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RESUMEN

El raton olivaceo, Abrothrix olivacea (Waterhouse 1837), habita un gran variedad de ambientes en la regién austral
de América del Sur y cuenta a lo largo de su gran distribucidon con numerosas subespecies. Dada su capacidad de establecer
y habitar ambientes notoriamente contrastantes, el raton olivaceo se presenta como una especie interesante para estudiar
la variacién geogréfica en respuesta a la variacién ambiental. Dada la gran diferencia en precipitacién que existe entre
algunas regiones en las que habita, en esta tesis se caracteriza el transcriptoma de rifidn de A. olivacea. Con el propdsito de
establecer un transcriptoma renal de referencia, trabajamos con 13 individuos de cuatro puntos geogréficos distintos,
cubriendo asi en gran medida la distribucién del raton olivaceo y evaluamos la capacidad de ensamblado de varias
estrategias. Por otro lado, caracterizamos los genes de mas alta expresion entre los 13 individuos y los comparamos con los

descriptos en el ratén doméstico.

Entre las distintas estrategias de ensamblado, constatamos que aquellas que involucran un algoritmo de normalizacion,
TrinityNorm y DigiNorm, a efectos de eliminar las lecturas (reads) redundantes, produjeron ensamblados mucho mas
fragmentados pero con un nimero mayor de genes que la estrategia Multireads. Entre TrinityNorm y DigiNorm, el primero
mostrd un mejor balance en cuanto a genes hallados, nivel de reconstruccion de las secuencias codificantes y tiempo de
ensamblado. En general, obtuvimos secuencias codificantes pertenecientes a mas de 15.000 genes de los cuales 10.000,
aproximadamente, tienen al menos una secuencia codificante reconstruida en un 90% o mas. De los 283 genes que se
encontraban en el 5% mas expresado entre los 13 individuos de A. olivacea, encontramos 17 en comun con los descriptos

en la parte distal del tubulo renal de ratén.

El nimero de secuencias codificantes de A. olivacea reconstruidas fue muy similar a los reportados para otras especies de
mamiferos, lo que indica la calidad de nuestros ensamblados. Respecto a las estrategias para establecer un transcriptoma
de referencia, la normalizacién debe ser evitada si se necesita reconstruir toda o casi toda la secuencia de los transcriptos.
Para los casos donde el niumero de lecturas sea tal que impida seguir una estrategia Multireads, nuestros resultados
sugieren que la estrategia TrinityNorm es mds conveniente que DigiNorm. Dado que este es el primer transcriptoma de un
miembro de la subfamilia Sigmodontinae la cual contiene mas de 400 especies, creemos que este trabajo ayudard a

encaminar futuros estudios ecoldgicos y evolutivos en A. olivacea y en otras especies.



INTRODUCCION

CARACTERISTICAS E IMPORTANCIA DE ABROTHRIX OLIVACEA COMO MODELO DE ESTUDIO.

Uno de los principales objetivos de la biologia evolutiva es tratar de entender como se da la diversificacion de los
organismos, los procesos implicados y las causas. La diversificacidn alopatrica y el rol posterior de la deriva génica han sido
una de las explicaciones mas favorecidas historicamente. Mas recientemente, fendmenos como la plasticidad fenotipica
han cobrado importancia como desencadenantes de la diversificacion y especiacion de los organismos presentes en
distintas condiciones ambientales (Pfennig et al. 2010). En particular, se ha estado discutiendo su relevancia en la
especiacion ecoldgica (Thibert-Plante & Hendry 2011; Nosil 2012). Varios de estos procesos y fenédmenos, y su posible papel
en la especiacion pueden ser abordados adecuadamente utilizando a Abrothix olivacea como especie modelo y haciendo

uso de las nuevas tecnologias de secuenciacion.

El raton olivaceo, Abrothrix olivacea (Waterhouse 1837) es un roedor de la subfamilia Sigmodontinae, una de las
mas grandes dentro de los mamiferos (86 géneros, y unas 400 especies). Se encuentra ampliamente distribuido en la
porcion austral de América del Sur, extendiéndose por casi toda la Patagonia Argentina y Chilena hasta Tierra del Fuego
(Mann 1978), y habita una gran variedad de ambientes, desde desiertos costeros al norte, bosques Valdivianos y
Magallanicos al sur y a lo largo de Chile, hasta la estepa Patagonica al este y sur de la Argentina. Al menos 6 subespecies se
han identificado a lo largo de su distribucion (Rodriguez-Serrano et al. 2006) y trabajos genético-poblacionales han sefialado
la existencia de 3 filogrupos: en Chile central, Patagonia Continental y Tierra del Fuego (Lessa et al. 2010; Abud 2011; Smith
et al. 2001).

