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RESUMO

Costa-Martins AG. Genes codificadores de proteinas implicadas na relacédo de espécies do género
Trypanosoma com seus hospedeiros: diversidade, transferéncia horizontal e relagdes filogenéticas.
[tese (Doutorado em Parasitologia)]. S&o Paulo: Instituto de Ciéncias Biomédicas, Universidade de S&o
Paulo; 2016.

O género Trypanosoma representa um grupo diversificado de endoparasitas de invertebrados e
vertebrados que exibem ciclos de vida complexos, com uma grande variabilidade de hospedeiros, formas
infectantes e multiplicativas, e estratégias de transmissdo e de evasdo das defesas dos hospedeiros. Nos
hospedeiros vertebrados, os tripanossomas em geral se proliferam na corrente sanguinea, mas alguns sao
capazes de invadir tecidos e espagos extra-vasculares, e algumas espécies se desenvolvem intracelularmente.
Essa diversidade apresentada pelos tripanossomas depende de um amplo arsenal de proteinas que regulam
uma variedade de processos complexos envolvidos nas relagdes entre hospedeiros e parasita, incluindo
enzimas, chaperonas, proteinas de superficie celular e receptores. Diversas proteinas com uma variedade de
fungdes tém sido extensivamente estudadas nas espécies patogénicas para o0 homem, T. cruzi e T. brucei. No
entanto, essas espécies representam apenas uma pequena fragdo de diversidade do género Trypanosoma.
Visando contribuir para o conhecimento sobre as proteinas envolvidas em estratégias adaptativas dos
tripanossomas, espécies patogénicas foram comparadas com espécies ndo-patogénicas representativas de
linhagens filogenéticas distantes, que exibem diversas diferengas em suas relagdes com os vetores e
hospedeiros vertebrados. Com este intuito, neste estudo foram examinados os genomas de varios
tripanossomas a fim de avaliar o repertdrio genético, a ocorréncia de transferéncia horizontal de genes, a
organizagdo gendmica e as relagdes filogenéticas dos genes que codificam as seguintes proteinas: chaperonas
das familias de proteinas de choque térmico (Hsp70 e proteinas p23/alfa-cristalinas) e enzimas codificadoras
das enzimas Prolina racemase (PRAC) e catepsina-L like (CATL-like).

Os membros da superfamilia Hsp70 s&o chaperonas que desempenham uma série de fungdes
fisioldgicas e em situacdes de estresse, como mudancgas de temperatura e pH, ambientes extra- e intracelulares
e estresse oxidativo contribuindo, assim, para a adaptagdo, diferenciagdo e sobrevivéncia dos
tripanossomatideos tanto em invertebrados quanto em vertebrados de todas as classes. O repertério de Hsp70
presente em tripanossomas foi definindo nesse estudo, com base em analises de polimorfismo, arquitetura de
dominios e relacdes filogenéticas, com as seguinte familias: Familias de Hsp70 conservadas presentes no
citoplasma (CAN Hsp70, Hsp70.4 and Hsp70.c and Hsp110), reticulo endoplasmatico (Grp78, Grp170) e
mitocdndria (mtHsp70/Lc2.2); uma familia mitocondrial extra (mtHsp70/Lc2.1) cuja presenga em todos os
géneros de tripanossomatideos exceto Trypanosoma foi comprovada neste estudo; as familias recém-descritas,
Hsp70.a e Hsp70.b, sem ortdlogos definidos em outros organismos, aqui demostrada como ubiquas nos
cinetoplastideos. A andlise filogenética sugeriu que a controversa familia Hsp70.b foi adquirida com um Unico e
antigo evento de transferéncia horizontal (HGT) de uma DnaK-like de um doador bacteriano. Todas as familias
de TryHsp70, exceto Grp78, foram localizadas em regides altamente sinténicas. Finalmente, dois paralogos
bastante divergentes, DnaK e DnaK-like, foram identificados exclusivamente nos genomas dos endossimbiontes
abrigados pelos tripanossomatideos de insetos do género Angomonas e Strigomonas. Analises filogenéticas
com os ortologos de cada familia corroboram, de um modo geral, os principais clados suportados pela filogenia
tradicional de Trypanosomatidae, com relagdes filogenéticas no género Trypanosoma melhor apoiadas nas
inferéncias obtidas com genes das familias Hsp70.a, CAN Hsp70, Hsp70.b e Hsp110 indicando, assim, que
genes Hsp70 sdo excelentes marcadores filogenéticos independentemente de sua origem evolutiva.

Os dominios p23/a-cristalino (ACD) representam uma estrutura antiga e conservada, presente em
muitas familias de chaperonas eucariéticas, inclusive proteinas de choque térmico de baixo peso molecular
(sHSP) presentes eucariotos e procariotos, que atuam como chaperonas em diversas vias celulares tais como
proliferacéo, diferenciac&o, sinalizagdo, modulagao imunoldgica e resisténcia a patégenos. Entretanto, pouco se
sabe sobre o repertério e as fungdes destas proteinas em protozoarios parasitas. Nossa pesquisa em varios
genomas de Trypanosoma spp. corroborou uma unica SHSPs em todos os tripanossomatideos investigados e,
além disso, revelou um repertério compartilhado em todas as espécies de Trypanosoma, formado por oito
proteinas ACD. Ort6logos de todas essas proteinas foram também encontrados em Leishmania spp., varios
géneros de tripanossomatideos de insetos e Bodo spp. Sete proteinas ACD (TryDYX1C1, TrySGT1, Tryp23A,
Tryp23B, TryNudC1, TryNudC2 e HSP20) sdo conservadas em eucariotos em geral, enquanto duas (TryACDP e
TryACD-TPR) nao apresentaram ort6logos nos bancos de dados disponiveis para outros organismos. Para



discutir possiveis fungdes das proteinas ACD em tripanossomas, a arquitetura dos dominios e motivos
funcionais foi comparada com os respectivos arquétipos com fungdes conhecidas em outros organismos.

Este estudo inclui também analises de genes codificadores das enzimas prolina racemase (PRAC) e
Catepsina L-like (CATL) de Trypanosoma spp. As enzimas CATL desempenham um papel importante nos
processos de infeccdo, diferenciagao celular, patogenicidade, viruléncia e evasdo das defesas do hospedeiro em
tripanossomas. Neste estudo, pela primeira vez, a principal CATL de T. congolense - congopaina, foi
caracterizada em isolados dos trés subgrupos genéticos (Savannah, Forest e Kilifi), que variam na viruléncia,
patogenicidade e distribuicdo geografica. O polimorfismo, organizagéo estrutural e genealogia revelaram que o
repertorio de genes de congopaina divergiu de forma espécies-especifica para cada subgrupo de T. congolense,
com Savannah exibindo sequéncias altamente polimérficas, inter- e intra-isolados, enquanto os grupos Forest e
Kilifi apresentaram diversidade moderada e limitada. Além disso, um PCR baseado nos genes de congopaina foi
desenvolvido para um diagnéstico sensivel e especifico de todos os subgrupos de T. congolense. As
descobertas deste estudo demonstram que os genes de congopaina s&o Uteis para o diagndstico, genotipagem
e inferéncias filogenéticas e taxondmicas de T. congolense.

A enzima PRAC é responsavel pela interconversdo entre L- e D-prolina livre, presente em um grupo
restrito de bactérias agindo como um fator de viruléncia. O primeiro gene eucariotico de PRAC foi descrito em T.
cruzi e, em seguida, em T. vivax, e estudos funcionais e imunologicos provaram que essa proteina promove
ativacdo policlonal de células B em animais infectado, o que leva a um atraso na resposta imunoldgica especifica
do hospedeiro e garante a sobrevivéncia do parasita. Neste estudo, as analises gendmicas de homoélogos da
PRAC revelaram uma Unica copia em 12 das 15 espécies de tripanossomas investigadas: nos parasitas de
mamiferos T. cruzi, T. cruzi marinkellei, T. dionisii, T. erneyi, T. rangeli, T. conorhini e T. lewisi; e nos
tripanossomas de anuros, serpentes, crocodilos, lagartos e passaros. T. rangeli apresentou apenas
pseudogenes; T. brucei, T. congolense e espécies relacionadas, exceto T. vivax que é filogeneticamente mais
distante, perderam completamente o gene PRAC. A genealogia dos homologos PRAC suportada uma historia
evolutiva congruente com a filogenia de Trypanosoma. Este dado, juntamente com dados de sintenia, das
relacdes filogenéticas com PRAC procariotas, e a auséncia de genes PRAC em tripanossomatideos dos outros
géneros, bodonideos e euglenideos, sugerem que um ancestral comum de Trypanosoma adquiriu 0 gene PRAC,
em um evento Unico de HGT, de uma bactéria Firmicutes ancestral, mais relacionada ao género Gemella e
outros bacilos do que a Clostridium como previamente sugerido.

Palavras chaves: Trypanosoma. Proteinas do Choque térmico. Catepsina L. Gendmica comparativa.
Transferéncia horizontal de genes. Filogenia. Evolugéo.



ABSTRACT

Costa-Martins AG. Genes encoding proteins implicated in the relationship of Trypanosoma species with
their hosts: diversity, horizontal transfer and phylogenetic relationships. [Ph.D. thesis (Parasitology)].
Sé&o Paulo: Instituto de Ciéncias Biomédicas, Universidade de Sao Paulo; 2016.

The genus Trypanosoma represents a diverse group of obligate endoparasites of invertebrates and
vertebrates, displaying a complex life cycle in which host range, life cycles, infective and multiplicative forms,
transmission, and infection and evasion of host defense strategies varies broadly according to species. Inside its
vertebrate hosts, trypanosomes proliferate in the bloodstream, but some species invade extra-vascular tissues,
and a few species develop in intracellular compartments. The Trypanosoma diversity relies on a vast arsenal of
proteins that regulate an assortment of complex processes involved in host-parasite relationships, including
enzymes, chaperones, cell surface proteins and receptors, which have been extensively studied in the human
trypanosomes T. cruzi and T. brucei. However, these species represent a small fraction of the trypanosome
diversity. To contribute to the knowledge about some proteins involved in trypanosome adaptive strategies,
pathogenic species were compared with a wide set of non-pathogenic species varying in many traits on the
vector and vertebrate-host relationships, and representing distant phylogenetic lineages. With this purpose, in this
study we surveyed several trypanosome genomes to assess genetic repertoires, gene horizontal transfers,
genome organization and phylogenetic relationships based on genes encoding the following proteins: chaperones
of Heat Shock Proteins (Hsp70 and p3/alpha-crystalline proteins) and enzymes of Proline racemase (PRAC) and
Cathepsin-L like (CATL-like).

The members of Hsp70 superfamily are chaperones that play a range of physiological roles, and
contribute to the trypanosomatid adaptation, differentiation, and surviving in invertebrates and all classes of
vertebrates under stressful situations such as shifts of temperature and pH, extra- and intracellular environments,
and oxidative stress. Trypanosome Hsp70 repertoire defined in this study through polymorphism, architecture
domain, phylogenetic and evolutionary analyses included: Cytosolic (CAN Hsp70, Hsp70.4 and Hsp70.c and
Hsp110), ER (Grp78, Grp170) and mitochondrial (mtHsp70/Lc2.2) evolutionarily conserved Hsp70 families; an
extra mitochondrial member (mtHsp70/Lc2.1) herein identified in trypanosomatids of several genera except
Trypanosoma; and the last discovered TryHsp, Hsp70.a and Hsp70.b, ubiquitous in kinetoplastids with no clear
orthologs in other eukaryotes. The phylogenetic analyses suggested that the controversial Hsp70.b family was
acquired through a single and ancient HGT from a bacterial DnaK-like donor. All TryHsp70 families, except
Grp78, were located in highly syntenic genome regions. Finally, divergent DnaK or DnaK-like paralogs were
identified exclusively in the genomes of the endosymbionts harbored by the insect trypanosomatids of the genera
Angomonas and Strigomonas. Phylogenetic analyses of orthologs from each family corroborated the main clades
supported by the traditional phylogeny of Trypanosomatidae. The best resolved phylogenies of the genus
Trypanosoma were obtained with Hsp70.a, CAN Hsp70, Hsp70.b, and Hsp110, indicating that Hsp70 genes are
valuable phylogenetic markers regardless of their evolutionary origin.

The p23/a-crystallin domain (ACD) represent an ancient and conserved structure present in many
eukaryotic chaperone families, including the small heat shock proteins (SHSP) of eukaryotes and prokaryotes,
acting as molecular chaperone in diverse cellular pathways such as cell proliferation, differentiation, signalization,
immunological modulation and pathogen resistance. However, little is known about the repertoires and functions
of these proteins in parasitic protozoans. In the preset study, we also searched for ACD proteins including the
SHSP in several genomes and found a single sHSP in the genomes of all trypanosomatids investigated. In
addition, we uncovered a shared repertoire formed by eight additional ACD proteins in all Trypanosoma spp.
regardless of the remarkable differences in hosts, life cycles, cell compartments and mechanisms employed to
survive in stressful situations. Orthologues of all ACD proteins were also identified in Leishmania, several genera



of insect trypanosomatids, and Bodo spp. Seven identified ACD proteins (TryDYX1C1, TrySGT1, Tryp23A,
Tryp23B, TryNudC1, TryNudC2, HSP20) are found in eukaryotes in general, whereas two (TryACDP, TryACD-
TPR) were not previously identified in other organisms. The domain architecture and functional motifs of ACD
proteins in trypanosomes were compared with those of ACD archetypes.

Additionally, this study includes the analyses of proline racemase (PRAC) and Cathepsin L-like (CATL)
enzymes of Trypanosoma spp. The CATL enzymes are encoded by multiple gene families, and play important
roles in infection processes, cell differentiation, pathogenicity, virulence, and host defense of Trypanosoma spp.
Here, for the first time, congopain, the major CATL of the livestock pathogenic T. congolense, was characterized
in isolates of the three genetically groups (Savannah, Forest, and Kilifi), which vary in virulence, pathogenicity
and geographical distribution. The polymorphism, structural organization, and genealogy revealed that the
repertoire of congopain genes diverged to become specific for each group of T. congolense, with Savannah
exhibiting highly polymorphic sequences inter- and intra-isolates, whereas Forest and Kilifi groups showed
moderate and limited diversity respectively. In addition, a PCR targeting congopain was developed for specific
and sensitive diagnosis of all T. congolense groups. Findings from this study demonstrated that congopain genes
are valuable targets for the diagnosis, genotyping, phylogenetic and taxonomic inferences of T. congolense.

The PRAC enzyme is responsible for the interconversion of free L- and D-proline in a restricted group of
bacteria, playing a relevant role as a virulence factor. The first eukaryotic PRAC was described in T. cruzi and
then in T. vivax, and proved to promote polyclonal activation of B cell in infected animals, then delaying host
specific immunological response against the parasites, and ensuring parasite survival in vertebrate hosts. Herein,
the genomic search of PRAC homologs revealed single copy PRAC genes in 12 of 15 Typanosoma spp.
investigated: T. cruzi and T. cruzi marinkellei, T. dionisii, T. erneyi, T. rangeli, T. conorhini and T. lewisi, all
parasites of mammals; trypanosomes from anurans, snakes, crocodiles, lizards and birds. T. rangeli possesses
only PRAC pseudogenes, maybe in the process of being lost. Our findings corroborated that T. brucei, T.
congolense and their allied species, except the more distantly related T. vivax, have completely lost PRAC genes.
The genealogy of PRAC homologs supported an evolutionary history congruent with the Trypanosoma
phylogeny. This finding, together with the synteny of PRAC loci, the relationships with prokaryotic PRAC inferred
by taxon-rich phylogenetic analysis, and the absence in trypanosomatids of any other genera, bodonids and
euglenids suggested that a common ancestor of Trypanosoma gained PRAC gene by a single and ancient HGT
from a Firmicutes bacterium more closely related to Gemella and other Bacilli spp. than to Clostridium as
previously suggested.

Keywords: Trypanosoma. Heat Shock Proteins. Cathepsin L. Comparative genomics. Horizontal Gene
Transference. Phylogeny. Evolution.
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VSG Variant Surface Glycoprotein



SUMARIO

1 INTRODUGAD ......covureertesesssssssesssssssesssssssesssssssessssassssssssssssssssssssssssssssssassessssassessssassssssassssssassssases 19
1.1 O filo EUGIENO0ZOA........ccceriiinirnirinissssssse s 19
1.3 O gENEIO TrYPANOSOMA.......cucuiurireririsssssssssesisssssssss s 23
1.4 Evolucao gendmica em tripanossomas e outros tripanossomatideos...........c.cccovrerererererenennns 29
1.5 Estrutura e organizagao do genoma em tripanossomatideos.............ccocoerererereresesesesesesesesssenenens 31
1.6 Organizacao sinténica em tripanossomatideos............ccuiinncsssssss s 33
1.7 Repertorio de genes esSpecializados ...........covvrrerermrnsinsininssssssss s sssssssssssssssssens 34
1.7.1 Proteinas de ChoqUe tErMICO ........covcueeiiccce e 38
1.7.2 Catepsinas L-like de tripan0oSSOMAS .............ccccucucveueiereieieiercieeeeee e 42
1.7.2 PrOIING TACEMASE .......vviiiceietet sttt 43
2 JUSTIFICATIVA E OBUETIVOS........cooimriinrinsisssissnsssesssesssssssesssssssesssssssssssssssssssssssssssssssssssssssessens 46
3 MATERIAIS E METODOS .......evcrvuunessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssasssssssanes 48
R I 0 T 14T T 48
3.2 Obtencao de DNA gendmico e sequenciamento doS gENOMas..........couerereresesesesesessssssssssssssssns 48
3.3 Busca gendmica das sequéncias, alinhamento e analises filogenéticas.............couiiisnnnnns 49
3.4 Amplificagao de DNA por PCR - Polymerase Chain Reaction..............ccuvmssessssnssssssssssssnnns 50
3.5 Eletroforese e purificagao de fragmentos de DNA. ... 50
3.6 Sequenciamento de fragmentos amplificados por PCR..........ccccoinnnnnnnnnnnnn 51
4 RESULTADOS E DISCUSSAQ.......rcvuurressmsssssssssssssssssssssssssssssssssssssssssssssesssssssesssssssssssssssssssanes 52

4.1 Genome-wide phylogenetic analyses of genetic repertoires and evolution of the Hsp70
superfamily across Trypanosomatidae (Kinetoplastea: Euglenozoa) parasites of invertebrates

F T4 Lo Y=Y (=Y o] 1 (=T U 53

4.2 The expanding superfamily of protein sharing a-crystallin domain (ACD), including the Small
Heat Shock Protein (sHSP) family, revealed by surveys in the genomes of a large diversity of

TrYPaANOSOMA SPECIES ...cvererererersrsssssssssssssssss s se s se e e e sa s b b s R bR e e sE e R 81

4.3 O Repertorio de genes de congopaina divergiu para se tornar subgrupo especifico e um



valioso marcador para o diagnostico e genotipagem de isolados dos grupos Savannah, Forest e

Kilifi de Trypanosoma CONGOIENSE. ... 95

4.4 Dados filogenéticos e gendmicos suportam uma unica transferéncia horizontal do gene de
Prolina Racemase procaridtica, implicadas na evasao das defesas do hospedeiro pelo parasita,

para o ancestral dos tripaN0SSOMAS..........cccurrmnmsrrrmmsesmsssssssr s sas s sssasasanes 96

4.5 Endossimbiose em tripanossomatideos: A Cooperagdo gendmica entre o simbionte
bacteriano e hospedeiro na sintese dos aminoacidos essenciais é em grande parte influenciada

por multiplas transferéncias horizontais de genes.. ... —— 97
REFERENCIAS ........cvvvveeeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 98

ANEXOS ...ttt 11



19

1 INTRODUGAO
1.1 O filo Euglenozoa

O filo Euglenozoa (Eukaryota; Excavata) compreende eucariotos unicelulares flagelados que
apresentam ampla diversidade morfolégica e genética. O filo inclui tanto espécies de vida livre
(fagotroficas, osmotroficas e fotossintéticas) quanto espécies comensais e parasitas obrigatérios e
facultativos (Moreira et al., 2004, 2007; Simpson, Roger, 2004). Caracteristicas morfol6gicas e
inferéncias filogenéticas permitiram a classificagao dos organismos pertencentes ao filo Euglenozoa em
trés classes: Kinetoplastea, Diplonemea e Euglenoidea (Busse, Preisfeld, 2002; Moreira et al., 2001,
2004). A recente incluséo de amostras obtidas de ambientes aquaticos com baixas concentragbes de
oxigénio revelou a existéncia de mais um grupo, nomeado como Symbiontida. Este é composto por
flagelados de vida livre que possuem uma estreita relagdo com epibiontes bacterianos aderidos a
matriz extracelular (Yubuki et al., 2009). Além da diversidade de espécies, o filo Euglenozoa destaca-se
por singularidades que incluem desde a organizagéo celular até a gendmica (Simpson, Roger, 2004).
Em geral, o filo Euglenozoa é marcado pela presenca de maquinarias celulares e gendmicas ditas
“barrocas”, que incluem: transcri¢do simultanea de dezenas de genes em tripanossomatideos (Myler et
al., 1999); edicdo pos-transcricional massiva do RNA mitocondrial em cinetoplastideos (Estévez,
Simpson, 1999); introns dentro de introns em euglenideos (Thompson et al., 1997); presenga de uma
base hipermodificada (base J) no genoma nuclear dos tripanossomas (Borst, Sabatini, 2008); e trans-
splicing entre o pré-mRNA e o gene Spliced Leader, que é encontrado ao longo de todo o filo

Euglenozoa (Sturm et al., 2001).

Os euglenideos (classe Euglenoidea) compreendem protozoarios fototréficos, fagotréficos e
osmotréficos (Breglia et al., 2007; Preisfeld et al., 2001). As espécies fototroficas, assim como algas
verdes, apresentam cloroplastos com clorofila A e B nas membranas tilacoides (Nisbet, 1984). Apesar
da semelhanca fisiolégica e estrutural entre euglenideos e algas verdes restringir-se ao cloroplasto, a
similaridade entre plastidios levou, no passado, a classificagao artificial das espécies fotossintéticas
como “algas verdes”. A grande diferenga morfolégica entre euglenideos e algas e a presenga de uma
membrana tripla envolvendo o cloroplasto de euglenideos sugeriu sua origem a partir de um evento de
endossimbiose secundaria entre euglenideos e algas verdes (Gibbs, 1981). A hipdtese de
endossimbiose secundaria foi mais tarde apoiada por inferéncias filogenéticas obtidas a partir da
subunidade menor do gene ribossémico (SSU rRNA) e genes codificantes de proteinas (Karnkowska et
al., 2015; Linton et al., 1999; Sogin et al., 1986) que posicionaram os euglenideos fotossintéticos

proximos aos demais euglenideos, diplonemideos e cinetoplastideos. O sequenciamento do genoma
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plastidial de euglenideos permitiu confirmar a hipétese da endossimbiose secundaria (Hrda et al., 2012;
Turmel et al., 2009).

O grupo formado pelos diplonemideos (classe Diplonemea) reune organismos biflagelados
fagotréficos de vida livre, encontrados no sedimento e em superficies submersas marinhas, e por
parasitas facultativos de crustaceos (Kent et al., 1987; Lara et al., 2009). Os diplonemideos séo
divididos em apenas dois géneros, Diplonema e Rhynchopus, que se destacam dentro de Euglenozoa
por ndo possuirem plastidios e cinetoplasto, este Ultimo encontrado nos cinetoplastideos (Simpson,
Roger, 2004). Estudos moleculares baseados na SSU rRNA sugeriram inicialmente que euglenideos e
diplonemideos pudessem ser grupos irmaos (Preisfeld et al., 2001). No entanto, inferéncias baseadas
em genes codificantes de proteinas de choque térmico (HSP70 e HSP90), e que incluem um nimero
maior de faxa, contradizem o relacionamento inicial e indicam uma maior proximidade dos

diplonemideos com cinetoplastideos (Simpson, Roger, 2004).

A classe Kinetoplastea, ordem Kinetoplastida, compreende as familias Trypanosomatidae e
Bodonidae. A principal caracteristica dos cinetoplastideos € a presenga de uma Unica mitocdndria
modificada que contém uma regido rica em moléculas de DNA (kDNA) denominada cinetoplasto
(Simpson et al., 2006; Stevens, 2008). O kDNA é constituido por um grande numero moléculas de DNA
dupla-fita e circulares, conhecidas como maxicirculos e minicirculos. Nas espécies da ordem
Trypanosomatidae, essas moléculas estao concatenadas de maneira a formar uma rede unica e densa,
0 que ndo € observado em Bodonidae (Simpson et al., 2002). Analises filogenéticas baseadas em 18S
rRNA dividiram os cinetoplastideos em duas subclasses: Prokinetoplastina, que compreende uma Unica
ordem (Prokinetoplastida) e Metakinetoplastina, que é dividida em quatro ordens: Eubodonida,
Parabodonida e Neobodonida, que correspondem aos bodonideos; e Trypanosomatida, que
compreende os tripanossomatideos (Moreira et al., 2004). Os bodonideos sdo em geral organismos
biflagelados e de vida livre, exceto os dos géneros Cryptobia e Trypanoplasma, que sdo parasitas de
peixes. As espécies de vida livre sdo encontradas tanto no solo quanto em ambientes aquéticos, de
agua doce e salgada, e atuam como micropredadores que auxiliam no equilibrio microbiol6gico destes
ambientes (D'Avila-Levy et al., 2009). Os bodonideos sdo divididos em varios géneros, entre eles:
Ichthyobodo, Perkinsiella, Bodo, Neobodo, Parabodo, Trypanoplasma, Dimastigella, Rhynchobodo,
Rhynchomonas e Cryptobia (Lopez-Garcia et al., 2003; Moreira et al., 2004; von der Heyden, Cavalier-
Smith, 2005).
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1.2 A familia Trypanosomatidae

A familia Trypanosomatidae (ordem Kinetoplastidada) é constituida por parasitas obrigatérios
de insetos, insetos fitéfagos e plantas, e artrépodes hematéfagos ou sanguessugas e vertebrados
(Simpson et al., 2006; Stevens, 2008; Teixeira, 2010). O sucesso evolutivo dos tripanossomatideos
como parasitas € inquestionavel, pois, depois dos nematdides, representam o grupo de eucariotos com
a maior variedade de hospedeiros e distribuigdo geografica (Simpson et al., 2006; Stevens et al., 2001).
As espécies de tripanossomatideos apresentam profundas diferencas biolégicas, estruturais e
fisioldgicas entre si. O ciclo de vida desses organismos € complexo, com a presenca de diversas
formas que variam de acordo com a espécie e com a fase do ciclo de vida. A classificacdo das
diferentes formas é feita em funcéo da posicao do cinetoplasto em relagéo ao nicleo e da presenca ou
nao de flagelo livre e membrana ondulante. As principais formas encontradas nos tripanossomatideos
sdo: tripomastigota, amastigota, epimastigota, opistomastigota e promastigota. Com base na morfologia
e em marcadores moleculares, a familia Trypanosomatidae estg dividida em 18 géneros, sendo 14
compostos de parasitas monoxénicos de insetos (Sergeia, Crithidia, Blastocrithidia, Wallacemonas,
Leptomonas, Herpetomonas, Lafontella, Angomonas, Kentomonas, Strigomonas, Blechomonas,
Jaenimonas, Lotmaria e Paratrypanosoma), trés heteroxénicos (Endotrypanum, Leishmania,
Trypanosoma), que circulam entre artrépodes hematéfagos e vertebrados, e um género heteroxénico
(Phytomonas) encontrado em insetos fitéfagos e plantas (Borghesan et al., 2013; Flegontov et al.,
2013; Kostygov et al., 2014; Lukes et al., 2014; Maslov et al., 2013; Merzlyak et al., 2001; Svobodova et
al., 2007; Teixeira et al., 2011; Votypka et al., 2013, 2014;). Alguns géneros de tripanossomatideos
possuem uma estreita relacdo com endossimbiontes bacterianos, como é o caso de Angomonas,
Strigomonas e Kentomonas (Teixeira et al., 2011; Votypka et al., 2014). Particulas virais também foram
descritas em associagdo com Phytomonas, Angomonas e Leishmania (Marche et al., 1993; Molyneux,
1974; Motta et al., 2003). Desse modo, incluindo o genoma nuclear e do cinetoplasto, podem estar

presentes em alguns casos até quatro genomas em uma mesma célula.

Filogenias moleculares baseadas tanto em marcadores ribossomais quanto em genes
codificantes suportam a estreita relagéo entre tripanossomatideos e bodonideos, nao estando, porém,
ainda bem definido o posicionamento filogenético dos dois grupos dentro dos cinetoplastideos (Moreira
et al., 2004; Simpson et al., 2006; Stevens, 2008). Um estudo recente com filogenias baseadas em 64
genes codificantes corroborou a posicdo dos tripanossomatideos dentro da subclasse
Metakinetoplastina, como grupo irmé&o da ordem Eubodonida, o que torna os bodonideos per se um
grupo parafilético (Moreira et al., 2004). A posicéo filogenética dos tripanossomatideos entre os
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bodonideos parasitas e de vida livre levantou muitas questdes sobre o aparecimento do parasitismo e

da evolugédo dos grupos monoxénicos e heteroxénicos (Figura 1).

@ vida livre

E Monoxénico - Insetos

*Heteroxénico - Insetos/plantas

*Heteroxénico - Insetos/vertebrados

Trypanosoma brucei ¥
Trypanosoma congolense *
Trypanosoma vivax ¥
Trypanosoma cruzi ¥
Trypanosoma rangeli ¥
Trypanosoma grayi ¥
Trypanosoma theileri ¥
Angomonas deanei I
Strigomonas culicis 7
Phytomonas serpens ¢
Crithidia fasciculata I
Leptomonas pyrrhicoris I
Leishmania australensis
Leishmania panamensis ¥
Leishmania braziliensis *
Leishmania tarentolae ¥
Leishmania mexicana <x
Leishmania donovani ¥
Leishmania infantum *
Leishmania major ¥

Paratrypanosoma confusum [

Eubodonidae
Bodo saltans Q@

Parabodonidae

Cryptobia (Trypanoplasma) borreli
Parabodo caudatus Q@

Neobodonidae
Neobodo sp. @

Ichthyobodo necator ¥

ewosouedAi]

soapnewosouedL} sonno

*

aepijewosouedAi|

epiyse|dojaury]

Figura 1 - Relagdes filogenéticas e variagdo do modo de vida entre os principais clados de cinetoplastideos:
Os tridngulos representam um grande nimero de espécies condensadas em uma Unica ramificagdo, sendo
algumas espécies do grupo nomeadas. Figura adaptada de Jackson, 2015.

A hipétese mais aceita defende o surgimento dos tripanossomatideos a partir de um

ancestral de vida livre e aquatico, relacionado ao grupo atual dos eubodonideos, sendo Bodo saltans a
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espécie mais proxima conhecida (Deschamps et al., 2011). O ancestral de vida livre, ao ser ingerido por
insetos, teria se adaptado ao ambiente intestinal, dando origem a um organismo monoxénico de
insetos. Este, por sua vez, teria divergido dando origem aos diversos grupos de tripanossomatideos
monoxénicos de insetos. O padrao de ramificagéo filogenético dos géneros que compdem a familia
Trypanosomatidae sugere que o salto do parasitismo monoxénico para heteroxénico ocorreu multiplas
vezes e em diferentes momentos na evolucao da familia (Figura1) (Stevens 2008; Stevens et al., 2001;
Vickerman, 1994). Nesses saltos, ancestrais monoxénicos, ao colonizarem o trato digestorio de insetos
hemato6fagos e fitofagos, podem ter sido inoculados nos tecidos de vertebrados e plantas, adaptando-
se e dando origem aos géneros heteroxénicos (Teixeira, 2010). A recente descri¢cdo de um novo género
aparentemente monoxénico, Paratrypanosoma, que se posiciona na base dos demais géneros em
inferéncias baseadas nos marcadores gGAPDH e SSU rRNA, reforga a hipdtese de mdiltiplos saltos

para 0 modo de vida heteroxénico (Flegontov et al., 2013).
1.3 O género Trypanosoma

O género Trypanosoma é composto por espécies que alternam o ciclo de vida entre
hospedeiros invertebrados e vertebrados. A diversidade dos tripanossomas esta refletida em ambos
hospedeiros. Conforme o tripanossoma, os vetores podem ser dipteros, hemipteros, pulgas, carrapatos
e sanguessugas, e 0s hospedeiros vertebrados podendo compreender aves, répteis, anfibios, peixes e
mamiferos (Hamilton et al., 2007; Hoare, 1972; Simpson et al., 2006; Stevens, 2008). A maior parte das
espécies se desenvolve somente ciclicamente no vetor. A exceg@o ocorre em Trypanosoma evansi,
Trypanosoma equiperdum e Trypanosoma vivax. As duas primeiras sdo somente transmitidas
mecanicamente por insetos hematofagos e pelo coito respectivamente, enquanto T. vivax € transmitido
tanto pela via mecanica por moscas hematéfagas quanto ciclicamente pela mosca tsé-tsé. A adaptacao
a transmissdo mecanica € responsavel pela disseminagdo destas espécies para fora do cinturdo
africano de ocorréncia da mosca tsé-tsé, considerada vetor natural desses tripanossomas. A
transmissdo exclusivamente mecanica observada em T. evansi e em T. equiperdum é possivelmente
responsavel pela perda parcial ou total do cinetoplasto, essencial para o desenvolvimento ciclico no
inseto vetor (Lun et al., 2010). A maior parte dos estudos sobre os tripanossomas esta restrita a
espécies patogénicas que possuem interesse médico humano e veterinario. A ampla distribuicao
geografica, variedade de nichos ecoldgicos, ecdtopos e mecanismos de transmissdo das espécies

estudadas sugerem que a diversidade ainda é subestimada.

Até o momento, séo conhecidos trés tripanossomas naturalmente infectantes para o homem:
Trypanosoma cruzi, Trypanosoma brucei, que inclui duas subespécies — T b. gambiense, T b.

rhodesiense, e Trypanosoma rangeli. As duas primeiras espécies sdo respectivamente os agentes
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etiologicos da doenga de Chagas e do sono, enquanto T. rangeli, embora capaz de infectar humanos,
até agora néo é considerado patogénico. Por sua vez, T. vivax, T. evansi, T. equiperdum, Trypanosoma
congolense, T. brucei brucei e Trypanosoma simiae sdo agentes de tripanossomiases animais. Essas
espécies sdo todas de origem africana e patogénicas para bovinos, bufalinos, ovinos, caprinos, equinos
e suinos, sendo responsaveis por perdas econdmicas em paises da Africa, Asia e Américas Central e
do Sul (Morrison, MacLeod, 2011). A maior parte dos tripanossomas circula no ambiente silvestre como
enzootias, transmitidos por vetores associados com seus hospedeiros € respectivos ecétopos.
Recentemente, junto ao surgimento de técnicas de diagndstico molecular tem sido reportado um
aumento no numero infecgbes humanas atipicas por tripanossomas, como Trypanosoma lewisi, T.
vivax, T. evansi, T. congolense e T. brucei brucei (Truc et al., 2013, 2014). Apesar dos casos serem até
agora restritos a individuos imunossuprimidos ou desnutridos, a possibilidade do aparecimento de
doengas emergentes tem redirecionado o foco dos novos estudos para espécies antes negligenciadas
(Truc et al., 2013).

Ao longo do ciclo de vida, os tripanossomas podem apresentar-se sob as formas
epimastigota, tripomastigota (sanguineo ou metaciclico) e, em alguns casos, amastigota. As formas
infectantes presentes nos vertebrados s&o denominadas tripomastigotas sanguineos. Estas, quando
ingeridas pelos vetores durante o repasto sanguineo, sofrem alteragdes morfologicas, bioquimicas e
fisioldgicas, diferenciando-se em epimastigotas, que sao as formas multiplicativas adaptadas ao novo
ambiente. Uma vez cessada a fase multiplicativa, as formas epimastigotas diferenciam-se em
tripomastigotas metaciclicos, que séo as formas infectantes para o hospedeiro vertebrado. O local onde
se da a metaciclogénese no vetor determina a via de transmisséo, se contaminativa (caso das espécies
de Trypanosoma cujos tripomastigotas metaciclicos desenvolvem-se nas porgdes posteriores do tubo
digestério e séo eliminadas juntamente com as fezes do vetor) ou inoculativa (metaciclogénese nas
porgdes anteriores e glandulas salivares do vetor e consequente inoculagdo com a saliva), durante o
repasto sanguineo (Hoare, 1972). Com excegéo de T. rangeli, transmitido por ambas as vias, as demais
espécies utilizam apenas uma das estratégias de transmisséo (Gilles, 1999). Com base no
desenvolvimento no vetor e, consequentemente, na via de eliminagdo das formas infectantes, os
subgéneros que infectam mamiferos foram separados em Secgdes Stercoraria e Salivaria (Hoare,
1964). A taxonomia das espécies do género Trypanosoma era tradicionalmente baseada em caracteres
morfologicos existentes, nas formas encontradas no sangue de vertebrados e também no inseto vetor.
Além da morfologia, o comportamento bioldgico, hospedeiro e localizagdo geografica também eram
considerados na classificagéo. Centenas de espécies foram descritas em mamiferos e classificadas em

oito subgéneros com base nesses critérios (Hoare, 1972).
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A Secgao Salivaria compreende apenas espécies de origem africana, a maioria transmitida
ciclicamente por moscas tsé-tsé (género Glossina). O local de desenvolvimento dentro da mosca varia
conforme a espécie, ocorrendo nas porgdes anteriores do tubo digestivo e glandulas salivares (T. brucei
spp.), apenas na por¢édo anterior do tubo digestivo (T. congolense), ou restrito a probdscide no caso de
T. vivax (Hamilton et al., 2007; Hoare, 1972; Stevens, 2008; Stevens et al., 2001). A Secgéo Stercoraria
compreende trés subgéneros: Schizotrypanum cuja espécie-tipo € T. cruzi; Herpetosoma (espécie-tipo
T lewisi) e Megatrypanum (espécie-tipo Trypanosoma theileri) (Hoare, 1964, 1972). As espécies
pertencentes a esta Seccdo se desenvolvem no tubo digestivo do inseto vetor e sao transmitidas pela
contaminagao com as fezes dos vetores deixadas durante o repasto sanguineo. T. lewisi e T. theileri
apresentam restricdo quanto aos hospedeiros vertebrados (roedores e ungulados respectivamente) e
possuem ampla distribuicdo geografica. Por outro lado, T cruzi e T. rangeli infectam uma grande
diversidade de mamiferos e séo restritos as Américas Central e do Sul (Guhl, Vallejo, 2003; Hoare,
1972).

Embora a monofilia do género Trypanosoma tenha sido contestada em estudos iniciais
baseados em SSU rRNA (Maslov et al., 1996), trabalhos que incluem um ndmero maior de faxa e
adicionam outros marcadores confirmam o género como monofilético (Hamilton et al., 2004; Leonard et
al., 2011; Simpson et al., 2006; Stevens et al., 2001). A viséo atual das relagdes filogenéticas entre as
espécies de tripanossomas é tradicionalmente baseada nos genes de SSU rRNA e gGAPDH (Hamilton
et al., 2004, 2007; Hannaert et al., 1998; Stevens, 2008). O género Trypanosoma possui uma divisdo
em duas linhagens filogenéticas conhecidas como clados aquatico e terrestre (Figura 2) (Hamilton et
al., 2004, 2007; Stevens 2008; Stevens et al., 2001). O clado aquatico compreende tripanossomas
isolados de sanguessugas e vertebrados de habitos aquaticos ou semiaquaticos, principalmente peixes
de agua doce e salgada e anfibios. Também foram encontrados isolados de tartaruga, camaledo e
ornitorrinco que pertencem a esse grupo (Dvofakova et al., 2015; Hamilton et al., 2007; Paparini et al.,
2014). As espécies do clado aquatico sdo transmitidas principalmente por sanguessugas aquaticas;
contudo, flebotomineos foram relatados como vetores de tripanossomas de anuros (Ferreira et al.,
2008). Por sua vez, os tripanossomas de vertebrados terrestres s&o isolados de mamiferos, aves,
crocodilianos, cobras e lagartos e s&o transmitidos por uma ampla diversidade de vetores que incluem
carrapatos, moscas, mosquitos, hemipteros e pulgas (Hamilton et al., 2007). Inferéncias filogenéticas
baseadas nos marcadores tradicionais e incluindo diferentes conjuntos de taxa revelam a existéncia
varios clados entre as espécies da linhagem terrestre (Figura 2): os clados T. brucei; T. cruzi; T. lewisi;

T. theileri; T. rangeli-T. conorhini; T. avium; T. corvi e clados de tripanossomas de crocodilianos e de
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lagartos e serpentes (Cavazzana et al., 2010; Hamilton et al., 2004, 2005, 2007, 2008, 2009; Lima et
al., 2012b; Maia da Silva et al., 2010; Rodrigues et al., 2006; Stevens, 2008; Stevens et al., 2001).

O clado T brucei compreende uma grande diversidade de tripanossomas de origem
africana, pertencentes a Secgéo Salivaria e naturalmente transmitidos pela mosca tsé-tsé (Adams et
al., 2010; Hamilton et al., 2007; Hoare, 1972). As espécies desse clado sdo classificadas em quatro
subgéneros: Trypanozoon (T. brucei sspp. T evansi e T equiperdum), Duttonella (T vivax);
Pycnomonas (T. suis) e Nannomonas (T. congolense e T. simiae) (Hoare, 1972). O clado T theileri
corresponde ao subgénero Megatrypanum, sendo formado por tripanossomas restritos a ungulados
(ordem Artiodactyla). T. theileri & cosmopolita, ndo patogénico ao hospedeiro vertebrado e transmitido
por moscas hematofagas da familia Tabanidae (Garcia et al., 2011; Rodrigues et al., 2006, 2010). O
clado T lewisi corresponde ao subgénero Herpetosoma, que compreende espécies cosmopolitas
encontradas principalmente em roedores silvestres e domésticos (Hoare, 1972; Maia da Silva et al.,
2010). Inicialmente, com base na morfologia das formas sanguineas, Herpetosoma incluia também T.
rangeli. No entanto, inferéncias filogenéticas baseadas em diversos marcadores moleculares
permitiram a revisao desse subgénero que agora compreende apenas as espécies do clado T. lewisi
(Hamilton et al., 2007; Maia Da Silva et al., 2007; Stevens, Gibson, 1999). O clado T. cruzi compreende
0 subgénero Schizotrypanum, o clado T. rangeli-T. conohrini, Trypanosoma livingstonei (Lima et al.,
2013), Trypanosoma wauwau (Lima et al., 2015), isolados de morcegos (Trypanosoma sp. Bat) e
carnivoros (Trypanosoma sp. NanDoum1) da Africa (Cavazzana et al., 2010; Hamilton et al., 2009;
Stevens et al., 2001), e de marsupiais australianos incluindo um isolado de canguru (Trypanosoma sp.
H25) (Stevens et al., 1999) (Figura 2).

Todas as espécies do clado T cruzi desenvolvem-se nas porgdes posteriores do trato
digestério do inseto vetor e pertencem a Seccdo Stercoraria. O subgénero Schizotrypanum inclui T.
cruzi, T. cruzi marinkellei, Trypanosoma dionisii, Trypanosoma erneyi, Trypanosoma vespertilionis,
Trypanosoma hastatus, Trypanosoma hedricki, Trypanosoma myoti e Trypanosoma phyllostomus.
Embora varias espécies tenham sido descritas nesse clado, somente T. ¢. marinkellei T. dionisii e T.
erneyi foram confirmadas por marcadores moleculares (Cavazzana et al., 2010). As espécies de
Schizotrypanum apresentam forte restricdo quanto ao hospedeiro vertebrado, sendo encontradas
somente em morcegos, exceto T cruzi que naturalmente infecta mamiferos de diversas ordens
(Cavazzana et al., 2010; Hoare 1972; Marcili et al., 2009; Molyneux, 1991).

O clado T. rangeli-T. conorhini posiciona-se como grupo irmao do subgénero Schizotrypanum
e compreende T. rangeli, T. conorhini, Trypanosoma sp. Bat e Trypanosoma sp. NanDoum1 (Hamilton

et al., 2009). Basal a ramificagéo formada por T. rangeli, T. conorhini e Schizotrypanum posiciona-se 0
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grupo formado por isolados de marsupiais australianos e T. wauwau, uma nova espécie encontrada em
morcegos da América do Sul (Lima et al., 2015). T. livingstonei, parasita de morcegos africanos,

representa a espécie mais basal pertencente ao clado T. cruzi (Lima et al., 2013).
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Figura 2 - Inferéncia filogenética do género Trypanosoma. Analise concatenada dos genes SSU
rRNA e gGAPDH incluindo 32 espécies de tripanosomas que representam os principais clados.
Figura adaptada de Viola et al., 2009.

A presenca de tripanossomas restritos a morcegos da Europa, Africa, América em varios
pontos da ramificacdo do clado T cruzi sugere que as espécies desse grupo evoluiram de um
tripanossoma ancestral exclusivo de morcegos (Figura 3). Ao longo da evolugéo e expansdo dos
morcegos, esse ancestral divergiu, originando as espécies atuais, que foram dispersas junto dos
morcegos através dos continentes. A dispersao dessas espécies restritas a morcegos foi acompanhada
de saltos desses tripanossomas para outros mamiferos. Essa hipotese para o surgimento do clado T.
cruzi ficou conhecida como bat seeding (Hamilton et al., 2012b). O padréo de ramificagéo filogenético

das espécies encontradas em mamiferos ndo morcegos sugere que o salto entre hospedeiros ocorreu
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de maneira independente e inumeras vezes ao longo desse processo (Figura 3) (Hamilton et al.,

2012a, 2012b; Lima et al., 2012b, 2013, 2015).
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Figura 3: Inferéncia filogenética do género Trypanosoma com énfase no clado T. cruzi.
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Dentro da linhagem terrestre, os tripanossomas de vertebrados ndo mamiferos
compreendem trés clados: tripanossomas de crocodilianos, de aves e de lagartos e serpentes
(Hamilton et al., 2007). Embora muitas espécies de tripanossomas tenham sido descritas infectando
esses hospedeiros, poucas foram confirmadas por técnicas moleculares e posicionadas em filogenias,
0 que faz deste grupo de tripanossomas o menos estudado. Além disso, os critérios taxonémicos
tradicionais, como morfologia das formas sanguineas e em cultura, espécie do hospedeiro de origem e
localizag&o geografica se mostraram pouco confidveis para o género Trypanosoma. Isto ocorre pela
quantidade de infecgdes mistas e pela variabilidade de restrigdo ao hospedeiro e distribuicdo

geografica entre as espécies de tripanossomas.

O clado dos tripanossomas de crocodilianos é formado por trés espécies: Trypanosoma
grayi, de crocodilos africanos e transmitido pela mosca tsé-tsé, Trypanosoma ralphi e Trypanosoma
terena, ambos isolados de jacarés da América do Sul e cujo vetor ainda é desconhecido (Fermino et
al., 2013). Inferéncias atuais baseadas nos genes de gGAPDH e SSU rRNA e que incluem as trés
espécies posicionam esse clado na base da linhagem terrestre (Fermino et al., 2013, 2015).
Recentemente, outro estudo mostrou que Trypanosoma clandestinus, encontrado em jacarés e
possivelmente transmitido por sanguessugas, esta mais relacionado com as espécies do clado
aquatico do que com as do clado de tripanossomas de crocodilianos (Fermino et al., 2015). O clado
dos tripanossomas de aves apresenta ao menos trés subclados: T. corvi, T. avium e T. benetti (Hamilton
et al., 2007; Votypka et al., 2002). Embora as relagdes filogenéticas dentro de cada subclado paregam
consistentes usando os marcadores tradicionais, as relagdes entre os subclados ainda nao estéo
claras, sendo possivel que ndo formem um clado monofilético (Hamilton et al., 2007). Por dltimo, o
clado dos tripanossomas de lagartos e serpentes agrupa espécies obtidas de vertebrados da ordem
Squamata (lagartos e serpentes) (Viola et al., 2009). Até o momento, as posi¢des filogenéticas dos
subclados de tripanossomas de aves e do clado de tripanossomas de lagartos e serpentes ndo estéo
bem estabelecidas dentro do género Trypanosoma.

1.4 Evolugao gendmica em tripanossomas e outros tripanossomatideos

Ao longo da ultima década, o sequenciamento de nova geracdo, seguido pela diminuigéo
gradual dos custos, revolucionou o estudo da parasitologia. O surgimento dessa nova tecnologia
ampliou o conhecimento sobre as interagdes entre parasita e hospedeiro e, consequentemente, mudou
a visao sobre 0s mecanismos de infeccdo, invasao, escape imunolégico, evolugéo, resisténcia a drogas
e desenvolvimento de novos alvos terapéuticos (Lv et al., 2015). Filogenias, antes limitadas pela
escassez de caracteres, agora contam com um vasto repertdrio de marcadores moleculares,

essenciais para estudos micro e macroevolutivos (Jackson 2015b). Mesmo quando o objetivo ndo é
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diretamente filogenético, como o estudo funcional de genes, a possibilidade de comparar genes e vias

metabdlicas entre espécies relacionadas torna o pensamento evolutivo necessario.

Parasitas tendem a compartilhar alguns fenémenos na evolugdo de seus genomas, que
conforme a espécie, possuem um papel maior ou menor na sobrevivéncia dos organismos (Jackson,
2015b). Entre esses, pode se citar a reducdo do contetido gendmico, aparecimento de genes espécie
especificos, recrutamento de genes para novas fungdes e transferéncias horizontal de genes (Capewell
et al., 2015; Jackson, 2015b; Lv et al., 2015; Wijayawardena et al., 2013). Onze anos apds a publica¢éo
dos genomas de T. cruzi (EI-Sayed et al., 2005a), T. brucei (Berriman et al., 2005) e Leishmania major
(lvens et al., 2005), os genomas nucleares de diversas outras espécies e subespécies foram
sequenciados, estando disponiveis em bancos publicos (Tabela 1). Embora a maioria dos genomas
seja de espécies com importancia médica humana e veterinaria, um esforgo recente tem sido feito para
aumentar a representatividade e preencher as lacunas evolutivas entre as espécies patogénicas. Entre
0s genomas recém-sequenciados de tripanossomatideos considerados néo patogénicos para 0 homem
e animais domésticos estdo os de Crithidia fasciculata, Endotrypanhum monterogeii, T. grayi, T. cruzi
marinkellei e T. rangeli (Kelly et al., 2014; Schwarz et al., 2015; Stoco et al., 2014). A comparagéo entre
0s genomas dos tripanossomatideos revelou uma série de singularidades, tais como a conservagao da
sintenia de grande parte do genoma, mesmo entre espécies com grande tempo de divergéncia, um
arsenal complexo de proteinas de superficie e uma grande quantidade de genes que vieram de
transferéncia horizontal (Ghedin et al., 2004; Jackson, 2015a; Opperdoes, Michels, 2007).

