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Resumen

Resumen.

Los tripanosomas africanos presentan caracteristicas particulares de gran interés,
entre las que resaltan un sistema de evasién de la respuesta inmune unico en la
naturaleza, asi como interesantes mecanismos de regulacion de la expresidn génica.
Asimismo debido a sus complejos ciclos de vida, en los que alternan entre dos
hospederos, estos parasitos presentan grandes cambios a nivel metabdlico,
particularmente en la actividad mitocondrial.

Con el fin de entender el surgimiento y la evolucién de estas peculiaridades es que
decidimos trabajar con Trypanosoma vivax, una especie de gran potencial como
modelo de estudio de los tripanosomas africanos, debido a su ubicacion evolutiva en la
rama mas ancestral de estos parasitos. Por otra parte, su introduccion en América,
donde logré expandirse sin la presencia del insecto vector (independiente de la
transmisién ciclica) y usando otros vectores que actian meramente como agentes
mecanicos, resulta de gran importancia para investigar los procesos adaptativos y
evolutivos que tuvieron como respuesta a este cambio del modo de transmision.

En esta tesis, se presentan los resultados obtenidos mediante analisis de RNA-seq en la
etapa sanguinea de aislados americanos de T. vivax. Los datos de la secuenciacidn,
ensamblaje de transcriptos, anotacion funcional y otras caracteristicas derivadas de
este andlisis se encuentran disponibles a través de una base de datos disponible online
(bioinformatica.fcien.edu.uy/Tvivax). Estos datos permitieron por un lado el estudio de
las glicoproteinas variables de superficie (VSGs) asociadas con el mecanismo de
evasion de la respuesta inmune. Los resultados de la comparacion de la composicidon
de membrana de estos parasitos contra Trypanosoma brucei, muestran diferencias
notables a nivel de la expresién de ARN mensajeros asociados a proteinas de
membrana, dejando abierta la pregunta respecto al rol protector de estas proteinas en
T. vivax y por ende su rol ancestral en la evasion de la respuesta inmune.

Respecto a los patrones de expresidn génica, mostramos datos relacionados al uso
diferencial de sitios de trans-splicing, el que proponemos como posible mecanismo
alternativo de regulacién de la expresidn génica.

Finalmente, respecto al estudio de la adaptacién a la transmisidn mecanica y su
relacion con la actividad mitocondrial, en este trabajo realizamos un estudio
comparativo del genoma mitocondrial en tres cepas de Trypanosoma vivax (una de
origen africano que realiza el ciclo de vida completo en el insecto vector, y dos cepas
americanas que son mecdanicamente transmitidas y permanecen Unicamente como
formas sanguineas). La cepa africana presenta un genoma mitocondrial completo y
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totalmente funcional, mientras que las cepas americanas muestran el inicio de un
proceso de degradacion de su genoma mitocondrial. Por otra parte el editing
postranscripcional (necesario para obtener proteinas funcionales a partir de los genes
mitocondriales) ocurre Unicamente en dos genes en las cepas americanas, mientras
gue en la cepa africana ocurre normalmente en todos los genes que lo requieren. Los
genes que si son editados en las cepas americanas (A6-ATPase y RPS12) juegan un rol
esencial también durante la etapa sanguinea de estos pardsitos. El analisis de la
poblacién de minicirculos (necesarios para el editing) muestra una diversidad reducida
en las cepas americanas, y se encuentran principalmente aquellos que contienen los
ARNg necesarios para el editing de los dos genes correctamente editados. El hecho de
gue estos dos genes permanezcan completamente funcionales difiere a lo reportado
en las cepas Trypanosoma brucei-like: T. evansi y T. equiperdum que restringen su
ciclo de vida a la fase sanguinea. Esto junto con otras diferencias, es indicativo que las
cepas americanas de T. vivax estdn siguiendo un camino evolutivo, en su adaptacion a
la transmisién mecanica, diferente al que ocurrié en las cepas derivadas de T. brucei.
Cabe resaltar ademas, que estos acontecimientos ocurrieron en un periodo de tiempo
relativamente corto, si consideramos que el ingreso de estos parasitos en América no
lleva mas de 500 afos.

En suma, en esta tesis se presentan los resultados obtenidos mediante el analisis del
parasito Trypanosoma vivax respecto a dos temas fundamentales de su biologia. Por
un lado, se aportan elementos para elucidar el mecanismo de variacién antigénica en
su estado ancestral, aportando informacion sobre la evolucion de este sistema, asi
como otros interesantes aspectos relacionados con posibles mecanismos de regulacién
de la expresién génica. Por otra parte se presentan los resultados de la comparacién
de los genomas mitocondriales de aislados americanos y africanos de estos parasitos,
mostrando evidencia sobre cambios en el genoma mitocondrial que habrian tenido
lugar durante la adaptacion a la pérdida del ciclo completo observado en los parasitos
aislados en América.
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Introduccion.

a. Tripanosomatidos

a.1 Generalidades

El orden kinetoplastida esta constituido por un grupo de protozoarios que incluye
organismos de vida libre, y parasitos de invertebrados, vertebrados y también de
plantas. Constituye una rama temprana en el arbol evolutivo eucariota y posee
caracteristicas morfoldgicas, bioquimicas y genéticas que son Unicas de este grupo. El
orden debe su nombre a la presencia de una intrincada estructura formada por ADN y
proteinas de su Unica mitocondria, localizada en una regidn especializada de la matriz
mitocondrial, llamado kinetoplasto [1].

Dentro de este grupo, la familia Trypanosomatidae (organismos exclusivamente
parasitos) es causante de importantes enfermedades en humanos (leishmaniasis —
Leishmania spp-, enfermedad del sueio —Trypanosoma brucei- y enfermedad de
Chagas —Trypanosoma cruzi-), asi como también en animales silvestres y domesticados
(provocada por T. brucei brucei, Trypanosoma vivax, Trypanosoma evansi y
Trypanosoma congonlense).

La enfermedad de Chagas o tripanosomiasis americana causada por T. cruzi, fue
descrita por el médico brasilefio Carlos Chagas en 1909 [2], siendo la primera vez en la
historia que una misma persona describe la enfermedad, el agente causante y el vector
[2, 3]. Esta enfermedad es una de las endemias mas expandidas de América Latina,
aungue en las ultimas décadas se ha observado con mayor frecuencia en los Estados
Unidos de América, Canada, muchos paises europeos y algunos paises del Pacifico
Occidental. Se estima que en el mundo hay entre 7 y 8 millones de personas infectadas
por este parasito [4].

La leishmaniasis, causada por Leishmania spp comprende un amplio espectro de
enfermedades, tanto en humanos como en animales cuyas manifestaciones clinicas,
dependiendo de la especie de Leishmania abarcan desde Ulceras de piel hasta
infecciones letales de érganos internos. De amplia distribucidn en América, Europa y
Asia, es considerada una de las mas importantes enfermedades desatendidas,
causando aproximadamente 150.000 muertes anuales [5]. Se estima que en el mundo
hay aproximadamente 2 millones de casos anuales con 367 millones de personas con
riesgo de contraer la enfermedad [6].
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Los tripanosomas africanos, también llamados Salivaria (debido a que completan su
ciclo de vida en las gldndulas salivales o en las piezas bucales del insecto vector) son
causantes de una serie de enfermedades de importancia sanitaria y veterinaria
conocidas como tripanosomiasis africanas. Esta enfermedad en humanos es llamada
enfermedad del suefio y afecta a 36 paises de la regidn sub-sahariana donde existen
las moscas del género Glossina (mosca tse-tsé) que pueden trasmitirla. Dos
subespecies de T. brucei, T. brucei gambiense y T. brucei rhodesiense, dan cuenta de la
enfermedad en humanos, mientras que una tercer subespecie T. brucei brucei sélo
infecta animales. T. b. gambiense es causante de la forma crénica de la enfermedad
del suefio en Africa central y oriental, responsable del 98% de los casos notificados,
mientras que T. b. rhodesiense da lugar a la forma aguda de la enfermedad en Africa
del sur y occidental. La enfermedad tiene dos etapas, la primera conocida como la fase
hemolinfatica donde los parasitos se restringen a la sangre y al sistema linfatico,
mientras que la segunda corresponde a una etapa posterior de la enfermedad
conocida como la fase neuroldgica, caracterizada por la presencia del parasito en el
liquido cerebroespinal. Si no es tratada, la enfermedad del suefio causa la muerte en
meses (T. b. rhodesiense) o afios (T. b. gambiense) [7]. En 2004, se estimaba en 50.000
a 70.000 el numero de personas infectadas anualmente, y desde entonces el nUmero
ha ido disminuyendo, reportandose 9.878 casos en 2009 y 3.679 nuevos casos en
2014. Segun estimaciones de la Organizacion Mundial de la Salud, el numero real de
casos es actualmente de 30.000. Se estima que la poblacién expuesta al riesgo de esta
enfermedad es de unos 70 millones de personas [4].

En animales, una de las tripanosomiasis africanas mas conocidas es la enfermedad
llamada Nagana, ocasionada por T. vivax, T. congolense y T. brucei. Esta enfermedad
tiene un fuerte impacto en la economia de los paises que la padecen debido a que
produce pérdidas importantes en la ganaderia. Se estima, que sélo en la region de
Africa sub-sahariana habria pérdidas econdmicas cercanas a los 5 mil millones de
ddlares anuales por esta enfermedad [8]. A su vez el ganado y los animales domésticos
son el principal reservorio de los tripanosomas causantes de la enfermedad en
humanos. Si bien los parasitos causantes de la Nagana son de origen africano y se
trasmiten por la mosca tse-tsé, algunos se han dispersado a zonas libres de este
insecto vector. Particularmente, en Sudamérica dos especies de tripanosomas
africanos (T. vivax y T. evansi) que pudieron haber sido introducidos a mediados del
siglo diecinueve en la Guayana francesa a través de ganado tipo cebul importado desde
Senegal segln algunos autores [9, 10], y se expandieron rapidamente por transmision
mecanica a través de vectores de varias especies de moscas hematofagas (Tabanidos y
Stomoxys). La introduccién no puede datarse exactamente, ya que también podria
haber ocurrido desde 1733 directamente desde Africa [11], o desde los viajes de la
colonizacién de América que trajeron ganado desde Europa o Africa [12].
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La introduccién de vacas, cabras, ovejas y equinos por los colonizadores pudo haber
sido responsable de la introduccion en América en diferentes lugares y momentos [12].
Hoy afectan areas dedicadas a la ganaderia extensiva, desde Venezuela hasta Paraguay
y el norte de Argentina [13]. Se prevé que esta enfermedad siga expandiéndose hacia
zonas mas surefias siendo el nuestro uno de los paises que probablemente se vea
afectado en el futuro proximo. En este sentido cabe resaltar que tanto Trypanosoma
vivax como Trypanosoma evansi han sido detectados incluso en ganado en Rio Grande
do Sul, a sélo pocos kildbmetros de la frontera con nuestro pais [14, 15]. Esto ubicaria a
la tripanosomiasis africana en la categoria de parasitosis emergente en la region.
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a.2 Ciclo de vida

Los tripanosomatidos presentan complejos ciclos de vida con diferentes etapas de
desarrollo que alternan, en general, entre hospederos vertebrados e invertebrados.
Durante sus ciclos de vida sufren importantes cambios tanto morfolégicos como
metabodlicos y muestran gran plasticidad para adaptarse a entornos muy diferentes
gue requieren un alto grado de regulacién diferencial en la expresion de proteinas
[16].

En la Figura 1 se esquematiza las diferentes formas por las que alterna el parasito
durante su ciclo de vida. Las mismas se clasifican en funcién de la ubicacion del flagelo
(anterior, media o posterior), y la ubicacion del kinetoplasto con respecto al nucleo. No
todas las especies pasan por todas las formas, ni éstas son totalmente equivalentes,
biolégicamente, entre distintas especies.

>
®

onass, Leptomonas

Trypanosoma
Promastigote

Trypomastigote

Epimastigote

Trypanosoma, Blastc

— Cell body ' Free flagellum
NP | length length

Opisthomastigote Choanomastigote

Cell body ' Free flagellum
length length

C © 1 o

FP Ax PFR

All genera

Amastigote 0O

Figura 1. Diagrama de diferentes formas morfoldgicas observadas en tripanosomatidos. A. Morfologia
con flagelo lateralmente unido al cuerpo celular (epimastigotas y tripomastigotas). B. Morfologia con
flagelo libre (se extiende desde el bolsillo flagelar). C. Morfologia sin flagelo movil (Amastigota). D. Clave
de estructuras: Nucleo (azul), kinetoplasto (violeta), y flagelo (cuerpo basal —BB-, bolsillo flagelar —FP-,
axonema —Ax- y paraflagellar rod protein —PFR-). Métricas: KP, distancia kinetoplasto-posterior, NP,
distancia nucleo-posterior. El género en el que cada morfologia ocurre (género monofilético se indica
subrayado). Tomado de [17].
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Una caracteristica a destacar es que los parasitos Leishmania spp. y T. cruzi son
intracelulares obligados en el mamifero, mientras que los tripanosomas africanos se
desarrollan extracelularmente en este hospedero. En la Figura 2 se esquematiza las
principales formas y etapas del ciclo de vida de los tripanosomatidos intracelulares
(ejemplificado por el ciclo de T. cruzi) y de aquellos que permanecen extracelulares en
el hospedero mamifero (ejemplificado por T. brucei).

A. Trypanosoma brucei B. Trypanosoma cruzi
Forma Sanguinea Stumpy
=emeemme3>(BSF Stumpy).

o No proliferativa X . : ’
Tripomastigota (infectiva, no replicativa)

Elinsecto toma
tripomastigotas sanguineos
de un mamifero infectado.

Forma Sanguinea
(BSF, bloodstream form)

Epimastigota.
Proliferativo

Amastigota, su

forma replicativa / Intestino medio
(intracelular) %

Intestino medio|

/ Glandulasalival ™

Prociclico.
Proliferativo.

" Intestino
posterior

Forma Sanguinea Slend®
(BSF Slender).

Proliferativa. Epimastigota.

B, Proliferativo. Tripomastigotas " "
Metaciclico. iretaciclicos: Tripomastigotas

No proliferativo, Invaden diversos metaciclicos.
Infectivos no

infectivo tipos celulares g :
proliferativos

Figura 2. Esquema del ciclo de vida de los parasitos T. brucei y T. cruzi. A. Ciclo de vida resumido de T.
brucei. B. Ciclo de vida resumido de T. cruzi.

El ciclo de vida en Trypanosoma cruzi involucra dos hospederos, un mamifero que es
considerado como hospedero definitivo y un insecto triatomino, el cual funciona como
vector. En el insecto triatomino el parasito se replica en su forma epimastigota en el
intestino medio y se diferencia a su forma infectiva (tripomastigota metaciclico, no
replicativo) cuando alcanza el intestino posterior y es expulsado en las heces,
accediendo al torrente sanguineo del hospedero mamifero a través de heridas de la
piel o atravesando membranas mucosas. Los tripomastigotas de T. cruzi invaden una
gran variedad de tipos celulares, y son capaces de escapar de la vacuola fagolisosémica
y multiplicarse en el citoplasma celular (forma amastigota). Luego de multiplicarse por
divisién celular, los amastigotas vuelven a diferenciarse en la forma tripomastigota
(forma infectiva, no replicativa) que puede volver a infectar otras células o comenzar
nuevamente el ciclo cuando la sangre es ingerida por un insecto [5].

En T. brucei, durante la fase del ciclo de vida correspondiente al insecto vector (mosca

tse-tsé) los parasitos se mueven desde el intestino medio (forma llamada prociclica)

hasta las piezas bucales del insecto antes de ser inoculado en el hospedero mamifero

en su forma infectiva. Los epimastigotas de T. brucei no permanecen en las piezas

bucales, ya que antes deben migrar desde el proventriculo hacia las glandulas salivales,
7
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donde se transforman en epimastigotas metaciclicos (la forma infectiva) para luego ser
expulsados con la saliva para infectar al hospedero mamifero (Figura 3).
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Figura 3. Ciclo de vida de T. brucei dentro del insecto vector. Luego de la ingesta de sangre infectada
(1), los parasitos sanguineos se transforman rapidamente en la forma prociclica en el lumen del
intestino medio de la mosca. Las formas prociclicas atraviesan la Matriz Peritdpica (PM) (2) y se
establece y prolifera en el espacio ectoperitdpico (ES) (3). Luego de varios ciclos de division, el parasito
vuelve a cruzar la matriz y migra al proventriculo (4) donde se transforma inicialmente en forma
mesociclica y luego en tripomastigota largos (LT). Luego se produce una division asimétrica, para dar
lugar a las formas epimastigotas largas y cortas (5).Por Gltimo, las formas epimastigotas cortas se unen a
la glandula salival para proliferar y diferenciarse en las formas infectivas (epimastigota metaciclico) (6).
Tomado de [18].

Una vez en el mamifero los epimastigotas metaciclicos sufren diversos cambios
(morfoldgicos y fisiolégicos) dando lugar a la forma sanguinea (bloodstream form).
Trypanosoma brucei permanece completamente extracelular durante toda su estadia
en el mamifero, donden se puede encontrar en dos formas: slender o stumpy. La
primera es replicativa mientras que la segunda es quiescente. El pasaje de una forma a
la otra depende de la densidad de la poblacién parasitaria. La forma slender se
encuentra durante la fase exponencial de crecimiento del pardsito, mientras que la
forma stumpy se encuentra en los picos de parasitemia (cuando la densidad de
parasitos es elevada). El pasaje de slender a stumpy es un mecanismo de autocontrol
poblacional similar al quorum sensing de las bacterias [19]. El ciclo vuelve a comenzar
8
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cuando el insecto vector toma sangre infectada, y los parasitos pasan a su forma
prociclica en el intestino medio del invertebrado [20].

Como ya ha sido mencionando en los tripanosomas africanos la transmision ciclica
involucra como vectores a diversas especies del genero Glossina (mosca tse-tsé), cuya
distribucidn se restringe al Africa sub-sahariana. Sin embargo, la transmisiéon también
puede ser mecanica (sin completar el ciclo), lo que ha permitido una distribucién
mundial mas alld de la presencia del vector. Este es el caso de la presencia de
tripanosomas africanos (particularmente en T. vivax y T. evansi) en América, como ya
fue mencionado, donde la transmisidon es exclusivamente mecanica, perpetuada por
tabanos [21], otros insectos hematéfagos, vampiros [22, 23] y jeringas contaminadas
(debido a la practica comun de utilizar una Unica jeringa para, por ejemplo, la
vacunacion de ganado) [24].

Una de las particularidades del ciclo de los tripanosomas africanos es la capacidad de
permanecer constantemente expuestos al sistema inmune del hospedero mamifero
durante la infeccién, ya que permanecen en el torrente sanguineo. Para poder
perpetuarse en este entorno altamente hostil, estos parasitos desarrollaron uno de los
sistemas mas sofisticados de evasion de la respuesta inmune, denominado variacion
antigénica, que serd desarrollado mas adelante.
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a.3 Organizacion gendmica de tripanosomatidos

El genoma de los tripanosomatidos es diploide, aunque un trabajo reciente, propone
en el caso de Leishmania la aneuploidia como la norma mds que la excepcién tanto
para cepas de laboratorio como para aislados naturales[25]. Las poblaciones son en
general de origen monoclonal, aunque existe evidencia de intercambio sexual en
Leishmania spp. [25], T.cruzi [26] y T. brucei [27].

El tamafio (haploide) de los genomas secuenciados se encuentra entre 14 Mb (T.
rangeli) y 47,5 Mb (T. vivax) distribuidos en un ndmero variables de cromosomas
dependiendo de la especie. Por ejemplo, se encuentran tan sélo 11 grandes
cromosomas diploides en T. brucei, y numerosos cromosomas pequefios que
contienen regiones altamente repetitivas, mientras que T. cruzi y L. major contienen
28 y 36 pares de cromosomas mas pequefios, respectivamente [28].

El genoma de los tripanosomatidos se organiza en grupos de diez hasta cientos de
genes ordenados consecutivamente en una misma hebra del ADN. Esta organizacion
fue observada por primera vez en el cromosoma 1 de Leishmania major, el primer
cromosoma secuenciado de un tripanosomatido [29], que contiene 85 genes
organizados en dos grupos, 32 genes (el primero) en la hebra complementaria y los
restantes 53 en la hebra molde [29, 30], como se esquematiza en la Figura 4. Por otra
parte estos grupos presentan un patrdn de transcripcién policistronico al estilo operén
bacteriano, lo cual sera abordado con mayor detalle en la siguiente seccién.

50

40

Figura 4. Demostracion de transcripcion bi-direccional en el cromosoma 1 de Leishmania major en
ensayos de ARN run-on. Se grafica la sefial de hibridacion de ARN nuclear en diferentes sondas que
representan la hebra superior (sobre el mapa del cromosoma 1) o las de la hebra inferior (se muestran
debajo). Los numeros indican la posicién de los genes de cada sonda. En las abscisas se indica la sefial
para cada sonda (linea azul). Se observa cémo hasta el gen 29, la transcripcién es desde la hebra
inferior, y a partir de la posicion 30, la transcripcidn es desde la hebra superior. Tomado de [30].
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La region donde sucede el cambio de hebra se denomina de switch transcripcional, los
cuales pueden ser convergentes o divergentes seglin se muestra en la Figura 5:

convergent strand-switch-  divergent strand-switch-
region (convergent-SSR)  region (divergent-SSR)

direction of
transcription
+strand | I 1H10 M TN
- strand OO RN
probable transcription probable transcription
termination site (TTS) start site (TSS)

Figura 5. Sitios de switch de transcripcion (cambio de hebra y de cistron) convergentes y divergentes.
Las regiones convergentes contienen sitios de finalizacién de transcripcion de la ARN polimerasa I,
mientras que las regiones divergentes contienen sitios de comienzo de transcripcion de la ARN
polimerasa Il. Los bloques naranjas representan marcos de lectura abiertos y las flechas verdes indican
la direccién de la transcripcidon (tomado de [31]).

El proyecto genoma de tripanosomatidos “Tritryp” publicé en julio de 2005 el genoma
completo de Trypanosoma cruzi [28] junto con los genomas de Trypanosoma brucei
[32] y Leishmania major [33], mostrando que la mayoria de los genes de estos
organismos se organizan del modo antes mencionado.

Los genomas de los tripanosomatidos secuenciados mostraron altos niveles de
conservacién de la sintenia (conservacion del orden de sus genes) [34], aunque la
divergencia entre estas especies se calcula en 200 a 500 millones de anos [35].
Practicamente todos los clusters de genes ortdlogos (94%) entre los tres genomas
estan en regiones de sintenia conservada. Asimismo, alineamientos de secuencias
aminoacidicas muestran una identidad promedio de 57% entre secuencias codificantes
(CDS) de T.bruceiy T. cruzi, y 44% entre este ultimo y L. major.

La mayoria de los genes especie-especificos (de los cuales T. cruziy T. brucei presentan
una mayor proporcidn -32% y 26% respectivamente- respecto a L. major -12%-)
ocurren en regiones cromosdémicas internas no sinténicas y en regiones
subteloméricas. En general se trata de familias de genes que codifican para proteinas
de superficie. Estas familias, junto con ARNs estructurales y retroelementos, se asocian
con interrupciones de sitios de sintenia. Una caracteristica remarcable en los genomas
de T. brucei y T. cruzi es la expansion de estas familias génicas (como las Glico-
proteinas variables de superficie -VSGs- en T. brucei y las trans-sialidasas y mucinas y
proteinas asociadas en T. cruzi) [36].

Otra de las caracteristicas de los tripanosomatidos es que los genes, salvo 2
excepciones caracterizadas en T. brucei, no presentan intrones.
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Desde la publicacion en 2005 de los genomas de estos tres parasitos del orden
kinetoplastida, y gracias a las nuevas tecnologias de secuenciacion, se han incorporado
decenas de nuevos genomas (en version borrador o completos) a las bases publicas.
Entre estos genomas secuenciados encontramos los de L. infantum vy L. braziliensis
[37], L. donovani [38, 39], L. mexicana [40], L. tarentolae [41], T. brucei gambiense [42],
T. congolense y T. vivax [43], L. amazonensis [44], T. rangeli [45] y T. evansi [46]. En la
Tabla 1 se resumen los genomas de tripanosomatidos disponibles en la base de datos
tritrypdb (www.tritrypdb.org).

12
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Tabla 1. Genomas disponibles en tritrypdb (www.tritrypdb.org, version 24). Se indica

numero anotado de genes, versidn del genoma, tamafio y si se encuentra publicado.

organismo,

[Organismo]

[NUmero

de genes] [Datos] [Version del Genoma] [Mb] | [Publicado?]
Crithidia fasciculata strain Cf-Cl 11950 | Beverleylab 21/01/2014 40.29 no
Endotrypanum monterogeii strain LV88 nd GenBank 05/02/2013 32.52 no
Leishmania aethiopica L147 nd GenBank 07/08/2013 31.99 no
Leishmania amazonensis
MHOM/BR/71973/M2269 nd GenBank 25/07/2013 29.03 si
Leishmania arabica strain LEM1108 nd GenBank 12/06/2013 31.44 no
Leishmania braziliensis
MHOM/BR/75/M2903 8966 BeverleylLab 03/03/2014 35.21 no
Leishmania donovani BPK282A1 8195 GeneDB 16/01/2013 32.44 si
Leishmania enriettii strain LEM3045 nd GenBank 13/06/2013 30.78 no
Leishmania gerbilli strain LEM452 nd GenBank 05/08/2013 31.40 no
Leishmania infantum JPCM5 8381 GeneDB 16/01/2013 32.13 si
Leishmania major strain Friedlin 9378 GeneDB 16/01/2013 32.86 si
Leishmania mexicana
MHOM/GT/2001/U1103 9063 GeneDB 16/01/2013 32.11 si
Leishmania panamensis
MHOM/COL/81/L13 nd GenBank 21/02/2013 31.26 no
Leishmania sp. MAR LEM2494 nd GenBank 10/06/2013 30.87 no
Leishmania tarentolae Parrot-Tarll 8530 ULAVAL 22/06/2011 31.63 si
Leishmania tropica L590 nd GenBank 12/06/2013 32.99 si
Leishmania turanica strain LEM423 nd GenBank 29/07/2013 32.32 no
Trypanosoma brucei gambiense DAL972 10000 GeneDB 16/01/2013 22.15 si
Trypanosoma brucei Lister strain 427 9302 GeneDB 20/10/2010 26.75 no
Trypanosoma brucei TREU927 12094 GeneDB 28/08/2013 35.83 si
Trypanosoma congolense IL3000 13358 GeneDB 16/01/2013 41.37 si
Trypanosoma cruzi CL Brener Esmeraldo-
like 10597 GeneDB 16/09/2014 32.53 si
Trypanosoma cruzi CL Brener Non-
Esmeraldo-like 11106 GeneDB 16/09/2014 32.53 si
Trypanosoma cruzi Dm28c 11398 GenBank 13/11/2013 27.35 si
Trypanosoma cruzi JR cl. 4 nd GenBank 17/01/2013 41.48 no
Trypanosoma cruzi marinkellei strain B7 10282 Franzen 1.0 38.65 si
Trypanosoma cruzi Sylvio X10/1 10947 GenBank 02/10/2012 38.59 si
Trypanosoma cruzi Tula cl2 nd GenBank 26/06/2013 83.51* si
Trypanosoma evansi strain STIB 805 10174 Schnaufer 03/06/2014 25.43 si
Trypanosoma grayi ANR4 10686 FieldLab 21/03/2014 20.95 si
Trypanosoma rangeli SC58 7479 GenBank 30/10/2013 14.02 si
Trypanosoma vivax Y486 12581 GeneDB 16/01/2013 47.50 si

* Probablemente el tamafio indicado no se corresponda con el tamafio real, puede deberse a problemas

de ensamblajes o que se refiera al tamafio del genoma diploide. nd: no determinado.
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a.4 Expresion génica en tripanosomatidos

Como se dijo antes, los genes se encuentran organizados en grupos a nivel del ADN, y
éstos se transcriben como precursores policistronicos que pueden tener hasta 600 kb
[47]. Esta molécula precursora sufre un proceso de maduracién consistente en la
adicion en el extremo 5' de una secuencia denominada miniexén -o spliced-leader-y la
poliadenilacion del extremo 3' (Figura 6). El miniexdn es adicionado por un mecanismo
peculiar llamado trans-splicing, ya que la secuencia del miniexdn es codificada de
forma independiente en otra region del genoma del parasito (Figura 6).

SPLICEDP LEAPER
GENE ARRAY SL RNA

TRANS-SPLICING

POLYAPENYLATION

1 li
|

§ - -
TRAJ;—SPL. CING i
.

TRANSLATION
LEISHMANIA FRIEPLIN POLYCISTRON o= m X/
CHROMOSOME | m6

-

Figura 6. Esquema de transcripcion discontinua y produccion de ARNm maduro mediante trans-
splicing. A la izquierda se muestra la transcripcidon por la ARNpolll de genes repetidos en tandem (SL
ARN) y una region policistronica (ej. cromosoma 1 de L. major). En el centro de muestran los transcriptos
primarios y el resultado del mecanismo del trans-splicing y la maduracién final del mensajero
(incorporacidn de cola poliA) se muestra a la derecha (Figura tomada de [16]).

Una vez sintetizado un ARN policistrénico, los genes para los que codifica pueden ser
expresados: (1) con similares niveles, como las calmodulinas o tubulinas [48, 49], (2) a
muy diferentes niveles, como los genes de la glicoproteina variable de superficie (VSG)
[49, 50], o (3) a niveles que varian enormemente dependiendo del estadio de
desarrollo del parasito, como en el caso de la aldolasa [51].

La biosintesis de grandes moléculas de ARN precursoras de ARNm conlleva la pregunta

de cdmo regulan la expresidon génica los tripanosomatidos. Existen varias evidencias
para afirmar que, a diferencia de la mayor parte de los eucariotas, donde el principal
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punto de regulacién es a nivel del inicio de la transcripcidn, en los tripanosomatidos la
regulacion es co- o post-transcripcional [52].

Consecuentemente, el determinante primario de la regulacion de la expresion génica
en tripanosomatidos es a nivel de las reacciones de procesamiento que ocurren en las
regiones intergénicas del pre ARNm, en la estabilidad y degradacién diferencial de los
diferentes mensajeros [16] asi como a nivel traduccional, como lo muestran trabajos
recientes en T. brucei y T. cruzi utilizando “ribosome profiling” [53-55]. Esto es una
diferencia sustancial con la mayoria de los eucariotas, donde el determinante primario
de la regulacién es a nivel del inicio de la transcripcidn [56].

Los tripanosomas poseen ademas copias altamente conservadas de las tres ARN
polimerasas eucariotas [6]. El rol de cada una de ellas se esquematiza en la Figura 7.
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Figura 7. Transcripcidn en tripanosomatidos. La transcripcidon de diferente clase de genes nucleares y

qué ARN polimerasa (I, Il o lll) es responsable se indica en el circulo a la izquierda. EI ARNt es sintetizado
en el nucleo y transportado a la mitocondria a través del citosol (Figura tomada de [16]).

La ARN polimerasa Il es la responsable de la transcripcién de la mayoria de los ARN
codificantes para proteinas. Los policistrones transcriptos por esta polimerasa no
necesariamente codifican para proteinas funcionalmente relacionadas (como ocurre
en los operones de bacterias y nematodos) [16]. La regulacién, entonces, de estos
ARNm estd determinada a nivel post-transcripcional, fundamentalmente mediada por

15




Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

la degradacion del ARNm controlada por la regién 3’ UTR [57] o por diferencias en la
eficiencia traduccional [53, 54].

Una excepcidn a este patron de regulaciéon lo constituye, en los tripanosomas
africanos, el arreglo de genes que codifican para las glicoproteinas variantes de
superficie (VSG) y prociclinas en formas sanguineas y prociclicas, respectivamente, que
son co-reguladas y co-transcriptas por la ARN polimerasa I.

Si bien la regulacion de la expresidon es mayoritariamente post-transcripcional,
indicando que la abundancia de los transcriptos no variaria significantemente entre las
diferentes etapas de vida de estos pardsitos, un trabajo reciente mostré mediante
Digital Gene Expression (DGE) que existen varios grupos de genes en el genoma de T.
b. gambiense pertenecientes a la misma unidad policistrénica que son expresados
diferencialmente, y son co-regulados tanto a nivel de la transcripcion como de su
estabilidad [57].

En este trabajo se obtuvo informacién sobre 7360 genes (correspondiente a 81% de los
genes anotados de T. brucei) y se observd que 73 genes se encontraban sobre-
expresados en las formas sanguineas y 25 genes sobre-expresados en las formas
prociclicas respecto a las sanguineas (utilizando un umbral de Fold Change —FC- de 2,5
y un False Discovery Rate -FDR- de 0,1).

Como se esperaba una gran proporcidon de los genes sobre-expresados en las formas
sanguineas (22/72) estan asociados a la variacidon antigénica de superficie, los genes
VSG y ESAG (expression site associated genes), ambos expresados en altos niveles en
esta etapa del ciclo del parasito [57].

Asimismo, las diferencias de metabolismo entre las formas prociclica y sanguinea en
cuanto a la fuente de energia (glucosa en las formas sanguineas y prolina en las
prociclicas) se ve reflejada en la sobre-regulaciéon en las formas sanguineas del gen del
transportador de glucosa THT1, el gen ALD que codifica para la fructosa-bi-fosfato
aldolasa, entre otros [57].

Este trabajo, asi como trabajos de microarrays, tanto en T. brucei [58] como en T. cruzi
[59], revelan la existencia de regulacion de la abundancia de ARN mensajeros
asociadas a diferentes etapas del ciclo de vida de los parasitos. Muchos de los cambios
observados en estos trabajos se pueden asociar facilmente a los cambios que sufre el
parasito durante los diferentes estadios: la transiciéon entre formas que se dividen y
que no se dividen afectan mayormente funciones como transcripcion y traduccion,
mientras que las transiciones entre hospedero afectan principalmente el metabolismo,

las proteinas de superficie y el transporte intracelular [58].
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Siegel y colaboradores [60], utilizando la herramienta de RNAseq mostraron no soélo la
expresion diferencial de algunos genes (incluso dentro de la misma unidad
policistrénica), sino también el uso de sitios de trans-splicing alternativo como
mecanismo de regulacion de la transcripcidn entre dos estadios del pardsito T. brucei
(forma prociclica y sanguinea). Asimismo Nilsson y colaboradores [61] mediante
secuenciacion profunda con la metodologia de spliced-leader trapping, mostraron que
el uso de sitios de trans-splicing alternativo es un mecanismo importante de regulacién
de la expresién génica en los tripanosomatidos.

Los trabajos recientes de Vasquez y colaboradores [54], Jensen y colaboradores [53] y
Smircich y colaboradores [55] mostraron, mediante la metodologia de huella
ribosomal (ribosome profiling) [62], los grandes cambios que se producen a nivel
traduccional y de eficiencia traduccional en los diferentes estadios del parasito T.
brucei [53, 54] y T. cruzi [55]. Esta metodologia permite determinar la tasas de
traduccién, y permite ademas la cuantificacidn de transcriptos que estan siendo
traducidos (la correlacion entre estos datos y los niveles de proteinas se ajusta mucho
mejor que cuando se utilizan sélo los valores de ARNm obtenidos mediante RNAseq).

Por otra parte, no sélo se obtienen valores cuantitativos, sino también informacién
sobre la posicidn especifica que ocupan los ribosomas en el ARNm. Esta informacién es
importante, ya que la asociacion de un ribosoma con un ARNm no significa que éste
esté siendo traducido (por ejemplo puede estar asociado a la regién 5’UTR) [54].
Asimismo evidencia la presencia de marcos de lectura abiertos pequefios (UORF, por
upstream ORF) [63] en el 5" UTR de algunos genes con implicancia en la eficiencia
traduccional de los CDS corriente abajo de éstos.

En el trabajo de Vasquez y colaboradores se observaron diferencias de la eficiencia
traduccional de hasta 100 veces entre genes, asi como diferencias estadio-especificas
para cientos de genes comparando entre las formas sanguineas y prociclicas del
parasito T. brucei [54].

Asimismo, en el caso de T. cruzi, se observaron diferencias en la cantidad de genes
traducidos entre la forma replicativa — epimastigota - (74 % del transcriptoma) y la
forma infectiva - tripomastigota metaciclico - (58% del transcriptoma). Esta diferencia
es explicada fundamentalmente por inhibicion especifica de la traduccién en un
numero importante de ARNs mensajeros [55]. Este trabajo, asi como los realizados en
el parasito africano modelo T. brucei, muestran la importancia del control de la
traduccion como mecanismo de regulacién génica en los tripanosomatidos.
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a.5 Genoma mitocondrial

Una de las principales caracteristicas de los kinetopldstidos, a lo cual deben su nombre
es la organizacion del ADN mitocondrial (kADN o kinetoplasto) en una intrincada
estructura que consiste en una gran de red de moléculas circulares de ADN
concatenadas como se muestra en la cldasica microscopia electrénica del ADN
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Figura 8. Seccion de microscopia electronica del kADN de C. fasciculata. Los pequeios loops son
minicirculos (2,5 Kb); las largas hebras enrolladas son probablemente fragmentos de maxicirculo (38
Kb). Tomado de [64].

Figura 8) es comparable en tamafio a la totalidad de la célula, pero cuando la red se
encuentra en la matriz de la Unica mitocondria celular, se encuentra condensada en
una estructura altamente organizada en forma de disco [64].

El kADN se replica una unica vez por ciclo celular y se encuentra sincronizado con la
replicacion y division del ADN nuclear [65].

En los tripanosomas africanos, la funcion mitocondrial es cambiante a lo largo del ciclo
de vida de los parasitos y puede ser completamente funcional y activa (observada en
las formas prociclicas en el insecto vector), hasta funcional y morfolégicamente
reprimida en las formas sanguineas. Adema3s, en las sub-especies de T. brucei, T. b.
evansi y T. b. equiperdum, (parasitos que han perdido el ciclo completo,
permaneciendo Unicamente en forma sanguinea), se observa la pérdida parcial
(diskinetoplastidos) o total de su ADN mitocondrial (akinetoplastidos),
respectivamente [66].

Los cambios que sufre el parasito durante su ciclo de vida, se acompasan con grandes
cambios en la actividad y morfologia mitocondrial, y es por ello un modelo atractivo
para estudiar procesos de activacidén y represion de vias especificas, asi como las
consecuencias de la pérdida del ADNk.

a.5.1 Maxicirculos:
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Los maxicirculos se encuentran en decenas de moléculas por mitocondria [64], y su
tamafio varia entre 20 y 40 Kb dependiendo de cada especie [67]. En los maxicirculos
se encuentran los principales genes asociados a la funcion mitocondrial
(principalmente subunidades de la cadena respiratoria) asi como 2 genes de ARN
ribosomal. La region codificante (cantidad de genes, tipo y orden) se encuentra
conservada en todos los tripanosomatidos [68].

Una de las principales caracteristicas de los genes que se encuentran en los
maxicirculos es que algunos de ellos sufren grandes procesos de edicidn post-
transcripcional de su secuencia para poder ser traducidos. Este proceso denominado
editing de genes mitocondriales, consiste en la adicion y eliminacién de uridinas, y es
detallado en la siguiente seccion (a.6).

a.5.2 Minicirculos:

Las moléculas de kKADN denominadas minicirculos, varian en tamano entre 400 pares
de bases (T. vivax) hasta 10 Kb (T. avium) [67].

Cada minicirculo esta concatenado con 2 o 3 minicirculos vecinos (Figura 9). Los
minicirculos se encuentran covalentemente cerrados, excepto cuando la red se replica.
Ademas a diferencia de otros ADNs circulares en otros tipos celulares, éstos no se
encuentran superenrollados [69].

El nimero de moléculas de minicirculos varia entre 5 y 50 mil copias, y aunque en
general son uniformes en cuanto a su tamafo, presentan gran variacion a nivel de
secuencia [67]. En el caso de T. brucei por ejemplo, el set de minicirculos incluye entre
300 y 400 clases de secuencias diferentes [70].

TAVAVAAYY
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Figura 9. Diagrama mostrando la organizacion de los minicirculos. I. Representacion de un segmento
aislado de una red mostrando minicirculos interconectados. Il. Diagrama de una seccién de la red
condensada en un disco in vivo. La flecha indica el espesor del disco que es aproximadamente la mitad
de la circunferencia de un minicirculo. Tomado de [64].

Aunque presentan gran variacidon a nivel de secuencia, los minicirculos presentan una
region de 120 nucledtidos que contiene 3 bloques (CSB por conserved sequences block)
con diferentes grados de conservacioén, particularmente la regién CSB-3 (o UMS por
Universal Minicircle Sequence) de 12 nucledtidos se encuentra altamente conservada
en todos los tripanosomatidos [71]. Este nivel de conservacién ha sido asociado a su
funcién, ya que funcionaria como origen de replicacién [72].

Como se menciond mas arriba, algunos de los genes codificados por el maxicirculo
deben ser altamente editados para ser traducidos. La informacién genética para el
editing esta contenida en moléculas denominadas ARN guia (ARNg), y los mismos se
encuentran mayormente codificados en los minicirculos (aunque algunos ARNg son
codificados en los maxicirculos). Hasta el momento, la codificacion de los ARNg es la
Unica funcién conocida de los minicirculos. EI nimero de clases de secuencias de
minicirculos diferentes es tal que permite la edicion completa de los genes
mitocondriales que lo requieren.
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a.6 Editing del ARN mitocondrial

a.6.1. Introduccion

El editing, es decir la edicién del ARN, es un fendmeno post-transcripcional que se
encuentra en todos los dominios de la naturaleza, y fue descripto por primera vez en el
gen mitocondrial COIll de T. brucei [73].

El editing del ARN mensajero mitocondrial en tripanosomas es un proceso post-
transcripcional por el cual se insertan o quitan residuos de uridina (Us), en el ARNm
precursor. La insercién/delecion de estos residuos es capaz de corregir
desplazamientos en el marco de lectura (frameshifts), introducir codones de comienzo
y fin, e incluso agregar la mayor parte de la secuencia codificante. El editing recupera
marcos de lectura abiertos de los ARNm mitocondriales, lo que puede darse por la
adicion de pocos residuos de uridina (el caso de COXIll se adicionan 4 residuos de
uridina para recuperar el marco de lectura) hasta cientos de inserciones en una Unica
molécula de pre-ARNm. La insercion de uridinas es cerca de 10 veces mas frecuente
que la delecién [74].

En la Figura 10, se muestra como ejemplo la secuencia pre y post-editada del gen de la
proteina Ribosomal S12 (RPS12), un gen extensamente editado, donde se deletan 28
residuos de timidina, y se incorporan 114 residuos de uridina.

No BEd A-G-GATTTTTTG-A-GG--G--GTTTGCTTTTTG----G----G---G----A-G--A-
Ed AUGUGATTTTT -GuALGGUUGUUGTT TGC - - - - -G LI LILGLE LILELPGLE UL G LI LA LG L A

No Ed -A-A-GAGTCCTTTTCCGA- -GCCCAG- -CCGGE-AA- CGACG-G-G--G-A-GCCTTG-G

Ed UALANGAGTCC - - - -CCGAN LG CCCAGUUCC GEuA AL CGAC GUGUGUUGUALGCC- -GuG
No BEd ----A---G-A-AA----G-G-GG--G--GCG--G--------G--G-G-GTTTT--GG-
Ed UUUUAUULGUAUAAUL UL GUGUGGUUGULGC GUUGUUULUYUUGUUGUGUGT TT TuuGGY

Mo BEd --GCATTTGTCG--A- --A--A-AGATTTTTGTTTTGG-GG-GG-- --G- -GA- --ACCC
Ed UUGCATT TG TCGU WAL U AU IAUAGA - - - -~ G- - - -GEUGGEUGGUU UL GU UG AU UUACCC

Mo Ed TTTTTGTTG-ATAAAG-A--A-ACACG-A-G---A--AA--AA
Ed - - - - - G—-GUATAAAG LA LI AUAC AC GLAUG UL LA LULAA LU AS

Figura 10. Edicion del gen mitocondrial RPS12. Alineamiento de secuencia sin editar y editada del gen
RPS12. En rojo se indican los residuos de uridina que se agregan postranscripcionalmente, la delecién de
residuos de timidina es indicado con -. No Ed: Secuencia no editada. Ed: Secuencia editada
postranscripcionalmente.
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En la Tabla 2 se muestran los genes presentes en el ADNK, el tipo de edicion y el rol
gue cumplen.

Tabla 2. Genes presentes en el maxicirulo de tripanosomatidos. Los genes se encuentran ordenados de
acuerdo a su posicién en el genoma mitocondrial, se indica el grado de edicién, la descripcion y su

funcién. CTE. Cadena de transporte de electrones.

Gen Editing Descripcion Funcion

12S No editado ARN Ribosomal 125 ARN ribosomal

9S No editado ARN Ribosomal 95 ARN ribosomal

ND8 Pan-editing subunidad 8 NADH deshidrogenase Compejo | (CTE)
ND9 Pan-editing subunidad9 NADH deshidrogenase Compejo | (CTE)
MURF5 No editado maxicircle unidentified reading frame 5 Sin funcion conocida
ND7 Pan-editing subunidad 7 NADH deshidrogenase Compejo | (CTE)
COlll Pan-editing Citocromo oxidasa Il Complejo IV (CTE)
Cyb 5' editing Citocromo b Complejo 11 (CTE)
A6-ATPase (MURF4) |Pan-editing ATP sintasa Complejo V (CTE)
ND2 (MURF1) No editado subunidad 2 NADH deshidrogenase & Compejo | (CTE)
CR3 Pan-editing funcién no conocida Sin funcién conocida
ND1 No editado Bubunidad 1 NADH deshidrogenase Compejo | (CTE)
coll editing parcial |Citocromo oxidasa Il Complejo IV (CTE)
MURF2 5' editing maxicircle unidentified reading frame 2 Sin funcion conocida
COl No editado Citocromo oxidasa | Complejo IV (CTE)
CR4 Pan-editing funcién no conocida Sin funcion conocida
ND4 No editado subunidad 4 NADH deshidrogenase Compejo | (CTE)
ND3 Pan-editing subunidad 3 NADH deshidrogenase Compejo | (CTE)
RPS12 Pan-editing Proteina ribosomal S12 Ribosoma

ND5 No editado subunidad 5 NADH deshidrogenase Compejo | (CTE)

Los ARN guia, moléculas de entre 40 y 60 nucledtidos de largo, codificadas
principalmente en los minicirculos, especifican la posicidén y el nimero de residuos de
uridinas a ser insertados o eliminados. La reaccion de editing requiere tres pasos: el
corte del ARNm, la insercion o delecién de residuos de uridina y por ultimo la re-
ligacion de la molécula de ARNm editada. Estas reacciones son catalizadas por un
complejo de edicién de ARN (RECC, RNA editing core complex). En T. brucei, por
ejemplo, el proceso requiere mds de 100 proteinas para la expresién de las 18
proteinas codificadas en el genoma mitocondrial [75]. El procesamiento, incluye
ademas, el corte endonucleotidico del transcripto primario (policistronico), la adicién
de una cola poli-A pequeiia (30 nt), el editing propiamente dicho en el caso de los
genes que lo requieren y por ultimo la adicién de colas largas poli-A para generar el
ARNm totalmente editado [66]. Estos mecanismos se resumen en la Figura 11.
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Figura 11. Esquema de los principales procesamientos de ARNm mitocondrial en kinetoplastidos. En la
figura se esquematizan los principales procesamientos que sufre el ARNm desde la transcripcion a partir
del maxicirculo. Los ARNm transcriptos se pueden clasificar en: ribosomales, nunca editados y editados.
Los ARNm que serdn editados se transcriben y luego son procesados por el complejo RECC y finalmente
son poliadenilados. La traduccidn requiere la importacidon de ARNt del citoplasma ya que ninglin ARNt se
encuentra codificado en el ADN mitocondrial. Tomado de [66].
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a.6.2. Mecanismo de editing

El editing del ARN refiere a cualquier proceso de modificacidon post-transcripcional que
introduce cambios en la secuencia transcripta relativa al gen correspondiente,
cambiando entonces la informacién del ARN. Estos procesos de edicidn no incluyen el
splicing ni el procesamiento terminal del ARN [76].

Cuando el editing de ARN fue descubierta por Benne y colaboradores [73] fue
considerado como un extrafio mecanismo primitivo de los protozoarios [77]. En este
trabajo, Benne describid la insercidn de cuatro residuos de uridina en el gen COIl que
no se encontraban en el genoma mitocondrial, generando un marco de lectura abierto.
Los mecanismos de insercion y la fidelidad de la insercién eran desconocidos.

Blum y colaboradores, descubrieron luego los ARNg, que codificaban la informacién
necesaria para insertar las uridinas en la posicién correcta [78, 79].

El ARNg se une al ARNm pre-editado correspondiente mediante una regién anchor de
8 a 12 nucledtidos situada en el extremo 5 del ARNg. La interaccién es facilitada
mediante apareamientos de Watson y Crick, asi como emparejamientos G:U. Las zonas
de editing son marcadas por mismatches entre el ARNg y el ARNm a ser editado. Estos
mismatches son blancos de las endonucleasas que cortan el ARNm pre-editado.
Durante la insercidn, un residuo de uridina se agrega al 3’ hidroxilo del extremo 5’ del
producto cortado por la enzima terminal-uridil transferasa (TUTase). En la delecion,
una exonucleasa remueve un residuo de uridina del extremo 3’ del producto 5’ clivado.
Por ultimo una ligasa, utilizando la hidrolisis de ATP une los productos 5 y 3’
completando una ronda de editing [77]. El mecanismo se esquematiza en la siguiente
figura (Figura 12).
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Figura 12. Esquema del mecanismo general de insercion y delecidon durante el proceso de editing del
ARNm en Tripanosomas. A. Mecanismo general de insercidn y delecién en el ARNm mitocondrial. El

mecanismo se explica en el texto. B. El progreso de la edicién transcurre del extremo 3’ del pre-ARNm al
extremo 5’. Tomado de [77].
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b. Los tripanosomas Africanos

b.1 Variacion Antigénica de Superficie

Como fue sefialado antes, una de las particularidades de los tripanosomas africanos es
que no presentan estado intracelular en el mamifero (son exclusivamente sanguineos),
y por esta razén estdn expuestos permanentemente al sistema inmune. Muy
probablemente como consecuencia de lo anterior han desarrollado una forma notable
y eficiente de evadir la respuesta inmune del mamifero, conocida como variacién
antigénica. Esta, que es sin duda la caracteristica mas distintiva de los tripanosomas
africanos, consiste en la expresidn secuencial de genes extremadamente variables, los
cuales codifican para diferentes copias de glicoproteinas variables de superficie (VSGs).
Este familia de proteinas caracterizada bioquimicamente por primera vez por Cross en
1975 [80] se corresponde en la microscopia electrdnica con una cubierta electrén-
densa en la superficie de las formas infectivas sanguineas de estos tripanosomas [81].
Esta densa capa homogénea representa una barrera practicamente infranqueable para
los anticuerpos [82].