El potencial de A. olivacea como especie modelo para estudiar el proceso de colonizacién y asentamiento en
distintos ambientes y los fendmenos bioldgicos asociados es claro; habita regiones notoriamente contrastantes en términos
de temperatura, precipitacion y altitud las cuales representan oportunidades de divergencia para las poblaciones del raton
olivaceo (Bozinovic et al. 2011; Abud 2011). Seria interesante analizar el rol de la plasticidad fenotipica y/o de los cambios
adaptativos asociados al ambiente, asi como evaluar, dado el importante nimero de subespecies que presenta, si estamos
frente a un fendmeno de especiacion ecoldgica incipiente. A su vez, se podria estudiar si algunos de estos fendmenos se
han estado desarrollando de manera paralela entre los filogrupos Patagdnico y Fueguino, ya que éstos se disponen de

manera latitudinal en contraste a la orientacién preferentemente longitudinal de los macroambientes de estepa y bosque.



Por otro lado, el ratén olivaceo cuenta con una historia demografica que ha propiciado un interesante escenario
para estudiar también el papel de la divergencia asociado al aislamiento geografico. La actual distribuciéon y diversidad de A.
olivacea parece ser producto de expansiones demogréficas, asi como de diferenciacion in situ en Tierra del Fuego (Abud

2011; Lessa et al. 2010).

En la actualidad, gracias a las nuevos métodos de secuenciacién, podemos contar con la secuencia y expresion de
miles de genes y marcadores moleculares de “especies no modelo” para analizar diversos problemas biolégicos. En lo que
refiere particularmente a A. olivacea, estas nuevas herramientas no solo se muestran Utiles para estudiar fendmenos tales
como la plasticidad fenotipica, sino también para precisar las caracteristicas de su historia demografica y definir las

subespecies y filogrupos que posee, que en definitiva conforman las hipodtesis de trabajo para abordar dichos fenémenos.

LAS NUEVAS TECNOLOGIAS DE SECUENCIACION MASIVA Y LAS OPORTUNIDADES QUE OFRECE LA TRANSCRIPTOMICA PARA EL
ESTUDIO DE LAS POBLACIONES NATURALES

La principal diferencia de las nuevas tecnologias de secuenciacion masiva con respecto al método tradicional de
Sanger (Sanger et al. 1977) es su capacidad de secuenciar millones de fragmentos de ADN en paralelo. Esta capacidad ha
permitido que estas nuevas tecnologias produzcan mucho mas informacién por cada corrida respecto al método
tradicional, y ha provocado una gran reduccion en el costo de la secuenciacion (Metzker 2010). Entre las plataformas mas
destacadas se encuentran: GS FLX Titanium (Roche), Genome Analyzer/HiSeq 2000 (lllumina) y SOLiD/ lon Torrent PGM (Life
Technologies). Estas se pueden clasificar segin el método de secuenciacién que utilizan o en base a cémo preparan la
muestra (Metzker 2010), pero todas tienen la capacidad de generar masivamente lecturas, de manera ciclica y ordenada,
de los fragmentos de cDNA que se estdn secuenciando. Sus principales diferencias radican en el largo de las lecturas

generadas, la cantidad de datos generados por corrida y los costos asociados.

