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Abstract

South Africa is a larger donor than receiver of alien grasses, where approximately 15% (4 165
spp.) of the country’s native grass species have become naturalised elsewhere. Many of these
grasses have become serious invaders, causing significant damage to native species, habitat
structure, and ecosystem functioning. Biological control is a sustainable and cost-effective
method for the control of invasive weeds, but its application to invasive grasses has been
approached with trepidation in the past due to the fears of a lack of host-specific herbivores

that may cause non-target damage to agriculturally-important crops.

The Tetramesa Walker genus (Hymenoptera: Eurytomidae) is one of three genera in the
family that feed exclusively on grasses, and have a record of being host-specific to a particular
species, or complex of closely-related congeners. There are over 200 described Tetramesa
species, but this taxonomic effort has occurred almost exclusively in the Northern Hemisphere.
Only about 2% of the described species are from Africa, with none from southern Africa
despite the high diversity of grasses in the region. The low morphological variability between
many Tetramesa groups has made identification difficult, where there may in fact be multiple

undiscovered cryptic species.

This thesis generated genetic sequence data (mitochondrial COI and nuclear 28S) that
revealed at least eight native southern African Tetramesa taxa that are new to science, focusing
particularly on the assemblages associated with Fragrostis curvula Nees (African lovegrass)
and Sporobolus pyramidalis Beauv. and S. natalensis Steud. (giant rat’s tail grass) which
are alien invasive pests in Australia. Approximately 200 eurytomid wasps were collected and
sequenced from 19 grass species across six South African provinces. Additionally, 27 grass
species were sequenced using four gene regions (rps16-trnkK, rps16, rpl32-trnl, and ITS), which
were added to existing sequence data to build a dataset comprising over 700 sequences. Field
host ranges and the use of host grass genetic proxies were important in making inferences

about the host-specificity of eurytomid wasps of interest.
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Nine Tetramesa groups appeared to be host-specific to a single grass species, while six
Tetramesa were associated with multiple species in a single grass genus. Since S. pyramidalis,
S. natalensis, S. africanus, Hyparrhenia hirta, E. trichophora, and Andropogon gayanus are
weeds elsewhere, there are at least six potential Tetramesa biological control agents that have

been identified.

A high diversity of Tetramesa on grasses within the Eragrostis genus was reported,
with at least four taxa associated with F. curvula. 1t is currently uncertain whether these
taxa represent different cryptic species or intraspecific populations that are the result of
geographic sub-structuring. No-choice host-specificity testing using Tetramesa sp. 4 on E.
curvula revealed that the wasp could complete its lifecycle on two non-target African grasses;
namely F. plana and E. planiculmis. The wasp was also recorded on other Fragrostis species
in the field (namely E. biflora and E. capensis). Using grass genetic sequences obtained in
this study, it was found that there are four native Australian Fragrostis species that are more
closely related to target E. curvula than to the non-target E. plana and E. planiculmis. This
suggests that Tetramesa sp. 4 may not be suitably host-specific for use as a biological control
agent. Further host-specificity testing on these native Australian species is required, however,
before this insect is ruled out completely. The Tetramesa on S. pyramidalis ( Tetramesa sp. 1),
and the unidentified Sporobolus species presumed to be S. africanus, were suitably host-specific

to be used as biological control agents.

Since it was unclear whether some phylogenetic clades were true species or intraspecific
populations, which is essential to understand when selecting agents for biological control, a new
piece of software, “SPEDE-sampler”, was developed. It offers users of the Generalised Mixed
Yule Coalescent (GMYC) species delimitation model a means of assessing the degree to which
sampling effects such as data size and parameter choice can influence species diversity estimates.
When applied to the Tetramesa data set, the software assisted in identifying which groups
may contain cryptic species, uncovering that the COI marker is affected more by singletons
than the 28S marker (i.e. species diversity tends to be overestimated), and confirming putative

Tetramesa taxa that could be useful for biological control programmes going forward.

This thesis has provided evidence that South Africa contains a diverse assemblage of
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Tetramesa and other eurytomids that are closely associated with their grass hosts, and that
many of these taxa hold promise for grass biological control. This work has also highlighted
the importance of integrative taxonomy in the discovery of novel taxa, and that biological
control practitioners need to be aware of the caveats of each line of evidence used in the

delimitation of putative species.
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Chapter 1

General Introduction

1.1 Introduction

This chapter covers a literature review of the Poaceae grass family, the spread of invasive
grasses, and South Africa as a major donor of invasive alien grass species to other parts
of the world. It then introduces the concept of biological control as a management option
for controlling these invasive alien grass species, and the importance of correctly identifying
candidate agents and the implications of cryptic species. The potential use of the Tetramesa
Walker wasps (Hymenoptera: Eurytomidae) as biological control agents for invasive African
grasses is then discussed, followed by the importance of molecular identification tools and how
they can be applied to Tetramesa taxonomy, species discovery, and host-specificity screening.

The chapter ends with a list of research objectives.

1.2 The Poaceae

It is estimated that approximately 1% of naturalised plant species become invasive (Williamson
and Fitter, 1996). These invaders can cause severe damage to ecosystem services, including, but
not limited to, primary production, nutrient cycles, hydrology, soil stabilisation, fire regimes,
native biodiversity and endemic species, and agricultural and horticultural practices (Pejchar

and Mooney, 2009; Vila et al., 2011; Lockwood et al., 2013; Vila and Hulme, 2017).

The grass family (Gramineae, Poaceae) radiated during the late Cretaceous period (70
- 80 million years ago (Mya)) (Prasad et al., 2005), and today comprises over 11 000 species

(Pysek et al., 2017; Clayton et al., 2021). It is arguably the most successful angiosperm family
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in the modern world (Linder et al., 2018). Different grass species have adapted to survive in
nearly every corner of the globe; from Antarctica to the Saharan Desert (Linder et al., 2018).
Grass-dominated ecosystems cover between 31 - 43% of the Earth’s land surface (where the
global coverage of C3 and C, grasses is approximately 87.4 and 18.8 million km?, respectively
(Still et al., 2003)), and their contribution to global primary productivity is estimated at 33%
(Gibson, 2009) .

Multiple introductions of non-native grass species on a large scale has promoted invasion
(D’Antonio and Vitousek, 1992; Williams and Baruch, 2000; Gaertner et al., 2014; Godfree
et al., 2017; Hui and Richardson, 2017; Linder et al., 2018). Numerous grass species have
been intentionally spread around the world through human activity over the last few hundred
years; mainly due to their use in improving the quality of pastures, as animal fodder, building
materials, essential oils, ornamentals, and as soil and dune stabilisers (Cook and Dias, 2006;
van Klinken and Friedel, 2018). As a result, this plant family currently has 4807 recorded
weedy, and 1267 naturalised species worldwide - second only to the Asteraceae (comprising
over 32 000 species) with 5094 weedy and 1343 naturalised species (Pysek et al., 2017; Randall
et al., 2017) (Fig. 2.1 A). The term “naturalised”, as used here, means that the plant has

established outside its native range, but is currently not considered invasive.

South Africa has been a major donor of invasive grasses to other parts of the world (Byrne
et al., 2022) (Table 1.1) due to the perception that African C, grasses were more palatable to
livestock and resistant to grazing than native grasses (Visser et al., 2016). Approximately 15.1%
(~ 165 spp.) of the grass species native to South Africa have become naturalised elsewhere, and
represent the largest donor plant family followed by the Asteraceae and Fabaceae (Pysek et al.,
2017) (Fig. 2.1 B). Most of these species belong to the Paniceae (86 spp.), Chloridoideae (79
spp.), and Andropogoneae (47 spp.) clades, as reported in Visser et al. (2016). Contrastingly,
only about 0.8% of the global pool of naturalised grass species have naturalised in South Africa
(Visser et al., 2016); making it a disproportionately larger donor than recipient. Many African
grasses have subsequently become invasive and highly damaging due to the combination of
(1) favourable traits (for example adaptations to fire, resistance to disturbance and to a diverse

assemblage of large herbivores, and physiological traits such as photosynthetic type, life-history,
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and growth form), (2) multiple introduction events (reducing potential genetic bottlenecks and
resulting founder effects) (D’Antonio and Vitousek, 1992; Daehler and Carino, 1998; Flanders
et al., 2006; Foxcroft et al., 2010; Damasceno et al., 2018) and (3) high propagule pressure

(i.e. the number of individuals in each introduction event) (Firn et al., 2009).

1.3 Impacts of invasive grasses

Once an exotic grass species has invaded and dominated an area, it can (1) out-compete native
flora and cause biodiversity loss (D’Antonio and Vitousek, 1992; Grice et al., 2013), (2) drive
habitat degradation and alter ecosystem processes and fire regimes (D’Antonio and Vitousek,
1992; Setterfield et al., 2010; Fusco et al., 2019), (3) reduce pasture productivity (Witt and
McConnachie, 2004; Firn et al., 2009) and water resources (Seawright et al., 2009; Gowda et al.,
2011), (4) hybridise with native species (Ayres et al., 2004), and (5) facilitate the transmission

of pathogens and vectors of disease (Racelis et al., 2012; D’Urso et al., 2017) (Fig. 1.1).

1.3.1 Biodiversity loss and habitat degradation

Invasive grasses are often better competitors than native species for resources such as light,
nutrients, water, and space, combined with having larger seed outputs and seedbanks, and
fewer seed predators outside of the native distributions (D’Antonio and Vitousek, 1992; Ayres
et al., 2004; Guido et al., 2019). Reductions in native plant species can subsequently result
in biodiversity loss and changes in habitat structure and species composition (Godfree et al.,

2017; Damasceno et al., 2018).

Flory and Clay (2010) reported that the invasive grass Microstegium vimineum (Trin.)
A. Camus suppressed the regeneration of native trees in Indiana (USA) by reducing the
recruitment and colonisation rates of small-seeded species, resulting in an overall decrease
in native community biomass. Some of the possible mechanisms behind the suppression of
natives included the shallow root system of Microstegium, which allows for it to capture large
quantities of water and nutrients before the deeper-rooted natives can access it. The dense

growth of the invader may also reduce the amount of light received by establishing native
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seedlings. Additionally, the large quantities of biomass cover produced by the invader may pose
a physical barrier to germinating smaller seedlings. Dense stands of Microstegium can also

provide shelter to small mammals (e.g. mice and voles) that feed on native trees and seeds.

Similarly, in a study of the impacts of the invasive African grasses Melinis minutiflora P.
Beauv. and Urochloa brizantha Hochst. ex A. Rich. in the Brazilian Cerrado, Damasceno et al.
(2018) found that the greater quantities of dead biomass produced by the invasive species ham-
pered seedling establishment and development of native grasses. Changes in biomass can lead to
altered nutrient cycling, decomposition rates, and overall community structure (D’Antonio and
Vitousek, 1992; Vila et al., 2011). It has even been shown that some invasive grasses can change
soil microbial communities, which can inhibit the growth of native species and contribute to a

positive feedback loop in which the invasives further dominate an ecosystem (Batten et al., 2008).

1.3.2 Fire cycles

The impacts of invasive grasses on fire cycles are some of the most concerning. A recent study
by Fusco et al. (2019) in the United States found that fire occurrence and frequency increased by
230% and 150%, respectively, across different ecoregions and vegetation types. Similar findings
have been reported in Australia and Central and South America (D’Antonio and Vitousek, 1992;
Rossiter et al., 2003; Setterfield et al., 2010) (Fig. 1.2 A). Grass-fire cycles facilitate grass inva-
sions via positive feedback loops by reducing native shrub and tree cover, where invasive grasses
recover faster and dominate landscapes; thereby further increasing fuel loads (D’Antonio and Vi-
tousek, 1992; Freifelder et al., 1998). Fires can also change nutrient levels in the soil (e.g. carbon

and nitrogen), which in turn can alter ecosystem functioning (D’Antonio and Vitousek, 1992).

Reed et al. (2005) reported how the invasion of Andropogon bladhii (Retz.) S.T.Blake
in a prairie dominated by native A. gerardii Vitman in Kansas (USA) affected carbon and
nitrogen cycling and overall species diversity following spring fires. The authors found that the
invasive grass had significantly higher biomass, lower soil nitrogen and carbon cycling, higher
C:N ratios in foliar and root tissues, and suppressed native species diversity. Frequent fire
cycles are thus expected to facilitate further invasions, leading to decreased long-term soil

fertility, erosion, and an overall decrease in native biodiversity.
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Table 1.1: South African grasses that are confirmed invaders (as per the definition by Richardson et al. (2000)) around the world. Species marked with an asterisk
(*) are endemic to South Africa, and those marked with a plus (+) are major ecosystem transformers in their invaded range. Adapted from Pysek et al. (2017).

Species

Common name

Invaded countries

+ Andropogon gayanus Kunth

+ Cenchrus ciliaris (= Pennisetum ciliare) L.
Cynodon dactylon L. (Pers.)
Digitaria eriantha Steud.
FEhrharta calycina Sm.

* Ehrharta erecta Lam.
FEragrostis curvula (Schrad.) Nees.
* Eragrostis lehmanniana Nees
Eragrostis plana Nees

+ Hyparrhenia hirta L. (Stapf)

+ Hyparrhenia rufa Nees (Stapf)
Imperata cylindrica L. P. Beauv.

Megathyrsus mazimus (=Panicum mazimum) Jacq.

+ Melinis minutiflora P.Beauv.

Melinis repens Willd. Zizka

Panicum repens L.

Pennisetum macrourum Trin.

Sporobolus natalensis (Steud.) Dur. & Schinz
Sporobolus pyramidalis P. Beauv.

Gamba grass

Bulffel grass

Kweek/couch grass

Pangola grass

Purple veldtgrass

Panic veldtgrass

African lovegrass

Lehmann lovegrass

South African lovegrass
Thatching grass

Giant thatching grass/jaragua
Cogongrass

Guinea grass

Molasses grass

Natal grass

Torpedograss

African feathergrass/jaaghesem
Giant rat’s tail

Giant rat’s tail

Australia

Australia, North America, Pacific Islands

North America, Pacific and Atlantic Islands

Central and South America, the Caribbean, Australia, Pacific Islands
Australia, Europe, South America

Australia, New Zealand, Europe, North America, Pacific Islands
Australia, Europe, Asia

Australia, North America

South America

Australia, Pacific Islands

Australia, North, Central and South America, Asia, Pacific Islands
Numerous regions

North America, Pacific Islands

North and South America, Pacific and Atlantic Islands

Australia, North and South America, Asia

Australia, Central America, Asia

Australia, New Zealand

Australia

Australia

Key references to the impacts of the weeds in Table 1.1:
Andropogon gayanus: Rossiter-Rachor et al. (2009); Setterfield et al. (2010); Rossiter-Rachor et al. (2017) Cenchrus ciliaris: Daehler and Goergen (2005); Smyth
et al. (2009); Franklin and Molina-Freaner (2010); Marshall et al. (2012) Cynodon dactylon: Mau-Crimmins (2007); Barnes et al. (2013); Guido et al. (2020) Digitaria
eriantha: Vélez-Gavilén et al. (2018) Ehrharta calycina: Fisher et al. (2006); Stanbury et al. (2018); Phillips et al. (2019) Ehrharta erecta: Manea et al. (2016); Ray
et al. (2018); Stinca and Mei (2019) Eragrostis curvula: Muranaka and Washitani (2004); Firn et al. (2009); Han et al. (2012) Eragrostis plana: Dresseno et al. (2018);
Guido et al. (2019, 2020) Hyparrhenia hirta: McArdle et al. (2004); Chejara et al. (2006) Hyparrhenia rufa: D’Antonio and Vitousek (1992) Imperata cylindrica:
Brewer (2008); Daneshgar et al. (2008); Holly et al. (2009); Estrada and Flory (2015) Megathyrsus mazimus: Rojas-Sandoval and Meléndez-Ackerman (2012); Ellsworth
et al. (2014) Melinis minutiflora: Hoffmann and Haridasan (2008); Rossi et al. (2014); Zenni et al. (2019) Melinis repens: Stevens and Fehmi (2009) Pennisetum
macrourum: Sporobolus natalensis and Sporobolus pyramidalis: Witt and McConnachie (2004); Palmer et al. (2008)
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Invasive buffelgrass (Cenchrus ciliaris L.) has fuelled wildfires in Australia (Butler
and Fairfax, 2003), Mexico (Burquez-Montijo et al., 2002), and parts of the USA (Wilder
et al., 2021). Some authors have warned that parts of the lower Sonoran Desert in the USA
could be transformed into an African grassland by frequent, high-intensity fires (Burgess
et al., 1991; Rutman et al., 2002). The ecological effects of a single fire can last for decades,
sometimes taking up to 40 years for some native plants to recover (Abella, 2009), while some
native cacti can face local extinction (Thomas, 2006). The iconic saguaro cactus (Carnegia
gigantea Engelm. Britton and Rose) of Arizona, for example, can suffer mortality rates of
68 - 85% following an intense fire (Rogers, 1985) (Fig. 1.2 B). McDonald and McPherson
(2013) reported that buffelgrass fuel loads in the Sonoran Desert were higher than in other

comparable ecosystems, and that the grass posed a consistent annual fire hazard.

1.3.3 Water dynamics

Invasive riparian grasses, such as Arundo donaz L. in the southwestern regions of the USA,
consumes about three times more water than native vegetation in order to support its rapid
vegetative growth rate (Seawright et al., 2009) (Fig. 1.2 C). Gowda et al. (2011) reported
that the evapotranspiration rate of A. donax along the Rio Grande River Basin in 2009 was
about 5.2 mm water per day, while Watts and Moore (2011) reported higher values of 8.8

+ 0.9 mm of water per day during the peak of the 2008 growing season.

Seawright et al. (2009) estimated that if the water consumption by A. donaz was
diverted to agricultural crops, the farming sector could save in the region of US$ 98 - 160
million annually (at 2010 prices). The weed was reported to result in water loss to the value of
US$ 12 million a year on the Santa Ana River (USA) (Coffman, 2020). Jain et al. (2015)
found that streamflow was significantly reduced in the Nueces River in central Texas after A.
donaz had completely displaced native stands of switchgrass (Panicum virgatum L.). The
researchers also reported that the water uptake of A. donax was 7.2% greater than in the

native species.
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1.3.4 Agriculture

The economic losses caused by invasive grasses can be significant, particularly to the agricultural
industry (Fig. 1.2 D). In Australia, for example, species in the Sporobolus indicus (L.) R. Br.
complex can reduce pasture carrying capacity by 10 - 80% and cause annual losses of at least
AU$ 60 million (at 2001 price estimates) to the livestock industry (Witt and McConnachie,
2004). Guinea grass (Megathyrsus mazimus (Jacq.) B. K. Simon & S. W. L. Jacobs) has been

reported to reduce global sugarcane yields by up to 40% in some cases (Rhodes et al., 2021a).

Johnsongrass (Sorghum halepense (L.) Pers.), native to Eurasia, has been reported to
cause substantial decreases in crop yields around the world (Klein and Smith, 2021). Keeley
and Thullen (1989) reported reductions in cotton yields of up to 90% when herbicide treatments
were delayed, with similar reports in soybean (88% yield reduction) (Williams and Hayes,

1984) and maize (80% yield reduction) (Mitskas et al., 2003).

1.3.5 Hybridisation

Alien invasive species can sometimes hybridise with native species to form hybrid offspring
that can outcompete their native parents (Ellstrand and Schierenbeck, 2000), or result in a
hybrid population with lower fitness and the eventual possible extinction of native populations
(Prentis et al., 2007). Hybridisation between smooth cordgrass (Spartina alterniflora Loisel =
Sporobolus alterniflorus) and native California cordgrass (Spartina foliosa Trin.), for example,
was found to result in hybrids that produced more seeds than natives, and quickly dominated

niche space (Ayres et al., 2004)).

1.3.6 Vectors of disease and spread of pathogens

Some alien invasive plants carry microorganisms and/or inquilines, or serve as refugia for
other pests that can become problematic in an invaded range. Stands of Arundo donax in the
USA, for example, was found to provide a favourable habitat for the cattle ticks Rhipicephalus
microplus Canestrini and R. annulatus Say (Acari: Ixodidae) (Racelis et al., 2012), which

vector the protozoa causing bovine babesiosis. In another example, alien invasive purple
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fountain grass (Pennisetum setaceum (Forsskal) Chiov.) in the Mediterranean is accompanied
by the leathopper, Balclutha brevis Lindberg (Hemiptera: Cicadellidae) (D'Urso et al., 2017).
Although not conclusive yet for this particular species of leathopper, there are other species
in the genus that vector plant diseases, such as B. punctata Fabricius that transmits mulberry

dwarf phytoplasma to mulberries (Han, 2012).

Figure 1.1: A summary of the main impacts of invasive grasses on an ecosystem. See the references
in Section 1.3.
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Figure 1.2: (A) burning gamba grass (Andropogon gayanus) in northern Australia (credit: CRC for
Weed Management), (B) Saguaro cacti damaged by fire in the Saguaro National Park (credit: Perry
Grissom), (C) invasive Arundo donaz along the Rio Grande River, USA (credit: John Goolsby),
and (D) African lovegrass (Eragrostis curvula) infestation in New South Wales, Australia (credit:
Andrew McConnachie).

1.4 Graminivorous insects

Communities of grass-feeding insects (graminivores) are often inconspicuous, particularly
endophages, and therefore represent a group with a large degree of undiscovered diversity
(Tscharntke and Greiler, 1995). Ratios of endophages to ectophages are usually higher on
hosts that are more defended, as endophages are adapted to avoiding chemical and physical

defences (e.g. gallers or miners) and feeding selectively (Cornell, 1989; Tooker and Giron, 2020).
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Herbivore assemblages on grasses were historically believed to be dominated by ectophages
due to the perceived low levels of secondary metabolites produced by grasses (Tscharntke
and Greiler, 1995), but the growing literature on grass metabolomics has begun to challenge

this assumption (Li et al., 2014; Cibils-Stewart et al., 2022; Li et al., 2022).

In general, graminivorous insects are more diverse on grass species that are abundant
and structurally large, compared to those that are rare with simple architectures (Tscharntke
and Greiler, 1995). For example, Phragmites australis (Cav.) Trin. ex Steud. has exceptionally
long shoots, and was reported to be attacked by about 100 insect species, of which 93%
were monophagous (Tscharntke, 1993). Additionally, perennial species appear to have larger
herbivore assemblages compared to annuals; presumably due to the fast growth and short
exposure time exhibited by annuals (Tscharntke and Greiler, 1995). Differences between C3
and C4 grasses may also affect herbivore assemblages due to a suite of differing physiological
and chemical traits in the host plant; where C3 grasses are hypothesised to generally be more

nutritious and easier to consume (Caswell et al., 1973; Johnson et al., 2014).

Many grasses display high levels of genetic variation, giving rise to multiple varieties or
“biotypes” within a species (Ramakrishnan et al., 2004; Cidade et al., 2013; Ahrens et al., 2020).
These varying genotypes can affect herbivore assemblages due to differences in host-specificity
and/or oviposition preferences (Hoffman et al., 2019; Michereff et al., 2022). Differences in
the life-histories, genetic structure, and physical traits of invasive grasses are therefore all

important factors in understanding invasion pathways and developing management strategies.

1.5 Invasive grass control methods

1.5.1 Manual

Manual and mechanical control methods of invasive weeds typically take the form of (1) cutting
or mowing the plant down to its base toward the end of the growing season (e.g. Phragmites
australis (Cav.) Trin. ex Steud. in Derr (2008)), (2) digging out or severing (referred to

as “disking”) the plant’s rhizomes (Marks et al., 1994), (3) carrying out prescribed burning

10
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(Ditomaso et al., 2006), (4) applying soil solarisation (also termed “tarping” or “mulching”)
(Marushia and Allen, 2011), or (5) targeted grazing (Rhodes et al., 2021b). These methods
are usually labour-intensive and costly, unless applied to small areas (e.g. control of A. donax
along the Santa Margarita River in California, USA, cost approximately US$ 8100 per 0.4
hectares in 2005) (Lawson et al., 2005).

Annual cutting before tassel development and seed set at the end of the growing season
can be an effective means of control, as this removes the food reserves stored by the plant
during the growing season, and decreases the plant’s seedbank (Flory and Lewis, 2009; Flory
and Clay, 2010). However, cutting at the wrong times of the year can have the opposite
effect, and facilitate further invasion (e.g. through soil disturbance and re-sprouting from
lower axillary stems) (Marks et al., 1994). Some studies have suggested that a combination
of well-timed mowing and prescribed burning can be effective, for example for controlling

Japanese stiltgrass (M. vimineum) (Flory and Lewis, 2009).

Digging out or disking the rhizomes of invasive grasses can promote further invasion
if the rhizomes are not disposed of correctly (since even small rhizome pieces can produce
new plants) (Marks et al., 1994). The practicality of the process is also dependent on the
soil type present, where sandy soils make root removals relatively easier than mud or clay.
The rhizomes of some grasses are deep (up to 5 m in the case of A. donaz (Moore et al.,
2016)), and their removal can damage an ecosystem and even increase the risk of spread (e.g.

downstream spread in the case of riparian species (Boland, 2008)).

Prescribed burning alone is often ineffective in controlling invasive grasses unless the
rhizomes are burnt, but it can, in some cases, reduce accumulated leaf litter and allow for
the germination of native seeds (Marks et al., 1994). Repeated burning initiatives have
been successful in the control of some annual and perennial grasses, such as medusahead
( Taeniatherum caput-medusae L.) and Kentucky bluegrass (Poa pratensis L.), respectively,
especially when combined with timely herbicidal applications (Ditomaso et al., 2006). If not
timed properly, however, fires can promote the regrowth of invasive grasses (Bell, 1997), and

can further damage ecosystems (e.g. riparian habitats) (Mal and Narine, 2004).
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Soil solarisation involves covering soil with clear or black polyethylene sheets or plastic
mulch in order to raise the soil temperature to kill invasive weeds and pathogens (Katan, 2015).
This method is ineffective, however, if the target species have heat-tolerant seeds (Melander
and Jorgensen, 2005). This method has had some success with P. australis, where die-off
began within 3 - 4 days in an experiment reported in Marks et al. (1994). Soil solarisation
can become costly for controlling large infestations, where Holl et al. (2014) estimated that

the method can cost an order of magnitude more than herbicidal applications.

Targeted grazing makes use of particular types of livestock during specific seasons, and at
pre-planned intensities and durations to control invasive plants and other unwanted vegetation
(Bailey et al., 2019). This method is often preferred because it does not involve toxic herbicides, is
applicable over large spatial areas, and can be removed at any time (Bailey et al., 2019). Targeted
grazing using cattle has been successful with the control of M. maximus and C. ciliaris in
Texas, USA (Rhodes et al., 2021b,a). General guidelines for the control of invasive grasses using
this method are, however, lacking due to the uncertainties surrounding the effects of seasonality,

precipitation, and effects on native plant communities (Frost and Launchbaugh, 2003).

1.5.2 Chemical

Invasive grasses are usually treated with amino acid synthesis inhibitors and photosynthetic
inhibitors such as glyphosates (e.g. Rodeo®), imazapyr, or a mixture of the two combined
with a surfactant to ensure adhesion (Minogue et al., 2012; Rhodes et al., 2021a). These
are both non-selective, broad-spectrum herbicides (also referred to as graminicides), and can
negatively impact non-target species in close proximity, especially if a spray-only approach

is used (Florencia et al., 2017; Isbister et al., 2017).

Spray-only herbicides are applied to leaves and stems as a foliar spray, while a cut-and-
spray approach first cuts the plant down to the base of the stem before applying the chemical
formulation (Kaiser-Bunbury et al., 2015). A cut-and-spray approach is more targeted, and
poses relatively less risk to surrounding plants (Gettys and Sutton, 2004). Some more recent
experiments have found that growth-regulator (GR) herbicides, such as dicamba and picloram,

are effective against Japanese brome (Bromus japonicus Thunb.), where Rinella et al. (2010)
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reported reduced seed production of nearly 100% when the GR herbicides were applied in
the late growth stages, just before seed setting. Sebastian et al. (2017) reported that the
cellulose-biosynthesis-inhibiting herbicide, indaziflam, has the potential to eliminate the seed

banks of invasive winter annual grasses such as downy brome (B. tectorum L.).

Although the chemical control of some invasive weeds can be effective if applied correctly,
especially when combined with other integrative methods, it can become exorbitantly expensive
over large spatial and temporal scales (Van Wyk and Van Wilgen, 2002; Culliney, 2005;
Maluleke et al., 2021), induce resistance (DiTomaso, 2000; Délye et al., 2013; Heap, 2014), and

damage the environment (Relyea, 2005; Wagner and Nelson, 2014; Carpenter et al., 2020).

1.5.3 Biological Control: a general overview

Biological control utilises the natural enemies of a pest or weed to suppress its growth and spread
(McFadyen, 1998; van Driesche et al., 2009). These natural enemies are termed “biological con-
trol agents”. The practice should be cost-effective (with high cost-to-benefit ratios) (Maluleke
et al., 2021), sustainable and environmentally-friendly, target-specific, such that non-target
organisms are not harmed, and often compatible with other management interventions in an in-
tegrated pest management programme (McFadyen, 1998; Culliney, 2005; van Wilgen and Lange,
2011; Zachariades et al., 2017; Schwarzlander et al., 2018). Successes from biological control can,
however, be variable and difficult to predict, and can take a long time to implement (Waage and
Greathead, 1988). For these reasons, chemical and mechanical methods are still the most widely-

applied in weed control, particularly in the agricultural sector (Schwarzlénder et al., 2018).

The biological control of invasive alien plants has a long history and a high success rate
(McFadyen, 1998; Zachariades et al., 2017; Schwarzldnder et al., 2018). The top five countries
implementing biological control are the USA, Australia, South Africa, Canada, and New Zealand
(McFadyen, 1998). South Africa’s first biological control programme took place in 1913, where
the cochineal insect Dactylopius ceylonicus Green (Hemiptera: Dactylopiidae) was released to
control invasive drooping prickly pear, Opuntia monacantha Haw. (Moran et al., 2013). The in-

sect was highly damaging, and permanently reduced cactus infestations (Paterson et al., 2021b).
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The negative effects of biological control are negligible when compared to the negative
impacts of the weeds themselves and the chemical and mechanical methods applied to control
them (Howarth, 1991). A total of 468 biological control agent species have been released onto
175 weed species from 48 plant families across the world (Schwarzlinder et al., 2018; Winston
et al., 2021). Approximately 71% of these agents have established successfully, 66% of the
target weed species have been controlled to some degree, and only 7% of releases have been
unsuccessful (i.e. no impact recorded) (Schwarzldnder et al., 2018). The safety track-record
of biological control programmes is solid, with less than 1% of all releases yielding negative

non-target effects (Suckling and Sforza, 2014; Hinz et al., 2019; Paynter et al., 2020).

A review by Hinz et al. (2019) stated that of the 457 species of biological control agents
intentionally released between the years 1863 and 2008, 60 (13.1%) were associated with non-
target attacks (NTAs). Of those 60 NTAs, 42 (9.2% of the total 457 agents released globally)
involved attacks on native species. These NTAs, however, did include a large proportion of
spillover effects and cases of minimal feeding damage. Spillover occurs when biological control
agents feed and/or develop on non-target host species growing in close proximity to the target
weed, but agent populations are not sustained in the target weed’s absence. Additionally, Hinz
et al. (2019) found that the proportion of agent releases associated with NTAs has decreased
despite the increase in releases over the years. This is most likely due to a combination of more
stringent host specificity testing measures and stricter regulations regarding the release of bio-
control agents. Hinz et al. (2019) emphasise that post-release monitoring should be as important

as pre-release host specificity testing in order to accurately quantify agent impact and NTAs.

The four main approaches to biological control are (1) “classical”, where natural enemies
from the native range of a target pest (which share an evolutionary history) are used to achieve
control (e.g. the biological control programmes against the invasive aquatics Salvinia molesta
D.S. Mitch., Pistia stratiotes L., Myriophyllum aquaticum (Vell.) Verde., and Azolla filiculoides
Lam. (Coetzee et al., 2011)), (2) “neo-classical”, which makes use of agents that share no pre-
vious evolutionary history with the target weed, and are termed “new associations” (e.g. North
American Dactylopius opuntiae and D. confusus Cockerell cochineals on South American Opun-

tia megapotamica Arechav. (Paterson et al., 2021b)), (3) “augmentative” or “inundative”, where
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the natural enemies of a target pest are mass-reared and released regularly to achieve control
(e.g. the inundative releases of the Megamelus scutellaris Berg delphacid to control P. crassipes
on the Hartbeespoort Dam in South Africa (Coetzee et al., 2022), and T. romana for the control
of A. donax in Texas, USA (Moran et al., 2014)), and (4) “conservation”, which focuses on
maintaining the fitness and efficacy of natural enemy populations (e.g. parasitoids, pathogens,
or predators, usually of arthropod pests (Shields et al., 2019)) (McFadyen, 1998; Collier and

Van Steenwyk, 2004; van Driesche et al., 2009; Gullan and Cranston, 2014; Begg et al., 2017).

Classical biological control is the most common and successful approach for the control
of alien invasive weeds (Seastedt, 2015). A typical biological control programme begins
with native range surveys, followed by the identification and selection of potential agents,
host-specificity testing, mass rearing of the chosen agent/s, releases into target areas, and

post-release evaluations (McFadyen, 1998).

1.5.4 Native range surveys

Native range surveys can be logistically difficult and expensive, but are pivotal in identifying
which natural enemies are suitably host-specific and appropriate for consideration as biological
control agents (Goolsby et al., 2006b). Biological control practitioners need to first establish
the exact origin/s of the target weed through literature and herbarium searches, and through
the use of taxonomic and molecular tools (e.g. DNA sequencing and fragment analysis for
genotype matching (Goolsby et al., 2006a,b; Paterson et al., 2009)). It is also important to
determine whether the weed is a hybrid, as this can affect the performance of herbivores across
different parental crosses (e.g. Lantana camara L. (Zalucki et al., 2007), Nymphaea mexicana

Zucc. (Reid et al., 2021), and Tamariz L. spp. (Gaskin and Schaal, 2003)).

The biogeography of the target plant across its distribution is important to consider
because geographically separated intraspecific populations can host differing suites of herbivores
(Goolsby et al., 2003). A plant’s distribution can cover a wide spectrum of climate and
habitat types, and so surveys should be as comprehensive as possible. Bell et al. (2013),
for example, showed how the arthropod assemblages on Parkinsonia aculeata L. differed

significantly across different biogeographical areas. Climatic matching between the native
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and introduced ranges of a weed can assist in prioritising sites to survey that are likely to be
suitable for the establishment of prospective insect agents (Robertson et al., 2008), but these

projections should not be used as a predictor of agent performance (Goolsby et al., 2006b).

1.5.5 Identification of target weeds and their agents

Correctly identifying target weeds and their hybrids is integral to finding their sources of origin
and searching for and selecting appropriate potential biological control agents (Smith et al., 2018).
Misidentifications and taxonomic confusion have posed a number of challenges to biological
control programmes in the past (Wardill et al., 2005; Smith et al., 2018), where even different

conspecific genotypes of a weed have led to differences in agent damage (Gaskin et al., 2013).

Equally as important to the safety and success of a biological control programme is the
correct identification of potential agents, many of which may not yet be described (Goolshy
et al., 2006a; Andersen and Wagner, 2016; Smith et al., 2018; Bin et al., 2012; McCulloch et al.,
2022). Advances in genetic identification tools have facilitated the verification of taxonomic
relationships and intraspecific population structures, and has revealed that a number of arthro-
pod species previously thought to be polyphagous generalists are actually host-specific cryptic
species. This has important implications in host-specificity testing, taxonomic classification,

hybridisation studies, and government regulation (Smith et al., 2018).

Cryptic species

Cryptic species are defined as two or more species that are reproductively isolated but are
morphologically indistinguishable, and thus incorrectly classified as one species (Bickford et al.,
2007; Gaskin et al., 2011). Cryptic species complexes can be positive for biological control,
where a greater diversity of potential agents with restricted host ranges may be available
(Smith et al., 2018). Tt could also, however, result in the unintended release of cryptic species
that practitioners are unaware of (Madeira et al., 2006; Sha et al., 2007; Paynter et al., 2008;
Paterson et al., 2019). These species may have broader host ranges, resulting in non-target
damage or unexpected ecological interactions. Alternatively, they may be unsuited to the

target and deliver little or no control (Tosevski et al., 2011; Sheikh et al., 2022). It is important
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to consider cryptic species at the level of both the biological control agent and invading plant,
as different intraspecific plant lineages/haplotypes can present cryptic invasions that can be
difficult to manage (Canavan et al., 2020). A few examples from the literature are discussed in

the following paragraphs, where genetic techniques have been used for cryptic species discovery.

Cydia succedana The gorse pod moth Cydia succedana Denis and Schiffermiiller (Lepi-
doptera: Tortricidae), was released in New Zealand in 1992 as a host-specific biological control
agent for gorse weed (Ulex europaeus L.). Post-release field surveys, however, revealed that the
moth had a broader host range than previously predicted, where it infested a number of other
exotic species in the Genisteae and Loteae tribes (Paynter et al., 2008). It was found that
the original C. succedana population, sourced from the United Kingdom (UK), also contained
progeny from a Portuguese population. Although these populations were not genetically
differentiated enough to be classified as cryptic species, the Portuguese population appeared
to display a broader host range than the UK population that was used for host-specificity
testing. The use of population genetic tools would have likely enabled the detection of these
different taxonomic groups earlier on. The asynchrony between the flowering period of U.
europaeus and the flight period of C. succedana was also found to potentially play a role in the
differences in host utilisation. Although the non-target attacks occurred on other exotic species
such that no negative environmental or economic impacts resulted, unexpected outcomes such

as this need to be avoided at all costs to ensure the safety of biological control programmes.