Se trata de una glicoproteina de 58 kDa, con un anclaje GPI (Glico-fosfatidil-inositol),
con estructuras predominantemente de tipo a-hélices y con secuencias altamente
variables en el N-terminal que se expresa monoalélicamente [83].

Es decir que la cubierta de superficie estd compuesta por una sola especie de VSG,
conteniendo alrededor de 5 millones de homodimeros idénticos de esta glicoproteina.
Se expresa un unico gen VSG por vez a partir de un repertorio estimado en mas de
1500 genes diferentes [32]. Estos parasitos logran evadir la respuesta inmune
cambiando periédicamente el gen VSG que es expresado, siendo este un evento que
ocurre con una frecuencia de 107 por célula [84]. Sin embargo, varias evidencias
indican que el patron tipico observado en la variacidon antigénica (es decir, la presencia
de ondas de parasitemia en el hospedero mamifero, ver Figura 19) no puede ser
Unicamente explicada por la interaccidon entre los antigenos producidos y la respuesta
inmune generada contra ellos. Seria necesario que existan mecanismos propios de
control poblacional (similar al quorum sensing, ya descritos para bacterias), que
implicara pasar de la forma replicativa (slender) a la forma quiescente (stumpy) [19,
85].

El sistema genético de la variacidn antigénica consiste en el ya mencionado repertorio
de copias silenciosas y el sitio de expresion (ES). Este Ultimo de localizacién telomérica,
contiene a la copia de VSG que estd siendo expresada por un parasito en particular. En
el caso de T. brucei el repertorio de copias silenciosas (llamadas también copias
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basicas) se encuentra formando clusters intracromosdmicos que contienen un nimero
variable de genes distintos. En esta especie gran parte del repertorio lo componen
fragmentos génicos o pseudogenes, la mayoria de los cuales presentan o bien codones
de terminacion (codones stop) “in frame”, o indels (inserciones o deleciones) que
cambian el marco de lectura. De hecho sdlo el 7% de las copias silenciosas de VSGs
codifican para proteinas totalmente funcionales [32].

Llama la atencidn que las distintas proteinas de VSG presentan una identidad
aminoacidica muy baja, inferior al 20%, a pesar de lo cual su estructura tridimensional
es sorprendentemente similar, como lo revela el andlisis mediante cristalografia de
alta resolucién de dos variantes de VSG, MITatl.2 e ILTat1.24, que presentan
divergencia extrema a nivel de sus estructuras primarias [82, 86].

Otro de los roles importantes de estas proteinas relacionados con la evasiéon del
sistema inmune es el de “limpieza de anticuerpos” (antibody clearence en inglés), ya
gue las VSG de la superficie estan siendo continuamente recicladas. Cuando un
anticuerpo especifico se une a estas proteinas, la dindmica de movimiento del parasito
lleva a estos complejos hacia el polo posterior desde donde son internalizadas para su
reciclaje (en el bolsillo flagelar). Esta internalizacion provoca la degradacién del
anticuerpo (via lisosoma) y el reciclaje de la proteina VSG [83].
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b.2 Trypanosoma vivax

El parasito T. vivax es un tripanosoma Africano (Salivaria) que pertenece al subgénero
Dutonella. Las principales caracteristicas morfolégicas de las formas sanguineas de
este parasito incluyen la disposicién terminal del kinetoplasto, un desarrollo medio de
la membrana ondulante y la presencia de un flagelo libre [13] como se muestra en la

figura siguiente (Figura 13).

Figura 13. Observacién microscopica de sangre de un ratén C57BL/6 infectado con la capa Y486 de T.
vivax. Fotografias tomadas con microscopio Olympus IX81 en dos aumentos. Unidad de Microscopia,
Institut Pasteur Montevideo).

A pesar de su importancia como patdégeno animal, T. vivax no ha sido estudiado en
profundidad, siendo una de las razones la dificultad de cultivarlo en el laboratorio. A
diferencia de T. brucei, T. vivax no infecta, en general, ratones de laboratorio aunque
puede ser adaptado. Sin embargo las cepas de T. vivax Y486, Y58 y V953 (aisladas de
ganado infectado en Nigeria) fueron aisladas directamente en ratones [87]. Estas cepas
alcanzan altos picos de parasitemia en ratones de laboratorio y han sido extensamente
utilizadas.

La cepa mejor caracterizada de las tres, que cuenta con el genoma secuenciado es la
cepa Y486. Recientemente D’Archivio y colaboradores [88] lograron sistemas de
cultivo y diferenciacion in vitro generando una poderosa herramienta para continuar
los estudios de caracterizacion de este modelo.

29



Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

Respecto a las patologias producidas por este parasito, la principal manifestacion de la
enfermedad en el ganado (conocida como Nagana), en su fase aguda, es una gran
anemia y compromiso de la funcion cardiaca, seguida de la invasidon al sistema
nervioso central, abortos, dafnos a nivel testicular y de ovarios. En general los aislados
de Africa occidental son mas patogénicos que los provenientes del oriente del
continente. Brotes altamente mortales han sido reportados en ganado vacuno, cabras,
ovejas y caballos en regiones no endémicas de Brasil [12].

b.2.1 Posicion evolutiva de Trypanosoma vivax

La filogenia de los kinetoplastidos (y en particular del genero Trypanosoma) ha sido un
tema controversial en algunos aspectos. En ausencia de evidencia paleontoldgica, la
historia evolutiva de los kinetoplastidos fue reconstruida a través de estudios
comparativos usando varias fuentes informativas: morfologia, ciclo de vida y
distribucién de sus hospederos.

Los primeros estudios de filogenia molecular utilizando genes ribosomales sugirieron
que los tripanosomas constituian un grupo parafilético. Sin embargo, posteriormente
se demostré que estos resultados contenian sesgos sistematicos causados por las
peculiaridades del ARNr, y el posterior analisis de genes codificantes de proteinas
permitio inferir que se trata de un grupo monofilético [89].

La mayor parte de las especies del género que fueron estudiadas por métodos
moleculares se agrupan en un numero pequefio de clados, correlacionados con
factores como el taxdn del hospedero, su ecologia y especialmente el taxdn del vector
[90].

De acuerdo a lo postulado por Hoare, C. [91], T. vivax representa un fésil viviente
dentro de los tripanosomas africanos (Salivaria), donde observamos caracteristicas que
permanecen detenidas en determinadas etapas de su adaptacion a la mosca tse-tsé (su
hospedero intermediario) [91].

Un ejemplo, respecto al estado ancestral de T. vivax, lo constituye el hecho de que
este parasito desarrolla su ciclo enteramente en la probdscide y no sobrevive en el
intestino del vector (a diferencia de T. brucei que puede sobrevivir en el intestino e
invade las glandulas salivales), mostrando una etapa inicial de la evolucién de estos
parasitos que comenzaron no sélo a sobrevivir en la probdscide, sino a desarrollar
parte de su ciclo en el vector [91]. Mas recientemente, Haag y colaboradores [92],
apoyaron con datos moleculares la divergencia temprana de T. vivax dentro de los
Salivaria.
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Es por esto que decidimos tomar como modelo de estudio el parasito Trypanosoma
vivax. Como se ha dicho, se trata de un tripanosoma de origen africano que se ha
extendido por América. Por otra parte, como mencionamos en el parrafo anterior, la
ubicacion filogenética de T.vivax (ver Figura 14), en la base del arbol de los
tripanosomas africanos (o sea, habiéndose escindido del tronco principal antes que el
resto de las especies), lo transforman en un modelo clave para entender varios
fendmenos y procesos de esta familia de tripanosomatidos y cdmo se encontraban en
su estado ancestral. Un ejemplo, que abordamos en este trabajo, lo constituye el
estudio de la variacién antigénica de superficie en estos parasitos, que probablemente
representa una etapa inicial en el desarrollo del mismo, como veremos en los
resultados de esta tesis.

Mesoproterozoic MNeoproterozoic Phanerozoic

Bodo saltans

Crithidia fasciculata

Lepromonas pyrrhocoris
Leishmania monterogeii

Leishmania braziliensis

T Leishmania infantum
ﬂE Leishmania major
Leishmania mexicana

35- 18|

170 - 118
___ 695483 2

Leishmania 1arentolae
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1-0.4 Trypanosoma brucei brucei

Trypanosoma Drucei gambiense
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= Trypanosoma cruzi CL Esm

el Trypanosoma cruzi CL nonEsm
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T T 1
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Figura 14. Arbol filogenético de los kinetoplastidos flagelados. El arbol fue construido utilizando un set
de datos de 42 proteinas concatenadas de 18 especies de kinetoplastidos y utilizando Naegleria como
grupo externo. En el recuadro rojo se muestra la ubicacién de Trypanosoma vivax. Modificado de [93].
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b.2.2 La introduccion en América

De las tres especies principales de tripanosomas africanos trasmitidos por la mosca
tse-tsé [94] que afectan a los rumiantes en Africa Sub-Sahariana, T. vivax y T. evansi se
han dispersado a zonas dénde no esta presente el insecto vector, y son trasmitidos de
forma mecanica tanto en Africa como en América del Sur [95, 96].

La introduccidon en América no puede datarse exactamente, aunque se sugiere que la
via de ingreso fueron ganados contaminados provenientes de Africa occidental
introducidos a partir de la colonizacién 500 anos atras y que continuaron en los siglos
siguientes siguiendo las rutas del trafico de esclavos desde Africa [12]. El ingreso de
cabras, ovejas, vacas y equinos por los colonizadores pudo ser la via de ingreso de T.
vivax en América y pudo haber ocurrido en diferentes momentos y lugares [12].

En América fue descrito por primera vez en la Guyana Francesa por Leger y Viene en
1919 [97] y nombrado como Trypanosoma guyanense (luego se mostré que se trataba
de T. vivax [98]).

Sin la presencia del insecto vector en América, la expansion de los pardsitos se debid a
la transmision mecdnica mediada por varias especies de moscas hematdfagas
(Tabanidos y Stomoxys), las cuales funcionan como vectores. Asimismo se ha descrito
la transmision por medio de otros insectos hematéfagos, vampiros [22, 23] y jeringas
contaminadas [24]. Hoy afectan dreas dedicadas a la ganaderia, desde México hasta
Paraguay [13]. La Nagana ha sido recientemente reportada incluso en el sur de Rio
Grande do Sul, a sélo pocos kildmetros de la frontera con Uruguay [99], lo que indica
gue el riesgo de que nuestro pais se vea afectado en el futuro préximo por esta
enfermedad es alto.

En la Figura 15 se representa la distribucion del parasito a nivel mundial y la

distribucién de los diferentes genotipos que muestran que las variantes americanas
son mads cercanas genéticamente a las cepas provenientes de Africa occidental.
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Figura 15. Distribucién geografica de los diferentes genotipos de Trypanosoma vivax a nivel mundial. A. En
colores se indican los diferentes aislados analizados en el trabajo de Garcia y colaboradores. Los puntos
negros indican zonas endémicas. B. Relacidn entre los microsatélites analizados de los diferentes
aislados estudiados. Tomado de [12].
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Justificacion

Los tripanosomatidos son organismos que presentan caracteristicas particulares de
gran interés. Especificamente, los tripanosomas africanos presentan un sistema de
evasion de la respuesta inmune Unico en la naturaleza. Asimismo debido a sus
complejos ciclos de vida, alternando entre dos hospederos, presentan grandes
cambios a nivel metabdlico, y particularmente en la actividad mitocondrial.

Es, en este contexto que decidimos trabajar con Trypanosoma vivax, una especie de
gran potencial como modelo de estudio de los tripanosomas africanos, debido a su
ubicacion evolutiva en la rama mas ancestral de estos parasitos. Este hecho nos
permite estudiar e intentar dilucidar diversos procesos y mecanismos de interés en su
estado ancestral, mas precisamente el mecanismo de variacion antigénica y los
procesos de regulacion de la expresidn génica.

Por otra parte, su introduccion en América, donde logré expandirse sin la presencia del
insecto vector (independiente de la transmisidn ciclica) usando otros vectores que
actian meramente como agentes mecdnicos, resulta de gran importancia para
investigar los procesos adaptativos y evolutivos que tuvieron como respuesta a este
cambio del modo de transmisién. Ademas, este acontecimiento ocurrié en un periodo
de tiempo relativamente corto, si consideramos que el ingreso de estos parasitos en
Ameérica no lleva mas de 500 afos.

En particular, en este trabajo nos planteamos el estudio comparativo del genoma
mitocondrial en la cepa africana Y486 y dos aislados americanos: MT1 y Liem-176 a los
efectos de estudiar posibles cambios de nivel gendmico en este proceso de adaptaciéon
a la transmisién mecanica. Debido al rol cambiante de la mitocondria durante el ciclo
de vida de los parasitos en correlacion principalmente con las necesidades energéticas
en cada caso (altamente funcional en los parasitos presentes en el insecto vector
natural y con una funcionalidad basal en la etapa sanguinea en el mamifero).

En suma, planteamos abordar el estudio de diversos aspectos de la biologia de T. vivax
debido a la importancia de este parasito como modelo en la aparicién de diversas
caracteristicas de los tripanosomas africanos. Esto se realizara mediante analisis
gendmicos y transcriptomicos comparativos de diferentes cepas del parasito
Trypanosoma vivax y otros parasitos relacionados. Se pretende aportar elementos
para, por un lado elucidar el mecanismo de variacion antigénica en su estado ancestral
aportando informacion sobre la evolucién de este sistema, y por otra parte estudiar si
la pérdida del ciclo completo en los parasitos aislados en América fue acompafiada de
cambios a nivel del genoma mitocondrial.
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Objetivos generales y especificos

A continuacion se plantean los objetivos generales y especificos de este trabajo:

1- Realizar estudios sobre el transcriptoma de Trypanosoma vivax para contribuir al
conocimiento de la gendmica funcional y evolutiva de los tripanosomas africanos, con
especial énfasis en los mecanismos de evasion de la respuesta inmune mediada por
VSGs. Para ello se plantearon los siguientes objetivos especificos:

a. Obtencidn del transcriptoma completo de la cepa americana Liem-176 de T.
vivax.

b. Anotacion de genes encontrados.

c. Reconstruccion in silico del estado metabdlico (reconstruccidon de vias en
actividad).

d. Cuantificacién de transcriptos.

e. Busqueda de mecanismos de regulacidn génica -por ejemplo, evidencias de
degradacion diferencial transcriptos, transcripcion de regiones no
codificantes de proteinas-.

f. BuUsqueda de genes VSG que se expresen y analisis de expresién de
proteinas de la superficie celular.

2- Comparacion del genoma mitocondrial de diferentes cepas de T. vivax con el fin de
realizar un analisis comparativo que permita investigar los cambios producidos durante
el proceso de adaptaciéon a la transmision mecanica en las cepas americanas. En este
sentido nos planteamos los siguientes objetivos especificos:

a. Determinar la secuencia completa de los genomas mitocondriales:
maxicirculos y minicirculos de cepas americanas y africanas de T. vivax.

b. Comparacién de los genomas mitocondriales secuenciados.

c. Analisis de mecanismos de editing mitocondrial mediante la comparacion
de los datos gendmicos y transcriptomicos mitocondriales.
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Materiales y Métodos

Infeccion experimental y purificacidon de parasitos.

Para este trabajo se utilizaron parasitos T. vivax de las cepas americanas (Liem-176 y
MT1, aislados naturales de bovinos venezolanos) y la cepa africana Y486 (cedida por
Philippe Blscher del Institute of Tropical Medicine Antwerp de Bélgica).

En el caso de las cepas americanas, se procedié a la infeccion de ovejas
inmuosuprimidas a través de la inoculacién intravenosa de sangre criopreservada de
ovinos infectados conteniendo parasitos. Se realizé el conteo parasitario, hasta que se
alcanzé una parasitemia de 2x10’ parasitos/mL, se extrajo sangre y se realizé la
purificacion de los parasitos seglin se detalla en [100]. Las infecciones en ovinos fueron
realizadas en la Universidad Simoén Bolivar (Caracas, Venezuela) bajo supervision
veterinaria, se realizdé control diario de temperatura y hematocrito (el cual nunca
descendio por debajo del 30%).

Los parasitos de la cepa Y486 fueron propagados en ratones C57BL/6 de acuerdo a
Chamond y colaboradores [101]. Brevemente, ratones de la cepa C57BL/6, de 7 a 10
semanas de edad, fueron inoculados intraperitonealmente con 100 uL de sangre de
raton (criopreservada) conteniendo aproximadamente 10° pardsitos. Se realizd el
conteo de parasitos cada 2-4 dias post-inyeccidn a partir de sangrado de 5 uL de
sangre del seno submandibular. En el pico de parasitemia (10%-10° parasitos/mL) se
procediod al sangrado final y eutanasia de los animales (Protocolo CEUA 013-11). Estos
experimentos fueron llevados a cabo en el bioterio de la Unidad de Animales
Transgénicos y de Experimentacion del Institut Pasteur de Montevideo. Los parasitos
fueron purificados a partir de la sangre mediante centrifugacion durante 5 minutos a
300 g, luego de 5 minutos se observa enriquecimiento en el sobrenadante de parasitos
viables.

Purificacion de acidos nucleicos.

El ARN total fue aislado a partir de parasitos purificados utilizando columnas lllustra
RNAspin Mini Kit (GE Healthcare) o Tri-Reagent (Invitrogen) seguido de purificacion de
ARN total con las columnas Direct-Zol RNA™ Miniprep kit (Zymo Research). El ARN fue
cuantificado espectrofotométricamente (Nanodrop) y la calidad chequeada mediante
Bioanalyzer (Agilent).
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El ADN fue extraido a partir de parasitos purificados utilizando el kit Quick-gDNA™
MiniPrep kit (Zymo Research). EI ADN fue cuantificado espectrofotométricamente y
chequeada su calidad mediante visualizacién en gel de agarosa 0,8% tefiidos con
Bromuro de Etidio.

Construccion de bibliotecas y secuenciacion

Para la realizacidn de las bibliotecas de RNAseq, se realizd ADNc a partir de 1-5 pg de
ARN total con la enzima SuperScript Il (Invitrogen), utilizando el cebador 5'-
CTGGAG(T)16VN-3’ para la sintesis de la primera hebra. Luego fue sintetizada la
segunda hebra utilizando el kit Double-Stranded cDNA Synthesis Kit (Invitrogen) de
acuerdo a las instrucciones del fabricante. Por Ultimo, se realizd la digestion con la
enzima Gsul (Fermentas) que permite el corte de las colas poliA (secuencia de corte
enzimatico incluida en el cebador de sintesis de la primera hebra).

Las bibliotecas para la secuenciacion 454 se realizaron con el kit GS Titanium DNA
Library preparation kit (Roche) de acuerdo a las instrucciones del fabricante. La
secuenciacion se realizé en Life Sequencing S.L, Biopolis (Valencia, Espaia).

La secuenciacion de lllumina para los experimentos de RNAseq se realizd en la
Universidad de Washington, en un equipo Gallx (lllumina), a partir de las mismas
bibliotecas de ADNc, las cuales fueron re-fragmentadas y se le agregaron los
adaptadores universales de Illlumina.

Por ultimo, las secuenciaciones de ADN gendmico y RNAseq de la cepa africana, fueron
realizadas en la Unidad de Biologia Molecular del Insitut Pasteur Montevideo, en los
secuenciadores MiSeq (lllumina) y Gallx (lllumina). Las bibliotecas se realizaron con los
kit Nextera o Nextera XT (lllumina) a partir de ADN total o ADNc (en el caso de las
bibliotecas de RNAseq).

PCR y Secuenciacion Sanger.

Los cebadores y condiciones utilizadas en el PCR y secuenciacion Sanger para el
ensamblado final del maxicirculo, la confirmacién de minicirculos y confirmacién del
gen VSG expresado se encuentran en el material suplementario de [102] y [103]
(Figura suplementaria 3 de Anexo 1y Archivo suplementario 1 de Anexo 2).
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Analisis bioinformaticos.

Para la realizacién de los analisis bioinformaticos (ensamblajes, anotacion funcional,
determinacién de niveles de transcripcion, etc.) se utilizaron diversos paquetes y
programas informaticos que se muestran en la Tabla 3, indicando en cada caso la
referencia bibliografica (si corresponde), y sobre qué clase de datos fue utilizado.

Detalles sobre el uso de los mismos se encuentran en cada seccion de resultados y en
[102] y [103].
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Tabla 3. En la tabla se indican los paquetes bioinformaticos utilizados para el anilisis de datos de secuenciado masivo.

Herramienta | Datos Observaciones Cita
FastQC General Control de calidad de secuenciado profundo http://www.bioinformatics.babrah
am.ac.uk/projects/fastqc/
RNAsegQC RNAseq Liem-176 Control de calidad de ensamblado de datos de | [104]
RNAseq
Scythe DNAseq Liem-176/MT1 | Filtrado de secuencias https://github.com/najoshi/sickle
Mira RNAseq Liem-176 Ensamblajes de secuencias (454) [105]
Newbler RNAseq Liem-176 Ensamblajes de secuencias (454) [106]
Blast RNAseq/DNAseq Control de contaminacion, chequeo de datos, etc. [107]
Bowtie RNAseq Liem-176 Mapeo de secuencias (RNAseq) [108]
Bowtie2 DNAseq mitocondrial Mapeo de secuencias (DNAseq mitocondrial/RNAseq) | [109]
ESTscan RNAseq Liem-176 Anotacion funcional de secuencias [110]
InterProScan | RNAseq Liem-176 Andlisis de dominios funcionales [111]
AnEnPi RNAseq Liem-176 Asignacion de vias metabdlicas [112]
Blast2GO RNAseq Liem-176 Asignacién de términos GO [113]
Erange RNAseq Liem-176 Determinacidn de niveles de transcripcion [114]
ABYySS DNAseq MT1 Ensamblaje de novo del genoma mitocondrial MT1 [115]
Spades DNAseq Liem-176 Ensamblaje de novo del genoma mitocondrial Liem | [116]
176
SAMtools General Manejo general de datos [117]
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Resultados y Discusidn

Esta seccion se presenta en dos partes, la primera de ellas relacionada con los analisis
de gendmica funcional de la cepa americana Liem-176 de T. vivax. Los datos de la parte
A de esta seccion se encuentran relacionados al Objetivo N21.

En la segunda parte de esta seccidn (Parte B) se presentan los resultados obtenidos
respecto al Objetivo general N22, relacionados con los cambios observados en el
genoma mitocondrial entre las cepas americanas (Liem-176 y MT1) y la africana (Y486)
de T. vivax.

Parte A. Gendmica evolutiva y funcional en Trypanosoma vivax

Algunos de los aspectos mas interesantes que queremos resaltar en esta seccion son
los siguientes:

1. Obtencion del transcriptoma de la cepa americana Liem-176 de T. vivax, su
anotacion funcional y la creacidon de una base de datos publica, asi como la
cuantificacién de los transcriptos identificados.

2. Variacion antigénica de superficie y analisis comparativo de la composicién de
la membrana celular de T. bruceiy T. vivax.

3. Patrones de expresién génica:
a. ldentificacion de regiones no transcriptas por el parasito.
b. Uso diferencial de sitios de trans-splicing como posible mecanismo de
regulacién de la traduccion de algunos genes.
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Analisis transcriptomicos de la cepa T. vivax Liem-176.

Ensamblaje y contenido génico.

Se realizd el ensamblaje de secuencias obtenidas a partir de ARN total de parasitos
aislados en el primer pico de parasitemia de ovejas infectadas experimentalmente.
Estas secuencias fueron obtenidas con la metodologia 454 FLX (Roche).

Se obtuvieron varios ensamblajes con distintas herramientas computacionales los
cuales fueron comparados, concluyéndose que aquel obtenido con la herramienta
Mira [105] era el de mayor calidad. Este ensamblaje contiene 67850 RNAseq contigs
sobre los cuales se realizdé una anotaciéon funcional. Un primer aspecto que se tuvo en
cuenta fue la obtencion de traducciones virtuales con baja tasa de error. Esto es un
aspecto critico en la anotacion de transcriptomas, particularmente aquellos obtenidos
con la tecnologia 454 (Roche). El problema consiste en traducir usando el marco de
lectura correcto, pues los contigs resultantes del ensamblaje de RNAseq suelen tener
algunos “indels” cortos, los cuales destruyen la continuidad del marco de lectura
abierto (ORF), resultando por tanto en una traduccién correcta sélo de segmentos de
contig. Esta complicacion es particularmente importante en secuencias generadas con
la tecnologia 454, dado que presenta una alta tasa de error en la estimacion del largo
de homopolimeros [118]. Es por ello que se utilizdé la herramienta ESTscan [110], la
cual detecta el marco de lectura mas probable utilizando propiedades estadisticas
(extraidas previamente de un set de secuencias de entrenamiento) y realiza
“correcciones” mediante indels que permiten restablecer el marco de lectura mas
probable.

Con esta herramienta se logré la identificacion de 13385 contigs (transcriptos) que
pudieron ser traducidos. De éstos, a 3834 se le asignaron términos de ontologia de
genes. Ademas, 7796 transcriptos (o contigs ensamblados) presentan homdlogos en
otras especies de tripanosomatidos (usando como criterio un e-value < 1ede Blastp
de las secuencias traducidas virtualmente), lograndose también para éstos la
anotacion funcional mediante transferencia de anotacién por homologia. Realizamos
también la reconstruccion de las vias metabdlicas del parasito usando la herramienta
AnEnPi [112].

Los datos tanto crudos como los ensamblajes, asi como la anotacién funcional
(términos de ontologias, hits de blast con sus respectivos alineamientos) y las vias
metabdlicas se encuentran disponibles en la base de datos publica desarrollada por
Matias Rodriguez y Miguel Ponce de Ledn que se encuentra disponible en la siguiente
direccidon web: http://bioinformatica.fcien.edu.uy/Tvivax/. Los mismos también han
sido depositados en el repositorio SRA del NCBI (ACC N2 SRX170781).
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Otro aspecto a resaltar es que cerca de 1000 contigs, transcriptos en diferentes
niveles, no presentan homodlogos en otras especies de tripanosomatidos (Leishmania
spp., T. cruzi o T. brucei), es decir se trata de secuencias especie especificas. A partir de
570 de estos contigs, para los cuales fue posible obtener la secuencia completa del
transcripto, realizamos una caracterizacion primaria utilizando una bateria de
herramientas informaticas para identificar sefales de localizacion subcelular, asi como
andlisis de dominios. En la siguiente tabla (Tabla 4) se resumen las principales
caracteristicas de estos transcriptos.

Tabla 4. Principales caracteristicas de los contigs identificados como especie-especificos en la cepa
americana Liem-176. TMH: Dominio transmembrana, GPIl: Anclaje Glicofosfatidil-inositol. Signal P:
secuencias que presentan péptido sefal P.

No

6o | Tz | Signal| sama | S22 | S92 | gy | T

Contigs (transcriptos) +SIEIP gP gP TMH | GPI _gP_ GPl+
especie-especificos Lignalt - - - SignalP| Total

Presente en Genoma

Y486 2 14 20 9 110 3 36 335| 529
De origen Americano

(no presente en

genoma de referencia

Y486) 0 2 1 0 19 0 0 19 41
Total 2 16 21 9 129 3 36 354 | 570

Un detalle de estos transcriptos se encuentra en el material suplementario de [103] y
parte de la tabla se muestra en el Anexo 1 (Tabla Suplementaria 4).

Ademas, dentro de este grupo encontramos 41 contigs que no se encuentran en el
genoma de T. vivax disponible (cepa Y486, genbank AC N2 CAEX00000000.1),
indicando que podria tratarse de genes especificos de la cepa americana Liem-176
(Tabla 4). Posteriormente a la publicacién de estos datos, Jackson y colaboradores
[119] presentaron datos confirmatorios sobre la presencia de genes especie-
especificos sobre todo relacionados a la membrana celular.

En analisis mas recientes, utilizando el genoma de cepas americanas de T. vivax,
pudimos corroborar estos observaciones iniciales: cerca de un 10% de los genes de la
cepa africana Y486 no estan presentes en las cepas americanas, y alrededor de 200
genes presentes en las cepas americanas no se encuentran en la cepa africana
(manuscrito en preparacion).
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Cuantificacion de transcriptos.

Para tener una mejor aproximacion al cdlculo de los niveles de transcripcién, se realizé
una secuenciacion con la tecnologia lllumina para obtener una mayor profundidad de
secuenciado. La correlacién entre los datos de cuantificacion de las dos tecnologias
utilizadas es alta (R’=0,83) como se observa en la siguiente figura (Figura 16).

454 vs lllumina
10000
R1=0.62
R2=0.83 &
.
1000 + =
454 FLX 100
10 ¢ ._‘
1
1 10 100 1000 10000 100000 1000000
lllumina

Figura 16. Correlacion entre los datos de cuantificacion de transcriptos con la tecnologia lllumina y
454, En la figura se grafican los resultados de cuantificacidon para cada contig (punto rojo) para ambas
tecnologias (lllumina y 454). R1 y R2 son los coeficientes de correlacién antes (R1) y después (R2) de
eliminar los puntos con una discrepancia extrema entre las dos tecnologias (en general sobre-
representados con la tecnologia lllumina).

Para realizar la cuantificacion de los transcriptos identificados se realizo la adaptacion
del paquete informatico Erange [114] para los requerimientos de las caracteristicas
gendmicas de nuestro modelo. En el caso de estos pardsitos que presentan muchos
genes repetidos en tdndem o dispersos en el genoma, la aproximacion de Erange es la
mas adecuada ya que permite asignar aquellos reads (secuencias) que mapean en mas
de un lugar del genoma a una posicion determinada (Anexo 1, Tabla Suplemenetaria
3). Para usar esta herramienta fue necesario el desarrollarlo de scripts en python 'y perl
para modificar los archivos de anotacion, incluyendo las regiones 5’ y 3’ UTR para una
mejor aproximacioén al cdlculo de los valores de transcripcién de cada gen.
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Variacion antigénica de superficie y composicion de la membrana celularen T.
vivax.

Respecto al estudio de la variacion antigénica y la composicion de la membrana
celular, se lograron obtener resultados sumamente interesantes. El primer paso para
comenzar el estudio del patrén de variacidn antigénica de esta especie consistio en la
identificacion del gen VSG expresado por estos parasitos. Debido a las restricciones de
concentracion de ARN para realizar los experimentos de secuenciado en 454, se partio
de una mezcla de ARN total obtenido de diferentes infecciones (correspondientes al
primer pico de parasitemia de animales infectados con un mismo stock de parasitos).

Para la identificacion del gen VSG activo, se realizd primero la busqueda de candidatos
putativos dentro de los genes de mayor expresién (debido a que el ARNm de los genes
VSG representa en el caso de T. brucei entre el 5% y 10% del ARNm total).

Sobre los contigs candidatos, se realizd un BLAST contra el total de secuencias
depositadas en genbank (nr). La secuencia identificada mostré una identidad elevada
(90,4%) a la primer secuencia de VSG de T. vivax reportada por Gardiner y
colaboradores [120] correspondiente a un aislado de Africa occidental y denominada
lldat 2.1 (ver Figura Suplementaria 2, Anexo 1). Resulta interesante el alto nivel de
similitud entre la secuencia identificada y la secuencia reportada previamente. Este
alto nivel de identidad, considerando la divergencia entre los aislados americanos y
africanos, es mucho mayor al esperado para genes que normalmente divergen rapido
[121].

Por un lado, este resultado confirma datos previos respecto al origen de las especies
americanas de T. vivax mas relacionadas con las especies provenientes de Africa
occidental [12, 122]. Por otra parte, resultd llamativo que el gen identificado en
nuestra cepa no se encuentra en el genoma de la cepa de laboratorio Y486 (también
proveniente de Africa occidental).

Para confirmar la ausencia de este gen VSG en la cepa africana Y486 y confirmar la
presencia en el aislado americano, se sintetizaron cebadores especificos y se realizd la
amplificacién por PCR utilizando como molde el ADN gendmico del aislado americano
(Liem-176) y la cepa africana (Y486) (Figura 17 y Figura Suplementaria 3, Anexo 1).
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Figura 17. Resultado de amplificacidn del gen VSG identificado.

En la figura se muestra un gel de agarosa tefiido con bromuro

de etidio con la amplificacién de una regién comin a ambos
—_—

gen VSG identificado, uUnicamente presente en el aislado

americano (flecha verde). 1 kb, marcador de peso molecular
(1Kb DNA Ladder, Invitrogen). C-. Control negativo de
amplificacién.

En la Figura 17 se observa la ausencia de amplificacién en el genoma de la cepa
africana Y486 del gen VSG identificado en la cepa americana. Como control positivo de
amplificacién se utilizaron cebadores disefiados contra una region comun a ambos
genomas. Este resultado indica que la ausencia de este gen en el genoma de la cepa
africana no se debe a un problema de ensamblaje gendmico. Asimismo, el gen que
expresa la variante de VSG expresada por la cepa Y486 (lldat1.2) no se detecta en el
transcriptoma de la cepa Liem-176.

Un aspecto a destacar sobre las proteinas VSG en T. vivax se relaciona con los niveles
de expresion del gen VSG identificado en el transcriptoma en relacion a los niveles de
expresion de los genes VSG en T. brucei. Resulta sorprendente que si bien en T. vivax la
concentraciéon del ARNm de esta proteina es alta (casi el doble que los niveles de
expresion de los genes altamente expresados de alfa y beta tubulina, Tabla
Suplementaria 5 Anexo 1), la cantidad de reads de lllumina que mapean en dicho gen,
no se corresponden con los elevados valores reportados para el gen VSG expresado en
el caso de T. brucei [60, 61, 123].

Para profundizar en este analisis, nos preguntamos si en T. vivax la composicion de
proteinas de membrana era similar a la reportada en el parasito T. brucei. Para ello, se
realizd la comparacion en los niveles de expresiéon (abundancia de ARNm) de todos
aquellos genes anotados con localizacion en la superficie celular. En la Figura 18 se
muestra este analisis, donde se desprende que, al menos a nivel de ARNm, la
composicion de los transcriptos de proteinas de superficie es muy diferente cuando se
comparan ambas especies.
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Figura 18. Composicion de proteinas de membrana inferida de los niveles de expresion. A. Andlisis de
datos de expresidn de transcriptos de proteinas de membrana de T. vivax. B. Mismo analisis que en A
realizado sobre datos de T. brucei.

Por un lado en el parasito T. brucei, el transcripto del gen VSG es altamente
predominante, representando aproximadamente el 98% de las secuencias (reads) de
genes que codifican proteinas de superficie, sin embargo cuando observamos el
parasito T. vivax, si bien el gen VSG es predominante no alcanza mas del 56% de las
secuencias (Figura 18). Estos datos hacen pensar que la composicion de las
membranas es muy diferente entre estas especies. La abundancia del ARNm
codificante de la proteina VSG en T. vivax es concordante con datos de microscopia
electrdénica reportados previamente, que muestran que en T. vivax la cubierta de VSG
es mucho menos densa que la observada en T. brucei [124].

Un primer aspecto de interés esta relacionado con los niveles de expresion de los
genes VSGs y su eficiencia protectora como se menciond mads arriba. Estas
observaciones llevan a plantearnos acerca de cudl seria el rol ancestral de la proteina
VSG, dado que con una abundancia comparativamente menor (en relacién a T. brucei),
no podria funcionar eficientemente como cubierta protectora.

Es de destacar, que al igual a lo que sucede en T. brucei, la infeccidn provoca picos de
parasitemia (relacionadas en el caso de T. brucei, al cambio del gen VSG que se
expresa) como puede verse en la siguiente figura (Figura 19).
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Figura 19. Infeccion de T. vivax Y486 en ratones C57BL/6. En la figura se muestra la cantidad de
parasitos/mL de sangre en ratones C57BL/6 infectados con pardsitos de la cepa Y486 en diferentes dias
post-infeccion.

Resulta interesante entonces, determinar cémo es el mecanismo de evasidon de la
respuesta inmune en el parasito T. vivax, para ello estamos realizando experimentos
de RNAseg-DNAseq en los diferentes picos de parasitemia para, por un lado obtener
informacién respecto a la dindmica de expresién de genes VSG y por otro determinar
la organizacion gendmica del sitio de expresién del gen VSG activo.

Patrones de expresion génica.

Respecto al ultimo topico que resaltamos de esta primera seccién, sobre los
mecanismos de regulacidon de la expresion génica, inicialmente se realizd la asignacién
de niveles de expresién en los CDS anotados en genbank de T. vivax (11866 CDS) (los
datos estan disponibles en [103] y una parte se muestra en la Tabla Suplementaria 3
del Anexo 1). Una primera observacion muestra regiones gendmicas (que contienen
CDS) que no presentan mapeo de secuencias (es decir no serian transcriptas por la
forma sanguineas de T. vivax) como se observa en la Figura 20.

La ausencia de secuencias que mapeen en determinadas regiones del genoma
disponible (Y486) podria deberse a diferencias entre las cepas (recordemos que el
transcriptoma analizado corresponde a la cepa Liem-176). Cbmo se muestra en la
siguiente figura (Figura 20), al menos para las zonas analizadas no parece ser el caso,
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ya que se disenaron cebadores especificos para estas regiones y se mostro la presencia
de estas regiones en ambos genomas.
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Figura 20. Mapeo de reads de lllumina sobre regidon genémica de T. vivax. Se observa una regién
donde no hay mapeo de reads. Las flechas (rojas y verdes) indican las secuencias sobre las que se
disefaron los cebadores. A la derecha se muestra un gel de agarosa 1,5% tefliido con bromuro de etidio
con los productos de amplificacion de los cebadores antes mencionados.

Este resultado sugiere la existencia de algiin mecanismo de silenciamiento de algunas
regiones enteras del genoma. Si bien para la mayor parte de los genes anotados
encontramos reads de secuenciacién indicando que estdn siendo transcriptos (en
concordancia con la vision aceptada que los tripanosomatidos transcriben la totalidad
de sus genes y el control de la expresion es mayormente a nivel post-transcripcional),
algunas regiones del genoma con CDS no muestran actividad transcripcional (Figura
20). Este hecho, podria indicar la presencia de mecanismos de control de la expresion
génica, por ejemplo mediante el silenciamiento de determinadas regiones. Nuevos
experimentos deben ser realizados para confirmar estos datos, por ejemplo
determinar si existen regiones gendmicas de alta compactacion que eviten la
transcripcion de algunas zonas especificas.

Por ultimo queremos hacer referencia en esta seccidon al uso diferencial de sitios de
trans-splicing como posible mecanismo de regulacidon de la traduccion de algunos
genes. El primer paso para realizar este estudio consistio en la identificacién de reads
gue presentaran la secuencia del spliced-leader o miniexon. Se recuperaron 159395
secuencias de lllumina que presentaban el miniexon de T. vivax. Con esta estrategia
logramos la identificacion de los sitios de trans-splicing de 5959 genes, de los cuales
3350 presentan un sitio Unico y 2609 presentaron 2 o mas sitios posibles de adicién del
miniexon.
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En la Figura 21 se muestra, a modo de ejemplo la visualizacién en Artemis para una
region gendmica dénde se mapean el total de las secuencias de lllumina y las
secuencias que presentan el Spliced-Leader. En esta figura se observan dos genes, uno
de ellos (TvY486_00300750) presenta dos sitios de trans-splicng mientras que el
segundo (TvY486_00300760) presenta sélo un sitio. Puede apreciarse ademas que la
utilizacion de los sitios de splicing no es homogénea, en el gen TvY486_00300750 el
sitio con ubicacién 5’ presenta una profundidad de mapeo (la cual es proporcional a su
utilizacidn) tres veces superior al sitio de trans-splicing localizado corriente abajo.
Patrones de uso diferencial de sitios de trans-splicing se observan en la mayoria de los
genes que presentan mas de un sitio. Estos resultados son concordantes con

observaciones realizadas en T. brucei [61].
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Figura 21. Visualizacion en Artemis de mapeo de secuencias totales y con miniexon en una region del
genoma de T. vivax. En la figura se observa, arriba el mapeo de reads totales y su cobertura, en el
medio el mapeo de reads con miniexon y el diagrama de cobertura y debajo la region gendmica sobre la
cual mapean. Se observa como el gen TvY486_0300750 presenta dos sitios de trans-splicing y el gen

TvY486_0300760 sélo tiene un sitio de adicidon del miniexon.

En la siguiente figura (Figura 22) se muestra la distribucion de los sitios de splicing por
gen, el numero maximo de sitios posibles de splicing para un gen resultd en 9
posiciones posibles y el promedio es de 1,48. Este ultimo nimero es sensiblemente
menor al reportado en el genoma de T. brucei (2,4-2,9 sitios por gen) [123]. Asimismo
se determinod el largo de la regién 5'UTR para los genes en los cuales se identificé el
sitio de trans-splicing, resultando en una media de 132 bases para el primer sitio
(siendo considerado el primer sitio aquel que presenta mayor cantidad de secuencias)
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y 164 bases para el segundo sitio, que se encuentra en el rango de lo anteriormente
reportado para T. brucei [60, 61, 123].
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Figura 22. Nimero de sitios de trans-splicing para cada gen. En la grafica se muestra la cantidad de
genes que presentan 1, 2 y hasta 9 sitios de trans-splicing.

También se determinaron las secuencias consenso de los sitios de trans-splicing,
observandose un patrén muy similar al reportado para T. brucei (Figura 23).

Logo: First Splicing Site N=2609
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Figura 23. Secuencia consenso de sitios de trans-splicing en T. vivax. Se muestra la secuencia consenso
para el primer sitio de trans-splicing (considerando 50 bases antes del sitio de trans-splicing, y 15 bases
corriente abajo).

50



Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

Ademas se realizd la comparacién con datos de Spliced-leader trapping publicados en
el parasito T. cruzi, mostrando que el patrén también es muy similar en los pardsitos
tripanosomatidos americanos (Figura 24).
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Figura 24. Secuencia consenso de sitios de trans-splicing en T. cruzi. Se muestra la secuencia consenso
para el primer sitio de trans-splicing (considerando 50 bases antes del sitio de trans-splicing, y 15 bases
corriente abajo).

También observamos que no sélo se conservan las secuencias consenso de trans-
splicing, sino que ademas se conservan las posiciones y cantidad de sitios de trans-
splicing al menos entre los parasitos T. brucei y T. vivax (Figura 25).
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Figura 25. Ejemplo representativo de la conservacion de la distancia a los sitios de trans-splicing
alternativo en T. brucei y T. vivax. El alineamiento muestra la conservacién elevada en la regidn
codificante (CDS) y una baja conservacion en la regién 5’ no traducida (5" UTR). La secuencia superior
correponde a T. brucei y la inferior a T. vivax.

Respecto a este Ultimo punto es interesante destacar que aunque las posiciones y
cantidad de sitios de trans-splicing es conservada entre estas dos especies, la
conservacién a nivel de secuencia del 5’ no traducida (5 UTR) es minima, lo que
implica que el determinante mas importante en la localizacion de los sitios de trans-
splicing es la distancia hasta el coddn de inicio y no la secuencia.

Por ultimo, destacamos que un ndmero importante de genes presentaban el sitio de

trans-splicing (Unico o el principal en el caso de tener mas de un sitio) muy cercano al

coddn de inicio de la traducciéon. Ademas, muchos de estos genes no presentaban

region 5’UTR ya que el sitio de trans-splicing estaba inmediatamente antes del codén

de inicio de la traduccidn. Para investigar si estos genes presentaban algun patrén
51



Resultados y Discusion

particular (es decir si codificaban para proteinas que cumplieran roles especificos), se
realizé una andlisis de enriquecimiento de ontologias (Gene Ontology enrichment)
utilizando la herramienta Blast2GO [113].

El resultado mostré una sobre-representacién de proteinas ribosomales, factores de
elongacion y otras proteinas relacionadas con la maquinaria traduccional. Asimismo, se
encontraron proteinas de respuesta a estrés y relacionadas con la interaccién con ARN
(Figura 26). También se realizd este analisis para los datos disponibles de T. brucei
observandose el mismo fenémeno.
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Figura 26. Analisis de ontologia de genes. Distribucion de términos de GO que exhiben diferencias
estadisticamente significativas (p < 0,05). Se observa el enriquecimiento de términos de GO en los genes
conteniendo sitios de trans-splicing cercanos al coddn de inicio (distancia <= 10 nucledtidos). El andlisis
fue realizado a partir de 196 genes. Los paneles Ay B, corresponden a dos niveles de GO.
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Se ha propuesto, que genes altamente expresados presentan un acortamiento en las
regiones 5’ y 3’ UTR para reducir el costo energético en la sintesis proteica [125]. Sin
embargo nuestros datos de niveles de expresidon indican que estos genes no son
transcriptos a tasas mas elevadas que el promedio general del genoma (T-test, p <
0,05). Otra alternativa es que este acortamiento sea un indicador de genes que se
deben expresar constitutivamente. En este sentido se ha demostrado en Leishmania
que la presencia del spliced-leader asegura el reclutamiento del complejo ribosomal
40S, entonces la ausencia de una regidon 5’UTR evitaria la unidn de posibles proteinas
reguladores, es decir, que una vez unido el complejo ribosomal, no seria posible
bloquear el inicio de la traduccion. Los trabajos recientes de huella ribosomal sobre el
transcriptoma de T. brucei [53, 54] indican, en el mismo sentido, como el largo de las
regiones 5'UTR puede permitir o no la inclusion de elementos regulatorios (por
ejemplo, la presencia de uORFs) que afecten la eficiencia de traduccion. Si bien en el
estudio no hacen referencia a las secuencias 5’ UTR, la proteccion del ribosoma (huella
ribosomal) les permite secuenciar 12 bases upstream el codén de inicio y 15 bases
downstream, obteniendo un perfil de 28 bases. Seria interesante evaluar en estos
datos, si para los genes que encontramos con 5’UTR inexistente, las 12 bases upstream
corresponden a la secuencia del 3’ terminal del spliced-leader, lo cual confirmaria
nuestros datos.

A continuacidn se presenta el trabajo publicado con los datos que se resumieron antes.
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Abstract

ancestral role in immune evasion.

Background: Trypanosoma vivax is the earliest branching African trypanosome. This crucial phylogenetic position
makes T. vivax a fascinating model to tackle fundamental questions concerning the origin and evolution of several
features that characterize African trypanosomes, such as the Variant Surface Glycoproteins (VSGs) upon which
antibody clearing and antigenic variation are based. Other features like gene content and trans-splicing patterns are
worth analyzing in this species for comparative purposes.

Results: We present a RNA-seq analysis of the bloodstream stage of T. vivax from data obtained using two
complementary sequencing technologies (454 Titanium and lllumina).

Assembly of 454 reads yielded 13385 contigs corresponding to proteins coding genes (7800 of which were
identified). These sequences, their annotation and other features are available through an online database
presented herein. Among these sequences, about 1000 were found to be species specific and 50 exclusive of the T.
vivax strain analyzed here. Expression patterns and levels were determined for VSGs and the remaining genes.
Interestingly, VSG expression level, although being high, is considerably lower than in Trypanosoma brucei. Indeed,
the comparison of surface protein composition between both African trypanosomes (as inferred from RNA-seq
data), shows that they are substantially different, being VSG absolutely predominant in T. brucei, while in T. vivax it
represents only about 55%. This raises the question concerning the protective role of VSGs in T. vivax, hence their

It was also found that around 600 genes have their unique (or main) trans-splice site very close (sometimes
immediately before) the start codon. Gene Ontology analysis shows that this group is enriched in proteins related
to the translation machinery (e.g. ribosomal proteins, elongation factors).

Conclusions: This is the first RNA-seq data study in trypanosomes outside the model species T. brucei, hence it
provides the possibility to conduct comparisons that allow drawing evolutionary and functional inferences. This
analysis also provides several insights on the expression patterns and levels of protein coding sequences (such as
VSG gene expression), trans-splicing, codon patterns and regulatory mechanisms. An online T. vivax RNA-seq
database described herein could be a useful tool for parasitologists working with trypanosomes.

Background

African trypanosomes, also known as Salivaria (acquiring
this name because they complete the life cycle in the
mouthparts or in salivary glands of the insect vector), are
the causative agents of disease in humans, domestic and
wild mammals. Some sub-species of Trypanosoma brucei
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species complex are responsible for producing the so
called sleeping sickness in humans that affects thousands
of persons each year in sub-Saharan African countries. 7.
brucei, along with other species of salivarian trypanosomes
are the aetiological agents of a variety of livestock diseases
not only in Africa, but also South America and Asia are
affected by some species [1]. These cattle diseases, gener-
ally referred to as nagana, are accountable for important
economic losses in the affected countries. Salivarian try-
panosomes also infect wild animals (mostly ungulates),
which may operate as natural reservoirs.

