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Abstract

Trypanosomatid parasites are causative agents of important human and animal diseases
such as sleeping sickness and leishmaniasis. Most trypanosomatids are transmitted to their
mammalian hosts by insects, often belonging to Diptera (or true flies). These are called
dixenous trypanosomatids since they infect two different hosts, in contrast to those that
infect just insects (monoxenous). However, it is still unclear whether dixenous and
monoxenous trypanosomatids interact similarly with their insect host, as fly-monoxenous
trypanosomatid interaction systems are rarely reported and under-studied — despite being
common in nature. Here we present the genome of monoxenous trypanosomatid
Herpetomonas muscarum and discuss its transcriptome during in vitro culture and during
infection of its natural insect host Drosophila melanogaster. The H. muscarum genome is
broadly syntenic with that of human parasite Leishmania major. We also found strong
similarities between the H. muscarum transcriptome during fruit fly infection, and those of
Leishmania during sand fly infections. Overall this suggests Drosophila-Herpetomonas is a
suitable model for less accessible insect-trypanosomatid host-parasite systems such as sand

fly-Leishmania.


https://doi.org/10.1101/692178
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/692178; this version posted July 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Author Summary

Trypanosomes and Leishmania are parasites that cause serious Neglected Tropical Diseases
(NTDs) in the world’s poorest people. Both of these are dixenous trypanosomatids,
transmitted to humans and other mammals by biting flies. They are called dixenous as they
can establish infections in two different types of hosts —insect vectors and mammals. In
contrast, monoxenous trypanosomatids usually only infect insects. Despite establishment in
the insect’s midgut being key to transmission of NTDs, events during early establishment
inside the insect are still unclear in both dixenous and monoxenous parasites. Here, we
study the interaction between a model insect — the fruit fly Drosophila melanogaster — and
its natural monoxenous trypanosomatid parasite Herpetomonas muscarum. We show that
both the genome of this parasite, and gene regulation at early stages of infection have
strong parallels with Leishmania. This work has begun to identify evolutionarily conserved
aspects of the process by which trypanosomatids establish in insects, thus potentially
highlighting key checkpoints necessary for transmission of dixenous parasites. In turn, this

might inform new strategies to control trypanosomatid NTDs.
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Introduction

The family Trypanosomatidae belong to the order Kinetoplastida, a group characterized by
the presence a mitochondrial organelle rich in DNA (kDNA) called the kinetoplast. This
family includes parasitic flagellates that undergo cyclical development in both vertebrate
and invertebrate hosts (and are therefore dixenous). These parasites are best known as
agents of important diseases in humans, domestic animals and plants. However, several
genera of this order such as Crithidia, Herpetomonas, Blastocrithia and Leptomonas are
restricted to a single host (monoxenous), usually an insect from the orders Diptera,
Hemiptera or Siphonaptera (Wallace 1966, Vickerman 1976, 1994). Although such
monoxenous or “lower” trypanosomatids seem to have their lifecycle essentially confined to
insect hosts, they have also been reported in plants (Rowton and McGee, 1983) and
immunocompromised humans (Pacheco et al., 1998).

There is an increasing interest in monoxenous trypanosomatids as a model for
understanding the evolution and ecology of trypanosomatids {e.g. Zidkova et al., 2010), as
well as how they may modify their insect host {Lange and Lord, 2012). It is now clear that
monoxenous trypanosomatids are ubiquitous parasites of a wide range of insect groups and
have numerous effects on the physiology of the insect host (reviewed in Lange and Lord,
2011). These effects include alterations in fertility and reproduction, modified food intake,
delayed development and reduction in lifespan (reviewed in Vega and Kaya 2012). In
projections of total animal biodiversity, insects represent more than 60% of all animals
(Erwin, 1982). Knowledge of insect physiology and what can influence it is therefore
essential for maintaining a species-rich environment especially when longitudinal

population data show a sharp decline in flying insect biomass (Hallmann et al., 2017). Thus,
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studies of trypanosomatid-insect interactions will provide vital insights into the ecology of
crucial insect species (e.g. pollinators).

