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Abstract

The evolution of traits and biogeography of the three southern African endemic genera of the
Nemestrinidae: Moegistorhynchus, Prosoeca and Stenobasipteron. These genera are of
particular interest due to the exaggerated mouth parts of some species and their role as
important pollinators of numerous plants, including rare and endangered species. Most
taxonomic studies on southern African nemestrinids date back 50 or more years ago, and the
group lacks a phylogenetic framework, thus hindering comprehensive study of their
systematics, trait evolution and biogeography. In this thesis, | evaluate the boundaries of a
species complex in Prosoeca and reconstruct a phylogenetic framework for the southern
African Nemestrininae. Furthermore, | use the phylogenetic framework to reconstruct the
evolution of proboscis length and biogeographic patterns. To delimit species in the Prosoeca
peringueyi complex, | quantified morphological variation and established whether this was
associated with genetic variation within and between gene regions. Phylogenetic analysis of
the complex using the mitochondrial COI gene revealed two well-supported clades, that are
supported by morphological traits, one of which is described as a new species. Four gene
regions were also used to reconstruct a phylogenetic tree of the three southern African
Nemestrininae genera, including 58 morphospecies. The topology suggests that a
monophyletic Moegistorhynchus is sister to a paraphyletic Prosoeca, with Stenobasipteron
nested within Prosoeca. Half of the morphospecies in this phylogeny did not correspond to
described species, thus highlighting a substantial taxonomic impediment in this group. The
phylogenetic tree was used to reconstruct the evolution of proboscis length in the southern
African Nemestrininae. Stochastic character mapping showed transitions between all states
(short, long and very long), but shifts occurred more frequently from shorter to longer
lengths. The ancestral proboscis state was estimated to be longer than the median proboscis

length of the clade. Lastly, | reconstructed the biogeographical patterns of the southern



African Nemestrininae. A Fynbos origin during the Miocene was estimated for this clade,
with multiple shifts between biomes along the tree. Together, these results illustrate the need
for further systematic and taxonomic work in this clade, as well as in the Nemestrinidae more
broadly to gain a firmer understanding of their phylogenetic relationships and diversity. The
evolution of proboscis length and biome occupancy appear to be labile within this clade. This
work provides a phylogenetic framework for the southern African clade of Nemestrininae and
contributes to our understanding of the patterns of evolution, diversification and migration of

these ecologically important pollinators.
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Chapter 1

Introduction



The field of molecular systematics has proliferated into an ever-expanding discipline, in part
due to technological innovations that make large amounts of genotypic data relatively easy to
acquire (Caterino et al. 2000). As molecular data became more readily available, the number
of fields in which they are used is constantly expanding. In the study of biodiversity, many
questions and hypotheses in the fields of molecular systematics, population genetics, ecology
and biogeography have been addressed with the use of molecular data. For example,
molecular phylogenetic studies have frequently shown that traditional classifications do not

always provide a good indication of the phylogenetic relationships of taxa (Soltis et al. 1998).

The identification and delimitation of species is vital to most fields of biology for comparison
and compilation of knowledge, as well as for assigning conservation priorities. New species
are still being described at a high rate worldwide, even in relatively well-studied groups like
plants (Christenhusz & Byng 2016) and vertebrates (Tapley et al. 2018). It is, however,
estimated that for hyper-diverse orders of insects, like Coleoptera, Diptera, Hymenoptera, and
Lepidoptera, only 20-28% of species have been described thus far (Garcia-Robledo et al.
2020). With innumerable undescribed species, especially in hyper-diverse orders, it is likely
that the number of extinctions, as a result of the global increase in disturbance of natural
ecosystems, may be larger than current estimates (Brooks et al. 2006; Tedesco et al. 2014).
Thus, efforts to study and catalogue biodiversity need to be given precedence (Sangster
2009). The effects of the taxonomic impediment (ie. large gaps in taxonomic knowledge and
a limited number of specialists to address the deficit) on the study of biodiversity is of
particular concern for invertebrates which often have high proportions of undescribed or
cryptic diversity (New 1999). While species identification and discovery has historically
relied on a small number of taxonomists using morphological traits, molecular data has been

increasingly used to aid in this endeavour (Hebert et al. 2003a, 2003Db; Jinbo et al. 2011).



Molecular tools such as DNA barcodes have been employed ever-more for species
identification and species discovery (Jinbo et al. 2011). Many animal species descriptions
published since 2003 contain DNA barcodes from holotypes and/or paratypes to assist with
species identification (Brown et al. 2003; Yoshitake et al. 2008; Adamski et al. 2009).
Species discovery (ie. identifying clusters of individuals as a species) using DNA barcodes
has accelerated the identification of cryptic species (Hebert et al. 2004). Cryptic species are
defined as species that are overlooked because they are superficially morphologically
indistinguishable from other species or only differ in ecology or molecular data from these
(Bickford et al. 2007). The discovery of cryptic species has, for example, caused the re-
evaluation of some assumed specialized ecological interactions (Molbo et al. 2003; Smith et
al. 2006). The dependence on a single gene region for species identification has limitations
that necessitate the use of other traits and/or genes for recognition of cryptic species,

especially in newly evolved systems (Hebert et al. 2003a).

A lack of robust identification tools for adequate species delineation can have severe
consequences for practical management and ecological or evolutionary studies
(Ravaoarimanana et al. 2004; Johnson et al. 2005; Hayes 2021). For instance, when
geographically broad species complexes are subsequently split into species that may be
vulnerable due to occupying a limited range, conservation priorities may be affected (Johnson
& Linder 1995; Ravaoarimanana et al. 2004; Stuart et al. 2006). Species delimitation using
an integrative taxonomic approach, which aims at considering multiple and complementary
independent lines of evidence to delimit diversity, is ideal to ensure the accuracy of the
conclusions that are drawn from it (Mishler & Donoghue 1982; Funk & Omland 2003;
Dayrat 2005). Conclusions drawn from an integrative taxonomic approach, which includes
the use of molecular, morphological, ecological, behavioural, chemical and/ or eco-

geographic data, can provide confidence in species boundary delimitation and diversity



counts and can lead to formal taxonomic changes (Puillandre et al. 2012b; Carstens et al.

2013).

Beyond species relationships and boundaries, phylogenies can also provide insight into the
biogeography and evolution of traits within a lineage (Harvey & Pagel 1992). By using a
sufficiently realistic model to infer evolutionary changes along all internal nodes of a
phylogeny from the measured characteristics of tree tips, ancestral states of a measurable
trait, and the ancestral geographic range of population or species can be reconstructed
(Ronquist 2004; Joy et al. 2016). Ancestral character state reconstruction is an important tool
for understanding the origins and patterns of dispersal or the evolution of key features of
extant organisms (Maddison 1995; Liberles 2007). The colonisation of a new area or the
evolution of a new character may generate new ecological opportunities by providing access
to previously unavailable habitats or resources (Simpson 1953). These new ecological
opportunities provided by the generation of new traits or the colonisation of new areas may
furthermore lead to increased diversification, possibly through adaptive radiation (Schluter
1996; Glor 2010; Yoder et al. 2010). On the other hand, physiological limitations, such as
climatic tolerance, and/or interactions with biotic partners, such as larval hosts or food plants,
may constrain the evolution of traits or biome colonisation (Wiens & Graham 2005;
Waterman et al. 2011; Duffy & Johnson 2017). The scaling relationships between various
traits and body size within species may act as a constraint on trait evolution (Huxley 1924;
Gould 1971). Therefore, assessing allometry in combination with trait reconstructions may be
useful to identify patterns indicative of evolutionary constraint or character lability as well as

directional trends in character evolution.

Studying the distribution of taxa among biomes (ecologically distinct geographic units based
on community composition or structure and climatic variables as defined by Rutherford et al.

(2006)), specifically in conjunction with phylogenetic inference, provides information on



how species may have evolved through space and time (Ronquist & Sanmartin 2011). The
use of fossil evidence provides additional data to potentially aid in the accurate dating of
evolutionary changes and the history of colonisation and vicariance (Forest 2009).
Biogeographic studies examining patterns of diversification and biome shifts through time
and space are often examined in plants, but less so for insects. Studies on plant lineages
suggest that speciation driven by ecological shifts within a particular biome appear to be
much more frequent than speciation driven by ecological shifts among biomes, suggesting
that biome conservatism (ie. the tendency of closely related species to inhabit the same
biome) is common (Crisp et al. 2009). In some clades, however, diversification appears to be
linked to repeated biome transitions rather than within-biome radiations (Mitchell et al. 2014;
Linder & Verboom 2015; Cardillo et al. 2017). Thus, with biogeography we can attempt to
understand the spatial and temporal components of the origin and diversification of a lineage

as well as the historical assembly of biomes (Linder 2005).

This thesis explores the taxonomy, systematics, and evolution of the southern African
Nemestrininae. | primarily focus on the southern African endemic genera of
Moegistorhynchus, Stenobasipteron and Prosoeca, three of six genera of Nemestrinidae
occurring in southern Africa. These three genera belong to the Nemestrininae subfamily and
are all considered ecologically important genera as pollinators of a plethora of plant species

in southern Africa.

Study area

South Africa is an incredibly biodiverse country, hosting three biodiversity hotspots (Hrdina
& Romportl 2017) comprising nine biomes (Mucina & Rutherford 2006), distributed over

two regions which predominantly receive rain in either winter or summer (Tyson & Preston-



Whyte 2000). This substantial landscape heterogeneity likely contributes to the region’s high
biodiversity (Mazijk et al. 2021). South Africa contains over 20 000 plant species (Manning
& Goldblatt 2012) occupying biomes ranging from Forests with complete canopy cover to
xeric Succulent Karoo with sparse low growing vegetation (Mucina & Rutherford 2006).
Other groups, like birds and mammals, are also considered relatively diverse in South Africa.
Insects have been relatively poorly studied with the best estimates currently suggesting ca.

43 000 species (Scholtz & Chown 1995).

Study system

Nemestrinidae is a small, early diverging dipteran family that has ca. 277 species worldwide
(Barraclough 2017). Nemestrinids are easily recognizable due to the unique diagonal wing
veins that give the vein structure a “tangled” appearance, hence the common name “tangle-
vein flies”. Although their appearance is remarkably variable, species belonging to the family
are often relatively large with well-developed proboscides and profusely pubescent bodies

(Barraclough 2017).

Extant Nemestrinidae are thought to be obligate nectar feeders (Karolyi et al. 2012) and were
likely acting as pollinators as early as the late Triassic (Labandeira et al. 2007). Species in
many nemestrinid genera are thought to be important flower visitors, but are usually
considered generalist flower visitors (Devoto & Medan 2006; Potgieter et al. 2009). In
southern Africa, however, many of the flower species visited form tight associations with
their nemestrinid pollinators (Manning & Goldblatt 2000). In some species, reciprocal
selection from corolla tube length and from fly proboscis length appears to have led to co-
evolutionary arms races between plants and nemestrinid flies (Anderson & Johnson 2008;

Pauw et al. 2009). Many well-studied nemestrinid species are collectively considered to be



important pollinators of 100-200 species (Fig. 1.1 & 1.2) (Manning & Goldblatt 2000). They
are also known to be the sole pollinators for many rare and endangered plant species

(Johnson 2006b), making them of particular conservation importance.

Although the feeding habits of several adult southern African Nemestrinidae are well studied,
the immature stages of these flies are virtually unstudied (Barraclough 2017). All members of
the Nemestrinidae family are assumed to have parasitic larvae. Known larval hosts include a
variety of insect orders, ranging from preying mantids (Mantodea: Tarachodidae) (Haenni &
Borer 2007) to katydids (Orthoptera: Tettigoniidae) (Kanmiya 1987). The most common
hosts are thought to be grasshoppers (Orthoptera: Acrididae) with very high parasite loads
found in certain grasshopper populations (York & Prescott 1952; Prescott 1960). In southern
Africa the economically important pest, the brown locust, has been reported as a host of
Trichopsidea costata (Potgieter 1929) but very little is known about the larval habits of the

other southern African species (Barraclough 2006).

The Nemestrinidae’s closest relative remains tenuous with a recent study suggesting that the
they may be sister to the Xylophagidae (Wiegmann et al. 2011) and another rather suggesting
that the Nemestrinidae are sister to the Acroceridae (Shin et al. 2018). Southern Africa is one
of the main hotspots for nemestrinid diversity, with representatives of six genera. Of these
Prosoeca Schiner 1867, Stenobasipteron Lichtwardt 1910 and Moegistorhynchus Macquart
1840, have received the most attention for their role as important pollinators of countless
plant species (Fig. 1.1) (Barraclough 2006). The other three genera; Nycterimyia Lichtwardt
1909, Trichopsidea Westwood 1839 and Atriadops Wandolleck 1897, collectively have just
four described species found in southern African and belong to the subfamily Trichopsideinae
(Barraclough 2006). In contrast to the debate about the phylogenetic placement of the family,
there has been little debate concerning the placement of Prosoeca, Stenobasipteron and

Moegistorhynchus within the subfamily Nemestrininae (Bernardi 1973). All of the genera



within the Nemestrininae have a well-developed proboscis, while those in the
Trichopsideinae subfamily have proboscides that are absent or non-functional (Bernardi
1973). Within the subfamily Nemestrininae there are six genera, four of which have species
found in Africa, whereas the other two genera can be found in the Palearctic, Australian and
Neotropical regions (Bernardi 1973). Species of Nemestrinus Latreille 1802 can be found in
North Africa, while Stenobasipteron, Moegistorhynchus and Prosoeca are endemic to
southern Africa. Stenobasipteron, with three described species, is restricted to the eastern part
of the country (summer-rainfall), Moegistorhynchus with four species is limited to the
western region (winter-rainfall area) of southern Africa and Prosoeca, with a distribution
covering the whole of southern Africa, currently has 37 described species (Barraclough
2017). Previous authors have suggested that Stenobasipteron is very closely related to, and

possibly a junior synonym of, Prosoeca (Bernardi 1973; Barraclough 2006).

As many lineages of plants and animals tend to occupy relatively few biomes, the diversity of
biome occupation in southern African Nemestrininae is rather unique for a relatively small
group (Crisp et al. 2009). Together, the South African Nemestrininae likely contain species in
all of South Africa’s nine biomes (Barraclough 2006), with the possible exception of the true
Desert Biome. Prosoeca, the largest of the three genera can be found in eight biomes,
whereas Moegistorhynchus is predominantly a Fynbos genus. Stenobasipteron weidemanni is
the only species of the southern African Nemestrininae to be found feeding deep within
closed-canopy Forests (although various Prosoeca species can be found visiting flowers in
light patches within Forests or on Forest ecotones). Several undescribed Stenobasipteron
species have, however, been found in Savanna and Grassland potentially broadening the

habitat preferences of this genus (Barraclough 2017; see results).

In addition to their extensive biome occupation, the southern African Nemestrininae exhibit

substantial variation in the length of their poboscides and are particularly unique in having



various species with extremely long proboscides. These exaggerated mouthparts allow them
to feed as generalists on specialized long-tubed plant species, using proboscides ranging from
4mm to 100mm among different taxa (Barraclough 2006). Taxa with long proboscides may
be able to acquire large quantities of nectar from relatively few flower visits and have access
to a broader range of feeding niches than species with short proboscides (Haber & Frankie
1989; Martins & Johnson 2013; Klumpers et al. 2019). However, long proboscides may also
be associated with functional costs such as reduced nectar uptake rate and increased flower
handling time (Kunte 2007; Karolyi et al. 2013). The uptake of nectar relies on a complex
system that makes use of pharyngeal pumping organs, the contraction and dilation of a
cibarium and a straw like proboscis (Bauder & Karolyi 2019). The longer the proboscis, the
larger the pumping organs required for efficient nectar uptake (Kunte 2007; Karolyi et al.

2013).

Although the Nemestrininae of southern Africa are known to be ecologically and
evolutionarily important as pollinators, they are poorly studied in terms of their taxonomy,
systematics, and evolution. Additionally, each of the three southern African Nemestrininae
genera are thought to contain many undescribed species (Barraclough 2006, 2017). The last
revision of the genus Prosoeca was more than 90 years ago (Bezzi 1924) with only two
species described in the last 20 years (Barraclough et al. 2018; chapter 2: Theron et al. 2020).
The lack of attention to this group of ecologically important flies has resulted in many studies
referring to undescribed species, making comparison between study systems difficult.

Furthermore, no modern phylogeny exists, hindering comparative biology studies in the
group.
The importance of southern African nemestrinids in both basic and applied research, means it

is essential to have a clear understanding of their diversity, phylogenetic relationships,

biogeography, evolution, and diversification. The unique combination of diverse biome



inhabitance and large variation in proboscis lengths makes this an ideal system for the

reconstruction of phylogenetic relationships and investigation of trait evolution.

Thesis structure

In this thesis | use an integrated approach to delineating a species complex and reconstruct
the phylogenetic relationships of Moegistorhynchus, Stenobasipteron and Prosoeca.
Furthermore, | use the phylogeny to identify patterns of diversity and reconstruct proboscis
length evolution and biogeography. In chapter two | identify a new Prosoeca species after
examining the Prosoeca peringueyi complex using two gene regions and morphology. In the
third chapter, | investigated species level phylogenetic relationships in three southern African
endemic nemestrinid genera; Moegistorhynchus, Stenobasipteron and Prosoeca.
Additionally, I used independent species delimitation methods to compare the number of
operational taxonomic units estimated with my diversity count from integrated morphology. I
also use a measure of phylogenetic diversity (PD) to illustrate the contribution of PD by
undescribed morphospecies compared to described morphospecies to the clade. In the fourth
chapter | make use of the phylogeny, reconstructed in chapter three, to examine the evolution
of the extraordinary variation in proboscis length and its association with diversification rate.
To do this, I implement both continuous and discrete ancestral state reconstruction methods,
together with a trait-dependent Bayesian analysis of macroevolutionary mixtures (BAMM)
analysis. Additionally, | investigate patterns of allometry in 14 morphospecies to examine
scaling relationships between proboscis length and body size. In the fifth chapter I investigate
the ancestral biome state of the clade comprising Moegistorhynchus, Stenobasipteron and
Prosoeca. In this chapter | made use of the phylogenetic topology from chapter three and

conducted a molecular dating analysis using COI substitution rates to estimate the timing of
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divergence. Phylogenetic trees were then used to estimate the ancestral biome of the clade
and the frequency of dispersal and speciation within and between biomes. In the final chapter
| briefly summarize the findings of the four data chapters and discuss the broader

implications of these results as a whole and discuss potential directions for future study.
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Figure 1.1 Images of Moegistorhynchus and Prosoeca species in situ. (A) Prosoeca sp. 5
visiting Satyrium longicauda (B) Mating pair of P. ignita (C) P. sp. 6 visiting a Lamiaceae
sp. (D) P. robusta visiting Protea punctata (E) Moegistorhynchus longirostris visiting
Lapeirousia anceps (F) P. sp. 17 visiting Watsonia watsoniodes. Photo credits: (A) Miguel
Castafieda-Zarate, (B) Jan-Hendrik Keet (C) Ruth Cozien (D & F) Steven Johnson (E) Bruce

Anderson
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Key Species Proboscis ~ Flight Plant species
range (mm) period  in guild

___ Prosoeca peringueyi 25-40 Jul-Sep 28

| Moegistorhynchus longirostris ~ 42-80 Sep-Nov 20

B Frosoeca longipennis 38-40 Mar-Apr 5
B rososca ganglbaueri 25-42 Jan-Apr 23
|:| Stenobasipteron wiedmannii 19-30 Feb-Apr 20

e

South Africa

Figure 1.2 Edited map of long-tongued fly (Nemestrinidae) pollination guilds of southern

Africa from Johnson (2006b).
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Chapter 2

Key long-proboscid fly pollinator overlooked: morphological and molecular

analyses reveal a new Prosoeca (Nemestrinidae) species

Genevieve L. Theron, Florent Grenier, Bruce C. Anderson, Allan G. Ellis, Steven D.

Johnson, John M. Midgley, & Timotheus van der Niet

This paper has been published in the Biological Journal of the Linnean Society (2020)

http://zoobank.org/urn:Isid:zoobank.org:pub:09F7102B-CB91-4105-908D-6B0A8643145B
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ABSTRACT

Long proboscid nemestrinid flies are keystone pollinators of dozens of Southern African plants
and consequently their taxonomic status may have important consequences for insect and plant
conservation. We focus on Prosoeca peringueyi, considered to be a single, morphologically
variable species upon which a guild of ca. 28 plants in the winter rainfall region depends for
pollination. We quantified morphological variation and established whether it is associated
with genetic variation within and among sites. Phylogenetic analyses of the mitochondrial COI
gene revealed two well-supported clades. One clade contains long proboscid individuals that
conform morphologically to the holotype of P. peringueyi. The sister clade contains individuals
which frequently occur sympatrically with P. peringueyi and have shorter proboscides, as well
as additional diagnostic characters which set it apart from P. peringueyi. A haplotype analysis
based on nuclear ribosomal 28S DNA sequences of a subset of individuals corroborated these
results. Based on our results we propose to recognize two species: P. peringueyi and Prosoeca
torquata sp. nov., which is described here. Future research is required to quantify the
interaction networks of these two fly species and the plant guilds they interact with, to facilitate

conservation in the global biodiversity hotspot where they occur.

Keywords: cryptic species - DNA barcoding - keystone pollinator - morphological variation -

Proboscis - Succulent Karoo - tangle-veined flies - taxonomy.
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INTRODUCTION

Species delineation is a necessary starting point for asking and answering many evolutionary
and ecological questions (Knowlton & Jackson 1994; Herre 2006). Certain species complexes
can be difficult to accurately delimit morphologically, potentially resulting in erroneous
classification as a single species (Bickford et al. 2007). When morphological distinctions are
not evident, species may be discriminated by differences in other traits (Bickford et al. 2007)
such as mating pheromones (Kozlov et al. 1996), calls (Henry 1994) and other ecological or
behavioural differences. To establish species boundaries, it is often best to use an integrative
taxonomic approach, considering multiple independent lines of evidence including DNA,
morphology, ecological, geographic, and behavioural components (Mishler & Donoghue

1982).

Revision of species boundaries may affect our understanding of mutualisms and have
associated consequences for conservation. For example, the presence of cryptic species
(distinct species’ classified under a single species name, see Bickford et al., 2007) affects the
level of specialization of biotic interactions and may make interactions more generalised (eg.
Molbo et al., 2003) or more specialized (Eastwood et al. 2006; Smith et al. 2006) than
previously thought. Specialization is thought to increase the risks of extinction (Bond 1994).
Thus, differences in the levels of specialization or generalization also have important
implications for the way we think about the conservation of mutualisms. For example,
generalization may buffer plant species against the loss of particular pollinator species (Pauw,

2007).