© 2013 Greif et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Apart from their African origin, other two distinguishing
features of this group of trypanosomes are that they are
mammalian parasites only and that their vectors are sev-
eral species of the genus Glossina (tsetse flies). While in
Africa Salivaria trypanosomes are transmitted both
cyclically by tsetse flies and mechanically (i.e. without
completing the cycle), in America only mechanical trans-
mission by tabanids [2], other hematophagous fly species
and even vampire bats has been observed [1,3]. It is not
clear whether the ability to be transmitted mechanically
by blood sucking insects other than tsetse flies is the an-
cestral transmission mode or a secondary adaptation to
the particular environments that these parasites were ex-
posed when they invaded African regions where Glossina
was not present or new continents such as America or
Asia. In this regard it is worth mentioning that early
branching salivarians (like T. vivax) complete their cycle
entirely in the proboscis of the fly (they cannot survive in
the gut). This has been interpreted by Hoare (1972) [4] as
a relict form, representing an intermediary stage in the
evolutionary pathway from the ancestral mechanical
transmission to full adaption to the salivary glands of
tsetse fly.

However, the most remarkable adaptation of Salivaria
trypanosomes is related to the fact that they remain ex-
clusively extracellular in the mammalian host (in the
bloodstream or in connective tissues), and hence per-
manently exposed to the immune system during infec-
tion. In all likelihood, such adverse condition is the
reason (i.e. selective force) why in these parasites has
evolved their most distinctive trait: a sophisticated strat-
egy, called antigenic variation, to evade the host immune
response. This strategy consists in periodically changing a
dense protective coat composed by an extremely abundant
(10" copies) and immunogenic protein, the so-termed
Variant Surface Glycoprotein (VSG). These parasites ex-
press only one VSG gene at a time, from a repertoire of si-
lent copies that in the case of T. b. brucei contains more
than 1500 different genes [5]. This mechanism allows
transient immune evasion, since after changing the
variable glycoprotein that was being expressed, an entirely
new parasite population arises that is not recognized by
the host's immune system which has developed an anti-
body response directed against the previous VSG. By
repeating this cycle, the parasites are able to maintain the
infection.

Reconstructions of evolutionary relationships using se-
quence data have shown that Salivaria trypanosomes are
an indisputable monophyletic clade composed by three
main groups [6]. These groups are basically in agreement
with the traditional classification based on morphological
and life cycle data proposed by Hoare (1972) [4]. The first
group; which is fully coincident with Trypanozoon sub-
genus, contains the model species T. brucei brucei, the
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human pathogens 7. brucei gambiense and T. brucei
rhodesiense and two species of veterinary importance,
Trypanosoma evansi and Trypanosoma equiperdum. A
second group, the subgenus Nanomonas, includes two
small sized nagana causing species, Trypanosoma
congolense and Trypanosoma simiae (which are far more
divergent to each other than is the divergence inside
Trypanozoon). Finally, the Dutonella subgenus contains
Trypanosoma vivax, another nagana causing species with
economic importance, both in Africa and America. The
use of suitable molecular markers on samples taken from
the wild have recently disclosed that T. vivax also exhibits
substantial intragroup diversity, comparable to that ob-
served in T. congolense [7,8]. A relevant biological/evolu-
tionary aspect of this last group, is that it occupies a
crucial phylogenetic position because besides being the
earliest branching Salivaria, its divergence predates that of
the remaining ones by a big amount. This key evolution-
ary position, sometimes incorrectly referred to as being
“the most primitive”, makes 7. vivax a fascinating model
to study fundamental questions concerning the origin and
evolution of several features that characterize African try-
panosomes. Indeed, the availability of data from 7. vivax
brings the possibility of making evolutionary inferences
concerning the ancestral or derived state of relevant bio-
logical features by means of comparisons with 7. brucei
(or/and other salivarians) and consequently provides the
opportunity of analyzing these traits in different stages of
their evolution (as it has been mentioned before for the
mode of transmission).

A recent evolutionary genomic analysis has been
conducted in T. vivax and other representative species
of African trypanosomes, comparing their repertoires of
silent VSG genes, how they are organized and diverge
aiming to understand the evolution of these proteins
and how they gave rise to novel functions [9]. It was
found that species differ in the organization of their si-
lent VSG archive, something that may result in different
mechanisms for generating antigenic diversity. Besides,
these authors suggest that while in 7. brucei and T.
congolense there is a high rate of recombination between
silent VSG copies, this phenomenon is much less pro-
nounced in 7. vivax. This analysis, however, barely ad-
dresses the topic of the expression of this fundamental
group of proteins. In fact no previous genome wide
studies on gene expression have been published on T.
vivax. To tackle this and other important questions, we
have conducted RNA-seq analyses of the bloodstream
stage in T. vivax using different and complementary
ultra-high throughput sequencing technologies. Deep se-
quencing in trypanosome species other than 7. brucei
may contribute to understand several topics concerning
the biology of trypanosomatids (notably regulation of
gene expression) by giving the possibility of conducting
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comparative analyses and providing an evolutionary per-
spective. Surprisingly, this technology has been scarcely
used in trypanosomatids, being restricted to the model
species T. b. brucei and more recently RNAseq has been
used in Leishmania tarentolae to explore the role of the
nucleotide J (B-D-glucosyl-hydroxymethyluracil) in tran-
scription regulation [10].

Methods

Parasites

Experimental infection and parasite purification

T. vivax from the bovine Venezuelan isolate (LIEM-176)
were used in this work.

Purification of trypanosomes was done as follows:
immunosupressed six-months-old cross-bred sheep were
inoculated intravenously with cryopreserved blood con-
taining 7. vivax. When parasitemia reached values of 2x
107 trypanosomes/ml, blood was extracted and mixed with
an equal amount of Percoll (Sigma) containing 8.55% su-
crose, 2.0% glucose, pH 7.4 and then centrifuged at
17000 g, 20 minutes at 4°C. Parasites were recovered from
top and middle layer of Percoll gradient, resuspended in
PBS (sodium phosphate 40 mM, pH 7.5, NaCl 150 mM)
containing 1% glucose (PBSG) and subsequently cen-
trifuged at 6000 g for 15 minutes at 4°C. The pellet
containing parasites was washed twice with PBSG to re-
move residual Percoll. Partial purified parasites were
resuspended in PBSG and applied to a DEAD-cellulose
anion exchange column. Purified parasites were eluted free
from red cells, examined by microscopy and counted in a
Neubauer chamber. Further details can be found in [11]. T.
vivax Y486 was grown on mice as described by Chamond
et al. [12]. Briefly, 7 to 10-weeks-old male C57BL/6 mice
were used. RNA and DNA samples for downstream ana-
lysis were obtained from 10'-10° bloodstream forms
obtained at the peak of parasitemia (day 8—10 post infec-
tion). Parasites were maintained by weekly passages in
mice and new stabilates were appropriately and regularly
frozen. All animal work was conducted in accordance with
relevant national and international guidelines. Mice were
housed in the animal care facilities from Institut Pasteur of
Montevideo (Uruguay). Animal housing conditions and
protocols used in the present work were previously ap-
proved by the CEUA (Ethical Committee for Laboratory
Animal Use) under the number 013-11 according to the
Ethics Chart of animal experimentation which includes
appropriate procedures to minimize pain and animal suf-
fering. Infections in sheep were conducted under veterin-
ary supervision with daily control of temperature and
hematocrit which never descended below 30%.

RNA purification and quality control
Total RNA was isolated from 10° parasites using Illustra
RNAspin Mini Kit (GE Healthcare, USA) according to
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manufacturer’s protocol. Obtained RNA was quantified
in a Nanodrop (Thermo Scientific, USA) and its integrity
was checked by Bioanalyzer (Agilent, USA).

Library construction and sequencing

Double-stranded cDNA was generated from 25 pg of total
RNA using a SuperScript II Double-Stranded ¢cDNA Syn-
thesis Kit (Invitrogen) according to the manufacturer’s in-
structions, except for oligonucleotide used for first strand
synthesis and 5-methyl-dCTP (Jena Biosciences) instead
of dCTP. The primer used was 5 CTGGAG(T);(VN 3,
the 5" end of the primer contain the restriction site for the
enzyme Gsul. After the synthesis of the second strand, the
cDNA was precipitated with 1/10 volumes of Sodium
Acetate (3 M, pH =5.2), 2 pL of glycogen (15 pg/mL) and
3 volumes of absolute ethanol and resuspended in 70 pL
of RnaseFree water. 65 pL of cDNA was digested with
Gsul (Fermentas) for 4 hours at 30°C to cleave the poliA
tails. The digested cDNA was used to prepare the 454 and
[lumina libraries.

454 library preparation and sequencing

Library was prepared using the GS Titanium DNA library
preparation kit (Roche) according to the manufacturer’s
protocol starting with 2.5 ug of cDNA. The emPCR was
done with GS Titanium SV empPCR kit (Roche)
according to manufacturer’s instructions. We used GS
Titanium Sequencing Kit XLR70 (Roche) to sequence 1/2
GS Titanium PicoTiterPlate kit 70 x 75 in 454 Genome
Sequencer FLX System (Roche). [llumina sequencing was
carried out in a GAIIx on the same cDNA library which
was re-fragmented and universal Illumina adaptors were
added. Raw data were deposited in the NCBI database
under submission number SRA056332.

Bioinformatics and data analysis

Data quality analysis

The details of sequence data obtained by 454 and
[llumina sequencing are presented in Additional file 1:
Table S1. For the first technology 187491 reads, with an
average length of 295 nt. were obtained. This corre-
sponds to 54 Mb of sequence data. For the second tech-
nology, 37 million of reads (36 nt), corresponding to
1332 megabases were obtained. Several quality tests
were carried out. In the first place, the percentage of
contaminating reads present in the sample (i.e. corre-
sponding to the host) was determined. For this purpose
the reads were mapped into the sheep genome using
Blastn. By doing this it was possible to establish that
only 433 reads (i.e. 0.20%) were of host origin. A similar
figure was obtained for Illumina reads (in this case
mapped using Bowtie [13]). The same procedure was
followed for other possible contaminating sources (such
as human) and only traces were detected (e.g. 12 reads
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from 454 technology corresponding to human). This in-
dicates that the quality of the starting material was high.

In the second place the number of artificially repeated
reads (i.e. those corresponding to the cases when the same
c¢DNA segment is sequenced more than once) were identi-
fied. This distortion (common in 454 sequencing) is intro-
duced during the emulsion PCR step because a single
¢DNA molecule, but multiple beads are located in the
same micro reactor. For genomic sequences these are cus-
tomary identified as “same-start reads” provided that it is
unlikely that by chance alone multiple DNA segments
obtained by random fragmentation of a genome start at
exactly the same position. However, it is obvious that for
RNA derived DNA (cDNA), sharing the “same-start” is
not uncommon. For this reason the candidates of artifi-
cially duplicated reads were identified as those ones that
start and end at exactly the same nucleotide. About 15000
reads (9%) fall in this category (Additional file 1: Table
S1), such proportion of repetitions is low when compared
with other studies, where this kind of reads can be as
abundant as 25%. These repeated reads were collapsed for
further analysis.

In the next step, reads corresponding to ribosomal RNA
were identified, totaling 2267 (1.21%) in the case of 454
FLX. The percentage of rRNA reads was significantly
higher for Illumina (more than 2 million, which corre-
sponds to slightly more than 6%). Such a small number is
unusual considering that this type of RNA normally repre-
sents more than 70% of the RNA population, thus indicat-
ing that the filtering strategy of using an oligo-dT
containing primer turned out to be very effective in order
to get rid of ribosomal RNA. In addition, this methodology
does not restrict the isolated RNA to mature mRNA either,
as it can be inferred from the fact that other types of RNA
molecules are quite abundant in the sample. In effect, tran-
scripts derived from the kinetoplast genome are relatively
abundant (Additional file 1: Table S1). For the case of
maxicircle, it was possible to identify them using simple
homology search, given that these genomes are relatively
conserved among trypanosomatids. But, such strategy was
not suitable for minicircle derived RNA identification be-
cause of their lack significant conservation. Therefore the
incidence of this latter group was not determined.

To evaluate the genome coverage of RNA-seq data pro-
duced in this work, 454 and Illumina reads were mapped
to genomic sequences (retrieved form GenBank) in order
to estimate the sequencing depths of the top, middle and
botton 1000 expressed genes. This was done using RNA-
SeQC program [14], detailed results are presented in
Additional file 2: Figure S1.

Assembling and functional annotation
Assembling of 454 reads was conducted using two differ-
ent computer programs Mira [15] and Newbler (Roche,
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Switzerland). The two resulting assemblies were compared
to each other, in order to assess their qualities and deter-
mine which one was more appropriate for subsequent ana-
lyses. The quality of the assembly was assessed by
comparing the assembled contigs with a reference set
containing well defined mRNA sequences. To assess qual-
ity, two variables were measured, the proportion of the ref-
erence mRNA that is well reconstructed (P) and the
number of contigs falling in each mRNA reconstruction
fraction (N), so that the overall quality of the assembly is

given by: Q = ZNiPi. This comparison was done using a
i

reference set consisting of protein coding sequences avail-
able in GenBank that are putatively expressed in the blood-
stream stage. These were identified on the basis that their
T. brucei orthologs are unambiguously expressed in this
stage. In turn, the latter condition was determined by test-
ing which T. brucei protein coding genes are observed in
the bloodstream EST collection. It should be noted that
this collection was built using traditional Sanger sequen-
cing from poly A + RNA, which due to the low sensitivity
of the method, contains mainly unequivocally transcribed
genes. The results obtained allowed us to draw two useful
conclusions. In the first place Mira outperforms Newbler,
yet by a narrow margin; provided that the contigs built by
Mira reconstruct better the mRNA (i.e. the Q statistics is
higher). Secondly, more than 92% of the putatively ex-
pressed mRNAs are tagged (either by contigs containing
several reads, or by individual reads), hence indicating the
454 derived sequence dataset is a good picture of the tran-
scriptional state of the parasite (Additional file 3: Table S2).

Functional annotation of RNA derived contigs was
carried out using a set of complementary tools: ESTscan
[16], Blast2Go [17], InterProScan [18] and AnEnPi [19].
In the first place, to identify 7. vivax genes encoding
proteins with a known or unknown function, it was ne-
cessary to obtain high quality virtual translation of
contigs. This translation is not always the straightfor-
ward exercise of mechanically applying the genetic code
to possible ORFs. Instead, contigs often contain serious
translation problems derived from sequencing errors
that may change the reading frame (frameshifts). To
handle this complication the ESTscan program was used.
This application employs a Hidden Markov Model (that
uses the distribution of codons) to restore the correct
frame by introducing indels. The program needs to be
calibrated (trained) in such a way that it recognizes
possible alteration in the ORFs on the basis of their stat-
istical properties [16]. For training the ESTscan HMM,
T. vivax coding and intergenic sequences were retrieved
from public databases. After this step, functional annota-
tion of the translated contigs was done combining the
results of Blastp against nr NCBI (all non-redundant
GenBank CDS translations plus other well curated
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databases) and a domain analysis based on Interproscan.
Results of both sources were integrated using Blast2Go,
which allows assigning GO terms to the entries by using
simple annotation rules. Because B2G is quite conservative
to assign ontology terms, the analysis was complemented
with a simple Blastp search against translated nr NCBI.
Besides the AnEnPi pipeline [19] was used on KEGG in
order to predict possible metabolic pathway that are active
in the bloodstream stage of Trypanosoma vivax.

Determination of transcription levels

To determine the transcription levels we decided to use
Erange [20] software on Illumina data. After cleaning
low quality reads, the remaining reads were mapped to
the T. vivax genome (retrieved from GenBank) using
Bowtie [13] and allowing up to 1000 multimatches and
up to 1 mismatch. RNA-seq Erange pipeline was used
with minor modifications. It is important to take into ac-
count that in genomes like this one, which contain several
related paralogous genes, the use of computer applications
that consider the unique regions of the genes to re-
normalize the assignment of multimatching reads (like
Erange), is essential. This approach permits also determin-
ing which ones of the paralogous genes from a multigene
family are really expressed at a given time. For 454 data
(where the problem of multimatching reads is mitigated
or simply eliminated, because of reads' lengths) transcrip-
tion levels were computed using in house Bash and Perl
scripts to parse Blast or Bowtie outputs. rpkm estimates
are presented on Additional file 4: Table S3.

We note that in these analyses it was not possible to
use biological replicates. Because of the limited amounts
of RNA isolated in each individual infection, it was ne-
cessary to pool all samples together. Although this is not
optimal because variability is not assessed, for a couple of
reasons such limitation is not critical for this study. First,
the main focus of our study is not compare different
moments of the parasite life cycle aiming to determine
which genes are up or down regulated. Moreover, since
our starting material is a pool of different biological inde-
pendent samples, large variance that might especially
affect low expression genes (and yield a distorted picture)
is largely alleviated. Transcript levels for T. brucei genes
were also estimated as described above using published
RNA-seq data [21] retrieved from the SRA archive.

Identification of splice-acceptor sites

c¢DNA sequence tags (36 bp) that contained terminal
Spliced Leader sequence (SL) were extracted from the
[lumina output. The SL sequence was found in a 0.5%
(171200) of the reads and in the majority (94.8%) of
them in the sense direction, as expected because of con-
straints imposed by the cDNA size-fractionation and se-
quencing protocols. The Spliced Leader segment was
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trimmed from these sequence tags with a homemade py-
thon script. Sequences greater than 19 bases were used in
downstream pipeline. Genomic matches were identified
by mapping these reads with Bowtie against the T. vivax
genome sequence. No mismatches were allowed.

We used output of Bowtie (sam file), genomic infor-
mation as given by the gff files and blockbuster software
[22] to cluster the mapped reads in order to detect
trans-splicing sites in the chromosomes and other gen-
omic sequences from 7. vivax. Cluster information was
parsed with gff information with homemade Perl script
and a final table with gene information and trans-
splicing sites associated were obtained. A similar pipe-
line was used to analyze trans-splicing patterns in 7.
brucei and Trypanosoma cruzi.

In the case of T. cruzi, the RNAseq data from three
stages of the life cycle of the parasite (epimastigote,
trypomastigote and amastigote) were obtained in our la-
boratory (further analysis on this data will be published
elsewhere). Due to the sequencing strategy used in T.
cruzi (stranded) the number of Spliced Leader containing
reads was modest; this restricted the type comparisons
that could be conducted in this species to only the deter-
mination the splicing motifs.

Results and discussion

Assembling 454 reads and functional annotation of
resulting contigs.

Because 454 FLX sequencer yields long reads, it is pos-
sible conduct “de novo” assembling to obtain good qual-
ity contigs. This was done with two different computer
programs, Mira and Newbler (Roche) using optimized
parameters for RNA-seq assembling.

The results obtained allowed us to conclude that Mira
outperforms Newbler, since the contigs obtained repre-
sent better reconstructions of full length mRNA (i.e. the
Q statistics is higher). Besides, more than 92% of the pu-
tatively expressed mRNAs are tagged (either by contigs
containing several reads, or by individual reads), hence
indicating that the 454 derived sequence dataset is a
good picture of the transcriptional state of the parasite
(Additional file 3: Table S2).

As mentioned before high quality virtual translations of
contigs were obtained using ESTscan. A total of 13385
translatable sequences were identified by ESTscan among
which 6583 contained more than one read. Functional an-
notation, carried out using Blast2GO, enabled us to iden-
tify 3834 contigs for which it was possible to assign one or
more Gene Ontology terms. However, the number of
contigs whose virtual translation have homologs in other
species (blast e-value <le*) was 2 times as much (7796),
and hence it was possible to make a relatively reliable
primary functional assignment for these contigs as
well. In addition, we could determine a tentative
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enzymatic function using KEGG search for a substan-
tial number of virtual translations totalizing 327 EC
numbers assigned to 1281 contigs. Additional results
on the functional annotation are available in the web
page (see next section).

Finally, it is worth mentioning that more than 1000
contigs that are transcribed at different levels and un-
equivocally correspond to protein coding genes, do not
have homologs in other species, including other
trypanosomatids such as Leishmania sp, T. cruzi and the
African trypanosomes for which genome sequence is avail-
able (T.b. brucei, T.b. gambiense and T. congolense). This
means that in all likelihood they are species specific.
Among these T. vivax specific contigs, around 50 genes
have not even been reported in the 7. vivax genome avail-
able in GenBank, indicating that very probably they are
specific of the strain LIEM-176. 564 species specific contigs
for which it was possible to build a full cDNA were chosen
for additional analysis. A preliminary characterization of
these genes was carried out using a battery of informatics
tools such as those that identify signals for sub-cellular
localization and domain analysis. These results are
presented in Additional file 5: Table S4. Database web
interface.

A relational database (MySQL) was built to store and
browse the data and results produced in this work. In fact
the database contains raw as well as processed and anno-
tated data as described in the previous section. A Pyhton
web application was developed using the Django program-
ming framework. This application provides user-friendly
data querying, browsing and visualization through a web
interface (http://bioinformatica.fcien.edu.uy/Tvivax/). In
this web interface it is possible to search for, and retrieve
reads, contigs as well as virtual translations. Besides, the
database can be searched using different criteria such as
length, depth of the contigs (i.e. expression level), GO
terms, Enzyme Commission numbers, Blast e-values, key-
words, etc. or a combination of these criteria. Moreover
any sequence can be blasted against the dataset. The an-
notated entries are linked to the reference databases used
for their annotation, namely Amigo Gene Ontology [23],
KEGG repository at EBI and NCBL In addition the data-
base offers the possibility to highlight on-the-fly the en-
zymes in the pathway image files downloaded from the
KEGG FTP site. Expression of Variant Surface Glycopro-
teins in T. vivax, and the protein composition of the cellu-
lar surface.

Because of the strategic evolutionary position of T.
vivax, as the earliest branching African trypanosome, it
is important to analyze in this species the expression
patterns of Variant Surface Glycoproteins, as well as the
organization of this gene family to help shedding light
on diverse questions concerning the origin and evolution
of antigenic variation.
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To this aim we first tried to identify the VSGs that
were present in our RNA sample by using a simple strat-
egy, which consisted in searching putative candidates
among the most abundant mRNAs (namely those
contigs built with the highest number of 454 reads), pro-
vided the high expression levels that these proteins ex-
hibit. By doing this, only one candidate VSG was found.
Surprisingly, the mRNA identified was highly similar
(DNA sequence identity of 90.4%, see Additional file 6:
Figure S2) to the only VSG sequence already reported
for T. vivax that was derived from a West Africa isolate
called Ildat 2.1 [24]. Even if this finding confirms previ-
ous reports that suggest that the American 7. vivax (or
more correctly T.vivax- like given the great intra taxon
diversity inside Dutonella) is closely related to West Af-
rican strains [25] some remarks should be made. It
should be taken into account that T. vivax was intro-
duced in America around 1850, in the French Guiana,
by infected Zebus imported from Africa [26-29]. Since
its introduction, T. vivax has been disseminated by horse
flies (Tabanidae) [4] and stable flies (Stomoxys spp.) [30],
and it was rapidly dispersed throughout South America.
However, the degree of sequence similarity seems to be
much higher than what we would have expected if ac-
count is taken to the fact that these genes normally di-
verges extremely fast. Indeed, the comparison of VSG
genes among 7. brucei strains reveals that even closely
related subspecies (like T. brucei brucei and T. brucei
gambiense and the so called Tororo isolates) have very
divergent silent repertoires [31]. In addition, it should be
noted that this VSG gene was not identified in the draft
genome deposited in GenBank corresponding to the
Y486 strain. We tested this absence by PCR using two
sets of primers specifically designed to amplify this gene.
Both primers sets failed to amplify, thus confirming that
this VSG copy is really not present in the Y486 strain
(Additional file 7: Figure S3). Conversely, the gene en-
coding the VSG protein expressed by Y486 (Ildat 1.2) is
not detected in Liem-176 transcriptome. Considering
that Y486 also belongs to the same group of West
African T.wvivax-like strains [7], these two results seem
to be conflicting. Alternatively they indicate that the two
processes of genetic differentiation of their silent ar-
chives, sequence divergence (involving single nucleotide
changes) and genome plasticity (gene gain, loss and
reshuffling) are not necessarily correlated, especially in
this initial phase of taxa differentiation.

As far as the expression level of the main VSG is
concerned, it is interesting to note that although its tran-
script abundance is very high (twice as much as the
already highly expressed alpha and beta tubulins, see
Additional file 8: Table S5), the number of Illumina
reads mapping on this contig corresponding to the VSG
gene, is not nearly as high as those reported for VSGs in
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T. brucei, where they represent between 5% and 11% of
all sequenced reads [21,32,33]. This is an interesting as-
pect and raises several questions concerning the mem-
brane protein composition and diversity (in terms of
relative abundance of their constituent proteins) in this
and other African trypanosomes.

These questions can be answered by assessing the ex-
pression levels (as indicated by RNAseq data, see further
details in next section) of genes encoding proteins pre-
dicted to have surface location, thus allowing us to com-
pare the surface protein composition from both African
parasites. As it emerges from Figure 1, it is evident that
while in T. brucei the VSG is absolutely predominant
(representing approximately 98%), in T. vivax it only rep-
resents about 55%. Other very common trypanosomatidae
membrane proteins, like GP63, are almost absent in 7.
brucei, while they exhibit appreciable frequencies in T.
vivax. These results thus indicate that the cellular surface
of T. vivax is substantially different from that of T. brucei
(and very likely from other African trypanosomes). In
turn, these results concerning the much lower membrane
concentration of VSG proteins are in keeping with previ-
ous ones from electron microscopy [34], which indicate
that in T. vixax the VSG surface coat is noticeably less
dense than in 7. brucei. In addition, these results taken to-
gether raise the question of what would be the role of
VSGs in T. vivax (and perhaps its ancestral role) in im-
mune system evasion, provided that such relative lower
concentrations cast some doubts on how efficiently it
could act as a fully protective coat as it happens in 7.
brucei. Needless to say, proteomic analysis will provide
more substantial data to help gaining additional insight on
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this fundamental point. In particular it would be import-
ant to analyze the efficiency of antibodies targeted against
invariant membrane epitopes. Assessing transcription
levels.

One of most useful features of RNA-seq analysis is
that it allows direct and quite accurate estimations of
transcript levels. Given that the number of reads
matching with the transcripts of a given gene is expected
to be proportional with the concentration of the mRNA
molecule as well as with its length. Then the normalized
(by length) numbers of 454 reads used for assembling of
a given contig, or the number of [llumina reads mapping
on the same contig (or on the corresponding genomic
CDS) can be used as a measure of expression level.

In the first place we compared how congruent are the
two sequencing technologies used in this work for esti-
mating transcript levels. Specifically, we compared the
number of 454 FLX reads used in the assembly of a
given contig versus the number of Illumina reads map-
ping on the same contig. As it can be observed in
Figure 2, even though for some points (contigs) the
estimation differs, the agreement is quite remarkable
(r=0.83). The genes (contigs) exhibiting estimations
that are inconsistent between the two technologies
were further analyzed to understand the reasons why
these two technologies yield contradictory estimations.
Indeed, for several genes very few 454 reads contrib-
uted to their assembly, while many of the same genes
were tagged by considerable number of Illumina
reads. Even if it is reasonable that many low expres-
sion genes that are tagged by Illumina reads will be
not detected by 454 FLX sequencing technology,
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Figure 1 Protein Membrane composition as inferred from expression levels. A. T. vivax. B. T. brucei.
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given the comparatively small number of reads the
latter technology yields, in few cases the disagreement
between the two technologies goes far beyond than
what would be expected by random variability. In
effect, since the ratio in the numbers of reads be-
tween the two technologies is 181 (see Additional file
1: Table S1), which is close to the regression coeffi-
cient in Figure 2A, it follows that several genes on
which map many thousands of Illumina reads (>10
thousands) are not expected to be tagged by none or
so few 454 reads. The visual inspection of these
troublesome points shows that they correspond to
DNA segments having extreme compositional biases.
On the other hand the comparison between the two
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technologies was also conducted by mapping their
reads on genomic regions to assess the variability in
sequencing depths estimated by each method. Again
it is possible to observe that there is a good agree-
ment between both methods (Figure 2B).

Estimation of transcription levels for 11886 CDS anno-
tated in GenBank was done using the Erange software
that corrects multiple matching reads considering
unique parts of genes for their assignation. The gene ex-
pression levels (read count and RPKMs) are available in
Additional file 4: Table S3.

An unexpected observation is that several genes and
genomic regions appear to be non-transcribed at all in
the bloodstream stage of 7. vivax, as it can be
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appreciated in Figure 3 panels A and C, which shows
that some of these regions are devoid of reads. We note
that this result could be attributed to the fact that the
reference genome used to map reads and the RNA used
in this work come from different 7. vivax strains (Y486
and LIEM-176 respectively), thus the absence of reads in
some regions could be simply the result that the regions
in question are not present in Liem-176. To control this
possibility, we decided to test if the genomic DNA seg-
ments without reads mapping on them are also present
in the genome of the strain from where the RNA comes.
Primers specific for these regions were designed (indi-
cated in red and green in Figure 3B). The PCR results
presented in Figure 3C indicate that the regions with no
reads are definitively present in the LIEM-176 strain,
and hence the absence of reads mapping on them is in
all likelihood the result of their lack of transcription.
These results have implications on the long standing
questions concerning the mechanisms of gene expres-
sion regulation in trypanosomatids. Indeed, the current
accepted view is that in trypanosomatids everything
(or almost everything) is promiscuously transcribed,
and they regulate their gene expression mainly post-
transcriptionally, either by differential RNA maturation
and degradation, or by controlling translation initiation
or even post-translationally [35]. Hence, the results
presented in Figure 3 showing that certain genes and
genomic regions are not transcribed, strongly suggest
that regulation of transcription initiation might also play
an important role in gene regulation. Gene expression
levels and codon biases in trypa-nosomes.

It is well established that in most organisms synonym-
ous codons are not randomly used [36,37]. Biased codon
usage may result from a diversity of factors, among
which translational efficiency (translational selection) is
one of the most important, being related to the fact that
the preferred codons in highly expressed genes are rec-
ognized by the most abundant tRNAs. More than fifteen
years ago, we have shown that in trypanosomatids there
is enormous intragenomic variability in codon biases,
and this was essentially the result of the interplay be-
tween mutational biases and translational selection. In
this analysis it was also shown that, in the African tryp-
anosome T. brucei, the putatively highly expressed genes
exhibit essentially the same kind, but with lesser
strength, of codon biases as in 7. cruzi (towards G and
C ending codons) [38]. One of the main drawbacks of
these analyses, is that the data on expression levels were
very fragmentary or simply assumptions (for instance we
assumed that proteins like ribosomal proteins, elong-
ation factors, and enzymes from glycolysis were highly
expressed). Interestingly, some of these results were con-
firmed more recently, yet no analysis was carried out so
far comparing codon preferences using robust data on
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gene expression [39]. The availability of NGS data gives
the opportunity to re-address this topic from a more re-
liable perspective.

Figure 4A, shows the frequencies of G + C ending co-
dons in the 20% most and least expressed genes in T.
vivax. Even if it is possible to see that there is substantial
variability inside each group, it is also clear that there is
a very strong preference for G- and/or C-ending codons
in the majority of genes that are more actively tran-
scribed, and this preference also holds when each
synonymous codon group is considered separately
(Additional file 9: Figure S4). In agreement with previous
results, it is possible to observe that also in 7. brucei the
highly expressed genes exhibit clear preference for G-
and C-ending codons. However two differences should
be pointed out. First, the overall distribution in GCj
values is shifted towards the left (namely lower values),
and second the difference in GC; preference between
low and high expression genes is less pronounced than
that observed in the other trypanosome. Based on these
results it is possible to conclude that the process of
weakening of codon biases observed nowadays in the
high expression genes from 7. brucei only affected the
branch leading to the Trypanozoon subgenus, and not
all Salivaria trypanosomes, provided that T. vivax did
not undergo such a process.

An interesting observation is that in both African
Trypanosoma species there is a group of genes that ex-
hibit an atypical behavior in the sense that they are
expressed at high or very high levels, yet they display
weak or none GCj biases. Furthermore, in both species
the respective groups of unusually behaving genes in-
clude many species specific proteins and also proteins
like many ribosomal proteins and translation factor 5a
(well known to be highly expressed in most species). In
addition, the two groups contain many genes that are
coincident (i.e. orthologs) between T. vivax and T. brucei
(Additional file 10: Table S6). It should be noted that the
very existence of several orthologous that are highly
expressed and lack codon biases in both species suggests
that this unusual behavior cannot be attributed to nat-
ural variability in codon preferences that could eventu-
ally display high expression genes. Instead, this very
likely reflects genuine functional requirements. We note
that this peculiar observation had been pointed out be-
fore for the case of VSG genes in T. brucei, the highest
expressed gene, yet the different genes encoding VSG
proteins have very weak codon bias [38,40]. The puz-
zling aspect of this observation is why and how is it pos-
sible that these organisms do not optimize the codon
preferences in genes that represent such a substantial
proportion of the protein mass. Two different explana-
tions (yet not mutually exclusive) can be put forward.
One of these is that these genes belong to multigene
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families that have emerged, or became highly expressed,
only recently (on an evolutionary scale). Hence selection
did not have enough time to optimize their codon biases.
This can be the case of leucine-rich repeat protein in
T. vivax, procyclins in T. brucei (and also Mucin Asso-
ciated Surface Proteins (MASP) in 7. cruzi), that are
very highly expressed yet have AT or weak GC biases
(see Additional file 10: Table S6). The second explan-
ation is that translational selection is not effective
enough for these genes because they are seldom
expressed, namely they behave most of the time as si-
lent ORFs (like pseudogenes), during which time nat-
ural selection does not have any effect on them. This

second explanation applies to VSG coding genes. Some
additional analyses give support to these proposals. In-
deed, when the analysis of the relationship between
codon biases and gene expression levels is restricted to
those coding sequences that have bona fide (and con-
served) orthologs in other trypanosome species (what
could be called the trypanosome gene core), most
genes are “well-behaved”, that is the differences in GC
codon biases between highly and lowly expressed genes
become sharper in both species (Additional file 11:
Figure S5).

Finally, we would like to mention that in spite of the
fact that these explanations may account in part for this
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atypical behavior displayed by trypanosomes, it is also
evident that they do not apply to the case of ribosomal
and other conserved proteins that exhibit low o none
GC; biases and very high expression. Mapping trans-
splice sites.

To identify trans-splice sites, we mapped 159395
miniexon containing Illumina reads onto the T. vivax
draft genome that has been recently made available in
Genbank. This allowed us to identify the trans-splice sites
in 5959 genes. Among these genes, 3350 had only one
bloodstream splice site and 2609 genes had two or more.
The distribution of splicing sites per gene is presented in
Figure 5A. The maximum number of sites per gene was 9
and the average 1.48. This figure is considerably lower
than that described for T. brucei (mean 2.7-2.9 sites/gene
[32]). Using the splice site location, the distribution of 5’
UTR lengths was also determined (Figure 5B). The mean
sizes for the first and second splice sites were 132 and 164

nts, respectively. These are in the same range as it has
been described for T. brucei [21,32,33].

Next we analyzed the consensus sequences around the
splice site. Figure 6A, shows the logo representation of
the major site, which is virtually identical to that de-
scribed for T. brucei, basically consisting in a long (>50
nt) poly-pyrimidine rich track. The consensus for the
second and the remaining minor sites are also very simi-
lar yet the signal is not as strong as for the major site
(Additional file 12: Figure S6) Furthermore, the ca-
nonical AG dinucleotide was found at 98% of the
major splice sites (Figure 6C), whereas minor sites
had an AG dinucleotide in progressively decreasing
proportions, 94% for the second, 90% for the third
and 80% for the fourth site. Therefore, the frequency
of AG at secondary splice sites is considerable higher
than that observed in 7. brucei (that on average is
around 80%, see reference [33]). As it has been also
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observed in T. brucei, the second most frequent di-
nucleotide at splice site is GG (Figure 6). A similar
analysis was carried out also in 7. cruzi; the logo
illustration presented in Figure 6B shows that also in
the American parasite the overall pattern is very simi-
lar to that of salivarians.

These results indicate that both the trans-splicing ma-
chinery, and the signals that this machinery recognizes,
have been conserved not only in African trypanosomes,
but also in T. cruzi, and therefore in all likelihood in all
trypanosomes.

Along the same line, we also compared orthologous
genes between T. brucei and T. vivax to investigate
whether the spatial pattern of trans-splicing sites,
namely their number and distances to the initiation
codon, was similar between these two African parasites.
Interestingly enough, the pattern exhibited considerably
agreement in spite of the fact that the DNA sequences
in the 5" UTR located between the sites of splicing and
the initiation codon were poorly conserved (Figure 7).

As it has been already reported for T. brucei, a
large number of T. vivax genes contain one or more
(up to five) trans-splicing sites inside the coding re-
gion [21]. Moreover, we also found that a significant
number of genes contain their main, or unique, splice
site very close (sometimes immediately before and
sometimes after) the start codon (AUG). We decided
to investigate this peculiar aspect further by deter-
mining if this feature is characteristic of some groups
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of genes or functions. A Gene Ontology enrichment
analysis was carried out to explore this aspect, namely
if the genes exhibiting this feature encode proteins
belonging to some particular categories. Interestingly
enough, this group contains a much higher than
expected frequency of ribosomal proteins, elongation
factors and other proteins related with the translation
machinery. Other type of proteins over-represented in
this group are heat shock proteins and proteins that
interact with RNA (Figures 8A and B).

Because the annotation of T. vivax genes available in
GenBank is not precise in relation to the correct identifi-
cation of start codons, and considering that this trouble
can introduce serious biases in this analysis, the same
ontology analyses were also conducted in 7. brucei,
whose annotation is expected to be much more
depurated. As it can be observed in Figures 8C and D,
the same pattern is also present in T. brucei, and hence
allows us to conclude that it cannot be attributed to an
artifact due to low quality annotation.

For these genes with splice site very close to the
start codon, we identified the orthologs between T.
vivax and T. brucei, and in many cases the splice
sites were located upstream of the annotated start
codon in one of the species but downstream in the
other. We suspected that in all likelihood this was
caused by the above mentioned trouble of misidenti-
fied start codons. Therefore their sequences were
aligned to determine, on the basis of DNA and amino

B
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acid conservation, the most probable start codon. For
these comparisons sequences from 7. congolense
(whenever available) were also included. The rationale
for this approach for detecting more accurately AUG
start codons is simple, and it is based on the fact that
inside the coding part of the genes there are higher
functional constraints and hence higher conservation.
The approach allowed us to detect that many AUG
codons were incorrectly annotated as the starting
ones not only in T. vivax but also (and unexpectedly)
in T. brucei. After correcting the annotation using
conservation information, it was possible to determine
that almost all downstream splice sites have in fact
an upstream location (see Additional file 13: Figure
S7 for representative examples). In addition when the
orthologs between these two species are compared in

relation to this feature, it is possible to observe that
there is a very good agreement, namely the number
of splice sites and their distances to the initiation
codon is roughly the same (Additional file 14: Table
S7). Noteworthy, while these distances remain, there is
very little sequence conservation between the two spe-
cies in the 5" UTR, which strongly suggests that what
it is important is indeed the distance and not the se-
quence. Regretfully this analysis could not be extended
to T. cruzi due to the limited number of reads that
spanned the trans splicing junctions and retained a big
enough sequence (>15 nt) after the Spliced leader was
removed.

Although the biological significance of these observa-
tions is not fully clear, some hypotheses could be ad-
vanced on why this particular group of genes contain so
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short 5" UTR. It has been proposed that highly expressed
genes tend to be more compact, shortening their 5' and
3' UTRs and introns to reduce energetic cost of protein
synthesis [41]. At a first glance this explanation appears
to fit the results presented herein provided that riboso-
mal proteins are normally highly expressed. However,
the average expression level (as indicated by their tran-
script abundance) of short 5'UTR containing genes is
not significantly different to the average expression level
of the genome (7-test, p < 0.05).

Alternatively this feature could be related to genes that
are constitutively expressed. This hypothesis becomes
clearer if two aspects are taken into consideration; first
translation initiation plays a key role in trypanosomatid
expression regulation, and second it has been demon-
strated in Leishmania that the sole presence of a Spliced
Leader ensures the recruitment of the 40S ribosome com-
plex to the mRNA 5 (through the eIF4F initiation com-
plex binding to the 5 m7G-mRNA cap and/or to the SL

itself) [42]. Therefore the lack of a segment between the
Spliced Leader and the start codon (to which negative reg-
ulators could eventually bind), would imply that once the
ribosomal initiation complex is assembled, there is almost
no chance of blocking translation initiation. In this regard
it is worth mentioning that it has been recently proposed
that trypanosomes may contain posttranscriptional cis-
regulatory elements located in the 5" UTRs, which would
be part of a mechanism to sense environmental changes
(temperature) in a way reminiscent to bacterial RNA
thermometers [35]. At any rate, the results presented here
give initial hints that would require additional experiments
(e.g. constructs containing specific modifications in the 5’
UTR) to test this or alternative hypotheses.

Conclusions

In this work we conducted a RNA-seq analysis in 7.
vivax, a species of great importance for comparative
purposes owing to its evolutionary location as the
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earliest branching African trypanosome. To this aim we
sequenced the bloodstream stage of its life cycle using
two complementary sequencing technologies. The first
of these technologies allowed us to obtain a high quality
assembly without the restriction of a reference set. The
annotation of the contigs thus obtained (using a battery
of bioinformatic tools) permitted the identification of
about 6500 protein coding genes and other non-coding
RNAs. Noteworthy, more than 1000 genes were found
to be species specific and about 50 exclusive of T.vivax
LIEM-176. This information and the partial reconstruc-
tion of metabolic pathways, is publicly available through
a searchable online database.

The use of Illumina technology in combination with
the above mentioned assembly and genomic information
was used to analyze several aspects in this species which
in turn allowed us to draw relevant conclusions by
means of comparative analysis with 7. brucei.

One first aspect to be emphasized concerns the Variable
Surface Glycoproteins, that exhibit levels of expression
considerably lower than those observed in T. brucei; an ob-
servation that is consistent with previous indications
obtained from microscopy. This denotes not only that the
proteins composition of cellular surfaces is notably

different between the two species; but also implies that in
all likelihood the way VSG proteins accomplish their
shielding role did not remain exactly the same since their
emergence. In this regards it is worth reminding that in 7.
brucei, the VSG coat is a dense physical barrier around the
parasite, which does largely modulate the ability of immu-
noglobulins to recognize other surface (invariant) proteins.
This point, which is of chief importance to understand the
primordial function of VSGs, requires further investigation
on diverse aspects such as assessing the level of exposure
to the immune system of T. vivax invariant surface pro-
teins or determining their efficiency in antibody clearing
and the VSG switching rate.

As long as the expression patterns is concerned, we
would like to stress that we present in this work evi-
dence that some regions of 7. vivax genome (that con-
tain coding genes) have no transcriptional activity. In
fact, a detailed study shows that vast genomic regions
encompassing about one third of the repertoire of vari-
ant genes and other regions containing other protein
coding sequences are transcriptionally inactive (Lamolle
et al, in preparation). This strongly suggests, in contrast
to the generally accepted view, that in trypanosomatids
the regulation of transcription initiation might also play
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an important role in gene expression regulation. This
works perhaps by switching off and on entire genome
segments, something that might be accomplished by dif-
ferent mechanisms like condensation or loosening of
chromatin in specific regions.

Finally, we would like to address the topic of trans-
splicing patterns exhibited by T. vivax. A first conclusion
that can be drawn in relation to this topic, is that the
signals recognized by the trans-splicing enzymatic ma-
chinery (and thus the machinery itself) are substantially
conserved not only in African trypanosomes but also in
most distant species like 7. cruzi. Another significant as-
pect is that the distance distribution of trans-splice sites,
but not the sequence, is conserved for an important pro-
portion of genes. The last important point regarding
trans-splicing, is that a group of genes related to transla-
tion and interaction with RNAs, contain very short
5'UTR (i.e. the splice site is located just before the start
codon). This observation cannot be attributed to any
technical (bias in library preparation, sequencing) or bio-
informatic (determination of AUG codon) artifact pro-
vided that the same pattern is found in both 7. brucei
and T.vivax. Although here we suggest some possible
explanations and hypotheses that are in line with the
regulatory role already proposed for the 5UTRs in
trypanosomatid RNAs, additional data from other
trypanosomatid species will allow to determine the
phylogenetic extent of this feature; and experiments
(such as the use of manipulated DNA segments) would
help shed light on its possible functional role.
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Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

Parte B. Estudio evolutivo del genoma mitocondrial de T. vivax

En esta seccidn, se presentan los resultados relacionados con la comparacién del
genoma mitocondrial de diferentes cepas de T. vivax con el fin de realizar un analisis
comparativo. En particular nos interesa investigar los cambios producidos durante el
proceso de adaptacién a la transmision mecanica en las cepas americanas (Objetivo
General N22).

Particularmente de los resultados obtenidos en esta seccion queremos resaltar:

1. Obtencion de la secuencia completa del maxicirculo de T. vivax (tanto de la
cepa de referencia Y486, como de dos cepas americanas —Liem-176 y MT1-).

2. Analisis sobre el editing de genes mitocondriales y comparacién entre las tres
cepas.

3. Obtencién del minicirculoma (set completo de secuencias de minicirculo) para
la cepa americana MT1 e implicancias en la evolucidn de estos parasitos.
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Secuenciacion del genoma mitocondrial de diferentes cepas de T. vivax

Se secuenciaron los genomas (ADN nuclear y mitocondrial) de las cepas americanas
MT1 y Liem-176. A partir de estos datos se identificaron por homologia con el genoma
mitocondrial de T. brucei las secuencias correspondientes al maxicirculo. Se obtuvo la
secuencia del maxicirculo completa para la cepa MT1, con secuenciacién profunda
(Nlumina, MiSeq y Gallx) y secuenciacién Sanger. En concreto, se realizd un
refinamiento de la secuencia con la amplificacién y secuenciado por Sanger de
regiones especificas. Para el caso del maxicirculo de Liem-176, debido a la menor
calidad en el secuenciado profundo realizado, se completd el ensamblaje utilizando las
secuencias de RNAseq generadas para el primer trabajo en el equipo 454 (estas
secuencias, de mayor tamafio que las obtenidas en la secuenciacién por lllumina,
permitieron el ensamblado final de este genoma). Por ultimo, para el ensamblaje del
maxicirculo de Y486, se utilizaron las secuencias disponibles en el GeneDB. Los detalles
del ensamblaje de estos tres genomas mitocondriales se encuentran en el material
suplementario (Anexo 2, Archivo suplementario 1y Figura Suplementaria 1).

La comparacién entre los tres genomas mitocondriales (maxicirculos) se muestra en la
la Figura 27. Por un lado se observaron cambios nucleotidicos y deleciones en las cepas
americanas que implicarian efectos deletéreos (Tabla 5). Estos no estan presentes en
la cepa africana, indicando que la ocurrencia de estos cambios fue posterior a la
introduccion de estos parasitos en América. Cuando comparamos las secuencias de las
cepas americanas (MT1 vs Liem-176) sdlo se observaron 6 cambios de bases, que en
principio no afectan las proteinas codificadas en estos genomas.
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Figura 27. Representacion y alineamiento de las secuencias completas del maxicirculo de tres cepas de T. vivax. En la figura se incluye, como referencia, la representacion
del maxicirculo de T. brucei. Los cuadros grises indican la posicion de los genes y se indican sus nombres. Las mutaciones en los maxicirculos de MT1 y Liem-176 se indican

con lineas verticales. Los cuadrados celestes representan secuencias repetidas en cluster de 105 pb. Los cuadros naranjas representan zonas repetidas de 24 pb y los
cuadrados grises representan repetidos de 175 pb. La zona verde representa una regidn especie-especifica, no repetitiva.

73



Resultados y Discusion

Tabla 5. Lista de genes del maxicirculo. Se muestra el tipo de edicidon, las mutaciones observadas y su

efecto.* En inserciones, se indican las posiciones anterior y posterior a la insercién. En deleciones se

indica la posicion deletada. ** Cepa donde se observa la mutacidn.

Gen Editing Posicién: cambio * Efecto esperado de la Cepa **
mutacion (aa)
1.ND8 Pan-editado - --- -—-
2. ND9 Pan-editado 21 22:insT Posible frameshift MT1, Liem
3 MURF5 No editado --- --- ---
4. ND7 Pan-editado 248: G>T ND MT1
275_699: del 424 bp Delecidon mayor MT1, Liem
5. colll Pan-editado 1_248: del 248 bp Delecidon mayor MT1, Liem
253: G>C ND MT1, Liem
261 _262:del C Posible frameshift MT1.
303_304:ins AG Posible frameshift MT1, Liem
6. Cyb 5' editado - --- —
7. A6-ATPase Pan-editado - --- ---
8. ND2 (MURF1) No editado 16_19: del ATAC Frameshift Liem
1212:A>G Mutacién puntual Liem
9.CR3 Pan-editado - ---
10. ND1 No editado 491 _492:ins T Frameshift MT1, Liem
863: del A Recupera ORF MT1, Liem
11. coll Editing parcial 456_457:ins TGC Insercion de 1 aa (ins C) MT1, Liem
12. MURF2 5' editado - ---
13. COl No editado 24: T>A Missense (C>W) MT1, Liem
154: G>T Missense (G>C) MT1
237: G>A Missense (G>S) MT1
1399: G>A Missense (V>) MT1, Liem
14. CR4 Pan-editado - ---
15. ND4 Not editado 194: C>T Missense(A>V) MT1, Liem
254 259: del ATATAC Delecion de 2 aa (del MY) MT1, Liem
712 _713:insTT Frameshift MT1, Liem
778:del T Frameshift MT1, Liem
846: G>A Sinénima MT1, Liem
1175_1176:ins AT Recupera ORF MT1, Liem
1257_1258: del AT Frameshift MT1, Liem
16. ND3 Pan-editado 105_106: del TT Posible frameshift MT1, Liem
205 _206:del TT Posible frameshift MT1, Liem
17. RPS12 Pan-editado -—- -
18. ND5 No editado 430: G>T Missense (G>C) MT1, Liem
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El mayor cambio entre las cepas americanas y la cepa Y486 es una delecion de 752
bases que afecta la regién codificante de dos proteinas (COIll y ND7) (Tabla 5, Figura
27) de las cepas americanas. Esta delecion implica que, en las cepas americanas, estas
proteinas (COIlll y ND7) no son funcionales. Asimismo, se observaron indels en otros 6
genes que producen cambios en el marco abierto de lectura, que, si no fueran
, provocarian
Para determinar si estos cambios eran revertidos post-transcripcionalmente (por
ejemplo, mediante el editing que sufren los genes mitocondriales), evaluamos datos de
RNAseq. En la Figura 28 se muestra un ejemplo de como los cambios a nivel genémico
no son corregidos a nivel post-transcripcional, ya que la secuencia transcripta es igual a
la secuencia gendmica. Asimismo, estos datos indican que la poblacidon de maxicirculos
no presenta heteroplasmia, es decir es “homocigota” para estas mutaciones. Mas
insertion of T (between positions 491_492)

ejemplos pueden observarse en Figura Suplementaria 2, Anexo 2.

corregidos post-transcripcionalmente
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Los cambios observados, entonces, muestran una pérdida importante de informacién
genomica mi

T entre las posiciones 491 y 492 del gen ND1 en las cepas americanas (datos DNAseq, parte superior), y
como la misma no es corregida post-transcripcionalmente (datos RNAseq, parte inferior). Asimismo se

Figura 28. Mapeo de reads de DNAseq y RNAseq sobre secuencia del gen ND1. Se muestra la insercion

mitocondriales presentan mutaciones inhabilitantes (Tabla 5).

observa que los maxicirculos no presentan heteroplasmia.

pérdida completa de funcionalidad de
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Editing de genes mitocondriales.