Actualmente, se estan desarrollando la tercera generacion de secuenciadores representados por GridlON (Oxford
Nanopore Technologies) y PacBio RS Il (Pacific Biosciences). A diferencia de los métodos anteriores, éstas tecnologias
paralelizan la secuenciacion de una sola molécula de ADN, no requieren amplificacién por PCR vy las sefiales emitidas por el
proceso enzimatico son monitoreadas en tiempo real (Liu et al. 2012). GridlON, hace uso de un nanoporo para ver las
diferencias en voltaje de cada nucledtido de la cadena y asi identificarlos (Schadt et al. 2010), mientras que la plataforma

desarrollada por Pacific Bioscience captura la fluorescencia que emite cada nucleétido marcado a medida que se va



sintetizando una de las cadenas del ADN (Schadt et al. 2010). Ambas tecnologias aventajan a sus predecesoras porque
requieren menos tiempo para preparar las muestras, la “corrida” es mas rapida, y fundamentalmente porque producen
lecturas mas largas, que en promedio se extienden mas allad de las 1000pb (Liu et al. 2012) y que pueden alcanzar mas de
10kb (Schadt et al. 2010). Cabe destacar que la secuenciacion mediante nanoporos aun se encuentra en desarrollo,
mientras que la plataforma de Pacific Bioscience ya ha sido utilizada para ensamblar varios genomas (Koren et al. 2012;
Bashir et al. 2012), pero sdlo recientemente se han podido ensamblar y cerrar genomas microbianos Unicamente con ésta
tecnologia (Chin et al. 2013; Ferrarini et al. 2013). En general, ésta tecnologia se ha utilizado en conjunto con otras
plataformas (Bashir et al. 2012; Koren et al. 2012; Ribeiro et al. 2012) o aplicando determinadas estrategias (Travers et al.

2010), para lidiar con su elevada tasa de error (Koren et al. 2012).

A pesar de las facilidades que ofrece la tercera generacién de secuenciadores, secuenciar y ensamblar genomas de
mamiferos sigue siendo una tarea ardua, especialmente para las especies no modelos para las cuales no se cuenta con un
genoma de referencia. En estos casos, secuenciar y ensamblar su transcriptoma resulta en una estrategia mas efectiva y
econdmica (Perry et al. 2012). Mediante la secuenciacion del ARN, es posible acceder a la secuencia de un gran niumero de
genes, estudiar la estructura de los transcriptos (producto del empalme alternativo), la informacion alélica, y la expresion
(Wang et al. 2009). En efecto, haciendo uso de la informacion que ofrece el transcriptoma, varios trabajos han abordado,
por ejemplo, el fenédmeno de la especiacién de varias especies no modelos analizando las secuencias codificantes, SNPs (del
inglés, Single Nucleotide Polimorphisms) asi como la expresién génica (Wolf et al. 2010; Renaut et al. 2010; Gagnaire et al.
2012; Pavey et al. 2010). Otros trabajos, han utilizado el transcriptoma para inferir la historia demogréfica de especies no
modelos (McCoy et al. 2014) mediante la identificacion cuidadosa de SNPs (Gayral et al. 2013) y haciendo uso de nuevos

modelos-métodos poblacionales (Gutenkunst et al. 2009; Excoffier et al. 2013).

CARACTERIZACION DEL TRANSCRIPTOMA, METODOS Y ANALISIS ASOCIADOS

Para las especies no modelo, caracterizar el transcriptoma, es decir, describir qué genes se encuentran expresados
en un determinado tejido, etapa de la vida o condicion fisioldgica de un organismo, es un paso previo e ineludible al analisis
de la expresion génica y de la identificacion de SNPs en exones (Ekblom & Galindo 2011). Para estas especies que en general
no cuentan con un genoma de referencia, el ensamblado de novo es la Unica alternativa para construir las secuencias de los
transcriptos. Varios algoritmos existen para ensamblar las lecturas y reconstruir céntigos (adaptado del inglés, contigs) [eg.
Oases (Schulz et al. 2012), Trans-ABySS (Robertson et al. 2010)], que idealmente representan los distintos transcriptos. Una
vez obtenidos los contigos, éstos se anotan utilizando genomas de otras especies o base de datos de secuencias [e.g

Ensembl (Flicek et al. 2014)] como referencia. Posteriormente, se puede proceder a la caracterizacion funcional de éstos



mediante recursos como el DAVID (Dennis et al. 2003), que haciendo uso del vocabulario estandarizado del proyecto de
Ontologia Génica, describe los atributos de los contigos después de obtener la presunta homologia con genes conocidos. En
particular, a cada cdntigo se le asigna un “proceso bioldgico” al cual contribuye, una “funcion molecular” que refiere a la
actividad biogquimica que realiza el gen y un “componente celular” que describe la localizacién subcelular donde el producto
del gen es activo (Ashburner et al. 2000). A pesar que la mayoria de los estudios que caracterizan el transcriptoma son
principalmente descriptivos, establecen un importante punto de partida y brindan valiosos recursos para anélisis

posteriores (Ellegren 2008).