Eccritotarsus catarinensis The discovery of two geographically isolated populations of
FEccritotarsus catarinensis Carvalho (Hemiptera: Miridae), used for the control of the water
weed Pontederia crassipes, was split into F. catarinensis and FE. eichhorniae Henry following
genetic and interbreeding experiments (Paterson et al., 2016), and a morphological analysis
(Henry, 2017) (Fig. 1.3 A - D). The initial genetic work by Taylor et al. (2011), using inter-simple
sequence repeats (ISSRs) and COI sequences, revealed that the independent collections from
Brazil and Peru were in fact two different mirid genetic groups. A difference in thermal tolerance
was later found between the two species, where E. catarinensis performed better at lower,

and E. eichhorniae at higher temperatures (Paterson et al., 2019). This has very important
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implications for the efficacy of these agents at release sites with differing climatic conditions.

Mecinus janthinus The stem-mining weevil Mecinus janthinus Germar (Coleoptera:
Curculionidae) was released in North America in 1991 for the control of invasive toadflax
species (Liniaria Mill.), but was later found to comprise at least two cryptic species: M.
jJanthinus Germar and M. janthiniformis Tosevski & Caldara (ToSevski et al., 2011, 2013). The
larvae were found to display different host preferences, where M. janthinus is associated with
yellow toadflax (L. vulgaris Mill.) and M. janthiniformis with broomleaf toadflax (L. genistifolia
(L.) Mill.) and Dalmatian toadflax (L. dalmatica (L.) Mill.). The discovery of these cryptic
species can contribute to explaining the cause of the differential success of the biological control

programme, and can assist in selecting the most appropriate agent for a particular target weed.

Psylliodes chalcomerus The stem-boring flea beetle, Psylliodes chalcomerus Illiger
(Coleoptera: Chrysomelidae), is a potential biological control agent for yellow starthistle,
Centaurea solstitialis L. (Antonini et al., 2008). Psylliodes chalcomerus feeds on a variety of
host plants in its indigenous range, but since the populations collected (> 10) were morpho-
logically identical, they were considered a single species. Genetic analyses using mitochondrial
markers later revealed that this group comprised at least three cryptic species (Antonini et al.,
2008; De Biase et al., 2019). This has important implications for host-specificity testing and
suitability, as each species (and possibly their hybrids) may display differing host breadths
and levels of damage, and may possess varying physiological and ecological traits (e.g. thermal

tolerance and competition dynamics (Paterson et al., 2016, 2019)).

Trichosirocalus horridus The weevil Trichosirocalus horridus Panzer is used a biological
control agent of invasive thistles in the Carduus L., Cirsium Mill.; and Onopordum L. genera
(Asteraceae, Carduoideae), and was initially recognised as one species (De Biase et al., 2016). It
was then split into three species in 2002 based on morphology (7. horridus Panzer, T. briesei
Alonso-Zarazaga & Sénchez-Ruiz, and T. mortadelo Alonso-Zarazaga & Sanchez-Ruiz), each
with different host ranges and geographic distributions (Alonso-Zarazaga and Sanchez-Ruiz,

2002). In 2016, based on a combination of genetic, morphological, and host range data, De Biase
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Figure 1.3: Examples of cryptic species, where groups are morphologically similar but genetically
distinct. (A) and (B) Eccritotarsus catarinensis male and female, respectivley, (C) and (D) E.
eichhorniae male and female, respectively (Henry, 2017).

et al. (2016) found that 7. horridus and T. mortadelo were synonymous, and that there were
only two distinct species. Trichosirocalus horridus has a broader host range, feeding on Carduus,
Cirsium, and Onopordum species in the field, while T. brieseir appears to be host-specific to
Onopordum. species. This means that while T. horridus and T. mortadelo were considered one
species, releases of the former may have resulted in some degree of non-target damage, and inad-

vertently precluded the use of T. mortadelo, which would have otherwise been an effective agent.
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1.5.6 Agent selection and prioritisation

There are usually numerous phytophagous species associated with a particular host plant
(Frost, 1954; Southwood, 1961), which all inflict varying levels of damage. Since host specificity
testing is time-and resource intensive (McFadyen, 1998), the prioritisation of agents is integral,
such that only the most effective candidates are selected. A number of factors need to be
considered in order to achieve this, which include the agent’s degree of host-specificity and
damage delivered, generation time (e.g. multivoltine) and overall fecundity, susceptibility
to natural enemies, feeding behaviour (e.g. gregarious), compatibility with other agents,

distribution, and previous biological control track record (Harris, 1973; Goeden, 1983).

As discussed earlier, ecological modelling and climatic and genotypic matching are
frequently incorporated into agent-selection procedures, where factors such as disturbance
regimes, competition, plant succession, different life stages of the host plant, climatic variation
and compatibility, and the genetic variation in both the host plant and agent are considered
(Cullen, 1995; Iline and Phillips, 2004; Kriticos, 2003; Dhileepan et al., 2006; Goolsby et al.,
2006a; Van Klinken and Raghu, 2006; Robertson et al., 2008; Paterson et al., 2009; van Driesche

et al., 2009; Paterson et al., 2014; Fischbein et al., 2019; Jourdan et al., 2019; Sutton, 2019).

1.5.7 Host specificity testing

The safety of a biological control programme is vital, and requires a thorough risk assessment
of the potential non-target effects that could arise following the release of an agent into a
target area (McEvoy, 1996; Secord and Kareiva, 1996; McFadyen, 1998; van Klinken, 1999;
Schaffner, 2001; Heard, 2002; van Driesche et al., 2009). This involves host specificity testing,
which assesses the host range breadth of candidate agents and their relative acceptability of
different host plant species (van Klinken, 1999). There are three central steps in the host
specificity testing process, as outlined by van Klinken (1999): (1) identifying which stages
in an agent’s life history need to be host-specific, (2) estimating the fundamental host range
through the use of the centrifugal-phylogenetic method proposed by Wapshere (1974), and (3)

determining the realised host range through field-based experiments. Host-specificity testing
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and impact assessments usually take an average of five years in South Africa, and typically

costs about US$ 247 828 per novel agent (at 2020 values) (Ehlers et al., 2020).

The centrifugal-phylogenetic method tests an array of plant species in the agent’s host
range, beginning with those most closely related to the target weed, working outwards to
more distantly related species (see for example Hinz et al. (2008); Briese and Walker (2008);
Wheeler and Madeira (2017)). Phylogenies are important in host-range testing because it allows
researchers to prioritise test species that are most at risk of non-target damage. Plants occurring
in the same habitat, that share similar chemical and /or morphological traits, or serve as hosts to
congeneric insects to that of the target weed are also included in the testing procedure. Econom-
ically important crops and rare and endangered species in the same family as the target weed
are prioritised. The testing procedure encompasses choice and no-choice tests (Schaffner, 2001),

continuation, oogenesis, and open-field tests (van Driesche et al., 2009; Schaffner et al., 2018).

A risk:benefit assessment is required in cases where non-target species may be at risk
in order to determine whether the relative value of the non-target species is higher than
the damage caused by the target weed (McFadyen and Marohasy, 1990; Cristofaro et al.,
1998; McFadyen, 1998; Haye et al., 2006; van Driesche et al., 2009). Olckers et al. (1995),
for example, found that the two defoliating beetles Leptinotarsa texana Schaeffer and L.
defecta Stal (Coleoptera: Chrysomelidae), considered for the control of alien invasive Solanum
elaeagnifolium Cavanilles in South Africa, could develop on cultivated egg plant (Solanum
melongena L.) and five native South African Solanum species. Futher experimentation revealed
that the threat to these non-target plants was negligible, and that the minimal NTAs would
be a fair trade-off for controlling the aggressive invader. Both agents were released in 1992,
and L. texana in particular has had significant benefits, with no non-target impacts being

reported (Hoffmann et al., 1998; Winston et al., 2021).

1.5.8 Mass-rearing, release, and post-release evaluations

The mass-rearing of biological control agents aims to produce as many disease-free insects
as possible, while minimising labour and resource costs, in order to release sufficiently large

numbers to control target pests (Fig. 1.4 A, B, C) (Hill et al., 2021). Maintaining healthy
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insect cultures depends on a number of factors, including (1) the provision of high quality
food, (2) exposure to optimal climatic conditions, (3) minimising inbreeding depression, and

(4) protection from natural enemies (Racelis et al., 2010; Moran et al., 2014).

The mass-rearing and inundative releases of Tetramesa romana for the control of Arundo
donax in Texas, for example, has resulted in population densities of 39-fold greater than in the
insect’s native range, causing considerable damage to the grass (Marshall et al., 2018). The wasps
are released through an aerial-release system, where cardboard boxes are opened and dropped

over A. donaz stands from single-engined Cessna aircraft (Fig. 1.4 D) (Racelis et al., 2010).

Post-release evaluations are often neglected and underfunded, but they are important
to monitor the long-term impacts of a biological control programme (Schaffner, 2001; Morin
et al., 2009). It is particularly important to assess the changes in native species and community
structure in response to a reduction in weed populations (e.g. it might be that the ecosystem
is restored, or it might lead to a secondary invasion (Pearson et al., 2016; Coetzee et al., 2021)),
potential non-target effects, and reasons for the success or failure of the programme (Carson

et al., 2008).

1.6 Control of Invasive Grasses

Mechanical and chemical methods of controlling invasive grasses have been largely ineffective
and impractical due to the large spatial scales involved (Quirion et al., 2018), the development of
resistance to herbicides (Peterson et al., 2018), non-target effects on the environment and native
species (Reeg et al., 2017), and extreme costs due to the necessity of repeated applications

(Grice et al., 2012). Grasses are therefore an ideal target group for the use of biological control.

Very few invasive grasses have been targeted using biological control programmes in the
past, mainly due to (1) potential non-target attacks on economically-valuable crops (e.g. wheat
(Triticum aestivum L.), rice (Oryza sativa L.), sugarcane (Saccharum officinarum L.), sorghum
(Sorghum bicolor (L.) Moench), and corn (Zea mays L.)), (2) lack of host-specificity, and (3)
tolerance to herbivory (Sutton et al., 2021a). The low levels of secondary metabolites in the

grass family (McNaughton et al., 1985; Huitu et al., 2014) raised concerns surrounding the
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Figure 1.4: The Centre for Biological Control's (CBC) (A) Waainek water weeds and (B)
Uitenhage cactus mass rearing facilities for biological control agents. (C) The release of Dactylopius
opuntiae ‘stricta’ lineage on Opuntia stricta in the Eastern Cape, South Africa. (D) The release
of boxes of Tetramesa romana over the Rio Grande River, USA, from a Cessna aircraft. Images

A, B, and C: credit to the CBC; image D taken from Racelis et al. (2010).

lack of host-specific natural enemies (Witt and McConnachie, 2004). This is because secondary
chemicals, such as terpenoids, alkaloids, tannins, and cyanogenic glycosides, are considered key
drivers of herbivore specialisation and resulting monophagy (Ehrlich and Raven, 1964; Moore
and Johnson, 2017; Karinho-Betancourt, 2020) (but see Bernays and Graham (1988)), and as
such, grasses were expected to host a limited suite of specialist herbivores. This would make
them inappropriate targets for biological control since the practice relies on the host-specificity
of herbivores. Some recent studies have, however, found evidence of the production of specialised
metabolites in grasses (e.g. switchgrass, Panicum virgatum L.) (Li et al., 2022). Additionally,
symbiotic fungal endophytes are known to be able to produce distinct alkaloid classes which
may influence herbivory resistance (Schardl et al., 2004; Saikkonen et al., 2013). This suggests

that the metabolomic profiles of grasses may not be as depauperate as previously reported.

Since grasses have evolved under strong grazing pressures from herbivorous insects and

mammals (Tscharntke and Greiler, 1995), it was believed that releasing biological control agents
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would have a negligible effect (Sutton et al., 2021a). These perceptions have resulted in grasses

not being targeted for biological control in the past despite the large number of invasive species.

The belief that grasses were poor candidates for biological control has changed in recent
years due to increased reports of putative host-specific natural enemies that are damaging
to their grass hosts (Witt and McConnachie, 2004; Anderson et al., 2017; Blossey et al., 2018;
Casagrande et al., 2018; Blossey et al., 2020). This may be due to other factors selecting
for narrow host ranges, such as plant structural defences (Bernays and Graham, 1988; War
et al., 2018) and predator avoidance (driving what is termed ‘enemy-free space’) (Bernays,
1988). At the time of the first review of grass biological control by Sutton et al. (2021a),
23 invasive grass species were currently, or had already been, investigated as targets for
biological control using herbivorous arthropods and fungal pathogens. To date, the catalogue
maintained by Winston et al. (2021) listed 14 releases of seven biological control agent species
onto five invasive grass species between 1997 and 2019 (Table 1.2). These include the release
of Tetramesa romana Walker (Hymenoptera: Eurytomidae) on Arundo donaz in Mexico,
the United States of America (USA), and New Zealand, Rhizaspidiotus donacis Leonardi
(Hemiptera: Diaspididae) on A. donaz in Mexico and the USA, and Prokelisia marginata
van Duzee (Hemiptera: Delphacidae) on Spartina alterniflora and S. anglica in the USA. Two
Archanara species, A. geminipuncta Haw. and A. neurica Hiibner (Lepidoptera: Noctuidae),
were recently petitioned for release on Phragmites australis in the USA (Blossey et al., 2020),
and the rust fungus Uromyces pencanus Arth. & Holw. was approved for release in New

Zealand for the control of Nassella neesiana Barkworth (Anderson et al., 2017).

There are a number of other potential grass biological control agents currently under
consideration (e.g. Eriophyid mites (Acari: Eriophyoidea) (Reinert et al., 2007; Smith et al.,
2010; Brown et al., 2021), shoot-galling flies (Diptera: Chloropidae) (Nartshuk, 2014), and
fungal pathogens (e.g. Pikatek et al. (2015))), but the stem-galling members of the Tetramesa
Walker (Hymenoptera: Eurytomidae) genus are particularly promising due to their reported
host-specificity and the previous success of T. romana on invasive Arundo donaz in the USA

(Moran and Goolsby, 2009; Sutton et al., 2019).

Of the 23 invasive grass species that have been under consideration for biological control
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around the world, eight are under evaluation in Australia; namely Andropogon gayanus Knuth.
(gamba grass), Eragrostis curvula (Schrad.) Nees (African lovegrass), Sporobolus natalensis
(Steud.) Dur. & Schinz, Sporobolus pyramidalis P. Beauv. (giant rat’s tail grass), Avena fatua
L. (wild oats), Hymenachne amplezicaulis (Rudge) Nees (West Indian marsh grass), Nassella
neesiana (Trin. & Rupr.) Barkworth (Chilean needlegrass), and Nassella trichotoma (Nees)
Hack. ex Arechav. (serrated tussock) (Sutton et al., 2019). Additionally, M. mazimus is being

targeted for biological control in the USA (Vacek et al., 2021; Gaskin et al., 2022).

Sutton et al. (2021a) prioritised five target grasses that are feasible biological control
targets in South Africa based on the Biological Control Target Selection system developed by
Paterson et al. (2021a); namely the category 1b-listed (1) A. donaz L., (2) Cortaderia jubata
Stapf., (3) Cortaderia selloana Asch. & Graebn., (4) Nassella trichotoma Hack., and (5)
Glyceria maxima Holmb. Biological control programmes for the first four of these species have
already been initiated elsewhere in the world, making transfer or repeat programmes in South
Africa more cost-effective options. There is sufficient evidence to suggest that the biological
control of grasses is equally as feasible and likely to be as effective as other plants, and that

the Tetramesa wasps are promising potential agents that may be prioritised in many cases.
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Table 1.2: A list of all the agents released on invasive Poaceae from 1997 - 2019, extracted from Winston et al. (2021).

Weed Agent Country, year Established? Impact
Arundo donaz Rhizaspidiotus donacis Leonardi (Hemiptera, Diaspididae) Mexico, 2011 Established Medium
Arundo donax Tetramesa romana Walker (Hymenoptera, Eurytomidae) Mexico, 2009 Established Medium
Arundo donax Rhizaspidiotus donacis Leonardi (Hemiptera, Diaspididae) USA, 2010 Established Medium
Arundo donazx Tetramesa romana Walker (Hymenoptera, Eurytomidae) USA, 2009 Established Medium
Arundo donax Tetramesa romana Walker (Hymenoptera, Eurytomidae) USA Established Medium
Arundo donax Lasioptera donacis Coutin (Diptera, Cecidomyiidae) USA, 2017 Not established N/A
Arundo donax Tetramesa romana Walker (Hymenoptera, Eurytomidae) New Zealand, 2017 Unknown Unknown
Arundo donax Tetramesa romana Walker (Hymenoptera, Eurytomidae) South Africa Unknown™* Slight
Arundo donazx Lasioptera donacis Coutin (Diptera, Cecidomyiidae) Mexico, 2018 Not established N/A
Phragmites australis subsp. australis — Lenisa geminipuncta Haworth (Lepidoptera, Noctuidae) Canada, 2019 Unknown Unknown
Phragmites australis subsp. australis — Archanara neurica Hitbner (Lepidoptera, Noctuidae) Canada, 2019 Unknown Unknown
Poa annua Xanthomonas campestris pv. poae (Gammaproteobacteria, Xanthomonadales) — Japan, 1997 N/A Heavy
Spartina alterniflora Prokelisia marginata Van Duzee (Hemiptera, Delphacidae) USA, 2000 Established Variable
Spartina anglica Prokelisia marginata Van Duzee (Hemiptera, Delphacidae) USA, 2003 Established Variable

* This is an adventive population of Tetramesa romana in South Africa, and not an intentionally released (Canavan et al., 2019a).
Note: Ischnodemus variegatus (Signoret) (Hemiptera: Blissidae) for the control of Hymenachne amplexicaulis (Rudge) Nees is pending acceptance in Australia (Diaz et al.,
2009), and the rust fungus Uromyces pencanus Arth. & Holw. (Uredinales) for the control of Nassella neesiana (Trin. & Rupr.) Barkworth has been approved in New Zealand
and is pending export permits (Anderson et al., 2017).
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1.7 The Tetramesa wasps

1.7.1 Overview

There are approximately 88 genera and 1424 described hymenopteran species in the Eurytomi-
dae family (Chalcidoidea: Eurytomidae: Eurytominae) (Noyes, 2012). A number of eurytomids
have been released, or considered, as biological control agents of invasive weeds in the past
(such as Tetramesa romana on Arundo donaz and Eurytoma bryophylli on Bryophyllum
delagoense (Neser, 2008)). Only three eurytomid genera feed exclusively on grasses; namely

Cathilaria Burks, Furytomocharis Ashmead, and Tetramesa Walker (DiGaulio, 1998).

1.7.2 Taxonomy

The taxonomic history of the Tetramesa genus is convoluted, with 12 generic synonyms in
use since the first description made by Francis Walker in 1832, in which he named the group
“Isosoma” (Walker, 1832) (Fig. 1.5). Following a revision of the group in 1919 (Phillips and
Emery, 1919), Gahan (1924) suggested that the name Isosoma be replaced with the name
Harmolita Motschulsky, as it was discovered that there was already a genus of Coleoptera
named Isosoma. The German entomologist, R. Hedicke, refused this suggestion, calling the
genus Isthmosoma instead (Gahan, 1924). By 1958, Michael Claridge suggested that the name
Tetramesa should be treated as a synonym for Isosoma, and replace Harmolita (Claridge,

1961), which it retains at present.

As far back as 1922, Gahan (1922) wrote that the Eurytomidae family was in need
of a major revision, and that the Harmolita genus would have to serve as a container for new
species descriptions even though some of the species were “perhaps slightly extralimital in some
characters”. More than 80 years later, in a molecular phylogenetic study of the Eurytomidae,
Chen et al. (2004) reported that the Eurytominae subfamily has been treated as a “trash can”
for taxa that do not fit into the other subfamilies (currently comprising Buresiinae, Rileyinae,

and Heimbrinae), and that the Rileyinae subfamily was more closely related to the Torymidae

than to Eurytomidae. Similarly, Gates (2008) wrote that “although various families of the
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Furytomidae have been recognised, roughly the same taxa are merged or separated depending
on the author’s perspective”. Since morphological and molecular evidence suggest that the
Eurytomidae family is not monophyletic (Campbell et al., 2000; Chen et al., 2004; Lotfalizadeh
et al., 2007b; Munro et al., 2011), an increased effort is required to apply an integrative

taxonomic approach to start assembling the missing puzzle pieces in this complex insect group.

Figure 1.5: Synonyms used for the Tetramesa Walker genus since its first description in
1832. Data were sourced from the Natural History Museum Universal Chalcidoidea Database
(https://www.nhm.ac.uk/our-science/data/chalcidoids/database).

The Tetramesa genus currently comprises at least 200 species (202 according to the
Natural History Museum (2021), plus the newly-described T. amica Lotfalizadeh, sp. nov.
(Lotfalizadeh et al., 2020), and 205 according to Al-Barrak (2006)). Tetramesa wasps are highly
host-specific; typically specialising on only one species or genus, or on closely-related genera in
the Poaceae (Phillips, 1936; Claridge, 1961). Adults feed on nectar (or do not feed at all), and
lay their eggs in the stems of their host plant (Al-Barrak, 2006). The larvae are endophagous
herbivores, and are either stem borers or gallers (Claridge, 1961). Several Tetramesa species are
serious agricultural pests to grains and forage, including 7. tritici Fitch (wheat jointworm), 7.
grandis Riley (wheat strawworm), T. hordei Harris (barley jointworm), and T. secale (Fitch)
(rye jointworm) (Goolsby and Moran, 2009). Jones et al. (1952) wrote that T. tritici ‘ranks next
in destructiveness to the hessian fly [on wheat]’. Spears and Barr (1985), for example, reported
that Tetramesa infestations reduced seed weight, percentage germination, and germination

rate in four grass species native to North America (Aristida longiseta Steud. Sitanion hystriz
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Nutt. J.G. Smith, Sporobolus cryptandrus Torr. A. Gray, and Stipa comata Trin. & Rupr);
with a 99% reduction in the seed germination of A. longiseta Steud. The highly host-specific
behaviour of the Tetramesa, and the damage that they can cause to their host plants, makes

this group an ideal candidate species complex for biological control agents of invasive grasses.

1.7.3 Tetramesa as biological control agents

Only one Tetramesa species, T. romana (the arundo gall wasp), has been used as a grass
biological control agent to date. The host-specificity of T. romana, collected from a population
in its native range in Spain, was sufficient for it to be released as a control agent for Arundo
donaz L. (giant reed or carrizo cane) along the Rio Grande in Texas (USA), and Mexico,
for the first time in 2009 (Table 1.2 and Figure 1.6) (Goolsby and Moran, 2009; Moran and
Goolsby, 2009; Racelis et al., 2010). The wasp was also later released in Arizona and California
(Moran et al., 2017). Arundo donaz is an invasive perennial reed native from Mediterranean
Europe to India (Hardion et al., 2014). It has become invasive across the world, particularly
in the arid riparian regions of the southern USA, California, and Mexico (Moran et al., 2017).
Dense infestations occur along the creeks and rivers in the Rio Grande basin in south and
southwest Texas, where the reed covers over 30 000 hectares (ha) (Everitt et al., 2005; Moran
et al., 2017). Post-release evaluations indicate that T. romana has spread over 800 km along
the river, and is having a considerable impact on A. donax (Goolsby et al., 2016). A 32%
reduction in biomass was recorded at selected sites between 2014 and 2016, as well as the
recovery of native plant communities, and the reduction in agricultural water loss (see Racelis

et al. (2021)) estimated at ~ US$ 4.4 million annually (Moran et al., 2017).

A number of other Tetramesa species are currently being considered as potential grass
biocontrol agents. Witt and McConnachie (2004) reported the presence of an unidentified
Tetramesa sp. on S. africanus, S. natalensis, and S. pyramidalis in southern Africa ( Tetramesa
sp. 1). About 33% of the S. pyramidalis surveyed were infested with the wasp, resulting
in malformed inflorescences in 60% of those sampled. It was also reported that the wasps
significantly reduced culm lengths, but this requires further experimentation to eliminate the

possibility that the wasps selected for shorter culms. A second unidentified Tetramesa species
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(Tetramesa sp. 2) was found on S. natalensis and S. pyramidalis by Sutton et al. (2019,
2021b) during native range surveys, where the wasp was found only on these two target weeds.
Sutton et al. (2021b) found that both Tetramesa species significantly decreased tiller survival
and had a deleterious impact on tiller reproduction, where Tetramesa sp. 1 was reported to
be the most damaging of the two wasps. Tetramesa sp. 1 and Tetramesa sp. 2 are currently
under evaluation as potential agents for S. natalensis and S. pyramidalis in Australia (Witt
and McConnachie, 2004; Sutton et al., 2019), and were imported into quarantine in Australia

for the first time in September 2022 to undergo host-specificity testing.

The newly-described T. amica Lotfalizadeh, sp. nov. on Taeniatherum caput-medusae L.
Nevski (Medusahead) is also being evaluated as a potential biological control agent (Lotfalizadeh
et al., 2020). Taeniatherum caput-medusae is an annual grass native to the Mediterranean
region, and has become an invasive weed in the USA, the north and northwestern parts of

Europe, Chile, and Australia (Peters, 2013).

1.7.4 Extent of species discovery to date

Almost all of the sampling effort in collecting and describing Tetramesa species has taken
place in the Northern Hemisphere (Al-Barrak, 2006) (Fig. 1.7). Only four African species
have so far been described; namely T. aristidae Risbec from Senegal, T. decaryi Risbec and T.
tananarivense Risbec from Madagascar, and T. macalusoi De Stefani from Somalia (van Noort,
2020). To date, no Tetramesa species have been described from South Africa (van Noort, 2020),
although the existence of novel taxa appears certain (see above). It is very likely that there is a
high diversity of native southern African species that can be utilised as potential biological con-
trol agents of African grasses that are invasive outside their native range. This is particularly im-
portant to investigate because Africa is such a large donor of invasive grasses (Visser et al., 2016),

and so surveying for natural enemies will be greatly beneficial to biological control programmes.
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Figure 1.6: (A) Tetramesa romana pupal stages and mature adult (adult females measure ~ 5.4 mm
in length (Moran and Goolsby, 2009)), (B) gall formation (blue arrow) and adult wasp exit hole (red
arrow) in Arundo donaz, (C) multiple exit holes in A. donaz, (D) an adult T. romana female ovipositing
in the stem of A. donaz, and (E) the endophagous feeding of a Tetramesa larva. Figures A and B taken
from Jiménez et al. (2017), Figure C credit: Quentin Paynter, Figures E and E credit: John Goolsby.
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Figure 1.7: The global distribution of recorded and described Tetramesa species, as sourced from
the literature (see the file in the ‘maps’ folder in https://github.com/clarkevansteenderen/
PhD_files, compiled by Guy Sutton).

1.7.5 Molecular tools and taxonomy

The morphological uniformity of the adult and larval stages makes the Tetramesa extremely
challenging to identify (Dawah, 1987; Ghajarieh et al., 2006). Genus-level identifications
delineating between the Tetramesa and Furytoma have proven difficult (Henneicke et al., 1992),
and even reliable synapomorphies at the family-level are still lacking (Lotfalizadeh et al., 2007b;
Gates, 2008). In many cases, this is likely due to morphological convergent evolution within the
Chalcidoidea (e.g. due to the utilisation of similar ecological niches and hosts) (Chen et al., 2004;
Peters et al., 2018). For example, head shape in female Sycoecinae and Agaoninae fig wasps (Hy-
menoptera: Chalcidoidea: Agaonidae), has been under the same strong selection pressure due to
the morphological constraints of their host fig trees (Ficus L.) (Noort and Compton, 1996). This

has led to similar morphological features that have arisen independently in these two lineages.

Genetic barcoding has become an integral tool in species delimitation projects since
it gained popularity in the early 2000s (Hebert et al., 2003a,b). The Barcode of Life Database
(BOLD) currently contains over 12 million genetic barcodes representing 246 000 animal, 72 000

plant, and 24 000 fungal species (BOLD, 2023). The mitochondrial cytochrome oxidase I (COI)
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marker is known as the “barcoding gene”, and is usually preferred for metazoans due to its faster
mutation rate relative to nuclear regions, and its high abundance in cells (Ballard and Whitlock,
2004; Piganeau et al., 2004; Waugh, 2007; Haag-Liautard et al., 2008). “Barcoding” regions are,
however, not only limited to COI (for example the use of the ITS region in fungi, and matK and
rbeL in plants (Casiraghi et al., 2010)). In order to differentiate between putative species, the
interspecific genetic distance between groups needs to be larger than their intraspecific distance,
referred to as the “barcode gap” (Hebert et al., 2003a). Using the COI marker, a genetic se-
quence divergence of 3% and above is suggested to indicate species delineation in insects, and 2%
and above for vertebrates (Hebert et al., 2003a). These are, however, merely ballpark figures and
should be assessed on a case-by-case basis. Since the fundamental genetic composition remains
the same throughout an organism’s lifecycle, genetic barcoding offers the advantage of identify-
ing putative species from material taken from any sex or developmental stage; which might be
otherwise impossible to identify morphologically. Barcoding tools are by no means silver bullets,
and their limitations have been reviewed by numerous authors (Moritz and Cicero, 2004; Will
and Rubinoff, 2004; Rubinoff and Holland, 2005; Rubinoff et al., 2006; Zamani et al., 2020, 2022).
These criticisms are predominantly aimed at the use of DNA barcoding alone to delineate and
describe new species through what is termed a “minimalist” approach (Meierotto et al., 2019).
Despite the shortcomings of DNA barcoding, if used appropriately and in conjunction with
other independent lines of evidence (e.g. morphological, ecological, biogeographical, behavioural

characteristics, and multilocus genetic markers), the methods can be highly informative.

There have been a number of studies that have used COI barcoding tools to conduct
species delimitation analyses in hymenopteran families, including the Eurytomidae (Zhang
et al., 2022), Braconidae (Fagan-Jeffries et al., 2018; Sharkey et al., 2021a,b), Formicidae
(Oberprieler et al., 2018; Williams et al., 2022), Apidae (Milam et al., 2020), Pompilidae
(Waichert et al., 2020), Ichneumonidae (Schwarzfeld and Sperling, 2015), and Gasteruptiidae
(Parslow et al., 2021). Genetic analyses of the Tetramesa are limited, however, with the only
published studies carried out by Madjdzadeh (2004) for Iranian species using COI, COII, and
cytochrome b markers, Al-Barrak et al. (2004) using random amplified polymorphic DNA
(RAPD) markers for United Kingdom (UK) species, and Ghajarieh et al. (2006) for species in
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the UK using COI markers. Although not the focus of the study, Chen et al. (2004) sequenced
a number of eurytomid wasps, including 7. bambusae Phillips, using mitochondrial COI and
16S, and nuclear 18S and 28S markers. These, and a number of other genetic studies involving

chalcidoid wasps, have been successful in delineating and uncovering cryptic species (Li et al.,

2010; Zhang et al., 2014; Powell et al., 2019; Zhang et al., 2019b, 2022).

Molecular tools, particularly DNA barcoding, have become indispensable in the field
of biological control (Gaskin et al., 2011). Apart from enabling the identification of target
weeds and insect agents, molecular tools can also aid in (1) determining the origin/s of weeds
(Goolshy et al., 2006a; Paterson et al., 2009), (2) investigating population structure and gene
flow (Brede et al., 2008), (3) testing whether the agents or weeds can hybridise (Sziics et al.,
2011; Havill et al., 2012; Williams et al., 2014), (4) the identification of immature life stages
(Rector et al., 2010; Rauth et al., 2011), (5) establishing test plant lists based on phylogenetic
relatedness (Wapshere, 1974; Kelch et al., 2004; Briese and Walker, 2008), (6) determining
host associations (e.g. through gut analysis (Rougerie et al., 2011; Unruh et al., 2016)), and (7)
identifying endosymbionts associated with insect agents (e.g. Wolbachia that may contribute

to reduced mitochondrial genetic diversity in their hosts (Roehrdanz et al., 2006)).

1.8 Research Objectives

The aim of this thesis was to investigate the diversity and host plant affiliations of Tetramesa
in South Africa. This was done to gain a better understanding of the diversity and evolution of
the taxon, to investigate the radiation of cryptic species of insect herbivores, and to determine
the utility of these species for the biological control of invasive African grasses in other parts

of the world. More specifically, the aims of each chapter are listed below.

1. To determine the species diversity of Tetramesa and their host ranges in South Africa,
including a dating analysis to estimate divergence times (Chapter 2).

2. To investigate the cophylogenetic relationships between the Tetramesa and their host plants
to gain a better understanding of host specificity, and whether it is stable (Chapter 3).

3. Because it is often difficult to distinguish between speciation events and intraspecific
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population divergences, a novel software programme, “SPEDE-sampler” was developed to
investigate how computational choices and sample size can affect the results obtained from
the Generalised Mixed Yule Coalescent (GMYC) species delimitation model (Chapter 4).
4. To provide recommendations on how Tetramesa could be used for biological control of

African grasses that are invasive globally (Chapter 5).
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Chapter 2

Tetramesa Phylogenetics

Graphical Overview

2.1 Introduction

2.1.1 Native-Range Surveys

Native-range field surveys are integral to biological control programmes to enable the screening

of candidate agents such that only those that are host-specific to the target weed are selected
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(Goolsby et al., 2006b; Cabrera Walsh et al., 2013; Minuti et al., 2021; Sutton et al., 2021a;
Rafter et al., 2022). DNA barcoding tools have become indispensable in cases where candidate
agents are difficult to identify (e.g. immature stages, cryptic species), and can assist in better
understanding their host preferences (Smith et al., 2006; Li et al., 2010; Zhang et al., 2011;
Egli et al., 2020; Nawaz et al., 2021).

In a similar scenario to the present study, Egli et al. (2020) conducted native range surveys
for candidate biological control agents on Senecio madagascariensis Poiret (Asteraceae), which is
native to southern Africa but an invasive weed in Australia. The authors used COI barcoding to
differentiate between candidate agents and to determine their host-use. As there is a high diver-
sity of native Senecio species in Australia, it is vital that the candidate agents are host-specific to
S. madagascariensis. Phylogenetic trees revealed that the stem-boring curculionids and tortricids,
and the capitulum-feeding pterophorids and tephritids collected were suitably host-specific, while
the stem-boring agromyzids were not. Similarly, native range surveys on Acacia auriculiformis A.
Cunn. ex Benth. (Fabaceae) and the subsequent DNA barcoding of potential agents in a study
by Nawaz et al. (2021) revealed 143 MOTUs (Molecular Operational Taxonomic Units); 85% of
which were associated with a single Acacia species. Finding highly specialised candidate agents

during surveys is not surprising given the high percentage of insect herbivores that are specialists.

Less than 10% of phytophagous insects feed on host plants in more than three different
families (Bernays and Graham, 1988). A number of possible reasons for the selection of host spe-
cialisation have been presented, and include fitness tradeoffs (e.g. an adaptation to one host plant
may reduce fitness on other hosts), reduced competition for resources, reduced time spent search-
ing for a suitable host, increased likelihood of finding a mate, predator and parasite avoidance
(termed “enemy-free space”), specialised nutritional needs, and coevolved microbial symbionts

(Bernays and Graham, 1988; Bernays, 1988; Futuyma and Moreno, 1988; Jaenike, 1990).

As discussed in Chapter 1 Section 1.5.5, a number of biological control agents were
believed to comprise only one species, but molecular and other integrative methods found that
they were in fact cryptic species complexes with different host ranges and damage potential.
Cryptic species and host-use have important implications for biological control, as practitioners

need to be confident that they are releasing an agent that has been identified correctly, is
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suitably host-specific, and that will deliver optimal control. Some cryptic species may be more
effective than others under different environmental conditions due to, for example, thermal
tolerance (e.g. Eccritotarsus catarinensis vs E. eichhorniae in Paterson et al. (2019)), and may
deliver varying levels of control at different release sites. The application of genetic techniques
during the stage of field surveying for new agents can help in avoiding identification problems,

and separating otherwise morphologically identical groups.

2.1.2 Taxonomy and Molecular Species Delimitation

Molecular species delimitation methods use genetic data to estimate species boundaries and
the number of distinct categories in a particular study system, which are often referred
to as “Molecular Operational Taxonomic Units” (MOTUs), “genospecies”’, “phylospecies”,
“phylotypes”, or “Recognisable Taxonomic Units” (RTUs) (Wiens, 2007; Fontaneto et al., 2015;
Luo et al., 2018). These methods rely either on the construction of phylogenetic trees, or on
genetic distance matrices (Fontaneto et al., 2007). DNA-based tools have become valuable,
sometimes indispensable, complements to traditional morphological taxonomy; especially for
taxa that (1) comprise groups that are morphologically indistinguishable and may contain
multiple cryptic species (Anguita-Salinas et al., 2017), (2) are morphologically plastic in
response to their environment, leading to either morphological convergence or divergence (Guo
et al., 2018), (3) are microscopic in size (Mills et al., 2017), or (4) undergo larval stages that

are challenging or impossible to identify (Collin et al., 2020).

