT-
only reads. The evaluation of genome completeness using BUSCO
(Table 1; Supp. Fig. S1) revealed that Flye yielded the lowest percentage
of missing genes (6.3 %), with 90.1 % of complete and 3.6 % of frag-
mented genes. The lowest percentage of genome completeness values
were observed in Raven (49.9 %) and SMARTdenovo (60.9 %).
SMARTdenovo generated the lowest assembly length (~282 Mb), fol-
lowed by Raven (~335 Mb). wtdbg2 resulted in an intermediate total
length (~550 Mb), but the most contiguous assembly (N50 = 81.7 kb).
Flye produced the longest assembly length of 989 Mb, yet the assembly
was highly fragmented with the largest number of contigs (46 646) and
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Table 1
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Evaluation summary of genome completeness (BUSCO) and genome assembly quality (Inspector) for five assemblers: Raven, SMARTdenovo, wtdbg2, Canu and Flye.

BUSCO assessment used the dipteran dataset (3285 genes).

Parameter

Raven

SMARTdenovo

wtdbg2

Canu

Flye

BUSCO, n = 3285

Complete [single, duplicated]
Fragmented

Missing

Inspector

Number of contigs

Number of contigs > 1000 bp
Number of contigs > 10000 bp
Total length

Longest contig

N50

Mapping rate

Split-read rate

Depth

Small-scale assembly error/Mbp
Total small-scale assembly error
Quality Value (QV)

49.9 % [49.5 %, 0.4 %]
6.1 %
44.0 %

6049
6049

6042

334,979,448 (335 Mb)
447,123

68,227

85.06 %

44.76 %

31.72

3686.95

1,235,053

23.00

60.9 % [60.1 %, 0.8 %]
5.7 %
33.4%

7870
7870
7595
281,692,310 (281,7 Mb)
795,484
42,005
82.59 %
41.45%
37.08
2355.19
663,439
24.89

77.3 % [77.1 %, 0.2 %]
7.5 %
15.2%

14,130
14,127
9775
549,512,882 (549,5 Mb)
1,985,679
81,745
94.02 %
41.43 %
20.17
7463.49
4,101,272
20.59

82.5 % [60.8 %, 21.7 %]
3.8 %
13.7 %

23,668
23,668
21,765
748,791,779 (748,8 Mb)
572,497
38,417
91.56 %
36.49 %
14.64
2362.22
1,768,812
25.43

90.1 % [67.9 %, 22.2 %]
3.6 %
6.3 %

46,646
45,777
28,848
988,956,643 (989 Mb)
384,705
35,162
93.77 %
38.95 %
12.33
719.94
645,359
30.97

the lowest N50 value (35.1 kb). Similarly, Canu produced a low conti-
guity assembly (N50 = 38.4 kb) with a total length of 748.8 Mb. The N50
value is commonly used as a parameter to reflect the contiguity of the
assembly results. However, a larger N50 value is not always a useful
parameter for assessing assembler performance, because longer contigs
may be less accurate (Wang et al., 2021). The Quality Value (QV), which
estimates overall assembly quality, was the highest for Flye (30.97),
followed by comparable values for Canu (25.43) and SMARTdenovo
(24.89). wtdbg2 showed the lowest QV (20.59). In general, Raven was the
assembler with the lowest memory and computational requirements
with the trade-off of poor statistical report in comparison to the other
long-read assemblers. Canu and Flye performed better than the other
three assemblers, not only by generating the highest assembly length but
also having the highest QV and completeness. We selected the Flye
assembler for the downstream analysis based on the BUSCO assessment
(Supp. Fig. S1) and QV (Table 1).

3.2. RAD-seq assembly results

Alignment length, number of retrieved loci, percentage of missing
data, number of variable sites, proportion of parsimony informative sites
(PIS) and mean bootstrap for nodes generally increased as the clustering
threshold decreased (Table 2). The highest number of PIS, a proxy for
phylogenetic signal strength (Table 2) and the greatest number of SNPs
(Supp. Fig. S2) were obtained under 0.74 CT. In contrast, the highest
mean bootstrap support (BS) was observed under 0.85 CT (BS = 93.75
%) and 0.75 CT (BS = 93.42 %) (Supp. Fig. S3). Although all aligments
from the three CT (0.74, 0.75, and 0.85) were utilised for subsequent
phylogenetic analyses, only the results for 0.74 CT are visually repre-
sented in Fig. 2 to emphasise the highest bootstrap support for de novo
processed alignments, together with reference-based approach with the
highest number of loci and variable sites. The summary statistics for
alignments obtained under 0.74 and 0.75 clustering thresholds were
relatively similar, but the 0.74 CT obtained the highest mean bootstrap

Table 2

support (96 %) (Table 2). The lowest number of retrieved loci (8 877),
variable sites (113 339), PIS (28 234) and the lowest mean bootstrap
value (84.2 %) were recovered under 0.85 CT. Mapping reads to the L.
tentaculata reference genome resulted in increased alignment length
(1 786 362 bp), number of retrieved loci (11 693) and number of vari-
able sites (197 320), but simultaneously produced the lowest number of
PIS (27 250) of all assembly methods (Table 2) and a mean bootstrap
support of 87.7 %.

The resulting ML topologies varied between assembly methods,
particularly in terms of nodal support. The percentage of nodes with
poor support differed across methods with 25 % for the reference-based
approach, 4 % for de novo 0.74 CT, 15 % for de novo 0.75 CT and 31 % for
de novo 0.85 CT (Fig. 2; Supp. Fig. S4). Most other nodes were resolved
with either high nodal support values or moderate support. In contrast,
the topologies produced from each assembly method were generally
congruent (Fig. 2; Supp. Fig. S4), except for the placement of L. pumila
Wiedemann, 1824 and L. pygmaea and the position of the leucospila-
group. These taxa resolved in two alternative topologies, one for both
the de novo 0.74 (Fig. 2) and 0.75 CT (Supp. Fig. S4: topology A) as-
semblies, and the other for the reference-based (Fig. 2) and de novo 0.85
CT (Supp. Fig. S4: topology B) assembly analyses.

Our results are henceforth primarily described for the topologies
derived from the reference-based and de novo 0.74 CT assemblies, as
these are the datasets with the highest number of loci and highest mean
bootstrap support, respectively (Fig. 2; Table 2). Subsequent de-
scriptions of the bootstrap values for reference-based, de novo 0.74 CT,
de novo 0.75 CT and de novo 0.85 CT assemblies are as follows: BS,y,
BSo.74, BSo.75 and BSp gs.

3.3. Concatenated maximum likelihood phylogenies
Our results, similarly to previous studies (Kutty et al., 2010, 2014; Ge

et al., 2016; Grzywacz et al., 2021; Gao et al., 2022), confirm the
monophyly of Lispe (Fig. 2; Supp. Fig. S4). A division into three highly

Summary statistics of analysed data and summary of bootstrap support values for phylogenies inferred from restriction site associated DNA sequencing (RAD-seq)
alignments with maximum likelihood approach. RAD-seq data were processed with de novo approach under 0.74, 0.75 and 0.85 clustering thresholds and with the
reference-based approach with the genome sequence of Lispe tentaculata. Abbreviations: PIS, parsimony informative sites; CV, coefficient of variation.

