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Abstract

Title of Dissertation: Genomic comparisons and genome architecture of divergent
Trypanosoma species

By Katie R. Bradwell, Ph.D.

A dissertation submitted in partial fulfillment of the requirements for the Doctor of
Philosophy in Integrative Life Sciences, with a concentration in Bioinformatics and
Genome Sciences, at Virginia Commonwealth University.

Virginia Commonwealth University, 2016.

Maijor Director: Dr. Gregory Buck, Professor and Department Director, Center for the
Study of Biological Complexity

Virulent Trypanosoma cruzi, and the non-pathogenic Trypanosoma conorhini and
Trypanosoma rangeli are protozoan parasites with divergent lifestyles. T. cruzi and
T. rangeli are endemic to Latin America, whereas T. conorhini is tropicopolitan.
Reduviid bug vectors spread these parasites to mammalian hosts, within which T.
rangeli and T. conorhini replicate extracellularly, while T. cruzi has intracellular
stages. Firstly, this work compares the genomes of these parasites to understand
their differing phenotypes. Secondly, genome architecture of T. cruzi is examined to
address the effect of a complex hybridization history, polycistronic transcription, and
genome plasticity on this organism, and study its highly repetitive nature and cryptic
genome organization. Whole genome sequencing, assembly and comparison, as

well as chromosome-scale genome mapping were employed.

This study presents the first comprehensive whole-genome maps of

Trypanosoma, and the first T. conorhini strain ever sequenced. Original contributions



to knowledge include the ~21-25 Mbp assembled genomes of the less virulent T.
cruzi G, T. rangeli AM80, and T. conorhini 025E, containing ~10,000 to 13,000
genes, and the ~36 Mbp genome assembly of highly virulent T. cruzi CL with
~24,000 genes. The T. cruzi strains exhibited ~74% identity to proteins of T. rangeli
or T. conorhini. T. rangeli and T. conorhini displayed greater complex carbohydrate
metabolic capabilities, and contained fewer retrotransposons and multigene family
copies, e.g. mucins, DGF-1, and MASP, compared to T. cruzi. Although all four
genomes appear highly syntenic, T. rangeli and T. conorhini exhibited greater
karyotype conservation. T. cruzi genome architecture studies revealed 66 maps
varying from 0.13 to 2.4 Mbp. At least 2.6% of the genome comprises highly
repetitive repeat regions, and 7.4% exhibits repetitive regions barren of labels. The
66 putative chromosomes identified are likely diploid. However, 20 of these maps
contained regions of up to 1.25 Mbp of homology to at least one other map,
suggestive of widespread segmental duplication or an ancient hybridization event

that resulted in a genome with significant redundancy.

Assembled genomes of these parasites closely reflect their phylogenetic
relationships and give a greater context for understanding their divergent lifestyles.

Genome mapping provides insight on the genomic evolution of these parasites.



Introduction

A Rationale for This Study

The genomic comparisons of Trypanosoma species and the study of Trypanosoma
cruzi genome architecture described in this dissertation derive from the project
Assembling the Tree of Life; Phylum Euglenozoa, referred to here as “ATOL”. The
Euglenozoa are a group of diverse free-living and parasitic protozoa comprising the
Kinetoplastids, Diplonemids, and Euglenids. ATOL was created to elucidate
taxonomic and evolutionary relationships within this phylum, and resolve evolution of
the lifestyle traits of its members. Of particular interest to this dissertation are the
Trypanosomatids, including T. cruzi and closely related organisms. The position of T.

cruzi within the phylum Euglenozoa is shown below.
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T. cruzi is a major disease-causing parasite, which can have life-threatening
consequences for the people it infects. To date, no effective and non-toxic vaccine
exists against Chagas disease [1,2]. Additionally, it displays remarkable variation
across strains, especially in terms of infectivity [3], karyotype [4,5], and multigene
family expansion [6-8]. Some of these differences are thought to derive from a
history of rare hybridization events across strains, which have produced the mixture
of extant heterozygous hybrids, homozygous hybrids, and supposedly clonal strains.
Sparse taxon sampling of organisms intermediate to Trypanosoma brucei (an African
trypanosome, and causative agent of sleeping sickness) and T. cruzi also call for
increased characterization of species such as T. rangeli and T. conorhini. The first

goal of this study is thus to compare the non-pathogenic T. conorhini and T. rangeli,



and two strains of T. cruzi with high and low virulence. Given the highly variable
karyotypes across strains, the unresolved hybridization history, and previous findings
that suggest large shared segments across chromosomes [4,9], the second goal was
to characterize the genome architecture of T. cruzi. Approaches originally envisaged
for the ATOL project, such as whole genome shotgun sequencing, multigene
phylogeny building, and comparative genomics, were supplemented with genome

mapping technology, to achieve these two goals.

Objectives

i) Whole genome sequencing and genomic comparisons of T. conorhini, T.
rangeli and T. cruzi
Assemble the genomes of these organisms to compare their genetic potential. This
includes but is not limited to:
Karyotyping
- Define intra- and inter-species variations in chromosome size and distribution
- Explore levels of genome plasticity across species
Gene cluster analysis
- Perform OrthoMCL and KOG analysis to determine species-specific gene
clustering and function enrichment and depletion
Phylogeny and percent identity
- Explore intra-strain phylogenetic relationships for T. rangeli and placement of
T. conorhini, as well as overall phylogeny of the T. cruzi clade and outgroups
Heterozygosity
- Investigate the influence of the hybridization history of T. cruzi CL on

heterozygosity compared to the other species



Expansion and contraction of gene families
- Define and discuss gene families and their role in shaping the life-cycles and
infectivity of the species
rRNA copy number
- Reconcile the widely variable set of rRNA copy number estimate across
Trypanosoma species
- Use bioinformatics estimates validated by qPCR (a more precise approach
than previous studies)
Metabolic pathways analysis
- Explore the role of metabolic potential in defining why divergent lifestyles

arose for these species

ii) Exploration of T. cruzi G genome architecture
- Perform genome mapping to determine overall chromosomal structure
- Elucidate relationships across chromosomes

- Define major novel structural features of the genome

Although most of the analysis in this study is carried out in silico, the power and
utility of combining bioinformatics and wet lab approaches is demonstrated for
genome size and SSU rRNA gene copy number estimates, two of the most basic
and fundamental measures of each of the genomes described herein. The
agreement between the in silico and wet lab approaches allowed for greater
confidence in the methodologies used in downstream analysis, for example for
multigene family copy number and genome repetitiveness estimates. Custom scripts

used can be found at https://github.com/kbradwell/bioinformatics-scripts.




Literature review

The evolution of Trypanosoma species worldwide and their impact

Kinetoplastea is the largest class in the phylum Euglenozoa, and includes a broad
range of free-living and parasitic species [10], all of which display unique features
including trans-splicing, polycistronic transcription and RNA editing [11].
Trypanosomatids are the most medically important group with this class, and within
Euglenozoa overall. The main genera within the trypanosomatids are Trypanosoma
and Leishmania, which comprise organisms that cause African sleeping sickness (T.
brucei), Chagas disases (T. cruzi) and Leishmaniasis (Leishmania spp.). The high
number of small subunit rRNA divergences within the trypanosomatids indicate an
ancient origin for the group, and it is likely that vertebrate parasitism arose multiple
times in the trypanosomatids [12]. A common ancestor to T. brucei and T. cruzi
likely diverged around 100 million years ago when Africa became isolated from other
continents, allowing for the independent evolution and acquisition of parasitism of T.
brucei. In terms of T. cruzi evolution there have been two major hypotheses: the
southern supercontinent hypothesis, and the more recent bat-seeding hypothesis.
The bat seeding hypothesis proposes that the most parsimonious explanation for the
current geographical distribution and host range of T. cruzi is that its ancestor was
originally a bat parasite that made switches to terrestrial mammals worldwide. One
such switch gave rise to T. cruzi in Latin America, before the migration of humans to

the New World [13].



To date, the genome sequences and annotation of T. brucei [14], T. evansi
[15], T. vivax [16], T. congolense [16], T. grayi [17], T. cruzi [18] and T.rangeli [19]
are available on publicly available databases such as GenBank and the

Trypanosomatid-specific database TriTrypDB (www.tritrypdb.org). T. brucei, divided

into the subspecies T. b. gambiense, T. b. rhodesiense and T. b. brucei, is an African
trypanosome. T. b. gambiense and T. b. rhodesiense cause Human African
Trypanosomiasis (HAT) and evade the host via switching of a variant surface
glycoprotein (VSG) coat [20,21]. T. evansi, contended to be a subspecies of T.
brucei [15], causes the disease surra in livestock and camels and has the widest
geographical distribution of any disease-causing trypanosome. Unlike T. brucei, it
has evolved to be independent of the tsetse fly as an obligatory vector [22] and only
has a partial mitochondrial genome [23]. T. vivax and T. congolense are also closely
related to T. brucei, although T. vivax displays a much more clonal population
structure. Both T. vivax and T. congolense cause a huge medical and socioeconomic
burden through their diseases of domestic animals [16]. The African crocodilian
trypanosome, T. grayi, like T. brucei, T. vivax and T. congolense is transmitted by
tsetse flies. However, it is more closely related to T. cruzi than it is to the African
trypanosomes [17].

Finally, the species relevant to this study, T. cruzi, T. rangeli and T. conorhini,
display very divergent lifestyles and pathogenic potentials. This study will present the
first genome ever sequenced for T. conorhini, and the first genome sequences for
selected strains of T. cruzi and T. rangeli. T. conorhini and T. rangeli are members of
a phylogenetic group generally considered to be most closely related to the clade
comprising T. cruzi and bat trypanosomes of the subgenus Schizotrypanum. Unlike

the African trypanosomes, these organisms are spread by Reduviid bugs. T. cruzi is



spread by species of the Triatoma and Rhodnius genera [24], T. rangeli by species
of the Rhodnius genus [25], and T. conorhini by Triatoma rubrofasciata [26].
Whereas T. rangeli and T. cruzi can be spread to a wide variety of mammals by their
insect vectors, T. conorhini is restricted to rats, being transmitted in the feces of its
vector after replication in the insect gut [27]. T. cruzi, like T. conorhini, is spread by
the contaminative route, whereas T. rangeli is spread by inoculation of metacyclic
trypomastigotes, the forms that infect vertebrate hosts, in the saliva during blood
meals [28]. As discussed above, T. cruzi is a Latin American parasite, and its
geographical distribution overlaps with T. rangeli, the other “American” trypanosome.
Conversely, T. conorhini is a tropicopolitan parasite that is found worldwide,
including in Latin America [26]. The three species differ in their replication modes
after transmission by the vector to the mammalian host. T. conorhini and T. rangeli
remain in the bloodstream during replication, whereas T. cruzi infects the tissues and
organs, dividing inside the cells after differentiating into the amastigote form of the
parasite [29]. This intracellular replication, and the adept immune evasion of the
parasite, contributes to Chagas disease, which affects 6 to 7 million people

according to World Health Organization estimates.

T. cruzi and T. rangeli as very diverse “species”

The American trypanosomes, T. cruzi and T. rangeli, have each been classified into
discrete sub-populations. For T. cruzi, these populations are known as Discrete
Typing Units (DTUs), with each DTU comprising multiple strains based on multilocus
genotyping [30]. One of the major factors contributing to the diversity of the strains is
thought to be the hybridization history of T. cruzi, which has produced some DTUs

that bear homozygous hybrids and others that bear heterozygous hybrids. A theory



as to the mechanism of this natural hybridization proposes that two diploid genomes
hybridize, yielding an initial polyploid heterozygous genome, which then undergoes
loss of polyploidy over time due to inter-allelic recombination. The act of hybridization
is thought to involve fusion of two parental nuceli, both in their diploid state, in a non-
meiotic, “parasexual” encounter [31]. Homozygous hybrids, i.e. DTUs TclV and Tclll,
contain recombined alleles, bearing traits from the two parental lineages.
Heterozygous hybrids, i.e. DTUs TcV and TcVI, display features of relatively recent
hybridization, i.e. they are highly heterozygous, display minimal intra-lineage
diversity and have accumulated very few de novo mutations [32]. | chose TcVI strain
T. cruzi CL, and a supposedly non-hybrid Tcl strain, T. cruzi G for the genomic
comparisons described herein. T. cruzi CL is the parental strain of the clone T. cruzi
CL Brener, which was chosen as the T. cruzi reference genome, and the first T. cruzi
genome to be assembled [18]. Aside from presumed differences in heterozygosity, |
expected differences in genome size and repetitive content, based on previous Tcl
and TcVI comparisons [7]. The two strains also exhibit an important difference in
mammalian pathogenicity, since the G strain is highly susceptible to host interferon-y
[33]. T. cruzi G also displays a lower gene expression ratio of the virulence factor
cruzipain to its negative modulator chagasin [34] compared to the CL strain. It is
important to note that although T. cruzi G displays low virulence in vivo, it is able to
infect cells in vitro [35-37], and many other strains from the Tcl lineage are highly
pathogenic [38].

Five lineages of T. rangeli have been identified; TrA, C, D and E are
phylogenetically close, but TrB (which includes the AM80 strain reported herein) is a
more divergent lineage positioned basal to the clade [39-41]. T. rangeli strains and

local vectors have apparently co-evolved, with consequent lineage divergence in



concert with the insect complexes [42,43]. The TrD lineage, which includes the
recently characterized T. rangeli SC-58 strain that was isolated from a rodent, has so
far not been found in humans [44]. The T. rangeli AM80 strain was isolated from a
human source in the Amazon, where the TrB lineage, the basal and most divergent
of all known T. rangeli lineages, is highly prevalent [28]. Lineages TrA, prevalent
from the northwestern region of South America (including Brazilian Amazonia) to
Central America, and TrC spanning from the west of the Andes to Central America,
were also found in humans. Lineages TrD and TrE have been rarely reported and so

far only isolated from wild mammals and triatomines [43,45-48].

Emerging changes in trypanosome distribution

The ongoing rapid development of the Brazilian Amazon is likely to impact
transmission of both T. rangeli and T. cruzi to humans, which are commonly co-
infected with both parasites [40,41,47]. Additionally, non-endemic countries for
Chagas disease, such as Spain and the United States, are experiencing an increase
in cases imported from Latin America due to immigration [49,50]. Triatoma
rubrofasciata, a vector for both T. cruzi and T. conorhini, has experienced recent
increased spread throughout the tropical and subtropical world [51], raising
questions about how this will affect the spread of these two parasites. These factors

make the characterization of T. conorhini, T. rangeli and T. cruzi particularly timely.

Trypanosome comparative genomics

Because of their taxonomic positions and diverse lifestyles, these parasites present

an opportunity to identify the genetic bases of their differing abilities to invade cells



and cause disease, as well as their diverse host ranges and life cycles in mammals
and vectors. Comparisons of dixenous trypanosomatids to free-living bodonids have
suggested that most differences lie within genes encoding metabolic and surface
proteins [8]. Genome analysis of Leishmania major Friedlin, T. brucei TREU 927 and
T. cruzi CL Brener [52], studies of lineage-specific features in T. cruzi Sylvio X10/1
(Tel) and T. cruzi CL Brener (TcVI) [7], and comparisons of T. cruzi and the bat-
restricted T. cruzi marinkellei [6] suggest many differences are associated with

differential multigene family expansion.

Genome architecture of trypanosomes

The extensive variation in chromosome sizes and chromosome distribution of
protozoa, which is even higher than in higher eukaryotes, suggests that genome
plasticity has played a major role in evolution. Trypanosomes are no exception, as
even strains of the same species show extensive genomic heterogeneity [4,53-56].
However, despite this high level of structural variability, there is a high level of
synteny even across genera of kinetoplastid protozoa [52,57], suggesting strong
selective pressure to maintain gene order possibly associated with the polycistronic
transcription process in these organisms.

T. cruzi is assumed to be mainly diploid [58,59], with some aneuploidy
[53,60-62], and there is no evidence of a “euploid” state in any T. cruzi strain. The
natural population undergoes mostly clonal evolution [63]. Sexual reproduction has
not been demonstrated, although genetic exchange does occur as evidenced by the
hybrid strains of distinct lineages described above. The hybrid nature of the CL

Brener strain (the T. cruzi type strain) complicated its whole-genome shotgun
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assembly [18,64]. Other T. cruzi strains have been assembled from whole genome
shotgun sequence analysis [6,7,65]. While these other strains are not recent hybrids,
they still contain a high degree of complexity and repetitiveness, which has largely
prevented assembly into chromosome-sized scaffolds and thus impeded detailed
study of genome architecture.

Plasticity in T. cruzi genomes has been observed as major chromosomal
rearrangements affecting the sizes of homologous chromosomes among strains and
the sizes of homologous chromosomes within a diploid pair of the same strain
[5,56,59,60,66-69]. The latter appears to be a widespread phenomenon, with most
strains apparently displaying a high number of size-polymorphic homologous
chromosome pairs [5]. Moreover, T. cruzi is very permissive to copy number
variation (CNV), including whole chromosome CNV. Gene-family rich chromosomal
regions are prevalent in chromosomal segments displaying CNV and putative
segmental duplication [70]. T. cruzi replicates via endodyogeny, whereby the nuclear
membrane does not break down and chromosomes are poorly condensed during cell
division, precluding cytogenetic analysis [71]. Karyotyping techniques on small and
often similar-sized chromosomes is also challenging; a single pulsed field gel band
can contain multiple heterologous chromosomes or a member of a homologous
chromosome pair that differs in size. Therefore, estimations of chromosome
numbers and relationships between homologous chromosomes are uncertain.