In the hyper-diverse southern African flora, long proboscid flies are considered to be
important pollinators of 100-200 species (Manning & Goldblatt, 2000; Newman et al., 2014;

Barraclough, 2017). Allopatric populations of long proboscid fly pollinators often differ in
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mouthpart morphology and these differences have frequently been implicated in the floral
tube length divergence of plant populations (e.g. Anderson et al., 2014; Pauw et al., 2009).
Floral tube length divergence can in turn facilitate reproductive isolation among plant
populations (Minnaar et al. 2019). Therefore, long proboscid flies are likely to be important
drivers of ecological speciation in southern African plants (sensu Ellis et al. 2014; van der
Niet et al. 2014; Minnaar et al. 2019). Most pollinating long proboscid fly species are
members of the Nemestrinidae (Manning & Goldblatt 2000), and often a single fly species
interacts with several plant species at a site (Anderson & Johnson, 2009; Pauw et al., 2009;
Newman et al., 2014). In contrast, many floral guild members are thought to be highly
dependent on just a single nemestrinid species for pollination (Manning & Goldblatt 1996;
Anderson & Johnson 2008; Newman et al. 2014), making these plant populations potentially
vulnerable to local pollinator extinctions (Pauw 2007). Although ecologically and
evolutionarily important as pollinators and agents of diversification, the Nemestrinidae of
South Africa are poorly studied in terms of taxonomy and biology, and the group is thought
to contain many undescribed species (Barraclough 2017). This opens up the possibility that
updated fly taxonomy may affect our understanding of the specialization in plant-pollinator

interactions.

In the Greater Cape Floristic Region (GCFR), and particularly the Succulent Karoo
biodiversity hotspot, Prosoeca peringueyi Lichtwardt, 1920 is thought to be the sole
pollinator of a guild of at least 28 plant species throughout the majority of the guild members’
range (Manning & Goldblatt 1996). In addition to P. peringueyi, Manning and Goldblatt
(1996) also recognised the presence of an undescribed nemestrinid species (now P. marinusi
Barraclough, 2018) in one particular geographically restricted area, which is associated with
the same floral guild. Within P. peringueyi, Manning and Goldblatt (1996) recorded

substantial morphological variability (20-45mm) in the proboscis length, but this
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morphological variation has yet to be studied in a taxonomic context. Our own preliminary
field observations revealed that proboscis length variation did not only occur among
populations, but also varied within populations. This, in combination with the need for
taxonomic revision of the Nemestrinidae in South Africa (Barraclough 2017), suggests the
potential existence of cryptic species. To evaluate the possible existence of cryptic species,
we sampled individuals from across the range and first quantified proboscis length variation
within and between populations. We then used DNA sequences from the mitochondrial and
nuclear genomes to identify discrete genetic lineages within P. peringueyi s.I. and to test the
utility of proboscis length, body size, and other morphological features for the separation of
Operational Taxonomic Units (OTU’s). Based on our results, we describe a new species in

the P. peringueyi species complex.

METHODS
Taxon sampling and modality analysis

To quantify the variation in proboscis length, and to inform the selection of specimens for
DNA sampling, individuals of both Prosoeca peringueyi s. |. sexes were collected and
measured between July and October 2016 from across the known South African range. A
single museum specimen from outside of this sampled range (from Namibia) was seen after
the completion of field sampling. Proboscis length was measured with a pair of digital
callipers from the junction of the proboscis and the face to the tip of the proboscis, without
extending the proboscis. Measurements were analysed from two different data sets. To
determine if proboscis length has a multimodal distribution across the species range, we used
measurements taken across the whole range (range-wide, n = 553). To determine if proboscis

length has a multimodal distribution within populations, we used measurements from two
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extensively sampled populations (within population analysis: Kosiesberg, n = 196; Naries, n
= 58). To test for multimodality, we implemented Hartigans’ dip test using the diptest
package (Maechler 2004). All statistics were run in R unless stated otherwise (R Core Team

2017).

DNA extraction

To infer whether samples with distinct proboscis lengths, both within and among populations,
could be distinguished genetically we implemented a phylogenetic approach. Sixty-three
individuals, for which proboscis length measurements were available and which represent the
morphological variation across the range and within sites, were selected from 13 sites (Table
S2.1). To infer phylogenetic relationships, we used sequences of the mitochondrial
Cytochrome Oxidase 1 (COI) gene region, part of which constitutes the universal barcoding
region (Hebert et al. 2003a). Monophyly of P. peringueyi was tested by adding four other
Prosoeca species to the analysis (Table S2.1). To root the tree, we used the COI sequence of
a Trichophthalma (Nemestrinidae) species from GenBank (Table S2.1). To corroborate
results based on mitochondrial DNA, we also analysed DNA sequences from the 28S nuclear
ribosomal gene for a subset of 10 individuals. These individuals were sampled from across
the range of the putative species complex. Three additional Prosoeca species and a

Trichophthalma species were also included in the analysis (Table S2.1).

Total DNA was extracted from a single hind leg of each individual using the Qiagen DNeasy
blood and tissue kit (Qiagen, supplied by Whitehead Scientific, Cape Town, South Africa).
We followed the manufacturer’s protocol, but incubated samples for 48 hours to ensure
complete chitin breakdown, and used only 50 pl of elution buffer to increase the final DNA

concentration.
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PCR amplification and DNA sequencing

The entire COI gene region was either amplified as a single amplicon using custom primer
NE (Table S2) and TL2-N-3014 (Simon et al. 1994), or as two separate amplicons using 1)
primers NE and C1-N-2191 (Simon et al. 1994) and 2) C1-J-2183 (Simon et al. 1994) and
TL2-N-3014 (Table S2). PCR conditions were identical, irrespective of whether one or two
separate regions were amplified. Each 30 pl reaction contained 3ul DNA Template, 3ul 10x
Super-Therm PCR buffer (Super-Therm JMR-801; Separation Scientific SA (Pty) Ltd, Cape
Town, South Africa), 3pl MgCl. (25mM), 0.6ul of Taq (Super-Therm JMR-801; Separation
Scientific SA (Pty) Ltd, Cape Town, South Africa), 3ul of each primer (0.05mM), 0.6pl of
BSA (10mg/ml), 0.6ul of dNTP (10mM) (AB gene; supplied by LCT Tech, South Africa)
and 13.2ul MilliQ H20. Amplifications were performed using a Veriti PCR Thermal Cycler
(Applied Biosystems, Carlsbad, CA, USA). The cycling protocol consisted of an initial
denaturation step at 95°C for 5 mins, followed by 45 cycles of denaturation at 94°C for 1 min,
annealing at 48°C for 30 s and extension at 72°C for 1 min, and a final extension at 72°C for
30 mins before holding at 10°C. The 28S gene region was amplified using the 2F and 3DR
primers (Reemer & Stahls 2013) (Table S2). Each 30 pl reaction contained 3ul DNA
Template, 3ul 10x Super-Therm PCR buffer (Super-Therm JMR-801; Separation Scientific
SA (Pty) Ltd, Cape Town, South Africa), 1.8ul MgClz (25mM), 0.6pl of Taq (Super-Therm
JMR-801; Separation Scientific SA (Pty) Ltd, Cape Town, South Africa), 3ul of each primer
(0.05mM), 0.6l of BSA (10mg/ml), 0.6l of dNTP (10mM) (AB gene; supplied by LCT
Tech, South Africa) and 14.4ul MilliQ H20O. The cycling protocol consisted of an initial
denaturation step at 95°C for 2 min, followed by 30 cycles of denaturation at 94°C for 1 min,
annealing at 49°C for 30 s and extension at 72°C for 2 min, and a final extension at 72°C for 7
mins and then held at 10°C. PCR products were sent to the Central Analytical Facility at

Stellenbosch University (South Africa) to be purified and sequenced.
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Phylogenetic analysis

The retrieved COI and 28S sequences were edited and aligned manually using BioEdit 7.2
(Hall 1999) (see Table S2.1 for genbank accession numbers). The final COI alignment
consisted of 1384 base pairs (bp), whereas the 28S alignment consisted of 572 bp. The
resulting COI sequence matrix was used to reconstruct a phylogenetic tree using Bayesian
Inference in MrBayes 3.2.7 (Ronquist et al. 2012). JModelTest 2.1.10 (Darriba et al. 2015)
was used to identify the best substitution model for each codon position separately. The first
two codons could be combined and run with the GTR + G substitution model, whereas the
third codon position was partitioned separately with the HKY + G substitution model. Two
independent Markov chains were run for 10 million generations, sampling a tree every 10000
generations. The first ten percent of sampled trees was discarded as burn-in before
constructing a 50% majority-rule consensus tree. Mean percentage sequence divergence
within and between the clades derived from the consensus tree was calculated with MEGA
10.1 (Kumar et al. 2018) using p-distances. The 28S sequence matrix was used to reconstruct

a haplotype network in POPART (Leigh & Bryant 2015) using median joining.

Morphological analyses

To assess whether the OTUs identified in the genetic analyses differ in morphological
features, the 63 individuals of the P. peringueyi species complex included in the phylogenetic
analysis were examined using a Leica M4 microscope. Body length was measured from the
frons to the end of the abdomen, excluding the genitalia. A Students unpaired t-test was used
to compare proboscis length and body length respectively, between members of the two main
clades retrieved in the phylogenetic analysis. To test for an allometric relationship between

body and proboscis length we used linear regression, whereas differences in the allometric
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relationship between the OTU’s identified were tested using an ANCOVA. Overall
morphology of the individuals represented in the COI molecular phylogenetic analysis was
also compared across samples and against the type specimen of P. peringueyi. Museum name

abbreviations follow Evenhuis (2020).

RESULTS

The distribution of proboscis length across all sites was found to be bimodal (D =0.039, p <
0.001). At both sites which were sampled extensively, the distribution of proboscis length
was not unimodal (Kosiesberg: D = 0.064, p < 0.001; Naries: D = 0.010, p < 0.001) (Fig.

2.1).

The phylogenetic analysis recovered two well supported clades within P. peringueyi (Fig.
2a), each of which consisted of multiple geographically structured subclades (Fig. 2.2a, b).
Within-clade sequence divergence in COI was relatively low (clade A: 5% and clade B: 2%)
while between clade divergence was higher (11%). The 28S haplotype network similarly
illustrates that there are two haplotypes separated by 4 mutations within the P. peringueyi

species complex, which correspond to the two COI clades (Fig. S2.3).

Proboscis length and body length differed significantly between individuals from the two
main clades (proboscis: t = 14.87, p < 0.001; body: t = 6.55, p < 0.001) with little overlap in
proboscis length but extensive overlap in body length (Fig. 2.3). The mean proboscis length
and body length of individuals from clade A was shorter than that of individuals from clade B
(proboscis mean + SE for clade A: 17.9 £ 0.37; clade B: 29.7 £ 0.66 and body mean + SE for
clade A: 16.6 = 028; clade B: 19.1 + 0.25). Body size is allometrically related to proboscis

length of individuals within clades A and B (F1,33= 44.80, r> = 0.58, p < 0.001 and F127=
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33.67, r> = 0.54, p < 0.001, respectively), but these allometric relationships differ between the

two clades (overall model: Fs60=161, r> = 0.89, p < 0.001; interaction: F1 = 5.43, p = 0.023).

The individuals of clade B correspond morphologically to the originally described P.
peringueyi whereas individuals of clade A have unique characters that distinguish it from
those in clade B (see diagnosis), which leads us to describe a new species below as Prosoeca

torquata sp. nov. (Fig. 2.4 & Fig. 2.5).

Taxonomy

Genus Prosoeca Schiner

Prosoeca Schiner, 1867. Type species: Nemestrina westermanni Wiedemann, 1821.
Prosoeca torquata Theron sp. nov.
http://zoobank.org/urn:Isid:zoobank.org:act:D4FA6366-B1FE-4F76-B973-6437E8DF7FAC

Type material: (in NMSA): South Africa: Northern Cape: HOLOTYPE: J: “South Africa, N.
Cape, Steinkopf, Kosiesberg, -29.126317, 17.556865, 03 August 2019, F. Grenier, NMSA-

DIP 166602”.

Paratypes: (in NMSA) 1 9 “South Africa, N. Cape, Steinkopf, Kosiesberg, -29.126317,
17.556865, 03 August 2019, Timotheiis van der Niet”. 1 & 3 @ “South Africa, N. Cape,
Steinkopf, Kosiesberg, -29.126317, 17.556865, 03 August 2019, F. Grenier NMSA-DIP
166602-166606.” 3 & “South Africa, N. Cape, Springbok, Naries, -29.690433, 17.664916, 04
August 2019, F. Grenier, NMSA-DIP 166607-166609”. (in RMCA): 1 @ 1 & “South Africa,
Steinkopf, Kosiesberg, -29.126317, 17.556865, 03 August 2019, Timotheus van der Niet,

RMCA ENT 13300-13301".
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Etymology: torquata (Latin) = being adorned with a neck collar; referring to the

characteristic white band of hairs on the anterior margin of the thorax.

Diagnosis: small to medium sized (length 14 — 21mm), dark body with intricate patterns on
the abdomen, dark brown legs, proboscis length 1.09 + 0.09 times the length of the body
(range of unextended proboscis length: 14 — 22mm), smokey brown infuscation on the
anterior half of wing. Prosoeca torquata and P. peringueyi Lichtwardt, 1920 can be
distinguished from all other species in the genus by the distinct wing patterning of a smoky
brown anterior abruptly becoming hyaline on the posterior section (Fig. 2.4c, f). Prosoeca
torquata differs most noticeably from P. peringueyi and P. marinusi Barraclough, 2018, both
ecologically similar species distributed in the winter-rainfall region of South Africa, by the
presence of a white band of pile on the anterior of the thorax and white pile on the face,
which is largely lacking in the latter two species. Additionally, P. torquata has a darker
thorax than P. peringueyi. Prosoeca torquata generally has a proboscis which is only slightly
longer than the body compared to P. marinusi and P. peringueyi, which both have a proboscis
substantially longer than the body. The frons of P. torquata is subtriangular, with the width
above the antennal insertions 1.6 times the width below the anterior ocellus, whereas the
frons is more rectangular with the width above the antennal insertions 1.2 and 1.3 times the

width below the anterior ocellus in P. peringueyi and P. marinusi respectively (Table 2.1).

Geographical distribution: Prosoeca torquata occurs between Luderitz in Namibia (single
NMNW specimen) in the north and the southern border of the Kamiesberg region in the
Northern Cape province at Uilklip in the south and is generally abundant when host plants are
flowering. The northern most individual found in our own field sampling was at
Eksteenfontein in the Northern Cape province and no individuals were found further north
than the Richtersveld area despite extensive sampling. Prosoeca peringueyi occurs from

Khuboes near the Namibian border in the north to Piketberg in the Western Cape province in
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the south (per obs. F. Grenier) with a distribution gap across the knersvlakte. Prosoeca

marinusi occurs in a limited area around Nieuwoudtville in the Northern Cape province.

Description (modelled on Barraclough et al. (2018)):

Body length: mean 16.6 mm; range 14-21 mm. Proboscis length: mean 18mm; range 14-

22mm. Wing length: mean 15 mm; range 12-18mm.

Head: Colour generally dark brown to black. Face sublaterally irregular yellow-brown;
slightly bulbous in profile; pruinescence silver to brown, but largely absent from medial
section of face. Sublateral region of face covered by dense, elongate and mostly white pile.
Frons subtriangular in shape; width anterior to ocellar tubercle less than maximum width of
tubercle, width above antennal insertions 1.6 times the width below anterior ocellus, slightly
to moderately swollen between antennal insertions and anterior ocellus, swelling receding
strongly towards eye margin. Pruinescence on frons relatively dense, silver to brown. Pile on
frons largely absent, only along eye margins if present. Gena with pile forming the beard
being elongate, profuse and a mixture of black, white and yellow. Ocellar tubercle somewhat
bulbous and well developed; ocellus just evident above upper eye margin in profile; anterior
ocellus separated from posterior ocelli by shallow transverse groove. Ocellar triangle with
generally long black pile, with longer black pile on the posterior margin; occiput with dense
silvery pruinescence. Antenna with scape 1.2—1.5 times the length of pedicel; first
flagellomere longer than the length of scape and pedicel combined; third flagellomere 1.5-2
times the length of second flagellomere; style subequal to scape + pedicel + flagellomere 1.
Colour generally dark brown to black, ventral surface of scape irregularly yellow-brown,
style darker than remainder of antenna. Scape, pedicel and flagellomere 1 with irregular
silver to brown pruinescence; scape and pedicel with mixture of elongate and short, black and

white pile. Proboscis 0.9-1.2 times the length of the body; black with dorsal part of basal
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third brown. Palpus with first segment significantly longer than that of second segment and
with much longer pile, second segment much narrower than first segment, colour generally

dark brown to black.

Thorax: Scutum generally grey and brown; median and paired sublateral vittae absent or
indistinct; vittae wider anteriorly, narrowing towards the scutellum; paired sublateral vittae
distinctly black, ending at transverse suture if present. Pile of scutum sparse, of intermediate
length and mostly black, longer posteriorly toward scutellum and laterally on scutum;
postalar callus with longer, black pile on posterior region; ventral side of postalar callus with
a tuft of white pile. Scutellum with distinct central diamond-shaped, or circular mark;
posterior margin appearing to form a strikingly dark, black border. Anterior margin covered
by silver to brown pruinescence; pile on disc of scutellum sparse, relatively long and black.
Pile along posterior margin of scutellum elongate, of intermediate density and a mixture of
black and paler white or yellow. Pleuron mostly blackish with silver pruinescence. Pile
generally a mixture of black and white to yellow; over much of pleuron pile moderately long
and of intermediate density. Pile most dense and elongate in two tufts, ventral and anterior to
the base of the wing and between postalar callus and posterior spiracle; tuft of pile ventral to
wing base pure white, pile absent over area below anterior spiracle and sometimes on anterior
part of anepisternum; pile absent between mid and hind coxae and posterior spiracle. Legs:
Coxae yellow brown to black with elongate, dense, white pile. Trochanters mostly blackish
with some yellow-brown colouring; pile short, very sparse and white. Femora yellow-brown
with a black mark ventrally on the hind femora; with a mixture of short dense and long
sparse, mostly black pile. Tibia yellow-brown to brown; pile sparse, hind tibia with long
sparse pile. Tarsi mostly dark brown to black, hind tarsi tend to be darker. Wings: Shape
relatively slender; broadest just basal to insertion of CuP on posterior margin; costal margin

close to straight, without distinct anteriorly curved flexure. Sc inserted on C approximately
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coincident to the insertion of M4 on the posterior margin of the wing; Ry inserted closer to
R2+3than to Sc; insertions of Sc and R1 well separated. Short appendix just beyond fork on
Ra4+5 sometimes present; R4 gently bowing upward; Rs slightly bowing upward; My and M2
gently bowing upward; cell cua open at margin. Dark marking on R positioned just basal to
humeral cross vein; membrane pale smoky brown infuscated, appearing darker on anterior
half to one-third of wing; posterior region of wing mostly hyaline; isolated darker patches
present in hyaline region; distinction between brown infuscation and hyaline membrane
sharply delineated. Tuft of pile at base of wing white. Halteres with light brown to yellow

stalk; bulb dark brown.

Abdomen: Colour generally grey, with silvery pruinescence. Pile generally sparse, long
and short intermixed and mostly black on tergites. T1 with pile relatively profuse; T2 with
pile along anterior margins dense, elongate, white to yellow; pile over anterior corner of
lateral margin of T2 dense, elongate, mostly white to yellow and directed anteriorly; pile
along posteriolateral margins on T2 to T4 dense, elongate and black; T5 with pile along
lateral margins more evenly distributed than that of T2 to T4, elongate and black. Median
dark pruinescent vitta distinct, extending from medial section of posterior margin of T1 to
terminalia, usually not covering full length of each tergite; paired sublateral markings of
indistinct shape on T2 to T4. Membrane between T1 and T2 grey to brown; T2 with posterior
margin stout and relatively broad; abdomen tapering abruptly after T3. Sternites typically
paler than tergites with reddish brown colouring. Pile on sternites short, sparse and a mixture
of black and white; S1 to S3 intermixed with long, white pile; membrane adjacent to lateral

margins of S2 to S4 typically with profuse, elongate and white pile.

Male Genitalia: Hypandrium triangular in shape; 1.8 times longer than basal width;
short, sparse, vestiture present on the apical 1/3. Gonocoxite rounded apically; apical half

parallel sided, slightly broader basally; long, laterally projecting vestiture present on the
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lateral half of the apical half. Gonostylus with concave outer edge, more or less parallel to
inner edge and globular apical section. Phallus narrowing apically, more or less triangular in

shape.
Other material examined

P. peringueyi types: (in SAM): 1 €, Namaqualand, Klipfontein, Cape Colony, August 1890.
R. M. Lightfoot, SAM-DIP A009009. 1 & O’okiep, Namaqua Div, R. Lightfoot, IX. 90,
SAM-DIP-A009013. Non-type material: (in NMSA): 1 Van Rhynsdorp, 1927-7-28, Brauns,
H. NMSA-Dip 049943. 1 Clanwilliam dist. Pakhuis Pass, 1964-10-17, Stuckenberg, B.R.;
Stuckenberg, P. NMSA-Dip 052845. 1 Pakhuis Mts Pakhuis Farm 2mi. NNE.,1972-9-14,
Irwin, M.E.; Irwin, B.J. NMSA-Dip 054873. 1 Gifberge, Van Rhynsdorp, 1911-9-1, C.C.
NMSA-Dip 055007. (in NMNW): P. torquata 1 ¢ Namuskluft 88, Luderitz, SE 2710 Dd 20-

22 Sept 1973, H14602.

Biology

Prosoeca torquata Theron sp. nov. is abundant in the winter-rainfall region of the Northern
Cape province of South Africa, particularly at the start of the local flowering season. The
peak activity of Prosoeca torquata is dependent on rainfall and elevation, but individuals are
generally on the wing from early August to mid-October, when the diversity of host plants is
most abundant. The peak activity period is slightly later than that of P. peringueyi which
ranges from mid-July to mid-September. As with most Prosoeca species, these two species
often feed while hovering over a host flower, probing many flowers in a single foraging bout
(Fig. 2.6). Flies are active throughout the day but the peak activity is during the morning,

after it has warmed up sufficiently and in the afternoon, before it cools down for the evening.
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Based on examination of photographs and data presented in the preprint of Pauw et al.
(2020), we note that the important Pelargonium incrassatum (Geraniaceae) pollinator,

referred to informally as Prosoeca ‘namaquensis’, corresponds to our concept of P. torquata.