Bootstrap support

Analysed data Aligment (bp) Loci Missing data (%) Variable sites PIS Mean Median Ccv
Reference-based Flye 1786 362 11 693 90.44 197 320 27 250 87.7 % 100 0.20
de novo Threshold
0.74 783 882 9 540 89.00 155 298 38929 96 % 100 0.08
0.75 788 761 9 640 89.02 154 955 38 830 92.6 % 100 0.14
0.85 731 488 8877 88.73 113 339 28 234 84.2% 100 0.27
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Fig. 2. Comparison of RAxML and BPP tree topologies inferred from reference-based approach and de novo assembly under 0.74 clustering threshold. Node support
values are shown for 1 000 nonparametric bootstrap replicates (BS) and posterior probability (PP). Species groups of Lispe are marked with different colours as
provided and outgroup marked with a black colour includes representatives of Limnophora. Clades consistently observed in this study are indicated by specific
colours. Clade A consists of the palposa-, rigida-, and caesia groups, Clade B includes the nicobarensis-, nivalis-, scalaris- and tentaculata groups and Clade C includes the
longicollis-, desjardinsii-, uliginosa- and kowarzi groups. In this study, the placement of L. pumila, L. pygmaea, and L. leucospila was influenced by assembly method and
therefore they were not assigned to any clade. Abbreviation: CT, clustering threshold.

supported (BS > 90 %) clades is observed, both for reference-based and
de novo assemblies. For the sake of transparency in the presentation of
results and discussion, ‘Clade A’ includes the palposa-group, the rigida-
group and the caesia-group; ‘Clade B’ is composed of L. albimaculata
Stein, 1910 (not assigned to a group), the nicobarensis-group, the nivalis-
group, the scalaris-group and the tentaculata-group; while ‘Clade C’
consists of the longicollis-group, the desjardinsii-group, the uliginosa-
group and the kowarzi-group.

In the reference-based and de novo 0.85 CT assemblies, the leucospila-
group is revealed to be the sister group to all other Lispe (BS;, = 100 %j;
BSp.g5 = 100 %) (Fig. 2; Supp. Fig. S4: topology B), while in the de novo

0.74 and 0.75 CT assemblies the leucospila-group is a sister taxon of
(kowarzi-group + (uliginosa-group + (longicollis-group + desjardinsii-
group))) (BSo.74 = 99 %; BSo.75 = 94 %) (Fig. 2; Supp. Fig. S4: topology
A). In de novo assembly under 0.74 CT (Fig. 2), a clade consisting of
palposa-group, rigida-group and caesia-group (BSp74 = 100 %) with L.
pumila at the base (BSp74 = 73 %) emerges as a sister group to the
remaining Lispe (BSgp 74 = 100 %).

Two species groups, the pumila-group and the pygmaea-group, each
represented by a single representative, significantly differed in their
position on the obtained phylogenetic trees. In the analysis of the
reference-based assembly L. pumila is a sister taxon to L. pygmaea and
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this clade emerges a sister to the Clade B (Fig. 2). In de novo assemblies L.
pumila and L. pygmaea do not form a monophyletic clade, and the former
is sister to Clade A, while the latter is sister to Clade B (Fig. 2).

The majority of the relationships within species groups are highly
supported for the leucospila-, longicollis-, nicobarensis-, nivalis-, rigida-,
scalaris-, tentaculata- and uliginosa-groups, and moderately or poorly
supported for the kowarzi-, caesia- and palposa-groups (Fig. 2; Supp.
Fig. S4). In Clade A, the palposa-group is monophyletic with L. flavinervis
(Becker, 1904) being sister (BSy, = 87 %) to (L. neimongola Tian et Ma,
2000 + (L. superciliosa Loew, 1861 + L. loewi Ringdahl, 1922)) and these
species form a sister group to L. apicalis comitata (Becker, 1904) + L.
apicalis apicalis Mik, 1869 (BS;, = 66 %). Alternatively, in the de novo
assemblies L. apicalis comitata + L. apicalis apicalis is sister to the rest of
the palposa-group (BSp.74 = 97 %). The rigida-group either emerges as
the sister group to the palposa-group (BS;, = 100 %) or is paraphyletic
with regard to the palposa-group (Fig. 2 de novo CT: 0.74; Supp. Fig. S4).
Lispe cana (Walker, 1849), traditionally representing the cana-group, is
nested within the caesia-group, and emerges as a sister taxon to L. fla-
vicornis Stein, 1909 (BS,;, = 38 %) or to (L. flavicornis + (L. polonaise
Vikhrev, 2021 + L. caesia)) (BSg.74 = 93 %). The caesia-group with L.
cana is sister to the palposa- + rigida-groups (BS;, = 99 %; BSgp 74 = 100
%).

In Clade B, L. nana Macquart, 1835, traditionally representing the
nana-complex, is nested with L. capensis Zielke, 1971 (BS;, = 100 %)
within the tentaculata-group, and L. mirabilis Stein, 1918 emerges as a
sister taxon to L. emdeni Vikhrev, 2012 (BS;, = 100 %). The nicobarensis-
group is sister to the nivalis-group (BS;, = 100 %; BSg.74 = 99 %). The
scalaris-group is sister to (L. albimaculata + (nigrimana + nivalis groups))
with high branch support (BS;, = 92 %), and this clade is sister to the
tentaculata-group (BS;, = 90 %) or to the (nigrimana + nivalis) groups
with moderate support (BSy 74 = 80 %). Lispe albimaculata is sister taxon
to the (nicobarensis + nivalis) groups (BS;, = 67 %) or to the (scalaris +
(nicobarensis + nivalis)) groups (BSp.74 = 99 %).

In Clade C, a moderately supported dichotomy (BS;, = 79 %; BSg.74
= 84 %) splits the longicollis-group into subgroup I with (L. longicollis
Meigen, 1826 + (L. xenochaeta Malloch, 1923 + L. confusa Vikhrev,
2021)) (BS;p = 100 %), and subgroup II with (L. glabra Wiedemann,
1824 + (L. assimilis Wiedemann, 1824 + L. nuba Wiedemann, 1830))
(BS;p = 100 %; BSp.74 = 100 %). Lispe desjardinsii is a sister taxon to the
longicollis-group (BS;, = 100 %; BSg.74 = 100 %). The uliginosa-group is
sister to the (longicollis + desjardinsii) groups, with moderate or high
support (BS;p, = 63 %; BSg 74 = 92 %). The poorly (BS;, = 69 %) or highly
(BSo.74 = 90 %) supported kowarzi-group is revealed as a sister to the
traditionally separated geniseta-complex represented by L. geniseta (BS,
= 45 %), and the former dichaeta-complex (L. dichaeta + L. mada-
gascariensis) is sister (BS;, = 69 %) to the kowarzi-group + L. geniseta. In
the de novo 0.74 CT topology, L. geniseta emerged as a sister taxon to the
remaining representatives of kowarzi-group and the former dichaeta-
complex (BSgp.74 = 99 %).

3.4. Multispecies coalescence-based phylogenies

Assembly type did not influence the final BPP topologies, with both
reference-based and de novo + 0.74 CT data sets producing congruent
phylogenetic trees (Fig. 2; Supp. Fig. S5). For the reference-based as-
sembly, all species groups were monophyletic with maximum support
(PP = 1). For the de novo + 0.74 CT assembly, similarly to the ML
phylogenetic tree, the rigida-group is paraphyletic with regard to the
palposa-group (PP = 1).

The resultant phylogenetic trees from the BPP analysis were also
highly congruent with the ML topologies obtained for reference-based
and de novo + CT 0.74 assemblies, including the leucospila-group sister
to remaining Lispe. Lispe albimaculata is sister to (nivalis + nicobarensis)
groups (PP = 0.52 and 0.41 for reference and de novo assembly,
respectively).

Alternatively, both reference-based and de novo + CT 0.74 BPP

Molecular Phylogenetics and Evolution 204 (2025) 108291

topologies disagree with their corresponding ML topologies in terms of
the position of the clade L. pumila + L. pygmaea, which under BPP is
sister to the remaining Lispe (PP = 1), with the exception of the leuco-
spila-group.