Tabela 1 - Informagdes gerais sobre 0 genoma de organismos parasitas. Adaptado de Lv et al., 2015.

Taxon Tamanho (Mb) Cromossomos Contetdo GC% Genes

Trematoides

Clonorchis sinensis 516 56 44.8 13634
Opisthorchis viverrini 634.5 12 43.7 16379
Schistosoma haematobium 385 16 34.3 13073
Schistosoma japonicum 398 16 341 13469
Schistosoma mansoni 363 16 35.3 11809
Nematoides

Brugia malayi 93.7 10 30.5 11515
Loa loa 914 12 31 14907
Necator americanus 244 12 40.2 19151
Trichinella spiralis 64 12 33.9 15808
Trichuris suis 80 - 43.9 14781
Cestoides

Echinococcus granulosus 151.6 18 421 11325

Echinococcus multilocularis 115 18 422 10345
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Taenia solium 122.3 - 429 12490
Protozoarios

Babesia bovis 8.2 6 418 2228
Babesia microti 6.5 3 36 3500
Cryptosporidium hominis 9.2 8 31.7 3994
Eimeria falciformis 44 14 52.9 5879
Entamoeba histolytica 23.75 - 224 9938
Giardia intestinalis 1.7 10 49 4889
Leishmania braziliensis 32 35 57.76 8314
Leishmania donovani 324 36 59.06 8195
Leishmania major 32.8 36 62.5 8272
Plasmodium falciparum 233 14 19.4 5403
Plasmodium vivax 26.8 14 42.28 5433
Trichomonas vaginalis 176.44 6 32.7 59681
Trypanosoma brucei 26.08 22 50.9 9068
Trypanosoma cruzi 55 28 50.9 12000
Microsporideos

Encephalitozoon intestinalis 2.3 - - 1833
Enterocytozoon bieneusi 6 - - 3804
Encephalitozoon cuniculi 29 - - 1999

1.5 Estrutura e organizagao do genoma em tripanossomatideos

Em geral, ao se adaptar a sobreviver do espdlio de outro organismo, os parasitas sofrem um
processo de simplificagdo fisioldgica e fenotipica, decorrente da redugdo nas pressdes seletivas que
atuam sobre as caracteristicas, antes necessarias ao modo de vida livre. Esse processo leva a perda
massiva de genes em vias metabolicas e regulatorias, o que cria uma dependéncia fisioldgica do
parasita ao seu hospedeiro. Por exemplo, Cryptosporidium hominis precisa obter a maior parte dos
aminoé&cidos e nucleotideos da célula hospedeira, pois ndo &€ mais capaz de sintetiza-los (Xu et al.,
2004). Desse modo, espera-se que a reducdo no numero de genes seja refletida no tamanho do
genoma. No caso extremo de Encephalitozoon intestinalis, 0 genoma foi reduzido a apenas 2,3 Mpb,
que contém o minimo necessario para manter a homeostase celular (Corradi, Slamovits, 2011). O
numero crescente de parasitas com o genoma sequenciado tem revelado que, embora exista a

tendéncia a redugé@o do genoma, esta caracteristica ndo é ubiqua entre parasitas (Tabela 2).

Antes da disponibilidade dos genomas, era conhecido que os tripanossomatideos

apresentavam algumas deficiéncias metabdlicas. A publicagdo dos primeiros genomas confirmou que
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as limitagbes sao decorrentes da perda de genes, tais como os envolvidos na biossintese do heme, de

purinas e de tetrahidrobiopterina (Koreny et al., 2010; Marr et al., 1978; Ouellette et al., 2002;).

Tabela 2 - Genomas de tripanossomatideos disponiveis em bancos publicos.

Taxon Cepa Numero de acesso
Herpetomonas muscarum TCC 001E GenBank AUXJ01000000
Phytomonas serpens P9 GenBank AIHY00000000.1
Phytomonas sp. HART1 GenBank CAVR000000000.2
Phytomonas sp. EM1 GenBank CAVQ000000000.1
Angomonas deanei TCC 036E GenBank AUXM01000000
Angomonas desouzai TCC 079E GenBank AUXL01000000
Strigomonas culicis TCC 012E GenBank AUXH01000000
Strigomonas galati TCC 219 GenBank GCA_000482125
Strigomonas oncopelti TCC 290E GenBank AUXK01000000
Leptomonas pyrrhocoris H10 TriTrypDB

Leptomonas seymouri ATCC 30220 TriTrypDB

Lotmaria passim SF GeneBank AHIJ00000000
Crithidia fasciculata Cf-Cl TriTrypDB

Endotrypanum monterogeii LVv88 TriTrypDB

Leishmania enrietti LEM3045 TriTrypDB

Leishmania martiniquensis MARLEM2494 TriTrypDB

Leishmania (Viannia) braziliensis MHOMBR75M2904 TriTrypDB

Leishmania (Viannia) panamensis MHOM/COL/81/L13 TriTrypDB

Leishmania (Leishmania) aethiopica L147 TriTrypDB

Leishmania (Leishmania) amazonensis MHOM/BR/71973/M2269 TriTrypDB

Leishmania (Leishmania) arabica LEM1108 TriTrypDB

Leishmania (Leishmania) donovani BPK282A1 TriTrypDB

Leishmania (Leishmania) gerbilli LEM452 TriTrypDB

Leishmania (Leishmania) infantum JPCM5 TriTrypDB

Leishmania (Leishmania) major Friedlin TriTrypDB

Leishmania (Leishmania) mexicana MHOM/GT/2001/U1103 TriTrypDB

Leishmania (Leishmania) tropica L590 TriTrypDB

Leishmania (Leishmania) turanica LEM423 TriTrypDB

Leishmania (Sauroleishmania) tarentolae ParrotTarll TriTrypDB

Trypanosoma evansi STIB 805 TriTrypDB

Trypanosoma brucei brucei Lister 427 TriTrypDB

Trypanosoma brucei brucei TREU927 TriTrypDB

Trypanosoma brucei gambiense DAL972 TriTrypDB

Trypanosoma congolense IL30000 TriTrypDB

Trypanosoma grayi ANR4 TriTrypDB

Trypanosoma vivax Y486 TriTrypDB

Trypanosoma rangeli SC58 TriTrypDB

Trypanosoma cruzi cruzi Dm28c TriTrypDB

Trypanosoma cruzi cruzi CL Brener TriTrypDB
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Trypanosoma cruzi cruzi Sylvio X10.6 TriTrypDB
Trypanosoma cruzi marinkellei B7 TriTrypDB

Assim como em outros parasitas, essas deficiéncias séo supridas pelos hospedeiros e, em
alguns casos, também por endossimbiontes bacterianos (Jackson, 2015a; Klein et al., 2013; Koreny et
al., 2010). Embora os tripanossomatideos apresentem perdas de varios genes, o genoma haploide
possui entre 25 a 35 Mb e densidade de genes variando entre 2,8 a 4,6 Kb/gene, o que é semelhante
ao encontrado em organismos de vida livre, como Saccharomyces cerevisiae (12,5 Mb e 2,9 Kb/gene)
e Bodo saltans (39,9 Mb e 2,1 Kb/gene) (El-Sayed et al., 2005b; Jackson, 2015a; Jackson et al., 2016).
Em contraponto a perda de genes, os tripanossomatideos desenvolveram algumas novidades
metabdlicas, como novos mecanismos de controle da homeostase redox, um sistema n&o candnico de
transporte mitocondrial, auséncia de proteinas ligantes nos extremos teloméricos, expansdes de
algumas familias multigénicas por duplicagdo e aquisicdo de novos genes a partir de transferéncias
horizontais (Krauth-Siegel, Comini, 2008; Jackson 2015a; Lira et al., 2007; Pusnik et al., 2009).

1.6 Organizagao sinténica em tripanossomatideos

A comparacgéo entre os genomas de diversas espécies de tripanossomatideos revelou uma
organizacao sinténica de genes e sob uma mesma orienta¢do. Essa caracteristica esta presente nas
regides centrais de praticamente todos os cromossomos. A sintenia dos genes € observada em todas
as especies estudadas até o momento e inclui também Bodo saltans, o representante de vida livre

filogeneticamente mais relacionado a familia Trypanosomatidae (Figura 4) (Jackson et al., 2016).

A conservagdo da sintenia, mesmo apdés um longo tempo de divergéncia, estd
provavelmente relacionada a altas pressdes seletivas (Ghedin et al., 2004). Estudos abrangentes de
gendmica comparativa mostram uma forte tendéncia a proximidade e conservagdo da ordem entre
genes relacionados funcional ou fisiologicamente (Davila Lopez et al., 2010) No entanto, ndo ha
evidéncias suficientes de que esse fendbmeno seja a Unica causa da sintenia extrema em
tripanossomatideos. A orientagdo Unica dentro dos blocos sinténicos é provavelmente fruto da presséao
seletiva imposta pela transcrigao policistrénica que ocorre nesses organismos; no entanto, a aquisicao
dessa caracteristica dentro dos cinetoplastideos permanece inexplicada (Jackson, 2015a). Enquanto a
sintenia apresenta-se mais conservada no interior dos cromossomos, as regides subteloméricas séo
pouco conservadas e concentram as familias multigénicas especializadas que exibem altas taxas
evolutivas e envolvidas no escape imunolégico (El-Sayed et al., 2005b). Essas regides ficaram

conhecidas como zonas de contingéncia.
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Figura 4 - Representagdo esquematica da organizagao gendémica sinténica conservada ao
longo de toda a familia Trypanosomatidae e em Bodo saltans. A conservagao da origem da
replicagao do bloco policistrénico € mostrada pelas setas. Adaptado de Jackson et. al., 2016.

1.7 Repertério de genes especializados

A existéncia de genes espécie-especificos, geralmente implicados na interagdo com o
hospedeiro, € uma caracteristica comum a varios grupos de parasitas, como tripanossomatideos,
oomicetos, cestoides e plasmddios (Adhikari et al., 2013; Carlton et al., 2008; Jackson et al., 2012,
2013; Tsai et al., 2013; Tyler et al., 2006). A duplicagéo génica € um dos principais mecanismos que
permitem o surgimento de inovagdes (Zhang, 2003). Segundo a teoria de nascimento e morte de
genes, uma vez duplicadas, as copias paralogas podem adquirir novas fungdes (neofuncionalizagao)
ou fungdes semelhantes sob condigdes diferentes (subfuncionalizagdo) ou degenerar, tornando-se
pseudogenes (Lynch, Conery, 2000). Em tripanossomatideos, a presenga de mdiltiplas cdpias dispostas
em tandem é comum em varias familias multigénicas, como proteinas de choque térmico e cisteina
proteases (Folgueira, Requena, 2007; Sajid, McKerrow, 2002). Esse fendmeno é possivelmente
decorrente da expressao policistronica, na qual o numero de cdpias pode servir como controle da

quantidade de mRNA transcrito (Jackson, 2015a).

Em geral, as copias em tandem de um mesmo gene tendem a evoluir em concerto, de modo
a exibirem pouco polimorfismo entre elas. Isso ocorre devido a recombinag¢do ndo homéloga entre as
copias, processo conhecido como conversdo génica (Jackson, 2007). Embora prevalente no genoma

dos tripanossomatideos, a evolugdo em concerto ndo impede o surgimento de paralogos
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especializados. Isso ocorre devido a quebra na estrutura de repeticdo em tandem por rearranjos
cromossémicos e também pelo fato de que o processo de recombinagéo, além de permitir a evolugdo
em concerto, também é capaz de promover diversificagdo entre cdpias, que podem ser selecionadas
de modo a apresentar novas fungdes (Jackson, 2007). A prolina racemase de T. cruzi € um exemplo de
especializagao funcional entre copias, uma vez que TcPRACA e TcPRACB sao expressas em etapas
diferentes do ciclo do parasita e exercem fung¢des diferentes (Chamond et al., 2003). Outro exemplo
ocorre no clado T. brucei cujo receptor de transferrina, responsavel pelo sequestro do ferro circulante
do hospedeiro, evoluiu de um tipo de glicoproteina de superficie, responsavel por promover a variagéo

antigénica e escape do sistema imune (Jackson et al., 2012, 2013).

Outro mecanismo que promove a evolugdo gendmica é a transferéncia horizontal de genes
(HGT - horizontal gene transfer). A transferéncia horizontal (ou lateral) de genes se caracteriza pela
transmissdo de informagéo genética ndo herdada por descendéncia reprodutiva entre o receptor e o
doador (Cooper, 2014; Keeling, Palmer 2008). Esse processo foi originalmente reconhecido na década
de 60 em cepas de Shigella, durante um surto de disenteria no Jap&o (Akiba et al., 1960). Com o
crescente aumento no numero de genomas disponiveis, ficou evidente que, embora mais frequente em
microrganismos, este processo € ubiquo e representa uma importante fonte de adaptagédo. Sao
inumeros os exemplos do aparecimento de adaptagdes decorrentes de transferéncia horizontal. Em
mamiferos, a proteina conhecida como sincitina, que coordena a formagao do sinciciotrofoblasto,
responsavel pela troca de nutrientes entre o feto e o utero, € de origem retroviral e foi adquirida em
multiplos eventos independentes ao longo da evolugdo dos mamiferos (Cornelis et al., 2015). A
ocorréncia de transferéncia horizontal € mais comum entre organismos como parasitas e
endossimbiontes, que possuem estreita relagdo biologica com seus hospedeiros e organismos

fagotréficos.

Em tripanossomatideos, sabe-se que varios genes foram transferidos de varias fontes para
esses parasitas, incluindo: enzimas envolvidas no metabolismo de carboidratos em Leishmania e
Trypanosoma e genes relacionados a mobilizagdo de calcio e invasdo celular em T. cruzi (origem
bacteriana em ambos os casos); um sistema com seis polimerases de DNA responsaveis pela
replicacdo do kDNA (origem viral); e enzimas e chaperonas similares as encontradas em plantas e
cianobactérias (Folgueira, Requena, 2007; Hirt et al., 2015; Keeling, Palmer, 2008; Oliveira et al., 2014;
Opperdoes, Michels, 2007; Silva et al., 2013). A presenga de genes candidatos a terem sido
transferidos de plantas ou cianobactérias para tripanossomatideos levantou a hipdtese de que a
endossimbiose secundaria, que gerou o cloroplasto presente nas espécies fotossintéticas de
euglenideos, possa ter ocorrido antes da divergéncia entre euglenideos e cinetoplastideos (Hannaert et
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al., 2003). Entretanto, o padrao de distribuicdo desses genes entre os grupos que compdem o filo
Euglenozoa indica que a aquisicdo do cloroplasto em euglenideos é recente e que 0s genes

encontrados em tripanossomatideos foram adquiridos posteriormente.

A maior parte dos genes espécie-especificos esta relacionada com escape imunolégico,
viruléncia e invasao de tripanossomas. A evolug@o desses genes apresenta caracteristicas proprias,
pois estdo submetidos a pressdes positivas de sele¢do e, desse modo, apresentam altas taxas de
evolugéo, o que possibilita o rapido aparecimento de novas fungdes. T. b. rhodesiense € um exemplo,
pois a resisténcia ao soro humano ocorre gragas a presenca da proteina conhecida como SRA (Serum
Resistance-Associated gene), uma variante truncada de VSG (De Greef, Hamers, 1994; Jackson et al.,
2012). Esses genes tendem a localizar-se em regides proximas aos telémeros, que se tornaram
regides especializadas do controle da expresséo e diversificagdo desses genes em tripanossomas.
Cada clado apresenta seu proprio arsenal génico, que € expresso em estagios especificos do ciclo de
vida, garantindo a sobrevivéncia dos organismos tanto no hospedeiro vertebrado quanto no vetor. Na
forma tripomastigota sanguinea, os genes das familias das Mucinas e Trans-sialidases sdo destaque
no clado T. cruzi (Cerqueira et al., 2008), enquanto que no clado T. brucei o foco esta nos genes de
VSGs (Variant Surface Glycoprotein) e ESAGs (Expression Site Associated Genes) (Jackson et al.,
2012).

Os tripanossomatideos apresentam regides especializadas no genoma que d&o suporte a
esse amplo arsenal de genes espécie-especificos. Essas regides encontram-se segregadas do
genoma principal, situadas adjacentes aos teldmeros. Elas oferecem um ambiente flexivel com
mecanismos epigenéticos distintos do resto do genoma e estrutura que permite altas taxas de
recombinagéo (Figueiredo et al., Jackson, 2015% 2009; Rudenko 2010). Devido a alta taxa de
diversificacdo dos genes presentes nesses loci, essas regides ficaram conhecidas como zonas de
contingéncia (Deitsch et al., 1997; Jackson, 2015a). Embora o surgimento de zonas de contingéncia
seja fendmeno observavel em véarios grupos de parasitas, esta caracteristica estd acentuada em
tripanossomatideos, principalmente em tripanossomas. A variagdo antigénica é uma estratégia
fundamental para a sobrevivéncia do parasita dentro do hospedeiro e as zonas de contingéncia
fornecem as caracteristicas essenciais para incubagdo, regulacdo e diversificagdo dos genes
envolvidos no fenémeno (Barry et al., 2003). Neste contexto, as VSGs presentes nos tripanossomas do
clado T. brucei sao um bom exemplo da importancia evolutiva do surgimento das zonas de contingéncia
(Jackson et al., 2012, 2013; Jackson, 2015a).

As VSGs séo glicoproteinas expressas na superficie dos tripanossomas do clado T. brucei

de maneira a formar uma monocamada que atua como uma barreira para os anticorpos produzidos
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pelo hospedeiro. A expressdo desses genes é coordenada por um sitio de expressdo ES (expression
sites) de modo que cada célula expressa somente uma variante de VSG por vez, que € substituida por
outra quando o tripanossoma volta a expressar proteinas de superficie (Figura 5) (Jackson et al., 2012,
2013; Jackson, 2015a). Isso faz com que a monocamada protetora seja trocada periodicamente e
exiba, a cada troca, uma combinag&o antigénica diferente. Isso possibilita que o tripanossoma se torne
temporariamente invisivel para a resposta imune humoral hospedeiro (Jackson, 2015a). A fungao do
ES consiste em assegurar a express@o de uma unica copia de VSG e o silenciamento das demais. A
troca entre as diferentes VSGs ocorre por recombinagdo ndo homoéloga ou silenciamento do ES ativo
seguido da ativagéo de outro (Horn, McCulloch, 2010; Rudenko, 2010). A comparacédo do ES entre as
espécies do clado T. brucei revelou uma sequéncia conservada para todo o clado e a existéncia de
sequéncias repetitivas promotoras da recombinagao e genes que codificam proteinas conhecidas como
ESAGs (Figura 5) (Berriman et al., 2002; Graham et al., 1999; Hertz-Fowler et al., 2008).

B Pscudo gene (111> Genes de ESAGs  [[ffjf Repetigtes de 70pb

.Gene funcional VSG>» Gene de VSG »Repetigées teloméricas

Figura 5 - Representagdo esquematica do sitio de expressado de T. b. brucei isolado Lister 427. Adaptado de
Hertz-Fowler et al., 2008

Os genes que codificam ESAG6 e ESAG7 estdo envolvidos na captagao do ferro, essencial
para a manutencéo de diversas fungdes fisiologicas em tripanossomas. A captagao do ferro ocorre via
captacdo da transferrina circulante do hospedeiro por um receptor formado por hetorodimeros das
ESAG6 e ESAGY (Schell et al., 1991; Steverding, 2000, 2003). Os genes das ESAG6s e ESAGTs séo
homdlogos entre si e ambos evoluiram a partir de uma variante de VSG presente no tripanossoma
ancestral de T. brucei e T. congolense (Jackson et al., 2012, 2013). Apesar da similaridade entre as
sequéncias desses genes, ndo sdo observadas recombinagdes entre os genes do receptor de

transferrina e as VSGs (Jackson, 2015a).

As varias copias dessas ESAGs mostraram-se muito polimérficas, com pelo menos 20
variantes descritas em T. brucei spp., € pouco polimérficas em T. evansi (Isobe et al., 2003; Witola et
al.,, 2005). Estudos sugerem uma relag&o entre variabilidade de ESAG6 e ESAG7 e a manutengéo da
captacao de ferro, mesmo na presencga de anticorpos antiESAG6-7 que competem com a transferrina
pela ligacdo ao receptor (Steverding, 2003). O polimorfismo das ESAG6 e ESAG7 também pode
desempenhar um papel na capacidade de infectar hospedeiros diferentes, pois permite captagéo
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continua de ferro mesmo entre transferrinas de varias espécies de vertebrados (Young et al., 2008).
Além da importancia fisioldgica para o parasita, os diferentes niveis de polimorfismo exibidos pelos
tripanossomas africanos podem ser usados em estudos populacionais, identificacdo de genotipos e

coevolugéo entre parasita e hospedeiro (Witola et al., 2005)

Além dos genes implicados no escape imunoldgico, os tripanossomas contam com um vasto
arsenal de chaperonas e co-chaperonas, moléculas cruciais tanto para as transformacgdes celulares
sofridas ao longo do ciclo, quanto para assegurar a sobrevivéncia durante a troca do hospedeiro. O
estresse celular ndo somente faz parte do ciclo de vida desses organismos como também desempenha
um papel de gatilho que desencadeia profundas mudangas no padrdo de expressdo proteica e
promove a diferenciagéo celular e progressao do ciclo dos parasitas (Folgueira, Requena, 2007; Pérez-
Morales, Espinoza, 2015). Entre as diversas familias de chaperonas presentes nos tripanossomas, as
proteinas de choque térmico (HSP) destacam-se pela diversidade do repertério. Algumas familias de
HSP em tripanossomas apresentam genes especializados nao encontrados em outros organismos e
cuja fungéo ainda é desconhecida, como a familia HSP70, enquanto que, comparativamente a outros
organismos, a familia HSP40 possui a0 menos duas vezes a quantidade de genes (Folgueira,
Requena, 2007).

1.7.1 Proteinas de choque térmico

As proteinas de choque térmico (Heat Shock Proteins — HSPs) atuam como chaperonas
moleculares que protegem proteinas recém-sintetizadas, desnaturadas ou danificadas, impedindo a
formacado irreversivel de aglomerados proteicos (Burdon, 1986; Goloubinoff, De Los Rios, 2007;
Lindquist, Craig 1988). Embora inicialmente descritas como especificas de condigdes de choque
térmico, diversas condicdes de estresse celular (variagdo de pH, agdo de toxinas, hipodxia, infecgdes,
radiagdo e radicais livres) sdo capazes de desencadear a expressdo de HSPs (Burdon, 1986;
Lindquist, Craig, 1988). Isto ocorre devido ao aparecimento de proteinas na forma ndo nativa em
condigdes de estresse celular (Feder, Hofmann, 1999). Embora vitais para assegurar a sobrevivéncia
da célula em condi¢des de estresse, elas também sdo constitutivamente expressas. As HSPs prestam
assisténcia na sintese, ativagdo e transporte proteico entre compartimentos celulares (Folgueira,
Requena, 2007; Genevaux et al., 2007; Goloubinoff, De Los Rios, 2007). As HSPs s&o ubiquas e fazem
parte das proteinas com estrutura mais conservada ao longo da evolugdo. Sdo encontradas sob a
forma de um ou mais paralogos em todos os compartimentos da célula (Tutar, Tutar, 2010). A
classificagdo das HSPs é feita conforme o peso molecular, sendo divididas atualmente em seis familias
e superfamilias: HSP90, HSP104/CLpB, HSP60/HSP10, HSP40, sHSP (Small heat shock proteins) e
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HSP70, que incluiu a familia HSP110 por homologia da sequéncia (Burdon, 1986; Easton et al., 2000;
Lindquist, Craig, 1988; Tutar, Tutar, 2010).

Os parasitas correspondem a um caso peculiar, pois 0 estresse celular é parte crucial do
ciclo de vida desses organismos. Neste caso, as HSPs, além de manter a homeostase, séo usadas
como estratégia de adaptagédo durante a troca entre hospedeiros. Para a grande maioria dos parasitas,
a troca entre microambientes € acompanhada de variagbes de temperatura, concentracdo de
micronutrientes e pH (Figura 6), alteragdes acompanhadas por uma forte indugéo de HSPs (Maresca,
Carratu, 1992). Em tripanossomatideos, analises protedmicas detalhadas durante a diferenciagdo de
Leishmania donovani e T. cruzi mostraram aumento na sintese de HSP60, HSP70 (citosolica e
mitocondrial) e HSP90 (Bente et al., 2003; Paba et al., 2004). Porém, ainda ndo é claro se as HSPs
estdo apenas relacionadas com o estresse celular momenténeo ou se atuam diretamente no processo

de diferenciagéo celular (Folgueira, Requena, 2007; Maresca, Carratu, 1992).
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Figura 6 - Diferengas entre o microambiente encontrado no hospedeiro vertebrado e no vetor
Adaptado de Folgueira e Requena, 2007 e Pérez-Morales e Espinoza 2015.

A familia HSP104 € responsavel por inibir a formagdo de agregados proteicos e também
participa da reestruturagdo da estrutura terciaria de peptideos. Esta ultima caracteristica faz com que
essa familia seja importante no controle da formagdo de prions (Shorter; Lindquist, 2008). Os
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representantes dessa familia séo conhecidos como ClpB (bactérias), HSP104 (leveduras) e HSP101
(plantas). Estudos recentes mostraram a presenca de um gene de HSP100 (membro das HSP104) em
Leishmania donovani; indicando uma provavel funcdo no desenvolvimento normal do parasita,
mutantes para os dois alelos apresentam amastigotas com morfologia aberrante (Krobitsch, Clos,
1999).

A familia HSP60/HSP10, também conhecida como Chaperoninas do tipo |, esta presente em
bactérias e em organelas eucarioticas de origem procariética, como mitocondria e cloroplasto (Hirtreiter
et al., 2009). A HSP60 necessita formar um complexo que inclui varias subunidades da HSP10, de
modo a atuar como uma jaula, conhecida como gaiola de Anfinsen (Hartl, Hayer-Hartl, 2002), que
retém proteinas recém-sintetizadas. Em tripanossomas, a concentracdo da HSP60 nas formas
encontradas no inseto € de trés a quatro vezes maior quando comparada a presente nas formas
sanguineas. Isso provavelmente decorre da adaptagdo do metabolismo mitocondrial durante a
passagem entre os hospedeiros (Bringaud et al., 1995).

As HSP90s estao presentes em todos os compartimentos da célula e, embora tenham sido
descritas como proteinas de estresse térmico, em condi¢cdes normais representam de 1 a 2% de todas
as proteinas da célula (Montalvo-Alvarez et al., 2008). Essa familia, junto com a HSP70, é responsavel
pela reciclagem e pelo controle do trafego de proteinas entre os compartimentos celulares. A maior
parte das proteinas clientes da HSP90 esta envolvida no controle do ciclo celular e transdugéo de sinal
(Richter, Buchner, 2001; Pratt, Toft, 2003; Whitesell, Lindquist, 2005). Em tripanossomatideos, varios
genes que codificam HSP90 foram descritos, sobretudo para T. b. brucei, T. cruzi e Leishmania spp.:
HSP83 no citoplasma (Dragon et al., 1987; Mottram et al., 1989; Shapira, Pedraza, 1990), Grp94
(Larreta et al., 2000; Folgueira, Requena, 2007) no reticulo e mtHSP70 na mitocéndria (Folgueira,
Requena, 2007). Na maior parte dos casos, foram encontradas varias copias de cada gene dispostas

em tandem (Folgueira, Requena, 2007).

Assim como as HSP90, os membros da familia HSP70 sdo ubiquos e estdo envolvidos no
transporte através de membrana entre organelas, degradacdo de peptideos instaveis, excre¢éo,
transdugdo de sinal, regulagéo do ciclo celular, diferenciagdo e apoptose (Sharma, Masison, 2009;
Zylicz, Wawrzynow, 2001). A familia HSP110, embora classificada inicialmente como uma familia a
parte devido ao peso molecular, foi reclassificada com base na homologia da sequéncia como
pertencente a familia HSP70 (Easton et al., 2000). As HSP110s exibem baixa afinidade por proteinas
clientes, carregando-as momentaneamente, fung@o conhecida como holdase. No entanto, a principal
fungdo dessa familia € atuar como co-chaperonas, estimulando a troca de ADP por ATP (nucleotide

exchange factor — Nef) durante o mecanismo de agdo, dependente de ATP, das demais HSP70s
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(Dragovic et al., 2006). A arquitetura da familia HSP70 é conservada, sendo composta por um sitio de
ligacdo ao ATP, situado na por¢do amino-terminal, e outro de ligagdo as proteinas clientes, na porgao
carboxi-terminal, ambos ligados por uma regido conservada denominada Linker (Figura 7) (Goloubinoff,
De Los Rios, 2007).

Hsp70 [ I
A
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Figura 7 - Arquitetura da familia Hsp70. A arquitetura e sequéncia sdo conservadas entre
as Hsp110 e Hsp70.

Para desempenhar essa gama de fungdes, € necessaria a associagdo com outras HSPs,
como a HSP90 e HSP40, que parecem ter evoluido de maneira conjunta aos genes da superfamilia
HSP70 (Kabani, 2009). Proteinas da familia HSP70 estdo presentes em todos os compartimentos,
podendo apresentar multiplos membros em um mesmo compartimento (Kabani, Martineau, 2008). Em
eucariotos, analises filogenéticas tém mostrado a existéncia de quatro grupos monofiléticos de HSP70,
que correspondem ao citoplasma, reticulo endoplasmatico, mitocdndria e cloroplasto (Gupta, Golding,
1993; Gupta et al., 1994). A hipdtese mais aceita para o surgimento desses grupos defende que as
HSP70s citoplasmaticas e do reticulo surgiram a partir de uma duplicagdo de uma HSP70 primitiva,
presente no ancestral comum a todos os eucariotos, e se adaptaram aos compartimentos celulares em
formagao (Germot, Philippe, 1999). Os grupos residentes do cloroplasto e mitocéndria sao de origem
procariotica e foram transferidos para o nlcleo pelo ancestral endossimbionte durante o processo de
formagao dessas organelas (Boorstein et al., 1994; Germot, Philippe, 1999; Gupta, Golding, 1993). Os
genes de HSP70 tém sido usados em estudos filogenéticos de varios grupos de eucariotos, inclusive
parasitas de importancia médica, como Cryptosporidium spp. € Babesia spp., €, mais recentemente,
para Leishmania spp. (Fraga et al., 2010; Sulaiman et al., 2000; Yamasaki et al., 2002).

Diversos genes de HSP70 foram descritos em tripanossomas e leishmanias no citoplasma
(HSP70, HSP70.4, HSP70.c) (Folgueira, Requena, 2007; Glass et al., 1986; Lee et al., 1988, 1990;
Requena et al., 1988); reticulo (Grp78) (Bangs et al., 1993; Jensen et al., 2001; Tibbetts et al., 1994);
mitocdndria (mtp70 — Lc2.1 e Lc2.2) (Campos et al., 2008; Engman et al., 1989); e HSP110s (Grp170 e
HSP110) (Folgueira, Requena, 2007). Além desses genes, a comparagao entre 0s genomas de T. cruzi,
T b. brucei e L. major revelou a existéncia de dois paralogos divergentes, HSP70.a e HSP70.b, sendo
0 primeiro sem ortlogos conhecidos fora de tripanossomatideos e o segundo, semelhante ao
encontrado em algumas cianobactérias, uma possivel aquisi¢ao por transferéncia horizontal (Folgueira,
Requena, 2007).
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Os integrantes da familia da HSP40 possuem sequéncia diversificada, embora todas
compartilhem um dominio conhecido como Dominio J, com cerca de 70 residuos, geralmente
localizado na porgéo amino-terminal (Walsh et al., 2004). Esse dominio é fundamental para a parceria
funcional entre as HSP40s e as HSP70s. Foram descritas inicialmente quatro HSP40 em T. cruzi,
chamadas de TcJ1-4 (Tibbetts et al., 1998), mas a busca por genes contendo o dominio J em
tripanossomatideos mostrou a existéncia de pelo menos 67 genes presentes em L. major, T. b. brucei e
T cruzi (Folgueira, Requena, 2007). Embora exista uma expansdo dessa familia em
tripanossomatideos em relagdo a outros parasitas, a familia HSP40 permanece como a menos

estudada das HSPs nesses organismos.

As proteinas de choque térmico de baixo peso molecular (Small Heat Shock Proteins —
sHSP) representam a familia menos conservada, porém, amplamente difundida entre todos os reinos
(de Miguel et al., 2009; Haslbeck et al., 2005;). Estruturalmente, todas as sHSPs possuem somente um
dominio caracteristico, considerado assinatura dessa familia e relativamente conservado em
tripanossomatideos (Folgueira, Requena, 2007). Esse dominio recebe o nome de a-cristalino, pois as
sHSPs sdo uma das classes de proteinas mais abundantes no cristalino de vertebrados. Estudos
filogenéticos sugerem que as sHSPs divergiram bem cedo na historia evolutiva, estando presente no
ultimo ancestral comum entre procariotos e eucariotos (Fu et al., 2006). O nimero de paralogos parece
aumentar conforme o grau de complexidade do organismo, 0 que sugere a existéncia de fungdes
especializadas relacionadas a tecidos (Haslbeck et al., 2005). Apesar da fungdo importante em
organismos parasitas (Pérez-Morales, Espinoza, 2015), a analise gendmica in silico revelou um Unico
gene, HSP20, em T. brucei, L. major e T. cruzi (Folgueira, Requena, 2007). Esse gene foi mais tarde
caracterizado bioquimicamente em T. cruzi (Perez-Morales et al., 2009). Recentemente, o gene da
HSP20 tem sido usado combinado ao da HSP70 para identificagdo de espécies de Leishmania (Fraga
etal., 2013; Montalvo et al., 2014).

1.7.2 Catepsinas L-like de tripanossomas

A Catepsina L (CATL) &€ uma cisteina protease envolvida nos processos de invaséo,
multiplicagéo e diferenciagdo em tripanossoma, estando também envolvida na modulagéo da resposta
imune do hospedeiro (Garcia et al. 2011a, 2011b; Jefferson et al. 2016). A CATL é sintetizada na forma
de pré-pro-catepsina no reticulo endoplasmatico, em seguida direcionada para os lisossomos, quando
o0 pré-dominio (peptideo sinal) é removido, gerando a pro-catepsina. Ao chegar aos lisossomos sofre a
conversao pelo pH acido para a forma madura com atividade de endopeptidase. A CATL-like de
tripanossomas possui quatro dominios: pré-dominio, que é o peptideo sinal, pré-dominio, dominio

catalitico e extensao carboxi-terminal. O dominio catalitico € responsavel pela atividade da enzima,
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sendo conservado em todas as espécies de tripanossoma. A comparagdo entre 0S genomas
disponiveis mostrou uma grande quantidade de copias dispostas em tandem (Campetella et al., 1992;
Eakin et al., 1992). A enzima arquétipo, descrita em T. cruzi (TcrCATL), é codificada por pelo menos 130
genes que apresentam niveis variados de polimorfismo, contrastando com T. brucei e T. rangeli, que
possuem cerca de 20 e 75 cdpias, respectivamente (Campetella et al., 1992; Eakin et al., 1992). Desse
modo, em tripanossomas a CATL é uma familia multigénica cujos membros desempenham papéis
diferentes conforme a espécie e o estagio do ciclo de vida e dessa forma sdo fundamentais para a
sobrevivéncia do parasita. Estudos sugerem que todas as cisteina proteases similares com Catepsina L
sdo homologas e divergiram, originando diversas variantes ao longo do processo de especiagao (Sajid,
McKerrow, 2002). Os genes de Catepsina L de tripanossomas tém sido usados com sucesso para
diagndstico, genotipagem, alvos terapéuticos e estudos evolutivos em T. theileri, T. rangeli, T. cruzi, T.
brucei e T. vivax (Cortez et al. 2009; Ettari et al. 2016; Garcia et al. 2011a, 2011b; Jefferson et al. 2016;
Lima et al. 2012a; Nakayima et al. 2013; Rodrigues et al. 2010, 2015; Ortiz et al. 2009). A grande
diversidade de fungdes exibidas por essas proteases pode ter contribuido para complexidade do ciclo
de vida e o grande nimero de hospedeiros e vetores observados em Trypanosoma (Alvarez et al.,
2012; Atkinson et al., 2009; Lima et al., 2012a). Evidencias apontam que os blocos que compreendem
as copias de CATL sdo sinténicos e podem estar evoluindo em concerto; no caso dos
tripanossomatideos essa caracteristica € compartilhada entre genes que se comportam como bons
marcadores filogenéticos (Jackson, 2007). Nesse contexto, estudos apontam que os genes de CATL
possuem potencial como marcadores para diagndstico, para a determinagdo de gendtipos e, também,
estudos filogenéticos (Ruszczyk et al., 2008; Sakanari et al., 1997; Ortiz et al., 2009).

1.7.2 Prolina racemase

A prolina racemase (PRAC) pertence ao grupo das enzimas que promovem a interconversao
entre 0s aminoacidos estereoisdmeros levégiros (L) e dextrdgiros (D), produzindo uma mistura
racémica. As enzimas pertencentes a classe das aminoacido-racemases sdo associadas a fungoes
metabdlicas, nutricionais e imunoldgicas em patdégenos (Yoshimura, Esak, 2003). Essas enzimas estéo
presentes em uma grande variedade de procariotos € em alguns grupos de eucariotos cujo gene foi
adquiro por transferéncia horizontal (Fitzpatrick et al., 2008; Visser et al., 2012; Yoshimura, Esak 2003).
Em bactérias patogénicas, as aminoacido-racemases s&@o responsaveis pela presenga de D-
aminoacidos na parede celular, o que confere prote¢do contra a agdo enzimatica e 0s componentes

proteoliticos do sistema imune dos hospedeiros (Coatnoan et al., 2009; Thompson et al., 1998).

Originalmente descrita em Clostridium sticklandii (Stadtman, Elliott, 1957), T cruzi foi o

primeiro eucarioto descrito com um gene funcional de prolina racemase (Reina-San-Martin et al.,
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2000). Mais tarde, foi comprovada a existéncia do gene da PRAC em T. vivax (Chamond et al., 2009).
Em T cruzi, os estudos sobre a PRAC mostraram a existéncia de duas cépias, TcPRACA e TcPRACB,
que sdo expressas diferencialmente e desempenham fungdes essenciais para a sobrevivéncia do
parasita (Chamond et al., 2003, 2005). TcPRACA possui cerca de 45KDa e é secretada tanto por
tripomastigotas metaciclicos quanto sanguineos, gracas a presenca de um peptidio sinal, ausente na
TcPRACB. A TcPRACB é menor devido a@ auséncia de peptideo sinal (cerca de 39kDa). Desse modo, a
TcPRACB néo € secretada, sendo expressa principalmente na forma epimastigota. Embora as duas
difiram pela presenga do peptideo sinal e fungao, ambas compartilham cerca de 96% de identidade na

sequéncia de aminoacidos (Chamond et al., 2003).

Estudos com inibidores da TcPRAC evidenciam que a inativagdo da enzima é responsavel
pela diminui¢do da proliferacdo e viabilidade do parasita, 0 que evidencia o potencial dessa enzima
como alvo quimioterapéutico no tratamento da Doenga de Chagas (Conti et al., 2011; Coutinho et al.,
2009). Estudos imunoldgicos indicam que a TcPRACA secretada pelas formas sanguineas € capaz de
induzir a ativagdo policlonal dos linfécitos B e, consequentemente, um atraso na resposta imune
humoral (Buschiazzo et al., 2006; Chamond et al., 2005; Reina-San-Martin et al., 2000). Também foi
comprovada que TcPRAC é capaz de induzir a liberagdo de IL-10, interleucina responsavel pela
supressao de algumas vias imunoldgicas, deixando o hospedeiro susceptivel a infec¢do por T. cruzi
(Bryan, Norris, 2010; Chamond et al., 2003, 2005; Reina-San-Martin et al., 2000). Do mesmo modo que
em bactérias, também foi sugerido que TcPRAC pudesse participar da incorporagao de D-aminoacidos
em peptideos de superficie, 0 que tornaria T. cruzi resistente a agdo proteolitica e enzimatica do
hospedeiro (Coatnoan et al., 2009; Reina-San-Martin et al., 2000). A procura por genes de PRACem T.
vivax revelou um unico gene, TVPRAC, semelhante a TcPRACB por ndo possuir o peptideo sinal e
exibir pardmetros cinéticos e imunolégicos semelhantes aos encontrados em T. cruzi (Chamond et al.,
2009). Embora a TvPRAC n&o apresente sinalizagdo para ser secretada, experimentos in vivo
mostraram um aumento no nimero de linfocitos B, como também altos titulos de anticorpos no soro de
camundongos (Chamond et al., 2009). Desse modo, foi levantada a possibilidade da TvPRAC ser
secretada via bolso flagelar ou liberada na lise do parasita junto com o contetdo intracelular (Chamond
etal., 2009).

A comparacao gendmica entre as espécies de tripanossoma revelou que o locus do gene da
PRAC é sinténico entre T vivax e T. cruzi. Contudo, nenhum ortélogo da PRAC foi encontrado em T.
brucei brucei, enquanto que em T. congolense foram encontrados apenas vestigios do que teria sido
um pseudogene no loci homologo ao da TcPRAC e TvPRAC (Chamond et al., 2009). Nos genomas de
L. major, Leishmania braziliensis e Leishmania infantum, o locus da PRAC parece ter sido ocupado por
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um gene que codifica uma proteina da familia Tub, ausente no loci correspondente em Trypanosoma
(Chamond et al., 2003, 2009).
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2 JUSTIFICATIVA E OBJETIVOS

A complexidade dos ciclos de vida das espécies do género Trypanosoma € surpreendente.
Durante o desenvolvimento em seus respectivos hospedeiros vertebrados e vetores, 0s tripanossomas
apresentam diversos estagios em diferentes combinagdes, variaveis de acordo com a espécie, sendo
as formas tripomastigotas as Unicas encontradas em todas as espécies. Embora muitas espécies
tenham sido descritas, se conhece muito pouco sobre o0 desenvolvimento e mecanismos de infecgao
dos tripanossomas em hospedeiros ndo mamiferos. A maior parte dos estudos concentra-se apenas
nas espécies que parasitam o homem e animais de importancia econdémica. Estes estudos descrevem
uma grande variedade de familias multigénicas que s&o, direta ou indiretamente, responsaveis pela
complexidade observada entre os tripanossomas. Além da complexidade do ciclo de vida, o surgimento
de repertdrios de genes especializados moldou de maneira independente a evolugéo dos diversos
clados em Trypanosoma. Diferentes estratégias de infeccdo e escape imunoldgico surgiram nesses
parasitas, 0 que, sem duvida, é refletido na enorme quantidade de hospedeiros vertebrados (animais
aquaticos, terrestres e voadores de todas as classes) e de vetores (sanguessugas, moscas, mosquitos,
hemipteros, pulgas e carrapatos). Desse modo, para entender tanto a evolugdo do repertdrio génico
quanto dos tripanossomas € essencial que novos estudos incluam uma maior representatividade,
incluindo espécies nao patogénicas e que infectam animais que ndo possuem importancia econémica
(Jackson, 2015a).

Essas familias multigénicas possuem diferentes papéis na sobrevivéncia desses parasitas e,
desse modo, sdo submetidas a diferentes pressdes seletivas e, consequentemente, apresentam
histérias evolutivas diferentes. Alguns genes foram adquiridos por transferéncia horizontal e
rapidamente evoluiram de forma distinta em diferentes espécies como a PRAC em T. vivax e T. cruzi
(Chamond et al., 2003, 2009). Outras familias sofreram expansédo e rapida diversificacdo dos
paralogos, como as cisteina peptidases observadas em diferente nimero entre os diversos clados
(Lima et al., 2012a; Ortiz et al., 2009). As proteinas de choque térmico (HSP) desempenham papéis
muito importantes na capacidade de invadir, sobreviver, multiplicar e diferenciar de espécies de
Trypanosoma e Leishmania (Giambiagi-deMarval et al., 1996; Hubel et al., 1997; Krobitsch, Clos, 1999;
Naderer, McConville, 2011; Wiesgigl, Clos, 2001; Raina, Kaur, 2011). A comparagao entre o repertério
de HSPs encontrado nos genomas de T. brucei e T. cruzi e L. major indica que cada familia evoluiu de
maneira diferente nesses organismos, apresentando expanséo, redugdo e possiveis genes de
transferéncia horizontal (Folgueira, Requena, 2007). Nesse trabalho, € nosso objetivo explorar o
repertdrio e a evolugdo de familias génicas presentes nos genomas de diversas espécies e que estao
envolvidas na sobrevivéncia do parasita. O principal enfoque € o estudo de espécies de tripanossomas,
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com outros tripanossomatideos utilizados para comparagéo e filogenia. Pretendemos investigar essas
familias génicas nos genomas de diversas espécies de tripanossomas, a fim de se entender a evolugéo
desses genes e explorar o potencial destes como marcadores filogenéticos, de genotipagem e

diagnostico. Os objetivos especificos séo:
a) Investigar o repertério e a evolugao de familias multigénicas selecionadas
b) Avaliar o potencial desses genes como marcadores filogenéticos para o género Trypanosoma

c) Comparar as filogenias obtidas com as baseadas nos marcadores tradicionais (genes SSU rRNA e

gGAPDH) e inferir filogenias com sequéncias combinadas
d) Investigar a organizag&o gendmica e a sintenia dos genes em diferentes espécies de tripanossomas

f) Explorar a utilidade dos genes como marcadores da variabilidade genética dos tripanossomas para

genotipagem e diagnéstico.
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3 MATERIAIS E METODOS
3.1 Organismos

Os isolados utilizados neste estudo, assim como seus respectivos hospedeiros de origem e areas
geogréficas de isolamento estdo detalhados nos trabalhos anexados e que compdem o corpo da tese.
Todas as culturas de tripanossomatideos s&o mantidas criopreservadas por N2 liquido em meio LIT
(Camargo, 1964) com 10% de SFB acrescido de 20% de DMSO e fazem parte da cole¢éo de culturas
de tripanossomatideos (TCC: “Trypanosomatidae Culture Collection’) do Departamento de
Parasitologia, ICB Il - USP.

3.2 Obtencgao de DNA gendémico e sequenciamento dos genomas

O DNA gendmico total foi extraido pelo método de fenol cloroférmio. Foram aplicados os
métodos de deple¢do do kDNA para minimizar a presenga deste tipo de molécula, como previamente
descrito (Alves et al., 2011). Apos a retirada do kDNA, cerca de 5 pug de DNA foram submetidos a
técnica de sequenciamento por shotgun (Roche 454) de acordo com os protocolos do fabricante. Os
genomas sequenciados possuem coberturas estimadas entre 15 a 23 vezes (considerando um genoma
de aproximadamente 30 Mpb). As sequéncias foram montadas usando o montador Newbler versao 2.3,
fornecido pela Roche. Os genomas resultantes pertencem ao projeto ATOL — Assembling the Tree of
Life (NSF-USA) estéo disponiveis na tabela 3.

Tabela 3 - Genomas utilizados neste trabalho

Projeto e numero de

Organismos Isolados Hospedeiros

acesso
Euglenida
Discoplastiss patirhyncha SAG 1224.42 vida livre ATOL
Euglena gracilis - vida livre ATOL
Eutreptia viridis SAG 1226-1¢c vida livre ATOL
Ploeotia costata ATCC 1264 vida livre ATOL
Diplonemida
Diplonema ambulator ATCC 50223 vida livre ATOL
Rhynchopus sp. - vida livre ATOL
Bodonida
Bodo sp. ATCC 50149 vida livre ATOL
Parabodo caudatus ATCC 30905 vida livre ATOL
Dimastigella trypaniformis - vida livre ATOL

Trypanosomatida

Herpetomonas wanderley TCC 1982 Cochliomy macellaria ATOL
Herpetomonas muscarum TCC 001E musca dosmestica ATOL AUXJ01000000



Phytomonas sp. TCC 418 Pachycoris torridus ATOL
Phytomonas sp. TCC 066E Jatropha macrantha ATOL
Angomonas deanei TCC 036E Zelus leucogrammus ATOL AUXM01000000
Angomonas desouzai TCC 079E Ornidia obesa ATOL AUXL01000000
Angomonas ambiguus TCC 2435 Chrysomya albiceps ATOL
Strigomonas culicis TCC 012E Aedes vexans ATOL AUXH01000000
Strigomonas galati TCC 219 Lutzomya almerioi ATOL
Strigomonas oncopelti TCC 290E Oncopeltus fasciatus ATOL AUXK01000000
Leptomonas costaricensis TCC 169E Zelinae sp. ATOL
Crithidia acantocephali TCC 037E Acanthocephala femorata ATOL
Crithidia luciliae thermophila TCC 050E Zelus leucogrammus ATOL
Endotrypanum schaudinni TCC 224 Choloepus hoffmani ATOL
Trypanosoma cyclops TCC 052 Macaca ira ATOL
Trypanosoma livingstonei TCC 1270 Rhinolophus landeri ATOL
Trypanosoma wauwau TCC 1873 - ATOL
Trypanosoma ralphi TCC 1838 Melanosuchus niger ATOL
Trypanosoma serpentis TCC 1052 Pseudoboa nigra ATOL
Trypanosoma theileri TCC 165 Bubalus bubalis ATOL
Trypanosoma lewisi TCC 34 Rattus rattus ATOL
Trypanosoma rangeli AM80 Homo sapiens ATOL
Trypanosoma conorhini TCC 025E Rattus rattus ATOL
Trypanosoma dionisii TCC 211 Eptesicus brasiliensis ATOL
Trypanosoma erneyi TCC 1946 Mops condylurus ATOL
Trypanosoma cruzi cruzi G Didelphis marsupialis ATOL
Trypanosoma cruzi marinkellei TCC 344 Carollia perspicillata ATOL
Trypanosoma sp. TCC 2045 - ATOL
Trypanosoma sp. TCC 339 Rhinella marina ATOL
Trypanosoma sp. TCC 878 Mabuya frenata ATOL
Trypanosoma sp. TCC 1825 Ramphocelus nigrogularis ATOL
Trypanosoma sp. TCC 16 Macropus giganteus ATOL
Trypanosoma sp. TCC 17 Vombatus ursinus ATOL
Trypanosoma sp. TCC 1307 Ptychadena mossambica ATOL
Trypanosoma sp. TCC 2186 Leptodactylus latraus ATOL

3.3 Busca gendmica das sequéncias, alinhamento e analises filogenéticas

A busca dos genes foi realizada por similaridade através do programa BLAST (BLASTn,
BLASTp, tBLASTn e BLASTX) e rpsBLAST, usando como isca sequéncias previamente descritas na
literatura ou matrizes de pontuagéo por posi¢ao especifica (PSSM — Position-specific scoring matrix)

obtidas do banco de dominios conservados CDD-NCBI, para o BLAST e rpsBLAST respectivamente.