T. cruzi G, typical of other members of the Tcl lineage, has a smaller genome
and lower heterozygosity compared to most other DTUs [4,32]. Karyotyping on
pulsed field gels with marker hybridization [4,9] has suggested that several large

chromosomal segments are located in distinct pulsed field gel electrophoresis bands.
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Thus, an approach that enables a greater overview of chromosomal structure
has been lacking for trypanosome genomes. Given the previous karyotyping and
marker hybridization of T. cruzi G, and its relative simplicity in terms of genome size

and heterozygosity, this presents a good candidate for genome architecture studies.

12



Chapter I. Comparative genomics

In this work the genomes of T. rangeli AM80, T. conorhini 025E, T. cruzi G (Tcl) and
T. cruzi CL (TcVI) are sequenced and compared. As explained above, the lifestyles
of the three species, summarized in Table 1, are highly divergent in terms of host
range, geographic spread, and in the ability to infect mammalian host cells in vivo for

intracellular replication.

Table 1: Lifestyle difference of T. conorhini, T. rangeli and T. cruzi

Replication in
Vectors Hosts Geographic location host
T. conorhini | Triatoma rubrofasciata Rat Worldwide Extracellular
T. rangeli  |Rhodnius spp. Mammals |Latin America (endemic) |Extracellular
T. cruzi Triatoma spp., Rhodnius spp.Mammals |Latin America (endemic) |Intracellular

Strain selection

All strains selected for genome-wide characterization and comparison originate from
Brazil (Table 2). Their selection was based primarily on demographics, known host
range, virulence, and relevance to the field. For example, T. rangeli AM80, which is
from T. rangeli group TrB, is a human isolate from a region of Brazil under current
development. It is thus likely to have an increasing impact on domestic transmission,
and has the opportunity to participate in T. cruzi / T. rangeli mixed infections within
the human population [28,72]. The T. cruzi G strain, which is less virulent than T.
cruzi CL, was originially derived from an opossum in the Brazilian Amazon [35], and

is associated with the sylvatic cycle of transmission. The CL strain was derived from
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a triatomine bug in the residence of an infected person [73]. Parasites were obtained
from the Trypanosomatid Culture Collection (TCC) at the University of Sao Paulo

and Nobuko Yoshida (Universidade Federal de Sao Paulo).

Table 2: Strain information

Isolation
Species Strain |Source D' date Original host Lineage |Geographical origin
T. conorhini |025E |TCC TCCO025E [1947 Rattus rattus - Brazil
T rangeli |AMS80 |TCC TCCO086 1996 Homo sapiens B Brazil (Amazonas) Rio Negro
T cruzi G Nobuko Yoshida®| TCC30 1983 Didelphis marsupialis | TCI Amazonas/Brazil
T cruzi CL Nobuko Yoshida®| TCC33 1963 Triatoma infestans TCVI  |Rio Grande do Sul, Brazil

'"Trypanosomatid Culture Collection (TCC), Brazil
Cultured in mice via cyclical passages

Genome assemblies

Parasites were cultured, and DNA was isolated and sequenced as shown in Figure
1. Briefly, epimastigote form parasites were cultured at 28°C in liver-infusion tryptose
(LIT) medium, supplemented with 20% fetal bovine serum (FBS) with 20 ug/ml
hemin for T. rangeli AM80, and 10% fetal bovine serum (FBS) with 10 ug/ml hemin
for all other species, and harvested in log phase at ~1 X 107/ ml. Total DNA was
isolated, and depleted of kinetoplast DNA (kDNA), by gel electrophoresis.

The purified DNA was used to prepare shotgun and 3 Kbp mate pair libraries
(except for T. cruzi CL) for sequencing on the Roche 454 GS FLX+ platform as
indicated by the manufacturer. Reads aligning with a minimum of 50% identity and
over 50% length to KDNA from TriTrypDB were removed, and only those reads with
at least 70% bases with a PHRED quality score greater than 25 and a minimum read
length of 40 bp were kept using NGS QC toolkit [74] version 2.3. Assembly was
performed using the Newbler version 2.9 assembler (Roche, Inc.), which limits the
size of scaffolds to a minimum of 2 Kbp. Hence, all contigs larger than 500 bp that

were not part of any scaffold were appended to the scaffolded assemblies for
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completeness. The highly repetitive and heterozygous T. cruzi CL genome was left
unscaffolded to minimize misassembly, and because leaving the assembly as
individual contigs maximized the number of full-length gene hits to TriTrypDB (not

shown). Contigs less than 500 bp in length were removed from the final assemblies.

Total DNA isolated and depleted of kinetoplast DNA by gel
electrophoresis

U

Shotgun and 3 Kbp mate pair libraries and sequencing on the Roche
454 GS FLX+ platform

U

NGS QC toolkit v.2.3, reads: >=70% bases with a PHRED quality score
>25 and minimum read length of 40 bp

U

BLAST vs. KDNA (filter out reads)

O

Newbler v.2.9 assembly

O

SFF BLAST to assembly (remove poor aligners)

Figure 1: Genome sequencing steps. Library preparation and genome assembly
for T. conorhini, T. rangeli and T. cruzi.

Reads were realigned to the final assemblies using BWA [75] and the average
genome-wide coverage was calculated to range between 20-50X, depending on the
strain (Table 3). The gigabytes of 454 Paired End (PE) data and non-PE data (SFF
reads files), and number of runs to obtain the final assemblies are shown in Table 3.
PE data allows for assembly scaffolding, as there is a known insert size between two

sequenced gDNA fragment ends.
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Table 3: Data generation and assembly coverage

No. PE GB data | GB data
No. runs runs PE type | (non-PE) PE cov (X)
T. conorhini 025E 6 1 3 Kb 7.09 0.64 35.89
T. rangeli AM80 7 1 3 Kb 8.97 0.75 52.77
T.cruzi G 10 2 3 Kb 7.26 1.54 32.66
T. cruzi CL 10 6 (0O used) | 3 Kb, 8 Kb 6.56 0 20.41

An in-house pipeline was used to estimate assembly completion and gene calling
integrity (Figure 2). This pipeline performs two tasks: (i) randomly selects 2, 4, 6, 8,
10, 20, 30, 40, 50, 60, 70, 80, 90 and 99% of the reads and performs assemblies
using Newbler with these read subsets; and (ii) uses tBLASTn to determine the
presence of a curated set of 2,217 kinetoplastid orthologous single copy genes at 25,
50, 75, 90 and 99% alignment lengths (merging reference gene alignment lengths
over multiple contigs or genes where necessary). BLASTn was used to further

characterize whether these genes were complete or fragmented on contigs or gene

calls, and tBLASTn was performed to predict frameshifts.
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Figure 2: Genome completion assessment (A) Percentage of single copy ortholog
genes found at 50% alignment length and 90% alignment length from assemblies
performed using varying amounts of input reads data. (B) Percentages of single copy
ortholog genes found and the percentage of their total length that is present in the
assemblies (length is summed if the gene is found over multiple contigs). (C) i) The
percentage of single copy ortholog genes that are found at <90% of their total length
on a contig, ii) Percentage of single copy ortholog genes that contain split gene calls
when they are are present on contigs at <90% of their length, iii) Percentage of
single copy ortholog genes that contain frameshifts when they’re present at >90% of
their length on contigs yet <90% of their length in called genes, iv) Percentage of
single copy orthologs that are present at >90% of their length on a contig yet have
multiple gene calls, indicating a split gene.

Figure 2, part A demonstrates that all or nearly all of the genes from each of these
organisms are represented full-length and intact in the assemblies, as above 20 X
coverage most of the conserved ortholog genes are present across 90% of their
length in all of the organisms. Figure 2 part B shows, using 100% of the data, how
many conserved orthologs are found at various percentages of their lengths, and
indicates that almost all the genes are found, albeit some may not be found in their
entirety. The integrity of the T. cruzi CL genes was somewhat affected by gene
calling errors due to frameshifts (Fig. 2, panel C (iii)). These frameshifts lead to split
genes (Fig. 2, panel C (iv)) where an artificial stop codon is introduced by an indel

followed by an ATG, which increases the number of genes predicted and lowers the

average intergenic distance predicted.

Genome characteristics

The general characteristics of these genomes (Table 4) were determined using an in
house Genome Annotation Pipeline (GAP). Briefly, genes were called using
GeneMarkS v.4.7b [76]; tRNAscan-SE v.1.23 [77] was used to detect tRNAs; and

5S/18S/28S sequences were detected using RNAmmer v.1.2 [78]. SignalP v.4.1 [79]
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(default settings) identified signal peptides and anchors in called genes. TMHMM
v2.0 [80] (default settings) determined genes with at least one transmembrane
domain. KOHGPI v.1.5 of GPI-SOM [81] was employed with the default training set
and settings to predict genes with GPI anchors. BLAST [82] searches against Pfam
[83], KOG [84], TriTrypDB and NCBI's nr databases were performed to determine
validity and integrity of the gene calls, and ascertain probable gene functions and
inferred annotations. Called genes were clustered using OrthoMCL v.2 [85] with a

1e-5 E-value cut-off for BLASTp, 50% match cut-off and 1.5 inflation value.

Table 4: Genome summaries for T. conorhini, T. rangeli, and T. cruzi

T conorhini | T rangeli
025E AMS0 T cruzi G | T cruzi CL

Genome Size (Mbp, # bases in all contigs) 21.34 21.16 25.18 34.54
Total number of contigs 1,660 1,080 1,452 20,109
Longest contig length 129,753 154,389 352,469 29,390
Shortest contig length 506 533 502 500
N50 length 24,561 43,151 74,655 2,154
Average Gene (bp) 1,403 1,346 1,277 926
Longest gene length (bp) 19,935 16,929 19,908 15,450
Shortest gene length (bp) 297 297 297 297
GC Content (%) 57.24 51.96 50.06 51.89
Coding Region (mbp) 14.25 13.61 16.23 22
Coding Region (%) 66.78 64.32 64.46 63.69
Number of Genes 10,154 10,109 12,712 23,763
Gene Clusters/Families* 9,419 9,310 11,665 19,177
Genes w/ Pfam hits 8,610 7,187 8,055 13,754
Genes w/ KOG hits 8,518 6,848 7,388 11,836
Genes w/ TriTrypDB hits 9,263 9,231 9,768 9,779
Genes w/ nr BLAST hits 9,227 9,191 9,725 9,724
Number of tRNAs 68 66 53 59
No. of rRNA features found 4 4 4 4
Genes w/ EC assignment 1,650 1,602 1,505 869
Genes w/ Signal Peptide 740 724 884 1,901
Genes w/Transmembrane Domain 1,817 1,873 2,233 3,849
Genes w/GPI anchor 1,309 1,369 1,817 4,197

*OrthoMCL prediction - orthologs, paralogs, singletons - from run using all 4 species.
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The genome assembly sizes of these organisms, which range from ~21 Mbp for T.
conorhini and T. rangeli to 25 — 36 Mbp for T. cruzi G and CL, respectively, are likely
underestimates of total genome size due to the repetitive content of these genomes
that collapsed into highly similar sequences in the assembly. The GC content of T.
conorhini was slightly higher at ~57% than for the other three genomes, which
ranged from ~50-52%. The number of genes in T. conorhini and T. rangeli (~10,000)
is less than the number in T. cruzi G or CL, ~13,000 and ~24,000, respectively, and
is largely consistent with that observed in other kinetoplastid protozoa [14,18,86]. T.
cruzi, however, is recognized for having many large multigene families [7,18] likely
explaining the expanded repertoire in the G and CL strains. Additionally, the CL
strain is considered a hybrid [32], with a larger genome size than typically found in
Tcl strains [62,87], consistent with the observations of genome size and gene
content described here. The genomes of each of these organisms apparently contain
genes required for meiosis, suggesting likely capacity for sexual reproduction.
Counts of glycosylphosphatidylinositol (GPIl) anchored proteins and proteins with
transmembrane domains are very similar between T. conorhini 025E and T. rangeli

AMB8O0, and highest in the T. cruzi strains.

OrthoMCL aims to find orthgroups, i.e. sets of genes that are descended from
a single gene in the last common ancestor, which can include both paralogs
(products of gene duplication) and orthologs. Clustering using OrthoMCL suggested
that T. cruzi CL had the most gene clusters, which often corresponded to divergent
members of multigene families, or sub-groups within large expanded multigene
families. In every assembly the majority of orthogroup clusters only contain a single

genes from that organism, i.e. clusters containing orthologs but only one gene per
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organism, although the number of clusters containing two paralogs is higher in T.

cruzi CL (Fig. 3).
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Figure 3: Number of genes per cluster based in OrthoMCL analysis. Percentage
of clusters in terms of how many genes they contain. This analysis excludes counts
of clusters of size 1 (genes without paralogs or orthologs).

Since T. cruzi CL is a likely hybrid between Tcll/lll lineages [32,61,88-90], this
increase in gene clusters containing two genes may correspond to the two divergent

haplotypes of single copy genes in the genome that have assembled separately.
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Molecular karyotypes

The goals for karyotyping were to (i) define intra- and inter-species variations in
chromosome size and distribution, (ii) explore levels of genome plasticity across
species (iii) use densitometry to estimate chromosome numbers and genome size

for validation against next generation sequencing estimates.

In addition to the four genomes described above, another strain of T. conorhini was
obtained from the American Type Culture Collection (ATCC) for karyotype
comparison (ATCC 30028). This strain was isolated from Hawaii in 1947 from
Triatoma rubrofasciata. | also tried to use an ATCC strain deposited as a T. conorhini
1974 isolate from Malaysia by Weinman. However, this strain was determined by
SSU rRNA analysis to group more closely to T. cyclops, ATCC was thus notified.
Genomic DNA isolation and pulsed field gel electrophoresis (PFGE) were
performed as shown in Figure 4. 1% Megabase agarose gels (Bio-Rad) were loaded
with agarose plugs bearing lysates of ~1 x 10" epimastigotes of each trypanosomatid
strain for electrophoresis at 13.5°C using the CHEF DR Il System (Bio-Rad). Run
conditions used for karyotyping each species were based empirically on their
individual distributions of chromosome sizes. For separation of smaller chromosome
size ranges, | used the following program - Block 1: 5 V/cm, 20-200 seconds, 18 h,
120°. Block 2: 3 V/cm, 200-300 seconds, 32 h, 120°. Block 3: 1.5 V/cm 500-1,100
seconds, 12 h, 120°. The program used for separation of the largest chromosome
size ranges was as follows - Block 1: 2 V/cm, 1,500 seconds, 12 h, 98°. Block 2: 2
V/cm, 1,800 seconds, 12 h, 106°. Block 3: 3 V/cm, 500 seconds, 38 h, 106°. Block 4:

5 V/cm, 20-200 seconds, 23 h, 120°. Block 5: 3 V/cm, 200-400 seconds, 34 h, 120°.
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Band sizing based on standard curves of marker chromosome migration and
densitometry for each gel was performed using GelAnalyzer v. 2010a [91], with
rolling ball background subtraction. Pixel intensity and area under the curve of each
band were plotted against the distance migrated in the gel and compared to standard
curves of presumed single-copy diploid chromosomes to provide an estimate of the
copy number of each chromosome band. Bands with estimated areas that were half
of that expected for a chromosome pair were found in all species and were assumed
to be due to size differences in chromosome pairs, as has previously been observed

in T. cruzi [4,5,59,67,68].

mid-log phase parasite cultures (~1 x 108 cells)

O

Centrifuge and embed in megabase agarose plugs

O

Washes

O

Load plugs into megabase agarose gel

O

PFGE programs adjusted to size range required ~4 days

O

SYBR Green stain

O

Band sizing and densitometry (GelAnalyzer)

Figure 4: Pulsed field gel electrophoresis and densitometry steps. Sample
preparation, PFGE and densitometry to obtain karyotype and genome size
estimates.