4. Discussion
4.1. Systematics of Lispe

The definition and species-groups limits within Lispe have primarily
relied on morphological data, lacking formal phylogenetic reconstruc-
tion. Gao et al. (2022) provided the first molecular phylogeny, revealing
four major clades, but with low backbone support. In this study, we
consistently observed the following three clades: Clade A (palposa-, rig-
ida- and caesia-groups), Clade B (nicobarensis-, nivalis-, scalaris- and
tentaculata-groups) and Clade C (longicollis-, desjardinsii-, uliginosa- and
kowarzi-groups). Clade B and Clade C of this study are congruent in
terms of species-group composition with the second and third clades of
Gao et al. (2022), but the limits of the remaining clades are incongruent
between both studies. All incongruences between our generated topol-
ogies are related to relationships between these three clades. None of our
phylogenetic hypotheses are considered conclusive and future research
is still needed to comprehensively resolve relationships in the backbone
of the Lispe tree of life. Despite this, we can certainly review of the state
of Lispe phylogenetics in light of our current results.

4.1.1. Relationships within Clade A

The palposa-group, originally proposed by Snyder (1954), is the most
clearly defined group based on adult morphology and is closely related
to the rigida-group, as concluded by Vikhrev (2015) and this study (BS =
100 %). Neither the leucospila-group nor the pygmaea-group was found
to be sister to the palposa-group as shown by Gao et al. (2022). The
caesia-group, characterised by a widened ocellar triangle with convex
margins, ventral spines on fore and mid femora and abdomen with a
characteristic pattern, was one of the better-supported groups within
Lispe according to Hennig (1960). Since then, species within the caesia-
group have undergone re-examination, leading to a redefinition of this
group by Gao et al. (2022). The present criterion for classifying species
within the caesia-group is the presence of at least one of the character
states indicated by Hennig. In line with this, L. polonaise, included for the
first time in a molecular analysis, is nested within the caesia-group
despite exhibiting only a slightly widened ocellar triangle with slightly
convex margins (Vikhrev, 2021). Lispe cana, previously classified in the
cana-group (Pont, 2019), is also nested within the caesia-group in our
analysis, suggesting the inclusion of L. cana and its relatives within this
group (Vikhrev, 2020). Our analyses revealed that the caesia-group is
closely related to the (uliginosa + rigida) groups and it is not found to be
sister to all other Lispe species as reported by Gao et al. (2022).

4.1.2. Relationships within Clade B

The systematic position of the nana-group and L. mirabilis within the
tentaculata-group is congruent with previous molecular study, thereby
supporting the extended tentaculata-group sensu Gao et al. (2022).
Additionally, we propose to include L. capensis in the tentaculata-group,
as it is placed as sister to L. nana with very high support. This is in
agreement with Vikhrev (2021), who stated that the intermediate
character states of L. capensis support a relationship of L. nana with the
tentaculata-group.

Our analyses show a sister-group relationship between the clade
composed of scalaris-group and (nivalis + nicobarensis) groups, as well as
the tentaculata-group, with variable nodal support (Fig. 2; Supp. Fig. S4).
These results, in conjuction with Gao et al. (2022), support Vikhrev's
(2012a, 2014) conclusion that the tentaculata supergroup includes spe-
cies from the nivalis-, scalaris- and extended tentaculata-groups (Vikhrev,
2014). Furthermore, we also propose to include the nicobarensis-group
within this supergroup.
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4.1.3. Relationships within Clade C

We confirm the split of the longicollis-group into subgroup I and II, as
proposed by Hennig (1960), and further expanded on by Vikhrev (2014,
2020, 2021), with moderate (BS,, = 79 %; BSg.74 = 84 %; BS(.75 = 60 %)
or high support (BSpgs = 99 %). Gao et al. (2022) suggested that
L. pennitarsis, the only representative of the desjardinsii-group in their
study, is nested within the longicollis-group. However, while
L. pennitarsis appeared the intermediate position between the two sub-
groups of the longicollis-group (assimilis-subgroup and longicollis-sub-
group), this position lacked significant support. Nevertheless, authors
proposed merging the desjardinsii-subgroup within the longicollis-group.
Despite morphological similarities between the desjardinsii- and long-
icollis-groups (Vikhrev, 2014), our study does not support the relation-
ships reported by Gao et al. (2022). In all our analyses, L. desjardinsii is
placed as a sister to the longicollis-group with full support (BS = 100 %),
not nested within it. We propose retaining the desjardinsii-group sepa-
rately until more extensive taxon sampling is implemented to test the
validity of the entire species group. Our study also shows that the uli-
ginosa-group is sister to the longicollis-group + desjardinsii-group, which
in turn is sister to the kowarzi-group sensu Gao et al. (2022). This is in
conflict with Gao et al. (2022) who showed the longicollis-group
(including the desjardinsii-group) as sister to the uliginosa-group +
kowarzi-complex. As for the former geniseta and dichaeta complexes, our
results are congruent with those of Gao et al. (2022), which showed that
these complexes clustered as sisters to the kowarzi-group. Therefore, we
support the proposal of Gao et al. (2022) to extend the kowarzi-group to
include all species assigned to the dichaeta, geniseta and kowarzi
complexes.

4.1.4. Uncertain relationships of L. pumila, L. pygmaea and L. leucospila

The placement of L. pumila and L. pygmaea was influenced by the
assembly method in our results. In the reference-based analysis, L.
pygmaea emerged as sister to L. pumila, with moderate support (Fig. 2:
reference-based), while the de novo + 0.74 CT analysis separated these
species between the main three clades (Fig. 2: de novo, 0.74; Supp.
Fig. S4). These two species were initially classified together in the
pumila-group by Vikhrev (2012b), but later considered as monotypic
complexes by the same author (Vikhrev, 2016), who proposed five
complexes (ambigua, dichaeta, geniseta, pumila and pygmaea) that were
regarded as the L. pygmaea ecological group based on a shared ecology.
Lispe pumila was excluded from the analysis in the previous study (Gao
et al., 2022), and we do not have a reference for its position on the Lispe
tree. Thus, future studies with greater sampling are necessary to confirm
the relationships between the pumila- and pygmaea-groups within Lispe.

The present study does not resolve the relationship between the
leucospila-group and the other groups. The systematic position of the
leucospila-group differed between our analyses. In the reference-based
approach it is sister to all other Lispe (Fig. 2: BSy, = 100 %), while in
the de novo approach it is sister to the clade consisting of the longicollis-,
desjardinsii-, uliginosa- and kowarzi-groups (Fig. 2: BSg.74 = 99 %; Supp.
Fig. S4). Ge et al. (2016) also proposed that L. leucospila is at the base of
the Lispe tree of life with high nodal support (BS = 98 %, PP = 1.0),
however this study had incomplete taxon sampling, only including
representatives of the nivalis-, palposa- and tentaculata-groups (Fig. 2 in
Ge et al. 2016). Our results do not support the previous results of Gao
et al. (2022) which suggestes a close relationship between the leucospila-
and palposa-groups.