Defining what constitutes a “species”, and how living organisms can be delineated in a
consistent, biologically-meaningful, and objective manner, is, however, a long-debated topic in
biology that remains unresolved (De Queiroz, 2005; Hey, 2006; Zachos, 2018; Wang et al., 2020c).
There are over 30 different species concepts (Zachos, 2016), with new additions appearing
regularly in the literature (Hill, 2017; Shanker et al., 2017; Hong, 2020; Seifert, 2020). One of the
major challenges to species delimitation is distinguishing between species- and population-level
divergences (Derkarabetian et al., 2019). In other words, determining when genetically distinct
groups are different species, and when are they intraspecific populations. Species numbers may

regularly be overestimated due to the sensitivity of delimitation algorithms to population genetic
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structure caused by, for example, geographic sub-structuring (Sukumaran and Knowles, 2017).

Species delimitation methods should be approached with the understanding that they
are imperfect representations of real-world biological systems (Carstens et al., 2013). Asexual
organisms (Dudgeon et al., 2017), naturally fragmented populations, and hybridisation and
introgression (Dowling and Secor, 1997; Winter et al., 2018), for example, can create grey areas
in species boundaries (Wiens, 2007; Galtier, 2019). An integrated approach is recommended,
using a variety of methods which include genetic, biogeographical, behavioural, life-history,
and morphological information (referred to as “integrative taxonomy”) (see for example Hey
et al. (2003); Hey (2006); Padial et al. (2010); Schlick-Steiner et al. (2010); Yeates et al. (2011);
Carstens et al. (2013); Stanton et al. (2019), and also Zamani et al. (2020)). This thesis uses
the term “host-specific taxonomic unit” (HSTU) when referring to phylogenetic clades that
utilise a single host. This term is not proposing a new species concept, but may be a more

useful term in a biological control context when referring to distinct host-specific genetic groups.

Species discovery is not only important for biological control, but also has important
implications for the better understanding of species diversity on our planet, and to facilitate
conservation and management initiatives (Bickford et al., 2007; Trontelj and Fiser, 2009). This
is particularly relevant to the protection of threatened and endangered species (Cook et al.,
2008; Deli¢ et al., 2017; Yan et al., 2018; Rubinoff et al., 2020); many of which are not even

yet known to science (Tedesco et al., 2014; Lees and Pimm, 2015).

The Centre for Biological Control (CBC) at Rhodes University, South Africa, has
been collaborating with Australian biological control practitioners to prospect for biological
control agents targeting invasive African Eragrostis curvula (African lovegrass), Andropogon
gayanus (Gamba grass), Sporobolus natalensis, and Sporobolus pyramidalis (giant rat’s tail
grass) grasses in Australia (Fig. 2.2). The CBC is also currently surveying for prospective
agents for M. mazimus in collaboration with researchers from the USA. Native range surveys
on African grasses in South Africa since 2017 have yielded a number of unidentified Tetramesa
specimens, but the lack of described Tetramesa species in Africa (largely due to their uniform
adult morphology as well as a Northern Hemisphere sampling bias) has made field-based

host-specificity testing difficult to conduct (Sutton et al., 2019, 2021b). The present study
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is not a taxonomic revision of the Tetramesa genus, but is the first of its kind to distinguish
between African Tetramesa species, determine their host-specificity, and to gain a better
understanding of the diversification processes among taxa feeding on native South African

grasses that are invasive in Australia and the United States of America.

Figure 2.1: The top ten invasive plant families (A) most represented on a global scale (adapted
from (Pysek et al., 2017)), and (B) originating from South Africa (adapted from Pysek et al. (2020)).
The percentages in plot (A) are the proportions of invasive species relative to the total number
of described species in the family.

40



17

Figure 2.2: Distributions of some problematic African grasses in their native ranges, and invaded ranges in Australia. Data were sourced from the GBIF
(Global Biodiversity Information Facility) database using the R spocc (SPecies OCCurrence) package (https://github.com/ropensci/spocc).
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2.1.3 Aims

This chapter aimed to address the taxonomic gap in the Tetramesa genus by generating a
genetic database and estimating species boundaries between taxonomic groups; particularly
investigating interspecific differentiation and intraspecific substructuring. It then investigated
the host-specificity of these wasp groups in order to make recommendations for their potential

use for the biological control of grasses.

2.2 Materials and Methods

2.2.1 Sample Collection

Surveys and collections of herbivore communities on grasses across South Africa have been
performed since 2017 across 129 sites and 49 grass species (Sutton et al., 2021b). These included
bi-monthly surveys at 22 sites in KwaZulu-Natal for a one-year period to assess changes in
insect assemblages over time. As opposed to collecting external adults, the surveys were
performed through either stem dissections or emergence chambers to ensure that the host-plant
record was a true interaction and not due to chance. Voucher specimens were identified to the
lowest taxonomic level by experts at the South African National Insect Collection in Pretoria

(ARC-PPRI). These taxonomic classifications were used as a baseline in the present work.

For this study, wasp samples for DNA analysis (COI = 193, 28S = 199) were collected
from six South African provinces and 19 grass host plants (Fig. 2.4, Fig. 2.5, and Table
S1). Host grasses were selected based on their invasive status and prioritisation in control
programmes in Australia and the USA. The main targets were Andropogon gayanus (Fig.
2.3 A), Eragrostis curvula (Fig. 2.3 B), Megathyrsus mazimus (= Panicum mazimum) (Fig.
2.3 C), Sporobolus natalensis, and S. pyramidalis (Fig. Fig. 2.3 D). Hyparrhenia hirta and
FEustachys paspaloides were also included because they are also problem species in Australia

and might be considered for future biological control programmes.
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Figure 2.3: A) Andropogon gayanus, B) Eragrostis curvula, C) Megathyrsus maximus, and D) Sporobolus pyramidalis. Tmages taken from Plants of the
World Online (POWO) (http://www.plantsoftheworldonline.org/). Facilitated by the Royal Botanic Gardens, Kew.
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Figure 2.4: An elevation map of South Africa showing the collection sites of Tetramesa specimens
used in the present study.

Figure 2.5: Counts of the wasp specimens collected across 19 host grasses. The bars represent
the distribution of specimens collected, where Eragrostis curvula had the greatest sampling effort
due to its prioritisation as a target for biological control. EC = Eastern Cape, FS = Free State, KZN
= KwaZulu-Natal, LP = Limpopo, MP = Mpumalanga, NC = Northern Cape, ZIM = Zimbabwe.
All species, except Arundo donaz, are native South African grasses.

Sampling sites were selected based on the known distributions of the target host grasses,

and where Tetramesa wasps had been found during previous surveys. The eurytomids collected
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were divided into morphospecies based on their host plants and on the presence or absence of
a pronotal spot (Claridge, 1961) (Fig. 2.6 A, B). This feature is abbreviated “PNS” henceforth.
Wasps without the feature are abbreviated “NPNS” (non-pronotal spot). It is important to note
that the PNS (Tetramesa sp. 1) wasp recorded on S. natalensis and S. pyramidalis in Sutton

et al. (2021Db) is the same wasp species; the same is true for the NPNS wasp on these two grasses.

The Wapshere Centrifugal Phylogenetic Model (WCPM) (Wapshere, 1974) was used as a
primary criterion to select other species within close phylogenetic proximity to the target weeds,
focusing particularly on native congeners. Successively less sampling effort was applied to
distantly related grasses, although non-target grasses that (1) occurred in sympatry in both the
native and invaded range (Briese, 2003), (2) had a high relative abundance (Moffat et al., 2013),
(3) were structural analogues (Futuyma, 2000), and (4) were known hosts of other Tetramesa
species were also taken into account (see Tables S1 and S2 in Sutton et al. (2021b)). The grass
phylogenetic work by Shrestha et al. (2003), Shrestha et al. (2005), Peterson et al. (2010),

Peterson et al. (2014), and Barrett et al. (2020) were used to guide the WCPM approach.

Figure 2.6: A) PNS Tetramesa (KCP 2021 00194) and B) NPNS eurytomid specimen (KCP 2021

00245). The prominent pronotal spot in (A) is shown with a red arrow. Scale bars represent 1 mm.

2.2.2 Sample preservation

All insect specimens were stored in 95% ethanol at -20°C. Reference specimens (Fig. S1 A - Q)
were photographed under a ZEISS Stemi 508 stereo microscope using ZEN imaging software
(ZEN Digital Imaging for Light Microscopy (RRID:SCR_-013672)), and CombineZP software

was used for z-stacking to create the final images. A full database of photographs is housed on
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the GitHub project repository (https://github.com/clarkevansteenderen/PhD_files/

tree/main/Microscope’,20Images).

2.2.3 Wasp genetics

DNA extraction

Three legs from each specimen were removed under a dissecting microscope so that the
remaining whole specimens could be used for direct comparisons after sequencing. Genomic
DNA extractions were performed using a PureLink™ Genomic DNA Mini Kit (ThermoFisher
Scientific, catalogue number K182002) according to the manufacturer’s protocols. DNA
extracts were eluted in a total volume of 35 pul. Genomic Elution Buffer to account for lower
DNA yields, and stored at -20°C. The concentration and purity of DNA extracts were recorded

using a ThermoScientific NanoDrop 2000™ spectrophotometer.

Polymerase Chain Reaction (PCR)

Mitochondrial cytochrome ¢ oxidase I (COI) sequences were obtained using the forward
FWPTF1 (Li et al., 2010) and reverse LepR1 (Hebert et al., 2004) primers (Table 2.1). These
primers were designed by Li et al. (2010) for determining the host-specificity of Sycophila

wasps (Hymenoptera: Eurytomidae), and worked well for species delimitation.

Each PCR reaction was carried out in a 25 pli volume, comprising 12.5 pl. PCR master
mix (2x iTaq™ Universal SYBR® Green Supermix, Bio-Rad, catalogue number 1725121),
2 uL forward and reverse primer (10 M concentration), and template DNA (~ 5 - 10 ng/uL).
Thermocycling conditions were as follows: 5 min denaturation at 94°C, followed by 38 - 40

cycles of 40 s at 94°C / 35 s at 53°C / 45 s at 72°C / and a final extension of 10 min at 72°C.

Nuclear internal transcribed spacer II (ITS2) primers from White et al. (1990) (ITS2F and
ITS2R) and Lotfalizadeh et al. (2007a) (ITS2F lotf and ITS2R lotf) (Table 2.1) were tested on
Tetramesa specimens, where PCR and thermocycling conditions followed the protocols as per the
respective references. Despite running gradient PCRs to find the optimal annealing temperature,

sequence reads contained consistent multiple overlapping peaks and substantial background noise.
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It was therefore decided to exclude this region from the study, and test 18S (White et al., 1990;
Carmean et al., 1992) and 28S rRNA (Campbell et al., 1994) markers as alternatives (Chen et al.,
2004). Both the 18S and 28S markers successfully amplified target fragments and produced clean
sequence reads. Test sequences (n = 5) using these markers were assessed for average genetic
diversity, which yielded 0% and 3%, respectively. It was therefore decided to continue using 285
to complement the COI data. The 28S region was also been found to be more informative relative
to 18S in the barcoding of mites in Zhao et al. (2020), and was suggested as a more suitable
alternative to I'TS2. This was due to the variability of the ITS2 region in terms of both sequence
length and composition, which resulted in alignment issues. This might explain the difficulty in
amplification in the present work. Thermocycling conditions for the 18S region were as follows: 5
min denaturation at 95°C, followed by 35 cycles of 30 s at 95°C / 30 s at 52°C / 30 s at 72°C / and
a final extension of 10 min at 72°C (modified from Murphy et al. (2007)). Conditions for the 285
region were: 5 min denaturation at 94°C, followed by 35 cycles of 1 min at 94°C / 1 min at 55°C /
1.5 min at 72°C / and a final extension of 10 min at 72°C (modified from Schmidt et al. (2006)).

Table 2.1: List of primers used for Tetramesa samples in this study.

Region Name Sequence (5°— 3°) Reference

COI FWPTF1 CCTGGTTCTTTRATTGGTAATGATC Li et al. (2010)

LepR1 TAAACTTCTGGATGTCCAAAAA Hebert et al. (2004)

1TS2 ITS2F ATTCCCGGACCACGCCTGGCTGA White et al. (1990)
ITS2R TCCTCCGCTTATTGATATGC

1TS2 ITS2F lotf TGTGAACTGCAGACATG Lotfalizadeh et al. (2007a)

ITS2R lotf AAATGCTTAAATTTAGGGGGTA

18S 18S.upl TGGTTGATCCTGCCAGTAG White et al. (1990);
185V4.lol  CRTHYTYGGCAAATGCTTTCGC Carmean et al. (1992)

285 D2F AGTCGTGTTGCTTGATAGTGCAG Campbell et al. (1994)
D2R TTGGTCCGTGTTTCAAGACGGG

2.2.4 Nucleotide Sequencing

Gels were prepared using a 1% agarose solution (TBE buffer (1X), Seakem™ agarose, and ethid-

ium bromide) and run at 90 V for 40 min using a Bio-Rad Powerpac™. Bands were visualised
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Poly-T region
1 10
| IS T oiTiiiiozoeiieoat
AA,A‘\A NN W) ;
,“A‘A“l .%uwu b
Sample GFS-2019-00079 Downstream double-peaks and DNA
COIl (FWPTF1 forward primer) p0|ymerase slippage

Figure 2.7: An example of a poly-T region at the start of a COI read, sequenced in the forward direc-
tion using primer FWPTF1 for Tetramesa sample GFS-2019-00079. The presence of this homopolymer
often disrupts the sequencing process, causing the slippage pattern and double peaks visible here.

on a Bio-Rad Geldoc™ molecular imaging system, and photographed using Image Lab™
software. Successfully amplified PCR products were sent to Macrogen Inc. in the Netherlands
(https://dna.macrogen-europe.com/eng/) for post-PCR purification and sequencing. The
quality of each DNA chromatogram was checked manually using Chromas v2.6.4 (Technelysium

Pty Ltd.), and trimmed such that the “noisy” beginning and end regions were removed.

For Tetramesa specimens, despite using the FWPTF1 forward COI primer designed by
Li et al. (2010) to avoid a poly-T region at the 5 end of the barcode region, this homopolymer
was observed in most COI sequences. Homopolymers are known to cause DNA polymerase
slippage patterns which disturb the sequencing process (Ivady et al., 2018) (Fig. 2.7). The
resulting overlapping peaks downstream from the poly-T region was avoided by sequencing
in the reverse direction (LepR1 primer), and then reverse-complementing the reads. PCRs
were repeated for samples with sequences that had above-normal background noise and/or
ambiguous base calls throughout, and were re-sequenced. Sequences were stored on the Centre
for Biological Control (CBC) database, and will be submitted to GenBank once morphological

identifications have been finalised (Table S1).

2.2.5 Sequence Alignment

Chromatograms were opened in Chromas v2.6.4 (Technelysium Pty Ltd.), where sequences

were trimmed to remove messy beginning and end sections (~ 50 - 70 bp). These were
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saved as FASTA files and opened in AliView (Larsson, 2014), where their base-calls were
verified against their corresponding chromatograms. Poor-quality sequences were excluded
from the alignments. Gaps at the beginning and end of the sequence alignments were padded
with Ns. Alignments were performed online using the default parameters in MAFFT v7
(https://mafft.cbrc. jp/alignment/server/) (Katoh et al., 2019), and improved manu-
ally where appropriate. To check that the amplified COI gene region did not include any
numts (nuclear mitochondrial DNA) that could result in barcoding “COI-like” sequences from
the nuclear genome rather than the targeted protein-coding mitochondrial region (Lopez et al.,
1994), the COI alignment was translated into amino acids in its longest open reading frame

(ORF) to check for the presence of stop codons or indels (Buhay, 2009).

2.2.6 Phylogenetic Analyses

Additional 285 and COI sequences were obtained from the GenBank (https://www.ncbi.nlm.
nih.gov/genbank/) and BOLD (https://www.boldsystems.org/index.php/) databases,
and are listed in Table S1. Until further clarification is attained, Tetramesa romana and T.
bambusae have been used as reference specimens for the Tetramesa genus. Barring Tetramesa
bambusae, all the historically archived Tetramesa sequences were only identified to genus.
Tetramesa bambusae has been recorded to form galls in Phyllostachis Siebold & Zucc. stems
(Asian bamboo) (Phillips, 1936), which are predominantly native to East Asia and the Himalayas
(Isagi and Torii, 1997). All the BOLD COI specimens from Germany were assigned to genus by
Dr. Stefan Schmidt at the Bavarian State Collection of Zoology in Munich, Germany, and the
Canadian specimens by Dr. Angela Telfer at the Centre for Biodiversity Genomics in Guelph,
Ontario, Canada. These were named based on COI sequence Barcode Index Numbers (BINs)
rather than on morphological identifications. All of these specimens were collected in Malaise
traps, and therefore did not have any associated host plant information. Additionally, the host
range for these specimens is also unknown (Stefan Schmidt and Angela Telfer, pers. comm.).
Outgroups were chosen based on the work by Chen et al. (2004), and comprised three Sycophila
(Eurytomidae) species for the COI analysis (GenBank codes AY317230 - AY317232), and the

genera Neorileya Ashmead (Eurytomidae), Megastigmus Dalman (Megastigmidae), Monodon-
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tomerus Westwood (Torymidae), and Brachymeria Westwood (Chalcididae) for the 285 analysis.

At the time of the writing of this thesis, the specimens used for DNA analysis in the
data set were sent to Iran for morphological identification by the world expert in Tetramesa
taxonomy (Hossein Lotfalizadeh, Iranian Research Institute of Plant Protection). Selected
wasps collected from Sporobolus pyramidalis were confirmed to genus by expert taxonomists
Gerhard Prinsloo (Department of Agriculture and Animal Health, University of South Africa)

and Werner Striimpher (Department of Zoology and Entomology, University of Pretoria).

Mitochondrial COI and nuclear 28S gene regions were analysed separately due to the pres-
ence of unresolved clades within both phylogenies, and differing topologies. Chen et al. (2004)
reported a similar topological incongruence between their nuclear (285 + 18S) and mitochon-
drial data sets (COI + 16S), and suggested a number of possible causes that include horizontal

gene transfer, ancient polymorphism, or differing inheritance pathways or mechanisms.

Optimal substitution models and maximum likelihood phylogenies were estimated
using the IQ-TREE online server (http://iqtree.cibiv.univie.ac.at/) (Nguyen et al.,
2015; Chernomor et al., 2016; Trifinopoulos et al., 2016), where the best models were found
by MODELFINDER (Kalyaanamoorthy et al., 2017). Default parameters were applied in

IQ-TREE, with 1000 ultrafast bootstrap repetitions.

The COI data set was partitioned by codon position, where the optimal models were
TIM3 + F + T (position 1), and TIM + F + T' (positions 2 and 3) according to the Bayesian
Information Criterion (BIC). The optimal model for the 28S data set was GTR + F + I +
I' (BIC). Bootstrap values between 90 - 100% were considered strong, 70 - 89% as medium,

and 50 - 69% as weak support.

Bayesian phylogenies were created in MrBayes v3.2.6 (Huelsenbeck and Ronquist, 2001),
using random starting trees, four chains (three hot and one cold), two runs, 25 million
generations, and the model parameters obtained from IQ-TREE. Trees were sampled every
1000 generations with a 25% burn-in. Tracer v1.7 (Rambaut et al., 2018a) was used to check
for MCMC convergence (ESS scores > 200). Posterior probability values between 0.9 - 1.0

were considered strongly supported. All analyses were carried out on the CIPRES Science
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Gateway v3.3 online server (http://www.phylo.org/) (Miller et al., 2010). Output tree
files were prepared using the “ggtree” (Yu et al., 2017) and “treeio” (Wang et al., 2020b) R
packages in R v4.0.2 (R Core Team, 2013). Haplotype networks were generated for the 28S
PNS (n = 91) and NPNS (n = 59) clades using the TCS networks method (Clement et al.,

2002) in PopART (Leigh and Bryant, 2015), where haplotypes were coloured by host plant.

The clade naming convention used in this thesis followed the form of:

MORPHOTYPE.HOST PLANT.NUMBER

where morphotype refers to the morphotype of pronotal spot (PNS), non-pronotal spot (NPNS),
or unknown (U) form. The host plant was abbreviated to the first letter of the genus, followed
by a recognisable few characters denoting the species name. For example, PNS.ECUR.1 means
the first clade (1) representing a pronotal spot morphotype (PNS), collected on Eragrostis
curvula (ECUR). In some cases, the host plant is unknown (U), or the clade might comprise
multiple host plants (MIX). See the list of abbreviations at the start of this thesis (page xv).

Ordered clade numbers are also provided for quick navigation.

2.2.7 Species delimitation

Since species delimitation methods can sometimes produce varying outputs (Blair and Bryson Jr,
2017; Hofmann et al., 2019; Ranasinghe et al., 2022), six independent methods were explored
in this work to estimate species boundaries within the Tetramesa COI and 28S genetic dataset.
These were the (1) Automatic Barcode Gap Discovery (ABGD), (2) Assemble Species by
Automatic Partitioning (ASAP), (3) Generalised Mixed Yule Coalescent model (GMYC), (4)
Haplowebs, (5) Poisson Tree Processes (PTP), and (6) Bayesian Tree Processes (bPTP) methods.
Outgroups were excluded from all analyses. Intra- and interspecific divergence values for selected
clades were calculated in MEGA-11 (Kumar et al., 2018) using uncorrected distances. Threshold
ranges were explored using a novel R script (https://github.com/clarkevansteenderen/
PhD_files, Fig. S7 and Fig. S8), where the final values chosen ranged between 0.3 and 3% for
285, and 2 - 5% for COI. The COI barcode gap was not clear-cut, and so the lower and upper

limits of the threshold range were additionally guided by the ABGD results (4.3% barcode gap).
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Automatic Barcode Gap Discovery (ABGD) and Assemble Species by Auto-

matic Partitioning (ASAP)

The ABGD (Puillandre et al., 2012) and ASAP (Puillandre et al., 2021) methods apply a
hierarchical clustering algorithm to genetic pairwise distances in order to estimate a relevant

barcode gap and species boundaries.

The ASAP and ABGD analyses were run on their respective online servers. ABGD and
ASAP were run using the default settings and the K2P substitution model, but the X-value for
the COI data set was reduced to 1. The ABGD analysis was run using the K80 substitution
model, with a minimum barcode gap width of 0.013 and 0.043 for 28S and COI, respectively.
These parameters were manually selected based on the cross-referencing of clade groupings

seen in the associated phylogenies.

Generalised Mixed Yule Coalescent model (GMYC)

The GMYC model is a tree-based tool for species delimitation that implements maximum
likelihood statistics to single-locus genetic data (Pons et al., 2006; Fontaneto et al., 2007;
Fujisawa and Barraclough, 2013). The model assesses when branching rates in an ultrametric
phylogeny transition from the species (inter-specific) to the population (intra-specific processes)
level, where genetic cluster groups are separated by longer internal branch lengths (Fujisawa

and Barraclough, 2013).

A Bayesian ultrametric phylogeny was generated in BEAST v2.6.3 (Suchard et al., 2018),
where the GTR site model, strict clock (clock rate = 1), and Yule tree prior with a uniform
birth rate distribution were set, with 15 million MCMC generations. The resulting phylogenies
were combined in TreeAnnotator, and were subsequently used to run the single-threshold
Generalised Mixed Yule Coalescent (GMYC) model (Pons et al., 2006; Fontaneto et al., 2007;

Fujisawa and Barraclough, 2013) in R using the “splits” package (Ezard et al., 2009).
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Haplowebs

Haplowebs (Flot et al., 2010) uses a sequence alignment to determine the number of haplotypes

in the data, and a subsequent minimum spanning network and species partition matrix.

The Haplowebs analysis was not included for COI data, as the method was found to
substantially oversplit groups (estimated MOTUs = 139, which was in the region of double
that of the other methods). Dellicour and Flot (2015) reported a similar outcome, and reported
that Haplowebs performed better with less variable markers (suggesting that nuclear markers
may be better indicators than mitochondrial for this method), smaller population sizes, and

lower speciation rates.

Possion Tree Processes (PTP) and Bayesian Poisson Tree Processes (bPTP)

The bPTP tool uses the mean number of substitutions per site to differentiate between intra
and inter-specific processes, which are represented by differences in branch lengths (Zhang et al.,
2013). The Poisson tree processes (bPTP) (Zhang et al., 2013) analysis was run on the bPTP
web server using the default settings, and 200 000 MCMC generations with a 0.25 burnin value.

The option of removing distantly-related outgroups was selected to improve delimitation results.

2.2.8 Genetic divergence across geographic space

A Mantel test assesses the relationship between two matrices, and was first applied in a
population genetics context by Sokal (1979). The test is now frequently used in phylogenetic
studies to investigate how spatial processes can influence population genetic structure by testing

the association between genetic and geographic distance matrices (Diniz-Filho et al., 2013).

The Mantel test was run on a subset of the COI data such that only the PNS FE.
curvula Tetramesa specimens were included. These specimens were collected from four different
provinces; namely Mpumalanga, Limpopo, and the Northern- and Eastern Cape (Fig. 2.8).
The PNS E. curvula group was selected because the COI phylogeny showed support for four
separate clades utilising this host from two different provinces. Since E. curvula is a target

for biological control, investigating whether these are different intraspecific populations or
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interspecific taxa is of importance. The test was run using the mantel() function in the
vegan R package (Oksanen et al., 2022), using the p-distance matrix for the COI sequence
subset (uncorrected distances obtained in MEGA-11), and a matrix of the associated GPS

coordinates for each sample. The number of permutations was set to 9999.

An AMOVA (analysis of molecular variance), analagous to an ANOVA (analysis of vari-
ance), tests genetic structuring and the proportion of variation within and among populations
of a particular species using various hierarchical levels (e.g. geographic location, biome, host)
(Excoffier et al., 1992). Two AMOVAs were run in Arlequin v3.5.2.2 (Excoffier and Lischer,
2010) (K2P, permutations = 1000) on the PNS E. curvula Tetramesa across (1) provinces,
and (2) populations within the Eastern Cape. A TCS haplotype network was generated for

the Eastern Cape populations in PopArt (Leigh and Bryant, 2015).

Figure 2.8: An elevation map of South Africa showing the localities of PNS Tetramesa specimens
collected on E. curvula host plants. EC = Eastern Cape, FS = Free State, MP = Mpumalanga,
NC = Northern Cape.
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2.3 Molecular clock dating

Numerous studies have relied solely on molecular clocks to generate dated phylogenies for various
taxonomic groups (Buckley et al., 2010; Marshall et al., 2016; Vuataz et al., 2016; Winkler et al.,
2018), and it is generally accepted that molecular clocks can be good approximations of reality
when (1) applied to closely related species and/or intraspecific populations, (2) appropriate
nucleotide substitution models, molecular clock models, and tree priors are applied, and (3)
molecular dates are considered in terms of their associated confidence intervals to account for
imprecision (Dos Reis et al., 2016). Acknowledging that molecular dating estimates are imprecise
does not mean that they have no use in evolutionary biology. The phylogenies presented in
this thesis should thus be treated as relative timescales and not absolute divergence times until

such a time that they can be calibrated with fossil or other appropriate geological evidence.

Some of the oldest chalcidoid fossils (Eulophidae and Trichogrammatidae) were found
preserved in amber in Ethiopia, and were dated to the mid-Cretaceous between ~ 93 - 95
mya (Schmidt et al., 2010). The only recorded eurytomid fossils have been described as
Eurytoma sepulta Brues (Miocene), E. sequax Brues (Miocene), and Decatoma antiqua Scudder
(Oligocene) (Yoshimoto, 1975). These dates have not been used as calibration points in this

study because the Furytoma are not a monophyletic group (Chen et al., 2004).

Due to the absence of reliable fossil or other geological calibration points relating to
the Eurytomidae, a nuclear clock rate of 0.06 & 0.03% per My (Papadopoulou et al., 2010)
was applied to the 28S rRNA region to estimate divergence times. The nuclear rather than
the COI mitochondrial region was selected for the dating analysis due to the conservative
properties of nuclear RNA and its known reliability in inferring deep phylogenetic relationships
(Hillis and Dixon, 1991; Hwang and Kim, 1999). Additionally, Chen et al. (2004) recommended
the use of nuclear above mitochondrial regions for further investigations of the Eurytomidae
due in part to the unknown inheritance dynamics and evolutionary processes of mitochondrial

DNA in this hymenopteran group.

Two independent Bayesian analyses were run in BEAST v2.6.3 (Suchard et al., 2018),

applying the relaxed (uncorrelated lognormal) molecular clock (the automatic set clock rate
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mode option was deselected in BEAST). The same evolutionary model was applied as in
section 2.2.6 (GTR + F + I 4 I'). The tree prior was set to the Yule model, and the clock
rate prior was set to a lognormal distribution centred on 0.0003, with a standard deviation
of 0.00015. Default options were applied for the remaining prior and operator settings. Each
analysis was run for 50 million generations, with trees sampled every 1000. The maximum
clade credibility tree using median heights was built with TreeAnnotator v. 1.8.3 (Suchard
et al., 2018), where tree burnin was set to 75%. Log files were viewed in Tracer v1.7 (Rambaut

et al., 2018b) to check for convergence and effective sample size (ESS) scores > 200.

BEAST tree files were read into R via phyloch::read.beast() (Heibl, 2019), and the
dated phylogeny plotted using strap::geoscalePhylo() (Bell and Lloyd, 2015). Lineage

through time (1tt) plots were created using ape::1tt.plot() (Paradis et al., 2004).

2.4 Results

Both the COI (545 bp) (Log-likelihood of the ML consensus tree = -10200.798, Bl run 1 =
-10641.18, BI run 2 = -10661.60) and 28S (605 bp) (Log-likelihood of the ML consensus tree =
-3840.301, BI run 1 = -4097.81, BI run 2 = -4115.02) phylogenies showed a distinct separation
between pronotal spot (PNS) and non-pronotal spot (NPNS) eurytomids, but the NPNS
groups were unresolved. In the COI phylogeny, T. romana formed a polytomy (PNS.ADON.2;
clade 25) with the H. hirta and A. gayanus wasps (NPNS.HHIR.2, NPNS.AGAYA.1, and
NPNS.HHIR.3; clades 22 - 24) which fell outside the PNS clade (Fig. 2.9 and Fig. 2.10 A
- H)), while in the 28S phylogeny, 7. romana (PNS.ADON.1, clade 3) grouped within the
PNS clade (clades 1-3), which together formed a sister group to the H. hirta (NPNS.HHIR.1,
clade 4) and A. gayanus (NPSN.AGAYA.1, clade 5) wasps (Fig. 2.11). Both phylogenies
supported (1) the T. bambusae specimen from Chen et al. (2004) as being most closely related
to T. romana, and (2) the Andropogon gayanus wasps from Zimbabwe (NPSN.AGAYA.1)
forming a sister group to those collected on South African Hyparrhenia hirta (NPNS.HHIR.1

(clade 4) in 285, and NPNS.HHIR.2 (clade 22) and NPNS.HHIR.3 (clade 24) in COI).

The sequence divergences between 7. romana and T. bambusae relative to the PNS
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groups revealed quite different patterns in the nuclear versus the mitochondrial data sets (Fig.
2.10 A - H), where COI divergences were surprisingly high (17.2 - 22.8%) for specimens expected

to be congeneric (Fig. S5). This compared to a range of 2 - 2.7% in the 285 data (Fig S6).

The PNS wasps collected on an unidentified Sporobolus sp. (PNS.SPOR.1, COI clade 11)
in East London (Eastern Cape, South Africa) formed a sister group to Sporobolus pyramidalis
(PNS.SPYR.1, COI clade 10) (Fig. 2.9). The grass was barcoded using the nuclear ITS and
chloroplast trnLL and trnK regions (see chapter 3 for the associated methods). The ITS result sug-
gested that it was closely related to S. sessilis B.K.Simon and S. myrianthus Benth. (Fig. S2).
The chloroplast phylogeny showed the same pattern, but included S. africanus (Poir.) Robyns
& Tournay as an additional close relative (Fig. S3). Since the native range of S. sessilis is east-
ern and north-eastern Australia, and S. myrianthus occurs across Nigeria and Kenya, and other
tropical regions in southern Africa, it appears more likely that this is S. africanus. At the time of

this writing, these Sporobolus specimens are being sent to an expert taxonomist for identification.

The Tetramesa collected on Phragmites mauritianus (KCP 2021 00247, between clades
16 and 17 in the 28S phylogeny) was found to be more closely related to Sycophila, Furytoma,
and Bruchophagus than to Tetramesa. This was also confirmed by a morphological inspection

of the specimen (Fig. S6).
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Figure 2.9: Bayesian inference phylogeny for the COI mitochondrial gene region. Coloured boxes next to sequence names indicate collection localities, as per the
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Figure 2.10: Histograms A - H are interspecific 285 and COI p-distance plots (K2P, 1000 bootstrap repeats) for Tetramesa sp. 1 (PNS, Sporobolus
pyramidalis), Tetramesa sp. 2 (NPNS, Sporobolus pyramidalis), Tetramesa sp. 4 (PNS, Eragrostis curvula), and Tetramesa sp. 5 (NPNS, Eragrostis curvula)
relative to the other major groups in the associated phylogenies. PNS = pronotal spot, NPNS = non-pronotal spot.
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Figure 2.11: Bayesian inference phylogeny for the 28S nuclear gene region. Individually-coloured
boxes next to sequence names represent host grass species as per the legend. Solid rectangular bars
to the far right are the results of a suite of species delimitation tests. Samples that share the same
coloured bar within each column belong to the same MOTU. (1) Brown triangles denote Tetramesa
sequences obtained from GenBank, (2) green text next to sample names indicate the host plant from
which the sample was collected, (3) dark brown text indicates taxonomic identifications, (4) red text
marks samples that the GMYC analysis grouped as a separate MOTU, (5) red and orange filled
circles denote posterior probability values greater than or equal to 0.9, and between 0.8 and 0.95,
respectively. Numbers above and below branches are BI posterior probability and ML bootstrap
support values, respectively. Species delimitation results for the non-target polytomy groups are
deliberately not displayed. Genus names are shortened as: C' = Cynodon, E = FEragrostis, Fu =
FEustachys, P = Panicum, S = Sporobolus. See the list of phylogenetic clade abbreviations on page xv.



CHAPTER 2. TETRAMESA PHYLOGENETICS

2.4.1 COI data

Opverall inter-group and intra-group p-distances (excluding the outgroup) ranged from 1.6 -
26.3% and 0 - 3.2% respectively. Chen et al. (2004) reported interspecific distances ranging
from 0.2 - 25.8%. Most of the clades in the COI phylogeny were unresolved, rendering

taxonomic inferences based on this marker very challenging (Fig. 2.9).

The estimated number of MOTUs ranged from 52 - 87 across delimitation methods,
where ABGD = 52, ASAP = 87, bPTP = 87, PTP = 73, and GMYC = 71 (clusters = 42,
entities = 71, CI clusters = 36 - 43, CI entities = 62 - 77, InL of null model = 1026.2, ML
of GMYC model = 1082.666, p < 0.001, singletons = 29) (Fig. 2.9).

The PNS E. curvula clades (PNS.ECUR.1 - PNS.ECUR.4; clades 1, 4, and 6) displayed
overall strong host-specificity (only one specimen was recorded on E. capensis; KCP 2020
00239), while those in the NPNS clades NPNS.ECUR.1 (clade 14) and NPNS.ECUR.2 (clade
15) contained specimens collected on three different Eragrosis species; namely E. rigidior, E.
plana, and E. gummiflua (Fig. 2.9). The E. trichophora wasps (PNS.ETRICH.1, clade 3)
formed a sister clade to the PNS E. curvula and E. biflora group (PNS.ECUR.1 4+ PNS.EBL1;
clades 1 and 2), and had a 2.9% sequence divergence from PNS.ECUR.1 (Fig. S5). The
divergence between the PNS E. biflora (PNS.EBL.1, clade 2) and E. curvula (PNS.ECUR.1,
clade 1) clades was 2.5% (Fig S5).

Unlike in the 28S phylogeny, the NPNS H. hirta (NPNS.HHIR.2 and NPNS.HHIR.3;
clades 22 and 24) and A. gayanus (NPNS.AGAYA.1, clade 23) clades, along with T. romana
(NPNS.ADON.1, clade 25) did not cluster with or form a sister group to the PNS clade,
but rather formed a polytomy that had unexpectedly high genetic divergence values ranging
between 15.5 - 19.4% Fig. S5). The sequence divergence between 7. romana and T. bambusae
(native to Europe and Asia, respectively) was 10.8%, and ranged between 17.2 - 22.8% when
these two species were compared to all the southern African PNS clades, NPNS.HHIR.1 (clade
18), and NPNS.AGAYA.1 (clade 23) (Fig. 2.9 and Fig. S5). The PNS S. pyramidalis wasps
(clades 10 and 11), which have been identified to genus by expert taxonomists, showed a

divergence of 19.5% relative to T. romana. Clades NPNS.U.1 - NPNS.U.5 (clades 19, 20, 26, 28,
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and 29) comprised unidentified Northern Hemisphere (Germany and North America) Tetramesa
specimens taken from BOLD (Table S1), and had a sequence divergence in a similar range

of 17 - 22.8% and 17.5 - 19.6% relative to T. romana and T. bambusae, respectively (Fig. S5).