Pulsed Field Gel Electrophoresis (PFGE) under multiple conditions provided an

estimate of the sizes and numbers of chromosomes in the genomes of each of these
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organisms (Fig. 5, Table 5). These analyses suggest that the T. cruzi CL strain bears
an estimated ~37 chromosomes, similar to that previously estimated for T. cruzi CL
Brener [54]. T. cruzi G, T. rangeli AM80, T. conorhini 30028, and T. conorhini 025E
displayed 36.5, 40, 39.5 and 45 chromosomes, respectively. The chromosome
numbers of the G and CL strains are quite conserved, but the sizes of the individual
chromosomes are not, following a trend previously predicted for T. cruzi strains [54].
Genome sizes determined as described are estimates, but closely match estimates
from Next Generation Sequencing (NGS) predictions. In two of the six PFGE runs of
T. rangeli AM80 PFGE (not shown), | observed a faint band of ~5 Mbp that |
excluded from the final the karyotype and chromosome or genome size estimates,
although the presence of a chromosome of this size cannot be conclusively
discounted. Previous studies have revealed significant variation in PFGE patterns

specific to distinct lineages of T. rangeli [41,92].
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Figure 5: Karyotypes of T. conorhini, T. rangeli and T. cruzi. (A) T. rangeli AM80
vs. T. conorhini 025E using Saccharomyces cerevisiae chromosome size-markers
(Bio-Rad). (B) T. conorhini 30028 vs. T. conorhini 025E. (C) T. cruzi G vs. T. cruzi
CL. Schizosaccharomyces pombe, Hansenula wingei and Saccharomyces
cerevisiae chromosomes (Bio-Rad) were used as markers for (B) and (C).

As expected, significant genome variability was observed among these karyotypes,
although the two T. conorhini isolates show similar banding patterns. Clearly, major
chromosomal rearrangements, expansions, or deletions seem to have occurred
during the evolution of these parasites. Interestingly, the two T. cruzi strains appear
to have at least double the number of megabase-sized chromosomes as T. conorhini

or T. rangeli. Repeat expansions in T. cruzi have long been used to describe

karyotype polymorphism across strains [4,5,62].
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Table 5: Karyotyping and densitometry summary, and NGS genome size

estimates

T conorhini T conorhini T rangeli
025E 30028 AMS0 T cruzi G T. cruzi CL

Total number of bands 21 20 19 18 21
Total number of predicted chromosomes 45 39.5 40 36.5 37
Number of megabase chromosomes (>1Mbp) 10 8 7 19.5 30
Number of chromosomes (300Kbp-1Mbp) 33.5 31.5 33 17 7
Number of chromosomes (<300Kbp) 1.5 0 0 0 0
Overall size range of chromosomes (Mbp) 3.22-0.21 (3.01)| 3.24-0.33 (2.91) | 3.24-0.31 (2.92) [ 3.09-0.66 (2.43) | 3.48-0.74 (2.75)
Total predicted genome size (Mbp)' 39.703 38.423 34.847 44.0065 61.4795
NGS estimate for genome size (Mbp)® 41.04 n/a 30.33 48.75 64.33

' Sum of the total predicted number of Mbp at each band
?(Total number of bases) / (modal alignment depth of the assembly)

SSU rRNA copy number

Ribosomal gene copy number in Trypanosomatids presumably impacts ribosome
synthesis, and therefore potentially modulates translation levels, although this has
not been studied. A single repeat unit consists of 5’ external transcribed spacer —
18S rRNA - internal transcribed spacer-1 (ITS-1) — 5.8S rRNA — ITS-2 and 28S
rRNA. These repeat units have been found to be in 114 copies in T. cruzi via
saturation hybridization studies, organized in tandem repeats across multiple
chromosomes [93]. This contrasts to the predicted 56 rRNA copies in T. brucei [14],
and 24 rRNA copies in L. major [94]. None of these estimates used more precise
gPCR or bioinformatics reads mapping techniques, and copy numbers of SSU rRNA
genes in each of these organisms genome assemblies is far lower than the
estimates above: 6 and 9 full length copies for L. major Friedlin and T. brucei
TREU927 respectively, and 12 partial copies for T. cruzi CL Brener in TriTrypDB

v.29.
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By determining SSU rRNA copy number via bioinformatics estimates, and
validating these with qPCR measurements, this study aimed to (i) investigate
whether the previous high rRNA copy number estimate for T. cruzi may be due to
experimental technique or design (ii) compare the SSU rRNA copy numbers of T.

rangeli and T. conorhinito T. cruzi.

Estimates of SSU rRNA copy number based on reads mapping were
derived using the Equation 1, with gene coordinates predicted by RNAmmer v.1.2.
Aligned bases were calculated at positions of g-score over 25 with a minimum two-
fold coverage. Average per base coverage was calculated with a custom Python
script and SAMtools v1.2, and divided by average coverage of a set of 6,479 single
copy orthologs (SCOs). These were also checked using an alternative formula for
copy number estimation based on mapped reads, which has been described

previously [95]. Estimated copy numbers by the two methods were in agreement.

Average coverage of gene X number of gene copies in assembly

average coverage of SCOs Eqn 1
gPCR and the relative threshold algorithm on ViiA 7 (Applied Biosystems, by Life
Technologies) were employed using using the TagMan® Universal PCR Master Mix
Reagents Kit (P/N: 4304437). The probes and primers were designed using Primer
Express® v.3.0 (Table 6). The probes were labelled in the 5 end with FAM (6-
carboxyfluoresceine) and in the 3’ end NFQ-MGB, and were specific for conserved
regions of the 18S gene in each species where the highest number of reads
mapped. Dihydrofolate reductase (DHFR) was used as a single copy reference gene
for normalization. Estimations were taken at two different dilutions of gDNA sample,

each in triplicate, with three biological replicates performed in separate runs. Wells
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with no DNA served as no template controls, and standard curves indicated
equivalency of primer/probe set efficiencies. The cycling conditions were: 50°C/2min;

95°C/10min; and 40 cycles of 95°C/15sec and 60°C/1min. The cycle threshold was

determined to provide the optimal standard curve values (0.98 to 1.0).

Table 6: Primers and MGB probe sequences used for SSU rRNA copy number

estimation
Organism Gene Forward primer Probe Reverse Primer

18S TGCCTCAGAATCACTGCATTG ATCTGCGCATGGCT AGATTTTTGCGGCAGATTACG

T. conorhini 025E [18S CGCGCAACGAGGAATGTC CGTAGGCGCAGCTC GGACGTAATCGGCACAGTTTG
DHFR |CGAGGCACACGTTTGAGTTG CTGGCACGGCTCG TGCCCACGTGTACAGTAATCACA

T. rangeli AMS0 18S GCGAAGGCATTCTTCAAGGA ACCTTCCTCAATCAAG |TTCGATCCCCACACTTTGGT
DHFR |CGTCCAAGAGGTTTTGTGTITGTT |ATTTGGACGACAGGACG |GCCTGGCCGCCTGAAC
18S AAGCACTCGACTGTCCGATCA  [TATTGCACCATCATCG ACCGCCCGTCGTTGTTT

T cruzi G 18S GAACTTTCGGTCAAGTGAAGCA [TCGACTGTCCGATCAC |TTCCGATGATGGTGCAATACA
DHFR |CAATCTCCGAGGAGCTCACTTC |CAAACGGCAACGAGAC |CGTGGGATGAGTTTCTCAAAGTAG
18S AAGCACTCGACTGTCCGATCA  |TATTGCACCATCATCG ACCGCCCGTCGTTGTTT

T cruzi CL 18S GAACTTTCGGTCAAGTGAAGCA [TCGACTGTCCGATCAC |TTCCGATGATGGTGCAATACA
DHFR |CAATCTCCGAGGAGCTCACGTC |CAAACGGCAACGAGAC |CGTGGGATGAGCTTCTCAAAGTAG

18S rRNA copy numbers show excellent agreement between bioinformatics

estimates and measurements by quantitative PCR (Table 7).

Table 7: SSU rRNA copy number estimates

L cg;g};;hlm L Arlci/;[qggg li T cruzi G T cruzi CL
Estimated by read
mapping 10 33 4 1
95% CI estimated by
qPCR 13£0.5 28+5.9 7£1.5 3+0.8

| estimate that there are 4-7 copies in T. cruzi G and 1-3 copies in T. cruzi CL. The T.

cruzi CL Brener genome assembly contains 12 fragments of 18S rRNA genes in
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TriTrypDB [96] v.28, all less than half the size of the predicted 18S genes from the
CL and G strains (~2,300 bp). My predictions are much lower than the previous
estimate of 114 copies in T. cruzi [93], suggesting that experimental method may
have played an important role in the observed differences. The SSU rRNA copy
numbers are slightly higher in T. rangeli and T. conorhini, which have 28-33 and 10-

13 copies respectively.

Synteny

As described above, karyotypes are very variable across strains of T. cruzi, and
between T. cruzi and the two non-pathogenic parasites. There was however more
conservation in chromosome sizes and distributions across T. rangeli and T.
conorhini. Given these observations | aimed to determine whether gene order was
conserved across all the species, despite karyotype differences. It has previously
been reported that gene order is highly conserved across broadly divergent

kinetoplastid protozoa [52,97].

A region of ~40 Kbp from the T. cruzi G genome was compared with
homologous contigs from T. conorhini 025E, T. rangeli AM80 and T. cruzi CL.
Twelve single copy orthologs from each organism were examined for presence,
location and orientation on these genome segments. The genes were found in the
same order and orientation in each of the organisms examined, although for T. cruzi
CL two of the genes were found on separate contigs due to incomplete assembly of
the syntenic region. Figure 6, generated using Circos [98], displays the locations of

the twelve orthologous genes.
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Figure 6: Synteny across twelve single copy orthologs. Gene order of orthologs
on contigs of all four organisms.

In this analysis, the genomes of T. rangeli and T. conorhini show a very high level of
synteny to the genomes of T. cruzi. Figure 6 displays the gene order of twelve single
copy orthologs in ~40 Kbp assembly contigs from each of the four genomes. The

results show complete synteny between these genes in each of these organisms.
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The genes on each of the contigs are on the same strand indicating a directional
gene cluster and likely a single polycistronic transcription unit. Thus, although it is
clear that intact chromosome architecture is not preserved across these species (c.f.,
pulsed field gels in Fig. 5), there is strong selection pressure, likely expressed at the
level of polycistronic transcription units, for maintenance of gene order and

orientation in these organisms.

Gene cluster diversity

To investigate gene cluster diversity the aims were (i) perform OrthoMCL and KOG
analysis (ii) determine species-specific gene clustering (iii) explore functional

enrichment and depletion with Fisher's Exact test.

Called genes from each species were clustered using OrthoMCL v.2 with a 1e-5 E-
value cut-off for BLASTp, 50% match cut-off and 1.5 inflation value. This yielded a
total of 11,110 clusters. Examining the species represented in each gene cluster
(Fig. 7) revealed 7,126 gene clusters common to all four of the genomes. In contrast,
there were 13,065 clusters unique to either the G or CL strains of T. cruzi, and
14,303 gene clusters unique to T. cruzi. T. cruzi CL alone exhibited 10,270 unique
clusters, probably due to its hybrid genome. T. rangeli AM80 shares a total of 7,428
clusters with the two T. cruzi strains, and T. conorhini 025E shares 7,604. These
results are consistent with previous observations that T. cruzi strains have
undergone a significant level of gene amplification and divergence in contrast to

other trypanosomatids [52].
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A: RNA processing and modification

B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis
K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

T. cruzi CL

96.63
(M,x)‘(,(A,o,Ig,T,Z)‘, \‘ T. rangeli AM80
G2 R

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport

V: Defense mechanisms

W: Extracellular structures

Y: Nuclear structure

Z: Cytoskeleton

# Custom function:
X: No significant KOG hit (E-value >1e-5)

Figure 7: Sequence diversity and functional enrichment across clustered
genes. Genes clustered by OrthoMCL are shown here using draw.quad.venn from
the VenDiagram package of Rstudio v.3.0.2, together with percent hits to TriTrypDB
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v.24, KOG or PFAM databases in parentheses. Genes with the highest E-value KOG
hit were chosen as representatives of each gene cluster for KOG enrichment and
depletion analysis using the fisher.test of Rstudio with Bonferroni correction of P-
values by p.adjust, with any clusters that lacked genes with E-value <1e-5 being
described as having no significant KOG hit (category “X”). Enriched and depleted
categories from Fisher's Exact test are indicated by bold and italic letters
respectively. Circles with solid lines indicate singleton genes (no paralogs or
orthologs, i.e. classified as a ‘cluster of one’ for this analysis), ovals with dashed
lines represent clusters of genes that have orthologs and paralogs. p-value
significance levels are shown as superscripts (1: 0.01-0.05, 2: 0.001-0.01, 3: 0.0001-
0.001, 4: <0.0001).

Genes for each combination of organisms were examined for enrichment and
depletion in functional KOG categories using Fisher's Exact test (Fig. 7). Fisher’s
Exact is a statistical test that is often used to determine whether genes/gene clusters
in a specific experimental category are enriched for a specific functional category
compared to counts of functional categories expected at random. In this case the
experimental categories refer to gene clusters where specific combinations of
species have orthologs or paralogs, e.g. T. rangeli specific gene clusters, or T. cruzi
G/T. conorhini 025E specific gene clusters (clusters containing at least one gene
from both T. cruzi G and T. conorhini 025E). Many KOG categories are enriched in
the core set of 7,126 shared genes, and these shared genes, not surprisingly,
include many housekeeping genes. However, notable absences included cell

wall/membrane/envelope biogenesis and nuclear structure.

Interestingly, T. cruzi CL species-specific gene sets are the only sections
enriched for cell wall/membrane/envelope biogenesis KOG functions. These KOG
hits correspond mainly to the mucin family member TcMUCII and surface protease
gp63. It can be hypothesized that this richer diversity in genes encoding cell surface
molecules may be important for host immune evasion and therefore may play a role

in the increased virulence and pathogenicity of this strain compared to T. cruzi G.
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The 293 clusters shared among T. conorhini 025E, T. cruzi G and T. cruzi CL
are enriched for lipid transport and metabolism and signal transduction mechanisms.
The enriched lipid metabolism genes include acetyl-coA acetyltransferase and short-
chain acyl-CoA dehydrogenase. The utilization of fatty acids by T. cruzi is known to
be an important part of the parasite’s metabolism [99,100]. T. rangeli AM80, which
replicates in the bloodstream, hemolymph and salivary gland, may not use fatty
acids as a significant source of energy, and may rely on carbohydrates to produce
ATP. Such a preference for carbohydrates over fatty acids has also been
demonstrated for T. brucei [101,102], which like T. rangeli undergoes only
extracellular replication. Moreover, fatty acids are pro-inflammatory in intracellular
amastigotes, e.g., in adipocytes [103], raising the possibility that this extra diversity in
lipid metabolism genes is relevant to intracellular survival via mediation of the host
pro-inflammatory response. Actin regulatory protein is the most prevalent member of
the enriched signal transduction mechanisms category. Actin plays a central role in
host cell invasion via endocytosis and phagocytosis/micropinocytosis [104]. Also
present in this category are cysteine proteases, which are relevant to host cell
invasion of T. cruzi and T. cruzi-like trypanosomes [105-107]. Enrichment of these
categories in T. conorhini suggests the intriguing possibility that this parasite has an

unknown intracellular stage.

Enrichment of category X in T. rangeli AM80, T. cruzi G and T. cruzi CL
species or strain-specific genes but not T. conorhini 025E led to analysis of the
functions of the clusters, using one gene from each cluster as a representative. The
most common BLASTp hits for the T. rangeli AM80 paralog-containing clusters
include hypothetical proteins, trans-sialidases, gp63 and (retrotransposon hotspot

protein) RHS, with at least 5 clusters of each present. For T. rangeli AM80

34



singletons, the most frequent possible homologs in NCBIl's non-redundant (nr)
protein database are hypothetical proteins (274 clusters), trans-sialidase or T. rangeli
sialidase (27 clusters), gp63 (13 clusters), protein kinase (8 clusters) and adenylate

cyclase (7 clusters). The latter is important in the differentiation process of T. cruzi.

Over a quarter of the 1,245 T. cruzi CL strain-specific gene clusters containing
paralogs are from trans-sialidase, RHS, dispersed gene family 1 (DGF-1), mucin-
associated surface protein (MASP), mucin and gp63 multigene families. It is
interesting to note in T. rangeli AM80 the complete absence of BLAST hits <1e-5 for
MASP and DGF-1 for singletons and clusters containing paralogs, and much fewer
mucin and RHS hits than for T. cruzi CL. This result implies that the T. rangeli AM80
MASP and DGF-1 genes have been lost or have diverged significantly. T. cruzi G, as
for T. cruzi CL, contains many clusters with hits to trans-sialidase and RHS family
members. The presence of many surface protein genes in this category for T.
rangeli AM80 and T. cruzi potentially contributes to their wide host range and ability

to sustain infection in the mammalian host.