ENSAMBLADO DE NOVO DEL TRANSCRIPTOMA

En el sentido mds amplio, ensamblar implica reconstruir una secuencia dada a partir de subfragmentos de ésta,
obtenidos como partes no identificadas de un gran conjunto de lecturas. Para resolver este tipo de problemas la ciencia de
la computacién utiliza grafos, un constructo que contiene nodos v aristas, y todas las cadenas (strings) posibles de un largo
arbitrario k (k-meros) de los subfragmentos. Una vez obtenido el grafo, se buscan ciclos Hamiltonianos, es decir recorrer el
grafo de modo tal que cada vértice se recorra una sola vez, o ciclos Eulerianos, el cual implica recorrer el grafo visitando
cada arista una sola vez que, en caso de existir, aseguran la reconstruccion de la secuencia original (Compeau et al. 2011).
Actualmente, la gran mayoria de los ensambladores, tanto para la reconstruccién del genoma como del transcriptoma,
buscan ciclos Eulerianos (o caminos si la secuencia original a ensamblar es lineal) (Compeau et al. 2011) principalmente por
dos motivos: i) encontrar ciclos Hamiltonianos es mucho mas dificil y ii) la construccion de los grafos para encontrar ciclos
Hamiltonianos implica hacer millones de alineamientos pareados entre los k-meros, lo que vuelve a ésta aproximacion aun
mas costosa computacionalmente. Para encontrar caminos o ciclos Eulerianos se construyen los grafos conocidos como de
Bruijn, donde los nodos, que son Unicos, son los prefijos o sufijos de longitud k-1 de cada k-mero vy las aristas conectan dos

nodos si hay un k-mero que contenga esos prefijos y/o sufijos.

Mientras que el ensamblado de una secuencia a partir de sus subfragmentos sin errores es una tarea sencilla
utilizando los grafos de Bruijn y buscando caminos o ciclos Eulerianos, no lo es para ensamblar secuencias a escala
gendmica. Primero, porque dependiendo del valor de k, puede no ser posible obtener todos los k-meros del genoma, y
segundo porque los k-meros van a tener una tasa de error. Estos errores sumado a regiones repetitivas en el genoma dan

lugar a burbujas, caminos divergentes, espolones (spurs) y caminos que convergen y después divergen (Miller et al. 2010).



A diferencia del ensamblado de novo de un genoma, para el cual se espera pocos grafos reconstruidos, pero muy
conectados y grandes representando la conectividad de las lecturas de un cromosoma entero, el ensamblado del
transcriptoma implica reconstruir muchos grafos donde cada uno representaria las diferentes alternativas de empalme de
un gen. Uno de los primeros programas especificamente disefiados para el ensamblado de transcriptos y que ha mostrado

ser uno de las mejores programas al respecto (Zhao et al. 2011) es Trinity (Grabherr et al. 2011) (ver Recuadro 1).

RECUADRO 1. ALGORITMO DEL TRINITY

Esquemdticamente el ensamblado por medio de Trinity consiste en 3 etapas y, al igual que otros, utiliza los grafos de Bruijn para el ensamblado de los
transcriptos. La primera etapa, Inchworm, parte de un k-mero y lo extiende utilizando otro, siempre y cuando: i) presente una frecuencia “similar” y ii)
presente un solapamiento de k-1 con el anterior. Mas precisamente, parte del k-mero mas abundante y busca el siguiente en abundancia con dicho
solapamiento. En caso que no existe tal k-mero, el proceso se reinicia e itera hasta que no haya ningtin k-mero mas por extender. Cémo producto, se
obtiene los transcriptos mds expresados y las secuencias Unicas (exones) de aquellas isoformas menos expresados. La siguiente etapa, Chrysalis, agrupa
los céntigos-transcriptos, completos y parciales producto de Inchworm, que surgen de un determinado loci o gen pardlogo y construye por cada
agrupacioén un grafo de Bruijn ponderado. En primera instancia la sub-etapa GraphFromFasta, agrupa contigos si poseen un solapamiento perfecto de k-1
mero entre ellos y si el nimero de lecturas que presentan un alineamiento idéntico de (k-1)/2 bases de cada lado de la unién es mayor a un nimero dado.
Los cdntigos finalmente agrupados, aparecen al final del ensamblado bajo un mismo “componente”. La sub-etapa FastaToDeBruijn, construye el grafo de
Bruijn por cada componente donde los nodos tiene un tamafio de k-1 y los vértices k. ReadsToTranscripts mapea las lecturas que tiene mas k-meros en
comun con los céntigos agrupados y luego QuantifyGraph pondera las aristas del grafo, de largo k, en funcién del nimero de lecturas que tiene tal k-
mero. Finalmente, la Ultima etapa Butterfly, simplifica el grafo, poda los bordes del grafo que representan desviaciones, probablemente causadas por
errores en la secuenciacion, y utilizando programacion dindmica, recorre los diferentes caminos de éste buscando mantener el mayor nimero de lecturas
v sus pares correspondientes.