Os genes pertencentes a cada familia foram classificados como paralogos ou ortélogos com
base na relagdo filogenética, similaridade de sequéncia e comparagdo de motivos. Para verificar a
existéncia de genes frutos de transferéncia horizontal, uma analise abrangente foi realizada incluindo
sequéncia no NR (ftp://ftp.ncbi.nih.gov/blast/db/). Para reduzir a demanda computacional, as

sequéncias obtidas do NR foram agrupadas usando o programa USEARCH (Edgar 2010) usando 95%
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de similaridade e 90% de cobertura como pardmetros. Sequéncias parciais com menos de 70% do
tamanho médio do gene ou que apresentam dominios proteicos néo relacionados foram excluidas das

analises.

Os alinhamentos multiplos de sequéncias foram feitos utilizando o programa MUSCLE v3.8
(Edgar 2004) e editados usando o Gblocks v0.91b (Castresana 2000), a fim de eliminar posi¢des com
alinhamento espurio. Os modelos de substituicdo usados nas analises de aminoacido foram escolhidos
pelo critério de informagdo de Akaike (AIC) usando ProtTest3 (Abascal et al., 2005), enquanto que o
modelo GTR com taxa de distribuicdo gama foi utilizado para analises de nucleotideos. As analises de
méaxima verossimilhanca foram feitas usando o RAXML v8.2.0 (Stamatakis 2014). O suporte de ramos
foi estimado com 500 replicatas pelo método de bootstrap, implementado pelo programa. Devido ao
alto tempo computacional as analises que incluem sequéncias do NR foram realizadas pelo método de
maxima verossimilhanga aproximada implementado pelo programa FastTree v2.1 (Price et al., 2010)
com o modelo de WAG e taxa distribuicdo gama. As arvores filogenéticas obtidas foram visualizadas e

editadas com o programa Figtree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/), Treegraph2 (Stover e

Mller 2010) e dendroscope v3.2.4 (Huson e Scornavacca 2012).
3.4 Amplificagao de DNA por PCR - Polymerase Chain Reaction

As reagbes de PCR foram realizadas a partir da mistura de reagdo: 100 ng de DNA
gendmico; 100 ng de cada iniciador; 200 mM de cada dNTP (dATP, dCTP, dGTP, dTTP); 5 uL de
tampéo (200 mM Tris-HCI, pH 8,4, 500 mM KCl e 1,5 - 3 mM MgCl,); 2,5 U de Taq DNA polimerase €
agua bidestilada deionizada e autoclavada (gsp 50 pl). Os ciclos de amplificagdo e as temperaturas
foram definidos de acordo com os iniciadores empregados (Tabela 4).

3.5 Eletroforese e purificagao de fragmentos de DNA.

Aliquotas das reacgdes de PCR foram misturadas com solugéo de tampao de amostra (50%
de glicerol; 0,4% de azul de bromofenol; 0,4% de xilenocianol) e submetidas a eletroforese em géis de
agarose (1,5 a 2,5%) em tamp&o TAE (40 mM de Tris-acetato; 2 mM de EDTA, pH 8,0.) a 70 /100 mA.
Como marcador de peso molecular foi utilizado DNA Leader Mix (MBI Fermentas). Apos a eletroforese,
os géis foram corados com GelRed® Nucleic acid Gel Stain e fotografados em um ImageQuant 350 (GE
Healthcare®) sob luz UV. Os fragmentos obtidos foram cortados do gel com uma lamina estéril e
purificados em coluna Spin X (Costar®). Os produtos purificados foram clonados ou submetidos

diretamente as reagdes de sequenciamento.
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Tabela 4 - Ciclos de amplificagdo e temperaturas utilizadas nas diferentes reagdes de PCR

Gene e oligonucletideos (“primers”) empregados Condigdes de amplificagao

CATL (Catepsina L) dominio catalitico

1 ciclo: 3 min 95 °C, 39 ciclos: 1 min 94 °C; 1 min 55 °C;

DTO154 (5' ACA GAATTC CAG GGC CAATGC GGC TCG TGC TGG 3') 1 min 72 °C. 1 ciclo: 10 min 72 °C

DTO155 (5' TTAAAG CTT CCA CGA GTT CTT GAT GAT CCAGTA 3)
ESAGs (Gene associado a sitios de expresséo de VSG)

ESAG7-455s (5" CAT TCC AGC AGG AGT TGG AGG 3')
ESAG6-1045as (5" TTG TTC ACT CAC TCT CTT TGA CAG 3")

1 ciclo: 3 min 94 °C, 30 ciclos: 1 min 94 °C; 30 seg 58
°C; 1 min 72 °C, 1 ciclo: 10 min 72 °C

HSP20 - Gene completo

FsH-AFR (5' ATGT GGG ACC CTT TTC GTGATA3)

FsH-RAN (5' ATG TGG GAC CCG TTT CGT GAC 3)

FsH-SCH (5'ATG TGG GAC CCG TTT CGT GACA3) 1 ciclo: 3 min 94 °C, 30 ciclos: 1 min 94 °C; 30 seg 54
RsH-SCH (5' ATT GAT CTT CAC GGA GAT CCC C 3) °C; 1 min 72 °C, 1 ciclo: 10 min 72 °C

RsH-RAN (5'ATC TTC ACA GAG GTT CCT GAG C 3')
RsH-VIX (5' CTG AAT ATT CAC TGACGAACC TG 3')
RsH-TZO (5' CTG AAT CGT TAC GGATGT TGC AG 3')
HSP70 - Porgao carboxiterminal

HSP70F (5'ATG TGG GAC CCG TTT CGT GAC 3
HSP70R (5' CTG GTA CAT CTT CGT CAT GAT G 3)

1 ciclo: 3 min 94 °C, 30 ciclos: 1 min 94 °C; 30 seg 56
°C; 1 min 72 °C, 1 ciclo: 10 min 72 °C

Reagoes de sequenciamento

1 ciclo: 1 min 96 °C, 30 ciclos: 15 seg 96 °C; 15 seg 50

M13F (5 GTAAAACGACGG CCAG 3) °C: 4 min 60 °C, 1 ciclo: 5 min 72 °C

M13R (5' CAG GAAACA GCTATGAC 3")

3.6 Sequenciamento de fragmentos amplificados por PCR

Os fragmentos obtidos foram submetidos a reagdes de sequenciamento utilizando o kit Big Dye
Terminator (Perkin Elmer®), de acordo com especificagdes do fabricante, em sequenciador automatico
ABI PRISM 3100 Genetic Analyzer (Perkin Elmer®). As reacbes foram efetuadas empregando os
mesmos iniciadores utilizados nas reagdes de PCRs ou os iniciadores universais M13F/M13R para

sequenciamento de fragmentos de DNA clonados em vetor pCR 2.1.
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4 RESULTADOS E DISCUSSAO

Os resultados obtidos neste trabalho serdo apresentados e discutidos na forma de manuscritos
prontos para submiss&@o em periddicos internacionais. Os resultados que ja se encontram publicados

s&o apresentados na forma de resumos nesta sesséo e como artigos originais na sesséo — ANEXOS.

4.1 Genome-wide phylogenetic analyses of genetic repertoires and evolution of the Hsp70
superfamily across Trypanosomatidae (Kinetoplastea: Euglenozoa) parasites of invertebrates

and vertebrates

4.2 The expanding superfamily of protein sharing a-crystallin domain (ACD), including the Small
Heat Shock Protein (sHSP) family, revealed by surveys in the genomes of a large diversity of

Trypanosoma species

ANEXO A - Congopain genes diverged to become specific to Savannah, Forest and Kilifi
subgroups of Trypanosoma congolense, and are valuable for diagnosis, genotyping and

phylogenetic inferences.

ANEXO B - Phylogenetic and syntenic data support a single horizontal transference to a
Trypanosoma ancestor of a prokaryotic proline racemase implicated in parasite evasion from

host defences.

ANEXO C - Endosymbiosis in trypanosomatids: the genomic cooperation between bacterium
and host in the synthesis of essential amino acids is heavily influenced by multiple horizontal

gene transfers.
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Genome-wide phylogenetic analyses of genetic repertoires and evolution of the Hsp70 superfamily

across Trypanosomatidae (Kinetoplastea: Euglenozoa) parasites of invertebrates and vertebrates

Costa-Martins A. G.2; Alves, J. M. Pe; Ortiz, P. A.3; Lima, L.2; Fermino, B.?; Serrano, M. G.b; Camargo, E. P.2; Buck G. A.b;
Marta M. G. Teixeirae*

a Department of Parasitology, Institute of Biomedical Sciences, University of S&o Paulo, Sdo Paulo, SP, Brazil
b Department of Microbiology and Immunology and the Center for the Study of Biological Complexity, Virginia
Commonwealth University

Abstract

Background: The Trypanosomatidae are one of the most diverse and widespread families of obligate endoparasites of
invertebrates and vertebrates. Relevant part of the success of these early-branching protists relies on their large repertoires of heat
shock proteins (Hsp). The members of Hsp70 superfamily are chaperones that play a range of physiological roles, and contribute to
the trypanosomatid adaptation, differentiation, and surviving in invertebrates and all classes of vertebrates under stressful situations
such as shifts of temperature and pH, extra- and intracellular environments, and oxidative stress.

Methods: We compared the whole Hsp70 superfamily genetic repertoires of Trypanosoma brucei, Trypanosoma cruzi, and
Leishmania spp. with Hsp70 paralogs from 19 draft genomes of 19 Trypanosoma spp. from cold and warm-blooded hosts, plus
genomes from Leishmania spp., Endotrypanum, and 21 species of nine genera of insect trypanosomatids.

Results: Along with the Hsp70 (canonical), the repertoire of trypanosomatid Hsp70 (TryHsp70) superfamily comprises one
mitochondrial (Lc2.2) and one reticular (Grp78) family, all homologs to Hsp70 of eukaryotes in general. In addition, the cytosolic
families HSP70.4 andHSP70.c, which have no clear relatives in humans, are also ubiquitous in the kinetoplastids. The analyses of
618 TryHsp70 paralogs revealed that the newly discovered Hsp70.a and Hsp70.b families are highly divergent in the
trypanosomatids and ubiquitous in the kinetoplastids, and corroborated that Hsp70.a originated by gene duplication in the lineage of
the Grp170 (Hsp70ER) and Hsp110 families. In contrast to the ubiquitous mtHsp70/Lc2.2 family originated from the
Alphaproteobacteria that gave rise to the mitochondria, neither trypanosomes nor bodonids share the mtHsp70/Lc2.1 paralogs
identified in species of Leishmania, Endotrypanum, Leptomonas, Crithidia, Angomonas, Strigomonas, Phytomonas, Sergeia and
Herpetomonas. Our analysis supported that the controversial Hsp70.b family was acquired through a single and ancient HGT from a
DnakK-like donor. The TryHsp70 genes are located in highly syntenic regions, the only exception being the Grp78 genes, which are
located in regions that are partially syntenic among species of distantly related trypanosomes. Finally, divergent DnaK or DnaK-like
paralogs were identified exclusively in the genomes of the endosymbionts harbored by the insect trypanosomatids of the genera
Angomonas and Strigomonas.

Conclusions: Our taxon-rich and wide genomic phylogenetic analyses supported a complex of ten families in the TryHsp70
superfamily. Evolutionarily conserved families of eukaryotic Hsps are shared by all trypanosomatids (CAN Hsp70, mtHsp70/Lc2.2,
Grp78, Grp170 and Hsp110); Hsp70.4 and Hsp70.c group with CY Hsp70 paralogs from other eukaryotes, the mtHsp/Lc2.1 family is
present in all genera of trypanosomatids investigated except Trypanosoma, and the recently discovered Hsp70.a and Hsp70.b
families are ubiquitous in trypanosomatids, identified in other kinetoplastids, but absent in other eukaryotes. Phylogenetic analyses
of orthologs from each family corroborated, in general, the main clades supported by traditional phylogeny of Trypanosomatidae,
with the best resolved phylogenies of Trypanosoma obtained for Hsp70.a, CAN Hsp70, Hsp70.b, and Hsp110, thus indicating that
Hsp70 genes are valuable phylogenetic markers regardless of their evolutionary origin.

Keywords: Heat Shock Proteins, Trypanosomatidae, chaperones, phylogeny, evolution, comparative genomics.



INTRODUCTION

The Trypanosomatidae (Euglenozoa: Kinetoplastidea)
are a successful and widespread family of early-
branching unicellular eukaryotes (protists), all obligate
endoparasites of invertebrates and vertebrates, which
evolved from free-living bodonids (Simpson et al.,
2004; Jackson et al. 2008, 2016).Trypanosoma
comprises species that develop extracellularly and/or
intracellularly with complex and largely different life
cycles in vertebrates of all classes, and are
transmitted by a range of vectors such as leeches,
ticks, fleas, hemipterans, and dipterans (Stevens et
al., 2001; Hamilton et al., 2007). In contrast,
Leishmania spp. are intracellular parasites exclusively
of mammals and lizards, transmitted by sand flies.
The Trypanosomatidae family also harbors several
genera of monoxenous species of insects and
species of the genus Phytomonas, which comprises
plant parasites transmitted by phytophagous
hemipterans (Camargo, 1999; Teixeira et al., 2011;
Borghesan et al., 2013; Maslov et al., 2013; Lukes et
al., 2014).

The great majority of trypanosomatids are not
harmful to their usual hosts in natural transmission
cycles. A few species of trypanosomatids are
pathogenic to their vertebrate hosts; for example, T.
brucei and T. cruzi, respectively the etiologic agents
of Chagas disease, and African sleeping sickness in
humans and Nagana in livestock. Leishmania spp.
cause human diseases through the world and some
Phytomonas spp. are plant pathogens. Host range
studies suggested relevant restriction of most species
of trypanosomes to classes, orders, genera or even
species of vertebrate hosts, even though an
increasing number of species have been reported in

phylogenetically distant hosts (Hamilton et al., 2007,
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2012; Garcia et al., 2011; Truc et al., 2013; Fermino
etal., 2015; Lima et al., 2015).

The switching from aquatic to parasitic life and the
adaptation to invertebrates and cold and warm-
blooded vertebrates rely on the capacity of the
kinetoplastids to respond to drastic environmental
changes. The success of the heteroxenous
trypanosomatids depends on the overcoming of an
assortment of stressful conditions during their
passage from invertebrate to vertebrate hosts. Heat
shock proteins play important roles in their adaptation
to extreme environmental changes in their life, such
as shifts in temperature and pH, nutritional stress,
hypoxia, oxidative stress, and process of host
defenses, which are all potential triggers of cellular
stress (Folgueira and Requena, 2007; Louw et al.,
2010; Requena et al., 2015). To deal with stressful
challenges, trypanosomatids respond using a
plethora of mechanisms, including those involving the
evolutionarily conserved Hsps (Folgueira and
Requena, 2007; Louw et al., 2010; Requena et al.,
2015; Tyc et al., 2015).

The eukaryotes possess multiple Hsps that
cooperate in a variety of cellular processes and are
located in the cytosol (CY), endoplasmic reticulum
(ER), mitochondria (MT), and chloroplast (CP). The
Hsps are classified, according to amino acid
sequence homology and molecular weight, as
Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, and small
Hsps (Young et al., 2004; Kriehuler et al., 2010). The
members of the Hsp70 superfamily are abundant and
important molecular chaperones that require the
coordinated action of the Hsp40 and Hsp90
chaperones. Studies on the Hsp70s functions have
emphasized their essential participation in protein
homeostasis at both physiological and stressful

conditions, promoting proper folding and assembly of



newly synthesized proteins, refolding and repairing of
proteins, and acting in the proteolytic degradation and
membrane translocation of organellar and secretory
proteins (Young et al., 2004; Mayer and Bukau 2005;
Kabani and Martineau, 2008; Kriehuler et al., 2010).

The number of Hsp70s varies widely in the
eukaryotes, from 17 in humans to six in Plasmodium
falciparum (Daugaard et al. 2007; Przyborski et al.
2015). Similar to other eukaryotes, the Hsp70 of the
trypanosomatids is a superfamily comprising
constitutive and inducible members localized in the
cytoplasm, mitochondria, and endoplasmic reticulum.
Hsp70s are known to be expressed in response to
marked changes during the life cycles of T. brucei, T.
cruzi, and L. major (collectively known as the Tritryps)
triggered by the drastic environmental differences
between insect vector and human host. Despite the
small number of trypanosomatids examined, an
expanded repertoire of Hsp70 families has been
unveiled by genomic analyses on the Tritryps.
Several families are homologues of major eukaryotic
Hsp70s: the cytoplasmatic CAN Hsp70 (the
prototypical/canonical Hsp70 referred in this study as
CAN) and Hsp110 families, the mtHsp70/Lc2.2 family
resident in the MT, and those resident in the ER
assigned to the Grp78 and Grp170 families. The
families Hsp70.4, Hsp70.c, which clustered with
prototypical cytoplasmic CAN HSP70 and Grp78 and
have no clear orthologous in humans, are also
ubiquitous in the kinetoplastid. In addition, recent
studies have revealed a number of paralogs, new
structural features, and novel families in the Tritryps,
such as Hsp70.a, Hsp70.b and the mtHsp70/Lc2.1
(Folgueira and Requena 2007; Campos et al., 2008;
Louw et al., 2010; Shonhai et al., 2011; Tyc et al.,
2015).

95

Proteomics analyses have identified Hsps as one
of the major protein groups in the kinetoplastids and
highlighted the complexity of their expression patterns
and putative functions. TryHsp70s play a range of
roles in innate and adaptive immunity of
trypanosomatids infective to mammals (Urmenyi et
al., 2014). Hsp70 of the fish parasite T. carasii up
regulates the expression of nitric oxide synthase and
induced a strong nitric oxide response of fish
macrophages (Oladiran and Belosevic 2009).
TryHsp70s are highly immunogenic, and have been
investigated as targets for vaccines and serological
diagnosis (Krautz et al., 1998; Levy et al., 1992;
Flechas et al. 2009). In addition, uniqueness in the
structure of the TryHsp70s has provided opportunities
for the discovery of new drug targets (Requena et al.
2012; Urmenyi et al., 2012; 2014). In addition, inter-
and intra-specific polymorphisms of CAN Hsp70s
genes in Trypanosoma and Leishmania have been
explored for molecular diagnosis. Recently, CAN
Hsp70 family have proposed the use of Hsp70 for
phylogenetic inferences of trypanosomes and
leishmanias (Fraga et al. 2010, 2012, 2014, 2016).

Systematic analyses of the genetic repertoire of
the TryHsp superfamily are so far restricted to the
Tritryps. Although separated by a large phylogenetic
distance, T. brucei and T. cruzi do not represent
trypanosomatid  diversity. The  majority  of
trypanosome species differ from T. brucei and T. cruzi
in many traits of their life cycle, vertebrate hosts,
vectors, cell compartments, metabolism, and host-
parasite-vector interactions. Data about Hsp genes
and functions in the non-pathogenic species infecting
mammals are very limited; and almost nothing is
known regarding Hsps of the most basal
trypanosomes of the Aquatic clade of Trypanosoma
(Stevens et al., 2001; Hamilton et al., 2007; Ferreira



et al., 2008; Fermino et al., 2015). In addition, Hsp
families in the genomes of trypanosomatids restricted
to insects were not systematically investigated or
analyzed in a phylogenetic framework.

Extensive genomic surveys of the Hsp70
superfamily in species representing the evolutionary
diversity of the Trypanosomatidae, detailed analysis
of the structural features, and classification of all
identified Hsp70 paralogs by phylogenetic inferences
are required to unveil the whole repertoire and
properly hypothesize on the evolutionary processes
that shaped the unique TryHsp70 repertoire. Our
main goal in this study was to expand the knowledge
on the genetic repertoire of the trypanosomatids
representing several genera, with emphasis in the
genus Trypanosoma. With this purpose, we
characterized a large number of Hsp70 paralogs
retrieved from the most comprehensive set of
trypanosomatid genomes compared to date. The data
set was employed to evaluate the composition of
each Hsp70 family through phylogenetic inferences,
which together with synteny analyses provides new
and relevant insights to the complex evolutionary

history of the TryHsp70 superfamily.

MATERIALS AND METHODS

Organisms and genomes

The draft genomes of the following organisms were
used in this study (TCC- Trypanosomatid Culture
Collection codes) (Table 1): T. serpentis (TCC1052),
T. theileri (TCC165), T. rangeli (TCCAM80), T. lewisi
(TCC34), T. conorhini (TCCO25E), T.dionisii
(TCC211), T. emeyi (TCC1946), T. wauwau
(TCC1873), T. livingstonei (TCC1270), T. ralphi
(TCC1838), T. cruzi marinkellei (B7), T. cruzi
marinkellei  (TCC344), T. cyclops (TCC52)
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Trypanosoma sp. (TCC1825), Trypanosoma sp.
(TCC878), (TCC339),
Trypanosoma sp. (TCC16 — H25), Trypanosoma sp.
(TCC1307), Trypanosoma sp. (TCC2186), T. cruzi
(G), T. brucei (TREU 927), T. brucei (Lister 427), T.
brucei gambiense (DAL972), T. vivax (Y486) and T.
congolense (IL3000), T. grayi (ANR4), and T. evansi
(STIB805).

As out-groups of Trypanosoma, the phylogenetic

Trypanosoma  sp.

analyses of TryHsp70 repertoire included: Leishmania
major (MHOM/IL/80/Friedlin), Leishmania braziliensis
(MHOM/BR/75/M2904),
(LEM3045), L. martiniquensis (MARLEM2494), L.
tarentolae  (ParrotTarll),  Angomonas  deanei
(TCCO36E), Angomonas desouzai (TCCO79E),
Strigomonas culicis (TCCO12E), Strigomonas galati
(TCC219), Strigomonas oncopelti  (TCC290E),
Herpetomonas muscarum (TCCO01E), Crithidia
acanthocephali  (TCCO37E),  Crithidia  luciliae
thermophila (TCCO50E), Crithidia fasciculata (Cf-Cl),
Lotmaria passim (SF), Endotrypanum schaudinni
(TCC224), Endotrypanum  monterogeii  (LV88),
Leptomonas costaricensis (TCC169E), Phytomonas
sp. (TCCOG66E), and Phytomonas sp. (HART1).

The genomes of Angomonas deanei, Angomonas

Leishmania enriettii

desouzai, Strigomonas culicis, Strigomonas galati,
Strigomonas oncopelti, Herpetomonas muscarum,
and Crithidia acanthocephali were sequenced as
previously described (Alves et al, 2013).
Endotrypanum schaudinni, Leptomonas
costaricensis, T. cruzi, T. rangeli, T. lewisi, T.
conorhini, T.dionisii, T. erneyi, T. cruzi marinkellei,
Trypanosoma sp. (TCC339) were sequenced using
standard  pyrosequencing shotgun methodology
according to Roche 454 protocols. T. serpentis
(TCC1052), and T. theileri (TCC165), T. wauwau

(TCC1873), T. livingstonei (TCC1270), T. ralphi



(TCC1838), T. cyclops (TCC52) Trypanosoma sp.
(TCC1825), (TCC878),
Trypanosoma sp. (TCC16 — H25), Trypanosoma sp.
(TCC1307), (TCC2186) were

sequenced using the MiSeq lllumina plataform

Trypanosoma sp.

Trypanosoma sp.

(paired-end reads of 2 x 300 bp), and assembled
using Newbler software (version 2.9).

As outgroup of the Trypanosomatidae, the analyses
included Bodo sp. (ATCC50149), Parabodo caudatus

Table 1: Trypanosomes, other trypanosomatids and free living kinetoplastids and euglenids genomes used in
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(ATCC30905), and Bodo saltans (Welcome Trust
Sanger Institute).

All trypanosomatids are cryopreserved at the
Trypanosomatid Culture Collection of the University of
S&o Paulo (TCC-USP) and were grown in LIT or
TC100 media supplemented with 2-5% FBS (Fetal

Bovine Serum). Information regarding genomes used

in this study was summarized in Table 1.

this study.
Organism Sample code Host Data origin
Trypanosomatida
Trypanosoma cyclops TCC 052 Macaca ira ATOL - USP
Trypanosoma livingstonei TCC 1270 Rhinolophus landeri ATOL - USP
Trypanosoma wauwau TCC 1873 Pteronotus personatus ATOL - USP
Trypanosoma ralphi TCC 1838 Melanosuchus niger ATOL - USP
Trypanosoma serpentis TCC 1052 Pseudoboa nigra ATOL - USP
Trypanosoma evansi STIB 805 Bubalus bubalis TriTrypDB
Trypanosoma brucei brucei Lister 427 Ovis aries TriTrypDB
Trypanosoma brucei brucei TREU927 Glossina pallidipes TriTrypDB
Trypanosoma brucei gambiense DAL972 Homo sapiens TriTrypDB
Trypanosoma congolense IL30000 Bos sp. TriTrypDB
Trypanosoma grayi ANR4 Glossina palpalis TriTrypDB
Trypanosoma vivax Y486 Bos taurus TriTrypDB
Trypanosoma theileri TCC 165 Bubalus bubalis ATOL
Trypanosoma lewisi TCC 34 Rattus rattus ATOL
Trypanosoma rangeli AM80 Homo sapiens ATOL
Trypanosoma conorhini TCC 025E Rattus rattus ATOL
Trypanosoma dionisii TCC 211 Eptesicus brasiliensis ATOL
Trypanosoma erneyi TCC 1946 Mops condylurus ATOL
Trypanosoma cruzi cruzi G Didelphis marsupialis ATOL
Trypanosoma cruzi marinkellei TCC 344 Carollia perspicillata ATOL
Trypanosoma cruzi marinkellei B7 Phyllostomus discolor TriTrypDB
Trypanosoma sp. TCC 339 Rhinella marina ATOL
Trypanosoma sp. TCC 878 Mabuya frenata ATOL - USP
Trypanosoma sp. TCC 1825 Ramphocelus nigrogularis  ATOL - USP
Trypanosoma sp. TCC 16 Macropus giganteus ATOL - USP
Trypanosoma sp. TCC 1307 Ptychadena mossambica ~ ATOL - USP
Trypanosoma sp. TCC 2186 Leptodactylus latrans ATOL - USP
Herpetomonas muscarum TCC 001E Musca domestica ATOL (AUXJ01000000)
Phytomonas sp. HART1 Cocos nucifera GenBank CAVR000000000.2
Phytomonas sp. TCC 066E Jatropha macrantha ATOL
Angomonas deanei TCC 036E Zelus leucogrammus ATOL (AUXMO01000000)
Angomonas desouzai TCC 079E Ornidia obesa ATOL (AUXL01000000)
Angomonas ambiguus TCC 2435 Chrysomya albiceps ATOL
Strigomonas culicis TCC 012E Aedes vexans ATOL (AUXH01000000)
Strigomonas galati TCC 219 Lutzomya almerioi ATOL
Strigomonas oncopelti TCC 290E Oncopeltus fasciatus ATOL (AUXK01000000)
Leptomonas costaricensis TCC 169E Zelinae sp. ATOL
Lotmaria passim SF Apis mellifera AHIJ00000000
Crithidia acanthocephali TCC 037E Acanthocephala femorata ~ ATOL (AUXI00000000)
Crithidia luciliae thermophila TCC 050E Zelus leucogrammus ATOL - USP
Crithidia fasciculata Ct-Cl TriTrypDB



Endotrypanum monterogeii LVv88
Endotrypanum schaudinni TCC 224
Leishmania enriettii LEM3045
Leishmania martiniquensis MARLEM2494
Leishmania braziliensis MHOMBR75M2904
Leishmania donovani BPK282A1
Leishmania gerbilli LEM452
Leishmania major Friedlin
Leishmania tarentolae ParrotTarll
Bodonida
Parabodo caudatus ATCC 30905
Bodo saltans Lake Konstanz
Bodo sp. ATCC 50149
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Choloepus hoffmani TriTrypDB
Choloepus hoffmani ATOL
Cavia porcellus TriTrypDB
Homo sapiens TriTrypDB
Homo sapiens TriTrypDB
Homo sapiens TriTrypDB
Homo sapiens TriTrypDB
Homo sapiens TriTrypDB
Tarentola mauritanica TriTrypDB
free living ATOL
free living Wellcome Trust Sanger
free living ATOL

Genomic search, sequence alignment, and
phylogenetic analyses.
Families belonging to TryHsp70 repertoires were
identified in the genomes present in TriTrypDB
databank, and in draft genomes by similarity searches
using BLAST algorithms. Previously reported
sequences from Hsp70 families of T. brucei were
used as queries (Folgueira and Requena, 2007). The
genes were classified as paralogous or orthologous
based on inferred phylogenetic relationships,
sequence similarity, and comparison of functional
domains and sequence motifs. The paralogs were
designated according to the classification previously
defined by Folgueira and Requena (2007).

To check for the existence of horizontal gene transfer,
a comprehensive analysis was performed including
Hsp70 sequences present in NR (Non-redundant protein
sequences) (ftp:/ftp.ncbi.nih.gov/blast /db/ as available in
February 2015). A blastp search was performed with a
maximum expect value threshold of 1e-20, using the
sequences found in trypanosomatids as queries. The
retrieved sequences were checked for Hsp70

domains using RPSBLAST against the Conserved

Domain Database (http:/Avww.ncbi.nim.nih.gov/
Structure/bwrpsb/bwrpsb.cgi).
To reduce computational demand in

comprehensive analysis, highly similar sequences

representing closely related strains or species were

removed using the USERACH (Edgar, 2010) program
with 95% similarity and 90% length coverage
thresholds. Sequences with less than 500 amino
acids (70% of the average Hsp70 size) and larger
than 1,300 amino acids, or possessing conserved
domains not related to Hsp70 super-family, were also
removed. Access numbers of sequences included in
the comprehensive analysis are included in Table S2.
In all TryHsp70 analyses, partial sequences with less
than 500 amino acids were not included in the
presented inferences. Sequences presenting frame
shifts or multiple stop codons were also discarded.
Multiple sequence alignment was performed using
MUSCLE v3.8 (Edgar, 2004) and edited using
Gblocks v0.91b (Castresana, 2000) to eliminate
poorly aligned positions. The substitution model was
chosen by the Akaike Information Criterion (AIC)
using ProtTest3 (Abascal et al., 2005). Maximum
likelihood analyses of the trypanosomatid-only
dataset were performed using the LG substitution
model, gamma-distributed  heterogeneity  rate
categories, and estimated empirical residue
frequencies (PROTGAMMALGF), as implemented in
RAXML v8.2.0 (Stamatakis, 2014). Due to
computational time constraints, the comprehensive
Hsp70  superfamily  phylogeny including NR
sequences was performed with the approximately-

maximum-likelihood method of FastTree v2.1 (Price



et al., 2010), using the WAG model and gamma-
distributed rates. Phylogenetic trees were visualized using
Figtree v1.3.1 (http://tree.bio.ed.ac.uk/softwareffigtree/)
and Dendroscope v3.24 (Huson and Scomavacca,
2012).

The recombination analysis done for mtHsp70
(Lc2.2 and Lc2.1) paralogs was carried out using
RDP4 v4.24 software (Martin et al. 2010). Only
events detected by at least three methods and with a

p-value lower than 0.05 were considered as valid.

RESULTS AND DISCUSSION

1. Phylogenetic support for TryHsp70 families and
new insights into evolutionary histories

Previous studies focused on the whole TryHsp70
superfamily repertoires were restricted to the TriTryp
genomes and did not include phylogenetic analysis of
most families (Folqueira and Requena, 2007, Louw et
al., 2010). Here, we compared the whole repertoires
of the Hsp70 superfamily reported for the TriTryp with
those retrieved from the currently available genomes
of 23 additional species of Trypanosoma, including 15
complete and annotated genomes from public data
banks, and 28 draft genomes that have been
sequenced in our laboratories (Table 1). Extensive
surveys were also performed on the genomes of
Leishmania spp, monoxenous trypanosomatids of
eight genera, and Phytomonas. The phylogenetic
analyses included all the 618 TryHsp70 paralogs
retrieved from the genomes of trypanosomatids, in
addition to paralogs from 1.108 species of other
Although some TryHsp70 families present multiple
identical copies organized in head-to-tail tandem
organization (Folgueira and Requena, 2007), our
searches revealed one sequence for each family in
each genome. The existence of more than one

identical copy of some families cannot be excluded
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due to the technical limitations (collapsing) in the
assembling of tandem repetitive conserved genes
using NGS methods. In addition, sequencing of
several of the genomes used here is still in progress,
thus better coverages and new assemblies will need
to be checked regarding other Hsp70 paralogs
undetected so far. eukaryotes and 4.303 from
prokaryotes from NR database (Fig. 1).

The phylogenetic analyses of all TryHsp70
paralogs corroborated the remarkable split between
the eukaryotic Hsp70s and the bacterial counterpart,
DnaK.

Although some eukaryotic Hsp70 sequences
clustered together with DnaK gene sequences, no
prokaryotic sequence nested within the eukaryotic
clades. A few virus sequences were found within the
eukaryotic Hsp70 repertoire, and they appear to have
been transferred many times to different lineages
(Fig. 1).

Our phylogenetic analysis is consistent with the
evolutionary history proposed for the eukaryotic Hsp
families (Young et al., 2004; Mayer and Bukau, 2005;
Kabani and Martineau, 2008; Kriehuler et al., 2010).
The systematic and wide-ranging searches of
TryHsp70 paralogs performed in the present study
supported that most TryHsp70 families evolved from
the eukaryotic ancestor by gene duplication, including
the typical mtHsp70 (Folgueira and Requena, 2007)
(Fig. 1).

Although located in the mitochondrial matrix,
members of the conserved mtHsp70 family are
encoded by nuclear genes and phylogenetically more
closely related to DnaK than to any eukaryotic Hsp70
sequence (Germot and Philippe 1999; Folgueira and
Requena, 2007). The accepted evolutionary
hypothesis is that this family originated by HGT from
the Alphaproteobacteria ancestor that gave rise to the

modern mitochondria of extant eukaryotes (Gupta



and Golding, 1993; Gupta et al, 1994; Boorstein et al.,
1994; Germot and Philippe, 1999). Our findings
corroborate this evolutionary hypothesis, since all

paralogs of trypanosomatid MT Hsp70 sequences

(named mtHsp70 for trypanosomes and Lc.2.2 for
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leishmanias) clustered into a single monophyletic
group adjacent to DnaK sequences from
Alphaproteobacteria (Fig. 1). In contrast, paralogs of
mtHsp70 Lc2.1 reported in L. chagasi/L. infantum

(Campos et al., 2008) were not identified in any

B Eukaryota
Kinetoplastida

B Archaea

B Alphaproteobacteria

[ Betaproteobacteria

B Gammaproteobacteria

I Deltaproteobacteria

1 Bacteroidetes

I Firmicutes
Actinobacteria

B Cyanobacteria
Tenericutes

B Viruses

[l Other bacteria

Canonical

Hsp70.4

/ Hsp110

Figure 1: Comprehensive phylogenetic analysis including TryHsp70 families — Maximum Likelihood analysis using FastTree
software (WAG + G substitution model) includes 9.733 Hsp70/DnaK sequences from 1.108 species of other eukaryotes and
4.303 from prokaryotes from NR database. Branches are painted according taxonomic groups. The * symbol in indicates Hsp70
families found in other trypanosomatids, but not found in Trypanosoma. The access number of TryHsp70 and NR Hsp70

sequences employed in the phylogenetic analysis are listed in Table S1 and S2 respectively.

trypanosome species, but seem to be present in all
non-trypanosome  trypanosomatids  investigated.
Therefore, Lc2.1 is a new TryHsp70 family that,
according to our phylogenetic analysis, likely
originated by gene duplication from Lc2.2 (Fig. 2)
(see Section 6).

The recently identified Hsp70.a and Hsp70.b
(Folgueira and Requena, 2007; Louw et al.,

2010) were herein seen as ubiquitous in the

Trypanosomatidae, and also present in other
kinetoplastids. Our analysis supported that the
Hsp70.a family derived from duplications in the Hsp
lineage that gave origin to the Hsp110 and Grp170
families. Taking in account its absence in other
eukaryotic lineages, Hsp70.a was most likely the last
family to diverge in the NEFs (Nucleotide exchange
factors - Hsp110/Grp170) lineage of the

kinetoplastids. It had been previously suggested that



the Hsp70.b is more similar to cyanobacterial DnaK
than to the mit Hsp70s, then suggesting the existence
of chloroplast in an ancestor of the trypanosomatids
(Martin et al., 2003; Hannaert et al., 2003; Folgueira
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and Requena, 2007; Requena et al., 2015). This
hypothesis was questioned by Louw et al. (2010),
suggesting that Hsp70.b could be related to DnaK

100

Hsp70.b/

\DnakK-Like*

Groups
] Organellar Hsp70s
|| DnaK homologs
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Subcellular
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B cY cytosol
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Figure 2: Phylogenetic relationships of the TryHsp70 families — Maximum Likelihood radial tree resulting from an analysis using
RaxML version 8.1.15. The best substitution model was chosen by the Akaike Information Criterion (AIC) using the
PROTGAMMAAUTO setting implemented in the program. Support was calculated using 300 bootstrap replicates. Groups of

TryHsp70 families are highlighted according to

Our analysis of Hsp70 paralogs from eukaryotes
and prokaryotes demonstrated for the first time that
Hsp70.b paralogs are more closely related to DnaK-
like genes than to the typical DnaK, and separated
from any other TryHsp70 family. The TryHsp70.b
branched with the DnaK-like from a wide range of
bacterial groups, virus, flatworms, and single-celled
eukaryotes. The clustering of Hsp70.b with DnaK
from Giardia and Entamoeba, considered to be
among some of the earliest-diverging lineages of
extant protists, Fungi  (Microsporidium  and
Ascomycetes) and green algae (Fig. 1, S1),
suggested that Hsp70.b likely resulted from a very
ancient HGT from a prokaryotic gene into a primitive
eukaryote. The existence of Hsp70 genes more

similar to bacterial DnaK than to eukaryotic genes

function and branches according cellular localization

was previously reported in Giardia, Entamoeba and
microsporidians, and these odd DnaK homologs were
supposed to be vestiges of the lost mitochondria
(Aggarwal et al., 1990; Bakatselou et al., 2000;
Morrison et al., 2001; Arisue et al., 2002). However, in
our phylogenetic analysis, TryHsp70.b and these
previously reported eukaryotic DnaK homologs were
placed far from Alphaproteobacteria. Indeed, the
phylogenetic position of these sequences together
with Hsp70.b indicates a possible new bacterial DnaK
group shared by single celled eukaryotes. However,
the great diversity of bacteria distributed across the
largely unresolved branch did not allow estimating
neither number of HGT events nor donors.

Here, phylogenetic analyses including all

TryHsp70 genes strongly supported that TryHsp70



sequences clustered in one of the three main Hsp70
monophyletic groups of eukaryotes in general:
organellar, DnaK, and NEF (Young et al., 2004;
Mayer and Bukau 2005; Kabani and Martineau, 2008;
Kriehuler et al., 2010) (Figs 1, 2).

The TryHsp70 repertoire includes cytosolic and
closely related families of the organellar group (CAN
Hsp70, Hsp70.4 and Hsp70.c), separated from the
also cytosolic Hsp110 of the NEF group (Fig. 2).
Similarly, the Hsp70 families coding for ER residents
(Grp78 and Grp170) clustered in different groups,
organellar and NEF, respectively. Our analysis
provides strong support to the hypothesis that
Hsp70.a (unknown location) may have originated by
gene duplication in the lineage that also originated
Hsp110 (CY) and Grp170 (ER). The scenario
observed in the NEF group is similar to that found in
Hsp70s of the organellar group, where related
paralogs were also segregated in different (CY and
ER) cellular compartments (Fig. 2).

In conclusion, ten TryHsp70 families were
identified in the trypanosomatids, of which seven
have conserved homologs in eukaryotes in general,
the exceptions beingHsp70.a, Hsp70.b and Lc2.1;
nine of the families are shared by all trypanosomatids
(the exception being Lc2.1); and one family (Lc2.1) is
present in a range of non-trypanosome
trypanosomatids, but is lacking from all trypanosomes
(Fig. 2). The extensive and broad analyses of
TryHsp70 paralogs strongly suggests that the two
recently discovered and highly divergent Hsp70.a and
Hsp70.b  families are  ubiquitous in  the
trypanosomatids.  Preliminary data from our
laboratories have suggested that Hsp70.a and
Hsp70.bhomologues are present in all kinetoplastids.
Further systematic studies are required to investigate

the Hsp70 repertoires in free-living kinetoplastids,
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euglenids, and diplonemids, which are the nearest
relatives of the kinetoplastids (Simpson et al., 2004;
Jackson et al. 2008, 2016).

Finally, our searches also disclosed two DnaK
paralogs exclusively in the genomes of the bacterial
endosymbiont harbored by trypanosomatids of the
genera Angomonas and Strigomonas (Fig. 1) (see

section 9).

3. Sequence structures and motifs typical of each
trypanosomatid Hsp70 family

The members of the Hsp70 superfamily typically
contain three conserved domains: At the N-terminal
lies the 45-kDa ATP binding/ATPase or nucleotide-
binding domain (NBD), followed by the peptide-
binding domain or substrate-binding domain (SBD) at
the C-terminal, containing the conserved EEVD motif
necessary for association with co-chaperones (Mayer
and Bukau, 2005; Kominek et al., 2013). Here,
multiple alignments of TryHsp70 gene sequences
reveals 22 conserved blocks shared by all paralogs.
Twelve blocks are located in the NBD, nine in the
SBD, and between the binding domains is the Linker.
Conservation decreases along the molecule, being
higher in the N-terminus. The Linker and C-terminal
motifs enabled an easy visual differentiation among
the paralogs of the different Hsp70 families (Fig. 3).
The CY Hsp70 with the C-terminal EEVD motif
shared by stress inducible Hsp70s from eukaryotes in
general is considered the prototypical Hsp70 (CAN
Hsp70), and represents the most studied family of
TryHsp70 (Freeman et al., 1995; Louw et al., 2010).
As expected, the trypanosomatids share highly
conserved CAN Hsp70 characterized by the EEVD
motif at the end of the C-terminal, and show a
variable number of GGMP repeats at the C-terminal.
CAN Hsp70 and Hsp70.4 show an identical LLLLD
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Linker motif in the C-terminus while neighboring
motifs, LCGDL or MCRDQ, distinguish between the

sequences of the two families. Instead of EEVD,

Hsp70.4 presents a conserved DVD motif at the end
of the C-terminus, and lacks GGMP or similar

repetitions (Fig. 3). Differently from other CY



paralogs, Hsp70.c sequences display polymorphisms
in substrate binding domains, lack the conserved C-
terminus  motif, and exhibit a polymorphic
[VIIVLILIMLID  Linker. The ER resident Grp78
paralogs show a conserved VVLVD Linker motif,
which is different from those of all other TryHsp70
families, and exhibit in the end of the C-terminus the
ER retenton motif MDDL (Fig. 3), which s
responsible for the retention of the Grp78 proteins at
the ER lumen (Bangs et al., 1996).

Regarding the MT members of the TryHsp70
families, Lc.2.2 and Lc2.1, a short Linker allowed to
separate both Lc.2.1 and Lc2.2 from all other
TryHsp70s. In addition, there are clear differences
between Lc2.2 and Lc2.1: Lc2.2 has a conserved
LVLLD motif in the Linker region, whereas Lc2.1
presents an LILLD motif, and Lc2.2, but not Lc2.1,
has a variable number of SN and Q repeats at the C-
terminal end (Fig. 3). Therefore, the results from the
analysis of a large number of paralogs from several
trypanosomatid genera agreed that the main
difference between Lc2.2 and Lc2.1 relied on the
longer C-terminal extension of Lc2.2 homologs, as
reported before for Leishmania (Campos et al., 2008).

As reported for other eukaryotes (Easton et al.,
2000), the structural organizations of the Hsp70
families are highly different among the members of
the group NEF. The Hsp110 displays a conserved LD
motif at the end of the C-terminus and a large and
polymorphic Linker region. Like the CY Hsp110, the
RE resident Grp170 displays a large and poorly
conserved Linker region and a DL motif at the end of
the C-terminus, which fits the final DL motif present in
the also RE resident Grp78 nested into the organellar
group (Fig. 2). Like other NEFs, Hsp70.a possesses
large insertions in the substrate and nucleotide bind
domains (Fig. S2). Although the functions of HspP110
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and Grp170 remained elusive, it is believed that they
do not act as protein folding chaperones, acting as a
holdases for misfolded proteins instead, preventing
their aggregation until the native fold state is
recovered by typical Hsp70s (Easton et al, 2000;
Bracher and Verghese, 2015).

The analysis of Hsp70.b orthologs, which formed
the DnaK-like group within the TryHsp70 superfamily,
revealed a conserved RLLLE Linker motif, similar to
those found in members of the organellar group: CAN
Hsp70, Grp78 and Lc2.2. Indeed, Hsp70.b Linker
sequences exhibits a leucine rich repetition and a
negatively charged amino acid (usually aspartic or
glutamic acids) in the last position. On the other hand,
Hsp70.b exhibited large insertions typical of the NEF
group in the NBD and SBD (Fig. 3).

4. Phylogenetic analyses of the cytosolic CAN
Hsp70, Hsp70.4 and Hsp70.c of trypanosomatids

Homologues of the three conserved CY Hsp70s
families, CAN Hsp70, Hsp70.4 and Hsp70.c,
previously identified in the TriTryp genomes, were
identified in all trypanosomatid genomes examined
herein. Due to high evolutionary conservation, genes
encoding CAN Hsp70 genes can be easily isolated,
and were one of the first Hsp70 genes identified in the
trypanosomatids (Glass et al., 1986; Engman et al.,
1989, 1992; Requena et al., 1992). In T. cruzi, CY
Hsp70s are expressed in all parasite stages, and
migrate to the nucleus upon heat shock and when
cells reach the stationary phase (Requena et al,
1992; Martin et al., 1993; Folgueira et al., 2005;
Urményi et al., 2012, 2014; Nazer et al., 2012). T.
brucei and T. cruzi were described as having multiple
copies of CAN Hsp70 in head-to-tail tandem
arrangements, in addition to a few isolated genes

(Requena et al., 1988; Folgueira et al., 2005;



Folgueira and Requena, 2007). In our searches, only
one or two complete copies showing identical CAN
Hsp70 sequences were recovered from the genomes,
certainly because of the collapsing of identical
tandem repeats.

The Hsp70.4 was first identified as a single copy
gene in L. major (Searle et al., 1989), and then
reported in the genomes of T. brucei (single copy)
and T. cruzi (2-3 copies) (Folgueira and Requena,
2007). The cytosolic HSP70.4 is highly enriched in
amastigotes but undetectable in trypomastigotes of T.
cruzi (Atwood et al., 2005). Homologues of Hsp70.c
were identified in T. brucei (single copy) (Lee et al.,
1990), and the expression levels were increased in
the parasite by heat stress (Burger et al., 2014).
Conserved homologs of Hsp70.c were identified by
genome searches in the TriTryps (Folgueira and
Requena, 2007).

A single copy of each Hsp70.4 and Hsp70.c
genes was identified in our analyses. Genes encoding
CAN Hsp70, Hsp70.4, and Hsp70.c clustered into a
monophyletic group. In agreement with the branching
patterns of the genealogies, CAN Hsp70 sequences
were closer to those of Hsp70.4 family (~ 67% amino
acid sequence similarity) than to those of Hsp70.c
paralogs (~46%). Also supported by the phylogenetic
analysis, Hsp70.c is the most divergent of the CY
Hsp70 families that nested into the organellar group
(Fig. 2), diverging ~ 44% in their amino acid
sequences from both CAN Hsp70 and Hsp70.4 gene
sequences. Within each family, the similarities among
the orthologs ranged from 95% for CAN Hsp70, ~85%
for Hsp70.4, and ~72% for Hsp70.c.

CAN Hsp70 sequences from the same organism
share nearly identical sequences that cluster tightly
together forming species-specific clades, thus

indicating concerted evolution in this family. The
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genealogies of CAN Hsp70, Hsp70.4 and Hsp70.c
(Fig. 4A, B, C) supported the two major clades within
the Trypanosoma, Aquatic and Terrestrial, as well as
the relationships among the clades being in general
congruent with  those  supported for the
Trypanosomatidae using traditional phylogenetic
markers (Hamilton et al., 2007, 2012; Garcia et al.,
2011; Maslov et al., 2013; Fermino et al., 2013, 2015;
Lukes et al., 2014; Lima et al., 2015). The analysis
based on conserved CAN Hsp70 genes was highly
concordant, corroborating the positioning of all major
clades. However, better resolved intra-clade
relationships and highly supported topologies were
inferred using the more divergent Hsp70.4 and
Hsp70.c (Fig. 4) (see section 10). In addition, CAN
Hsp70, Hsp70.4 and Hsp70.c genealogies were
largely consistent with the main clades formed by the
monoxenous  trypanosomatids of insects and
Leishmania/Endotrypanum, confirming CAN Hsp70
(Fig. 4A) as suitable to infer relationships within
Leishmania (Fraga et al., 2010, 2012).