4.2. Ecology of Lispe

Species of the leucospila-group differ ecologically from other Lispe
species. According to Vikhrev (2014), “their typical habitats are grassy
lawns being seasonally or artificially watered, or similar natural habi-
tats, usually secondary sites with short or sparse grass and moderately
wet soil”, while other Lispe inhabit semi-aquatic environments with wet
mud or sand and high organic content. While some species of Lispe can
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surely be distinguished by their ecology and are only encountered in
selected habitats, the habitat preferences for many species are unknown
or inconclusive. Lispe sericipalpis Stein, 1904 and L. manicata Wiede-
mann, 1830 were reported from limnic habitats (Vikhrev, 2011a,
2012c), while L. candicans and L. caesia were reported from habitats
influenced by saltwater, and L. orientalis from habitats containing dirty
and organically polluted water (Vikhrev, 2011a). In contrast, L. pygmaea
and L. uliginosa were found in both limnic and saline habitats (Hennig,
1960). Therefore, using ecology to infer phylogenetic relationships or
ancestral state reconstruction should be approached with great caution.
In this study we do not assess whether the habitat preferences observed
within the leucospila-group, i.e., an association with grassy lawns and
seasonally watered habitats, provide sufficient evidence to draw con-
clusions about the ancestral habitat preferences of Lispe. It is worth
noting that many representatives of the closely related genus Limnophora
are also associated with water bodies (Ivkovi¢ & Pont, 2016). Thus,
species of the leucospila-group may also exhibit a derived strategy, and
an association with stagnant or running water could potentially be an
ancestral strategy within a larger clade comprising several muscid
genera.

4.3. Oxford nanopore reads assemblers performance

Many projects have recently been launched with the aim of providing
high-quality genomes, e.g., Darwin Tree of Life, the Bird 10 000 Ge-
nomes (B10K) Project, the Vertebrate Genomes Project (VGP) and the
BAT1K Genome Project. To date, the number of available dipteran ge-
nomes in public repository databases clearly indicates that model spe-
cies (e.g., of Drosophila Fallén, 1823) or economically important species
(e.g., of Anopheles Meigen, 1818) are of great interest. Among the
Muscidae, genomes are available for ten species, that is Eudasyphora
cyanicolor (Zetterstedt, 1845), Haematobia irritans (Linnaeus, 1758),
Hydrotaea cyrtoneurina (Zetterstedt, 1845), Hydrotaea diabolus (Harris,
1780), Musca domestica Linnaeus, 1758, Musca vetustissima Walker,
1849, Muscina levida (Harris, 1780), Phaonia tiefii (Schnabl, 1888),
Polietes domitor (Harris, 1780) and Stomoxys calcitrans (Linnaeus, 1758)
(Scott et al., 2014; Konganti et al., 2018; Olafson et al., 2021; Romine
etal., 2022; Falk et al., 2024a, 2024b, 2024c, 2024d), which represent a
small percentage, considering that Muscidae are known from approxi-
mately 6 000 species. Nonetheless, this number is increasing especially
due to the Darwin Tree of Life initiative.

Genome sequencing significantly advances phylogenetic research by
providing extensive genetic data that enhances the resolution phyloge-
netic trees. This capability enables researchers to reconstruct phyloge-
netic relationships with greater comprehensiveness and reliability
(McCormack et al., 2013; Shakya et al., 2020). In light of the progressive
reduction of costs and computational requirements, genome sequencing
is now achievable and affordable for individual laboratories, rather than
only for international consortia (Brandies et al., 2019). Despite only a
few years of commercial use, nanopore sequencing has revolutionised
genomic studies owing to facilitating de novo genome assembly by
increasing read length and significantly reducing sequencing time
(Leggett & Clark, 2017; Senol Cali et al., 2018; Nature, 2023). Both long-
read sequencing, i.e., ONT and PacBio, do not require PCR, which helps
avoid biases during library preparation and facilitates the assembly of
repetitive genome regions (Jansen et al., 2017). However, ONT stands
out particularly for its lower cost and availability, making it a more
widely used method in large-scale sequencing and routine applications.
As the availability of genome sequencing technology has increased,
attention has also shifted to the pivotal step of genome assembly. This
process may produce different results, depending on the use of various
assemblers, each of which has its own algorithms and methodologies
(Guiglielmoni et al., 2021). To address crucial time and cost consider-
ations, we used ONT reads to obtain the genome of L. tentaculata,
evaluating five different assemblers, commonly used at the time of the
study. Among the selected assemblers, Flye appeared to be the most
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effective, achieving the highest percentage of completeness (90.1 %) in
the BUSCO assessment and demonstrating the lowest small-scale as-
sembly error rate per megabase of genome. Additionally, Flye exhibited
the highest Quality Value (QV), indicating high genome reconstruction
accuracy. Following Flye, Canu also showcased competitive perfor-
mance, particularly in terms of completeness and assembly accuracy.
This is in agreement with recent studies that compared different as-
semblers and in most of them Flye and Canu performed best, on both
eukaryotic and prokaryotic genomes (Jung et al., 2020; Latorre-Pérez
et al., 2020; Sun et al., 2021; Cosma et al., 2023). On the other hand, in
this study Raven appeared to perform relatively poorly compared to the
other assemblers, showing lower completeness percentages and quality
values, whereas in other genome comparison studies, it was noted as the
best-performing assembler (Chen et al., 2020). As previous studies have
shown, there is no single assembler that stands out as the best, as various
assemblers exhibit differences in terms of structural accuracy,
completeness and contiguity of assembled genomes (Wick & Holt,
2019). This is due to the use of distinct algorithms, optimisations for
different data types and qualities and varied approaches to handling
genomic complexity and error correction. Additionally, assembler per-
formance can depend on specific settings, computational resources and
ongoing software updates (Cosma et al., 2023). Hence, the selection of
the most appropriate assembler should depend on study-specific factors,
including genome assembly goals such as the characteristics of the
sequencing data and the complexity of the genome being studied.
Furthermore, given the ongoing introduction of new assemblers and
improvements to existing ones, it is advisable for users to keep updated
with these advancements to ensure optimal performance that meets
their specific needs.

Genomes of Muscidae, similarly to those of many other insects
(Hotaling et al., 2021), contain a large proportion of transposable ele-
ments. In case of muscid flies even more than 50 % of the genome is
present as repeated content (Romine et al., 2022). The first genome of
Musca domestica obtained with a short reads sequencing approach,
resulted in the assembly of a 691 Mb genome (GCA_000371365.1),
while the application of long reads overcame the issue of highly repet-
itive regions and led to genomes assemblies ranging from 907 Mb
(GCA_030504385.2) to 1.3 Gb (GCA_032878625.1) in length. Among all
of the available genomes, only that of Musca vetustissima and the one
obtained in this study for Lispe tentaculata were sequenced using nano-
pore sequencing, with the genome of the former species also incorpo-
rating short reads from Illumina. The remaining genomes were
predominantly sequenced using PacBio technology, with some supple-
mented by short Illumina reads. With a genome size of 989 Mb assem-
bled using Flye (Table 1), L. tentaculata falls in the mid-range of genome
sizes among all available muscid genomes. It is larger than several ge-
nomes, like H. cyrtoneurina (575 Mb) and M. vetustissima (850 Mb), but
smaller than others, such as those of E. cyanicolor and P. tiefii, which
exceed 1.5 Gb.

5. Conclusions

The results of this study are congruent with species-group concepts
established using adult morphology, particularly those proposed by
Vikhrev (2020, 2021), but they differ both in relationships between and
within species groups from the findings of Gao et al. (2022), who pro-
vided the only previous phylogenetic hypothesis for the classification of
Lispe. We propose expanding the tentaculata supergroup sensu Vikhrev
(2014), which presently comprises the tentaculata-, nivalis- and scalaris-
groups, to also include the nicobarensis-group. Our results corroborate
the proposal of Gao et al. (2022) to expand the kowarzi-group to include
the traditionally recognised dichaeta-complex and geniseta-complex.
Given that our results provide strong support for L. desjardinsii as the
sister taxon of the longicollis-group, we retain the validity of the desjar-
dinsii-group, thus confirming the presence of 14 distinct species groups
in the genus Lispe. Our results yielded two alternate, but highly
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supported phylogenetic tree topologies, resolving most of the relation-
ships between and within species groups and between species within
those groups. Future studies focusing on the genus Lispe should prioritise
improving taxon sampling, including species from recognised species
groups as well as many of those that have not yet been assigned to any
group (Supp. Table S1).
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Table S1. List of Lispe species (Pont, 2024) classified into species groups based on recent taxonomic changes.