ANALISIS DE LA EXPRESION GENICA

El procedimiento bioinformatico para llevar a cabo el analisis de expresion, pretende “convertir” las millones de
lecturas, que se obtuvieron como resultado de la secuenciacién masiva, en una medida de expresién. Este procedimiento se
puede esquematizar en cuatro etapas (Oshlack et al. 2010). La primera, consiste en mapear (mapping) o alinear las lecturas
a un transcriptoma o genoma. La idea de esta etapa es encontrar para cada lectura, su ubicacion Unica (en caso de que
corresponda) en la referencia. La segunda, consiste en agregar las lecturas en una unidad con sentido bioldgico, como
exones, transcriptos o genes. Luego, se procede a estandarizar (o normalizar) la expresion de los genes para volverlos
comparables. Este procedimiento difiere segin qué comparaciones se pretenden hacer; se puede comparar tanto los
perfiles de expresion de genes entre muestras como dentro de cada muestra. Por ejemplo, para el analisis dentro de cada
muestra es necesario normalizar por la longitud del transcripto, mientras que esto no es necesario para el analisis entre
muestras. Finalmente, el andlisis de la expresion génica propiamente dicho, trata de establecer si las diferencias en la
cantidad de lecturas que fueron agregadas en una determinada unidad bioldgica, son estadisticamente significativas. Aqui,
los diferentes programas difieren, entre otras cosas, en las distribuciones (Binomial negativa, Poisson, etc) que asumen para

modelar el conteo de las lecturas.




Dado que un gen puede expresar transcriptos distintos que comparten exones, una fraccién de las lecturas termina
alinedndose multiples veces en las secuencias ensambladas. En general, la estrategia tradicional para calcular la expresidon
génica consiste, simplemente, en eliminar tales lecturas. Actualmente, existen programas que al lidiar con la
multimapabilidad de las lecturas, incorporan la expresiéon de las isoformas y por lo tanto producen estimaciones menos
sesgadas de la expresion génica. Uno de ellos es RSEM (Li & Dewey 2011), el cual mediante un modelo generativo y un
algoritmo EM (del inglés, Expectation Maximization), que se utiliza para maximizar la verosimilitud de que un fragmento
dado derive de un transcripto particular, calcula los valores de expresion de los genes e isoformas (Li & Dewey 2011; Li et al.
2010). La intuicidn detras de este abordaje estadistico se puede esquematizar en un algoritmo de 3 pasos: i) se estima la
abundancia de cada transcripto en base a las lecturas que alinean Unicamente, ii) por cada lectura degenerada, dividirla en
cada transcripto en funcién de su abundancia estimada en el punto uno vy iii) recalcular las estimaciones de abundancia
utilizando los nuevos conteos de cada transcripto y vuelta al paso i). Estos pasos se repiten hasta que las estimaciones de
abundancia no cambien mas alld de un umbral. Una iteracién del algoritmo EM corresponderia aproximadamente al

algoritmo de “rescate” de Mortazavi et al. 2008 (Li et al. 2010)