DISCUSSION

This study combines genetic and morphological data from the Prosoeca peringueyi species
complex from 13 sites across the range to show that two clearly distinct species exist in this
complex. These two species are genetically distinct with COI sequence divergence between
clades being 2.34 times larger than the average divergence within clades. The genetic
divergence between these two Prosoeca taxa is 11%. Genetic divergence between species
from other dipteran families ranges between 0-16% (Tabanidae: 0.0-16.2% (Changbunjong et
al. 2018), Syrphidae: 4.08-15.28% (Mengual et al., 2008), Muscidae: 0.77-11.33% (Renaud
et al., 2012)). Consequently, the observed levels of divergence between the two major clades
identified here is comparable to the upper levels of divergence among fly species in general.
The separation of these two clades into different species is further supported by the nuclear
haplotype network as each OTU comprises a single, unique, haplotype. Members of the two
clades also have distinct morphological features, consistent with the genetic differentiation
found. Proboscis length differed between the two species even within sites where they co-
occur. On the other hand, substantial overlap in traits like body length means that this feature
is not diagnostic for the two species. The sympatric occurrence of the two species without
intermediate individuals suggests the presence of a strong gene flow barrier/s, consistent with
their recognition as separate species according to the biological species concept (Yoder et al.,
2002; Coyne & Orr, 2004; Blair et al., 2005). There is also anecdotal evidence for assortative
mating where they occur sympatrically based on at least 20 observations of mating pairs over
multiple years (pers. obs. F. Grenier).
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Previous taxonomic accounts of P. peringueyi were based on very limited material, which
may explain why the obvious presence of two species, even within sites, has been hitherto
overlooked. The original description of P. peringueyi by Lichtwardt (1920) featured four
specimens all from the Northern Cape, whereas Bezzi (1924) redescribed P. peringueyi based
on one of these specimens. Both emphasised the cross vein between R4 and R2+3 to
distinguish it from all other Prosoeca species. With more extensive sampling we found that
this trait is not stable across the range for P. peringueyi but is always absent in P. torquata.
Prosoeca torquata and P. peringueyi can be separated by several reliable characters in fresh
specimens (Table 2.1). Many of these characters, such as hair densities and body colouration
may become less reliable as living individuals age or if preserved specimens are mishandled.
Traits such as the white pile on the anterior of the thorax and the overall darker colouring are
often easy to use in the field as well as in flight for identification. Further investigation of
morphological variation may ultimately form the basis for further description of taxa within

the P. peringueyi species complex.

The recognition of similar taxa that occur sympatrically begs the question what mechanism
underpins this. The theory of competitive exclusion suggests that when two species compete
similarly for the same limited resource, one is likely to go locally extinct (Hardin 1960).
Alternatively, co-existence may be possible when species partition the available resources.
The co-existence of two closely related fly species may be facilitated by differences in
proboscis length. Proboscis length affects the species of plants from which flies can forage
from (Klumpers et al., 2019); therefore, divergence in proboscis length might facilitate
adequate partitioning of nectar resources for co-existence to occur (Pauw, 2013; Maglianesi
et al., 2015). Although long proboscid insects can potentially forage from long and short
tubed flowers (Haber & Frankie 1989; Martins & Johnson 2013), they often display

preferences for long-tubed flowers which generally contain greater nectar rewards (Martins &
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Johnson 2013; Anderson et al. 2016; Klumpers et al. 2019). In contrast, foragers with shorter
proboscides are often unable to access nectar from flowers with deeper tubes (Pauw et al.,
2009) and are consequently restricted to the subset of available flowers with short tubes
(Ranta & Lundberg, 1980; Haber & Frankie, 1989; Geerts & Pauw, 2009; Martins &
Johnson, 2013; Klumpers et al., 2019 but see Merxem et al., 2009). Co-existence may
however, also be facilitated by the use of divergent larval hosts (Berlocher & Feder 2002).
Although South African Nemestrinidae are assumed to be parasitic as larvae, almost nothing

is known about their larval biology (Barraclough 2006, 2017).

This study points to the co-occurrence of two, rather than one long proboscid fly species
within the Prosoeca peringueyi complex in the arid biodiversity hotspot of the Succulent
Karoo. The ability to identify these two species has implications for the conservation and
management of the large floral guild which relies exclusively on long proboscid flies for seed
production. In particular, the loss of a single pollinator species in even very generalised
systems has been shown to have negative effects on plant reproduction (Brosi & Briggs 2013)
and this loss is much more severe in highly specialized systems (Pauw 2007). Being able to
utilize sympatric fly species that have partial foraging niche overlap is likely to give many
guild members more resilience to stochastic pollinator failure (Pauw 2007), a growing
concern as climates become more unpredictable. Future study of the functional specialisation
of the plants in this guild will provide insights on the potential resilience of the plant species

and the mechanism facilitating co-existence of the fly species.
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Figure 2.1 The frequency of unextended proboscis lengths (in millimetres) measured in the
Kosiesberg population (A) and the Naries population (B). Colour-coded bars refer to the
operational taxonomic units designated in the genetic analysis: Prosoeca torquata (green)

and Prosoeca peringueyi (blue).

33



A) B)

@ P torquata sp. nov

@ Sympatric populations
@ P peringueyi

P. marinusi

= P. gangibauern
1 . Prosceca sp.

P.

0.03

Figure 2.2 Phylogenetic relationships among accessions of the Prosoeca peringueyi complex
sampled across its range. (A) Bayesian inference majority rule consensus tree of COI
sequences for the P. peringueyi complex. Posterior probabilities are shown for major nodes.
Species names associated with clades represent the new taxonomy proposed in the present
study. (B) distribution of allopatric populations of P. peringueyi (blue) and Prosoeca
torquata (green) and of sympatric populations (gradient of blue and green) that were sampled
for this study (circles). Details of tip labels and population codes are provided in the

Supporting Information (Table S2.1)
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Figure 2.3 Relationship between body size (in millimetres) and proboscis length (in

millimetres) for Prosoeca peringueyi (blue) and Prosoeca torquata (green) (Fi,27 = 33.67, r?

=0.54, P < 0.001 and F1,33 = 44.80, r? = 0.58, P < 0.001, respectively; overall model, F360=
161, r> = 0.89, P < 0.001; and interaction, F1 = 5.43, P = 0.023). The shaded area around the

trend line indicates the 95% confidence interval.
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Figure 2.4 Photographs of the head, dorsal view of the body and the wing of Prosoeca
torquata (A—C) and Prosoeca peringueyi (D—F). Arrow in A indicates the band of white pile
after which P. torquata is named. Orange particles visible in D are pollen grains.
Abbreviations: C, costal vein; CuA, anterior branch of cubital vein; CuP, posterior branch of
cubital vein; M, medial vein; My, first branch of media; M2, second branch of media; M,
fourth branch of media; Ry, anterior branch of radius; Rz + 3, second branch of radius; R4,
upper branch of third branch of radius; Rs, lower branch of third branch of radius; Rs, radial

sector; Sc, subcostal vein.
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Figure 2.5 Photographs of the male genitalia of Prosoeca peringueyi (A, B) and Prosoeca
torquata (C, D) in dorsal (A, C) and ventral view (B, D). Abbreviations: gc, gonocoxite; gs,

gonostylus; hyp, hypandrium; ph, phallus.
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Figure 2.6 Photographs of in situ adult Prosoeca peringueyi visiting Zaluzianskya sp. (A)
and visiting Lapeirousia silenoides (B), and Prosoeca torquata hovering over Lapeirousia

dolomitica (C) and mating (D). Photo credits: (A-B) Steven Johnson, (C-D) Florent Grenier.
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Table 2.1 Summary of consistent morphological traits to distinguish Prosoeca torquata sp. nov from

P. peringueyi and P. marinusi.

P. peringueyi P. torquata sp. nov  P. marinusi
Proboscis length relative to body length Long Subequal Long
White pile on anterior of thorax Largely absent Present Absent
Paired dark sublateral vittae on thorax Dark and distinct ~ Light or absent Absent
Width above antennal insertions relative 1.2 1.6 1.3
to width below anterior ocellus
Pile on hind tibia No long pile Sparse long pile Sparse long pile
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Figure S2.1 28S haplotype network of ten individuals from the Prosoeca peringueyi complex
and four Nemestrinidae species. Numbers in parentheses correspond to the hypothetical
number of haplotypes that exist between sampled haplotypes. The size of circles and numbers

within them indicate the number of individuals sampled for a particular haplotype.
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Table S2.1 Table of localities and specimen details of accessions used for the phylogenetic analyses.

Body

Locality Latitude Longitude Specimen Species length Proboscis GenBank accession
reference (mm) length (mm) numbers
Cco1 28S

Ariehoek -30.244758 18.050258 AH4 P. torquata 17 16 MT487492 MT436414
AH7 P. torquata 14 18 MT487493
AH9 P. torquata 16 17 MT487494
AH11 P. torquata 15 17 MT487495

Botterkloof -31.823601 19.256734 BP1 P. peringueyi 19 26 MT487496 MT436410
BP2 P. peringueyi 18 26 MT487497
BP3 P. peringueyi 20 29 MT487498

Umdaus -29.189137 17.649852 Ul P. torquata 17 16 MT487538 MT436413
U3 P. peringueyi 18 27 MT487539
U5 P. peringueyi 18 31 MT487540
U6 P. peringueyi 17 27 MT487541
u7 P. torquata 16 25 MT487542
us P. peringueyi 21 35 MT487543
Kosiesberg -29.126317 17.556865 KB2 P. peringueyi 18 19 MT487499
KB8 P. torquata 18 18 MT487500
KB10 P. peringueyi 20 30 MT487501
KB11 P. torquata 18,5 25 MT487502
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V8
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VT4
VT13
NV304
AH20
AHG66

P. torquata
P. torquata
P. torquata
P. torquata
P. torquata
P. torquata
P. peringueyi
P. torquata
P. torquata
P. torquata
P. torquata
P. peringueyi
. torquata
. torquata
. torquata
. torquata
. torquata
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. torquata
P. peringueyi
P. peringueyi

P. marinusi
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Long Tom Pass -25.095679 30.562498 PP283 Prosoeca sp. MT487558 MT436420

Trichophthalma

sp DQ631994 AY144383
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Table S2.2 Primer sequences used to amplify the gene regions included in this study.

Primer name Gene Reference

Primer sequence

regio
n
NE COIl  this study ACTTTATAY TTTATY TTT GGA GC
C1-N-2191  cCoOl Simon et al. CCC GGT AAA ATT AAA ATATAAACTTC
(1994)
C1-J-2183 COl Simon et al. CAACATTTATTITTGATTITTTT GG
(1994)
TL2-N-3014 COI Simon et al. TCC ATT GCA CTAATC TGC CAT ATTA
(1994)
2F 28S  Reemer et al. AGA GAG AGT TCAAGA GTACGT G
(2013)
3DR 28S  Reemer et al. TAG TTC ACC ATC TTT CGG GTC
(2013)

46



Chapter 3

You don’t know the half of it: molecular phylogenetics reveals dramatic

underestimation of diversity in a key pollinator group (Nemestrinidae)
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ABSTRACT

Nemestrinidae are important pollinators of numerous highly specialized plant species and
have radiated extensively in southern Africa. Despite their known ecological importance in
southern Africa, Nemestrinidae have been largely neglected in collections and the systematics
of the group is relatively poorly resolved. In this study we aimed to assess the phylogenetic
relationships and species diversity among three southern African nemestrinid genera from the
Nemestrininae subfamily: Prosoeca, Moegistorhynchus and Stenobasipteron, with a focus on
Prosoeca. We reconstructed a molecular phylogeny using both mitochondrial and nuclear
DNA sequence data. The topology from the combined analysis designates a monophyletic
Moegistorhynchus sister to a paraphyletic Prosoeca with Stenobasipteron nested inside it,
although there was some topological incongruence in the placement of clades among the four
gene regions sampled. Almost half of the sampled species diversity was found to be
undescribed in all three genera. An analysis of phylogenetic diversity shows that undescribed
species make a large contribution to the overall phylogenetic diversity within the sampled
group. We find a higher occurrence of sampled diversity from biodiversity hotspots and the
Fynbos and Grassland biomes, although further sampling is required to evaluate whether this
represents real disparities in the distribution of diversity. The presence of numerous
undescribed species, as well as the paraphyletic nature of Prosoeca, clearly illustrates the
need for increased taxonomic and sampling effort in this ecologically important group of

flies.

Keywords: Diptera - Nemestrinidae - phylogeny - southern Africa - species diversity -

tangle-vein flies
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INTRODUCTION

Despite centuries of taxonomic effort, new species are still being described at a high rate
worldwide, even in plants (Christenhusz & Byng 2016) and vertebrates (Tapley et al. 2018)
which are relatively well-studied compared to invertebrates. The taxonomic impediment is of
particular concern for invertebrates, which often have high proportions of undescribed
diversity and few specialists to address the description deficit (New 1999). Recently, mass
DNA barcoding studies have greatly contributed towards improved numerical estimates of
global insect diversity. For large hyper-diverse orders of insects like Coleoptera, Diptera,
Hymenoptera, and Lepidoptera, one estimate suggests that only 20-28% of species have been
described worldwide (Garcia-Robledo et al. 2020) and it is thought that microfauna are
generally responsible for the majority of this description deficit (Hebert et al. 2016; Forbes et

al. 2018).

Species are frequently used as units in downstream analyses. Poorly resolved species
boundaries therefore hamper ecological and evolutionary studies (Tobias et al. 2010). In
addition to unclear species boundaries, excessive taxonomic splitting or lumping of species
names may be equally problematic for ecological and evolutionary inferences and
conservation decisions (Zachos 2018). A phylogenetic approach provides an opportunity for
objective assessments of species relationships, boundaries, and higher-level systematics. To
aid species taxonomy, single-locus and multilocus species delimitation methods that
implement a phylogenetic perspective have become popular tools (Fujita et al. 2012,
Fontaneto et al. 2015). Similarly, phylogenetic diversity, a measure calculated by summing
the of branch lengths of relevant taxa in a phylogenetic tree, has been suggested to represent
an objective measure of biodiversity, superior to simple species counts (Faith 1992; Miller et

al. 2018). A resolved, densely sampled phylogeny can form the foundation for systematic,
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diversity and quantitative research as well as practical decision making (Freckleton et al.

2002; Johnson et al. 2005).

Biogeographic region designations such as biomes and biodiversity hotspots have aided
practical decision-making in conservation. Global biodiversity hotspots are areas of high
plant endemism, and are under considerable threat of extinction (Myers et al. 2000). Biomes,
such as those defined by Rutherford et al. (2006), on the other hand, are based on distinct
floristic community composition and climatic variables. As both hotspots and biomes are
generally modelled on plant biodiversity in Africa (Rutherford et al. 2006), little is known
about the utility of these biogeographical designations for insects. Biodiversity hotspots
encompass the distribution of threatened mammals to a reasonable degree (Schipper et al.
2008), apart from rodents (Amori et al. 2011). Few studies have, however, found substantial
links between plant diversity and insect diversity (Hawkins & Porter 2003; Proches et al.
2009; Kemp & Ellis 2017; Bosc et al. 2019) and these studies tend to focus almost

exclusively on herbivores rather than pollinators.

Nemestrinidae is a small family of flower-foraging Diptera, comprised of ca. 277 species
worldwide (Barraclough 2017). Nemestrinids are easily recognizable due to the unique
diagonal wing veins that give the vein structure a “tangled” appearance. Although their
appearance is remarkably variable, species belonging to the family are often relatively large
with well-developed proboscides and profusely pubescent bodies (Barraclough 2017). Adult
Nemestrinidae are thought to be obligate nectar feeders (Karolyi et al. 2012) and were likely
one of the first insect families to act as pollinators since at least the late Triassic (Labandeira
et al. 2007). All Nemestrinidae are thought to be important pollinators, although this has only
been established for species in Chile and southern Africa (Manning & Goldblatt 2000;
Devoto & Medan 2006). Southern Africa is one of the main hotspots for nemestrinid

diversity, with representatives of two subfamilies, each with three genera. In the
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Trichopsideinae subfamily Nycterimyia Lichtwardt 1909, Trichopsidea Westwood 1839 and
Atriadops Wandolleck 1897, collectively have four described species found in southern
Africa (Barraclough 2006). The subfamily Nemestrininae, with Prosoeca Schiner 1867,
Stenobasipteron Lichtwardt 1910 and Moegistorhynchus Macquart 1840, has received the
most attention as it contains important pollinators for numerous plant species (Barraclough
2006). The three endemic southern African Nemestrininae genera are unique in having some
species with extremely long proboscides that allow them to feed on specialized, long-tubed
plant species (Barraclough 2006). Nine well-studied long proboscid Nemestrinidae species
are the only known pollinators for ca. 150 species of plants (Manning & Goldblatt 1996,
1997, 2000; Potgieter & Edwards 2005; Anderson & Johnson 2009; Newman et al. 2014)
with many more specialized interactions suspected. Nemestrinids are also often the main

pollinators of rare and endangered plants in southern Africa (Johnson 2006b).

The systematics of the higher Nemestrinidae has long-been debated, with the placement of
the family in the Brachycera remaining unresolved. Wiegmann et al. (2011) suggested that
the Nemestrinidae are sister to Xylophagidae while a recent study suggests that they are sister
to Acroceridae (Shin et al. 2018). In contrast there has been little debate concerning the
placement of Prosoeca, Stenobasipteron and Moegistorhynchus within the Nemestrininae.
Bequaert (1932) and Greathead (1967) agreed on the placement of these three genera in the
Nemestrininae based largely on the length of the proboscis, and details of male genitalia
added by Greathead (1967). Bernardi (1973), in agreement with Berquart (1932) and
Greathead (1967), then proposed the classification of Nemestrininae that is still currently
used. Bernardi (1973) suggested that some of the genera within the Nemestrininae are not
well separated and that Prosoeca is very closely related to Stenobasipteron as they are
morphologically very similar. Barraclough (2006) agreed with Bernardi (1973) and

additionally suggested that Stenobasipteron may be considered a subgenus of Prosoeca.
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Moegistorhynchus has been considered closely related to Nemestrinus due to the similarity in
wing venation and genitalia traits (Bernardi 1973). Within the southern African genera, the
bulk of the described diversity is in Prosoeca with 37 species (Barraclough 2017;
Barraclough et al. 2018; Theron et al. 2020). Prosoeca is widespread and found across large
parts of southern Africa. On the other hand, Moegistorhynchus (four species) and
Stenobasipteron (three species) have restricted ranges in the winter- and summer-rainfall

regions of southern Africa, respectively.

In contrast to research effort dedicated to understanding the importance of southern African
Nemestrininae for the ecology and evolution of flora, foundational data on their distribution
and taxonomy are surprisingly rudimentary. A revision of the known species together with a
key to the southern African nemestrinid species was published more than 90 years ago (Bezzi
1924), and only two new species descriptions have appeared in recent years (Barraclough et
al. 2018; Theron et al. 2020). Recently, Barraclough (2006) transferred some species from
Stenobasipteron to Prosoeca and revised the key to the nemestrinid genera for southern
Africa. Many tentative new species have been identified as part of species complexes and
noted in published literature (Barraclough 2006; Barraclough & Slotow 2010) while
additional complexes and undescribed species have been discovered through detailed
examination of large collections (pers. obs. Theron). Therefore, it is unsurprising that many
collections potentially contain undescribed species (Barraclough 2006, 2017; Theron et al.
2020). One consequence of the presence of large numbers of undescribed species is that
many ecological studies have only been able to identify relevant pollinators up to the genus
level. Comparisons of pollinating fly species between studies have therefore been challenging
(Manning & Goldblatt 2000; Goldblatt et al. 2004; Goldblatt & Manning 2007; Hansen et al.

2012; de Jager et al. 2016; Pauw et al. 2020). This is particularly serious given that the
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taxonomy of Prosoeca, Stenobasipteron and Moegistorhynchus has relevance for their

conservation and that of the plants that they pollinate.

The aim of this study is twofold. First, we use a phylogenetic framework to test the
monophyly of Prosoeca, Stenobasipteron and Moegistorhynchus and to delineate the
relationships among these southern African genera of the Nemestrininae subfamily.
Secondly, we use the species-level phylogeny to assess patterns of sampled species diversity
with specific reference to their distribution in southern African hotspots of biodiversity and

biomes.

METHODS
Taxon sampling and morphospecies designation

Nemestrinidae were widely collected between January 2014 and February 2020 from the
known southern African range, as established from historical records (Fig. 2.1), obtained for
southern Africa from the Global Biodiversity Information Facility (GBIF;
http://www.gbif.org/). Specimens were assigned to genera based on the key to genera of
Barraclough (2017) and identified to species where possible using a combination of
descriptions and comparison to type specimens. Specimens that did not match existing
descriptions were assigned to distinct morphospecies. To add confidence to our
morphological species identifications, multiple accessions were included in the phylogeny for
morphologically variable or geographically widespread species where possible. After the
initial morphospecies designation, a visual inspection of the phylogenetic placement of
specimens from our phylogeny (see results) was used to revisit the initial species
identification based on morphological characters. In some cases, the initial designation was

then revised based on this integrated morphological and phylogenetic approach. Species were
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designated with cf. when there was some degree of uncertainty about their identification (eg.
collection locality was far removed from the known distribution, or the type material was
unavailable for inspection). We use the term morphospecies throughout to indicate that our
designations are mainly based on morphological differences. All subsequent analyses of

diversity use this conservative integrated morphology delineation of morphospecies.

A total of 136 individuals representing 58 morphospecies of three genera were sampled;

Prosoeca N = 49, Moegistorhynchus N = 4 and Stenobasipteron N =5 (Table S3.1).

To assess whether our sampling is geographically representative of existing collections, we
visually compared our sampling with historical collections/records of Nemestrinidae from
southern Africa, Lesotho and eSwatini. All available records were extracted from the GBIF
(http://www.gbif.org/) on 26 October 2020. Maps of records were generated in QGIS v3.10
(QGIS Development Team 2014) and plotted by biome as delineated by the South African
National Biodiversity Institute (http://bgis.sanbi.org/SpatialDataset/Detail/669, 2011) and
global biodiversity hotspots as delineated by Hoffman et al. (2016). The presence of
morphospecies within individual biomes or hotspots was extracted from QGIS to allow for

comparisons among areas.

Data for species delineation and reconstructing phylogenetic relationships were obtained
from DNA sequences of the mitochondrial genome, including Cytochrome Oxidase | (COI)
(which comprises the universal DNA barcoding region), and 16S ribosomal DNA (16S), and
the nuclear genome, including 28S ribosomal DNA (28S) and the Carbamoyl-phosphate
synthetase (CAD) gene region (Winterton et al. 2007). Outgroups were added to assess the
phylogenetic placement of the ingroups: Prosoeca, Stenobasipteron and Moegistorhynchus,
within the Nemestrininae subfamily. Representatives from two additional Nemestrininae
genera, Trichophthalma and Nemestrinus, were added as single accessions from GenBank.
Additionally, DNA sequences from a single Hirmoneura species, from the Hirmoneurinae
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subfamily, was downloaded and added to the matrix. A Terphis species (Acroceridae) was
used to root all gene trees apart from 28S. For 28S, the only suitable outgroup with a
sequence in GenBank was Trichophthalma (Nemestrinidae), thus in the combined analysis

accessions with missing data were generated for the other three outgroups for 28S.

DNA extraction

Total DNA was extracted from a single ethanol-preserved hind leg of each adult individual
using the Qiagen DNeasy blood and tissue kit (Qiagen, supplied by Whitehead Scientific,
Cape Town, South Africa). We followed the manufacturer’s protocol, but incubated samples
for 48 hours to ensure complete chitin breakdown and used only 50 pl of elution buffer to

increase the final DNA concentration.