5. Phylogenetic analyses of the trypanosomatid
Grp78 family members

The ER resident members of the HSP70 family (ER
Hsp70) in eukaryotes are often referred to as Grp78
or BiP (Easton et al., 2000). The first Grp78 homolog
in kinetoplastids was identified in T. brucei (Bangs et
al., 1993) and then in T. cruzi and not induced by heat
shock (Tibbetts et al., 1994). The role played by
Grp78 is not clear. Recently, Grp78 was shown
binding and assisting in the folding and delivery of the
lysosomal cysteine protease cruzipain to calreticulin
(Labriola et al. 2011). In our searches, only a single
Grp78 sequence was recovered from most

trypanosome genomes. The exceptions were
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three identical mtHsp70 genes in T. brucei, whereas
only one complete copy was identified in the T. cruzi
genome, and five genes were identified in the
genome of L. major (Folgueira and Requena, 2007).
Here, tandem repeats could not be found in genome
assemblies of T. cruzi (G) as showed before for other
strains (Engman et al., 1989)

In our surveys, highly conserved orthologs of
mtHsp70 (Lc.2.2) were identified across the
Trypanosomatidae family sharing ~95% amino acid
sequence similarity. All genes from the same genome
cluster tightly together forming a monophyletic
assemblage as shown for T. brucei, T. congolense, T.
cruzi and Leishmania spp. (Fig. 6A), thus indicating
that mtHsp70 has been homogenized by concerted
evolution. As expected, the question on the number of
copies remains unanswered for most genomes.

Two homologs of the mtHsp70 from L. chagasi
and L. infantum, both distributed throughout the
mitochondrial matrix (Campos et al., 2008), were
designated as Lc2.2 (homologous to the prototypical
mtHsp70) and Lc2.1 (a new Hsp70 family).
Trypanosomatids possess multiple copies of the
mtHsp70/Lc2.2, which are expressed in Leishmania
spp. promastigotes and T. cruzi epimastigotes. In
contrast, a single copy of the Lc2.1 paralog was
identified in L. chagasi and L. infantum, presumably
expressed in amastigotes, thus suggesting novel
mtHsp70 functions evolving within the genus
Leishmania (Campos et al., 2008).

Our findings reveal that, in addition to T. brucei
and T. cruzi (Campos et al., 2008), the genomes of
the 23 species of trypanosomes examined herein lack
homologs of Lc2.1. In contrast, Lc2.1 was identified in

the genomes of all species of Leishmania,

67

Endotrypanum, Leptomonas, Crithidia, Angomonas,
Strigomonas, Phytomonas, Sergeia, and
Herpetomonas. In the inferred genealogy, mtHsp70
Lc2.2 and Lc2.1 paralogs were separated in two well-
supported clades, justifying their classification in two
different families (Figs. 2, 6). Sequences of L¢c2.2 and
Lc2.1 share ~79% amino acid similarity. The absence
of Lc2.1 or Lc2.1-like paralogs in the genus
Trypanosoma, and also in Bodo saltans, Bodo sp.,
and Parabodo caudatus, suggests that Lc2.1 may
have emerged in one ancestor of the lineage
comprising the non-trypanosome trypanosomatids,
favoring duplication in an ancestor of this lineage
rather than a gene loss in the genus Trypanosoma
and other kinetoplastids.

In accord with data showing that the Lc2.2 family
presents homogeneous copies in the trypanosomatid
genomes, the genealogy based on Lc2.2 orthologs
shows relevant support values for most clades
evidenced in the ftraditional species-tree of
Trypanosoma (see section 10). In the analysis of
combined Lc2.2 and Lc2.1 sequences, Lc2.1
emerged as a branch of the clade formed by
Leishmania Lc2.2 sequences (data not shown).
However, corroborating the origin of the Lc2.1 family
in a common ancestor of the non-trypanosome
trypanosomatid lineage, the genealogy of Lc2.1
homologs from species of Leishmania and several
other genera was largely congruent with those
inferred using Lc2.2. (Fig 6B).
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7. Phylogenetic analyses of the trypanosomatid
large Hsps: the Hsp70.a, Hsp110, and Grp170
families

The large Hsp70s, i.e., Hsp110 and glucose-
regulated protein 170 (Grp170) families, contain
specialized proteins that are largely distantly related
and structurally different from the other Hsp70s.
These proteins have been described as nucleotide

exchange factors (NEFs) of typical Hsp70s.
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Although closely related, these families differ in their
location; while Hsp110 occurs in the nucleus and
cytosol, the Grp170 is characterized by ER signals
that confine the proteins into that cellular
compartment. Hsp110s are known to inhibit protein
aggregation by serving as substrate holdases (Easton
et al., 2000; Andreasson et al., 2008; Inoue and Tsai,
2016).
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The large sizes of these Hsp70s are due to the loop
structure, which results in their remarkable ability to
bind to protein and non-protein ligands, such as
microbial molecules, favoring amplification of innate
and adaptive immune responses (Zuo et al., 2016).
Despite multifaceted functions under physiological or
pathological conditions, the roles played by these
large Hsp70s in trypanosomatids are virtually
unknown.

Before the present study, the knowledge on
Hsp70 families of the NEF group in trypanosomatids
included only structural features of sequences from
the TriTryp: Grp170 (ER), Hsp110 (CY), and the

recently discovered Hsp70.a paralogs (Folgueira and
Requena, 2007; Louw et al., 2010). In contrast to the
ubiquitous Grp170 and Hsp110 homologs in
eukaryotes in general, our taxon-rich and
comprehensive analysis demonstrated that Hsp70.a
is ubiquitous in trypanosomatids, and also present in
other kinetoplastids. There is no information about the
Hsp70.a location, but its positioning closest to Grp170
in the NEF group may suggest an ER location.
However, Hsp70.a lacks any ER retention motif,
suggesting an alternative cellular location. In silico
prediction, and demonstration that the packaging of

proteins into exosomes of Leishmania, known to



prime host cells for Leishmania invasion, depends on
Hsp100, suggests that Hsp70.a may play a role in
secretory pathways in trypanosomatids (Silverman et
al., 2010).

The phylogenetic relationships inferred using all
NEF Hsp families suggest that Hsp70.a may have
originated by gene duplication followed by large
divergence, resulting in a new Hsp70 family (Fig. 3).
Hsp70.a represents the less conserved TryHsp70
family, with the orthologs sharing only ~54% amino
acid similarity due to the presence of several highly
polymorphic blocks of amino acids (Fig. 3). The
similarity between the Hsp70.a and other NEFs range
from ~29 to ~22%, compared to Grp170 (~68% amino
acid similarity among the orthologs) and Hsp110
(~76% amino acid similarity). Therefore, the

trypanosomatid Hsp110 and Grp170, as observed in
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other eukaryotes, are less conserved than the other
organellar Hsp70 families.

Notably well-resolved topologies were obtained
using both Hsp110 and Hsp70.a for inferences of the
phylogenetic relationships among the
trypanosomatids (Fig. 7), strongly supporting all main
clades of trypanosomes and their relationships, as
supported by traditional phylogenetic markers (see
section 10). In addition, the relationships among the
non-trypanosome trypanosomatids were also well
resolved using both Hsp110 and Hsp70.a orthologs.
In contrast, the genealogy of the polymorphic ER
resident members of the Grp170 family revealed
several relevant incongruences in major clades of
both Trypanosoma  and non-trypanosome

trypanosomatids (Fig. 7).
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8. Phylogenetic analyses of the trypanosomatid
Hsp70.b family
Our analysis demonstrated that Hsp70.b paralogs are
present in all trypanosomatids, forming a
monophyletic assemblage separated from both the
typical Hsp70 and NEF groups (Fig. 2). The
intermediary position of Hsp70.b between organellar
Hsp70s and NEFs agrees with its structural features:
Hsp70.b shows a conserved RLLLE Linker motif,
similar to those found in CAN Hsp70, Grp78 and
mtHsp70/Lc2.2.However, like the NEF members,
Hsp70.b exhibited large insertions at the NBD and
SBD (Fig. 3).

As 3), the

trypanosomatid Hsp70.b family was positioned in our

discussed above (section

phylogenetic analysis in a branch formed by DnaK-
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like genes from a wide range of single-celled
eukaryotes and bacterial groups. In silico prediction of
subcellular localization carried out in this study
suggests that Hsp70.b might be a mitochondrial
protein.

The Hsp70.b orthologs share ~82% amino acid
similarity, and were separated from other TryHsp70
families by large sequence divergences. Notably, the
genealogy based on Hsp70.b orthologs (Fig. 8)
strongly supported the traditional phylogeny of the
Trypanosoma, with small intra-clade incongruences
(see section 10). However, there are relevant
inconsistencies in the phylogenetic relationships

inferred for the non-trypanosome trypanosomatids
(Fig. 8).

Hsp70.b

100 100

100

Phytomonas sp. Hart1
A. deanei
A. desouzai

[ 1 S. culicis
S. oncopelti
8 S. galati

H. muscarum

it

52

100,

C. luciliae thermophila

100

T. ralphi
T. grayi

0.2

100 Trypanosoma sp. TCC878
| Trypanosoma sp. TCC1307
90 100 Trypanosoma sp. TCC2186
Trypanosoma sp. TCC339

100

T. serpentis

C. fasciculata
Lotmaria passim
C. acanthocephali
Leptomonas costaricensis
L. enriettii
L. martiniquensis
100, E. monterogeii
E. schaudinni
L. braziliensis
L. tarentolae
L. donovani
L. major

T. cyclops
T. vivax
T. congolense
100 T. brucei brucei TREU927
T. brucei brucei Lister427
98| T. brucei gambiense
641 T. evansi
T. lewisi
T. conorhini
T. rangeli
T. livingstonei
T. wauwau
Trypanosoma sp. H25
T. dionisii
T. erneyi
T. cruzi marinkellei B7

T. cruzi cruzi

Figure 8. ML gene tree of Hsp70.b, rooted using non-trypanosome trypanosomatids. Values at nodes are ML bootstrap values
using 500 replicates. Branch colors represent the Trypanosoma clade, in which each OTU is classified according classical

molecular markers gGAPDH and SSU rRNA.



9. Phylogenetic analysis of DnaK paralogs from
the endosymbionts of Angomonas and
Strigomonas

In our analysis, sequences of two DnaK families
(DnaK and DnaK-like) were identified in the genomes
of the bacterial endosymbionts harbored by the insect
trypanosomatids of the genera Angomonas and
Strigomonas (Teixeira et al., 2011). The DnaK
sequences recovered belong to the genomes of the
Betaproteobacterial endosymbionts classified as
Candidatus Kinetoplastibacterium spp. (Alves et al.,
2013) and they clustered with Betaproteobacterial
sequences in our wide phylogenetic analyze (Fig. 1),
and with DnaK-paralogs of mtHsp70 (Lc2.2/Lc2.1)
genes (Fig. 3) derived from Alphaproteobacteria
forming a cluster of genes sharing typical motifs of the
archetypical DnaK. The other DnaK paralog identified
in the genomes of the endosymbionts was assigned
to a DnaK-like group (Fig. 3), which clusters with the
Hsp70.b family (in a branch without phylogenetic
support) likely because, although distantly related,
genes for all members of this branch lack motifs

typical of the Dnak family (Fig. 2).

10. Syntenic organization of Hsp70 families in
trypanosomatids

Synteny analyses were done for all TryHsp70 families
in all genomes analyzed herein. Although some draft
genomes are highly fragmented, hampering the
analysis of long genomic segments, genomes
representing a wide evolutionary range of the
Trypanosomatidae family could be checked regarding
the regions harboring the Hsp70 genes. Genomic
organization of each Hsp70 family in the very well
assembled genome of T. brucei, and in other

genomes of either closely or distantly related
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trypanosome species, were selected to illustrated the
results obtained (Fig. 9).

The genomic organization of CAN Hsp70,
Hsp70.4 and Hsp70.c is highly conserved in all
genomes investigated, with total synteny of their
flanking genes, which often can be Hsp70 and Hsp40
homologs (Fig. 9). The highly conserved
mtHsp70/Lc2.2 genes are also totally syntenic across
the Trypanosomatidae. In T. brucei, upstream from
the Lc2.2 tandem block, there is another copy of
Lc2.2 (Fig. 9). In the genome of L. major, the single
copy Lc2.1 gene is flanked upstream by a tandem
block of Lc2.2 copies and downstream by a putative
Hsp40 gene. Taking into account the tandem
organization of the Lc2.2 and Lc2.1 paralogs and data
from our analysis suggesting recombination between
Lc2.2 copies as well as between Lc2.2 and Lc2.1
(data not shown), recombinant events may be
responsible for the origin and polymorphisms of the
Lc2.1 family. The identification in L. panamensis of a
new paralog more structurally related to Lc2.1, but
clustering within the Lc2.2 clade, provides additional
support for the idea of recombination producing new
mtHsp70 sequences (data not shown).

Regarding the NEF group, all Hsp70 families
exhibited highly syntenic organization in all
trypanosomatid genomes. However, the regions
flanking these genes did not exhibit other Hsp70
genes (Fig. 9).

In contrast to all other Hsp70 families, the
genomic organization of Grp78 genes is not totally
syntenic across the Trypanosomatidae. Although total
synteny was conserved among trypanosome species
from each phylogenetic clade, our analyses revealed
only partial synteny among distantly related
trypanosomatid species. The regions flanking Grp78

of T. brucei and T. cruzi were include in the Figure 9.



11. Trypanosoma phylogenetic and taxonomic
inferences based on Hsp70 families

We compared the usefulness of each Hsp70 family to
the inference of phylogenetic relationships among the
species of the genus Trypanosoma. In general, all
Hsp70 families corroborated the main clades
supported by traditional phylogeny based on SSU
rRNA and gGAPDH (Fig. S1). Nevertheless, not all
Hsp70s produced well-resolved phylogenies for the
whole Trypanosomatidae family, and support values
were highly variable depending on the family. The
best-resolved topologies were inferred using CAN
Hsp70, Hsp70.b (DnaK-like), Hsp70.a and Hsp110
(Figs 4A, TAB, 8), and were highly congruent with the
traditional  Trypanosoma phylogenetic tree. In
contrast, mtHsp70/Lc2.2 and above all Grp78 and
Grp170 analyses produced relevant incongruences
and low support values (Figs 5A, 6AB).The genus
Trypanosoma harbors two deep-split phylogenetic
lineages called the Aquatic and Terrestrial clades.
The Aquatic clade comprehends trypanosomes of
aquatic and semi-aquatic vertebrates, such as fishes,
turtles, anurans, platypus and crocodilians. In
addition, this clade also harbors one trypanosome of
a chameleon from Madagascar and another
Trypanosoma sp. (TCC878) from Mabuya sp., a
Neotropical lizard. Leeches in aquatic environments,
and sandflies, frog-biting flies and culicids transmit
the trypanosomes of the Aquatic clade.

Recent studies have unveiled the high genetic
diversity of this clade, supporting fish and anuran
trypanosomes separated in two main clades, and the
close relationships between trypanosomes of
caimans and fishes, evidencing the complex
evolutionary history of the Aquatic clade (Hamilton et
al., 2007; Ferreira et al., 2007, 2008; Fermino et al.,
2013, 2015; Lemos et al., 2015; Attias et al., 2016).

73

For the first time in this study, genomes of
trypanosomes of the aquatic clade were sequenced
from three trypanosomes of anurans (TCC339,
TCC1307 and TCC 2186), which were previously
assigned to different phylogenetic lineages (Ferreira
et al., 2008; Attias et al., 2016), and the Trypanosoma
from Mabuya (Table 1). In all TryHsp70 based
phylogenies, the trypanosomes of the Aquatic clade
were strongly supported as the most basal and
monophyletic lineage, in contrast with the phylogenies
based on Grp78, Grp170 and Lc2.2, which did not
support the monophyly of this clade (Figs 5A, 7AB).
The basal position of the fish parasite T. carasii was
corroborated in a recent phylogenetic study restricted
to CAN Hsp70, as well as in concatenated SSU
rRNA, gGADPH and Hsp70 sequences (Fraga et al.,
2016).

The Terrestrial clade comprehends trypanosomes
from mammals, birds, snakes, lizards and crocodiles
transmitted by fleas, ticks, dipterans and hemipterans.
Trypanosomes from mammals clustered into the
strongly supported clades T. brucei, T. cruzi, T. lewisi
and T. theileri. The clade T. cruzi comprises T. cruzi
and the closely related bat-restricted T. cruzi
marinkellei, T. erneyi and T. dionisii, all forming the
subgenus Schizotrypanum (Hamilton et al., 2012;
Lima et al., 2012, 2013, 2015). All Hsp70 inferences
strongly supported the subgenus Schizotrypanum as
a monophyletic group, and placed T. c¢. marinkellei
sister to T. cruzi. However, either T. erneyi or T.
dionisii, which were separated from T. cruzi by
comparable Hsp70 sequence divergence, could be
the closest relatives of T. cruzi (Figs. 4, 5A, 7B, 8),
while in some analyses T. emeyi appeared as sister

species to T. dionisii (Figs. 6B, 7A).
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Figure 9. Synteny analysis showing the genomic organization of TryHsp70 orthologous genes arranged in the genomes
trypanosome species. The TryHsp70 genes are located in highly syntenic regions, the only exception being the Grp78 genes,
which are located in regions that are partially syntenic among species of distantly related trypanosomes. Box colors
corresponding cellular localization indicating in figure 2 and 3.



Along with the species of Schizotrypanum, the
clade T. cruzi also includes the subclade T. rangeli-T.
conorhini, strongly supported as the sister group to
the clade Schizotrypanum as inferred by traditional
phylogeny. This relationship was also supported in
phylogenies based on the genes coding for CatlL
enzymes, as well as SL rRNA and PRAC gene
sequences (Caballero et al., 2014). T. rangeli,
likewise T. cruzi, is a generalist parasites of
mammals, whereas T. conorhini infects rats and
monkeys, while the three these species are
transmitted by triatomines. The clade T. rangeli-T.
conorhini was recovered with high bootstrap values in
all TryHsp70 analyses. In addition, this clade was
sister to Schizotrypanum using Hsp70.a, Grp170,
Hsp110, CAN Hsp70 and mtHsp70/Lc.2.2 (Figs. 4A,
5A, 6A, 7), which is consistent with data from
traditional phylogenies. However, the analyses of
Hsp70.c, Hsp70.4, Grp78 and Hsp70.b positioned T.
wauwau and its closely related T. sp. H25 (Lima et
al., 2015) as sister group to the clade Schizotrypanum
(Figs. 4BC, 6B, 8). In the traditional phylogeny, the
clade T. wauwau is basal to the major assemblage
formed by the clades Schizotrypanum and T. rangeli-
T. conorhini, whereas the most basal species of the
T. cruzi whole clade is T. livingstonei (Lima et al.,
2013, 2015). All Hsp70 analyses support this
positioning for T. livingstonei, except Grp78 and
mtHsp70/Lc2.2 (Figs 5A, 6B). T. lewisi is the type
species of the subgenus Herpetosoma (Maia da Silva
et al., 2010), which is formed mainly by trypanosomes
of rodents transmitted by fleas through the world. The
placement of T. lewisi as the closest outgroup of the
whole T. cruzi clade, as supported by traditional
phylogeny, was corroborated in all phylogenies
excepting those inferred from genes sequences of the
families Grp78 and Lc2.2 (Figs. 5A, 6B).
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The genomes of trypanosomes belonging to T.
brucei clade included in our analysis are from T. b.
brucei, T. b. gambiense, T. evansi, T. congolense and
T. vivax. T. brucei, T. congolense and T. vivax, which
are cyclically transmitted by tsetse flies in Africa.
Other hematophagous flies in Africa and Central and
South America can mechanically transmit T. vivax,
whereas T. evansi is transmitted exclusively
mechanically. The clade T. brucei (subgenus
Trypanozoon - type species T. brucei) was recovered
in all Hsp70 inferences exhibiting, as in traditional
phylogenetic markers, the longest branches due to
evolutionary rates higher than those of other
trypanosomes. In agreement with several other
markers (Hamilton et al., 2007; Cortez et al., 2008;
Rodrigues et al. 2008), all inferences based on Hsp70
families strongly support T. vivax (type species of the
subgenus Duttonella) as the most divergent and basal
species of the T. brucei clade, positioned at the edge
of the clade. Also in agreement with other analyses
(Hamilton et al., 2007; Rodrigues et al., 2014), T.
congolense (type species of the subgenus
Nannomonas) is positioned sister to the clade
Trypanozoon. The trypanosome species placed
closest to the clade T. brucei largely diverged
depending on the Hsp70 family and taxa included in
the analyses (Figs 5-8).

T. theileri, the type-species of the subgenus
Megatrypanum, — which  comprises  exclusively
trypanosomes of ruminants (Rodrigues et al., 2006;
Garcia et al., 2011), when included in the analysis
(some genes could be not identified in the genome
draft of this species) always clustered with T. cyclops
from Asian monkeys as supported by all previously
inferred phylogenies. The positioning of the clade T.

theileri was not resolved by any Hsp70 phylogenies.



Trypanosomes of non-mammalian hosts of the
terrestrial clade are from birds, lizards, snakes and
crocodilians. Recent studies have supported the
Crocodilian clade, formed by trypanosomes from
caimans and crocodiles, as the sister group to the
major clade comprising all other terrestrial
trypanosomes (Fermino et al., 2013, 2015). We
examined draft genomes form two species of the
clade Crocodilian, T. grayi from African crocodiles
(Kelly et al., 2014), and T. ralphi from South American
caimans (Fermino et al., 2013). All Hsp70 inferences
recovered this clade, and its positioning as sister
group to all other terrestrial clades was supported by
CAN Hsp70, mtHsp70/Lc2.2, Hsp110, Hsp70.a and
Hsp70.b analyses (Figs. 4A, 5A, 7, 8). The only
genome of a bird trypanosome (TCC1825) included in
this study belongs to the T. corvi clade (Hamilton et
al., 2007; Votypka et al., 2004). Interestingly, in
several analyses this trypanosome was sister to the
clade T. theileri/T. cyclops (Fig. 4BC, 5A, 6, 7). The
position of T. serpentis (Viola et al., 2009) varies
broadly according to the Hsp70 family used for
phylogenic inferences. However, in traditional
phylogenies, trypanosomes from snakes cluster with
trypanosomes from lizards forming the Lizard/Snake
clade nesting with trypanosomes transmitted by
sandflies (Viola et al, 2009). The resulting
phylogenies based on Hsp70 inferences do not permit
any conclusive positioning of T. serpentis and the bird
trypanosome, most likely because only one
representative of each, the Avian and Lizard/Snake
clades, were included in the analyses.

Although this study includes the most taxon-rich
sampling to date, the taxon coverage still represents
only a fraction of the Trypanosoma diversity, and the
lack or low representation of some parasite lineages

hampers the achievement of well-resolved

76

phylogenies for the genus Trypanosoma because the
positioning of clades represented by a small number

of species is not resolved.

CONCLUSIONS

The results from the present study vyield a
comprehensive inventory of the different Hsp70
families present in the genomes of the
Trypanosomatidae. Wide genome surveys have
unveiled an expanded repertoire of TryHsp70
families, beyond the conserved typical Hsp70. Before
this study, systematic analyses of TryHsp70
superfamily were restricted to the Tritryps (T. brucei,
T. cruzi and L. major). The large set of genomes from
cold and warm-blooded trypanosomes and insect-
restrict trypanosomatids examined in the present
study revealed a great number of Hsp70 paralogs.
These paralogs were phylogenetically characterized
permitting to uncover the repertoires of Hsp70s from
each trypanosomatid species, and the composition of
each TryHsp70 family. Our analyses largely
expanded the knowledge on the TryHsp70 families by
comparing their degree of conservation on domain
architecture, amino acid sequences and genome
organization. In addition, highly comprehensive
phylogenetic analyses provided new and relevant
insights to better hypothesize on the evolutionary
origin of each TryHsp70 families. Nine out 10 families
nested into the TryHsp70 superfamily have homologs
in all trypanosomatids: CAN Hsp70, Hsp704,
Hsp70.c, mtHsp70/Lc2.2, Grp78, Grp170, Hsp110,
Hsp70.a and Hsp70.b. The family Hsp70.b, herein
supported as a Dnak-like family, is ubiquitous to
trypanosomatids, present in other kinetoplastids, but
is absent in eukaryotes in general. The family

mtHsp/Lc2.1 is present in all genera of



trypanosomatids investigated except Trypanosoma.
Orthologues of the TryHsp70 families largely varied
on degrees of sequence divergence: CAN Hsp70 and
mtHsp70/Lc.2.2 are the most conserved, and the less
conserved are Hsp70.a and Grp170. Detailed
knowledge on polymorphisms and structural
organization of each Hsp70 families provides a
framework for studies addressing the roles of each
TryHsp70 family trypanosomatids. Altogether, these
data are crucial to future studies addressing Hsp70
location, functions and co-partnerships. Finally, taxon-
rich phylogenetic inferences based on each Hsp70
family corroborated the main clades supported by the
traditional phylogeny of the Trypanosomatidae family
regardless of their evolutionary origin. The best-
resolved Trypanosoma phylogenies were inferred
using Hsp70.a, CAN Hsp70, Hsp70.b and Hsp110,
despite the variable positioning of some still poorly
represented lineages. Improved taxa coverage
including sequences from a large number of species,
obtained by PCR-sequencing or from new genomes,
is being currently investigated to evaluate the power
of Hsp70 genes as phylogenetic markers for

trypanosomes and other kinetoplastids.
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The expanding superfamily of protein sharing a-crystallin domain (ACD), including the Small Heat
Shock Protein (sHSP) family, revealed by surveys in the genomes of a large diversity of
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Abstract

Background: Trypanosoma are a widespread and successful group of protists, all obligate parasites of a range of
invertebrates and vertebrates, showing highly variable life cycles coordinated by sophisticated regulatory machineries such
as the complex cooperation of Heat Shock Proteins (HSP). Previous studies revealed a single sHSP sharing the
conserved a-crystallin domain (ACD) in the human pathogens Trypanosoma cruzi, Trypanosoma brucei, and Leishmania
spp. ACD proteins are involved in avoiding aggregation of unstable/misfolded proteins, coordination of cell division, and
resistance to stressful conditions such as high temperature and oxidative stress. Here, we investigated the repertoire of
ACD proteins in a large number of species representatives of the main clades of the genus Trypanosoma.

Methods: RPS-BLAST based searches were employed to assess the repertoire of proteins containing the ACD in the
genomes of T. cruzi, T. brucei, and other 25 species of trypanosomes from mammals, lizard, snake, bird, frogs, and
crocodiles. We further searched for homologues of the ACD proteins in genomes of other kinetoplastids. Taking into
account that p23/a-crystallin proteins share a single conserved domain and very low levels of similarity, the ACD regions
(~100 residues) were compared using structural data, and sequence divergences were compared in a 2D MDS plot.
Results: All sequences retrieved from the genomes were analyzed regarding similarity and domain architecture by
comparison with orthologs from other organisms. The genomic survey for ACD proteins in Trypanosoma reveals nine
proteins: TryDYX1C1, TryNudC1, TryNudC2, Tryp23A, TryP23B, HSP20, TrySGT1, TryACDP, and TryACD-TPR. Besides
the sHSP present in eukaryotes, archaea, and bacteria, six additional ACD proteins identified in the trypanosomatid
genomes were assigned to previously known eukaryotic ACD protein families. In addition, results disclosed two new
trypanosome ACD families with no clear orthologs identified in other organisms.

Conclusions: Our genome searches revealed a single sHSP in the genomes of all trypanosomatids investigated, and a
conserved repertoire formed by eight additional ACD proteins in all species of Trypanosoma regardless of their remarkable
differences in hosts, life cycles, cell compartments, and mechanisms employed to survive in stressful situations. Orthologs
of all ACD proteins were also identified in Leishmania, insect-restricted trypanosomatids, and Bodo spp. Seven ACD were
conserved in eukaryotes in general, whereas two were novel. To uncover some clues about putative functions of ACD

proteins in trypanosomes, domain architecture and functional motifs were compared with those of ACD archetypes.

Keywords: Trypanosoma, protist, a-crystallin domain, ACD proteins, Small Heat Shock Protein.



INTRODUCTION

Trypanosoma (Euglenozoa, Kinetoplastida) are
successful, widespread parasites found infecting
vertebrates of all classes and being transmitted by
hematophagous insects, ticks, and leeches (Stevens
et al. 2001; Hamilton et al. 2007). Although some
trypanosomes are pathogenic to their vertebrate host,
such as T. cruzi and T. brucei, responsible
respectively for human Chagas disease and African
Sleep sickness, and T. congolense, T. brucei, T.
vivax, and T. evansi, which are pathogenic to
livestock, the majority of trypanosomes are harmless
to their host (Stevens et al. 2001; Hamilton et al.
2004). Trypanosome species exhibit remarkably
different behaviors while infecting both vertebrate
hosts and vectors. Inside its vertebrate hosts, the
majority of trypanosomes proliferate exclusively in the
bloodstream, but a few can also invade extra-vascular
tissues, such as the central nervous system (T. brucei
and T. vivax) and skeletal and cardiac muscles (T.
cruzi), and some species develop in intracellular
compartments (Stevens et al. 2001; Hamilton et al.
2007). Trypanosomes also develop different
strategies to proliferate and keep their vectors
infected. While some species invade and multiply in
insect salivary glands, being transmitted by
inoculation during vector feeding, others develop in
different parts of the vector gut, infecting a new
vertebrate host by contamination with the feces,
eliminated by the vectors after hematophagic feeding
(Hoare 1972; Hamilton et al. 2007).

The success of the different species of
trypanosomes in their complex and variable life cycles
relies on their capacity of deal with stress conditions
caused by environmental changes in their transition

between invertebrate and vertebrate hosts. Indeed,

82

environmental changes usually trigger parasite
differentiation, promoting adaptation and progression
in their life cycles. Accumulated evidence indicates
that Hsp chaperone systems play important roles in
parasite adaptation and proliferation. The number of
SHSP paralogs varies broadly according to organism,
with a few in single celled eukaryotes and up to
dozens in animals and plants (Haslbeck et al. 2005)

The a-crystallin and p23 domains represent
an ancient and conserved structure present in many
eukaryotic protein families, and in small heat shock
proteins ubiquitous in eukaryotes and prokaryotes
(Garcia-Ranea et al. 2002). In its turn, p23 is an
important HSP90 partner, participating in the folding
of different regulatory proteins and other cellular
processes (Felts and Toft 2003). Many eukaryotic
protein families containing the p23 domain have been
recently characterized in fungi, metazoans, and
plants. These families include p23, SGT1, melusin,
Rar1, CacyBP/SIP, NudC, DYX1C1, and B5+B5R
NAD(P)H oxidoreductase B (Garcia-Ranea et al.
2002).

Functional studies have shown that ACD (p23/a-
crystallin) proteins act as molecular chaperones in
diverse cellular pathways, such as coordination of cell
proliferation, differentiation, migration, signalization,
formation of cytoskeleton, and also immunological
modulation in mammals, and activation of pathogen
resistance mechanisms in plants (Felts and Toft
2003; Spiechowicz and Filipek 2005; Mayor et al.
2007; Meldau et al. 2011; Bondino et al. 2012;
LoTurco and Tarkar 2013; Fu et al. 2016).

Despite low similarity of amino acid sequence,
p23 and a-crystallin domains comprise a conserved
structure of seven B-strands forming a compact
antiparallel B-sandwich fold. Moreover, the shared

chaperone activities and proteins containing both



domains suggest a common origin. Since sHSPs are
present in eukaryotes, bacteria, and archaea, it
seems that the p23 domain has diverged later from
an a-crystallin ancestor, at least after eukaryotes and
prokaryotes separated, and rapidly diverged to cover
new functions (Garcia-Ranea et al. 2002).

Although studies of a-crystallin and p23 domains
in yeast and metazoans reveal that these proteins are
involved in many complex and vital cellular functions,
little is known about the repertoire and functions of
these proteins in parasitic protozoans. Among the
HSPs that constitute the large repertoire of
chaperones/co-chaperones characterized in the
trypanosomatids, a single sHSP (HSP20), and no
other protein families containing the ACD (p23/a-
crystallin), was identified in the genomes of T. brucei
and T. cruzi (Folgueira and Requena, 2007; Urményi
et al., 2014). In Leishmania, HSP20 was also the sole
SHSP reported to date (Folgueira et al., 2015).
Functional studies disclosed p23 proteins in
Leishmania spp., and searches using p23 co-
chaperone sequences disclosed two additional ACD-
containing proteins in L. donovani essential for the
parasite viability and infectivity of host cells, and then
investigated as potential  immunoprophylactics
(Perez-Morales et al. 2009; Batista et al. 2015;
Hombach et al., 2015). HSP20 has been proven to be
a useful molecular marker to distinguish between
Leishmania species (Fraga et al. 2013; Montalvo et
al. 2014).

Our main goal in the present study was to use in
silico approaches to systematically investigate the
genomic repertoire of p23/a-crystallin proteins in a
highly comprehensive set of trypanosome species
comprehending  representatives of the main
phylogenetic ~ clades.  Phylogenetically  distant

trypanosome species differ in many traits on host-
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parasite-vector interactions, varying in vertebrate
hosts, vectors, life cycle, metabolism, cell
compartments, and responses adopted to deal with
stressful situations. In addition, we compared
sequences from the archetypical and trypanosomes
ACD proteins, aiming to assess differences in domain

architectures and functional motifs.

MATERIALS AND METHODS

Organisms and genomic sequences

The draft genomes of the following organisms were
used in this study: T. serpentis (TCC1052), T. theileri
(TCC165), T. rangeli (TCCAMB80), T. lewisi (TCC34),
T. conorhini (TCCO25E), T. dionisii (TCC211), T.
emeyi (TCC1946), T. wauwau (TCC1873), T.
livingstonei (TCC1270), T. ralphi (TCC1838), T. cruzi
marinkellei (B7), T. cyclops (TCC52), Trypanosoma
sp. (TCC1825), Trypanosoma sp. (TCC878),
Trypanosoma sp. (TCC339), Trypanosoma sp. H25
(TCC16), Trypanosoma sp. (TCC1307),
Trypanosoma sp. (TCC2186), T. brucei (TREU 927),
T. brucei (Lister 427), T. brucei gambiense (DAL972),
T. vivax (Y486), T. congolense (IL3000), T. grayi
(ANR4), T. evansi (STIB805), Bodo saltans (Lake
Konstanz), Bodo sp. (ATCC50149), Herpetomonas
muscarum (TCCO01E), and Leishmania major
(Friedlin). Organisms with TCC culture collection
identifiers are cryopreserved at the Trypanosomatid
Culture Collection of the University of S&o Paulo
(TCC-USP) and were grown in LIT media (Camargo,
1964) supplemented with 2% FBS (Fetal Bovine

Serum).

Genomic search and sequence alignment.
All proteins analyzed here share a common signature
represented by the ACD. Due to low levels of

similarity in the whole sequence, searches were



conducted with RPS-BLAST using a maximum expect
value (E-value) threshold of 1e-5 against genome
open reading frames using getorf program of
EMBOSS package v6.6.0.0 with standard
parameters. As RPS-BLAST database, we have used
the available position-specific score matrices
(PSSMs) for ACD in the Conserved Domain
Databases (CDD -NCBI http://www.ncbi.nlm.nih.
govicdd). The list of ACD PSSMs, including
description and accession numbers, is supplied in
Supplementary file 2. A BLASTp search was then
performed against NR with a maximum E-value
threshold of 1e-20, using the sequences found in
RPS-BLAST as queries. The retrieved sequences
were annotated according to the presence of other
conserved domains and similarity with sequences in
NR. The PSI-BLAST searches were conducted using
initial E-value thresholds of 1e-5 and 1e-3, with only
subjects showing at least 50% query coverage
included in the consecutive rounds. The searches
were interrupted in the fourth round and any subjects
found were analyzed.

Analyses of ACD signature and alignment of the
repertoire found in trypanosomes were conducted
using GLAM2 (Gapped Local Alignment of Motifs)
(Frith et al. 2008) including in MEME software suit
version 3.5.4 (Bailey et al. 2009). The tertiary protein
structures of trypanosome ACD proteins were
constructed using the SWISS-MODEL homology-
modeling server (Biasini et al. 2014). Models were
visualized and aligned using the SwissPdbViewer
v4.1 program (Guex and Peitsch 1997). Average
amino acid identity between trypanosome ACD
proteins was calculated with MEGA software v6.0
using the P-distance method and pairwise deletion for
missing data. To provide a visual representation of

the ACD distance matrix, we wused the
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multidimensional scaling (MDS) plot with two
dimensions (2D). The MDS statistical analysis and
graphing were performed using the Bios2mds
package of the R statistical language environment for
statistical computing (Pelé et al. 2012).

RESULTS AND DISCUSSION

1. ACD protein repertoire in Trypanosoma

Our genomic survey for genes encoding proteins
belonging to the p23/a-crystallin superfamily reveals
the existence of nine proteins. The a-crystallin
domain was named after the a-crystallin chaperone, a
member of the sHSP family and the major constituent
of the vertebrate eye lens, essential for preventing
aggregation of denatured proteins and for keeping
lens transparency (Horwitz 1992; Haslbeck et al.
2005). All sequences retrieved were classified
according to domain architecture and sequence
similarity with previously known ACD proteins. Seven
trypanosome ACD genes were assigned to five
known ACD protein groups reported in other
organisms: HSP20(1), p23(2), NudC(2), DYX1C1(1),
and SGT1(1). These proteins were reported to be
involved as molecular chaperones in diverse cellular
and systemic pathways, which include proliferation,
expression control, cell migration, cytoskeleton
structure, and immunological responses (Table 1). In
addition, two new proteins were found, named here
as TryACDP and TryACD-TPR.

The nine proteins identified (HSP20, Tryp23A,
TryP23B, TryDYX1C1, TryNudC1, TryNudC2,
TrySGT1, TryACDP and TryACDTPR) are shared by
all surveyed trypanosome species, regardless of host
range, cell cycle or infective strategies (Figure 1). The
comparison with other trypanosomatids and free-
living bodonids reveals that all ACD proteins are most

likely present across the
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Table 1: General functions of ACD/p23 proteins

Gene Bacteria Trypanosomatids Yeast Plants Vertebrates References
Chaperone and Chaperone and
cochaperone Chaperone and P Keep eye lens (Bondino, Valle, e
Chaperone and fivii h cochaperone i Ten Have 2012- X
cochaperone activities cochaperone activities ransparency en Have i X
HSP20 L Thermotolerance activities Chaperone and Fu 2014;
activities . i Thermotolerance - .
Protection to acidic Thermotolerance . cochaperone activites ~ PérezMorales e
Thermotolerance Regulation of ;
pH, ethanol and Thermotolerance Espinoza 2015)
development
redox stresses
Chaperone and
Protects parasites Chaperone and cochaperong activities (D'Alessandro et
) Prostaglandin .
against HSP90 cochaperone . L al. 2015; Felts e
A s Regulation of root  synthase activity )
p23 Absent inhibitors activities Toft 2003;
o development Lowers the ATPase
Cochaperone Transcriptional - Hombach et al.
o L activity rate of HSP90
activities activation . 2015)
Steroid receptor
chaperoning
Kinetochore Pathogen (Bansal et al.
assembly defences viaR Essential for 2009; Mayor et al.
SGT1 Absent Unknown Chaperone and proteins . - 2007; Meldau,
! inflammasome activity .
cochaperone Regulation of Baldwin, e Wu
activities development 2011)
Neuronal migration
Cilia structure and
function Estrogen (Massinen et al
DYX1C Absent Unknown Unknown Unknown receptor transport 2009; Tammimies
1 Human dyslexia
. . etal. 2013)
pathogenesis Putative
chaperone and
cochaperone activities
Neuronal migration
Megakaryocytopoiesis
Dvnein-dependent and thrombopoiesis
Y Pen Heat shock Ciliogenesis Monocyte
NudC nuclear migration protection and to macrophage
. Absent Unknown Chaperone and L . o . (Q. Fu etal. 2016)
family cochaperone chaperone activity  differentiation Dynein-
activitizs (BOBBER) dependent nuclear

migration Chaperone
and cochaperone
activities

Kinetoplastea, and probably also present at least in a
common ancestor of parasitic and free-living
kinetoplastids. Interestingly, the repertoire in Bodo
comprehends at least three other genes encoding
ACD proteins,

Trypanosoma.

so far seemingly absent in
The comparison of the ACD domains (~100 amino

acid sequence) shows that they are highly
polymorphic, showing identity values ranging from
~10 up to ~25% between protein sequences, e. g.
NudC and p23 share ~16% amino acid identity.
Nevertheless, the structural signature of ACD was

recovered from all sequences (Figure 2A). The

multiple sequence alignment of ACD obtained using
MEME and confirmed by structure homology reveals
a few conserved positions across the whole repertoire
(Figure 2B). The MDS analysis of the ACD alignment
reveals that each gene family forms a tight group of
orthologous sequences, with the exception of the
NudC family. TryNudC1 and TryNudC1 displayed an
overlapped distribution, indicating that the ACD is not
able to clearly discriminate between these two
paralogs (Figure 3). However, the whole protein
domain architecture is different for both (Figure 1).
The relative position of the HSP20 family and its

ubiquitous distribution in bacteria, archaea, and



eukaryotes favors the hypothesis that the small heat
shock proteins are the ancient ACD chaperones and

that the remaining ACD proteins diverged and
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diversified after in the eukaryotes. The specific
features of each ACD protein are discussed in sections

below.

Hsp20[ — |
Typ23A[ M

Alpha-Crystallin domain - ACD
N-terminus NudC - NUD-N
I SGS domain

Tryp23B | B Tetratricopeptide repeat - TPR
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Figure 1: Domain architecture of trypanosome ACD proteins — Schematic representation showing protein length, conserved
domains, and hypervariable regions found in trypanosome ACD proteins.

2. Small heat shock proteins

The sHSPs are one of the major groups of heat shock
proteins being found throughout the Archaea,
Bacteria, and Eukaryota superkingdoms.
Phylogenetic analyses suggest that this family
diverged very early in evolution and quickly originated
many paralogs (Haslbeck et al. 2005). Although these
proteins share a common signature represented by
the a-crystallin domain, sequence similarity is the
lowest compared to other families of HSPs, with an
overall amino acid sequence identity of less than 50%
(Pérez-Morales and Espinoza 2015). Despite their
sequence and size diversities, sHSPs tend to form
large oligomers and act as molecular chaperones
suppressing protein aggregation and keeping protein

homeostasis in stress and physiological conditions

(Haslbeck et al. 2005; Pérez-Morales and Espinoza
2015).

Parasites often display complex life cycles, where
each life stage faces a new environmental condition
and a stress challenge. Indeed, sHSPs are
overexpressed in the life cycle of many parasites,
participating in the differentiation process and
adaptation to new conditions (Maresca & Carratu
1992; Pérez-Morales and Espinoza 2015).

Our searches corroborate that HSP20 is the
only sHSP in the trypanosomatids (Folgueira e
Requena 2007; Perez-Morales et al. 2009; Requena
et al., 2015). The comparison with the kinetoplastid
Bodo suggested that the sHSP family remains

unchanged at least since the free-living ancestor of
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Figure 2: Structural conservation of the alpha-crystallin domain in trypanosome ACD proteins. A — Three-dimensional structure
model of p23/alpha-crystallin domains from each trypanosome ACD protein. Models were obtained using the SWISS MODEL
server (http://swissmodel.expasy.org/) and visualized with Swiss Pdb-Viewer. B — ACD domain structural alignment, using Swiss
Pdb-Viewer, of all models. C — Amino acid logo representing the multiple sequence alignment of the p23/alpha-crystallin domain
in trypanosome ACD proteins.



http://swissmodel.expasy.org/

88

Table 2: Amino acid identity along the alpha-crystallin domain in trypanosome ACD proteins

HSP20 Tryp23A Tryp23B TrySGT1 TryDYX1C1 TryACDP TryACD-TPR TryNudC1 TryNudC2

HSP20

Tryp23A 134

Tryp23B 16.2 212

TrySGT1 10.9 15.0 205
TryDYX1C1 16.2 16.1 20.6 19.2
TryACDP 11.0 208 184 15.7
TryACD-TPR 119 135 16.0 16.6
TryNudC1 15.0 132 20.3 16.8
TryNudC2 14.9 13.0 173 16.7

23.0
25.9

229
20.5

210
194 244
20.5 234 425

bodonids and trypanosomatids. The HSP20 gene
encodes a ~141 amino acid protein with no
hypervariable regions or domains other than the ACD
(Figure 1). Although HSP20s are quite conserved,
showing around 60% identity between the orthologs
from distantly related species, they varied between
10.9 and 16.2% identity compared to other ACD
families (Table 2, Figure 3).

3. p23 family

The p23 family is exclusive to eukaryotes and
displays a highly conserved sequence from fungi to
vertebrates (Garcia-Ranea et al. 2002). It was first
discovered as a co-chaperone participating in the
HSP90 complex with progesterone (Johnson et al.
1994). p23 is one of the smallest partners of the
HSP90 machinery and possesses a simple structure
formed by a single domain, the ACD, and by a flexible
tail at the C-terminus (Felts & Toft 2003). Although it
displays a simple architecture, this co-chaperone
presents a complex spectrum of activities, being
involved in several cellular regulatory pathways. The
multifunctional role played by p23 is possible through
its interaction with HSP90 and a diverse range of
client proteins, including polymerases such as
telomerases, steroid receptors, transcription factor
Hsf1, nitric oxide synthase, and a variety of protein

kinases (Garcia-Ranea et al. 2002; Felts and Toft

2003). Besides its participation in the HSP90

machinery, p23 also presents chaperoning activity by

itself, suppressing the aggregation of denatured
proteins in vitro (Freeman et al. 1996).

Two homologs of p23 were reported in the
genome of pathogenic trypanosomatids L. major, T.
cruzi, and T. brucei (Folgueira and Requena 2007),
and then recently characterized in L. braziliensis and
named as Lbp23A and Lbp23B (Batista et al. 2015).
Our searches reveal two p23 homologs in all
trypanosomes. These p23 genes were named
Tryp23A and Tryp23B to correspond to L. braziliensis
homologs Lbp23A and Lbp23B, respectively. Tryp23A
encodes a ~180 amino acid protein, while Tryp23B
shows ~200 residues. Both homologs present no
conserved domain other than the ACD. While
Tryp23A displays a hypervariable region, which is rich
in GG[VLM], DD, and EE repetitions, Tryp23B shows
two hypervariable regions with fewer repetitions of the
same motifs (Figure 1). The ACDs in Tryp23A and
Tryp23B share 21.2% amino acid identity, and
diverged from 10.8 to 20.8% from other repertoire

members (Table 2).

4. SGT1
The suppressor of G2 allele of SKP1 (SGT1) is highly

conserved in eukaryotes, being found in plants,



animals, and yeast (Spiechowicz e Filipek 2005;
Meldau et al. 2011). SGT1 was first identified in yeast
(Saccharomyces cerevisiae) as a suppressor of SKP1
and essential for kinetochore assembly (Kitagawa et
al. 1999). The SGT1 architecture includes three
conserved domains: a tetratricopeptide repeat (TPR)
in the N-terminus, followed by the ACD and by the
SGS domain in the C-terminus. In addition, the ACD
is separated from adjacent domains by two
hypervariable regions (V1 and V2) (Azevedo et al.
2002). The ACD and SGS are responsible for the
interaction with HSP90 and HSP70 respectively, while
TPR and ACD are the binding sites for SKP1
(Kitagawa et al. 1999; Noél et al. 2007; Yan et al.
2012). Interactions with heat shock proteins were
described in yeast, mammals, and plants, indicating
that SGT1 plays roles in the chaperone assembly
machinery of diverse protein complexes. In addition,
the SGT1 expression pattern matches that found in
the well known heat shock proteins, thus being up-
regulated by heat shock and stress conditions (Zabka
et al. 2008). The double knock-out for both copies of
STG1 present in Arabidopsis is lethal while
knockdown of tomato orthologs leads to different
degrees of growth defects, indicating that it is
important for plant development (Azevedo et al. 2002;
Bhattarai et al. 2007). SGT1 and HSP90 together are
also involved in regulation of plant defense by
interacting with a large number of disease-resistance
proteins (R proteins) (Meldau et al. 2011). R proteins
are responsible for detecting pathogen-associated
proteins and for triggering complex defense
pathways, which include tissue reparation and cell
death. Moreover, mammals possess intracellular
immune proteins that are structurally related to R
proteins, known as Nod-like receptors (NLRs),

essential for inflammasome assembly (Mayor et al.
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2007). Recent evidence suggests that the complex
SGT1/HSP90 interacts with NLRs using the same
mechanism observed in SGT1/HSP90 and R proteins
in plant, and SGT1/HSP90 and SKP1 during the
kinetochore assembly in yeast. This suggests that the
role played by the SGT1/HSP90 in immunological
response in mammals, pathogen defense in plants,
and kinetochore assembly in yeast convergently
evolved using a common mechanism (Mayor et al.
2007).

Our searches revealed a member of this family,
the TrySGT1, in the trypanosomatids. In the majority
of trypanosome genomes, only a single copy was
recovered. [Exceptions are Trypanosoma spp.
TCC2045, from bat, and TCC878 from frog, which
show multiple nearly identical copies. The TrySGT1
gene encodes a ~215 amino acid protein displaying
64.9% amino acid identity between the orthologs.
TrySGT1 is shorter than the homologs found in yeast
and metazoans, and lacks the TPR and the first
hyperveriable region in the N-terminus (Figure 1). The
SGT1 gene found in free-living bodonids encodes a
large protein with 292 amino acid residues due to an
increase in the N-terminus but, as seen in
Trypanosoma, the TPR domain is absent. Although
both- ACD and TPR are important to SGT1
dimerization and SPK1 interaction, mutations in the
TPR domain are reported to prevent the SGT1 and
SPK1 binding in vivo, but not in vitro (Bansal et al.
2009). This suggests that TrySGT1 might present
alternative function, partners or interactions. The ACD
present in TrySGT1 is more similar to the ones in
Tryp23B (20.5%) and TryDYXC1 (19.2%) than to
those in other repertoire members (~15.3%) (Table 2
and Figure 3). The absence of TPR, essential to
SKP1 binding in vivo, rises questions about SKP1

homologs in the trypanosomes. To investigate the



presence of this homolog, we have used a yeast
sequence (accession P52286) as query for BLAST
search. A single SKP1 gene was recovered from the
searched genomes, which displays ~45% amino acid
identity with the query sequence. The T. brucei
candidate (Tb11.02.3990) was previously annotated
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as SKP1-like protein, and the RNAi knockdown
inhibited bloodstream-form growth (Benz & Clayton
2007). Since TPR domains are absent from TrySGT1,
the interaction with SPK1 in trypanosomes remains

unclear.
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Figure 3: Multidimensional scaling (MDS) plot of two dimensions representing the visual amino acid distance between

p23/alpha-crystallin domains of trypanosome ACD proteins.