References for the species groups and individual species within each group are given to the author who proposed and/or

revised the respective group or species. The table also includes species that have not yet been assigned to any specific

species group.

Species-group/species Author References
. (Hennig, 1960; Vikhrev et al., 2016; Gao et al.,
caesia-group
2022)
absentiseta Pont, 2019 this study

albicorpus
aguamarina
astakhovi
bengalensis
caesia

cana
candicans
cilitibia
collessi
flavicornis
halophora
inaequalis
lanceoseta
leucocephala
marina
odessae
palawanensis
patellitarsis

desjardinsii-group

desjardinsii
neo
pennitarsis
tuberculitarsis
zumpti

kowarzi-group

dichaeta
fulvitarsus asiatica
fulvitarsus fulvitarsus
geniseta macfiei
geniseta setigena
kowarzi kowarzi
kowarzi pallitarsis
madagascariensis
stuckenbergi
leucosticta
miochaeta

leucospila-group

leucospila

Shinonaga & Kano, 1989
Shinonaga & Kano, 1983
Vikhrev, 2020
Robineau-Desvoidy, 1830
Meigen, 1826

Walker, 1849

Kowarz, 1892

Pont, 2019

Pont, 2019

Stein, 1909

Becker, 1903

(Malloch, 1922)

Wang & Fan, 1981
Loew, 1856

Becker, 1913

Becker, 1904

Shinonaga & Kano, 1989
Becker, 1914

Macquart, 1851
Malloch, 1922
Stein, 1918
Stein, 1913
Paterson, 1953

Stein, 1913
Vikhrev, 2014
(Snyder, 1949)
Emden, 1941
Vikhrev & Pont, 2016
Becker, 1903
Stein, 1909
Zielke, 1972
Zielke, 1970
Stein, 1918
Speiser, 1910

(Wiedemann, 1830)

(Shinonaga & Kano, 1989)

(Zhang et al., 2016)

(Vikhrev, 2020)

(Vikhrev, 2020)

(Hennig, 1960; Vikhrev et al., 2016)
(Vikhrev, 2020)

(Hennig, 1960)

this study

this study

(Zhang et al., 2016)

(Hennig, 1960)

this study

(Zhang et al., 2016)

(Hennig, 1960)

(Vikhrev, 2020)

(Hennig, 1960; Vikhrev et al., 2016)
(Zhang et al., 2016)

(Zhang et al., 2016)

(Vikhrev, 2014)

(Vikhrev, 2014)
(Vikhrev, 2021)
(Vikhrev, 2014)
(Vikhrev, 2014)
(Vikhrev, 2021)

(Vikhrev, 2014; Gao et al., 2022)

(Vikhrev, 2016)
(Vikhrev, 2014)
(Vikhrev, 2014)
(Vikhrev, 2016, 2021)
(Vikhrev, 2016, 2021)
(Vikhrev, 2014)
(Vikhrev, 2014)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)

(Paterson, 1953; Vikhrev, 2011b; Gao et al.,
2022)
(Vikhrev, 2011b)



irvingi Curran, 1937 (Vikhrev, 2014)
maculata Stein, 1913 (Vikhrev, 2014)
pectinipes Becker, 1903 (Vikhrev, 2011b)
o (Hennig, 1960; Vikhrev, 2012a; Gao et al.,
longicollis-group 2022)
assimilis Wiedemann, 1824 (Hennig, 1960; Vikhrev, 2012a)
barbipes Stein, 1908 (Vikhrev, 2012a)
cilitarsis Loew, 1856 (Hennig, 1960; Vikhrev, 2012a)
confusa Vikhrev, 2021 (Vikhrev, 2021)
dmitryi Vikhrev, 2014 (Vikhrev, 2014)
glabra Wiedemann, 1824 (Vikhrev, 2012a)
longicollis Meigen, 1826 (Hennig, 1960; Vikhrev, 2012a)
manicata Wiedemann, 1830 (Vikhrev, 2012a)
microptera Séguy, 1937 (Vikhrev, 2012a)
nuba Wiedemann, 1830 (Hennig, 1960; Vikhrev, 2012a)
pacifica Shinonaga & Pont, 1992 (Vikhrev, 2012a)
paraneo Zielke, 1972 (Vikhrev, 2021)
xenochaeta Malloch, 1923 (Vikhrev, 2014)
weschei Malloch, 1922 (Vikhrev, 2012a)
wittei Paterson, 1956 (Vikhrev, 2012a, 2021)

nicobarensis-group

aceponti
flaveola
nicobarensis
nigrimana
sydneyensis

nivalis-group

bivittata
hennigi
medvedevi
nivalis
ochracea
tomkovichi

palposa-group

apicalis
approximata
appendibacula
bahama
bohemica
brevipes
cinifera
desertorum
elkantarae
ezensis
flavicincta
flavinervis
frigida
hebeiensis
hydromyzina
jamesi
johnsoni

Vikhrev, 2015
Vikhrev, 2015
Schiner, 1868
Malloch, 1925
Schiner, 1868

Stein, 1909
Vikhrev, 2012
Vikhrev, 2014
Wiedemann, 1830
Becker, 1910
Vikhrev, 2014

Mik, 1869

Huckett, 1966

Xue & Zhang, 2005
Snyder, 1958
Becker, 1904
Aldrich, 1913
Becker, 1904
Huckett, 1966
Becker, 1907
Shinonaga & Kano, 1983
Loew, 1847
Becker, 1904
Erichson, 1851

Ma & Tian, 1993
Fallén, 1825
Snyder, 1954
Aldrich, 1913

(Vikhrev, 2015; Gao et al., 2022)

(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)

(Vikhrev, 2012b; Gao et al., 2022)

(Vikhrev, 2012b)
(Vikhrev, 2012b)
(Vikhrev, 2014)
(Vikhrev, 2012b)
(Vikhrev, 2021)
(Vikhrev, 2014)

(Snyder, 1954; Hennig, 1960; Vikhrev, 2015;

Gao et al., 2022)

(Hennig, 1960; Vikhrev, 2015)

(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Snyder, 1954)
(Snyder, 1954)

(Hennig, 1960; Vikhrev, 2015)

(Vikhrev, 2015)

(Hennig, 1960; Vikhrev, 2015)

(Vikhrev, 2015)

(Hennig, 1960; Vikhrev, 2015)
(Hennig, 1960; Vikhrev, 2015)
(Snyder, 1954; Hennig, 1960; Vikhrev, 2015)

(Vikhrev, 2015)

(Hennig, 1960; Vikhrev, 2015)

(Snyder, 1954)
(Snyder, 1954)



litorea

loewi

monochaita

neimongola

palposa

parcespinosa
parcespinosa appendibacula
parcespinosa bohemica
parcespinosa parcespinosa
probohemica

salina

sordida

superciliosa

superciliosa monochaita
superciliosa superciliosa
tarsocilica

pumila-group

angustipalpis
pumila

pygmaea-group

ambigua
bipunctata
biseta

keiseri
pygmaea
pygmoza
setuligera
surda

vilis
rigida-group
brunnicosa
kozlovi
rigida
scalaris-group

elengatissima
nubilipennis
selena
scalaris

tentaculata-group

capensis
consanguinea
emdeni
martirei

nana
orientalis
patellata
sociabilis
sericipalpis
mirabilis

Fallén, 1825
Ringdahl, 1922
Mou et Ma, 1992
Tian & Ma, 2000
Walker, 1849
Becker, 1900