Respecto al segundo punto, estudiamos si los genes mitocondriales eran editados en
las cepas americanas. COmo se menciond en la introduccién, varios genes
mitocondriales sufren procesos de editing post-transcripcional mediante la
insercién/delecion de residuos de uridina que restauran marcos abiertos de lectura y
permite la traduccién de proteinas funcionales. Estos cambios pueden ser muy
pequefios (por ejemplo, en el gen COIl se adicionan 4 residuos de uridina), hasta
grandes cambios (adicién de cientos de residuos de uridina, por ejemplo el caso de los
genes ND8 y ND9). En la Tabla 5 se indican los diferentes grados de edicion de los 18
genes mitocondriales en T. vivax (pan-editados, parcialmente editados o no editados).

Para poder determinar si el editing se lleva adelante correctamente fue necesario
identificar las secuencias de ARNm maduras, es decir post-editadas. Esto se llevd a
cabo usando datos de RNAseq de la cepa Y486 (detalles en la seccion 3.2 en [102]).
Luego de identificar las secuencias editadas (ARNm maduro) para cada gen se
mapearon las secuencias de RNAseq de la cepa Liem-176. Esto permitié observar que
si bien se transcriben todos los genes mitocondriales, Unicamente encontramos el
ARNm editado en 3 de los 12 genes que requieren edicién. Estos genes son: la
subunidad A6 de la ATP sintasa mitocondrial (A6-ATPase), la proteina ribosomal S12
(RPS12) y MURF2. Para los restantes 9 genes, no se obtuvieron reads que mapearan
cuando utilizamos como referencia la secuencia de los genes editados. En la Figura 29
se muestra el mapeo de secuencias sobre el gen COIll que evidencia la ausencia de
reads que correspondan al transcripto editado (maduro). En el Anexo 3 de esta tesis,
se muestran mas ejemplos de genes que requieren editing parcial (Cyb) o deben ser
pan-editados (ND3), donde no se observa mapeo de reads de RNAseq cuando se utiliza
el transcripto maduro (editado) como referencia en las cepas americanas (Liem-176 y
MT1) y si hay mapeo de reads sobre el transcripto maduro en la cepa africana (Y486).
Asimismo, en el Anexo 3, se muestra el caso del gen RPS12, que si es editado
completamente tanto en las cepas americanas como en la cepa africana.
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Figura 29. Mapeo de reads de RNAseq sobre secuencia del ARNm maduro (editada) del gen COIl. En la
figura se muestra la ausencia de reads que mapeen en la region editada (AuuGuAu, recuadro rojo, en
minuscula se muestran las residuos que se adicionan en el ARNm editado). El mapeo se realizd
permitiendo este tipo de alineamiento.

Se analizé ademads si la cepa africana Y486 (utilizando datos publicos de RNAseq,
Numero de acceso SRA: PRIEB3234) es capaz de realizar editing correctamente. Los
mapeos de reads muestran que todos los genes de esta cepa son transcriptos y
correctamente editados (Figura 30) tanto en las formas sanguineas como en las
prociclicas.

77



Resultados y Discusion

450,0 B

Genes que requieren Edltlng Genes que no
200,0 requieren
editing
350,0
300,0
m Pre-edited/Epi
Edited/Epi
2 50,0 B Pre-edited/Epi-Met
-E' Edited/Fpi-Met
200,0 m Pre-Edited/BSF
Edited/BSF
150,0
100,0
50,0
II III i I III - Ill Ill III_..II Ina | I |II II

0,0

B L] N i W Xl o 4" ] Y ol a7 O - g -]
PSS E PR @0@ & § & @0@ & &S

Figura 30. Niveles de expresion de genes mitocondriales en la cepa Y486. Se muestran los valores de
expresion (rpkm) para todos los genes mitocondriales pre-editados y editados completamente en
diferentes formas del pardsito. Epi: epimastigota. Epi-Met: epimastigotas con 20% de metaciclicos-like.
BSF: forma sanguinea (bloodstream form).

Determinacion de minicirculoma de T. vivax.

El editing de genes requiere de los ARNs guia que mayormente se sintetizan en los
minicirculos. Para evaluar si la ausencia de editing estaba vinculada a alteraciones a
nivel del minicirculoma se realizé el ensamblaje del set de minicirculos de las cepas
americanas.

En el caso de la identificacion de los minicirculos se utilizaron 2 estrategias. Por un lado
la busqueda por homologia, para lo cual utilizamos una secuencia de 120 bases que
contiene tres bloques que se conservan en todos los tripanosomatidos, denominados
CSB-1 a 3 (Conserved Sequences Block) [72]. El bloque CSB-3, también conocido como
UMS (Universal Minicircle Sequence), presenta una secuencia de 12 nucleétidos,
completamente conservada en todos los tripanosomatidos. El bloque CSB-1 es mas
pequefio y menos conservado (Figura 32). La busqueda por homologia utilizando las
CSB de T. brucei permitié, en una primera etapa, la identificacion de 18 secuencias de
minicirculos (Blast HSP e-value < 1e*). La secuencia de 120 bases de estos 18 contigs
identificados fue utilizada para realizar una segunda ronda de busqueda por
homologia. Ademas, se utilizd una segunda estrategia basada en las propiedades
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estadisticas de las secuencias (analisis de componentes principales utilizando la
frecuencia de dinucledtidos de los contigs ensamblados). En la siguiente figura (Figura
31) se observa como las secuencias correspondientes a los minicirculos agrupan en un
cluster, separado de los contigs correspondientes al genoma y al maxicirculo.

0.04

0,02 -

0.0z

0.06 -

Second principal axis

-0.1

012" - - - - - - -
0.1 -0.05 o 0.05 0.1 0.15 02 0.25

First principal axis
Figura 31. Andlisis de componentes principales de la frecuencia de nucleétidos en contigs genémicos.
Los puntos azules corresponden a secuencias (contigs) de origen nuclear, los puntos azules con borde
rojo (dentro del circulo rojo en la figura) corresponden a contigs con secuencias de minicirculo. Los
puntos rojos con borde verde corresponden a secuencias del maxicirculo, las flechas indican dos contigs
con secuencias repetidas del maxicirculo.

La combinacién de ambas fuentes de informaciéon permitié la identificacién de 54
clases de secuencias de minicirculo en MT1 y 46 en Liem-176 (Figura 32).
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CSB-1 CSB-2 C5B-3

Figura 32. Alineamiento muiltiple de secuencias de minicirculos. En la figura se observa el alineamiento
de las diferentes clases de minicirculos de la cepa MT1. Arriba se indica la ubicacion de los tres bloques
de conservacion (CSB 1 a 3). En la parte inferior se muestra la conservacion de cada bloque.

Notablemente, encontramos un set de minicirculos reducido (54 clases en MT1y 46 en
Liem-176); recordemos que en T. brucei el set de clases de minicirculos que se
requieren para la edicidn de todos los genes se estima entre 300 y 400.

Luego de la identificacion de las secuencias correspondientes a minicirculos,
realizamos la busqueda de ARNs guia de los genes editados. Como esperdbamos,
practicamente la mayoria de los ARNg encontrados (mds del 66%, 42 ARNg)
corresponden a aquellos requeridos para el editing de los genes que efectivamente
son editados (A6-ATPase y RPS12). Estos representan practicamente la totalidad de
ARNg necesarios para estos genes, los cuales se muestran en la Tabla 6 y en el material
suplementario (ver Figura Suplementaria 7, Anexo 2). Se encontraron 21 ARNs guia
que participan en la edicion de los restantes genes mitocondriales (Tabla 6), aunque la
gran mayoria de ellos (15) se encuentra en minicirculos que contienen ademdas ARNs
guia de A6-ATPase o de RPS12, lo cual indicaria que los ARNg correspondientes a los
restantes genes se han mantenido como “polizones” en minicirculos que portan guias
para los genes efectivamente editados. Unicamente 6 minicirculos presentan ARN
guias no involucrados en la edicion de A6-ATPase y RPS12, Esto se puede apreciar en
la Figura 33.
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Tabla 6. Detalle de ARNg encontrados para cada gen que requiere editing.

ARNg para ND8

ARNg para A6

Gen inicio-fin | Minicirculo | Mismatches | largo Gen inicio-fin | Minicirculo | Mismatches | largo
108-71 TvMinicl5 6 38 39-1 TvMinic34 6 39
102-79 TvMinic45 1 24| |60-27 TvMinicl4 5 34
181-153 TvMinic3 * 4 30 81-43 TvMinic54 10 39
181-153 TvMinic5 4 30 97-63 TvMinic8 7 35
302-252 TvMinic7 6 51 111-75 TvMinic31 7 37
ARNg para ND9 141-98 TvMinic35 12 44
Gen inicio-fin | Minicirculo | Mismatches | largo 166-116 TvMinic40 13 51
78-40 TvMinic29 12 39 190-154 TvMinic51 8 37
101-66 TvMinicé 7 36 166-192 TvMinicl6 * 16 40
128-97 TvMinic33 9 33 237-204 TvMinic52 * 5 34
247-223 TvMinic6 3 26 266-210 TvMinicl 18 60
383-341 TvMinicl4 10 43 267-217 TvMinic29 13 51
415-385 TvMinic24 5 31 318-273 TvMinic49 11 46
ARNg para ND7 345-307 TvMinic25 12 39
Gen inicio-fin | Minicirculo | Mismatches | largo 366-330 TvMinic32 8 37
110-76 TvMinicl9 5 35 389-362 TvMinicll 3 28
315-277 TvMinic41 7 39| |425-378 TvMinicl19 10 48
434-405 TvMinic2 5 30| [433-399 TvMinic37 * 5 35
721-687 TvMinic44 4 36| [462-414 TvMinic38 5 49
721-695 TvMinic44 3 28 509-473 TvMinic48 7 37
ARNg para COIlI 548-513 TvMinic36 * 6 36
Gen inicio-fin | Minicirculo | Mismatches | largo 559-525 TvMinicl3 7 35
90-64 TvMinic47 5 27 573-542 TvMinicl6 * 3 32
262-226 TvMinic38 13 38 604-558 TvMinic20 12 47
ARNg para Cyb 614-585 TvMinic45 4 30
Gen inicio-fin | Minicirculo | Mismatches | largo 646-627 TvMinic30 2 20
ARNg no detectado 673-635 TvMinic27 7 39
ARNg para CR3 686-656 TvMinic44 * 4 31
Gen inicio-fin | Minicirculo | Mismatches | largo 711-673 TvMinic33 9 39
159-140 TvMinic45 3 20 724-689 TvMinic46 7 35
227-191 TvMinic54 7 37 754-715 TvMinicl0 8 40
ARNg para COIlI ARNg para RSP12
Gen inicio-fin | Minicirculo | Mismatches | largo Gen inicio-fin | Minicirculo | Mismatches | largo
No gRNA detected 34-1 TvMinic9 7 34
ARNg para MURF2 65-21 TvMinic6 12 45
Gen inicio-fin | Minicirculo | Mismatches | largo 51-32 TvMinic35 2 20
No gRNA found 104-76 TvMinic21 2 29
ARNg para CR4 124-93 TvMinic28 6 32
Gen inicio-fin | Minicirculo | Mismatches | largo 150-108 TvMinic24 11 43
27-1 TvMinic28 4 27 175-140 TvMinic23 10 36
210-182 TvMinic46 2 29 192-160 TvMinicl8 6 34
334-289 TvMinic26 8 46 218-180 TvMinic42 9 39
412-364 TvMinic42 11 49 247-204 TvMinic26 7 44
ARNg para ND3 242-207 TvMinic4l 9 36
Gen inicio-fin | Minicirculo | Mismatches | largo 255-238 TvMinic50 1 18

ARNg no detectado
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ND7

6 ATPase exclusivos= 1 RPS12 exclusivos = 5
% Total RPS12 = 12

Total A6-ATPase 30

NDS

Total = 54 Clases de minicirculos
Minicirculos sin ARNg=7

Figura 33. Diagrama de Venn mostrando la cantidad de ARNg encontrados para cada gen. Unicamente
6 minicirculos presentan ARN guias no involucrados en la edicion de A6-ATPase y RPS12. En 7
minicirculos no se encontraron ARNg para ningun gen.

Los datos hasta aqui presentados indican que las cepas americanas, al no completar su
ciclo (en América no se encuentra el insecto vector y los parasitos Unicamente realizan
la fase sanguinea en el mamifero) han prescindido en gran parte de la funcion
mitocondrial. Recordemos que en las formas sanguineas la mitocondria no posee una
cadena respiratoria funcional, por lo que no realiza fosforilacién oxidativa, y mantiene
el potencial de membrana mitocondrial interna por la accion de la ATP sintasa
mitocondrial [126]. En cambio en el insecto, donde los nutrientes son mas limitados, la
mitocondria es completamente funcional.

La fuente de energia mas abundante en el insecto vector es principalmente Prolina, y
posiblemente sea la principal fuente de generacién de ATP (mediante fosforilacién
oxidativa mitocondrial) en las formas prociclicas de los parasitos. En contraste, la
glucosa es abundante en las sangre de los hospederos mamiferos y por ello la glucélisis
es el principal mecanismo de generacion de ATP en las parasitos sanguineos [126], no
requiriéndose entonces esta funcién mitocondrial en la produccién energética. La
mitocondria sin embargo es aun requerida para llevar adelante otras funciones tales
como el mantenimiento de su potencial de membrana, el transporte de metabolitos y
tRNAs desde el citosol [127, 128], o la sintesis de acidos grasos [129].

Resulta interesante analizar lo que sucede en los parasitos T. brucei evansi y T. brucei
equiperdum, dos descendientes de T. brucei que permanecen exclusivamente en el
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hospedero mamifero y han perdido la capacidad de sobrevivir y reproducirse en el
insecto (mosca tse-tsé). Estos parasitos han perdido en forma completa o casi
completa sus genomas mitocondriales. Un paso critico en la adaptacién a la vida
independiente de los genes mitocondriales, manteniendo las funcionalidades
requeridas en la etapa sanguinea (descritas en el parrafo anterior) son las
modificaciones en la subunidad y de la ATP sintasa nuclear.

Algunos trabajos han mostrado cdmo mutaciones en la ATP sintasa nuclear compensan
la pérdida de funcién de la enzima sintetizada en la mitocondria [130], como se
esquematiza en la Figura 34.

(a) PCFs (b) BSFs (c) Dk and Ak
trypanosomes

H* ADP ADP

Inner

AAC
membrane

Y
ATP

/ \
ADP ATP
TRENDS in Parasitclogy

Figura 34. Esquema de funcién de la ATPasa mitocondrial en parasitos prociclicos, sanguineos y en
tripanosomas Di o Akinetoplastidos. El esquema tomado de [131] muestra en el panel (a) la ATP sintasa
compuesta por dos subunidades, Fo (en el espacio intermembrana) trasloca protones, mientras que la
subunidad F1, puede sintetizar o hidrolizar ATP. El transportador ATP-ADP (AAC) media el intercambio
de ATP y ADP a través de la membrana. En las formas prociclicas, el potencial de membrana es generado
a través de la cadena de transporte de electrones, y es utilizado para generar ATP (a). En el panel (b) se
muestra lo que sucede en las formas sanguineas (BSF). En este caso la enzima trabaja en reversa y utiliza
la hidrodlisis de ATP para bombear protones a través de la membrana y mantener el potencial de
membrana (Ay). Por uUltimo, en el panel (c), se muestra que sucede en los pardsitos sin kinteoplasto
(akinetoplastidos) o con kinetoplasto parcial (diskinetoplastidos): la porcién Fo de la ATP sintasa
mitocondrial estd ausente, pero la porcidn F1 (codificada en el nucleo) cumple la funcién de hidrolizar
ATP para mantener el Ay.

Los pasos propuestos por Lai y colaboradores [130] para la adaptacién a la pérdida del
ciclo completo (es decir la permanencia Unicamente en el hospedero mamifero) son
los siguientes:

1. La presencia de mutaciones en genes mitocondriales esenciales o la delecién de
algun gen esencial, aunque la subunidad A6 de la ATP sintasa (Fo) debe
permanecer funcional. Estos parasitos pierden la capacidad de vivir en el
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insecto vector y deben ser trasmitidos solamente entre hospederos mamiferos,
perdiendo la capacidad de completar el ciclo.

2. La pérdida de clases de la diversidad de ARNg y los minicirculos que los portan
(excepto para aquellos que se requieran para sintetizar la subunidad Fo). Segun
los autores este paso puede llevar cientos de afios.

3. Mutaciones compensatorias en la ATP sintasa nuclear, que eliminan la
necesidad de la sintesis de la enzima mitocondrial.

4. El ADNk podria desaparecer completamente.

Lun y colaboradores, han planteado dos pasos para dar lugar a la adaptacién de T.
brucei evansi y T. brucei equiperdum a la pérdida del ciclo completo [132]. Como se
observa en la Figura 35, los pasos propuestos son:

1. La pérdida de heterogeneidad de minicirculos en las formas sanguineas de T. b.
brucei.

2. Una consecuencia posible es la eventual pérdida completa de la capacidad de
diferenciarse en el insecto, y que su ciclo se limite a la transmision mecanica en
el hospedero mamifero, lo cual a lo largo de las generaciones llevaria a la
pérdida total del maxicirculo.

Estos pasos son consistentes con la observacion de pérdida de kinetoplasto en cepas
de T. b. brucei con muchos pasajes en animales de laboratorio.

Coémo se esquematiza en la Figura 35, en el insecto la presion selectiva favorece la
recombinacién entre minicirculos y la diversidad de ARNs guia para permitir la
sobrevida de los parasitos en esta etapa. En cambio, los pardsitos que persisten en la
forma sanguinea, sin esta presion selectiva, comienzan a perder su genoma
mitocondrial y eventualmente puede suceder una pérdida completa de maxicirculos y
minicirculos. Los autores de este trabajo, plantean que las mutaciones en la ATP
sintasa nuclear podrian ocurrir antes de la pérdida de los ARNs guia que se necesitan
Unicamente en la fase prociclica. En el mismo sentido Jensen y colaboradores [131]
plantean que las mutaciones compensatorias en la subunidad y de la ATP sintasa
nuclear ocurren tempranamente durante la progresion de la homogeneizacion de la
poblacién de los minicirculos. Unicamente en una cepa de T. b. equiperdum (V01395),
las mutaciones pudieron haber ocurrido luego de la pérdida de homogeneidad de los
minicirculos, manteniéndose la edicion del gen A6-ATP sintasa mitocondrial hasta ese
momento.
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Figura 35. Pasos evolutivos propuestos para T. b. evansi y T. b. equiperdum como subespecies de T.
brucei (tomado de [132]). Cuando se pierde el ciclo completo (sin pasar por el insecto vector), se
favorece la reduccion de la diversidad de ARNg (T.b. equiperdum) y eventualmente se pierde
complemente el ADN mitocondrial (T. b. evansi), esta pérdida sucede luego de la aparicion de
mutaciones compensatorias en la ATP sintasa nuclear

En este trabajo se analizaron las mutaciones en la ATPasa nuclear de T. vivax. Los
resultados muestran que al menos en las posiciones reportadas previamente, las tres
cepas analizadas en este trabajo no presentan cambios (Figura 36). Asimismo,
encontramos 2 cambios en las cepas americanas respecto a la cepa africana en las
posiciones 60 y 61 (T60A y T61(AG)), aunque estas mutaciones se localizan en regiones
de poca conservacion, lo que sugiere que no son funcionalmente relevantes.
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A LiG2F RA2TIP A281del

T. brucei brucei(l64DK) HISSLOQRTSS ETROFGI IEILS SLEGHA
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T. vivax (Y486 CCD19647) NISSLODRTSS ETROFGI IEILS SLEGHA
T. brucei gambiense NISSLODRTSS ETROFGI IEILS SLEGHA
T. brucei brucei NISSLOQRTSS ETRQFGT IEILS SLEGHA
T. cruzi (cl Brener XP_B08225) HISTLEQRTSS KTRQSGI IEILS SLEGST
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Figura 36. Alineamiento de regiones relevantes de la ATP sintasa nuclear. El alineamiento incluye
especies representativas de tripansomatidos, las cepas americanas y africanas de T. vivax, asi como
cepas de T. evansi y T. equiperdum que contienen cambios de aminodacidos capaces de compensar la
pérdida del genoma mitocondrial. A. Regidon entre los aminoacidos 250 y 289, que contienen cambios de
aminodcidos asociados a nuevas funcionalidades de la ATP sintasa nuclear (indicados en rojo). En verde
se indica la secuencia wild type para esa posicion. B. Alineamientos en las regiones donde se observa
variabilidad en T. vivax (indicado en violeta).

En suma, en los pardsitos americanos se observa el proceso de degradacién del
genoma mitocondrial, y este proceso muy probablemente comenzé desde la
introduccion de T. vivax en América, ya que la cepa africana analizada Y486, pariente
muy cercano del ancestro de las cepas introducidas en América, es capaz de editar
todos los genes mitocondriales. El proceso observado, seria similar al postulado para
las subespecies de T. brucei, T.b equiperdum y T. b evansi (como mencionamos mas
arriba); sin embargo en estas especies la pérdida de la ATP sintasa mitocondrial es
compensada por mutaciones en la ATP sintasa nuclear que le permiten adquirir la
funcién requerida para el mantenimiento del potencial de membrana mitocondrial.
Este no es el caso de las cepas de T. vivax americanas analizadas en este trabajo.
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Cabe destacar, que si bien en los estudios mencionados mas arriba se postula la
adquisicion de mutaciones en la enzima nuclear como un paso intermedio posible,
hasta el momento no se ha observado este estado en la naturaleza (o en el
laboratorio). Lun y colaboradores, por ejemplo, plantean que las mutaciones en la
enzima nuclear son pasos previos a la degradacion del maxicirculo [132].

Por lo tanto cabe plantearse dos alternativas para explicar las observaciones
presentadas en esta tesis. Una posibilidad es que, de acuerdo a lo planteado por
Jensen y colaboradores [131], estemos observando una etapa en la transicidon hacia la
pérdida completa del genoma mitocondrial, proceso que requiere de mutaciones
compensatorias en la ATP sintasa nuclear que aun no han sucedido en el genoma de
las cepas americanas de T. vivax. Aunque esta hipdtesis ha sido formulada para
explicar lo observado en T. equiperdum y T. evansi, nunca ha sido observado en la
naturaleza. Por otra parte Lun y colaboradores [132], plantean que las mutaciones en
la ATP sintasa nuclear son una precondicion para la eliminacién del kinetoplasto, y en
este sentido estariamos observando un camino evolutivo diferentes en las cepas
americanas de T. vivax que han comenzado a perder su genoma mitocondrial pero que
no presentan mutaciones en la ATP sintasa nuclear que le permitan vivir sin la funcién
mitocondrial.
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The mitochondrion role changes during the digenetic life cycle of African trypanosomes. Owing to the low
abundance of glucose in the insect vector (tsetse flies) the parasites are dependent upon a fully functional
mitochondrion, capable of performing oxidative phosphorylation. Nevertheless, inside the mammalian
host (bloodstream forms), which is rich in nutrients, parasite proliferation relies on glycolysis, and the
mitochondrion is partially redundant. In this work we perform a comparative study of the mitochondrial
genome (kinetoplast) in different strains of Trypanosoma vivax. The comparison was conducted between a
West African strain that goes through a complete life cycle and two American strains that are mechanically
transmitted (by different vectors) and remain as bloodstream forms only. It was found that while the
African strain has a complete and apparently fully functional kinetoplast, the American T. vivax strains
have undergone adrastic process of mitochondrial genome degradation, in spite of the recent introduction
of these parasites in America. Many of their genes exhibit different types of mutations that are disruptive
of function such as major deletions, frameshift causing indels and missense mutations. Moreover, all
but three genes (A6-ATPase, RPS12 and MURF2) are not edited in the American strains, whereas editing
takes place normally in all (editable) genes from the African strain. Two of these genes, A6-ATPase and
RPS12, are known to play an essential function during bloodstream stage. Analysis of the minicircle
population shows that its diversity has been greatly reduced, remaining mostly those minicircles that
carry guide RNAs necessary for the editing of A6-ATPase and RPS12. The fact that these two genes remain
functioning normally, as opposed to that reported in Trypanosoma brucei-like trypanosomes that restrict
their life cycle to the bloodstream forms, along with other differences, is indicative that the American T.
vivax strains are following a novel evolutionary pathway.
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1. Introduction

Kinetoplastid protozoans owe their name to the peculiar mito-
chondrial DNA (kinetoplast or kDNA) that they contain. This
consists of a very large network of interlocked circular DNA
molecules. There are two types of such molecules: maxicircles
and minicircles. The former, whose size varies among species
between 20 and 35 kb, encompasses many of the typical mitochon-
drial protein coding genes (principally sub-units from respiratory
chain complexes), as well as 2 ribosomal RNAs. They exhibit very
limited (if any) intra-individual sequence variability. Minicircles
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E-mail address: falvarez@fcien.edu.uy (F. Alvarez-Valin).
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instead are vastly more variable, both in size and sequence. In the
case of trypanosomatids (the most important family of parasitic
kinetoplastids), minicircle length varies from as short as 400 bp
(Trypanosoma vivax) to about 10 kb (Trypanosoma avium). A normal
set of minicircles is composed by 30,000-50,000 copies belonging
to between 80 and 200 different classes [1]. The role of minicircles
is related to the editing of maxicircle transcripts. This is a process
in which these transcripts become translatable only after uridine
insertion/deletion. Although editing is not exclusive of kinetoplas-
tids, the extent it has attained in this group is unparalleled. In fact in
some genes (termed cryptogenes) the degree of posttranscriptional
modifications their transcripts experience is so extensive, that it is
not even possible to recognize their corresponding genomic seg-
ments as coding some particular protein. In other genes editing
is restricted to a particular gene segment (usually 5) while in
other cases it affects just a few nucleotides. Minicircles encode
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short RNA molecules called guide RNAs (gRNA), necessary for direc-
ting the addition/deletion of uridines, and thus allow decoding the
encrypted message of maxicircle transcripts. So far, the complete
minicirculome has not been determined for any trypanosomatid
species, but its complexity has been estimated to be between 80
(in Leishmania) and more than 200 (in Trypanosoma brucei) classes
based on the total number of editing events (and hence gRNAs)
required to produce all mature mRNAs [2]. A very recent charac-
terization of gRNA populations in T. brucei shows that there are
about 640 different classes that participate in the processing of all
maxicircle mRNAs [3].

The mitochondrial role may change during the life cycle in some
trypanosomatid groups. A clear example are the model species T.
brucei and other African trypanosomes which have a digenetic life
cycle that includes a bloodstream stage (BS) in a mammalian host,
and a procyclic stage (PS) in the midgut of the insect vectors (tsetse
flies). Owing to the low supply of energy sources in the insect vec-
tor’s midgut [4,5], the parasite is dependent upon a fully functional
mitochondrion, capable of performing oxidative phosphorylation.
Nevertheless, inside the mammalian host, whichis rich in nutrients,
parasite proliferation relies on glycolysis, and most mitochondrial
proteins are not essential. It should be noted, however, that even
though oxidative phosphorylation is not carried out in BS forms, the
mitochondrion is still necessary during this phase to accomplish
other important functions.

Radical changes have taken place in the kDNA of Trypanosoma
equiperdum and Trypanosoma evansi, two sub-species of T. bru-
cei, adapted to tsetse-independent transmission. T. equiperdum is
a sexually transmitted horse parasite, while T. evansi is mechan-
ically transmitted (i.e. without completing the cycle) by other
species of hematophagous flies (like tabanids and stomomix). These
two trypanosomes have abandoned the procyclic stage associ-
ated with the tsetse vector, remaining permanently as BS forms.
In all likelihood, the above mentioned changes in the KDNA are
the cause of locking these parasites in the BS stage [6]. This is
because these changes consist in the partial deletions (in T. equiper-
dum) or complete absence (in T. evansi) of maxicircles, as well
as a severe (and sometimes complete) reduction of minicircle
diversity. As a consequence these T. brucei relatives lack some,
or all, of the mitochondrial genes encoding the respiratory pro-
teins (oxidative phosphorylation) essential to proliferate in the
tsetse fly [7]. The sequence of evolutionary events that leads from
a “normal” T. brucei (i.e. capable of completing the whole cycle)
to a BS restricted trypanosome still remains not fully clarified
[6,8]. A particularly interesting facet is the fact that the absence
of maxicircle encoded proteins is not necessarily circumvented
by confining the parasite to the mammalian host, since some
of these proteins are necessary in that stage too. This was first
put in evidence by the observation that the editing machinery
was also required in the BS forms in normal T. brucei strains [9].
From previous studies on petite mutants of yeast, it was imme-
diately realized that the protein needed in BS trypanosomes was
the A6 subunit of the ATP synthase (A6-ATPase), a subunit of
the FO-F1 complex [10]. This is a proton pump that during the
BS stage runs in reverse (hydrolyses ATP), enabling the parasite
to generate electric potential. However, as shown by Lai et al.
[7], none of the T. equiperdum or T. evansi strains analyzed up
to date are able to produce mitochondrial A6-ATPase (because
the gene is either absent or not edited), implying that in prin-
ciple these parasites would not be able to survive, not only in
the insect vector but also in the mammal host. Nevertheless,
as it is evident these trypanosomes do reproduce in the mam-
malian host and also exhibit almost normal electric potential. The
answer to this apparent contradiction was again provided by prior
work in yeast, where it was observed that some mutations in the
nuclearly encoded ATPase subunits are able to compensate the

absence of A6-ATPase [11]. Lai et al. [7] searched for equivalents
mutations in T. evansi and T. equiperdum and found that the
v-subunit of ATP synthase (encoded by the nuclear genome) bears
mutations in evolutionary conserved amino acid positions (thus
inferred to be functionally important). More recently Dean et al.
[12] tested the functionality of these mutations and found that
many of them are definitively capable to compensate the lack of
AG6-ATPase.

In this work we conduct a comparative study of the mitochon-
drial genome in T. vivax, a neglected African trypanosome. For this
purpose we determine the complete genome sequence of their
KDNA (maxicircle and minicircles) in three strains of this species,
one originally from West Africa and two American strains. We
also combine these data with transcriptomic information previ-
ously obtained by us [13], new RNAseq data produced for this
work and data downloaded from public databases, to infer func-
tional aspects of their mitochondria (in particular those related to
editing).

There are a number of reasons that make the analysis of this
species an interesting one. In the first place because it occupies
a crucial phylogenetic position, since it is the earliest branching
African trypanosome [ 14]. This phylogenetic location is of great rel-
evance since it makes T. vivax a good model to address questions
concerning the evolutionary genomics of African trypanosomes. In
the second place, because T. vivax was able to leave Africa, and now
affects regions, like America, devoid of tsetse flies. In these regions
T. vivax is transmitted mechanically (like T. evansi) remaining per-
manently as BS forms [15,16]. It is of interest to investigate if in
this species the process of adaptation to mechanical transmission
parallels that already described for T. evansi or if it has followed
a different evolutionary pathway. As it will be explained later, we
point out that due to their evolutionary history and mode of trans-
mission, the three strains used in this work are particularly suitable
to tackle this topic.

2. Materials and methods
2.1. Parasites

2.1.1. Experimental infection and parasite purification

In this work we analyze three T. vivax strains, one originary from
West Africa called Y486, which is the same used to determine the
first genome in this species [17,18] and two strains from South
American (MT1 and Liem176). The T. vivax samples were grown
and purified as described before [13].

All animal work was conducted in accordance with relevant
national and international guidelines. Mice were housed in the
animal care facilities at Institut Pasteur of Montevideo (Uruguay).
Animal housing conditions and protocols used in the present
work were approved by the CEUA (Ethical Committee for Labo-
ratory Animal Use) under the number 013-11 according to the
Ethics Chart of animal experimentation which includes appropri-
ate procedures to minimize pain and animal suffering. Infections
in sheep were conducted under veterinary supervision with daily
control of temperature and hematocrit which was never below
30%.

2.1.2. RNA and DNA purification and quality control

Total DNA was isolated from 10° parasites using QIJAamp DNA
Mini Kit (Qiagen, Germany) according to manufacturer’s protocol.
Obtained DNA was quantified in a Nanodrop (Thermo Scientific,
USA) and its integrity was checked by agarose gel electrophoresis.
Total RNA was purified from 10° parasites using Trizol (Sigma, USA)
and Direct-Zol™ RNA MiniPrep (Zymoresearch, USA) according to
the instructions of the kit. Obtained RNA was quantified in a Qubit
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(Invitrogen, USA) and its integrity was checked in a Bioanalyzer
(Agilent, USA).

2.1.3. Library construction and sequencing

Genomic DNA libraries were generated from 50 ng of total DNA
using Nextera Kit (Illumina, USA) according to the manufacturer’s
instructions. The libraries were quality checked using Agilent High
Sensitivity DNA Bioanalyzer Kit (Agilent, USA), and quantified using
Qubit® dsDNA BR Assay Kit (Life Technologies, USA).

MT1 libraries sequencing was performed on an Illumina
Genome Analyzer IIX platform and generated 26.494.848 paired-
end reads (2 x 100 cycles). For the Liem176 strain, libraries were
sequenced using a MiSeq (Illumina, USA), paired-end 2 x 150 cycles
run, yielding 6.260.150 reads.

For RNAseq libraries (Y486), double-stranded cDNA was gener-
ated from 1 g of total RNA using a SuperScript Il Double-Stranded
cDNA Synthesis Kit (Invitrogen). Libraries were made, indexed
and normalized with NexteraXT kit (Illumina, USA), using manu-
facturer’s protocol. Finally, libraries were sequenced on a MiSeq
(Illumina, USA) paired-end 2 x 150 cycles run and 13.3 million
reads were obtained.

2.1.4. PCR and Sanger sequencing confirmation

The primers and condition used in PCR and Sanger sequencing
experiments for final maxicircle assembly and minicircle confirma-
tion are summarized in supplementary file 1.

2.1.5. Data handling and analysis

[llumina reads from all datasets were trimmed from adapters
and other contaminants using Scythe (v0.981) (http://github.com/
vsbuffalo/scythe). Genomic reads from MT1 strain were quality fil-
tered by trimming bases with a Phred score lower than 20 using
Sickle (v1.2) (https://github.com/najoshi/sickle) and keeping only
those reads whose length (after trimming) was at least 65 bp. After
quality filtering and trimming, 24.422.908 usable reads were left
for this strain. In the case of Liem176 strain reads were also qual-
ity filtered and trimmed with a Phred score threshold of 20, yet
using a minimum length of 75 yielding 5.088.843 usable reads. The
quality control in both datasets was done using FastQC (v0.11.1).
De novo assembly and scaffolding in MT1 was conducted using
ABYySS (v1.3.5) [19] with k-mer options ranging from 40 to 64,
retaining the assembly with a k-mer size of 50 which produced
the longest contigs and best N50 value. For Liem176 the assem-
bly was performed using SPAdes (v2.5.0) [20] with k-mer ranging
from 45 to 85 with an increase step of 10. The assembly of the Y486
maxicircle genome was performed using raw Sanger reads down-
loaded from public databases. After mapping these reads against
the MT1 maxicircle genome, 2.816 maxicircular reads were iden-
tified which were assembled using Mira (v3.9.17) [21] with the
options - job =genome, de novo, accurate. This assembly produced
a single contig of 18.730bp comprising the whole coding region
and part of the species specific (repetitive) regions from both ends.
This contig was extended up to 20.400 bp by iteratively overlapping
an extending the contig edges with more Sanger reads. Additional
details of the sequencing and assembly are explained in supple-
mentary file 1.

Mapping of reads (DNAseq and RNAseq) against the assemblies
was done using Bowtie2 [22] alignment software with end-to-
end default options. Rpkm values were calculated according to
Mortazavi et al. [23] and Garber et al. [24]. All mappings were
obtained in SAM format, and then converted to binary files, sorted
and indexed using SAMtools. Tablet (1.13.07.31) [25] was used for
visualization and data-navigation purposes.

3. Results
3.1. Maxicircle genome: gene degradation in American strains

The maxicircle genomes were determined for the three T. vivax
strains analyzed here. In the case of MT1 it was done combining Illu-
mina paired-end reads and the finishing was carried out amplifying
and sequencing (Sanger) specific segments that were not resolved
in the initial assembly. For this strain sequencing was not limited
to the 15 kb well conserved genome segment that contains genes
but also the region located upstream to the 12S ribosomal RNA
gene and downstream to ND5 gene (the last protein coding gene).
This latter region is poorly conserved among trypanosomes and
basically contains repetitive sequences. The initial MT1 assembly
contained only one part of this region, including a single copy region
of approximately 1 kb in length (represented in green in Fig. 1) and
two clusters containing different types of tandem repeats. One of
them located near to the 12S rRNA gene, which appeared as aregion
with a notorious increase of sequencing depth (hence indicating its
repetitive nature), is composed by a 105 bp repeating unit whereas
the second cluster (orange box in Fig. 1) contains a 24 bp repeat.
In MT1 strain an additional region of 5.2 kb in length was obtained
using specific primers. This region is composed by another type of
repetitive sequence, whichis 170 bp in length and also has a tandem
array disposition (see Fig. 1). Due to the length and repetitive nature
of this segment it was only possible to solve it partially by Sanger
sequencing. Nevertheless we could confirm that the remainder part
of this maxicircle segment is composed by copies (complete and
partial) of the same repeat (further details in supplementary file 1
and figure FS1A and FS1B).

For the other two strains the strategies to determine the maxi-
circle sequence were different. In the case of Liem176 we used
an Illlumina paired-end (2 x 150) library plus long RNAseq derived
contigs. In Y486 in turn, raw Sanger reads were downloaded from
public databases and mitochondrial reads were identified by map-
ping against the previously assembled mitochondrial genomes. The
reads thusidentified were assembled using Mira assembler produc-
ing a full genome sequence contained in a single contig. Additional
details of the sequencing and assembling methodology are avail-
able in accompanying supplementary material (supplementary file
1 and supplementary figure FS1A).

In summary, the 15 kb maxicircle segment that contains genes
was completely determined for the three strains, while the repeti-
tive (species specific) region was not resolved in Liem176 and Y486
with the same level of detail as in MT1. Nevertheless, it was possi-
ble to determine that in these strains the species specific segment
is composed by the same type of repeats and present in similar
amounts (as estimated by sequencing depth and the size of ampli-
cons).

Next we concentrated in the comparison among the three T.
vivax strains, of the 15 kb maxicircle region that contains genes. As it
can be observed in Fig. 1 and Table 1, this comparison reveals some
interesting aspects. As expected, the two American strains are more
similar to one another than to the African T. vivax (Y486). In effect,
the two American strains do exhibit many nucleotide differences
and several deletions relative to the African strain. The majority, but
not all, of these changes are shared between the American strains
indicating that they occurred in America before the separation of
the two strain analyzed here. There are only 6 changes between
MT1 and Liem176, and most of these changes do not affect any
functional significant position (many are synonymous, i.e. they do
not change the encoded amino acid). The most noticeable change
between American strains and strain Y486 is a 752 bp deletion that
affects two protein coding genes, ND7 (which results in a deletion
of 427 bp in the 3’ end) and COIII that has a 248 bp deletion in the
5’ part of the gene. This relatively big deletion was confirmed by
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Fig. 1. Alignment of complete maxicircle sequences in the three T. vivax strains analyzed in this work. T. brucei maxicircle was included as a reference. Genes are indicated by
gray boxes and the respective names indicated. Those genes placed above the line are located in the forward strand whereas those below in the complementary strand. For
MT1 and Liem176 mutation are indicated by vertical lines: yellow lines represent transitions and transversions, red lines indels. Components of the species specific region
of the genome are also schematized. Light blue boxes represent the cluster of 105 bp repeats, orange boxes, 24 bp repeats and gray boxes 175 bp repeats. The green box in
turn, represents a species specific non-repetitive genomic sequence, a segment of which is faintly conserved in T. brucei.

PCR (supplementary figure FS1A, box a) since two sets of primers
amplify in this region a much smaller than expected amplicon
(252 nt, whereas a fragment of approximately 1000 nt is expected).
In fact, the same primers amplify both in T. vivax Y486 and T. bru-
cei, a segment of the expected size (1042 and 915 bp respectively)

which contains the portions of ND7 and COIII that are missing in the
American strains (supplementary figure FS1A, box a). Itisimportant
to stress that in the two American strains, only one amplification
species was obtained meaning that all maxicircle copies lack this
752 bp fragment (i.e. they are “homogenous” for this loss). This

Table 1
List of maxicircle genes, editing status, mutations observed and their effect.

Gene Editing® Position: base change® Mutation effect (aa)* Strain?

1.ND8 Pan-edited - - -

2.ND9 Pan-edited 21.22:insT Possible frameshift MT1, Liem

3 MURF5 Not edited - - -

4.ND7 Pan-edited 248: G>T ND MT1
275.699: del 424 bp Major deletion MT1, Liem

5. Coll Pan-edited 1.248: del 248 bp Major deletion MT1, Liem
253: G>C ND MTT1, Liem
261-262: del C Possible frameshift MT1
303.304: ins AG Possible frameshift MT1, Liem

6.Cyb 5 edited - - -

7. A6-ATPase Pan-edited - - -

8.ND2 (MURF1) Not edited 16.19: del ATAC Frameshift Liem
1212: A>G Point mutation Liem

9.CR3 Pan-edited - - -

10.ND1 Not edited 491.492:ins T Frameshift MT1, Liem
863: del A Restores frame MT1, Liem

11.coll Partial editing 456.457: ins TGC Insertion of 1 aa (ins C) MT1, Liem

12. MURF2 5" edited - - -

13.COI Not edited 24: T>A Missense (C>W) MT1, Liem
154: G>T Missense (G>C) MT1
237: G>A Missense (G>S) MT1
1399: G>A Missense (V>I) MT1, Liem

14.CR4 Pan-edited - - -

15.ND4 Not edited 194: C>T Missense (A>V) MT1, Liem
254.259: del ATATAC Deletion of 2 aa (del MT1, Liem
712.713:ins TT MY) MT1, Liem
778:del T Frameshift MT1, Liem
846: G>A Frameshift MT1, Liem
1175.1176: ins AT Synonymous MT1, Liem
1257.1258: del AT Restores frame MT1, Liem

frameshift

16.ND3 Pan-edited 105-106: del TT Possible frameshift MT1, Liem
205.206: del TT Possible frameshift MT1, Liem

17.RPS12 Pan-edited - - -

18. ND5 Not edited 430: G>T Missense (G>C) MT1, Liem

2 Extent of editing during RNA maturation.

b Nucleotide position and type of change. For insertions, numbers correspond to positions that surround them, for insertions numbers correspond to the nucleotides

deleted. Nucleotide changes are indicated.
¢ Expected modification at amino acid level. Amino acid change is provided inside the brackets. ND: effect not determined.
d Strains where the mutation is observed.
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may appear as frameshifts, but in fact could be corrected during
the editing process. In four of these genes it is difficult to dis-
cern this question because the genes are pan-edited. However, in
three genes (MURF1, ND1and ND4), which do not require editing
since in T. brucei and T. vivax Y486 their genomic sequences are
the same as the mature mRNA, the observed indels would even-
tually render nonfunctional proteins if they did not undergo these
“novel” corrective editing events and were translated exactly as
they are transcribed. To distinguish between the two alternatives,
[llumina RNAseq reads were mapped onto these genes. Attention
was paid to those mutations that consist in deletions or insertions
of thymidine, namely those ones that eventually could be corrected
post-transcriptionally by editing. In the three genes, all RNA derived
reads match perfectly with the genomic template, indicating that
the indels are not rectified post-transcriptionally (results for ND1
are presented in Fig. 2, whereas MURF1 and ND4 are reported in
supplementary figure FS2).

Two other genes, COI and ND5, have nucleotide changes that
imply amino acid substitutions. By comparing these genes with the

ACTTCCACGTGTTATCTGCTGETAGATTAAAAAATAACTAICCGCACAAACTTITTA

(Y486)

reference
Another possibility tested was if these small indels might repre-

Fig. 2. Testing heteroplasmsy and novel editing sites in the ND1 gene from American strains. (A) Insertion of a T between positions 491 and 492. In the upper half of figure
sent novel editing sites that in the genome, or in pre-edited mRNA,

(above the mapping reference) DNA sequencing derived reads (from MT1 and Liem176) were mapped against the ND1 coding sequence. The gene from Y486 strain was used
represented by a red box outlining the two bases that surround the insertion (AT, 491:492). (B) Deletion of A at position 863. For this position only heteroplasmy was tested

as mapping reference to evidence the difference. In the lower part of the image RNAseq reads (from Liem176) were mapped against the same reference to test whether this
insertion is rectified post-transcriptionally by editing (i.e. whether it may represent a novel editing event). Note that the inserted T is not actually shown in the reads but
since this deletion cannot be corrected post-transcriptionally by editing. The red asterisks represent gaps (i.e. the base deleted in the American strains).

functional neither in MT1 nor in Liem176. Other small deletions and
insertions are observed in 6 additional genes (listed in Table 1).
Although these indels are small, they produce frameshifts that if
not corrected (post-transcriptionally) the respective genes cannot

be translated into a functional protein. In consequence we explored
this aspect in more detail to confirm the possible functional effect

of these mutations. In the first place we tested heteroplasmy for
these mutations, namely if the population of maxicircles contains,

apart from the mutated version of genes presented in Table 1,
complement the loss of function. Back mapping of the maxicircle

reads shows that this is not the case. Note that if there was het-
eroplasmy one would expect some reads bearing the indel, while

others would be not mutated. This analysis shows that the maxicir-
cle population is completely homogenous for these mutations (see

normal copies not affected by these indels that might eventually
Figs. 2 and FS2).

implies that these two genes (ND7 and COIII) are completely non-
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corresponding homologs from T. brucei and more distantly related
trypanosomatids like Trypanosoma cruzi and Leishmania donovani,
it is possible to infer that these changes took place in the lineage
leading to American strains (after their separation with Y486), and
affect evolutionary conserved position, something suggestive of
deleterious effect (supplementary figure FS3A).

In summary, the results presented in this section evidence that
the American strains from T. vivax have accumulated numerous
mutations in ten mitochondrial genes. In all likelihood these muta-
tions are disruptive of function since they imply big deletions,
frameshifts or point changes at amino acid positions that are prob-
ably functionally relevant.

3.2. Editing of maxicircle genes

Another relevant aspect to investigate is whether the mecha-
nism of editing is working correctly and if all genes are productively
edited in the American and African T. vivax strains. For this pur-
poseitis necessary first to identify mature (edited) mRNAs encoded
by maxicircle genes. This is something relatively simple for those
genes that have minimal editing such as COIl, Cyb and MURF2,
since the differences between the mRNA and genomic sequences
are restricted to few positions. However for pan-edited genes this
is far more complicated because the edited sequence is unknown,
and cannot be inferred from the genomic sequences alone, given
the great number of editing events that their (pre-edited) RNAs
suffer to become mature mRNAs.

To identify the mature (edited) mRNAs, the assembled trans-
criptome (obtained as explained in detail in supplementary file
2) from Y486 strain was virtually translated and the amino acid
sequences thus obtained were compared with those encoded by
mitochondrial genes of T. brucei and other trypanosomatids. This
allowed us to identify the mature mRNA from all maxicircle cod-
ing genes on the basis of amino acid conservation. Interestingly
the 18 maxicircle protein coding genes are transcribed in three
life cycle stages from Y486 strain. Twelve of these genes require
editing to become translatable, something that appears to occur
normally in all life cycle stages from the African strain (in epimas-
timotes transcription and editing were checked using RNAseq data
from NCBI SRA repository). Supplementary file 2 presents the align-
ments between the genomic gene sequences and mature mRNA;
the individual editing events are depicted for all genes. It is worth
mentioning that the level of abundance of mature and pre-edited
RNAs (as estimated by read mapping depth) varies enormously
from one gene to another as well as among the three life cycle stages
analyzed here for the African Y486 strain (Fig. 3).