NORMALIZACION DIGITAL

A pesar de los avances en las tecnologias de secuenciacion, los errores en la secuenciacion y los sesgos en el
muestreo del genoma aun dificultan el ensamblado completo de genomas. Con el objetivo de muestrear todo el genoma se
ha apuntado a secuenciaciones cada vez mas profundas, lo que limita la velocidad y efectividad de los algoritmos de
ensamblado. Lo mismo sucede con los transcriptomas, donde el transcripto menos expresado es quién determina la
cobertura minima para muestrear todo el transcriptoma. Con el fin de sistematizar y equilibrar la cobertura y volver el
ensamblado mas eficiente, aparecio la normalizacién digital. Basicamente, consiste en estimar la cobertura de las regiones
gendmicas o transcriptémicas sin utilizar un genoma de referencia, y eliminar aquellas lecturas provenientes de regiones
gue ya cuenten con la cobertura suficiente. Para la estimacion de la cobertura, utiliza la media de las abundancias de los k-
meros de una lectura, ya que ésta esta fuertemente correlacionada con la cobertura calculada a partir de los alineamientos
de las lecturas. Por otro lado, dada la tasa de error de la secuenciacion que se ubica en un 1% para Illumina, al descartar,
por ejemplo, una lectura de 100 pb con una base errdnea, se eliminan k k-meros erréneos. De esta manera, este algoritmo
también ayuda a mitigar los efectos que producen los errores de secuenciacidon en los algoritmos de ensamblado,

especialmente en la construccién del grafo.

Actualmente, existen dos algoritmos de normalizacion digital, el desarrollado por (Brown et al. 2012) y el

presentado recientemente por (Haas et al. 2013), mas especifico para analisis subsiguientes con el programa Trinity.



JUSTIFICACION Y OBJETIVOS

El ratdn olivaceo es una especie interesante para evaluar el rol de la plasticidad, de la adaptacion y de la expresion
génica en la colonizacion y persistencia en ambientes contrastantes. A su vez, un estudio mas detallado de su historia
demografica contribuiria a entender la diversidad y disposicién actual de la biota Patagdnica y Fueguina. Varios estudios ya
se han aproximado a problemas similares utilizando datos exclusivamente transcriptdomicos (Wolf et al. 2010; Renaut et al.
2010; Gagnaire et al. 2012). Es por esto que en el presente trabajo, procedimos a caracterizar el transcriptoma de rifién de
A. olivacea utilizando 13 ejemplares, pertenecientes a 4 puntos geograficos distintos y dos ambientes, estepa y bosque, con
el fin de obtener un transcriptoma renal de referencia para la especie. De esta manera, pretendemos encaminar y facilitar
el estudio de diversos fendmenos evolutivos y ecoldgicos como los mencionados anteriormente y contribuir a determinar
las caracteristicas (magnitud y tiempo) de su expansion demografica. Elegimos particularmente caracterizar tejido renal por
la enorme diferencia que existe en precipitacion media anual entre la estepa y bosque, principalmente a la altura de la
latitud 42¢9S. La informacidn generada en el presente trabajo, principalmente la relativa a las secuencias génicas, también

seran de gran utilidad para las otras especies de Sigmodontinae.

OBJETIVOS GENERALES:

(a) Caracterizar el transcriptoma de rifion de A. olivacea.

(b) Evaluar distintos métodos para obtener un transcriptoma de referencia.

OBJETIVOS ESPECIFICOS:

(a) Ensamblar el transcriptoma de rifion de A. olivacea.

(b) Anotacién de los contigos ensamblados.

(c) Determinar y caracterizar los genes mas expresados.

(d) Comparar los genes mas expresados con los descritos en la bibliografia.

(e) Comparar los métodos de normalizacién digital y analizar su rendimiento con otras estrategias.