To this end, a number of monoxenous trypanosomatid genomes and transcriptomes
are being investigated (Motta et al., 2013); including bee parasites from the genus Crithidia
(Schmid-Hempel et al., 2018), Lotmaria passim (the honey bee parasite, Runckel, DeRisi and
Flenniken, 2014) and Leptomonas pyrrhocoris (Flegontov et al., 2016) a globally
disseminated parasite isolated from fire bugs. These studies, and earlier work on the
molecular biology of trypanosomatids, have revealed that monoxenous parasites share
many distinctive genome features with their better-studied dixenous relatives (Teixeira et
al., 2012).

The genomic DNA is arranged into ‘polycistronic’ (multi-gene) transcriptional units of
functionally unrelated genes, which lack introns. Given this gene arrangement, the cells do
not control an individual gene’s expression by varying its transcription level, instead
expression is controlled by RNA-binding proteins (Zoltner et al., 2018) and other post-
transcriptional processes such as RNA editing (Stuart et al.,, 1997). RNA editing processes
include trans-splicing where 39 nucleotides, called a splice leader sequence, are added to
the 5" end of mRNAs (reviewed in Liang et al., 2003). The splice leaders (also called mini
exons) are encoded in tandem repeats in a different genomic locus to the gene.

Trypanosomatid kDNA is arranged in interlocking ‘maxi-circles’ {Chen et al., 1995;
Luke$ et al., 2002; Borghesan et al., 2013). The kDNA maxicircle is homologous to
mitochondrial genomes in other systems but the sequence encoding many of typical
mitochondrial proteins is scrambled, relying on post-transcriptional mRNA editing to

reconstitute the correct coding sequence (Simpson and Thiemann, 1995). The kinetoplast
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also contains thousands of associated ‘mini-circles’ which encode guide RNAs involved in
this editing process {Lukes et al., 2002).

In addition to ecological insights, studies of monoxenous trypanosomatids may help
us gain new perspective on interactions of more medically important parasites and their
insect vectors, which mediate neglected tropical diseases such as Leishmaniasis (vectored
by phlebotomine sand flies) and sleeping sickness (tsetse flies) (see Wang et al., 2019). To
inform, and accelerate, research in these experimentally challenging dipteran-parasite
relationships, we have developed the study of the model dipteran Drosophila melanogaster
and its natural trypanosomatid Herpetomonas muscarum (Wang et al., 2019). We have
established that a network of signalling in the intestine of the host was important for
clearance as well as for maintaining fecundity. This network involved NF-kB and STAT-
mediated transcription, which regulate intestinal stem cell proliferation that the parasite
attempts to suppress (Wang et al., 2019). Here, we turn our attention to the parasite. We
report the genome of Herpetomonas muscarum isolated from a wild population of
Drosophila melanogaster in Oxfordshire, UK. We also report the transcriptomes of this H.
muscarum isolate from in vitro culture and during the course of infection in D.
melanogaster. The similarities with Leishmania major both at the genome level as well as
transcriptome regulation were striking. This was especially the case in the early phases of
host infection when the parasite needs to overcome the barrier of the insect midgut and
establish infection. Given the resistance mechanisms to parasite establishment (and
therefore onward transmission) reside in the dipteran midgut (Van den Abbeele and
Rotureau, 2013; Knockel et al., 2013), the Drosophila-Herpetomonas model may allow
researchers to take advantage of the extensive toolkit of genetic approaches available for

Drosophila to uncover mechanistic details of evolutionary conserved aspects of the
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relationship between trypanosomatids and dipteran vectors like sand flies, where the tool-

box for functional studies is not yet fully developed.
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Results and Discussion
The Herpetomonas muscarum genome

Assembly. PacBio and lllumina sequence reads were generated from an axenic
culture of H. muscarum promastigotes as described in Materials and Methods. The reads
were assembled into a genome of 41.7 Mbp in 264 scaffolds with the largest 1,793,442 bp in
length (N50 = 707,495 bp). We observed a median read coverage of 114x with populations
of scaffolds coverage at approximately 50x and 160x which may represent monosomic and
trisomic scaffolds (Figure 1, predicting 37-39 chromosomes). Kmer analysis of the
sequencing reads estimated the haploid genome length to be approximately 35.2 Mbp with
a read error rate of less than 1% (Figure S1, Vurture et al., 2017). While the GenomeScope
model does not fit the aneuploid nature of trypanosomatid genomes (see below), we
believe this suggests our assembly is approximately the correct size.