PCR amplification and DNA sequencing

The COI gene region was either amplified as a single amplicon using custom primer NE
(Theron et al. 2020) and TL2-N-3014 (Simon et al. 1994), or as two separate amplicons using
1) primers NE and C1-N-2191 (Simon et al. 1994) and 2) C1-J-2183 (Simon et al. 1994) and
TL2-N-3014 (Table S3.2). PCR conditions were identical, irrespective of whether one or two
separate regions were amplified. Each 30 pl reaction contained 3ul of extracted DNA, 3l
10x Super-Therm PCR buffer (Super-Therm JMR-801; Separation Scientific SA (Pty) Ltd,
Cape Town, South Africa), 3ul of MgCl. (25mM), 0.6l of Taqg (Super-Therm JMR-801,
Separation Scientific SA (Pty) Ltd, Cape Town, South Africa), 3ul of each primer (0.05mM),
0.6pul of BSA (10mg/ml), 0.6ul of dNTP (10mM) (AB gene; supplied by LCT Tech, South
Africa) and 13.2ul of MilliQ H20. Amplifications were performed using a Veriti PCR

Thermal Cycler (Applied Biosystems, Carlsbad, CA, USA). The cycling protocol consisted
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of an initial denaturation step at 95°C for 5 mins, followed by 45 cycles of denaturation at
94°C for 1 min, annealing at 48°C for 30 s and extension at 72°C for 1 min, and a final
extension at 72°C for 30 mins before holding at 10°C. The 16S gene region was amplified
using the LR-J-12887 and SR-N-13398b primers (Simon et al. 1994) (Table S3.2) and the
same reaction mixture as above. The cycling protocol consisted of an initial denaturation step
at 94°C for 4 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 52°C
for 30 s and extension at 72°C for 1 min, and a final extension at 72°C for 4 mins and then
held at 10°C. The 28S gene region was amplified using the 2F and 3DR primers (Reemer &
Stahls 2013) (Table S3.2). Each 30 pl reaction contained 3ul DNA Template, 3ul 10x Super-
Therm PCR buffer (Super-Therm JMR-801; Separation Scientific SA (Pty) Ltd, Cape Town,
South Africa), 1.8ul MgCl2 (25mM), 0.6ul of Taq (Super-Therm JMR-801; Separation
Scientific SA (Pty) Ltd, Cape Town, South Africa), 3ul of each primer (0.05mM), 0.6pl of
BSA (10mg/ml), 0.6ul of dNTP (10mM) (AB gene; supplied by LCT Tech, South Africa)
and 14.4ul MilliQ H20. The cycling protocol consisted of an initial denaturation step at 95°C
for 2 mins, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 49°C for 30
s and extension at 72°C for 2 mins, and a final extension at 72°C for 7 mins and then held at
10°C. The CAD gene region was amplified using primers 54F and 405R (Moulton &
Wiegmann 2004) or as two separate amplicons using primers 1) 54F and CAD-R611-631
(Cisneros 2015) and 2) CAD-F202-222 (Cisneros 2015) and 405R (Table S3.2). The same
reaction mixture that was used for 28S was also used for both PCR of both CAD amplicons.
The cycling protocol consisted of an initial denaturation step at 94°C for 3 mins, followed by
a touchdown protocol, starting with 5 cycles of denaturation at 94°C for 30 secs, annealing at
57°C for 30 secs and extension at 72°C for 90 secs, a further 5 cycles of denaturation at 94°C

for 30 secs, annealing at 52°C for 30 secs and extension at 72°C for 90 secs, followed by a
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final 35 cycles of denaturation at 94°C for 30 secs, annealing at 45°C for 30 secs and

extension at 72°C for 90 secs and then held at 10°C.

PCR products were sent to the Central Analytical Facility at Stellenbosch University

(Stellenbosch, South Africa) to be purified and sequenced in both directions.

Phylogenetic analyses

Forward and reverse sequences were edited using BioEdit 7.2 (Hall 1999) and aligned using
ClustalW (Thompson et al. 1994). Minor manual edits were made to the ClustalW alignment.
The final alignments consisted of 140 accessions of 1401 base pairs (bp) for COl, 140
accessions of 549 bp for 16S, 138 accessions of 590 bp for 28S and 95 accessions of 918 bp
for CAD. The CAD matrix had the fewest accessions but included representatives from all
the genera. Where CAD sequences were not available, accessions with missing data were
generated for a combined analysis with all four gene regions. PartitionFinder (Lanfear et al.
2017) was used on the CIPRES Science Gateway v3.3 (Miller et al. 2010) to identify the best
partitioning scheme and substitution model for each partition. Separate analyses were
conducted for each gene region based on the optimal substitution model using Bayesian
Inference in MrBayes 3.2.7 (Ronquist et al. 2012) on the CIPRES Science Gateway v3.3
(Miller et al. 2010). Two independent Markov chains were run for 10 million generations,
sampling a tree and parameters every 10,000 generations. The first 25% percent of sampled
trees and parameters were discarded as burn-in before constructing a 50% majority-rule
consensus tree. Convergence and effective sample size (ESS) values of >100 were confirmed
for all parameters using Tracer 1.7.1 (Rambaut et al. 2018). Topologies were visually
compared for incongruence. All cases of incongruence were due to the topology of a single

gene region deviating from the topologies of the remaining three regions, rather than
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replicated patterns of incongruence between mitochondrial and nuclear partitions.
Furthermore, incongruence was generally poorly supported for 28S and 16S. We therefore
considered this incongruence to be an artifact of low resolution in individual gene trees and
proceeded to concatenate all four matrices for a combined analysis. The concatenated matrix
was used to reconstruct a phylogenetic tree with the same parameters as specified above. As
suggested by the PartitionFinder analysis, each codon position for COl and all other gene

regions were partitioned separately.

Diversity analyses

To objectively estimate species richness, independent of potential human bias due to
taxonomic splitting or lumping, we implemented several methods of species delimitation
based on the molecular dataset. For species delimitation we implemented two single-locus
species delimitation methods using the COI dataset. The Automatic Barcode Gap Discovery
(ABGD) (Puillandre et al. 2012a) method is a distance-based method relying on pairwise
sequence distances between specimens to estimate the number of OTUs, whereas the
Bayesian Poisson Tree Process (bPTP) (Zhang et al. 2013) delimitation method takes
evolutionary history into account. To estimate the number of species present in the COIl
dataset, we used ABGD implementing the JC69 model of DNA sequence evolution and a
relative gap =1, and bPTP using the COI genetree with default settings on the web versions
(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html and http://species.h-its.org/,
respectively). A high prior intraspecific divergence value (P=0.012) as suggested by
(Puillandre et al. 2012a) was used to delineate the number of OTU’s from the initial partition

for ABGD.
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As a large portion of the diversity sampled comprised putative undescribed morphospecies,
we conducted phylogenetic diversity analyses to test whether undescribed diversity merely
reflects the splitting of known taxa, or whether our sample comprises a set of unknown
species distributed randomly across the phylogeny. To quantify the degree of phylogenetic
diversity that is contributed by undescribed species, we estimated Faith’s phylogenetic
diversity (PD) for three different categories of morphospecies classification (all
morphospecies, described + cf. morphospecies, only described morphospecies). If the
addition of undescribed morphospecies constitutes splitting of described species, we predict
that a relatively small addition of PD would occur. However, if undescribed morphospecies
represent a random sample of species diversity, then a larger addition of PD can be expected
when including them in the analysis. The drop.tip function from the Ape package (Paradis et
al. 2004) in R (R Core Team 2017) was used to create a tree with a single accession per
morphospecies. In most cases a species only had a single accession with data from all four
genes present, which was then retained in the tree. However, if multiple accessions with all
four genes were available for a species, included accessions were chosen arbitrarily.
Phylogenetic diversity was then calculated for three datasets; one with all morphospecies
present (whole tree), one with only the described species included (described only), and
lastly one with the described species and those designated as cf. (described + cf.), using the
pd function in the picante package (Kembel et al. 2010). The latter analysis accommodates
the fact that not all collected specimens could be unambiguously identified as a described or
undescribed species. We treated cf. species in two different ways. We either included them as
described species (representing a conservative estimate for the number of undescribed
species) or as undescribed morphospecies (representing a liberal estimate for the number of
undescribed species). To illustrate that an addition of PD by adding undescribed species does

not represent the addition of a single long branch (which would be the case if undescribed
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species represent a phylogenetically biased sample), we also plotted the frequency
distributions of the terminal branch lengths from the three trees for which PD was calculated
(a single accession of all the morphospecies, described + cf. and described only). A median

terminal branch length was calculated for each of the three trees for comparative purposes.

RESULTS

The combined topology renders Prosoeca paraphyletic with respect to Stenobasipteron, while
Moegistorhynchus (clade A) was recovered as monophyletic and sister to Prosoeca +
Stenobasipteron (Fig. 3.2). The paraphyletic Prosoeca lineage is resolved into three well
supported major clades (clade B, C, D) (Fig. 3.2). The type species for Prosoeca (P.
westermanni) is placed in clade B (Prosoeca s.s. clade), the smallest of three main Prosoeca
clades (PP = 1). The node subtending clade C and Prosoeca sp.15 has low support but clade
C itself (PP = 1) and the two subclades are well-supported (PP = 1). Prosoeca sp.15 is sister
to clade D, although this is relatively poorly supported (PP= 0.88). Clade D and its three
subclades are all well supported (PP = 1) with the type specimen for Stenobasipteron in clade
D: (PP = 1). Stenobasipteron weidemanni along with the multiple accessions of undescribed
Stenobasipteron morphospecies form a monophyletic clade. In the combined tree
Trichophthalma and Hirmoneura were placed as sister to the southern African Nemestrininae
with Nemestrinus as sister to them. Thus, based on single representatives of the non-southern

African genera, Hirmoneura appears to render Nemestrininae paraphyletic.

Individual gene trees (Fig. S3.1-S3.4) varied in the degree of support and topology. The gene
trees based on ribosomal loci were characterized by particularly low support and resolution,
but nonetheless individually supported many of the same higher-level relationships as the
combined tree (see below). On the other hand, COI and CAD showed some incongruence in

terms of the monophyly of the different genera. The Stenobasipteron clade (clade E1) is
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monophyletic for three gene regions but the placement of P. marinusi and P. sp.1 as sister to
S. weidemanni creates a paraphyletic clade in the COl tree (Fig. S3.1). The placement of
Stenobasipteron within Prosoeca is consistent among all four gene regions, whereas the
monophyly of clade B is supported by three gene regions (COI, 16S and 28S). The placement
of Moegistorhynchus as monophyletic clade sister to Prosoeca is supported by 16S and 28S

but not all of the Moegistorhynchus species are sister to Prosoeca in COI and CAD.

We distinguished 58 distinct morphospecies with an integrated morphology approach,
twenty-three (40%) of which are currently recognised species. An additional six
morphospecies (10%) were assigned cf. status, whereas the remaining 29 (50%) represent
undescribed species. Using single-locus delineation, the total number of OTUs varied,
depending on the model used to partition the COI data (bPTP or ABGD). ABGD recovered
the same number of OTUs identified by integrated morphology (58 species), with 67% of
groupings of specimens being consistent with those designated by morphology (Fig. 3.2).
bPTP recognised 76 OTUs with 65% of groupings of specimens overlapping with those

designated by morphology (Fig. 3.2).

The tree with only a single accession of each described morphospecies had the lowest
phylogenetic diversity (total PD:1.71 units). The addition of cf. and of undescribed
morphospecies increased total PD considerably (total PD: 2.00 units and 3.43 units,
respectively). The distribution of terminal branch lengths illustrates that the addition of PD
due to adding undescribed morphospecies is not a result of splitting or the addition of a single
long branch (Fig. S3.5b). The median terminal branch length of the whole tree (0.041) was
only slightly shorter than for the tree with described + cf morphospecies (0.056) and the tree
containing only described morphospecies (0.056). The sampling of described and
undescribed morphospecies is more or less evenly distributed across the tree with

undescribed morphospecies present in all clades (Fig. S3.5a).
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The tree shows some geographic structure, with many clades or subclades being restricted to
either the western (winter-rainfall) or eastern (summer-rainfall) region. Clade A contains two
described and two undescribed Moegistorhynchus morphospecies that are all restricted to the
western part of southern Africa. Similarly, clade B contains one described and two
undescribed morphospecies from the west of the country. The 14 described and six
undescribed morphospecies in clade C, and its two subclades, are a mixture of morphospecies
that occur in either the winter-rainfall or summer-rainfall part of the country. Clade D1
contains the only South African Stenobasipteron species as well as four undescribed
morphospecies which conform to the genus description. This clade is restricted to the eastern
part of South Africa with all the undescribed morphospecies being collected in the north
eastern part of southern Africa. Clade D> contains a mixture of morphospecies that have
either an eastern or western distribution with 11 undescribed and eight described
morphospecies. Lastly, clade Ds is a clade that occurs within the Succulent Karoo hotspot of

biodiversity with an even split of three described and three undescribed morphospecies.

Samples of nemestrinid species were obtained from seven of the nine biomes of southern
Africa, with only the Desert and Nama Karoo biomes having no species sampled for this
study. The Fynbos and Grassland biomes had the most morphospecies sampled while Albany
Thicket only had a single morphospecies sampled (Fig. 3.3b). The Fynbos (39%) and
Grassland (68%) biomes both had a high percentage of their diversity represented by
undescribed morphospecies while all three morphospecies sampled in the Savanna biome

were undescribed (Fig. 3.3Db).

Overall, there were far more morphospecies sampled in the three hotspots than outside these
areas (Fig. 3.3a). Undescribed morphospecies, however, represented 76% of diversity

sampled outside of biodiversity hotspots compared to 42% within hotspots.
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DISCUSSION

The topology of the combined analysis shows 1) that Prosoeca is hot monophyletic because
accessions representing Stenobasipteron form a monophyletic clade nested inside Prosoeca,
and 2) that Moegistorhynchus is sister to the combination of Prosoeca + Stenobasipteron.
Our results suggest that we sampled somewhere between 58-76 species based on
morphospecies and OTUs. Even if we follow our most conservative estimate of diversity (i.e.
58 species), this represents a substantial increase in diversity from the 44 species currently
described for these three genera. Importantly, of the diversity sampled in this study, only 23
of the morphospecies could be confirmed as being previously described, with another six
designated as cf. implying that we were unable to confirm whether they had been previously
described. This suggests that, conservatively, only ~50% of the diversity found within these
three genera has been described and that total nemistrinid diversity in southern Africa may
eventually add up to about 90 species. The paraphyletic nature of Prosoeca in addition to the
abundance of undescribed morphospecies confirms that the taxonomy of Nemestrinidae as it

currently stands is inadequate and requires thorough attention.

The independent species delimitation methods based on molecular data (i.e. AGBD and
bPTP) suggested diversity estimates ranging from 58-76 species. This indicates that our
estimate of 58 species based on morphology and phylogeny is at the conservative end of the
spectrum and is unlikely to be a gross overestimate of diversity (as might be a result of a
taxon splitting approach). Additionally, known complexes, such as the P. ganglbaueri species
complex (Barraclough 2017) which contains multiple genetic lineages from the COI species
delimitation analyses (Fig. 3.2), were left as a single species with multiple accessions until
further morphological examination can be used to delimit this group. In addition to high
richness of undescribed morphospecies in the tree, the undescribed diversity represents a

substantial portion of the PD examined. Thus, even given some uncertainty in identification,
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there can be no doubt that a substantial portion of the Nemestrinidae diversity of southern
Africa remains undescribed. The current state of taxonomy and the number of undescribed
species in Prosoeca, Stenobasipteron and Moegistorhynchus means that it is currently

difficult to know with certainty how many species were not sampled for the present analyses.

High degrees of undescribed diversity in invertebrates are most often found in groups with
small, indistinct or rare species (Jones et al. 2009; Hebert et al. 2016; Brown et al. 2018).
However many nemestrinids are charismatic, large-bodied flies, with distinct features and are
also ecologically important as pollinators for a diverse array of plant species (Bernardi 1973).
Consequently, it is surprising that so much of their diversity has been taxonomically
neglected. For most of the twentieth century the group did not attract the attention of
specialist museum-based entomological taxonomists (perhaps because of the lack of direct
economic/veterinary importance of the group in comparison with other dipteran groups, such
as the Tabanidae), and it is only recently that some entomologists have begun to pay close
attention to the group (Barraclough 2006; Barraclough et al. 2018; Theron et al. 2020).
Despite their ecological importance, many southern African Nemestrininae remain
challenging to identify because of a lack of up-to-date identification resources and keys

(Barraclough 2017).

A high percentage of the total nemestrinid diversity was sampled in biodiversity hotspots,
especially in the Grassland and Fynbos biomes. On the other hand, far fewer morphospecies
were found in the Indian Ocean Coastal Belt, Albany Thicket and Savanna biomes. The
distribution of South African Tabanidae shows a similar pattern with high Grassland and
Fynbos biome diversity, but Nemestrinidae are far less diverse in Savannas than tabanids are
(Snyman et al. 2020). The high nemestrinid diversity found within biodiversity hotspots may
represent an association with high plant diversity in these regions, as a result of their

dependence on floral nectar. Further sampling is required to exclude the possibility that
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sampling bias is responsible for the present pattern of diversity in hotspots compared to other
areas (Reddy & Davalos 2003). This similarly applies to a potential sampling bias in the

Grassland and Fynbos biomes.

This study makes a contribution to the estimation of species diversity, placement and
delineation of nemestrinid genera and species. Furthermore, it clearly illustrates the need for
a major revision of all three genera of southern African Nemestrininae. It is, however, clear
that this analysis represents a starting point for molecular systematic and taxonomic work to
follow, based on the need for broader species sampling of this ecologically important group.
In particular, an integrated study of morphological and molecular characters is required to
definitively resolve the higher taxonomic placement and delineation of species and genera.
Nevertheless, the phylogenetic framework established for this clade of nemestrinids provides
a useful template to reconstruct the evolution of their diverse and unique morphology, and

historical biogeography and to aid species delineation.
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Figure 3.1 Distribution of sampled Nemestrinidae in South Africa, eSwatini and Lesotho.
White circles indicate the localities of accessions used for the phylogenetic analysis, blue
circles indicate additional sites that were sampled for this study and grey circles are historical

records from Global Biodiversity Information Facility.
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Figure 3.2 50% majority-rule consensus tree resulting from a Bayesian Inference analysis of
the concatenated dataset of COI, 16S, 28S and CAD. Numbers alongside branches refer to
posterior probability values and branches are proportional to the number of substitutional
changes per site. Letters indicate nodes referred to in the text. Colour blocks indicate the
three major clades of Prosoeca. Vertical bars show morphospecies delineation for
morphology, Automatic Barcode Gap Discovery and Bayesian Poisson Tree Process
respectively. Colour sections of the vertical bars indicate clades that contain type specimens
of defined genera. Asterisks (*) refer to sequences obtained from GenBank. The branch

lengths of Nemestrinus and Terphis have been artificially shortened for display purposes.
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Figure 3.3 The distribution of all Nemestrinidae sampled for the phylogenetic analysis in this
study in South Africa, Lesotho and eSwatini. (A) Global biodiversity hotspots are marked on
the map in greyscale with the proportion of described (black), cf. (grey) and undescribed
(white) morphospecies occuring i) outside the biodiversity hotspots and ii) within the
biodiversity hotspots. The relative size of the pie charts is representative for differences in the
total number of morphospecies. (B) Biomes of South Africa with bar charts indicating the
proportion of described (black), cf. (grey) and undescribed (white) morphospecies found in
each biome. The total number of morphospecies found in each biome is indicated in brackets.
The total number of mophospecies per biome includes cases where morphospecies occur in

multiple biomes.
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Figure S3.2 50% majority-rule consensus tree resulting from a Bayesian Inference analysis
of the separate gene trees for 16S. Numbers alongside branches refer to posterior probability

support values and branches are proportional to the number of substitutional changes per site.
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Figure S3.3 50% majority-rule consensus tree resulting from a Bayesian Inference analysis
of the separate gene trees for CAD. Numbers alongside branches refer to posterior probability

support values and branches are proportional to the number of substitutional changes per site.
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Figure S3.4 50% majority-rule consensus tree resulting from a Bayesian Inference analysis

of the separate gene trees for 28S. Numbers alongside branches refer to posterior probability

support values and branches are proportional to the number of substitutional changes per site.
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Figure S3.5 (A) 50% majority-rule consensus tree resulting from a Bayesian Inference
analysis of the concatenated dataset with the selected single accession per species overlayed
with black branches. Colour of sequences ID corresponds to designation as described (red),
cf. (pink) and undescribed (blue). (B) Frequency distribution of terminal branch lengths of
the whole tree with one accession per species in light grey and a tree with only described and

cf. morphospecies included in dark grey.
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Table S3.1 Table of localities and specimen details of accessions used for the phylogenetic analyses.