In American strains transcription and editing activity of maxi-
circle genes was assessed by mapping RNAseq reads from Liem176
against the pre-edited and edited (mature) RNAs. The results of
this analysis, presented in Table 2, show that in the America strain
all genes appear to be successfully transcribed. However among the
12 genes that require editing for their correct translation only three
undergo editing normally: A6 subunit of ATP synthase, ribosomal
proteins 12 (RPS12) and MURF2. For the remaining 9 genes (ND8,
ND9, ND7, COIIl, Cyb, COII, CR4, CR3 and ND3), no reads indica-
tive of editing activity could be detected in Liem176 (read counts
were zero when the mature mRNA was used as mapping refer-
ence), with the only exception of CR3 (a pan-edited gene) in which
only traces of editing were found toward the 3’ end of the gene
(Table 2). In other words these 9 genes are transcribed but their
RNAs remain immature (pre-edited), which implies that they can-
not be translated into functional proteins. It is important to stress
that the failure to detect editing cannot be attributed to insufficient
sequencing depth, namely that the number of reads was not large
enough to detect some low abundance RNA species, since the set of
[llumina reads from Liem176 has a sequencing depth adequate to

detect even minor RNA species [13]. In fact, the sequencing depth in
Y486 was approximately one half of that of Liem176, and all mature
maxicircle mRNAs were found.

3.3. Characterizing the population of minicircles: sequencing,
assembly and identification

We decided to identify the population of guide RNAs encoded
in the genome of American strains to investigate if this can explain
the loss of editing in the 9 maxicircle genes mentioned before. To
this end the minicirculome (i.e. whole population of minicircles)
was determined, something that has an intrinsic interest because
the information obtained can also be used to analyze other relevant
aspects concerning their organization, divergence dynamics among
strains and also (when combined with RNAseq data) to analyze
their expression activity. Genome wide studies and comparisons
of minicircle populations are almost inexistent being restricted to
only one example in T. cruzi strains [26].

As in the case of maxicircle, sequencing and assembling of mini-
circles was carried out together with the whole nuclear genome.
However, the identification of contigs corresponding to minicir-
cles is not as straightforward as with maxicircles due to the lack of
sequence conservation among trypanosomatids. Specifically there
is only one segment of approximately 120 bp in length that contains
three blocks with different levels of sequence conservation, called
CSB-1to-3[27].CSB-3 (or Universal Minicircle Sequence, UMS) has
alength of only 12 nt and is completely conserved in all trypanoso-
matids. Such conservation has been associated with its function
because it works as a replication origin [27]. CSB-1 is less conserved
and even shorter (10 nt), while the conservation of CSB-2 is almost
marginal (supplementary figure FS4A). It is thus obvious that even if
these conserved blocks may help identifying minicircles, their short
length and variable conservation might render minicircle identi-
fication based on their sole presence not fully reliable. Therefore
we adopted a two steps strategy that combines two sources of
information: conservation information and statistical signatures.
A first group of 18 putative minicircles sequences was identified
using Blast against T. brucei CSBs. This first group contains minicir-
cles with highly significant Blast HSPs (E-value < 1e—15). The 120 nt
segment containing the conserved blocks from these 18 putative
minicircles sequences were used as new queries to search against
the whole population of contigs. A complementary source of infor-
mation was also used. Since previous studies on minicircles from
other species of trypanosomes indicated that they are peculiar in
their base composition [26] we conducted a principal component
analysis (using dinucleotides as variables) to check if this feature
also holds for T. vivax. Fig. 4 shows that this is case since mini-
circles cluster close to each other and are clearly separated from
contigs corresponding to other genomic compartments (nuclear
and maxicircles). This indicates that dinucleotide composition can
be a very useful predictor, and hence appropriate to complement
initial assignments done on the basis of blastn results.

By combining these two data sources it was possible to identify
54 minicircles classes in MT1 and 46 in Liem176 (Table 3 and sup-
plementary figure FS4A). All the 46 Liem176 minicircles have their
homologs in the MT1 set, with DNA identity values ranging from
95%to 100%. However some MT1 minicircles are exclusive from this
strain. Table 3 presents information on the minicircles sequences
from both strains. This result shows that the two American T. vivax
strains reported here have a reduced set of minicircles, consider-
ing that in T. brucei the total number of different minicircles classes
has been estimated to be between 200 and 300 [1,2]. This could be
due to areal absence of certain minircircles classes in the American
strains or to the fact that the samples are not fully representative.
In our opinion the latter alternative is not very likely given that
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Fig. 3. Transcript levels of edited (mature mRNA) and pre-edited maxicircle genes in three different parasitic life stages (epimastigotes, bloodstream trypomastigotes and

metacylic epimastigotes) in the strain Y486.

sequencing depth was large enough to guarantee that all (or most)
minicircle classes were represented.

Another worth mentioning aspect is that there are two clearly
defined size groups of minicircles: short ones (sizes ranging from
320 to about 600nt), and a second group containing minicir-
cles that have approximately the double length. Intra-sequence
comparisons show that all but one of the long minicircles are
multimers of a shorter repeating unit. Short contigs in turn,

Table 2

represent momomeric version of these units. Heterodimeric
minicircles were not observed. There is only one case of a long
minicircle that has no internal repetition (Tvminic53).

To investigate whether long (multimeric) minicircles are real
molecules and not assembling artifacts, some of them were
selected for further in silico and experimental analyses. The results,
presented in supplementary figure FS5, suggest that these con-
tigs are not assembling artifacts. It is interesting to note that our

Transcript levels of maxicircle genes in the American strain Liem176, before and after editing. Both raw read count and rpkm values are shown. RNA lengths are also specified
to illustrate size increase due to editing. In the case of genes with partial editing (Cyb, Murf2, COII), the read count on the right side of the table is restricted to the gene
segment that undergoes editing because the gene regions which are not edited have non-zero count irrespective of editing taking place.

Gene Pre-edited Post-edited

Length (genomic sequences) Reads mapped rpkm Length (mature mRNA)® Reads mapping on edited segments rpkm
ND8? 280 10,013 2059.7 440 0 0
ND9? 295 15,240 2975.5 585 0 0
Murf5P 240 37 8.9 240 Not edited
ND7 (frag)* 275 12,456 2608.8 1164 0 0
Colll (frag)® 134 5873 25243 309 0 0
Cyb© 1081 1000 533 1113 0 0
A6° 320 29,340 5280.8 754 11,921 910.6
ND2° 1322 5782 2519 1322 Not edited
CR3? 119 1324 640.8 228 31" 7.8
ND1° 964 7602 454.2 964 Not edited
con¢ 632 250 22.8 636 0 0
Murf2¢ 1054 1188 64.9 1074 14 31.0
cor 1650 1543 53.9 1650 Not edited
CR4? 215 3118 835.3 495 0 0.0
ND4° 1309 4136 182.0 1309 Not edited
ND3? 219 5043 1326.3 349 0 0
RSP12? 169 6175 2104.5 215 2068 554.0
ND5" 1773 4067 132.1 1773 Not edited

2 Pan-edited gene.

b Not edited gene.

¢ 5 editing.

Internal editing, frag: fragment, part of the gene is deleted in Americans strains.

¢ The sequences used as mapping reference for mature mRNA are those from Y486.

f Reads map on 3’ end only.



76 G. Greif et al. / Mutation Research 773 (2015) 69-82

0.04 — 3 . |
*
@ .
o
oo ® &%
0.02 4 AN
e o %
ORC)
"o
. a
ol o @@
®
o 002
=
©
©
2 -oou
(8]
c
=
Q_ .
o 0.06
c
o
o
Q
Y 08
0.1
0.12 ! | 1
2.1 -0.05 ) 0.05

0.1 0.15 0.2 0.25

First principal axis

Fig. 4. Principal component analysis of dinucleotide frequencies. First and second axis plotted. Blue dots represent nuclear genome sequences (contigs), blue dots with red
circles: putative minicircle sequences. Red dots inside green circles: maxicircle sequences. Maxicircle was splitted in segments of 1 kb each to allow intra genomic variability

become apparent. Red dots inside red cicles: maxicircle repeated sequences (arrowed).

observation that T. vivax contains homodimeric and monomeric
minicirclesis in line with previous reports based on electron micro-
copy and restriction enzyme digestion [28]. It was found that in T.
vivax, minicircles fall in two size categories: one category includes
minicircles of approximately 460 bp and the second group of about
934 bp. The restriction pattern obtained by these authors was con-
sistent with homodimeric minicircles. Finally we would like to
make a cautionary note, because the approach used here to infer the
sequences of minicircles can be somewhat unspecific for differen-
tiating dimers and monomers when the two copies of the dimer are
identical or almost identical, which may produce collapsed contigs
during assembly.

3.4. Minicircle abundance and expression

Another aspect that was investigated is the relative abundance
of each kind of minicircle. This was accessed my back-mapping the
DNAseq reads onto the assembled contigs. The sequencing depth
is a measure of both the success of the experiment and the rel-
ative abundance of a given sequence fragment. As it is evident
from supplementary figure FS6A the relative abundances are not
nearly homogenous among minicircles whereas the abundance of
homologous minicircles is visibly similar between the two Ameri-
can strains.

Transcription activity of minicircles was analyzed using two
sources of data. In the first place analysis based on Roche 454
derived RNA contigs shows that the initial transcripts are poly-
cistronic molecules, in agreement with previous reports [29].
Interestingly, transcripts encompass the whole minicircle, span-
ning over the three CSB regions (supplementary figure FS4B shows
454 reads spanning the CSB blocks), in agreement with very early
results by Thertulien et al. [30], but contrasting to what it had been
suggested by other authors [29]. This observation was confirmed
using RNAseq data from different and independent sources (Illu-
mina reads from Liem176 and Y486, figure FS4C). Expression levels

were also analyzed. Specifically they were inferred using customary
RNAseq approaches, namely taking the number of Illumina reads
mapping onto a given minicircle (normalized by length) as a mea-
sure of transcript abundance. Supplementary figure FS6B shows the
scatterplots of RNAseq-RPKM vs DNAseq-RPKM. From what it can
be observed in this figure, it is evident that the expression level
of a given minicircle is highly correlated with its abundance. As a
consequence, when RNAseq-RPKM figures are corrected by taking
in consideration the abundance of the corresponding templates,
it becomes apparent that the differences in transcript abundance
are caused by the differential representation of each kind of tem-
plate molecule rather than by differential transcription intensity.
This implies that in minicircles, like in maxicircles and nuclear
genes of trypanosomatids, regulation of transcription initiation
plays a secondary role (or none at all) in determining transcript
levels.

Finally the population of gRNAs was inferred from minicir-
cle sequences using wu-blast with a modified scoring matrix as
described in [31]. Table 4 presents the gRNA sequences identified
grouped according to the gene where they exert their function.
As expected, for the two genes that go through complete editing
in the American strain (Liem176), namely A6-ATPase and RPS12,
it was possible to identify almost all of the gRNAs necessary to
guide their editing (details of gRNA sequences and their alignments
to the mature mRNA are presented in Supplementary figure FS7).
Two other genes undergo editing in the American strains, CR3 and
MURF2. Regarding the former, although it is a pan-edited gene (in
Y486), in the American strain Liem176 editing is largely incom-
plete, with few changes being added in a very restricted part of the
gene (Table 2). MURF2 in turn, is 5’ edited (only the first 35 positions
affected, see supplementary file 2), and just two gRNAs are required
for its editing, one of which is encoded in the maxicircle [32]. Over-
all these results imply that only the genes that are productively
edited have their corresponding gRNAs, while the vast majority of
gRNAs responsible for the editing of the remaining genes is missing.
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Table 3

Minicircle classes in the T. vivax strains MT1 and Liem176. Length and the % of identity between the different strains are indicated. It is also indicated which minicircle classes

are observed as multimers.

Name Length As multimer (length) Present in Liem % 1d MT1 consensus vs Liem consensus
TvMinic1 329 No Yes 100% (142 bp del)
TvMinic2 360 Yes (1009) Yes 100% (105 bp ins)

TvMinic3 396 No No -

TvMinic4 406 No Yes 100% (63 bp del)

TvMinic5 422 Yes (1056) Yes 100%

TvMinic6 427 No Yes 100% (105 bp del)

TvMinic7 456 Yes (1262) Yes 100% (105 bp ins)
TvMinic8 481 No Yes 100% (31 bp ins)

TvMinic9 507 Yes (872) Yes 100%

TvMinic10 521 Yes (1015) Yes 100% (70 bp ins)
TvMinic11 538 Yes (975) Yes 100%

TvMinic12 567 Yes (1211) Yes 99.8%

TvMinic13 570 Yes (1102) Yes 100%

TvMinic14 497 No Yes 98.6% (26, 12 and 14 ins)
TvMinic15 535 No Yes 100% (79 bp ins)
TvMinic16 482 No No -

TvMinic17 554 No Yes 100%

TvMinic18 468 No Yes 100%

TvMinic19 551 No Yes 100%

TvMinic20 601 No Yes 99.78% (143 bp ins)
TvMinic21 549 No Yes 100% (82 bp ins)

TvMinic22 554 No Yes 100%

TvMinic23 553 No Yes 99.6% (85 bp ins/105 bp del)
TvMinic24 549 No Yes 100% (85 bp ins)

TvMinic25 550 No Yes 100% (109 and 79 bp ins)
TvMinic26 535 No Yes 94.7% (85, 51, 22 and 3 bp ins)
TvMinic27 555 No Yes 99.5% (59 bp ins)
TvMinic28 551 No Yes 100% (85 bp ins, 66 bp del)
TvMinic29 554 No Yes 97.6% (257 and 7 bp ins)
TvMinic30 533 No Yes 100% (85 bp ins)

TvMinic31 553 No Yes 100% (85 bp del)
TvMinic32 550 No Yes 99.2% (164 bp ins)
TvMinic33 565 No Yes 100% (85 bp ins)
TvMinic34 547 No Yes 100% (75 bp ins)

TvMinic35 536 No Yes 100% (56 bp del, 85 and 56 bp ins)
TvMinic36 566 No No -

TvMinic37 544 No No -

TvMinic38 595 No Yes 95.4% (8, 20,37,12 and 12 ins, 177 del)
TvMinic39 509 No No -

TvMinic40 553 No Yes 100% (85 bp ins)

TvMinic41 555 No Yes 100% (85 bp ins)

TvMinic42 545 No Yes 100% (85 bp ins)

TvMinic43 567 No No -

TvMinic44 549 No No -

TvMinic45 564 No Yes 100% (85 bp ins)
TvMinic46 556 No Yes 100% (40 bp ins)

TvMinic47 539 No Yes 100% (80 bp ins)

TvMinic48 543 No Yes 100% (85 bp ins)

TvMinic49 564 No Yes 100% (86 bp ins, 115 bp del)
TvMinic50 576 No Yes 100% (85 bp ins)

TvMinic51 542 No Yes 100% (85 bp ins)

TvMinic52 489 No No -

TvMinic53 1168 No Yes -

TvMinic54 No Yes (1306) Yes 99.3%

In fact, few additional gRNAs are present, and in almost all cases as
“hitchhikers”, i.e. located in minicircles that also contain gRNAs for
A6-ATPase or RPS12. As shown in Fig. 5, out of 54 minicircle classes,
only 6 contain gRNAs that do not participate in the editing of A6-
ATPase or RPS12 mRNAs (those that contain gRNAs for ND8, ND7
and COIII).

3.5. Analysis of y subunit of ATP synthase

The situation described in the previous sections is highly sug-
gestive that the American T. vivax strains are undergoing an
“evolutionary journey” toward the derived mitochondrial genome
somewhat similar to that observed in the T. brucei relatives which
remain exclusively in the mammal host and have lost their ability
to survive (reproduce) in tsetse flies. A critical step in the process

of adaptation to become independent of mitochondrial genes is
the series of modifications that affect the nuclear gene encoding y
subunit from ATP synthase. Lai et al. [ 7] identified in T. equiperdum
and T. evansi some amino acid changes located in amino acid pos-
itions that are evolutionarily conserved across trypanosomatids.
These authors suggested that these mutations might confer to this
gene the ability to compensate the loss of Fy portion from ATP
synthase (encoded by the mitochondrial A6-ATPase gene, which is
missing in these trypanosomes). Very recently Dean et al. [12] con-
ducted an extensive study to test which ones of these (and other)
changes in the vy subunit from ATP synthase are able to compen-
sate the loss of KDNA in T. brucei strains and sub-species. It was
observed that many of these variants (see Fig. 6) confer mutant T.
brucei the ability to survive KDNA absence and even produce elec-
tric potential. It has been suggested that the acquisition of these
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Table 4
Guide RNAs (gRNA) identified in MT1 and Liem176 strains. The gRNA are grouped according to the maxicircle gene where they exert their function. For each gRNA gene:
length (of pairing region), the position where it matches in the cognate mRNA, number of mismatches and the minicircle that contains the gRNA are indicated.

Gene start-end® Minicircle® Mismatches* Length!
gRNA for ND8
108-71 TvMinic15 6 38
102-79 TvMinic45 1 24
181-153 TvMinic3¢ 4 30
181-153 TvMinic5 4 30
302-252 TvMinic7 6 51
gRNA for ND9

78-40 TvMinic29 12 39
101-66 TvMinic6 7 36
128-97 TvMinic33 9 33
247-223 TvMinic6 3 26
383-341 TvMinic14 10 43
415-385 TvMinic24 5 31
gRNA for ND7
110-76 TvMinic19 5 35
315-277 TvMinic41 7 39
434-405 TvMinic2 5 30
721-687 TvMinic44 4 36
721-695 TvMinic44 3 28
RNAg for COIlI

90-64 TvMinic47 5 27
262-226 TvMinic38 13 38
ZRNA for Cyb
No gRNA detected
gRNA for CR3
159-140 TvMinic45 3 20
227-191 TvMinic54 7 37
gRNA for COII
No gRNA detected
RNAg for MURF2 gRNA for MURF2
No gRNA found
RNAg for CR4

27-1 TvMinic28 4 27
210-182 TvMinic46 2 29
334-289 TvMinic26 8 46
412-364 TvMinic42 11 49
gRNA for ND3
No gRNA detected
gRNA for A6

39-1 TvMinic34 6 39

60-27 TvMinic14 5 34

81-43 TvMinic54 10 39

97-63 TvMinic8 7 35
111-75 TvMinic31 7 37
141-98 TvMinic35 12 44
166-116 TvMinic40 13 51
190-154 TvMinic51 8 37
166-192 TvMinic16° 16 40
237-204 TvMinic52¢ 5 34
266-210 TvMinic1 18 60
267-217 TvMinic29 13 51
318-273 TvMinic49 11 46
345-307 TvMinic25 12 39
366-330 TvMinic32 8 37
389-362 TvMinic11 3 28
425-378 TvMinic19 10 48
433-399 TvMinic37¢ 5 35
462-414 TvMinic38 5 49
509-473 TvMinic48 7 37
548-513 TvMinic36¢ 6 36
559-525 TvMinic13 7 35
573-542 TvMinic16° 3 32
604-558 TvMinic20 12 47
614-585 TvMinic45 4 30
646-627 TvMinic30 2 20
673-635 TvMinic27 7 39
686-656 TvMinic44¢ 4 31
711-673 TvMinic33 9 39
724-689 TvMinic46 7 35
754-715 TvMinic10 8 40



G. Greif et al. / Mutation Research 773 (2015) 69-82 79

Table 4 (Continued)

Gene start-end? Minicircle® Mismatches® Length?
gRNA for RSP12

34-1 TvMinic9 7 34

65-21 TvMinic6 2 45

51-32 TvMinic35 2 20
104-76 TvMinic21 2 29
124-93 TvMinic28 6 32
150-108 TvMinic24 11 43
175-140 TvMinic23 10 36
192-160 TvMinic18 6 34
218-180 TvMinic42 9 39
247-204 TvMinic26 7 44
242-207 TvMinic41 9 36
255-238 TvMinic50 1 18

Coordinates where the gRNA matches on its cognate mRNA (mature mRNA).
Minicircle containing the gRNA.

Length of gRNA segment in the region of pairing (between gRNA and cognate mature mRNA).

a
b
¢ Number of differences between gRNA and its cognate mRNA in the region of pairing.
d
e

Minicircle not detected in Liem.

changes was a requirement to survive as a BS exclusively form
[12].

We searched for these, or equivalent, amino acid substitutions
in T. vivax. Fig. 6 shows the sub-alignments in relevant regions of
v ATPase in representative species from trypanosomatids, several
strains of T. evansi and T. equiperdum and the three T. vivax strains
studied in this work. As it can be observed all the amino acid pos-
itions previously indicated to be involved in conferring this new
functionality to the +y subunit of ATPase exhibit, in the three T. vivax
strains, the canonic amino acid (i.e. the same observed in T. cruzi,
Leishmania and wild type T. brucei).

It is worth noting that there is some variability for this gene
in T. vivax. On the one hand, Y486 has two alleles that are 98%
identical at the amino acid level, while the two American T. vivax

ND8

6 ATPase exclusive= 20
Total A6-ATPase 30

strains are almost identical to each other. In fact, SNP calling by read
back-mapping shows that MT1 is heterozygous for this locus having
only a synonymous change in Ala 35 (GCT < GCC).

On the other hand, both Americans strains do exhibit two
differences with Y486 at position 60 and 61 (T60A, T61(AG));
however, these differences (as well as the differences between
the two Y486 alleles) are located in regions of poor interspecific
amino acid conservation, suggesting that these variations are not
functionally relevant.

These observations strongly suggest that this gene did not suffer
the compensatory mutations observed in the other African try-
panosomes that are unable to survive in the insect. Something
that is compatible with the fact that the American T. vivax strains
preserve the mitochondrial A6-ATPase gene fully functional.

ND7

1 RPS12 exclusive = 5
Total RPS12 = 12

ND9

Total = 54 Minicircle classes
Minicircles without gRNA=7

Fig. 5. Venn diagram showing the number of minicircle classes containing gRNA for each gene. Only six minicircle classes have gRNAs that do not participate in the editing
of A6-ATPase and/or RPS12, whereas in seven minicircle classes no gRNAs were detected.
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Fig. 6. Multiple alignment in relevant y ATPase regions. The alignment includes representative trypanosomatid species, the African and American strains from T. vivax and
several T. evansi and T. equiperdum strains that contain amino acid changes capable of compensating the loss of mitochondrial genome. (A) The region spans from amino acid
positions 250-289, and contains amino acids that have been associated to conferring new functionalities to y ATPase. These changes are shadowed in red, while the canonical
variant (i.e. the wild type in the remaining species) in green. (B) Sub-alignments containing the regions that surround the amino acid positions (shadowed in violet) which

present variability in T. vivax.

4. Discussion

In this work we analyze several aspects in relation to the evo-
lutionary process that took place in the mitochondrial genomes of
American strains from T. vivax with special stress on the changes
that resulted from the new lifestyle that this parasite acquired in
the Americas concerning its mechanical transmission.

The maxicircle genome sequences were determined for three
T. vivax strains, two from America and the African strain Y486. In
turn the “minicirculome” (minicircle population) was determined
in detail for the two American strains.

This group of three strains is particularly suitable to tackle the
analysis of the genome changes associated with the adoption of
mechanical transmission because of their genetic proximity but dif-
ferent life cycle. In effect, two of the strains analyzed in this work
are representative of American T. vivax strains, which are closely
related to West African strains [33]. The third strain analyzed in
this work, Y486, is of West African origin and a close relative to the
African strain that migrated to America. It is worth mentioning that
Y486 is derived from naturally infected cattle from Nigeria[17],and
it has been shown that it can be cyclically transmitted by several
species of tsetse flies [17,34,35].

It has been postulated that the introduction of T. vivax in South
America took place around 1870 by infected Zebu cattle introduced
in French Guiana [36-38]. Arecent and comprehensive assessment

of genetic variation in T. vivax indicates that American strains are
genetically homogeneous clustering monophyletically when com-
pared with West African strains [33]. Note that monophyly means
that these strains coalesce to a unique ancestor and therefore
supports the notion that at least for the most common circulating
strains, the incursion in America from Africa occurred only once.
The comparison of maxircircle protein coding genes shows that
in American strains two genes exhibit large deletions (ND7 and
COIlI), and three genes (ND1, ND2 and ND4) frameshift causing
indels, all of which implying a complete loss of function, yet other
genes have missense mutations. Analyses of expression and edit-
ing show that all coding genes are transcribed in the American
strains, but only three (A6-ATPase, RPS12 and MURF2) are cor-
rectly edited. The fact that some genes are edited but others are
not is a clear indication that whereas the enzymatic machinery of
editing is fully functional, the guide RNAs necessary for the edit-
ing of the latter genes are absent. Guide RNAs were inferred by the
analysis of minicircle sequences confirming this conjecture, since
few gRNA genes were detected apart from those ones involved in
the editing of A6-ATPase and RPS12. In addition, most of the gRNA
genes not involved in the editing of these two genes are located in
minicircles that also contain gRNA genes for A6-ATPase and RPS12,
suggesting that they are passively carried. This allows one to con-
clude that the mitochondrial genome from American strains of T.
vivax is suffering a drastic genome wide degradation process of
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its coding capacity (severe mutations and loss of editing capac-
ity).

It is probable that this process started after the introduction
of T. vivax in America, since in its evolutionary close relative,
the West African strain Y486, all maxicircle genes are transcribed
and correctly edited not only in insect stage of life cycle but
also in the bloodstream form. It is surprising that the degra-
dation process has progressed to this extent, considering that
it probably started so recently (less than two centuries ago).
It must be taken into account that if the phylogenetic infer-
ences and times of divergence among T. vivax strains mentioned
before were confirmed with additional data, they would imply
that the evolutionary speed described here for these parasites
would be unprecedented for eukaryotes, even for mitochondrial
genomes.

As long as the biological causes are concerned, it is reason-
able to postulate that, like in T. brucei-like species T. equiperdum
and T. evansi, the driving force responsible of this massive genome
decay is the fact that oxidative phosphorylation is not essential in
the BS stage of the parasite, and hence there is no selective pres-
sure to favor the persistence of these genes. In turn A6-ATPase
and RPS12 genes are kept intact in American strains because their
functions are still necessary in the BS stage of the parasite. It
is worth mentioning that this latter aspect differs radically from
the strategy followed by the T. brucei relatives that remain as
BS only parasites, where also A6-ATPase (and RPS12) is either
nonfunctional or it was simply deleted like the remaining maxi-
circle genes [7,39]. In these species the loss of A6-ATPase protein
(whose function is required to survive in mammals) is comple-
mented by the nuclearly encoded vy ATPase which acquires new
functionalities [7,12]. This is a phenomenon that has occurred sev-
eral independent times in evolution as evidenced by the multiple
(non-monophyletic) origin of T. equiperdum and T. evansi strains
as well as by the existence of different, non-related, mutations
that confer complementing capabilities to y ATPase subunit (list
appears in Fig. 6).

This alternative strategy observed in T. vivax to cope with mito-
chondrial genome disintegration has been theoretically postulated
to exist as a transitional stage in the progression until complete
elimination of maxicircles in non-cycling T. brucei relatives [8].
According to this viewpoint the process could only proceed after a
compensatory mutation in the y ATPase would eliminate the need
of A6-ATPase [8]. However to the best our knowledge such transi-
tional stage has never been observed before neither in nature norin
the laboratory. Other authors have proposed that the acquisition of
mutations in the y ATPase gene is a precondition rather than a final
step in the evolution of kinetoplast elimination [6] and hence what
we observe in today’s circulating American strains from T. vivax
would represent an alternative evolutionary direction instead of
an intermediary step.
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Conclusiones y Perspectivas

En esta tesis se presentan los resultados obtenidos en los estudios realizados en el
parasito africano Trypanosoma vivax, el cual debido a su crucial ubicacion filogenética,
estamos desarrollando como modelo para entender algunas de las notables
particularidades de los tripanosomas africanos. Este trabajo se centra en el analisis de
los genomas de las cepas americanas Liem-176 y MT1 asi como su ancestro africano
mas cercano, la cepa Y486. Se combinan analisis transcriptomicos, gendmicos y
evolutivos. Los procesos adaptativos que ocurrieron en el genoma mitocondrial entre
las cepas americanas (Liem-176 y MT1) y la africana (Y486) se analizan detalladamente.

Respecto a la primera parte de esta tesis, nuestro trabajo constituye el primer analisis
transcriptomico en un tripanosomatido, exceptuando los realizados en el organismo
modelo Trypanosoma brucei [60, 123]. Se generd una base de datos publica con las
secuencias que desde su publicacidon presenta un promedio de ingreso cercano a 100
visitas mensuales provenientes de 53 paises, por lo cual consideramos que la
herramienta generada constituye un aporte a la comunidad cientifica nacional e
internacional.

Los datos obtenidos fueron los primeros de este tipo en ser producidos, procesados,
analizados e interpretados por nuestro grupo. A partir de esos datos se logré obtener
informacién relevante sobre la cubierta de proteinas de superficie de estos parasitos
aunqgue en Trypanosoma vivax no esta claro aun el rol que juega la variacidén antigénica
de superficie en la evasion de la respuesta inmune. No se han identificado los sitios de
expresion ni el repertorio de genes VSG que posee esta especie. En relacion a este
punto, nuestro grupo de trabajo se encuentra abocado a resolver algunos de estas
interrogantes.

Cabe preguntarse ¢porqué consideramos tan importante disecar el sistema de
variacion antigénica, determinar el repertorio de genes VSGs, los mecanismos de
regulacion de la variacion antigénica y los sitios de expresion en T. vivax? éSu rol es el
mismo que se ha caracterizado en T. brucei? La respuesta a estas preguntas es que
todos los analisis filogenéticos indican que T. vivax es un descendiente directo del
ancestro de los tripanosomas africanos, por lo que es muy probable que esta especie
presente la organizacion de la superfamilia de genes VSG en el estado ancestral. Es
l6égico pensar, entonces, que el sistema de variacién antigénica haya comenzado en
estos parasitos. Esta es la razén por la que identificar sus genes VSGs, asi como su
organizacién gendmica, es clave para comprender como surgié esta superfamilia de
genes, y por ende intentar aportar al conocimiento de uno de los mecanismos de
evasion del sistema inmunitario mas sorprendentes de la naturaleza.
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Asimismo seguir la dindmica de expresion en los diferentes picos de parasitemia, asi
como determinar posibles cambios a nivel gendmico en los sitios de expresién, son
preguntas que intentamos resolver con experimentos en curso. Desde el afio 2012
contamos con el modelo murino de la cepa Y486. En este sentido, estamos realizando
experimentos de infeccion en este modelo y aislando parasitos en diferentes
momentos de la infeccidn para intentar comprender los fendmenos y la dindmica de la
variacion antigénica en estos parasitos.

Queremos resaltar la importancia de clarificar los mecanismos de expresién pues
estudios previos en esta especie no han arrojado resultados que validen la existencia
de Sitios de Expresion similares a los observados en T. brucei [119]. Sin embargo
resultados preliminares de secuenciacion gendmica que hemos obtenido
recientemente (aun no publicados) aportan algunas evidencias en el sentido de que
estos sitios efectivamente existen en T. vivax.

Dadas estas incertidumbres, las siguientes preguntas enmarcan los aspectos de mayor
relevancia en los cuales estamos trabajando en la actualidad: éCémo es la expresién
del gen VSG activo en T. vivax? éCdmo se controla? ¢Existe un Sitio de Expresion como
sucede en T. brucei, en el que junto al gen VSG se co-transcriben otros genes (ESAG)
mediante la ARN Polimerasa I?

Para intentar responder estas interrogantes, hemos realizado en nuestro laboratorio,
la secuenciacion del genoma completo de la cepas MT1 y Liem-176 de Trypanosoma
vivax, obteniendo un ensamblaje de alta calidad, el cual esta siendo analizado al
momento de escritura de esta tesis. Los analisis primarios sobre estos datos muestran
resultados muy interesantes relacionados al repertorio de genes VSG, la organizacién
del genoma nuclear y la presencia de regiones que se encuentran especificamente en
el genoma de cepas americanas.

Con relacién a la determinacion de los sitios de trans-splicing para todos los genes
expresados y su comparacion con los datos disponibles publicamente del parasito
relacionado T. brucei es de resaltar que cerca de 600 genes no presentaban secuencias
5’ UTR y que el Spliced-leader se encontraba inmediatamente antes del codén de inicio
de la traduccién. Anadlisis de Ontologia de genes sobre este grupo mostraron un
enriquecimiento de proteinas relacionadas con la traducciéon, indicando un posible
mecanismo de regulacion comun en este grupo de genes.

Respecto a los patrones de expresion, en esta tesis presentamos evidencia de la
existencia de regiones del genoma de T. vivax que contienen CDS pero que no
muestran actividad transcripcional. La completa inactividad transcripcional de dichas
regiones la hemos corroborado reiteradamente con datos de RNAseq provenientes de
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diversas fuentes (manuscrito en preparacion). Esto sugeriria la existencia de regulacién
al inicio de la transcripcidén, lo que representa un punto controversial en los
tripanosomatidos, donde el punto de vista mas aceptado es que se transcribe la
totalidad de sus genes y la regulacién se da nivel post-transcripcional.

Respecto a la segunda parte de esta tesis (Objetivo N22) resaltamos que se logro la
obtenciéon de los genomas del maxicirculo de 2 cepas americanas (Liem-176 y MT1) y
de la cepa africana (Y486, derivada de ganado infectado naturalmente en Nigeria,
proveniente de Africa occidental y filogenéticamente relacionada con las cepas
americanas) de Trypanosoma vivax. Asimismo se logré la secuenciacion e identificacion
del set completo de clases de minicirculos de las cepas americanas. El analisis
comparativo de estos datos, asi como su combinacién con los datos de transcripcion,
generados por nuestro grupo y de bases de datos publicas (SRA), permitié obtener
informacidn relevante respecto a la evolucidn de estos parasitos.

En primer lugar, demostramos la degradacion en su capacidad codificante del genoma
mitocondrial, que han sufrido las cepas americanas de T. vivax desde su introduccién
en el continente. Esta degradacién incluye una gran delecidn (752 bases) y deleciones
puntuales en el genoma mitocondrial, con consecuencias en la expresién de los genes
maxicirculares.

En segundo lugar, mostramos una reduccién en las clases de minicirculos necesarios
para la edicion de los genes mitocondriales, exceptuando los requeridos para el editing
de tres genes (A6-ATP sintasa, la proteina ribosomal S12 —RPS12- y MURF2). Ademas,
mostramos cdmo Unicamente se expresaban y editaban correctamente estos tres
genes, mientras que en la cepa africana (Y486) se expresan y editan correctamente
todos los genes mitocondriales.

Las subespecies de T. brucei, T.b. evansi y T.b. equiperdum, que al igual que las cepas
americanas de T. vivax permanecen Unicamente en su forma sanguinea, sin completar
su ciclo en el insecto, han perdido parte o todo su genoma mitocondrial. En nuestro
caso de estudio, estamos observando una fase intermedia de este proceso evolutivo
(no observado en la naturaleza en los casos antes mencionados). Se ha postulado, que
este proceso evolutivo se asocia con el cambio de ciclo de vida de estos parasitos y el
rol cambiante que juega la mitocondria en este proceso. Dado que contamos con las
secuencias gendmica completas de ambas cepas americanas de T. vivax (MT1 y Liem-
176) planeamos determinar si un proceso similar al observado en el genoma
mitocondrial también ha afectado a los genes nucleares que codifican proteinas
mitocondriales.
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Anexos

Anexo 1. Material suplementario: “Transcriptome analysis of the
bloodstream stage from the parasite Trypanosoma vivax”

A continuacién se presenta el material suplementario del articulo “Transcriptome analysis of
the bloodstream stage from the parasite Trypanosoma vivax”. El mismo se encuentra
disponible para descargar online en la siguiente web:
http://www.biomedcentral.com/1471-2164/14/149/additional
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Tabla Suplementaria 1. Detalles de secuenciaciones

Details of sequence data obtained from 454 FLX and Illumina.

454 FLX lllumina
Number of Reads 187128 37406418
Average Read Length 289 36
Number of Reads after eliminating low
quality | e 34128677
Artificially Repeated Reads 15000 | @ -
Host contamination 445 (0.20%) | 166000 (0.48%)
8385
Reads corresponding to Ribosomal RNA (4.48%) 2035269 (5.95%)
8587
Reads correspoding Maxicircles (4.58%) 778146 (2.28%)
3022
Reads with SL (1.61%) 171239 (0.5%)
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Figura Suplementaria 1. Control de Calidad de datos de secuenciacion

Illumina Coverage Metrics for Top 1000 Expressed Transcripts
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Illumina Coverage Metrics for Middle 1000 Expressed Transcripts

Sample |Note |Per Base ean Covered Covered | 200Base Num. Gap

Mean No. 5'200Base No 3 Cumul.

Cov. v 5' Norm 3 Norm aps Length
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Illumina coverage Metrics for Bottom 1000 Expressed Transcripts

Sample | Note |Per Base Mean Covered Covered | 200Base Num. Gap

Mean No. 5'200Base No 3 Cumul. Gap
Cov. v 5' Norm 3 Norm Length
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454 FLX Coverage Metrics for Top 1000 Expressed Transcripts
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454 FLX Coverage Metrics for Middle 1000 Expressed Transcripts
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454 FLX Coverage Metrics for Bottom 1000 Expressed Transcripts
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Tabla Suplementaria 2. Calidad de Ensamblajes

Calidad de ensamblaje. Las tablas muestran los valores Q (ver texto de manuscrito) obtenidos
con los ensambladores Mira y Newbler.

bestHitsStats mira 454 Newbler

Total of genes 684 % total Q mira 684 % total Q454

Not Found 51 7,5 64 9,4

Coverage
10% 54 7,9 5,4 56 8,2 5,6
20% 135 19,7 27 156 22,8 31,2
30% 97 14,2 29,1 116 17,0 34,8
40% 92 13,5 36,8 89 13,0 35,6
50% 60 8,8 30 50 7,3 25
60% 44 6,4 26,4 34 5,0 20,4
70% 15 2,2 10,5 22 3,2 15,4
80% 15 2,2 12 11 1,6 8,8
90% 22 3,2 19,8 17 2,5 15,3
100% 99 14,5 99 69 10,1 69
Total found 633 25 A o0 06 IEEH
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Tabla suplementaria 3. Cuantificacion de transcriptos (Erange)

Niveles de expresion obtenidos con Erange (se muestran los valores para los primeros 35

genes). La tabla completa se encuentra disponible online.

454 (Blast lllumina (Blast rpkm Erange
gene ID length_kb Read(Coun)t Read cc()unt ) p(Bowtie)g

TvY486_0000010 1,666 0 0 0
TvY486_0000020 1,327 188 40312 66,02
TvY486_0000030 0,804 24 11592 47,23
TvY486_0000040 0,773 0 0 0
TvY486_0000050 1,326 3 478 16,02
TvY486_0000060 1,27 137 24454 7,99
TvY486_0000070 1,293 3 1761 1,67
TvY486_0000080 1,239 4 1328 7,53
TvY486_0000090 1,926 106 6912 20,78
TvY486_0000120 1,476 0 0 0
TvY486_0000130 0,976 9 701 1,85
TvY486_0000140 1,846 5 612 16,4
TvY486_0000150 4,015 4 1635 19,8
TvY486_0000160 0,905 2 226 11,14
TvY486_0000170 1,017 13 3519 52,48
TvY486_0000180 1,397 0 0 0
TvY486_0000190 1,903 96 12527 51,18
TvY486_0000200 1,348 68 11848 17,53
TvY486_0000210 1,83 39 6985 50,65
TvY486_0000220 0,979 0 0 0
TvY486_0000230 0,979 28 3500 8,4
TvY486_0000240 1,684 70 12688 269,34
TvY486_0000250 2,386 119 19363 3,52
TvY486_0000260 1,531 29 8128 22,23
TvY486_0000270 2,226 6 726 10,76
TvY486_0000280 0,823 11 413 13,09
TvY486_0000300 1,251 0 0 0
TvY486_0000310 1,369 0 0 0
TvY486_0000320 1,263 0 62 0
TvY486_0000330 1,518 0 0 0
TvY486_0000350 1,518 0 0 0
TvY486_0000360 1,434 0 0 0
TvY486_0000370 1,44 20 2179 33,88
TvY486_0000380 1,632 35 1610 3
TvY486_0000390 1,074 39 11069 39,04
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Tabla suplementaria 4. Analisis de proteinas especie-especificas

Listado de proteinas especie especificas (n=570, se listan las primeras 35 filas de la tabla).

Contig Name Predicted TMH &Pl Signal P ::2;3::; i Y4ge genome
TvMiraNov_c1477 0 No Yes ves
TvMiraNov_c320 0 No No ves
TvMiraNov_c668 0 No Yes ves
TvMiraNov_c878 0 No No ves
TvMiraNov_c1066 0 No No ves
TvMiraNov_c711 0 No No ves
TvMiraNov_c555 0 No No ves
TvMiraNov_c3860 0 No No ves
TvMiraNov_c438 0 No No ves
TvMiraNov_c5987 0 No No ves
TvMiraNov_c2447 0 No No yes
TvMiraNov_c1210 2 No Yes ves
TvMiraNov_c2889 0 No No ves
TvMiraNov_c5442 0 No No ves
TvMiraNov_c357 2 No Yes ves
TvMiraNov_c6880 0 No No ves
TvMiraNov_c2411 0 No No ves
TvMiraNov_c1353 0 No No ves
TvMiraNov_c2089 0 No No ves
TvMiraNov_c5591 0 No No ves
TvMiraNov_c2031 0 No Yes ves
TvMiraNov_c331 1 No No yes
TvMiraNov_c2058 0 No No ves
TvMiraNov_c1986 0 No No ves
TvMiraNov_c2161 0 No No yes
TvMiraNov_c6618 0 No No ves
TvMiraNov_c2337 0 No No ves
TvMiraNov_c1015 0 No No ves
TvMiraNov_c6670 0 No No ves
TvMiraNov_c1603 0 No No ves
TvMiraNov_c7913 0 No No ves
TvMiraNov_c1057_3 8 Yes No no
TvMiraNov_c1257 1 No No yes
TvMiraNov_c1231_4 6 No No ves

124


http://www.cbs.dtu.dk/services/TMHMM/
http://gpi.unibe.ch/
http://www.cbs.dtu.dk/services/SignalP/

Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

Figura Suplementaria 2. Comparacion secuencia VSG Liem-176 e Y486

Alineamiento de secuencias de gen VSG de cepa americana (Liem-176) y africana (Y486).
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Anexos

Figura Suplementaria 3. Comprobacién expresion gen VSG

Amplificacién por PCR de regiones gendmicas con cebadores especificos para el gen VSG
expresado en la cepa americana Liem-176.

Figure S3
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L VSG Fwd 1
5'TGGCGCTTGCAGCGCTGTGGC
VSGRv 1
5" TGCAGCTAGCATGGCGGCCAC
Neg. C.

4ummm  Second primer set
VSG Fwd 2
S’ATATTGGCGCTTGCAGCGCTG
VSG Rv 2
5'GCGCGAATCCGCCCTATAGC
Neg. C.

4= TyY486_1110220
Positive control

Schemativ location
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m— e

Figure $3. VSG genomic comparison. We used VSG specific primers (two sets) that confirm the presence of this gene in Liem-176
and its absence in Y486 genome (A and B). C. This gel contains a positive control corresponding to the amplification of a common
region for both genomes. D. The box shows a schematical representation of the VSG gene and the localization of primers is

depicted by green and red arrows.
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Tabla suplementaria 5. Analisis de composicion de membrana

rpkm y porcentaje total de secuencias correspondientes al gen VSG y los genes de tubulina de
T. vivaxy T. brucei.

lllumina reads | T. vivax % T. brucei * %
VSG 224379 0.70 510424 5
alpha tubulin | 63766 0.18 26791 0.27
beta tubulin 112740 0.33 19837 0.20

The figures correspond to the number (and percentage) of reads that map in the
corresponding CDS (indicated on the left most column).

* Data from RNAseq of T. brucei (Siegel et al, 2010).
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Figura Suplementaria 4. Frecuencias G+C en genes de alta o baja expresion

Contenido GC3 discriminados para cada aminodcidos en genes alta y minimamente
expresados.

Frequency of G+C ending codons discriminated for each amino acid in highly
and lowly expressed genes in T. vivax

mm Highexpressed genes

Lowest expressed genes

Phe Leu e wal Ser Pro Thr Aa Tyr His Gin Asn Lys Asp G Arg Giy

Fraquency G+C

Aminoacid

Figure 54.
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Tabla suplementaria 6. Genes de alta expresion y baja frecuencia GC3

Grupos de genes con alta expresion (rpkm > promedio, 3SD) y baja frecuencia GC3 en T. brucei
(pimera tabla) y T.vivax (segunda tabla).

Table S6

Gene ID GC3 rpkm Gene Product
Th427.02.5910 0,56291391 282,456 40S ribosomal protein S13, putative
Th427.04.1790 0,57380457 341,212 ribosomal protein L3, putative
Th427.04.4620 0,56329114 101,751 cytochrome oxidase subunit VIII
Tb427.05.2160 0,57777778 311,111 hypothetical protein, conserved
Th427.05.2170 0,55555556 318,691 hypothetical protein, conserved
Tb427.05.2200 0,57037037 319,037 hypothetical protein, conserved
Tb427.05.2230 0,57037037 319,037 hypothetical protein, conserved
Tb427.05.2260 0,57462687 336,469 hypothetical protein, conserved
Th427.06.450 0,4047619 1024,505
Th427.06.480 0,40336134 1072,392
Th427.06.510 0,46086957 1657,188 GPEET2 procyclin precursor
Tb427.06.5120 0,46296296 150,864 60S acidic ribosomal protein P2, putative
Tb427.06.5130 0,46296296 150,864 60S acidic ribosomal protein P2, putative
Th427.06.520 0,40769231 1256,256 EP3-2 procyclin
Th427.07.2980 0,55497382 171,727 hypothetical protein, conserved
Tb427.07.3020 0,55497382 171,727 hypothetical protein, conserved
Tb427.08.5440 0,54794521 104,961 flagellar calcium-binding protein
Tb427.08.5465 0,55045872 108,828 flagellar calcium-binding protein
Th427.08.5470 0,54506438 101,139 flagellar calcium-binding protein
Tbh427.10.10250 0,37209302 1153,948 EP2 procyclin
Tbh427.10.10260 0,35251799 1122,981 EP1 procyclin
Tb427.10.10280 0,41574074 625,309 microtubule-associated protein, putative
Tb427.10.10360 0,53009961 151,285 microtubule-associated protein, putative
Th427.10.10450 0,45355191 301,056 hypothetical protein
Tb427.10.15120 0,56953642 279,21 40S ribosomal protein S13, putative
Tb427.10.3370 0,40869565 393,826 60S acidic ribosomal protein P2, putative
Tb427.10.3380 0,40869565 393,826 60S acidic ribosomal protein P2, putative
Th427.10.7180 0,45510026 501,087 cysteine-rich, acidic integral membrane protein precursor
Tb427.10.8490 0,53396226 157,371 glucose transporter, putative
Th427.10.8500 0,53497164 155,754 glucose transporter, putative
Tb427.10.8510 0,53396226 157,371 glucose transporter, putative
Tb427.10.8520 0,53396226 157,371 glucose transporter, putative
Tb427.10.8530 0,53396226 157,371 glucose transporter
Tb427.10.9080 0,51482059 120,535 pteridine transporter, putative
Th427tmp.01.1680 | 0,57918552 171,603 polyubiquitin, putative
Th427tmp.02.3760 0,4587156 201,131 hypothetical protein, conserved
Th427tmp.02.3770 | 0,46099291 190,372 hypothetical protein, conserved
Th427tmp.160.4200 | 0,57017544 150,994 60S acidic ribosomal protein, putative
Th427tmp.160.4250 0,53 102,216 tryparedoxin peroxidase
Th427tmp.160.4280 0,53 102,216 tryparedoxin peroxidase
Th427tmp.160.4560 | 0,53580247 107,901 arginine kinase
Tb427tmp.160.4570| 0,57412399 110,601 arginine kinase
Tb427tmp.160.4590 | 0,56862745 113,454 arginine kinase
Tb427tmp.211.0120| 0,53968254 172,38 nascent polypeptide associated complex subunit, putative
Tb427tmp.211.0130| 0,53968254 172,38 nascent polypeptide associated complex subunit, putative
Tb427tmp.211.2730| 0,53688525 162,527 Gim5A protein
Tb427tmp.211.2740| 0,54545455 153,085 Gim5B protein
Th427tmp.244.0810| 0,55357143 1169,91 hypothetical protein
Th427tmp.42.0005 | 0,56976744 50,055 histone H1, putative
Th427tmp.42.0007 | 0,57142857 129,523 histone H1, putative
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Table S6 |

TvY486_0401870| 0,594835263| 3818,83 antigenic protein, putative, (fragment)

TvY486_0401980| 0,566666667| 495,37 ribosomal protein L35A, putative

TvY486_0404360| 0,592771084| 255,68 calreticulin, putative

60S ribosomal protein L2, putative, (fragment) 60S ribosomal
TvY486_0500710| 0,575609756| 139,42 protein L8, putative, (fragment)

TvY486_0501280| 0,504587156 292,13 60S acidic ribosomal protein, putative
4-methyl-5(beta-hydroxyethyl)-thiazole monophosphate
TvY486_0601720| 0,515151515| 389,72 synthesis protein, putative

TvY486_0604300| 0,579310345| 185,07 40S ribosomal protein S14

TvY486_0604430| 0,592592593( 337,12 60S acidic ribosomal protein P2, putative
TvY486_0604440| 0,583333333 50,2 60S acidic ribosomal protein P2, putative
TvY486_0700070 0,5625( 326,08 40S ribosomal protein S33, putative

TvY486_0700080| 0,527607362| 265,35 40S ribosomal protein S33, putative

TvY486_0903590| 0,568253968| 282,99 RNA-binding protein, putative

TvY486_0907470| 0,564593301| 245,82 ribosomal protein L15, putative

TvY486_0907480| 0,559633028| 221,27 ribosomal protein L36, putative

TvY486_1001600| 0,559633028( 650,31 ribosomal proteins L36, putative

TvY486_1007165| 0,566037736| 117,28 40S ribosomal protein S24E, putative, (fragment)
TvY486_1007240| 0,586387435| 287,08 succinyl-CoA ligase [GDP-forming] beta-chain, putative
TvY486_1008320| 0,47260274| 651,7 40S ribosomal protein S12, putative

TvY486_1012330| 0,593023256( 329,71 60S ribosomal protein L34, putative

TvY486_1013580| 0,569514238| 51,83 transporter, putative, (fragment)

TvY486_1013590| 0,578787879| 299,83 pyruvate kinase 1, putative, (fragment)

TvY486_1014490| 0,564102564| 234,29 40S ribosomal protein S13, putative

TvY486_1100080| 0,571428571 411,25 DNA-directed RNA polymerase subunit, putative, (fragment)

TvY486_1103320| 0,588785047| 484,42 60S ribosomal protein L44

TvY486_1104380| 0,503448276| 266,08 40S ribosomal protein S12, putative

TvY486_1108430| 0,572413793| 438,34 40S ribosomal protein S14, putative

TvY486_1110340| 0,578431373| 490,38 nascent polypeptide associated complex alpha subunit, putative
Th-291 membrane associated protein, putative, (fragment)
TvY486_1116280| 0,445255474| 260,25 membrane associated protein, putative, (fragment)
TvY486_1116970| 0,532467532 462,11 nucleoside diphosphate kinase, putative

TvY486_1117190| 0,552188552| 306,67 60S ribosomal protein, putative
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Figura Suplementaria 5. Comparacion frecuencias G+C en tripanosomas africanos

Comparacion de frecuencias G + C en la tercer posicidon del codén en genes mds y menos
expresados en T. vivax y T. brucei. La comparacién fue realizada entre genes ortélogos
conservados (arriba) y no conservados (debajo).
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Figura Suplementaria 6. Sitios de trans-splicing en T. vivax

Representacion de secuencia de los sitios 1 a 4 de trans-splicing en T. vivax (TSS: trans-splicing
site).
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Figure S6. Logo representation of trans-splicing sites (-50 nt and +15 nt
relative to splicing site). A. Logo representation of the major site. B. Logo
of the second TSS. C. Logo of the third TSS. D. Logo of the fourth TSS.
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Figura Suplementaria 7. Correccidon de anotacion gendmica basados en trans-splicing
site

Ejemplos de correccidn de anotacién utilizando informacién de sitios de trans-splicing en T.
vivax y T. brucei.