Annotation. Gene model annotation was generated with Companion (Steinbiss et al.,
2016) using evidence from RNA-seq data (described below) and the proteomes of
Leishmania major, L. braziliensis and T. brucei as described in Materials and Methods. The
final H. muscarum v1 annotation contains 12,687 genes, of which 12,162 are inferred to be
protein-coding (Table 1). All unique open reading frames produced by the gene models
were kept, even in cases where the gene prediction was not strongly supported by RNA-
sequencing evidence, in an attempt to not ‘miss’ genes. It is therefore likely that this
annotation contains a higher number of genes than the ‘true annotation’. However, the
number of reported genes is close to that reported for other trypanosomatid species e.g. T.

brucei TREU927 strain contains 11,567 genes (Berriman et al., 2005).
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Conserved features of trypanosomatid genomes

Genome structure and large scale synteny. As seen in other trypanosomatid genomes,
open reading frames were found on both strands on many scaffolds. Genes are (mostly)
arranged in large groups of genes present on the same strand and in the same direction,
which is indicative of the polycistronic transcripts typical in trypanosomatid genomes. The
regions between polycistrons, commonly referred to as strand switch regions (SSRs), are
thought to contain the transcriptional start sites for transcription of each group of genes.
We used the SSRs to define and estimate the number of polycistrons. Here we defined SSRs
to begin and end at genes where the downstream open reading frame is on the opposing
strand of the same scaffold. This highlighted 386 genes from 112 different scaffolds. These
putative strand switches were manually inspected and could be grouped into different three
situations. There were 128 bona fide strand switches which were either divergent (72 cases)
or convergent (56 cases) (Table S1). There were 166 cases where a single gene (or small
group of < 5 genes) had become inverted within a polycistron (166 cases). Small genes (<
350bp) encoding hypothetical proteins and tRNAs were commonly found in these cases,
though other larger genes were also found in these groups e.g. HMUS00935500.1 an
putative trans-sialidase. Finally, there were 92 cases where a strand switch does occur, but
the precise locus was unclear. These cases tended to be at where a single gene at the end of
a scaffold was on the opposing strand to all other genes on the scaffold — as such it was
unclear if this represented a bona fide strand switch or a single gene inversion. Overall, this
indicated there are at least 128 polycistrons in the H. muscarum genome, though this is

likely to be an underestimate given the ambiguity of some strand switch regions.
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Comparisons with other trypanosomatids genomes also suggest this figure is an
underestimate, e.g. L. major is predicted to have 184 polycistrons (Thomas et al., 2009) and
T. brucei is predicted to have 150 (Daniels, Gull and Wickstead 2010), both of which have
smaller genomes and fewer predicted chromosomes than H. muscarum.

Despite diverging before the existence of mammals (El-Sayed et al, 2005),
trypanosomatids show high gene order conservation across the genome. As expected, the
H. muscarum scaffold showed synteny with other trypanosomatid genomes (Figure 2A-E).
Herpetomonas was most highly syntenic with L. major despite being considered
phylogenetically closer to Phytomonas and Leptomonas. To quantify this, we took non-
overlapping windows of adjacent H. muscarum genes with single-copy orthologs in three
comparator genomes: Leishmania major, T. brucei and Leptomonas seymouri. For each
window size, we count for how many windows have all orthologs on the same scaffold in
the comparator (syntenic windows), and for how many of those all the genes are in the
same relative order as their H. muscarum orthologs (colinear windows). Almost 96% of 3-
gene windows of single-copy orthologs between H. muscarum and L. major (1845/1926) are
syntenic, and 53% of these are colinear (985/1845). This conserved genome structure is
shared, to a slightly lesser extent across the trypanosomatids {91.7% or 1386/1511 syntenic
with T. brucei brucei, 55% or 766/1386 colinear, 80.9% or 1643/2030 syntenic with L.
seymouri, 46% or 761/1643 colinear). This relationship holds across window sizes (Figure
2F). The values for synteny with Leptomonas seymouri are likely to be biased downwards by
the fragmentary assembly available for that species, and this analysis does not capture
rearrangements, expansions or contractions of multi-gene families, for which one—to-one