Sequence

1D Species Locality Latitude Longitude Date collected Collected by
SS1S Moegistorhynchus brevirostris Silverstroomstrand -33.528550  18.446101 20 October 2015 B. Anderson
SS1L Moegistorhynchus longirostris Silverstroomstrand -33.528550  18.446101 20 October 2015 B. Anderson
GV328 Moegistorhynchus sp. 1 Groenvlei -30.319344  18.067708 10 August 2015 A. Ellis
PB244 Moegistorhynchus sp.2 Picketberg -32.79855 18.665922 01 December 2015 F. Grenier
MW13008  Prosoeca accincta Bushmans Nek Pass -29.879977  29.075102 22 February 2013 M. Whitehead
NN214 Prosoeca accincta Naudes Nek Pass -30.732387  28.138476 12 February 2019 S. Klumpers
NN220 Prosoeca accincta Naudes Nek Pass -30.732387  28.138476 12 February 2019 S. Klumpers
RJC153 Prosoeca atra Kologha Forest Reserve -32.53742 27.346 12 April 2018 R. Cozien
TB15 Prosoeca atra Mbotyi -31.465392  29.730392 12 May 2019 T. Bellingham
TB19 Prosoeca atra Mbotyi -31.465393  29.730393 12 May 2019 T. Bellingham
AP754 Prosoeca beckeri Kleinrivierberge -34.395444  19.265669 10 October 2017 A. Pauw
BB177 Prosoeca beckeri Boosmansbos -33.929018  20.86353 13 January 2019 B. Anderson
BB179 Prosoeca beckeri Boosmanshos -33.929018  20.86353 13 January 2019 B. Anderson
PBO1 Prosoeca beckeri Boosmanshos -33.929018  20.86353 22 February 2015 P. Botha
KK133 Prosoeca cf. caffraria Kranzkloof -29.772535  30.83043 04 April 2018 G. Theron
SKO01 Prosoeca cf. caffraria Vernon Crooke Nature Reserve -30.274244  30.594822 08 April 2019 S. Klumpers
SKO02 Prosoeca cf. caffraria Vernon Crooke Nature Reserve -30.274244  30.594822 08 April 2019 S. Klumpers
VC100 Prosoeca cf. caffraria Vernon Crooke Nature Reserve -30.274244  30.594822 30 March 2018 G. Theron
AP814 Prosoeca cf. lichtwardti Porterville -33.014188  18.991504 September 2018 A. Pauw
HH191 Prosoeca cf. lichtwardti Hottentots Holland Nature Reserve -34.069298  19.047765 25 January 2019 G. Theron
HH192 Prosoeca cf. lichtwardti Hottentots Holland Nature Reserve -34.069298  19.047765 25 January 2019 B. Anderson
GK256 Prosoeca cf. olivacea Graskop -24.932787  30.808752 25 March 2019 G. Theron
GK257 Prosoeca cf. olivacea Graskop -24.932787  30.808752 25 March 2019 T. van der Niet
RJC159 Prosoeca cf. rubicunda Swartberg -33.400 22.355 25 March 2019 R. Cozien
SBP08 Prosoeca cf. rubicunda Swartberg Pass -33.355044  22.052139 12 April 2015 E. Newman
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NKO05
NK12
GTN324
AS01
BG147
BG151
RJC188
TB12
TB14
AH38
AH53
AH54
AH57
AHT7
BA15
HM11
HM88
HM89
HM90
GLT18
UM135
uUM138
AHO4
AH15
AH18
AH25
BA12
BA23
BA28

Prosoeca cf. variabilis
Prosoeca cf. variabilis
Prosoeca cf. willomoresis
Prosoeca circumdata
Prosoeca circumdata
Prosoeca circumdata
Prosoeca connexa
Prosoeca connexa
Prosoeca connexa
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ganglbaueri
Prosoeca ignita
Prosoeca lata
Prosoeca lata
Prosoeca longipennis
Prosoeca longipennis
Prosoeca longipennis
Prosoeca longipennis
Prosoeca longipennis
Prosoeca longipennis

Prosoeca longipennis

Nkandla Forest Reserve -28.743981
Nkandla Forest Reserve -28.743981
Grahamstown -33.311184
Howick -29.474308
Pietermaritzburg Botanical Gardens  -29.607538
Pietermaritzburg Botanical Gardens  -29.607538
Ingeli -30.520
Mbotyi -31.465390
Mbotyi -31.465391
Uniondale -33.684495
Naudes Nek Pass -30.73242
Naudes Nek Pass -30.77598
Naudes Nek Pass -30.73242
Witsieshoek Resort -28.68521
Meiringspoort -33.392784
Witsieshoek Resort -28.728861
Naudes Nek Pass -30.73677
Naudes Nek Pass -30.73677
Naudes Nek Pass -30.743166
Haenertsberg -23.880965
Umtamvuna Nature Reserve -31.00363
Umtamvuna Nature Reserve -31.00363
Qacha's Nek -30.13991
Suurbraak -34.017633
Riversdale -34.036519
Riversdale -33.966434
Baviaanskloof -33.489712
Baviaanskloof -33.508497
Uniondale -33.711015

31.139830
31.139830
26.526693
30.216809
30.34779
30.34779
29.684
29.730390
29.730391
23.14911
28.14157
28.22365
28.14157
28.9
22.559937
28.891777
28.1395277
28.138722
28.154055
29.99877
30.17356
30.17356
28.67692
20.59802
21.455702
21.211
23.625214
23.63649
22.813879
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13 April 2018
13 April 2019
20 April 2017
13 April 2019
24 April 2018
24 April 2018
09 May 2018
12 May 2019
12 May 2019
18 March 2011
08 February 2013
07 February 2013
08 February 2013
27 January 2013
14 April 2013
28 January 2014
27 February 2014
27 February 2014
27 February 2014
19 March 2018
09 April 2018
09 April 2018
Missing
19 March 2010
26 March 2010
31 March 2010
14 April 2013
09 March 2013
07 March 2014

T. van der Niet

T. van der Niet

A.

G
G
R
T.
T.
M
M
M
M
B
E.
H.
H
H
H
R
G
L.
B
E.
E.
E.
E.
E.
E.

Shuttleworth

. Theron
. Theron

. Cozien

Bellingham
Bellingham

. Whitehead
. Whitehead
. Whitehead
. Whitehead

. Anderson

Newman

de Moor

. de Moor
. de Moor
. de Moor
. Cozien

. Theron

Harder

. Anderson

Newman
Newman
Newman
Newman
Newman

Newman



WL159
NV304
HH195
HH201
BG149
BG154
BB171
AP484
BP1
VT6
JK146
AH4F
HH296
HM68

MG131

MG132
RJC39
RJC154
RJC164
RJC165
RJC190
UM137
UM139
AP789
TVvD1024
RJC26
RJC27
AH101

Prosoeca macularis
Prosoeca marinusi
Prosoeca minima
Prosoeca minima
Prosoeca oldroydi
Prosoeca oldroydi
Prosoeca ornata
Prosoeca peringueyi
Prosoeca peringueyi
Prosoeca peringueyi
Prosoeca robusta
Prosoeca torquata
Prosoeca umbrosa

Prosoeca umbrosa

Prosoeca umbrosa

Prosoeca umbrosa
Prosoeca umbrosa
Prosoeca umbrosa
Prosoeca umbrosa
Prosoeca umbrosa
Prosoeca umbrosa
Prosoeca umbrosa
Prosoeca umbrosa
Prosoeca westermanni
Prosoeca westermanni
Prosoeca zuluensis
Prosoeca zuluensis

Prosoeca sp. 1

Waylands Nature Reserve -33.408801
Niewoutville Botanical Garderns -31.398152
Hottentots Holland Nature Reserve -34.069298
Hottentots Holland Nature Reserve -34.069298
Pietermaritzburg Botanical Gardens  -29.607538
Pietermaritzburg Botanical Gardens  -29.607538
Boosmanshos -33.929018
Towsrivier -33.336127
Botterkloof -31.823601
Vandersterberg -28.480114
Jonaskop -33.957261
Ariehoek -30.244758
Hella Hella -29.919002
Nelson's Kop -28.232194
Mount Gilboa -29.308598
Mount Gilboa -29.308598
Royal Natal -28.742383
Kologha Forest Reserve -32.53742
Hogsback -32.601
Ingeli -30.520
Ingeli -30.520
Umtamvuna Nature Reserve -31.00363
Umtamvuna Nature Reserve -31.00363
Boland -33.717485
Prince Alfred Hamlet -33.236666
Bisley Nature Reserve -29.658909
Bisley Nature Reserve -29.658909
Nieuwoudtville -31.387089

18.413050
19.141070
19.047765
19.047765
30.34779

30.34779

20.86353

20.025910
19.256734
17.11973

19.520465
18.050258
30.063956
29.437277

30.309024

30.309024
28.742383
27.346
26.960
29.684
29.684
30.17356
30.17356
18.954361
19.55
30.387038
30.387038
19.176518
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22 September 2018
25 August 2019
25 January 2019
25 January 2019

09 May 2018
09 May 2018
13 January 2019
08 August 2009
August 2017
01 September 2017
17 April 2018
August 2017
19 May 2019
22 February 2014

01 April 2018

01 April 2018
06 March 2016
12 April 2018
22 April 2018
26 April 2018
11 May 2018
09 April 2018
09 April 2018
02 October 2017
14 September 2016
20 February 2014
20 February 2014
01 August 2012

S. Johnson
S. Johnson
G. Theron
B. Anderson
G. Theron
G. Theron
B. Anderson
A. Pauw

F. Grenier
F. Grenier
G. Theron
F. Grenier
S. Klumpers
H. de Moor

M. Castafieda-
Zarate

M. Castafieda-
Zarate

R. Cozien
. Cozien
. Cozien
. Cozien

. Cozien

r W XV X XD

. Harder

L. Harder

A. Pauw

T. van der Niet
R. Cozien

R. Cozien

J. coville



FG48
SWo08
AH58

KM300

MG242
MG246
NS09

LTFO1

MG237

MG238

MG239
MG312
GLT16
GC248
BB340
LT284
DS01
HMO02
BN251
MG249
JK145
L25
JK142
NK16
RJC169
RJC174

Prosoeca sp.
Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.
Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.
Prosoeca sp.

Prosoeca sp.

2
3
4

4

4
4
4

5

5

5

5
5
6
7
8
9
10
11
12
12
13
14
15
16
16
16

Namaqualand
Soetwater

Naudes Nek Pass

Kamberg

Mount Gilboa
Mount Gilboa

Ntsikeni Nature Reserve

Mount Gilboa

Mount Gilboa

Mount Gilboa

Mount Gilboa
Mount Gilboa

Haenertsberg

Giants Castle Nature Reserve

Bulembo border post
Long Tom Pass
Dullstroom

Verloren vlei
Bushmans Nek Pass
Mount Gilboa
Jonaskop

Langkloof

Jonaskop

Nkandla Forest Reserve
Eshowe

Eshowe

-30.371906

-30.73242

-29.381052

-29.843930
-29.843930
-30.141562

-29.276283

-29.276283

-29.276283

-29.276283
-29.843930
-23.880965
-29.276286
-25.943825
-25.149548
-25.396739
-25.402837
-29.843928
-29.278267
-33.968685
-30.55937

-33.957259
-28.743981
-28.891083
-28.891083

18.092013

28.14157

29.660820

29.210246
29.210246
29.478780

30.281003

30.281003

30.281003

30.281003
29.210246
29.99877
30.281006
31.106867
30.619543
30.126015
30.119673
29.210244
30.287912
19.518869
18.128272
19.520465
31.139830
31.4349
31.4349
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September 2018
September 2018
13 February 2013

15 March 2019

17 January 2019
21 February 2019
8 February 2019

03 January 2014

14 January 2019

06 January 2019

06 January 2019
15 January 2020
19 March 2018
22 February 2019
15 January 2019
31 March 2019
19 January 2018
24 January 2014
01 March 2019
24 February 2019
17 April 2018
01 September 2017
17 April 2018
13 April 2019
02 May 2018
02 May 2018

F. Grenier
F. Grenier
M. Whitehead

M. Castafieda-
Zarate

M. Castafieda-
Zarate

S. Klumpers
T. van der Niet

M. Castafieda-
Zérate

M. Castafieda-
Zarate

M. Castafieda-
Zérate

M. Castafieda-
Zérate

T. van der Niet
G. Theron

S. Klumpers
S. Johnson

G. Theron

S. Johnson

H. de Moor

S. Klumpers
S. Klumpers
G. Theron

F. Grenier

B. Anderson
T. van der Niet
R. Cozien

R. Cozien



TB11
PP283
SW230
BB176
BB184

KM299
NN216
MK279
ML269
RJC124
SB268
HM20
NN219
APT778
SM306
AP799
AP812
BV262
GLT38
ML271
RJC118
RJC84
WK11
NK1
AH97
KR18
TB04
TB06

Prosoeca sp. 16
Prosoeca sp. 17
Prosoeca sp. 17
Prosoeca sp. 18

Prosoeca sp. 18

Prosoeca sp. 19

Prosoeca sp. 19

Prosoeca sp. 20

Prosoeca sp. 20

Prosoeca sp. 20

Prosoeca sp. 20

Prosoeca sp. 21

Prosoeca sp. 21

Prosoeca sp. 22

Prosoeca sp. 22

Prosoeca sp. 23

Prosoeca sp. 23
Stenobasipteron sp. 1
Stenobasipteron sp. 2
Stenobasipteron sp. 2
Stenobasipteron sp. 2
Stenobasipteron sp. 3
Stenobasipteron sp. 4
Stenobasipteron weidemanni
Stenobasipteron weidermanni
Stenobasipteron weidermanni
Stenobasipteron weidermanni

Stenobasipteron weidermanni

Mbotyi

Paardeplaats Nature Reserve
Malololtja National Park
Boosmanshos

Boosmansbos

Kamberg

Naudes Nek Pass
Mariepskop Nature Reserve
Mountainlands Nature Reserve
Saddleback Pass
Saddleback Pass

Sentinel

Naudes Nek Pass

Cape Peninsula

Silvermine Nature Reserve
Boland

Cape Peninsula

Bridal Veil Falls

Nelspruit

Mountainlands Nature Reserve
Nelspruit

Abel Erasmus Pass

Serala Forest Reserve
Nkandla Forest Reserve
Msikaba Campsite
Karkloof

Grahamstown

Grahamstown

-31.465389
-25.095679
-26.140859
-33.929018
-33.929018

-29.381052
-30.736268
-25.78014
-25.7735
-25.79536
-25.79787
-28.728861
-30.736268
-34.354020
-34.085932
-33.717485
-34.354020
-25.082029
-25.531727
-25.7735
-25.531727
-24.55128
-24.055322
-28.743981
-31.212619
-29.308598
-33.328778
-33.328778

29.730389
30.562498
31.117373
20.86353
20.86353

29.660820
28.13939

31.09808

31.08543

31.094741
31.104046
28.891777
28.13939

18.493001
18.418983
18.954361
18.493001
30.723459
30.953037
31.08543

30.953037
30.76479

30.005245
31.139830
29.670470
30.309024
26.500194
26.500194
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12 May 2019
30 March 2019
February 2019

13 January 2019
13 January 2019

15 March 2019
12 February 2019
29 March 2019
27 March 2019
25 March 2018
27 March 2019
28 January 2014
12 February 2019
23 October 2017
05 October 2019
23 October 2017
September 2018
25 March 2019
24 March 2018
27 March 2019
24 March 2018
22 March 2018
17 March 2018
13 April 2019
February 2014
30 March 2018
30 April 2019
30 April 2019

T. Bellingham
M. Rule

S. Johnson

B. Anderson
B. Anderson

M. Castafieda-
Zarate

S. Klumpers
M. Rule

M. Rule

R. Cozien

M. Rule

H. de Moor

S. Klumpers
A. Pauw

B. Anderson
A. Pauw

A. Pauw

T. van der Niet
G. Theron

G. Theron

R. Cozien

R. Cozien

R. Cozien

S. Johnson

J. coville

G. Theron

T. Bellingham
T. Bellingham



Table S3.2 Primer sequences used to amplify the gene regions included in this study.

Primer name | Gene Reference Primer sequence
region
NE Co1 Theron et al. (2020) ACTTTATAY TTTATY TTT GGA GC
C1-N-2191 Co1 Simon et al. (1994) CCC GGT AAAATT AAAATATAA
ACTTC
C1-J-2183 Co1 Simon et al. (1994) CAACATTTATTTTGATTTTTT GG
TL2-N-3014 | CO1 Simon et al. (1994) TCC ATT GCACTAATC TGC CAT ATT
A
2F 28S Reemer & Stahls (2013) | AGA GAG AGT TCA AGA GTACGT G
3DR 28S Reemer & Stahls (2013) | TAG TTC ACC ATC TTT CGG GTC
LR-J-12887 | 16S Simon et al. (1994) CCGGTT TGAACT CAG ATCATGT
SR-N- 16S Simon et al. (1994) CRCYTGTTT AWC AAA AAC AT
13398b
54F CAD Moulton & Wiegmann GTN GTN TTY CAR ACN GGN ATG GT
(2004)
405R CAD Moulton & Wiegmann GCN GTR TGY TCN GGR TGR AAY TG
(2004)
CAD-F202- | CAD Cisneros (2015) AAT AAG TGG AAT TGA TAC TAG
222
CAD-R611- | CAD Cisneros (2015) TGA GGA CTT GGA AGT GAATGT
631
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Chapter 4

Labile proboscis length evolution in a lineage of flower-visiting flies

(Nemestrinidae)

Genevieve L. Theron, Bruce C. Anderson, Allan G. Ellis, Steven D. Johnson & Timothels

van der Niet

To be submitted to: Evolutionary biology
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ABSTRACT

Modification of mouthparts into a proboscis allows for acquisition of nectar from floral tubes.
Proboscides evolved independently in most orders of flower-visiting insects and through
coevolution with flowers they can even greatly exceed body length. However, extremely
exaggerated traits likely incur developmental and functional costs. These costs may constrain,
and under some ecological conditions even reverse, evolutionary transitions to longer
proboscides in lineages. Using species-level phylogenetic comparative methods we
reconstructed the evolution of proboscis length in a clade of long proboscid nemestrinid flies
from southern Africa that includes the genera Moegistorhynchus, Prosoeca and
Stenobasipteron. Using a pruned phylogenetic tree, we found a positive interspecific
allometric relationship between body size and proboscis length after correcting for
phylogenetic relationship, but there was no clear phylogenetic signal in either of these traits.
A similar positive intraspecific relationship between proboscis length and body size is evident
across morphospecies with long proboscides. Using continuous character state reconstruction,
we inferred that the ancestor had a proboscis longer than the median of the current ingroup.
Discrete stochastic character state mapping showed that there were transitions between all
proboscis length categories (short, long and very long) and that transitions away from short
proboscides were most common. An analysis of structured rate permutations on phylogenies
did not detect any association between proboscis length and the rate of diversification. Our
results indicate that absolute proboscis length is a highly labile trait that may reflect

adaptations to the local environment for optimal foraging on flowers.

Keywords: allometry, ancestral state reconstruction, Nemestrinidae, proboscis length, trait

evolution
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INTRODUCTION

Proboscides have evolved convergently in various flower-visiting insects to access energy-
rich nectar resources (Krenn et al. 2005). A small proportion of flower-visiting insects
possess extraordinary proboscides that are longer than their bodies. Such extreme relative
lengths have evolved several times independently in Hymenoptera (Euglossini), Lepidoptera
(Papilionoidea, Sphingidae) and Diptera (Nemestrinidae, Tabanidae, Acroceridae) (Bauder &
Karolyi 2019), but are arguably most impressive in flies because their proboscides cannot be
rolled up. Proboscides that are particularly long may allow taxa to exploit a broader range of
feeding niches by increasing the variety of resources that are accessible (Haber & Frankie
1989; Martins & Johnson 2013; Klumpers et al. 2019). They may additionally facilitate the
acquisition of large quantities of nectar from relatively few flower visits and should result in
a high net-energy reward for visitors (Haverkamp et al. 2016). A longer proboscis may also
allow insects to access a larger portion of a nectar resource (ie. to reach the bottom of the
nectar tube) as well as the larger quantities of nectar that are associated with longer-tubed
flowers (Haber & Frankie 1989; Martins & Johnson 2013; Klumpers et al. 2019). Reciprocal
directional selection for longer traits between flower corolla tubes and pollinator proboscides
may lead to a co-evolutionary race (Anderson & Johnson 2008; Pauw et al. 2009), potentially

leading to unidirectional trait evolution (Klimov et al. 2017; Cardoso-Gustavson et al. 2018).

Proboscis lengths are likely under diverse selective pressures to balance optimal foraging
performance with potential developmental constraints and functional costs (Krenn et al.
2005; Anderson et al. 2010). Functional costs of a long proboscis may include reduced nectar
uptake rate and increased flower handling time (Kunte 2007; Karolyi et al. 2013). The larger
pumping organs required for the adequate functioning of the suction action of long
proboscides may also represent an additional material cost (Karolyi et al. 2012). Increased

costs associated with the evolution of particularly long proboscides may therefore restrict the
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evolution of this trait (Bauder & Karolyi 2019). Developmental constraints may limit changes
in the mechanism by which many exaggerated traits evolve, such as changes in the slope
and/or shape of allometric relationships (scaling pattern relating trait size to overall body
size) (Wilkinson & Reillo 1994; Klingenberg 2005). These constraints are thought to be the
cause of the low variability in static allometric slopes generally found between closely related
species, thus potentially restricting phenotype evolution (Gould 1966). Studying the changes
in scaling relationships within and between species may provide insights into the evolution of

trait morphology.

The evolution of traits, such as wings and metamorphosis, have been suggested to be key
innovations (ie. traits associated with an increased net diversification rate within a lineage),
leading to the immense diversity in insects (Mayhew 2007; Nicholson et al. 2014). In plants
it has been argued that the evolution of nectar spurs in flowers was a key innovation that
allowed radiation into new pollination niches for angiosperms, driving increased biodiversity
in the associated clades (Hodges & Arnold 1995; Fernandez-Mazuecos et al. 2019). It is not
known whether the evolution of proboscides had similar effects on the diversification of
insect groups. Long proboscides and long nectar spurs differ in terms of how they affect
levels of specialization; longer proboscides often broaden the feeding niche while deeper
flowers narrow the available pollinator niche because of morphological filtering (Borrell
2005). While the costs associated with long proboscides may necessitate the use of exclusive
high-energy nectar resources, they also facilitate generalization on a wider array of floral

species (Borrell 2005; Martins & Johnson 2013; Klumpers et al. 2019).

Southern African Nemestrininae are extremely diverse in terms of morphology and ecology
with proboscides ranging from 4mm to 100mm in different taxa (Barraclough 2006) (Fig. 1).
The nemestrinid proboscis cannot be rolled up like in Lepidoptera but rather swivels through

100 degrees from feeding to resting where it is carried at full length while tucked back
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between the legs (Karolyi et al. 2012). Nemestrinid proboscides are able to extend further for
up to about a third of the resting length while feeding but the degree of extension differs
between species (Morita 2011). A handful of southern African nemestrinids with particularly
long proboscides are thought to be the sole pollinators for ca. 150 plant species, many of
which are rare and endangered (Manning & Goldblatt 2000; Johnson 2006b). Species with
shorter proboscides are generally thought to act as visitors to generalist flowers, alongside
other pollinators (Devoto & Medan 2006; Potgieter et al. 2009). In southern Africa, various
species in three genera have been studied as key pollinators of the native flora. The
paraphyletic Prosoeca currently has 37 described species with Stenobasipteron embedded
within Prosoeca (chapter three). Moegistorhynchus, sister to the abovementioned clade,

currently has four described species (Barraclough 2017).

Exaggerated proboscis lengths have only been reported in a relatively small proportion of
southern African species, but can be found in Prosoeca, Moegistorhynchus and
Stenobasipteron. Thus, these exaggerated traits are spread across the phylogenetic tree
(chapter 3) and likely have multiple origins. Co-evolution has been suggested to be a major
force in shaping exaggerated lengths of the proboscis in the flies, as well as the corolla tubes
of the flowers that they visit (Anderson & Johnson 2008; Pauw et al. 2009). Selection for
longer proboscides may cause the evolution of traits to be directional, evolving from one state
to another but never or rarely in the opposite direction (Whittall & Hodges 2007; Klimov et
al. 2017). The limited number of species with a long proboscis may suggest constraints (eg.
developmental) on the origin of this trait state, or that functional costs or trade-offs between
resource acquisition and foraging efficiency select against it. The diversity of proboscis
lengths of morphospecies in southern African Nemestrininae represents an ideal study system
to examine scaling relationships as well as the pattern of state transition in proboscis length

and its effects on the rate of diversification.
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We aimed to reconstruct the evolution of proboscis length, for the clade comprising
Moegistorhynchus, Prosoeca and Stenobasipteron, using comparative phylogenetic methods
and focusing on four aspects. (i) We predict that proboscis and body length evolution would
be labile (ie. not phylogenetically conserved) because exaggerated traits are distributed across
the phylogeny. (ii) We consequently expect long and short proboscides to have multiple
independent origins in the sampled group and (iii) we also predict an overall bias in the
direction of transitions from shorter to longer proboscides. (iv) Finally, we expect long

proboscides to be associated with increased diversification rates.

METHODS

To reconstruct the evolution of proboscis length in a clade of southern African nemestrinids
which includes Prosoeca, Moegistorhynchus and Stenobasipteron we utilized a pruned
version of the majority-rule phylogenetic tree from the Bayesian Inference reconstruction
reconstructed in chapter three. The phylogenetic tree was trimmed to include a single
accession per morphospecies using the drop.tip function from the APE (Paradis et al. 2004)
package in R (R Core Team 2017). Additionally, the outgroups were trimmed from the tree.
The tree was then forced to bifurcate with the multi2di function and made ultrametric with

the chronos function using the phytools package (Revell 2012).