Example 1:
Gene ID Description Reads 1st Splicing Site Reads 2nd Splicing Site
Tb427.08.5810 mitochondrial 67 31 10 34
carrier protein
putative
TvY486_0805310 mitochondrial 12 -23
carrier protein
putative
First alignment:
Tb427.08.5810 MHALVHFGNEGWLVSTCTWMTEEYVHTVVAGTISGAAGVLLEYPLDTIKVRLQMGGGRYT
TcIL3000.0.57240 W ----------mmmmmmm - MAEEYALTAVAGTVSGAAGVLLEYPLDTVKVRLQTLGTRYS
TvY486_0805310 W ---------mmmmoomo- - MVPDVCHTLIAGIVSGVAGTVIEYPLDTLKVRLQTCGGRYS
*. : * :** :**.**.::******:***** * **:
Green: Annotated start methionine
Yellow: proposed start methionine
Tb427.08.5810 AATGTTGCGCAGTGTGCCCACCCGATGCGTCACTTAGCTCCTCTTTTTCTATGCACGCCC
TCIL3000.0.57240 === === TTTTTTC
TVY486_0805310 - -mmm oo mmm o oo oo GACCTTCTTT
Tb427.08.5810 TTGTACATTTTGGAAATGAAGGATIGTTAGTTTCCACCTGCACTTGGATGACTGAGGAGT
TcIL3000.0.57240 TTAAAAGCCCGGCAACTG- - - -GCCCCTAGCTCACTGCACCATAGAAATGGCGGAGGAGT
TvY486_0805310 TTACCCACACACCAAC------ GIAGACGCCCTGCA—CTGTGTTGCAATGGTGCCCGACG
* % k% * * %k 3k * 3%k
Tb427.08.5810 ATGTCCACACGGTTGTAGCGGGTACAATATCTGGCGCGGCTGGTGTATTGCTAGAGTACC
TcIL3000.0.57240 ACGCGCTGACGGCTGTAGCTGGAACGGTATCAGGGGCAGCGGGCGTGTTGCTGGAATATC
TvY486_0805310 TTTGCCATACACTCATTGCGGGCATCGTTTCGGGCGTTGCAGGCACGGTGATTGAGTACC
k k% k k% ckk ok X k¥ kk ok kk  kxk kk ko osksk kk ok
Green: annotated start coddn
Yellow: Proposed start codon
Red: First trans splicing site
Orange: Second trans splicing site
Results after ATG correction:
Gene ID Description Reads 1st Splicing Site | Reads 2nd Splicing
Site
Tb427.08.5810 mitochondrial 67 -26 10 -23
carrier protein
putative
TvY486_0805310 mitochondrial 12 -23
carrier protein
putative
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Alignment after correction:

Tb427.08.5810

mitochondrial carrier protein putative

Tb --GAAATGAAGIATGGTTAGTTTCCACCTGCACTTGGATG 38
Tv CACACACCAACG-IAGACGCCCTGCAC-TGTGTTGCAATG 38
* ok k% k% k * kkk Kk * *kk
Green: annotated start coddn
Red: First trans splicing site
Orange: Second trans splicing site
Example 2:
Gene ID Description Reads | 1" Splicing | Reads 2™ Reads/3" | Reads/4™
Site Splicing Splicing Splicing
Site Site Site
Tb427.08.5800 Hypothetical 47 -32 32 -2 5/1 6/-29
protein
conserved
TvY486_0805300 Hypothetical 5 9 -- -- -- --
protein
conserved

First Alignment:

Tb427.08.5800

Green:
Yellow: T.

TcIL3000.0.57230
TvY486_0805300

Annotated
vivax

————— MKHKDARGGS - TPYFAITNNKTGEVLLEVAGPLPPTAASPP---PVEEECCGLFN

————— MKHKDGRGQTPPPLFSITNQKTGEVLLEIT-SVPPNNAPLP---PVEEECCGQFN

MPSREMSKNEQNAEQLTPYFAITNQQTGAVLLEITSFGKEFAASTLDEMVVEEECRGLFK
* Rkkokok ok ke

start methionine
proposed start methionine

kR eokksk.

sk kokkok .

Tb427.08.5800

TcIL3000.0.57230
TvY486_0805300

----ATGAAACACAAAGATGCTCGCGGTGGTTCGACAC-CGTAC---TTT
-- - -ATGAAGCACAAAGATGGACGGGGCCAGACGCCAC-CGCCGCTGTTT
ATGCCTTCTAGAGAAATGAGTAAAAATGAGCAAAATGCGGAACAGCTCACCCCGTACTTT

* * Xk kkk * k * L kkk
Green: Annotated start codon
Yellow: T. vivax proposed start codon
Results after ATG correction:
Gene ID Description Reads 1% Splicing Reads 2™ Reads/3™ | Reads/4™
Site Splicing Splicing Splicing
Site Site Site
Tb427.08.5800 Hypothetical 47 -32 32 -2 5/1 6/-29
protein
conserved
TvY486_0805300 Hypothetical 5 -6 -- -- -- --
protein
conserved
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Alignment after correction:

Tb427.08.5800
TcIL3000.0.57230
TvY486_0805300

Tb427.08.5800
TcIL3000.0.57230
TvY486_0805300

--------------- TCTCCCCTAAACCACCAGICGITGIIIIIIIIIGIIIIIGCGGTG
--------------- TAAAATTTTGTCGTCCCACCACGATATCTTTTTCTTTGAGTTGCG

CCCCTCCCACCCCCATTTTCAATTATCTTTTTCTTCTTCTTCTGTTTTTTATGCCTTCTI
* * * * sokckk ok ok

TAGTAATGAAACACAAAGATGCTCGCGGTGGTTCGACAC-CGTAC---TTTGCCATAACG
TAGCAATGAAGCACAAAGATGGACGGGGCCAGACGCCAC-CGCCGCTGTTTTCTATAACC
GAGAAATGA-GTAAAAATGAGCAAAATGCGGAACAGCTCACCCCGTACTTTGCAATAACG

kk o kokokokk k ckokok * * * * ko ok kkk ko ckokokkk

Green: annotated start coddn

Yellow: T. vivax proposed start codon
Red: First trans-splicing site
Orange: Second trans-splicing site
Gray: Third trans-splicing site

Blue: Fourth trans-splicing site

Example 3
Gene ID Description Reads 1% Splicing Reads 2™ Reads/3™ | Reads/4™
Site Splicing Splicing Splicing
Site Site Site
Tb427.08.6180 60S ribosomal 3445 -20 414 -16 6/19 5/14
protein L26
putative
TvY486_0805782 60S ribosomal 296 -20 24 -11 -- --
protein L26
putative

Tb427.08.6180
TcIL3000.8.6030
TvY486_0805780

MVGIKCRNRRKARRAHFQAPSHVRRILMSAPLSKELRAKYNVRSMPVRKDDEVRVKRGKF
MVGIKCRNRRKARRAHFQAPSHIRRILMSAPLSKELRAKYNVRSMPVRKDDEVRVKRGNF
MPSIKCRNRRKARRAHFQAPSHVRRILMSAPLSKELRAKYNVRSLPVRKDDEVRVKRGAF

ko kokokokokok ok skokokokok kR Rk skokok + skokokokokokskokokok sk kokok ok skokokokok o ok kskokokokokok Rk kR ok

Green: Annotated methionine start
Yellow: proposed methionine start

Tb427.08.6180
TcIL3000.8.6030
TvY486_0805780

Tb427.08.6180
TcIL3000.8.6030
TvY486_0805780

——CTGGCAATCGGTATTATCATCT—TCCTTTAGIGCCGCACAATCAACCATATATGGTCG
-AATATACACATACACACATATATGTTCAAAAGCTTAACACAATCATCAAC--ATGGTTG

TTTTGGTTGGTTGTTTGCTTGTTTGCTCCAT IGCGCATAAGTGTCCACA--ATGCCAA
* * % * *ok ok ®k ok * % *okok

GCATTAA.TGTAIGAACCGCCGAAAGGCCCGTCGCGCACACTTCCAAGCGCCCAGTCATG
GCATCAAGTGCAGGAACCGCCGAAAGGCCCGCCGCGCCCACTTCCAGGCGCCCAGCCACA

GCATAAAGTGTAGGAACCGTCGCAAGGCGCGTCGTGCACACTTTCAGGCCCCGAGTCATG
Fokokk RRokkK RokkkARkK Kk KKKk Kk Kk Kk kkkkk kK Rk Kk Kk kK

Green: Annotated start Codon

Red: First trans-splicing site

Orange: Second trans-splicing site
Blue: Third and fourth trans-splicing site.
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Example 4:

Gene ID Description Reads Splicing Site
Tb427.03.4810 hypothetical protein conserved 41 35
TvY486_0304140 | hypothetical protein conserved 4 -8

First alignment:

Tb427.03.4810 MSFSHFVPPISRRRMFFEDQLDEALSREGSPRLSTSNTVGGADLVSAGAANDETFPFPSH

TcIL3000.0.42620 -------------- MFFEEHLDEALSREGSPVIGSGHAANSVN-ISVGGVVDNAFLLASR

TvY486_0304140 -------------- MFFEEHLDEPLSREDSPNLVAG- - -NGADNVSNGAP- - --FLFAAR
dokkok s okokok kokkk Kk . . Lk ok *

Green: Annotated methionine start
Yellow: T. brucei proposed methionine start

Tb427.03.4810 CAAGAATGTCATTTTCCCATTTTGTACCTCCAATTTCTA----GIAGACGTATGTTTTTTG
TcIL3000.0.42620 TTATTCCTTAATGCTGCCCTTTCATAAGTGTAGCCTCGA- - --AAAGGTGCATGTTTTTTG
TvY486_0304140 ACAACCGTCAATTACATCCCTTTAAATCCCTTGCTGTGACATTIGGGAGGAATGTTTTTTG

* * % * ok * * ok skskokskokokkokokok

Green: Annotated start Codon
Red: Trans-splicing site
Yellow: T. brucei proposed start codon

Results after ATG correction:

Gene ID Description Reads Splicing Site
Tb427.03.4810 hypothetical protein conserved 41 -7
TvY486_0304140 | hypothetical protein conserved 4 -8

Alignment after correction:

Tb --TCCAATTTCTAGEAGACGTATG

Tv GCTGTGACATT IGG-GAGGAATG
* * * % %k 3k k k  kkk

Red: Trans-splicing site

Green: Start Codon
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Tabla Suplementaria 7. Comparacién TSS en genes ortologos

Sitios de trans-splicing en genes ortdlogos entre T. vivax y T.brucei (primeros 35 genes).

n'SL Gene ID
3 TVY486_0905260
3 TVY486_0907460
3 TVY486_1005370
3 TVY486_0601590
3 TVY486_1107730
3 TVY486_0604330
2 TVY486_0604440
2 TVY486_1103320
2 TVY486_0300750
2 TVY486_0301950
2 TVY486_0805540
2 TVY486_1004150
2 TVY486_1005810
2 TVY486_1109400
2 TVY486_0304410
2 TVY486_1001040
2 TVY486_1003350
2 TVY486_1008280
2 TVY486_0602900
2 TVY486_1114810
2 TVY486_1116710
2 TVY486_0805470
2 TVY486_1005090
2 TVY486_0805750
2 TVY486_0907580
2 TVY486_1008420
2 TVY486_0402830
2 TVY486_0503740
2 TVY486_0805780
2 TVY486_0807660
2 TVY486_1000500
2 TVY486_1006440
2 TvY486_0806380
2 TVY486_1008320
2 TVY486_0102140
2 TVY486_0904200
2 TVY486_1004060
2 TVY486_1006330
2 TVY486_1100870
2 TVY486_1004640
2 TVY486_1103730
2 TWY486_1112230
2 TVY486_1008040
2 TVY486_1008140
2 TW486_1111790
2 TW486_1114710
2 TVY486_0904730
2 TVY486_1006610
2 TVY486_1009970
2 Tvr486_1112850
2 TVY486_0601740

Table S7
Product reads pos reads pos reads pos
60S ribosomal protein L23 putative 4 6 9 -13 109 -18
60S ribosomal protein L5 putative 2 -8 106 -15 36 -19
40S ribosomal protein S18 putative 3 -10 21 -13 175 -19
40S ribosomal protein S30 putative 12 -1 107 -19 189 -27
hypothetical protein conserved 3 -13 11 -22 61 -26
hypothetical protein conserved 2 -16 5 -22 60 -32
60S acidic ribosomal protein P2 putative 2 3 30 -20
60S ribosomal protein L44 15 -3 300 -8
ribosomal protein S25 putative 19 -5 209 -34
hypothetical protein conserved 2 5 2 -10
60S ribosomal protein L12 putative 0 -5 226 -17
60S ribosomal protein L30 putative 6 -6 11 -23
hypothetical protein conserved 4 -6 2 10
DNA-dependent RNA polymerases putative 3 -6 2 -12
60S ribosomal protein L4 putative 315 7 15 34

7 85 -15
-7 49 -24
-7 19 -17
-8 3 -13
-8 2 -32
-8 146 -14

40S ribosomal protein S23 putative

60S acidic ribosomal protein P2 putative
legume-like lectin putative

hypothetical protein conserved
LSM4psmall nucleolar ribonucleoprotein-lik
ribosomal protein L27 putative

WA WANON O WN NN
)

protein kinase putative fragment 2 9
ubiquitinribosomal protein S27a putative -9 45 -12
40S ribosomal protein S8 putative -10 230 -13
40S ribosomal protein S6 putative -10 154 -24
hypothetical protein conserved -10 2 -14
chaperone protein DNA| putative -11 2 -14
NUDIX hydrolase putative 10 -11 2 22
60S ribosomal protein L26 putative 24 -11 296 -20
amino acid transporter putative 3 12 4 22
ribosomal protein S17 putative 34 -12 19 -15
hypothetical protein conserved 3 -13 7 -21
IgE-dependent histamine-releasing factor p 2 -15 12 -24
40S ribosomal protein S12 putative 37 -15 306 -26

-16 2 -23
-16 4 -25

16 3 -21
-16 23 -22
-17 8 -26
-18 5 -31

serine peptidase putativeserine peptidase ¢ 2
hypothetical protein conserved 2
hypothetical protein conserved 2
60S ribosomal proteins L37 putative 2
hypothetical protein conserved 3
peptidyl-prolyl cis-trans isomerase putative 2
40S ribosomal protein S4 putative 5 -18 48 -25
40S ribosomal protein L14 putative 2 -18 141 -27
hypothetical protein conserved 2 -20 10 -23
eukaryotic translation initiation factor 3 suk 3 -20 10 -24
hypothetical protein conserved 2 -20 3 -33
hypothetical protein conserved 3 -21 4 -18
hypothetical protein conserved 2 22 10 -27
COP-coated vesicle membrane protein ez 3 -23 19 -31
hypothetical protein conserved 3 -23 5 -26
40S ribosomal protein S17 putative 9 -23 110 -28
hypothetical protein conserved fragment 5

n SL Gene ID
5 Th427tmp.211.2630
3 Th427tmp.244.2730
2 Th427.10.5340
2 Th427.06.2110
3 Th427tmp.02.5150
2 Th427.06.5010
3 Th427.06.5130
3 Th427.02.6090
2 Tb427.03.1370
3 Th427.03.2660
3 Th427.08.6030
4 Tb427.10.4120
1 Th427.10.5870
1 Th427tmp.01.0625
4 Tb427.03.5050
2 Th427.10.1090
4 Tb427.10.3370
3 Th427.10.8400
1 Th427.06.3420
3 Th427tmp.01.5535
4 Tb427tmp.01.7535
2 Th427.08.5950
3 Th427.10.5030
5 Th427.08.6150
3 Th427.10.190
2 Tb427.10.8640
2 Th427.04.2970
2 Th427.05.4350
4 Tb427.08.6180
2 Th427.08.8260
3 Th427.01.3180
2 Tb427.10.6480
1 Th427.08.6760
5 Th427.10.8430
1 Th427.01.4780
1 Th427tmp.211.1280
1 Th427.10.4030
2 Tb427.10.6370
2 Th427tmp.03.0115
1 Th427.10.4620
4 Tb427tmp.02.1085
3 Th427tmp.01.3020
1 Th427.10.8160
2 Th427.10.8290
1 Th427tmp.01.2630
2 Th427tmp.01.5440
1 Th427tmp.211.1890
3 Th427.10.6640
2 Tb427.10.10080
7 Tb427tmp.01.3676
5 Th427.06.2220

Product

60S ribosomal protein L23 putative

60S ribosomal protein L5 putative

40S ribosomal protein S18 putative

40S ribosomal protein S30 putative
hypothetical protein conserved
hypothetical protein conserved

60S acidic ribosomal protein P2 putative
60S ribosomal protein L44

40S ribosomal protein S25 putative
hypothetical protein consened

60S ribosomal protein L12 putative

60S ribosomal protein L30

hypothetical protein conserved
DNA-dependent RNA polymerases putati
60S ribosomal protein L4

40S ribosomal protein S23 putative

60S acidic ribosomal protein P2 putative
legume-like lectin putative

hypothetical protein conserved

U6 snRNA-associated Sm-like protein LS
60S ribosomal protein L27 putative
protein kinase putative
ubiquitinribosomal protein S27a putative
40S ribosomal protein S8 putative

40S ribosomal protein S6 putative
hypothetical protein conserved
chaperone protein DNA] putative

NUDIX hydrolase putative

60S ribosomal protein L26 putative
amino acid transporter putative

40S ribosomal protein S11 putative
hypothetical protein conserved
IgE-dependent histamine-releasing factor
40S ribosomal protein S12 putative
serine peptidase putative

hypothetical protein consened
hypothetical protein

60S ribosomal proteins L37 putative
hypothetical protein conserved
peptidyl-prolyl cis-trans isomerase putati
40S ribosomal protein S4 putative

40S ribosomal protein L14 putative
hypothetical protein conserved
eukaryotic translation initiation factor 3 st
hypothetical protein conserved
hypothetical protein conserved
hypothetical protein conserved
COP-coated vesicle membrane protein er
hypothetical protein conserved

40S ribosomal protein S17 putative
hypothetical protein conserved
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reads
17
24
621
5

8
15
10
16
28
16
10
7
121
6
12
15
34
21
51
154
160
15
291
353
13
11
16
8

5
36
10
9
25
15
6
91
59
6
10
379
5
10
31
13
32
51
19
25
23
6

5

pos reads pos reads
-1 118 -5 9
-12 557 -15 3109
-8 4745 -12
-9 1749 -18
1 55 -4 276
-28 175 -32

-10 357 -14 2843
-14 131 -19 1040
-15 261 -34

-3 17 -15 20

12 266 -15 1568
9 14 -6 5609
5

-34

4 106 -7 632
6 3117 -31

-1 157 5 633
2 151 -3 307

-7
0 14 3 8
-2 9 6 6852
-31 120 -35

-1 2564 -5 6

-1 3179 5 67
-6 221 -10 1435
-17 80 -21

-5 167 -8

-9 73 -23

14 414 -16 6
-27 183 -31

-21 365 -25 3492
-20 48 -24

-22

-8 116 -12 523
-35

-17

-26

-12 3427 27

-18 114 21

-14

8 8 -15 13
-16 188 -20 1574
-22

22 647 -31

-34

-25 386 -29

-18

-6 230 -19 137
-11 254 -15

-2 79 5 9

-11 38 -14 41

-25

-15

-19

-22

reads pos reads pos

514 -11

25 -23

5471 -29

5972 -19

10 -18

574 -15

3445 -20

4855 -23

7 -1
6 21

4985

2509

24

316
391

-15

-20

-29

-14
-23
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Anexo 2. Material suplementario de “Kinetoplast adaptations in
American strains from Trypanosoma vivax”.

A continuacidn se presenta el material suplementario del articulo “Kinetoplast adaptations in
American strains from Trypanosoma vivax”.

Archivo suplementario 1. Detalle de ensamblado de genomas mitocondriales

Detalles sobre la secuenciacion y el ensamblado de los genomas mitocondriales de T. vivax.

Maxicircle sequencing and assembly

The maxicircle from MT1 strain was sequenced (together with the nuclear genome) using
Illumina GAllx sequencer. 26 million of 2x100 bp reads were obtained which were quality
filtered. Assembling was conducted together with the whole genome using Abyss assembler
(K-mer size equal to 50). Contigs belonging to the maxicircle were identified by comparing with
T. brucei using blastn. In this way two large contigs were found having long HSPs with T. brucei
maxicircle. The alignment of these two initial contigs to T. brucei maxicircle is schematized in
figure FS1 (a). Using T. brucei as a reference to infer gene ordering is fully justified by the fact
synteny is conserved among T. cruzi, T. brucei and L. tarentolae (Westnberger et al, BMC
Genomics, 7:60, 2006)

One of the two contigs (contig A) has a length of 3.3 kb and includes the two mitochondrial
rRNA 12s and 9S and a 1.5 Kb region (located 5’ to the rRNA genes) containing T. vivax species
specific sequences. Three different types of such sequences are located in this region: one of
them of about 1 Kb (represented by green box in FS1) and two clusters of tandem repeats
composed of different types of repetitive sequences (represented by orange and blue
rectangles in FS1). One of them, located close to the rRNA genes (blue rectangle), is composed
by a repeating unit of 105 bp in length, the other one contains 24 nt repeat units (orange
rectangle). These tandem arrays were collapsed in the assembly, and their repetitive nature
was evidenced by back-mapping the reads on this contig (repetitive regions appear as
segments of increased depth).

The second contig (B) had a length of 13.1 kb and contains 18 protein coding genes. This long
contig has a 470 bp deletion that is expected to involve the 3’ of ND7 and 5’ from COIIl. The
existence of this deletion was confirmed by PCR (explained in box a, green box).

This initial assembly implied that two maxicircle segments were missing, a gap between the

two contigs on one side (3’ from contig A, and 5’ from contig B) and a relatively large region
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that joins these two contigs on the other side. Namely, that spanning between the leftmost
extreme from contig A (orange and black segments of contig A) and the region next to the last
protein coding gene (ND5) on the other side of contig B. In other trypanosomatid species this
region has between 5 and 10 kb and contains species specific repetitive sequences. In order to
sequence the two missing segments the following strategy was adopted. For the first (smaller)
segment, two sets of primers were designed (only one set of such primers is represented by
green arrowheads in figure F1S). The resulting amplicons, which exhibited the expected size
according to the gap presented in figure F1S, were cloned and sequenced by Sanger
technology (explained in box a, green box).

The second missing segment was amplified using primers schematized in figure FS1 by black
arrowheads that yielded a 5.2 KB amplicon (represented by dashed and details of amplification
in box d, black box). This was sequenced from each end using Sanger technology sequencing. It
was possible to obtain a 2kb and a 1 kb sequence from each side. This DNA segment is
composed by a different type of repeat unit that has 175 bp in length. Apart from the 3 kb
sequenced by Sanger method, we could confirm that the whole 5.2 segment is composed only
by this type of repeating unit. This was done using two different methods apart from Sanger
just mentioned. For the first method we performed PCR using one primer that matches inside
the repeat zone and a second primer that hybridize outside the repeat cluster. As it can be
observed in FS1_B, the amplification products produce a ladder whose band sizes differ in 175
nt. The second approach was to construct an Illumina library using only this 5.2 Kb segment as
starting material. This library was sequenced, and 20 thousand 2x150 bp reads were obtained.

These reads are composed exclusively by the 175 nt repetitive sequence.

The sequencing of the maxircle from strain Liem176 was performed by combining DNA
sequencing data and long RNAseq contigs obtained using 454 technology.

In this case sequencing of DNA was carried out with an Illumina Miseq sequencer. 5 millions of
2x150 bp reads were obtained that corresponds to both nuclear and mitochondrial genomes.
By mapping the resulting reads on the MT1 makxircle, it was possible to observe that coverage
was not homogenous, and some parts did not present any mapping reads. This anticipated
that the assembly of this genome was going to be fragmented. This was effectively the case,
and the maxicircle genome was obtained in 12 different contigs. The scaffolding of these
contigs was done using the aid of the previously assembled genome (that of MT1) and long

RNAseq contigs (retrieved from http://bioinformatica.fcien.edu.uy/Tvivax) obtained using 454

sequencing technology. Many of these contigs (listed in table TS1) are quite long and very
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likely correspond to polycistronic transcription units before they are processed to become
mature mRNA (i.e pre-edited and lacking any other modifications). This latter assumption is
further supported by the fact that they map precisely on to the MT1 maxicircle genome.

By combining these two sources of data it was possible to assemble a 15.3 kb containing the
12S and 9S rRNA genes and the 18 protein coding genes.

For the case of the Y486 strain the strategy was completely different since its nuclear genome
was obtained before using Sanger sequencing technology and is publicly available. Although
the mitochondrial genome was not determined, we suspected that the reads corresponding to
maxicircle were present in the raw sequencing data. We therefore mapped raw Sanger reads
(downloaded from GeneDB) on to the MT1, Liem176 as well as T. brucei maxircles. 2816 reads
were identified as of maxicircle origin. These reads were assembled using Mira yielding a single
20 kb contig that encompasses the whole maxicirle genome including not only the coding and
conserved segment but also the other part of the maxicircle containing species specific and
repeats. A schematic alignment of the tree genomes is presented in figure 1.

The final versions of assembled maxicircle genomes were deposited in Genbank under the
accession numbers: KM386508 (Tvivax_MT1_makxicircle) and KM386509

(Tvivax_Liem_maxicircle).

Table TS1. RNAseq derived contigs (454 sequencing) download from
http://bioinformatica.fcien.edu.uy. These contigs represent pre-edited ,mulicistronic ARNs

NAME LENGTH
TvMiraNov_c3402 904
TvMiraNov_rep_c5265 718
TvMiraNov_c1118 1635
TvMiraNov_c37 1394
TvMiraNov_c2353 774
TvMiraNov_rep_c5287 1040
TvMiraNov_c457 2929
TvMiraNov_rep_c5279 1448
TvMiraNov_c553 2007
TvMiraNov_rep_c5667 634
TvMiraNov_rep_c5373 887

All minicircles classes were deposited in Genbank and their corresponding accession numbers:
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Minicircle Acc. Num Minicircle Acc. Num Minicircle Acc. Num
Tvminicl KM386454 Tvminic25 KM386478 Tvminic49 KM386502
Tvminic2 KM386455 Tvminic26 KM386479 Tvminic50 KM386503
Tvminic3 KM386456 Tvminic27 KM386480 Tvminic51 KM386504
Tvminic4 KM386457 Tvminic28 KM386481 Tvminic52 KM386505
Tvminic5 KM386458 Tvminic29 KM386482 Tvminic53 KM386506
Tvminic6 KM386459 Tvminic30 KM386483 Tvminic54 KM386507
Tvminic7 KM386460 Tvminic31 KM386484

Tvminic8 KM386461 Tvminic32 KM386485

Tvminic9 KM386462 Tvminic33 KM386486

Tvminic10 KM386463 Tvminic34 KM386487

Tvminicll KM386464 Tvminic35 KM386488

Tvminic12 KM386465 Tvminic36 KM386489

Tvminicl3 KM386466 Tvminic37 KM386490

Tvminicl4 KM386467 Tvminic38 KM386491

Tvminicl5 KM386468 Tvminic39 KM386492

Tvminicl6 KM386469 Tvminic40 KM386493

Tvminicl?7 KM386470 Tvminic4l KM386494

Tvminicl8 KM386471 Tvminic42 KM386495

Tvminicl9 KM386472 Tvminic43 KM386496

Tvminic20 KM386473 Tvminic44 KM386497

Tvminic21 KM386474 Tvminic45 KM386498

Tvminic22 KM386475 Tvminic46 KM386499

Tvminic23 KM386476 Tvminic47 KM386500

Tvminic24 KM386477 Tvminic48 KM386501
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List of primers and PCR conditions were used to final maxicircle assembly and minicircle confirmation are summarized in the next tables:

Primers Table,PCR conditions and Sanger sequencing

Maxicircle Final Assembly:

Primer name

Sequence (5°-3")

Coordinates
(respect to final assembly)

Comment

PCR conditions

Enzyme used

ContigB_F AAGGTATTGTTGCCCACC 5190-5207 94°C, 5
Close gap between ContigA-ContigB |37 cycles: 94°C,30"'-50°C,30''{1  Taq Thermo Scientific (USA)
ContigA_R CTAAACCCCCCCGCTCTTGCTC 5565-5544 72°C,30'; 72°C 20'
ContigB_F_deletion GAGTGATTGAGTGGGAAAG 6403-6421 ) . . 94°C, 5
Confirm deletion respect T. brucei . o " .
maxicircle 37 cycles: 94°C,30"'-50°C,30"'{ Taq Thermo Scientific (USA)
ContigB_R_deletion AACTCCTCCCTCTCTGC 6690-6674 72°C,30'; 72°C 20'
ContigB_F_LR AATAGATTTTTTAGTGGTAAG 18260-18280 _— . 94°C, 5';
Amplification and sequencing of long o o Ay
repeated region (5.2 Kb product) 37 cycles: 94°C,30''-52°C,30'"' LongAmp®. NEB (USA)
ContigA_R_LR GAATTTTTTTTGGCGTTTC 853-835 P glont>.28op 65°C,10'; 65°C 60'
95°C, 2;

i TTTT - ' FailSafe DNA pol .
ContigA_F_DeepZone [TGCTCCACCCACCATTAA ATC 1467-1484 Amplification of 105 bp repeated zone| 30 cycles: 95°C,30"'-50°C, 30" ai aEZicentrzo(l\J/;rsrase
ContigA_R GACAAACGCATTTAAACGC 4090-4076 72°C,2'; 72°C 20

Amplification to confirme 175 bp 94°C, 5';
Rev_175RepeatZone TTATTT GGGAATTT in 175 bp repeated zone repeat zone (using ContigB_F_LRas |38cycles: 94°C,30"-51°C,30"- Tag Thermo Scientific (USA)
forward primer) 72°C,60"; 72°C 10'
ContigA_R_2_LR AAAATTAATGGTGGGAGCA 1481-1463 Sequencing Primers to Unknown zone Not correspond Not correspond
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Figura Suplementaria 1. Ensamblaje final de maxicirculo de MT1

A. Detalle del ensamblaje final del maxicirculo de la cepa MT1 de T. vivax.

FS 1A T. Vivax MT1 maxicircle genome Back
mapping.

Lo _--w‘ ._ = -
anrs2
T. brucei maxicircle 125 % Nou W7 com o A6 24 con muan o NO4 mS1E wbs
genome (GenBank: M94286.1) ——— =__ — -
NOY MURFS . _,—' MURFL NDL ol o3
__:,’e ContigA 5, < 9 é ContigB > el .
S ey . o
- b " " _ a.
- ‘14?.9 bp Deletion in T. vivax MT1
Short Repeat (24 nt) n first ; Nt . U .
15 copies assembly/ RS f;A%% 752 bp deletion in T. vivax (MT1 Gy "9,;4’
; i Y e, (PCR Confirmation) “
/ 1040 bp (Y486)
915 bp (T. brucei) d.
e 283bpMTI
5.2Kb
b. 368 bp Fragment

—— Gap closure

175 bp repeat zone

Gap closure with Sanger sequencing
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2535 bp
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B. Detalle del ensamblaje final del maxicirculo de la cepa MT1 de T. vivax.

FS1_B

Species specific non-repetitive
segment

ND5 /

=~
N e
“\« bbé F\\\\
RN
'\“\ '\‘5‘0 \ \"-,
Expected size ContigB_F_LR 5’ AATAGATTTTTTAGTGGTAAG 3’
784 bp 175bpRepeat Rv 5’ TTATTTTTTTGGGAATTTGG 3’
R\ 1000 bp
609 bp <} _ 750 bp
434bp <1 M— 500 bp
259 bp < w—" 250 bp
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Archivo suplementario 2. Identificacion de ARNm editado.

Identificacion de ARNm editado. Busqueda de la presencia de cada ARNm en las cepas
americanas y africanas de T. vivax.

The identification of edited mRNA sequences was conducted for all mRNA maxicircle genes. To
this end the complete transcriptome was assembled. The resulting contigs were virtually
translated and compared with the amino acid sequences of maxicircle encoded proteins from
Trypanosoma brucei (using blastp). The rationale of this approach is that while maxicircle DNA
sequences are not necessarily well conserved among trypanosomatids (even inside the coding
part of mitochondrial genes), there is pronounced amino acid conservation for the proteins
encoded by these genes as revealed by previous studies.

Assembling of RNA sequences from Y486 was conducted with spades using bloodstream
RNAseq reads (2x150 paired end reads) produced in our laboratory as explained in Material
and Methods. Epimastigote and metacyclic epimastigote derived reads (2x100 paired end
reads) were used to check the expression of maxicircle genes in these life cycle stages. These
latter reads were downloaded from the NCBI Sequence Read Archive (SRA) public database
(http://www.ncbi.nlm.nih.gov/sra) (SRA accession numbers ERX211384-ERX211392).

Assembled maxicircle RNA contigs (edited mRNAs) were deposited in GenBank under the
following accession numbers:

Gene Name GenBank Acc.
Num.
ND8_T.vivax KM386442
ND9_T.vivax KM386443
ND7_T.vivax KM386444
COIlll_T.vivax KM386445
Cyb_T.vivax KM386446
A6_T.vivax KM386447
CR3_T.vivax KM386448
COIl_T.vivax KM386449
MURF2_T.vivax KM386450
CR4_T.vivax KM386451
ND3_T.vivax KM386452
RPS12_ T.vivax KM386453
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Edited mRNAs. Alignments between genomic and edited RNAs for all maxicircle genes that
undergo editing.

ND8

>T.vivax (Y486) ND8 mRNA (edited)

ATGTTTTTTTTTGATTTTTTGTTTTTTTTTTTTGTTTGTTTTTATATGTGTTTTGTTTGTTGTGTTACCATTTGTTTACCCATTGAATTAACATTT
TGTAGTTTGTTGACCCGTGGTAACCATTTTTTGCGTTTTTATTGATGTGGTTTAGAACGTTGTATTGCTTGTCGTTTATGTGATTTGATTTGTCCC
AGTTTAGCATTAGATGTTCGTGTTGGGTGGAGTTTTGGTGGTCATCGTTTTGCAGATTGATTTACATTGAGTTACCGACGTTGTATTTATTGTGGT
TTTTGTATGCATGTTTGTCCAACAGATGCCATTACACATTCATTGTTTGTTATGTGTTTTTGTTGTTTAGCCATGTATTTATTGGCGCCCAAGTTT
TTGTTATTTGGTTGTTGTTTTATGTTGTTTGATTTTTATTTGTGTTTTGTGTAGTT

>ND8_edited Translated
MFFFDFLFFFFVCFYMCFVCCVTICLPIELTFCSLLTRGNHFLRFYWCGLERCIACRLCDLICPSLALDVRVGWSFGGHRFADWFTLSYRRCIYCG
FCMHVCPTDAITHSLFVMCFCCLAMYLLAPKFLLFGCCFMLFDFYLCFV*

Confirmation by aligning with T. brucei

ND8_brucei MFFFDFLFFFFVCFYMCFVCCVTICLPIELTIVSLLVRGNHFLRFYWCGLERCIACRLCD 60
ND8_edited(Trans) MFFFDFLFFFFVCFYMCFVCCVTICLPIELTFCSLLTRGNHFLRFYWCGLERCIACRLCD 60

okookok sk ok ok ok okokokok sk ko skokokokokosk kok ok kokokoskokok ok o kokok | skokskokokokok sk ok ok ok skokokok sk ok ok ok kok ok ok

ND8_brucei LICPSLALDVRVGWSFGGHRFADWFTLSYRRCIYCGFCMHVCPTDAITHSLFVMCFCCLA 120

ND8_edited(Trans) LICPSLALDVRVGWSFGGHRFADWFTLSYRRCIYCGFCMHVCPTDAITHSLFVMCFCCLA 120
ek ook KKK KK oK oK oK oK oK oK oK ok o ok o K K K KK K oK ok ok oK oK ok o ok o o K K K K KoK KoK ok sk ok ok ok ok ok o K K K K

ND8_brucei MYLLAPKFLLFGCCFMLFDFYLCFV 145

ND8_edited(Trans) MYLLAPKFLLFGCCFMLFDFYLCFV 145
KKK KKK R KKK KKK KR K KKK K

Alignment: Genomic vs Edited (MRNA) sequences

ND8_genomic  A-G--------- GA------ G----mmmmmme- G---G----- A-A-G-G----G---G-
ND8_edited AuGuuuuuuuuuGAuuuUUUGUUUUUUUUUUUUGUUUGUUUUUAUAUGUGUUUUGUUUGU

ND8_genomic  -G-G--ACCATT-G---ATTTTCCCA--GAA--AACA----G-AG---G--GATCCCG-G
ND8_edited UGUGUUACCATTUGUUUA- - - -CCCAuUGAAUUAACAUUUUGUAGUUUGUUGA-CCCGUG

ND8 genomic  G-AATTTCTCTTTA------ GCG----- ATTTGA-G-GG---AGAACGT-G-A--GC--G
ND8_edited GUAA- - -C-C- - -AuuuuuuGCGUUUUUATT - GAUGUGGUUUAGAACGTUGUAUUGCUUG

ND8 genomic -CG---A-G-GA---GA---G-CTTTTTCCAG- --AGCA--AGA-G--CG-G--GGG-GG
ND8_edited uCGuUUAUGUGAUUUGAUUUGUC- - - - - CCAGUUUAGCAUUAGAUGUUCGUGUUGGGUGG

ND8 genomic TTTAG----GG-GG-CA-CG----GCATTGA--GTTA---ACA--GAG--ATTTCCGTTT
ND8_edited - - -AGUUUUGGUGGUCAUCGUUUUGCA- -GauuG- -AuuuACAUUGAGUUA- - -CCG- - -

ND8 genomic ACTTTTG--G-A---A--G-GG-----G-A-GCA-G---G-CCAACAGA-GTTTCCTTTT
ND8_edited  AC----GuuGUAUUUAUUGUGGUUUUUGUAUGCAUGUUUGUCCAACAGAUG---CC----

ND8 genomic A--ATTTTTCACATTTTTCA--G---G--A-G-G-----G--G---ATTTTTTTGCCTTA
ND8_edited  AuuA----- CACATT - - -CAuuGUUUGUUAUGUGUUUUUGUUGUUUA- - - - - - - GCC--A
ND8 genomic TG-A---A--GGCGCCCTTTTAAG----- G--A---GGTTTTTG--G----A-G--G---

ND8_edited  TGUAuuuAuuGGCGCCC----AAGUUUUUGUUAUUUGGTT ---GuuGuUUUUAUGUUGUUU

ND8 genomic GA-----A---G-G----G-G-AG
ND8_edited  GAuuuuuAuuuGUGUUUUGUGUAG
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ND9

>T.vivax (Y486) ND9 mRNA (edited)
ATGGGTTTGTTGTTGTGTTTATTTCGTTTGTGTTTTTGTTTGATTTTGTTTTATTGTTTGTGTTGTAGGTGGTGTTTTGTTTGTTTTGTTGATTGT

AGTTTTTTGTTTTTTTATTGTTTTGTTAGTTTTTTTTTGTTTTATTGTATGTTTTTATTTTTTAATTTATGGTTTTTGTTTTTGTATTGTTGTGAT
TTATTGTTGATTGATTTTTGTGGTTTTTGTTTTTGTCGTTTTATGTTATTATATATTTTGTTTTGTTTGTTTTTGTGTTTTCGTTTATGTTTTGTT
TTGTGTTGTTTGTTTTTGTTTTTTGGATTGTGTTTTAGTTTTAGTTGTTTTTGTTATGCGTTTTTATTGTTAGAACGTGAGTGTTTTGATTTGTTT
GGTTTTTATTTTGTTGGTAATGATGTTTTACACCGTTTATTTGTTGATTGATTTTTTGTTGGTTTTTTTTTGTTGAAGTGTTATCCATTATTTGGT

TTGTTTGTATTATTGTTTTGTGTTTTAGTTAATGAGATGATATGTACGTTTACAATGGTTTTTTTGTTGTTGCATACCAATTTTTATTTGCATTTT
TTTGTTTAG

>ND9_edited Translated
MGLLLCLFRLCFCLILFYCLCCRWCFVCFVDCSFLFFYCFVSFFLFYCMFLFFNLWFLFLYCCDLLLIDFCGFCFCRFMLLYILFCLFLCFRLCFV
LCCLFLFFGLCFSFSCFCYAFLLLERECFDLFGFYFVGNDVLHRLFVDWFFVGFFLLKCYPLFGLFVLLFCVLVNEMICTFTMVFLLLHTNFYLHF
FV*

Confirmation by aligning with T. brucei

ND9_brucei MCIFLCLFRLCFCLILFYCLCCRWCFVCFVDCSFLFFYCFVSFFLFYCMFLFFNLWFLFL 60

ND9_edited(Trans) MGLLLCLFRLCFCLILFYCLCCRWCFVCFVDCSFLFFYCFVSFFLFYCMFLFFNLWFLFL 60
e e skokokokokokok koo ok kst ko skl sk sk stk ok sk sk sk kb sk sk s sk s ok sk ok sk ok ok sk ok ok

ND9_brucei YCCDLLLIDFCGFCFCRFMLLYILFCLFLCVRLCFVLCCLFVFFGLCFSFSCFCYAFLLL 120

ND9_edited(Trans) YCCDLLLIDFCGFCFCRFMLLYILFCLFLCFRLCFVLCCLFLFFGLCFSFSCFCYAFLLL 120
stk stk ok sk sk ko ok sk ks ko sk sk ks Rk ok ok kSRR R kR skt ks ok sk Rk ok o stk ok sk sk sk sk sk ok sk sk sk sk ok sk ok

ND9_brucei ERECFDLFGFYFVGNDILHRLFVDWFFVGFFLLKCYPLFGLFVLLFCVLVEEIVCTFTML 180
ND9_edited(Trans) ERECFDLFGFYFVGNDVLHRLFVDWFFVGFFLLKCYPLFGLFVLLFCVLVNEMICTFTMV 180

ok ok ok ok ok ok okok ok sk ok ok ok ok o ko ok okok okokok sk sk ook ok okok sk okok ok kokokoskokok sk kokokokok ok ok a ekokokokok .