orthology is unlikely to be clear.
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Splice leader sequence. In trypanosomatids, each mRNA is capped, via trans-splicing
(reviewed in Liang et al., 2003), with a conserved 39bp sequence called the splice leader
(SL). The SL is encoded by the mini-exon genes which are found throughout the genome in
tandem arrays. Each mini-exon has two components; the highly conserved 39bp sequence
trans-spliced on to mRNAs (the exon) and a less well conserved intronic sequence. Between
each mini-exon gene there is a variable spacer region which is not transcribed. To find the
splice leader sequence for our H. muscarum isolate, we searched for the conserved 39bp SL
sequence from Phytomonas serpens (L42381.1) in the H. muscarum scaffolds. This gave 259
hits over 24 scaffolds, which we used to identify 19 clusters of mini-exon gene repeats (over
15 scaffolds) containing 3-43 copies of the mini exon gene (see Table S2). The first 111bp of
the gene are common to all copies of the mini-exon gene and contain a 40bp splice leader
sequence and what we predict to be the intron.

The splice leader sequence (1-40bp) and the putative intronic region (41-111bp)
were then aligned with mini-exon sequences of several other trypanosomatids in the
Leishmaniinae clade - including 9 other Herpetomonas isolated from heteropterans in the
neotropics (Yurchenko et al., 2009). Whilst the splice leader sequence is well-conserved
across the clade (Table 2), we observe variability in the A/T-rich region between bases 11-
19bp which appears genus specific, with the exception of the Herpetomonas sequences. H.
rotimani and H. nabiculae have identical sequence across the 11-19bp region. However, the
H. muscarum and H. nabiculae differ from each other, and the other Herpetomonas
sequences over this variable region. Additionally, compared to other trypanosomatids, the
Herpetomonas sequences have an ‘additional’ adenosine between bases 10 and 11. The
intronic region from H. muscarum shows high similarity to that of previously reported

Herpetomonas sequences. The first 15bp of the intronic sequence appear to be conserved in
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other species from the Leishmaniiae clade, however the sequence becomes more variable

thereafter in both in terms of base content and length.

Tubulin loci. The architecture of the tubulin arrays have been described in a number of
trypanosomatids {Jackson, Vaughan and Gull, 2006), with two mutually exclusive formats
being defined — monotypic and alternating. Monotypic tubulin arrays consist of either alpha-
tubulin or beta-tubulin. Alternating arrays contain both alpha-tubulin and beta-tubulin
genes which alternate along the array. The H. muscarum orthologues of Trypanosoma
brucei alpha and beta tubulin genes were found using Orthofinder and used to locate the
tubulin arrays.

We identified three genomic loci containing H. muscarum tubulin genes (Figure 3).
Two of these loci consist of beta-alpha alternating arrays and the third locus consists of four
copies of a beta tubulin genes. The alternating beta-alpha arrays are consistent with
previous findings (reported as Herpetomonas megaseliae in Jackson et al, 2006) and
suggested that, like Trypanosoma brucei, H. muscarum genome has the alternating tubulin
array configuration. However, the presence of a monotypic beta tubulin array in addition to
the alternating arrays contrasts the established model in which each species has either
alternating or monotypic arrays, but not both.

The genes surrounding the monotypic beta tubulin locus shared some synteny with
regions of chromosome 4 of T. brucei and chromosome 8 of L. major (gene numbers
Tb927.5.970 — Th927.927.5.3090 and Lm;j.08.1090-Lm;j.08.11140). Interestingly this region
of L. major chromosome 8 is one of two singleton beta-tubulin loci in the species. As such,
the tubulin configuration of H. muscarum was an intermediate between the tubulin array

configurations of T. brucei and L. major.
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The predicted Herptomonas muscarum Proteome