Phylogenetic analysis

The main focuses of this analysis were to (i) resolve phylogeny for T. brucei, T. cruzi,
T. rangeli and T. conorhini with large multigene alignment as opposed to single gene
phylogeny (ii) define intra-strain phylogenetic relationships for T. rangeli (iii)
determine phylogenetic distance of T. conorhini and T. rangeli from the T. cruzi clade

(iv) estimate sequence identities.
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Annotated proteins from T. brucei TREU 927, T. rangeli SC-58, T. cruzi Sylvio-X10,
Leishmania mexicana MHOM/GT/2001/U1103, Leishmania mexicana Friedlin, T.
congolense 1L3000 and T. vivax Y486 were downloaded from TriTrypDB v.24.
OrthoMCL v.2 [85] processing, with soft filtering for BLAST, 1e-5 E-value cut-off,
50% match cut-off and 1.5 inflation value, using the data from TriTrypDB and the
gene calls from our sequenced genomes, identified 441 annotated single copy
orthologs that are present in all species. Clustalo v.1.2 [108] alignments with Gblocks
v0.91b [109] editing (parameters: b1=5, b2=6, b3=8, b4=5, b5=h) of these genes in 8
selected species were checked to ensure no alignment had >50% of positions
filtered out or had a length of <100 amino acids. Two orthologs were removed in this
analysis. EMBOSS infoalign [110] and a custom Python script were used to remove
any edited alignments that contained a sequence >25% shorter than the median
alignment length to avoid including partial or broken genes. Visual inspection of the
remaining 242 edited alignments identified 71 that contained at least one poorly
aligning sequence and were therefore removed, leaving a final set of 171
orthologous genes present in all 8 organisms. These gene alignments were
concatenated using FASconCAT v1.0 [111], and the resulting supermatrices were
used for phylogenetic reconstruction. ProtTest v.3.4 [112] Bayesian Information
Criterion (BIC) determined that 88% of these proteins best fit the JTT substitution
model, and 85% of proteins had gamma as the best model for rate heterogeneity.
RAXML v.8.1.17 [113] PROTGAMMAJTT, which applies a gamma distribution with 4
discrete rate categories allowing for different rates of evolution at different sites, was
used for building 200 maximum likelihood (ML) trees on distinct randomized
stepwise addition parsimony starting trees to obtain the tree with the best likelihood.

Support values for the tree were then obtained by rapid bootstrap analysis with 1000
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replicates. Bootstrap values were then used to draw bipartitions on the best ML tree.
TreeGraph 2.4.0 [114] and Inkscape 0.91 [115] were used for tree visualization and
editing, with mid-point rooting on T. brucei. Figure 8 displays an overview of this
multigene phylogeny process. The 171 amino acid alignments without Gblocks
editing were used by PAL2NAL v.14 [116] to obtain corresponding codon
alignments. These unedited amino acid and nucleotide alignments were each
concatenated and used for average pairwise percent identity calculation in BioEdit

v7.2.5[117].
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Figure 8: Multigene phylogeny steps. Multiple sequence alignment of orthologs,
alignment editing, and Maximum Likelihood analysis to obtain a multigene

phylogeny.

Percent identity analyses (Fig. 9) showed that, as expected, the highest identities
observed, i.e., 94-97%, were between the T. cruzi isolates, with two DTU | isolates,
G and Sylvio, being the most similar, aside from T. cruzi strains CL and CL Brener,
which are clones from the same strain and exhibit near 100% identity (not shown).
Percent nucleotide identity between the TraB (AM80) and TrD (SC58) isolates of T.

rangeli was 91%. T. conorhini 025E and T. rangeli exhibited only ~81% identity to
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each other, and ~74% identity to T. cruzi isolates. These observations support
previous reports of T. brucei and T. cruzi marinkellei B7 percent identities to strains
of T. cruzi [6,52]. Interestingly, the ~91% percent identity between T. rangeli AM80
and T. rangeli SC-58 was similar to the results comparing T. c. marinkellei and the T.

cruzi strains.

T. brucei TREU 927 100
T. rangeli AM80 56/54 100
T. rangeli SC58 56/54 91/91 100
T. conorhini 025E 56/54 82/81 80/79 100
T. marinkellei B7 56/55 74/73 73/73 73/73 100
T. cruzi CL 55/54 74/73 73/72 74/73 89/89 100
T. cruzi G 56/55 75/74 74/73 74/74 91/91 95/95 100
T. cruzi Sylvio-X10 56/54 75/74 74/73 74174 91/91 94/94 97/97 100
T. brucei T rangeli T. rangeli T. T. T. cruzi
TREU 927  AMS80 SC58 conorhini _marinkellei T. cruzi CL T. cruzi G Sylvio-X10

Figure 9: Nucleotide/amino acid percent identities of an ungapped alignment
of 171 single copy genes. Genes used for multiple sequence alignments were
concatenated and used to calculate percent sequence identity.

Phylogenetic analysis (Fig. 10) using amino acid sequences of these 171 orthologs

confirmed that the T. cruzi strains are the most closely related, with the closest

relationship between the two DTU I isolates, G and Sylvio.
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Figure 10: Multigene phylogeny Maximum Likelihood tree. Phylogenetic
reconstruction and bootstrapping were performed using RAXML v.8.1.17. Bootstrap
values are shown in italics. The scale bar indicates amino acid substitutions per site.

The subspecies T. cruzi marinkellei is clearly divergent from the T. cruzi strains. As
expected, T. conorhini clusters with the T. rangeli strains, although the latter exhibit a
greater distance from the T. cruzi strains, suggesting that there may be stronger
evolutionary pressure for change in this taxon. The observed close relationship
between T. rangeli and T. conorhini, and the greater evolutionary distance between
them and T. brucei clades than the distance between the T. cruzi and T. brucei
clades, confirm previous phylogenetic analyses based on a few genes
[13,41,46,118,119]. Given the relatively higher number of genomes available within
the T. cruzi clade, a greater taxon sampling of genomes closely related to T.
conorhini, T. rangeli and species more closely related to the T. brucei clade, which
are not yet available, would have allowed for more accurate and complete

phylogenetic reconstruction. The above, however, represents the first phylogenetic
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reconstruction of these species using a large multigene alignment. This arguably
provides a less biased phylogenetic signal than basing phylogeny on a particular

gene or small group of genes.

Heterozygosity

Heterozygosity measurements were used to (i) investigate the influence of the
hybridization history of T. cruzi CL on heterozygosity compared to the other species
(i) determine whether there are any major heterozygosity differences across the
other species, possibly providing insight into their hybridization history or

reproductive mechanisms.

A custom Perl script, which calls SAMtools v1.2, was used to estimate
heterozygosity. The script first aligns high quality sequence reads, i.e., reads with
70% of the bases with quality score = 25, to each genome assembly. Polymorphic
positions are then quantified in each of 6,479 single copy OrthoMCL v.2-generated
orthologs present in each of the four genomes examined. A 25% cutoff of reads was
used to confirm heterozygosity; i.e., at least 25% of reads must have a
polymorphism at a site to be counted as a heterozygous position, and all positions
considered for analysis had a read depth = 10 and g-scores = 25 to increase
confidence. Synteny of the distribution of heterozygosity values at local areas of the
genomes was assessed by Spearman’s Rank followed by adjusting the p-values
using the Bonferroni correction using Rstudio. Windows of distance (bp) and number

of genes had to be similar for pairwise species comparisons.
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The four organisms described herein are thought to be primarily diploid, although
some T. cruzi strains, e.g., CL and CL Brener, are hybrid strains in which ploidy is
less well defined [87,120,121]. | therefore examined Ilevels of apparent
heterozygosity in these strains using the set of 6,479 conserved single copy
orthologs, covering ~9 million sites in each genome. As described above, a SNP was
called if > 25% of the reads showed a variant call at that site. The number of
heterozygous genes with at least one SNP varied from ~55% in T. cruzi G to ~92%
in T. cruzi CL, and the average percent of heterozygous bases varied from ~0.2% in
T. cruzi G to ~1.1% in T. cruzi CL, confirming that a single species can exhibit a wide
range of sequence variability in gene alleles (Fig. 11). The high level of
heterozygosity in T. cruzi CL is very likely mostly due to the fact that it is a hybrid in
which a significant fraction of its genes are derived from two distantly related
progenitors. Short read sequencing technologies do not permit the resolution of

these alleles into separate contigs.

60 70 80 90 00 03 06 09

T. conorhini 025E - /]
T. rangeli AM80- I
T cruzi G- (I
T. cruzi CL- I |
Percent heterozygous Mean % heterozygous
genes positions

Figure 11: Heterozygosity of single copy orthologs. Summary values from 6,479
shared single copy ortholog genes. Percent heterozygous genes indicate percentage
of genes with at least one heterozygous position, mean percent heterozygous
positions were calculated by dividing the total number of positions by the number of
heterozygous sites.
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The percent heterozygous positions for T. cruzi G and T. conorhini 025E (~0.3%) are
close to estimates of heterozygosity in T. c. cruzi Sylvio X10 (~0.22%) and T. c.
marinkellei B7 (0.19%) where similar minimal coverage thresholds and methods
were used [6], although those analyses were not restricted to single-copy orthologs,
which may have positively biased their estimates. T. rangeli AM80 appears to have
relatively high values for heterozygosity, with 80% of its genes having at least one
heterozygous position and 0.4% heterozygous bases, possibly suggesting an
elevated mutation rate, a recent hybridization or sexual recombination. The
distributions of heterozygous genes falling into discrete mean levels of percent
heterozygous positions were unimodal for all species (Fig. 12), suggesting that the

genes examined were not of biased origin.

400+ -

0 3

200- N
o_

400+ ~

2001 &

Number of genes
o
|

400 o

7 Q

S S

200- Mg

S

o :

400- ~

® 8

200+ N
0_

-2 -1 0
Logio(Mean percent heterozygous positions)

43



Figure 12: Heterozygosity distribution for single copy ortholog genes.
Histogram showing the distribution of heterozygosity values among heterozygous
genes. Red vertical dashed lines represent the mean values.

There was no significant enrichment of any of the 25 general KOG categories or
enzyme E.C. numbers in genes with high or low heterozygosity values (data not
shown). The overlap of highly heterozygous genes from the 6,479 orthologs in each
species was limited, and | found no evidence of synteny in heterozygosity patterns
across contigs in any pairwise species comparison (data not shown). Together,
these observations suggest that generation of heterozygosity in these organisms is a
stochastic process.

T. cruzi displays strong linkage disequilibrium and features of a mainly clonal
species [122]. However, the presence of natural T. cruzi hybrids such as those of
TcV and TcVI and conservation of meiosis-related orthologs in the genomes suggest
the capacity for sexual reproduction. However, the genomes of T. conorhini 025E
and T. cruzi G exhibit overall low levels of heterozygosity. These levels do not seem
to fit with a strictly clonal model of evolution, where diversity is expected to
accumulate independently between alleles in an individual over time (the “Meselson
effect”). Moreover, long-term clonality without mechanisms to attenuate the impact of
high mutational load (“Muller’s ratchet”) would seem to be detrimental to these
species.

A comprehensive analysis of heterozygosity in sequences spanning the
genomes compared to expected heterozygosity is beyond the scope of the present
study. However, my analysis of single copy orthologs identified an apparent mosaic
pattern of heterozygosity across these genomes, especially in T. cruzi G and T.
rangeli AM80, where continuous regions of homozygosity often exceeding 50 Kbp

interspersed with heterozygous clusters were identified. Mosaic heterozygosity has
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been seen before in Naegleria gruberi [123], and clustering of heterozygosity has
also been described in T. c. marinkellei [6]. Precise mechanisms that control
heterozygosity in trypanosomes have yet to be elucidated. Many regions of low
heterozygosity in all species have average coverage for single copy orthologs.
Therefore, loss of heterozygosity via chromosome loss seems unlikely in these
species, although this process cannot be ruled out. Mutational hotspots, mitotic
recombination, mitotic gene conversion, and segmental duplication are also possible
sources of differentially heterozygous regions of T. cruzi G and T. rangeli AM80
chromosomes.

Members of DTU TcVI, including hybrid strain T. cruzi CL, are reported to
have a high degree of fixed heterozygosity but low intralineage diversity [30]. The
higher heterozygosity originates at least in part from the distances between the
Esmeraldo-like (Tcll) and non-Esmeraldo-like (Tclll) alleles, provided by the ‘parental
strains’ of DTU TcVI. As previously suggested [88], these hybrid genotypes were
likely stabilized through long term asexual reproduction.

It is interesting to note that T. cruzi CL and T. rangeli AM80, two human-
infecting parasites, exhibit higher heterozygosity. Increased heterozygosity has been
linked to hybrid vigor, which has been reported in Leishmania [124], and is
consistent with an enhanced host range and the ability to invade cells, replicate, and

cause pathogenicity.

Multigene families

As described above, many differences across trypanosomatids are associated with

differential multigene family expansion. For example, dispersed gene family 1 protein
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(DGF-1), which has been implicated in the ability of parasites to bind to extracellular
matrix proteins of host cells, was found in almost three-fold higher quantities in CL
Brener strain (TcVI DTU) than the Sylvio X10/1 strain (Tcl DTU) [7] . Additionally,
unexpected expansions of multigene families have been observed given the lifestyle
of certain species. For example, T. rangeli SC-58 was found to possess greater than
two-fold the number of amastin copies than T. cruzi [19], despite this protein being
implicated in the intracellular amastigote stage of T. cruzi mammalian infections and

the extracellular replication of T. rangeli.

The aims for multigene families characterization in these organisms were to (i) define
which gene families are present in each genome, and their role in shaping life-cycle
and infectivity, (ii) analyze the motifs of the amastin gene family, and determine

factors that may explain the presence of amastin in T. rangeli.

Thirteen multigene families were selected for analysis based on gene cluster
diversity analyses of this study and literature searches. Copy numbers were
calculated using an equation previously described [95]. Called genes by GeneMarkS
v.4.7b [76] were grouped into multigene families based on annotation via BLASTp
against NCBI’'s non-redundant protein database (E-value threshold 1e-5). Gene
coordinates were then converted to GFF format and reads mapping was performed
with BWA v.0.7.12 [75] (default parameters). BEDtools intersect and BEDtools
coverage [125] were used to obtain the number of reads mapping to each multigene
family, and the total number of reads was obtained using SAMtools v1.2 [126]. Total
reads for T. conorhini 025E, T. rangeli AM80, T. cruzi G and T. cruzi CL were,
respectively, 2,502,202, 3,028,172, 2,529,218 and 2,053,970. Haploid genome sizes

used for the calculation were as estimated by averaging the NGS estimate (number
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of bases / modal read depth of the assembly) and the densitometry estimate (Table
5). The complete gene length for each multigene family member was taken from
UniProtKB full-length genes (Appendix 1). Fragmentation of genes is a common
problem in copy number estimation of complex and incomplete genomes [127], and
given that portions of genes in the genome may not assemble my estimates are
likely conservative. As a validation for the read-based approach | obtained values of
1 for dihydrofolate reductase, poly(A) polymerase and DNA topoisomerase type IB,
which are widely considered to be single copy genes in trypanosomatids, using the
same methodology. A secondary validation using Equation 1 was performed, and
similar copy number were obtained, thus also validating my estimate of haploid
genome size for the organisms. Amastin motif prediction was performed on
translated gene sequences using MEME [128] v.4.10.0 with the anr option and a

maximum width of 20.

Like previous reports about T. cruzi [6,7,129], the four genomes described herein

have variable representations of genes in multigene families (Fig. 13).
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Figure 13: Multigene family copy numbers. Selected major multigene families
shown are amastin, B-galactofuranosyl transferase (GALFT), surface protease
GP63, retrotransposon hot spot (RHS) protein, mucin-associated surface protein
(MASP), trans-sialidase (TS), and dispersed gene family protein 1 (DGF-1). Centers
of plots represent 1 copy (0 in logip) and successive concentric circle values are
shown by the log1o scale bar on the left.

Trans-sialidase (TS) and GP63 are highly expanded in all species. The TS family
genes, which encode proteins that are linked to the cell membrane via GPI anchors,
are very heterogeneous and form eight known groups [130-132]. The enzyme in T.
cruzi transfers host sialic acids to parasite cell surface ligands, presenting a decoy to

the host immune response and participating in the adhesion and internalization of
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the parasites into host cells [133-136]. T. rangeli has a Group |l sialidase that is a
strict hydrolase lacking the ability to transfer sialic acid [19,130,137-139]. In both
species, TS Group Il enzymes likely participate in host cell adhesion and invasion,
but for T. rangeli this activity is probably only relevant in the triatomine vector
[137,139]. The sequences of T. conorhini TS were the most divergent compared to
those from T. cruzi, T. cruzi-like species and T. rangeli [130]. The findings from this
and previous studies uncovering TS genes in all Trypanosoma species suggest that,
in addition to participation on host cell invasion and intracellular survival, TS may
play some roles in parasite development in their insect vectors [129]. GP63 proteins
are zinc-dependent metalloproteases that are highly expressed in T. cruzi
amastigotes, where they contribute to cell infection [140,141]. This activity is
consistent with my observation that pathogenic T. cruzi CL has the highest number
of copies of this gene (~146), similar to the 174 copies predicted in T. cruzi CL
Brener [18,99].