Sequence divergences within the southern African PNS groups ranged from 2.4 - 13.1%
(Fig. S5). A sequence divergence of 2.8% was found between the PNS.ECUR.1 (clade 1) (PNS
wasps on E. curvula) clade and its sister group PNS.ETRICH.1 (clade 3) (PNS wasps on
E. trichophora), where the latter forms unique galls on E. trichophora that have not been

observed on other grasses (Fig. 2.12).

Figure 2.12: The unique gall formed on Eragrostis trichophora. Image: Guy Sutton.

There were four separate clades associated with E. curvula within the PNS group
(PNS.ECUR.1 - PNS.ECUR.4; clades 1, 4, 6, and 9), although only PNS.ECUR.1 (clade 1)
(pp = 0.68, bt = 95) and PNS.ECUR.4 (clade 9) (pp = 1, bt = 100) were strongly supported
(Fig. 2.9). The sequence divergence between PNS.ECUR.1 (clade 1) (Eastern Cape) and
PNS.ECUR.2 (clade 4) (Free State) was 4.5% (Fig. 2.9 and Fig. S5).
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The PNS.ECUR.4 (clade 9) clade formed a sister group to the E. rigidior clades
PNS.ERIG.1 (clade 7) and PNS.ERIG.2 (clade 8) rather than grouping within PNS.ECUR.1
(clade 1) (sequence divergences ranged from 7.7 - 9.9% between PNS.ECUR.4 (clade 9) and
PNS.ECUR.1 - PNS.ECUR.3; clades 1, 4, and 6) (Fig. S5). The wasps collected on Sporobolus
pyramidalis and the unidentified Sporobolus sp. (but likely S. africanus) formed two distinct
sister clades, with a sequence divergence of 3.9% (PNS.SPYR.1 (clade 10); pp = 1, bt = 89 and
PNS.SPOR.1 (clade 11); pp = 0.73, bt = 99). Additionally, the S. pyramidalis wasps showed
some evidence of geographic substructuring between the KwaZulu-Natal (pp = 0.9, bt = 97)
and Eastern Cape (pp = 0.88, bt = 95) specimens. The two E. rigidior clades, PNS.ERIG.1
(clade 7) and PNS.ERIG.2 (clade 8), had a sequence divergence of 7.1% (Fig. S5).

Species delimitation

Delimitation results across the six methods were generally congruent, but the presence of
singletons appeared to result in some disagreements in the ABGD, ASAP, bPTP and PTP
output (Fig. 2.9). There were 13 consensus MOTUs in the PNS section of the phylogeny
(clades 1 - 13), and six in the NPNS polytomy below it (clades 14 - 20; Fig. 2.9).

The GMYC was the only method to group the PNS E. biflora (PNS.EBIL.1, clade 2)
wasps with the PNS E. curvula (PNS.ECUR.1, clade 1) group (Fig. 2.9). Due to a sequence
divergence of 2.5%, and the utilisation of different host species, these were treated as separate
MOTUs. The PNS.SPYR.1 clade (clade 10) was supported as being one MOTU by the
ASAP and PTP methods, but as two separate groups by the GMYC. This separation is
more likely a population-level difference due to geographic separation between KwaZulu-Natal
and Eastern Cape specimens, rather than a species-level difference. The wasps collected on
the unidentified Sporobolus grass (PNS.SPOR.1, clade 11) were unanimously supported as
a separate MOTU, as was the case for clades PNS.MIXED.1 and PNS.MIXED.2 (barring
ABGD for PNS.MIXED.2, which split the two samples into singletons).

Clade NPNS.SPYR.1 (clade 17) was not supported as a single MOTU by any of the
delimitation methods, and so the consensus bar shows four potential MOTUS within this

group. It is, however, surprising that two specimens collected from E. curvula (LMY 2021
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00282 and LMY 2021 00289) fell within the NPNS S. pyramidalis clade. They were, however,
supported as separate MOTUs by the ASAP, PTP, and GMYC delimitation methods.

Only the GMYC supported clades NPNS.U.1 and NPNS.U.2 (clades 19 and 20) forming
one MOTU. Due to the low sequence divergence between NPNS.U.1 and NPNS.U.2 (1.8%),
they have been tentatively treated as one group. Only one sequence from Bavaria, Germany,
grouped with these Canadian samples. All the other German specimens fell in clades NPNS.U .4
(clade 28) and NPNS.U.5 (clade 29).

The samples in NPNS.MIXED.3(clade 21) were well supported as a MOTU, and
since seven Bruchophagus samples formed sister groups to it, these likely also belong to the

Bruchophagus genus.

Although only the AGBD and GMYC methods supported NPNS.AGAYA.1 (clade 23)
as a single MOTU, it was treated as such due to the unique host grass (A. gayanus) that
the specimens were collected from in Zimbabwe. More sequences are, however, required to

make further inferences.

Although clades HHIR.2 (clade 22), NPNS.HHIR.3 (clade 24), and PNS.ADON.1 (clade
25), NPNS.U.3 (clade 26), NPNS.ETEF.1 (clade 27), NPNS.U .4 (clade 28), and NPNS.U.5
(clade 29) were unresolved in the phylogeny, they were well supported by all the delimitation
methods. Only NPNS.HHIR.3 showed some disagreement in the ABGD and bPTP results
(Fig. 2.11). None of the delimitation methods included T. bambusae with the T. romana

clade (PNS.ADON.1, clade 25).
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2.4.2 28S data

Overall inter-and intraspecific p-distances (excluding the outgroup) ranged from 3 - 9.7% and
0 - 2.7%, respectively. Comparatively, Chen et al. (2004) reported interspecific distances of
1.69 - 13.5% for their eurytomid data set.

The estimated number of MOTUs ranged from 28 - 43 across delimitation methods,
where ABGD = 32 spp, ASAP = 27, bPTP = 32, PTP = 32, GMYC = 36 (clusters = 23,
entities = 36, CI clusters = 15 - 28, CI entities = 20 - 43, InLL of null model = 957.235, ML
of GMYC model = 963.6845, p < 0.01, singletons = 13), and Haplowebs = 39 (Fig. 2.11).

The only three well-defined clades within the PNS group were the wasps collected
on Eragrostis rigidior (PNS.ERIG.1; clade 1, posterior probability (pp) = 0.71), Sporobolus
spp. (PNS.SPOR.1; clade 2, pp = 0.84, bootstrap support (bt) = 91), and Arundo donaz
(PNS.ADON.1, clade 3, pp = 1, bt = 100) (Fig. 2.11 and Fig. 2.13). The wasps from H.
hirta formed two separate clades (NPNS.HHIR.1; clade 4 and NPNS.HHIR.2; clade 11), where
NPNS.HHIR.1 formed a sister group to the A. gayanus wasps (NPNS.AGAYA.1; clade 5) and to
the PNS group, while NPNS.HHIR.2 formed a sister group to the major NPNS clade (Fig. 2.11).
Tetramesa bambusae (AY317229, (Chen et al., 2004)) and T. romana (KCP 2011 00169, KCP
2011 00173, KCP 2012 00170, and KCP 2012 00172) had a sequence divergence range of 0.3 (to
each other) - 8.1% (compared to all the other major clades) (Fig. S6). This range was 2 - 2.6%
relative to the PNS clades only (PNS.ERIG.1 (clade 1), PNS.SPOR.1 (clade 2), PNS.ADON.1
(clade 3), NPNS.HHIR.1 (clade 4), and NPNS.AGAYA.1 (clade 5)). Divergence values between
the other unidentified Tetramesa specimens (JN623677, DQ080114, AY599281) ranged from 3.2
- 7.1% relative to T. bambusae and T. romana (Fig. S6). Tetramesa samples AY599281 and
DQO080114 clustered within the major NPNS clade, and not with or near JN623677 (Tetramesa
sp.), T. romana, or T. bambusae (AY317180) (Fig. 2.11). Bruchophagus and Eurytoma

specimens did not form monophyletic clades, and were scattered throughout the tree (Fig. 2.11).
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Figure 2.13: TCS Haplotype networks (28S gene region) for the pronotal spot (PNS, n = 91) and non-pronotal spot (NPNS, n = 59) clades marked with
the vertical gold and grey bars in Figures 2.11 and 2.11. Hash marks denote the number of nucleotide differences between haplotypes, and the different
colours represent the host grass species shown in the figure legend.

SOLLANHOOTAHd VSHNWVHLAL ¢ HALdVHO



CHAPTER 2. TETRAMESA PHYLOGENETICS

The nuclear marker shows that both the Eurytominae subfamily and the Tetramesa
form well-supported monophyletic groups (Fig. 2.11, pp = 1). This work suggests that a
sequence divergence of ~ 3 - 3.5% and above likely does not belong to the Tetramesa genus
(Table S2), and that major groups within the PNS clade can be delineated at a threshold of
below 0.4%. The only NPNS wasps that fell within the Tetramesa group were those collected
on H. hirta (NPNS.HHIR.1; clade 4) and A. gayanus (NPNS.AGAYA.1; clade 5) Fig. 2.11).

Species delimitation

The six delimitation methods were congruent, except for PNS.ERIG.1 (clade 1), PNS.SPOR.1
(clade 2), NPNS.SPY.1 (clade 10), and NPNS.HHIR.2 (clade 11) that were delimited by only
the GMYC and/or Haplowebs methods (Fig. 2.11). These were retained as putative MOTUs
due to their utilisation of different grass genera as hosts (namely Fragrostis, Sporobolus, and

Hyparrhenia hirta).

There were six resolved consensus MOTUs within the group deemed to belong to the
Tetramesa genus (Fig. 2.11). These were the wasps collected on E. rigidior (PNS.ERIG.1; clade
1), Sporobolus pyramidalis + Sporobolus sp. (PNS.SPOR.1; clade 2), H. hirta (NPNS.HHIR.1;
clade4), A. gayanus (NPNS.AGAYA.1; clade 5), and T romana + T. bambusae (PNS.ADON.1;
clade 3), and the unidentified Tetramesa specimen JN623677 collected in the USA, Maryland.
Although unresolved, the two NPNS.AGAYA.1 (clade 5) specimens are likely a single sister
group to NPNS.HHIR.1 (clade 4), and since they were collected on a different host, Andropogon
gayanus, they have been treated as a putative MOTU. The NPNS.MIX.1 (clade 7) polytomy
formed a sister group to the two Bruchophagus specimens AY317164 and AY317170 (B.

ononis), but these were not supported as one shared MOTU by any of the delimitation methods.

NPNS.MIX.5 (clade 19), NPNS.MIX 4 (clade 12), U.U4 (clade 17), and U.U.5 (clade
19) were supported as separate MOTUs across all methods (Fig. 2.11). Although a singleton,
Eurytoma sp. 2 (AY317166) was sister to U.U.4 and U.U.5. The unidentified Tetramesa
specimens AY599281 and DQO080114 formed two separate MOTUs that were supported by
all the delimitation methods except ASAP (Fig. 2.11). Also shown by Chen et al. (2004)

as a single clade, U.U.1 (clade 13) was unanimously supported as a single MOTU, despite
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containing four different genera (Aiolomorphus rhopaloides Walker, Bephratelloides cubensis

Ashmead, Phyllozeroxenus phyllozerae Ashmead, and Tenuipetiolus medicaginis Gahan).

2.4.3 Pronotal spot FEragrostis curvula Tetramesa wasps: ge-

netic divergence across geographic space

The Mantel test indicated that there was a significant correlation between genetic divergence
and geographic distance for the PNS Eragrostis curvula wasps (r = 0.45, p < 0.001) (Fig. 2.14).
This is important to investigate because it provides an indication of intraspecific population
structure across spatially separated groups. The results of the AMOVA tests showed that
there was a significant level of genetic substructuring in both the provincial and Eastern
Cape-only populations, but that most of the variation across provinces was found within
populations (69.8%), while the variation across the Eastern Cape showed the most variation
among populations (84.4%) (Table 2.2). Pairwise FST comparisons across provinces ranged
between 0.17 - 0.38, and showed a significant difference in genetic structure between the Eastern
Cape and Free State populations (FST = 0.38, p < 0.001). Pairwise FST comparisons within
Eastern Cape populations ranged between 0 - 0.91, where no genetic structuring was found
between the Grahamstown and Port Elizabeth populations (Table 2.3). There was significant
support for a high degree of genetic structuring between both the Grahamstown and Port

Elizabeth populations compared to Mondplaas and East London (Fig. 2.15 and Table 2.3 ).
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Figure 2.14: Genetic K2P distances plotted against geographic distance (km) as pairwise matrices,
for Tetramesa sp. 4 collected on Eragrostis curvula host plants.

Table 2.2: Analysis of molecular variance (AMOVA) results of COI data from the Tetramesa collected
on Eragrostis curvula. The AMOVA for provincial comparisons included Tetramesa from the Eastern
Cape (n = 21), Free State (n = 12), Mpumalanga (n = 2), and the Northern Cape (n = 2), and the
AMOVA for populations within the Eastern Cape were for Tetramesa collected from Grahamstown (n
= 6), Port Elizabeth (n = 10), East London (n = 2), and Mondplaas (n = 3). Df = degrees of freedom.

Source of variation df Sum of squares Variance components % of variation

Provincial comparisons

Among populations 3 77.76 2.79 30.23
Within populations 33 212.29 6.43 69.77
Total 36 290.05 9.22 100

Fixation index (FST) 0.30*** (p < 0.001)

Eastern Cape comparisons

Among populations 3 90.79 6.28 84.4
Within populations 17 19.73 1.16 15.6
Total 20 110.52 7.44 100

Fixation index (FST) 0.84*** (p < 0.001)
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Figure 2.15: A COI TCS haplotype network for the Eastern Cape Tetramesa collected on
Eragrostis curvula. The numbers between nodes indicate the number of mutations between haplotypes.

Table 2.3: Pairwise fixation index (FST) value comparisons (K2P model) for pronotal spot
Tetramesa collected on Eragrostis curvula at A) a provincial level, and B) within the Eastern Cape.
Significant comparisons are shown in bold (p < 0.05). EC = Eastern Cape, FS = Free State, MP
= Mpumalanga, NC = Northern Cape, GHT = Grahamstown, PE = Port Elizabeth, EL. = East
London, MDPL = Mondplaas.

A) Provincial comparisons B) Eastern Cape comparisons
EC FS MP NC GHT PE EL MDPL
EC 0 GHT 0
FS 0.38 0 PE 0 0
MP 0 023 0 EL 0.87 0.78 0
NC 017 0 017 0 MDPL 0.90 0.91 079 0

2.4.4 Nuclear clock dating

The dated Bayesian 285 rRNA phylogeny showed the origin of the Eurytominae ingroup

between the Middle Jurassic and Lower Cretaceous, at an estimated median date of 139.5 mya
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(node B; 95% HPD = 110.1 - 172.6 my, pp = 1) (For all references to node date estimates see
Fig. 2.16 and Table 2.4). There is support for the Eurytomidae being a younger group relative
to the outgroup families comprising the Chalcididae, Torymidae, and Megastigmidae (node
A; median age = 287.7 mya, 95% HPD = 227.7 - 356.4 my), and the Rileyinae subfamily.
Although these data are congruent with previous studies (e.g. Heraty and Darling (2009)),
gaining support for these hypotheses is beyond the scope of the present study, and would

require a substantially greater coverage of Chalcidoid sequence data to make further inferences.

The origin of the Tetramesa clade was placed between the Upper Cretaceous and the
Eocene, at a median age of 67.1 mya (node E; 95% HPD = 47.4 - 91.8, pp = 1). The PNS
and NPNS clades diverged ~ 50.2 mya (node F; 95% HPD = 36.3 - 67.9, pp = 0.95), and
the northern and southern hemisphere PNS clades diverged ~ 44.5 mya (node G; 95% HPD
= 31.9 - 59.6), although the support value for this node was low (pp = 0.55). The southern
African clades began radiating ~ 34.3 mya (node H; 95% HPD = 24.6 - 46, pp = 0.98), with
rapid diversification occurring ~ 5 - 15 mya (see the lineage through time plot inset in Fig.
2.16). The Northern Hemisphere T. romana and T. bambusae appear to have radiated during

the same relative time frame as the southern African groups (~ 11.5 mya, node H, pp = 1).

Figure 2.16 shows the i) the estimated origin of stem-group Hymenoptera and Panorpoid
orders (Grimaldi et al., 2005), ii) the estimated origin and radiation of angiosperms based
on molecular data (Li et al., 2019), iii) records of the oldest known hymenopteran (Xyelidae
family) fossils discovered in Australia (Riek, 1955; Yoshimoto, 1975), iv) possible origin of
the Chalcidoidea (Heraty and Darling, 2009), v) proposed origin and radiation of angiosperms
based on fossil data (Li et al., 2019), but vi) a possible stem group may have originated in the
Middle Triassic based on the discovery of angiosperm-like pollen grains, vii) some of the earliest
chalcidoid fossils discovered in Ethiopia (Schmidt et al., 2010), viii) period of chalcidoid radiation
(Heraty and Darling, 2009), ix) Miocene grassland expansion in Africa (Jacobs, 2004; Uno et al.,

2016), and x) estimated dates of two Eurytoma and one Decatoma fossil/s (Yoshimoto, 1975).

The unidentified Tetramesa specimen collected in Maryland, USA (JN623677), was
the first to diverge from the main clade ~ 67 mya (node E). Further information about this

specimen is lacking (host plant use, native range), but it appears to represent a unique lineage
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that may comprise a more basal group.

Table 2.4: Divergence time estimates in millions of years (median ages) for the nodes shown in
Figure 2.16, with 95% HPD confidence intervals.

Node Median age 95% HPD CI Node Median age 95% HPD CI
A 287.7 227.7-35%.4 H 34.3 24.6 - 46

B 139.5 110.1-172.6 I 18.3 7.3- 315

C 128.5 102.1 - 158.9 J 11.5 4-21.2

D 1044 789-1344 K 19.7 16 - 27.4

E 67.1 474 -91.8 L 31.9 28.8-374

F 50.2 36.3 - 67.9 M 19 9.3 - 30.7

G 44.5 31.9 - 59.6 N 23.8 22.9- 285
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the radiation of the Tetramesa (green shaded region). The horizontal blue lines through each node represent 95% HPD confidence intervals. See the associated
text for more details. The lineage through time (Itt) plot shows the number of lineages (N) over millions of years.
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CHAPTER 2. TETRAMESA PHYLOGENETICS

2.5 Discussion

The Eurytomidae family is known to be polyphyletic from both molecular and morphological
lines of evidence (Campbell et al., 2000; Chen et al., 2004; Lotfalizadeh et al., 2007b), and so the
suggestion of a major revision of the group would not be a new or surprising one (Gahan, 1922).
The present phylogenetic analyses supported the proposition that the Eurytomidae family
is a relatively young taxonomic group (agreeing with Zerova (1992)) that underwent rapid
radiation during the Miocene. These results agreed with Chen et al. (2004) in (1) highlighting
the inconsistency with current eurytomid, and more particularly Tetramesa, classification, (2)
the incongruence of the nuclear and mitochondrial gene topologies (mitonuclear discordance),
(3) the high incidence of unresolved clades observed in both the nuclear 285 and mitochondrial
COI gene trees, (4) the polyphyly of the Furytoma and Bruchophagus genera, and (5) the
highly variable sequence divergences observed, particularly in the COI data set. Although
the taxonomy of the Eurytomidae, and the Tetramesa in particular, still requires substantially
more work, the results presented here have begun to fill some of the knowledge gaps and can be

useful to biological control programmes seeking to use eurytomids as agents for invasive grasses.

2.5.1 Southern African Tetramesa phylogenetics

The nuclear 285 rRNA marker was effective in broadly separating what are likely true
Tetramesa from other genera, where a suggested sequence divergence of ~ 3 - 3.5% can be used
for genus-level delimitation. Of the four 28S sequences identified as Tetramesa gleaned from
GenBank, two fell within the Tetramesa clade (sourced from Chen et al. (2004) and Munro et al.
(2011)) while the other two (Gillespie et al. (2005), and a sequence from unpublished material:
https://www.ncbi.nlm.nih.gov/nuccore/DQ080114) fell in a NPNS polytomy that was
more similar to some Eurytoma sequences, and with a divergence of as much as 7.1% from the
T. romana group. This high nuclear divergence suggests that these NPNS GenBank specimens
were either misidentified, or that the Tetramesa genus needs to be split using morphological and
molecular tools, and ecological information as guides. Similarly, all the COI sequences deposited

on BOLD that were identified as Tetramesa (collected in Canada and Germany) showed

76


https://www.ncbi.nlm.nih.gov/nuccore/DQ080114

CHAPTER 2. TETRAMESA PHYLOGENETICS

sequence divergences of nearly 20% compared to T. romana and T. bambusae, which is a clear
indication that these specimens likely belong to a different genus. It is surprising that there
are so few Tetramesa sequences available on GenBank and BOLD. This is a current gap that
needs to be addressed, where further studies should delve further into the phylogeography of

Tetramesea from different geographic regions across the world and their host plant complexes.

Online public databases such as GenBank (https://www.ncbi.nlm.nih.gov/genbank/)
and BOLD (https://www.boldsystems.org/index.php/databases) are invaluable resources
for taxonomic research, but there are a number of factors that can lead to erroneous data.
These include the incorrect identification of voucher specimens, contamination, PCR errors, the
sequencing of pseudogenes (e.g. numts), poor isolation techniques (e.g. in fungi), and endopara-
sites in insects (e.g. Wolbachia) (Bridge et al., 2003; Vilgalys, 2003; Ashelford et al., 2005; Seah
et al., 2017; Meiklejohn et al., 2019). Specimens that are assigned to a genus and/or species
based solely on COI Barcode Index Numbers (BINS) without formal morphological identification
or the guidance of other biological information could hamper taxonomic progress (Collins and
Cruickshank, 2013), particularly in complex groups that do not have verified reference data, such
as the Tetramesa. This work has highlighted a number of northern hemisphere COI sequences

gleaned from BOLD that were likely incorrectly assigned to the Tetramesa genus (Table S1).

Overall, the COI region indicated 13 potential host-specific taxonomic units (HSTUs)
within the PNS group; nine of which were associated with FEragrostis species. Comparatively,
the 28S data delimited six PNS HSTUs. Both gene trees supported the PNS Eragrostis rigidior
and Sporobolus clades, and the NPNS Hyparrhenia hirta clade as being host-specific (of the two
supported H. hirta clades, only one formed part of the Tetramesa group). The COI phylogeny
further suggested that the PNS F. rigidior and Sporobolus clades comprised two distinct HSTUs,

where the latter showed support for Tetramesa specific to S. pyramidalis and S. africanus.

In agreement with Chen et al. (2004), the nuclear 285 rRNA marker is preferred as an
initial identification guide, because it yielded well-supported basal nodes, generally unanimous
species delimitation results, and broader-scale taxonomic relationships that will be useful for
genus-level taxonomic revisions. The COI marker should be used as second filter to focus

on specific target groups identified in the nuclear gene tree, as it provided greater resolution
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within the PNS group and revealed some potential cryptic species and/or genetically distinct
populations. Numerous polytomies, however, were a confounding factor in inferring how these
groups are evolutionarily related. Additionally, the COI phylogeny did not produce the same
monophyletic Tetramesa group as was seen using the 285 marker, and yielded surprisingly high
sequence divergence values between the Northern Hemisphere T. romana and T. bambusae
groups (10.8%). It was unexpected that the NPNS H. hirta and A. gayanus and the T.
romana clade in particular did not cluster with the PNS group in the COI phylogeny as it
did in the 28S phylogeny, and that the COI genetic divergences were unusually high for these
groups. Future phylogenetic analyses should include additional markers such as CAD, ND1,
125, 16S, LepWG, and/or AK, and specifically ultra-conserved elements (UCE) to resolve

polytomies and to identify which clades represent true cases of rapid speciation.

It is known that the COI marker could yield unexpected results when delimiting species
that have undergone a rapid, recent radiation, as the lack of recombination in the mitochondrial
genome can lead to an overestimation of sequence divergences due to the accumulation and reten-
tion of mutations (Hupalo et al., 2022). Comparatively, due to recombination, nuclear markers
will thus more readily indicate renewed gene flow between previously-isolated populations (e.g.
due to climatic cycles and habitat changes), which can result in conflicting phylogenies (Eyer
et al., 2017; Després, 2019) (Fig. 2.17). This dynamic is termed “mitonuclear discordance”, and
is more prevalent than previously realised (Toews and Brelsford, 2012; Ivanov et al., 2018; Hupalo
et al., 2022). Other reasons for mitonucleaer discordance include horizontal gene transfer (Soucy
et al., 2015) (e.g. between Wolbachia (Rickettsiales, Rickettsiaceae) endosymbiotic bacteria and
their hosts (Yang et al., 2013)), the presence of numts (nuclear pseudogenes in mitochondrial
DNA), which have been recorded in a number of hymenopteran studies (see for example
Frangoso et al. (2016); Francoso et al. (2019); Wang et al. (2020a)), and androgenesis (the mode
of sexual reproduction whereby the male’s nuclear genome is the sole source of genetic material
in an embryo), which, although rare in the animal kingdom, is fairly common in hymenopterans
(Schwander and Oldroyd, 2016). These factors may explain the unusually high sequence
divergences found in the present eurytomid COI data, and the discordance with the nuclear gene

tree. It is likely that these wasps can reproduce facultatively via thelytokous parthenogenesis
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Figure 2.17: A schematic diagram illustrating how mitonuclear discordance can occur between
two gene trees. The arrows denote climatic cycles that can lead to changes in the degree of gene
flow between taxa, where mitochondrial markers often overestimate sequence divergences while
nuclear markers more readily reveal renewed gene flow. Diagram adapted from Després (2019).

(i.e. a form of asexual reproduction where diploid daughters are produced from unfertilised eggs)
(Moran and Goolsby, 2009). Compared to the default reproductive mode of arrhenotoky in the
Hymenoptera (i.e. unfertilised eggs develop into haploid males and fertilized eggs develop into
diploid females), thelytoky can lead to increased levels of homozygosity over time (Mateo Leach
et al., 2009). It is even possible that infection by different Wolbachia strains can cause repro-
ductive isolation between intraspecific populations (e.g. in Nasonia wasps (Bordenstein et al.,
2001)). Future eurytomid phylogenetic studies should investigate a wider range of nuclear mark-
ers - both ribosomal and protein-coding - and also the relationship between Wolbachia and their

Tetramesa hosts in order to determine the degree to which these endosymbionts might be affect-

ing genetic diversity, and under what conditions the wasps change their mode of reproduction.

2.5.2 Radiation patterns and unresolved clades

Unresolved clades are not uncommon in hymenopteran phylogenies, and have been reported in

a number of other families, including vespids (Polistes Latreille) (Perrard et al., 2013; Santos
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et al., 2015), colletids (Colletes Latreille) (Ferrari et al., 2020), agrids (Malagén-Aldana et al.,
2022), and ichneumonids (Gauld and Dubois, 2006). Polytomies are usually indicative of
insufficient data (in terms of sample size and/or appropriate markers and analysis methods)
(“soft polytomies”), but in some cases signify rapid simultaneous speciation events (“hard poly-
tomies”) (Walsh et al., 1999). Hard polytomies are often the result of the simultaneous isolation
of multiple populations due to a vicariance event (e.g. glaciations, sea level rises, large-scale en-
vironmental changes), leading to allopatric or peripatric speciation (Hoelzer and Meinick, 1994).
The rapid radiation of cichlids in Lake Malawi is a well-documented example of polytomous
speciation, where it is estimated that hundreds of species arose within the last two million years
following Pliocene rifting that formed Lake Malawi and the Kipengere (Livingstone) mountain
range (Genner et al., 2015; Scherz et al., 2022). The Eurytomidae have been noted for the rapid
rate of differentiation into new ecological niches leading to host specialisation (Zerova, 1992). Ad-
ditionally, since phytophagous eurytomids are associated exclusively with angiospermous hosts,
this differentiation has been postulated to have accompanied the diversification of angiosperms
in the Southern Hemisphere (Gondwana) during the Lower Cretaceous (145 - 100.5 mya)

based on fossil evidence (Zerova, 1992; Beaulieu et al., 2013; van der Kooi and Ollerton, 2020).

Despite the caveats associated with phylogenetic dating using only molecular clock rates,
the dating analysis of the 28S gene region supported the recent radiation of the Eurytomidae,
with the Tetramesa clade originating between the Lower Cretaceous and the Eocene, and
undergoing a rapid rate of diversification within the last 5 - 15 my. This rapid radiation
likely explains the consistently unresolved clades in both the nuclear and mitochondrial results,
suggesting a possible case of true “hard” polytomies in eurytomid genera. This can, however,
only be confirmed with additional loci. The aim of the present dating analysis was not to
obtain absolute dates, but rather to assist in explaining the broad patterns found in the

eurytomid phylogenies, and to gain an overall understanding of the evolution of the group.

The estimated time ranges of the origin of the Eurytominae and Tetramesa coincide
with the proposed Cretaceous radiation of the angiosperms (Zerova, 1992; Li et al., 2019)
and chalcidoid radiation during the Eocene (Heraty and Darling, 2009). The pattern of the

rapid Miocene radiation seen in the PNS Tetramesa group has also been reported in other
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insects (Trewick and Morgan-Richards, 2005; Winkler et al., 2009; Toussaint et al., 2012;
Aduse-Poku et al., 2022; Perrichot et al., 2022), and coincides with the expansion of grasslands
and retraction of forest habitats in Africa (Jacobs, 2004; Osborne, 2008; Uno et al., 2016).
The expansion of C4 grasslands during the Neogene has been proposed to have been driven by
global cooling, increased aridity, decreased atmospheric CO, and strong seasonality patterns
that produced an environment prone to seasonal fires (Beerling and Osborne, 2006; Staver
et al., 2011). Additionally, it is hypothesised that abrupt climatic fluctuations during the

Miocene (Zachos et al., 2008) fragmented populations and drove lineage diversification.

There is support for a split between the NPNS and PNS Tetramesa ~ 50.9 mya. Although
the node was not strongly supported (pp = 0.55), the Northern and Southern Hemisphere
Tetramesa may have diverged ~ 45 mya, with the Southern Hemisphere group beginning to di-
versify ~ 35 mya. It is not possible at present to ascertain whether the Tetramesa originated in
the Northern or Southern Hemisphere due to both a lack of thoroughly curated Northern Hemi-
sphere sequence data and reliable fossil evidence. These time-frames are, however, sufficiently

large to suggest possible genus-level splits (Menezes et al., 2020; Samacéd-Séenz et al., 2022).

Since very little is known about the inheritance patterns and mitochondrial dynamics
in the Eurytomidae (Chen et al., 2004), it is recommended that nuclear clocks are investigated
further for this group. Although the nuclear clock rate used in the present work, suggested
by Papadopoulou et al. (2009) for tenebrionid beetles, might only provide rough estimates of
divergence times, it appears that this approach is reliable, and that the results make sense in the
context of what is already known from the fossil record. A number of other studies have utilised
nuclear clocks for both deep-level and recent divergences (Wiegmann et al., 2000; Steppan et al.,
2005; Schmitz et al., 2007; Bertone et al., 2008; Meredith et al., 2008; Reidenbach et al., 2009;
Vea and Grimaldi, 2016; Kergoat et al., 2018), suggesting that nuclear markers may sometimes

be more useful and robust than mitochondrial genes (Steppan et al., 2005; Sato et al., 2016).

2.5.3 Biological control outlook

The NPNS clades appeared to generally display a much higher degree of generalist feeding

behaviour relative to the PNS groups, and so biological control efforts should prioritise the
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latter, and those that form part of the NPNS H. hirta and Andropogon gayanus clade. This
is based on the host-use patterns seen particularly in the COI phylogeny, where, with a few
minor exceptions, each PNS clade was associated with a single host grass. Comparatively, the
NPNS clades tended to show a greater degree of variability in host associations. The prospects
for the biological control of the various target weeds are discussed below in the context of
the phylogenies and inferences of host ranges. A promising species for M. mazimus was found,

but more samples from this target weed are needed before any firm conclusions can be drawn.

FEragrostis curvula

The PNS E. curvula wasps (morphospecies “Tetramesa sp. 4”) belonged to the Tetramesa
genus. No-choice host-specificity testing has shown that this wasp can complete its life-cycle
on at least two other native African grasses; namely E. planiculmis and E. plana (Guy Sutton,
unpublished data). These host-specificity test results align with the present phylogenetic work,
and suggest that the nine PNS Eragrostis wasp HSTUs delimited in the present COI phylogeny
(spanning E. curvula, E. biflora, E. rigidior, E. trichophora, and E. plana) likely belong to the
same species, and may be in the process of speciation (i.e. incipient species). Testing on the F.
biflora and E. trichophora wasps are currently also underway. The results of a Mantel test for
all the PNS E. curvula specimens in the COI phylogeny showed a significant positive correlation
between genetic divergence and geographic distance, which supports the existence of multiple
intraspecific populations. The AMOVAs also supported a high degree of genetic structure within
the PNS F. curvula wasps, and showed that variation was highest within populations when
comparing across provinces, but among populations when comparing within the Eastern Cape
only. There was, however, significant support for genetic differentiation between the Eastern
Cape and Free State groups, suggesting a possible case of cryptic speciation. The results from
within the Eastern Cape suggest that there are prominent intraspecific genetic gradients over
relatively small spatial scales. Tetramesa romana appears to be able to disperse easily over large
distances in the USA (Moran et al., 2017), which might be facilitated by the flat landscapes on
the continent. South Africa is comparatively mountainous, and so geographic barriers might

be the cause of the genetic isolation observed in the Eastern Cape and the resulting radiation
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patterns. It may be that differences in E. curvula host forms are responsible for ecological
barriers driving the genetic structuring observed (i.e. host-associated differentiation (HAD) that
can lead to sympatric speciation). Similar patterns of HAD have been reported in numerous
other specialist endophagous herbivores, such as the snakeweed grasshopper Hesperotettix viridis
(Orthoptera: Acrididae) on Solidago mollis and Gutierrezia sarothrae (Asteraceae) lineages
(Sword et al., 2005), an assemblage of herbivores on Solidago altissima and S. gigantea (Stire-
manllIl et al., 2005), the seed weevil Rhinusa antirrhini Schoenherr (Coleoptera: Curculionidae)
on Linaria hosts (Hernandez-Vera et al., 2010), and the corn leathopper Dalulus maidis

DeLong & Wolcott (Hemiptera: Cicadellidae) on Zea mays subspecies (Medina et al., 2012).

Further work should focus on a population genetics analysis of both the PNS E. curvula
Tetramesa wasps and their hosts from a wider geographic range to test whether host plant form
may be driving genetic divergence. In the case of different F. curvula haplotypes in the native
range, it will be vital to confirm matches to haplotypes in the invaded range to ascertain points of
origin and select the most appropriate Tetramesa population/s as control agents. For example,
Harms et al. (2021) identified a novel haplotype of the alien invasive water weed Hydrilla
verticillata (L.f.) Royle, and found that the source population was from north-eastern China.

This allowed the researchers to conduct targeted herbivore guild collections from this region.

Some microsatellite profiling has been done on T. romana in South Africa, where it
was found that there are two genotypes present that are distinct from the French and Spanish
genotypes; namely a strain common to the Limpopo and Mpumalanga provinces, and a strain
common to the other seven provinces in the country (unpublished work, pers. comm. Costas
Zachariades, Agricultural Research Council, KwaZulu-Natal). It would be valuable to add data
obtained from ultra conserved elements and/or DDRADseq (double digest restriction-site associ-
ated DNA) to further investigate the genetic structure of the native South African PNS groups,

and to include a climate matching exercise for each genotype in its native and invaded range.

The NPNS E. curvula wasp that was assigned the morphospecies name “Tetramesa sp.
5”7 does not appear to belong to the Tetramesa genus, based on the present nuclear 28S results.
It is possible that the Tetramesa as it currently stands should be divided into two genera:

one comprising the predominantly pronotal spot groups, and the other the non-pronotal spot
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clades. No-choice host specificity testing on Tetramesa sp. 5 found that it could utilise at least
three other native South African grasses; namely E. planiculmis, E. plana, and E. rigidior.
Both Tetramesa sp. 4 and Tetramesa sp. 5 are currently being used in host-specificity tests
on native Australian Fragrostis species, as this will be the ultimate deciding factor in their
utility as biological control agents. It would also be vital to better understand the ecology

of these species; including their dispersal and reproductive mechanisms, and phenology.

Sporobolus pyramidalis

The PNS Sporobolus wasps revealed two potential HSTUs, namely on S. pyramidalis ( Tetramesa
sp. 1) and S. africanus. Both field-based and no-choice tests have revealed that Tetramesa sp.
1 is not able to utilise S. africanus, but the host-specificity of the S. africanus wasps should

be investigated further.

Both the PNS and NPNS Sporobolus wasps (named morphospecies “Tetramesa sp. 1”7
and “Tetramesa sp. 2”) have been shown to be host-specific in the field, where sp. 1 was found
to be the more damaging of the two (Sutton et al., 2021b). The present genetic results suggest
that the NPNS Tetramesa sp. 2 wasp does not belong to the Tetramesa genus. This wasp
was identified as a Tetramesa species by expert taxonomists, which highlights the taxonomic
confusion of this genus. It would be interesting to assess whether these two wasps arrive on the
host plant at different times, and whether the earlier arrival of one species may lead to changes
in induced host plant defences on the insect arriving later (see for example Poelman et al.

(2008); Erb et al. (2011)). This can have important implications in the timing of agent releases.