Morphological traits and allometry

Proboscis and body length of all individuals in the phylogenetic tree, as well as other
representatives from the same morphospecies, were measured (see Table S1 for sample
sizes). Proboscis length was measured with a pair of digital callipers from the junction of the

proboscis and the face to the tip of the proboscis, without extending the proboscis. Although
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proboscides are able to extend during feeding (Morita 2011), we use the unextended length to
allow for the inclusion of museum specimen measurements. Body length was measured from
the frons to the end of the abdomen, excluding the genitalia. The mean value for traits of
morphospecies was used in all analyses to account for variation from multiple individuals. To
normalize the distribution of absolute proboscis and body length, the natural log was used
throughout as a continuous trait (LaBarbera 1989). Relative proboscis length was calculated
by dividing the mean proboscis length by mean body length for each morphospecies. To
assess the allometric relationship between body length and proboscis length across the group
(ie. evolutionary allometry), we used the morphospecies means and ran a Phylogenetic
Generalised Least Squares (PGLS) regression using the pgls function with the Caper package
(Orme 2013). PGLS corrects for phylogenetic relatedness to account for the statistical non-
independence of closely related species. An ordinary linear regression (OLS) was also run
with body length as the predictor and proboscis length as the response variable. Static
allometry of 14 morphospecies which had measurements of proboscis and body length for
more than 10 individuals was assessed with an OLS analysis. Differences in the static
intercept between species indicates differences in the proportional size of the proboscis
length, irrespective of body size, while the relationship between the two traits are maintained
(Gould 1966). A difference in the static slope between species, however, indicates a
difference in how the proportional size of the proboscis changes with the body size within a
species (Gould 1966). Positive allometry with a static slope value > 1 indicates that with a
unit increase in body size, there is a proportionally larger increase in the size of the relevant
trait. A static slope = 1 indicates isometry and means that a unit increase in body size, is

equal to a unit increase in the relevant trait.

Phylogenetic signal
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To evaluate whether the phylogenetic relationships can explain the observed trait values,
phylogenetic signal of traits was analysed by running 999 simulations of Pagel’s lambda
(Pagel 1999) and Blombergs K (Blomberg et al. 2003). We calculated lambda and K using
the species mean data for proboscis length, body length and the relative proboscis length as
continuous traits using the phylosig function from phytools. Blombergs K is defined as the
ratio between the mean squared error of the observed traits divided by the mean squared error
of the trait calculated using a variance-covariance matrix obtained from the given phylogeny
and a Brownian motion model of trait evolution (Munkemdiller et al. 2012). Pagel’s A is a tree
transformation approach that assesses the degree of fit of trait data to a Brownian motion
model with values ranging between 1 and 0. When A and K > 1, the phylogenetic
relationships can explain the observed trait values whereas values of A and K < 1 indicate that

the phylogenetic relationships alone cannot explain observed trait values.

Character coding

Ancestral state reconstruction was done for absolute and relative proboscis length, as they
potentially have different evolutionary mechanisms: long proboscid flies interact with the
floral tube of the flowers they visit via the absolute length of their proboscis. Therefore, the
strength of interactions between flowers and nemestrinid pollinators likely affect the
evolution of proboscis length. Relative proboscis length was also considered, as species with
larger bodies will generally have larger morphological traits. Additionally, constraints or
functional costs may be larger for small bodied species with a long absolute proboscis than a

large bodied species with an equally long proboscis.

Absolute and relative proboscis length were both analysed as continuous traits, whereas

absolute proboscis length was additionally reconstructed as a discrete trait. To allow
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reconstruction of traits with a continuous distribution and thereby including all the subtle
changes in length, we reconstruct proboscis lengths and the trait value of the most recent
common ancestor as continuous trait. In addition, discrete trait reconstruction was used to
evaluate the frequency and directionality of transitions between long and short proboscides.
For discrete trait reconstruction, the frequency distribution of absolute proboscis length was
used to identify cut-off values where a clear gap in the distribution is observed. An absence
of species with mean proboscides of 14-16 mm and 23-29 mm, were observed and used as
the two cut-off points to generate three discrete states (Fig. 4.2). Absolute proboscis length
was considered short if it was shorter than 15 mm, long if it was between 15 mm to 29 mm
and very long if it was longer than 29 mm. Modelling the evolution of proboscis length based
on discrete character states may have disadvantages such as the loss of biological information
contained in the dataset and the potential for subjective bias in defining character states
(Parins-Fukuchi 2018). We, however, aimed at evaluating how often proboscis lengths
undergo large changes, specifically to the exaggerated trait values and back to short values.
Therefore, we use the cut off 15mm and 23mm to evaluate the frequency and directionality of
transitions between short, long and very long proboscides by reconstructing the absolute

proboscis length as a discrete trait.

Continuous trait evolution

To examine the proboscis length of the most recent common ancestor, nine models of
continuous evolution available for the Geiger package (Pennell et al. 2014) in R were
compared using weighted AIC. This included the commonly used Brownian motion (BM)
and Ornstein-Ulhenbeck (OU) models. The trait value for the most recent common ancestor
of the ingroup and its associated 95% confidence interval was estimated for absolute and
relative proboscis length using the fastANC function from the phytools package (Revell
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2012). This was done on 100 randomly selected trees from the posterior distribution of the
Bayesian Inference analysis from chapter three, to account for phylogenetic uncertainty. To
visualize the evolution of proboscis length as a continuous trait along the tree we used the

contMap function from the phytools package (Revell 2012).

Discrete trait evolution

To assess the frequency and direction of transitions, the evolution of absolute proboscis
length was analysed as a discrete multistate trait (ie. < 15mm, short; 15 — 23mm, long and >
23 mm, very long) using maximum-likelihood ancestral state reconstruction under three
models. An equal-rates (ER) model, symmetrical rates (SYM) model and an all rate different
(ARD) model were compared using the fitdiscrete function from the Geiger package (Pennell
et al. 2014). The weighted AIC values of the three models were compared to select the most
appropriate model for the tree topology. Character-state transition probabilities and rates were
calculated using Bayesian stochastic character mapping on 100 phylogenetic trees with the
make.simmap function in the phytools package (Revell 2012). The Bayesian stochastic
mapping analysis was run for 100 simulation replicates, with the model that had the lowest

AIC value.

Diversification rate

To test if there were shifts in the diversification rate in the clade, we first ran a Bayesian
analysis of macroevolutionary mixtures (BAMM) analysis using BAMM 2.5.0 (Rabosky et
al. 2013). The priors configured using BAMMTtools (Rabosky et al. 2014) in R were used
with an expected number of diversification rate shifts of one, which is the default. To test the

relationship between log10 transformed absolute proboscis length and the net diversification
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rate along the phylogeny, we used a Structured rate permutations on phylogenies (STRAPP)
analysis with the traitdependentBAMM function from BAMMTtools (Rabosky & Huang

2016).

RESULTS
Morphological traits and allometry

Proboscis lengths across the sampled species show an almost continuous distribution of
lengths ranging from 4mm to 53mm (Fig. 4.2) while body length varied from 7mm to 20mm.
Relative proboscis length likewise shows a continuous distribution with ratios of proboscis to
body length ranging from 0.29 to 3.64 in our dataset (Fig. 4.2). There is a strong relationship
between body length and proboscis length across morphospecies (F1,s6 = 15.25, R? = 0.20, p <
0.001; Fig. 4.3). This relationship between body length and proboscis length is maintained
after controlling for phylogenetic relationships (F1,s6 = 17.53, R? = 0.22, p < 0.001). The slope
of evolutionary allometry across the clade is close to isometry (1.08). When the static
allometry of individual morphospecies is examined, the significant relationship between body
length and proboscis length is only maintained for morphospecies with a long proboscis
(Table 4.1, Fig. 4.4). Prosoeca longipennis and P. peringueyi were the only morphospecies
that showed a static slope > 1 (positive allometry), whereas P. torquata had a slope close to
isometry (Table 4.1). None of the morphospecies with a proboscis shorter than 17mm showed

a significant relationship between body length and proboscis length (Table 4.1, Fig. 4.4).

Phylogenetic signal

The observed trait values for both proboscis length and body length cannot be explained by

phylogenetic relationships under a model of Brownian motion evolution. Little to no
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phylogenetic signal was detected for proboscis length (lambda = 0.54; K = 0.29), body length
(lambda = 0.83; K = 0.52) or relative proboscis length (lambda = 0.46; K = 0.24). Body
length showed the highest Pagel’s lambda value, but the corresponding K value was well

below the threshold of phylogenetic signal.

Continuous trait evolution

A lambda model provided the best fit (AICw = 0.643) of the seven models of absolute
proboscis length evolution. Most of the remaining AIC weight was shared between the
remaining models (OU, AICw = 0.097; delta, AICw = 0.071), whereas the BM model and the
EB model received low support (AICw = 0.046 and 0.017, respectively). The proboscis
length of the most recent common ancestor averaged over 100 trees was estimated to have
been 11.88 mm, with the 95% confidence interval: 11.39 — 12.37 mm, which is only slightly

longer than the median length of the extant species (median: 10.95mm).

A Lambda model also provided the best fit (AICw = 0.507) of the seven models of relative
proboscis length. The majority of the remaining AIC weight was made up by the OU model
(AICw = 0.140), while the EB and BM model each received little support (EB AICw =
0.970E-04; BM AICw = 0.003). The relative proboscis length of the most recent common
ancestor averaged over the 100 trees was estimated to have been 1.08 times the length of the
body (Fig 4.5), with 95% confidence interval: 1.05 — 1.12, longer than the median length of

the current ingroup (median: 0.861 times the length of the body).

Discrete trait evolution
A comparison of the weighted AIC of the ER, SYM and ARD models revealed that the ER
model fits best for the multistate analysis of absolute length (AICw = 0.826). The SYM
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model (AICw = 0.151) had the second highest weighted AIC for the multistate analysis.
Discrete trait estimation of absolute proboscis length on 100 phylogenetic trees suggests, with
weak support, that the ancestral state of this group is a short proboscid morphospecies (0.92
PP) (Fig. S4.1). Stochastic mapping inferred changes between all three states with transitions

away from short are most common (Table S4.2, Fig. 4.6).

Diversification rates

The 95% credible set of rate shift configurations sampled with BAMM included 14 distinct
configurations. A model with no shifts in the diversification rate received the most support
(PP =0.917). The STRAPP analysis similarly showed that the evolution of proboscis length

was not associated with changes in net diversification rates (r = 0.019, p = 0.899).

DISCUSSION

The sampled nemestrinids vary considerably in absolute proboscis length as well as relative
proboscis length (ie. proboscis length over body length) (Fig. S4.2). Morphospecies exhibited
proboscides ranging from less than half of the body length to more than three times the length
of the body (Fig. S4.2). While proboscis length is correlated with body length across species,
static allometry relationships are only present in long proboscid morphospecies and absent in
short proboscid morphospecies. This suggests that different selective pressures may be acting
on the traits of morphospecies with long and short proboscides. Both absolute and relative
proboscis length are evolutionarily labile traits that are not phylogenetically conserved. The
lack of phylogenetic signal indicates that the evolution of proboscis length and body length
cannot be explained by the phylogenetic relationships among morphospecies. Morphospecies

with long proboscides clearly do not form a monophyletic clade, illustrated by the multiple
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sister morphospecies pairs exhibiting vastly different trait values (eg. M. brevirostris,
proboscis mean = 10.71mm and M. longirostris, proboscis mean = 53.24mm). Multiple
independent transitions from short to longer proboscides and vice versa occurred in the
evolutionary history of this group. There is a pattern of more frequent transitions from short
to longer proboscides, indicating directionality in absolute proboscis length evolution. We
found no support for an association between proboscis length and the rate of diversification.

Based on these results, we find that proboscis length is a labile trait.

The recurrent and reversible pattern of proboscis lengthening suggests that different
ecological conditions select strongly for both long and short proboscides. Different proboscis
lengths are likely advantageous under different environmental conditions and may explain
why there is no association between proboscis length and diversification. All clades include
long and short proboscid morphospecies except for clade B (Fig. S4.1) which only contains
short proboscid morphospecies. Absolute proboscis length shows multiple transitions
between very long, long and short proboscides in all directions with transitions away from
longer lengths being rarer than those towards increased lengths. Bidirectional changes in the
trait values of leg length and eye-stalk length have also been found in Rediviva and diopsid
flies, respectively (Baker & Wilkinson 2001; Kahnt et al. 2017), suggesting that reversals

away from exaggerated traits may be relatively common.

Phylogeny does not appear to explain proboscis length changes in this clade of nemestrinids
unlike the phylogenetically conserved pattern seen in orchid bees (Ramirez et al. 2010) or in
bumble bees (Kawakita et al. 2004). While the phylogeny on which these results are based
may not be complete (chapter three), it is clear that a single origin of long proboscides can be
rejected. A similar pattern of relative trait evolution is present in the oil-bee genus Rediviva
which exhibits multiple independent origins of leg length longer than body length from a

short legged ancestor (Kahnt et al. 2017).
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We found a positive association between body length and proboscis length across the clade,
as well as in the static allometry of morphospecies with long proboscides. There was,
however, no significant association between body and proboscis length for morphospecies
with shorter proboscides. Increases in proboscis length from a short ancestral morphospecies
may be facilitated by a change in the slope or the intercept of the allometric relationship.
Directional selection, such as that imposed by long-tubed flowers (Anderson & Johnson
2008; Pauw et al. 2009), is generally thought to favour steeper static slopes (Voje 2016),
while stabilizing selection is thought to favour shallower slopes (Pélabon et al. 2011). Steeper
static allometries may also evolve if there is a resource trade-off between proboscis length
and body size (Bonduriansky & Day 2003). The different pathways by which proboscis
length changes across the phylogeny may be the result of different selection pressures

experienced by different species.

Both costs and benefits should be considered when interpreting selective forces acting on
ecologically important traits such as proboscis length. Access to increased floral resources
associated with long proboscides likely presents a foraging advantage over competitors
(Martins & Johnson 2013; Johnson et al. 2017; Klumpers et al. 2019). However, long
proboscides may decrease feeding efficiency by increasing handing times (Karolyi et al.
2013; Bauder et al. 2015), be expensive to maintain (Krenn 2019) or require specific
ecological conditions to be energetically worthwhile. Like for stalk-eyed flies (Swallow et al.
2000), larger exaggerated traits, may also have a greater negative impact on aerial
performance in nemestrinids. Thus, to ensure efficient flying and foraging, a long proboscis
may additionally necessitate a tight allometric relationship between body size and proboscis
length. Selection on size may also be indirect, if larval host size variation results in

differences in absolute proboscis lengths, as is seen in acorn weevils (Bonal et al. 2011), or
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may be the result of abiotic selection on body size as with many other groups of insects

(Chown & Gaston 2010).

Our findings suggest that diversification proceeded gradually, without a significant shift in
the diversification rate. This pattern is the opposite of what has been found for flower spur
evolution in groups like Antirrhineae and Aquilegia (Whittall & Hodges 2007; Fernandez-
Mazuecos et al. 2019). In flower spurs, increased specialization of visiting pollinators is often
associated with increased diversification rates (Armbruster & Muchhala 2009), while
increased generalization of the nemestrinid feeding niche (with increasing proboscis length)
appears to have no effect on diversification rate. Much like proboscis length in this study, the
foreleg length in Rediviva bees (which can be extremely exaggerated) was also not associated
with a change in diversification rate (Kahnt et al. 2017). The lack of association between
proboscis length and diversification rate may be due to low statistical power as a result of the
relatively low number of morphospecies included in the phylogeny (Rabosky & Huang
2016). A larger, more inclusive phylogeny, potentially including other families or orders of
insects, with a quantitative analysis may provide a more suitable basis on which to examine
the association between diversification rate and proboscis length. Additionally, an analysis
inclusive of a measure of error for trait means may provide a more accurate representation of
trait evolution (Martins & Hansen 1997) as some morphospecies show considerable variation
around the mean, especially in proboscis length. Further studies examining the mechanisms
behind changes in allometry and body size will aid our understanding of the development of

these exaggerated traits.
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Figure 4.1 Photographs of in situ adult Prosoeca species visiting flowers. (A) Prosoeca
ganglbaueri visiting an Agapanthus sp. (B) Prosoeca sp. 6 visiting a Lamiaceae sp. (C)
Prosoeca umbrosa visiting Nerine angustifolia (D) Prosoeca peringueyi visiting a
Zaluzianskya sp. Photo credits: (A) Michael Whitehead, (B) Ruth Cozien, (C) Genevieve

Theron, (D) Steven Johnson.
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Figure 4.2 Frequency distribution of morphospecies (A) mean proboscis length (mm) and

(B) relative proboscis length.
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Figure 4.3 Regression of mean body length and mean proboscis length. Grey shading
indicates SE. Fly illustrations are to scale relative to each other and are connected to the

morphospecies that they represent on the graph by a dotted line.
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Figure 4.4 Regressions of 1og10 body length and log10 proboscis length for 14
morphospecies. Grey shading indicates SE. Asterisks on the figure legend indicate a

significate relationship between body and proboscis length for the relevant morphospecies.
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Figure 4.5 Continuous character evolution mapping of relative proboscis length with mean

absolute proboscis length indicated in grey bars.
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Figure 4.6 Evolutionary proboscis state transitions within the nemestrinid clade containing

Moegistorhynchus, Prosoeca and Stenobasipteron. The size of the circles is proportional to
total number of species sampled within each state: short, 39; long, 13; very long, 6. Arrow
thickness is proportional to the number of transitions in each direction averaged over 100

phylogenetic trees.
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Figure S4.1 Stochastic character mapping of absolute proboscis length with three character

states.
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Figure S4.2 Variation in morphological traits measured for the 14 morphospecies for which allometry was assessed. (A) Scatterplot of proboscis
length and body length of all measured individuals. Median and standard deviation indicated with dark vertical and horizontal bars. (B)

Raincloud plot indicating the distribution of specimen data for log10 of relative proboscis length.

Table 4.1 Morphological measurements and linear regression statistics of morphospecies used to examine static allometry.
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Morphospecies Mean proboscis length Mean body length Intercept Slope Rvalue P value

Mean + SE Mean + SE
Prosoeca atra 11.02 (0.49) 14.03 (0.31) 0.4489 0.5121 0.01 0.355
Prosoeca beckeri 9.56 (0.34) 16.31 (0.30) 1.1054 -0.1073 0.06 0.842
Prosoeca ganglbaueri 31.44(1.02) 17.74 (0.26) 0.5857 0.7540 0.09 0.00229
Prosoeca ignita 9.81(0.21) 16.39 (0.40) 0.5030 0.4126 0.20 0.0538
Prosoeca longipennis 33.58 (1.32) 17.47 (0.41) -0.1332 1.3890 0.34 0.00159
Prosoeca macularis 11.41 (0.35) 14.84 (0.30) 0.2446 0.6921 0.16 0.0857
Prosoeca peringueyi 29.66 (0.69) 19.10 (0.26) -0.1418 1.2582 0.52 5.9e-06
Prosoeca torquata 17.96 (0.38) 16.56 (0.29) 1.1182 1.0170 0.59 5.48e-08
Prosoeca umbrosa 10.94 (0.20) 12.90 (0.16) 0.2931 0.6689 0.19 0.00643
Prosoeca westermanni 6.85 (0.27) 16.15 (0.43) 0.3417 0.4059 0.02 0.296
Prosoeca sp. 6 9.98 (0.26) 9.19 (0.26) 0.7747 0.2286 0.02 0.236815
Prosoeca sp. 14 10.95 (0.46) 12.35 (0.39) 1.4483 -0.3946 0.22 0.220861
Prosoeca sp. 16 13.56 (0.50) 16.18 (0.40) 0.3528 0.6434 0.13 0.127
Prosoeca sp. 20 8.20 (0.19) 10.72 (0.31) 0.5900 0.3131 0.10 0.10953
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Table S4.1 Localities, specimen details and morphological measurements of accessions used for the phylogenetic analyses.

Relative
Sequence
Morphospecies Locality Latitude Longitude Proboscis length Body proboscis
° length
Mean + SE Range N Mean + SE Range N

SS1S Moegistorhynchus brevirostris Silverstroomstrand -33.528550  18.446101  10.71 1 1295 1 0.83
SS1L Moegistorhynchus longirostris Silverstroomstrand -33.528550  18.446101  53.24 (8.28) 32.06-80.78 5 14.62 (0.46) 13.31-16.2 5 3.64
GVv328 Moegistorhynchus sp. 1 Groenvlei -30.319344  18.067708  11.76 1 14.06 1 0.84
PB244 Moegistorhynchus sp.2 Picketberg -32.79855 18.665922  46.38 1 1787 1 2.60
NN220 Prosoeca accincta Naudes Neck Pass -30.732387  28.138476  8.73(0.21) 7.73-9.14 6 10.86 (0.39) 9.74-12.61 7 0.80
TB19 Prosoeca atra Mbotyi -31.465393  29.730393  11.02 (0.49) 8.57-14.2 14  14.03(0.31) 12.33-16.13 15 0.79
BB177 Prosoeca beckeri Boosmansbos -33.929018  20.86353 956 (0.34) 7.19-11.94 17  16.31(0.30) 14.01-19.02 19 0.59
SKO01 Prosoeca cf. caffraria Vernon Crooke Nature Reserve -30.274244  30.594822  10.79 (0.61) 9.66-12.96 5 13.84(1.0) 11.74-16.52 5 0.78
HH191 Prosoeca cf. lichtwardti Hottentots Holland Nature Reserve -34.069298  19.047765 690 (0.56) 6.35-7.45 2 12,92 (0.26) 12.66-13.18 2 0.53
GK256 Prosoeca cf. olivacea Graskop -24.932787  30.808752  8.40 (0.41) 6.77-10.19 8 8.02(0.22) 7.07-8.82 8 1.05
RJC159 Prosoeca cf. rubicunda Swartberg 33.400 22.355 18,49 (1.39) 17.1-19.88 2 11,44 (1.19) 10.25-12.63 2 1.62
NKO05 Prosoeca cf. variabilis Nkandla Forest Reserve -28.743981  31.139830  10.70 (0.53) 9.25-13.01 8 10.31(0.44) 8.64-12.57 8 1.04
GTN324 Prosoeca cf. willomoresis Grahamstown -33.311184  26.527556  10.17 (0.50) 9.25-11.45 4 10.97(0.22) 10.52-11.56 4 0.93
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Riversdale

Waylands Nature Reserve

Niewoutville Botanical Garderns

Hottentots Holland Nature Reserve

PMB Botanical Gardens

Boosmanshbos

Botterkloof

Jonaskop

Ariehoek

Mount Gilboa

Prince Alfred Hamlet

Bisley Nature Reserve

Nieuwoudtville

-29.607538

-31.465391

-30.77598

-23.880965

-31.00363

-34.036519

-33.408801

-31.398152

-34.069298

-29.607538

-33.929018

-31.823601

-33.957261

-30.244758

-29.308598

-33.236666

-29.658909

-31.387089

30.34779

29.730391

28.22365

29.99877

30.17356

21.455702

18.413050

19.141070

19.047765

30.34779

20.86353

19.256734

19.520465

18.050258

30.309024

19.55

30.387038

19.176518
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SWo08

AH58

MG237

GLT16

GC248

BB340

LT284

DS01

BN251

MG249

JK145
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JK142

RJC174

PP283

BB184

NN216

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

Prosoeca sp.