5. NudC family

The Nuclear distribution C (NudC) proteins were first
described as associated with dynein-dependent
nuclear migration in the reproductive cycle of
Aspergillus nidulans (Osmani et al. 1990). The
depletion of NudC in this organism causes severe
morphological and compositional changes in cell wall,
leading to death (Chiu et al. 1997). The deacetylation

of NudC regulates mitotic progression, and its failure
is responsible for chromosome misalignment and
missegregation (Chuang et al. 2013). In addition,
either downregulation or overexpression of NudC is
capable of inducing cytokinesis defects (Aumais et al.
2003; Zhou et al. 2003). Besides its multiple roles in
cell cycle progression, accumulated evidence has

shown that these proteins have acquired new



functions in metazoans, being implicated in neuronal
migration, regulation of the inflammatory response,
and thrombopoiesis (Fu et al. 2016). Proteomic and
histological studies of human midbrain stem cells
have shown that hNUDC is highly expressed during
neuronal differentiation. Because of its interaction
with LIS1, which is associated with Miller-Dieker
disease, NudC genes may also play roles in neuronal
differentiation (Morris et al. 1998).

The interaction NudC/LIS1 is also associated with
regulation of inflammatory pathways via PAF (Riera et
al. 2007). It is thought that acquisition of these new
functions in animals is due to the presence of
conserved motifs in the N-terminus of NudC, which is
absent in microbial orthologs (Riera & Lazo 2009). As
expected by the presence of the a-crystallin domain,
accumulated  evidence indicates that NudC
possesses chaperone activity or acts independently
as a holdase, stabilizing or enhancing folding of client
proteins and acting as a co-chaperone of HSP90,
modulating its ATPase activity (Faircloth et al. 2009;
Zhu et al. 2010).

Highly conserved NudC homologs have been
identified in several eukaryotes, and four paralogs
were recognized in this family: NudC (Osmani et al.
1990; Matsumoto and Ledbetter 1999); NudC-like
(NudCL) (Zhou et al. 2006); NudC-like 2 (NudCL2)
(Yang et al. 2010); and the divergent NudC domain-
containing protein 1 (NudCD1) (Yang et al. 2001).
Recently, a new member belonging to this family,
BOBBER1, was described in Arabidopsis sp., and
shown to act as a non-canonical sHSP (Perez et al.
2009). Although family members display differences
in sizes and sequences, all posses a common a-
crystallin domain, similar to those found in p23 and
sHSPs (Garcia-Ranea et al. 2002; Fu et al. 2016).
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NudC and NudCL, but not NudCL2, possess a
conserved domain in the N-terminus called NUDC-N.

Our search in the trypanosome genomes reveals
a single copy of each of two members belonging to
NudC family, here referred to as TryNudC1 and
TryNudC2. The comparison of the ACD from the
NudC homologs shows that they are more similar to
each other (42.5%) than to any other repertoire
member (identity ranging from 13.0 to 24.4%), and
present an overlapped distribution in the MDS plot
(Figure 3). The comparison of complete trypanosome
NudC protein sequences with other eukaryotic
homologs reveals that TryNudC1 is more similar to
human hNudC (45%) than to the archetype described
in Aspergillus (32.5%). In addition, TryNudC1 also
presents a conserved domain called NUD-N, present
only in NudC, but not NudC-like paralogs. On the
other hand, TryNudC2 proves to be more similar to
the fungal archetype (28.9%) than to vertebrate
paralogs: NudC (19.6%), NudCL (13.8%), and
NudCL2 (19.6%). In contrast to TryNudC1 and as
observed in the fungal archetype, the NUD-N domain
is absent from TryNudC2 (Figure 1). Moreover,
comparison between TryNudC1 and animal NudC
proves that both display a similar size (304 and 330
amino acids, respectively) and a conserved N-
terminus stretch in relation to hNudC, which is
recognized as a modulator of macrophage
inflammatory response. In contrast, in smaller fungal
orthologs (198 residues) the N-terminal extension is
absent. TryNudC1 also displays a hypervariable
region between residues 66-88, absent in TryNudC2.
The novel functions present in animal NudC may be
due to the N-terminal extension proprieties or by the
protein  moonlighting phenomenon. Thus, the
similarity of trypanosome and animal NudC

sequences and the inhibitory effect of NudC on PAF



pathways, and consequent reduction of monocyte
differentiation, rises some questions about the

functions of this gene in trypanosomes.

6. DYXC1
The dyslexia susceptibility 1 candidate 1 (DYX1C1) is
implicated in several cellular process, such as
cytoskeletal structure formation, protein folding,
hormonal pathways, cilia structure and function, and
neural development (Massinen et al. 2009;
Chandrasekar et al. 2013; Tammimies et al. 2013).
Although DYX1C1 was first related to dyslexia, the
mechanisms and SNP polymorphisms correlating
gene and disease have not been well established
(LoTurco & Tarkar 2013; Tammimies et al. 2013). A
molecular network study indicates that DYX1C1
modulates expression of genes involved in cell
migration and nervous system development, and
suggests its possible involvement in the etiology of
dyslexia (Tammimies et al. 2013). DYX1C1 displays
the ACD domain in the N-terminus and a variable
number of tetratricopeptide repeats (TPR) in the C-
terminus. TPR domains are found in several
eukaryotic and prokaryotic proteins and are usually
present in those involved in chaperone machinery,
cell-cycle, transcription, and protein transport
complexes. DYX1C1 homologs have been found in
several eukaryotes, ranging from single celled protists
to vertebrates. In addition, only a single gene is
usually found and phylogenetic analyses indicate that
DYX1C1 is highly conserved and evolution of the
gene is compatible with expected eukaryotic species
evolution (Tammimies et al. 2013).

Our genomic survey recovered a single DYX1C1
homolog in trypanosomes, referred to here as
TryDYX1C1. Its gene encodes a ~600 (579 to 630)

amino acid protein, which is bigger than the human
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archetype (420 aa) and displaying around 25% amino
acid identity to the full length human homolog
sequence. Except for T. lewisi, T. ralphi, and
Trypanosoma spp. (TCC2045 and TCC878), where
two or more copies coding identical or nearly identical
proteins were found, in most trypanosomes a single
copy was recovered. The comparison of TryDYX1Cs
reveals a highly conserved sequence, with 73.5%
amino acid identity between trypanosome orthologs.
The alignment also reveals two hypervariable regions
between residues 170-218 and 533-550 in the
alignment (Figure 1). Size variation among
TryDYX1C1 is almost exclusively due to differences
in the two hypervariable regions. The ACDs present
in TryDYX1C1 are more similar to the TryACDP and
TryACD-TPR orphans (23.0 and 25.9%, respectively)
than to other ACD superfamily members found in

Trypanosoma (Figure 3).

7. TryACDP and TryACD-TPR

Our search uncovered two new ACD proteins in
Trypanosoma, named according to their domain
architecture as TryACDP and TryACD-TPR.
TryACDP orthologs were also recovered from non-
trypanosome trypanosomatid and bodonid genomes.
TryACDP is on average 200 amino acids long and is
the most polymorphic ACD protein in Trypanosoma,
exhibiting ~56% amino acid identity among the
orthologs in the genus. In contrast, TryACD-TPR is
more than three time as long (~620 residues) and
displays ~59% identity between trypanosome
species. Despite a similar domain architecture with
p23 and HSP20 (Figure 1), the ACD sequences from
TryACDP are more similar to those of TryDYX1C1
(23.0%) than to the remaining repertoire (Table 2). On
the other hand, TryACD-TPR possesses a
TryDYX1C1-like architecture presenting TPR motifs



flanked by hypervariable regions and also presents
an ACD similar to TryDYX1C1 (25.9%)(Figure 1 and
Table 2). However, the sequence similarities between
TryDYX1C1 and TryACD-TPR are restricted to the
ACD and TPR domains.

To investigate the existence of proteins related to
TryACDP and TryACD-TPR in other organisms, we
conducted a PSI-BLAST search against NR using
both proteins from T. brucei as queries. Using
TryACDP, we recovered uncharacterized proteins
from pathogenic ~ oomycetes Saprolegnia,
Phytophthora, ~ Aphanomyces, and Plasmopara
(accession numbers XP_009521390.1,
XP_002905176.1, XP_008896317.1, CEG43972.1,
XP_008605824.1, and XP_009829214.1) after the
fourth search round. These proteins are similar in
architecture and size and but share only ~28%
identity with TryACDP and sequence similarity
restricted to ACD segment. Thus no clear ortholog
was recovered for TryACDP in oomycetes. The
TryACD-TPR search resulted in several protein
families containing the TPR domain, but no similarity
outside this domain and with no ACD domain

identified.

CONCLUSIONS

The trypanosome ACD repertoire presents seven
proteins assigned to groups known in other
organisms (TryDYX1C1, TryNudC1,  TryNudC2,
Tryp23A, TryP23B, HSP20, TrySGT1) and two
proteins shared only by kinetoplastids (TryACDP and
TryACD-TPR). The comparison of the genomic
repertoires of other trypanosomatids and the closely
related free-living bodonids reveals that this repertoire
was probably present in a common ancestor of the
kinetoplastids. Furthermore, the comparison with the

family archetypes in other organisms reveals that
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unexpected molecular mechanisms and functions
may exist in TrySGT1 and TryNudC1. Further
functional studies are needed to understand the roles
played by these proteins in the life cycles displayed in

the genus Trypanosoma.
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4.3 O Repertorio de genes de congopaina divergiu para se tornar subgrupo especifico e um
valioso marcador para o diagnostico e genotipagem de isolados dos grupos Savannah, Forest e

Kilifi de Trypanosoma congolense

Trypanosoma congolense é o agente causal mais importante da nagana, ou tripanossomiase
animal, responsavel por grandes perdas nos rebanhos de gado da Africa subsaariana. Esta espécie é
formada por um complexo de trés subgrupos (Savannah, Forest e Kilifi) que diferem na viruléncia,
resisténcia as drogas, vetores, e distribuicdo geografica. As Congopainas representam as cisteina
proteases (Catepsinas L) de T. congolense. Essas peptidases tém sido extensivamente investigadas
como factor de viruléncia e alvo para drogas e vacinas. Entretanto, o conhecimento sobre esta enzima
estd principalmente restringido ao isolado de referéncia IL3000, o qual pertence ao o subgrupo
Savannah.

Neste trabalho, os genes de Congopainas presentes no genoma do isolado de referéncia de T.
Congolense (IL3000) sdo comparados com sequéncias obtidas de isolados dos trés grupos de T.
congolense. Os resultados demonstraram que esses genes divergiram em trés subclados, consistentes
com os trés subgrupos dentro T. congolense. Isolados de laboratorio e de campo, pertencentes ao do
grupo Savannah, exibem um repertério altamente polimérfico de Congopainas, tanto dentro do mesmo
genoma quanto entre isolados. As sequéncias que sequéncias que compartilham a triade catalitica
tipica do arquetipico estdo posicionadas nos grupos SAV1-SAV3, enquanto as sequéncias que
apresentaram substituicdes incomuns na triade catalitica (variantes) est@o atribuidas a SAV4 ou nédo
puderam ser posicionadas em nenhum dos grupos. Por outro lado, os genes homologos de
Congopaina obtidos de isolados dos grupos Forest e Kilifi apresentaram, respectivamente, diversidade
moderada e restrita. Na arvore filogenética com base nas sequéncias de Congopaina, 0 grupo
Savannah se posiciona mais relacionado a Forest do que a Kilifi. Todos os grupos de T. congolense se
agrupam em um unico clado monofilético, que, em conjunto o grupo irmdo formado por de
Trypanosoma godfreyi e Trypanosoma simiae formam o subgénero Nannomonas.

Um PCR unico com genes de Congopain foi desenvolvido para o diagnéstico de dos trés
grupos de T. congolense. Nossos resultados demonstraram que os genes Congopaina sdo alvos
valiosos para o diagndstico, genotipagem, e inferéncias filogenéticas e taxondmicas entre isolados de

T. congolense e outros membros do subgénero Nannomonas.
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4.4 Dados filogenéticos e gendmicos suportam uma Unica transferéncia horizontal do gene de
Prolina Racemase procaridtica, implicadas na evasao das defesas do hospedeiro pelo parasita,

para o ancestral dos tripanossomas.

A enzima Prolina racemase (PRAC) de Trypanosoma cruzi (TcPRAC) e de Trypanosoma vivax
(TvPRAC) tém sido implicadas a imunossupress@o do hospedeiro e a evasdo das defesas do
hospedeiro pelo parasita através da ativacdo policlonal das células B. A semelhanga com PRAC
procaridtica e a auséncia dessa enzima em Trypanosoma brucei e Trypanosoma congolense levanta
muitas perguntas sobre a origem, a evolugao e as fun¢des da PRAC (TryPRAC) em tripanossomas.

Neste trabalho, homologos TryPRAC foram identificados como genes de cdpia Unica por
genoma hapléide em 12 das 15 espécies de Trypanosoma, incluindo T. cruzi e T. cruzi marinkellei, T.
dionisii, T. erneyi, T. rangeli, T. conorhini e T. lewisi, todos os parasitas de mamiferos. O polimorfismo
encontrado na TcPRAC coincide com a diversidade de genétipos de T. cruzi. Desse modo, as DTUs TCl
a TCIV e Tcbat apresentam uma Unica cdpia do gene, enquanto as linhagens hibridas TCV e TcVI
possuem duas cdpias cada (TcPRACA e TcPRACB) dos parentais TCIl e TClII, respectivamente. Além
de T cruzi, ortélogos da PRAC foram identificados em tripanossomas de anuros, cobras, crocodilos,
lagartos e passaros. A maioria dos tripanossomas apresenta o gene da PRAC intacto, porém os
isolados de T. rangeli possuem apenas um pseudogene, possivelmente em processo de degeneragéo.
As espécies do clado de tripanossomas africanos pesquisadas, exceto T vivax, perderam
completamente genes PRAC.

A inferéncia filogenética da TryPRAC suporta uma histéria evolutiva congruente com a filogenia
do género Trypanosoma. A concordancia entre as filogenias, junto a sinténia dos loci de TryPRAC, a
proximidade da TryPRAC com a PRAC procariética inferida pela anélise filogenética abrangente e a
auséncia de ortélogos da PRAC em tripanossomatideos de quaisquer outros géneros e em bodonideos
e euglenideos sugerem que um ancestral comum de Trypanosoma ganhou gene PRAC através de um
evento de transferéncia horizontal de genes unico e antigo, cuja origem remete a uma bactéria firmicute
mais relacionado com Gemella e outras espécies de bacilos do que a Clostridium, como sugerido
anteriormente. Nosso estudo filogenético abrangente permitiu a investigar a evolugdo dos genes de
TryPRAC em escalas de tempo longas e curtas. Os genes TryPRAC divergiram junto as espécies de
tripanossoma de modo a se tornarem espécie e genotipos especificos como visto em T cruzie T
rangeli e consequentemente, apresentando inferéncias congruentes com as obtidas usando genes
verticalmente herdados. O inventario de genes de TryPRAC descrito aqui € o primeiro passo para a
compreensdo dos papéis da enzima PRAC em tripanossomas diferentes do ciclo de vida, viruléncia e

com diferentes estratégias de infec¢do e de evaséo do sistema imune.
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4.5 Endossimbiose em tripanossomatideos: A Cooperagdo gendmica entre o simbionte
bacteriano e hospedeiro na sintese dos aminoacidos essenciais é em grande parte influenciada

por multiplas transferéncias horizontais de genes.

As espécies de tripanossomatideos dos géneros Angomonas e Strigomonas possuem vivem em
uma associa¢ao mutualista com endossimbiontes betaproteobacterianos. Essa associacéo é caracterizada
por uma ampla cooperag@o metabdlica entre o endossimbionte obrigatério e o hospedeiro. Embora o papel
metabdlico desempenhado pelo simbionte tenha sido mostrado de forma indireta por estudos bioquimicos,
nenhuma evidencia gendmica tinha sido demonstrada. Os tripanossomatideos que abrigam
endossimbiontes (SHT - Symbiont-harboring trypanosomatids) requerem menos nutrientes do ambiente,
sendo autotréfico para os aminoacidos essenciais, 0 que ndo é observado nas demais espécies de
tripanossomatideos sem endossimbiontes. Neste trabalho, as vias de sintese de aminoacidos presentes nos
genomas do endossimbionte e de tripanossomatideos com e sem endossimbionte foram comparadas a fim
de se evidenciar a cooperagao gendmica entre simbionte e hospedeiro.

As andlises revelaram que a maior parte dos genes que codificam as enzimas das vias de
biossintese de aminoacidos essenciais estd contida no genoma do endossimbionte, enquanto que o
genoma dos tripanossomatideos hospedeiros contém um numero menor de genes. Nossas analises
indicaram que cerca da metade dos genes do hospedeiro é proveniente transferéncia horizontal de genes
de diferentes grupos de bactérias, sendo apenas um possivelmente transferido do endossimbionte (ornitina
ciclodeaminase, EC: 4.3.1.12). Os dados de requerimento nutricionais, enzimaticos e gendémicos foram
analisados em conjunto para construir uma visao integrada do metabolismo dos aminoacidos essenciais
presente nas espécies de tripanossomatideos que contém endossimbionte. Esta abordagem abrangente
mostrou concordancia perfeita entre todos esses dados e revelou que o simbionte contém os genes que
codificam para as enzimas que completam rotas biossintéticas essenciais para a produgéo de aminoacidos
do hospedeiro, 0 que explica a baixa exigéncia nutricional dos SHT em relagdo aos demais
tripanossomatideos. As analises filogenéticas mostram que a cooperagdo entre simbiontes e seus
hospedeiros é complementada por muitos eventos de transferéncia horizontal de genes de diversas
linhagens bacterianas para 0 genoma nuclear dos tripanossomatideos no curso de sua evolugao.

Neste trabalho, revelamos as bases genéticas e evolutivas da biossintese de aminoacidos
essenciais em varios tripanossomatideos com e sem endossimbiontes, explicando e complementando
décadas de resultados experimentais. Nossos resultados mostram a plasticidade notavel na evolugao das
vias de biossintese de aminoacidos essenciais nesses protozoarios e demonstram a grande influéncia de

eventos de transferéncia horizontal de genes, de bactérias para 0 genoma nuclear dos tripanossomatideos.
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Trypanosoma congolense is the most important agent of nagana, a wasting livestock trypanosomosis in
sub-Saharan Africa. This species is a complex of three subgroups (Savannah, Forest and Kilifi) that differ
in virulence, pathogenicity, drug resistance, vectors, and geographical distribution. Congopain, the major
Cathepsin L-like cysteine protease (CP2) of T. congolense, has been extensively investigated as a patho-
genic factor and target for drugs and vaccines, but knowledge about this enzyme is mostly restricted
to the reference strain IL3000, which belongs to the Savannah subgroup. In this work we compared

Keywords: sequences of congopain genes from IL3000 genome database and isolates of the three subgroups of T. con-
Trypanosoma congolense . . . . .

Congopain golense. Results demonstrated that the congopain genes diverged into three subclades consistent with the
Savannah three subgroups within T. congolense. Laboratory and field isolates of Savannah exhibited a highly poly-
Forest morphic repertoire both inter- and intra-isolates: sequences sharing the archetypical catalytic triad clus-
Kilifi tered into SAV1-SAV3 groups, whereas polymorphic sequences that, in general, exhibited unusual
Genotyping catalytic triad (variants) assigned to SAV4 or not assigned to any group. Congopain homologous genes

from Forest and Kilifi isolates showed, respectively, moderate and limited diversity. In the phylogenetic
tree based on congopain and homologues, Savannah was closer to Forest than to Kilifi. All T. congolense
subgroup nested into a single clade, which together with the sister clade formed by homologues from
Trypanosoma simiae and Trypanosoma godfreyi formed a clade supporting the subgenus Nannomonas. A
single PCR targeting congopain sequences was developed for the diagnosis of T. congolense isolates of
the three subgroups. Our findings demonstrated that congopain genes are valuable targets for the diag-
nosis, genotyping, and phylogenetic and taxonomic inferences among T. congolense isolates and other
members of the subgenus Nannomonas.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Livestock trypanosomosis (nagana) is a chronic wasting disease
that poses a major constraint to livestock productivity in sub-Sah-
aran Africa. The causative agents are tsetse-borne trypanosomes,
of which Trypanosoma congolense is the most prevalent and wide-
spread. T. congolense comprises three morphologically indistin-
guishable but genetically recognisable subgroups—Savannabh,
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Forest, and Kilifi (Gibson, 2002, 2007)—which vary in virulence,
pathogenicity, and geographical distribution. The Savannah and
Forest subgroups were originally evidenced by isoenzymes (Young
and Godfrey, 1983; Gashumba et al., 1988), whereas RFLP and kar-
yotyping disclosed a further subgroup: Kenya Coast or Kilifi (Know-
les et al., 1988; Majiwa et al., 1985, 1986). Methods based on
repetitive DNA sequences were developed to identify these three
subgroups (Gibson et al., 1988; Masiga et al., 1992), all further cor-
roborated by other molecular markers (Gibson et al., 2001; Des-
quesnes et al., 2001; Gibson, 2007, 2011; Adams et al., 2010).

The Savannah subgroup of T. congolense is the most widespread.
Field investigations associated the Savannah subgroup with a
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range of tsetse (Glossina) species (morsitans, palpalis and fusca
groups) and a broad range of ungulates and carnivore hosts across
the whole of sub-Saharan Africa. In contrast, T. congolense Forest
appears to be largely restricted to the palpalis group of tsetse flies
and, consequently, to riverine-forest biomes. It has been recorded
in pigs, goats, cattle, and dogs in West and Central Africa, and also
at low prevalence in parts of East Africa. T. congolense Kilifi was
first isolated from Kenya but has since been widely reported
throughout south-eastern Africa; it is associated with tsetse of
the morsitans group and has been reported in cattle, sheep, and
goats (Majiwa et al., 1993, Majiwa et al., 1985; Reifenberg et al.,
1997; Knowles et al.,, 1988; Masiga et al., 1996; Njiru et al.,
2004; Malele et al., 2011; Simo et al., 2012;Simo et al., 2013). Infec-
tions with a mixture of subgroups are frequent in ungulates and
tsetse flies: co-infections with Savannah and Forest subgroups
are common in West and Central Africa (Seck et al., 2010; Simo
et al., 2012,2013), whereas Savannah and Kilifi subgroups mixed
infections occur in East and South Africa (Mekata et al., 2008;
Mamabolo et al., 2009). The three subgroups coexist in Zambia,
Kenya, and Tanzania (Njiru et al., 2004; Mekata et al., 2008; Malele
et al., 2011). Infection of susceptible zebuine cattle revealed Kilifi
as non-pathogenic, Forest of low pathogenicity, and Savannah as
the most virulent subgroup (Bengaly et al., 2002a,b). Isolates of
Savannah differed markedly in virulence and drug resistance, even
in the same location (Seck et al., 2010; Van den Bossche et al.,
2011; Vitouley et al., 2011; Moti et al., 2012).

Phylogenetic analyses based on SSU rRNA and gGAPDH genes
showed that the three subgroups of T. congolense clustered to-
gether, forming a clade within a monophyletic assemblage corre-
sponding to the subgenus Nannomonas that also includes
Trypanosoma simiae and Trypanosoma godfreyi (Hamilton et al.,
2004). However, these genes were unable to resolve the relation-
ships among the subgroups of T. congolense. Previous studies have
suggested a closer relationship between Savannah and Forest than
between these subgroups and Kilifi. T. congolense Savannah and
Forest share lengths of the major satellite DNA repeat, kDNA mini-
circles, and mini-exon gene repeats and also polymorphisms in the
beta tubulin and rRNA genes, whereas these markers are signifi-
cantly different in Kilifi (Garside and Gibson, 1995). Sequence anal-
ysis of the gene coding a major surface glycoprotein, glutamate-
and alanine-rich protein (GARP), demonstrated a similar relation-
ship among the subgroups of T. congolense (Asbeck et al., 2000).

The Cathepsin L (CATL)-like cysteine proteases (CPs) have been
extensively studied in trypanosomes due to their important roles
in pathogenicity, virulence, cell differentiation, and immune eva-
sion. These CPs belong to the papain family (clan CA, family C1) that
typically consists of a signal peptide, pro-peptide, catalytic domain
(cd), and a C-terminal extension of variable size unique to kineto-
plastid CATL (Sajid and Mckerrow, 2002; Atkinson et al., 2009;
Alvarez et al., 2012). The two main CATL-like CPs (CP1 and CP2)
characterized in T. congolense can be distinguished by polymor-
phisms in the cds, which result in functional differences. CP2, usu-
ally referred to as congopain, is the major CP of T. congolense (Fish
et al., 1995; Jaye et al., 1993; Authié et al., 1992, 1994, 2001; Bou-
langé et al., 2001). Congopain is an important antigen in the devel-
opment of vaccines and target for chemotherapy (Authié et al.,
1992, 1994, 2001; Boulangé et al., 2001; Huson et al., 2009; Kater-
eggaetal.,2012; Lalmanach et al., 2002). In addition, an unusual CP
identified in T. congolense differs from CP1 and CP2 by a serine
replacing cysteine in the catalytic triad (Downey and Donelson,
1999; Pillay et al., 2010); in addition, other variants have been re-
ported among the CP enzymes of this species (Kakundi, 2008).

Our studies of other trypanosome species demonstrated that
CATL-like genes are useful markers for diagnosis, genotyping, and
phylogenetic reconstruction at species and genotype levels in Try-
panosoma vivax, Trypanosoma theileri, Trypanosoma rangeli, and

Trypanosoma cruzi and allied species (Cortez et al., 2009; Garcia
et al., 2011a,b; Lima et al., 2012; Ortiz et al., 2009; Rodrigues
et al., 2010). While congopain have been very well characterised
in the laboratory strain IL3000 of T. congolense Savannah, there is
an absence of data on CPs from Forest and Kilifi subgroups. In this
study, we characterised the catalytic domains of genes encoding
congopain from T. congolense isolates of Savannah, Forest and Kilifi
subgroups, including samples from west, central, and east Africa.
Our main goals were: (a) to compare the congopain genetic reper-
toires of the three subgroups; (b) to infer the genealogy and to
evaluate the suitability of congopain sequences for diagnosis,
genotyping, and population structure analysis; (c) to infer the phy-
logenetic relationships among isolates from the three subgroups of
T. congolense, T. simiae and T. godfreyi (subgenus Nannomonas)
based on congopain and homologous genes.

2. Materials and methods

2.1. Trypanosomes and PCR amplification of the catalytic domains of
congopain genes

T. congolense clone IL3000 represents the Savannah subgroup
and was selected for the genome project. This clone, obtained in
1966, has been maintained for decades by successive passages in
mice (Gibson, 2012). Additional T. congolense isolates characterised
in this study were from different hosts and geographic origins (Ta-
ble 1). DNA templates were prepared from T. congolense Savannah
(WG81, Gam2, IL1180, TREU1457), Forest (ANR3, Cam22), and
Kilifi (WG5, WG84) laboratory stocks. Field-collected blood sam-
ples were obtained from infected cattle, water buffalo, and goats
from Mozambique collected from endemic settlings in the prov-
inces of Maputo (isolates Ma.ca01, Ma.ca06, Ma.bu03, Ma.bu05,
Ma.bu04), Sofala (So.go01) and Tete (isolates Te.ca09, Te.ca016,
Te.ca018) in the Southern, Central, and Northern regions, respec-
tively (Table 2, Fig. 1). CATL homologous sequences from T. simiae
(Ken14) and T. godfreyi (Ken7) were determined in this study, and
included in the phylogenetic analysis of Trypanosoma. The DNA
from T. congolense isolates, T. simiae (Ken14) and T. godfreyi
(Ken7) were used for the PCR-amplification of partial sequences
(477 bp) corresponding to the cds of CP (Fig. 2) using primers
and conditions previously described for the amplification of
CATL-like encoding genes from several trypanosome species (Lima
et al.,, 1994, 2012; Cortez et al., 2009; Garcia et al., 2011a,b; Rodri-
gues et al., 2010; Ortiz et al., 2009). From 6 to 10 cloned cdCP se-
quences were determined for each isolate included in this study.

2.2. Genealogies of CATL-like nucleotide and deduced amino acid
sequences

The genealogies of sequences encoding CATL-like enzymes were
inferred by analyses of either nucleotide or deduced amino acid se-
quence data sets. The present study benefited from congopain se-
quences retrieved from the on-going genome project of T.
congolense IL3000 (http://www.genedb.org). In addition to se-
quences determined in this study and those retrieved from the
genome project, we included in the alignments: (a) the prototype
sequences available from Genbank of CP1 (Z25813), CP2
(L25130), and the variant CP2-like from the strain TRUM 183
(AF139913); (b) CATL-like genes determined in this study from
Trypanosoma simiae and Trypanosoma godfreyi; (c) CATL-like genes
from Trypanosoma b. brucei, Trypanosoma b. rhodesiense, Trypano-
soma b. gambiense, Trypanosoma evansi, Trypanosoma equiperdum,
Trypanosoma vivax, Trypanosoma theileri, Trypanosoma rangeli, and
Trypanosoma carassii, all from previous studies (Table 2).
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Table 1
Geographic and host origin of T. congolense isolates, CATL-like sequences of T. congolense, and homologous sequences from other trypanosome species.
Trypanosoma Subgroup Host Geographic origin GenBank and GeneDB accession number CATL-like
origin sequence
T. congolense laboratory isolates
Cam22 Forest Goat Cameroon KF414001-KF414024 Forest
ANR3 Forest Tsetse The Gambia KF414025-KF414036 Forest
WG5 Kilifi Goat Kenya KF413898-KF413922 Kilifi
WG84 Kilifi Sheep Kenya KF413923-KF413933 Kilifi
WG81 Savannah - Kenya KF413934-KF413940 SAV1, SAV2, SAV3
Gam2 Savannah Cow The Gambia KF413941-KF413948 SAV2, SAV3
IL1180 Savannah Lion Tanzania KF413977-KF413983 SAV1, SAV2
TREU1457 Savannah  Cow Nigeria KF413949-KF413951 SAV1, SAV2
TRUM 183 Savannah - - AF139913 SAV1
CP2 (archetype) Savannah - - L25130 SAV1
IL3000 (CP1 Savannah Cow Kenya 725813 CP1
archetype)
1L3000" Savannah  Cow Kenya TcIL3000: 0.28270, 0.53250, 0.12120, 0.11840, 0.44210, 0.17860, CP1
0.25670 SAV1
TcIL3000.0.26770 SAV2
TcIL3000.0.31720 SAV3
TcIL3000.0.60020 SAV4
TcIL3000: 0.26780, 0.49190, 0.47610, 0.18880 SAVna“
TcIL3000: 0.28390, 0.55820, 0.55830, 0.55780, 0.37240, 0.31730
Field isolates
Ma.ca01 Savannah Cattle Mozambique KF413965-KF413976 SAV1, SAV3
Maputo
Ma.ca06 Savannah Cattle Mozambique KF413984-KF413986 SAV1
Maputo
Ma.bu03 Savannah Buffalo Mozambique KF414051-KF414053 Savannah
Maputo
Ma.bu04 Savannah Buffalo Mozambique KF414048-KF414048 Savannah*
Maputo
Ma.bu05 Savannah Buffalo Mozambique KF413987-KF413994 SAV1, SAV2, SAV3
Maputo
Te.ca09 Savannah Cow Mozambique Tete KF413957-KF413960 SAV1
Te.ca016 Savannah Cow Mozambique Tete KF413952-KF413956 SAV1
Te.ca018 Savannah Cow Mozambique Tete KF413961-KF413964 SAV1, SAV3
So.go01 Savannah Goat Mozambique Sofala  KF413995-KF414000, KF414054 SAV1, SAV4
MzGlo92 Savannah Tsetse Mozambique Sofala  KF414041-KF414042 SAV1, SAV3
MzGlo93 Savannah Tsetse Mozambique Sofala  KF414043-KF414047 Savannah
Other species
T. vivax Y486 Cow Nigeria Tviv534d01.q1k7, Tviv290f05.q1k11¢
T. vivax TviMzNy Nyala Mozambique EU753814
T. b. brucei 427 Sheep Uganda EU753820
T. b. brucei Star - - X16465
T. b. gambiense TB26 Pig Congo EU753821
T. b. rhodesiense AntTat1.12 Human - EU753822
T. equiperdum Botat1. Horse - EU753819
T. evansi Ted2 Dog Brazil EU753818
T. simiae Ken14 Tsetse The Gambia KF414037-KF414038
T. godfreyi Ken7 Tsetse The Gambia KF414039-KF414040
T. rangeli (AMS0) Human Brazil FJ997560
T. theileri Tthc12 Cow Brazil GU299366
T. carassi - Fish - EF538803

2 CP sequence from T. congolense TRUM 183 retrieved from Genebank.

b T. congolense sequence data obtained from the Sanger Institute website at http://www.sanger.ac.uk/Projects/T_congolense/.

€ SAVna, na = sequence not assigned to SAV1-4 groups.

4 Diagnosed as T. congolense and genotyped into the Savannah subgroup by the method of TcoCATL-PCR followed by sequencing of the amplified fragments; the accession
numbers of sequences determined in this work and deposited at the Genbank are KF413898-414047.
€ T. vivax sequence data obtained from the Sanger Institute website at http://www.sanger.ac.uk/Projects?T_vivax.

The alignments created for this study included: (a) amino acid
sequences comprising the pre-, pro-, and catalytic domains (cd)
(Fig. 2) of 12 genes encoding CP2, and 7 encoding CP1, all from
the IL3000 genome; (b) 72 c¢d amino acid sequences (477 bp) from
Savannah (5 isolates), including sequences from IL3000 (13), live-
stock blood samples and one from tsetse fly from Mozambique
(CP1 sequences were excluded from this alignment); (c¢) amino
acid sequences of cdCP2 from 7 isolates of Savannah, Forest and
Kilifi subgroups, and homologous genes from T. simiae, T. godfreyi,
and other species of Trypanosoma; (d) sequences of 211 bp frag-
ments from cdCP genes obtained by TcoCATL-PCR (see below).
Genealogies were inferred with the neighbour-joining (N])

algorithm in Mega 5 software, treating gaps as deletions, and max-
imume-likelihood (ML) analysis was carried out using RAXML v.7.0
as described in our previous studies (Garcia et al., 2011b; Lima
et al., 2012; Rodrigues et al., 2010). Phylogenetic trees were con-
structed using the Neighbor-Net method with Kimura 2 parame-
ters implemented in Splits Tree4 V4.10 (Huson and Bryant,
2006). Internode support was estimated by performing 100 boot-
strap replicates using the same parameters optimised for tree
inferences. To provide a visual representation of the distance ma-
trix, we used the multidimensional scaling (MDS) plot with two
dimensions (2D). The MDS statistical analysis and graphing were
performed using the Bios2mds package of the R language and
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Table 2

Biogeographical characteristics and congopain repertoires of T. congolense isolates from Savannah, Forest and Kilifi subgropus.

T. congolense Distribution Host range Tsetse transmission Pathogenicity® Drug CP2 repertoire
subgroup susceptibility”
Savannah Tropical Africa Numerous species of ungulates and Morsitans, palpalis and High Susceptible SAV1-SAV4,
other mammals fusca groups resistant SAVna“
Forest West and Central  Pigs, goats, cattle, dogs Palpalis group Low Susceptible Forest CP2
Africa
Kilifi Southeast Africa Cattle, sheep, goats Morsitans group Non- Not- Kilifi CP2
pathogenic determined

¢ Differential pathogenicity among T. congolense subgroups, and variable virulence within Savannah, revealed by studies in mice and cattle (Bengaly et al., 2002a,b;

Masumu et al., 2006).

b Resistance to diminazene has been reported for Savannah in field infected cattle and mice (Van den Bossche et al., 2011; Moti et al., 2012).

€ SAVna, na = sequence not assigned to SAV1-4 groups.
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Fig. 1. Geographical origin of the T. congolense Savannah, Forest, and Kilifi subgroups characterised in this study and the respective genetic repertoire of CP2 sequences. Seven
groups of CATL-like genes (indicated by different colours) were defined within T. congolense by the genealogy of the catalytic domain sequences and specific amino acid
signatures: SAV1-SAV4 plus SAVna (=sequences not assigned to any group) for Savannah, and only one group of sequences each for the Forest and Kilifi subgroups. The

number of isolates from each country is indicated within parentheses.

environment for statistical computing (Pelé et al., 2012). To find
conserved motifs, “Multiple EM for Motif Elicitation” (MEME)
version 3.5.4 (Bailey et al., 2009) was used. The parameters used
for the analysis were number of repetitions — any, maximum
number of motifs — 50, and optimum width of motif >3 and <5.

2.3. Codon usage and recombination analyses

The ratio of non-synonymous to synonymous (dN/dS) amino
acid changes was calculated according to Yang and Nielsen

(2000) using PAML v.4.2 software to infer relative selection pres-
sures (Yang, 2007). A positive value for this test indicates an over-
abundance of nonsynonymous substitutions, and in this case, the
probability of rejecting the null hypothesis of neutral evolution
(P-value) is calculated. The existence of putative recombination
events in the genes encoding congopains was investigated using
the RDP3 programme (Martin et al., 2010). All eight methods avail-
able were employed, and recombination events were considered
valid if detected by at least four methods, with a minimum signif-
icance P-value of 0.05.
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Fig. 2. (A) Schematic representation of the congopain gene indicating the protein domains and the primers employed for PCR amplification of the catalytic domains (primers
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respectively.

2.4. Standardisation of PCR targeting CATL-like sequences for the
diagnosis of T. congolense

An alignment including nucleotide sequences of cdCATL genes
from T. congolense Savannah, Forest, Kilifi and homologues from
closely related T. simiae and T. godfreyi and other trypanosome spe-
cies was used to design the T. congolense-specific primers Tco4F
and Tco3R (Fig. 2A). A PCR assay, designated TcoCATL-PCR, was
developed for the amplification of a 211 bp DNA sequence specific
for T. congolense using the following PCR conditions: 35 cycles of
94 °C (1 min), 63 °C (1 min) and 72 °C (1 min), with a final exten-
sion of 10 min at 72 °C.

To assess the species-specificity, TcoCATL-PCR was tested using
DNA from T. congolense isolates of all subgroups (Table 1) and T. vi-
vax from Brazil (TviBrMi, TviBrCa), West (Y486), and East
(TviMzNy) Africa; T. b. brucei (427, 8195, AnTat1.1), T. b. gambiense
group 2(TB26), T. b. rhodesiense (AnTat 1.12), T. equiperdum (Bo-
Tat1.1), T. evansi from Brazil (Ted1, Tec2,Teh1) and Africa (TeET);
and T. theileri from cattle (TthATCC, Tthc3, Tthc17) and water buf-
falo (Tthb4, Tthb6). T. simiae (Ban2, Ken14) and T. godfreyi (Ken7)
were also tested. DNA from field collected blood samples preserved
in filter paper or in ethanol was obtained as previously described
(Rodrigues et al., 2010; Garcia et al., 2011a), and tested using the

method of TcoCATL-PCR. PCR-amplified DNA fragments were sep-
arated in 2% agarose gels, and stained with ethidium bromide.

3. Results

3.1. Diversity of CATL-like genes in T. congolense IL3000 genome
database

To investigate the repertoire of all potential CATL-like genes en-
coded by T. congolense, we performed a BLAST search for proteins
with high sequence similarity to the archetypes of CP2 (GenBank
accession number L25130) and CP1 (GenBank Z25813) in the T.
congolense 1L3000 genome database available from http://www.
genedb.org. All sequences sharing high similarity with CP2 (14)
or CP1 (8 sequences) and containing the catalytic domain were
downloaded, aligned and employed for phylogenetic analysis
(Table 1, Fig. 1). Our analysis of the catalytic triads disclosed: (a)
three sequences exhibiting the archetypical catalytic triad (CHN)
of CP2; (b) four sequences showing SYN or SHN triad that, unex-
pectedly, encoded congopain-like enzymes active against classical
CP substrates but differing slightly from one another and also from
CP2 in substrate preferences (Pillay et al., 2010); (c) 7 sequences
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showing SSN and PHN triads, designated herein as “new congo-
pain-like” because although sequences with a serine or tyrosine
replacing histidine have been reported (Kakundi, 2008; Pillay
et al,, 2010), the enzymatic activities of these variants have not
investigated to date.

The amino acid sequences from the cds of CATL-like genes re-
trieved from T. congolense IL3000 genome database showed rele-
vant polymorphisms (~18%) between the archetypical and
variant CP sequences. The network genealogy of the 14 cd se-
quences found in the IL3000 genome confirmed and improved
the divergent repertoire previously demonstrated by analysing
CP sequences from a cosmid library of this strain, or PCR-amplified
using degenerate primers (Kakundi, 2008; Pillay et al., 2010).
Unfortunately, the sequences from CPs determined by Kakundi
(2008), even those encoding congopain-like enzymes characterized
by Pillay et al. (2010), are not available from public databases.

3.2. Repertoire and genealogy of the catalytic domains of CATL-like
sequences in T. congolense isolates of Savannah, Forest, and Kilifi
subgroups

We determined 100 sequences (477 bp) of the CATL-like cata-
lytic domains from isolates of Savannah (WG81, Gam2, IL1180
and TREU1457), Forest (Cam22 and ANR3), and Kilifi (WG5 and
WG84) (Fig. 1A). We also determined 44 sequences from blood
samples of naturally infected cattle (5), water buffalo (1) and goats
(1), plus one sample from a tsetse fly, all from Mozambique. Con-
gopain analyses included several cloned sequences from each iso-
late, ranging from 10 sequences, for most Savannah laboratory
isolates, to ~30 for some isolates from Forest and Kilifi subgroups.
Excluding the identical sequences, we generated alignments con-
taining 70 different nucleotide sequences or 57 different predicted
amino acid sequences (36 from Savannah, 9 from Kilifi, and 12
from Forest isolates), and the IL3000 genome sequences. The gene-
alogy branching pattern not only segregated the sequences accord-
ing to the T. congolense subgroups but also supported 4 subclades
of sequences within the Savannah subgroup.

We selected sequences representative of the genetic diversity to
illustrate the repertoire of CATL-like genes in T. congolense (Fig. 3A
and B). Sequences from Forest and Kilifi subgroups always exhib-
ited the typical catalytic triad and, respectively, QQLD or QQLN res-
idues, preferentially, in the S2’ subsite. In contrast, sequences from
the Savannah isolates diverged highly in both the catalytic triad
and S2’ subsite (Fig. 4 and Fig S1 available as Supplementary online
documentation).

To more specifically evaluate the genetic repertoire of congo-
pain and homologues in T. congolense Savannah, we compared
the 36 new sequences (from 4 laboratory and 7 field isolates)
determined in this study with 13 sequences from the IL3000 gen-
ome. The analysis revealed a high level of polymorphism among
and within the isolates. In the network genealogy, CATL-like
sequences were subdivided into 4 subclades (SAV1 to SAV4 sub-
groups). Most sequences were homologous to CP2 and assigned
to SAV1 (21 sequences), SAV2 (10) or SAV3 (7). Sequences of
SAV1 predominated and, despite preferentially showing typical
triad (CHN), this group included the first variant (SHN) reported
in T. congolense (Downey and Donelson, 1999) in the strain TRUM
183. The group SAV4 consisted of sequences from the IL3000 gen-
ome with the SSN variant triad previously described by Pillay et al.
(2010) (Fig. 3A and B). Each group, SAV1-4, exhibited specific ami-
no acid signatures characterized by two or three motifs, including
the S2 and S2’ subsite regions (Fig. 4). Nine sequences (6 from
IL3000 and 3 from field isolates) did not share these signatures
and did not cluster into the groups SAV1-4; these sequences were
provisionally denominated as “SAV not assigned” (SAVna). From

field samples, a single sample of Savannah (S0.go01) showed a
SAVna sequence exhibiting a unique variant catalytic triad (CSN)
(Figs. 3 and 4; Fig. 1 Supplementary material).

To quantify the overall divergence of the whole repertoire of CP
amino acid sequences from the three subgroups of T. congolense,
we calculated the mean divergences and the number of polymor-
phic sites (PS) in amino acid (95 PS) or nucleotide (222 PS) se-
quences. The amino acid sequences among the Savannah isolates
were highly divergent (~14% internal divergence and 87 PS) com-
pared to Forest (~4.0% internal divergence and 32 PS) or Kilifi
(=~1.3% internal divergence and 11 PS) isolates. However, the mean
divergences of amino acid sequences between the three subgroups
were comparable (12-16%).

Only one copy of CP1 was obtained from three isolates of the
Savannah subgroup (Ma.ca06, Ma.bu05, and Te.ca16), and no CP1
homologues were found among 82 sequences determined in this
study for Kilifi and Forest isolates (Fig. 3B).

3.3. Molecular evolution of CP repertoires

To evaluate the role of positive selection in the molecular evo-
lution of the CP repertoires of T. congolense Savannah, Forest and
Kilifi, we analysed the ratio of non-synonymous to synonymous
substitutions (dN-dS), considering each different nucleotide trip-
let; the analysis included 72 CP2 sequences and a total of 159 ami-
no acids corresponding to 477 nucleotide positions in the final
dataset. Analysis of the overall inferred substitutions was per-
formed for all subgroups. The number of non-synonymous substi-
tutions was always higher than synonymous substitutions,
regardless of the subgroup analysed. A large proportion of the sub-
stitutions were within the subgroup Savannah, and no significant
difference was observed when variant CP sequences were excluded
from the analysis. A specific analysis of codons revealed a high de-
gree of conservation for the S2 and S1 subsites, with more poly-
morphisms for the S2’ subsite when sequences from each
subgroup were compared separately. Despite non-synonymous
substitutions in all subsites, non-significant P-values were esti-
mated within Kilifi (0-0.45), Forest (0.45-0.70), and Savannah
(0.08-0.70) subgroups. However, a comparison between the sub-
groups gave significant P-values for S1 and S2’ subsites varying
from 0.007 to 0.042. In the dN-dS test, P-values < 0.05 suggest
rejection of the null hypothesis of neutral evolution. Therefore,
these results suggest that CP genes are not subject to highly con-
strained evolution and diverged to constitute subgroup-specific
subclades within T. congolense. In contrast to the highly polymor-
phic repertoires among and within the isolates of the Savannah
subgroup, our findings suggest that congopain genes are moder-
ately divergent in Forest, and more homogeneous in the Kilifi
isolates.

The occurrence of recombination events in CP genes was evalu-
ated by eight detection methods using the RDP3 program; recom-
bination events were considered valid if detected by at least four
methods, with a minimum significance P-value of 0.05. Six recom-
bination methods indicated that one sequence (Ma.bu05.c6 from a
buffalo isolate from Mozambique), which nested into CP1, was a
product of recombination between CP1 and CP2-like sequence
(P-value ranging from 2.5 x 107° to 3.0 x 1072). In addition, at
least one sequence from each of the SAV1 and SAV2 groups also ap-
pears to be derived from recombination events (indicated by 4
methods) (supplementary Fig. 2). Although preliminary, these find-
ings suggest that recombination may be an important process in
generating the diverse repertoire of CP sequences within the
Savannah subgroup, providing additional insights to the mating
capability of this subgroup (Morrison et al., 2009).
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two components (PC1 and PC2) of multidimensional scaling (MDS) plot constructed using the pairwise alignment of the 72 sequences, and the K-means method to define the

groups of sequences.

3.4. Relationships of T. congolense and other trypanosome species in
phylogenetic trees based on CATL-like homologous genes

We inferred phylogenies based on catalytic domains of
congopain genes from the three subgroups of T. congolense and
homologues from T. simiae, T. godfreyi, and several other Trypano-
soma species. Only sequences sharing the catalytic triad and active
sites with the archetype congopain (CP2) were included in the
analysis. The results revealed an heterogeneous clade comprising
all and exclusively the T. congolense sequences, with a sister clade

formed by sequences from T. simiae and T. godfreyi, which are more
closely related than those from the isolates of distinct subgroups of
T. congolense. Together, these three species formed a monophyletic
assemblage that strongly validated the subgenus Nannomonas. The
phylogenetic positioning of this subgenus closer to the clade T. bru-
cei than to T. vivax is in agreement with previous phylogenetic
trees of Trypanosoma inferred with SSU rRNA and gGAPDH genes
(Hamilton et al., 2004).

The congopain homologous genes from isolates of the same T.
congolense subgroup always clustered together, forming three
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Fig. 4. Representation of signature residues within the catalytic domains of CATL-like of T. congolense defining the groups of sequences found within Savannah (SAV1-SAV4),
Forest, and Kilifi subgroups. The amino acid motifs unique to each group of sequences were identified by analysing 155 amino acid sequences and used to design the logos.
The CP2 catalytic triad, cysteine (Cys), histidine (His) and asparagine (Asn), and the subsites S2, S1, and S2’ are indicated in black and grey, respectively. The numbers indicate

the position in the CP catalytic domain amino acid sequence.

well-supported subclades corresponding to Savannah, Forest, and
Kilifi. In the best resolved phylogenetic tree, obtained using arche-
typical congopain genes, Savannah was more related to Forest than
to Kilifi (Fig. 5). However, in the network genealogy inferred with
all sequences including those from variant CPs (Fig. 3A), Forest ap-
pears to be more related to Kilifi than to Savannah subgroup. Most
likely, inconsistencies in the phylogenetic relationships among the
T. congolense subgroups observed when applying different infer-
ence methods (data not shown) are due to their comparable genet-
ic distances between the nucleotide/amino acid sequences:
Savannah and Forest (14%/12%), Savannah and Kilifi (14%/12%),
and Forest and Kilifi (12%/12%).

The comparison of cd sequences showed large divergences sep-
arating congopain genes and all other CATL-like homologous genes,
even those from the closest phylogenetically related T. simiae and T.
godfreyi (26%). Sequences from T. congolense also largely diverged
from the highly homogeneous CATL-like genes from T. brucei ssp.
and T. evansi of the subgenus Trypanozoon (30% sequence diver-
gence), and from the moderately variable CATL-like sequences from
T. vivax isolates (32% sequence divergence).

3.5. T. congolense diagnosis, genotyping, and preliminary
epidemiological study targeting CATL-like sequences

To standardise the PCR assay targeting cdCATL-like sequences
(TcoCATL-PCR), the primers Tco3F and Tco4R were designed to
be complementary to sequences conserved in all congopain se-
quences from T. congolense of the three subgroups, and non-com-
plementary to sequences from any other pathogenic African
trypanosomes and T. theileri (non-pathogenic species of rumi-
nants). This method amplified a T. congolense-specific DNA frag-
ment of ~211bp for isolates of all subgroups (Fig. 6A). No
amplified products were detected using DNA from T. simiae, T. god-
freyi, T. vivax (South American and West and East African geno-
types), T. brucei ssp., T. evansi, T. equiperdum, and T. theileri.
Negative results were obtained using DNA templates from the
hemoprotozoans Babesia bovis, Babesia bigemina, and Anaplasma
sp. (Fig. 6A).