The present genetic results suggest that the NPNS Tetramesa sp. 2 wasp may be able
to feed on E. curvula (two wasp samples out of the nine that were collected on S. pyramidalis),
but field host range surveys by Sutton et al. (2021b) have found that the wasp was specific
to only S. pyramidalis and S. natalensis. Laboratory-based host-specificity test have also
been conducted on over 20 non-target species, including eight native South African Sporobolus

species, with no non-target feeding recorded to date (Guy Sutton, pers. comm).

This scenario is an example of why it is imperative to have correctly identified each

prospective agent in a biological control programme, and to have a solid understanding of
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their life histories and interspecific interactions in order to achieve the greatest level of damage.
Since Tetramesa sp. 2 may be able to use E. curvula as a marginal host in the field, and that
the wasp is less damaging than Tetramesa sp. 1, it might be prudent to only use Tetramesa

sp. 1 for biological control.

Hyparrhenia hirta and Andropogon gayanus

The NPNS Tetramesa collected on Hyparrhenia hirta and Andropogon gayanus that formed
a sister group to the PNS clade were host-specific and formed a monophyletic clade in both
gene trees. This is not surprising, since H. hirta and A. gayanus are phylogenetically close,
both being in the tribe Andropogoneae (Skendzic et al., 2007), and structurally similar (i.e.

both are tall-statured grasses) (Canavan et al., 2019b).

The COI results suggested that this group may comprise three cryptic species, and could
be considered as potential biological control agents because they are unique and host-specific.
Hyparrhenia hirta has naturalised in the USA and many parts of Europe, but it is a particular
problem in Australia, where it has become highly invasive (Chejara et al., 2010). It has also
been reported as a problematic weed in wheat fields in Pakistan (Hussain et al., 2004). Similarly,
A. gayanus has invaded the northern regions of Australia’s tropical savannas (Rossiter-Rachor
et al., 2009). Invaded regions such as these could benefit from the Tetramesa biological control
agents identified here. More intensive sampling and host-specificity testing would be required

to gain further clarity on their suitability as control agents for these two invasive grasses.

2.6 Conclusion

This chapter has presented the phylogenetic and species delimitation results of a nuclear (289
rRNA) and mitochondrial (COI) region for southern African eurytomids, focusing particularly
on the Tetramesa genus. This is the first time that a comprehensive phylogenetic analysis
has been applied to this group. The results presented here strongly support the need for a tax-
onomic revision of the Tetramesa, guided by evidence from nuclear sequence data, morphology,

and ecological information (e.g. host-specificity, host plant genotype, biogeography).
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The 28S region is recommended for reliable genus-level identification, where a divergence
of 3 - 3.5% is suggested to determine which specimens are congeneric. For this nuclear region,
all the PNS specimens fell within the proposed Tetramesa clade, while the only NPNS clades
that formed part of the genus were those collected on Andropogon gayanus and Hyparrhenia
hirta. Although there was evidence of mitonuclear discordance between the two gene trees,
likely due to a combination of complex inheritance pathways and the recent diversification of the
Tetramesa (~ 5 - 15 mya), the COI region is useful for assessing finer-scale relationships such as
populations within host-specific taxonomic units (HSTUs). The COI region suggested that there
were at least nine PNS Tetramesa HSTUs associated with Fragrostis (n = 7) and Sporobolus
(n = 2) host grasses, and three NPNS HSTUs associated with Andropogon gayanus (n = 1) and
Hyparrhenia hirta (n = 2). The Eastern Cape PNS E. curvula HSTUs showed a high degree of
genetic structuring, suggesting that host plant genotype might be causing ecological barriers to

gene flow, and driving host-associated differentiation (HAD) in these Tetramesa populations.

Recommendations for future research include: (1) incorporating multiple other nuclear
regions into phylogenetic analyses to refine divergence thresholds for delimiting true Tetramesa
from other eurytomid genera, (2) using nuclear phylogenetic results in conjunction with morpho-
logical and ecological data to revise the taxonomy of the group (with the possibility of creating
subgenera), (3) conducting a population genetics analysis of South African Eragrostis curvula
grasses across multiple provinces to determine whether genotypic differences may be driving ge-
netic differentiation in their associated PNS Tetramesa herbivore assemblages, and (4) conduct-
ing host-specificity tests, impact assessments, and potential hybridisation trials with the different

PNS E. curvula Tetramesa HSTUs to determine their efficacy as biological control agents.
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Cophylogenetic analyses

3.1 Introduction

Cophylogenetic studies analyse the associations and level of congruence between the phylogenies
of interacting lineages, how they exert and respond to reciprocal selection pressures on each
other, and whether these relationships indicate a significant degree of coevolution (Charleston
and Libeskind-Hadas, 2014; Cruaud and Rasplus, 2016; Dismukes et al., 2022). Cophylogenetic
studies typically include interactions where at least one taxon has evolved non-independently of
the other, such as in host-parasite, herbivore-plant, or host-pollinator relationships (Charleston
and Perkins, 2006; Balbuena et al., 2013) (see also Banks et al. (2006); Jousselin et al. (2008);
Demastes et al. (2012); Donia et al. (2017); Nguyen et al. (2020)). Most cophylogenetic studies

are asymmetrical in nature, where one taxon evolves at a slower rate than the other due to differ-
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ences in generation times (Dismukes et al., 2022). Examples of asymmetrical coevolution from
the literature include studies of pocket gophers and penguins and their chewing lice (Banks et al.,
2006; Light and Hafner, 2007), chalcid wasps and their fig tree hosts (Jousselin et al., 2008)),
sunflower maggot flies and Asteraceae host species (Hippee et al., 2021), platyhelminth parasites
and their anuran hosts (Mulvey et al., 2022), coral reef invertebrates and their endosymbionts

(O’Brien et al., 2021), and Nosema Négeli microsporidia and bee hosts (Shafer et al., 2009).

Other obligate mutualistic relationships between insects and endosymbiontic bacteria
are well-studied systems for cophylogenetic analyses, where phylogenetic congruence has been
shown, for example, in aphids and Buchnera Munson (Jousselin et al., 2009), cockroaches
and Blattabacterium Hollande and Favre (Garrick et al., 2017), the Auchenorrhyncha and
Candidatus Sulcia muelleri (Cao and Dietrich, 2022), and the Coccoidea and flavobacterial

and enterobacterial endosymbionts (Rosenblueth et al., 2012).

Cophylogenetic methods are either “global-fit” or “event-based” (Page, 2003; Dismukes
et al., 2022), where global-fit methods assess the overall congruence between two interacting
phylogenetic trees, and event-based methods aim to assess how the processes of cospecia-
tion, duplication, transfer (host-switching), and loss (failure to diverge and/or “missing the
boat”) have shaped evolutionary relationships (Charleston and Perkins, 2006; Charleston and
Libeskind-Hadas, 2014) (Fig. 3.1). Duplication occurs when the herbivore or specialist natural
enemy speciates but the host does not (possibly due to niche expansion). Duplication may
include the process of host switching, where the herbivore adapts to a novel host. In some cases
the herbivore may fail to diverge with the host, and either become a multi-host feeder that is
able to exploit both diverging hosts while maintaining gene flow, or it may go extinct (possibly

due to the host colonising a new habitat without the herbivore) (Charleston and Perkins, 2006).

Cophylogenetic methods can assist in understanding how host-specificity evolved and
how it is maintained in herbivorous insect groups. For example, van Der Linden et al.
(2021) showed how host plant chemical defence traits shaped the evolution of northwestern
European butterflies (145 species across six families). The authors found that chemical defence
profiles in host plants had a greater correlation with associated butterfly assemblages than

genetic distance, suggesting that plant defensive chemistry was more of a driving factor in
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host-herbivore coevolution than a shared evolutionary history.

Figure 3.1: A hypothetical cophylogenetic scenario, showing the relationship between a herbivore
(green dashed line) and host (black solid line) phylogeny. Adapted from Charleston and Perkins (2006).

In another example, Nyman et al. (2006) analysed the evolution of different feeding guilds,
host-switching behaviour, and the host-specificity of herbivorous sawfly larvae (Hymenoptera:
Tenthredinidae) (e.g. endophagous gallers and miners). Some of their key results suggested
that (1) distinct endophagous feeding guilds have evolved independently multiple times from
ectophagous ancestors, (2) that larvae are more likely to undergo a host shift than change their
feeding behaviour/guild, (3) that host shifts are most likely to occur among plant taxa that are
phylogenetically closely-related (congeneric and confamilial), but that sometimes a shift can
occur to a more distant relative if the plant is an ecological analogue or has a broadly overlapping
geographic distribution, (4) endophagous feeders display a higher degree of host-specificity, and
(5) the speciation rates of endophages is likely to be slow on a host plant with a small distribution

and low species diversity, while the converse is true on a speciose, widely-distributed plant.

Cophylogenetic analyses have rarely been applied in a biological control context, which is
surprising considering the insights they can offer. To date, there are only three references to bio-
logical control which have focused on cophylogenetic relationships. These are firstly between the

encyrtid wasp, Anicetus Howard, and their wax soft scale hosts, Ceroplastes Gray (Homoptera:
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Coccidae) (Deng et al., 2013). The parasitoids are often used as biological control agents of wax
scales, as they are significant agricultural pests (e.g. on citrus and coffee) (Krull and Basedow,
2005). Secondly, between the Eucalyptus-feeding Cardiaspina and Spondyliaspis psyllids
and a suite of their associated parasitoid wasps (Hall et al., 2017), and thirdly between the
entomopathogenic nematodes Heterorhabditis (Rhabditida) and their symbiotic bacteria Pho-
torhabdus (Enterobacteriaceae) (Maneesakorn et al., 2011). This symbiotic relationship has been
exploited for the biological control of a number of soil-borne insect pests, for example the white

grub sugarcane pest Holotrichia serrata Fab. (Coleoptera: Scarabaeidae) (Ehlers et al., 2000).

Cophylogenetic tools can be very useful when host use has a strong phylogenetic signal
because they can assist in predicting which taxa might be good biological control agents,
identify which non-target taxa might be at risk, and support host-specificity data (see for
example Hinz et al. (2008); Desneux et al. (2012); Kleinjan and Hoffmann (2013); Heimpel
et al. (2021)). For example, cophylogenetic analyses could clarify some of the relationships
between morphologically-identical cochineal lineages (Dactylopius spp.) and their cactus hosts,
and can help in explaining the observed host preferences in these insects (see for example
Hoffmann et al. (2002); Mathenge et al. (2015)). Other study systems could focus on the the
diverse species assemblages of Dasinuera Rondani (Diptera: Cecidomyiidae) midges (Kolesik
et al., 2005) and Melanterius Erichson (Coleoptera: Curculionidae) weevils associated with

the alien invasive Australian Acacias in South Africa (Impson and Hoffmann, 2019).

The aim of this chapter was to investigate the cophylogenetic relationships between
potential Tetramesa biological control agents and their hosts, focusing particularly on a
comprehensive coverage of the Eragrostis and Sporobolus genera. This is important in deciding
which non-target grasses should be included in host-specificity testing for biological control
programmes targeting invasive grasses. The chapter particularly focused on the host-specificity
of Tetramesa sp. 4; the PNS wasp found on F. curvula. Evidence of non-target feeding would

limit or preclude its use as a biological control agent on this grass.
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3.2 Materials and Methods

3.2.1 Sample collection and sourcing

The FEragrostis and Sporobolus genera were prioritised because they are two of the main
targets of biological control, particularly in Australia, with a particular focus on E. curvula
and S. pyramidalis. Grasses were collected from the Free State, KwaZulu-Natal, Eastern Cape,

Gauteng, and Limpopo provinces (Table S3), and preserved in sealed bags with silica gel beads.

All of the Eragrostis sequences (n = 701) from the four gene regions in Barrett et al.
(2020) were downloaded from GenBank (https://www.ncbi.nlm.nih.gov/genbank/), and
included in the multiple sequence alignment files in the present study; namely rps16-trnkK
(MK872656 - MK872800), rps16 (MK872570 - MK872655), rpl32-trnL, (MK872402 - MK872569),
and ITS (MK863080 - MK863244). The additional GenBank sequences listed in table S1 of

Barrett et al. (2020) were also included in the alignment.

Sporobolus sequences (n = 349) for the same four genes were gleaned from Peterson et al.
(2014). Previous phylogenetic analyses of Sporobolus species have shown varying topologies
depending on the genetic marker used (Fig. 3.2). This chapter has used the nuclear and
chloroplast sequence data from Peterson et al. (2014), as this is the most recent and thorough

work carried out on the genus.
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Figure 3.2: Summary phylogenetic relationships for selected Sporobolus species, particularly those
closely related to S. pyramidalis. (A) nuclear ITS gene (Peterson et al., 2014), (B) Chloroplast
genes rpl32-trnL + rps16-trnK + rpsl6 (Peterson et al., 2014), (C) RAPD markers (Shrestha et al.,
2005), and (D) ITS gene region (Shrestha et al., 2003).

3.2.2 Grass DNA extraction

All grass samples were extracted using a PureLink™ Genomic Plant DNA Purification Kit
(ThermoFisher Scientific, catalogue number K183001). Samples were crushed in liquid nitrogen,
and extracted according to the manufacturer’s protocols. DNA extracts were eluted in a
150 pl Genomic Elution Buffer volume supplied with the kit, and stored at -20°C. The
concentration and purity of DNA extracts were recorded using a Thermo Scientific NanoDrop

2000™ spectrophotometer.
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Grass Polymerase Chain Reaction

Each PCR reaction was carried out in a 25 pL volume, comprising PCR master mix (1x iTaq™
Universal SYBR Green Supermix, Bio-Rad, catalogue number 1725121), 0.2 uM forward and
reverse primer, PCR-grade water, and template DNA (5 - 20 ng/uL). The PCR protocol
for the rpl32-trnL spacer, rps16-trnK spacer, and rps16 intron regions was as follows: 3 min
denaturation at 95°C, followed by 35 cycles of 40 s at 94°C / 40 s at Ta® / 1 min 40 s at 72°C / and
a final extension of 10 min at 72°C; where Ta’,pi30-tmr, = 53°C, Ta’psi6-trmx = 52°C, and Ta’ype16
= 52°C. The protocol for the I'TS region entailed: 4 min denaturation at 95°C, followed by 35

cycles of 30 s at 94°C / 30 s at 52°C / 1 min 30 s at 72°C / and a final extension of 10 min at 72°C.

Table 3.1: The primer pairs used to amplify target plant gene regions.

Region Name Sequence (5’— 37) Reference

rpl32-trnl. trnL(UAG) CCTGGTTCTTTRATTGGTAATGATC Shaw et al. (2007)
rpL32-F TAAACTTCTGGATGTCCAAAAA

rpsl6-trnK  rpS16-900F GGAGGATTTGGAAATTGATTAGTTCC  Peterson et al. (2010)
3914PR CCCGGTAAAATTAAAATATAAACTTC

rpsl6 intron  rpS16F ATTCCCGGACCACGCCTGGCTGA Peterson et al. (2010)
rpS16R TCCTCCGCTTATTGATATGC

ITS ITSb5a ATTCCCGGACCACGCCTGGCTGA Stanford et al. (2000)
1TS4 TCCTCCGCTTATTGATATGC White et al. (1990)

3.2.3 Cophylogenetic analyses

Separate chloroplast (rpl32-trnLi + rps16-trnK + rps16) and nuclear (ITS) maximum likelihood
phylogenies were generated using all the grass sequence data. This was carried out using
IQ-TREE2 and MODELFINDER (see the references in Chapter 2 Section 2.2.6), where default
parameters were applied in IQ-TREE, with 1000 ultrafast bootstrap repetitions. The optimal
evolutionary BIC models were TPM3 + F + T for rpl32-trnL., TIM3 + F + T" for rps-trnK, TIM
+ F + T for rps16, and SYM + I + T for ITS. Genetic-distance plots (uncorrected distances
obtained in MEGA-11 (Kumar et al., 2018) using the K2P model, 500 bootstrap repeats)

were generated for all the Fragrostis species in the same clade as, and sister to, . curvula.
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The eurytomid COI sequences from Chapter 2 Section 2.2.6 were used for the cophyloge-
netic plots and tests. The COI tree was chosen because the target Eragrostis wasp clades were
more resolved than in the 28S tree, and were thus more informative for uncovering host-use
patterns. The cophylo() function in the phytools v1.0-3 R package (Revell, 2012) was
utilised to generate cophylogenetic plots, and a global-fit cophylogenetic analysis was conducted
using the PACo() function in the paco v0.4.2 R package (Hutchinson et al., 2017). The PACo
method (Procrustean Approach to Cophylogeny) uses the Procrustean superimposition tool
to test the dependency of one phylogeny on another; typically the degree to which a group of
organisms (e.g. parasites, herbivores, symbionts) track the evolution of their hosts (Hutchinson
et al., 2017). ParaFit (Legendre et al., 2002) is one of the most commonly used cophylogenetic
methods, but PACo outperforms it in both Type I error rates and statistical power (Balbuena

et al., 2013). For this reason, PACo was the preferred method in the present work.

The PACo analysis was prepared and run on reduced ML phylogenetic trees comprising
representative COI sequences for each Tetramesa group (n = 18) and their associated grass
species (n = 9). Representative 28S sequences were not used as they did not produce a
phylogeny that was informative enough for the analysis (Fig. S4). The following parameters
were applied: Cailliez correction, 1000 permutations, symmetric = false, and method = “r1”.
The symmetric argument was set to false because it was assumed that the host grasses are
driving eurytomid radiation, rather than a reciprocal relationship. The “r1” method was
selected, as this null model algorithm treats the eurytomids as tracking the host grasses while
also considering that host-specificity can influence cophylogenetic signal strength (Revell, 2012).
Residuals for the pronotal and non-pronotal spot Tetramesa on Eragrostis hosts were compared
using a one-tailed t-test to test whether the PNS samples had significantly lower residuals,

and hence greater cophylogenetic congruence with their hosts relative to the NPNS groups.

An event-based cophylogenetic analysis using the Duplication-Transfer-Loss (DTL) model
was performed in eMPRess software (Santichaivekin et al., 2020), which is a replacement of its
forerunner, Jane (Conow et al., 2010). Event-based analyses allow for the assignment of cost
scores to coevolutionary processes (Charleston and Libeskind-Hadas, 2014). Since eMPRess

cannot run with missing associations, a reduced eurytomid COI and grass chloroplast dataset
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was generated so that every tip in the eurytomid tree had a matching host representative.
The default cost-scheme was applied, where cospeciation = 0, duplication = 1, duplication

with host switch = 2, loss = 1, and failure to diverge = 1 (Santichaivekin et al., 2020).

Genetic distances

Uncorrected genetic p-distances (K2P, 1000 bootstrap repeats) were obtained in MEGA-11
(Kumar et al., 2018) for all the Eragrostis species in Figure 3.5 A, relative to E. curvula. This
was a useful way of comparing the data from field host range and no-choice host-specificity
tests of Tetramesa sp. 4 to host grass relatedness in order to estimate potential risk to native

Australian grasses (Table 3.2).

Table 3.2: Summary of the field host range and no-choice host specificity tests of Tetramesa sp.
4 (Guy Sutton unpublished data).

Host grass Field host range No-choice host-specificity tests

E. biflora X
E. plana X X
E. planiculmis X
E. trichophora X

3.3 Results

3.3.1 Phylogenetic placements

Broad-scale patterns of host-use showed that the PNS eurytomids were associated with grasses
in restricted clades, while the NPNS groups covered a much wider spectrum across the grass
phylogeny (Fig. 3.3 and 3.4). The PNS E. curvula and Sporobolus wasps were restricted to
grass clades E1 - E3 and S1 - S3, respectively. The I'TS tree was generally more resolved than
the chloroplast tree, with higher support values. In both the ITS (Log-likelihood = -40561.91)
and chloroplast (Log-likelihood = -21463.33) phylogenies, (1) E. plana and E. lehmanniana

grouped together in a clade and were sister to E. tenuifolia, and (2) E. curvula grouped in
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an all-African clade (Fig. 3.5 A and B). Fragrostis planiculmis formed a well-defined clade
in both trees, but native Australian F. trachycarpa grouped closely with it in the ITS tree
(Fig. 3.5 A). Eragrostis trachycarpa grouped instead with E. parviflora in the chloroplast tree,

and formed a sister group to E. planiculmis.

Non-target Eragrostis grasses that fell within African clades included three Australian
grasses (E. parviflora, E. leptocarpa, E. trachycarpa), two South American (E. articulata,
E. neesii), one North and South American (FE. pectinacea), and two widespread species (F.
cilianensis, E. pilosa). African E. tef, E. homomalla, E. rotifer, and E. planiculmis in particular

showed close relationships to non-native grasses (Fig. 3.5 A and B).

The genetic distances of all the Fragrostis species in Figure 3.5, relative to E. curvula, are
shown in Figure 3.6. This K2P p-distance plot indicated, based on phylogeny, that all the species
presented are potential hosts for the PNS E. curvula Tetramesa sp. 4 wasp, since host-specificity

tests have shown that the wasp can complete its lifecycle on both E. plana and E. planiculmis.
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Figure 3.6: Genetic ITS p-distances (K2P, 1000 bootstrap repeats) for all the Eragrostis species
shown in Figure 3.5 (A) relative to Eragrostis curvula. Species names are coloured according to
their native range. The black and red bars indicate additional host plants that Tetramesa sp. 4 can
utilise based on field range observations and no-choice host-specificity testing. The arrows indicate
that Tetramesa sp. 4 may be able to utilise all the hosts above FE. plana and E. planiculmis.

3.3.2 Cophylogenetic relationships

The PACo analysis returned a significant cophylogenetic signal between the Tetramesa and
their associated host grasses (M?xy = 0.008, p = 0.048, n = 1000) (Fig. 3.7), where the
PNS E. curvula wasps in particular showed significantly greater phylogenetic congruence
relative to the NPNS groups (p = 0.032, t = 6.49, df = 1.26) (Fig. 3.8 and Fig. 3.9). In
this sense, phylogenetic congruence is synonomous with evolutionary dependence, and means
that the wasp’s phylogenetic relationships have tracked that of its host grasses such that their
topologies are congruent. The residuals of the 1000 simulated random network interactions
and the observed network overlapped, such that none of the random instances showed greater
phylogenetic congruence. This means that the null model of no phylogenetic congruence did

not provide a better fit for the data, and could be refuted.
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Figure 3.7: A cophylogenetic plot (grass chloroplast on the left (rpl32-trnL, rps16-trnK, and rpsl6),
eurytomid COI phylogeny on the right) resulting from the R PACo analysis, where the thickness of
the lines (thicker lines = smaller residuals) represent the relative strength of the association derived
from residuals, where the thicker lines denote stronger support for phylogenetic congruence. The
thickest line between F. biflora and its wasp represents a residual value of 0.0095, while the thinnest
line between Sporobolus pyramidalis and its wasp represents a residual value of 0.052.

101



CHAPTER 3. COPHYLOGENETIC ANALYSES

PNS Eragrostis

40+ i g
©| 4=
ol 8
wi| wi % ®
D D c 2 =
Zl Z/ |9 < ke
AR T E
30+ < E 8
e - >
> 2| =
e gl 2
g w| 2
@ 20
L
10
L~
0.
0.00 0.02 0.04 0.06

Procrustes residuals
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Figure 3.9: A residual box plot for the PNS and NPNS eurytomid interactions with Eragrostis hosts.
The greater residual values in the NPNS group indicates lower support for phylogenetic congruence.
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3.3.3 Event-based cophylogenetics

The eMPRess results showed a total of 7 cospeciations, 2 duplications, 3 transfers (host
switches), and 4 losses (Fig. 3.10). The null hypothesis was refuted (i.e. that host grass and
eurytomid herbivore tips were associated due to chance), with significant support that the
grass-wasp pairs have coevolved (p = 0.0099) (Fig. 3.11). Only two of the three host switches
were well-supported (probability = 75 for both), and were PNS Tetramesa from (1) E. rigidior
to E. curvula, and (2) from E. plana to E. curvula (Fig. 3.10). There was only one duplication
event on the terminal branches, which was recorded for PNS Tetramesa on E. rigidior
(probability = 100). This means that the two Tetramesa wasp lineages diverged on the same

host, which may be due to cycles of geographic isolation and re-contact (Banks et al., 2006).
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Figure 3.10: A Maximum Parsimony Reconciliation (MPR) phylogeny from eMPRess, showing
the mapping of the eurytomid phylogeny into the grass phylogeny. Values shown at event-nodes
indicate the probability of that event occurring.
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Figure 3.11: A p-value histogram for the grass-eurytomid relationships, where the red line indicates
the optimal reconciliation cost of the coevolution trees, and the grey columns represent the optimal
cost of the same trees constructed with tip associations permuted at random 1000 times.
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3.4 Discussion

This chapter has used cophylogenetic methods to investigate evolutionary patterns between
southern African eurytomids and their host grasses, focusing particularly on the PNS Tetramesa
associated with Eragrostis and Sporobolus host species. The results have shown that (1) there
are clear phylogenetic patterns in host-use, where the PNS Tetramesa are restricted to particular
grass clades and display a higher degree of host-specificity than the other related eurytomids, (2)
there is a strong cophylogenetic relationship between the PNS Tetramesa and their host grasses,
as evidenced by this detailed study of those Tetramesa that utilise hosts within Eragrostis, (3)
based on phylogenetic distance, the PNS Tetramesa on E. curvula (Tetramesa sp. 4) may be
able to utilise numerous non-target Eragrostis species, which would preclude its use as a control
agent, and (4) there is evidence to suggest host-switches from the geographically-restricted E.
plana and E. rigidior onto the more widespread E. curvula. Based on this work, biological con-
trol practitioners are advised to prioritise PNS Tetramesa and their close sister groups (e.g. An-
dropogon gayanus and Hyparrhenia hirta wasps) when prospecting for potential grass agents. It
is very likely that there are numerous other potential biological control agents, but the Tetramesa

clade identified in this thesis appears to be the most likely group to find host-specific candidates.

Linking phylogenetic signal to a herbivore’s potential host range underpins host-specificity
test design in contemporary biological control programmes (Wapshere, 1974; Briese, 2003, 2005;
Briese and Walker, 2008). Briese (2003) first suggested that the centrifugal phylogenetic method
(WCFM) proposed by Wapshere (1974) was largely based on taxonomic circumscription (i.e Lin-
nean taxonomic classification based on similarity) rather than on phylogenetic distance. Briese
(2003) further warned that Linnean taxonomic rankings are not always indicative of evolutionary
history (e.g. undetected paraphyly, polyphyly, and multiple monophyletic lineages/cryptic
groups), which may have important implications for potential biological control agents with nar-
row host ranges. Molecular work on the Acacia genus, for example, has shown that the group is
paraphyletic and was subsequently split into seven genera. There are a number of invasive South
African “Acacia” species in Australia (e.g. Vachellia zanthophloea (Benth.) P. J. H. Hurter),

and vice-versa (e.g. A. mearnsii De Wild), making the taxonomy of the group very important
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to understand for biological control initiatives. Most Australian species are more closely related
to the mimosoid Ingeae tribe than to African species (Murphy, 2008; Bouchenak-Khelladi et al.,
2010; Taylor and Dhileepan, 2019). The taxonomic revisions resulting from the molecular work
on the Acacia group have led to updated and more concise host test lists, for example those tar-
geting prickly pear acacia, Vachellia nilotica (L.) P.J.H.Hurter & Mabb., which was previously
classified as Acacia nilotica (L.) Willd. ex Delile (Taylor and Dhileepan, 2019). Linking this back
to the present work, there are still a few Fragrostis clades that have not been fully resolved yet
(Barrett et al., 2020), and so it is important that biological control practitioners keep abreast of

phylogenetic revisions in order to design the most efficient and accurate host-specificity test lists.

The patterns of host-use and strong cophylogenetic signal within the PNS Tetramesa
suggests a high level of host-specificity within the Eragrostis genus. This contradicts historical
perceptions of grasses not supporting host-specific herbivore assemblages (Wapshere, 1990;
Pemberton, 2002), and suggests that biological control programmes targeting invasive grass
species hold promise. These findings also confirm the sentiments of Sutton et al. (2019). In
context of the present phylogenetic results, however, it is unlikely that the PNS Tetramesa on FE.
curvula (Tetramesa sp. 4) is a suitable biological control agent for the grass. This is because the
wasp is able to complete its lifecycle on at least two other native congeneric African grasses (E.
plana and E. planiculmis), which have larger genetic distances to E. curvula than to a number
of other non-target grass species native to Australia and North and South America. These

included native Australian FE. scotelliana, E. parviflora, E. papposa, and E. trachycarpa species.

An important caveat to predicting host-use using phylogenetic distance is that there may
be a suite of other factors influencing plant-herbivore interactions, such as chemical and struc-
tural cues (McNaughton et al., 1985; War et al., 2012; Gershenzon and Ullah, 2022). In grasses,
structural defences are typically in the form of silica phytolith depositions, trichomes, and high
proportions of cellulose and lignin (Moore and Johnson, 2017). Chemical defences in grasses
were believed to be poorly developed and ineffective (Redak, 1987), but later investigations
revealed the presence of a wide variety of secondary metabolites including alkaloids, cyanogentic
glycosides, benzoxazinones, phenolics, tannins, proteinase inhibitors, and terpenes (Redak,

1987). Some grasses release volatile organic compounds (VOCs) to attract natural enemies of
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herbivores, such as in tall fescue (Festuca arundinacea Schreb.) and Kentucky bluegrass (Poa
pratensis L.), where these grasses attracted two species of tiphiid wasps ( Tiphia vernalis Rohwer
and Tiphia popilliavora Rohwer) that parasitise the invasive scarabid Japanese beetle, Popillia
japonica Newman, and oriental beetle, Anomala orientalis Waterhouse (Obeysekara et al.,
2014). Some studies have found that symbiotic fungi produce alkaloids to protect their host
grasses, for example Neotyphodium uncinatum Gams and N. siegelii fungi that produce loline
alkaloids in fescue meadow grass (Lolium pratense Huds.) (Zhang et al., 2009). These additional
factors need to be considered before an agent is rejected by completing host-range testing
on non-target grasses that are genetically closely related to the target weed. It might also be
important that host range testing includes a variety of “biotypes” of the host plant, as this could
influence insect performance. The apparent greater degree of oligophagy in the E. curvula PNS
Tetramesa relative to some of the other PNS Tetramesa groups might be because the Eragrostis
genus is a very difficult target compared to many other grasses because of how many close and
structurally-similar relatives of the target species are present throughout the world. Many other
grasses are more unique and have less closely-related species, making them better targets for
biological control. It may also be that the wasp group comprises a suite of genetically-distinct
populations with varying degrees of host-specificity (discussed in Chapter 2 with reference to
host-associated differentiation (HAD)). These populations may have co-evolved with different F.
curvula host forms, as phenological differences in host plants can result in the temporal isolation
of herbivore populations, leading to reduced gene flow and ultimately sympatric speciation
(Zhang et al., 2019a). The HAD hypothesis would require further population-level investigations
using methods such as fragment analysis or single nucleotide polymorphisms (SNPs). It is also
possible that the wasp group is under strong selective pressure to expand its host range in favour
of more widely-distributed hosts to ensure a constant and reliable food source, or it may be a

predator-avoidance strategy. These ideas will be discussed further in the following paragraphs.

The event-based cophylogenetic analyses supported two host shifts of PNS Tetramesa;
namely from E. plana and E. rigidior to E. curvula. As discussed earlier, it is possible that
these host shifts are coupled to resource availability, as E. curvula has a much wider distribution

across South Africa than the other two species; therefore offering a more reliable food source,
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and allowing for range expansion (Fig. 3.12). It is also possible that the alternative hosts are
more nutritious, have lower defences, exhibit chemical cues that make them more apparent to
herbivores, or a combination of these factors. Host switching to E. curvula allows for Eragrostis
rigidior and E. plana wasps to expand their distribution further south and east, respectively,
which may also be further driven by climate change and land-use patterns (Masubelele et al.,
2014; Moncrieff et al., 2015). Although there is evidence of a host shift, it could also be the
result of spillover feeding. Additionally, although host shifts can occur naturally in a short
time, it is very unlikely, and if no-choice host specificity testing is conducted, predictions of

the chances of it occurring could be estimated (Paynter et al., 2020).

Strong selection pressures can exist for some herbivores to utilise a more abundant host
in favour of a rare one in order to reduce competition (Okamoto et al., 2019). Augustyn et al.
(2017), for example, found that host shifts in the South African leathopper Cephalelus uncinatus
(Hemiptera: Cicadellidae), a specialist on restios in the Cape Floristic Region, was driven by the
high spatial turnover of host plant availability across the insect’s distribution. It is also possible
that natural enemy avoidance can drive host shifts, such that herbivores are under selection
pressure to move into enemy-free space (Bernays and Graham, 1988; Zvereva et al., 2010).
Adapting to different hosts in this way could be an example of a bet-hedging strategy, where
the PNS Tetramesa associated with Eragrostis species are optimising their fitness across an
unpredictable landscape (Olofsson et al., 2009). It would be interesting to measure the relative

fitness of Tetramesa sp. 4 across different Fragrostis hosts to test the bed-hedging hypothesis.

Eragrostis curvula is more structurally complex than E. rigidior and E. plana, which may
provide more niches to exploit for predator avoidance. Field observations have indicated that
the Tetramesa on Fragrostis and Sporobolus are heavily parasitised, predominantly by Ormyrus
Westwood species (Hymenoptera: Ormyridae) (Guy Sutton, pers. comm.). Additionally, Witt
and McConnachie (2004) suggested that the difficulty in rearing Sporobolus wasps might be
due to parasitism. Information about the parasitoids associated with the Tetramesa is sparse,
where only the Palearctic species in the Furytoma appendigaster Swederus, Bruchophagus atra
Walker, and B. phlei Erdés groups have been recorded (Lotfalizadeh et al., 2007b), and more

recently Furytoma amicophaga Lotfalizadeh on Tetramesa amica Lotfalizadeh associated with
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medusahead (Taeniatherum caput-medusae L.). It would be valuable to undertake further
research into the natural enemy assemblages associated with the southern African Tetramesa,
as understanding these ecological networks may help in further explaining host-use patterns

and possible differential feeding damage that could influence agent selection.

The duplication event on F. rigidior indicated a case of sympatric intrahost speciation
(i.e. two diverging lineages on the same host), corroborating the species delimitation results
in Chapter 2. It is not known whether these two PNS E. rigidior wasp taxa occupy different
microhabitats/microenvironments on the host to reduce competition (see for example Tooker
and Giron (2020)), or whether there are differences in their adult emergence times, leading

to temporal separation (e.g. Zhang et al. (2019a)).

Figure 3.12: Distributions of Eragrostis curvula, E. plana, and E. rigidior in South Africa, with
the bottom right map showing an overlap of the distributions. Data were sourced from the GBIF
(Global Biodiversity Information Facility) database using the R spocc (SPecies OCCurrence) package
(https://github.com/ropensci/spocc).
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3.4.1 Conclusion

The data from this chapter has highlighted the importance of combining phylogenetic inferences
with ecological and biological information in order to predict the potential host range of
candidate Tetramesa. Phylogenetic distance alone may not always be a sufficient measure,
as host use can be influenced by a number of selection pressures from the host plant itself,
predators and parasitoids, or intraspecific competition. It is important to consider as many of

these factors as possible when deciding on the suitability of a potential biological control agent.

This work has also shown that both global-fit and event-based cophylogenetic tools
can be very valuable in formulating host test lists and providing a better understanding of
the ecology of the target system. Contrary to previous critics of grass biological control, the
present data suggests that there are potential Tetramesa taxa that may be useful biological
control agents for invasive African species, and that species discovery is expected to increase

substantially with greater sampling effort.
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SPEDE-sampler software
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4.1 Introduction

This thesis has shown that the taxonomy of the Tetramesa is complex, that the group has
radiated relatively recently, and that morphological species assignments are difficult and error-
prone, and can lead to underestimates of species diversity. In Chapter 2, a number of species
delimitation tools were used to assist in delineating different taxa from the genetic data. However,

recent studies have shown that many factors can lead to biases in species delimitation methods.
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The GMYC model is a widely-applied ultrametric tree-based tool for species delimitation
that implements maximum likelihood statistics to single-locus genetic data (predominantly
mitochondrial) (Pons et al., 2006; Fontaneto et al., 2007; Fujisawa and Barraclough, 2013).
Model assumptions include that (1) species are monophyletic, (2) there is no intraspecific
geographic structuring, and (3) there are no extinctions (Fujisawa and Barraclough, 2013).
The method has become very popular in ecology because it does not require prior knowledge
of the target study group; which makes it a particularly useful tool for studies involving species

for which taxonomic knowledge is limited or non-existent (Talavera et al., 2013).

The performance of the GMYC species delimitation model has been shown to be affected
by a number of methodological and computation factors (Esselstyn et al., 2012; Hamilton
et al., 2014; Tang et al., 2014; Dellicour and Flot, 2015; Blair and Bryson Jr, 2017; Fonseca
et al., 2021; Magoga et al., 2021). The model is subject to lower performance when there
are few species (O’Meara, 2010), singletons (which can result in over-estimations of species
numbers) (Fujisawa and Barraclough, 2013), and/or recent, rapid divergences (Reid and
Carstens, 2012). Species numbers may regularly be overestimated due to the sensitivity of
delimitation algorithms to intraspecific population structure, which can be exacerbated by
incomplete sampling (Papadopoulou et al., 2009; Sukumaran and Knowles, 2017). In the
Aphonopelma Pocock tarantula genus, for example, Hamilton et al. (2014) found that the
number of GMYC species varied “alarmingly” due to incomplete or biased sampling. Instead
of improved performance with greater sampling, the authors found larger variation in species
richness estimates. Tang et al. (2014) highlighted the effect that branch smoothing (correcting
for rate heterogeneity so that clock-like, ultrametric phylogenies are produced) can have on
the aberrant lumping or splitting of groups due to variability in branch lengths, and how this
can drastically alter interpretations. In another example involving Hipposideros Gray bats,
Esselstyn et al. (2012) found that the accuracy and precision of the GMYC method declined

when effective population size (Ne) and speciation rate (i.e rapid divergence) increased.