Orthofinder (Emms and Kelly 2015) was used to identify orthologous proteins from other
trypanosomatids in the predicted proteome of H. muscarum. For the analysis, protein
coding genes from the following species were used: 9 Trypanosoma species/subspecies
(Trypanosoma brucei brucei, Trypanosoma brucei gambiense, Trypanosoma congolense,
Trypanosoma cruzi, Trypanosoma evansi, Trypanosoma grayi, Trypanosoma rangeli,
Trypanosoma theileri and Trypanosoma vivax), 4 Leishmania species (Leishmania
braziliensis, Leishmania donovani, Leishmania infantum and Leishmania major); 6 additional
monoxenous trypanosomatids along with our Herpetomonas muscarum predictions
(Angomonas deanei, Leptomonas pyrrhocoris, Leptomonas seymori, Crithidia bombi,
Crithidia expoeki, Crithidia fasciculata). Finally, we included a free-living, non-
trypanosomatid kinetoplastid, Bodo saltans, as an outgroup. From these 21 species 87.5% of
genes were assigned to 12,701 orthogroups (for summary see Table 3, full orthogroups
table Table S3). We found 7,265 of these orthogroups contained H. muscarum genes. There
were 45 orthogroups containing only H. muscarum genes, these groups contain 215 genes.
Overall, 90.7% of H. muscarum predicted proteins were assigned to an orthogroup.
Orthofinder also produced a phylogenetic tree based on protein sequences from proteins in
orthogroups which contained a single gene from every species used in the analysis (Figure
4A). This tree is consistent with others published for the trypanosomatids (Maslov et al.,
2013). Unsurprisingly H. muscarum shares more orthogroups with L. major (6,607) than T.
brucei (5,893) — which is more distantly related (Figure 4B). However, H. muscarum had
slightly more orthogroups in common (6754) with the two Leptomonas sp. used in the

analysis (Figure 4C). Finally, within the Leishmaniinae clade H. muscarum and two species of
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‘old world’ Leishmania, L. major and L. donovani, shared 81.2% of their orthogroups (Figure
4D). A global examination of the patterns of gene family sharing between H. muscarum, and
other trypanosomatid groups confirmed these patterns (Figure 5A). Most gene families,
including most genes, are present in all of the groups, and another significant set of families
is shared by all the trypanosomatid groups but missing from the outgroup, the free-living
kinetoplastid Bodo saltans. These trypanosomatidae-specific gene families tend to be quite
large, while many smaller gene families are specific to genera Crithidia and Trypanosoma,
perhaps because of the more extensive taxon sampling of these lineages. There are
exceptions, including some strikingly large gene families unique to trypanosomes,
Leishmania and a number of other taxonomic groups (Figure 5B). Monoxenous
trypanosomatids share many more genes families with Leishmania than Trypanosoma, and
there are strikingly few families specific to the Leishmania lineage or any of the
monoxenous parasites except Crithidia, explaining the strikingly similar predicted

proteomes of Leishmania and H. muscarum.

We could not look in detail at all of the homology relationships between genes in this
extensive comparison. We used a more focused OrthoFinder analysis to investigate specific
groups of orthologues between H. muscarum and T. brucei genes of interest e.g. metabolic
pathway genes, as T. brucei is the best-studied kinetoplastid at the molecular and cellular
level. We summarise our findings in Table 4 (for full data see Tables S4-S15) and discuss

some of the orthologues of interest, including surprisingly ‘missing’ orthologues, below.

Metabolism. H. muscarum is missing sphingolipid (SL) biosynthesis genes SLS1-4, including

the inositol phosphorylceramide synthase and two choline phosphorylceramide synthases.
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These genes are part of the same orthogroup from our analysis. Most of the Trypanosoma
have 4 genes assigned to this orthogroup (with the exception of T. cruzi (2) and T. vivax (0)).
However, other species used in this analysis had only 1 gene assigned to this orthogroup.
Given that SLs are thought to be essential to eukaryotic membranes (Sutterwala et al.,
2008), this seemed surprising. However, Leishmania major promastigotes do not require de
novo SL synthesis and a mutant devoid of SLs was viable and replicated as log-phase
promastigotes (Zhang et al., 2003 and 2007). However, the SL-free mutant was unable to
differentiate into a metacyclic stage in vitro and showed severe defects in vesicular
trafficking. As such, like L. major, H. muscarum and the other species without a complete
SLS pathway may rely on scavenging sphingolipids from the environment.