The suitability of TcoCATL-PCR for epidemiological studies was
evaluated using blood samples preserved in ethanol or spotted on
filter paper from cattle (97), goats (28) and water buffalo (6), and
the gut contents of tsetse flies (16), all from Mozambique
(Fig. 6B). The TcoCATL-PCR was able to detect T. congolense in cattle
blood sample that tested negative by microhaematocrit, and in
tsetse samples that exhibited predominantly T. simiae and T. god-
freyi mixed with very low amounts of T. congolense previously
identified using the highly sensitive method of FFLB (Hamilton
et al., 2008; Garcia et al., in preparation). Confirmation of PCR-
amplified DNA bands was performed by sequencing randomly se-
lected DNA fragments, and the results revealed exclusively isolates
of the subgroup Savannah in livestock (Fig. 6C and D).

The sequences from the PCR-amplified DNA fragments (211 bp)
were aligned with the corresponding sequences of congopain cat-
alytic domains determined from the subgroups Savannah, Forest
and Kilifi to evaluate their suitability for T. congolense genotyping.
Small (211 bp) (Fig. 6C) and large (477 bp) (Fig. 3) congopain se-
quences resulted in similar groups corroborating the value of the
TcoCATL-PCR-amplified sequences for T. congolense genotyping.
Short sequences were sufficient for the identification of all sub-
groups by assessing the polymorphic sites (Fig. 6D), and the gene-
alogy pattern (Fig. 6C).

The first epidemiological survey using TcoCATL-PCR followed
by sequence analysis of the selected amplified DNA revealed that
~27.5% of the livestock from Mozambique was infected with T.
congolense Savannah (Fig. 6C). Our in progress study based on FFLB
barcoding (Hamilton et al., 2008) has revealed high prevalence of
both Savannah and Kilifi in tsetse flies from Mozambique (Garcia
et al., in preparation).

4. Discussion

The present study examined the repertoire of CATL-like genes of
isolates from the three subgroups of T. congolense (Savannah, Kilifi
and Forest). This is the most comprehensive comparative study
using protein coding genes from isolates of these three subgroups,
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and it was carried out with the aim of investigating the genetic
repertoire of congopain-encoding genes (catalytic domains), and
to assess the suitability of these sequences for diagnosis, genotyp-
ing, and phylogenetic inferences.

The analysis of CP sequences demonstrated significant variabil-
ity among T. congolense Savannah, Forest and Kilifi subgroups, with
extensive polymorphism within Savannah, moderate polymor-
phism within Forest, and relative homogeneity within Kilifi. From
subgroup Savannah, we evaluated 9 laboratory isolates plus 7 field
samples from cow, buffalo, goat and sheep, and tsetse; the isolates
were collected in sites differing in ecological traits and separated
by large geographical distances. The two Forest isolates were ob-
tained from tsetse and goat from The Gambia and Cameroon,
respectively, while the two Kilifi isolates were from the same farm
at Matuga, Kenya. Therefore, the high diversity of Savannah may
reflect sampling from wider geographic and host ranges, compared
with limited sampling from the other groups. Nevertheless, in con-
trast to isolates from Forest and Kilifi, all Savannah isolates showed
very polymorphic sequences, even when derived from animals liv-
ing in sympatry.

In general, the CP sequences were conserved in regions involved
in both substrate specificity and enzymatic activity regardless of
subgroup affiliation. However, several sequences from isolates of
the subgroup Savannah, mostly from the IL3000 genome, exhibited
a polymorphic S2’ subsite and unusual catalytic triads, corroborat-
ing previous reports of variant triads and the expression of congo-
pain-like enzymes (Kakundi, 2008; Pillay et al., 2010).

The T. congolense IL3000 strain was selected for the genome
project, and has been the subject of many studies regarding drugs
and vaccines. Therefore, it is important to determine whether the
remarkably diverse genetic repertoires of both congopain and con-
gopain-like enzymes found in this strain are common to other

Savannah strains, and to strains of Forest and Kilifi subgroups.
With this aim, using degenerate primers designed specifically for
PCR amplification of variant CPs, Kakundi (2008) obtained se-
quences varying in the catalytic triad, in three other Savannah
strains and in one Forest strain; a single sequence was reported
from each strain. The primers we have employed in this study,
regardless of the polymorphisms at the primer DTO154 annealing
region, allowed for the amplification of highly polymorphic se-
quences from Savannah isolates (Savi-4 and SAVna sequences),
from isolates of the three subgroups of T. congolense, and also of
CATL-like from all trypanosome species examined to date (Cortez
et al., 2009; Garcia et al., 2011a,b; Lima et al., 2012; Ortiz et al.,
2009; Rodrigues et al., 2010). However, we cannot rule out the pos-
sibility that the primers employed for PCR amplification of CATL-
like genes could have hampered the amplification of variant genes.
Therefore, further studies are still necessary for a better appraisal
of the congopain repertoire within T. congolense.

Phylogenetic analysis demonstrates that CP genes have di-
verged in specific subgroups, with a highly heterogeneous genetic
repertoire among and within the isolates of the subgroup Savan-
nah. The positive selection shaping the subgroup-specific and in-
tra-Savannah genetic diversity suggests that CP2-encoding genes
are not subject to highly constrained evolution among subgroups
or within the subgroup Savannah. This process may have pre-
vented extensive homogenisation, allowing for the emergence of
subgroup-specific and highly divergent CP2 and CP2-like genes
within Savannah. Differences in the ability to recombine may ac-
count for the higher diversity within Savannah. Microsatellite anal-
yses suggested high variability, most likely resulting from mating
in Savannah (Morrison et al., 2009), and low genetic variability
and predominant clonal reproduction in Forest (Simo et al.,
2013). Compared with data from T. congolense, there is a limited
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polymorphism in CATL-like genes from T. brucei ssp. and T. evansi
and moderate diversity in T. vivax (Cortez et al., 2009). Interest-
ingly, analysis of Cathepsin B genes from T. congolense IL3000 re-
vealed 13 gene copies with unusual polymorphisms in contrast
to the single-copy gene from other trypanosome species (Men-
doza-Palomares et al., 2008).

The results from this study provided new insights into the
diversity of T. congolense CATL-like enzymes. Differences regarding
the development in tsetse fly of different species and in experi-
mental (livestock and mice) and field-infected animals have been
observed among T. congolense Savannah, Forest and Kilifi isolates,
and also within Savannah isolates (Bengaly et al., 2002a,b; Masu-
mu et al., 2006; Seck et al., 2010; Van den Bossche et al., 2011;
Vitouley et al., 2011; Moti et al., 2012). Evidence from this study
showing that highly virulent (Savannah), moderate (Forest) and
non-virulent (Kilifi) isolates differ in their CP2 gene repertoires de-
serve to be better investigated regarding the association of viru-
lence with distinct enzymes.

Findings from this study demonstrated for the first time that
congopain genes are valuable markers for genotyping and phyloge-
netic inferences in T. congolense Savannah, Forest and Kilifi. In-
ferred phylogenetic trees based on CATL-like genes were similar
to those based on SSU rRNA and gGAPDH genes (Hamilton et al.,
2004) clustering T. congolense together with T. simiae and T. god-
freyi in the clade corresponding to subgenus Nannomonas. The
assemblages comprising all and exclusively sequences from T. con-
golense were formed by three well-supported subclades corre-
sponding to the three known subgroups: Savannah, Forest, and
Kilifi. The best resolved phylogenetic analysis showed that Savan-
nah and Forest isolates were more closely related and distant from
isolates of the subgroup Kilifi, consistent with the results based on
GARP (glutamate- and alanine-rich protein) gene sequences (As-
beck et al., 2000). Sequences of ribosomal RNA genes also sup-
ported a closer relationship between Savannah and Forest (Auty
et al., 2012). We provide additional genetic evidence based on con-
gopain genes corroborating that the three subgroups of T. congo-
lense diverged enough to be separated into phylogenetically
supported species. The genetic distances separating the subgroups
of T. congolense are larger than the divergences between T. simiae
and T. godfreyi. However, the characterization of more samples of
Forest and Kilifi subgroups are required for a better appraisal of
diversity, recombination, and taxonomic status of subgroups with-
in T. congolense throughout sub-Saharan Africa (Gibson, 2007).

We developed a T. congolense-specific PCR assay targeting CATL-
like sequences using crude DNA templates from field-collected
blood samples preserved in ethanol at room temperature and,
hence, amenable to epidemiological studies. The diagnostic PCR as-
say generated the same-sized fragments for the three subgroups of
T. congolense, which can be genotyped by sequencing the small
PCR-amplified fragment. The first method developed for this pur-
pose, based on repetitive DNA, required three independent PCR
reactions, one for each subgroup (Masiga et al., 1992), whereas a
single PCR based on ITS1 rDNA can distinguish Savannah
(700 bp), Forest (710 bp) and Kilifi (620 bp) (Desquesnes et al.,
2001). However, epidemiological studies have required further
sequencing of amplified ITS rDNA to distinguish between Savannah
and Forest, which are often found as mixed infections (Malele et al.,
2011; Auty et al., 2012).

5. Conclusion

We showed for the first time T. congolense Savannah, Forest and
Kilifi specific repertoires of genes encoding congopain enzymes.
The knowledge of genetic repertoires of CP enzymes and, specifi-
cally, of congopain, are valuable for studies about the roles of these

enzymes in pathogenicity and virulence, and in the design of tar-
gets for the development of polyvalent vaccines and enzyme inhib-
itors useful as drugs against infections caused by isolates of the
three subgroups of T. congolense. The method of PCR developed
in this study can be helpful to improve the diagnosis and genotyp-
ing of T. congolense subgroups using crude DNA preparations from
field-samples from livestock, wild reservoirs and tsetse flies.
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Abstract

Background: Proline racemase (PRAC) enzymes of Trypanosoma cruzi (TcPRAC), the agent of Chagas disease, and
Trypanosoma vivax (TvPRAC), the agent of livestock trypanosomosis, have been implicated in the B-cells polyclonal
activation contributing to immunosuppression and the evasion of host defences. The similarity to prokaryotic PRAC
and the absence in Trypanosoma brucei and Trypanosoma congolense have raised many questions about the origin,
evolution, and functions of trypanosome PRAC (TryPRAC) enzymes.

Findings: We identified TryPRAC homologs as single copy genes per haploid genome in 12 of 15 Trypanosoma
species, including T. cruzi and T. cruzi marinkellei, T. dionisii, T. erneyi, T. rangeli, T. conorhini and T. lewisi, all parasites
of mammals. Polymorphisms in TcPRAC genes matched T. cruzi genotypes: Tcl-TclV and Tcbat have unique genes,
while the hybrids TcV and TcVI contain TcPRACA and TcPRACB from parental Tcll and Tclll, respectively. PRAC homologs
were identified in trypanosomes from anurans, snakes, crocodiles, lizards, and birds. Most trypanosomes have intact PRAC
genes. T. rangeli possesses only pseudogenes, maybe in the process of being lost. 7. brucej, T. congolense and their allied
species, except the more distantly related T. vivax, have completely lost PRAC genes.

Conclusions: The genealogy of TryPRAC homologs supports an evolutionary history congruent with the Trypanosoma
phylogeny. This finding, together with the synteny of PRAC loci, the relationships with prokaryotic PRAC inferred by
taxon-rich phylogenetic analysis, and the absence in trypanosomatids of any other genera or in bodonids or euglenids
suggest that a common ancestor of Trypanosoma gained PRAC gene by a single and ancient horizontal gene transfer
(HGT) from a Firmicutes bacterium more closely related to Gemella and other species of Bacilli than to Clostridium as
previously suggested. Our broad phylogenetic study allowed investigation of TryPRAC evolution over long and short
timescales. TryPRAC genes diverged to become species-specific and genotype-specific for T. cruzi and T. rangeli, with
resulting genealogies congruent with those obtained using vertically inherited genes. The inventory of TryPRAC genes
described here is the first step toward the understanding of the roles of PRAC enzymes in trypanosomes differing in life
cycles, virulence, and infection and immune evasion strategies.

Keywords: Proline racemase, Trypanosoma cruzi, Trypanosoma vivax, Trypanosoma rangeli, Horizontal gene transfer,
Gene loss, Kinetoplastid evolution, Phylogeny, Synteny, Genotyping
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Background

The kinetoplastids (Euglenozoa: Kinetoplastea) are com-
posed of bodonids, which include free-living and parasitic
species in aquatic environments, and their descendants, the
obligate parasitic trypanosomatids. These include parasites
of insects and plants as well as Trypanosoma and Leish-
mania, which alternate between invertebrate and vertebrate
hosts, including humans [1-3]. Although the trypanosomes
are parasites of all vertebrate classes, they are highly diver-
gent in their host ranges. Some species have a single verte-
brate host, while others can infect diverse genera and
orders. Most trypanosomes are thought to develop exclu-
sively in the bloodstream, but a few species can also live in
extra-vascular (7. brucei ssp. and T. vivax) and intracellular
(T. cruzi and allied species) compartments. In vectors such
as flies, hemipterans, mosquitoes, fleas or leeches, most try-
panosomes develop in the gut, although some can invade
the haemolymph and multiply and differentiate to infective
forms in the salivary glands of their vectors [1,3-5].

Morphological and functional diversification has given
rise to trypanosomatids differing in life cycles, vertebrate
hosts, and vectors. Parasite adaptations to the variable
host and vector environments have resulted in the devel-
opment of diverse physiological processes and unique
mechanisms to evade the host defences. Characterisation
of molecules essential to metabolism and host interac-
tions is fundamental to the elucidation of the emergence
of pathogenicity and the diverse evolutionary strategies
used by trypanosomes to infect and survive within a
wide range of vertebrates and invertebrates.

Polyclonal lymphocyte-B activation is one of the major
immunological disorders observed during microbial in-
fections and is among the main strategies used by T.
cruzi to evade the host specific immune response, ensur-
ing its survival in vertebrate hosts [6-11]. This process
can be triggered by proline racemase (PRAC) enzymes
released by T. cruzi, which are implicated in the viru-
lence of the parasite and induce indiscriminate activa-
tion of B-cells producing high levels of non-specific
antibodies that contribute to immunosuppression and,
consequently, to parasite immune evasion and persist-
ence in the host. Immunological and biochemical studies
confirmed that both TcPRAC (T. cruzi) and TvPRAC (T.
vivax) exhibited proline racemase activity and B-cell
mitogenicity, inducing polyclonal activation, delayed spe-
cific immune responses to parasite antigens favouring
parasite immune evasion, and concomitant increase of
parasitemias in the early phase of infection [7-12].

Amino-acid racemases are enzymes that catalyse the
interconversion of free L- and D-amino acids. D-amino
acids released by bacteria are key factors for the cell wall
remodelling essential for adaptation to environmental chal-
lenges. Alanine- and glutamate-racemases are necessary for
the synthesis of bacterial cell wall (peptidoglycan), which
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provide protection against proteolysis and host immune de-
fences [13-15]. The enzymatic activity of Proline-racemase
(PRAC) enzymes has been identified in a restricted group
of bacteria, acting as a virulence factor in the highly patho-
genic Clostridium difficile and Pseudomonas aeruginosa
[14-16]. The first PRAC enzyme was isolated from Clos-
tridium sticklandii in 1968 [15]. The first eukaryotic
PRAC was reported in 2000 in 7. cruzi [11]. In 2009, a
PRAC was reported in T. vivax [8]. It is now recognised
that the PRAC-like gene family is widely distributed
throughout prokaryotes but scarce in eukaryotes, which
according to phylogenetic analyses have acquired dis-
tinct bacterial PRAC-like genes by independent hori-
zontal gene transfer (HGT) events. The repertoires and
roles of PRAC-like genes in eukaryotes other than try-
panosomes, including fungi, humans and other animals,
are just beginning to be appreciated [16,17].

The search for PRAC genes in the genome of the T.
cruzi CL Brener strain revealed two genes encoding two
enzyme isoforms essential for viability and differentially
expressed during parasite development: TcPRACA (se-
creted by metacyclic and bloodstream trypomastigotes)
and TcPRACB (intracellular protein of epimastigotes).
The two enzymes share 96% amino-acid identity but dif-
fer in kinetic properties relevant to catalytic activities
[9,10]. Evidence provided by inhibitors of 7cPRAC sup-
port its suitability as a target for chemotherapy against
Chagas disease [18,19]. However, to date neither the
genetic nor the enzymatic diversity of 7cPRAC was in-
vestigated for any other strain of T. cruzi besides CL
Brener. All protein candidates for drug design should
consider the diversity within 7. cruzi [20].

T. cruzi is a complex of genetically diverse isolates dis-
tributed in seven intraspecific subdivisions: the DTUs
(Discrete Typing Units) TcI-TcVI and Tcbat. The hetero-
geneity of T. cruzi isolates has been implicated in differ-
ent clinical forms of the disease. Chagas disease
pathology ranges from subclinical infection to severe
cardiac and digestive syndromes. However, attempts to
associate 7. cruzi genotypes with clinical forms, degrees
and types of host-cell invaded, virulence and metacyclo-
genesis suggested some degrees of association, but in-
volved several factors from hosts and parasites that are
not well understood [21].

As mentioned above, TcPRAC enzymes contribute to
delays in the effective host immune response by non-
specifically activating B-lymphocytes, thus enhancing the
ability of the parasite to avoid immune clearance
[8,9,11]. Treatment of macrophages with recombinant
TcPRAC induces the secretion of a soluble factor that
promotes B-cell proliferation. TcPRAC also activates the
production of a cytokine known to enhance host suscep-
tibility to 7. cruzi, thus enhancing parasite virulence
[22,23]. Over-expression of TcPRAC genes increased the
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differentiation of non-infective epimastigotes into infect-
ive metacyclic trypomastigotes, suggesting that the en-
zyme may regulate intracellular metabolic pathways of
L-proline internalised from the vector gut. The inhib-
ition of TcPRAC significantly reduced the invasion of
cells, and the intracellular differentiation of 7. cruzi
[9,10]. L-proline is one major source of energy for T.
cruzi not only in the vectors but also during host-cell in-
vasion and, in addition, improves parasite protection
against oxidative stress [24,25]. TcPRAC may also par-
ticipate in the addition of D-amino acids to peptides,
generating less immunogenic parasites, and maybe pro-
viding resistance against host proteolytic mechanisms as
described for bacterial cell walls [10,12-14,16,22].

To date, the only trypanosome other than 7. cruzi in
which a PRAC homolog was reported is 7. vivax. Similar
to TcPRAC, TvPRAC displays racemase enzymatic activ-
ity, and induces polyclonal activation (mitogenic activity)
in B-cells [8]. T. vivax evades the host immune system
due to VSG expression, multiplying extracellularly in the
bloodstream, and invading and multiplying in tissue
spaces and the CNS similarly to the T. brucei ssp. agents
of Sleeping Sickness [26,27].

Throughout their evolutionary history, trypanosomes
have relied on various strategies to infect their hosts, ob-
tain energy from sources available in vectors (gut and
haemolymph) and vertebrate hosts (blood, intravascular
and intracellular compartments), evade host defences,
and develop virulence factors that play different roles ac-
cording to the trypanosome species. PRAC enzymes
have been implicated in these processes in T. cruzi and
T. vivax [7-12]. The discovery of PRAC enzymes in T.
cruzi and T. vivax, which are species separated by large
genetic distances, and the absence of homologs in the
genomes of T. brucei and T. congolense, which together
with T. vivax form the clade T. brucei exclusive of African
pathogenic trypanosomes [3,28] and the lack in Leishmania
spp. [8], suggest that PRAC have a complex evolutionary
history in the Trypanosomatidae family.

The acquisition by HGT of a large number of foreign
genes from viruses, bacteria, eukaryotes and even verte-
brate hosts and vectors can change genetic and meta-
bolic repertoires, and has played important roles in the
evolution of trypanosomatids and other protistan para-
sites. HGT has been an important evolutionary force in
the adaptation of trypanosomatids to parasitism and to
specialised niches within hosts, largely contributing to
amino acid and carbohydrate metabolic pathways. In
addition, an increasing number of putative proteins of
unknown function gained from bacterium have been
identified in the T. brucei, T. cruzi and Leishmania spp.
genomes [29-35]. Recent studies have characterised pu-
tative HGT contributing to host infection, cell invasion,
virulence, and pathogenesis of trypanosomatids. It was
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suggested that 7. cruzi acquired genes for the calcium
mobilisation necessary for host-cell invasion via ancient
HGT from Salmonella [36]. The analysis of the phos-
phatidylinositol kinase gene family revealed a novel gene
of T. cruzi, T. brucei, T. congolense, T. vivax, and Leish-
mania spp. that may have been acquired from a virus
through HGT [37].

To achieve a better understanding of the origin, the pos-
sible bacterial donors and the evolution of 7ryPRAC genes,
we searched for 7cPRAC homologs in the genomes of T.
cruzi representing the whole range of intra-specific diversity
(DTUs Tcl-TcVI and Tcbat), other trypanosomes of mam-
mals (T. c. marinkellei, T. dionisii, T. erneyi, T. rangeli, T.
conorhini and T. lewisi), trypanosomes of snakes, croco-
diles, toads, lizards and birds, trypanosomatids of several
other genera, and bodonids and euglenids. Here, we de-
scribe PRAC repertoires of species and genotypes of try-
panosomes, taxon-rich phylogeny of eukaryotic and
prokaryotic PRAC homologs, GC contents, selection
pressures on the evolution of TryPRAC, and genome
synteny analyses. Together, the results allowed us to hy-
pothesise about the origin, and number and timing of
PRAC transference that gave rise to 7ryPRAC genes.

Methods

Trypanosome genomes used for searches of TcPRAC
homologous genes

Searches for TcPRAC homologs were performed by
BLAST against draft and annotated genomes of trypano-
somatids freely available in TriTrypDB, geneDB and
NCBI data banks. Sequences of TcPRAC and TvPRAC
[10] were used as queries; full-length sequences and spe-
cific motifs from PRAC-like gene family were used as
baits for the genome analyses of 7. cruzi CL Brener, Silvio
X10 plus other strains of 7. cruzi (Table 1) sequenced by
the Kinetoplastid Genome Sequencing and Analysis Con-
sortium NIH/NHGRI/NIAID, T. brucei ssp., T. evansi, T.
congolense, T. vivax, T. c. marinkellei, T. grayi, and species
of Leishmania (Table 1). In addition, we examined the
freely available genomes from Crithidia acanthocephali,
Angomonas desouzai, Angomonas deanei, Strigomonas
culicis, Strigomonas oncopelti and Herpetomonas mus-
carum, all generated in our laboratories, plus genomes
from Phytomonas sp., Crithidia fasciculata and Endotrypa-
num schaudinni (Table 1).

We also searched for PRAC genes in genomes that
have been generated in our laboratories for a large num-
ber of euglenozoans within the ATOL (Assembling the
Tree of Life, NSF-USA) and TCC-USP (Brazil) projects
aiming highly comprehensive phylogenomic inferences.
The following ongoing genomes were analyzed: 7. cruzi
(G and Tcbat), T. cruzi marinkellei (TCC344), T. dionisii
(TCC211), T. erneyi (TCC1946), T. rangeli (AMS80), T.
lewisi (TCC34), T. conorhini (TCCO25E), T. serpentis
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Table 1 Trypanosomes, other trypanosomatids and free living kinetoplastids and euglenids examined in this study,
and respective sequences of TcPRAC homologous genes

Species isolate (genotype)

Host species

Data bank assessed

TryPRACAccess number

Genome/GenBank

Trypanosomes

Trypanosoma cruzi

Sylvio X106 (Tcl) Homo sapiens TritrypDB & TCSYLVIO_010607
JR cl4 (Tcl) Homo sapiens Genome draft (WU) & KP001304

G (Tcl) Didelphis marsupialis Genome draft (ATOL) # KP001302
Esmeraldo (Tcll) Homo sapiens Genome draft (WU) & KP001301

M6241 cl6 (Tclll) Homo sapiens Genome draft (WU) & KP001305

Can Il (TclV) Homo sapiens Genome draft (WU) & KP001298
CLBrener —Esm (TcVI) Triatoma infestans TritrypDB & TcCLB.506795.80
CLBrener-Non-Esm (TcVI) Triatoma infestans TritrypDB & TcCLB.509935.29
Tula cl2 (TeVl) Homo sapiens Genome draft (WU) & KP001312

1994 (Tcbat) Myotis levis (bat) Genome draft (USP) KP001313
Trypanosoma cruzi marinkellei B7 Phyllostomus discolor (bat) TritrypDB & Tc_MARK_8728
TCC344 Carollia perspicillata (bat) Genome draft (ATOL) # KP001314
Trypanosoma dionisii TCC211 Eptesicus brasiliensis (bat) Genome draft (ATOL) # KP001263
Trypanosoma erneyi TCC1946 Mops condylurus (bat) Genome draft (ATOL) # KPO0O1315
Trypanosoma rangeli AM80 Homo sapiens Genome draft (ATOL) # KP001264
Trypanosoma conorhini TCC025 Rattus rattus Genome draft (ATOL) # KP001316
Trypanosoma lewisi TCCO34 Rattus rattus Genome draft (ATOL) # KP001317

Trypanosoma vivax Y486 Bos taurus TritrypDB & TvY486_0703770
Trypanosoma b. brucei TREU927 Glossina pallidipes TritrypDB &

Trypanosoma b. gambiense DAL972 Homo sapiens TritrypDB &

Trypanosoma congolense L3000 Bos sp. TritrypDB &

Trypanosoma serpentis TCC1052 Pseudoboa nigra (snake) Genome draft (USP) # KP001318
Trypanosoma grayi ANR4 Glossina palpalis TritrypDB & Tgr.146.1080
Trypanosoma sp. TCC339 Rhinella marina (toad) Genome draft (USP) # KP001319
Trypanosoma sp. TCC1825 Ramphocelus nigrogularis (bird) Genome draft (USP) # KP001320
Trypanosoma sp. TCC878 Mabuya frenata (lyzard) Genome draft (USP) # KP001321

Other Trypanosomatids
Crithidia fasciculata
Crithidia acanthocephali
Leptomonas costaricensis
Leishmania major Friedlin
Leishmania tarentolae

Endotrypanum schaudinni

Anopheles quadrimaculatus
Acanthocephala femorata (fly)
Ricolla simillima (Hemiptera)
Homo sapiens

Tarentola mauritanica (lyzard)

Choloepus hoffmani (sloth)

TritrypDB &

(ATOL) & GenBank AUXI01000000
(ATOL) #

TritrypDB &

TritrypDB &

Genome draft (ATOL) #

ATOL) & GenBank AUXL01000000
ATOL) & GenBank AUXM01000000

Angomonas desouzai ( )
( )

Aedes vexans (ATOL) & GenBank AUXHO01000000
( )
( )

Ornidia obesa (fly)
Angomonas deanei Zelus leucogrammus (Hemiptera)
Strigomonas culicis
ATOL) & GenBank AUXK01000000
ATOL) & GenBank AUXJ01000000

Genome draft (ATOL) #

Strigomonas oncopelti Oncopeltus sp. (Hemiptera)

Herpetomonas muscarum Musca domestica

Phytomonas sp. Jatropha macrantha (plant)
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Table 1 Trypanosomes, other trypanosomatids and free living kinetoplastids and euglenids examined in this study,
and respective sequences of TcPRAC homologous genes (Continued)

Free living euglenozoans

Bodo sp. ATCC 50149

Parabodo caudatus ATCC 30905
Discoplastis spatirhyncha SAG1224.42
Eutreptia viridis SAG 1226-1c

Genome draft (ATOL)
Genome draft (ATOL)
Genome draft (ATOL)

( )

#
#
#
Genome draft (ATOL) #

TCC: Trypanosomatid Culture Collection of the University of Sdo Paulo, SP, Brazil.
TritrypDB (http://tritrypdb.org).

WU: Washington University (USA) - Kinetoplastid Genome Sequencing and Analysis Consortium (NIH/NHGRI/NIAID).

ATOL: Assembling the Tree of Life (NSF-USA);
USP: Department of Parasitology, University of Sdo Paulo, USP.

& publicly available genomes; # access to these ongoing genomes can be obtained by contacting the corresponding author.

(TCC1052), Trypanosoma sp. of toad (TCC339), Trypa-
nosoma sp. of lizard (TCC878) and Trypanosoma sp. of
bird (TCC1825). PRAC genes were also searched in draft
genomes of bodonids (Bodo sp. and Parabodo caudatus),
and euglenids (Euglena gracilis, Eutrepia viridis, Disco-
plastis spathirhyncha) (Table 1). The trypanosomatids
employed for genome sequencing are cryopreserved at
Trypanosomatid Culture Collection of the University of
Sao Paulo (TCC-USP). PRAC sequences retrieved from
the genomes were all deposited in GenBank (Table 1).

The draft genomes generated in our laboratories were se-
quenced using standard pyrosequencing shotgun method-
ology according to Roche 454 protocols and assembled by
Roche’s Newbler software (version 2.3) as previously de-
scribed [32,33]. The ongoing genomes from trypanosomes of
toad, snake, lizard and bird were obtained using the MiSeq
Ilumina plataform (mate-pair reads), and assembled using
Newbler (version 2.9) as described [32]. Access to the un-
published draft and ongoing genomes analyzed in this paper
can be obtained by contacting the corresponding author.

Essential motifs and residues, alignments, and
phylogenetic analyses of PRAC sequences

Predicted amino-acid sequences from PRAC genes identi-
fied in the trypanosome genomes were evaluated regarding
motifs essential for racemase activity to identify putative
PRAC homologous enzymes, thus ensuring the selection of
genes encoding racemases, and excluding closely related
PRAC-like genes such as those coding for epimerases. Pre-
vious studies on 7. cruzi PRAC enzymes and bacterial
PRACs demonstrated that catalytic cysteines (Cys130 and
Cys300), active site (SPCGT) and essential motifs (MCGH
and MIII) are not sufficiently stringent to discriminate be-
tween PRAC-like enzymes such as hydroxyproline-2 epim-
erase (HyPRE) and racemase. Therefore, the residues R1,
R2, and R3, which are involved in substrate specificity,
were used to distinguish between PRAC from HyPRE en-
zymes in silico [7,8,10,16]. These features were examined
to select the genes encoding putative homologous PRAC
enzymes in trypanosome genomes.

Amino-acid and nucleotide sequences of whole
TcPRAC-homologous genes (~1062 bp) from the various
trypanosome species were obtained from genome data
banks, aligned using Clustal X v2.0 and manually adjusted.
In addition, partial (~1015 bp) PRAC nucleotide sequences
obtained by PCR-sequencing were used for polymorphism
analysis within 7. cruzi by comparing sequences from Tcl-
TcVI and Tcbat isolates. An alignment was created with
partial PRAC amino acid sequences from T. rangeli isolates
of lineages A-E and T. conorhini as outgroup.

Maximum-likelihood (ML) and maximum-parsimony
(MP) analyses were performed respectively with RAxML
v7.2.8 and PAUP*v4b10 based on nucleotide and amino
acid alignments. The MP tree search and bootstrap analysis
were done using 500 replicates of random addition se-
quence swapped using TBR. The ML analysis employed
GTRGAMMAI with 500 maximum parsimony starting
trees. Model parameters of ML analysis were estimated
over the tree search and bootstrap support was estimated
with 1000 replicates in RAXML using maximum parsimony
as starting trees and optimized in the best tree as previously
described [38-43].

To compare the highly conserved TcPRAC genes from
all DTUs, a network genealogy was inferred using nucleo-
tide sequences and the neighbor-net method with Kimura’s
2-parameter model implemented in SplitsTree4 V4.10 as
described previously [28,44]. Internode support was esti-
mated by performing 100 bootstrap replicates using the
same parameters optimized for network inferences.

PCR amplification and sequencing of PRAC gene
sequences from T. cruzi and T. rangeli isolates

PCR amplification of partial 7cPRAC sequences (~1015 bp
comprising all essential motifs and residues of 7cPRAC en-
zyme) from large number of isolates from 7. cruzi and T.
rangeli (Additional file 1) was conducted as previously de-
scribed [8] using the primers PRAC1 (5-CTTCCCATGG
GGCAGGAAAAGCTTCTG-3) and PRAC2 (5-CTGA
GCTCGACCAGATCTATCTGC-3). The PCR-amplified
products were cloned, and 3-5 clones from each isolate
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were sequenced, whereas ~10 clones were sequenced from
each of the hybrid isolates. The PRAC sequences represent-
ing the genetic diversity within 7. cruzi and T. rangeli were
deposited in GenBank and the access numbers are listed in
Additional file 2.

Phylogenetic analysis based on gGAPDH gene sequences
Phylogenetic tree of Euglenozoa species based on
gGAPDH gene sequences was inferred by ML and MP
as described above for PRAC genes. The alignment cre-
ated for this analysis was done using for guidance a
comprehensive alignment of kinetoplastid gGAPDH
genes [3] and included sequences from 32 trypanosome
species, non-trypanosome trypanosomatids of seven
genera, and five bodonids and euglenids as outgroups.
Bootstrap support was estimated with 100 pseudorepli-
cates in RAXML using GTRGAMMA. The Genbank
access numbers of all gGAPDH genes included in the
phylogenetic trees are listed in Additional file 1.

Trypanosomes lacking PRAC genes as determined by
genome search and/or PCR amplification

The absence of PRAC genes in the genomes of 7. brucei
ssp. and T. evansi was confirmed by negative results in
PCR tests of additional isolates of each species. Besides
the lack of PRAC homologs in the genome of T. congo-
lense 1L3000 (subgroup Savannah), results were also
negative for all other members of Nannomonas tested:
T. congolense Cam22 (Forest), WG5 (Kilifi) and
TREU1475 (Savannah), T. simiae and T. godfreyi [28].
DNA samples from these trypanosomes were kindly pro-
vided by Wendy Gibson, Bristol University, UK.

Horizontal-gene-transfer analysis

The horizontal-gene-transfer (HGT) analysis includes a
comprehensive dataset of 2,530 PRAC-like protein
sequences from prokaryotes and eukaryotes in the non
redundant (NR) database. A BLASTp search was per-
formed with a maximum-expected-value threshold of
le-20, using the TcPRACA and TcPRACB sequences as
queries. The retrieved sequences were checked for
PRAC-like domains using the Batch search tool in the
Conserved Domain Database (http://www.ncbi.nlm.nih.gov/
Structure/bwrpsb/bwrpsb.cgi). Multiple-sequence alignment
was performed using MUSCLE v3.8, and edited using
Gblocks v0.91b [45] to eliminate poorly aligned posi-
tions. The final phylogenetic tree was obtained by ML
analysis with 2,530 sequences under the WAG substitu-
tion model with gamma-distributed heterogeneity rate
categories, and estimated empirical residue frequencies
(model PROTGAMMAWAG) as implemented in
RAxMLv7.2.8. One hundred different best tree searches
were performed, and the tree with best likelihood found
was kept. RAXML rapid bootstrap was performed with
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100 pseudoreplicates. The tree was also visualized using
Dendroscope v3.2.4 [46] with further cosmetic adjust-
ments done using the Inkscape vector image editor
(http://inkscape.org). To better resolve and visualize
the putative HGT donor lineages, a ML analysis was
performed using a subset of 303 PRAC-like sequences
from NR database and 39 TryPRAC aligned with the
nearest neighbor taxons identified in the analysis using
2,530 sequences. The tree search and bootstrap were
conducted using the same parameters for both datasets.

Genomic organization, GC content and codon pressure
analyses of trypanosome PRAC genes

The comparison of PRAC genomic organization in the
analyzed genomes was performed with the bl2seq
BLASTX algorithm using the flanking downstream and
upstream regions (~10,000 bp) previously reported for
T. cruzi and T. vivax [8,9] in all trypanosome genomes
investigated in this study. Codon-selection analysis was
performed using the HyPhy v2.2 package [47] with a
threshold p-value <0.05. The GC content comparison
between TryPRAC homologs and both flanking genes
and whole genomes were conducted using the mfsizes v.
1.8.3 software (http://sourceforge.net/projects/mfsizes/).

Results and discussion

Analysis of kinetoplastid and euglenid genomes shows
TcPRAC homologs exclusively in Trypanosoma

We searched for TcPRAC homologs in the genomes of
trypanosomatids, bodonids and euglenids using 7cPRACA
and TcPRACB sequences as queries. Homologs were iden-
tified in T. cruzi, T. c. marinkellei, T. dionisii, T. erneyi, T.
rangeli, T. conorhini and T. lewisi. In addition to these
mammalian parasites, 7cPRAC homologs were found in
trypanosomes from snake (7. serpentis) [42], crocodile
[43,48], lizard (TCC878), bird (TCC1825) and toad
(TCC339) [41] (Table 1, Figure 1). All these species exhibit
a single copy of a TryPRAC homolog per haploid genome,
and no other PRAC-like gene was identified in the kineto-
plastid genomes.

Previous studies reported the absence of PRAC homo-
logs in the genomes of T. b. brucei and T. b. gambiense,
while only a remnant of a PRAC gene was suggested for
T. congolense [8-10]. Thus, it was not surprising that 7.
evansi, which is highly closely related to T. brucei ssp.
and T. equiperdum, all forming the subgenus Trypano-
zoon, also lacked PRAC. In addition, attempts to detect
even small fragments of PRAC genes by PCR amplifica-
tion failed for all investigated species of the subgenus
Nannomonas: T. congolense of subgroups Forest, Kilifi and
Savannah, T. simiae and T. godfreyi. We were also unable
to detect any PRAC fragment in the recently assembled
genome of T. congolense (Savannah). In the phylogenetic
trees, the species of Trypanozoon and Nannomonas formed
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Figure 1 Alignment of predicted amino acid sequences of proline racemase (PRAC) homologous genes from T. cruzi (DTUs Tcl-TcVI and Tcbat),

T. cruzi marinkellei (T. ¢. m), T. erneyi, T. dionisii, T. rangeli, T. conorhini, T. lewisi, TvPRAC - T. vivax, T. serpentis, T. grayi, T. sp. from toad (TCC339), T. sp.
from lizard (TCC878), and T. sp. from bird (TCC1825) and PRAC from Gemella haemolysans and Clostridium difficile (CsSPRAC). Essential motifs (MCGH
and MIll) are in green, and the active site (SPCGT) in red. R1, R2 and R3 are residues involved in substrate specificity. Cys91 and Cys267 are the
catalytic cysteines. Blue numbers indicate differences between TcPRACA and TcPRACB, and red numbers indicate substitutions found in newly
identified TryPRAC homologs. Black stars indicate negatively selected amino acid residues.

a monophyletic assemblage within the main 7. brucei clade
in which 7. vivax has a basal position [3].

Examination of non-trypanosome Trypanosomatidae
species revealed that PRAC genes, and even other genes
of the PRAC-like family, are absent not only from the L.
major genome as previously reported [8-10,31], but also
from other Leishmania species. Moreover, the genomes
of monoxenous parasites of insects of the genera Crithidia,
Leptomonas, Angomonas, Strigomonas and Herpetomonas
and the plant parasites of the genus Phytomonas all lacked
PRAC. Regarding other kinetoplastids, our searches did not
reveal any putative PRAC-like genes in Bodo sp. and Para-
bodo caudatus. In addition, we did not identify PRAC-like
genes in the genomes of the basal species within Eugleno-
zoa: Euglena gracilis, Eutrepia viridis and Discoplastis
spathirhyncha (Figure 2B).

In conclusion, PRAC homologs are widespread in try-
panosomes but absent from the genomes of non-
trypanosome trypanosomatids of all genera investigated,
and in the bodonids and euglenids to date examined.
PRAC homologs were identified in species of the main
clades of the Trypanosoma phylogenetic tree, including
the basal Aquatic clade [3,41], but in the T. brucei clade
only T. vivax carries a homologous PRAC gene. Results
strongly suggest that a prokaryotic PRAC was intro-
duced at the root of Trypanosoma and fixed in the gen-
ome of a common trypanosome ancestor.

Molecular characterisation of new putative PRAC-like
enzymes of trypanosomes
The catalytic mechanism of TcPRAC is essentially identical
to that of the prokaryotic PRAC enzymes. The activity of
PRAC enzymes depends mainly on two cysteine residues
that transfer protons to the chiral carbon (C%) of L-proline/
D-proline enantiomers, resulting in the stereoinversion of
its configuration [7,10,16]. PRAC-like genes include diverse
racemase-like genes that exhibit strong sequence similarity
to proline racemases. A few eukaryotic PRAC-like enzymes
have all the residues critical for racemase activity. Most of
these enzymes function as proline epimerases, which are
common in prokaryotes or as proline dehydratases as re-
ported in humans [16,17].

Alignment of 7ryPRAC homologs from 13 trypano-
some species, using TcPRACs and prokaryotic PRAC

sequences for guidance, revealed the two cysteine resi-
dues, the active site SPCGT, and the MCGH motif in all
sequences. Only the MIII motif had relevant polymorph-
ism. At the residues RI, R2, and R3, which are involved
in substrate specificity, all 7ryPRAC homologs have a
conserved R1 but a variable R2 and R3. All species of
the subgenus Schizotrypanum (T. cruzi, T. c. marinkellei,
T. dionisii and T. erneyi) share identical motifs, and
highly conserved essential residues. Within this clade,
only T. erneyi showed one non-synonymous substitution
at R3. In contrast, more distantly related trypanosomes
showed synonymous and non-synonymous substitutions
at R2 (T. rangeli, T. conorhini, T. sp. from toad and T.
sp. from lizard) and R3 (7. conorhini, T. serpentis, T.
grayi and T. sp. from toad) (Figure 1). The implications
of these substitutions in substrate specificity merit fur-
ther investigation.

All putative TryPRAC sequences lacked a signal pep-
tide, suggesting that the encoded enzymes are intracellu-
lar, and can be released through the flagellar pocket and/
or parasite death [8,10,18]. Despite highly conserved
catalytic domains, we identified at least one novel PRAC
homolog for each species of trypanosome. In silico ana-
lysis suggested that most trypanosomes can express
PRAC proteins with racemase activities (Figure 1). Hom-
ologous PRAC of T. vivax differed in several residues
when compared to those from 7. cruzi. Although the
PRAC genes from trypanosomes of non-mammalian
hosts such as snakes (7. serpentis), crocodiles (1. grayi),
toads, lizards and birds differed in several residues when
compared to homologs of Schizotrypanum species, all
sequences could be aligned with confidence with both
TcPRAC and prokaryotic PRAC genes (Figure 1).

Phylogenetic relationships of PRAC homologs from 13
trypanosome species agree with the currently recognised
phylogeny of Trypanosoma

T. cruzi is highly closely related to all other species of
the subgenus Schizotrypanum (T. c. marinkellei, T. dio-
nisii and T. erneyi), which are all called T. cruzi-like be-
cause they share morphology of blood and culture
forms, although they differ in hosts, vectors and patho-
genicity. Development as amastigotes and differentiation
into trypomastigotes within mammalian cells in vitro is
a unique feature of Schizotrypanum, whereas in vivo, only
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Figure 2 Congruent phylogenies of trypanosome species inferred using sequences from PRAC (A) and gGAPDH (B) genes. Maximum likelihood
phylogenetic trees were inferred using entire TryPRAC nucleotide sequences from 13 trypanosome species (—Ln = 8403.576084), and gGAPDH sequences
from 32 trypanosome species, non-trypanosome trypanosomatids of seven genera, and bodonids and euglenids as outgroups (—Ln = 13563.555163).
Numbers on branches represent bootstrap support (>50) estimated with 100 pseudoreplicates in RAXML using GTRGAMMA. The arrow on the PRAC
genealogy (A) indicates pseudogenes found in 7. rangeli. The arrows on the gGAPDH tree (B) indicate the places hypothesised for the horizontal
transference of bacterial PRAC gene to a common ancestor of Trypanosoma, and the gene loss in a common ancestor of T. brucei ssp. and T. congolense.
Genbank accession numbers of PRAC and gGAPDH gene sequences are respectively showed in Table 1 and Additional file 1.

T. cruzi infects mammals other than bats. Nevertheless, as
in T. cruzi infection, nests of amastigotes in cardiac cells
can be found in bats infected with T. cruzi-like species. T.
cruzi is transmitted by triatomines, while cimicids are vec-
tors of T. dionisii. These trypanosomes share development
restricted to the vector guts [5,38-40,44].

For phylogenetic inferences within Schizotrypanum,
we compared isolates of all species mentioned above.
According to strongly supported branching patterns on
both PRAC (Figure 2A) and gGAPDH (Figure 2B)
phylogenetic trees, all species clustered tightly, forming
a monophyletic assemblage of trypanosomes. The rela-
tionships among the Schizotrypanum species and the

DTUs of T. cruzi were inferred using entire PRAC
amino acid sequences. Results corroborated the cluster-
ing of sequences according to species (Additional file 3).
In agreement with previous analysis of several other
genes [49] such as gGAPDH and cathepsin L-like genes,
TryPRAC genealogy and nucleotide sequence diver-
gences confirmed T. c. marinkellei as the closest relative
of T. cruzi (~7.5 of TryPRAC sequence divergence be-
tween the two species). This species was followed by T.
erneyi from African bats (~14%) and T. dionisii (14.5%)
from Old World bats. Large genetic distances separated
T. cruzi and T. rangeli (~30% PRAC sequence diver-
gence), and T. cruzi and T. vivax (~38%) PRAC
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sequences. Compared to divergence among 7TryPRAC
sequences, the species of the subgenus Schizotrypanum
were separated by much smaller gGAPDH sequence di-
vergences (~8.0% between T. cruzi and T. dionisii),
whereas ~15% and ~17.5% of gGAPDH sequence diver-
gence separated 7. cruzi from T. rangeli and T. vivax,
respectively. Divergences of gGAPDH and the more
conserved SSU rRNA genes, which are the traditional
genes employed for phylogenetic inferences of the Try-
panosomatidae, were previously reported for the tryp-
anosome species included in PRAC phylogeny [5,39,40].

In the bat-seeding hypothesis for the origin of the T.
cruzi clade [39], a scenario has been proposed in which
ancestral trypanosomes of bats evolved exclusively in
Chiroptera, giving rise to the bat-restricted species
[38-40], or evolved through multiple independent host
jumps, giving rise to species infecting other mammals
(such as rats, civets and monkeys) in the Old World,
and to the generalists 7. cruzi and T. rangeli, which are
species infective to bats plus a broad range of other
mammals, including human and non-human primates in
the New World [3,5,38-40,50-53]. Also in agreement
with previous studies, in the PRAC genealogy 7. rangeli
and 7. conorhini formed the sister group of Schizotrypa-
num, together constituting the clade 7. cruzi that also
harbours other trypanosomes, mostly from bats [39,40].
T. lewisi, the basal species of the clade T. cruzi, is a non-
pathogenic and cosmopolitan trypanosome of domestic
rats transmitted by fleas, which can opportunistically
infect immune-compromised human and non-human
primates [54] (Figures 2A, 2B).

The toad and lizard trypanosomes included in PRAC
genealogy represented the basal branches of the Trypa-
nosoma gGAPDH phylogenetic trees showing PRAC
genes highly divergent from T¢cPRAC (Figure 2A). Previ-
ous [3,41-43,48] and herein inferred phylogenies based
on gGAPDH genes (Figure 2B) demonstrated that
anuran trypanosomes nested into the so-called “Aquatic
clade”, which also includes trypanosomes transmitted by
aquatic leeches of fishes, turtles and platypus, besides a
lizard trypanosome of unknown vector. The aquatic
clade was strongly supported as the most basal of Trypa-
nosoma [3]. Also concordant with previous phylogenies,
PRAC genes of trypanosomes from snakes, birds and
crocodiles, which are transmitted by insects, all clustered
into the “terrestrial” clade that also includes PRAC se-
quences from all trypanosomes of mammals (Figure 2A)
in agreement with previous SSU rRNA and gGAPDH
phylogenies [3,41-43,48].

Repertoires and phylogenetic relationships among T. cruzi
PRAC homologs of all DTUs and Tcbat

Comparison of whole TryPRAC amino acid sequences
revealed relevant polymorphisms (~3.0% sequence
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divergence) within 7. cruzi. Aiming an intra-specific
analysis of TcPRACs, we compared entire amino acid
sequences from 7. cruzi Sylvio X10.6, JRcl4 and G
(TcI), Esmeraldo clI3 (Tcll), M6241cl6 (TcIIl), CANIII
(TcIV), CL Brener (TcVI), Tula (TcVI), and Tcbat. Un-
like all other isolates, which carried a single PRAC
gene, T. cruzi CL Brener exhibited TcPRACA and
TcPRACB [10], found in this work in the Esmeraldo-
like and non-Esmeraldo-like haplotypes, respectively.

We evaluated all signatures defined for TcPRAC activ-
ity, and polymorphisms used to differentiate between
TcPRACA and TcPRACB. A leucine at position seven
(typical of TcPRACB) was found in Tcl, Tclll, TcIV and
Tcbat. The phenylalanine at this position that had been
reported to be specific to TcPRACA was found in Y and
TCC1508 (Tcll), but not in Esmeraldo (TcIl). TcPRACs
from all DTUs have isoleucine at position 79 (like
TcPRACB), while methionine at this position in 7cPRACA
was exclusive to CL Brener. Like TcPRACA, Tcll and TcIV
had valine at positions 108 and 167 and asparagine at pos-
ition 250. At these positions, Tcl, TcIIl and Tcbat had leu-
cine, isoleucine and lysine, respectively, like 7cPRACB. Like
the hybrid CL Brener (TcVI), both 7cPRACA and
TcPRACB were identified in the hybrid NRCL3 (TcV). New
polymorphic residues evidenced novel TcPRAC homologs
defining TcI-TcIV-specific profiles while TcV and TcVI can
be identified by the presence of both TcPRACA and
TcPRACB. Polymorphic amino acids defining each T. cruzi
DTU are showed in Additional file 3.