Xue & Zhang, 2005
Becker, 1904
Becker, 1900
Speiser, 1914
Aldrich, 1913
Aldrich, 1913
Loew, 1861

Mou et Ma, 1992
Loew, 1861

Xue & Zhang, 2005

Stein, 1920
Wiedemann, 1824

Stein, 1913

Séguy, 1938

Stein, 1913

Zielke, 1972

Fallén, 1825

Vikhrev & Pont, 2016
Stein, 1911

Curran, 1937

Stein, 1911

Becker, 1904
Vikhrev, 2012
Becker, 1903

Stackelberg, 1937
Loew, 1873
Vikhrev, 2021
Loew, 1847

Zielke, 1971
Loew, 1858
Vikhrev, 2012
Vikhrev 2014
Macquart, 1835
Wiedemann, 1824
Aldrich, 1913
Loew, 1862
Stein, 1904
(Stein, 1918)

(Hennig, 1960; Vikhrev, 2015)
(Hennig, 1960; Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Snyder, 1954; Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Snyder, 1954; Vikhrev, 2015)
(Snyder, 1954; Vikhrev, 2015)
(Snyder, 1954; Vikhrev, 2015)
(Hennig, 1960; Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)

(Vikhrev, 2012c, 2016)

(Vikhrev, 2012c, 2016)
(Vikhrev, 2012c, 2016)

(Vikhrev, 2016; Gao et al., 2022)

(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)
(Vikhrev, 2016)

(Vikhrev, 2012b)

(Vikhrev, 2012b)
(Vikhrev, 2012b)
(Vikhrev, 2012b)

(Hennig, 1960; Vikhrev, 2012c; Gao et al.,

2022)
(Hennig, 1960; Vikhrev, 2012c)

(Hennig, 1960; Vikhrev, 2012c)
(Vikhrev, 2021)
(Hennig, 1960; Vikhrev, 2012c)

(Snyder, 1954; Hennig, 1960; Vikhrev, 2011a;

Gao et al., 2022)
(Vikhrev, 2021)

(Hennig, 1960; Vikhrev, 2011a)
(Vikhrev, 2014)

(Vikhrev, 2014)

(Vikhrev, 2014)

(Vikhrev, 2011a)

(Snyder, 1954; Hennig, 1960; Vikhrev, 2014)
(Snyder, 1954; Hennig, 1960; Vikhrev, 2014)

(Vikhrev, 2011a)
this study



tentaculata
tentaculata draperi
triangularis

uliginosa-group

albitarsis
antennata
cotidiana
latana

levis

lisarba
melaleuca
mexicana
nasoni
neouliginosa
nudifacies
polita
septentrionalis
serotina
uliginosa

Unassigned species
affinis
albifacies
albimaculata
alete

alkalina
andrefana
argentata
armata
attenuata
aurocochlearia
baluchistanensis
boninensis
bimaculata
brendana
caespitosa
ceylanica

chui

congensis
crinitarsis
cristata
erratica
esuriens
floccosa

freidbergi
glauca

gracilitarsis
grisea
fuscipes
hamulifera
hispida
howeana

(De Geer, 1776)
Séguy, 1933
Vikhrev 2014

Stein, 1898
Aldrich, 1913
Snyder, 1954
Snyder, 1949
Stein, 1911
Snyder, 1949
Loew, 1847
Vikhrev, 2015
Stein, 1898
Snyder, 1954
Snyder, 1954
Coquillett, 1904
Xue & Zhang, 2005
Waulp, 1896
Fallén, 1825

Pont, 2019

Malloch 1929

Stein, 1910

Walker, 1849

Vikhrev, 2021

Vikhrev, 2021

Couri, Pont & Penny, 2006
Malloch, 1925

Pont, 2019

Séguy, 1950

Shinonaga, 2010

Snyder, 1965

Walker, 1859

Pont, 2019

Pont, 2019

Shinonaga & Tewari, 2008
Shinonaga & Kano, 1989
Zielke, 1970

Pont, 2019

Pont, 2019

(Malloch, 1932)

Pont, 2019

Pont, 2019

Vikhrev, 2012
Pont, 2019

Pont, 2019

Pont, 2019
(Ringdahl, 1930)
Pont, 2019
Walker, 1849
Pont, 2019

(Snyder, 1954; Hennig, 1960; Vikhrev, 2011a)
(Hennig, 1960; Vikhrev, 2011a, 2021)

(Vikhrev, 2014)

(Snyder, 1954; Hennig, 1960; Vikhrev, 2015;

Gao et al., 2022)

(Snyder, 1954; Vikhrev, 2015)
(Snyder, 1954; Vikhrev, 2015)
(Snyder, 1954; Hennig, 1960)

(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)
(Vikhrev, 2015)

(Snyder, 1954; Vikhrev, 2015)

(Snyder, 1954)

(Snyder, 1954; Vikhrev, 2015)
(Snyder, 1954; Vikhrev, 2015)

(Vikhrev, 2015)
(Vikhrev, 2015)

(Snyder, 1954; Hennig, 1960; Vikhrev, 2015)

(Pont, 2019)

(Vikhrev, 2021)
(Vikhrev, 2021)
(Vikhrev, 2021)
(Pont, 2019)

(Pont, 2019)

(Vikhrev, 2021)
(Vikhrev, 2020)

(Pont, 2019)
(Pont, 2019)

(Shinonaga & Kano, 1989)
(Zielke, 2018)

(Pont, 2019)

(Pont, 2019)

(Pont, 2019)
(Pont, 2019)

(Vikhrev, 2020)
(Pont, 2019)

(Pont, 2019)
(Pont, 2019)
(Pont, 2019)

(Pont, 2019)



incana Pont, 2019 (Pont, 2019)

isolata Malloch, 1929
lamellata Pont, 2019 (Pont, 2019)
longicornia Wei in Li & Jin, 2006
metatarsata Stein, 1900 (Pont, 2019)
niveimaculata Stein, 1906 (Vikhrev, 2021)
nigrimanoides Pont, 2019 (Pont, 2019)
orbitalis Pont, 2019 (Pont, 2019)
patersoni Vikhrev, 2021 (Vikhrev, 2021)
penicillata Pont, 2019 (Pont, 2019)
polonaise Vikhrev, 2021 (Vikhrev, 2021)
pseudohirsutipes Kakinuma & Kurahashi,
2015
rufitibialis Macquart, 1843 (Fogaca & De Carvalho, 2018)
sexnotata Vikhrev, 2021 (Vikhrev, 2021)
siamensis Shinonaga & Kano, 1989 (Shinonaga & Kano, 1989)
uniseta Malloch, 1922 (Pont, 2019)
vikhrevi Pont, 2019 (Pont, 2019)
vittipennis Thomson, 1869
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Table S2. List of 53 species used in study, including authorship, collecting data and voucher ID.

The table includes 49 species of Lispe and 4 species of Limnophora representing the outgroup.

No.

Species

Voucher information

Voucher ID

10

11

12

13

14

15

16

17

18

19

Lispe albimaculata
Stein, 1910

Lispe apicalis apicalis

Mik, 1869

Lispe apicalis comitata

Becker, 1904

Lispe assimilis
Wiedemann, 1824

Lispe bengalensis

Robineau-Desvoidy, 1830

Lispe bivittata
Stein, 1909

Lispe brunnicosa
Becker, 1904

Lispe caesia
Meigen, 1826

Lispe cana
Walker, 1849

Lispe capensis
Zielke, 1971

Lispe confusa
Vikhrev, 2021

Lispe consanguinea
Loew, 1858

Lispe desjardinsii
Macquart, 1851

Lispe dichaeta
Stein, 1913

Lispe elengatissima
(Stackelberg, 1937)

Lispe emdeni
Vikhrev, 2012

Lispe flavicornis
Stein, 1909

Lispe flavinervis
Becker, 1904

Lispe geniseta
Stein, 1909

Australia, Seven Mile Beach
34°46'22.2"S 150°48'48.2"E; 27.11.2019
leg. KEiB exp., det. A. Grzywacz
Russia, Kalmyia reg.