The most striking differences in copy number across the species are arguably
in the mucin-associated surface protein (MASP) and dispersed gene family 1 (DGF-
1) families, which are both highly repetitive in both T. cruzi strains, but less amplified
in T. rangeli and T. conorhini. MASP genes are often found in clusters with mucin
and other surface protein genes [18], and the protein is localized to the surface of
infective forms of T. cruzi [142]. Polymorphism of MASP amino acid sequence is
high, which likely contributes to immune system evasion [142] and the parasite’s
ability to infect multiple cell types [129,143]. Thus, the smaller size of the MASP
gene family in T. conorhini 025E and T. rangeli AM80 (and T. rangeli SC-58 [19]), in
contrast to T. cruzi strains, may be related to their lack of host cell infectivity, and

their inability to induce acute infections with high levels of parasitemia or long chronic

49



infections. DGF-1 is less well represented in T. rangeli AM80 than in the other
species, and shows lower diversity in gene cluster analysis in this study. Possession
of only 11 copies of DGF-1 may contribute to the obligate extracellular nature of T.
rangeli AM80 in the mammalian host, since this protein has been implicated in the
ability of parasites to bind to extracellular matrix proteins of host cells [144]. T.
rangeli SC-58 was estimated to have over 400 copies of this gene, despite less than
20 partial DGF-1 genes being annotated with genome coordinates [19]. If the latter
copy number estimate is accurate, there is a striking inter-strain difference. T.
conorhini, bearing only 22 copies, also shows significantly reduced numbers of DGF-
1 compared to T. cruzi, which is consistent with its extracellular lifestyle.

Cruzipain, a key player in cell invasion, and glycosyltransfase enzyme,
GALFT, which is involved in GPI anchor biosynthesis, are also highly differentially
expanded. | find no evidence of cruzipain expansion in T. rangeli AM80 or T.
conorhini 025E, although cruzipain homologs are present in these genomes. In T.
rangeli the homolog is known as rangelipain and is known to be present in tandem
repeats [41]. Amino acid identities for these genes are 76% between T. rangeli AM80
and T. conorhini 025E, 71% between T. conorhini 025E and the T. cruzi strains, and
69% between T. rangeli AM80 and the T. cruzi strains. Our group previously inferred
network genealogies showing that cruzipain sequences of all DTUs of T. cruzi
clustered tightly together and closer to T. c. marinkellei than to T. dionisii (T. cruzi-
like species) while largely differed from homologs of T. rangeli and T. brucei; this
study unveiled DTU- and species-specific polymorphisms [107]. Cruzipain
precursors are activated upon removal of the N-terminal prodomain, resulting in
proteins linked to the invasion process that are thought to play a larger role in T.

cruzi CL, where expression levels are higher during infection, than T. cruzi G [34].
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However, | do not see an expansion of cruzipain precursors in the CL strain, which
has ~22 copies, compared to ~70 copies in T. cruzi G.

Kinetoplastid Membrane Protein-11 (KMP-11) is encoded in Leishmania, T.
brucei and T. cruzi. The observation that the KMP-11 genes are expanded in T.
rangeli SC-58 [19] represented an unexpected result in this non-pathogenic strain.
This finding is more unusual given that the gene is found in low numbers across
other trypanosomatids [145,146] and in this analysis | find just one copy in T.
conorhini 025E, T. rangeli AM80 and T. cruzi CL, and none in T. cruzi G.

Mucin, a family thought to confer immune system protection [133,147],
contains highly variable regions that make copy number estimation challenging.
Although likely underestimated here, | observe a larger gene family in T. cruzi CL
compared to the other species, presumably contributing to the poorer immune
system clearance of this strain. Additionally, T. rangeli and T. conorhini appear to
contain mostly mucin-like glycoproteins and little of the diversity of other mucin
subgroups that is typical of T. cruzi, concurring with reports in other T. rangeli strains
[148,149]. The low copy numbers of this gene family in these two species are also
consistent with previous genomic [19] and transcriptomic [138] data from T. rangeli,
and likely contribute to their inability to invade mammalian cells [129].

| find a lower copy number of amastin in T. conorhini 025E (~4 copies)
compared to T. rangeli AM80 (~10 copies), T. cruzi G and CL (~7-10 copies), and T.
cruzi CL Brener (14 copies) [150]. Although the exact function of amastins remains
unclear, they are thought to be abundantly expressed on the surface of intracellular
T. cruzi amastigotes and apparently support intracellular survival [129,151-155].
Since amastin is expressed in the intracellular mammalian amastigote stage of the

parasite’s life cycles in T. cruzi and Leishmania, finding expansion of this
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immunogenic gene family in the extracellular T. rangeli AM80 (also previously

reported in T. rangeli SC-58 [19]) was unexpected.
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Figure 14: Repetitive motifs found in T. rangeli AM80 amastin multigene family.
Motifs are linked between sequence logos and maps by underline in black, dark grey
and light grey.

Motif analysis shows that the conserved amastin signature sequence of C-[IVLYF]-
[TS]-[LFV]-[WF]-G-X-[KRQ]-X-[DENT]-C, which may be critical for amastin function
[156], is present in all the species examined. Additionally, | found a motif, with
consensus EAKKPAGSNEESPMSREALS, tandemly repeated 6 and 3 times
respectively in two of the eight amastin genes analyzed from T. rangeli AM80 (Fig.
14). A combination of factors makes this result interesting: T. rangeli has high
persistence in the mammalian host, and amastin is highly immunogenic. The
function of this repeat is unknown, although | postulate that these degenerate
repeats may aid recombination and antigenic reshuffling associated with evasion of

the host immune system [157].

Pseudogenes
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Aims for pseudogene analysis included (i) determine the percent pseudogenes out of

total genes for each organism (ii) define the functions of predicted pseudogenes.

The steps for pseudogenes prediction are shown in Figure 15. Briefly, longest nr
database hits for each genomic coordinate were predicted by gapped BLAST with
the program lastal [158] v.744 (parameters -F15, -15 —-K20, -X 150 —P0), followed by
selection of hits containing frameshifts or premature stop codons. Coordinates were
converted to GFF format, removing any overlapping genes called by GeneMarkS
v.4.7b [76] using BEDTools v.2.19.1 intersect. Since over 98% of 2,217 single copy
orthologs shared between T. brucei, T. vivax, T. congolense, T. dionisii, T. cruzi and
Leishmania species were present in the assemblies (Fig. 2), likelihood of finding

false positives due to uncalled genes was low.
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lastal
gapped, frameshift BLAST:
- find seeds

- seed extension

- extend gapped alignment, allowing for frameshifts

4

custom Python script

select hits with longest coordinates for each genomic location
- select best E-value for ties

- remove coordinates with called gene overlaps

4

custom Python script

Annotation of genes with premature stop codons/frameshifts

N /

Figure 15: Steps in pseudogene prediction. A gapped frameshift BLAST was
performed with the program lastal, followed by annotation using custom Python
scripts.

Pseudogenes are defined herein as genes bearing in-frame stop codons or
frameshifts, as well as the absence of features required for gene calling based on a
non-supervised training model, such as upstream functional sites, start codons,
nucleotide and amino acid composition, and length to the first in-frame stop codon.

The number of putative pseudogene coordinates predicted in the T. conorhini,
T. rangeli, T. cruzi G, and T. cruzi CL genome assemblies were 113, 434, 942 and
4420, respectively (Table 8). The latter equates to 16% of total gene predictions

(gene calls plus pseudogenes) in the CL strain. The T. cruzi CL Brener genome was
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previously estimated to have 3,590 pseudogenes, or ~16% of all its genes. Over

2,000 of these were attributed to large multigene families [18].

Table 8: Pseudogene predictions summary. Total pseudogenes and percent

pseudogenes out of total gene counts.

T. conorhini 025E| T rangeli AMS80 T cruzi G T cruzi CL
Number of pseudogenes 113 434 942 4420
% pseudogenes 1 4 7 16

NCBI nr annotated functions of the panels of predicted pseudogenes corresponded
to 600 copies of putative pseudogenes from multigene families in T. cruzi CL. In both
T. cruzi G and CL, the most frequent putative pseudogenes were of the trans-
sialidase, RHS and MASP gene families, and hypothetical proteins.

The pseudogenes in these genomes may provide a repertoire of genetic
information for producing variation, especially in multigene-families. T. cruzi was the
first species in which a tandem array of pseudogenes, consisting of six mucin genes
each with an in-frame stop codon, was discovered [159]. These were postulated to
be selectively maintained in the genome, possibly to generate mucin gene diversity.
A diversifying role has been suggested for the numerous pseudogenes of variable
surface glycoproteins (VSGs) in Trypanosoma equiperdum and African
trypanosomes that undergo rapid antigenic variation through gene recombination
[160-163]. Additionally, TS gene and pseudogene organization, flanked by RHS
genes at subtelomeric regions, in strain CL Brener is reminiscent of regions next to
T. brucei VSG genes [164]. Pseudogenes could also play a role in post-
transcriptional control of gene expression. Some pseudogenes transcribed in T.

brucei have been proposed to participate in RNAi-based natural antisense

suppression [165]. The genes responsible for RNAi machinery are absent in all
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strains of T. cruzi examined to date, but present in both T. rangeli AM80 and T.
conorhini 025E (A. Matveyev, personal communication). Analysis of the
transcriptional activities and structural organization of these pseudogenes is beyond
the scope of this study, but may clarify their roles in generation of protein diversity or

post-transcriptional regulation.

Repetitive elements

Repetitive elements are thought to be very species-specific in parasitic protozoa

[166]. The main repetitive elements in T. cruzi are:
L1Tc: a non-long terminal repeat retrotransposon from Trypanosoma cruzi
- 4.9-Kbp actively transcribed element

- It contains a single open reading frame coding for the machinery necessary

for its autonomous retrotransposition.
SIRE: 428 bp short interspersed repetitive element of T. cruzi

VIPER: 2326 bp retroelement beginning with the first 182 bp of SIRE, and ending in
the last 220 bp of SIRE. It contains machinery necessary for autonomous

retrotransposition.
Thus, SIRE depends on VIPER for its mobility since it is a non-autonomous element.

Goals for this analysis included (i) determine the number of T. cruzi specific

repetitive elements for each organism (ii) de novo repetitive element prediction.
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Repeat counts in intergenic regions of the assemblies were identified by performing
a Cross Match v. 0990329 search and categorization with Repeat Masker [167] v.
4.0.6. Repeat Masker library sequences of Trypanosoma species derived from
Repbase (20150807 download) were used as a database for the search. De novo
repeats were predicted using Repeat Masker with a library built using Repeat
Modeler [168] v1.0.8. The latter identified and modeled de novo repeat families from
the four genomes using RECON v.1.08, RepeatScout v.1.0.5 and Tandem Repeat

Finder v.4.0.4 [169-171], with an RMBLASTn [168] v.1.2 search of Repbase.

Known trypanosome repeats in the genomes based on hits to the Repbase database
[172], i.e., non-Long Terminal Repeat (non-LTR) elements, LTR elements, and

satellites, are shown in Table 9.

Table 9: Predicted Trypanosoma repetitive elements

L cg;gghlm L Xg/}qég()e li T cruzi G T cruzi CL

LTR retrotransposons: -- -- -- --
SIRE (0.43 kb) 3 0 463 709
VIPER (4.5 kb) 0 2 146 287
Non-LTR retrotransposons: -- -- -- -
CZAR (7.25 kb) 2 1 1 11
L17c (4.9 kb) 4 58 119
Other: -- -- -- --
Satellite 8 27 138 620
Simple repeat 13715 11892 15523 17692

Repeat profiles are similar for T. conorhini 025E and T. rangeli AM80. The most
common satellite sequence in all species is SZ23_TC. Retroelements are markedly
increased in the T. cruzi strains. Analysis of T. conorhini 025E and T. rangeli AM80

LTR- and non-LTR elements identified only 22 and 35 elements, respectively. It is
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tempting to hypothesize that these organisms may lack “copy and paste” type
retrotransposons. To show that fewer repetitive element copies in the genomes of T.
rangeli and T. conorhini was not just due to collapse of reads in highly similar
repeats, | calculated the average coverage of the de novo repeat finder predictions in
each repeat class. T. cruzi CL has coverage estimates close to the genomic average
for every repeat class. T. cruzi G and T. conorhini 025E have around two-fold higher
average coverage for the non-LTR and satellite sequences than the genomic
average, and T. rangeli AM80 has two-fold higher coverage for just non-LTR
sequences than the genomic average. Additionally, de novo predictions again
confirmed that T. rangeli and T. conorhini possess much fewer LTR- and non-LTR
repetitive elements. Retroelements may have wide-ranging implications on
generation of genomic diversity, and their greater number in T. cruzi may have

potentiated antigenic variation in this complex parasite [166].

Metabolic pathways

The main aim for metabolic pathway analysis was to explore the role of metabolic
potential in defining why divergent lifestyles arose for these species, and why they

may currently have different preferred environments.

The steps for metabolic pathway analysis are shown in Figure 16. Briefly, database
reference genes from UniRef100 [173] and the Kyoto Encyclopedia of Genes and
Genomes KEGG [174] were located on assembly contigs and mapped to metabolic
pathways using ASGARD [175]. Enzymes found to be differentially present among

the four species were subjected to an additional tBLASTn analysis of the sequencing
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reads, requiring >60% of the reference gene sequence to be covered by at least four

reads with an E-value <1e-5 to indicate presence.

ASGARD
- KEGG and UniProt BLAST
- KEGG pathways assignment

U

custom Python script
Consolidate results (duplicate enzyme hits to different species in the database)

A

custom Python script

Check reads coverage for target enzymes

U

Check KEGG maps for alternative pathways

N N N

Figure 16: Metabolic pathways analysis steps. The program ASGARD was used
to determine presence of enzymes in each organism and assign the enzymes to
metabolic pathways.

Some of the more significant observations from these analyses are summarized in

Table 10, and outlined below.

Table 10: Major metabolic pathways with differential gene presence
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Reaction

Fatty acid metabolism

Glycerol dehydrogenase 1.1.1.6 ::l:l:lglycerol + NAD+ = glycerone + NADH + H+

Amino acid metabolism

L-proline = D-proline

ATP + 5-oxo-L-proline + 2 H,0 = ADP + phosphate + L-glutamate

oxidize primary monoamines

L-leucine/L-isoleucine/L-valine + 2-oxoglutarate = 4-methyl-2-oxopentanoate + L-glutamate

5,10-methylenetetrahydrofolate + glycine + H20 = tetrahydrofolate + L-serine

Carbohydrate metabolism

an alcohol + NADP+ = an aldehyde + NADPH + H+

Hydrolysis of terminal, non-reducing beta-D-glucosyl residues with release of beta-D-glucose

D-mannonate + NAD+ = D-fructuronate + NADH + H+

ATP + D-xylulose = ADP + D-xylulose 5-phosphate

Proline racemase 5.1.1.4
5-oxoprolinase 3.5.2.9
Primary-amine oxidase 14321
Branched-chain amino acid aminotransferase 2.6.1.42
Glycine hydroxymethyltransferase 2.1.2.1
NADP-alcohol dehydrogenase 1.1.1.2
beta-glucosidase 3.2.1.21
fructuronate reductase 1.1.1.57
xylulokinase 2.7.1.17
mannitol 2-dehydrogenase 1.1.1.67

D-mannitol + NAD+ = D-fructose + NADH + H+

Terpenoid backbone synthesis

CAAX prenyl protease 1 3.4.24.84 I:I:I:I:l hydrolysis of peptide bond

Pyruvate metabolism

D-lactate dehydrogenase 1.1.2.4 % (R)-lactate + 2 ferricytochrome c = pyruvate + 2 ferrocytochrome c + 2 H+

absent
alternative pathways exist
present

Fatty acid metabolism

Trypanosomatids possess a unique set of elongase enzymes for de novo fatty acid
synthesis [176]. T. cruzi amastigotes utilize lipid-dependent energy metabolism [99],
but the functional importance of fatty acid oxidation in trypanosomatids is not fully
understood. The organisms analyzed herein appear to be capable of synthesizing
and oxidizing fatty acids. Glycerol dehydrogenase (EC 1.1.1.6), which is involved in
converting glycerol to dihydroxyacetone, is absent in T. cruzi G and CL, but present
in T. rangeli and T. conorhini. This enzyme was reportedly acquired by lateral gene
transfer in Leishmania, Crithidia and Leptomonas spp. [177], enabling the parasites

to use glycerol as a carbon source.

Amino acid metabolism
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In T. cruzi, amino acids are relevant in energy metabolism [178-181], host-cell
invasion [182], stress resistance [183,184], and differentiation [181,185]. Proline, in
particular, plays a fundamental role in these processes, including energy support
during the parasite’s intracellular stages [181].

T. cruzi, unlike T. brucei, can metabolize D-proline using a putative proline
racemase (PRAC). Although the T. conorhini genome bears a PRAC gene, as we
have previously described [119] T. rangeli AM80, and strains of all other known T.
rangeli lineages [119] contain only a pseudogene for this enzyme. Interestingly,
genes for 5-oxoprolinase, which is involved in L-proline metabolism, are absent in T.
conorhini 025E and T. rangeli AM80. Analysis of the available genomes of
TriTrypDB [96] showed only intracellular-replicating species seem to possess this
enzyme, which makes its apparent loss in these two species expected. L-proline
metabolism via 5-oxoprolinase produces L-glutamate in the glutathione-mediated
stress response pathway. T. rangeli AM80 also lacks enzymes that use oxygen as
an acceptor (EC 1.4.3.-), which further limits the pathways available for glutamate
synthesis. Absence of these enzymes may shed new light on the recent finding that
T. rangeli SC-58 is particularly susceptible to oxidative stress [19]. However, there
appear to be alternative pathways to produce glutamate and glutathione in both T.
rangeli AM80 and T. conorhini 025E, e.g. glutamate dehydrogenase, which converts
a-ketoglutarate to glutamate.