Due to the high sequence conservation throughout the
TePRAC genes from T. cruzi of some DTUs, phylogenetic
analyses based on amino acid sequences were unable to
clearly resolve the closely related DTUs (Additional file 3
shows the network of 7cPRAC amino acid sequences). To
assess the relationships within 7. cruzi using the conserved
TePRAC genes (63 polymorphic sites), we constructed a
network using partial nucleotide sequences obtained by
PCR-sequencing from 68 isolates previously genotyped
[21,44,49]. The network clearly evidenced subclades corre-
sponding to each Tcl, Tcbat, Tcll, Tclll, and TcIV DTUs.
Sequences from TcV and TcVI clustered with Tcll or Tclll,
in agreement with their hybrid origin, forming a reticulate
pattern in the network. The network confirmed TcI closest
to Tcbat and TcIl more related to TcIV and, in addition,
corroborated the heterogeneity intra-DTUs Tcl, Tclll, and
TclV (Figure 3).

Most previous phylogenetic analyses within 7. cruzi
lacked isolates of all DTUs (especially TcIV and Tcbat)
and/or T. cruzi-like outgroups and, then, were insuffi-
cient to resolve intra-7. cruzi phylogenetic relationships.
Here, TcPRAC genealogy using 7. cruzi-like species
agreed with the relationships among the DTUs (includ-
ing Tcbat) previously inferred using cruzipain, SSU
rRNA, and cytochrome b sequences [44,49]. Diverse
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Figure 3 Network genealogy of partial PRAC nucleotide sequences from T. cruzi isolates showing the clustering of sequences according to DTUs,
and sequences from the hybrids TcV and TcV positioned within both Tcll and Tclll clades. The network branching pattern indicated high
homogeneity of PRAC genes from isolates of Tcbat, Tcll and Tclll contrasting with the large heterogeneity in Tcl and TclV isolates. Each colour
represents one DTU, and the size of the circles indicates the number of isolates in the network. Genbank accession numbers of TcPRAC genes are
listed in Additional file 2, and the DTU-specific profiles of polymorphic sites is showed in Additional file 3.

genes have been employed as markers for 7. cruzi geno-
typing [21]. We demonstrated that polymorphisms of
TcPRAC sequences allow the genotyping of all DTUs in-
cluding hybrid genotypes, and are also valuable to infer
inter-DTU relationships. To our knowledge, TcPRAC is
the first horizontally transferred gene (non-mitochon-
drial) characterized with these purposes.

Taking into account that 7cPRAC-A and TcPRAC-B
participate in T. cruzi development in vertebrates and
vectors and have been incriminated as host defence
factors [9-12,19,22,55], it is tempting to speculate
whether DTU-specific TcPRAC enzymes can contrib-
ute to differential degrees of metacyclogenesis, parasi-
temias and virulence. T. cruzi of different DTUs
interacts differently with the host, induces distinct im-
mune responses and infections ranging from highly le-
thal to virtually asymptomatic, contributing to variable
clinical forms of Chagas disease. Strains of TcI, the
most widespread DTU in Latin American sylvatic cy-
cles, exhibit high levels of metacyclogenesis. Tcl is re-
sponsible for human outbreaks of oral infection and
severe cardiomyopathies in Central America and Northern

South America. Isolates of Tcl are highly diverse genetically
and in terms of virulence to mice. Although some isolates
induced very low parasitemia and no mortality, it was
suggested that Col strain (Tcl) can evade the host im-
mune response remaining unnoticed by mononuclear
cells allowing rapid multiplication during acute infec-
tion [21,50-53,56-60]. Future studies are required to
evaluate the roles played by Tcl-specific 7cPRAC in low
and highly virulent strains. TcIl (PRAC-A), TcV and TcVI
(PRAC-A and PRAC-B) are virulent to mice, induce high
parasitemias and mortality, and have been associated with
both cardiac and digestive forms in humans in Southern
Cone countries [21,61]. Tclll strains (PRAC-B), found in
Brazil and neighbouring countries, can induce important
parasitemia and pathology in mice [57,62]. TcIV (unique
TePRAC) is sylvatic, orally infects humans in Brazil and
Venezuela, and induces low or moderate parasitemia and
mortality in mice [21,53,60]. Tcbat, found in South and
Central American bats and, apparently, able to infect
humans [63], is not virulent to mice inducing extremely
low parasitemias and no mortality, and is unable to develop
in the commonest triatomine vectors of TcI-TcVI [50].
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Trypanosoma rangeli pseudogenes diverged to be
lineage-specific and more closely related to T. conorhini
than to T. cruzi homologous PRAC

T. rangeli is a non-pathogenic parasite of humans and
domestic and wild animals in Central and South America.
This species is thought to be restricted to the bloodstream
and survives host defences for months or years by un-
known mechanisms. T. cruzi and T. rangeli are the only
agents of human trypanosomosis in the Americas, sharing
mammalian hosts and vectors in overlapping areas. T.
rangeli overcomes the defences of the vector (Rhodnius
spp.), multiplying in the gut and invading the haemo-
lymph, where the parasites multiply outside and inside of
haemocytes before reaching the salivary glands where
metacyclogenesis takes place. This species differs from T.
cruzi, which develops exclusively in the triatomine gut,
and from T. brucei, which reaches the salivary glands of
the vector (tsetse flies) from the proboscid [4,64,65].

Closer phylogenetic relationships of T. rangeli to T.
cruzi than to T. brucei were strongly supported by com-
prehensive phylogenetic analysis based on diverse genes
[3,5,38-40]. In addition, phylogenies based on PRAC
(Figure 2A), gGAPDH (Figure 2B) and SSU rRNA genes
have supporting 7. rangeli more closely related to T.
conorhini than to T. cruzi [3,38,40]. T. conorhini is a tro-
picopolitan species common in rats and transmitted by
the also tropicopolitan Triatoma rubrofasciata [66,67].
This species shares features with both T. cruzi (develop-
ment restricted to the gut of its triatomine vector) and
T. rangeli (lack of both intracellular stages and patho-
genicity to vertebrates). We are currently comparing the
genomes of 1. conorhini, T. rangeli and T. cruzi to better
understand their relationships.

In contrast to predicted PRAC proteins in most try-
panosomes including T. conorhini, which are compatible
with the expression of racemases, all T. rangeli PRAC
sequences were found disrupted by internal stop codons
resulting in pseudogenes. This finding was confirmed in
the PRAC found in the genome of 7. rangeli AM8O0
(human isolate of basal lineage TrB from the Amazon
region) and sequences from several isolates of all line-
ages determined by PCR-sequencing. Additional file 4
shows the alignment of 7. rangeli PRAC pseudogenes.

We compared 7. rangeli PRAC pseudogenes from 17
isolates of lineages TrA-TrE, all previously genotyped
using other markers [49,50]. Previous phylogeographical
studies suggest evolution within 7. rangeli shaped by the
coexistence of parasites with sympatric species of Rhod-
nius [4,51,52,64,65]. In this and previous studies based
on SL, SSU rRNA, ITS rDNA, gGAPDH, and CATL se-
quences, TrB was always placed as the basal lineage of
T. rangeli, whereas the relationships among the closely
related TrA, C, D and E were far from resolved (Figure 4).
In addition, an increasing genetic diversity within 7. rangeli
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Figure 4 Phylogenetic inferences (MP) based on PRAC pseudogenes
from 17 T. rangeli isolates using T. conorhini as outgroup. The
branching pattern showing clades corresponding to the
phylogenetic lineages TrA-TrE indicates a close phylogenetic rela-
tionship among the lineages TrA, C, D, E with TrB from Amazonia as
the basal lineage of T. rangeli. Genbank accession numbers of PRAC
genes included in this analysis are in

Additional file 2. The alignment of T. rangeli pseudogenes is showed
in Additional file 4.

has recently been revealed [51,52,63,64]. Phylogenetic
studies of all lineages using multilocus approaches are
essential to better resolve the complex relationships
among the lineages and to hypothesise about the evo-
lutionary history of T. rangeli.

Phylogeny and pattern of presence/absence of PRAC
homologs support a single HGT from a bacterium to an
ancestor of Trypanosoma

The identification of bacterial PRAC homologs in T.
cruzi and T. vivax and their absence from 7. brucei and
T. congolense [7-11] suggested a complex evolution of
PRAC genes in trypanosomes. Here, a broad taxon sam-
pling comprising 15 trypanosome species, trypanosoma-
tids of 9 additional genera and five free-living ancestors
of bodonids and euglenids provides relevant insights into
this process at long and short timescales. The relative
timing of the HGT event was investigated by searching
the presence/absence of PRAC-like genes in the in-
creased and broad taxon sampling. No PRAC-like genes
were found in trypanosomes besides those encoding pu-
tative proline racemase enzymes, such as highly similar
genes coding for epimerase and dehydratase found in
prokaryotes and other eukaryotes such as fungi and
metazoans. Although PRAC-like genes detected in fungi
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and trypanosomes were all likely of prokaryotic origin,
previous phylogenetic analyses revealed a polyphyletic
pattern, indicating that they originated from different
bacterial sources through independent HGT events
[17,18]. Here, no PRAC-like genes were detected in the
genomes of euglenids, bodonids or non-trypanosome
trypanosomatids.

After identifying in our taxon-rich phylogenetic ana-
lysis of 2,530 eukaryotic (including trypanosome) and
prokaryotic PRAC-like genes (Figure 5A) the general
vicinity of TryPRAC sequences (the names and grouping
of all organisms can be found in the rectangular phylo-
gram in Additional file 5), our targeted analysis of 342
genes showed all TryPRAC homologs in a strongly
supported clade exclusive of trypanosome sequences,
evidencing their common ancestry (Figure 5B). The

Page 13 of 18

complete list of putative donor lineages currently avail-
able on NCBI NR protein database included in the
phylogenetic analysis is presented in Additional file 6.
Considering the presence/absence of PRAC genes and
the congruence of all species in phylogenies based on
PRAC and gGAPDH genes (Figure 2), we hypothesised
gains and losses of PRAC genes during trypanosome
evolution. In the most parsimonious evolutionary sce-
nario, one prokaryotic PRAC gene was transferred
through a single HGT to the root of the genus Trypano-
soma in a common ancestor of this genus, which gave
origin to all extant trypanosome species with respective
TryPRAC homologs. The absence in T. brucei and T.
congolense suggested the loss of PRAC gene by a com-
mon ancestor of the subclade comprising these species
(Figure 2B). In an unlikely, less parsimonious scenario,

Organisms Sequence Motif

[ Trypanosomes (O Epimerase/Racemase

W Fung © Epimerase

Ml Metazoan )

W Firmicute © Proline Racemase

[ Proteobacteria “'Reanal ces (B
M Archea - 'ysed sequences (B)
[ Actinobacteria

B Other bacterial groups

Figure 5 Phylogenetic analyses of PRAC-like protein sequences of prokaryotes and eukaryotes, from the NR NCBI database, and Try PRAC
sequences. (A), ML analysis including 2,530 PRAC-like sequences with the best substitution model WAG + G. Bootstrap supports (100 pseudoreplicates) are
displayed at nodes (only support of 50 or greater shown) in the phylogenetic tree, corresponding rectangular phylogram is showed in Additional file 5.
The dotted line in (A) indicates the branch submitted to the reanalysis shown in Figure 5B. (B) ML inference restricted to TryPRAC (39 trypanosome
species/isolates) plus 303 bacterial genes nearest relatives to TryPRAC homologs showing, closest to TryPRAC sequences, Firmicutes PRAC genes from
species of Gemella, other bacteria of Bacilli class, and species of Clostridia class. The PRAC-like gene sequences employed in the phylogenetic analysis
showed in Figures 5A and 5B are listed in Additional files 6 and 7, respectively.
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PRAC homologs were present in all trypanosomatids
or even in more basal euglenozoans, and were lost by
most lineages being retained exclusively in the genus
Trypanosoma.

Together, phylogenetic analysis and the pattern of ab-
sence/presence of PRAC-like genes strongly support our
HGT hypothesis. However, it is important to consider other
alternative scenarios, such as insufficient taxon sampling
(donor lineages not represented in the analysis) and conver-
gent evolution, which is an important cause of misidentified
orthologs [68,69]. However, convergent evolution is in gen-
eral restricted to functional domains and not across the
protein length and, then, was not suggested by the align-
ment of TryPRAC with PRAC homologs from Gemella
haemolysans and Clostridum difficile (Figure 1).

Taxonomy of TryPRAC donor prokaryotic lineages

In the most robust approach to assess taxonomic affiliation
of putative HGT donors, all the most likely candidates se-
lected by BLAST searches (useful for a primary screen of
potential donors) should be submitted to deep phylogenetic
analyses [17,18,31-35,68-71]. Here, the results obtained
using this approach corroborate previous phylogenetic
studies of prokaryotic and eukaryotic PRAC-like genes,
suggesting prokaryotic donors for TcPRAC and TvPRAC
[8-10]. In addition, we provided new insights into the origin
and evolutionary history of TryPRAC homologs. The find-
ing of all TryPRAC homologs clustering tightly together in
a monophyletic assemblage, distant from any PRAC-like
genes of other eukaryotes and within a large clade of pro-
karyotic PRAC-like genes, corroborated a single bacterium
as donor lineage (Figures 5A and 5B) [Additional file 5].

To better resolve the phylogenetic relationships and visu-
alise the most likely 7ryPRAC donor lineages, 303 prokary-
otic sequences adjacent to 7ryPRACs were employed for
further ML analysis (Figure 5B). The full list of taxa in-
cluded in this analysis is shown in Additional file 7. The
results suggest that the donor was a bacterium related to
species of the Bacilli class of the orders Lactobacillales (bac-
teria that live in soil, water, plants and animals) and Negati-
vicutes (anaerobes that live in rivers, lakes and animal guts)
[72], including species of the genera Gemella, Enterococcus,
Lactobacillus and Melissococus (Figure 5B). After these spe-
cies, PRAC homologs from species of Clostridium, Pepto-
clostridium and Oribacterium of the Clostridia class were
the most closely related to TryPRAC genes. In previous
studies [8,10], the closest relatives of TcPRAC were Clos-
tridium difficile (reclassified as Peptoclostridium) and Clos-
tridium sticklandii, both Firmicutes of the Clostridia class
[72]. In this analysis, PRAC homologs from Gemella hae-
molysans, G. morbillorum and G. sanguinis, all exhibiting
typical residues of PRAC racemase enzymes, were the near-
est relatives to TryPRACs (~57% of identity) (Figure 5B).
The species of Gemella are oral and gastrointestinal
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commensals of animals including humans that, as oppor-
tunistic pathogens, cause severe pulmonary, cardiac and
cerebral infections [73]. Interestingly, G. haemolysans and
G. morbillorum are highly prevalent among the bacterial
fauna of haematophagous dipterans of Culicidae [74],
which can transmit trypanosomes among anurans [41].

Synteny analysis revealed highly conserved gene order
around TryPRAC homologs

Our findings demonstrated that TryPRAC homologs are
ubiquitous in the genus Trypanosoma (Figure 2A). Previ-
ous studies revealed high conservation of gene segments
containing the PRAC locus from T. cruzi and T. vivax
[8,10]. To verify the genome organisation of PRAC genes
in the different trypanosome species, we performed
BLAST searches in genome databases for orthologous
genes in PRAC loci. The results showed a syntenic block
shared by all species (Figure 6). The adjacent regions of
PRAC genes exhibited high synteny in T. cruzi, T. c.
marinkellei, T. erneyi, T. dionisii, T. vivax and T. grayi,
with at least 8 genes arranged in the same order: K39
kinesin, WD domain-containing protein, cold shock
domain-containing protein, PRAC, hypothetical protein,
zinc-finger protein, poly (A) polymerase, carbohydrate
kinase and phosphatidyl serine. Syntenic organisation
strongly supports orthology, with a single insertion of a
prokaryotic PRAC gene between the cold-shock and
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Figure 6 Synteny analysis showing the genomic organisation of
orthologous genes arranged on Try PRAC loci in the genomes of
several trypanosome species. The aligned genome segments
showed total synteny in all trypanosomes exhibiting PRAC genes
and the loss exclusively of PRAC gene in the corresponding T.
congolense, T. b. brucei and T. evansi loci. Only partial synteny was
observed in the L. major locus, with an additional putative enolase
gene and the replacement of PRAC by a Tubby family gene.
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hypothetical protein genes. Although 7. congolense and
T. b. brucei lack PRAC genes, the synteny of this gen-
ome segment was retained in these species as well as in this
locus of the T. evansi genome. These species nested into a
single clade with T. vivax as the basal species. The synteny
in PRAC loci corroborated the loss of PRAC by a common
ancestor of these species after the divergence of T. vivax
(Figure 2B). Figure 6 shows the conserved gene order of
five orthologs flanking the gene PRAC of trypanosomes.

Synteny analysis requires larger contigs still not available
in some ongoing genome drafts. Consequently, synteny was
confirmed partially for 7. rangeli and T. conorhini (Figure 6).
Only the two upstream genes were found in 7. serpentis,
and no genes flanking PRAC genes could be confidently lo-
cated in the genomes of the non-mammalian trypano-
somes. The PRAC locus showed only partially syntenic
orthologs in the available genomes of non-trypanosomes
trypanosomatids. In Leishmania major and Crithidia spp.,
which are phylogenetically related organisms [1,2], the pos-
ition occupied by the PRAC gene was taken by a Tubby
superfamily gene. In addition, these species also exhibited a
putative enolase gene absent in this segment of trypano-
some genomes (Figure 6). The insect trypanosomatids
Angomonas desouzai and Strigomonas culicis lack both
PRAC and Tubby family genes, while conserving the other
flanking genes (data not shown). Therefore, corroborating
the high plasticity of trypanosomatid genomes, the gain
and loss of the PRAC gene in trypanosome genomes was
not the only event that occurred in this genome segment
during the evolution of the trypanosomatids.

PRAC homologs from trypanosomes are largely under the
influence of purifying selection

One common characteristic of HGT is that the horizon-
tally acquired bacterial gene and host vertically inherited
genes can differ in GC content and codon usage, de-
pending on the relative timing of the HGT event
[68-71]. Despite considerable GC content divergences
among the genomes of different trypanosome species,
the averages of the GC contents of whole genomes were
comparable to those from 7ryPRAC and flanking genes,
such as in the genomes of T. cruzi G (~49, 48 and 48%,
respectively, for PRAC, PRAC loci and whole genome),
T. dionisii (~52, 55, 47%), T. vivax (~49, 49, 46%) and T.
grayi (~63, 55, 54%). Results indicating that the PRAC
gene acquired by HGT has been strongly adapted to the
codon usage of the host genes are consistent with an-
cient acquisition of the bacterial PRAC gene by one an-
cestor of Trypanosoma.

Protein sequences can continuously evolve under the
effect of evolutionary pressure that arises as a conse-
quence of the host-parasite interactions including host
immune defences. To examine positive or negative selec-
tion pressures on the evolution of TryPRAC, we
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calculated the dN/dS ratio for the putative 7ryPRAC ho-
mologs. Finding dN/dS ratios below one, indicative of
negative or purifying selection, suggested that positive
selection is not the driving evolutionary force shaping
the TryPRAC repertoire. In addition, codon selection
was specifically investigated on 7ryPRAC motifs and
residues essential for enzyme activity. The results indi-
cated 40 negatively selected codons, 7 of which have
known relevance to PRAC activity in 7. cruzi and T.
vivax (Figure 1), and no positively selected codon. PRAC
homologs, despite evolving to be species and genotype
specific, are largely under the influence of purifying se-
lection. The fixation and evolution of PRAC genes under
strong constraint in several trypanosomes suggests that
PRAC activity should be advantageous to these parasites.

The genetic polymorphism analysis should be one of
the first steps in the selection of promising vaccine and
drug candidates [20]. A target sharing high conservation
of all essential motifs in isolates representing the 7. cruzi
genetic repertoire, as evidenced previously for cruzipain
[44] and herein demonstrated for TcPRAC enzymes are
good candidates for a multivalent drug against Chagas
disease.

Conclusions

T. cruzi and T. vivax PRAC enzymes are potent host
B-cell mitogens that delay specific immune defences
through the generation of non-specific B-cell proliferation,
allowing parasite evasion and disease progression. These
enzymes have also been linked to metabolism and parasite
multiplication and differentiation. We identified 7ryPRAC
homologs in the genomes of 12 trypanosome species, in-
cluding newly sequenced genomes from trypanosomes
of mammals, birds, snakes, lizards, crocodiles and toads.
TryPRAC homologs were identified in most trypano-
somes, including pathogenic and non-pathogenic spe-
cies with different life cycles in vertebrates and vectors.
T. brucei ssp., T. evansi, T. congolense, T. simiae and T.
godfreyi, which are all pathogenic for mammals, were so
far the only trypanosomes that lost PRAC genes.

The TryPRAC genealogy is congruent with the recog-
nised relationships within Trypanosoma, with genes
evolving to become species-specific and genotype-
specific. A taxon-rich phylogenetic analysis strongly
supports a bacterial origin for these genes. The pres-
ence of TcPRAC homologs in trypanosomes of the
Aquatic clade (basal in the phylogeny of Trypanosoma)
and the absence of any PRAC-like gene in other trypa-
nosomatid genera, bodonids and euglenids, together
with the high synteny of PRAC gene neighbourhood
allowed us to hypothesise that a common ancestor of
Trypanosoma gained the bacterial gene through a sin-
gle HGT. Our analysis supports a Firmicutes bacterium
as the donor lineage, and suggested that the closest
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relatives of TryPRACs are not in the genus Clostridium
of Clostridia class as previously hypothesized, but more
likely in the genus Gemella of the Bacilli class. How-
ever, this conclusion can change as more and more
genome sequences become available in this important
bacterial group. The results revealed unique PRAC ho-
mologs for each species as well as for each T. cruzi
DTU and T. rangeli lineages. According to in silico ana-
lysis, all newly identified putative TryPRAC genes likely
express functional racemases except 1. rangeli, which
has only pseudogenes. Together, our results suggest
evolutionarily driven rearrangements on TryPRAC loci
resulting in the fixation of intact PRAC genes in most
trypanosomes, complete loss by the subclade 7. brucei-
T. congolense, and PRAC genes, apparently, in process
of being lost in T. rangeli.

An understanding of the repertoire and evolutionary
history of genes encoding TryPRAC homologs in a range
of trypanosome species and genotypes can help under-
stand the potential role of PRAC enzymes in host-
trypanosome interactions. Further analyses are required
to evaluate the expression and any involvement of novel
putative TryPRAC enzymes in the life cycles, infection
strategies, pathogenicity, virulence, and host immune
evasion of the various trypanosome species.
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Abstract

Background: Trypanosomatids of the genera Angomonas and Strigomonas live in a mutualistic association
characterized by extensive metabolic cooperation with obligate endosymbiotic Betaproteobacteria. However, the
role played by the symbiont has been more guessed by indirect means than evidenced. Symbiont-harboring
trypanosomatids, in contrast to their counterparts lacking symbionts, exhibit lower nutritional requirements and are
autotrophic for essential amino acids. To evidence the symbiont’s contributions to this autotrophy, entire genomes
of symbionts and trypanosomatids with and without symbionts were sequenced here.

Results: Analyses of the essential amino acid pathways revealed that most biosynthetic routes are in the symbiont
genome. By contrast, the host trypanosomatid genome contains fewer genes, about half of which originated from
different bacterial groups, perhaps only one of which (ornithine cyclodeaminase, EC:4.3.1.12) derived from the
symbiont. Nutritional, enzymatic, and genomic data were jointly analyzed to construct an integrated view of
essential amino acid metabolism in symbiont-harboring trypanosomatids. This comprehensive analysis showed
perfect concordance among all these data, and revealed that the symbiont contains genes for enzymes that
complete essential biosynthetic routes for the host amino acid production, thus explaining the low requirement for
these elements in symbiont-harboring trypanosomatids. Phylogenetic analyses show that the cooperation between
symbionts and their hosts is complemented by multiple horizontal gene transfers, from bacterial lineages to
trypanosomatids, that occurred several times in the course of their evolution. Transfers occur preferentially in parts
of the pathways that are missing from other eukaryotes.

Conclusion: We have herein uncovered the genetic and evolutionary bases of essential amino acid biosynthesis in
several trypanosomatids with and without endosymbionts, explaining and complementing decades of experimental
results. We uncovered the remarkable plasticity in essential amino acid biosynthesis pathway evolution in these
protozoans, demonstrating heavy influence of horizontal gene transfer events, from Bacteria to trypanosomatid
nuclei, in the evolution of these pathways.
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Background

Many protozoan and metazoan cells harbor vertically
inherited endosymbionts in their cytoplasm. Prominent
among them are the associations between Alphaproteo-
bacteria and leguminous root cells, as well as Gamma-
proteobacteria and cells lining the digestive tube of insects.
Comprehensive reviews have covered most aspects of these
ancient mutualistic relationships, including metabolism,
genetics, and evolutionary history of the endosymbiont/
host cell associations [1-7]. Much less is known about
the relationship between protists and their bacterial
endosymbionts [8-10], including the symbiosis be-
tween trypanosomatids and Betaproteobacteria, herein
examined [11-14].

The Trypanosomatidae (Euglenozoa, Kinetoplastea)
are well studied mainly because species of the genera
Trypanosoma and Leishmania are pathogenic in humans
and domestic animals [15]. However, despite their impor-
tance, these pathogens are a minority within the family,
and most species are non-pathogenic commensals in the
digestive tube of insects [16-18]. Usually, trypanosomatids
are nutritionally fastidious and require very rich and
complex culture media, however a very small group of
these protozoa can be cultivated in very simple and
defined media [19-23]. This reduced group of insect
trypanosomatids carries cytoplasmic endosymbionts and is
known as symbiont-harboring trypanosomatids, to distin-
guish them from regular insect trypanosomatids naturally
lacking symbionts. Symbiont-harboring trypanosomatids
belong to the genera Strigomonas and Angomonas [24],
and their lesser nutritional requirements indicate that they
have enhanced biosynthetic capabilities. In a few cases,
it has been shown that the symbiotic bacterium contains
enzymes involved in host biosynthetic pathways, but in
most cases the metabolic contribution of the endosymbiont
has been inferred from nutritional data rather than
genetically demonstrated [12,14].

Each symbiont-harboring trypanosomatid carries just one
symbiont in its cytoplasm, which divides synchronously
with other host cell structures and is vertically transmitted
[14]. The endosymbionts’ original association with an
ancestral trypanosomatid is thought to have occurred
sometime in the Cretaceous [13]. This long partnership has
led to considerable changes on the endosymbiont genomes
including gene loss, with clear preferential retention of
genes involved in metabolic collaboration with the host,
and consequent genomic size reduction [25,26], as seen
in other obligatory symbiotic associations [1,2,7,27-29].

Extensive comparative studies between symbiont-
harboring trypanosomatids (wild and cured strains, obtained
after antibiotic treatment) and regular trypanosomatids have
permitted inferences about the symbiont dependence and
contribution in the overall metabolism, in particular
phospholipid [30-32] and amino acid [33-41] production of
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the host cell. Previous comparative studies on these or-
ganisms, often involving trace experiments using radio-
active compounds, reported the requirement, substitution,
and sparing of amino acids in culture media [22,33,42-55].
Nutritional data revealed that, as for most animals, inclu-
ding humans, the amino acids lysine, histidine, threonine,
isoleucine, leucine, methionine, cysteine, tryptophan, valine,
phenylalanine, tyrosine, and arginine/citrulline are essential
for regular trypanosomatids. However, similar analyses
showed that symbiont-harboring trypanosomatids require
only methionine or tyrosine in culture media, suggesting
that they possess the necessary enzymatic equipment to
synthesize most amino acids [20,22,23,34]. Unfortunately,
besides the symbiont-harboring trypanosomatids, most of
these studies were performed only on Crithidia fasciculata,
largely ignoring other trypanosomatids. Of the hundreds
of enzymes known to be involved in the synthesis of
essential amino acids in other organisms, only a few, ie.,
diaminopimelic decarboxylase, threonine deaminase,
ornithine carbamoyl transferase, argininosuccinate lyase,
citrulline hydrolase, ornithine acetyl transferase, acetyl
ornithinase, and arginase have been identified and charac-
terized in trypanosomatids [21,33,35-41,46,56]. Thus,
in contrast to the advanced state of knowledge of genes
involved in amino acid biosynthesis in many microor-
ganisms [57], the potential for amino acid synthesis in
trypanosomatids remains largely unknown. In symbiont-
harboring trypanosomatids, nutritional inferences provided
little information about the effective participation of the
symbiotic bacterium in the various metabolic pathways of
the host protozoan. This contrasts with the advancement
of knowledge about the presence/absence of genes for
complete pathways for amino acid synthesis in many
microorganisms.

Herein, we have identified the genes involved in the bio-
synthetic pathways of the essential amino acids in the ge-
nomes of symbiont-harboring and regular trypanosomatids
of different genera (see Methods), through the charac-
terization of each gene by similarity searches and protein
domain analyses. We apply extensive phylogenetic in-
ferences to determine the most likely origins of these
genes, as it has been previously shown that other im-
portant metabolic enzymes in trypanosomatids have
been transferred from bacteria, other than the present
symbiont [58]. Although detection of a gene with a
presumed function does not definitely prove its activity,
the association of its presence with complementary nutri-
tional and biochemical data supports the conclusion that
it functions as predicted. In the present work, we establish
the clear and defined contribution of endosymbionts to
the amino acid metabolism of their trypanosomatid hosts,
which is related to high amounts of lateral transfer of
genes from diverse bacterial lineages to trypanosomatid
genomes.
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Results and discussion
In this work, the presence or absence of a given gene for a
particular enzyme was verified in the genomes of endosym-
bionts, symbiont-harboring and regular trypanosomatids
and then compared with the available nutritional and
enzymatic data on essential amino acid biosynthesis in
insect trypanosomatids. Extensive phylogenetic analyses
were also performed on most of the identified trypano-
somatid genes, in addition to some symbiont genes of
interest. Data are mostly limited to the regular and
symbiont-harboring trypanosomatid and endosymbiont
genomes that have been sequenced here. Although the
genomes of all available symbiont-harboring trypano-
somatids and endosymbionts have been examined, only a
very limited sample of regular trypanosomatid genomes
(H. muscarum and C. acanthocephali) was included in
these analyses, precluding generalizations about trypano-
somatids as a whole. Data on the genomes of leishmaniae
and trypanosomes available in KEGG were also used for
comparison, but a wider sampling of genomes from more
diverse groups of Trypanosomatidae and other, more
distant Kinetoplastida will be necessary to enable more
generalizing conclusions on the evolution of essential
amino acid synthesis pathways in these organisms.
Given the incomplete nature of the trypanosomatid
genomes sequenced here and the possibility of contami-
nant sequences, we have taken extensive precautions before
including each gene in our analyses (see Methods). Our
genomic context analyses of the genes identified as hori-
zontally transferred show (Additional file 1) that genes used
in this work occurred, with one exception, in long contigs
presenting the typical trypanosomatid architecture of long
stretches of genes in the same orientation. Moreover, all
these genes overwhelmingly matched those from previously
sequenced trypanosomatids. The one exception is a gene
(2.7.1.100, see below) that occurs only in the two regular
trypanosomatids sequenced here, and whose sequences
are isolated in short contigs. As described below, they
form a monophyletic group in the phylogeny. GC percent
(Additional file 1) and sequencing coverage (Additional
file 2) analyses also show that all genes identified in
this work present statistics typical of other genes from
these organisms. In short, these data show that the
trypanosomatid genes employed here are highly unlikely
to be contaminants.

Pathways of amino acid synthesis

Lysine

Lysine, as well as methionine and threonine, are essential
amino acids generated from aspartate, a non-essential
amino acid, which is synthesized from oxaloacetate that is
produced in the Krebs cycle. There are two main routes
for the biosynthesis of lysine: the diaminopimelate (DAP)
and the aminoadipate (AA) pathways. The former is largely

Page 3 of 20

confined to bacteria, algae, some fungi, and plants, whereas
the latter is described in fungi and euglenids [59-63].

Early nutritional studies [46] showed that lysine is
essential for the growth of regular trypanosomatids, but
could be efficiently replaced by DAP. In accordance,
radioactive tracer and enzymatic experiments revealed
that DAP is readily incorporated as lysine into proteins.
Moreover, DAP-decarboxylase (EC:4.1.1.20), the enzyme
that converts DAP into lysine, was detected in cell
homogenates of C. fasciculata [46]. Nevertheless, either
lysine or DAP were always necessary for growth of these
flagellates in defined medium, indicating that the lysine
pathway was somehow incomplete. In contrast, symbiont-
harboring trypanosomatids required neither lysine nor
DAP to grow in defined media [19-23]. Interestingly, the
genes encoding the nine enzymes of the bacterial-type
DAP pathway, leading from aspartate to lysine, were
identified in the genomes of all endosymbionts (Figure 1).
In contrast, only the final gene of the DAP pathway was
found in the genomes of the symbiont-harboring trypano-
somatids, and the final two found in one regular trypano-
somatid examined (H. muscarum), which explains why
DAP could substitute for lysine in growth media of some
regular trypanosomatids. There are no genes for lysine
biosynthesis annotated in the leishmaniae and trypano-
somes present in KEGG. It is worth mentioning that, with
respect to the alternative AA pathway, we were unable
to find any genes for the synthesis of lysine in any of the
endosymbiont, symbiont-harboring or regular trypano-
somatid genomes analyzed.

In summary, our findings using comparative genomics
are in concordance with the data from previous nutri-
tional and enzymatic studies, showing that only symbiont-
harboring trypanosomatids, and not regular ones, are
autotrophic for lysine and that this autonomy is provided
by the DAP pathway present in their symbionts. The
presence of DAP-decarboxylase in symbiont-harboring
trypanosomatids may suggest that although the symbiont
contains the great majority of genes for the lysine produc-
tion, the host protozoan somehow controls the production
of this essential amino acid.

Methionine and cysteine

Methionine is included in all defined media designed
for the growth of trypanosomatids with or without
symbionts [20,22,43], suggesting that these protozoans are
incapable of methionine synthesis. However, experimental
evidence has shown that homocysteine and/or cystathionine
could substitute for methionine in culture media for
trypanosomatids [43,45,64].

Our analyses suggest that regular trypanosomatids
and symbiont-harboring trypanosomatids have the ne-
cessary genes to produce cystathionine, homocysteine,
and methionine from homoserine (Figure 2), whereas
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Figure 1 DAP pathway for lysine biosynthesis. Enzymes surrounded by a thick gray box were shown to be horizontally transferred from
Bacteria (see main text). Metabolites — I: L-aspartate; II: 4-aspartyl-phosphate; lll: aspartate 4-semialdehyde; IV: 2,3-dihydrodipicolinate; V: 2,3,4,5-
tetrahydrodipicolinate; VI: N-succinyl-L-2-amino-6-oxopimelate; VII: N-succinyl-LL-2,6-diaminopimelate; VIII: LL-2,6-diaminopimelate; IX: meso-2,6-
diaminopimelate; X: lysine. Enzymes — 2.7.2.4: aspartate kinase; 1.2.1.11: aspartate-semialdehyde dehydrogenase; 4.2.1.52: dihydrodipicolinate
synthase; 1.3.1.26: dihydrodipicolinate reductase; 2.3.1.117: tetrahydrodipicolinate succinyltransferase; 2.6.1.17: succinyldiaminopimelate
transaminase; 3.5.1.18: succinyldiaminopimelate desuccinylase; 5.1.1.7: diaminopimelate epimerase; 4.1.1.20: diaminopimelate decarboxylase. SHT:
symbiont-harboring trypanosomatid; RT: regular trypanosomatid; TPE: trypanosomatid proteobacterial endosymbiont.

the endosymbiont genomes have no gene for the en-
zymes involved in the synthesis of methionine from
homoserine. However, homoserine is produced from aspar-
tate semialdehyde through the mediation of homocysteine
methyltransferase (EC:1.1.1.3), which is universally present
in the genomes of all the endosymbionts, symbiont-
harboring and regular trypanosomatids examined.
With respect to cysteine synthesis, it has been shown that
the incubation of cell homogenates of C. fasciculata with
%S-methionine produced radioactive adenosyl-methionine
(SAM), adenosyl-homocysteine (SAH), homocysteine,
cystathionine, and cysteine [45]. Thus, this trypanosomatid
is fully equipped to methylate methionine to produce
homocysteine and, thereon, to convert homocysteine into
cysteine through the trans-sulfuration pathway. However,
with respect to the cystathionine/cysteine interconversion,
there is some ambiguity concerning the presence or
absence of cystathionine gamma-lyase (EC:4.4.1.1) in
regular trypanosomatids. Many sulfhydrolases have a do-
main composition very similar to that of EC:4.4.1.1, which
makes a definitive in silico function assignment to any of
them difficult. Specifically, the enzymes cystathionine

gamma-synthase (EC:2.5.1.48) and O-acetylhomoserine
aminocarboxypropyltransferase (EC:2.5.1.49), and the two
versions of cystathionine beta-lyase (EC:4.4.1.8) are possible
candidates to mediate the trans-sulfuration step attributed
to EC:4.4.1.1, but further research is required to establish
which of these enzymes, if any, performs that reaction. We
also found that, in addition to the standard pathway for
methionine/cysteine synthesis (Figure 2, compounds III-X),
all symbiont-harboring and regular trypanosomatids
examined had the genes to produce cysteine from serine
in a simple two-step reaction, with acetylserine as an
intermediate (Figure 2, I-1II).

In summary, if regular and symbiont-harboring trypano-
somatids are capable of interconverting methionine and
cysteine, as shown for C. fasciculata [43], none of these
two amino acids can be considered essential for trypano-
somatids as the presence of one renders the other un-
necessary. In that case, both can be synthesized by
trypanosomatids, without any participation of their
symbionts, except in the optional production of aspartate
semialdehyde and homoserine. However, the expression of
these genes remains to be confirmed.

Cysteine

Methionine

(D Uncharacterized or not found D TPEs @D SHTs @ RTs () HGT

Figure 2 Cysteine and methionine synthesis and interconversion pathway. Enzymes surrounded by a thick gray box were shown to be
horizontally transferred from Bacteria (see main text). Metabolites — I: L-serine; II: O-acetyl-serine; llI: cysteine; IV: cystathionine; V: homocysteine;
VI: methionine; VII: S-adenosyl-methionine; VIII: S-adenosyl-homocysteine; IX: succinyl-homoserine; X: homoserine; XI: aspartate 4-semialdehyde.
Enzymes — 2.3.1.30: serine O-acetyltransferase; 2.5.147: cysteine synthase; 44.1.1: cystathionine gamma-lyase; 4.4.1.8: cystathionine beta-lyase; 2.1.1.x: 2.1.1.10,
homocysteine S-methyltransferase, 2.1.1.13, 5-methyltetrahydrofolate—-homocysteine methyltransferase, 2.1.1.14, 5-methyltetrahydropteroyltriglutamate—
homocysteine methyltransferase; 2.5.1.6: S-adenosyl-methionine synthetase; 2.1.1.37: DNA (cytosine-5-)-methyltransferase; 3.3.1.1: adenosylhomocysteinase;
4.2.1.22: cystathionine beta-synthase; 2.5.1.48: cystathionine gamma-synthase; 2.3.1.46: homoserine O-succinyltransferase; 1.1.1.3: homoserine
dehydrogenase. Abbreviations as for Figure 1.
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Threonine

In trypanosomatids, initial investigations about the nu-
tritional requirements for threonine were controversial.
Most results suggested that this amino acid is essential
[43,45,48,64-66], but other studies considered the addition
of threonine to the growth media of regular trypano-
somatids unnecessary [33]. Our genomic analysis favors
the latter observations.

Threonine, one of the precursors of isoleucine, can
be produced by different biosynthetic pathways. We
have examined two of these possible routes, one starting
from glycine and the other from aspartate, as presented
in Figure 3. The conversion of glycine plus acetoaldehyde
into threonine is mediated by threonine aldolase (EC:4.1.2.5).
The gene for this enzyme is absent from endosymbi-
onts but present in the genomes of symbiont-harboring
trypanosomatids and C. acanthocephali, but not Herpeto-
monas. It is also absent from the genomes of trypano-
somes but present in the genome of Leishmania major
(KEGG data).

The pathway from aspartate utilizes the first two
enzymes (EC:2.7.2.4 and EC:1.2.1.11) of the DAP pathway
from lysine synthesis for the production of aspartate
semialdehyde. These genes are present exclusively in the
symbiont genomes. Aspartate semialdehyde is then sequen-
tially converted into homoserine, phosphohomoserine, and
threonine. The gene encoding homoserine dehydrogenase
(EC:1.1.1.3) is universally present in the genomes of
the endosymbionts, symbiont-harboring and regular
trypanosomatids. It is also present in the genomes of
T. cruzi and Leishmania spp. In contrast, the genes for
the enzymes leading from homoserine to threonine via
phosphohomoserine (EC:2.7.1.39 and EC:4.2.3.1) are
present in the genomes of all insect trypanosomatids
(including symbiont-harboring ones), of Trypanosoma
spp., and Leishmania spp., but totally absent from the
endosymbiont genomes.

Thus, the genetic constitution of regular trypanosomatids
is consistent with earlier nutritional data showing the insect
trypanosomatids, with or without symbionts, to be
autotrophic for threonine. This observation suggests
that endosymbionts are able to enhance the host cell
threonine synthesis by producing the metabolic precursor
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aspartate semialdehyde that is also involved in other meta-
bolic pathways.

The overall genomic and enzymatic picture is in appar-
ent contradiction with early nutritional findings showing
that threonine promoted the growth of trypanosomatids
in culture [67]. This contradiction might find its basis in
the fact that endogenously produced threonine is required
by many metabolic processes, such that supplementation
of the culture media could enhance the growth of the
trypanosomatids.

Isoleucine, valine, and leucine

Isoleucine, valine, and leucine are considered essential
nutrients for the growth of all trypanosomatids, except
symbiont-harboring ones. The canonic pathway for
the synthesis of isoleucine is depicted in Figure 4.
Oxobutanoate (alpha-ketoglutaric acid) is the starting
point of the pathway, and can be produced in two
ways: from threonine (Figure 4, compounds II-III) or from
pyruvate (Figure 4, compounds I, IX). The conversion of
threonine into oxobutanoate is mediated by threonine de-
aminase (EC:4.3.1.19). The specific activity of this enzyme
was higher in symbiont-enriched subcellular fractions of
symbiont-harboring trypanosomatid homogenates than
in any other cell fraction or in the cytosol, suggesting
that this enzyme was located in the symbiont [33]. How-
ever, genes for EC:4.3.1.19 are present in the genomes of
endosymbionts, as well as those of symbiont-harboring
and regular trypanosomatids (except Leishmania and
Trypanosoma), contrasting with enzymatic determina-
tions showing the absence of enzyme activity in regular
trypanosomatids [33]. Since the presence of the gene
does not guarantee the functionality of the enzyme for that
specific reaction, the issue remains to be experimentally
verified. The next enzymatic step, the transference of the
acetaldehyde from pyruvate to oxobutanoate, is mediated
by the enzyme acetolactate synthase (EC:2.2.1.6), which
is present exclusively in the genomes of endosymbionts.
Also present only in symbionts are the genes for the
next four enzymes of the pathway, which are common
for valine and isoleucine synthesis. However, the gene for
a branched-chain amino acid transaminase (EC:2.6.1.42),
mediating the last step in the synthesis of isoleucine,

Threonine

Glycine

D TPEs SHTs @D RTs (CJ HGT

for Figure 1.

Figure 3 Threonine synthesis pathway. Enzymes surrounded by a thick gray box were shown to be horizontally transferred from
Bacteria (see main text). Metabolites — I: glycine; Il: threonine; Ill: phosphohomoserine; IV: homoserine; V: aspartate 4-semialdehyde;

VI: 4-aspartyl-phosphate; VII: L-aspartate. Enzymes — 4.1.2.5: threonine aldolase; 2.7.2.4: aspartate kinase; 1.2.1.11: aspartate-semialdehyde
dehydrogenase; 1.1.1.3: homoserine dehydrogenase; 2.7.1.39: homoserine kinase; 4.2.3.1: threonine synthase. Abbreviations as

Aspartate
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Isoleucine

Figure 4 Isoleucine, valine, and leucine synthesis pathway. Metabolites — I: pyruvate; II: threonine; lll: 2-oxobutanoate; IV: (S)-2-aceto-2-
hydroxybutanoate; V: (R)-3-hydroxy-3-methyl-2-oxopentanoate; VI: (R)-2,3-dihydroxy-3-methylpentanoate; VII: (S)-3-methyl-2-oxopentanoate;

VIII: isoleucine; IX: 2-(alpha-hydroxyethyl) thiamine diphosphate; X: (S)-2-acetolactate; XI: 3-hydroxy-3-methyl-2-oxobutanoate; XII: (R)-2,3-dihydroxy-3-
methylbutanoate; XIll: 2-oxoisovalerate; XIV: valine; XV: (25)-2-isopropylmalate; XVI: 2-isopropylmaleate; XVII: (2R 35)-3-isopropylmalate; XVIII:
(25)-2-isopropyl-3-oxosuccinate; XIX: 4-methyl-2-oxopentanoate; XX: leucine. Enzymes — 1.24.1: pyruvate dehydrogenase E1 component subunit alpha;
4.3.1.19: threonine ammonia-lyase; 2.2.1.6: acetolactate synthase small and large subunits; 1.1.1.86: ketol-acid reductoisomerase; 4.2.1.9: dihydroxy-acid
dehydratase; 2.6.1.42: branched-chain amino acid transaminase; 2.3.3.13: 2-isopropylmalate synthase; 4.2.1.33: 3-isopropylmalate dehydratase small and

large subunits; 1.1.1.85: 3-isopropylmalate dehydrogenase. Abbreviations as for Figure 1.

J

valine, and leucine, is present in the genomes of
symbiont-harboring and regular trypanosomatids, but
not endosymbionts.

The first step of the valine pathway is the conversion of
pyruvate into hydroxymethyl ThPP, mediated by an en-
zyme of the pyruvate dehydrogenase complex (EC:1.2.4.1)
whose gene is present in the genomes of endosymbionts
and symbiont-harboring and regular trypanosomatids.
The next reaction, leading to acetolactate, is mediated by
acetolactate synthase (EC:2.2.1.6), whose gene is present
exclusively in the genomes of the endosymbionts. The
reactions that follow from acetoacetate into valine involve
the same endosymbiont genes from isoleucine synthesis.

Synthesis of leucine uses oxoisovalerate, an intermediate
metabolite of the valine pathway that is converted into
isopropylmalate by 2-isopropylmalate synthase (EC:2.3.3.13),
encoded by a gene present only in the endosymbionts — as
are the genes for the enzymes catalyzing the next three
steps for leucine biosynthesis. The presence of the
gene for this branched-chain amino acid transaminase
(EC:2.6.1.42) in the genomes of regular trypanosomatids
explains the earlier finding that oxopentanoate and
oxoisovalerate, the immediate precursors of isoleucine,
valine, and leucine could substitute for these amino
acids when added to regular trypanosomatid synthetic
culture media [43]. Interestingly, this gene is present in all
symbiont-harboring and regular trypanosomatid genomes
examined, but absent from endosymbiont genomes
(Figure 4). It is also present in the genomes of T. brucei
and the leishmaniae available from KEGG. In addition to
isoleucine, valine, and leucine biosynthesis, this enzyme
also participates in the degradation of these amino acids
for their use in other metabolic processes in the cell,
which might explain the presence of this enzyme as the
only representative of the pathway in all regular
trypanosomatids examined.

A coupled biosynthetic pathway of the branched-chain
amino acids was also described for the symbiotic

bacterium Buchnera and its aphid host, where the sym-
biont has the capability to synthesize the carbon skeleton
of these amino acids but lacks the genes for the terminal
transaminase reactions [68,69]. The aphid possesses genes
hypothesized to accomplish these missing steps, even if
orthologs of those are found in other insects and carry out
different functions [70]. The branched-chain amino acid
transaminase (EC:2.6.1.42) encoded by an aphid gene was
shown to be up-regulated in the bacteriocytes, supporting
the cooperation of Buchnera and its host in the synthesis
of essential amino acids [71]. Since this transamination
involves the incorporation of amino-N and the aphid
diet is low in nitrogen, the host mediation of this step
would be a way of maintaining a balanced profile of
amino acids through transamination between those that
are over abundant and those that are rare [71,72].

In summary, the presence in endosymbionts of most
genes involved in isoleucine, valine and leucine synthesis
explains why symbiont-harboring trypanosomatids, but
not regular ones, are autotroph for these essential
amino acids. However, it is worth noting that the pres-
ence of the branched-chain amino acid transaminase
in trypanosomatids indicates that the host might con-
trol amino acid production according to their necessity
and the nutrient availability in the medium.

Phenylalanine, tyrosine, and tryptophan

There are no enzymatic data concerning the synthesis of
phenylalanine, tryptophan, and tyrosine in trypanosomatids.
However, it is well known that these amino acids are
essential in defined culture media designed for regular
trypanosomatids, but not for symbiont-harboring ones
[20,22,43,44]. The biosynthetic routes for these three
amino acids use chorismate, which is produced from
phosphoenolpyruvate (PEP) via the shikimate pathway, as
a common substrate. The genomes of all endosymbionts
contain the genes for this route, while the genomes of
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symbiont-harboring and regular trypanosomatids do not
(Figure 5).

The genes for the enzymes converting chorismate into
prephenate and for transforming this compound into
phenylalanine and tyrosine are present in all endosymbiont
genomes. Symbiont-harboring and regular trypanosomatid
genomes also have the genes for the last step in the synthe-
sis of phenylalanine and tyrosine, but it is not known
whether all of these enzymes are functional. The gene
for phenylalanine-4-hydroxylase (EC:1.14.16.1), which
converts phenylalanine into tyrosine, is present in symbiont-
harboring and regular trypanosomatids, including the
leishmaniae, but not in endosymbionts. Similarly, this
enzyme is present only in the aphid concerning the
metabolic partnership between Buchnera and its insect
host. Furthermore, the gene encoding this enzyme is
up-regulated in bacteriocytes, thus enhancing the pro-
duction and interconversion of such amino acids [71].
On the other hand, endosymbionts have an additional
route for the synthesis of phenylalanine from prephenate,
involving enzymes aromatic-amino-acid aminotransferase
(EC:2.6.1.57) and prephenate dehydratase (EC:4.2.1.51),
whose genes are absent in symbiont-harboring and regular
trypanosomatid genomes.

The case of the last enzyme of the tryptophan pathway is
rather interesting. Tryptophan synthase (EC:4.2.1.20) pos-
sesses two subunits. This bi-enzyme complex (a tetramer
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of two alpha and two beta subunits) channels the product
of the alpha subunit (indole) to the beta subunit, which
condenses indole and serine into tryptophan [73]. Both
subunits are present in the endosymbionts, whereas
the genomes of symbiont-harboring trypanosomatids
and H. muscarum have only the beta subunit. None of the
other trypanosomatid genomes examined presented either
subunit of tryptophan synthase.