CapiTULO 1

CARACTERIZACION DEL TRANSCRIPTOMA DE RINON DEL RATON OLIVACEO SUDAMERICANO ABROTHRIX OLIVACEA

Dada la importancia de A. olivacea como especie modelo para estudiar varios problemas bioldgicos y los escasos
recursos genéticos con que cuenta la especie para abordarlos, decidimos caracterizar el transcriptoma de rifién del ratén
olivaceo. Elegimos el rifidn porque existen poblaciones que habitan regiones notoriamente contrastantes en cuanto a
precipitacién. Con el propdsito de establecer un transcriptoma renal de referencia trabajamos con 13 individuos de cuatro
puntos geograficos distintos, cubriendo asi en gran medida la distribucién del ratéon olivaceo, y evaluamos la capacidad de
ensamblado de varias estrategias. Por otro lado, caracterizamos los genes de mas alta expresion entre los 13 individuos y
los comparamos con los descriptos en ratdn. Entre las distintas estrategias de ensamblado, constatamos que aquellas que
involucran un algoritmo de normalizacién, TrinityNorm y DigiNorm, a efectos de eliminar las lecturas redundantes,
produjeron ensamblados mucho mas fragmentados pero con un nimero mayor de genes que la estrategia Multireads.
Entre TrinityNorm y DigiNorm, el primero mostré un mejor balance en cuanto a genes hallados, nivel de reconstruccién de
las secuencias codificantes y tiempo de ensamblado. En general, obtuvimos secuencias codificantes pertenecientes a mas
de 15.000 genes de los cuales 10.000, aproximadamente, tienen al menos una secuencia codificante reconstruida en un
90% o mas. De los 283 genes que se encontraban en el 5% mds expresado entre los 13 individuos de A. olivacea,
encontramos 17 en comun con los descriptos en la parte distal del tubulo renal de raton. Respecto a las estrategias para
establecer un transcriptoma de referencia, hay que tener en cuenta que la normalizacién debe ser evitada si se necesita
reconstruir toda o casi toda la secuencia de los transcriptos. Para los casos donde el nimero de lecturas sea tal que impida
el ensamblado siguiendo una estrategia Multireads, nuestros resultados sugieren que la estrategia TrinityNorm seria mas

conveniente que DigiNorm.
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Abstract

Background: The olive mouse Abrothrix olivacea is a cricetid rodent of the subfamily Sigmodontinae that inhabits a
wide range of contrasting environments in southern South America, from aridlands to temperate rainforests. Along
its distribution, it presents different geographic forms that make the olive mouse a good focal case for the study of
geographical variation in response to environmental variation. We chose to characterize the kidney transcriptome

reabsorption.

using mouse models.

De novo assembly, Normalization methods

because this organ has been shown to be associated with multiple physiological processes, including water

Results: Transcriptomes of thirteen kidneys from individuals from Argentina and Chile were sequenced using
[llumina technology in order to obtain a kidney reference transcriptome. After combining the reads produced for
each sample, we explored three assembly strategies to obtain the best reconstruction of transcripts, TrinityNorm
and DigiNorm, which include its own normalization algorithms for redundant reads removal, and Multireads, which
simply consist on the assembly of the joined reads. We found that Multireads strategy produces a less fragmented
assembly than normalization algorithms but recovers fewer number of genes. In general, about 15000 genes were
annotated, of which almost half had at least one coding sequence reconstructed at 99% of its length. We also built
a list of highly expressed genes, of which several are involved in water conservation under laboratory conditions

Conclusion: Based on our assembly results, Trinity's in silico normalization is the best algorithm in terms of
cost-benefit returns; however, our results also indicate that normalization should be avoided if complete or nearly
complete coding sequences of genes are desired. Given that this work is the first to characterize the
transcriptome of any member of Sigmodontinae, a subfamily of cricetid rodents with about 400 living species,

it will provide valuable resources for future ecological and evolutionary genomic analyses.

Keywords: Abrothrix olivacea, Abrotrichini, Cricetidae, Sigmodontinae, Muroidea, RNA-Seq, Gene expression,

Background

The olive mouse Abrothrix olivacea [1] is a cricetid rodent
of the subfamily Sigmodontinae, one of the largest mam-
malian subfamilies with about 400 species and 86 living
genera [2,3]. The olive mouse is distributed along Chile
and Argentinean Patagonia, from 18°S to 55°S latitude [4],
extending for over 1000 km latitudinally, and encompass-
ing a great variety of environments: coastal deserts in the
north, Mediterranean scrubs in central Chile, Valdivian
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and Magallanic forests through the south of Chile and
Argentina and Patagonian steppe towards the Atlantic
coast. A. olivacea must withstand the arid Chilean north
and the Patagonia steppe, as well as the Valdivian rain for-
est with 2700 mm or more of annual rainfall [5]. Given
the striking biotic and abiotic differences among these en-
vironments, differences in thermoregulation and osmo-
regulation, among other physiological traits, are expected
to occur. Higher tolerance to water shortage in popula-
tions from xeric habitat has already been demonstrated
[6]. On the basis of variation in morphology, coloration
patterns, and more recently DNA sequence data [4,7],
many A. olivacea subspecies have been described and at

© 2014 Giorello 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
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least two phylogeographic breaks have been found along
its distribution [8]. All these characteristics make A. oliva-
cea a good focal case for the study of geographical vari-
ation in response to environmental variation.