Consistent with reports of other kinetoplastid protozoa [186,187], all of these
species lack ornithine and arginine decarboxylase genes, indicating that they are
unable to generate putrescine or other polyamines and must salvage them from their
hosts. Primary-amine oxidase, which is significant for amino acid metabolism and

alkaloid biosynthesis, is absent in T. rangeli AM80. The T. rangeli AM80 and T.
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conorhini 025E genomes encode branched-chain amino acid aminotransferase,
which is required for synthesis and degradation of valine, leucine and isoleucine.
That T. cruzi strains lack this gene [14] is interesting since leucine is reported to act
as a negative regulator of proline-dependent metacylogenesis [188]. Additionally, the
ability of this parasite to use the intact leucine skeleton, presumably obtained from
the host [189], for isoprenoid and sterol formation would confer advantages in energy
economy [190]. T. cruzi and T. rangeli can interconvert serine and glycine, a capacity
not found in T. brucei [14]. T. conorhini 025E, like T. brucei, lacks the glycine
hydroxymethyltransferase gene for conversion of glycine to L-serine and
tetrahydrofolate or vice versa, although alternative routes exist in this organism for

synthesis of these compounds.

Carbohydrate metabolism

Kinetoplastids compartmentalize carbohydrate metabolism in organelles known as
glycosomes [191]. Glucose is the predominant carbohydrate utilized by T. cruzi
[192] and T. brucei [193], although Leishmania spp. and Phytomonas spp. have
developed adaptations to metabolize plant-derived carbon sources [14,194]. Genes
for NADP-alcohol dehydrogenase (EC 1.1.1.2), which is required for degradation of
the aromatic compound cyclohexanol, and participates along with other enzymes in
acetaldehyde to ethanol interconversion in glycolysis, are present in both T. cruzi
strains but absent in T. conorhini and T. rangeli. Several bacterial-type sugar kinases
(glucokinase, galactokinase and L-ribulokinase), which contain targeting signals for
import into glycosomes, are encoded in all four of the genomes of this study.

However, genes for many other sugar metabolism enzymes, i.e. beta-glucosidase,
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fructuronate reductase, xylulokinase, and mannitol 2-dehydrogenase are only
present in T. conorhini and T. rangeli. Beta-glucosidase genes, for example, convert
glucoside to a—D-glucose, and cellulose derivatives cellobiose and 1,4-B-D-Glucan
to B —D-Glucose. These observations are consistent with the hypothesis that the
latter two parasites exist in an environment higher in exogenous sugars and complex
carbohydrates, an adaptation inconsistent with replication in the glucose-rich
bloodstream. A nutritional role of plants in triatomines appears possible given
demonstration of Rhodnius phytophagy [195]. Adaptation to vector diet may

therefore have played an important role in the evolution of these species.

Overall metabolic potential

The metabolic potentials of T. rangeli and T. conorhini are more similar to each other
than either is to T. cruzi. Each has around 20 differences in enzyme
presence/absence compared to T. cruzi. All have complete pathways for
glycolysis/gluconeogenesis, mannose metabolism, and pyruvate metabolism,
although D-lactate dehydrogenase genes are absent in the T. cruzi strains.
Glyoxylate and dicarboxylate metabolism appears deficient in all species, since
isocitrate lyase and malate synthase, the two enzymes characteristic of the
glyoxylate cycle, are absent. Interestingly, CAAX prenyl protease 1 (STE24
endopeptidase), presumably a membrane-associated protein [196] involved in
terpenoid backbone synthesis, is present in the T. cruzi strains, but absent in T.
rangeli AM80 (and also the T. rangeli SC-58 assembly of TriTrypDB v.24) and T.
conorhini 025E. This gene is widely conserved in eukaryotes and highly diverged

from CAAX prenyl protease 2, suggesting lack of redundancy. Terpenoids are
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precursors of steroids and sterols, possibly suggesting a role in host-parasite
interaction [197]. Several genes common to T. rangeli, T. conorhini and the T. cruzi
strains i.e. genes encoding galactokinase, glutamate dehydrogenase (NADP), serine
acetyltransferase and I-ribulokinase and 2-aminoethylphosphonate-pyruvate
aminotransaminase (AEP transaminase) may be derived from horizontal gene
transfer, and are absent in T. brucei [14]. Genes for aminoethylphosphonate (AEP)
offer an alternative to ethanolamine phosphate for linkage of mucins to their GPI
anchors. Enzymes for the synthesis of AEP from phosphoenol pyruvate are

conserved in all four genomes.

Positive selection in multigene families

As previously observed with positive selection analysis using trypanosomatid
comparisons [198], single copy ortholog genes (SCOs) across the species analyzed
herein showed very little evidence of “gene-wide” selection (data not shown). | thus
chose the approach of analyzing clusters of paralogous genes (CPGs), as duplicated
genes are more likely to be under relaxed purifying selection and multigene families

involved in host-parasite interactions are likely to be under positive selection.

The goals for this analysis were to (i) characterize positive selection in pairwise
comparisons from within CPGs belonging to the major multigene families of these

organisms (ii) determine site-specific positive selection in multigene families.
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Gene-wide positive selection measures and site models were employed to achieve

these goals.
(i) “Gene-wide” measures of positive selection: yn00 package of PAML [199].

This is based on taking a dN/dS measurement from pairwise gene alignments from

each CPG, with dN and dS from alignments defined as follows:

dN = No. non—synonymous substitutions

No. non—synonymous sites

ds = No. synonymous substitutions

No. synonymous sites

with dN/dS>1 indicating positive selection.

(ii) Site models: codeml package of PAML.

This approach involves implementing site tests on each codon of a multiple
sequence alignment, to find whether the genes in the alignment are likely to be
under positive selection. Likelihood ratio test (LRT) statistics are produced for the
alignment together with p-values. M1 (neutral) vs M2 (selection) and M7 vs M8 are
two of the principal LRT tests. M7 specifies a neutral model with dN/dS ratios across
a continuous beta distribution, i.e. dN/dS values fall between 0 and 1, and M8
specifies the beta distribution but also allows for sites that have dN/dS > 1, indicating
positive selection. dN/dS ratios can also be obtained per site to estimate the specific

sites under selection.
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Based on estimated gene copy numbers, 11 of the largest multigene families (MGFs)
across all species were chosen. OrthoMCL [85] v.2 was used to select clusters of
paralogous genes (CPGs) for each species. Each gene in all clusters was assigned
an annotation based on the best TriTrypDB hit. Each cluster was then kept if the
most frequent annotation held by the genes was one of the 11 MGFs and there were
at least 3 genes with that same annotation. 384 CPGs were found, whose amino
acid sequences were aligned with clustalo [108] v.1.2. PAL2NAL [116] v.14 was then
used to obtain the corresponding codon alignments, which were edited by Gblocks
[109] v.0.91b with parameters —t=c, -b4=6, -b5=n, keeping only those alignments
>300 nt (62 excluded) with no more than 50% of positions filtered out (0O excluded).
These were assessed for positive selection via the yn00 program of the PAML
package [199] v.4.8. All alignments with 4 or more sequences (163 CPGs) were
additionally assessed for selection via the PAML program codeml. RAXML [113]
v.8.1.17 was used with the GTRGAMMA model, building 50 maximum likelihood
(ML) trees on distinct randomized stepwise addition parsimony starting trees to
obtain the tree with the best likelihood. Based on these tree topologies and the
alignments, LRT statistics for positive selection were inferred as described previously
[198]. P-values were corrected for multiple testing in Rstudio v.0.98 using the “BH”

method.

T. cruzi CL had many more CPGs overall, yet | find evidence of positive selection
across many of the multigene families for all these species. | propose that positive
selection is occurring widely in duplicated genes in these species, and thus the
number of gene duplication events and CPGs, or percent of sites under selection

pressure, may be the main differentiating factor in their adaptive abilities. In T.
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rangeli AM80 enough sequences were present to carry out yn00 analysis of amastin
genes, which indicated six pairwise gene comparisons with dn/ds>1 (Table 11).
Given that the function of this gene in T. rangeli is unknown, the selection pressure

present is intriguing.

Table 11: Pairwise positive selection across multigene families. Dashes indicate
insufficient genes for alignment to perform the analysis.

T. conorhini 025E T. rangeli AM80 T. cruzi G T. cruzi CL

dN/dS  dN/dS dN/dS  dN/dS dN/dS  dN/dS dN/dS  dN/dS

MEAN MEDIAN # pairs | MEAN MEDIAN # pairs | MEAN MEDIAN # pairs | MEAN MEDIAN # pairs
amastin - - - 1.55 1.51 6 - - - - - -
beta - - - 0.80 0.83 10
cruzipain - - - - - 1.20 1.08 6
DGF-1 - - - - - - 0.28 0.24 73 0.42 0.44 84
GP63 0.51 0.50 82 1.00 0.91 15 1.44 1.24 3 0.93 0.81 368
MASP 1.26 1.26 9 - - - 1.35 1.18 6 1.45 1.32 252
mucin - - - - - - 1.40 1.22 17 1.34 1.29 355
mucin-like 1.44 1.07 34 - - - - - - - -
RHS 0.63 0.54 181 - - - 1.05 1.03 36 1.12 0.96 556
TASV 1.34 1.19 10 - - - - 1.15 1.15 2
TS 0.80 0.73 47 0.96 0.97 323 0.98 0.94 107 0.95 0.83 620
uUDP - - - - - - - - - 0.42 0.42 94

Sufficient CPGs were present to allow percent of sites under selection from codeml
site tests to be compared across all the species for trans-sialidase (Fig. 17). For this
gene all species contain CPGs with >2% selected sites (dn/ds>1), although T. rangeli
AMB80 and T. cruzi CL each have a CPG containing ~7% selected sites, which is the
maximum observed in sites with M2 and M8 agreement and posterior probability

20.95 in both models.
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Figure 17: Sites under positive selection for GP63, RHS and trans-sialidase
(TS) multigene families. CPGs where all three LRT statistics indicate positive
selection at P<0.05 were chosen, and sites counted if both M2 and M8 models
indicate a posterior probability =0.95.

The paralogous clusters of genes in multigene families shown here appear to contain
as many as 7 % of sites under positive selection, with some even displaying gene-
wide positive selection such as amastin in T. rangeli. Aside from this, MASP and
mucin paralogous gene clusters of T. cruzi CL often displayed even higher
percentages of sites under positive selection (not shown). However, one of the
issues with this approach is that clustering the genes of a multigene family into
paralogous groups is somewhat arbitrary, and in some cases insufficient alignments

are produced for analysis due to vast differences across sub-groups or lack of

sufficient numbers of genes in the assembly.
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Conclusions

The genomes of T. cruzi strains G and CL, and the closely related species T. rangeli
AMS80 and T. conorhini 025E range from ~30-60 Mbp and contain between 10,000
and 24,000 genes. Characterization of the genomes in this work included multigene
families, the heterozygosity, and pseudogene content, and used multi-gene
strategies to explore their phylogenetic relationships. The results herein show that T.
cruzi strains have more complex genomes with significantly more genes, a greater
representation of multigene families, and more pseudogenes, than T. rangeli or T.
conorhini. These observations generally are consistent with the more complex
lifestyles of T. cruzi relative to the other parasites. Genes and gene families,
including amastin, MASP, and DGF-1, and others, are represented in these
parasites in ways that support their association with pathogenicity, intracellular life
cycle and host range. The metabolic potentials of these organisms provide clues as
to the basis of these biological capabilities, with T. rangeli and T. conorhini bearing a
greater number of enzymes for utilizing complex carbohydrates and glycerol as
carbon sources, and displaying highly divergent amino acid metabolism to T. cruzi.
Based on these observations it seems likely that T. rangeli and T. conorhini are more
adapted to life in the insect vector than their mammalian hosts. Heterozygosity levels
suggest greater allelic diversity in T. rangeli AM80 and T. cruzi CL than in T.
conorhini 025E and T. cruzi G. Phylogenetic distance in substitutions per site
between the T. rangeli strains SC-58 and AM80 is about the same as T. cruzi strains
to T. c. marinkellei, and the distance of T. rangeli AM80 to the T. cruzi strains is just

over twice the distance between T. rangeli AM80 and T. conorhini 025E.
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Chapter Il. Genome architecture

Given the fragmented nature of Trypanosoma NGS assemblies, a complete
assessment of genome architecture has not been possible using sequence data
alone. As described above, T. cruzi G has a smaller, less heterozygous, and
seemingly less repetitive genome than T. cruzi CL, and thus seems to present a
simpler case for initial studies of genome-wide architecture in Trypanosoma species.
To clarify the chromosome structure and genomic architecture of T. cruzi G, |
employed BioNano, Inc. (San Diego, CA) genome mapping technology [200] to
construct a whole-genome map of T. cruzi G. This microcapillary based optical
mapping technology permits de novo probing of the genome architecture of an
organism, in the absence of other cytogenetic or genome sequence data [201-206].
This analysis strategy generates high-resolution optical maps of molecules hundreds

to thousands of Kbp.

As described above, some of the interesting aspects of T. cruzi that motivate studies

of its genome architecture are:

- High intra-strain heterogeneity is observed in karyotypes

- The hybridization history of the T. cruzi DTUs in uncertain

- Mechanisms of genome rearrangements are unresolved

- Larger areas of sequence homology has been observed across bands during

karyotype analysis and marker gene hybridization
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The aims of this analysis were to (i) perform genome mapping to determine overall
chromosomal structure (ii) elucidate relationships across chromosomes (iii) define

major novel structural features of the genome.

Further de novo sequencing and assembly of T. cruzi G

Before genome mapping, the genome of T. cruzi G was re-sequenced and re-
assembled using high coverage lllumina technology to obtain larger scaffolds. These
were intended be large enough to align to genome maps, thus providing one form of

validation and allowing functional assignments to regions of interest.

Parasites were obtained from Nobuko Yoshida (Universidade Federal de Séo
Paulo), cultured and purified, and DNA was isolated and sequenced essentially as
previously described [207]. Briefly, epimastigote form parasites were cultured at
28°C in liver-infusion tryptose (LIT) medium [208], supplemented with 20% fetal
bovine serum (FBS) with 10 ug/ml hemin, and harvested in log phase at 1 X 107/ ml.
Total DNA was isolated, and depleted of kinetoplast DNA (kDNA), by gel
electrophoresis as previously described [207]. The purified DNA was then used to
prepare 2 X 300 paired end and 2 X 300 mate paired reads on the lllumina MiSeq
System, and 2 X 100 paired end reads on the HiSeq System for sequencing as
indicated by the manufacturer. Adapters were removed from paired end reads using
AdapterRemoval [209], and from mate paired reads using Nxtrim [210]. MiSeq reads
were trimmed with meeptools [https://github.com/nisheth/meeptools] (meep=1) with
minrl=90. HiSeq reads were trimmed with meeptools (meep=1) with minrl=75.

Assembly was performed using the Newbler version 2.9 assembler (Roche, Inc.),
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which limits the size of scaffolds to a minimum of 2 Kbp. Hence, all contigs larger
than 500 bp that were not part of any scaffold were appended to the scaffolded
assemblies for completeness. Reads were then realigned to the final assemblies
using BWA [75] and an average genome-wide coverage of 469X was calculated.
Genome size was estimated by dividing total number bases in reads by peak
coverage of called genes, since the majority of assembled genes are thought to be
single copy (Figure 3). To validate the assembly tBLASTn against T. cruzi CL Brener
sequences was performed to determine the presence of a previously curated set of
2,217 kinetoplastid orthologous single copy genes. 98% of these genes were present
at over 90 % alignment length.

General genome characteristics (Table 12) were determined using an in house
Genome Annotation Pipeline (GAP). Briefly, genes were called using GeneMarkS
v.4.6b [76]; tRNAscan-SE [77] v.1.23 was used to detect tRNAs; and 5S/18S/28S
sequences were detected using RNAmmer [78] v.1.2. BLAST [82] against TriTrypDB
v.24 and NCBI’'s nr databases was performed to determine validity and integrity of
the gene calls, and ascertain probable gene functions and inferred annotations.
Repeat counts in intergenic regions of the assemblies were identified by performing
a Cross Match v. 0990329 search and categorization with Repeat Masker [167] v.
4.0.6. Repeat Masker library sequences of Trypanosoma species derived from

Repbase (20150807 download) were used as a database for the search.

Table 12: NGS summary statistics for T. cruzi G assembly #2
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Haploid Genome Size (mbp, # bases in all contigs)| 23.5
Haploid Genome Size (mbp)? 56.98
Number of contigs 776
N50 length (mbp) 0.21
Longest contig length (mbp) 0.92
Shortest contig length (kbp) 0.5
Average coverage 469X
GC Content (%) 48.8
Coding Region (mbp) 14.1
Coding Region (%) 60
Number of Genes 10,105
Average intergenic distance (kbp) 0.93
Total repetitive content (%) 5.23
Intergenic repetitive element content (%) 4.23

@Total bases in reads / peak coverage of all genes

Differences in genome size estimates were observed between the 454 assembly
described above (49 Mbp), and this lllumina assembly (57 Mbp), likely due to

different biases in reads coverage across the two assemblies.