H. muscarum did not have orthologues for the carnitine O-acetyltransferase (CAT)
(Th927.11.2230) and L-threonine 3-dehydrogenase (Tb927.6.2790) genes of the acetate
metabolism pathway. We were also unable to find an orthologue to these genes in other
species from the Leishmaniinae clade used in the analysis. As such these genes may have
been lost sometime after the group diverged from Trypanosoma.

Additionally, three T. brucei respiratory chain genes did not appear to have
orthologues in H. muscarum, including mitochondrial NADH-ubiquinone oxidoreductase
flavoprotein 2 (Tb927.7.6350), which had orthologues in all species used in the analysis
apart from H. muscarum. Similarly, the only genomes in the analysis without an orthologue
for the cytochrome ¢ oxidase assembly protein (Tb927.10.3120) were H. muscarum and
Phytomonas EM1. Given the importance of these genes, this likely indicates an important
gap in the H. muscarum annotation. Finally, no orthologue was identified for the 7. brucei
alternative oxidase (AOX) (Tbh927.10.7090) which is found in Trypanosoma and is

upregulated in bloodstream forms. This oxidase is thought to enhance organisms ability to
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cope with stress associated with temperature change, infections and oxidative stress
(Vanlerberghe and Mclntosh, 1997).

We also note that for several T. brucei genes there were multiple H. muscarum
orthologues. Two of the most extreme examples of this being the high-affinity arginine
transporter AAT13 (lackson 2007, Shaked-Mishan et al., 2006) and the endo-/lysosome-
associated membrane-bound phosphatase 2 (MBAP2) which have 38 and 18 orthologous
genes in H. muscarum respectively. The increased copy number of these genes hints at their
importance, though the reason for their high-copy number in H. muscarum is as yet unclear.
AAT13 and MBAP2 have been shown to be highly upregulated in Leishmania during sand
flies and in conditions of nutrient starvation (Martin et al., 2014; Inbar et al., 2017).
Speculatively, the increased copy number of these genes may reflect the nutrient availability

in Herpetomonas’ environment/host(s).

Differentiation. RNA-binding proteins (RBPs) have emerged as key modulators of gene
expression in trypanosomatids - particularly in the context of trypanosome development
and differentiation (Kolev et al.,, 2014). Orthologues were found for 72/75 T. brucei RNA-
binding proteins. RNA-binding proteins with no orthologues found in H. muscarum were:
chromatin-remodelling-associated RRM2 (Th927.6.2550, (Naguleswaran et al., 2015), the
pre-RNA processing protein RBSR1 (Th927.9.6870, Wippel et al., 2019) and a hypothetical
RBP (Th927.10.14950).

We have not observed differentiation in H. muscarum using ‘classical’ temperature/pH
manipulations in vitro or during D. melanogaster infections. As such the ‘completeness’ of
the H. muscarum RBP repertoire, relative to T. brucei which has multiple discrete forms, is of

interest. Several of these proteins had multiple orthologues in H. muscarum including RBP10
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(4 orthologues, Th927.8.2780). RBP10 is known to be highly expressed in bloodstream forms
of T. brucei and its overexpression in procyclics led to an increase of many bloodstream-
form specific mMRNAs, as well as transcripts associated with sugar transport, the flagellum
and cytoskeleton (Wurst et al., 2012). The role for this protein in H. muscarum is unclear, as
it does not appear to have a bona fide vertebrate host, however given this proteins links to
sugar transport, it may play a more general role in metabolism in H. muscarum.
Comparisons of H. muscarum RBP expression levels/timings with other trypanosomatids
may shed more light on their role in the cell and potentially why we do not observe
differentiated forms for this species.

In addition to the RBPs, we were unable to find any orthologues for the hydrophilic
acylated surface proteins (HASPs) or small hydrophilic endoplasmic reticulum-associated
proteins (SHERPs) which are associated with metacyclogenesis in Leishmania. We also note
that the repressor of differentiation kinase 1 (RDK1, Th927.11.14070) has 6 orthologues in
H. muscarum. In T. brucei, RDK1 acts with the PTP1/PIP39 phosphatase cascade to prevent
uncontrolled differentiation from bloodstream to procyclic form (lones et al., 2014). Given
that H. muscarum is thought to be confined to insects, the presence of multiple copies of
this gene which assists in maintaining a ‘vertebrate’ cell form in T. brucei is intriguing. It may

be that this protein has an alternative role in H. muscarum.