In summary, the endosymbionts have all the genes
for the different routes leading from chorismate to
tryptophan, tyrosine, and phenylalanine, which are absent
from symbiont-harboring and regular trypanosomatid ge-
nomes. This obviously prevents regular trypanosomatids
from synthesizing any of these three amino acids and
growing without supplementation. It is worth observing
that the presence of phenylalanine hydroxylase, which
converts phenylalanine into tyrosine, in trypanosomatids
but not in endosymbionts indicates that the host might
control tyrosine production.

Histidine

Histidine is derived from three precursors: the ATP purine
ring furnishes a nitrogen and a carbon, the glutamine con-
tributes with the second ring nitrogen, while PRPP donates
five carbons. Histidine is a truly essential amino acid for
most trypanosomatids, as corroborated by its obligatory
presence in every synthetic media so far devised for regular

Shikimate pathway

D TPEs
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@ RTs

CJ HGT

phenylalanine-4-hydroxylase. Abbreviations as for Figure 1.

Phenylalanine

Figure 5 Phenylalanine, tyrosine, and tryptophan synthesis pathway. Enzymes surrounded by a thick gray box were shown to be
horizontally transferred from Bacteria (see main text). Metabolites — I: D-erythrose 4-phosphate; II: phosphoenolpyruvate; lll: 7-phosphate-2-dehydro-3-
deoxy-D-arabinoheptonate; IV: 3-dehydroquinate; V: 3-dehydroshikimate; VI shikimate; VII: shikimate 3-phosphate; VIII: 5-O-(1-carboxyvinyl)-3-
phosphoshikimate; IX: chorismate; X: anthranilate; XI: N-(5-Phospho-D-ribosyl)anthranilate; XII: 1-(2-carboxyphenylamino)-1-deoxy-D-ribulose 5-
phosphate; XIll: indoleglycerol phosphate; XIV: indole; XV: tryptophan; XVI: prephenate; XVII: arogenate; XVIII: phenylpyruvate; XIX: 4-
hydroxyphenylpyruvate; XX: tyrosine; XXI: phenylalanine. Enzymes — 2.5.1.54: 3-deoxy-7-phosphoheptulonate synthase; 4.2.3.4: 3-dehydroquinate
synthase; 4.2.1.10: 3-dehydroquinate dehydratase I; 1.1.1.25: shikimate dehydrogenase; 2.7.1.71: shikimate kinase; 2.5.1.19: 3-phosphoshikimate 1-
carboxyvinyltransferase; 4.2.3.5: chorismate synthase; 4.1.3.27: anthranilate synthase; 24.2.18: anthranilate phosphoribosyltransferase; 5.3.1.24:
phosphoribosylanthranilate isomerase; 4.1.1.48: indoleglycerol phosphate synthetase; 4.2.1.20a/b: tryptophan synthase alpha (a) and beta (b) subunits;
4.2.1.51/54.99.5: bifunctional prephenate dehydratase/chorismate mutase; 2.6.1.57: aromatic amino acid aminotransferase; 1.3.1.13: prephenate
dehydrogenase (NADP+); 2.6.1.1: aspartate aminotransferase; 2.6.1.5: tyrosine aminotransferase; 2.6.1.9: histidinol-phosphate aminotransferase; 1.14.16.1:
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trypanosomatid growth [22,43,44]. Accordingly, symbiont-
harboring and regular trypanosomatid genomes do not
seem to carry a single gene for histidine synthesis (Figure 6).
All genes for the enzymes that participate in its biosynthesis,
except the gene for histidinol-phosphate phosphatase (HPP,
EC:3.1.3.15), which converts histidinol phosphate into
histidinol, are present in the endosymbiont genomes. Since
symbiont-harboring trypanosomatids do not require histi-
dine, it is presumed that the absent EC:3.1.3.15 is replaced
by an equivalent enzyme yet to be characterized (see Other
observation on amino acid pathway peculiarities).

Arginine and ornithine

Organisms autotrophic for ornithine use the glutamate
pathway [74] for its synthesis via acetylated compounds as
represented in Figure 7 (I-VI). All genes for this pathway
are present in the genomes of endosymbionts. The last step
in the synthesis of ornithine can also be performed by the
enzymes aminoacylase (EC:3.5.1.14) or acetylornithine dea-
cetylase (EC:3.5.1.16), which convert acetylornithine into orni-
thine and are present in the genomes of symbiont-harboring
and regular trypanosomatids, but not endosymbionts.

As represented in Figure 7, organisms lacking the
glutamate pathway for the synthesis of ornithine can
nevertheless produce it by different routes utilizing either
citrulline or arginine [37,39,54]. Ornithine can be produced
from the hydrolysis of citrulline mediated by citrulline
hydrolase (EC:3.5.1.20). This activity is present in cell ho-
mogenates of all trypanosomatids, except the leishmaniae
and trypanosomes, but the corresponding gene has not yet
been identified to date in any organism, making it impos-
sible to perform similarity searches. Ornithine can also be
produced from arginine by means of arginase (EC:3.5.3.1),
which splits arginine into ornithine and urea. The gene for
arginase is present in the genomes of symbiont-harboring
trypanosomatids and some regular trypanosomatids (Leish-
mania and C. acanthocephali), but not in the genomes of
endosymbionts or H. muscarum — although a fragment
was found in the later (see HGT and arginine and ornithine
biosynthesis).
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Arginine can be synthesized from ornithine through a
recognized universal enzymatic pathway [74], the first
step of which is the conversion of ornithine and carbamoyl
phosphate into citrulline mediated by OCT (ornithine
carbamoyl transferase, EC:2.1.3.3). The gene for OCT was
found in the genomes of all endosymbionts and also in
Herpetomonas, but was absent from other regular, as
well as symbiont-harboring, trypanosomatid genomes
examined. These findings confirm earlier immunocyto-
chemical ultrastructural experiments showing the presence
of OCT in the symbiont of Angomonas deanei [36]. The
absence of the OCT gene renders most trypanosomatids
unable to make citrulline from ornithine [75]. However, the
genes for the remaining enzymes leading from citrulline
into arginine are all present in the genomes of all regular
and symbiont-harboring trypanosomatids, but absent
from the endosymbiont genomes. These data are in full
accordance with earlier enzymatic determinations for
argininosuccinate synthase (EC:6.3.4.5), argininosuccinate
lyase (EC:4.3.2.1), and arginase (EC:3.5.3.1) in cell homog-
enates of trypanosomatids [38,39,56].

Taking all these data together, we can conclude that
regular trypanosomatids require exogenous sources of
arginine or citrulline in their culture medium to produce
ornithine. This is related to the fact that regular
trypanosomatids lack the glutamate pathway for ornithine
synthesis. Furthermore, ornithine cannot substitute for ar-
ginine or citrulline because most regular trypanosomatids
lack OCT. Conversely, symbiont-harboring trypanosoma-
tids are autotrophic for ornithine. This is due to the fact
that, although the symbiont lacks most genes for ornithine
production, it contains sequences for key enzymes such as
those for the glutamate route and OCT, which converts
ornithine into citrulline thus completing the urea cycle.

Polyamines

As shown in Figure 7, putrescine, a polyamine associated with
cell proliferation, can be produced from ornithine in a one-
step reaction mediated by ODC (ornithine decarboxylase,
EC:4.1.1.17), whose gene is present in the genomes from the

(D<(24217 (136131 }(i){3.54.19 (V) 5.3.1.16
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(D Uncharacterized or not found
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Figure 6 Histidine synthesis pathway. Enzymes surrounded by a thick gray box were shown to be horizontally transferred from Bacteria
(see main text). Metabolites — I: 5-phosphoribosyl diphosphate (PRPP); II: phosphoribosyl-ATP; 1lI: phosphoribosyl-AMP; IV: phosphoribosyl-
formimino-AICAR phosphate; V: phosphoribulosyl-formimino-AICAR phosphate; VI: imidazole-glycerol 3-phosphate; VII: imidazole-acetol
phosphate; VIII: histidinol phosphate; IX: histidinol; X: histidinal; XI: histidine. Enzymes — 2.4.2.17: ATP phosphoribosyltransferase; 3.6.1.31:
phosphoribosyl-ATP pyrophosphohydrolase; 3.5.4.19: phosphoribosyl-AMP cyclohydrolase; 5.3.1.16: phosphoribosylformimino-5-aminoimidazole
carboxamide ribotide isomerase; 4.1.3.- cyclase HisF; 24.2.-: glutamine amidotransferase; 4.2.1.19: imidazole-glycerol phosphate dehydratase;
2.6.1.9: histidinol phosphate aminotransferase; 3.1.3.15: histidinol phosphatase; 1.1.1.23: histidinol dehydrogenase. Abbreviations as for Figure 1.
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Figure 7 Arginine, ornithine, and polyamine synthesis pathway. Enzymes surrounded by a thick gray box were shown to be horizontally
transferred from Bacteria (see main text). Metabolites — I: glutamate; II: N-acetylglutamate; IlI: N-acetylglutamyl-phosphate; IV: N-acetyl-glutamate
semialdehyde; V: N-acetylornithine; VI: ornithine; VII: carbamoyl-phosphate; VIII: citruline; IX: aspartate; X: arginino succinate; XI: arginine; XII:
fumarate; XIII: urea; XIV: agmatine; XV: putrescine; XVI: S-adenosylmethionine; XVII: S-adenosylmethioninamine; XVIII: spermidine; XIX: spermine.
Enzymes — 2.1.3.3: ornithine carbamoyltransferase; 6.3.4.5: argininosuccinate synthase; 4.3.2.1: argininosuccinate lyase; 3.5.3.1: arginase; 4.1.1.17:
ornithine decarboxylase; 3.5.1.14: aminoacylase; 3.5.1.16: acetylornithine deacetylase; 2.3.1.35: glutamate N-acetyltransferase; 2.6.1.11: acetylornithine
aminotransferase; 1.2.1.38: N-acetyl-gamma-glutamyl-phosphate reductase; 2.7.2.8: acetylglutamate kinase; 2.3.1.1: amino-acid N-acetyltransferase;
3.5.3.11: agmatinase; 4.1.1.19: arginine decarboxylase; 4.1.1.50: adenosylmethionine decarboxylase; 2.5.1.16: spermidine synthase. Abbreviations as

for Figure 1.

genus Angomonas and regular trypanosomatids, but not in
endosymbionts or Strigomonas. Interestingly, it was proposed
that the symbiont can enhance the ODC activity of A. deanei
by producing protein factors that increase the production of
polyamines in the host trypanosomatid [76]. Such high ODC
activity may be directly connected to the lowest generation
time described for trypanosomatids that is equivalent to
6 hours [13]. Putrescine could also be produced from
agmatine since the genomes of regular and symbiont-
harboring trypanosomatids have the gene for agmatinase
(EC:3.5.3.11), converting agmatine into putrescine. However,
the gene for the enzyme arginine decarboxylase (EC:4.1.1.19),
which synthesizes agmatine, is present solely in the genomes
of endosymbionts, thus completing the biosynthetic route
for this polyamine, via agmatinase, in symbiont-harboring
trypanosomatids. Putrescine is then converted to spermidine
and spermine by enzymes S-adenosylmethionine decarb-
oxylase (EC:4.1.1.50) and spermidine synthase (EC:2.5.1.16).

The genes for these enzymes are present in the regular
and symbiont-harboring trypanosomatids, but not in en-
dosymbionts (Figure 7). Enzyme EC:2.5.1.16, converting
S-adenosylmethioninamine and putrescine into S-methyl-
5'-thioadenosine and spermidine, also participates in a re-
action from the methionine salvage pathway. This pathway
is present, complete in all symbiont-harboring and regular
trypanosomatids examined (Additional file 3), although
there are questions regarding the step catalyzed by
acireductone synthase (EC:3.1.3.77, see HGT and me-
thionine and cysteine biosynthesis).

Phylogenetic analyses

Our data on the phylogeny of the genes for essential
amino acid biosynthesis have clearly shown that the genes
present in the symbionts are of betaproteobacterial origin
(for an illustrative example, see Figure 8), as shown before
for the genes of heme synthesis [58] and many others
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across the endosymbiont genomes [25]. The symbiont-
harboring and regular trypanosomatid genomes, on the
other hand, present a rather different situation. Thus, 18
of the 39 genes required for the biosynthesis of essential
amino acids exhibited at least some phylogenetic evidence
of having been horizontally transferred from a bacterial
group to a trypanosomatid group, with three other genes
presenting undetermined affiliation (see Additional file 2
for a summary of the phylogenetic analyses results). As
detailed below, horizontal gene transfer (HGT) events
seem to have originated from a few different bacterial taxa,
although in some cases the exact relationship was not
completely clear. Also, while some transfers are common
to all trypanosomatid groups examined, others were found
to be specific to certain subgroups. This could be due to
multiple HGT events from associated bacteria at different
points of the family’s evolutionary history or, alternatively,
to HGT events that occurred in the common ancestor of

all trypanosomatids, whose corresponding genes were later
differentially lost in certain taxa. Given the low number
of genomes currently known in the family, it is difficult
to assign greater probability to either scenario.
Regarding the taxonomic affiliation of the putative
origin of these HGT events, it is possible to notice a
preponderance of bacteria from a few phyla with three or
more genes transferred, i.e. Firmicutes, Bacteroidetes,
and Gammaproteobacteria, plus a few other phyla with
two or less genes represented, like Actinobacteria, Beta-
proteobacteria, Acidobacteria, and Alphaproteobacteria.
In a few other cases, the trypanosomatid genes grouped
inside diverse bacterial phyla, in which case the assign-
ment of a definite originating phylum was not possible.
However, given the sometimes high rate of HGT in pro-
karyotic groups, it is difficult to assess with confidence the
correct number of putative HGT events from Bacteria to
Trypanosomatidae. It is possible that some of the genes
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that seem to have originated from different phyla could
actually have come from one bacterial line that was itself
the recipient of one or more previous HGT events from
other bacteria.

Analysis of all generated phylogenetic inferences has
uncovered a clear pattern for the HGT events, which were
shown to be concentrated preferentially in pathways or
enzymatic steps that are usually reported to be absent in
eukaryotes, particularly animals and fungi. Thus, the HGT
events identified in this study involve pathways for the
synthesis of lysine, cysteine, methionine, threonine, trypto-
phan, ornithine, and arginine (Figures 1, 2, 3, 5, and 7)
and also the synthesis of a few non-essential amino acids
such as glycine, serine, and proline. The detailed analysis
of these events in different genes and pathways follows.

HGT of homoserine dehydrogenase

Some enzymes are common to a number of pathways in-
volving key precursors to many compounds. Homoserine
dehydrogenase (EC:1.1.1.3), for example, participates in
the aspartate semialdehyde pathway for the synthesis of
lysine, cysteine, methionine, and threonine (Figures 1, 2,
and 3). The gene for EC:1.1.1.3 present in symbiont-
harboring and regular trypanosomatid genomes seems
to have been transferred from a member of the
Firmicutes, clustering most closely with Solibacillus
silvestris, Lysinibacillus fusiformis, and L. sphaericus
with bootstrap support value (BSV) of 100 (Figure 8).
On the other hand, the endosymbiont ortholog groups
deep within the Betaproteobacteria, more specifically
in the Alcaligenaceae family, as expected in the case of
no HGT of this gene into the endosymbiont genomes.

HGT and lysine biosynthesis

The two genes of the lysine pathway (Figure 1) that
were found in trypanosomatid genomes presented evidence
of HGT. H. muscarum was the only trypanosomatid ana-
lyzed containing the next to last gene, for diaminopimelate
epimerase (EC:5.1.1.7), which clusters strongly with
the phylum Bacteroidetes, with BSV of 99 (Additional
file 4). The last gene, for diaminopimelate decarboxylase
(EC:4.1.1.20), was present in the symbiont-harboring and
regular trypanosomatids. In the phylogeny, this particular
gene has Actinobacteria as sister group (BSV of 79),
although also grouping with a few other eukaryotic
genera, most closely Dictyostelium, Polysphondylium,
and Capsaspora, with BSV of 65 (Additional file 5).
There are, overall, very few Eukaryota in the tree for
4.1.1.20, making it hard to reach a definite conclusion
on the direction of transfer for this gene, since other
eukaryotes are also present basally to this substantially
large group of Actinobacteria plus Trypanosomatidae,
with the high BV of 98.
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Using the C. acanthocephali gene for EC:4.1.1.20 in a
manual search against the L. major genome has shown a
small fragment with significant similarity (57% identity
and 67% similarity, from amino acid 177 to 227), but
containing stop codons. Search against predicted L. major
proteins yielded no results. These sequence remains sug-
gest that Leishmania could have lost DAP-decarboxylase
in a relatively recent past.

HGT and methionine and cysteine biosynthesis

The pathways for cysteine and methionine synthesis
(Figure 2) present the highest number of HGT events
identified among the pathways studied here. The gene for
the enzyme EC:2.3.1.30, necessary for the conversion of
serine to cysteine, seems to have been transferred from Bac-
teria to the genomes of host trypanosomatids. EC:2.3.1.30
of symbiont-harboring and regular trypanosomatids grouped
inside a large cluster of diverse Bacteria (predominantly
Bacteroidetes and Betaproteobacteria), with BSV of 80
(Additional file 6). An even deeper branch, which sepa-
rates the subtree containing the trypanosomatids from the
rest of the tree, has BSV of 97. The evolutionary history of
the other enzyme with the same functionality, EC:2.5.1.47,
is unclear and can not be considered a case of HGT given
current results. Its gene is present in symbiont-harboring
and regular trypanosomatids (including one sequence
from T. cruzi CL Brener) and clusters as a sister group of
Actinobacteria, although with low BSV (Additional file 7).
Although there are many other eukaryotes in the tree,
they are not particularly close to the subtree containing
the Trypanosomatidae. Interestingly, one Entamoeba
dispar sequence is a sister group to the Trypanosomatidae,
although with low BSV, raising the possibility of
eukaryote-to-eukaryote HGT, as previously reported
(reviewed in [77]).

The gene for EC:2.3.1.46, the first in the pathway
converting homoserine to cystathionine, is present in all
symbiont-harboring trypanosomatids and Herpetomonas,
but in no other regular trypanosomatid examined. This
trypanosomatid gene groups within Bacteroidetes, with
BSV of 53 and, in a deeper branch, BSV of 89, still
clustering with Bacteroidetes only (Additional file 8).

The gene for EC:2.1.1.37, responsible for the first step in
the conversion of S-adenosylmethionine into homocyst-
eine, is present in all symbiont-harboring and regular
trypanosomatids, although the sequence is still partial in
the genome sequences of the Angomonas species. Almost
all organisms in the tree are Bacteria of several different
phyla (Additional file 9), with the few Eukaryota present
forming a weakly supported clade. KEGG shows that many
Eukaryota do possess a gene for enzyme EC:2.1.1.37, but
their sequences are very different from that present in the
trypanosomatids (and other eukaryotes) studied here. This
therefore suggests a bacterial origin for the EC:2.1.1.37
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from the Eukaryota in our tree, although the specific donor
group cannot be currently determined with confidence. It
is interesting to note that, besides the Trypanosomatidae,
the clade of eukaryotes is composed of Stramenopiles and
green algae (both groups that have, or once had, plastids),
with a Cyanobacteria close to the base of the group. Al-
though the BSV of 54 does not allow strong conclusions
regarding this group, it is interesting to speculate about the
possibility of eukaryote-to-eukaryote gene transfer, as
previously seen (reviewed in [77]), after the acquisition
of this gene from a so-far unidentified bacterium.

The genes for EC:2.5.1.48, EC:2.5.1.49, and EC:4.4.1.8
(two versions) are quite similar in sequence and domain
composition. Therefore, similarity searches with any one
of these genes also retrieves the other three. In spite of
the similarities, these genes are found in rather different
phyletic and phylogenetic patterns on the trypanosomatids
(Additional file 10). EC:2.5.1.48 is present in all symbiont-
harboring and regular trypanosomatids examined, plus
Trypanosoma sp. and a few other Eukaryota (mostly
Apicomplexa and Stramenopiles), all within a group of
Acidobacteria (BSV of 94). The gene for EC:2.5.1.49 is
present in the symbiont-harboring trypanosomatids
and Herpetomonas, but in none of the other regular
trypanosomatids examined. This trypanosomatid gene also
clusters with diverse groups of Bacteria, although low BSV
makes it hard to confidently identify its most likely nearest
neighbor, and it is not possible to conclude with reasonable
certainty that this gene is derived from HGT. The gene for
EC:4.4.1.8 occurs, in symbiont-harboring and regular
trypanosomatids, as two orthologs presenting very different
evolutionary histories. One of the orthologs clusters with
eukaryotes, with BSV of 95, while the other seems to be of
bacterial descent, grouping mostly with Alphaproteobacteria
of the Rhizobiales order, with BSV of 99.

The presence of two genes identified as EC:4.4.1.8
raises the possibility of them performing different enzym-
atic reactions. Given the overall domain composition simi-
larities of several of the genes of the methionine and
cysteine synthesis pathways, it is possible that one of the
enzymes identified as EC:4.4.1.8 is actually the enzyme
EC:4.4.1.1, for which no gene has been found in our
searches of the Trypanosomatidae genomes, as detailed
above (Methionine and cysteine).

Genes for two of the enzymes for the last step in the me-
thionine synthesis, EC:2.1.1.10 and EC:2.1.1.14 (Additional
files 11 and 12), are present in all regular and symbiont-
harboring trypanosomatids (except for Herpetomonas,
which lacks the latter). EC:2.1.1.14 appears to be of bacter-
ial origin, grouping within the Gammaproteobacteria with
moderate (74) bootstrap support. While EC:2.1.1.10
also groups near Gammaproteobacteria, BSV is low
and this gene cannot be considered a case of HGT given
current data.
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As seen above, most genes in the de novo methionine
synthesis pathway seem to have originated in one or
more HGT events. Enzymes from the methionine
salvage pathway (Additional file 3), on the other hand, are
notably different. Of these, only S-methyl-5-thioribose
kinase (EC:2.7.1.100), found in C. acanthocephali and
Herpetomonas but not in the endosymbionts and
symbiont-harboring trypanosomatids, seems to have
originated in a bacterial group (Additional file 13).
These two organisms’ enzymes group deep within the
Gammaproteobacteria, with BSV of 97.

Enzyme acireductone synthase (EC:3.1.3.77) presents
an intriguing case, being the only methionine salvage
pathway enzyme absent from the symbiont-harboring
trypanosomatid genomes. This enzyme is of eukaryotic
origin (not shown), and present in both H. muscarum
and C. acanthocephali, but was not found in any other
of the regular trypanosomatids available from KEGG.
Interestingly, KEGG data for Trypanosoma brucei also
shows the two enzymes preceding EC:3.1.3.77 as missing,
which raises the question of whether this important path-
way is in the process of being lost in trypanosomatids. If
that is not the case, and given that all other enzymes from
the pathway are present, the Trypanosomatidae must have
a different enzyme (or enzymes) to perform the required
reactions.

HGT and threonine biosynthesis

The gene for the enzyme that interconverts glycine
and threonine (Figure 3), EC:4.1.2.5, was identified in
all symbiont-harboring and regular trypanosomatids
(except Herpetomonas), but the evolutionary histories
of symbiont-harboring and regular trypanosomatid genes
are very different (Additional file 14). The gene found
in the regular trypanosomatids Leishmania sp. and C.
acanthocephali groups deep within the Firmicutes, most
closely Clostridium, with BSV of 63. The symbiont-
harboring trypanosomatid genes, on the other hand,
cluster as the most basal clade of one of the two large
assemblages of eukaryotes present in this phylogeny,
although all BSV are low and there is a large group of
Bacteria from diverse phyla between the symbiont-
harboring trypanosomatids plus a few other eukaryotic
groups and the other eukaryotes in this part of the tree. It
is therefore difficult to conclude whether the symbiont-
harboring trypanosomatid gene is of bacterial or eukaryotic
origin.

HGT and tryptophan biosynthesis

Tryptophan synthase beta subunit (EC:4.2.1.20), present in
the symbiont-harboring trypanosomatids and Herpetomonas,
is the last enzyme of the tryptophan biosynthesis pathway,
and the only one present in trypanosomatids for this path-
way. Its gene groups robustly (BSV of 97) with the
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Bacteroidetes phylum (Additional file 15). It is also highly
similar (around 80% identity and 90% similarity) to the
corresponding genes of this phylum, suggesting either a
very recent transfer or high sequence conservation. Given
that the protein alignment of the orthologs (not shown)
presents a maximum patristic distance value of 84.04%
and a median of 47.22%, it is therefore likely that
the transfer of EC:4.2.1.20 to the Trypanosomatidae is
relatively recent.

HGT and arginine and ornithine biosynthesis

The arginine and ornithine synthesis pathway has been
influenced by HGT events in a few key steps. As discussed
above, one of the entry points for the urea cycle is through
ornithine synthesized from glutamate. The last step, con-
verting N-acetylornithine to ornithine, can be performed
by either EC:3.5.1.14 or EC:3.5.1.16 (Figure 7). We have
found that the genes for both enzymes, present in all
symbiont-harboring and regular trypanosomatid genomes,
originated from HGT events. All gene copies for EC:3.5.1.14
group as one clade with a gammaproteobacterium (BSV
of 98), and with Bacteria of different phyla (predominantly
Firmicutes) as nearest sister group, although with low BSV
(Additional file 16). The few other eukaryotic groups
present in the tree are very distant from the trypanosomatid
group. The multiple copies of the gene for EC:3.5.1.16 in
symbiont-harboring and regular trypanosomatids group to-
gether in a monophyletic clade (Additional file 17), which
clusters within a large group of mostly Betaproteobacteria
with BSV of 80, including the Alcaligenaceae, the family to
which the endosymbionts belong. However, it seems highly
unlikely that this sequence has been transferred from
the endosymbiont genomes to their hosts genomes
because the nuclear sequences are firmly removed from
the Alcaligenaceae, and many regular trypanosomatids
(including Trypanosoma spp.) also present this gene in
the same part of the tree.

The only trypanosomatid analyzed which presented
ornithine carbamoyl transferase (OCT, EC:2.1.3.3) was
Herpetomonas muscarum. Our phylogenetic analysis of
this gene indicates that it is of eukaryotic origin (not
shown). The symbiont-harboring trypanosomatids utilize
the OCT provided by their endosymbionts, and their
OCT genes group firmly inside the Alcaligenaceae family,
next to Taylorella and Advenella, as expected.

The genes for EC:6.3.4.5 and EC:4.3.2.1 present similar
evolutionary patterns: both are absent from endosymbiont
genomes and present in all symbiont-harboring and regular
trypanosomatid genomes — the only exception being the
lack of the latter in Leishmania spp. The Trypanosomatid
genes form monophyletic groups in their respective trees,
grouping within Firmicutes in both cases (Additional
files 18 and 19). BSV is higher (82) in the tree of EC:4.3.2.1
than in that of EC:6.3.4.5 (69). In both cases, support falls
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for deeper branches in the trees. Although the host
genomic sequences are still incomplete and in varying
degrees of contiguity, it is interesting to note that the
genes for EC:6.3.4.5 and EC:4.3.2.1 are present in tandem
in one contig in all symbiont-harboring trypanosomatids
(Additional file 1). The flanking genes are eukaryotic:
terbinafine resistance locus protein and a multidrug resist-
ance ABC transporter. As seen in the genome browser at
TriTrypDB (http://tritrypdb.org), Leishmania spp. have
most of these same genes, although in a slightly different
order (EC:6.3.4.5 occurring after the two eukaryotic
genes instead of between them) and lacking EC:4.3.2.1.
L. braziliensis seems to be in the process of additionally
losing EC:6.3.4.5, which is annotated as a pseudogene.
These phylogenetic and genomic data strongly suggest
that EC:4.3.2.1 and EC:6.3.4.5 have been transferred
together from a Firmicutes bacterium to the common
ancestor of the symbiont-harboring and regular trypano-
somatids studied, and that these transferred genes have
been or are being lost from Leishmania at least.

The final enzyme in the urea cycle, arginase (EC:3.5.3.1),
is present in all symbiont-harboring and regular trypano-
somatids examined here. However, the sequence from
Herpetomonas presents a partial arginase domain; while
the protein sequence length is as expected, the domain
match starts only after 70 amino acids. We speculate that
this divergence could be responsible for the lack of arginase
activity previously seen in Herpetomonas. Differently from
most other enzymes in this work, there are different evolu-
tionary histories for the arginase genes: all trypanosomatid
genes but that from Herpetomonas cluster together with
very high bootstrap support of 98, within Eukaryota
(Additional file 20). The sequence from Herpetomonas
on the other hand is the sister group (BSV of 79) of a large
assemblage of Bacteria from several different phyla, but pre-
dominantly Deltaproteobacteria, Firmicutes, Actinobacteria,
and Cyanobacteria. It is therefore clear that Herpetomonas
must have acquired a different arginase than that present
in the other trypanosomatids studied, which possess
eukaryotic genes. Furthermore, this gene seems to be
undergoing a process of decay, given its lack of significant
similarity to the known arginase domain in a significant
portion of the protein.

HGT in other pathways: possible symbiont to host transfer

Ornithine cyclodeaminase (EC:4.3.1.12) converts ornithine
directly into proline, a non-essential amino acid. In our
analyses, we have found that the gene for EC:4.3.1.12 of
symbiont-harboring trypanosomatid genomes is very simi-
lar to those from Betaproteobacteria of the Alcaligenaceae
family, to which the endosymbionts belong. Regular
trypanosomatid and endosymbiont genomes do not
contain the gene for this enzyme. Accordingly, the phyl-
ogeny shows the symbiont-harboring trypanosomatid
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gene grouping close to several Alcaligenaceae, although
the clade is not monophyletic and presents BSV of 63
(Additional file 21). This grouping, together with the gene
presence in symbiont-harboring trypanosomatid genomes
only, poses the possibility that EC:4.3.1.12 has been
transferred from the ancestral endosymbiont to the corre-
sponding host, before the radiation of symbiont-harboring
trypanosomatids into the two genera and five species
analyzed here.

Other observation on amino acid pathway peculiarities
Some interesting peculiarities of specific genes from a few
pathways deserve to be discussed. Interestingly, the gene
for branched-chain-amino-acid transaminase (EC:2.6.1.42),
the last step in the synthesis of isoleucine, valine, and
leucine (Figure 4), was identified in all bacteria of the
Alcaligenaceae family present in KEGG, except for the
endosymbionts’ closest relatives, Taylorella spp. (parasitic)
and Advenella kashmirensis (free-living), which also lack
the gene. The question is raised then of whether the com-
mon ancestor of Taylorella and the endosymbionts, which
are sister groups [25], had already lost the gene. Another
possibility is that independent loses occurred in endosym-
bionts, Taylorella, and Advenella. Considering that the
rest of the pathway is present in these organisms and that
the free-living Advenella would need the last gene to
complete synthesis of these amino acids, it is reasonable
to speculate that their EC:2.6.1.42 is novel or at least very
different and thus could not be identified by similarity
searches.

As mentioned above, the histidine pathway biosynthesis
is performed by the endosymbionts and all enzymes, with
the exception of histidinol-phosphate phosphatase (HPP,
EC:3.1.3.15), have been identified. This is also the only
enzyme of this pathway missing in other Betaproteobacteria
available in KEGG. Recently, it was reported that such
a gap in the histidine biosynthesis pathway in other
organisms was completed by novel HPP families [78,79].
Our searches for the novel C. glutamicum HPP (cg0910,
an inositol monophosphatase-like gene) have identified
two possible candidate genes in the endosymbionts
(BCUE_0333 and BCUE_0385, in C. K. blastocrithidii).
As in Corynebacterium, neither of these genes is in the
same operon as the known histidine synthesis genes.
Given the absence of any other inositol phosphate me-
tabolism genes in the endosymbiont genomes, except
for these two IMPases, it is reasonable to hypothesize
that at least one of the two aforementioned candidates
could be the HPP.

Conclusions

In the present paper, we have put together nutritional,
biochemical, and genomic data in order to describe how
the metabolic co-evolution between the symbiont and the
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host trypanosomatid is reflected in amino acid production
(Figure 9). In fact, amino acid biosynthetic pathways in
symbiont-harboring trypanosomatids are frequently
chimeras of host and endosymbiont encoded enzymes,
with predominance of the latter in the synthesis of essential
amino acids. After a careful analysis of different routes, it
becomes clear that the symbiotic bacterium completes
and/or potentiates most pathways of the host protozoa that
are involved in amino acid production, as previously seen
in other systems [7].

Sometimes, as in the lysine and histidine synthesis, the
symbionts contain all genes for enzymes that compose the
metabolic route. By contrast, in the cysteine and methio-
nine pathways the bacterium lacks most genes involved
in amino acid interconversion, which are present in host
trypanosomatids. Interestingly, the last step of some
metabolic routes such as those for lysine and tryptophan,
contains two genes; one in the host genome, the other in
the endosymbiont genome. This phenomenon has also
been observed in the synthesis of heme [58,80], but the
reasons for this peculiarity remain obscure. However, we
have to consider the possibility that HGT events preceded
the colonization of symbiont-harboring trypanosomatids
by their endosymbionts, and that the genes present in the
host genomes are just relics of previous HGT event(s).
Alternatively, these genes could have been recruited to
perform functions, as the control of amino acid production
by the host trypanosomatid. This same strategy can be
considered in isoleucine, valine, and leucine production,
but in this case endosymbionts lack the enzyme for the
last step, the branched-chain amino acid transaminase
(EC:2.6.1.42).

A clear example of the integration of earlier nutritional
and enzymatic data with the present gene screening is the
synthesis of arginine and ornithine in trypanosomatids.
Differently from other members of the family, the urea
cycle is complete in symbiont-harboring trypanosomatids
by the presence of the OCT gene (EC:2.1.3.3) in symbionts,
making these protozoa entirely autotrophic for ornithine,
citrulline, and arginine, as previously known from nutri-
tional data [19,22,44,52]. Symbiont-bearing trypanosomatids
contain genes for all enzymes leading from glutamate to
arginine. The corresponding genes are located partly in
the genomes of their endosymbionts and partly in the
protozoan nucleus; in this last case, genes are of bacterial
origin, resulting from HGT and including at least one
transfer of two genes at once (EC:4.3.2.1 and EC:6.3.4.5),
as demonstrated in our phylogenies. Furthermore, endo-
symbionts also contain most genes for the glutamate path-
way, thus enhancing synthesis of ornithine, that once
decarboxylated generates polyamine, which is related to
cell proliferation and to the low generation time displayed
by symbiont-harboring trypanosomatids. Results in this
study confirm previous findings [25,58] showing the
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Figure 9 Overview of the biosynthetic pathways of essential amino acids in trypanosomatids. Dashed arrows: metabolite import; dotted
arrows: reaction present in only some of the organisms analyzed; solid arrows: other reactions (a single arrow can summarize multiple steps);
arrows surrounded by a gray box: enzymes possibly acquired through horizontal transfer from Bacteria to trypanosomatids (see main text).

A. Contribution of symbiont-harboring trypanosomatids (SHT) and endosymbionts (TPE) based on the analysis of gene content in the genomes
of A. deanei, A. desouzai, S. culicis, S. oncopelti, S. galati, and respective endosymbionts. B. Biochemical capability of trypanosomatids without
symbionts (RT), based on the analysis of genomic data from H. muscarum, C. acanthocephali, and L. major.

Trp Leu, lle, Val
or precursor
B Tyr 1 P
Phe Lys or precursor

betaproteobacterial origin of the genes of endosymbionts.
The nuclear genes, on the other hand, present a much
more convoluted evolutionary picture, with probably
numerous ancient HGT events shaping the amino acid
metabolism in trypanosomatids. A few pathways in particu-
lar have been heavily affected, i.e. methionine/cysteine and
arginine/ornithine synthesis. Transferred genes originated
preferentially from three bacterial phyla, namely Firmicutes,
Bacteroidetes, and Gammaproteobacteria, although pos-
sible transfers from other phyla of Bacteria have also
been uncovered. Especially interesting was the finding of a
gene, coding for ornithine cyclodeaminase (EC:4.3.1.12),
which closely groups with the Alcaligenaceae family of
the Betaprotebacteria and that is likely to have been
transferred from the endosymbiont to the host genome.
Accordingly, it is present only in symbiont-harboring
trypanosomatid nuclear genomes and not in any of the
currently sequenced regular trypanosomatid genomes.
During review of this work, a very recent report of a
similar situation of multiple lineages contributing to
the metabolism in the symbiosis of mealybugs, involv-
ing the three interacting partners and genes acquired
through HGT from other bacterial sources (mainly
Alphaproteobacteria, but also Gammaproteobacteria
and Bacteroidetes) to the insect host, has been published
[81]. This suggests that this phenomenon could be wide-
spread and of great importance in genomic and metabolic
evolution.

Having been detected in about half of the genes analyzed
in this work, HGT events seem to have been fundamental
in the genomic evolution of the Trypanosomatidae
analyzed, and further phylogenetic studies of the whole
host genomes should show the complete extent of this
process and which additional pathways could be affected.
Synthesis of vitamins (Klein et al, personal communica-
tion), heme, and amino acids have already been shown to
benefit from bacterial-to-trypanosomatid HGT; many other
processes in Trypanosomatidae metabolism might also be
subjected to this evolutionary process.

Methods

Organisms and growth conditions

The symbiont-harboring trypanosomatid species genomes
sequenced here were: Strigomonas oncopelti TCC290E,
S. culicis TCCO12E, S. galati TCC219, Angomonas deanei
TCCO36E, and A. desouzai TCCO79E. These symbiont-
harboring trypanosomatids harbor, respectively, the sym-
bionts: Candidatus Kinetoplastibacterium oncopeltii, Ca.
K. blastocrithidii, Ca. K. galatii, Ca. K. crithidii and Ca. K.
desouzaii [24], and were previously sequenced [25]. In
addition, we have also sequenced the genomes of two
regular trypanosomatids, i.e. Herpetomonas muscarum
TCCO01E and Crithidia acanthocephali TCCO37E. These
organisms are cryopreserved at the Trypanosomatid Cul-
ture Collection of the University of Sdo Paulo, TCC-USP.
Symbiont-harboring trypanosomatids were grown in
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Graces’ medium (Gibco). Regular trypanosomatids were
grown in LIT media [82].

DNA extraction and sequencing

Total genomic DNA was extracted by the phenol-
chloroform method [83]. We applied kDNA depletion
methods to minimize the presence of this type of molecule,
as previously described [58], which result in less than about
5% of remaining kKDNA in the sample. After kKDNA
depletion, about 5 pug of DNA were submitted to each
Roche 454 shotgun sequencing run, according to the
manufacturer’s protocols. Different genomes have so far
been sequenced to different levels of draft quality, with
estimated coverages of 15X to 23X (considering a genome
of ~30 Mbp). Sequences were assembled using the Newbler
assembler version 2.3, provided by Roche. Resulting assem-
blies are available from GenBank, as detailed in “Availability
of Supporting Data” below. Endosymbiont genomes were
finished to a closed circle as previously described [25].

Gene discovery and annotation

Endosymbiont genes were used as previously published
[25]. In an initial scan of the genome, trypanosomatid
genes were discovered and mapped to metabolic pathways
using ASGARD [84], employing as reference the UniRef100
[85] and the Kyoto Encyclopedia of Genes and Genomes,
KEGG [86] databases. The identified segments of DNA
were then extracted from the genome and manually
curated for completion and proper location of start and
stop codons by using the GBrowse genome browser [87].
Putative sequence functions were confirmed by domain
searches against NCBI’'s Conserved Domain Database [88].
Genes and annotations from other trypanosomatids
were used when needed and as available at KEGG. All
trypanosomatid genes characterized in this study have
been submitted to NCBI's GenBank and accession numbers
are available from Additional file 22. All endosymbiont
genes analyzed here have been previously sequenced [25];
gene identifiers are available from Additional file 23.

Due to the incomplete nature of our trypanosomatid
assemblies, a set of criteria were used to avoid including
contaminant sequences in our analyses. A gene was
accepted as legitimate only when satisfying at least
two of the following: genomic context compatible with
a trypanosomatid gene (i.e. long stretches of genes in
the same orientation in the contig, most neighboring
genes similar to genes from other, previously sequenced
trypanosomatids); sequencing coverage in the gene similar
to, or higher than, that of the gene and genome averages
(since contaminants that are difficult to detect will almost
always be in small contigs of low coverage); GC percent
content consistent with that of the neighboring genes,
and of the overall genome; and phylogenetic congruence
(i.e. whether genes from more than one trypanosomatid
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formed monophyletic assemblages). Genomic context and
GC content graphs were drawn by GBrowse [87] and
graphically edited for better use of space.

Phylogenetic analyses

For phylogenetic analysis of each enzyme characterized
in this work, corresponding putative orthologous genes
from all domains of life were collected from the public
databases by BLAST search (E-value cutoff of le-10,
maximum of 10,000 matches accepted) against the full
NCBI NR protein database, collecting sequences from as
widespread taxonomic groups as possible and keeping one
from each species (except for alignments with more
than ~1,500 sequences, in which case one organism per
genus was kept). Only sequences that were complete
and aligned along at least 75% of the length of the query
were selected. All analyses were performed at the protein
sequence level. Sequences were aligned by Muscle v. 3.8.31
[89]. Phylogenetic inferences were performed by the max-
imum likelihood method, using RAxML v. 7.2.8 [90] and
employing the WAG amino acid substitution model [91],
with four gamma-distributed substitution rate heterogen-
eity categories and empirically determined residue frequen-
cies (model PROTGAMMAWAGF). Each alignment
was submitted to bootstrap analysis with 100 pseudo-
replicates. Trees were initially drawn and formatted using
TreeGraph2 [92] and Dendroscope [93], with subsequent
cosmetic adjustments performed with the Inkscape vector
image editor (http://inkscape.org). Phylogenetic conclusions
have been displayed as strong in the summary table for
phylogenetic results (Additional file 2) if BSV was 80
or greater, and moderate if BSV was between 50 and 80 —
with one exception, EC:2.1.1.37, described in the results.
Resulting phylogenetic trees are available from TreeBase
(accession number S14564), as detailed in “Availability of
Supporting Data” below.

Availability of supporting data

The data sets supporting the results of this article are
available in the GenBank and TreeBase repositories,
under accession numbers AUXHO00000000, AUXI00000000,
AUXJ00000000, AUXK00000000, AUXL00000000, AUXM
00000000, and AUXNO00000000 (genome sequences of S.
culicis, C. acanthocephali, H. muscarum, S. oncopelti, A.
desouzai, A. deanei, and S. galati, respectively), and S14564,
for the sequence alignments and phylogenetic trees (http://
purl.org/phylo/treebase/phylows/study/TB2:514564).

Additional files

Additional file 1: Genomic context and GC content for candidate
HGT genes in the Trypanosomatidae analyzed in this work. Arrows
show TBLASTN alignments of the genome against UniRef100 and KEGG
proteins. Alignment orientation is displayed in blue or red, except for the
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alignment for the gene currently in focus, which is colored black.
Coordinates are in kilobases.

Additional file 2: Summary of phylogenetic and genome coverage
analyses of the candidate HGT genes in the Trypanosomatidae
analyzed in this work and a few other genes of interest.

Additional file 3: Methionine salvage pathway. Enzymes surrounded
by a thick gray box were shown to be horizontally transferred from Bacteria
(see main text). Metabolites — I: methionine; Il S-adenosylmethionine; IlI:
S-adenosylmethioninamine; IV: S-methyl-5-thioadenosine; V: S-methyl-5-
thioribose; VI: S-methyl-5-thioribose 1-phosphate; VII: S-methyl-5-thioribulose
1-phosphate; VIIi: 2,3-diketomethylthiopentyl-1-phosphate; IX: 2-hydroxy-3-
keto-5-methylthiopenctenyl-1-phosphate; X: 1,2-dihydroxy3-keto-5-
methylthiopentene; XI: 4-methylthio-2-oxobutanoate. Enzymes — 2.5.1.6:
methionine adenosyltransferase; 4.1.1.50: adenosylmethionine decarboxylase;
2.5.1.16: spermidine synthase; 3.2.2.9: adenosylhomocysteine nucleosidase;
3.2.2.16: methylthioadenosine nucleosidase; 2.7.1.100: S-methyl-5-thioribose
kinase; 2.4.2.28: S-methyl-5-thioadenosine phosphorylase; 5.3.1.23: S-methyl-5-
thioribose-1-phosphate isomerase; 4.2.1.109: methylthioribulose 1-phosphate
dehydratase; 3.1.3.77: acireductone synthase; 1.13.11.54: acireductone
dioxygenase; 2.6.1.5: tyrosine transaminase; 2.6.1.57: aromatic-amino-acid
transaminase. SHT: symbiont-harboring trypanosomatid; RT: regular
trypanosomatid; TPE: trypanosomatid proteobacterial endosymbiont.

Additional file 4: Maximum likelihood phylogeny of
diaminopimelate epimerase (EC:5.1.1.7). Overall tree colored
according to taxonomic affiliation of sequences. Values on nodes
represent bootstrap support (only 50 or greater shown) and distance bar
only applies to the overall tree and not to the detailed regions.

Additional file 5: Maximum likelihood phylogeny of
diaminopimelate decarboxylase (EC:4.1.1.20). Overall tree colored
according to taxonomic affiliation of sequences. Values on nodes
represent bootstrap support (only 50 or greater shown) and distance bar
only applies to the overall tree and not to the detailed regions.

Additional file 6: Maximum likelihood phylogeny of serine
O-acetyltransferase (EC:2.3.1.30). Overall tree colored according to
taxonomic affiliation of sequences. Values on nodes represent bootstrap
support (only 50 or greater shown) and distance bar only applies to the
overall tree and not to the detailed regions.

Additional file 7: Maximum likelihood phylogeny of cysteine
synthase (EC:2.5.1.47). Overall tree colored according to taxonomic
affiliation of sequences. Values on nodes represent bootstrap support
(only 50 or greater shown) and distance bar only applies to the overall
tree and not to the detailed regions.

Additional file 8: Maximum likelihood phylogeny of homoserine
O-succinyltransferase (EC:2.3.1.46). Overall tree colored according to
taxonomic affiliation of sequences. Values on nodes represent bootstrap
support (only 50 or greater shown) and distance bar only applies to the
overall tree and not to the detailed regions.

Additional file 9: Maximum likelihood phylogeny of DNA
(cytosine-5-)-methyltransferase (EC:2.1.1.37). Overall tree colored
according to taxonomic affiliation of sequences. Values on nodes
represent bootstrap support (only 50 or greater shown) and distance bar
only applies to the overall tree and not to the detailed regions.

Additional file 10: Maximum likelihood phylogeny of cystathionine
gamma-synthase, O-acetylhomoserine
aminocarboxypropyltransferase, and cystathionine beta-lyase
(EC:2.5.1.48, EC:2.5.1.49, and EC:4.4.1.8). Overall tree colored
according to taxonomic affiliation of sequences. Values on nodes
represent bootstrap support (only 50 or greater shown) and distance bar
only applies to the overall tree and not to the detailed regions.

Additional file 11: Maximum likelihood phylogeny of homocysteine
S-methyltransferase (EC:2.1.1.10). Overall tree colored according to
taxonomic affiliation of sequences. Values on nodes represent bootstrap
support (only 50 or greater shown) and distance bar only applies to the
overall tree and not to the detailed regions.

Additional file 12: Maximum likelihood phylogeny of
5-methyltetrahydropteroyltriglutamate-homocysteine
S-methyltransferase (EC:2.1.1.14). Overall tree colored according to

taxonomic affiliation of sequences. Values on nodes represent bootstrap
support (only 50 or greater shown) and distance bar only applies to the
overall tree and not to the detailed regions.

Additional file 13: Maximum likelihood phylogeny of S-methyl-5-
thioribose kinase (EC:2.7.1.100). Overall tree colored according to
taxonomic affiliation of sequences. Values on nodes represent bootstrap
support (only 50 or greater shown) and distance bar only applies to the
overall tree and not to the detailed regions.

Additional file 14: Maximum likelihood phylogeny of L-threonine
aldolase (EC:4.1.2.5). Overall tree colored according to taxonomic
affiliation of sequences. Values on nodes represent bootstrap support
(only 50 or greater shown) and distance bar only applies to the overall
tree and not to the detailed regions.

Additional file 15: Maximum likelihood phylogeny of (EC:4.2.1.20).
Overall tree colored according to taxonomic affiliation of sequences.
Values on nodes represent bootstrap support (only 50 or greater shown)
and distance bar only applies to the overall tree and not to the detailed
regions.

Additional file 16: Maximum likelihood phylogeny of aminoacylase
(EC:3.5.1.14). Overall tree colored according to taxonomic affiliation of
sequences. Values on nodes represent bootstrap support (only 50 or
greater shown) and distance bar only applies to the overall tree and not
to the detailed regions.

Additional file 17: Maximum likelihood phylogeny of
acetylornithine deacetylase (EC:3.5.1.16). Overall tree colored
according to taxonomic affiliation of sequences. Values on nodes
represent bootstrap support (only 50 or greater shown) and distance bar
only applies to the overall tree and not to the detailed regions.

Additional file 18: Maximum likelihood phylogeny of
argininosuccinate synthase (EC:6.3.4.5). Overall tree colored according
to taxonomic affiliation of sequences. Values on nodes represent
bootstrap support (only 50 or greater shown) and distance bar only
applies to the overall tree and not to the detailed regions.

Additional file 19: Maximum likelihood phylogeny of
argininosuccinate lyase (EC:4.3.2.1). Overall tree colored according to
taxonomic affiliation of sequences. Values on nodes represent bootstrap
support (only 50 or greater shown) and distance bar only applies to the
overall tree and not to the detailed regions.

Additional file 20: Maximum likelihood phylogeny of arginase
(EC:3.5.3.1). Overall tree colored according to taxonomic affiliation of
sequences. Values on nodes represent bootstrap support (only 50 or
greater shown) and distance bar only applies to the overall tree and not
to the detailed regions.

Additional file 21: Maximum likelihood phylogeny of ornithine
cyclodeaminase (EC:4.3.1.12). Overall tree colored according to
taxonomic affiliation of sequences. Values on nodes represent bootstrap
support (only 50 or greater shown) and distance bar only applies to the
overall tree and not to the detailed regions.

Additional file 22: Genbank accession numbers for
Trypanosomatidae genes characterized in this study.

Additional file 23: GenBank locus tags for the Ca.
Kinetoplastibacterium genes analyzed in this study.
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