Data generation

In brief, nickase and polymerase enzymes incorporate fluorescent markers at
specific restriction sites in genomic DNA. The gDNA is then strained and linearized,
then passed through nanochannels on a chip and visualized. Each visualized
molecule is then aligned and assembled into chromosome-sized maps (Fig. 18). This

process is described in more detail below.
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Epimastigotes grown to mid-log phase and embedded in agarose plugs (2-3 x 107 cells/
plug)

O

Plug Lysis long DNA isolation protocol, purification, Proteinase K treatment of plugs

O

Nicking (Nt.BspQI), labeling (dUTP, Taq Polymerase, Taq ligase), repair, staining

O

Load stained gDNA onto Irys Chip

O

Nanochannel electrophoresis and imaging of sequence-specific label patterns

Figure 18: Sample preparation steps for BioNano genome mapping

Trypanosoma cruzi strain G epimastigotes were grown as previously described [208]
up to a mid-log phase. Cells were harvested and embedded in agarose as plugs
using the CHEF Genomic DNA Plug Kit (Bio-Rad), typically 2-3 x 107 cells per plug.
Further processing of plugs containing T. cruzi G cells in order to obtain high
molecular weight genomic DNA was performed according to the IrysPrepTM Plug
Lysis Long DNA Isolation protocol (BioNano Genomics); treatment of plugs with
Proteinase K resulted in higher purity of the final DNA without additional
fragmentation when extended to 24 hours with 2-3 changes of the enzyme.

Among available modified restriction enzymes, nickase Nt.BspQ1 (recognition
site GCTCTTCN) was selected based on in-silico analysis of available T. cruzi G
DNA sequence in order to obtain the optimal fragment labeling density. Nicking of
the DNA with Nt.BspQl enzyme (New England Biolabs), as well as subsequent steps

including labeling, repair and staining were performed according to the IrysPrep®
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Labeling-NLRS Experienced User Card (BioNano Genomics). Labeled long DNA
molecules were loaded onto an IrysChip to be untwined and stretched on silicon
wafer nanochannels through a gradient of micro- and nano- structures using
electrophoretic forces. Thus linearized DNA molecules were imaged and high-
resolution raw images were converted to digital representation of sequence-specific
labeling patterns. Twenty-seven scans of a single flowcell on one chip generated
70,377 visualized molecules larger than 150 Kbp that were used as input for genome
map assembly (Table 13). The total length of summed molecules was 17.5 Gbp. The
average number of labels per 100 Kbp on molecules was 11.31, with a molecule

average length of 249 Kbp. The largest molecule spanned 1.4 Mbp.

Table 13: Data generation overview

Total scan count 27
No. flow cells 1
Total no. molecules > 150 Kbp 70,377
Summed length of molecules > 150 Kbp (Gbp) 17.5
Molecule average length (Kbp) 249
Largest molecule (Mbp) 1.4
No. molecules assembled (> 150 Kbp in length) 57,752

Genome map assembly

Single molecules larger than 150 Kbp in length, with greater then 8 labels per 100
Kbp were assembled de-novo using “Irys” commercial software from BioNano
Genomics. The mean label density across all maps was ~11.5 sites per 100 Kbp,
which permitted accurate assembly and map-to-map comparison while limiting

occurrence of ‘fragile sites’ caused by proximally located nicking sites on opposite
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DNA strands. P-values cut-off thresholds were 1E-7 for initial assembly, and 1E-8 for
extension and refinement. In order to have an independent assembly, the de-novo
assembly was performed without using any reference. The software assembled
57,752 molecules into 66 consensus genome maps with a genome size of 44.075
Mbp, a map N50 of 0.884 Mbp, and an average depth of molecular coverage of

108.2 (Table 14).

Table 14: Genome map summary

Genome mapping
Haploid Genome Size (mbp) 44
Number of maps 66
Map N50 (mbp) 0.88
Average coverage 108
Average label density / 100 kb 11.5
Total repetitive content (%) 2.6
Map size range (mbp) 2.4-0.13

The average coverage across all maps of ~108 fold, slightly exceeding the minimum
70-80 fold recommended for this technology [202,203], with an average mapped
molecule size of 258 Kbp. A total of 66 maps were obtained, totaling ~44 Mbp. As
described above, a new NGS assembly of T. cruzi G was performed using lllumina
data, with a focus on obtaining longer contigs that | could align to genome maps
using in silico restriction. Of the 66 assembled maps, 57 were readily aligned to next
generation sequence contigs of 47 - 921 Kbp, with an average alignment confidence
of 19.9. Conversely, over 80% of the sequences in largest NGS contigs (>300 Kbp)

aligned to optical maps at an IrysView aligner confidence of 20 (Table 15). The false
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positive and false negative labeling rates of molecules in comparison to the NGS

reference were 2.8% and 7.6% respectively.

Table 15: Alignment of next-generation sequencing contigs to genome maps,
ordered by contig size

Summed Summed
Summed NGS NGS contigs alignment lengths alignment lengths Total labels in

NGS NGS contigs contig lengths aligned to maps  in NGS contigs  in NGS contigs / alignments
contig size|(count) (bp) (count) (bp) total (%) (count)

> 100 kb 68 18113714 33 10727762 59 1962
> 150 kb 49 15672893 31 10473916 67 1919
>200 kb 36 13360043 27 9727036 73 1769
> 250 kb 23 10582339 20 8211476 78 1508
> 300 kb 18 9163474 17 7641872 83 1385
> 350 kb 15 8205815 14 6640739 81 1214

The size estimates of the assembled optical maps ranged from 0.14 to 2.39 Mbp, the
N50 was 0.88 Mbp, and the average map size was 0.67 Mbp. Figure 19 shows the

sizes, average label density, and average coverage per map.
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Figure 19: Genome map overview. The sizes, average label density, and average
coverage in terms of mapped molecules for all 66 genome maps.

These results were consistent with the haploid genome size and number of
chromosome bands observed in previously described pulsed field gel
electrophoresis (PFGE) based molecular karyotype analyses from my data (Table 5)
and previous studies [4,9]. | find ~18 chromosome bands and an estimated 37+
discrete chromosomes based on densitometry calculations from the pulsed field
gels, including ~20 megabase-sized chromosomes (>1 Mbp) and ~10 intermediate
chromosomes (300 Kbp — 1Mbp). A comparison of the optical and PFGE size
estimates shows that the latter are slightly larger than the former. However, a
general concordance between the PFGE and optical map size estimates suggests

that many if not most of the maps represent full or nearly full-length chromosomes.
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There are also 16 maps <300 Kbp present that are not evident in pulsed field gels.
Mini-chromosomes of ~100 Kbp containing VSG genes are thought to be unique to
T. brucei [211]. Only one map close to this size is observed in my analysis of the T.
cruzi genome, which has a low level of coverage and is likely to be an assembly
artifact. Overall, these maps apparently provide highly accurate representations of

the T. cruzi chromosome structures.

Regions of map-to-map homology

The genome of T. cruzi G is primarily diploid [58,59] and its level of heterozygosity is
low (~0.2% of bases) relative to levels in related Trypanosoma genomes (Fig. 11).
Moreover, many T. cruzi isolates are hybrids that seem to have maintained a
variable percentage of their genomes from their ‘parental’ strains [32], and molecular
karyotype analyses of these strains have indicated significant chromosome size
heterogeneity across strains [5]. Although T. cruzi G and other DTU1 strains display
less heterozygosity, and are apparently more properly diploid than other T. cruzi
strains, the molecular karyotypes of DTU1 strains vary significantly indicating a high
degree of genomic flux [4,9,60]. Thus, it was not clear if the optical mapping strategy
that was employed would resolve homologous chromosome pairs, or possibly
chromosomes or fragments thereof that were derived from long ago hybridization
events. Thus, | carefully examined the alignments in attempts to find evidence that
the assembled optical maps represent homologous chromosome pairs, and to
identify optical maps that show whole or partial homology.

| anticipated that homologous chromosome pairs would assemble as a single

optical map. The haploid genome size estimates (44 Mbp) from summed optical map
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lengths and PFGE densitometry (Table 5) [9], compared to the 57 Mbp genome size
estimate provided by NGS (Table 12) are consistent with this interpretation. The
average coverage of 64 of the 66 optical assemblies was very similar (Fig. 19),
suggesting a similar level of ploidy for each of these chromosomes. However,
probably because of the low level of heterozygosity observed in T. cruzi G, the
molecules aligned to generate the optical maps did not segregate naturally into two
groups that would be indicative of a true homologous chromosome pair. At an
average label density of 11.5 sites per 100 Kbp, with 0.2% heterozygosity, and a 7
bp nickase site, only ~3 heterozygous sites per 2 Mbp are expected. This density
was insufficient to determine ploidy.

Coverage of maps 49 and 66 was only 25-30% that of the average coverage
(Fig. 19), suggesting that these DNA molecules are present at less than 1 copy per
haploid genome and may be artifacts. Of the remaining assembled chromosome
maps, only maps 10 and 16 align over nearly their full lengths (Fig. 20), indicating
that these two chromosomes are similar and may be homologs, but represent
haplotypes that are sufficiently divergent to assemble independently. However, the
coverages of maps 10 and 16 are also essentially average, arguing that either these
chromosomes have been duplicated and subsequently diverged or that these
chromosomes are the remnants of a genomic hybridization event. | was able to
identify significant alignments among many of the assembled chromosome maps

(Fig. 20).
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Figure 20: Homologous regions across genome maps of T. cruzi G. Homology
is based on IrysView map-to-map alignment at confidence=20. (A) Regions of
homology are indicated by Roman numerals and colored bars. Inversions and
breaks between regions of homology are shown by arrows and dotted lines
respectively. Maps without homology to at least one other map are not shown.
Dotted lines (....) indicate absence of corresponding sequence to the sequence on
the homologous map (referred to in the text as deletion/insertions). (B) Largest size
differences in chromosomal regions of homology. de novo genome maps bearing
regions of homology were aligned with IrysView (confidence for alignment set to 20).
Maps containing size differences of >0.05 Mbp due to insertions, deletions or
sequence expansions are shown.

Among 20 of the discrete genome maps there are 14 regions ranging from ~100 to
~1,250 Kbp with sufficient similarity to permit high confidence alignment to multiple
genome maps (labelled | to XIV on Fig. 20). As described above, coverage of these
maps (except maps 49 and 66, see above) is average with little variation over their

lengths (not shown), consistent with each being present at a diploid level. These

apparently scrambled chromosomes could be the result of segmental duplications
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and translocations between different chromosomes and mitotic or meiotic
nondisjunction or non-segregation within an ancestral T. cruzi G strain. Alternatively,
the T. cruzi G strain could itself be a product of a hybridization between two
ancestral T. cruzi strains which had previously undergone chromosome
rearrangements followed by mitotic or meiotic non segregation. Interestingly, several
of the apparently homologous regions in these maps; i.e. see regions I, I, IV,V and
VIII, have endpoints proximal to SLRs, suggesting that the repetitive nature of the T.
cruzi genome may be implicated in its apparent genetic instability.

Several of the T. cruzi G genome maps showing homology with other genome
maps exhibit evidence of large insertions or deletions and inversions (Fig. 20).
Homologous region Xll, for example, present in maps 34 and 39 show clear
evidence of an insertion/deletion of ~70 Kbp. It is not clear if this is a result of an
insertion in map 34 or a deletion in map 39. Other homology regions; i.e., homology
region Il in maps 6 and 7, region V in maps 21 and 24, region VIII in maps 1 and 2,
region Xl in maps 10 and 16, region XIlII in maps 11 and 20, and region XIV in maps
25 and 44, show similar insertion/deletion events. The largest of these
deletion/insertions spanned ~120 Kbp.

Homology regions Il in maps 6 and 7 and Xl in maps 10 and 16 each showed
three deletion insertion events (Fig. 20). Interestingly, the same maps (7 and 10)
contained all three of the ‘deletions’ whereas the homologous map (6 and 16)
contained all three of the ‘insertions’, possibly suggesting that the copies in maps 7

and 10 are experiencing negative selection.

Tandem repeats and “barren” regions
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T. cruzi genomes, and to a lesser extent the genomes of other trypanosomatids,
exhibit high levels of multicopy genes and repetitive sequences. Whole-genome
sequencing of T. cruzi CL Brener has identified up to 50% repetitive DNA content
[18], and previous studies using DNA reassociation kinetics suggest that the T. cruzi
genome is highly repetitive [93,212]. The highly repetitive and tandemly organized
195 bp satellite DNA element alone may comprise about 9% of the T. cruzi genome
[213-215]. Satellite DNA has been proposed to have a structural role in T. cruzi
chromosomes, although the 195 bp element was found to be less frequent in Tcl
strains than other DTUs [216]. Intermediate repetitive sequences, such as tandem
arrays of housekeeping genes, are also sometimes found in clusters on T. cruzi
chromosomes [93,217]. Such repetitive sequences, and in particular highly
repetitive tandem repeats, are often extremely difficult to resolve in short-read
sequence assemblies.

Genome maps such as those described herein provide an alternative to
identify, localize, and measure these sequence elements based on label distribution.
Firstly, in order to check whether the overall label locations conformed to a random
distribution label to label distances across all maps were compared to exponentially
distributed random variates with the same mean, generated by the rtrunc function of
the truncdist package of Rstudio v. 0.98 (Fig. 21). Both samples had a total of 5,000
data points. Left-truncation of both empirical and null distributions was applied at 1.5
Kbp, to avoid affects near the label resolution limit of ~1.5 Kbp previously
established [200]. A two-sample, two-sided Kolmogorov-Smirnov (K-S) test was

performed in Rstudio using the ks.test function.
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Figure 21: Label distribution. Label-to-label distances across genome maps of T.
cruzi G compared to the null distribution, plotted on log10 scale. Random variates
from the exponential distribution are plotted against observed label-to-label distances
with the same mean (dashed vertical line) and lower bound for data points of 1.5
Kbp. A K-S test indicated that the distribution of label-to-label distances deviated
significantly to that found at random (P = 8.663e-10).

The distribution of label to label distances in my analysis of the genome of T. cruzi G
confirm the presence of a skewed distribution of sequence consistent with the
influence of repetitive and/or other nonrandom sequences in the genome. Thus,
Figure 21 shows plots of density curves of the label-to-label distance distribution
across the T. cruzi G genome maps compared to the null exponential distribution.
The results confirm the presence of a significantly biased representation of sequence
in the genome maps; e.g., the maximum label-to-label distances in the null
distribution and genome maps were 65 Kbp and 245 Kbp respectively. This is the

result that would be expected for a genome bearing a high percentage of repetitive

or otherwise less complex DNA sequence.
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Single label repeats predicted by IrysView® GenomicAnalysis Viewer v.2.4.0.15879
were used for repeat statistics of molecules. Repeats coordinates on genome maps
based on the corresponding aligned molecules were obtained with a custom Python
script, with a molecule-to-map alignment threshold of confidence>40. Overlapping
coordinates from molecule pile-up were merged using BEDTools v.2.19.1 merge.
Barren region coordinates were located based on label-to-label distances greater
than 65 Kbp. corr.test in Rstudio v. 0.98 was used to perform correlation analysis of

repeat and barren regions to map length.

The genome maps reveal repetitive sequences, in particular single label repeats
(SLRs, multiple consecutive equidistant labeled sites along a molecule or assembly),
and long sequence segments barren of any labeled sites. Compound multi-label
repeats may also be present in the maps but are not detectable due to their
complexity and the technical capabilities of the IrysView technology. Thus, the
representation of repetitive sequences in the T. cruzi genome herein may be
underestimated. | found SLRs in 19,498 (20%) of the 98,211 molecules analyzed
(Fig. 22). Approximately 2.7% of the sequence (~571 Mbp) in these molecules were
present in SLR units ranging in size (distance between labels) from 1.25-33 Kbp.
Interestingly, there seem to be two peaks in repeat unit size frequencies, one at
~3.25 Kbp and 6.25 Kbp, suggestive of a large family of similar repeat sequences

(Fig. 22).
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Figure 22: Frequencies of distinct repeat unit sizes on genome maps. Repeats
are defined as at least three sequential labels with equidistant label-to-label
distances. Repeat units are defined as one label-to-label distance within a repeat.

In the assembled genome maps, | identified ~28 SLR regions, representing ~2.6%
(~1.13 Mbp) of the ~ 44 Mbp genome (Fig. 23). The SLR regions ranged from ~15 to
~89 Kbp. The average repeat region spanned ~43 Kbp, which explains the
challenges they present to short-read sequencing technologies. Interestingly, SLR
regions of ~70 Kbp on maps 4, 6 and 22 aligned using IrysView Software (Fig. 20),

possibly suggesting common sequences and segmental duplication.
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Figure 23: Single label repeat and barren region composition in genome maps.
Barren regions are defined here as a label-to-label distance exceeding any length
expected under the null distribution (65 Kbp).