Surface proteins. No orthologues were found for the EP procyclins which are known to be
expressed highly T. brucei procyclic whilst in the tsetse vectors and are thought to provide
protection from the digestive enzymes in the insect midgut (Acosta-Serrano et al., 2001;
Haines et al, 2010). As such H. muscarum likely relies on other surface proteins for

protection in the insect midgut (see the transcriptomic data below).
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Additionally, Orthofinder was unable to find an orthologue to the major surface
proteins of salivary gland forms of T. brucei - BARPs (bloodstream alanine-rich proteins).
These GPl-anchored proteins required for tsetse salivary gland colonisation (Urwyler et al.,
2007, Fragoso et al., 2009). Additionally, we do not find orthologues for the T. brucei
metacyclic invariant surface proteins (MISPs) which are found extending above the VSG coat
in salivary gland metacyclic forms (Casas-Sanchez et al., 2018). Given the proteins are crucial
for salivary gland colonisation, the lack of copies in the H. muscarum genome may partially
explain the inability of H. muscarum to colonise the salivary glands of D. melanogaster,
instead infections are confined to the insect crop and gut (Wang, Sloan and Ligoxygakis
2019).

Finally, the 13 T. brucei GP63 genes were grouped with 28 H. muscarum genes. GP63
is a major surface protease in L. major promastigotes. The comparatively high copy number
of GP63 in H. muscarum may highlight its importance. Furthermore, GP63 has been
implicated in Leishmania virulence (Pereira. et al., 2010), and as such these will be of

interest in future studies.

Nuclear proteome. Kinetochore interacting protein 3 (KKIP3, Th927.10.6700) and SR protein
(Th927.9.6870) had no orthologues in H. muscarum or other species from the Leishmaniiae
clade used in the analysis and as such they appear to be Trypanosoma specific. RNAi of
KKIP3 in T. brucei resulted in defects in DNA segregation and reduced population growth
(D’Archivio and Wickstead, 2017).

Additionally, T. brucei’s kinetochore interacting protein 1 (KKIP1), PHF5-like protein
(Th927.10.7390) and U1 small nuclear ribonucleoprotein 24 kDa ({Tbh927.3.1090) had

orthologues in all species used in the analysis apart from H. muscarum. Similar to KKIP3,
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RNAi knock down of KKIP1 caused defects in DNA replication, though in the case of KKIP
these defects were more severe — resulting in the loss of entire chromosomes (D’Archivio
and Wickstead, 2017). It is unclear if these genes have been lost in H. muscarum or this
indicates a gap in the current annotation. Based on the importance of KKIP1 and the fact
these genes have orthologues in all other species analysed, it is likely to be the latter.

Finally, H. muscarum appears to have a ‘full set’ of the T. brucei RNA interference
pathway genes including an orthologue for TODARGO1 (Tb927.10.10850). Genes from this
well-conserved (in metazoans) pathway have been lost in several trypanosomatids
including: L. major, L. donovani and T. cruzi (Robinson and Beverley 2003, DaRocha et al.
2004). The loss of this pathway in these organisms has been linked to Leishmania RNA virus
perturbation (Beverley 2003, Lye et al. 2010) - though this has not been explicitly
demonstrated. Further investigations to look for evidence of viruses akin to the LRVs in H.
muscarum could test the link between RNAi and virus infection in trypanosomatids. The
presence of a functional RNAi pathway has also been linked to transposon activity in
Leishmania — with RNA-negative species lacking active transposable elements (TEs), and
RNAi competent L. braziliensis harbouring several classes of active TEs (Peacock et al. 2007,
Lye et al. 2010). Given this, it is possible that the loss/lack of active TEs in L. major and L.
donovani have lifted the requirement of the RNAi pathway to protect against TE-associated
genomic perturbations. We did observe transcripts corresponding to the telomere
associated mobile elements (TATESs) in all H. muscarum transcriptomes (see below). As such,
there may also be an important link between RNAi and transposon activity in

trypanosomatids.

The H. muscarum transcriptome in in vitro cu