2

3

4

5

6

10

11

12
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15
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Soetwater

Naudes Nek

Mount Gilboa

Haenertsberg

Giants Castle Nature Reserve

Bulembo border post

Long Tom Pass

Dullstroom

Bushmans Nek Pass

Mount Gilboa

Jonaskop

Langkloof

Jonaskop

Eshowe

Paardeplaats Nature Reserve

Boosmansbos

Naudes Neck Pass

-30.371906

-30.73242

-29.276283

-23.880965

-29.276286

-25.943825

-25.149548

-25.396739

-29.843928

-29.278267

-33.968685

-30.55937

-33.957259

28.8910833

-25.095679
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18.092013

28.14157
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30.287912
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19.520465

31.4349
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28.13939
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AP812

BV262

ML271

RJC84

WK11

TB04

Prosoeca sp. 20

Prosoeca sp. 21

Prosoeca sp. 21

Prosoeca sp. 23

Stenobasipteron sp. 1

Stenobasipteron sp. 2

Stenobasipteron sp. 3

Stenobasipteron sp. 4

Stenobasipteron weidermanni

Saddleback Pass

Naudes Neck Pass

Silvermine Nature Reserve

Cape Peninsula

Bridal Veil Falls

Mountainlands Nature Reserve

Abel Erasmus Pass

Serala Forest Reserve

Grahamstown

-25.79536

-30.736268

-34.085932

-34.354020

-25.082029

-25.7735

-24.55128

-24.055322
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7.88-12.92
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12.93-13.71

8.92-12.45
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0.76

0.60

0.30

0.45

1.58

1.69
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Table S4.2 Number of transitions between states of proboscis length using a discrete

character state evolution analysis on 100 phylogenetic trees.

Number of Very

morphospecies (n)  Short Long long
Short (<15mm) 39 125 153
Long (15-23mm) 13 9.25 1.23
Very long (>23mm) 6 5.8 1.06
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Chapter 5

Repeated biome shifts following a Miocene Fynbos origin for southern African

tangle-vein flies in the Nemestrininae subfamily (Nemestrinidae)

Genevieve L. Theron, Bruce C. Anderson, Allan G. Ellis, Steven D. Johnson & Timotheus

van der Niet

To be submitted to: Molecular Phylogenetics and Evolution
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ABSTRACT

While transitions between broad ecological niches, such as biomes, can trigger speciation
events directly, the prevalence of niche conservatism may result in diversification occurring
largely within broad niches. Studying the history of biome occupancy in lineages can thus
shed light on the role of major ecological shifts in radiations. South Africa is ecologically
diverse, containing nine biomes distributed within winter and summer rainfall regions, as
well as three global biodiversity hotspots. Here we investigate the timing of diversification
events and reconstruct biome shifts across a clade of pollinating long-tongued flies
(Nemestrinidae), comprising of Moegistorhynchus, Stenobasipteron and Prosoeca, that occur
in seven of the nine biomes of South Africa. Using COI substitution rates across a phylogeny
of 58 morphospecies, we reconstruct a Miocene (19 MYA) origin for the root of this clade.
We use the dated phylogeny in combination with reconstruction of biome shifts to infer a
Fynbos origin for the clade, with successive, bidirectional transitions between Fynbos and
Grassland. Shifts from these biomes into Forest and Succulent Karoo were also present, albeit
less frequent. Furthermore, multiple but relatively few independent colonisations of biomes
were reconstructed, whereas the majority of speciation occurred within biomes rather than via
shifts between biomes. Our results mirror those of similar biogeographical patterns of some
groups of plants and insects and suggests a shared response to biotic or abiotic factors of the
biome. Thus, as is the case for plants, our results indicate that the region in which the Fynbos
biome is located was an historical repository of insect diversity from which colonisation of

other biomes took place.

Keywords: biogeography, biome transitions, molecular dating, Nemestrinidae, speciation
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INTRODUCTION

Biomes can be viewed as representing broad ecological niches based on differences in plant
community composition and structure, as well as climatic variables (Rutherford et al. 2006).
Niche conservatism, the tendency of species within a lineage to inhabit similar ecological
niches as they diversify (Chapple & Keogh 2004; Crisp et al. 2009; Moriniére et al. 2016;
Laver et al. 2017), is frequent at the level of biomes (Crisp et al. 2009). This is likely due to
the substantial ecological differences that exist between biomes, which may require profound
physiological and morphological adaptation, inhibiting biome shifts, at least in plants (Simon
et al. 2009; Donoghue & Edwards 2014). It is thought that evolutionary biome switching may
require some degree of pre-adaptation which facilitates the colonisation of new biomes (Crisp
& Cook 2012; Stock & Verboom 2012; Edwards & Donoghue 2013). Inherited physiological
traits such as climate tolerances may thus limit species’ geographic range and ability to adapt
to new environments. Therefore, studying and understanding the patterns and processes
associated with transitions in biomes are key to explaining local species diversity (Gosz

1992).

Indeed, speciation driven by ecological shifts within a particular biome appears to be much
more frequent than speciation driven by ecological shifts among biomes, at least in plants,
suggesting that biome conservatism is common (Crisp et al. 2009). However, once
transitions between biomes occur, lineages may be introduced to novel ecological
opportunities that promote adaptive radiation (Yoder et al. 2010; Pirie et al. 2019). In some
clades, however, diversification appears to be linked to repeated biome transitions rather than
to within-biome radiations (Mitchell et al. 2014; Cardillo et al. 2017). A recent meta-analysis
suggested that methodological issues associated with the use of single biome occupancy (ie.
monomorphic coding) may have caused the underestimation of biome transitions compared

to when species were allowed to occupy multiple biomes (Dale et al. 2021). Additionally,
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case studies using well resolved, densely sampled phylogenies suggest that these repeated
transitions are more common than once thought (Holstein et al. 2011; Schmerler et al. 2012;
Cardillo et al. 2017; Smissen & Rowe 2018). Studies on plants have shaped ideas about the
relative importance of biome transitions for understanding diversification. This is perhaps
because biomes are often defined on the basis of vegetation structure or composition, while
very little is known about evolutionary biome transitions in animals such as insects (but see

Kim & Farrell, 2015; Breeschoten et al., 2016; de Jager & Ellis, 2017).

Although biome definitions are often based on plants, the direct or indirect association of the
majority of insects with plants during some stage of their life cycle may suggest that biomes
are also suitable geographic units for understanding spatial patterns of insect distribution
(Siemann et al. 1998). Most insect species and higher-level taxa are limited to particular
biomes due to physiological limitations and/or presence of obligate mutualistic interaction
partners (Wiens & Graham 2005; Waterman et al. 2011; Duffy & Johnson 2017). Thus,
studying the occupancy of ecologically distinct geographic units such as biomes in a
phylogenetic context provides a useful framework to understand the relative importance of
changes in ecological niches for insect diversification. This framework can also provide
insights into the factors driving diversification and the rates of ecological adaptation to novel

environments through evolutionary time (Donoghue & Edwards 2014).

The biota of South Africa is highly diverse; they are distributed across nine biomes (Mucina
& Rutherford 2006) encompassing regions of mainly winter- or summer-rainfall (Tyson &
Preston-Whyte 2000) and three biodiversity hotspots (Hrdina & Romportl 2017). Distinct
biomes have been identified for South Africa based on floristic composition and climatic
variables. These biomes range from Forests with complete canopy cover, to xeric Succulent
Karoo with sparse, low growing vegetation (Mucina & Rutherford 2006). All nine biomes

have undergone much spatial and compositional change over geological history, with the
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currently recognizable biomes originating between the Cenozoic and Pleistocene (Nilsson et
al. 1996; Scott et al. 1997; Verboom et al. 2009; Bond 2015). While much of South Africa is
thought to have once been host to forests and woodlands, closed-canopy forests, up until the
Miocene, are now mostly small, isolated remnant patches, embedded in a matrix of grass or

shrub dominated biomes (Nilsson et al. 1996; Mucina & Rutherford 2006; Bond 2015).

Nemestrinidae, a small, early diverging dipteran family centered in the Mediterranean,
eastern Australia, southern Africa, Chile and Argentina (Bernardi 1973), occurs in the
majority of South African biomes. Southern Africa houses ca. 44 (although chapter three
suggests that species diversity may be underestimated by half) of the ca. 277 described
nemestrinid species worldwide (Barraclough 2006, 2017). All extant adult Nemestrinidae are
thought to be important flower visitors, although this has only been shown in Chile and
southern Africa (Goldblatt et al. 2000; Devoto & Medan 2006). Their other life stages are,
however, less well understood in the southern African genera, but it is assumed that all

Nemestrinidae have parasitic larvae (Bernardi 1973).

Nemestrinidae is an ancient family of flies, with many fossils found from the Jurassic
(Ansorge & Mostovski 2000). Due to the easily recognizable diagonal wing vein, a
substantial number of nemestrinid fossils has been identified. The family is thought to have
originated in the Triassic, and ca. 26 species of nemestrinid fossils have been described
(Bernardi 1973; Mostovski 1998; Mostovski & Martinez-Delclos 2000; Wedmann 2007; Liu
& Huang 20193, 2019b; Wedmann et al. 2021). While southern Africa represents a hotspot of
nemestrinid diversity (Bernardi 1973), no southern African nemestrinid fossils have been

identified yet.

Prosoeca, Stenobasipteron and Moegistorhynchus form a clade of closely related southern
African genera in the Nemestrinidae. Moegisorhynchus currently has four described species
and is limited to the western region (winter-rainfall area) of South Africa, while
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Stenobasipteron, with three species, occurs in the eastern part of the South Africa (summer-
rainfall) and parts of Zimbabwe. Prosoeca is the largest of the three genera with 37 described
taxa. The genus is widely distributed throughout southern Africa including Zimbabwe and
Namibia (Barraclough 2017). The taxonomy of these three genera requires substantial
revision, as multiple undescribed species have been attributed to all three of these genera.
Additionally, Moegistorhynchus was found to be sister to a paraphyletic Prosoeca, with
Stenobasipteron being nested within Prosoeca (chapter three). Collectively, this clade likely
occurs in almost all of South Africa’s nine biomes (Barraclough 2006). While
Stenobasipteron weidermanni is the only nemestrinid species in this clade thought to be truly
Forest dwelling (Potgieter & Edwards 2005), many other species are associated with Forest
ecotones. Species from the southern African clade comprising Moegistorhynchus, Prosoeca
and Stenobasipteron are distributed across multiple biomes and provide an ideal system for
examining patterns of dispersal and speciation over evolutionary time, in association with

ecologically distinct biomes.

Stenobasipteron and Moegistorhynchus have no known fossils, but two fossil species have
been designated, albeit with doubt, as closely related to Prosoeca in Palembolus (Bequaert &
Carpenter 1936; Mostovski & Martinez-Delclos 2000). The oldest of the two fossils,
Prosoeca (Palembolus) saxea, is from the Lower Cretaceous, suggesting an origin of at least
125 million years ago (MY A) for Palembolus (Mostovski & Martinez-Delclos 2000). The
two Prosoeca (Palembolus) fossils were found in Florissant, USA (Bequaert & Carpenter
1936) and near Cuenca, Spain (Mostovski & Martinez-Delclos 2000), outside the current,
southern African, distribution of extant Prosoeca species (Barraclough 2017). Palembolus
was considered a subgenus of Prosoeca by Bequaert & Carpenter (1936), but Bernardi (1973)
rather considered it a separate genus. Bernardi (1973) suggested that the uninformative wing

venation characters and the disjunct distribution of Prosoeca and Palembolus cast doubt on
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the subgenus classification, as extant Prosoeca are an exclusively southern African radiation.
It is therefore unclear if the southern African Prosoeca originated as far back as the fossils
suggest or if the extant genus represents an independent and/or younger lineage from these

fossils.

The aim of this study was to evaluate the timing of diversification events and to reconstruct
biome shifts for the clade comprising of Moegistorhynchus, Prosoeca and Stenobasipteron.
We ask the following questions: i) When did this clade of Nemestrinidae originate? ii) In
which South African biome did the most recent common ancestor of this clade originate? iii)
Were individual biomes colonised once or were there multiple transitions to each biome? iv)
Lastly, we ask whether species diversity is primarily the product of shifts between biomes or

within biome diversifications?

METHODS
Taxon sampling

A total of 58 morphospecies of Prosoeca, Stenobasipteron and Moegistorhynchus were
sampled widely across the different biomes between January 2014 and February 2020 from
the known southern African range (Fig. 5.1, Table S5.1). A total of 49 Prosoeca, four

Moegistorhynchus and five Stenobasipteron morphospecies were sampled (chapter three).

Divergence time estimation

To estimate the dates of diversification in this clade of Nemestrinidae, we made use of COI
substitution rates, since fossil calibration could not be reliably implemented in this analysis.
Although there are many fossil nemestrinid specimens, the majority of these represent

lineages that are not adequately sampled in our phylogenetic analysis. Furthermore, it is
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currently unclear whether Prosoeca (Palembolus) fossils should be considered a subgenus of
Prosoeca or as a separate, extinct genus Palembolus (Bequaert & Carpenter 1936; Bernardi
1973). Incorrect fossil placement within the phylogeny has been suggested to lead to large
errors in divergence date estimation (Lee 1999; Phillips et al. 2009). Additionally, the
distinction between crown and stem placement of a particular fossil is crucial for accurate
calibration (Doyle & Donoghue 1993). Therefore, given that phylogenetic relationships are
currently poorly understood within Nemestrinidae (chapter three) and the uncertainty
surrounding the placement of the Prosoeca (Palembolus) fossils, within or outside of this
clade, we decided to not use fossil calibration for this analysis. Instead of fossil calibration,
we thus make use of a molecular clock to date the phylogeny. The COI alignment with 58
accessions of 1401 base pairs (bp) was used for molecular dating as it is the only partition for
which substitution rates are reasonably well-established in insects (Papadopoulou et al.
2010). PartitionFinder (Lanfear et al. 2017) was used on the CIPRES Science Gateway v3.3
(Miller et al. 2010) to identify the best partitioning scheme and substitution model for COI.
We used Beauti v. 1.10.4 to create an XML file for BEAST v. 1.10.4 (Drummond et al. 2012)
for divergence time estimation, implementing a Markov chain Monte Carlo (MCMC) of 100
million generations, sampling trees and parameters every 10,000 generations with a burn-in
of 25%. We used a strict clock model and a Yule pure-birth speciation model with a defined
starting tree (Drummond et al. 2006). The trimmed Majority-rule tree with a single accession
per morphospecies from the Bayesian phylogenetic analysis of chapter three was used as the
starting tree and this topology was constrained throughout the analysis. Prior to the dating
analysis, all outgroups were removed, retaining 58 tips with Prosoeca, Stenobasipteron and
Moegistorhynchus morphospecies. Previously determined COI substitution rates for insects
were used to calibrate the constrained topology with a mean rate of 0.0177 substitutions per

million years (Papadopoulou et al. 2010). A normal prior was set with a standard deviation of
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35%, to account for both higher and lower substitution rates for mtDNA reported among
insect taxa (Brower 1994; Clarke et al. 2001). We inspected the results using Tracer
(Rambaut et al. 2018) to confirm that the effective sample size (ESS) was >100 for all
parameters, and used TreeAnotator to summarize a maximum clade credibility tree

(Drummond et al. 2012).

Biome allocation

To assign morphospecies to geographical areas, we used the South African biomes as
designated by Mucina & Rutherford (2006). These nine biomes are fine-scale-resolution,
ecologically meaningful, allopatric geographic units of interest for this clade of nemestrinids.
Adult Nemestrinidae show tight associations with the plants they feed on as they are
dependent on nectar for energy (Manning & Goldblatt 2000; Barraclough 2006), suggesting a
likely association with biomes. While the adult stage represents only one portion of the
nemestrinid life cycle and may or may not be the main determining factor of biome
occupancy, little is known about the other life stages of South African nemestrinids. It likely
that the putative hosts are plant herbivores, which may also have tight associations with these
biomes. We used high accuracy GPS locations mapped in QGIS v3.10 (QGIS Development
Team 2014) as well as in-field vegetation assessment for fine scale assessment of biome type.
All individuals collected in the field were sorted to morphospecies corresponding to the
morphospecies in the phylogenetic tree (chapter three). Morphospecies were then mapped in
accordance with biomes as delineated by the South African National Biodiversity Institute
(http://bgis.sanbi.org/SpatialDataset/Detail/669) using their GPS locations (Fig. 5.1; table
S5.1). Only individuals from this project were used for mapping to ensure the accuracy of the
GPS localities and morphospecies designation used. Since biome occupation was designated
using coordinates from specimens, together with a fine-scale biome map which features
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several interweaved biomes, the accuracy of the GPS localities is important for accurate
biome allocation. Thus, museum specimens were not used because of the potentially
uninformative or misleading nature of identifications and their relevant geographic label data
(eg. old collection localities often have the name of the nearest town instead of precise
locations) of many nemestrinids museum specimens (Barraclough 2006). Several
morphospecies are consistently found on the border of two different biome types (ie. biome
ecotones) from in-field observations, namely Forest and either Grassland or Savanna
respectively, whereas other morphospecies traverse two interwoven biomes and can be found
in either biome, as is the case for many species occurring in both Succulent Karoo and
Fynbos. In all these cases (n = 12 morphospecies) we coded the character state as being

polymorphic for both biomes in which they occurred.

Biome transitions

To reconstruct the biome state of the most recent common ancestor and to estimate if
individual biomes have been colonised multiple times independently, we used the dated tree
from the BEAST analysis. The RASP 4.2 (Yu et al. 2020) program was used to compare and
implement models from BioGeoBEARS (Matzke 2013). We compared the performance of
the six widely used biogeographical models (Matzke 2013) to test the fit of the models
available: the dispersal-extinction—cladogenesis (DEC) model (Ree & Smith 2008), a
maximum-likelihood form of the dispersal-vicariance (DIVALIKE) model (Ronquist 1997)
and a maximum-likelihood form of the Bayesian biogeographical inference
(BAYAREALIKE) model (Landis et al. 2013), each with and without the J parameter by
their weighted AIC values. The models each differ in the cladogenetic events allowed, while
the J parameter accounts for jump dispersal. Jump dispersal or founder-event speciation is a
process by which long-distance dispersal occurs, potentially followed by radiation outside the
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parental range. The maximum number of areas was set to two per lineage, which corresponds
to the maximum number of areas occupied by any extant morphospecies in the tree. To
account for phylogenetic uncertainty, this analysis was repeated a further 10 times on random
trees drawn from the posterior of the Bayesian inference analysis from chapter three, using
the sample function from R (R Core Team 2017). These 10 trees were dated using the

chronos function in APE with a strict clock and a tolerance parameter of 0.0062.

RESULTS

The time-calibrated tree estimated from the BEAST analysis (Fig. S5.1) indicated that the age
of the root of the clade is 18.9 MY (range 10.7 — 34.4). The Moegistorhynchus clade
diversified in the Miocene (clade A crown age: 17.3 MY range 9.6 — 31.9). Clade B diverged
from the rest of the Prosoeca + Stenobasipteron clade 18.4 MYA (range 10.2 — 33.5) while

clade C and D diverged from each other 17.4 MYA (range 9.8 — 31.9).

The BioGeoBEARS analysis suggested that the BAYAREALIKE+J model fit our dataset the
best (AICw = 0.92, Table S2). Nine out of ten trees on which the analysis was repeated
supported a Fynbos origin for the clade (mean = 78%) and a single tree showed weak support
for either a Fynbos or Forest/Grassland origin (15%) (Fig. 5.2). The average number of shifts
based on repeating the analysis with ten randomly chosen trees suggests that Fynbos (12.32),
Grassland (9.90) and Forest (7.50) were the dominant source biomes from which dispersal
took place, while all the seven biomes acted as destinations (Fig. 5.3, Table 5.1). The
majority of speciation events occurred within Fynbos, Grassland and Forest (Fig. 5.3, Table

5.1).
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DISCUSSION

In this study we examined ancestral biome occupation and transitions among biomes,
representing broad ecological niches, in a clade of southern African nemestrinids. We provide
evidence that this clade diversified from its most recent common ancestor ca 19 MYA and
therefore that the extant species are relatively young compared to the old age suggested by
the Prosoeca (Palembolus) fossils. The support for the BAYAREALIKE+J model indicates
that the diversification of Prosoeca, Stenobasipteron and Moegistorhynchus as a clade can be
characterized as a series of founder events into different biomes with subsequent radiation
(Matzke 2013). We find reasonably strong support for a Fynbos origin of this clade. It is clear
from the sampled topologies that morphospecies from particular biomes are not confined to
strict monophyletic groups (Fig. 5.2). This suggests that the evolution of biome occupancy is

relatively labile in this group.

The use of a limited dataset (ie. not including historical records), resulted in many
morphospecies having single localities. Thus, some morphospecies are coded to occur in a
single biome when they may be polymorphic. This represents a major caveat since it may
lead to false conclusions about shifts between and within biomes (Dale et al. 2021). Dale et
al., (2021) suggested that the use of monomorphic coding generally leads to an underestimate
of shifts rather than an overestimate. However, the possibility that a large increase in
polymorphism, with increased sampling, would lead to a decrease in shifts between biomes
cannot be excluded. It is unlikely that with further sampling, the ancestral biome of this clade
will change as all the known species in Moegistorhynchus (ie. the sister genus to Procoeca +
Stenobasipteron) (Barraclough 2006) and clade B are Fynbos species. While biomes, defined
mainly on the basis of plants, may not be ideal as units for analysis for highly mobile insects,
direct reliance by nemestrinids and their putative hosts on plants means that many species
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may stick to a single biome. Therefore, these results provide insights into the patterns of

colonisation of these broad plant-based ecological niches over evolutionary time.

Our results suggest that the timing of diversification in this clade of southern African
Nemestrininae is more recent than any known fossil from this family found to date, including
the Prosoeca (Palembolus) fossils (Bequaert & Carpenter 1936; Mostovski & Martinez-
Delclos 2000). This finding could be explained by a scenario in which the colonisation of
Africa by this lineage of nemestrinids was relatively recent. The use of COI calibration
instead of fossils may have contributed to the young age found in this analysis, although
molecular clock dating is generally thought to overestimate the age of clades, whereas fossils
are thought to underestimate the age of clades (Benton & Ayala 2003). Other analyses, such
as a fossil-calibrated tree of bee flies, have been found to yield divergence dates consistent
with estimates from a COI molecular clock (Li et al. 2021), suggesting that in certain groups

different molecular dating methods may converge on similar results.