Barren regions, defined as any region exceeding the maximum label-to-label
distance expected in the null distribution (Fig. 21), and characterized by a lack of
recognition sites for the restriction enzyme Nt.BspQ1, likely represent stretches of
repetitive DNA in which the repeat unit lacks a recognition site or otherwise non-
canonical sequences including homopolymeric runs or other non-random
sequences. The distribution and frequency of these regions, together with single
label repeat regions, was highly variable among the optical maps (Fig. 23). Two
maps display barren regions over almost half of their length, and a third is ~25%
SLRs. A higher content of repetitive DNA has been reported for larger chromosomes

of T. cruzi [54], suggesting that map sizes would be positively correlated with content
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of repetitive DNA. However, | found no evidence that increased map size is
correlated with larger percent single label repeat content or barren regions. Despite
this, | do observe differences in the presence or absence of these features based on
map size. Approximately two-thirds of the ~32 optical maps smaller than ~500 Kbp
lack both SLR repeat regions and barren regions, and the remaining third exhibit a
higher percentage of sequence in SLR or barren regions. In contrast, all but 6 of the

34 maps greater than ~500 Kbp exhibit either SLR or barren regions, or both.

Table 16: Overview of barren, single label repeat, and map-to-map homology
regions

% total map

Mbp length (44 Mbp) Count
Barren
Total bp in barren regions 3.3 7.4
Barren regions covered by NGS aln 0.5 1.1
Total # barren regions w/ NGS aln -- 5
SLR
Total bp in SLR regions 1.1 2.6
SLR regions covered by NGS aln 0.3 0.7
Total # SLR regions w/ NGS aln -- 12
Homology
Total bp in homology regions 12.8 29.1
Homology regions covered by NGS aln 4.5 10.3
Total # homology regions w/ NGS aln -- 20

There are large areas of map-to-map homology (29% of the 44 Mbp genome), with
possible implications on gene dosage (Table 16). Inference on hybridization history
and genome rearrangements should also take these findings into account. Repetitive
and barren regions are found on over two-thirds of the genome maps, covering 10%
of the genome. Several megabases of the maps in these regions have an NGS

contig alignment, indicating that further work to define the implications of the genes
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present in these regions could yield interesting insights into the biology of these

parasites.

T. cruzi genome architecture discussion

Assuming an almost complete genome reconstruction based on assembly of 44 Mbp
into 66 genome maps, | sort to obtain an unbiased view of the chromosomal
architecture of T. cruzi G via intra- and inter-map label distribution analysis. The
distribution of labeling sites suggested combined content of SLR and barren regions
among genome maps varied from complete absence to ~50 %. Although | cannot
currently fully characterize the functions of these regions, | propose they may be (i)
tandem arrays of housekeeping genes or repetitive gene families, or (ii) features with
atypical sequence composition that have a functional role in chromosomal activity
(e.g., mitosis, meiosis, etc.), with many of the smaller maps representing
chromosomal fragments that have lost this function, possibly accounting for some of
the instability or variability of chromosome content in these organisms. Better
sequencing assemblies will be required to further characterize these sites and their
potential functions.

The inter-map comparisons described here revealed large areas of homology
among heterologous genome maps, supporting previous findings from gel
hybridization [4,9] but providing much greater comprehensiveness. It is possible if
not probable that genomic fragments that have apparently been duplicated in this
genome contain genes for which a gene dosage effect confers a selective advantage
to the organism. A more in depth analysis of these rearrangements awaits a more

accurate alignment of these chromosome maps with accurate genome sequence
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assemblies. However, it is clear from my observations that the T. cruzi genome has
undergone significant genetic duplication, rearrangement and selective loss. Array-
based comparative genomic hybridization revealed segmental aneuploidies including
a 500 Kbp genome fragment bearing several genes in TcChr39 in a Brazilian Tcl
strain [70]. Putative segmental duplication accompanied by translocation was also
implicated in T. cruzi CL Brener, SO3-cl5 and Y strains, as Chr7 markers were found
on other chromosomal bands [4]. The model of interchromosomal exchange of large
segments of DNA was also proposed for the G strain and its clone D11 [9], where
TcChr37 markers covering a 1.1 Mbp region in the genome of clone D11 were found
in two chromosomal bands in the G strain [4]. Similarly, on the heterologous genome
maps of >2 Mbp; i.e., maps 1 and 2, | observe a region of homology spanning
around 1.25 Mbp. | observe putative segmental duplications and translocations on
several of the optical maps of the T. cruzi G genome (see in particular regions I, Il,
IV, V, VI, VII, IX, XIl, Xlll and XIV on Fig. 20). Assuming each of these individual
maps represent two homologous chromosomes, each of these duplicative
translocations seems to have involved translocations of telomeres. This observation,
coupled with the observation that at least some of these translocations have end
points proximal to repetitive sequences, suggests that a single homologous
recombination event or gene conversion initiated by the repeat sequences may
represent the mechanism by which at least some of these genome rearrangements
have occurred.

| also considered the possibility that some of the maps may represent size-
polymorphic  homologous  chromosomes. Differently sized homologous
chromosomes within a single T. cruzi [5,54,58,67-69] or T. brucei [53,55,218] strain

have previously been described. The majority of chromosome homologs differ in size
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by <15% in T. brucei, and are due in large part to VSG expression site
expansion/contraction [55]. In T. cruzi, this size polymorphism seems to widely affect
the coding regions, rather than being confined to telomeric sequences, as for T.
brucei [55,69]. Tcl strains Sylvio X10 and DM28c have been reported to have very
few homologous chromosomes that differ by > 75 Kbp (1 and 3 chromosomes
respectively) suggesting few or mostly short size differences in homologous
chromosomes in each of these strains [56]. Maps 10 and 16 exhibit broad homology
across their entire 0.9-1.1 Mbp lengths, although there are three separate regions
where insertions/deletions of 20, 120, and 40 Kbp are apparent (Fig. 20). Maps 1
and 2, and maps 6 and 7 also exhibit a high degree of homology across their
lengths. It is possible that these six maps; i.e., 1 and 2, 6 and 7, and 10 and 16 do
represent homologous pairs in a diploid organism. However, as discussed above,
the empirically determined coverage of these maps is about the same (~108 fold) as
it is for almost all of the other maps. Thus, it seems plausible that, as for the other
maps, each of these maps represents a diploid pair but that these maps are the
products of entire or nearly entire chromosomes that were derived from an ancestral
hybridization event.

The widespread presence and size-polymorphism of segmentally duplicated
or translocated regions, or apparently highly polymorphic members of homologous,
and possibly duplicated, T. cruzi G diploid chromosomes, is consistent with the
hypothesis that the T. cruzi genome exhibits extensive plasticity. The data are most
consistent with the hypothesis that T. cruzi G chromosomes are diploid, but that
some of the chromosomes; i.e., those that exhibit partial homology, are remnants of
previous hybridizations or meiotic events during which the segregation and reduction

phases were incomplete. In this scenario, each of the participants in the meiotic
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event is assumed to have provided a complete set of chromosomes, but those
chromosomes would have evolved and undergone rearrangements prior to the
hybridization event. Although T. cruzi strains maintain genes required for meiosis
[52], there is abundant evidence that hybrids exist in which diploid chromosomes are
duplicated [120,121], suggesting that meiotic segregation events may be an
imperfect event in these organisms. The result could be either a tetraploid organism,
in which none of the chromosomes were properly segregated, or an aneuploid
offspring in which a fraction of the chromosomes were tetraploid or reduced to
triploid. Either way, presence of multiple copies of any chromosome, depending on
the gene content of that chromosome, reduces the selective forces maintaining
those genes, likely resulting in a higher rate of chromosome loss and/or a higher
frequency of gene inactivation via mutation or rearrangement. Such a process could
be responsible for generation of genomes like that of T. cruzi G, in which many of the
diploid chromosomes bear partial homology with other diploid chromosomes.
However, any hybridization or meiotic event that created the current T. cruzi G strain
likely was a more ancient event in contrast to hybridizations that yielded other more
clearly hybrid T. cruzi strains (e.g., Tulahuen or CL Brener [61,89,90,219]).

Of course, a canonical meiosis between two organisms with scrambled
chromosomes would not be functional as most of the progeny would lack essential
genes. In contrast, an imperfect meiosis, i.e., one in which segregation and reduction
were not complete, between two related organisms with similar gene content but
scrambled chromosomes would provide the opportunity for at least some viable
progeny, in which some of the genetic material would be duplicated. Thus,
chromosomes from both parental organisms might be present, ensuring that despite

chromosomal rearrangement, all essential genes are present. It is possible therefore,
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that T. cruzi and related organisms have evolved imperfect meiotic processes to
permit sexual hybridization events between two distantly related organisms with
rearranged chromosomes to generate viable progeny with new capabilities or
altered, and possibly enhanced, capabilities due to gene dosage.

An obvious negative effect of large-scale loss of linkage or shuffling of the
genome would presumably be the ensuing imbalance in gene dosage. In diploid
organisms undergoing meiosis this would likely be selected against, and could be
one reason why meiosis in T. cruzi lineages seems to be a rare event [63,71,122].
High clonality of T. cruzi, coupled with limited sexual exchange [63,122], has
perhaps afforded the species greater freedom to reshuffle and gain/lose coding
sequences across its genome. Maintenance of the co-direction of replication and
transcription appears to be important however, and would seem to lead to selection
against genome rearrangements such as those | have observed. Segmental
duplication or CNV are perhaps permitted to a greater extent, as long as gene order
and polycistronic transcription of nearby genes is not interrupted. Given the large
areas of homology across heterologous chromosomes observed here, this seems
plausible. Moreover, those non-viable recombinations are lost to history and we only
see progeny of viable genetic exchanges.

Microsatellite analysis and serial cloning followed by PFGE and hybridization
suggest that T. cruzi G actually has a monoclonal population [9], and T. cruzi strains
appear to display karyotype stability during years of continuous cultivation [5,9,56].
Thus, a multiclonal population providing the observed diversity in otherwise
homologous chromosomes of T. cruzi G is unlikely, although cannot be ruled out.

The analysis presented here provides a strong initial basis for analysis of the

origins and mechanisms of chromosomal polymorphism among T. cruzi and related
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organisms. Optical maps such as those reported here coupled with better whole
genome sequence scaffolds will provide a functional context for the genomic regions
bearing SLRs or barren regions, and a better understanding of the genes associated
with the apparently duplicated chromosome segments identified herein. Analysis of
the endpoints of these rearrangements may provide more insight into the
mechanisms by which they were generated. Finally, identification of the genes
associated with these events my provide insight into the selective pressures that led
to their stabilization within the T. cruzi G genome and lead to a better understanding
of the correlation between the genome composition of this organism, its phenotype,

and its ability to invade, infect and cause disease.

T. cruzi genome architecture conclusions

This project has produced ~66 maps ranging from 130 Kbp to ~2.4 Mbp that
represent chromosomes of T. cruzi strain G via assembly of optical maps from
molecules 150 Kbp to 1.4 Mbp in length generated using the BioNano Irys® System.
This approach has overcome many of the challenges associated with alternative
short read technologies, which produce highly fragmented genomes for
Trypanosoma species. The coverage of each map suggests that they each represent
diploid chromosomes, but that many of these chromosomes bear homologous
segments suggesting that the genome may be the result of a previous hybridization
event, or large segmental duplications. This sheds new light on previous
observations of putative large-scale regions of homology across chromosomal bands
of T. cruzi G. This study shows for the first time the size ranges of these homologous

regions across megabased-sized genomic regions, and demonstrates that these
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mostly lie on otherwise heterologous maps. Some of the homologous regions
observed seem to terminate in regions of repetitive sequence suggesting a
mechanism of homologous exchange that may have yielded altered chromosomes,
for example in the case of segmental duplication events. Plasticity and a high degree
of rearrangements have occurred based on frequent insertions or deletions, which
could also explain some of the chromosomes migrating as haploid bands in T. cruzi
G PFGE analysis. There are also two putative inversions within regions of map-to-
map homology. Higher resolution sequence analysis may reveal mechanisms for the
events leading to these genomic structures and the selective forces that permitted
them to be stabilized. The maps also reveal the repetitive nature of the genome, with

some maps in particular displaying highly non-random label distributions.
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Conclusions from comparative genomics and T. cruzi
genome architecture analysis

Chapters | and Il of this project contribute knowledge about the genomic features of
T. cruzi and its closely related species T. rangeli and T. conorhini. Given the much
more repetitive and obviously dynamic nature of T. cruzi chromosomes, based on
analyses such as multigene family and retrotransposons expansion, and inter-strain
karyotypes, we determined that genome mapping of T. cruzi would be valuable in
explaining how this species has evolved these features. Large regions of homology
were observed across the T. cruzi genome, suggesting that the genome is more
complex than previously thought, and possibly the result of widespread segmental
duplications or an ancient hybridization event. This sets the groundwork for
comparative genome mapping analysis, and possible elucidation of the different
mechanisms that have shaped the T. cruzi genome, and allowed it to become such a
successful parasite and pathogen of mammals. Genomic comparisons revealed
some aspects of T. conorhini and T. rangeli that possibly explain their lack of
invasiveness and pathogenicity, such as reduced numbers of MASP, DGF-1 and
GALFT genes compared to T. cruzi. On the other hand, we found some presence of
T. rangeli amastin genes containing degenerate repeats, and overall diversity of
gene family sequences of surface proteins (OrthoMCL and Fisher's Exact analysis),
intriguing in terms of how they contribute to host cell immune response evasion and
persistence in the mammalian host. The diversity between the recently published
sequence of T. rangeli SC-58 and our T. rangeli AM80 strain highlights the fact that,
like T. cruzi, T. rangeli strains can have many differences e.g. in terms of sequence

identity and multigene family copy numbers. Geographic isolation of these strains
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seems to be one factor in these observations, as well as evolution of divergent
vector and mammalian host preferences, as explained in the literature review. The
lack of pseudogenes in T. conorhini and T. rangeli compared to T. cruzi is also
intriguing, suggesting that there may be an important role for pseudogenes in T.
cruzi, such as to provide a repertoire for generating antigenic diversity in surface
protein genes that are needed to evade the host immune response. The absence of
retroelements in T. rangeli and T. conorhini is interesting, especially since T.
conorhini still possesses RHS genes, whose orthologs in T. cruzi are known to
enable retroelement integration. Whether retroelements are in the process of being
lost or gained in this species is yet to be determined. Enrichment of cytoskeleton and
lipid transport and metabolism genes in T. conorhini-specific gene clusters also
raises questions as to how the lifecycle of T. conorhini may differ from T. cruzi or T.
rangeli, since to date the full lifecycle of T. conorhini is unclear. For example, does
higher diversity in genes involved in the cytoskeleton affect the morphology or
possible migration of this parasite at specific lifecycle stages? This highlights the
unique questions raised for each of these species, and provides a basis for
developing studies to address the evolution of intracellular/extracellular lifestyles,

genome rearrangements, and pathogenicity.
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Appendices
Appendix 1

Gene lengths used for multigene copy number calculation

Reference genes
gene length (nt)**| UniProtKB ID
amastin 1161 K2PC41
beta galactofuranosyl glycosyltransferase 1659 Q4D109
cruzipain-precursor 1401 P25779
dispersed gene family protein 1 (DGF-1) 10560 Q4D375
mucin_TcMUCI* 1356 Q4CL35
mucin_TcMUCIT* 5826 K4DWN9
mucin_TcSMUGL* 423 Q4CNO03
mucin_TcSMUGS* 654 Q4E365
mucin-like _glycoprotein 1512 Q4DH37
mucin-associated surface protein (MASP) 2352 V5ALAS
retrotransposon hot spot (RHS) protein 4509 Q4CRRS5
surface protease GP63 2742 Q4D292
syntaxin binding protein 1977 K2NVBO
target of rapamycin (TOR) kinase 1 7776 K2NXTO0
trans-sialidase group I* 3612 Q4CVS5
trans-sialidase group I1* 2814 Q4DKM3
trans-sialidase group III* 3126 Q4CZ80
trans-sialidase group IV* 5244 Q4DGT2
trans-sialidase group V* 2970 Q4E5U7
trans-sialidase group VI* 2901 Q4DP77
trans-sialidase group VII* 3441 Q4D6R7
trans-sialidase group VIII* 3348 Q4DEI10
UDP-Gal or UDP-GIcNAc-dependent glycosyltransferase 1881 K2MXL9

* putative, as subgroups within the same multigene family may have high sequence similarity
** UniProtKB longest full length gene record for all Trypanosoma cruzi, Trypanosoma
conorhini and T. rangeli strains (Www.uniprot.org/uniprot/; accessed 21 Dec 2015). Trans-
sialidase subgroups defined by table S3 Freitas LM, dos Santos SL, Rodrigues-Luiz GF, Mendes
TAO, Rodrigues TS, Gazzinelli RT, et al. (2011) Genomic Analyses, Gene Expression and
Antigenic Profile of the Trans-Sialidase Superfamily of Trypanosoma cruzi Reveal an
Undetected Level of Complexity. PLoS ONE 6(10): €25914. doi:10.1371/journal.pone.0025914
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