ND9_brucei FLLLHTNFYLHYFI 194
ND9_edited(Trans) FLLLHTNFYLHFFV 194

% ok k ok sk ok sk sk kokok o ko

Alignment: Genomic vs Edited (MRNA) sequences

ND9_genomic
ND9_edited

ND9_genomic
ND9_edited

ND9_genomic
ND9_edited

ND9_genomic
ND9_edited

ND9_genomic
ND9_edited

ND9 _brucei
ND9_edited

ND9_genomic
ND9_edited

ND9_genomic
ND9_edited

A-GGG---G--G--G-G---A---CGTT-G-GTTTTTG---GAT---G----AT-G--
AuGGGUUUGUUGUUGUGUUUAUUUCGTTUGUGTTTTTGUUUGATUUUGUUUUATUGUU

-GTG--G-ATTTTTTTTTTGGTGG-G----G---G----G--GATTTG-AG------ G
UGTGUUGUA--==-=====-~ GGTGGUGUUUUGUUUGUUUUGUUGATT -GUAGUUUUUUG
——————— ATTGTTT-G--ATG---------G----A--G-A-G-----ATT----AA-

UUUUUUUATTGTTTuGUUA-GUUUUUUUUUGUUUUAUUGUAUGUUUUUATTUuUUUAAU

--A-GTG-----G-----G-A--G--G-GTA---A--G--GA--GA----- G-GGT--
UUAUG-GuuUUUUGUUUUUGUAUUGUUGUG-AUUUAUUGUUGAUUGAUUUUUGUGGTUU

--G-----G-CG----A-G--A--A-A-A----G----G---GT----G-G----CG-
uuGuuuuuGUCGUUUUAUGUUAUUAUAUAUUUUGUUUUGUUUGTUUUUGUGUUUUCGU

--A-G----G----G-GTTGTT-G----- GTTTT--GGA--GTTTTTG----ATTG--
UUAUGUUUUGUUUUGUGTTGTTUGUUUUUGTTTTUUGGAUUGT - - - -GUUUUA--Guu

--AG--G-----G--A-GCTTTG----- ATTG--AGATTTTACG-GAG-G----GA--
UUAGTTGUUUUUGUUAUGC- - -GUUUUUATTGUUAGA - - - -ACGUGAGUGUUUUGAuUU

-G---GG----- A----GTTTTGG-AA-GA-G----ACACCG---AT--G--GTTA--
UuGUUUGGUUUUUAUUUUGTT - -GGUAAUGAUGUUUUACACCGUUUATUUGUUG--Auu
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GATT----G--GTG--------- G--GATAG-G--A-CCATTTTA---GGT--G---G
GATTuuuuGUUG-GUUUUUUUUUGUUGA-AGUGUUAUCCATT - -AuuuGGTuuGuUuUUG

ND9_genomic
ND9_edited

-A--A--G----G-G----AG--AA-GATTGATGA-A-G-ACG- --ACAA-GG- - - - -
UAUUAUUGUUUUGUGUUUUAGUUAAUGA - -GATGAUAUGUACGUUUACAAUGGUUUUU

ND9_genomic
ND9_edited

--G--G--GCA-ACCTTAA----- A---GCATT----- G---ATG
UUGUUGUUGCAUACC- -AauuuuuAuuuGCATTuuuUUGUUUA-G

ND9_genomic
ND9_edited

ND7

>ND7_edited (Y486) ND7 mRNA (edited)
ATGTTTATTTTTGTTGTAGTTTTTTTGCATTTGTATCGTTTTACATTTGGCCCACAGCATCCCGCAGCACATGGTGTTTTATGTTGTTTATTGTAT
TTTTGTGGTGAATTTATTGTTTATATTGATTGTATTATAGGTTATTTGCATCGAGGTACAGAAAAGTTATGTGAGTATAAGAGCGTAGAGCAGTGT
CTTCCGTATTTTGATAGATTAGATTATGTTAGTGTTTGTTGTAATGAACATTTATTGTCTTTATGTTTTGAGTATATGTTACGGTGTTGTTTATCA
TTGCGTGTTGCATTTATGCGTTTATTGATTGTAGAGTTTACTCGTAGTTTTAATGGTTTATTGTGTGTGTCGTGTATGATTTTAGATTTAGGTTGT
TTATCCCCGTTATTATGGTCATTTGAGGAGCGTGATAAGTTAATGACGTTTTTTGATTTGTGTTGTGGTTGTCGTATGCATTTGGCTTTCATGGTT
TTATTGGGTATTCTTGATGATTTTGTTTTTGGTTTTGTTGATTTTTTGTTGTTATTGATAATATCGTGTTTGTTTGTTATGGATTGTTATGATTTA
TTGTTTGTGGGTAATCGTTTGTTTTATTTGCGTTTGCGTGGTTTGTCATTTTTTGATTTGTATGATTTGGTTTTTAATAGTTTGAGTGGTGTTTTG
TCACGTTCATTGGGTATGGTATGAGATTGCCGTTTATATTGTTGTTATGAGTTGTATTTTATGTTTTGTTATGATTATTGTTTTTGTTTTATAGGT
GATGCATTTGACCGTTTGTTTTTGCGTTTGTTTGATATGCGTATGAGTTTGTTGATTTGTAAGCAATGTTTTTTTGTTGGTTTTTTTGTTTTTGGA
TTTGTTTGTTTGTTTGATTATTTGTATTGTGATGTTACCATTGAGACTATTATTATGTTGTTTTATAGTTTATGGTGTTGTTGTTTACCAGGTATA
TCATTTGCTTGTGTTGAGCATCCCAAGGGTGAGTATTGTTTGTTATTATGTTTTTGTGTTGGTTTGTGTTCCCGTTTGCGTTTGCGTTGTGCGGAT
TTTTTACATATTTGTTTGTTGGATGTTTGTTTACGTGGTTTTTTATTGCATGATTTAGTTGCCGTTATTGGTAATATTGATGTTGTTTTTGGATCT
GTGGATCGTTAG

>ND7_edited Translated
MFIFVVVFLHLYRFTFGPQHPAAHGVLCCLLYFCGEFIVYIDCIIGYLHRGTEKLCEYKSVEQCLPYFDRLDYVSVCCNEHLLSLCFEYMLRCCLS
LRVAFMRLLIVEFTRSFNGLLCVSCMILDLGCLSPLLWSFEERDKLMTFFDLCCGCRMHLAFMVLLGILDDFVFGFVDFLLLLIISCLFVMDCYDL
LFVGNRLFYLRLRGLSFFDLYDLVFNSLSGVLSRSLGMVWDCRLYCCYELYFMFCYDYCFCFIGDAFDRLFLRLFDMRMSLLICKQCFFVGFFVFG
FVCLFDYLYCDVTIETIIMLFYSLWCCCLPGISFACVEHPKGEYCLLLCFCVGLCSRLRLRCADFLHICLLDVCLRGFLLHDLVAVIGNIDVVFGS
VDR*

Confirmation by aligning with T. brucei

ND7_brucei M-LFLVVFLHLYRFTFGPQHPAAHGVLCCLLYFCGEFIVYIDCIIGYLHRGTEKLCEYKS 59
ND7_edited(Trans) MFIFVVVFLHLYRFTFGPQHPAAHGVLCCLLYFCGEFIVYIDCIIGYLHRGTEKLCEYKS 60
e e ok skokokok ok ko ks ok kol kol ok ks sk sk sk sk stk ok sk ks sk sk sk sk s sk s sk sk sk kk sk ok
ND7_brucei VEQCLPYFDRLDYVSVCCNEHLLSLCFEYMLRCCLSLRCAFMRLLIVEFTRSFNGLLCIS 119
ND7_edited(Trans) VEQCLPYFDRLDYVSVCCNEHLLSLCFEYMLRCCLSLRVAFMRLLIVEFTRSFNGLLCVS 120
stk sk ok ok o sk sk sk ok ok s ks ok ok ok sk ks ko sk sk sk stk sk sk sk skokok Rk kR sk sk sk sk ko sk sk sk sk ok ok ks sk sk ok
ND7_brucei CMVLDLGCLSPLLWSFEERDKLMTFFDLCCGCRMHLAFMVLLGILDDFVFGFVDFLLLLI 179
ND7_edited(Trans) CMILDLGCLSPLLWSFEERDKLMTFFDLCCGCRMHLAFMVLLGILDDFVFGFVDFLLLLI 180
stk o stk ook ok ok sk ok sk ok ok stk ok ok sk ok sk sk sk sk skl ok sk sk sk ok sk ok s ok s ok sk sk sk ok ko sk ok
ND7_brucei ISCLFVMDCYDLLFVGNRLFYLRLRGLSFFDLYDLVFNSLSGVLSRSLGMVWDCRLFSCY 239
ND7_edited(Trans) ISCLFVMDCYDLLFVGNRLFYLRLRGLSFFDLYDLVFNSLSGVLSRSLGMVWDCRLYCCY 240
stk sk sk sk sk ok sk ok sk ok ok sk o ks ok sk ok sk sk sk sk sk sk sk sk stk ks kR ks ks ok sk kR kR Rk ook ok » ok
ND7_brucei ELYFMFCYDYCFCFIGDAFDRLFLRLFDMRMSLLICKQCFFVGFFVFGFVCLFDYLYCDI 299
ND7_edited(Trans) ELYFMFCYDYCFCFIGDAFDRLFLRLFDMRMSLLICKQCFFVGFFVFGFVCLFDYLYCDV 300
stk ks ok ok sk ok ok sk ko s ok ok ok s stk stk ok s ok sk ok sk sk sk sk sk sk sk sk sk ok sk ok sk ok ok sk ok ok
ND7_brucei TIETIIMLFYSLWCCCLPGISFACVEHPKGEYCLLLCFCVGLCSRLRLRCADFLHICLLD 359
ND7_edited(Trans) TIETIIMLFYSLWCCCLPGISFACVEHPKGEYCLLLCFCVGLCSRLRLRCADFLHICLLD 360

ND7_brucei
ND7_edited(Trans)

>k >k 3k ok sk 3k sk sk ok sk 3k ok 3k 3k sk ok ok sk 3k 3k 3k %k >k sk ok sk sk k sk ok sk sk 3k 5k sk >k ok 3k ok 3k 3k 5k %k >k >k 5k sk 3k %k %k %k >k >k %k %k %k >k kK k

VCLRGFLLHDLVAVLGNIDVVFGSVDR 386
VCLRGFLLHDLVAVIGNIDVVFGSVDR 387

okok ok ok ok ok ok kok sk ok ok ok o kokok ok ok ook kokok k ok
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Alignment: Genomic vs Edited (MRNA) sequences

ND7_genomic A-G---A-----G--G-AG------- GCA---G-ATCGT---ACAT--GGCCCACAGCA-
ND7_edited AuGuuuAuuuuUGUUGUAGUUUUUUUGCAUUUGUATCGTUUUACATUUGGCCCACAGCAU
ND7_genomic CCCGCAGCACA-GTGTTG----A-GT-G---ATTG-A----- GTGG-GAA---A--G---
ND7_edited CCCGCAGCACAUG-GT-GuuUUUAUGTUGUUUATTGUAUUUUUGTGGUGAAUUUAUUGUUU
ND7_genomic A-ATTTTTGA--G-A--A-AGG--ATTTTTGCATCGAGGTACAGAAAAGTTATGTGAGTA
ND7_edited AUA- - -TTGAUUGUAUUAUAGGUUATTT - -GCATCGAGGTACAGAAAAGTTATGTGAGTA
ND7_genomic TAAGAGCGTAGAGCAGTGTCTTCCG-ATTT-GATTTTAGA--AGA--A-G--ATTTTG-G
ND7_edited TAAGAGCGTAGAGCAGTGTCTTCCGUATTTUGAT - - -AGAUUAGAUUAUGUUA- - - -GuG
ND7_genomic ---G--G-AA-GAACA---A--G-C---A-G----GAG-ATTTA-G--ACGG-G--G---
ND7_edited UUUGUUGUAAUGAACAUUUAUUGUCUUUAUGUUUUGAGUAT - -AuGUUACGGUGUUGUUU
ND7_genomic A-CA--GCG-G--GCA---A-GCG---A--GA--G-AGAG---ACTTTCTG-AG----AA
ND7_edited AuCAuuUGCGUGUUGCAUUUAUGCGUUUAUUGAUUGUAGAGUUUACT - -C-GTAGUUUUAA
ND7_genomic -GG---A--G-G-G-G-CG-G-A-GA----AGA---AGG--G---A-CCCCG--AT-A-G

ND7_edited UGGUUUAUUGUGUGUGUCGUGUAUGAUUUUAGAUUUAGGUUGUUUAUCCCCGUUATUAUG

ND7_genomic G-CA---GAGGAGTTTTCG-GATTAAG--AA-GACG------ GA---G-G--G-GG--G-
ND7_edited GUCAUUUGAGGAG- - - -CGUGAT -AAGUUAAUGACGUUUUUUGAUUUGUGUUGUGGUUGU
ND7_genomic CG-A-GCA---GGCTTTCA-GG----A--GTTGG-A--CTTGA-GA----G----~- GG--
ND7_edited CGUAUGCAUUUGGCTTTCAUGGUUUUAUUG- -GGUAUUCTTGAUGAUUUUGUUUUUGGUU
ND7_genomic --G--GATTT---G--G--A--GA-AA-A-CG-G---G- - -G- -A-GGA- -G- -A-GA- -
ND7_edited UUGUUGATTTuuUGUUGUUAUUGAUAAUAUCGUGUUUGUUUGUUAUGGAUUGUUAUGAUU
ND7_genomic -A--G---GTTTGGG-AATTTTCG---G----A---GCG---GCG-GG---G-CA-----
ND7_edited UAUUGUUUGT - -GGGUAAT - - -CGuuuGUUUUAUUUGCGUUUGCGUGGUUUGUCAUUUUU
ND7_genomic -GA---GTTTTA-GA---GG----- AA-AG---GAG-GG-G----G-CACG--CA--GGG
ND7_edited UGAUUUGT - - -AuGAUUUGGUUUUUAAUAGUUUGAGUGGUGUUUUGUCACGUUCAUUGGG
ND7_genomic -A-GG-A-GAGA--GCCG- - -A-A--G--G--ATTTTGAG--GTTA----ATTTTG----
ND7_edited UAUGGUAUGAGAUUGCCGUUUAUAUUGUUGUUAT - - -GAGUUGT -ATTTTAT - - -Guuuu
ND7_genomic G--A-GA--A--G-----G----A-ATGG-GA-GCA---GACTCG---G----- GCG---
ND7_edited GuuAuGAuuAuuGuuuuuGuUUUUAUA-GGUGAUGCAUUUGAC-CGuuuGUUUUUGCGUUU
ND7_genomic G---GA-A-GCG-A-GAG---G--GA---G-AAGCAATTG---~-~--- G--GG------- G
ND7_edited GUUUGAUAUGCGUAUGAGUUUGUUGAUUUGUAAGCAAT -GuuuuuUUGUUGGUUUUUUUG
ND7_genomic ~  ----- GGA---G---G---G---GA--A---G-A--G-GA-G--ACCA--GAGAC-A--A
ND7_edited UUUUUGGAUUUGUUUGUUUGUUUGAUUAUUUGUAUUGUGAUGUUACCAUUGAGACUAUUA
ND7_genomic --A-G--G----A-AG---ATTTGG-G--G--G---ACCAGG-A-ATTTTTTTCA---GC
ND7_edited UUAUGUUGUUUUAUAGUUUAT - -GGUGUUGUUGUUUACCAGG-AUAT - - - - - - CATTTGC
ND7_genomic TTGTTG--GAGCA-CCCAAGGTTTTTG-GAG-A--G---G--A--ATTTTTG----- G-G
ND7_edited TTGT -GUUGAGCAUCCCAAGG- - - - - GUGAgUAUUGUUUGUUAUUAT - - - -GuuUUUGUG
ND7_genomic --GG---G-GTTCCCG---GCG---GCG--G-GCGGA------ ACATTTTATTTTTG---
ND7_edited UUGGUUUGUGTTCCCGUUUGCGUUUGCGUUGUGCGGAUUUUUUACAT ---ATTT--Guuu
ND7_genomic G--GGA-G---G---ACG-GG------ A--GCA-GA---AG--GCTTTTTCTG--A--GG
ND7_edited GUUGGAUGUUUGUUUACGUGGUUUUUUAUUGCAUGAUUUAGUUGC- - - -~ C-GuuAuuGG
ND7_genomic -AA-A--GA-G--G-----GGA-CTTTG-GGATCG--ATG

ND7_edited UAAUAUUGAUGUUGUUUUUGGAUCT - -GUGGATCGUUA-G
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colll
(frag)

>T.vivax (Y486) COIII mRNA (edited)
TTGTTGTTGTTTTTTTTGTTTTTGTTGAATCAGTTGTGGGAATTTACGTTGTTATTTATTACGTTGAGTTGTGGTGTTTTTGGTTCTATTTTATTT
TTATTGGATTTGTTGCATTTTATGCATGTTTTTTTAGGTGTTTTATTGTTGTTTTATGTTTTTATGCGTTTGTTTAGTTTTTTATGTATGGATACA
CGTTTTGTTTTTTTGTATGTTGTTTGTTTGTATTGACATTTTGTTGATTTGGTTTGGTTTTTTTTGTTGCGATTTGTTTATTTTGATGTTTTATGT
GTTATGTATTTGTGTGTGTAG

>COIII_edited Translated
LLLFFLFLLNQLWEFTLLFITLSCGVFGSILFLLDLLHFMHVFLGVLLLFYVFMRLFSFLCMDTRFVFLYVVCLYWHFVDLVWFFLLRFVYFDVL
CVMYLCV*

Confirmation by aligning with T. brucei

COIII_brucei MFLFRCIFVGVSGVFVFLSLPAIVIVYWLFCLLGFICLLFGSFLFVDCGFIFFFVGFCIC 60
COITI_edited (Trans) -------m-mmmmmmm oo oo me e

COIII_brucei LLLLLLDLFCDFLRGLFDFCVLLRCIQYCFLWFLCSEFVLFMAFFVVLFGLCLFLCCEFA 120
COIII_edited (Trans) -----------m oo oo oo oo

COIII_brucei FVFCLPYMFCCLLCDYGFVFYWYFLDLFNLLINTFYLFVSGLFVNFFVLCFWFRFFCCCC 180
COITI_edited (Trans) -------m-mommmmmmm oo e oo

COIII_brucei FVLWLSLLFGFLFLWNQLWEFALLFITLSCGVFGSILFLLDLLHFMHVFLGVLLLFICFM 240
COIII_edited (Trans) ------ LLLFFLFLLNQLWEFTLLFITLSCGVFGSILFLLDLLHFMHVFLGVLLLFYVFM 54

skok o kokokok skokokokoksk e sk ok ok sk sk sk ok sk ok ok sk sk ok sk sk sk sk sk ok sk ok ok sk ok sk sk ok ok sk ok ok kok ok * %

COIII_brucei RLFNFLCMDTRFVFLYCVCLYWHFVDLVWFFLLRFVYFDVLCVMYLCV 288
COIII_edited (Trans) RLFSFLCMDTRFVFLYVVCLYWHFVDLVWFFLLRFVYFDVLCVMYLCV 102

kokokckokokskokokokokokokokokkokoskok ok ok skokookok sk ok ok ok ok skokok sk ok ok sk kok ok ok sk ok ok ok ok

Alignment: Genomic vs Edited (mMRNA) sequences

COIII_genomic --G--G--G-------- G----- G--GAA-CATTG--GTTTTGGGATTA---ACG--G--
COIII_edited uuGUUGUUGUUUUUUUUGUUUUUGUUGAAUCA - -GUUGT - - -GGGA - - AuuuACGuuGUU
COIII_genomic A---A--ACG--GAG--G-GG-GTTTTTTGG--C-A----A-----A--GTTTGA---G-
COIII_edited AuuuAuuACGUUGAGUUGUGGUGTTTTT-GguuCuAuuuuAuuuuuAuuG- - -GAuuuGuU
COIII_genomic -GCA----A-GCA-G------- AGG-G----A--G--G----A-GTT---A-GTTCG---
COIII_edited UGCAuUUUAUGCAUGUUUUUUUAGGUGUUUUAUUGUUGUUUUAUGTTUUUAUG- -CGuuu
COIII_genomic G---AG------A-G-A-GGA-ACACG----G-------G-A-G--G---G---G-A--G
COIII_edited GuUUAGUUUUUUAUGUAUGGAUACACGUUUUGUUUUUUUGUAUGUUGUUUGUUUGUAUUG
COIII_genomic ACA----G--GATTTTGG---GG-------~ G--GCGA---G---A----GA-G----A-
COIII_edited ACAUUUUGUUGATTT -GguuuGGuUUUuUUUUGUUGCGAUUUGUUUAUUUUGAUGUUUUAU
COIII_genomic GTTTTTG--A-G-A---G-G-G-G-AG

COIII_edited GT - - - -GUUAUGUAUUUGUGUGUGUAG
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Cyb

>T. vivax (Y486) Cyb mRNA (edited)
ATGTTTCGTGTTAGATTTTTGTTATTTTTTTTATTGTTTAGGAATTTGTGTTGTCTTTTAATGTCTGGTTGTTTATATAGGCTTTATGGTGTAGGA
TTTAGTTTAGGTTTTTTTATTTTATTGCAAGTGATATGTGGTTTATTTTTATCTTGATTATTTTTTAGTTGTTTTATATGCGTCAATTGATATTTT
ATATTATTTTTGTGAGATTTTGATTTAGGTTTTATTATTAGAAGTGTACATATATGTTTTACTTCTTTACTATATTTTTTATTATATGTACATATA
TTTAAGGCAATAATATTAATATTGTTATTTGATACGCATATTATAGTTTGGTTTATAGGGTTTTTAATTTTAATATTAATAATAATAATTGCATTT
ATAGGATATGTATTACCATGTACTATGATGTCATATTGAGGGTTAACAGTGTTTAGTAATATAATAGCTACAGTCCCTGTGTTTGGCAAATGGTTA
TGTTATTGAATATGAGGTAGTGAATTCATTAACGATTATACATTATTAAAATTACAAGTATTGCATATTGTTTTACCTTTTATGTTAATATTTATA
TTAATATTACATTTATTTTGTTTACATTATTTTATGAGTTCTGATGCTTTTTGTGATAGATTTGTATTTTATTGTGAAAGATTATGTTTTTGTTTG
TGATTTTATTTGAGAGATTTAGTATTATGTTTTTTAATTTTAATTTGTGTATTGTATTGTATTTTAATTAATTGGTATTTTGTTTTTCACGAAGAA
TCCTGATTAATTGTAGATGTTCTAAAAACATCTGACAAAATATTACCAGAATGATTTTTTTTATATTTATTTGGTTTTTTAAAAGCGGTGTCAGAT
AAGTTTTTTGGATTATTTTTGATGGTATTATTATTAATATCGTTATTCTTATTTATATTGAATTGTATTTTATGATTTGTATATTGTAGAAGTTCA
TTATTGTGATGCACATATGCATTTATTTTATTTTATTGTTTATGTATGAGTGGCTATTTAGCTATGTATGTTATTTTAATATATCCAATATGAATG
GAATTACAATTTTGAGTATTATTATTGTTTTTATTAATTATTTGTAGATTAGATTAA

>Cyb_edited (Translated)
MFRVRFLLFFLLFRNLCCLLMSGCLYRLYGVGFSLGFFILLQVICGLFLSWLFFSCFICVNWYFILFLWDFDLGFIIRSVHICFTSLLYFLLYVH
IFKAIILILLFDTHIIVWFIGFLILILIIITAFIGYVLPCTMMSYWGLTVFSNIIATVPVFGKWLCYWIWGSEFINDYTLLKLQVLHIVLPFMLI
FILILHLFCLHYFMSSDAFCDRFVFYCERLCFCLWFYLRDLVLCFLILICVLYCILINWYFVFHEESWLIVDVLKTSDKILPEWFFLYLFGFLKA
VSDKFFGLFLMVLLLISLFLFILNCILWFVYCRSSLLWCTYAFILFYCLCMSGYLAMYVILIYPIWMELQFWVLLLFLLIICRLD*

Confirmation by aligning with T. brucei

60

Cyb_brucei
Cyb_edited(Trans)

Cyb_brucei
Cyb_edited(Trans)

Cyb_brucei
Cyb_edited(Trans)

Cyb_brucei
Cyb_edited(Trans)

Cyb_brucei
Cyb_edited(Trans)

Cyb_brucei
Cyb_edited(Trans)

Cyb_brucei
Cyb_edited(Trans)

MFRCRFLLFFLLFRNLCCLLMSGCLYRIYGVGFSLGFFIALQIICGVCLAWLFFSCFICS

MFRVRFLLFFLLFRNLCCLLMSGCLYRLYGVGFSLGFFILLQVICGLFLSWLFFSCFICV

hokokskokokokokok ok kok sk kokokok skok ok ok kokokokok o skokokokokokokokokok ok kok  skokok o ok okokokkokokokok ok

NWYFVLFLWDFDLGFVIRSVHICFTSLLYLLLYIHIFKSITLIILFDTHILVWFIGFILF
NWYFILFLWDFDLGFITRSVHICFTSLLYFLLYVHIFKAITILILLFDTHITIVWFIGFLIL

koo ok o ok ok ok koo okooksk sk ok o kokokoskokook sk koksk sk sk ok o dkokk e skokkok ok skok e kokokokok ok e kokkkkk e e e

VFIIIIAFIGYVLPCTMMSYWGLTVFSNIIATVPILGIWLCYWIWGSEFINDFTLLKLHV
ILIIITAFIGYVLPCTMMSYWGLTVFSNIIATVPVFGKWLCYWIWGSEFINDYTLLKLQV

o o 3k kookok ok ok ok ok ok skok sk ok sk sk kok sk ke k sk ko kokosk sk sk sk kokok o sk kokokokosk sk ok ok kokok sk sk ke kokokk ok .

LHVLLPFILLIILTILHLFCLHYFMSSDAFCDRFAFYCERLSFCMWFYLRDMFLAFSILLC
LHIVLPFMLIFILILHLFCLHYFMSSDAFCDRFVFYCERLCFCLWFYLRDLVLCFLILIC

kok e ckokok ook o ckokokkokokokokokok ok kokokokok ok ok kokokok skokokkkok okok e kokkokokok ok ok kok ok

MMYVIFINWYFVFHEESWVIVDTLKTSDKILPEWFFLYLFGFLKAIPDKFMGLFLMVILL
VLYCILINWYFVFHEESWLIVDVLKTSDKILPEWFFLYLFGFLKAVSDKFFGLFLMVLLL

ook ke skokskskokokokokokok ok ok o dkokokskokoskokokokoskokokokokokokok skokokosk kokokok o skokok s okokokokokok o kok

FSLFLFILNCILWFVYCRSSLLWLTYSLILFYSIWMSGFLALYVVLAYPIWMELQYWVLL

ISLFLFILNCILWFVYCRSSLLWCTYAFILFYCLCMSGYLAMYVILIYPIWMELQFWVLL

sRkskokokokokkokokokkokokkokokkokokkk kok e wokkkk . ckkokakok ook ok okkokokkokkk o kkokok

LFLLIVCRLD 370
LFLLIICRLD 370

ok ok o kokokok
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Alignment: Genomic vs Edited (mRNA) sequences

Cyb_genomic A-G---CG-G--AGA----- G--A-------- A--G---AGAAA---G-G--G-CTTT-A
Cyb_edited AuGuuuCGUGUUAGAUUUUUGUUAUUUUUUUUAUUGUUUAGGAAUUUGUGUUGUCTTTUA
Cyb_genomic ATTTGTCTTGGTTGTTTATATAGGCTTTATGGTGTAGGATTTAGTTTAGGTTTTTTTATT
Cyb_edited A--TGTCT-GGTTGTTTATATAGGCTTTATGGTGTAGGATTTAGTTTAGGTTTTTTTATT
Cyb_genomic TTATTGCAAGTGATATGTGGTTTATTTTTATCTTGATTATTTTTTAGTTGTTTTATATGC
Cyb_edited TTATTGCAAGTGATATGTGGTTTATTTTTATCTTGATTATTTTTTAGTTGTTTTATATGC
Cyb_genomic GTCAATTGATATTTTATATTATTTTTGTGAGATTTTGATTTAGGTTTTATTATTAGAAGT
Cyb_edited GTCAATTGATATTTTATATTATTTTTGTGAGATTTTGATTTAGGTTTTATTATTAGAAGT
Cyb_genomic GTACATATATGTTTTACTTCTTTACTATATTTTTTATTATATGTACATATATTTAAGGCA
Cyb_edited GTACATATATGTTTTACTTCTTTACTATATTTTTTATTATATGTACATATATTTAAGGCA
Cyb_genomic ATAATATTAATATTGTTATTTGATACGCATATTATAGTTTGGTTTATAGGGTTTTTAATT
Cyb_edited ATAATATTAATATTGTTATTTGATACGCATATTATAGTTTGGTTTATAGGGTTTTTAATT
Cyb_genomic TTAATATTAATAATAATAATTGCATTTATAGGATATGTATTACCATGTACTATGATGTCA
Cyb_edited TTAATATTAATAATAATAATTGCATTTATAGGATATGTATTACCATGTACTATGATGTCA
Cyb_genomic TATTGAGGGTTAACAGTGTTTAGTAATATAATAGCTACAGTCCCTGTGTTTGGCAAATGG
Cyb_edited TATTGAGGGTTAACAGTGTTTAGTAATATAATAGCTACAGTCCCTGTGTTTGGCAAATGG

Cyb_genomic TTATGTTATTGAATATGAGGTAGTGAATTCATTAACGATTATACATTATTAAAATTACAA
Cyb_edited TTATGTTATTGAATATGAGGTAGTGAATTCATTAACGATTATACATTATTAAAATTACAA

Cyb_genomic GTATTGCATATTGTTTTACCTTTTATGTTAATATTTATATTAATATTACATTTATTTTGT
Cyb_edited GTATTGCATATTGTTTTACCTTTTATGTTAATATTTATATTAATATTACATTTATTTTGT

Cyb_genomic TTACATTATTTTATGAGTTCTGATGCTTTTTGTGATAGATTTGTATTTTATTGTGAAAGA
Cyb_edited TTACATTATTTTATGAGTTCTGATGCTTTTTGTGATAGATTTGTATTTTATTGTGAAAGA

Cyb_genomic TTATGTTTTTGTTTGTGATTTTATTTGAGAGATTTAGTATTATGTTTTTTAATTTTAATT
Cyb_edited TTATGTTTTTGTTTGTGATTTTATTTGAGAGATTTAGTATTATGTTTTTTAATTTTAATT

Cyb_genomic TGTGTATTGTATTGTATTTTAATTAATTGGTATTTTGTTTTTCACGAAGAATCCTGATTA
Cyb_edited TGTGTATTGTATTGTATTTTAATTAATTGGTATTTTGTTTTTCACGAAGAATCCTGATTA

Cyb_genomic ATTGTAGATGTTCTAAAAACATCTGACAAAATATTACCAGAATGATTTTTTTTATATTTA
Cyb_edited ATTGTAGATGTTCTAAAAACATCTGACAAAATATTACCAGAATGATTTTTTTTATATTTA

Cyb_genomic TTTGGTTTTTTAAAAGCGGTGTCAGATAAGTTTTTTGGATTATTTTTGATGGTATTATTA
Cyb_edited TTTGGTTTTTTAAAAGCGGTGTCAGATAAGTTTTTTGGATTATTTTTGATGGTATTATTA

Cyb_genomic TTAATATCGTTATTCTTATTTATATTGAATTGTATTTTATGATTTGTATATTGTAGAAGT
Cyb_edited TTAATATCGTTATTCTTATTTATATTGAATTGTATTTTATGATTTGTATATTGTAGAAGT

Cyb_genomic TCATTATTGTGATGCACATATGCATTTATTTTATTTTATTGTTTATGTATGAGTGGCTAT
Cyb_edited TCATTATTGTGATGCACATATGCATTTATTTTATTTTATTGTTTATGTATGAGTGGCTAT

Cyb_genomic TTAGCTATGTATGTTATTTTAATATATCCAATATGAATGGAATTACAATTTTGAGTATTA
Cyb_edited TTAGCTATGTATGTTATTTTAATATATCCAATATGAATGGAATTACAATTTTGAGTATTA

Cyb_genomic TTATTGTTTTTATTAATTATTTGTAGATTAGATTAA
Cyb_edited TTATTGTTTTTATTAATTATTTGTAGATTAGATTAA
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A6

>T. vivax (Y486) A6 mRNA (edited)

ATGTTTTTGTTTTTTTTTTGTGATTTGTTTTGGTTGCGTTTGTTATTATGTGTGTATTATTGTGTGTGATCTAGGTTATGTTTTGTTGTGTATTTT
AATTGTTTGATGTTAATTTTTGATTTTTTGTTGTTTTGTTTGTTTGATTTGTATTTGTTTATTGGTTTATGTTTATTTTTGTTATTGTGGTTTATG
TTGTTTAATTTGTATAGTTTGATTTTGTATTATTGTATTACCTATTTGAATTTGTATTTGTTGTTTTGTATTGTTTTTTTATTGTATATGTCATTT
TTGTTTTTGTTTTGTTTTTTGTTGGATTTTTTTTTGTTTAATAGTTTGTTGTGTGGTGATAGTTTTATGGATGTTTTTTTTTTGCGTTTTTTGTTG
TGTTTTTTAGAATGTTTTTCTTTGTTATGTCGTTGTTTGTCAACATTTTTACGTTTGTTTTGTAATTTATTGTCATCCCATTTTTTATTGTTAATG
TTTTTTGTATTTTTTTTTATTTTATTTTTITGTTTTTTTTTITTGTTTTTTTTTGTTTTGTGTATTTTATTTGGTTTATTTTGTTTGTTTGTGTTTTT

TGTTTTTGTTTGTTGTTTTATTTGTTGTTGTATTTATTGGATTTATTTGCCGCGTTATTACAGTTGTTTATTTTTTGTAATATGATTTTGCAATTG
GTAATGGATTTTTTATTGTTTTTGTTGTTTTGTTAG

>A6_edited Translated
MFLFFFCDLFWLRLLLCVYYCVWSRLCFVVYFNCLMLIFDFLLFCLFDLYLFIGLCLFLLLWFMLFNLYSLILYYCITYLNLYLLFCIVFLLYMSF
LFLFCFLLDFFLFNSLLCGDSFMDVFFLRFLLCFLECFSLLCRCLSTFLRLFCNLLSSHFLLLMFFVFFFILFFVFFFVFFCFVYFIWFILFVCVF
CFCLLFYLLLYLLDLFAALLQLFIFCNMILQLVMDFLLFLLFC*

Confirmation by aligning with T. brucei

A6_brucei MFLFFFCDLFWLRLLLCMYYCVWSRLCFIVYFNCLMLIFDFLLFCLFDLYLFVGLCLFLL 60
A6_edited(Trans) MFLFFFCDLFWLRLLLCVYYCVWSRLCFVVYFNCLMLIFDFLLFCLFDLYLFIGLCLFLL 60

ok ok ok ok ok ok okok ok sk ko ok kokok o skokokokoskokokoskok ok o skokokokok ko ok ok skokokok skokok ok kokok skok ok 4 kokokokok ok ok

A6_brucei LWFMLFNLYSLILYYCITYLNLYLLFCIVFLLYIAFLFLFCFLCDFFLFNNLLVGDSFMD 120
A6_edited(Trans) LWFMLFNLYSLILYYCITYLNLYLLFCIVFLLYMSFLFLFCFLLDFFLFNSLLCGDSFMD 120

okokokokokok kokok ok skok ok kok ok kok ok kok ok kokokokokkokok ok ok o s kokokkok ok ko kokokokokk kb kokokkokok

A6_brucei VFFIRFLLCFLECFSLLCRCLSTFLRLFCNLLSSHFLLLMFFDFFYFIFVFFFYGVF--- 177
A6_edited(Trans) VFFLRFLLCFLECFSLLCRCLSTFLRLFCNLLSSHFLLLMFFVFFFILFFVFFFVFFCFV 180

okok o ckokokokokokokkokokkok ok kok ok ok ok ok kokokokokokkokokkokok ok kokkk k. . ok kK. ok

A6_brucei -CYWFILFIFVFCFCLLFYVFLYLLDLFAAILQLFIFCNMILQLIMDFLLFLLFV 231
A6_edited(Trans) YFIWFILFVCVFCFCLLFYLLLYLLDLFAALLQLFIFCNMILQLVMDFLLFLLFC 235

kokokokok o kokokokokokkokok o e skokokokokokokokok o skokokokokokokok ok kokokok o skokokokokokok ok ok

Alignment: Genomic vs Edited (MRNA) sequences

A6_genomic A-G----- G----mm- - G-GA---GTTTTGTG--GCG---G--ATTTTTTA-GTG-G-
A6_edited AuGUUUUUGUUUUUUUUUUGUGAUUUGTTTTG-GUUGCGUUUGUUATT - - - -AuGTGuGU
A6_genomic A--A--G-G-G-GA-C-AGG--A-G----G--G-G-A----AATTTTTG---GA-G--AA
A6_edited AuuAuuGUGUGUGAUCUAGGUUAUGUUUUGUUGUGUAUUUUAATT - - - GUUUGAUGUUAA
A6_genomic = ----- GTA------ G--G----G---G---GA---G-A---G---A--GG---A-G---A
A6_edited uuuuuG-AuuuuuuGuuGuUUUUGUUUGUUUGAUUUGUAUUUGUUUAUUGGUUUAUGUUUA
A6_genomic -----G--A--G-GG---A-G--G---ATTTTA---G-A-AG---GATTT-G-A--ATTT
A6_edited UUUUUGUUAUUGUGGUUUAUGUUGUUUA- - - -AUUUGUAUAGUUUGATTTUGUAUUATT -
A6_genomic G-A--ACCTTTTTA---GTAA---G-ATTTG--GTTT-G-A--G-------A--G-ATTT
A6_edited GUAUUACCT - - - ~AuuuG-AAUUUGUATTTGUUGTTTUGUAUUGUUUUUUUAUUGUAT - -
A6_genomic TTTA-G-CA----- G----- G----G------ G--GGA--------- GTTTAA-AG---G
A6_edited - - -AuGuCAuuuuuGUUUUUGUUUUGUUUUUUGUUGGAUUUUUUUUUGTTTAAUAGUUUG
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A6_genomic
A6_edited

A6_genomic
A6_edited

A6_genomic
A6_edited

A6_genomic
A6_ed

A6_genomic
A6_edited

A6_genomic
A6_edited

A6_genomic

--GTG-GG-GA-AG----A-GGA-G---------- GTCG------ G--G-G------ AGA
uuGTGUGGUGAUAGUUUUAUGGAUGUUUUUUUUUUG-CGUUUUUUGUUGUGUUUUUUAGA

A-G-----C---G--A-GTCTTTTG--G---G-CAACA----- ACG---GTTTTTG-AA-
AuGuuuuuCuuuGUUAUGTC- - - -GUUGUUUGUCAACAUUUUUACGUUUGTTTT-GuAAu

--A--G-CA-CCCATTTT--A--G--AA-G------G-AT-------- A----A------
UUAUUGUCAUCCCATTTTuuAuuGuuAAuGUUUUUUGUATUUUUUUUUAUUUUAUUUUUU

G----------- G--------- G----G-G-A----A---GG---A----G---G---GT
GuuuuuuuUUUUGUUUUUUUUUGUUUUGUGUAUUUUAUUUGGUUUAUUUUGUUUGUUUGT

G------ G----- G---G--G----AT--G--G--G-A---A--GGA---A---GCCTTT
GuuuuuuGuUUUUGUUUGUUGUUUUATUUGUUGUUGUAUUUAUUGGAUUUAUUUGCC- - -

TTGCTTG--A--ACAG--G---A------G-AA-A-GA----GCAA--GG-AA-GTTGTT
- -GC- -GUUAUUACAGUUGUUUAUUUUUUGUAAUAUGAUUUUGCAAUUGGUAAUG- -G- -

S A--G----- G--G----G--AG

A6_edited AuuuuuuAuuGuuuuuGUUGUUUUGUUAG

CR3

>T.vivax (Y486) CR3 mRNA (edited)
ATGTTTGATTGTTTAGTTTTGTTGTTTTTTTTATTGTTGTTTGTACATTTTTTTTGTTTTTTGTTTATTTGTGATTTGTTTTTATGTTTGTTGTTT
GTTTTTTGTTTATTTGTGGATTTTTGTTTTTTGTTTAATATGGGTTTGTTGTTGTGTTTATTTTTTTTTTTTGTTTTATCATTTGATATGTTATTA

TCGTTTTTGTTATTATATATAAGTTTTCGTTATTAA

>CR3_edited Translated
MFDCLVLLFFLLLFVHFFCFLFICDLFLCLLFVFCLFVDFCFLFNMGLLLCLFFFFVLSFDMLLSFLLLYISFRY*

Confirmation by aligning with T. brucei

CR3_brucei
CR3_edited(Trans)

CR3_brucei
CR3_edited(Trans)

MFDCLVLLFFYCLFVHFFCFLFVCDLFLCLLFSFCFLLDFCFLFNMGLLLCLFFFFILSF 60
MFDCLVLLFFLLLFVHFFCFLFICDLFLCLLFVFCLFVDFCFLFNMGLLLCLFFFFVLSF 60

>k >k 5k ok sk ok ok ok k ok skok skok sk ok ok ok okok o skokockokokokoksksk kok e o e okook sk okok ok ok ok ok ok ok ok kook sk ok ok ok @ okokok

DMCIKLLFII----- 70

DMLLSFLLLYISFRY 75
oo ok

Alignment: Genomic vs Edited (MRNA) sequences

CR3_genomic
CR3_edited

CR3_genomic
CR3_edited

CR3_genomic
CR3_edited

CR3_genomic
CR3_edited

CR3_genomic
CR3_edited

A-G---GATTTG---AG----GTTTTTG--------A--G--G---G-ACA-------- G
AuGUUUGATT -GUUUAGUUUUGTT - - -GuuuuuuuuAuUGUUGUUUGUACAUUUUUUUUG

-TTTTTG---A---G-GTTTTTTTTA---G-----A-G---G--G---G------G--TA
uTTTTTGUUUAUUUGUG-=-=-=-~-~-~-~ AuuuGuuuuuAuGUUUGUUGUUUGUUUUUUGUUTA
---G-GGA----- G------ G---AATTTTTATTTGGG---GTTTTTG--GTG---A---

UUUGUGGAUUUUUGUUUUUUGUUUAAT - - - -AT - -GGGUUUGTT - - -GUUGTGuUuUUAuuu

--------- G----A-CA---GA-A-G--A--A-CG-TTTTG--A--A-A-A-AAG-TTT

uuuuuuuuuGuuuuAuCAuuuGAuAuGuuAu_

CGTTATTAA
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coll

>T.vivax (Y486) COII mRNA (edited)
ATGAGTTTTATATTATCCTTTTGATTATTATTTTTAATAGATTCTGTAATAGTTTTATTATCTTTATCTTTTTTTCTCGTTTTATGAATATGTATT
TTATTAATTTCTTCTATATTATGTATTATAAAGATAAATATAGTTTATTGTTCATGAGATTTTATTGCCTCAAAATTTTTAGATGTTTATTGATTT
GTTGTTGGAACTATGTTTATGCTATGTTTATTAATGCGTTTATGCATATTATTATATTTTGGATGTCTCAATTTTGTCAGTTTTGATATATGTAAA
GTTATAGGATTCCAATGGTATTGAGTTTATTTTTTATTTGGTGACACAACTATTTTTAGTAATTTAATATTAGAAAGTGATTACATTTTAGGAGAT
TTAAGAATATTGCAATGTAATCATGTGCTAACTTTATTAAGTTTAGTAATTTATAAATTATGATTATCTGCAGTAGATGTAATACATTCATTCTCA
TTATCAAGTTTAGGTATAAAAGTAGATTGTATACCTGGTAGATGTAATGAAATAATTTTATATGCATCAAATGCAGCAACTATTTATGGTCAGTGT
AGTGAATTATGTGGTGTATTACATGGATTTATGCCTATTGTAATAAATTTTATATAA

>COII_edited Translated
MSFILSFWLLFLIDSVIVLLSLSFFLVLWICILLISSILCIIKINIVYCSWDFIASKFLDVYWFVVGTMFMLCLLMRLCILLYFGCLNFVSFDICK
VIGFQWYWVYFLFGDTTIFSNLILESDYILGDLRILQCNHVLTLLSLVIYKLWLSAVDVIHSFSLSSLGIKVDCIPGRCNEIILYASNAATIYGQC
SELCGVLHGFMPIVINFI*

Confirmation by aligning with T. brucei

COII_brucei MSFILTFWMIFLMDSIIVLISFSIFLSVWICALITATVLTVTKINNIYCTWDFISSKFID 60
COII_edited(Trans) MSFILSFWLLFLIDSVIVLLSLSFFLVLWICILLISSILCIIKINIVYCSWDFIASKFLD 60

COII_brucei TYWFVLGMMFILCLLLRLCLLLYFSCINFVSFDLCKVIGFQWYWVYFLFGETTIFSNLIL 120
COII_edited(Trans) VYWFVVGTMFMLCLLMRLCILLYFGCLNFVSFDICKVIGFQWYWVYFLFGDTTIFSNLIL 120

COII_brucei

COII_edited(Trans)

COII_brucei

COII_edited(Trans)

JRkkok ook skok akokokok e skokok sokokokok ke dkokokokokok o dkokokokokokokkokokok skok ok ok ok o kokokok ok ok kok ok

ESDYLIGDLRILQCNHVLTLLSLVIYKLWVSAVDVIHSFTISSLGIKVDCIPGRCNEIIL
ESDYILGDLRILQCNHVLTLLSLVIYKLWLSAVDVIHSFSLSSLGIKVDCIPGRCNEITIL

skok ok ok o o 3k ok ok ok okok sk ok ok sk ok ok ok ok ok sk ok ok dkosk sk sk sk o skokok sk sk sk sk kok o o sk sk sk ok ok sk ok sk sk ok sk ok ok sk ok ok sk ok ok

FATNNATLYGQCSELCGVLHGFMPIVINFI 210
YASNAATIYGQCSELCGVLHGFMPIVINFI 210

ek ek okok o skokokokokokok sk sk ok ok ok ok ok ok sk ok ok kok ok

Alignment: Genomic vs Edited (MRNA) sequences

COII_genomic
COII_edited

COII_genomic
COII_edited

COII_genomic
COII_edited

COII_genomic
COII_edited

COII_genomic
COII_edited

COII_genomic
COII_edited

COII_genomic
COII_edited

COII_genomic

ATGAGTTTTATATTATCCTTTTGATTATTATTTTTAATAGATTCTGTAATAGTTTTATTA
ATGAGTTTTATATTATCCTTTTGATTATTATTTTTAATAGATTCTGTAATAGTTTTATTA

TCTTTATCTTTTTTTCTCGTTTTATGAATATGTATTTTATTAATTTCTTCTATATTATGT
TCTTTATCTTTTTTTCTCGTTTTATGAATATGTATTTTATTAATTTCTTCTATATTATGT

ATTATAAAGATAAATATAGTTTATTGTTCATGAGATTTTATTGCCTCAAAATTTTTAGAT
ATTATAAAGATAAATATAGTTTATTGTTCATGAGATTTTATTGCCTCAAAATTTTTAGAT

GTTTATTGATTTGTTGTTGGAACTATGTTTATGCTATGTTTATTAATGCGTTTATGCATA
GTTTATTGATTTGTTGTTGGAACTATGTTTATGCTATGTTTATTAATGCGTTTATGCATA

TTATTATATTTTGGATGTCTCAATTTTGTCAGTTTTGATATATGTAAAGTTATAGGATTC
TTATTATATTTTGGATGTCTCAATTTTGTCAGTTTTGATATATGTAAAGTTATAGGATTC

CAATGGTATTGAGTTTATTTTTTATTTGGTGACACAACTATTTTTAGTAATTTAATATTA
CAATGGTATTGAGTTTATTTTTTATTTGGTGACACAACTATTTTTAGTAATTTAATATTA

GAAAGTGATTACATTTTAGGAGATTTAAGAATATTGCAATGTAATCATGTGCTAACTTTA

GAAAGTGATTACATTTTAGGAGATTTAAGAATATTGCAATGTAATCATGTGCTAACTTTA

TTAAGTTTAGTAATTTATAAATTATGATTATCTGCAGTAGATGTAATACATTCATTCTCA
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COII_edited TTAAGTTTAGTAATTTATAAATTATGATTATCTGCAGTAGATGTAATACATTCATTCTCA
COII_genomic TTATCAAGTTTAGGTATAAAAGTAGA--G-A-ACCTGGTAGATGTAATGAAATAATTTTA
COII_edited TTATCAAGTTTAGGTATAAAAGTAGAUUGUAUACCTGGTAGATGTAATGAAATAATTTTA
COII_genomic TATGCATCAAATGCAGCAACTATTTATGGTCAGTGTAGTGAATTATGTGGTGTATTACAT
COII_edited TATGCATCAAATGCAGCAACTATTTATGGTCAGTGTAGTGAATTATGTGGTGTATTACAT
COII_genomic GGATTTATGCCTATTGTAATAAATTTTATATAA

COII_edited GGATTTATGCCTATTGTAATAAATTTTATATAA

MURF2

>T.vivax (Y486) MURF2 mRNA (edited)
ATGTTTGGTTGTTTTAATTTAGTTTTATTTTTGTGCTTTGATTGTAGCCGTATTTTTGATTTATTATGTATTAGAACATATGATTTTATATTATGA
TGATTTGATTTAGATTTCATTTTATACGATTTCGTTTTTGATTTTGTTGTTTGCATAACTTTTATCTTTATTTTTGTGTTGGGTTTTTTTTTGAGG
ATTTTTTTCAGTTTTGTATTTGTCTTATTATTTATAACATTTTTTGGTTTTTTTGCAACAGCTTTATTATATTCTGGATATTATTTATTTTATATA
TATATATTATATAATTTTATCTGTTTTTTTTTTGTATTTGGTATTAATTTTATTTTATTTTACCTCGAATTTTTTACATATATAAATCTTTTTATA
TTTTTTGATTTCGTTAGTTTTTCAAGTTATTTATATAATTTTTTTGGATTAGTTATATTATTTAATATTATATTTTGTCATTATTTGTTTTGTTTA
TTTTATTTTGTAATTCATTTTTTATTTTGTTTTATATTTTTTGTTATTCGTTGTTTATTTATAATAATTACAGATTTTTTATTTTTTAATTTTGAT
ATATTTGTTTCTATTTTATTGTGTGATATGTCATTTTTAGATTTTATTAGTTTATTATTATTATATTTTAATTTTATATTTAATTATATGTATGGT
TTTATTAGTTTTATTATTATTTTAGGTTTTTTATTTTTATTATTATTTTTTGTTATTAATTTATTTTTTGGTTTTATATTTTTGGTTTATGGATTT
CATTTGCATTTATTAAATTATATTTTTTGATTATATATTATTTACAGTAAAAGTTGTTTTGTATTATTACCAGCTGTATTAATATTTTTTAAATTT
ATGTATTTCGATGTTTTTTTTGTATTTATTTTTGTATTAATATTATTTATAATATGTTTTTTTAGTTTTTTCTTAAAAGATTTTTTATTTTTATCT
TTATTTTTTGATATATTTACATCATTATATAGTTATGATATATATTCATATATTGCATTTTATGCAAATATTCAATATTTTAGTATAACGCAGTTA
TTATTTATTTATATGTAA

>MURF2_edited Translated
MFGCFNLVLFLCFDCSRIFDLLCIRTYDFILWWFDLDFILYDFVFDFVVCITFIFIFVLGFFLRIFFSFVFVLLFITFFGFFATALLYSGYYLFYI
YILYNFICFFFVFGINFILFYLEFFTYINLFIFFDFVSFSSYLYNFFGLVILFNIIFCHYLFCLFYFVIHFLFCFIFFVIRCLFIIITDFLFFNFD
IFVSILLCDMSFLDFISLLLLYFNFIFNYMYGFISFIIILGFLFLLLFFVINLFFGFIFLVYGFHLHLLNYIFWLYITIYSKSCFVLLPAVLIFFKF
MYFDVFFVFIFVLILFIICFFSFFLKDFLFLSLFFDIFTSLYSYDIYSYIAFYANIQYFSITQLLFIYM*

Confirmation by aligning with T. brucei

MURF2_brucei MFGCFNLVLFLCFDCSRVFDLLCIRTYDFILWWFDLDFILYDFVFDFVVCITFIFIFVLG 60

MURF2_edited(Trans) MFGCFNLVLFLCFDCSRIFDLLCIRTYDFILWWFDLDFILYDFVFDFVVCITFIFIFVLG 60
stk ok sk sk ok sk ok ko stk ko o skl ok skok sk sk skl skl sk skt ks ok sk ek s ks sk ok sk kol sk ok sk ok sk ok o ok

MURF2_brucei FFIRIFFSFVFVLLFITFFGICSLTMLFTGYYIYYIYILYNFICFFFAFGINFLIYYIEF 120
MURF2_edited(Trans) FFLRIFFSFVFVLLFITFFGFFATALLYSGYYLFYIYILYNFICFFFVFGINFILFYLEF 120
ok s skoksok ok ok sokdoR ok ok 1 s ak s dkokok s kskokiioRsioRskoRakoR ok okokskok + » 0k ok
MURF2_brucei FIFITFHIFFDFISFSNYIYNYFGILYMFNVMFCAYLFCLFYFVIYFLFCFIFFVIRCLF 180
MURF2_edited(Trans) FTYINLFIFFDFVSFSSYLYNFFGLVILFNIIFCHYLFCLFYFVIHFLFCFIFFVIRCLF 180
® ek okl adoksk kadkok ksks o ks cksk SoRioRsioRsoRaior o kkoRskokskok ok ok skok ok
MURF2_brucei IVIMDFLFFNFDIFVSILLCDIVYLDFISLLLLYFNFIFNFIYGFFSFVIILGLLFLLLF 240

MURF2_edited(Trans) IIITDFLFFNFDIFVSILLCDMSFLDFISLLLLYFNFIFNYMYGFISFIIILGFLFLLLF 240

* ook ckokokokokokokokokokokokokokokokok o wskokokokokokokkkokokokokok ok ok o e kokok o kb s okokokok o kokokokokok

MURF2_brucei LVINLFFGFTFLVYGIQIILLYYVYWLYMIYSRSCYILMPAILIFFKFIYFDVFFVFVFI 300

MURF2_edited(Trans) FVINLFFGFIFLVYGFHLHLLNYIFWLYITYSKSCFVLLPAVLIFFKFMYFDVFFVFIFV 300
SRRk KRRk e s e Rk K wkokok s skokok 2Rk ek s ko kokokskokok + Skokskok kKR o K

MURF2_brucei LILFIISFFSFFLKDFLFLSLYFDIFGSLYNYDILSYSIFYYQNNQ-FCLTQLLSIYI 357

MURF2_edited(Trans) LILFIICFFSFFLKDFLFLSLFFDIFTSLYSYDIYSY-IAFYANIQYFSITQLLFIYM 357

kokokokokok ckokdkokokdkokkdkokskdkokok o okokkok kokk kkk kk ok ok ok ok ok ookkokk okk .
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Alignment: Genomic vs Edited (MRNA) sequences

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomic
MURF2_edited

MURF2_genomi
MURF2_edited

A-G---GG--G----ATTTTA---AG----A----- G-GCTTTGATTG-AGCCGTATTTT
AuGuuUGGUUGUUUUA- - - ~AuuUAGUUUUAUUUUUGUGCTTTGATTGUAGCCGTATTTT