The performance of the GMYC model has been predominantly tested on simulated
data where the effects of factors are controlled, and the model’s assumptions are not violated

(Papadopoulou et al., 2009; Esselstyn et al., 2012; Fujisawa and Barraclough, 2013; Talavera
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et al., 2013). Most applications of the GMYC using empirical data will, however, likely
violate these assumptions. This highlights a large knowledge gap in its performance when
using datasets that have unknown species boundaries, are subject to under-sampling bias and

unequal sampling effort, or a combination of these factors.

In this chapter, I present “SPEDE-sampler”, an R shiny application that allows users to
easily assess potential biases and limitations of the GMYC delimitation model when used on
their data sets. SPEDE-sampler is used here to assess the uncertainty and potential biases in the
species delimitation results presented in Chapter 2 and highlight potentially undiscovered species
diversity. Due to the small number of sequences available for some eurytomid morphospecies
and links to the literature on the potential effects of sample size and singletons on GMYC results,
particular emphasis was paid in this chapter to assessing the effect of these factors on Tetramesa
GMYC delimitations. The results are discussed in the context of developing biological control

programmes against invasive grasses and improving the taxonomy of the Tetramesa genus.

4.2 Materials and Methods

SPEDE-sampler is an application that takes DNA sequences as input and assesses potential
species diversity while considering sampling effects such as data size and singletons, and
computational parameters. It does this using a simulation approach, which has the benefit of
allowing for the calculation of uncertainty. The SPEDE-sampler software has been published
in Molecular Ecology Resources (van Steenderen and Sutton, 2022), and is available in the
associated GitHub repository (https://github.com/CIMvS/spede-sampler) with a worked
example. The repository needs to be downloaded and unzipped, and the code in Box A needs
to be run in R in order to launch the application. An overview of the software will be discussed

in the following sections.

4.2.1 Workflow

The workflow of the application begins with the uploading of an aligned multiple sequence

alignment (MSA) file that is subsetted and then randomly resampled a desired number of
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SPEDE-SAMPLER R SHINY GUI INTERFACE
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Figure 4.1: Illustrated workflow for the SPEDE-sampler R Shiny application. Resampling of
FASTA sequences —creation of BEAST phylogenies -—GMYC analyses —results —plotting. Figure
created with BioRender.com
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times without replacement (Fig. 4.1 steps 1 and 2). For example, a MSA file of 500 sequences
might be uploaded, randomly subsetted to 50% of the data, and repeated ten times. This
will yield ten FASTA files comprising a random assortment of 250 sequences in each. The user
has the option of uploading an Excel .CSV file containing predefined grouping information
for each sequence, which can be used to ensure that at least one representative sequence for

each predefined group is included in each resampled file.

Box A

if (!requireNamespace("BiocManager", quietly = TRUE))
install.packages("BiocManager")

BiocManager: :install("Biostrings")

library(Biostrings)

install.packages("shiny")

library(shiny)

setwd ("path/to/spede_sampler_R-main")

shiny: :runApp (appDir = getwd())

Each of these FASTA files is then used to generate an .XML file for analysis in BEAST
(Bouckaert et al., 2019), using the R package “beautier” (Bilderbeek, 2018a) (Fig. 4.1 step
3). The user can set up the . XML file in the SPEDE-sampler application, with the option
of selecting a site and clock model, clock rate, tree prior, associated rate distributions, and
an MCMC value. For large MSA files, it is advisable to run BEAST on the CIPRES Science

Gateway platform (http://www.phylo.org/) for faster performance.

The resulting . TREES files produced by BEAST need to be inputted to TreeAnnotator
in order to obtain maximum clade credibility (MCC) trees. The user can set a percentage
burnin, and select from different node height options. The resulting MCC trees are then
used as input for GMYC analyses (Fig. 4.1 steps 4 - 9). Tracer is available via the “tracerer”
R package (Bilderbeek, 2018b) to check effective sample size (ESS) scores and for MCMC

convergence. LogCombiner is available in SPEDE-sampler as an optional means of reducing

the size of the . TREES files by resampling states at a lower frequency.
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The user can optionally upload a .CSV file containing morphospecies, ecotypes, or
other relevant predefined grouping information for each sequence in the BEAST-generated
phylogenies. The GMYC method does not require prior grouping information, but this
feature is available in SPEDE-sampler in order to compare DNA-based species delimitation
to traditional taxonomy. The GMYC species estimates are compared to these predefined
groups in order to assess a match rate, and to what degree groups have been “oversplit” by
the GMYC method. Comparing DNA-based GMYC estimates to existing morphologically
or ecologically-defined species in this way can very useful in deciding whether the taxonomy

is likely outdated, and contains possible cryptic species.

The user can choose between a single (Pons et al., 2006) or multiple GMYC threshold
(Monaghan et al., 2009) approach. Applying a multiple threshold method may be useful in
large datasets where there is significant variation in intra and inter-specific genetic divergences.
Generally, however, a single-threshold approach is recommended as it is less likely to oversplit

(Fujisawa and Barraclough, 2013; Talavera et al., 2013; Blair and Bryson Jr, 2017).

Once the GMYC analysis is complete for all BEAST tree files, the application records
the estimated number of entities and clusters (the number of delimited groups comprising two
or more samples, including and excluding singleton sequences, respectively), and optionally
compares the match rate of user-defined groups to estimated GMYC species groups. Addi-
tionally, the application assesses (1) the effect that singletons have on species delimitation,
(2) the number of GMYC merges and exact matches, and (3) the frequency with which the
GMYC method “oversplits” species relative to predefined groups. These oversplitting ratios
highlight which species groups contain potential undiscovered biodiversity. Box B contains

a list of terms and definitions as applied to the usage of SPEDE-sampler.
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Box B

Clusters The number of delimited groups comprising two ore more samples, excluding singletons.
Entities The number of delimited groups comprising two ore more samples, including singletons.
Exact match An instance during scoring when all the samples belonging to a particular user-defined
group (morphospecies or other user-defined group) correspond to the same GMYC species.

Split match An instance during scoring when the samples belonging to a particular user-defined
group (morphospecies or other user-defined group) are split into two ore more GMYC species groups.
This indicates the possibility of the underestimation of species richness by the user.

Match (y/n) A means of denoting, in the work-through of the R code, whether each GMYC species
comprises one unanimous user-predefined group.

Merge An instance during scoring when two or more user-defined groups are merged into one GMYC
species. This indicates the possibility of an overestimation of species richness by the user.
Oversplitting The outcome where the GMYC model has estimated more species than those
estimated by the user (= “discordant splitting”). This could mean either (1) the incorrect splitting
into too many species, or (2) the genuine presence of undiscovered biodiversity or cryptic species.
Undersplitting The outcome where the GMYC model has estimated fewer species than those
estimated by the user. This could mean either (1) the incorrect merging into too few species, or (2)
the genuine presence of lower biodiversity than expected (e.g. variations in intraspecific morphological
characters that are mistaken for being interspecific).

Splitting ratio The ratio of the total number of estimated GMYC species to the total number of
user-defined groups in the dataset. A value greater than one indicates oversplitting, while a value
less than one denotes undersplitting. A value of one means perfect agreement between the GMYC
and the user’s estimates.

(Overall) percentage match The overall proportion of successful matches (records of “y”) in a
dataset. This includes cases of both exact matches and split matches, and is calculated with and
without singletons.

Singleton A species represented by only one individual/genetic sequence.

4.2.2 Calculation of GMYC metrics

The R Shiny application generates a summary table of each sample name, its designated
GMYC species group number, the corresponding user-predefined group, and a score of “y”

(1)}

(yes) or “n” (no) to denote whether the GMYC species designations and the user’s predefined

117



CHAPTER 4. SPEDE-SAMPLER SOFTWARE

groups consistently match (Fig. 4.1 step 8 and Fig. 4.2). In a similar approach to Magoga et al.
(2021), an “n” outcome is recorded as a “merge”, where the GMYC has lumped two or more
groups defined by the user (i.e. the user has overestimated species richness) (“merge type I7).
A merge is recorded even if one or more of these groups is represented by a singleton (“merge
type II”). A “y” /match outcome can take two forms, namely (1) “split”, where the GMYC has
split one user-defined group into two or more groups (i.e. the user has underestimated species
richness), or (2) “exact ”, where the user-defined groups match the GMYC estimates exactly
(Fig. 4.2). Overall percentage match scores, including (m;) and excluding (m,) singletons

are subsequently calculated as shown in the equations below.

> y+> singletons

1= . 100
" > y+> n+> singletons 8

>y
M= —=2 %100
Yytyon

Overall percentage match scores include both match scenarios (i.e. “split” and “exact”
matches), which is different from the exact match score calculation. Exact match scores
are calculated per group (i.e. morphospecies or other user-defined group), as the number
of times that a particular group is scored as an exact match, averaged across all GMYC
runs. The oversplitting ratio is calculated as the ratio of the estimated number of GMYC
species (including and excluding singletons) to the number of user-predefined groups, and the
percentage of singletons is calculated as the ratio of the sum of the number of singletons to the
number of GMYC species. Box C provides a hypothetical example of how SPEDE-sampler

calculates these metrics in practice, using the scenario shown in Figure 4.2.

The user can explore and download a variety of summary plot outputs, including the
fluctuations in the number of clusters (excluding singletons) and entities (including singletons)
across tree iterations, boxplots for the overall number of clusters and entities across all iterations,
particular input trees with GMYC support values, changes in percentage matches across tree

iterations, and boxplots and barplots for groups that were oversplit or merged. Each plot can
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be downloaded in .PNG, .SVG, or .PDF format, with customisable dimensions and resolutions

where applicable.

sample_name group GMYC_spec match(y/n)

seq1 sp1 1

seq2 sp1 1

233% 28% 1 N MERGE ()
seq/ sp3 1

seq8 sp3 1

seq9 SpA 2 y

:2310 ggﬁ % MATCH SPLIT
seq6 SpA 3 y

seq11 spZ 4

seq15 spZ 4 Y  MATCH EXACT
seq20 spZ 4

seq22 spB 5 SINGLETON
seq25 spY 6

seq26 spY 6

seq27 spY 6 N MERGE (Il)
seq28 spW 6

Figure 4.2: A detailed diagrammatic explanation of how SPEDE-sampler determines cases of
merges, splits, exact matches, and singletons in a hypothetical example of one GMYC analysis
(i.e. one BEAST phylogeny input). A merge occurs when the user has overestimated the number
of groups, and the GMYC has lumped them into one (merge type I). A merge is recorded even
if one group is a singleton (for example spW in merge type II). A match can take two forms; (1)
a split, where the user has underestimated the number of groups, or (2) an exact match, where
a user-defined group and a GMYC species delimitation corroborate exactly. Singletons occur when
there is one sequence representing a GMYC species. Figure created with BioRender.com
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Box C

Using Figure 4.2 as an example of the output of one GMYC analysis:

There are six GMYC species and 8 user-defined groups.

(1) Species 1 (spl), 2 (sp2), and 3 (sp3) would be recorded as a merge (merge type I),
while species A (spA) would be flagged as being oversplit by a factor of 2 by the GMYC
model. Species A may present a case of two previously undiscovered cryptic species,
or merely intraspecific population structuring. Species Z (spZ) would be recorded as
an exact match. In a hypothetical scenario, if a total of three GMYC analyses were
run, where species 7 was recorded as an exact match in two of the runs, then Species
Z would have a 67% exact match score (i.e. exact match score = ¥(exact match
count) /(the number of input files) x 100 = 2/3 x 100 = 67%).

(2) Overall, with species Z being the only user-predefined group with an exact GMYC
match, the exact match incidence in this GMYC run = (the number of user-defined
groups with a recorded exact match)/(the number of user-defined groups) = 1/8 = 13%.

(3) Species B (spB) would be recorded as a singleton.

(4) Species Y (spY) and species W (spW) would be recorded as a merge, even though
spW is a singleton (merge type II). The user should pay attention to these cases,
as they might be potential taxonomic misidentifications.

(5) The splitting ratio including singletons would be calculated as: (the number of
GMYC species)/(the number of user-defined groups) = 6/8 = 0.75. The oversplitting
ratio excluding singletons would be: (the number of GMYC species - the number of
singletons)/(the number of user-defined groups) = (6-1)/8 = 0.63. Oversplitting ratios
< 1 indicate that there is a high incidence of overall merging by the GMYC due to
an overestimation of species richness by the user. Oversplitting ratios > 1 indicate that
species richness has been underestimated by the user, and that there may be cryptic
species in the mix. Ratios that equal one indicate that the number of user-defined
groups and the number of GMYC species are the same.

(6) The overall percentage match, including singletons (m;) = X(y) +
Y(singletons)/(X(y) + X(n) + X(singletons)) = (3 + 1)/(3 + 2 + 1) = 67%.
Excluding singletons, the percentage match (m.) = X(y)/(2(y) + 2(n)) = 3/(3 +
2) = 60%. In this case, singletons are causing a 7% inflated percentage match estimate.

(7) The percentage of singletons = Y (singletons)/(number of GMYC species) =
1/6 = 17%.
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4.2.3 Sampling effects on Tetramesa species delimitation

Using the SPEDE-sampler application, both the PNS Tetramesa 28S and COI datasets
were separately analysed (Table 4.1), where they were randomly resampled 10 times without
replacement for subsets of 25, 50, 75, and 100% of the sequence data. An Excel file with 14
morphospecies assignments was uploaded as per the software manual. The option of keeping
at least one representative of each predefined morphospecies group in the random subsets was
selected. A random seed was set for each resampling event. BEAST-compatible . XML files
were subsequently generated using the GTR site model, strict clock (clock rate = 1), Yule tree
prior with a uniform birth rate distribution, and the MCMC set to ten million generations
with sampling after every 1000. The .xml files were uploaded to BEAST2 on the CIPRES
Science Gateway portal for faster performance. BEAST log files were uploaded to Tracer
in the SPEDE-sampler application to check for MCMC convergence. TreeAnnotator was
then used to generate maximum clade credibility (MCC) trees, where the burnin was set to
25%, and heights to “median”. The resulting MCCC trees were used as input for the GMYC

analyses, where the single-threshold option was selected, and a random seed set.

4.2.4 Host-specificity indices

Host-specificity indices were calculated for the GMYC species in the full COI data set, based
on the methods in Abram et al. (2021). This entailed the calculation of two metrics: (1)
taxonomic host specificity (Stp), which is a measure of the average pairwise taxonomic
distinctness of host species used by a herbivore and (2) phylogenetic species variability (PSV),
which indicates the degree to which the host species of a herbivore are phylogenetically related.
The Stp value greater than 1 indicates an increasing degree of divergence among species. PSV
values range between 0 and 1, where 1 indicates maximum variability, and 0 denotes that

there is only one host, and therefore no variability.

The host ranges for each delimited GMYC species was used as input, based on the
host plant that each specimen was collected on. The no-choice host-specificity test results on

Tetramesa sp. 4 were included in the host range data (i.e. non-target feeding on E. plana and
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E. planiculmis in addition to target E. curvula; Guy Sutton pers. comm). The supplementary

R script provided in Abram et al. (2021) was applied as per the authors’ instructions.

Table 4.1: The number of genetic sequences per morphospecies for the nuclear 28S and
mitochondrial COI genes, used as input for SPEDE-sampler.

Morphospecies Host plant 28S COI
Tetramesa (A. gayanus) A. gayanus 0 2
Tetramesa romana Arundo donax 4 4
Tetramesa sp. 1 Sporobolus pyramidalis 18 13
Tetramesa sp. 4 Eragrostis curvula 39 37
Tetramesa sp. 7 Hyparrhenia hirta 0 6
Tetramesa sp. 8 Cynodon dactylon 2 0
Tetramesa sp. 10 E. trichophora 9 7
Tetramesa sp. 11 E. trichophora 2 2
Tetramesa sp. 12 Fustachys paspaloides 1 0
Tetramesa sp. 13 E. superba 1 1
Tetramesa sp. 17 E. gummiflua 1 2
Tetramesa sp. 18 E. gummiflua 2 1
Tetramesa sp. 23 E. biflora 2 3
Tetramesa sp. 24 E. capensis 1 2
Tetramesa sp. 25 E. plana 3 3
Tetramesa sp. 26 E. rigidior 8 8

4.3 Results

4.3.1 Nuclear 28S

The average number of clusters (species diversity estimate excluding singletons) and entities
(species diversity estimate including singletons) in the full data set (100% data size) was 5.9 +
3.7 and 6.9 + 3.7, respectively (Fig. 4.3 A1, A2). Mean splitting ratios were less than a value
of one across all data set sizes (Fig. 4.3 B), with an average of 0.5 + 0.27 and 0.42 £+ 0.26
in the full data set including and excluding singletons, respectively. The average percentage
of singletons decreased as data size increased, dropping from 42.4% =+ 15.3 in the 25% data
set size to 19.8% =+ 9.4 in the full data set (Fig. 4.3 C). The diversity of two morphospecies
was underestimated, namely Tetramesa sp. 1 and 4, with mean splitting ratios of 2.7 +

1.2 and 3.5 £ 2.1, respectively (Fig. 4.3 D). Mean percentage matches including singletons
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were consistently higher on average across data sizes (52.1% =+ 10.7; full data set) compared
to when singletons were excluded (40.5% =+ 10.1; full data set) (Fig. 4.3 E). The disparity
between the two measures was most prominent in the 25% data set size. Overall, five cases
of exact matches were reported (35.7% of user-defined morphospecies), comprising Tetramesa
sp. 1. sp. 4, sp. 10, sp. 26, and 7. romana, and five cases of merges. The merged groups
were |Tetramesa sp. 4, 8, 10, and 17] in GMYC group 1, [Tetramesa sp. 4 and 17] in GMYC
group 2, [Tetramesa sp. 4 and 10] in GMYC group 3, [Tetramesa sp. 1, 4, 10, 12, and 13]
in GMYC group 4, and [Tetramesa sp. 1, 4, 8, 10, 11, 18, 23, 24, 25, 26] in GMYC group 6.

4.3.2 Mitochondrial COI

The average number of clusters and entities in the full data set (100% data size) was 15 + 0 and
18 £ 0, respectively (Fig. 4.4 A1, A2). This was in the region of 2.5-fold more than was reported
for the 28S data. Mean splitting ratios were greater than a value of one across all data set sizes
when singletons were included (Fig. 4.4 B), with an average of 1.29 + 0 in the full data set. The
mean oversplitting ratio excluding singletons only exceeded a value of one in the full data set
(Fig. 4.4 B). The percentage of singletons decreased as data size increased, starting at 66.5% +
12.9 in the 25% data set size, down to 16.7% =+ 0 in the full data set (100%) (Fig. 4.4 C). The
diversity of three morphospecies was underestimated, namely Tetramesa sp. 1, sp. 4, and sp.
7, with mean splitting ratios of 2 4 0 across all three (Fig. 4.4 D). Mean percentage matches
including and excluding singletons were consistently higher than 60% across data sizes, except in
the 25% data set when singletons were excluded (mean = 35.5% =+ 15.11) (Fig. 4.4 E). Overall,
four cases of exact matches were reported (28.6% of user-defined morphospecies), comprising
Tetramesa romana, Tetramesa sp. 25 and 26, and the Tetramesa wasp collected on Andropogon
gayanus that formed a sister group to T. romana. Five cases of merges were reported (35.71% of
user-defined morphospecies), and were [ Tetramesa sp. 4 and 23] in GMYC group 3, [Tetramesa
sp. 10 and 11] in GMYC group 4, [Tetramesa sp. 4 and 24] in GMYC group 6, [ Tetramesa

sp. 18 and 26] in GMYC group 9, and [Tetramesa sp. 4, 23, and 24] in GMYC group 11.
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Figure 4.3: SPEDE-sampler results for 93 28S sequences. (Al and A2) The number of clusters
and entities across subsetted data set sizes. The light blue band represents a 95 confidence interval.
The dotted lines at y = 14 is the number of predefined morphospecies. (B) A boxplot of the splitting
ratios across dataset sizes, including (blue) and excluding (red) singletons. The dotted line at y =
1 indicates the expected ratio if no splitting occurred. (C) A boxplot of the percentage of singletons
across data set sizes. (D) The mean splitting ratios of morphospecies groups that exceeded a ratio of 1
(dotted horizontal line). (E) A boxplot of the percentage matches between predefined morphospecies
and GMYC species, including (blue) and excluding (red) singletons. White triangles represent means.
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Figure 4.4: SPEDE-sampler results for 91 COI sequences. (Al and A2) The number of clusters
and entities across subsetted data set sizes. The light blue band represents a 95% confidence interval.
The dotted lines at y = 14 is the number of predefined morphospecies. (B) A boxplot of the splitting
ratios across dataset sizes, including (blue) and excluding (red) singletons. The dotted line at y =
1 indicates the expected ratio if no splitting occurred. (C) A boxplot of the percentage of singletons
across data set sizes. (D) The mean splitting ratios of morphospecies groups that exceeded a ratio of 1
(dotted horizontal line). (E) A boxplot of the percentage matches between predefined morphospecies
and GMYC species, including (blue) and excluding (red) singletons. White triangles represent means.
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4.4 Discussion

4.4.1 Sample size and population structure

Both the nuclear and mitochondrial genes showed that an increase in taxon sampling (i.e. the
number of wasp sequences per morphospecies) led to (1) an increase in splitting ratios, and
(2) a decrease in the percentage of singletons. The percentage match scores between GMYC
species and predefined groups/morphospecies plateaued once the data size approached 50%
and above. This was likely caused by the large number of representatives of Tetramesa sp.
1 and Tetramesa sp. 4, which suggests that half the number of sequences for these groups
could have been used (~ n = 15) to obtain similar results. Species richness (the number of
clusters and entities) in both genes did not vary drastically with an increase in data size, but

rather showed a steady upward trajectory.

The increase in species richness with more data contrasts the findings of Hamilton et al.
(2014), who reported a large degree of variation in GMYC species richness across data sizes in a
study of the North American tarantula genus Aphonopelma. Phylogenetic construction method
could be a factor in explaining the differences between the current results and Hamilton et al.
(2014), as they created maximum likelihood phylogenies (compared to a Bayesian approach
in SPEDE-sampler), and converted them into ultrametric trees using the “chronopl” and
“multi2di” functions in the R ape package (Paradis et al., 2004). Talavera et al. (2013) found
that this approach led to poorer performance in correctly identifying morphospecies, and that
if ML phylogenies are to be used, that PATHDS (Britton et al., 2007) or r8s (Sanderson,
2003) software is more reliable. Variation in species richness estimates could be exacerbated
by (1) sensitivity to intraspecific population structure, (2) effects of incomplete lineage sorting
or recent, rapid radiations within the group, and (3) an artefact of one or more violations
of the GMYC model’s assumptions, or a combination of these factors. The results from
Chapter 2 have shown that points (1) and (2) above apply to the Tetramesa data, particularly
regarding the intraspecific population structure in the pronotal spot (PNS) wasps associated

with Fragrostis curvula, and the relatively recent radiation patterns found for the genus.
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The results from both sets of genes flagged Tetramesa sp. 1 (PNS Sporobolus pyrami-
dalis) and Tetramesa sp.4 (PNS Eragrostis curvula) as being undersplit (i.e. that they may be
more diverse than the morphospecies assignments suggest), with the addition of Tetramesa sp.
7 (NPNS Hyparrhenia hirta) in the COI results only. The GMYC assumption of the absence of
geographical substructuring within a data set is almost certainly violated in real-world scenarios,
and so unbalanced sampling across distribution ranges may also contribute to variation in
GMYC results (Talavera et al., 2013). Additionally, sufficient loci are important to offset biases
inherent in each locus. Intraspecific geographical structuring could be mistaken for species-level
divergences and therefore lead to inflated species richness estimates. Tetramesa sp. 4 on E.
curvula, for example, revealed a degree of provincial sub-structuring between specimens collected
in the Eastern Cape and Free State provinces (Table 4.3). Bergsten et al. (2012) showed how the
identification success of barcode queries decreased as the geographical scale of sampling increased.
This is an important factor to consider in the sampling design and data analysis of species delim-
itation studies. Corroborating the results presented in Chapter 2, the diversity underestimations
of Tetramesa sp. 1, 4, and 7 are likely due to geographic structuring, and coevolutionary
relationships with their hosts (discussed in Chapter 3). The underestimation of species diversity
can have important implications for biological control, as there may be cryptic species that

display varying degrees of feeding damage, host-specificity, and/or climatic suitability.

4.4.2 Singletons

The average species diversity (i.e. entities) in the COI data appeared to be more affected
by the presence of singletons than the 28S data set, where the number of COI entities tended
to exceed the number of predefined morphospecies across all data sizes. GMYC merging (i.e.
when splitting ratios are less than one, indicating that species have been undersplit) occurred
across all data sizes in the 28S results whether or not singletons were included, while merges
only occurred in the COI results when singletons were excluded. This was despite both genes
having a similar range of singletons (Table 4.2). Additionally, the average percentage match
scores in both genes were inflated when singletons were included, although the discrepancy was

particularly large only in the 25% data set where the singleton percentage was highest. Small
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sample sizes are therefore not ideal, particularly because of the high sensitivity to singletons.

It is known that the GMYC model can accommodate a moderate number of singletons,
but that skewed results have been observed when too many are included (Lohse, 2009; Lim et al.,
2012; Puillandre et al., 2012; Ahrens et al., 2016). There are, however, contrasting reports in
the literature regarding this effect. Talavera et al. (2013), for example, reported that although a
higher proportion of singletons negatively affects biological meaningfulness, their GMYC success
rate did not decrease even with a singleton incidence of 95%. Similarly, Ceccarelli et al. (2012)
reported that despite their COI and cytochrome b data comprising 64% and 67% singletons,

respectively, GMYC species richness estimates corroborated their morphological identifications.

It is clear that the effects of singletons, and any other potential sampling effects, need to
be assessed on a case-by-case basis. It is also important that other independent lines of evidence
are acquired to complement single-locus genetic data, such as additional genetic markers, geo-

graphical, behavioural, and morphological information where applicable (Carstens et al., 2013).

Table 4.2: SPEDE-sampler summary results from the full datasets (100% sequence data) for the
PNS Tetramesa 28S and COI sequences. SR = splitting ratio, + singletons = including singletons,
- singletons = excluding singletons. Standard deviations are shown where appropriate.

Gene 28S CO1
Number of sequences 93 91
Singletons (%) 198 £94 167+ 0
GMYC clusters 59+ 3.7 15+0
Max. GMYC clusters 13 15

Min. GMYC clusters 2 15
GMYC entities 6.9 + 3.7 18+ 0
Max. GMYC entities 14 18

Min. GMYC entities 3 18
User-defined groups 14 14
GMYC Exact matches, (%) 5, (35.7%) 4, (28.6%)
GMYC Merges, (%) 5, (35.7%) 5, (35.7%)
Match (+ singletons) (%) 52.1 +£10.7 7222 40
Match (- singletons) (%) 40.5 £ 10.1 66.7£0
SR (4 singletons) 05+027 12940
SR (- singletons) 042 £0.26 1.07+0
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Sampling effects

Singletons can be particularly pronounced in a variable marker such as mitochondrial COI (e.g.
Fig. 4.4 B), and that despite COI being the “barcoding gene”, it needs to be complemented
with other gene regions; preferably nuclear markers. As discussed earlier in this thesis, the
Tetramesa may reproduce via facultative thelytokous parthenogenesis (unfertilised eggs produce
females), which may have an effect on mitochondrial gene diversity. Observations of the
Tetramesa sp. 1 wasps suggest that they are arrhenotokous (unfertilised eggs produce males)
(Guy Sutton pers. comm.). Species delimitation in organisms that reproduce asexually can
be challenging because every individual is reproductively isolated from all other individuals;
making it difficult to ascertain meaningful genetic boundaries (Lin et al., 2017; Havill et al.,
2021). Tt would be interesting to explore how these different modes of reproduction affect

inheritance, and how this may influence phylogenetic interpretations.

A small sample size can lead to a high incidence of singletons (e.g. Fig. 4.4 C), and so
future surveys need to be carefully planned to ensure that a sufficient number of representative
genetic samples are collected. It is advisable to collect at least three to five samples per mor-
phospecies. For recently radiated groups, particularly those that produce parthenogenetically,
it is vital that integrative taxonomy that includes morphological and ecological information,
be used. Inter-breeding experiments can be useful in assessing mating barriers (e.g. Paterson

et al. (2016)); which are already underway using Tetramesa sp. 1, sp. 2, sp. 4, and sp. 5.

4.4.3 Relevance to grass biological control

The SPEDE-sampler results presented here have a number of practical outcomes that can
benefit a grass biological control programme aiming to utilise Tetramesa as possible agents.
The results are particularly useful to identify potentially distinct host-specific taxonomic
units (HSTUs) and intraspecific herbivore strains, and to gain a better understanding of the
effect that geographic sub-structuring can have in driving population structure. The following
paragraphs summarise each putative Tetramesa group. The distributions for each of these

HSTUs is provided in Table 4.3 and Fig. 4.5, with references to the COI phylogeny and
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sequence divergences presented in Chapter 2 where relevant.

Delimited genetic groups

Tetramesa sp. 1 A and B The PNS Tetramesa on Sporobolus pyramidalis (sp. 1A)
collected between 2017 and 2021 and the presumed S. africanus (sp. 1B) collected in 2022 in
the Fastern Cape are two distinct HSTUs that form sister clades in the COI phylogeny, with a
sequence divergence of 3.9%. The distribution range of Tetramesa sp. 1A spans three provinces,

where it appears that gene flow is high enough to maintain one homologous genetic group.

Tetramesa sp. 1B is a novel group that requires host-specificity testing mirroring the
work done on Tetramesa sp. 1A by Sutton et al. (2021b). As discussed in Chapter 1, Sutton
et al. (2021b) have already found that Tetramesa sp. 1A is suitably host-specific and damaging
to S. pyramidalis and S. natalensis in the field, and that this wasp has been recently imported

into quarantine in Australia for further host-specificity testing.

Tetramesa sp. 4 A - E There are five distinct PNS Tetramesa associated with Eragrostis
curvula (sp. 4A - 4E), but these are more likely intraspecific populations that have been
split based on either geographic sub-structuring or possibly as a result of host-associated
differentiation (HAD), discussed in Chapter 3. The sequence divergences between these groups

ranged between 3.1 and 11.7%.

The five distinct Tetramesa sp. 4 groups are good candidates for further investigation,
where the damage impact of each entity should be tested, singly and in combination, on F.
curvula. The Tetramesa sp. 4 species complex showed a greater degree of host variability
than most of the other delimited Tetramesa groups, ranging between three and five different
host species. This group may therefore not be good candidates for biological control, but
further host-specificity testing is required on non-target species in the invaded range of interest.
Assessing the performance of intraspecific populations might be helpful in identifying a more

damaging strain to use for biological control.

Tetramesa sp. 7 A and B The two distinct Tetramesa on Hyparrhenia hirta collected

in the Eastern Cape in 2020 appear to be sympatric cryptic species that form sister clades
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in the COI phylogeny, and are more closely related to T. romana than to the other Tetramesa
groups. The sequence divergence between Tetramesa sp. 7 A and B was 12.6%, which suggests
that these are cryptic species. These wasps are one of two morphospecies that were NPNS,
but fell within the PNS Tetramesa clade in the nuclear 28S phylogeny. Tetramesa sp. 7 A
and B appear to be good biological control agent candidates for H. hirta, but further sampling

and host-specificity testing is required..

Tetramesa sp. 10 The PNS Tetramesa on E. trichophora was collected in KwaZulu-Natal
in 2021, and is the only wasp observed to date to form a noticeable gall on the stem of the
host grass. This group was most closely related to Tetramesa sp. 4A on E. curvula in the
COI phylogeny, where the sequenced divergence was 2.8% between the two groups. This low
sequence divergence suggests that host-specificity testing of these two wasps on E. curvula
and FE. trichophora is important, as each wasp may be able to utilise both host plants, which
could preclude their use as biological control agents. No-choice host specificity testing should
be completed as it seems unlikely, although not impossible, that the same species of wasp
would have such different feeding modes on two different host plant species; namely galling

E. trichophora and mining the stems of E. curvula.

Tetramesa sp. 25 The PNS Tetramesa on E. plana was collected in the Free State in 2022,
and was most closely related to Tetramesa sp. 4C on E. curvula; where the sequence divergence
was 4.1% between the two groups. Although this sequence divergence is not as small as between
the Tetramesa sp. 4 and Tetramesa sp. 10 wasps, it would also be worth carrying out host-

specificity tests on these two groups, as they may also be able to utilise each other’s host grasses.

Tetramesa sp. 26 A and B The two Tetramesa on E. rigidior collected in KwaZulu-
Natal in 2021 appear to be sympatric cryptic species that formed sister clades in the COI
phylogeny. The sequence divergence between these two groups was 7.1%. Tetramesa sp. 26A
appears to be able to use F. gummiflua as an additional host, and may therefore not be an
appropriate biological control agent. Tetramesa sp. 26B, however, may be useful as it was

specific to only F. rigidior. Further sampling focusing on these species is required.
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Tetramesa sp. gayanus A The Tetramesa on A. gayanus was collected in northern
Zimbabwe in 2022, and is most closely related to Tetramesa sp. 7A on H. hirta (9.8%). Although
there were only two specimens in this group, it would be worth conducing additional surveys on

A. gayanus in Zimbabwe, as there is likely to be a large degree of species diversity on the grass.

Tetramesa romana The Tetramesa romana specimens included in this study were all
collected on Arundo donazx in the Free State in 2011 and 2012, and therefore likely form part
of the more widely-distributed genotype that was found to be distinct from the original French
and Spanish strain, and from those in the Limpopo and Mpumalanga provinces (Ramanand
et al., 2018). It may be worth conducing an analysis of the molecular diversity of 7. romana
across its native range in Europe, as some T. romana genotypes have been found to be more
successful than others, likely influenced largely by climatic suitability (Goolsby et al., 2014).
Being able to predict which populations are likely to successfully establish across different

climatic regions may benefit the control of A. donaz in South Africa.

4.4.4 Conclusion

This chapter has shown how the number of genetic sequences per morphospecies group can
influence the percentage of singletons (which decreases with larger sample sizes) and splitting
ratio values (which increases with larger sample sizes) resulting from the single-threshold
GMYC species delimitation method. It also showed that the mitochondrial COI gene was more
sensitive to the presence of singletons than the nuclear 28S region, particularly when sample
sizes were small. Lastly, the SPEDE-sampler software presented here was useful in identifying
morphospecies groups that may contain cryptic species, or where species diversity may have
been overestimated. The software is broadly applicable across taxa, where single-locus genetic
data are available. The present work has illustrated its usefulness in a biological control context,

where the early identification of cryptic species and distinct intraspecific populations is vital.
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Figure 4.5: Distribution ranges for each proposed Tetramesa GMYC species, based on their collection sites.
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Table 4.3: A summary table of Tetramesa GMYC species delimitations. Host SpR = host species richness, Host Stp and Host PSV; = an index of taxonomic
host specificity and phylogenetic species variability, respectively (Abram et al., 2021). The map panel index numbers refer to Fig. 4.5, the clade names
and numbers refer to those used in Chapter 2 Fig. 2.9, and the images refer to the reference microscope images in Fig. S1. Province acronyms: EC =
Eastern Cape, FS = Free State, KZN = KwaZulu-Natal, LP = Limpopo, MP = Mpumalanga, NC = Northern Cape, ZIM = Zimbabwe.

GMYC species Host plant/s Map panel; Province/s Clade name [number] Host SpR  Host Stp Host PSV; Image
Tetramesa sp. 1 A Sporobolus pyramidalis Al; EC, KZN, LP PNS.SPOR.PYR [10] 1 1 0 S1G
Tetramesa sp. 1 B Sporobolus africanus (?) A2; EC PNS.SPOR [11] 1 1 0 S1H
FEragrostis curvula,
Tetramesa sp. 4 A E. biflora, E. plana, A3; EC, FS, MP, NC PNS.ECUR.1 [1] 4 1 0.091 S1 A
E. planiculmis
Tetramesa sp. 4 B Eragrostis curvula, E. plana, A4; FS PNS.ECUR.3 [6] 3 1 0.091
E. planiculmis
Tetramesa sp. 4 C Eragrostis curvula, E. plana, A5; FS, NC PNS.ECUR.2 [4] 4 1 0.091
E. planiculmis, E. capensis
Tetramesa sp. 4 D Eragrostis curvula, E. plana, Bl; EC PNS.ECUR.4 [9] 3 1 0.091
E. planiculmis
Eragrostis curvula, E. biflora,
Tetramesa sp. 4 E E. capensis, E. plana, B2; FS P1 [12] 5 1 0.091
E. planiculmis
Tetramesa sp. 7 A Hyparrhenia hirta B3; EC HHIR.2 [22] 1 1 0
Tetramesa sp. 7 B Hyparrhenia hirta B4; EC HHIR.3 [24] 1 1 0
Tetramesa sp. 10 Eragrostis trichophora B5; KZN PNS.ETRICH.1 [3] 1 1 0 S1C
Tetramesa sp. 25 Eragrostis plana CI1; FS PNS.EPLAN [5] 1 1 0 S1D
Tetramesa sp. 26 A Eragrostis rigidior, E. gummiflua  C2; KZN PNS.ERIG.1 [7] 2 1 0.091 S1E
Tetramesa sp. 26 B Eragrostis rigidior C3; KZN PNS.ERIG.2 [§] 1 1 0 S1F
Tetramesa sp. gayanus A Andropogon gayanus C4; ZIM A.GAYA [23] 1 1 0 SIN
Tetramesa romana Arundo donax C5; FS ROM |[25] 1 1 0 S10
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Chapter 5

General Discussion

South Africa is a larger donor than receiver of invasive grasses (Visser et al., 2016), but very
little is known about the herbivorous arthropod assemblages associated with them. Grass
biological control programmes have been limited in the past due to concerns about the apparent
lack of host-specific natural enemies and the potential non-target damage that could arise
on agriculturally-important cereals and grains. Recently, perceptions towards grass biological
control have changed, and with this, the interest in the herbivores associated with African

grasses has increased.