47°52'30.0"N 44°36'03.6"E; 08.06.2012
leg. N. Vikhrev, det. N. Vikhrev
Uzbekistan, Tudakul Lake

39°47'56.0"N 64°44'26.5"E; 21.06.2019
leg. KEiB exp., det. A. Grzywacz
Australia, Northern Teritory, Darwin
06.11.2017

leg. K. Szpila, det. A. Grzywacz
Australia, Berrara Creek

35°11'43.8"S 150°31'01.2"E; 01.12.2019
leg. KEiB exp., det. A. Grzywacz

India, Assam st, Chapar env Champamati R
26°19'12.0"N 90°27'36.0"E; 01-03.01.2014
leg. K. Tomkovich, det. N. Vikhrev
Russia, West Siberia, Omsk Reg
10.05.2009

leg. O.E. Kosteri, det. N. Vikhrev
Croatia, Stobre¢

43°30'01.6"N 16°31'05.5"E; 13.08.2020
leg. K. Szpila, det. A. Grzywacz
Australia, Seven Mile Beach
34°46'22.2"S 150°48'48.2"E; 27.11.2019
leg. KEiB exp., det. A. Grzywacz
Namibia, Walvis Bay, Bird Sanct.
22°58'01"S 14°31'56"E; 21.11.2018

leg. KEiB exp., det. A. Grzywacz
Namibia, Walvis Bay, Bird Sanct.
22°58'01"S 14°31'56"E; 21.11.2018

leg. KEiB exp., det. A. Grzywacz
Poland, Wojnicz, Dunajec

49°57'01.0"N 20°52'20.8"E; 14.06.2012
leg. K. Szpila, det. A. Grzywacz
Tanzania, Dodoma env.

7.385S 37.015E; 11-13.02.2017

leg. N. Vikhrev, det. N. Vikhrev

Kenya, Nyandarua Co

0°07'12.0"S 36°25'48.0"E; 20.12.2013
leg. N. Vikhrev, det. N. Vikhrev
Uzbekistan, Tudakul Lake

39°47'56.0"N 64°44'26.5"E; 21.06.2018
leg. KEiB exp., det. A. Grzywacz

India, Rajasthan, Jodhpur

26°13.42'S 73°01.96' E; 11-15.08.2008

leg. M. Irwin, D.M. Pnyadarsanan, det. A. Grzywacz

India, Andhra Pradesh, Samalkot

16°59'34.8"N 82°16'19.2"E; 29.01-02.02.2014

leg. K. Tomkovich, det. N. Vikhrev

Russia, Omsk reg.

53°57'36.0"N 73°45'36.0"E; 15.05.2010

leg. N. Priydak, det. N. Vikhrev

Cambodia, Siem Reap env.

13°18'00.0"N 103°48'00.0"E; 21-28.02.2017
leg. N. Priydak, O. Kosterin, det. N. Vikhrev

KEIB_DIP_01426

KEIB_DIP_01453

KEIB_DIP_01439

KEIB_DIP_01428

KEIB_DIP_01435

KEIB_DIP_01441

KEIB_DIP_01451

KEIB_DIP_01655

KEIB_DIP_01430

KEIB_DIP_01477

KEIB_DIP_01476

KEIB_DIP_01485

KEIB_DIP_01447

KEIB_DIP_01450

KEIB_DIP_01434

KEIB_DIP_01585

KEIB_DIP_01524

KEIB_DIP_01452

KEIB_DIP_01446



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Lispe glabra
Wiedemann, 1824

Lispe irvingi
Curran, 1937

Lispe kowarzi kowarzi
Becker, 1903

Lispe kowarzi pallitarsis
Stein, 1909

Lispe leucospila
(Wiedemann, 1830)

Lispe loewi
Ringdahl, 1922

Lispe longicollis
Meigen, 1826

Lispe madagascariensis
Zielke, 1972

Lispe melaleuca
Loew, 1847

Lispe mirabilis
Stein, 1918

Lispe nana
Macquart, 1835

Lispe nasoni
(De Geer, 1776)

Lispe neimongola
Tian et Ma, 2000

Lispe nicobarensis
Schiner, 1868

Lispe nigrimana
(Malloch, 1923)

Lispe nivalis
Wiedemann, 1830

Lispe nuba
Wiedemann, 1830

Lispe orientalis
Wiedemann, 1824

Lispe pectinipes
Becker, 1903

Lispe polonaise
Vikhrev, 2021

Lispe pumila
Wiedemann, 1824

Lispe pygmaea
Fallén, 1825

Lispe rigida
(Becker, 1903)

Malaysia, Selangor st, Sungai Pelek
2°36'00.0"N 101°42'00.0"E; 06-07.02.2014
leg. N. Vikhrev, det. N. Vikhrev

Namibia, Windhoek env.

22°32'24.0"N 17°12'00.0"E; 02-04.12.2018
leg. N. Vikhrev, det. N. Vikhrev

Portugal, Rio Torto, Guarda D.

40°31'19"N 7°38'23.6"W; 03.10.2015

leg. A. Grzywacz, det. A. Grzywacz
Malaysia, Selangor st, Sungai Pelek
2°36'00.0"N 101°42'00.0"E; 06-07.02.2014
leg. N. Vikhrev, det. N. Vikhrev

India, Rajasthan, Jodhpur

26°13.42' S 73°01.96' E; 11-15.08.2008

leg. M. Irwin, D.M. Pnyadarsanan, det. A. Grzywacz

Uzbekistan, Olot 11

39°18'11.2"N 63°52'26.4"E; 23.06.2019
leg. KEiB exp., det. A. Grzywacz
Uzbekistan, Tudakul Lake

39°79'89"N 64°74'07"E; 21.06.2018

leg. KEIB exp., det. A. Grzywacz
Mozambique, Sofala Prov., Gorongosa Park
18°41'14.8"S 34°04'28.0"E; 18-30.04.2015
leg. M.Hauser & A.Rung, leg. A. Grzywacz
Russia, Volgograd reg, Breslavka
48°32'07.8"N 44°07'51.6"E; 30.04.2013
leg. N. Vikhrev, det. N. Vikhrev

Cambodia, Siem Reap env.

13°18'00.0"N 103°48'00.0"E; 21-28.02.2017
leg. N. Priydak, O. Kosterin, det. N. Vikhrev
Uzbekistan, Machitly

39°51'41.0"N 67°15'55.4"E; 26.06.2019
leg. KEiB exp., det. A. Grzywacz

United States, Kern Co., Short Canyon
35°42'62"N 117°55'09"W; 21-29.05.2006
det. M.E. Irwin, leg. A. Grzywacz
Uzbekistan, Olot Il

39°18'11.2"N 63°52'26.4"E; 23.06.2019
leg. KEiB exp., det. A. Grzywacz

Vietnam, Ninh Binh Province; Cuc Phuong National

Park
20°12'36.0"N 105°21'00.0"E; 24-28.03.2012

leg. Gaimari, Hauser & Pham, leg. A. Grzywacz

Australia, Royal National Park

34°08'55"S 151°01'49"E; 02.12.2019

leg. KEiB exp., det. A. Grzywacz

Namibia, Windhoek env.

22°36'00.0"N 17°08'24.0"E; 25-28.11.2018
leg. N. Vikhrev, det. A. Grzywacz
Tanzania, Mikumi NP. env.