We find that Moegistorhynchus diverged from the Prosoeca and Stenobasipteron clade in the
Fynbos ca 19 MYA, roughly coinciding with the aridification of the west coast of South
Africa after the initial period of uplift ca 30 MYA (Siesser 1980). Other insect lineages such
as the oil-collecting bee genus Rediviva, the lycaenid butterfly genus Chrysoritis and the bee-
fly species Megapalpus capensis have been shown to have originated in the cape Fynbos
region in a similar time period (ca 29 MYA, ca 32 MYA and ca 15 MYA, respectively) (de
Jager & Ellis 2017; Kahnt et al. 2017; Talavera et al. 2020). The origin of Rediviva was
estimated with the use of fossil-calibrated data while the origin of Megapalpus and
Chrysoritis were estimated using COI calibration (de Jager & Ellis 2017; Kahnt et al. 2017;
Talavera et al. 2020). This, suggests that these Cape Fynbos insect lineages may all have

shared a similar biogeographic history (Morrone & Crisci 1995).
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Some of the first colonisations of individual biomes coincide roughly with the estimated
origin of the biomes themselves. The oldest recognisable Fynbos plant lineages are at least 60
My old, whereas known nemestrinid food plants such as Pelargonium, diversified ca 10
MYA (Verboom et al. 2009). The Succulent Karoo is considered to be a young biome,
emerging with the increased summer aridity along the west coast ca 10 MYA (Linder 2003;
Verboom et al. 2009). The oldest Succulent Karoo plant lineages are estimated to be ca 17
MY (Verboom et al. 2009) and the oldest Succulent Karoo nemestrinid lineage that diverged
from a Fynbos ancestor in our analysis is 12.6 MYA (6.7 — 23.0). This transition is
substantially earlier than that of Megapalpus capensis which expanded into the Succulent
Karoo biome ca 3.5 MYA (de Jager & Ellis 2017). Prosoeca appears to have transitioned to
the Grassland at least 8.1 MYA (4.4 — 14.7) which coincides with the estimated age of this

biome (ie. ca 12 MY) in southern Africa (Bytebier et al. 2011).

The frequency and direction of transitions varied considerably among biomes with several
evolutionary transitions between the seven biomes, suggesting that biome occupation is
relatively labile for this lineage of nemestrinids. While shifts between biomes were
numerous, the results suggest that the majority of speciation events took place within biomes.
The dominance of speciation events within biomes coincides with what is thought to be the
dominant pattern in plants. The presence of several biome transitions is similar to what has
been found in lineages such as the Pseudomys division of Australian Rodents as well as
Marsupials, which show a pattern of repeated biome transitions (Mitchell et al. 2014;
Smissen & Rowe 2018), whereas Rediviva oil collecting bees show a relatively limited
number of only two transitions from the winter-rainfall to summer-rainfall region (Kahnt et
al. 2017). Multiple bidirectional transitions occurred between Fynbos and Grassland, but we
also found evidence for multiple transitions from these two biomes to the other biomes.

These bidirectional transitions contrast with the unidirectional transitions from the Cape
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Fynbos region towards the Grasslands of the Drakensberg that have been reported for various
plant genera such as Disa (Galley et al. 2007). Other lineages such as Satyrium, Aloe and
Kniphofia have been suggested, without formal analysis, to show the opposite pattern of

evolutionary movement from the Drakensberg to the Cape (Galley et al. 2007).

The evolutionary transition from open biomes into those with a canopy, such as Savanna and
closed canopy forest, were less common than shifts between different open biomes. Only
~26% of morphospecies were found to have any association with biomes that had a canopy
layer, although with further sampling this may prove to be an underestimate of the diversity.
Another possible reason for the scarcity of species in biomes with a canopy may be a scarcity
of suitable larval hosts or food plants in these biomes. Power et al. (2017) suggests that for
plants, a transition from a closed canopy habitat to open vegetation and vice versa impose
contrasting adaptive challenges. Forests have become increasingly limited in South Africa
through natural processes, and more recently by anthropogenic causes. Therefore, the
possibility of extremely rare or extinct Forest species cannot be ruled out. The Fynbos and
Grassland are both occupied by fire-driven, seasonally dry, open vegetation, often with an
overlap in plant genera composition between the two biomes (Rutherford et al. 2006). These
similarities may potentially have made transitions between these two biomes physiologically

easier than between other biomes (Power et al. 2017).

This study provides the first evidence for a Cape Fynbos origin during the Miocene of a clade
of southern African Nemestrininae. We show that biome transitions are common and labile in
a clade of pollinating flies that traverses seven different biomes. Bidirectional transitions
between Fynbos and Grassland were particularly common in this group. These results suggest
that the transition from open biomes to semi-closed and completely closed canopy biomes are
less frequent than between different open biomes. Increased locality and taxon sampling of

this clade of nemestrinids would be beneficial to improve biome characterization and to
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confirm the rarity of speciation events within biomes other than Fynbos and Grassland.
Furthermore, a broader sampling of the Nemestrinidae family may allow for the inclusion of

fossil calibration points for a more accurate dating analysis.
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Figure 5.1 The distribution of all Nemestrinidae sampled for this study in the biomes of

South Africa and eSwatini as designated by Mucina & Rutherford, 2006.
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Figure 5.2 BAYAREALIKE + J reconstruction of ancestral biome reconstruction on one of
the ten phylogenetic trees. Single letters corrospond to biomes: (A) Grassland, (B) Fynbos,

(C) Forest, (D) Albany Thicket, (E) Savanna, (F) Indian Ocean Coastal Belt, (G) Succulent
Karoo. Letter combinations corrospond to polymorphic species that can be found in both

biomes.
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Figure 5.3 Evolutionary biome transitions within the nemestrinid clade containing
Moegistorhynchus, Prosoeca and Stenobasipteron. The size of the circles is proportional to
the total number of species sampled within each biome (polymorphic species are included in
both biome totals in which they occur): Grassland, 22; Fynbos, 23; Forest, 12; Albany
thicket, 1; savanna, 3; Indian Ocean Coastal Belt, 2; Succulent Karoo, 5. The size of the bi-
coloured circles is proportional to the number of polymorphic species in each set of biomes.
Arrow thickness is proportional to the number of transitions in each direction averaged over

10 phylogenetic trees, and absence of an arrow indicates the lack of any events.
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Table 5.1 Average number of transitions for each biome as a source or destination. Bold numbers indicate within biome speciation without a

change in biome. Non-integer numbers result from averaging transitions for 10 phylogenetic trees to account for phylogenetic uncertainty.

Destination Source
Albany Indian Ocean Succulent
Grassland Fynbos Forest Thicket Savanna Coastal belt Karoo
Grassland 14.5 3.7 3.8 0 0 0 0
Fynbos 3.35 18.4 1 0 0 0 0.2
Forest 4.85 3.45 3.7 0 0 0 0.1
Albany Thicket 0 1 0 0 0 0 0
Savanna 0.8 0.5 15 0 0 0 0.1
Indian Ocean
Coastal Belt 0.8 0.3 0.5 0 0 0 0
Succulent
Karoo 0.2 3.4 0 0 0 0 2.3
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Table S5.1 Table of localities and specimen details of accessions used for the dating and biogeography analyses. Numbers of localities included

refers to mapping species into biomes in Fig. 5.1 for further biogeographic analyses.

Sequence Number of
ID Species Locality Lattitude Longitude localities included
Moegistorhynchus
SS1S brevirostris Silverstroomstrand -33.528550 18.446101 1
Moegistorhynchus
SSI1L longirostris Silverstroomstrand -33.528550 18.446101 1
GVv328 Moegistorhynchus sp. 1 Groenvlei -30.319344 18.067708 1
PB244 Moegistorhynchus sp.2 Picketberg -32.79855 18.665922 1
NN220 Prosoeca accincta Naudes Neck Pass -30.732387 28.138476 2
TB19 Prosoeca atra Mbotyi -31.465393 29.730393 5
BB177 Prosoeca beckeri Boosmansbos -33.929018 20.86353 5
Vernon Crooke Nature
SKO01 Prosoeca cf. caffraria Reserve -30.274244  30.594822 2
Hottentots Holland Nature

HH191 Prosoeca cf. lichtwardti Reserve -34.069298 19.047765 1
GK256 Prosoeca cf. olivacea Graskop -24.932787 30.808752 1
RJC159 Prosoeca cf. rubicunda Swartberg 33.400 22.355 2
NKO05 Prosoeca cf. variabilis Nkandla Forest Reserve -28.743981 31.139830 1
GTN324 Prosoeca cf. willomoresis ~ Grahamstown -33.311184 26.526693 1
BG151 Prosoeca circumdata PMB Botanical Gardens -29.607538 30.34779 2
TB14 Prosoeca connexa Mbotyi -31.465391 29.730391 2
AH54 Prosoeca ganglbaueri Naudes Nek -30.77598 28.22365 43
GLT18 Prosoeca ignita Haenertsberg -23.880965 29.99877 1
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Table S5.2 Weighted AIC values for the six biogeographic models tested in RASP using

BioGeoBEARS.

Model AlCw
DEC 1.4e-10
DEC+J 0.071
DIVALIKE 1.7e-11
DIVALIKE+] 0.0047

BAYAREALIKE 3.7e-17

BAYAREALIKE+J 0.92
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Chapter 6

Conclusions
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Understanding the relationships within and between lineages is an essential first step to
conserving and understanding the biology, ecology and evolution of taxa (Funk et al. 2002;
Mace 2004). This thesis contributes to the understanding of both the diversity of
Nemestrinidae in southern Africa and the relationships within and among three southern
African genera: Moegistorhynchus, Prosoeca and Stenobasipteron (hereafter together
referred to as the “MPS clade” for convenience). The phylogeny presented in this thesis,
which includes 58 morphospecies from three genera, is the most comprehensive molecular
phylogeny of southern African nemestrinids to date. Although the taxon sampling in this
study did not include representatives of all southern African Nemestrinidae, evidence
discussed below does suggest monophyly of the MPS clade. Furthermore, ancestral character
state reconstruction of proboscis length and biome has provided insights into the evolutionary
history of the MPS clade.

The Nemestrinidae are thought to be an ancient dipteran family, with a Triassic origin
(Ansorge & Mostovski 2000), but virtually nothing is known about their evolution in time
and space. Wiegmann et al. (2011) on the other hand suggest a Jurassic origin for the
Nemestrinidae family using a fossil calibrated time tree of Diptera. The results presented in
this thesis suggest a relatively young southern African radiation of the MPS clade (ca. 19
MY A) within the Nemestrinidae. Analyses presented in this thesis indicate that the MPS
clade originated in the Fynbos biome from a short proboscid (ca. 12mm) most recent
common ancestor and then radiated into five diverse clades that occupy the majority of South
African biomes. The estimated age of the MPS clade is somewhat younger than the origin of
some of the oldest plant clades that make up the characteristic Fynbos vegetation (ca. 61
MYA) (Verboom et al. 2009), and corresponds to timing of diversification of various other
insect lineages (de Jager & Ellis 2017; Kahnt et al. 2017; Talavera et al. 2020). This suggests

that these insect lineages may all have shared a similar biogeographic history (Morrone &
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Crisci 1995). A shared history of these insect lineages through space and time may indicate
that they have diverged in response to similar climatic or biotic variables that emerged during
the Miocene. The estimated timing of the first transitions of Prosoeca + Stenobasipteron into
biomes like the Grassland by short proboscid ancestors roughly corresponds to the estimated
origin of the Grassland biome (Bytebier et al. 2011). My results cannot exclude the
possibility that the MPS clade diverged from lineages that include other southern African
genera (ie. Nycterimyia, Trichopsidea and Atriadops), as none of these genera were
represented in the phylogeny. However, based on morphological synapomorphies and
preliminary phylogenetic results, it is more likely that the MPS clade is sister to one of the
genera that are part of Nemestrininae or Hirmoneura. The remaining three Nemestrininae
genera and Hirmoneura have no extant species in southern Africa, and no southern African
Nemestrinidae fossils are available. This suggests that Southern Africa was likely colonised
by nemestrinids from elsewhere. The current sampling does not allow inferences about the
number of times southern Africa was colonised by various nemestrinid lineages and from

where they dispersed.

Patterns of species diversity of Southern African Nemestrininae are uneven across biomes.
The Grassland and Fynbos biomes are comparatively species-rich in nemestrinid species.
Several explanations, which are not mutually exclusive, have been proposed to explain
uneven patterns of diversity in other clades. First, if the amount of time that a lineage was
present in an area differs, uneven diversity may arise, even if diversification rates are similar
across regions (McPeek & Brown 2007; Sundaram et al. 2019). The perceived climatic
stability in the Fynbos biome (Dynesius & Jansson 2000; Sandel et al. 2011) may have
allowed time for the high diversity of nemestrinid species to accumulate. However, the more
recently colonized Grassland biome (ca. 8 MYA) also has a high number of morphospecies,

suggesting that factors in addition to time must also have played an important role in the
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radiation of these taxa. Second, in studies of plant and bird lineages, vegetation structure has
been shown to affect diversification rates (Onstein et al. 2016; Pinto-Ledezma et al. 2017). In
particular, open biomes with no canopy layer, such as the Fynbos and Grassland, have been
suggested to have higher diversification rates than biomes without a closed canopy in plants
(Smith & Donoghue 2008). Vegetation structure, however, is unlikely to have affected
diversification in the clade studied here, as no shifts in diversification were detected across
the phylogeny, even though representatives occur in closed and open habitats. Thirdly, other
aspects of biomes, related to availability of biotic niches that provide opportunities for
diversification, may explain uneven diversity patterns (Johnson 2010). Florally diverse
biomes, such as Fynbos and Grassland, may therefore have offered increased opportunities
for diversifying on floral feeding niches. Alternatively, given that Nemestrinidae likely rely
on larval hosts for part of their life cycle (Potgieter 1929; Bernardi 1973; Barraclough 2017),
host diversity may also be associated with increased opportunities for diversification, as has
been suggested by a general association between parasite diversity and host diversity
(Kamiya et al. 2014). However, in the absence of any information on hosts in southern
African nemistrinids, this explanation cannot yet be evaluated. Overall, it appears that there
may be no single explanation for the disparity in diversity among biomes, but rather an

interplay of multiple mechanisms may be driving patterns of diversity.

While there are disparities in the patterns of diversity among biomes and proboscis states, all
biomes investigated have nemestrinid species with long and short probosides, suggesting that
there is no clear association between certain biomes and a particular proboscis length. There
is also no evidence to suggest that diversification rates are associated with transition to a
particular proboscis length or certain biome. Biome occupation and proboscis length appear

to be relatively labile, with multiple shifts between states and exhibit a degree of
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directionality. The directionality found in transitions should, however, be interpreted with

care as phylogenetic uncertainty and increased sampling are both likely to affect this result.

Within the Nemestrinidae, the clade of southern African nemestrinids is particularly diverse
in morphological traits, including proboscis length (Bernardi 1973). Selection pressures from
various sources have potentially led to traits showing transitions among almost all states. The
effects of different selection pressures on different species may be illustrated by the variation
in static allometry slopes between morphospecies with long and short proboscides. Long
proboscides with positive allometric slopes may generally be the result of directional
selection towards longer traits, for increased nectar acquisition (\VVoje 2016). Short
proboscides, with negative allometric slopes, may rather have experienced stabilising
selection to match the tube length of the flowers they visit (Pélabon et al. 2011). While
studies on long proboscid species have suggested that directional selection for longer traits is
imposed by floral tubes (Anderson & Johnson 2009; Pauw et al. 2009), very little work has
been done on short proboscid species. Therefore, future work focused on the selection
pressures imposed on short proboscides will provide insights into the factors influencing the

lengths of traits in these short proboscid species.

While it is unclear exactly what has caused the high diversity of southern African
nemistrinids, it is clear that the diversity in southern Africa has been severely underestimated.
The historically overlooked Prosoeca peringueyi complex is a clear example of the
taxonomic neglect of the genera in the MPS clade. The two species in this complex exhibited
conspicuous morphological differences which, in conjunction with molecular evidence, were
used to justify the description of a new species (chapter 2). The use of phylogenetic
reconstruction and molecular species delimitation allowed us to estimate that the southern

African species may eventually reach double the number of species currently described, as
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estimates suggest that almost half of the diversity sampled is undescribed. Additionally,
Prosoeca may ultimately be among the most diverse nemestrinid genera in the world,
alongside Nemestrinus and Trichopthalma which have ca. 66 and 63 species described,
respectively. Many of the undescribed species in the MPS clade are potentially important
mutualists and parasites that are involved in ecological processes in the environment (Molbo
et al. 2003; Smith et al. 2006; Suzan et al. 2009; Solodovnikov & Shaw 2017). Interpretation
of mutualistic interactions is determined by proper understanding of taxonomy. An example
of how taxonomy affects the understanding of the specificity of interactions, and its
implications for studies of co-evolution, is highlighted by fig-wasp mutualisms. These fig-
wasp mutualisms were thought to exhibit exceptionally high degrees of reciprocal
specialization. However, molecular tools have repeatedly demonstrated that many fig species
are pollinated by multiple cryptic wasp species and that many of these mutualisms are more
diffuse than a tight, one to one relationship (Michaloud et al., 1996; Kerdelhue et al., 1999;
Molbo et al., 2003; Sutton et al., 2017). A high degree of specialization is thought be an
indication of elevated extinction risk (Bond 1994) while increased generalization may buffer
against extinction (Pauw 2007). In the MPS clade, more than 150 plants species, which form
part of nine well-studied pollination guilds, are each thought to rely exclusively on a single
nemestrinid species for pollination (Manning & Goldblatt 1996, 1997, 2000; Potgieter &
Edwards 2005; Anderson & Johnson 2009; Newman et al. 2014). However, in at least two of
these guilds the pollinator is thought to be represented by a species complex, rather than by a
single species (Barraclough 2017; chapter 2). The presence of cryptic species and numerous
undescribed, ecologically important, nemestrinid pollinators hampers conservation efforts as
well as attempts to study the ecology and biology of the southern African Nemestrininae

(Sangster 2009). With anthropogenic activities increasing the risk of species loss, the
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importance of knowledge about the diversity and ecology of southern African Nemestrininae

is essential to develop effective conservation strategies (Ceballos & Ehrlich 2009).

Understanding the taxonomic relationships among taxa provides an accurate view of the
management units of conservation (ie. the species) and a foundation for examining ecological
and biological hypotheses. Thus, the paraphyly of Prosoeca with respect to Stenobasipteron
illustrates the need for further taxonomic attention of these two genera. Without a
comprehensive molecular phylogeny for the Nemestrinidae it cannot be known with certainty
that Stenobasipteron, Moegistorhynchus and Prosoeca form a monophyletic clade. However,
morphological synapomorphies, such as a well-developed proboscis, the morphology of the
female genitalia and the geographic distribution of unsampled genera (Bernardi 1973),
suggest that it is unlikely that the monophyly of the MPS clade will be refuted with more
comprehensive taxon sampling. My preliminary results of the relationships between the MPS
clade and the outgroups suggest that the subfamily Nemestrininae is potentially not well-
defined and that Hirmoneura may need to be included in Nemestrininae or that
Nemestrininae may need to be split further, although additional sampling is required to
reinforce these results. The affinity of Moegistorhynchus and Prosoeca + Stenobasipteron to
the remaining, unsampled, genera of the Nemestrinidae is still unknown, thus hindering any
conclusive statements about the relationships of the genera of the MPS clade with each other
and within the family. As the need for extensive integrative taxonomic study of this clade and
subfamily is clear, the relatively well-supported phylogeny | have constructed can form the

starting point for the further exploration of systematics, taxonomy, biology and evolution.

While the sampling across the five clades (A-E) in the phylogenetic tree reconstructed in
chapter three was unbiased and extensive, the taxon and character sampling for individual

taxa is by no means complete for Moegistorhynchus, Stenobasipteron or Prosoeca. It has
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been noted that increased taxon sampling increases the accuracy of phylogenetic
reconstructions, estimates of diversification rates (Cusimano et al. 2010; Brock et al. 2011) as
well as reconstructions of ancestral character states (Maddison 1995). A lack of information,
such as too few gene regions or species sampled, may lead to phylogenetic hypotheses with
weak or conflicting support. This may be expressed as multiple alternative topologies,
polytomies and/or low support values (Fitzjohn et al. 2009; Diniz-Filho et al. 2013). The
possibility that the effects of phylogenetic uncertainty and unsampled taxa may have led to
erroneous conclusions and reconstructions of character states (Rangel et al. 2015) in this
thesis cannot be excluded. Thus, increased sampling of taxa and the use of several more gene
regions or implementation of next generation sequencing techniques may have improved the
resolution of the reconstructed phylogeny. The accuracy of the ancestral reconstruction also
relies on a sufficiently realistic model of evolution and accurate trait measurements (Joy et al.
2016). Within-species variation in trait measurements may affect the accuracy of ancestral
reconstructions and can be introduced by instrument error, sampling variation or natural trait
variation within a population. The inclusion of a measure of error (eg. standard error) instead
of simple trait means can potentially improve parameter estimation of reconstructions (lves et
al. 2007). The results of this thesis nonetheless contribute a relatively well-resolved
phylogeny on which further research can be built and provides valuable insights into the

patterns of evolution within and among species of the MPS clade of nemestrinids.

Possible directions for future research

This work has the potential for expansion, with further study of the systematics, taxonomy,

ecology and evolution of the MPS clade as well as the Nemestrinidae family.

Extensive inter- and intraspecific sampling of southern African species as well as worldwide

genera for a family-level phylogeny would be ideal to corroborate the patterns I have found
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here. Such a phylogeny may provide deeper insight into the monophyly of the MPS clade as
well as the monophyly of the Nemestrininae and might be useful to identify the sister group
of the MPS clade. Knowledge of the sister lineage to the MPS clade would allow
investigation into the colonisation of the Fynbos from elsewhere. A comprehensive family
level phylogeny would also enable precise placement of many of the available fossils and
thus be ideal to confirm the estimated timing of divergence. Furthermore, it may be possible
to test if a well-developed proboscis, as opposed to a vestigial proboscis, may have led to an
increase in diversification rates within Nemestrinidae, as those genera with well-developed

probosides tend to be more species-rich compared to those without (Bernardi 1973).

Further sampling of nemestrinids in different seasons and new localities, together with
extensive taxonomic work, will contribute towards an accurate estimate of the diversity of
Nemestrinidae in southern Africa through several new species descriptions. Furthermore,
extensive taxonomic work and additional species delimitation analyses will contribute
towards the resolution of various species complexes, such as the P. ganglbaueri and P.
longipennis complexes. Thorough taxonomic study focused on identifying morphological
synapomorphies associated with molecular clades identified in the phylogeny, may ultimately

change the delineations of Prosoeca and Stenobasipteron.

Detailed study of the ecology and biology of various species may provide useful insights into
the developmental mechanisms and selection controlling changes in proboscis length between
species. A focus on larval host use, the influence of abiotic factors and selection on proboscis
length by flower tube depth may be ideal to identify potential drivers of morphological
change. Detailed study of the floral resource use patterns of co-occurring, sympatric species
such as P. peringueyi and P. torquata may provide insights into aspects affecting their co-

existence, such as competition and niche partitioning. Furthermore, understanding patterns of
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flower visitation and pollination by these two Prosoeca species may provide an indication of
pollination redundancy and thus extinction risk, in a guild of plants that were thought to be

pollinated by a single species.

Investigation into the role of nemestrinid species as potential environmental indicators may
aid future conservation efforts. Nemestrinidae in southern Africa may represent ideal
environmental indicator species as they likely have a complex life cycle that depends on
abiotic conditions and biotic interaction with larval hosts and numerous plant species as
adults. Thus, a single nemestrinid species likely has an impact on several other organisms in
the environment and vice versa. An understanding of both their larval and adult ecology

would be key for monitoring and conservation prioritisation.
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