TGATTTATTATGTATTAGAACATATGATTTTATATTATGATGATTTGATTTAGATTTCAT
TGATTTATTATGTATTAGAACATATGATTTTATATTATGATGATTTGATTTAGATTTCAT

TTTATACGATTTCGTTTTTGATTTTGTTGTTTGCATAACTTTTATCTTTATTTTTGTGTT
TTTATACGATTTCGTTTTTGATTTTGTTGTTTGCATAACTTTTATCTTTATTTTTGTGTT

GGGTTTTTTTTTGAGGATTTTTTTCAGTTTTGTATTTGTCTTATTATTTATAACATTTTT
GGGTTTTTTTTTGAGGATTTTTTTCAGTTTTGTATTTGTCTTATTATTTATAACATTTTT

TGGTTTTTTTGCAACAGCTTTATTATATTCTGGATATTATTTATTTTATATATATATATT
TGGTTTTTTTGCAACAGCTTTATTATATTCTGGATATTATTTATTTTATATATATATATT

ATATAATTTTATCTGTTTTTTTTTTGTATTTGGTATTAATTTTATTTTATTTTACCTCGA
ATATAATTTTATCTGTTTTTTTTTTGTATTTGGTATTAATTTTATTTTATTTTACCTCGA

ATTTTTTACATATATAAATCTTTTTATATTTTTTGATTTCGTTAGTTTTTCAAGTTATTT
ATTTTTTACATATATAAATCTTTTTATATTTTTTGATTTCGTTAGTTTTTCAAGTTATTT

ATATAATTTTTTTGGATTAGTTATATTATTTAATATTATATTTTGTCATTATTTGTTTTG
ATATAATTTTTTTGGATTAGTTATATTATTTAATATTATATTTTGTCATTATTTGTTTTG

TTTATTTTATTTTGTAATTCATTTTTTATTTTGTTTTATATTTTTTGTTATTCGTTGTTT
TTTATTTTATTTTGTAATTCATTTTTTATTTTGTTTTATATTTTTTGTTATTCGTTGTTT

ATTTATAATAATTACAGATTTTTTATTTTTTAATTTTGATATATTTGTTTCTATTTTATT
ATTTATAATAATTACAGATTTTTTATTTTTTAATTTTGATATATTTGTTTCTATTTTATT

GTGTGATATGTCATTTTTAGATTTTATTAGTTTATTATTATTATATTTTAATTTTATATT
GTGTGATATGTCATTTTTAGATTTTATTAGTTTATTATTATTATATTTTAATTTTATATT

TAATTATATGTATGGTTTTATTAGTTTTATTATTATTTTAGGTTTTTTATTTTTATTATT
TAATTATATGTATGGTTTTATTAGTTTTATTATTATTTTAGGTTTTTTATTTTTATTATT

ATTTTTTGTTATTAATTTATTTTTTGGTTTTATATTTTTGGTTTATGGATTTCATTTGCA
ATTTTTTGTTATTAATTTATTTTTTGGTTTTATATTTTTGGTTTATGGATTTCATTTGCA

TTTATTAAATTATATTTTTTGATTATATATTATTTACAGTAAAAGTTGTTTTGTATTATT
TTTATTAAATTATATTTTTTGATTATATATTATTTACAGTAAAAGTTGTTTTGTATTATT

ACCAGCTGTATTAATATTTTTTAAATTTATGTATTTCGATGTTTTTTTTGTATTTATTTT
ACCAGCTGTATTAATATTTTTTAAATTTATGTATTTCGATGTTTTTTTTGTATTTATTTT

TGTATTAATATTATTTATAATATGTTTTTTTAGTTTTTTCTTAAAAGATTTTTTATTTTT
TGTATTAATATTATTTATAATATGTTTTTTTAGTTTTTTCTTAAAAGATTTTTTATTTTT

ATCTTTATTTTTTGATATATTTACATCATTATATAGTTATGATATATATTCATATATTGC
ATCTTTATTTTTTGATATATTTACATCATTATATAGTTATGATATATATTCATATATTGC

ATTTTATGCAAATATTCAATATTTTAGTATAACGCAGTTATTATTTATTTATATGTAA
ATTTTATGCAAATATTCAATATTTTAGTATAACGCAGTTATTATTTATTTATATGTAA
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CR4

>T.vivax (Y486) CR4 mRNA (edited)
ATTTTTTTGTTTGTTGTGCATTTTTTTTTTTTTTATTTGGTGTGTTTGTGTTTTATGTATAGTTTGTGGTATATTTTGTTGTTGTTTTTTTTTTTG

TTTTTTTTGTTTGTGTGTTTGGGTATGTTTTATTTGTTTTGTTATAGTTGTTTGTTTTTTTTTTTTGTTTTGGGTTGTGATTTTTTGTTAGTTTAT
TGATTGTATAGTTTGTTTTTTTTGTGACGTTATAATTTTGTTTATTTTTTTTTTTTGTTTTGTTTTGTGTTTTTTGTTTTGTTGTTTTTTTTTGGT
TTGTTTGGTTTTTTTTTGTATTTTTTGTTATGTTTTGTGTTATTTTTTGATTTGTTTTTTATGTTGTTTTTTGTATTGGGTGGTTTTTTTGTTTTT

GTTTTTTTTTTTTGTTTATGTTTATTGTTTTTTGTAGTTATTGTTGTTTTATTAGTTTGGTTGTTGTTGTTATTTGTGTATAGGTTTATTTATATG

CGTTTTGTGTTTTAA

>CR4_edited Translated
IFLFVVHFFFFYLVCLCFMYSLWYILLLFFFLFFLFVCLGMFYLFCYSCLFFFFVLGCDFLLVYWLYSLFFLWRYNFVYFFFLFCFVFFVLLFFFG
LFGFFLYFLLCFVLFFDLFFMLFFVLGGFFVFVFFFCLCLLFFVVIVVLLVWLLLLFVYRFIYMRFVF*

Confirmation by aligning with T. brucei

CR4_brucei

CR4_edited(Trans)

CR4_brucei

CR4_edited(Trans)

CR4_brucei

CR4_edited(Trans)

NLLSLCIYYYFILILVVHFFFFYLVCLCFMYSLWYILLLFCFLFLLFVCVGMFYLFCYSC
----------- IFLFVVHFFFFYLVCLCFMYSLWYILLLFFFLFFLFVCLGMFYLFCYSC

o oo kookookokokok ok sk ok ok kokok skook ok kokokosk sk sk sk kok skokisk e kokokok o kook kokoskokok ok k ok

LFFFVVLGCDFLLVFWLYSLFFLWRYNFVYFFFLFCFVFFVLLFLFGLFGFFLYFLLCFV 120
LFFFFVLGCDFLLVYWLYSLFFLWRYNFVYFFFLFCFVFFVLLFFFGLFGFFLYFLLCFV 109

kokokok | dkokokokokokokok ok o okokok sk ook ok ok okok sk ok ok skok ok okok ok skok ok sk kokokok sk ok o skokokok skok ok skokokokok ok ok ok

LFFDLFFMLFFVLGGFFVFVFFFCLCLFLFVVVVILLVWLLLLFVYRFIYMRFLF 175
LFFDLFFMLFFVLGGFFVFVFFFCLCLLFFVVIVVLLVWLLLLFVYRFIYMRFVF 164

sk 3k 5k ok 3k ok ok ok ok ok ok ok sk sk ok ok ok okok sk sk ok ok kok sk sk o e ok o %k e ok oKk okook ok ok ok ok ok sk ok ok sk kok ok .k

Alignment: Genomic vs Edited (MRNA) sequences

CR4_genomic
CR4_edited

CR4_genomic
CR4_edited

CR4_genomic
CR4_edited

CR4_genomic
CR4_edited

CR4_genomic
CR4_edited

CR4_genomic
CR4_edited

CR4_genomic
CR4_edited

CR_genomic
CR4_edited

CR4_genomic
CR4_edited

ATT-----G---G--G-GCTTTTTA-------------- A---GG-G-G---G-G----A
ATTuuuuuGUUUGUUGUGC- - - - - AuuuuuuuuuuuuuuAUUUGGUGUGUUUGUGUUUUA

-G-A-ATTTTTG---G-GG-A-A----GT-G--G----------- G-------- G---GT
UGUAUA----- GUUUGUGGUAUAUUUUGTUGUUGUUUUUUUUUUUGUUUUUUUUGUUUGT

TTTG-G---GGG-ATTTG----A---G----G--A-ATTTTG--G---G-----------
- - -GUGUUUGGGUAT - -GuuuuAuUUGUUUUGUUAUA- - - -GUUGUUUGUUUUUUUUUUU

-G----GGG--G-GATTTT--G--AG---AT-GA--G-A-ATTTGT--G-------- G-G
UGUUUUGGGUUGUGATTTTUUGUUAGUUUATUGAUUGUAUA- - -GTuuGUUUUUUUUGUG

ACTG--A-AAT---G---AT----------- GT---GTT--G-G------G----G--G-
AC-GUUAUAATUUUGUUUATTTTUuUUUUUUUGTUUUGTTUUGUGUUUUUUGUUUUGUUGU

-------- GGTTTTG---GG---------G-A------G--A-GT---G-G--A------
UUUUUUUUGGTTT -GuuuGGUUUUUUUUUGUAUUUUUUGUUAUGTUUUGUGUUAUUUUUU

GA---G------A-G--G------G-A--GGGTGG------- G----- G-----------
GAuuUGUUUUUUAUGUUGUUUUUUGUAUUGGGTGGUUUUUUUGUUUUUGUUUUUUUUUUU

-G---ATG---A--G------G-AG--ATTGTTTTG----A--AG---GG--G--G--GT
UGUUUATGUUUAUUGUUUUUUGUAGUUATTGTT - -GuuuuAuuAGUUUGGUUGUUGUUGT

TTA---G-GTTTTATTTATTGG---A---A-A-GCG----G-GTTTTTTAA
T-AuuuGuGT - - -ATuuATTGGUUUAUUUAUAUGCGUUUUGUGTTTT--AA
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ND3

>T.vivax (Y486) ND3 mRNA (edited)
ATGTTATCAATTTTTTTGTATTTGGTTTTGTGTTTGTGGTTTATTATTTTATTGTTAGGTTTTTTTCTATGTTTTTTATGTTTTTTGTTACATTTTT
TTGATTGTTTTCGTTGTTGTTTATGATTTTCATGTGGTTTGTATGATATGAATTCACGTTTGGTGTTTTATACATTAGATTTATGTTTTGTTAGTTG
TTTGTTTTTTGTGTTATTGAATTCTGTTATTTGTGTTTTGTTATTTGTATTTGTGTTGGTATTGTTTTATTTTTGTTATGGTTTTTTATTTTTGTGG
TTTTTGTTTTTTGTGTTGTTATTAGGGTTTGTGTGGTATTTTTGAGATCATGTATATT

>ND3_edited Translated
MLSIFLYLVLCLWFIILLLGFFLCFLCFLLHFFDCFRCCLWFSCGLYDMNSRLVFYTLDLCFVSCLFFVLLNSVICVLLFVFVLVLFYFCYGFLFLW
FLFFVLLLGFVWYFWDHVY

Confirmation by aligning with T. brucei

ND3_brucei LLSLFLYLFLILWFIILFIGFFLCFLCFLLHFFDCFRCCLWFSCGLYDMNSRLVFYTLDL 60
ND3_edited(Trans) MLSIFLYLVLCLWFIILLLGFFLCFLCFLLHFFDCFRCCLWFSCGLYDMNSRLVFYTLDL 60

SRk eokokokok ko okokokokokok o e dkokokokokokokokokokokokokokokok ok ok okokkookok ok okok ok okok ok kok ok ok kok ok kok ok

ND3_brucei CFVSCLFFVLLNSIICVLLFVFVIVLFYFCYGFLFLWFLFFVVCIGFVWYFWDHVY 116
ND3_edited(Trans) CFVSCLFFVLLNSVICVLLFVFVLVLFYFCYGFLFLWFLFFVLLLGFVWYFWDHVY 116

hokokokokokokookokokoskok ok o kokokokoskokok ok ok o okokokokskkokokokokokok ok okkokokok o e kokokokokok ok ok ok okok

Alignment: Genomic vs Edited (mMRNA) sequences

ND3_genomic ATGTTA-CAAT------ G-A---GGTTT-G-G---G-GG---AT-A----A--G--AGG-
ND3_edited ATGTTAUCAATUUUUUUGUAUUUGGT TTUGUGUUUGUGGUUUATUAUUUUAUUGUUAGGU
ND3_genomic = ------ CTTTA-G------A-G------G--ACA------~ GTTTTA--G----CG--G-
ND3_edited uuuuuuCT - -AuGuuuuuuAuGuuuuuuGuUUACAuuUUUUUG- - - ~AuuGuuuuCGuuGu
ND3_genomic -G---A-GA----CA-G-GTTTG---G-ATTTTGA-A-GTTATTTTTA--CACG---GG-
ND3_edited UGUUUAUGAUUUUCAUGUG- - -GUUUGUAT - - -GAUAUG- -A-- - - - AuuCACGuuuGGu
ND3_genomic G----ATTTACA--AGA---A-G----G--ATTTTTTTTTTTTTG--G---GT----~- G-
ND3_edited GUUUUAT - -ACAUUAGAUUUAUGUUUUGUUA- - - == == === - - - GuuGUUUGTUUUUUGU
ND3_genomic G--ATTTTTGAAT-C-G--A---GTTTTTG----G--ATTTG-A---GTTTTTTTTTTG-
ND3_edited GUUATT - - -GAATUCUGUUAUUUGT - - - -GUUUUGUUATTTGUAUUUGT == = = = = = - - Gu
ND3_genomic -GG-A--G----A-----GTTATTTTTGG--- - -- ATTTTTTG-GG----- Gmomno- G-
ND3_edited UGGUAUUGUUUUAUUUUUGTTAT- - - -GGUUUUUUATTTTT -GuGGUUUUUGUUUUUUGU
ND3_genomic G--G--ATTTTAGGG---G-GTGG-A----- GAGATTCA-G-ATATT

ND3_edited GUUGUUATT - -AGGGUUUGUGTGGUAUUUUUGAGAT -CAUGUATATT
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RPS12

>T.vivax (Y486) RPS12 mRNA (edited)
ATGTGATTTTTGTATGGTTGTTGTTTGCGTTTTGTTTTGTTTGTTTTATGTTATTATATGAGTCCCCGATTGCCCAGTTCCGGTAATCGA
CGTGTGTTGTATGCCGTGTTTTATTTGTATAATTTTGTGTGGTTGTTGCGTTGTTTTTTTTGTTGTGTGTTTTTTGGTTTGCATTTGTCG
TTATTTATTATAGAGGGTGGTGGTTTTGTTGATTTACCCGGTATAAAGTATTATACACGTATGTTTATTAATTAA

>RPS12_edited Translated
MWFLYGCCLRFVLFVLCYYMSPRLPSSGNRRVLYAVFYLYNFVWLLRCFFCCVFFGLHLSLFIIEGGGFVDLPGIKYYTRMFIN*

Confirmation by aligning with T. brucei

RPS12_brucei MWFLYGCCLRFVLFVLCYYMSPRLPSSGNRRVLYAVFYLYNFVWMLRCFFCC-FIGLVMS 59
RPS12_edited(Trans) MWFLYGCCLRFVLFVLCYYMSPRLPSSGNRRVLYAVFYLYNFVWLLRCFFCCVFFGLHLS 60

sk sk sk ok ok ok okokokokokok sk sk sk sk skoskokokokokokokoskoskskokoskokokokoskokokokokokok skkok ok o skokokokokskk ke kok .ok

RPS12_brucei LFIIEGGGFVDLPGVKYYTRIVS- 82
RPS12_edited(Trans) LFIIEGGGFVDLPGIKYYTRMFIN 84

deokskoskokokokokokokokokokok o kkokokok .

Alignment: Genomic vs Edited (MRNA) sequences

RPS12_genomic A-G-GATTTTTTG-A-GG--G--GTTTGCTTTTTG----G----G---G----A-G--A-
RPS12_edited AuGUGATTTTT-GUAUGGUUGUUGTTTGC- - - - - GuuuuGUUUUGUUUGUUUUAUGUUAU
RPS12_genomic -A-A-GAGTCCTTTTCCGA--GCCCAG--CCGG-AA-CGACG-G-G--G-A-GCCTTG-G
RPS12_edited UAUAUGAGTCC- - - -CCGAuuGCCCAGUUCCGGUAAUCGACGUGUGUUGUAUGCC- -GuG
RPS12_genomic ----A---G-A-AA----G-G-GG--G--GCG--G--------G--G-G-GTTTT--GG-
RPS12_edited uuuuAuuUGUAUAAUUUUGUGUGGUUGUUGCGUUGUUUUUUUUGUUGUGUGTTTTUUGGU
RPS12_genomic --GCATTTGTCG--A---A--A-AGATTTTTGTTTTGG-GG-GG----G--GA---ACCC
RPS12_edited UUGCATTTGTCGUUAUUUAUUAUAGA- - - - - G- - - -GguGGUGGUUUUGUUGAUUUACCC
RPS12_genomic TTTTTGTTG-ATAAAG-A--A-ACACG-A-G---A--AA--AA

RPS12_edited @  ----- G- -GUATAAAGUAUUAUACACGUAUGUUUAUUAAUUAA
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Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

Figura Suplementaria 2. Andlisis de heteroplasmia (MT1 y Liem-176)

Busqueda de heteroplasmia en diferentes regiones del makxicirculo de MT1 o Liem-176 (A-D).

Figure FS2 Testing heteroplasmy in ND4 at positions 194 and 254_259 (MT1 & Liem176)
C>T  del ATATAC insTT del T G>A
at 194  (del 254_259) (between 712_713) (778) (846)

FS2 A

C>T del ATATAC
at 194 (del 254_259)

v ol el ad vl vl ol Al el A Gl el A A A Al A A Al il ol el Al Al el Al ol ol el Al Al A A A A el A A A A A el Al

s

DNAseq reads (from MT1 & Liem) mapped against the reference (ND4 from Y486). All reads contain the mutation
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Testing heteroplasmy in ND4 at positions 712 _713 and 778 (MT1 and Liem176)

FS2B C>T  del ATATAC insTT | del T778| G>A
at 194 (del 254_259) 712_713 at 846

insTT between712_713 ) del T

Mapping
TEfErenCe e o om o af o o0 0 0 0

(v486) agq l
aam
Al
ii” ™

i
DNAseq reads (from MT1 and Liem) mapped against the reference (ND4 from Y486). All reads contain the mutation

ez

BRERRREREREREREEL FFT T

wnmnnn RZ2 RERZZRERERE

FS2C Testing whether TT insertion between positions 712_713 and deletion of T 778 of ND4 represent novel editing sites.
Analysis conducted using RNAseq reads mapped against the genomic sequence fromY486

ins TT between 712_713

DNAse - - | 13 4333
reads a M i ; 2 REER
b i PEER
| 23 2333
H i CEEE
B ] P T FEERS
o N ol ad ol ad sl o q
i aiiaes
i3 e FFEEE]
AL 6 ’ l ’ ICrEET
’i EE aln
’i ol ;!l"""lll--llllll
i s 33 i
: : 2
| 4334 i
| 1 CEER
i CEITEM f EEER] H
Mapping MudugruMuduuurddUdududUuuMrdMdudaUuTUAnaUENurMacdudauNuauuEnEETNNa MUl Y Ul oo
reference ins TT b en 712_713 del T778
(Y486)
3 i: ﬂ EF|
- el
: HH
RNAseq bl a4
reads !!
Liem176 gi
FF
!g Fi
o
;
o
i |
: 4
Mapping a3 | d
reference ol ol ol ol vl ol ol ol A l‘lllllll‘_‘ll#‘“u‘ll.llllglcrfgll“‘l_‘jlldl‘l‘ll ddddddd
(Y486) Note: the mapping above is the same as previous figure. It was included for comparison purposes only.

As the figure shows, all RNAseq reads have the insertion of TT (between 712 and 713) and the deletion
of T at 778, indicating the these mutations do not represent novel editing sites.
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Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

FS2D Testing heteroplasmy in ND2 (MURF1) at position 16 (16_19, mutation observed only in Liem176)
del ATAC
Met 16-19
Mapping
reference

“““““‘-‘.‘““““‘.-‘“.““““‘“““.-‘“““““.
(Y486) F

s s

Liem176 da : :

DNAseq ’I ‘ E :

reads ! : ; ) : p . X
l L! I-- - l]. Al A : - | : i
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Figura Suplementaria 3. Analisis de mutaciones en COl y ND5

Mutaciones observadas en los genes COl y ND5 presentes exclusivamente en las cepas
americanas de T. vivax. Alineamientos multiples de los genes ortélogos de especies
relacionadas y confirmacidon de homoplasmia para estas mutaciones.

A. Alignments show that the point mutations observed in COl and ND5 affect evolutionary
conserved amino acid positions (they are conserved between the African strain Y486 and T.
brucei, Trypanosoma cruzi and Leishmania). Positions of interest are emphasized with colors:
the mutant variant in red, while the canonical variant (i.e. the wild type in the remaining
species) in green. The corresponding change at the DNA level and nucleotide position is
indicated inside the brackets.

A.

Cytochrome oxidase |

T.vivax_Liem
T.vivax _MT1
T.vivax _Y486
T.brucei
T.cruzi
Leishmania dono

T.vivax _Liem
T.vivax _MT1
T.vivax _Y486
T.brucei
T.cruzi
Leishmania dono

T.vivax_Liem
T.vivax_MT1
T.vivax_Y486
T.brucei
T.cruzi
Leishmania dono

ND5

T.vivax_Liem
T.vivax_MT1
T.vivax _Y486
T.brucei
T.rangeli
Leishmania

C>W (nt 24, T->A) G>C (nt 154, G->T)
MFFICLT.LSVSHKMIGICYLLTAILCGFIGYVYSLFIRLELSLVGCGVLFGDYQFYNVL

MFFICLTILSVSHKMIGICYLLTAILCGFIGYVYSLFIRLELSLVGCGVLFEDYQFYNVL
MFFICLTELSVSHKMIGICYLLTAILCGFIGYVYSLFIRLELSLVGCGVLFEDYQFYNVL
MFFLCLVELSVSHKMIGICYLLVAILCGFIGY I'YSLFIRLELSL IGCGVLFEDYQFYNVL
MFFICLVELSVSHKMIGICYLLVAILCGFVGYVYSLFIRLELSLVGCGVLFEDYQFYNVL
MFWLCLVELSVSHKMIGLCYLLVAILSGFVGYVYSLFIRLELSIIGCGILFEDYQFYNVL
** .- **x _ E ek - E = _ E = _ *x - **x - E e .- E = - *h KhkAkAAAkAX
G>S (nt 237, G->A)
I TAHGL IMVFGF IMPVAMGGFMNYFAP I 1VGFPDMVFPRLNNMSFWMFLGGVGCL I SGFL
ITAHGLIMVFGFIMPVAMG.FMNYFAPIIVGFPDMVFPRLNNMSFWMFLGGVGCLISGFL
I TAHGL IMVFGF IMPVAMGGFMNYFAP I 1 VGFPDMVFPRLNNMSFWMFLGGVGCL I SGFL
ITSHGLIMVFAFIMP I TMGGFTNYFAPVMVGFPDMVFPR INNMSFWMF I GGFGCLVSGFL
I TAHGL IMVFAF IMPV IVGGFVNYFAPVMVGFPDMVFPRLNNMSFWMFVGGFGCLVSGFL
I TSHGL IMVFAF IMPVMMGGLVNYF I PVYMAGFPDMVFPRLNNMSFWMY LAGFGCVVNGFL

Kk -kkkhdhkAhk Fhkkk -

=k = Kx*kk K- - -

== K* **x-- *kk

V>| (nt 1399, G->A)
FGSNMVFFPLHS IGMFAFPRRISDYP I SFLFWSSFTLFGMLLLSFLJLFCCCLFNTFLFW
FGSNMVFFPLHS IGMFAFPRRISDYP I SFLFWSSFTLFGMLLLSFLJLFCCCLFNTFLFW
FGSNMVFFPLHS IGMFAFPRRISDYP I SFLFWSSFTLFGMLLLSFLMLFCCCLFNTFLFW
FGSNMVFFPLHSLGMFAFPRRISDYP I SFLFWSAFTLYGMLLLTFLMIFCCCLFNVILFW
VGVNMLFFPLHSLGMFAFPRRISDYP I SFLYWSSFSLYGMLL ITSLMLFCCCLFSILFFW
I GSNMVFFPMHSLGMYAFPRRISDYP I SFLFWSSFMLYGMLLLASLJJLFLCALFCVFLFW

K KA emEAAK Ak eAh e AAAAXAAAXAAAXAXAK =Kk =Kk K=kkkhk=-= *==-k K *% - =%k

G>C (nt 430 G->T)
VLSMNIFILSFDFLTAYCGWELL.LFSFQLISYFWFRFFALKYGFKAFLIGKIGDVLLII
VLSMNIFILSFDFLTAYCGWELL.LFSFQLISYFWFRFFALKYGFKAFLIGKIGDVLLII
VLSMNIFILSFDFLTAYCGWELLGLFSFQLISYFWFRFFALKYGFKAFLIGKIGDVLLI1
VVCMNLFILSYDFLTAYCGWELLGLFSFFLISYFWYRFFALKFGFKAFFIGKIGDVLLIF
IMCMNFFILSYDFLTAYCGWELLGLFSFFLISYFWYRFFSLKFGFKAFFIGKIGDILLMS
VLCMNFFILSYDFLTAYCGWELLGLFSFFLISYFWYRFYALKFGFKAFFISKVGDIMLLL

- - Kk - -

mkk - mkk-kFkhkhkk -k K*-Kkk--%k-
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C. Testing heteroplasmy in ND5 at position 430

ND5 (MT1 and Liem)

G>T (430)

DNAseq a j
MT1 R EE :
I‘“"‘l“‘“‘“"“‘“‘“‘.I“““““““““““
DNAseq
Liem-176

Checking heteroplasmy in ND5. The figure shows the segment of alignment containing the
mutation (G->T, at 430). In this case reads from Liem-176 and MT1 were mapped separately.
Figure confirms absence of heteroplasmy for this mutation.
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Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

Figura Suplementaria 4. Analisis sobre minicirculoma

A. Alineamiento de los 54 minicirculos identificados en la cepa MT1 (la region contiene las

zonas de conservacion CSB 1 a 3).

Figure FS4

CSB-1 CSB-2 CSB-3

i

i
&
s

i

probability
2

- >
=
o
L
-
>

probability
—4(?)?%

Supplementary Figure FS4. Alignment of conserved region that contains the CSB blocks (data set includes the 54 MT1 minicircles).
The three conserved blocks are highlighted and their degree of conservation is illustrated by a logo representation of
each one of the three blocks
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B. Mapeo de reads de RNAseq mostrando transcripcion de bloques conservados (CSBs).

= [score. levaue |
FASERSA01BWAT 1

> Tvminicl on F3SERS101BWVZL
Lengthe=361

Score = 313 bits (346), Expect = Te-85
Identities = 173/173 (100%), Gaps = 0/173 (0%)

Strand=Flus/Minus
Query
Sbjet
Query 61 TTITIGGTGATTTTGAT :lur'rﬂ'rm 120
IIIIIEIIIIIIIIIIIII]HI\I\IIIIIIIJIIII \I\ItIIIIIIIII
Sbjet 125 TTTTTGGIGATTT TCITE 66
Query 121 GGTGIATTCGTTC GAGATGGTATGCGAGGIGATTATART 173 List of 454
TEERRRERERE R R R e e e e reads
sbict €5  GRTGTATTCGTICGIGET IATART 13
(RNAseq) that
map over this
region
> Tvminicld on F3SERSLOLASEQI rm - F—— ;
Length=444 [Fsmsomwory |13 7oe.aqS0quaNces producing signifi me Lt e-value
_rasr.nsw:,nsscu | 7agdoo ]
Score = 749 bits (230), Expect = 0.0
Tdentities = 423/427 (39%), Gaps = 1/427 (0%) FAS1XYRO2GIVAL I
Strand=plus/Plus [Fasenssomeee | 13 e
Query 1 ATTGAARTATTAGCATA] JrraTICGGCTA 60 F35ERS101BVM7Z |  e2foo |
(AR R A RN AN R AR NR AN lIIIIlII!II
sbjct 18 ATTGARATATTAGCATAQGIAGA BRRATTCGGCTA 77 F3SERS101BCYHL | saf so00e15
Query 61 TCEAQAGGEETIGGTGL) TAATTTARIT 120
RS STy Ny 6,00€-
Sbjct 78 AA T TCGA GGTGTARJATAATTTAATT 137
GCIAHUNDZIC208 | 378 1006
Query 121 TIGGIT 180
BERRERRER e e e e enennneeernnenenein
Sbjct 138 TIGGTTTIGAGGTGAATCTIATTGGTGTGAGIGIGATGAGTTGECTIGGGGAGEIGGGTA 197 F35ERS101BTICT | 374 4006103

Query 181 T 5 Sh List of 454 RNAseq mapping reads

REREERTRER R i e e e en ey vennn
Spjer 188 TTGCGTAGATARACCARATARGATCACARRGCAMAGGGAATAMATGAGARTTTGARTAST 287

Query 241 AAAGTTATGARGTGAGRATTGRACAATAAAGCARAATGATATTAGATTAGCGTGATGGGT 300
BERERRTRRE R et n ey vneaeinn
Sbjct 258 AAAGT TATTAGK 17

Query 301 ATTGAGRTTATIARGCTAGATTGEAGTIGARGITARRIGGGTGGCTGETGTTAGETARAR 360
REREERERE i e e et
Sbjct 318 ATTGAGATTAT TGGAGTTGARGT RGGTARRA 377

Query 361 TCATGRCAATCCATGAT: AT 418

BURERERRE R e e e e it e
Sbjct 378 TCATGACARTCCATGATAAGCGAACATGATGTGGTATGIGTGGIGGGTGTIGGGIGIGET 437

FasvovRO2GEHNC | 360 5,00E-99
coamunoxtre | 33 30060

3I5ERS101BNRGA 3,006-73]
GCIAHUND2GCSKS I YT
GCI4HUNDZHEG1T | 18] apoe-as

3I5ERS101AUYHL | 178] 5.006-24]
GCI4HUNDZGS 50U | 13| 300640

Supplementary Figure FS4 B. Transcription spans the conserved block in minicircles. Minicircle alignment against 454 RNAseq
database (bioinformatica. feien.edu.uy/Tvivax). The alignments show two examples of the expression of the CSB-1 to 3 region in different
minicircles (CSB-1 to 3 are marked by red boxes). The list of 454 reads spanning the region is presented in the tables located to the rigth of
each aligment.
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Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

C. Mapeo de reads de experimentos diferentes de RNAseq (Liem-176 e Y486) sobre una de las
secuencias de minicirculo, mostrando la transcripcién de las regiones conservadas.

Figure FS4 C. Three different RNAseq datasets were mapped on the Tvmic12 minicircle. This minicircle was chosen in this
illustrative example because it contains an A as the last ntin CSB1, i.e the less frequent, non canonical base at this position(see
logo in FS4 A). This aspect and the fact that the alignment of reads to this reference was 100% strict (no mismatches were
allowed) guarantees that mapping results do not represent cross-mapping on a conserved region.

Tvminic12 (Liem) vs 454 RNAseq reads from Liem176

1500
1000

Sequencing deptl
o =1
(=] (=]

el e~

Ei|
1]

&

nt position
Zoom in conserved region
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Gendmica funcional y evolutiva de tripanosomas africanos: el modelo Trypanosoma vivax

Figura Suplementaria 5. Analisis de minicirculos diméricos
Analisis de minicirculos diméricos.

To corroborate if long (multimeric) minicircles are real molecules and not assembling artifacts,
some of them were selected for further analyses. One type of analysis was merely in silico, and
consisted on mapping paired-end reads. Note that when the two halves of a dimeric minicircle
are divergent enough (say contains indels and point differences), and the two reads of a pair
(paired-end) match perfectly, each one of them on a different half of the dimeric minicircle
(see bellow FS3 a), is indicative that the molecule does exist as a dimer. Moreover specific
primers were designed for their amplification. The sizes of resulting amplicons allowed us to
verify the existence of singletons and dimers. Furthermore, these were sequenced using
Sanger (capillary) methodology and in all cases the obtained sequences were almost identical
to the respective assembled contigs (FS3 b).

ES3a
multiTvminic11_MT1_rep1 TTGATGTGGGTTGCTAACTGATAGGGT TGGGTGT TAAGATGTGAG-~- -~ - 45
multiTvminic11_MT1_rep2 TTGATGTGGGTTGCTAACTGATAGGGT TGGGTGT TAAGATGTGAGGTGAR 50
multiTvminic11_MT1_rep1 mmmmemmesmmemeeeee e ome-- - -~ -GTGAAAACGGTCAGATGCATCA 67
multiTvminic11_MT1_rep2 CTGATAGGGTTGGGETGT TAAGATGTGAGG TGAAAACGGT CAGATGCATCA 100
R
multiTvminicl1_MT1_rep1 TAGATAGAG TTGACAAGGTGGGTGGAT TAGTAAGTTGTGTGTAGGTGTGE 116
multiTvminic11_MT1_rep2 TAGATAGAG TTGACAAGGTGGGTGGAT TAGTAAGTTGTGTGTAGGTGTGT 150
multiTvminic11_MT1 7fepl TCATCATCTCTTCATTCACTTCAATATGGTTAGATCAGATCACTTGTCTT 166
multiTvminic11_MT1_re| p2 TCATCATCTCTTCATTCACTTCAATATGGTTAGATCAGATCACTTGTCTT 200
S
multiTvminicii_MTi_repi TATCTTGAT TTAGTGGTGACTTAGTTGTTAAT TTATTAGTAGTGGTGAGA 216
multiTvminic11_MT1_rep2 TATCTTGAT TTAGTGGTGACTTAGTTGTTAATTTATTAGTAGTGGTGAGA 250
R R *
multiTvminic11_MT1_repl GCGATTAGGGTGTGTAAGAAGT TATGTAATAAACACAACAAGAAACGCAA 266
multiTvminic11_MT1_rep2 GCGGTTAGGGTGTGTAAGAAGT TATGTAATAAACACAACAAGAAACGCAA 300
P
multiTvminicl1_MT1_repi GAGAAAAAGATAGT TGE TGCAGTGTGT GAGGGTAAGT GCAGAGACAAGAA 315
multiTvminic11_MT1_rep2 GAGAAAAAGATAGT TGATGCAGTGTGT GAGGGTAAGT GCAGAGACAAGAA 350
hra
multiTvminic11_MT1_repi GAGTTAGTGAAATGGGCGAAAAGT GTCAAGAATIT 350
multiTvminic11_MT1_rep2 GAGTTAGTGAAATGGGCGAAAAGT GTCAAGAATCT 385
P
csB repetition csB repetition
A A A A
3 N s I 4 Al ~ B
H---8 = I 1 8--8 = ==

1 975

forward reads backward reads

¥ indel/imutations
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FS3b . Gl ’
A W8l lnele el iy IR Ssqiasnil o C. lllumina Assembly vs Sanger confirmation

@\ sequence
A <
o2 &
,bb v < ?uen(s 10: 1c1[1625%Length: Se7wumber of matches: 1
NG S ol Taroms:)
0 Q' LNy 1 to 564 aphics Next Match Previous Match
QQ N @ Ang\mem: s:a:fsﬁcs for match #1 Score Ex| e:r Identities Gaps strand
,@ é\& ée, 998 birs(540) 557,/565(99%) 1/565(0%) Plus/Plus
I 3 query 2 ATCGATCAACTTAtTgETartgrTratcrirattgactaterratact 61
IIIIHIHIHIHHIHI!\IH T T
sbjct 1 60
query 62 11
IIHIHHITHHHIHIHIHIIHHHIHIHH | IHFHIHIH]H
. sbjct 61 TCTTTCAT TCACCGTTTATTATCTC 120
e |ﬁ'|l\|\ﬁ?‘\l“ﬂf?ﬁ?ﬁtl!\?ﬁt\lHHllm HIIIIIHHIHIHHI =
° ————> multiTvminicl2_MT1_001211 sbjer 121 ATTITATTA 180
1kb —— _MT1_{
Query 182 241
iithtinntnmmnintimmnnitinitittsoom
- sbjct 181 AAAATTTTGTGTATATTACACCAACCCCTATTGAACCCCATTTCCCCTTTTTATAGCCAT 240
Query 242 TTTTTCAGGGATTTTGGT AGGGGT, AAfMATTTGAACGCC 301
II!IIHHIHIHHIH | IHIIIIHHIHIHJH
Sbjct 241 TTTTTCAGE TTTTGGTGCGTATC TACGTATAGGGGTATTTC TATAAAATTTGAACGLY 300
- — > Tvminicl2_MT1_000567 Query 302 CGTAAATTTTTGAGGTTTTTCAGCGATTTTCTTGACTATTTTATTTTATICTC 361
500 bpﬁ IIIIHHIIHIH HI]I!HHIIHHHIHIHHIIIIIHHIHIH]H
sbjct 301 GATTTTCTTGACTATTITATTTTATICTCATTAACT 359
Query 362 [CATGCTGTTTCTCAAT ATTGATTGTTGTTCAAGTTATTGCTCGGTCTTATT 421
mittimntiithtmitehntiiimtin ok
sbjct 360 ATCTTTCACGCTGTTTCTCAATTTTATTGATTGTTGTTCAAGTTATTGCTCGGTCTTATT 419
Query 422 GCACGGTTGTTAGGTTTGTGTTTCGTGACTTGTCTCTTAACACTTAACCTACAAATCAGT 461
LULEELRNURT ittt IIHHHIHIHHIIIIHH TILILTETL
sbjct 420 GCACGGTTGTTAGGTTTGTGTTTCGCGACTTGTCTCTTAACACTTAACCTTCAAATCAGT 479
Query 482 GACATCTCTCCACTTCTCTAATCTAACACAACTAAAGAGGAttatatattatattatatt 541
B. Pri d N N L N AN RO
. Frimers and sequence sbjct 480 GACATCTCTCCACTTCTCTAATCTAACACAACTAAAGAGGATTATATATTATATTATATT 539
Query 342 agEAITACTITCLLALTCILALCON 566
e % , SbiCt 540 AGTATTATTATCTTATTCTTATCGA 5§
miniC_12_F 5" ATCTTATTCTTATCGATCAAC 3

miniC_12_R 5" CGATAAGAATAAGATAATAATAC 3

atcttattcttatcgatcaacttattgttattgttttatctttattgactatcttatacttatctttattgtttattatctttcatcatatt
accttcttatcaccgtttattatctcatcagttattgtctattttattattttatttagcaacctctcataagtttcgggegttttataa
aattttgtgtatattacaccaacccctattgaaccccatttecectttttatagecattttttcagggattttggtgegtatctacgt
ataggggtatttctata_aaatttttgaggttttcagcgattttcttgactattttattttattctcattaac
tatctttcacgctgtttctcaattttattgattgttgttcaagttattgeteggtcttattgecacggttgttaggtttgtgtttcgegac
ttgtctcttaacacttaaccttcaaatcagtgacatctctecacttetctaatctaacacaactaaagaggattatatattatatt

atatta O . -2
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Figura Suplementaria 6. Analisis de abundancia y expresion de minicirculos

A. Comparacién entre abundancia de clases de minicirculos en las cepas MT1 y Liem-176.
B. Comparacién entre la abundancia de minicirculos y su expresién (en Liem-176)
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Supplementary Figure FS6. Scatter plot showing the relative abundance of homologous minicircles in Liem176 and MT1 American
strains measured as DNA rpkm (A). Expression level of Liem176 minicircles (RNAseq rpkm) related to the abundance of each one
(DNAseq rpkm).
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Figura Suplementaria 7. Mapeo de ARNg identificados en A6 y RPS12
Mapeo de ARNg sobre las secuencias de los genes A6-ATPasa y RPS12. Se muestra la secuencia

gendmica (sin editar, Un), la secuencia editada completamente (Ed) y los ARNs guia
identificados (con + se indican apareamientos G:U).

A6 Genomic, Edited (mRNA) sequences and gRNAs

Un A-G----- G----====-- G-GA---GTTTTGTG--GCG---G--ATTTTTTA-GTG-A-A--A--G-G-G-GA-C-AGG--A-G

Ed AuGuuuuuGuUUUUUUUUUUGUGAUUUGUUUUG-GUUGCGUUUGUUATT- - - -AUGTGUGUAUUAUUGUGUGUGAUCUAGGUUAUG

RN A R R AR AR RN AR IR RY +l111+

TaCaaGaaCGGaaaaGaaaTaCTaaaCaaaaC-CaaCGTa TaaTaT

Ll = LT+ E====DEELEENELEETL LT+

CaGaaT-CGaCGTaaaCaaTGA- - - -ATACACACATAATA GTaTaCTaGaTCCAGTGT

[+ + ===~ 1L+ T+ L LT

aGTGA----TaCATaCaTaGTGGTaCGCGTTaGaTCCaaTaC

Un ----G--G-G-A----AATTTTTG---GA-G--AA----- GTA------ G--G----G---G---GA---G-A---G---A--GG

Ed uuuuGUUGUGUAUUUUAATT - - -GuUUGAUGUUAAUUUUUG-AuuUUUUGUUGUUUUGUUUGUUUGAUUUGUAUUUGUUUAUUGG
=== LT LT
TGA---TGGGTTGTaaTTaaGaaC-TaaGaaaCaaCaaaaCaaaCaaG

[+ 1L+ === T T+ ] ] 4= [+ [+ [+ [+ LT+

aGaaTaaCACaTaGaaTTAA---CaaaCTGTaaT GaT-TaaGGTaTaaTaGaaTGaaCaaaCTGaaCGTGaaCaaataaCC

LT +l+]+]+]

aGaaCaaCACaTaaaaT GaGTGaTC

| L LT+ ] T AN\

E aaTaaaaCaaaCaaGC-acaaTaTGGaTGGatGaTT]

Un ---A-G---A-----G--A--G-GG---A-G--G---ATTTTA---G-A-AG---GATTT-G-A--ATTTG-A—-ACCTTTTTA-

Ed uuuAuGuuuAuuuuuGUUAUUGUGGUUUAUGUUGUUUA- - - -AuuUGUAUAGUUUGATTTUGUAUUATT -GUAUUACCT - ---Au

ot |+ 1+l 1 -T+] ] ---- ]+

GGGTG GaCGTGGTAA-CaTaGTAGA- - --AG

1 L+ DT =TT === 1+

aaaTa CaTGTCaaGTTAAAaCaTaaTAG-CaTaaTGGA----TG

[+ 11+ 0+ LT et [ ][44 ] | A\ [\ AN\ ]

aGaTaTAGGTaaaaaCaaTaaCaCCaaaT

Un --GTAA---G-ATTTG--GTTT-G-A--G-------A--G-ATTTTTTA-G-CA----- G----- G----G------ G-—GGA- -
Ed uuG-AAUUUGUATTTGUUGTTTUGUAUUGUUUUUUUAUUGUAT----- AuGuCAuuuuuGUUUUUGUUUUGUUUUUUGUUGGAUU
LI TEEEEEEEETETEEEEE T+ ] 1+ +----- [+ L1110+ TP+
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GaC-TTGaaCaTAAACaaCAAAaCaTaaCa 2aTGGTCTGG
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Ed uuuuuuuGTTTAAUAGUUUGUUGTGUGGUGAUAGUUUUAUGGAUGUUUUUUUUUUG-CGUUUUUUGUUGUGUUUUUUAGAAUGUU
[l [+ ++ [+ [T+ ]
aa aGATGATaCaaaGaGTCTTaTaa
I+l LU FEEET+0+0EE=TE P ETET T
2aaGGaGTAGGTTaTCaaaCaaCACaCCa aaaaaGaGaaC-GCaaaGaaCaaCaCaaa
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GTTaGaTaaCATaCCaCTaTTGaaaTaCCTaCaaGaa aG
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---C---G--A-GTCTTTTG--G---G-CAACA----- ACG---GTTTTTG-AA---A--G-CA-CCCATTTT--A--G--AA-G
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A-GGTTTA--GATTGTTGTTAATTGTAATTTTATAATATAATATCAAATTAATAATA

AUGGTTTAUUGA-GTTGTTAATTGTAATTTTTATAATATAATATCAAACAAAAATAAA
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TaTCAAATaaCT-CAACAATTAATATTGGA
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RSP12 Genomic, Edited (mMRNA) sequences and gRNAs
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Anexo 3. Expresion y editing de genes mitocondriales en cepas
americanas y africanas.

Ejemplos de genes que requieren editing parcial (Cyb) o deben ser pan-editados (ND3),
donde no se observa mapeo de reads de RNAseq cuando se utiliza el transcripto
maduro (editado) como referencia en las cepas americanas (Liem-176 y MT1) y si hay
mapeo de reads sobre el transcripto maduro en la cepa africana (Y486) (A-C).

El Ultimo ejemplo muestra el mapeo de reads de RNAseq sobre el transcripto maduro
(editado) del gen RPS12 tanto en las cepas Liem-176 y MT1 (americanas) como en la
cepa Y486 (africana) (D).

These figures complement the results presented in table 2*. We have chosen as illustrative
examples four genes that undergo different degrees of editing. COIll, a gene where editing
implies the insertion of four Us around position 502. Cyb, a gene in which editing consists in
the insertion in the 5’ region of about 40 uridines (and three deletions) and two pan-edited
genes ND3 and RPS12. Although ND3 is transcribed, it does not undergo editing in Liem176
(i.e. remains as immature RNA) while RPS12 is completely and correctly edited. For the case of
Liem176 the mapping on pre- and post-edited RNAs is presented while for Y486 only the post-
edited mapping is shown.

* Hace referencia a la Tabla 2 del manuscrito “Kinetoplast adaptations in American strains
from Trypanosoma vivax”.
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Anexos

A. Example 1. COll, editing implies the insertion of only four Us around nt position 502. As it can be observed, RNAseq reads corresponding to edited form
or mRNA are not detected in Liem-176, thus indicating absence of editing.

Cytochrome oxidase Il (COll) alignmernt of

mature mREMA and genomic sequence
COII genomic TTATCAAGT TTAGGTATAAMAGTAGA - -G-A-ACCTOETAGATGTAATGAAATAATTTTA around ot 502, Full _alienment__in

COII edited TTATCAAGT TTAGG TATAAAAGTAGAUUGUAUACCTGETAGATGTAATGAMATAATTTTA supplementary file 2 (Anexo 2,

Zoom intheregion highlighted by the rectangle is shown below the overview of mapping
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Mapping using as reference mature mRMNA Mapping on post-edited mRMNA (used as reference)
Alignment of RNA seg reads. [from Liem176) that span the Alignment of BMAseq reads in editing zone. Reads spanning the
editing zone contain gaps (indicated by red asterisks). In this editing zone do not exhibitgapsin Y4286, Mapping parameters were

Mapping using as reference pre-edited mRMA
Zone where editing will take placeizlocated inside the red

ircle [AGAACC-AuuGuANALT)
circle | case the mapping program requirements were relaxed to maore restrictivethan in Lieml76 to prevent pre-edited reads map
allow these reads map. This was done in order to evidence onto the edited region [encircled)
. that only immature |i.e. pre-edited) reads map to thisregion.
Liem-176 Y486
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B. Example 2. Cytochrome b, edited only in the 5’ region. RNAseq data mapped against pre-edited and post-edited RNA forms in Liem-176 and Y486 strains.
No reads mapping onto the edited region could detected in Liem-176. Yet in strain Y486, the same region (post-edited) contains abundant RNAseq reads
that map on it.

Alignment: Genomic wvs Edited (mRMA) sequences

Cyb_genomic A-G---CG-G--ABGA-----GecMecccccccfic -G---AGAMA- - -G-G--G-CTTT-A
Cyb_edited AuGuuuCGuGuuAGAuuuuuGUUAUUUUY UWLAL UGUUUAGGAAL ULGUGUUGUCT TTuld

Cyb_genomic ATTTGT T TGGT TG TTATATAGGCTTTATGGTG TAGGAT TTAGT TTAGGTTTTTTTATT
Cyb_edited A--TGTCT -GGTTGTTTATATAGGCTTTATGGTG TAGGAT TTAGTTTAGGTTTTTTTATT

alignment in supplementary file 2)

Cyb_genomic TTATTG AAGTGATATGTGETTTATTTTTATCTTGATTATTTTTTAGTTGTTTTATATGL
Cyb_edited TTATTGCAAGTGATATGTGGTTTATTTTTATCTTGATTATTTTTTAGTTGTTTTATATGL

[EEEITE]
Reads do map onto 5" edited
Mo reads map Zone
RMAseq readsdo map onto the T 2T
pre-edited RNA in thes" s
Pre-Edited Post-Editing Post- Editing
Liem-176 Y486
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C. Example 3. ND3, a pan-edited gene. This gene that has lost its ability to undergo editing in Liem-176. RNAseq reads map only to pre-edited RNA in Liem-

176. But in Y486 strain reads map to both pre-edited and post-edited RNA (only the latter is shown).

m

RMNA zeq readsdo map onto the
pre-edited RNA (5043 reads in
total, see table 2)

Pre- edited

=

Post-edited template (mature mRNA) used as
mapping reference.

Mot a single read maps onto this template in
Lieml7 6.

Post-Edited

Liem-176
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D. Example 4. RSP12, a pan-edited gene. RNAseq reads mapped against pre-edited and post-edited RNAs in Liem-176 and Y486 (fort the latter strain only
post-edited mRNA is shown). RNAseq reads map to both pre-edited and post-edited forms of mRNA in Liem-176 and Y486 strains.

Pre-edited RNA used astemplate. RMNAseqR
readsmap onto the pre-edited RNA (175
reads intotal, see table 2)

Pre-edited

Post-edited mBMA_(m3 B

L B

onto the edited mRNA (2068 readsin
total, see table 2)

Post-Edited

Liem-176
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gsreference. RNAseqreadsdo map

Post-edited mRNA (mature mRMNA)
used as reference (749 readsmap).

Post-Edited

Y486
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