This thesis aimed to conduct a phylogenetic analysis of the herbivorous eurytomid
wasps on native African grasses that are invasive elsewhere, focusing particularly on the
diversity, host-use, and cophylogenetic patterns within the Tetramesa genus. These outcomes
are important for both the biological control of invasive grasses, and the taxonomy of this

historically-complex and under-sampled hymenopteran group in the Southern Hemisphere.

This final chapter discusses the suitability of using Tetramesa wasps as biological
control agents of invasive southern African grasses. It then addresses the importance of the
correct taxonomic identification of herbivore assemblages in a target weed’s native range. The
importance of understanding a herbivore’s evolutionary history and how this can be informative
in developing a successful biological control programme is then covered, and finally how sampling

effects (e.g. data size and the proportion of singletons) can influence species delimitation results.
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5.1 Arethe Tetramesa suitable biological control agents
of invasive southern African grasses?

In general, very little taxonomic work has focused on Afro-tropical insects, particularly micro-
Hymenoptera such as the Tetramesa (van Noort et al., 2015; Berry and van Noort, 2016; Olmi
et al., 2016; Hopkins et al., 2019). This thesis has provided new insights into the Tetramesa
assemblages on native African grasses by investigating their diversity, evolutionary history, and
host-specificity. The simple answer to the question posed in the section heading is: yes, but some
groups are more suitably host-specific than others, and care must be taken to use an integrative
taxonomic approach rather than relying solely on one line of evidence for identification. The fol-
lowing sections explore which Tetramesa are suitable biological control agents based the phyloge-

netic results generated in this thesis, and discuss them in the context of the published literature.

5.1.1 Herbivorous eurytomids on African grasses

The taxonomic status of both the hymenopteran Eurytomidae family and the Tetramesa genus
has been the subject of much debate since the early 1900s (Chapter 1). The family itself is not
monophyletic (Chen et al., 2004), very limited genetic data are available for members of the
Tetramesa, and the morphological similarities between Tetramesa species makes identification
very challenging (Chapter 1). African Tetramesa species only represent about 2% of the ~
200 described species globally (van Noort, 2020). This paucity of information poses a large
knowledge gap in invasion biology and biological control because many invasive grass species
are African in origin (Visser et al., 2016). The present work is the first time that genetic
sequences for native southern African Tetramesa have been generated and used to estimate
taxonomic boundaries and assess coevolutionary herbivore-host relationships. The data suggest
that there is a large diversity of undiscovered African eurytomid taxa, and that there are
up to 15 putative Tetramesa MOTUs associated with grasses in the Eragrostis (MOTUs =
10), Sporobolus (MOTUs = 2), Hyparrhenia hirta (MOTUs = 2), and Andropogon gayanus

(MOTUs = 1) genera surveyed (Chapter 2). These Tetramesa taxa are new to science, and
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require formal species descriptions and more extensive investigations into their life-histories.
Most of the Tetramesa identified here were of the pronotal spot (PNS) morphotype; where only
two MOTUs (the wasps on A. gayanus and H. hirta) did not have this feature (NPNS). The

remaining NPNS clades fell outside the Tetramesa, and generally displayed broader host-ranges.

Tetramesa MOTUs displayed varying degrees of host-specificity, where those associated
with E. curvula (Tetramesa sp. 4) tended to have broader host ranges than the two Sporobolus
wasp groups (S. pyramidalis and the putative S. africanus host). Additionally, the E. curvula
Tetramesa sp. 4 complex showed evidence of geographic sub-structuring between the Eastern
Cape and Free State provinces, and distinct populations within the Eastern Cape itself. These

distinct populations may be the result of host-associated differentiation (HAD), discussed in

Chapter 2.

A prominent caveat in species delimitation is the difficulty in differentiating between
interspecific and intraspecific variation (e.g. due to recent speciation events or intraspecific
geographic sub-structuring) (Sukumaran and Knowles, 2017; Derkarabetian et al., 2019). In
a study of species delimitation in the Cataglyphis bicolor Fab. (Hymenoptera: Formicidae)
complex, for example, Eyer et al. (2017) found four distinct species groups, where it was proposed
that one of these complexes, C. niger André, comprised at least three geographically-structured
sub-groups that might be cryptic species. As with some of the Tetramesa complexes in the
present study, it remains uncertain whether these three ant groups in Eyer et al. (2017) are in
fact distinct species, or an artefact of intraspecific geographic variation. There are countless other
examples of, and discussions about, this dilemma in the literature (e.g. Freudenstein et al. (2017);
Gratton et al. (2016); Sukumaran and Knowles (2017); Yang et al. (2019); Chambers and Hillis
(2020); Huang (2020)), which is best remedied with an integrative taxonomic approach (Carstens
et al., 2013). The dating analysis conducted in Chapter 2 provided evidence of the recent
radiation of the Tetramesa, which would help in explaining the observed mitonuclear discordance
between the mitochondrial and nuclear gene trees, and the high degree of substructuring in
the mitochondrial COI phylogeny. Delimiting species that have radiated recently remains a

major taxonomic challenge, and is discussed in more detail later in this chapter.

The phylogenetic data presented in this thesis suggest that the Tetramesa on Sporobolus
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pyramidalis (Tetramesa sp. 1) and S. africanus are suitably host specific for biological control,
which is supported by the field-based surveys in Sutton et al. (2021b). Tetramesa sp. 4 on E.
curvula, however, may feed on non-target Eragrostis species in an invaded range. This is due to
the wasp’s ability to complete its lifecycle on native African E. plana and E. planiculmis (Guy
Sutton pers. comm., unpublished data), which are genetically more distant from F. curvula
than some native Australian Fragrostis species (e.g. E. scotelliana, E. parviflora, E. papposa,
and E. trachycarpa, discussed in Chapter 3). It is recommended that this wasp undergoes further
host-specificity testing, focusing on Australian native species analogous to the South African
species that are known hosts, before being considered as a biological control agent for invasive F.
curvula. It is not currently known whether the different Tetramesa sp. 4 populations uncovered
here cause differing levels of damage, whether they can hybridise, or whether they have

differential thermal tolerances or other biological requirements that may affect establishment.

Although these results suggest precluding Tetramesa sp. 4 from further consideration
for biological control, future work could focus on finer-scale analyses of the Tetramesa sp. 4
complex in particular, using techniques such as DDRADseq, and the incorporation of climate
matching to estimate in which regions of an invaded range these insects may have the highest
chance of establishment. It would be valuable to utilise the population genetic methods used
by Ramanand et al. (2018) for 7. romana genotyping and apply that to the specimens in
this thesis. Cross-breeding experiments would also be useful to complement species boundaries
estimates, and even detect possible hybrids (e.g. the Paterson et al. (2016) example discussed
in Chapter 1 Section 1.5.5). Additionally, the Tetramesa wasps on E. plana, E. trichophora, A.
gayanus, and H. hirta require host-specificity testing, as these groups show promise as potential
host-specific biological control agents. Greater sampling effort is required for Tetramesa on
A. gayanus and P. maximum, as these are particularly problematic weeds in Australia and

Texas (USA), respectively (Mercadier et al., 2009; Rossiter-Rachor et al., 2017).
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5.2 Taxonomic and phylogenetic challenges

The phylogenetics of the Tetramesa have proven to be complex, although this is not surprising
for a genus within a non-monophyletic family. Both the nuclear and mitochondrial gene
trees revealed a number of unresolved clades, and brought into question the accuracy of
sequence identifications on public genetic databases such as GenBank and BOLD. As this
study progressed, it became evident that the Tetramesa genus requires a taxonomic revision
that is based on the integration of morphological, behavioural, genetic, and ecological data,
and that the revision should include Southern Hemisphere representatives. This section further
discusses the challenges of Tetramesa species delimitation and taxonomy, and proposes a way

forward for future genetic work.

5.2.1 Identification

Specimens within each of the two predominant morphotypes presented here (the pronotal
and non-pronotal spot forms) are morphologically indistinguishable to a non-expert (Fig 5.1
A and B), which places a heavy reliance on genetic methods for identification and uncovering
new taxonomic groups. A prominent issue that came to light in this work was that the only
Tetramesa COI barcode sequences available on BOLD were assigned to the genus based solely
on the Barcode Index Number (BIN) system (Ratnasingham and Hebert, 2013), without any

formal morphological identification or associated biological information.

The BIN system is an automated approach in delineating taxonomic groups (MOTUs)
based on COI sequence variation and similarity to known taxa on the BOLD database. The BIN
method, and other automated delimitation algorithms (Chapter 2), are undoubtedly valuable
tools in biodiversity assessments and as taxonomic aides, but they can be prone to being applied
beyond the scope for which they were intended; much like a “one-size-fits-all” approach to taxon-
omy using only a single line of evidence (see for example the reviews by Will and Rubinoff (2004);
DeSalle et al. (2005), and Shen et al. (2013)). This is particularly important to take note of when
there is little to no verified genetic data for a taxonomic group, because incorrect identifications

can create a flawed baseline and hinder taxonomic efforts (Collins and Cruickshank, 2013). It
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Figure 5.1: An image plate showing the morphological similarities between different wasp species, and
the ease of misidentification. (A) Tetramesa sp. 1A from Sporobolus pyramidalis and (B) Tetramesa
sp. 1B from Sporobolus africanus (present study), (C) Anagyrus callidus female, (D) A. kamali
female, (E) A. callidus male, and (F) A. kamali male. Images C - F taken from Foster et al. (2021).

would be of great value to establish an online database for the Tetramesa as a collaborative effort
between expert taxonomists, phylogenetecists, and biological control researchers; perhaps as a
complement or addition to WaspWeb for Afro-tropical Hymenoptera (http://www.waspweb.
org/Afrotropical_wasps/index.htm). Because identification accuracy can decrease when
intraspecific variation increases with a larger geographic sampling range (Bergsten et al., 2012;
Gaytan et al., 2020), it would be important to include specimens along a larger longitudinal

gradient where possible. This would also offer insights into whether the genus originated in

the Northern or Southern Hemisphere, and could lead to an interesting biogeographical study.

Misidentifying insect agents or target weeds can seriously impede the progress of a
biological control programme because researchers may search for natural enemies in the wrong

areas, select inappropriate agents, find that establishment rates and/or damage impacts are low
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or unsuccessful, have trouble in post-release monitoring, and observe potential non-target effects,
which could be devastating to the reputation and safety of biological control as a discipline
(Gordh, 1977). The misidentification of Trichogramma Westwood (Hymenoptera: Trichogram-
matidae) wasps for the control of the sugarcane borer Diatraea saccharalis Fab. (Lepidoptera:
Crambidae) in Barbados, for example, led to the release of over 300 million Trichogramma
fasciatum Perkins wasps over a 20 year period that were meant to be T. minutum Riley (Sim-
monds, 1972; Gordh, 1977; Pinto and Stouthamer, 1994). The programme was ineffective, and
had to be terminated. Similarly, the parasitoid T. chilonis Ishii for the control of Crocidolomia
pavonana F. (Lepidoptera: Crambidae), a pest of Brassica crops, was much more successful
in Samoa than in other parts of Asia (Foster et al., 2021). Foster et al. (2021) concluded that
the wasp was either misidentified or comprises several undescribed cryptic species. A final
example of misidentifications of hymenopteran agents is that of Anagyrus pseudococci Girault
(Hymenoptera: Encyrtidae) complex, used to control mealybugs (Hemiptera: Pseudococcidae)
worldwide (Noyes, 2012). Andreason et al. (2019) reported that the newly-described wasp
species A. callidus (Triapitsyn, Andreason & Perring) for the control of the pink hibiscus
mealybug (Maconellicoccus hirsutus Green) in California, USA, had been misidentified as
A. kamali Moursi (Fig. 5.1 C - F). The wasp was mass-reared and released for three years

(2014 - 2017) before genetic sequencing revealed that the insect had been misidentified.

With the recent advancement in both phylogenetic and machine learning methods, it
may be feasible to use image recognition techniques in conjunction with genetic barcoding to
decrease the likelihood of misidentifications in biological control programmes. With sufficient
image data to serve as a training set, image recognition by means of computer vision is a
very powerful tool and can be used to distinguish between taxa that may otherwise require
an expert taxonomist (Valan et al., 2019, 2021; Tariq et al., 2022). Generating large image
databases of the different Tetramesa taxa identified in this work may be worth pursuing
for those that are considered for biological control. The present project has already started

building up an image database, but it requires substantially more images.

This work has also highlighted the important role that expert taxonomists play in

biological control research and invasion biology, and that although genetic barcoding and
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other phylogenetic methods are invaluable, the importance of classical taxonomy must not
be underplayed. Ebach et al. (2011) warned that taxonomists are slowly being replaced by
technologies such as DNA barcoding, and that the discipline is losing expertise. Will et al.
(2005) went as far as calling DNA barcoding a “noisome weed”, although this is arguably biased
in itself. Ebach et al. (2011) argued that relying heavily on genetic technology is contributing
to what the authors term a “two-fold taxonomic impediment”; to both the accuracy and
speed at which taxonomic knowledge becomes available, and to the lack of funding and the
generation of new research. Wheeler (2005), Rubinoff et al. (2006), and Pearson et al. (2011)
expressed similar views, and called for an emphasis on integrative taxonomy that makes use

of multiple-character systematics to discover, identify, and delimit taxa.

Having well-defined named species is integral to the practice of biological control, and is
also important in biodiversity assessments and conservation efforts. The difficulty in delineating
the Tetramesa and assigning appropriate terms to clades (i.e. is a clade of interest a species,
intraspecific population, biotype, lineage, molecular operational taxonomic unit (MOTU),
or tribe, for example?) certainly calls for increased taxonomic training - particularly for
Afro-tropical insect groups - and supports the need for an integrative approach. The existence
of intraspecific populations and cryptic species complexes within the Tetramesa will have
important implications for biological control programmes, because these taxonomic groups
may have differing damage impacts, establishment success rates, and climatic requirements

that may need to be considered.

5.2.2 Evolutionary history

Biological control agents, as with any life-form, are not static entities. Each taxonomic group is
at a different stage along an evolutionary trajectory. De Queiroz (1998)’s concept of taxa being
more like metapopulation lineages than “species” is apt, where metapopulations are defined

as groups of local populations that inhabit discrete habitats at a certain time (Hanski, 1998).

Taxa that have radiated recently pose a challenge to delimitation methods because
they may not have reached a state of reproductive isolation or monophyly yet (Shaffer and

Thomson, 2007) (Fig. 5.2). Rapid radiations are fairly common in parasitoid Hymenoptera,
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which is hypothesised to be due to host-switching to access novel ecological niches (Smith
et al., 2008; Endara et al., 2018; Peters et al., 2018; Klopfstein et al., 2019). The nuclear dating
analysis in Chapter 2 of this thesis suggested that the Tetramesa are also a recent radiation,
only diversifying about 5 - 15 mya. This time frame coincides with the expansion of grasslands
displacing forested habitats in Africa (Jacobs, 2004), and it is likely that various host-switches
took place from grasses with a smaller geographic range to more abundant species (Chapter
3). The recent radiation and host-switching behaviour of the Tetramesa should be further
investigated, because these properties may exclude them as biological control agents. The
pattern of recent radiation, in addition to the effects of endosymbiotic Wolbachia bacteria
on reproduction and inheritance, may assist in explaining (1) the unresolved clades reported
in the present work, (2) the mitonuclear discordance between the COI and 28S gene trees, (3)
the unexpectedly high COI sequence divergences between conspecific groups, (4) some of the
host-specificity patterns observed in the Eragrostis and Sporobolus grass genera, and (5) the
diversification of Tetramesa on Eragrostis species (which may be cryptic species complexes),

with evidence of host-associated differentiation (HAD)(discussed in Chapter 2).
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Figure 5.2: A diagram showing the divergence of species through time, where species delimitation
becomes easier with older lineages that have reached a state of monophyly. Adapted from De Queiroz
(1998).

It is surprising that biological control research studies have rarely incorporated cophyloge-
netic analyses and molecular dating exercises into the implementation pipeline. Chapters 2 and 3
have shown the value of these methods; particularly how the results can assist in developing grass
species lists for host-specificity testing, predicting which Tetramesa agents may not be suitably

host-specific for release, and explaining taxonomic oddities and polytomies in phylogenetic trees.

Future studies may benefit from delving into the Wolbachia associations within Tetramesa
taxa. Since Wolbachia are known to be able to drive speciation in their hosts by generating
a state of reproductive isolation (e.g. by inducing parthenogenesis) (Bordenstein et al., 2001;
Elias-Costa et al., 2019), different Wolbachia strains may be useful in separating broader host
species complexes using cophylogenetic analyses. An investigation of Dactylopius tomentosus
Lamarck (Hemiptera: Dactylopiidae) lineages, for example, used Wolbachia sequences to
complement a COI phylogeny, which assisted in the improved identification of three intraspecific

lineages (Mathenge et al., 2015). Similarly, in a study of the parasitoid wasp genus Diplazon
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Nees von Esenbeck (Hymenoptera: Ichneumonidae), Klopfstein et al. (2016) found two species
that shared identical COI haplotypes and Wolbachia strains, while the ITS2 region suggested

that the same two species were not even closely related.

It would also be valuable to investigate the induced and constitutive chemical and
structural defences present in target African grasses, as this might shed more light on Tetramesa
host-specificity and feeding behaviour. McNaughton and Tarrants (1983) and McNaughton
et al. (1985) conducted investigations into the use of silica as a structural defence by grasses
in Tanzania, and found that herbivory led to an increase in silica content. This was also
dependent on the quantity of silica available in the soil, which could be an important factor
in geographically-separated grass populations that have adapted to different soil profiles. More
recently, Gyan et al. (2020) found that Eragrostis tef responded to herbivory by the aphid
Rhopalosiphum padi L. by up-regulating the production of volatile organic compounds (VOCs)
and deterrent metabolites, and a switch from quantitative (carbon-rich) to more qualitative
(nitrogen-rich) metabolites. Understanding the biochemistry of host plants can be very useful in
understanding the possible differential feeding damage by different biological control agent taxa,
and may assist in selecting herbivores that are more adapted to overcoming plant defences, and

identifying climates and habitat types that may be more conducive to a control programme.

5.3 Sampling effects in phylogenetics and species de-
limitation

Every stage of a scientific investigation is inevitably open to errors and biases, from the
data collection phase (e.g. prioritising natural enemy collection sites in the native range of a
target weed (McCulloch et al., 2022)) to laboratory protocols (e.g. polymerase chain reaction
(PCR) and sequencing errors (Kunin et al., 2010)) and choice of statistical analyses (e.g.
alignment and tree-building method (Kapli et al., 2020)). An appropriate sampling design
(e.g. accounting for sample size and geographic distribution) lays the groundwork for any
phylogenetic study (Austerlitz et al., 2009; Zhang et al., 2010; Bergsten et al., 2012), where

each set of requirements is usually taxon-specific. Additionally, the choice of analysis method
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and parameter settings can influence the interpretation of results, which is illustrated well in
species delimitation output using different tools (e.g. tree or distance-based) (Carstens et al.,

2013; Rannala, 2015; Dellicour and Flot, 2018).

Researchers utilising DNA barcoding and applying species delimitation methods to their
data need to be cognisant of the caveats associated with each step of an analysis protocol, and
that the species concept debate will always persist because it is often impossible to place discrete
boxes around life-forms that are continuously adapting to change under various selection
pressures. Chapter 2 showed how multiple species delimitation methods can be used to gain a
consensus output, and how more biologically-meaningful taxonomic groupings can be assigned
with the addition of ecological (e.g. host plant affiliation, and gall formation in the PNS

Tetramesa on E. trichophora) and geographical (e.g. local to provincial scales) information.

Sampling effects such as the number of genetic sequences used per morphospecies group,
the abundance of singletons, and the choice of genetic marker can play a significant role in the
splitting and lumping behaviour of a delimitation algorithm such as the widely-used GMYC
model (Talavera et al., 2013; Hamilton et al., 2014). Chapter 4 showed how a similar abundance
of singletons had a greater effect on species diversity estimates in the COI marker than the
28S region, and how singletons can lead to overestimates of species diversity; particularly
when data sizes are small. These are useful indicators for optimising a phylogenetic study
and making meaningful inferences from the data. The SPEDE-sampler software presented
in this thesis (Chapter 4) is broadly applicable across taxonomic groups for single-locus genetic

data, and is an additional valuable tool in the biological control researcher’s toolkit.

5.4 Conclusion

Correctly identifying potential insect agents at every step of a biological control pipeline is
vital to its safety and success. This thesis has shown how molecular tools that include DNA
barcoding, species delimitation, and cophylogenetic analyses can assist in the initial screening
for potential new insect taxa, determining host-insect evolutionary histories, and estimating

the host ranges and suitability of potential biological control agents.
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Despite the previous trepidation about applying biological control to invasive grasses,
this work has shown that some of the Tetramesa taxa identified here hold promise as po-
tential agents due to their host-specificity and diversity on African grasses. This thesis has
highlighted the difficulties in phylogenetic analyses when mitonuclear discordance is uncovered,
morphospecies groups are identical, and sampling effects influence species delimitation output.
The application of integrative taxonomy is key, where the present project has opened the
door to further the discovery of African eurytomid diversity, and the advancement of control

programmes for invasive African grasses in other regions of the world.
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Supplementary Section

Table S1: Sample information for all the wasp sequences (28S and COI) included in this work.
Unshaded cells in the COI and 28S columns denote missing data. GenBank codes beginning with
AY317 were sourced from (Chen et al., 2004). PNS = pronotal spot, NPNS = non-pronotal spot, NA
= unknown, SA = South Africa, EC = Eastern Cape, FS = Free State, KZN = KwaZulu-Natal, MP =
Mpumalanga, GHT = Grahamstown, PE = Port Elizabeth, EL = East London, f = female, m = male.
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D Morphospecies assignment COI Morphotype Country Province Latitude Longitude Host Collection_date Sex

CVS_0002 Tetramesa sp. 1 PNS SA, Phinda KZN -27.8909 32.2097 Sporobolus pyramidalis Sep-2021 f
GFS_2019_60019 Tetramesa sp. 4 PNS SA, Burnt Kraal, GHT EC -33.2817 26.4864 Eragrostis curvula 2019

GFS_2019_00030 Tetramesa sp. 5 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2019

GFS_2019_00035 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2019

GFS_2019_00039 Tetramesa sp. 4 PNS SA, Burnt Kraal, GHT EC -33.2817 26.4864 Eragrostis curvula 2019

GFS_2019_00041 Tetramesa sp. 4 PNS SA, Burnt Kraal, GHT EC -33.2817 26.4864 Eragrostis curvula 2019

GFS_2019_00043 Tetramesa sp. 5 NPNS SA, Glen Muir, EL EC -32.8768 28.0950 Eragrostis curvula 2019

GFS_2019_00044 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2019

GFS_2019_00063 Tetramesa sp. 5 NPNS SA, Burnt Kraal, GHT EC -33.2817 26.4864 Eragrostis curvula 2019

GFS_2019_00069 Tetramesa sp. 4 PNS SA, Burnt Kraal, GHT EC -33.2817 26.4864 Eragrostis curvula 2019

GFS_2019_00079 Tetramesa sp. 4 PNS SA, Burnt Kraal, GHT EC -33.2817 26.4864 Eragrostis curvula 2019

GFS_2020_000815 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_0003 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00043 Tetramesa sp. 1 PNS SA, Valhalla, EL EC -32.8719 28.0838 Sporobolus pyramidalis 2020

GFS_2020_00053 Tetramesa sp. 1 PNS SA, Valhalla, EL EC -32.8719 28.0838 Sporobolus pyramidalis 2020

GFS_2020_00054 Eurytomidae sp.? NA SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00055 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00062 Bruchophagus sp 1 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00079 Tetramesa sp. 5 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00083 Tetramesa sp. 5 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00085 Tetramesa sp. 5 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020 m
GFS_2020_00086 Tetramesa sp. 4 PNS SA, Glen Muir, EL EC -32.8768 28.0950 Eragrostis curvula 2020 f
GFS_2020_00087 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00091 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020 f
GFS_2020_00102 Tetramesa sp. 4 PNS SA, Glen Muir, EL EC -32.8768 28.0950 Eragrostis curvula 2020

GFS_2020_00111 Tetramesa sp. 5 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020 f
GFS_2020_00116 Tetramesa sp. 1 PNS SA, Valhalla, EL EC -32.8719 28.0838 Sporobolus pyramidalis 2020 f
GFS_2020_00120 Tetramesa sp. 5 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020 f
GFS_2020_00130 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020 f
GFS_2020_00132 Tetramesa sp. 5 NPNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_060152 Tetramesa sp. 1 PNS SA, Valhalla, EL EC -32.8719 28.0838 Sporobolus pyramidalis 2020 m
GFS_2020_00155 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00184 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00196 Tetramesa sp. 5 NPNS SA, Glen Muir, EL EC -32.8768 28.0950 Eragrostis curvula 2020

GFS_2020_00233 Tetramesa sp. 4 PNS SA, Glen Muir, EL EC -32.8768 28.0950 Eragrostis curvula 2020

GFS_2020_00492 Tetramesa sp. 4 PNS SA, Mondplaas EC -33.9630 24.9545 Eragrostis curvula 2020 f
GFS_2020_00528 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00554 Tetramesa sp. 4 PNS SA, Mondplaas EC -33.9630 24.9545 Eragrostis curvula 2020 m
GFS_2020_00555 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00562 Tetramesa sp. 5 NPNS SA, Mondplaas EC -33.9630 24.9545 Eragrostis curvula 2020

GFS_2020_00563 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00574 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00576 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00595 Tetramesa sp. 5 NPNS SA, Mondplaas EC -33.9630 24.9545 Eragrostis curvula 2020 m
GFS_2020_00606 Tetramesa sp. 5 NPNS SA, Mondplaas EC -33.9630 24.9545 Eragrostis curvula 2020

GFS_2020_00614 Tetramesa sp. 4 PNS SA, Baakens River, Targetkloof, PE EC -33.9686 25.5923 Eragrostis curvula 2020

GFS_2020_00626 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00638 Tetramesa sp. 5 NPNS SA, Glen Muir, EL EC -32.8768 28.0950 Eragrostis curvula 2020

GFS_2020_00645 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00667 Tetramesa sp. 4 PNS SA, Mondplaas EC -33.9630 24.9545 Eragrostis curvula 2020

GFS_2020_00670 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00680 Tetramesa sp. 4 PNS SA, Mondplaas EC -33.9630 24.9545 Eragrostis curvula 2020 f
GFS_2020_00702 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2020_00720 Tetramesa sp. 7 NPNS SA, Mondplaas EC -33.9630 24.9545 Hyparrhenia hirta 2020

GFS_2021_00245 Tetramesa sp. 4 (pre-pupa) NA SA, Coombs Valley, GHT EC -33.2804 26.7988 Eragrostis curvula Feb-2021
GFS_2021_00254_F Tetramesa sp. 2 NPNS SA, Phinda KZN -27.8909 32.2097 Sporobolus pyramidalis Sep-2021
GFS_2021_00255 Tetramesa sp. 5 (larva) NA SA, Coombs Valley, GHT EC -33.2804 26.7988 Eragrostis curvula Feb-2021
GFS_2021_00267 Unknown NA SA, Coombs Valley, GHT EC -33.2804 26.7988 Eragrostis curvula Feb-2021
GFS_2021_00291_M Tetramesa sp. 1 PNS SA, Phinda KZN -27.8909 32.2097 Sporobolus pyramidalis Sep-2021
GFS_2021_00302 Tetramesa sp. 5 NPNS SA, Coombs Valley, GHT EC -33.2804 26.7988 Eragrostis curvula Feb-2021 m
GFS_2021_00307 Tetramesa sp. 5 (larva) N SA, Coombs Valley, GHT EC -33.2804  26.7988  Eragrostis curvula Feb-2021
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SA, Drummond, Durban

SA, Coombs Valley, GHT

SA, Coombs Valley, GHT

SA, Coombs Valley, GHT

SA, Coombs Valley, GHT

SA, Coombs Valley, GHT

SA, Mkuze GR turn-off, Mkuze

SA, Mkuze GR turn-off, Mkuze
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SA, Khuleni Powerlines, Hluhluwe
SA, Mkuze GR turn-off, Mkuze

SA, Mkuze Bus stop, Mkuze

SA, Khuleni Powerlines, Hluhluwe
SA, Khuleni Powerlines, Hluhluwe
SA, Mkuze GR turn-off, Mkuze

SA, Khuleni Powerlines, Hluhluwe
SA, Khuleni Powerlines, Hluhluwe
SA, Khuleni Powerlines, Hluhluwe
SA, Khuleni Powerlines, Hluhluwe
SA, Mkuze GR turn-off, Mkuze

SA, Mkuze GR turn-off, Mkuze

SA, Khuleni Powerlines, Hluhluwe
SA, Mkuze GR turn-off, Mkuze

SA, Khuleni Powerlines, Hluhluwe
SA, Mkuze GR turn-off, Mkuze

SA, Khuleni Powerlines, Hluhluwe
SA, Khuleni Powerlines, Hluhluwe
SA, Khuleni Powerlines, Hluhluwe
SA, Drummond, Durban

SA, Mkuze GR turn-off, Mkuze

SA, Mkuze Bus stop, Mkuze

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Khuleni Powerlines, Hluhluwe
SA, Khuleni Powerlines, Hluhluwe
SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda
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SA, Phinda

SA, Phinda

SA, Phinda

SA, Hluhluwe Mine

SA, Hluhluwe Mine

SA, Phinda

SA, Phinda

SA, Phinda

SA, Phinda
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KZN
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KZN
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-28.
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curvula
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Eragrostis trichophora
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Eragrostis trichophora
Eragrostis trichophora
Cynodon dactylon
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Eragrostis trichophora

Eragrostis
Eragrostis
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Cynodon dactylon
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Eragrostis
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Panicum maximum
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KCP_2020_00201
KCP_2020_00207
KCP_2020_00213
KCP_20620_00217
KCP_2020_00219
KCP_2020_00224
KCP_2020_00225
KCP_2020_00233

Morphospecies assignment
.5
.1
. 26
.18
.2
.2
.2
.18
.18
.22

Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
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Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
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Tetramesa
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Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa
Tetramesa

romana
romana
romana
romana

Morphotype

NPNS
PNS
PNS
NPNS
NPNS
NPNS
NPNS
PNS
NPNS
SB
NA
PNS
PNS
PNS
PNS
PNS
PNS
PNS
NPNS
PNS
NPNS
NPNS
NPNS
NPNS
PNS
PNS
NPNS
PNS
PNS
NPNS
PNS
NPNS
PNS
PNS
NPNS
NPNS
NPNS
NPNS
NPNS
NPNS
NPNS
NPNS
PNS
NPNS
NPNS
NPNS
PNS
PNS
NPNS
NPNS
NPNS
PNS
PNS
PNS
PNS
NPNS
PNS
PNS
NPNS
NPNS
NPNS

Country

SA
SA
SA,
SA,
SA,
SA,
SA,
SA,
SA,
SA
SA,
SA,
SA,
SA,
SA,
SA,
SA,
SA
SA,
SA,
SA
SA
SA,
SA,
SA
SA,
SA,
SA,
SA,
SA
SA,
SA,
SA
SA
SA,
SA,
SA
SA,
SA,
SA
SA,
SA,
SA
SA,
SA,
SA
SA,
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA

Coombs Valley, GHT

Hluhluwe Mi
Phinda
Phinda
Phinda
Phinda
Phinda
Phinda
Phinda

Khuleni Powerlines, Hluhluwe

Phinda
Bethlehem a
Bethlehem a
Bethlehem a
Bethlehem a
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Rietspruit
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland
Kombuisland

ne

rea
rea
rea
rea
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
area
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,
farm,

Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard
Marquard

Province

EC
KZN
KZN
KZN
KZN
KZN
KZN
KZN
KZN
KZN
KZN
FS
Fs
FS
FS
FS
FS
FS
FS
FS
FS
Fs
FS
FS
FS
FS
FS
FS
FS
FS
FS
FS
FS
Fs
FS
FS
Fs
FS
FS
Fs
FS
FS
FS
Fs
FS
FS
FS
FS
FS
FS
FS
FS
Fs
FS
FS
Fs
FS
FS
FS
Fs
FS

Latitude

-33.
-28.
-27.
-27.
-27.
-27.
-27.
-27.
-27.
-28.
-27.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
.4417
-28.
-28.
.4417
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
-28.
.7689
-28.
-28.
.7689
-28.
-28.
.7689
-28.
-28.

2804
0333
8909
8909
8909
8909
8909
8909
8909
0333
8909
4315
4005
5118
421
4520
3951
3951
3951
4524
4520
4520
4514
4520
4524
4524
4514
4520
4524
4514
3951
4514
3951
4520
4514
4340
4340
4349
4340

4417
4417

4415
4417
7689
7689
7689
7556
7689
7689
7689

7689
7556

7689
7689

7556
7556

Longitude
26.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
28.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.
27.