7.385S 37.015E; 24-25.02.2017

leg. N. Vikhrev, det. N. Vikhrev

India, Meghalaya st, Sohra (Cherrapunjee)
25°18'00.0"N 91°42'00.0"E; 14-26.12.2013
leg. K. Tomkovich, det. N. Vikhrev
Portugal, Vila do Conde, Porto D.
41°21'06.6"N 8°44'53"W; 06.10.2015

leg. A. Grzywacz, det. A. Grzywacz
Namibia, Walvis Bay, Bird Sanct.
22°58'01"S 14°31'56"E; 21.11.2018

leg. KEiB exp., det. A. Grzywacz
Australia, Berrara Creek

35°11'43.8"S 150°31'01.2"E; 01.12.2019
leg. KEiB exp., det. A. Grzywacz

Russia, Ryazan reg., Kasimov env.
54°56'24.0"N 41°20'24.0"E; 17-19.06.2013
leg. N. Vikhrev, det. N. Vikhrev
Uzbekistan, Olot Il

39°18'11.2"N 63°52'26.4"E; 23.06.2019
leg. KEiB exp., det. A. Grzywacz

KEIB_DIP_01438

KEIB_DIP_01444

KEIB_DIP_01482

KEIB_DIP_01469

KEIB_DIP_01586

KEIB_DIP_01460

KEIB_DIP_01431

KEIB_DIP_01497

KEIB_DIP_01440

KEIB_DIP_01640

KEIB_DIP_01473

KEIB_DIP_01512

KEIB_DIP_01475

KEIB_DIP_01525

KEIB_DIP_01433

KEIB_DIP_01507

KEIB_DIP_01456

KEIB_DIP_01471

KEIB_DIP_01493

KEIB_DIP_01494

KEIB_DIP_01429

KEIB_DIP_01470

KEIB_DIP_01474



Lispe scalaris

Namibia, Windhoek env.

43 Loew. 1847 22°32'24.0"N 17°16'12.0"E; 21-24.11.2018 KEIB_DIP_01458
’ leg. N. Vikhrev, det. N. Vikhrev
Lispe sericipalpis India, Meghalaya st, Sohra (Cherrapunjee)
44 Stein. 1904 25°18'00.0"N 91°42'00.0"E; 14-26.12.2013 KEIB_DIP_01436
! leg. K. Tomkovich, det. N. Vikhrev
Lispe superciliosa Belarus, Gomel reg.
45 Loew. 1861 51°56'45.6"N 29°20'56.4"E; 30.07.2019 KEIB_DIP_01442
’ leg. N. Vikhrev, det. N. Vikhrev
. . Australia, Seven Mile Beach
46 éﬁﬂﬁsy?gggnﬁs 34°46'22.2"S 150°48'48.2"E; 27.11.2019 KEIB_DIP_01427
' leg. KEiB exp., det. A. Grzywacz
. Poland, R6zankowo
47 '(‘[')Sepgteir;ticﬂga 53°05'41.3"N 18°32'12.0"E; 15.09.2015 KEIB_DIP_01500
' leg. A. Grzywacz, det. A. Grzywacz
Lispe uliginosa Poland, Torun, Kepa Bazarowa
48 (Fallén, 1825) 53°00'27.7"N 18°37'35.7"E; 19.09.2020 KEIB_DIP_01670
' det. A. Grzywacz, leg. A. Grzywacz
Lispe xenochaeta Australia, Wattamolla, RNP
49 Malloch. 1923 34°08'15"S 151°07°'E; 28.11.2019 KEIB_DIP_01432
' leg. KEiB exp., det. A. Grzywacz
. - Poland, Torun, Port Drzewny
50 ;{22";’23? pollinifrons 53°01'12.0"N 18°29'47.7"E; 30.05.2020 KEIB_DIP_01521
' leg. A. Grzywacz, det. A. Grzywacz
Limnophora simulans South Africa, KwaZulu Natal; Drakensberg Mts
51 Stein. 1913 29°07'48.0"N 29°19'48.0"E; 14.11.2006 KEIB_DIP_01520
! leg. A.C. Pont & D. Werner, det. A.C. Pont
Limnophora tigrina Poland, Torun, Port Drzewny
52 (Stein, 1860) 53°01'11.2"N 18°29'43.5"E; 30.05.2020 KEIB_DIP_01523
' leg. A. Grzywacz, det. A. Grzywacz
. . Poland, Torun, Port Drzewn
53 Limnophora triangula 53°01'11.2"N 18°29'43.5"E;y30.05.2020 KEIB_DIP_01522

(Fallén, 1825)

leg. A. Grzywacz, det. A. Grzywacz




Fig. S1 BUSCO analysis for the completeness of the Lispe tentaculata genome assembly using Canu,
Flye, Raven, SMARTdenovo and wtbg2 against Diptera reference dataset. The y-axis indicates five
assemblers used in this study, and the x-axis shows the percentage of complete and single-copy,
complete and duplicated, fragmented and missing genes in assembled contigs.

Fig. S2 Distribution of SNP numbers for datasets obtained with de novo assembly under different
clustering thresholds (CT).

Fig. S3 Distribution of bootstrap values for preliminary maximum likelihood (ML) analysis followed
with 100 rapid bootstrap repetitions for datasets obtained with de novo assembly under different
clustering thresholds (CT).

Fig. S4 Alternative topologies of phylogenetic trees obtained by de novo assembly under a clustering
threshold of 0.75 (topology A), and a clustering threshold of 0.85 (topology B). Node support values
are shown for 1000 nonparametric bootstrap replicates (BS). Species groups of Lispe are marked with
different colours as provided. Outgroups marked with black colour. Nodes with BS = 100 marked with
an asterisk (*). Abbreviation: CT, clustering threshold.

Fig. S5 Comparison of BPP trees topologies inferred from reference-based approach and de novo
assembly under 0.74 clustering threshold clustering threshold. Species groups are marked with
different colours and collapsed for monophyletic groups which received maximum node support (PP
= 1). Outgroup marked with black colour include representatives of Limnophora. Abbreviation: CT,
clustering threshold.
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topology A: de novo; CT: 0.75

Lispe flavinervis
%r Lispe superciliosa
66 Lispe loewi
Lispe neimongola

g4 —C Lispe apicalis comitata
Lispe apicalis apicalis

Lispe brunnicosa

*

Lispe rigida
* Lispe cana

* Lispe flavicornis
*

Lispe polonaise
—1 70 * o9 . .
Lispe caesia

Lispe bengalensis
Lispe pumila
- Lispe confusa
. L [ispe xenochaeta
Lispe longicollis
= Lispe assimilis
. R ' Lispe nuba
Lispe glabra

60

Lispe uliginosa
* Lispe nasoni
Lispe melaleuca

Lispe geniseta
72 Lispe kowarzi pallitarsis
% - — Lispe dichaeta
94 ' Lispe madagascariensis
Lispe kowarzi kowarzi

Lispe leucospila
* - Lispe pectinipes
Lispe irvingi
Lispe pygmaea

ﬂpe sydneyensis

03 * Lispe nigrimana

L {9 . Lispe nicobarensis

T Lispe bivittata

Lispe nivalis

Lispe elengatissima
Lispe scalaris

Lispe nana
—« P

Lispe capensis
97 P — Lispe sericipalpis
Lispe orientalis

93 " Lispe consanguinea

Lispe tentaculata

pvs Lispe mirabilis

Lispe emdeni

Limnophora tigrina

* Limnophora simulans
Limnophora triangula

Limnophora pollinifrons

0.008
M caesia desjardinsii M kowarzi B leucospila B longicollis W nicobarensis M nivalis M palposa

B pumila W pygmaea M rigida M scalaris M tentaculata M uliginosa [ not assigned



topology B: de novo; CT: 0.85
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