7988
2833
2097
2097
2097
2097
2097
2097
2097
2833
2097
0129
2529
3018
2640
3330
2617
2617
2617
3318
3330
3330
3352
3330
3318
3318
3352
3330
3318
3352
2617
3352
2617
3330
3352
3537
3537
3537
3537
3617
3617
3617
3617
3616
3617
5267
5267
5267
5583
5267
5267
5267
5267
5267
5583
5267
5267
5267
5267
5583
5583

Host

Eragrostis
Eragrostis
Eragrostis
Eragrostis
Sporobolus
Sporobolus
Sporobolus
Eragrostis
Eragrostis

curvula
trichophora
rigidior
gummiflua
pyramidalis
pyramidalis
pyramidalis
gummiflua
gummiflua

Panicum maximum
Panicum maximum
Arundo donax
Arundo donax
Arundo donax
Arundo donax

Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis
Eragrostis

curvula
curvula
curvula
curvula
curvula
curvula
curvula
plana
curvula
curvula
curvula
plana
curvula
curvula
plana
curvula
plana
curvula
curvula
plana

tef

tef

tef

tef
gummiflua
gummiflua
gummiflua
gummiflua
lehmanniana
gummiflua
plana
biflora
biflora
gummiflua
gummiflua
gummiflua
capensis
plana
plana
plana
plana
biflora
gummiflua
plana
plana
plana

Collection_date

Sep-2021
Sep-2021
Sep-2021

Feb-2022
Sep-2021
Sep-11
Sep-11
Nov-12
Nov-12
22/11/2020
24/11/2020
25/11/2020
25/11/2020
26/11/2020
27/11/2020
27/11/2020
27/11/2020
27/11/2020
27/11/2020
28/11/2020
27/11/2020
27/11/2020
27/11/2020
30/11/2020
30/11/2020
308/11/2020
30/11/2020
30/11/2020
30/11/2020
16/3/2021
16/3/2021
16/3/2021
16/3/2021
16/3/2021
11/3/2021
16/3/2021
16/3/2021
11/3/2021
18/3/2021
6-Feb-22
7-Feb-22
7-Feb-22

6-Feb-22
6-Feb-22
11-Feb
14-Feb-22
15-Feb-22

11-Feb-22
12-Feb-22
10-Feb-22
17-Feb-22

18-Feb-22

Sex

- -h 3

S -h-h3 3 ~h-h—hhhh-h-hHh3 33 -hhh-h3 h3 hh3 -hh3 -h-h-h3 33 -h3 3 3 3 ~h 3



Sequence ID Morphospecies assignment COI 28S Morphotype Country Province Latitude Longitude Host Collection_date Sex

KCP_2020_00235 Tetramesa sp. 18 NPNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis gummiflua 18-Feb-22 m

KCP_2020_00238 Tetramesa sp. 4 PNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis curvula 15-Feb-22 m

KCP_2020_00239 Tetramesa sp. 24 PNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis capensis 24-Feb-22 f

KCP_2020_00241 Tetramesa sp. 18 NPNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis gummiflua 6-Mar-22 m

KCP_2020_00242 Tetramesa sp. 5 NPNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis curvula 28-Feb-22 f

KCP_2020_00243 Tetramesa sp. 18 NPNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis gummiflua 6-Mar-22 f

KCP_2020_00244 Tetramesa sp. 5 NPNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis curvula 3-Mar-22 f

KCP_2020_00245 Tetramesa sp. 5 NPNS SA, Kombuisland farm, Marquard FS -28.7556 27.5583 Eragrostis curvula 29 February 2022 f

KCP_2020_00247 Unknown NPNS SA KZN Phragmites mauritianus 24-Jan-15 f

LMY_20621_006110 Tetramesa sp. 5 NPNS SA, Mpumalanga MP -25.6083 31.1000 Eragrostis curvula Feb-2022 m

LMY_2621_008117 Tetramesa sp. 4 PNS SA, Mpumalanga MP -25.6083 31.1000 Eragrostis curvula Feb-2022

LMY_20621_00125 Tetramesa sp. 5 NPNS SA, Mpumalanga MP -25.6083 31.1000 Eragrostis curvula Feb-2022 f

LMY_20621_006197 Tetramesa sp. 4 PNS SA NC -30.3470 24.5632 Eragrostis curvula

LMY_20621_00220 Tetramesa sp. 4 PNS SA NC -30.3470 24.5632 Eragrostis curvula

LMY_2021_00231 Tetramesa sp. 5 NPNS SA NC -30.3470 24.5632 Eragrostis curvula

LMY_2021_00251 Tetramesa sp. 11 NPNS SA, Mpumalanga MP -25.0461 31.0991 Eragrostis trichophora Feb-2022 m

LMY_20621_00282 Tetramesa sp. 5 NPNS SA NC -30.3470 24.5632 Eragrostis curvula

LMY_2021_00287 Tetramesa sp. 5 NPNS SA, Mpumalanga MP -25.6083 31.1000 Eragrostis curvula Feb-2022 f

LMY_20621_00289 Tetramesa sp. 5 NPNS SA NC -30.3470 24.5632 Eragrostis curvula

LMY_20621_00300 Tetramesa sp. 5 NPNS SA, Mpumalanga MP -25.6083 31.1000 Eragrostis curvula Feb-2022 f

LMY_20621_00308 Tetramesa sp. 4 PNS SA, Mpumalanga MP -25.6083 31.1000 Eragrostis curvula Feb-2022 f

LMY_20622_00008 Tetramesa sp. 1 PNS SA, East London EC -32.7039 27.4833 Sporobolus sp. f

LMY_20622_00090 Tetramesa sp. 1 PNS SA, East London EC -32.7039 27.4833 Sporobolus sp. f

LMY_20622_00098 Tetramesa sp. 1 PNS SA, East London EC -32.7039 27.4833 Sporobolus sp. f

LMY_20622_00108 Tetramesa sp. 1 PNS SA, East London EC -32.7039 27.4833 Sporobolus sp. f

LMY_2022_00139 Tetramesa sp. 1 PNS SA, East London EC -32.7039 27.4833 Panicum maximum f

LMY_20622_00152 Tetramesa sp. 1 PNS SA, East London EC -32.7039 27.4833 Sporobolus sp. f

LMY_2022_00177 Tetramesa sp. 1 NPNS SA, East London EC -32.7039 27.4833 Panicum maximum f

SPY_KZN_058 Tetramesa sp. 2 NPNS SA, Mkuze KZN -27.6221 32.0247 Sporobolus pyramidalis

SPY_KZN_060 Tetramesa sp. 1 PNS SA, Mkuze KZN -27.6221 32.0247 Sporobolus pyramidalis 2017

SPY_KZN_062 Tetramesa sp. 2 NPNS SA, Westwood Mall, Durban KZN -29.8291 30.9591 Sporobolus pyramidalis 2018

SPY_KZN_064 Tetramesa sp. 1 PNS SA, Westwood Mall, Durban KZN -29.8291 30.9591 Sporobolus pyramidalis 2017

SPY_KZN_068 Tetramesa sp. 1 PNS SA, Westwood Mall, Durban KZN -29.8291 30.9591 Sporobolus pyramidalis 2017

SPY_KZN_071 Tetramesa sp. 2 NPNS SA, Mkuze KZN -27.6221 32.0247 Sporobolus pyramidalis 2017

SPY_LMP_032 Tetramesa sp. 1 PNS SA, Nylsvlei LP -24.5760 28.6432 Sporobolus pyramidalis 2017

SPY_MPA_095 Unknown NA Imvelo Forest, White River MP -25.2168 30.9973 Sporobolus pyramidalis 2017

Z01_A Unknown NPNS Zimbabwe -16.92097 30.81323  Androgpogon gayanus 2022 f

Z01_B Unknown NPNS Zimbabwe -16.92097 30.81323  Androgpogon gayanus 2022 f
GenBank and BOLD sequences from published and unpublished sources

Voucher Identification CoI 28S Morphotype Country Latitude Longitude Reference Collection_date Sex

I0Z 020003 Bruchophagus ononis AY317223 AY317170 China: Fanjing Mt.,Guizhou Chen et al. 2004

I0Z 010002 Bruchophagus sp1 AY317226 AY317164 China: Riwogé Tibet Chen et al. 2004

ROM 905047 Bruchophagus sp2 AY317239 AY317169 Guyana: Rupununi district: Kurupukari Chen et al. 2004

I0Z 990001 Bruchophagus gibbus AY317227 AY317155 China: Dayao Mt., Guangxi Chen et al. 2004

I0Z 010003 Eurytoma orchidearum AY317233 AY317163 China: Kangding, Sichuan Chen et al. 2004

I0Z 010004 Eurytoma verticillata AY317225 AY317178 China: Baoxing, Sichuan Chen et al. 2004

I0Z 010005 Eurytoma sp. 2 AY317236 AY317166 China: Riwogé, Tibet Chen et al. 2004

I0Z 980001 Eurytoma sp. 3 AY317224 AY317162 China: Tianmu Mt., Zhejiang Chen et al. 2004

ROM 905032 Isosomodes gigantenus AY317235 AY317168 Guyana: Mazaruni-Potaro district: Amatuk fall Chen et al. 2004

ROM 920116 Phylloxeroxenus phylloxerae AY317238 AY317176 Indonesia: East of Kalimantan, Kutai Chen et al. 2004

I0Z 990002 Plutarchia indefensa AY317228 AY317179 China: Dayao Mt., Guangxi Chen et al. 2004

I0Z 200001 Sycophila concinna AY317222 AY317181 China: Napo, Guangxi Chen et al. 2004

I0Z 020008 AY317232 AY317167 China: Fanjing Mt., Guizhou Chen et al. 2004

I0Z 020009 Sycophila taprobanica AY317230 AY317159 China: Fanjing Mt., Guizhou Chen et al. 2004

I0Z 020010 Sycophila sp. 1 AY317231 AY317158 China: Xinhe, Xinjiang Chen et al. 2004

I0Z 200002 Sycophila variegata AY317234 AY317157 China: Napo, Guangxi Chen et al. 2004

ROM 920118 Tenuipetiolus medicaginis AY317242 AY317174 Indonesia: East of Kalimantan, Kutai Chen et al. 2004

10Z 990003 Tetramesa bambusae AY317229 AY317180 China: Liuba, Shaanxi Chen et al. 2004

ROM 905018 Neorileya meridionalis AY317243 AY317156 Guyana: Mazaruni-Potaro District: Kaieteur fall Chen et al. 2004

I0Z 020006 Megastigmus dorsalis AY317240 AY317161 China: Fanjing Mt.,Guizhou Chen et al. 2004

10Z 020007 Monodontomerus minor AY317241 AY317165 China: Fanjing Mt.,Guizhou Chen et al. 2004



Sequence ID

10Z 020002

10Z 020001

ROM 920118

10Z 010001

10Z 020005

10Z 020004

GDEL1626

GDEL1616

GDEL1029
BIOUG22728-C12
GDEL1288
BC-ZSM-HYM-24067-B02
BC-ZSM-HYM-24059-G10
BC-ZSM-HYM-24062-A09
BC-ZSM-HYM-24062-D05
BC-ZSM-HYM-24062-D06
BC-ZSM-HYM-24064-D07
BC-ZSM-HYM-24064-D08
BC-ZSM-HYM-24115-H@5
BC-ZSM-HYM-24115-H89
BC-ZSM-HYM-24118-B05
BC-ZSM-HYM-24118-B@87
BC-ZSM-HYM-24106-E08
BIOUG11906-B01
BIOUG42677-C06
BIOUG42916-B01
BIOUG55106-G08
BIOUG33331-GO1
BIOUG34713-F@7
BIOUG34781-C07
BIOUG34699-B12
BIOUG10641-H10
BIOUG10613-HO5
BIOUG10613-D11
BIOUGO5588-G0O3
BIOUG31750-F03
BIOUG21916-E07
BIOUGOO786-Go4
BIOUG21953-D62
BIOUG31770-F09
BIOUG21911-CO5
BIOUGO3191-AB6
BIOUGO3349-F04
10BBCHY-1098

KNWR 5327

D1502

LK-2005

UCRC_ENT 161286

N

Morphospecies assignment

Brachymeria lasus

Aiolomorphus rhopaloides
Bephratelloides cubensis

Bruchophagus sp. 3
Eurytoma manilensis
Eurytoma sp. 1
Bruchophagus sp. 2
Bruchophagus sp. 2
Bruchophagus gibbus
Bruchophagus gibbus

Bruchophagus caucasicus

Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp.
Tetramesa sp. 1
Tetramesa sp.
Tetramesa sp. 2

CcoI
AY317221

MH878935
MH878926
KC960021
MG340126
JQ756607
AMTPA1154-15
AMTPA462-15
AMTPA674-15
AMTPA706-15
AMTPA707-15
AMTPA898-15
AMTPA899-15
AMTPB1039-15
AMTPB1043-15
AMTPB1252-15
AMTPB1254-15
AMTPB151-15
KR416842
GMGMP2393-18
GMGMP7221-18
GMGMT1030-20
OPPEC4539-17
OPPFM1893-17
OPPFM3406-17
OPPFM520-17
KR408765
KR405666
KR402173
MG344135
MG344033
MG3406113
MG339825
MG335372
MG334647
MG339505
MF903065
KR800436
KR799792
KU496847

28S

AY317177
AY317172
AY317173
AY317160
AY317171
AY317175

AY599281
DQo8e114
JN623677

Morphotype

PNS

PNS
PNS

PNS
PNS
PNS

Country

China: Fanjing Mt.,Guizhou

China: Fanjing Mt.,Guizhou
Indonesia: East of Kalimantan, Kutai
China: Oamdo Tibet

China: Beijing

China: Fanjing Mt.,Guizhou

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Canada: Quebec, Forillon NP
Germany: Bavaria

Germany: Bavaria

Germany: Bavaria

Canada, Ontario, Owen Sound
Canada, Ontario, Windsor
Canada, Ontario, Windsor
Canada, Ontario, Windsor

Canada: Ontario, Georgian Bay Islands NP
Canada: Ontario, Georgian Bay Islands NP
Canada: Ontario, Georgian Bay Islands NP

Canada: Ontario, Burlington

Canada: Ontario, Guelph

Canada: Ontario, Scarborough, Woburn
Canada: Ontario, Wellington County
Canada: Ontario, Toronto

Canada: Ontario, Guelph

Canada: Ontario, Toronto, Zion Heights
Canada: Alberta, Elk Island NP

Canada: Manitoba, Riding Mountain NP
Canada: Saskatchewan, Prince Albert NP
USA: Alaska, Kenai Peninsula

USA: MD: Wicomico Co.

Germany (?)

USA: MD: Prince Georges Co.

Province

Latitude

47.
47.
47.
47.
47.
47.
47.
.39200

4

~

47.
47.
.38800
47.
48.
48.
48.
48.
44.
42.
42.
42.
44.
44.
44.
43.
43.
43.
43.
43.
43.
43.
53.
50.
53.
60.

4

~

39200
38800
38700
39200
39200
38800
38800

39200
38800

39400
85700
16500
16500
16500
63370
26280
26280
26280
74180
74180
74180
33200
51870
77750
53700
68980
51870
79800
68500
67600
90500
58400

Longitude

10.37100
10.34400
10.34400
10.34100
10.34100
10.34400
10.34400
10.34100
10.341700
10.34400
10.34400
10.36600
-64.37600
11.485600
11.48500
11.48500
-80.69830
-83.07250
-83.07250
-83.07250
-79.85010
-79.85010
-79.85010
-79.84000
-80.17090
-79.22680
-80.13400
-79.53120
-80.17090
-79.37000
-112.86000
-99.89800
-106.07400
-150.68200

Host

Chen et al. 2004
Chen et al. 2004
Chen et al. 2004
Chen et al. 2004
Chen et al. 2004
Chen et al. 2004
Unpublished
Unpublished
Delavare et al. 2014
Unpublished
Cruaud et al. 2013
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Gillespie et al. 2005
Unpublished
Munro et al. 2011

Collection_date

6-Aug-2014
1-June-2014
1-June-2014
1-June-2014
1-June-2014
17-May-2014
17-May-2014
1-June-2014
1-June-2014
1-June-2014
1-June-2014
10-June-2014
15-July-2013
5-June-2017
5-June-2017
8-May-2017
12-June-2014
11-June-2014
11-June-2014
11-June-2014
23-May-2013
23-May-2013
23-May-2013
3-May-2013
15-May-2015
8-May-2015
9-May-2010
8-May-2015
22-May-2015
8-May-2015
15-June-2012
26-June-2012
18-June-2010
13-June-2006

Sex

3

- -h -h -h 3 3 -
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Table S2: Divergence values (K2P), as percentages, for subsets of the 28S sequence data. Bold values along the diagonal are intraspecific distances. Bruch.
= Bruchophagus, PNS = pronotal spot, NPNS = non-pronotal spot. Cells in grey represent putative conspecific groups, with divergenc values < 3.5%.

A. gayanus  Bruch. Eurytoma PNS A. donax  PNS E. curvula  PNS Sporobolus NPNS E. curvula  NPNS hirta  NPNS Sporobolus  T. bambusae

A. gayanus 0

Bruch. 4.7 5.1

FEurytoma 3.9 3.7 1.6

PNS A. donax 2.6 7 6 0.22

PNS E. curvula 1.3 5.4 4.3 2 0.06

PNS Sporobolus 1.2 5 4 2.6 0.6 0.22

NPNS E. curvula 4.5 5.3 3.2 6.5 4.7 4.9 0.04

NPNS hirta 0.4 5.6 4.7 2.7 1.3 1.5 44 0.07

NPNS Sporobolus 4.2 5.1 2.9 6.4 4.8 4.7 1 4.6 0.87

T. bambusae 2 5.5 4.8 0.3 2 2.2 6.2 2.6 5.8 N/A
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Figure S1: A - Q: microscope images of reference specimens appearing in the COI and 28S
phylogenetic trees (Fig. 2.11 and Fig. 2.9). Sample codes and clade IDs are shown at the top and
bottom of each image, respectively.
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Figure S2: Maximum likelihood phylogeny (IQTREE) for Sporobolus ITS sequences from Peterson
et al. (2014), with the unknown Sporobolus samples SNAT01 and SNAT02 shown in blue text.
Sporobolus africanus, S. natalensis, and S. pyramidalis are in green text. The best-fit BIC model
was SYM + I + I, and the log-likelihood of the consensus tree was -21198.414. Three Eragrostis
samples served as an outgroup (sourced from Peterson et al. (2010)).
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Figure S3: Maximum likelihood phylogeny (IQ-TREE) for Sporobolus chloroplast (trnL and trnK)
sequences from Peterson et al. (2014), with the unknown Sporobolus samples SNAT01 and SNAT(2
shown in blue text. Sporobolus africanus, S. natalensis, and S. pyramidalis are in green text. The
best-fit BIC models for trnl. and trnK was TPM3 + F + I' and TPM3u + F + I, respectively,
and the log-likelihood of the consensus tree was -7792.919. Three Eragrostis samples served as

an outgroup (sourced from Peterson et al. (2010)).
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Figure S4: A maximum likelihood phylogeny for representative 28S sequences, showing that the
pronotal spot (PNS) Eragrostis Tetramesa wasps were not resolved. The best-fit BIC model for
this tree was TNe + I (log-likelihood of the consensus tree was -1011.932)
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Figure S5: Between-group p-distance matrix for the COI mitochondrial region (500 bootstrap repeats with pairwise deletion, applying the K2P model)
showing the average number of base substitutions per site (n = 255 nucleotide sequences, 545 bp length). See Fig. 2.9 for acronyms. Values are displayed
as percentages. Values above each vertical column are intraspecific divergence values. Black borders surround the PNS clades.
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Figure S6: Between-group p-distance matrix for the 28S nuclear region (500 bootstrap repeats with pairwise deletion, applying the K2P model) showing
the average number of base substitutions per site (n = 230 nucleotide sequences, 605 bp length). Values are displayed as percentages. Values above each
vertical column are intraspecific divergence values. Black borders surround the PNS clades.
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Figure S7: Genetic distance plots for the 28S gene region, showing the pairwise p-distances between groups at threshold intervals of (A) 1%, (B) 1.5%, (C)
2%, and (D) 2.5%. The groups labelled in red in each vertical column are considered to belong to the same taxonomic group as the corresponding phylogenetic
clade on the x-axis. GS = PNS, NGS = NPNS.
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Figure S8: Genetic distance plots for the COI gene region, showing the pairwise p-distances between groups at threshold intervals of (A) 3%, (B) 4%, (C)
5%, and (D) 6%. The groups labelled in blue in each vertical column are considered to belong to the same taxonomic group as the corresponding phylogenetic
clade on the x-axis. GS = PNS, NGS = NPNS.



Table S3: Sample information for all the grass sequences (rpl32-trnl, rps16-trnK, rps16, and ITS)
included in this work. Unshaded cells in the gene columns denote missing data.
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Label Grass species Latitude Longitude Collection date

KCG-21-0001 Eragrostis lehmanniana -28.75 27.53 2/4/2021
KCG-21-0002 Eragrostis lehmanniana -28.75 27.53 2/4/2021
KCG-21-08003 Eragrostis lehmanniana -28.75 27.53 2/4/2021
KCG-21-0005 Eragrostis gummiflua -28.75 27.53 2/4/2021
KCG-21-0006 Eragrostis gummiflua -28.75 27.53 2/4/2021
KCG-21-08007 Eragrostis gummiflua -28.75 27.53 2/4/2021
KCG-21-0009 Eragrostis curvula -28.75 27.53 2/4/2021
KCG-21-0010 Eragrostis curvula -28.75 27.53 2/4/2021
KCG-21-08011 Eragrostis curvula -28.75 27.53 2/4/2021
KCG-21-0013 Eragrostis plana -28.76 27.55 2/4/2021
KCG-21-0014 Eragrostis plana -28.76 27.55 2/4/2021
KCG-21-0015 Eragrostis plana -28.76 27.55 2/4/2021
KCG-21-0024 Eragrostis tef -28.73 27.59 6/4/2021
KCG-21-08025 Eragrostis tef -28.73 27.59 6/4/2021
KCG-21-08026 Eragrostis tef -28.73 27.59 6/4/2021
KCG-21-0030 Eragrostis planiculmis -28.73 27.6 6/4/2021
KCG-21-08031 Eragrostis planiculmis -28.73 27.6 6/4/2021
KCG-21-08032 Eragrostis planiculmis -28.73 27.6 6/4/2021
LYG_21_0001 Cymbopogon sp. -27.89 32.21 9/2021
LYG_21_0002 Digitaria tricholoaenoides -32.70 27.48 9/2021
LYG_21_0003 Digitaria tricholoaenoides -32.70 27 .48 9/2021
LYG_21_0006 Eragrostis capensis -33.28 26.80 9/2021
LYG_21_0011 Hyparrhenia hirta -26.05 28.16 9/2021
LYG_22_06001 Panicum maximum -25.03 31.04 2022
LYG_22_0002 Panicum maximum -25.03 31.04 2022
KCG_22_0001 Eragrostis biflora -28.77 27.53 31/1/2022
KCG_22_0002 Eragrostis capensis -28.77 27.53 31/1/2022

rpl32-trnL spacer rps16-trnK spacer

rps16 intron

ITS
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Table S4: GMYC species assignments on the full 28S data set. EC = Eastern Cape, FS = Free State, KZN = Kwa-Zulu Natal, LP = Limpopo, MP

= Mpumalanga.
GMYC species Sample ID Morphospecies Latitude Longitude Province GMYC species Sample ID Morphospecies Latitude Longitude Province
1 GFS_2019-00019 Tetramesa sp. 4 -33.282 26.486 EC 6 KCP_2020-00239 Tetramesa sp. 24 -28.756 27.558 FS
1 GFS_2020-00614 Tetramesa sp. 4 -33.969 25.592 EC 6 GFS_-2020-00554 Tetramesa sp. 4 -33.963 24.954 EC
1 GFS_2019-00079 Tetramesa sp. 4 -33.282 26.486 EC 6 GFS_-2021-00810 Tetramesa sp. 10 -27.622 32.025 KZN
1 GFS_2021-00354 Tetramesa sp. 4 -33.280 26.799 EC 6 KCP_2020-00177 Tetramesa sp. 23 -28.769 27.527 FS
1 GFS_2020-00667 Tetramesa sp. 4 -33.963 24.954 EC 6 GFS-2021.00762 Tetramesa sp. 8 -28.033 32.283 KZN
1 GFS_2021-00805 Tetramesa sp. 8 -28.033 32.283 KZN 6 LMY _2022_00139 Tetramesa sp. 1 -32.704 27.483 EC
1 GFS_2020-00055 Tetramesa sp. 4 -33.969 25.592 EC 6 GFS_PHI_1196 M Tetramesa sp. 11 -28.033 32.283 KZN
1 KCP_2020-00092 Tetramesa sp. 17 -28.442 27.362 FS 6 KCP_2020-00044 Tetramesa sp. 4 -28.452 27.332 FS
1 GFS_2020-00492 Tetramesa sp. 4 -33.963 24.954 EC 6 KCP_2020-00036 Tetramesa sp. 4 -28.452 27.332 FS
1 KCP_-2020-00061 Tetramesa sp. 4 -28.395 27.262 FS 6 GFS_PHI_1027_2 Tetramesa sp. 1 -27.891 32.210 KZN
1 KCP_2020-00019 Tetramesa sp. 4 -28.395 27.262 FS 6 GFS_-2020-00015 Tetramesa sp. 4 -33.969 25.592 EC
1 KCP_2020-00052 Tetramesa sp. 4 -28.452 27.332 FS 6 GFS_2020-00086 Tetramesa sp. 4 -32.877 28.095 EC
1 GFS_2021_00846 Tetramesa sp. 10 -27.622 32.025 KZN 6 GFS_PHI_1132M Tetramesa sp. 26 -27.891 32.210 KZN
1 KCP_-2020-00055 Tetramesa sp. 4 -28.395 27.262 FS 6 KCP_2020-00062 Tetramesa sp. 4 -28.452 27.333 FS
1 GFS_2021_00902 Tetramesa sp. 10 -27.622 32.025 KZN 6 KCP_2020-00201 Tetramesa sp. 25 -28.769 27.527 FS
2 GFS_2020-00055 Tetramesa sp. 4 -33.969 25.592 EC 6 KCP_2020-00217 Tetramesa sp. 23 -28.769 27.527 FS
2 KCP_2020-00092 Tetramesa sp. 17 -28.442 27.362 FS 6 KCP_2020-00207 Tetramesa sp. 25 -28.756 27.558 FS
3 GFS_2020-00492 Tetramesa sp. 4 -33.963 24.954 EC 6 LMY _2021_00220 Tetramesa sp. 4 -30.347 24.563 NC
3 KCP_2020-00061 Tetramesa sp. 4 -28.395 27.262 FS 6 GFS_-2020-00087 Tetramesa sp. 4 -33.969 25.592 EC
3 KCP_2020-00019 Tetramesa sp. 4 -28.395 27.262 FS 6 GFS_PHI_1132 Tetramesa sp. 26 -27.891 32.210 KZN
3 KCP_2020-00052 Tetramesa sp. 4 -28.452 27.332 FS 6 LMY _2021.00117 Tetramesa sp. 4 -25.608 31.100 MP
3 GFS_2021-00846 Tetramesa sp. 10 -27.622 32.025 KZN 6 GFS_PHI_1447 Tetramesa sp. 18 -27.891 32.210 KZN
3 KCP_2020-00055 Tetramesa sp. 4 -28.395 27.262 FS 6 LMY _2021-00197 Tetramesa sp. 4 -30.347 24.563 NC
3 GFS_2021-00902 Tetramesa sp. 10 -27.622 32.025 KZN 6 GFS_PHI_1027_1 Tetramesa sp. 1 -27.891 32.210 KZN
4 GFS_2019_00035 Tetramesa sp. 4 -33.969 25.592 EC 6 LMY _2021-00308 Tetramesa sp. 4 -25.608 31.100 MP
4 GFS_2019_00041 Tetramesa sp. 4 -33.282 26.486 EC 6 GFS_PHI_1238M Tetramesa sp. 11 -28.033 32.283 KZN
4 GFS_2021-00329 Tetramesa sp. 1 -29.762 30.692 KZN 6 KCP_2020-00199 Tetramesa sp. 25 -28.769 27.527 FS
4 GFS_2020-00130 Tetramesa sp. 4 -33.969 25.592 EC 6 GFS_PHI_1007 Tetramesa sp. 26 -27.891 32.210 KZN
4 KCP_2020-00012 Tetramesa sp. 4 -28.452 27.333 FS 6 GFS_PHI_1080F Tetramesa sp. 26 -27.891 32.210 KZN
4 KCP_2020-00032 Tetramesa sp. 4 -28.395 27.262 FS 6 GFS_PHI_1205F Tetramesa sp. 26 -27.891 32.210 KZN
4 GFS_2020-00155 Tetramesa sp. 4 -33.969 25.592 EC 6 GFS_PHI_1232F Tetramesa sp. 26 -27.891 32.210 KZN
4 GFS_2021_00883 Tetramesa sp. 10 -27.622 32.025 KZN 6 GFS_PHI_1028F Tetramesa sp. 26 -27.891 32.210 KZN
4 GFS_2020-0003 Tetramesa sp. 4 -33.969 25.592 EC 7 GFS_2020-00043 Tetramesa sp. 1 -32.872 28.084 EC
4 GFS_2020-00184 Tetramesa sp. 4 -33.969 25.592 EC 7 LMY _-2022_00008 Tetramesa sp. 1 -32.704 27.483 EC
4 GFS_2020-00680 Tetramesa sp. 4 -33.963 24.954 EC 7 LMY _2022_-00108 Tetramesa sp. 1 -32.704 27.483 EC
4 GFS_2021.00745 Tetramesa sp. 10 -27.622 32.025 KZN 7 LMY _2022_00098 Tetramesa sp. 1 -32.704 27.483 EC
4 GFS_2021-00918 Tetramesa sp. 10 -27.622 32.025 KZN 7 GFS_2020-00053 Tetramesa sp. 1 -32.872 28.084 EC
4 GFS_2021-00773 Tetramesa sp. 10 -28.033 32.283 KZN 7 LMY _2022_00152 Tetramesa sp. 1 -32.704 27.483 EC
4 GFS_2021-00730 Tetramesa sp. 10 -27.622 32.025 KZN 7 GFS_PHI_1101F Tetramesa sp. 1 -27.891 32.210 KZN
4 GFS_2020-00091 Tetramesa sp. 4 -33.969 25.592 EC 7 LMY -2022_00090 Tetramesa sp. 1 -32.704 27.483 EC
4 GFS_2020-00233 Tetramesa sp. 4 -32.877 28.095 EC 7 GFS-2020-00116 Tetramesa sp. 1 -32.872 28.084 EC
4 KCP_2020-00048 Tetramesa sp. 4 -28.452 27.333 FS 7 SPY_KZN_060 Tetramesa sp. 1 -27.622 32.025 KZN
4 GFS_2021_00887 Tetramesa sp. 13 -28.033 32.283 KZN 7 SPY_KZN_064 Tetramesa sp. 1 -29.829 30.959 KZN
4 GFS_2021-00901 Tetramesa sp. 12 -29.762 30.692 KZN 7 SPY_LMP_032 Tetramesa sp. 1 -24.576 28.643 LP
5 GFS_2019-00069 Tetramesa sp. 4 -33.282 26.486 EC 7 GFS_2020-00152 Tetramesa sp. 1 -32.872 28.084 EC
5 GFS_2020-00102 Tetramesa sp. 4 -32.877 28.095 EC 8 KCP_2011-00169 Tetramesa romana -28.432 28.013 FS
5 KCP_2020-00045 Tetramesa sp. 4 -28.452 27.332 FS 8 KCP_2011.00173 Tetramesa romana -28.401 27.253 FS
6 GFS_2019-00039 Tetramesa sp. 4 -33.282 26.486 EC 8 KCP_2012_.00170 Tetramesa romana -28.511 27.302 FS
6 GFS_PHI_1196F Tetramesa sp. 10 -28.033 32.283 KZN 8 KCP_2012.00172 Tetramesa romana -28.421 27.264 FS
6 GFS_PHI_1416F Tetramesa sp. 26 -27.891 32.210 KZN 9 GFS_PHI_1101M Tetramesa sp. 1 -27.891 32.210 KZN
6 KCP_2020-00238 Tetramesa sp. 4 -28.756 27.558 FS 10 GFS_PHI_1447TM Tetramesa sp. 18 -27.891 32.210 KZN
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Table S5: GMYC species assignments on the full COI data set. EC = Eastern Cape, FS = Free State, KZN = Kwa-Zulu Natal, LP = Limpopo, MP

= Mpumalanga.
GMYC species Sample ID Morphospecies Latitude Longitude Province GMYC species Sample ID Morphospecies Latitude Longitude Province

1 CVS0002 Tetramesa sp. 1 -27.891 32.210 KZN 5 KCP_2020-00048 Tetramesa sp. 4 -28.452 27.333 FS

1 SPY_KZN_060 Tetramesa sp. 1 -27.622 32.025 KZN 5 KCP_-2020-00055 Tetramesa sp. 4 -28.395 27.262 FS

1 SPY_KZN_064 Tetramesa sp. 1 -29.829 30.959 KZN 5 KCP_-2020-00062 Tetramesa sp. 4 -28.452 27.333 FS

1 SPY_KZN_68 Tetramesa sp. 1 -29.829 30.959 KZN 6 KCP_2020-00036 Tetramesa sp. 4 -28.452 27.332 FS

1 SPY_LMP_032 Tetramesa sp. 1 -24.576 28.643 LP 6 KCP_-2020-00044 Tetramesa sp. 4 -28.452 27.332 FS

1 GFS_2020-00053 Tetramesa sp. 1 -32.872 28.084 EC 6 KCP_-2020-00045 Tetramesa sp. 4 -28.452 27.332 FS

1 GFS_2020-00152 Tetramesa sp. 1 -32.872 28.084 EC 6 KCP_-2020-00239 Tetramesa sp. 24 -28.756 27.558 FS

1 GFS_2020-00116 Tetramesa sp. 1 -32.872 28.084 EC 6 KCP_2020-00052 Tetramesa sp. 4 -28.452 27.332 FS

2 LMY _2022_00008 Tetramesa sp. 1 -32.704 27.483 EC 6 LMY _2021.00197 Tetramesa sp. 4 -30.347 24.563 NC

2 LMY _2022_00090 Tetramesa sp. 1 -32.704 27.483 EC 6 KCP_2020-00061 Tetramesa sp. 4 -28.395 27.262 FS

2 LMY _2022_00152 Tetramesa sp. 1 -32.704 27.483 EC 6 KCP_2020-00238 Tetramesa sp. 4 -28.756 27.558 FS

2 LMY _2022_00098 Tetramesa sp. 1 -32.704 27.483 EC 7 KCP_2020-00199 Tetramesa sp. 25 -28.769 27.527 FS

2 LMY _2022_00108 Tetramesa sp. 1 -32.704 27.483 EC 7 KCP_2020-00207 Tetramesa sp. 25 -28.756 27.558 FS

3 GFS_2019-00019 Tetramesa sp. 4 -33.282 26.486 EC 7 KCP_2020-00201 Tetramesa sp. 25 -28.769 27.527 FS

3 GFS_2020-00055 Tetramesa sp. 4 -33.969 25.592 EC 8 GFS_-2020-00492 Tetramesa sp. 4 -33.963 24.954 EC

3 GFS_2019-00079 Tetramesa sp. 4 -33.282 26.486 EC 8 GFS_2020-00680 Tetramesa sp. 4 -33.963 24.954 EC

3 GFS_2019-00069 Tetramesa sp. 4 -33.282 26.486 EC 8 GFS_2020-00554 Tetramesa sp. 4 -33.963 24.954 EC

3 GFS_2020-00015 Tetramesa sp. 4 -33.969 25.592 EC 9 GFS_PHI_1007 Tetramesa sp. 26 -27.891 32.210 KZN

3 GFS_2020-00087 Tetramesa sp. 4 -33.969 25.592 EC 9 GFS_PHI_1205F Tetramesa sp. 26 -27.891 32.210 KZN

3 GFS_2020-00614 Tetramesa sp. 4 -33.969 25.592 EC 9 GFS_PHI_1447 Tetramesa sp. 18 -27.891 32.210 KZN

3 GFS_-2020-00091 Tetramesa sp. 4 -33.969 25.592 EC 9 GFS_PHI_1028F Tetramesa sp. 26 -27.891 32.210 KZN

3 GFS_2020-00155 Tetramesa sp. 4 -33.969 25.592 EC 9 GFS-PHI_1080F Tetramesa sp. 26 -27.891 32.210 KZN

3 GFS_-2019-00035 Tetramesa sp. 4 -33.969 25.592 EC 9 GFS_-PHI_1232F Tetramesa sp. 26 -27.891 32.210 KZN

3 LMY _2021-00117 Tetramesa sp. 4 -25.608 31.100 MP 10 GFS-PHI_1132 Tetramesa sp. 26 -27.891 32.210 KZN

3 LMY _2021_00308 Tetramesa sp. 4 -25.608 31.100 MP 10 GFS_PHI_1416F Tetramesa sp. 26 -27.891 32.210 KZN

3 GFS_2019-00039 Tetramesa sp. 4 -33.282 26.486 EC 10 GFS_PHI_1132M Tetramesa sp. 26 -27.891 32.210 KZN

3 GFS_2020-00130 Tetramesa sp. 4 -33.969 25.592 EC 11 KCP_2020-00012 Tetramesa sp. 4 -28.452 27.333 FS

3 GFS_2021-00354 Tetramesa sp. 4 -33.280 26.799 EC 11 KCP_2020-00217 Tetramesa sp. 23 -28.769 27.527 FS

3 GFS_2019_-00041 Tetramesa sp. 4 -33.282 26.486 EC 11 KCP_2020-00019 Tetramesa sp. 4 -28.395 27.262 FS

3 GFS_2020-00102 Tetramesa sp. 4 -32.877 28.095 EC 11 KCP_2020-00032 Tetramesa sp. 4 -28.395 27.262 FS

3 GFS_2020-00184 Tetramesa sp. 4 -33.969 25.592 EC 11 KCP_2020-00194 Tetramesa sp. 24 -28.769 27.527 FS

3 GFS_2020-00233 Tetramesa sp. 4 -32.877 28.095 EC 12 GFS_2020-00563 Tetramesa sp. 7 -33.963 24.954 EC

3 GFS_2020-0003 Tetramesa sp. 4 -33.969 25.592 EC 12 GFS_2020-00626 Tetramesa sp. 7 -33.963 24.954 EC

3 LMY _2021_-00220 Tetramesa sp. 4 -30.347 24.563 NC 12 GFS_2020-00576 Tetramesa sp. 7 -33.963 24.954 EC

3 KCP_2020-00177 Tetramesa sp. 23 -28.769 27.527 FS 12 GFS_2020-00702 Tetramesa sp. 7 -33.963 24.954 EC

3 KCP_-2020-00178 Tetramesa sp. 23 -28.769 27.527 FS 13 Z01A Tetramesa agayal -16.921 30.813 ZIM

4 GFS_2021_00730 Tetramesa sp. 10 -27.622 32.025 KZN 13 Z01B Tetramesa agayal -16.921 30.813 ZIM

4 GFS_2021-00773 Tetramesa sp. 10 -28.033 32.283 KZN 14 GFS_2020-00574 Tetramesa sp. 7 -33.963 24.954 EC

4 GFS_2021_00810 Tetramesa sp. 10 -27.622 32.025 KZN 14 GFS-2020-00645 Tetramesa sp. 7 -33.963 24.954 EC

4 GFS_2021_00883 Tetramesa sp. 10 -27.622 32.025 KZN 15 KCP_-2011-00169 Tetramesa romana -28.432 28.013 FS

4 GFS_2021_00846 Tetramesa sp. 10 -27.622 32.025 KZN 15 KCP-2012_00172 Tetramesa romana -28.421 27.264 FS

4 GFS_2021_00902 Tetramesa sp. 10 -27.622 32.025 KZN 15 KCP_2012_00170 Tetramesa romana -28.511 27.302 FS

4 GFS_PHI_1196F Tetramesa sp. 10 -28.033 32.283 KZN 15 KCP_2011-00173 Tetramesa romana -28.401 27.253 FS

4 GFS_PHI_1238M Tetramesa sp. 11 -28.033 32.283 KZN 16 GFS_2021_00887 Tetramesa sp. 13 -28.033 32.283 KZN

4 GFS_PHI_1196M Tetramesa sp. 11 -28.033 32.283 KZN 17 KCP_2020-00092 Tetramesa sp. 17 -28.442 27.362 FS
18 KCP_2020-00219 Tetramesa sp. 17 -28.769 27.527 FS
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