High-throughput sequencing (HTS) [9] has a wide range
of applications, from clinical [10] to functional studies in
genomics [11], molecular ecology [12], and microbial
diversity [13]. Recently, HTS has also been used to
characterize transcriptomes of a growing number of non-
model species (e.g. [14-17]). RNA-seq is a cost-effective
way to obtain large amounts of coding sequences and in-
formation about gene expression levels [18]. The goal of
covering entire genome or transcriptomes, along with the
reduction of the HTS costs [9], has motivated digital
normalization strategies [19] to systematize the increas-
ing but uneven coverage in shotgun sequencing datasets.
Normalization methods estimate the read abundance, re-
gardless of a reference, using the k-mer median abun-
dance of that read and then decides whether to reject or
accept it based on the chosen coverage value [19,20]. In
this manner, normalization algorithms remove redundant
reads but also greatly reduce the total number of k-mers
by discarding the majority of the erroneous ones. For ex-
ample, with a sequencing base error rate of 1bp per 100
bp sequenced [9], k erroneous k-mers will be produced,
being k equal to k-mers size. This data and error reduc-
tion notably decreases the computational requirements
for de novo assembly.

In this study, we adopted paired-end Illumina sequen-
cing to characterize the kidney transcriptome of A. oliva-
cea. We chose kidney because of its association with
multiple physiological processes, including water conser-
vation [21] and nutrition [22]. This transcriptome will
serve as a reference for comparative studies of geograph-
ical variation within this species, as well as for other stud-
ies on the diverse sigmodontine rodents. More than 800
million (M) reads were generated for 13 kidney transcrip-
tomes of individuals sampled across Chile and Argentina.
We explored various normalization strategies in order to
obtain the best transcripts reconstruction and identify the
most expressed genes. This is the first report of a sigmo-
dontine transcriptome.

Results

Transcriptome sequencing and assembly

Transcriptome sequencing of 13 libraries using Illumina
yielded a total of ~ 87 Gb of data, formed by ~430 M of
paired reads with an average length of 101 bp (Additional
file 1: Table S1). Trimming of low quality bases from the
3" end, prior to Trinity [23] de novo assembly, reduced
average read length to 83 bp. The number of recon-
structed contigs per library ranged from 62,499 to
120,209; with average length ranging from 972 to 1174
bp and median from 488 to 585 bp (Table 1). Detailed

Page 2 of 10

results for each library are shown in Additional file 1:
Table S2.

To obtain a good reference transcriptome, we also ex-
plored three strategies: (i) combining reads of all librar-
ies (Multireads), (ii) Trinity's in silico normalization
(TrinityNorm) [20], and (iii) digital normalization (Digi-
Norm) [19]. The last two strategies involve, in order to
improve assembly efficiency from high coverage sequen-
cing datasets, the deletion of redundant reads, ideally
without harming the quality of the final reconstructed
genes. Of these two, TrinityNorm was more severe than
DigiNorm in reducing the total number of paired-ends
reads from ~430 M to ~22 M vs. ~50 M (Table 1).
Meanwhile, digital normalization was faster than in silico
Trinity normalization: 9 hours vs. 14 hours.

As expected, the Multireads strategy led to a far more
time consuming and computationally demanding assem-
bly than either of the normalization methods, being five
and over nine times slower than the assembly from Digi-
Norm and Trinity, respectively (Table 1). Also, the aver-
age and median lengths of reconstructed contigs from
the Multireads data set were smaller than the assembled
contigs from normalized reads, with 1,060 and 443 bp
for mulitreads, 1,210 and 575 bp for TrinityNorm, and
1,269 and 696 bp for DigiNorm. These results are con-
sistent with the distribution of the contigs, where almost
half (46%) of the reconstructed contigs from the Multi-
reads strategy were between 200 and 400 bp (Additional
file 1: Table S3). On the other hand, the Multireads
strategy reconstructed the longest contigs (Additional
file 1: Table S3) with 4,212 above 6,400 bp. TrinityNorm
and Diginorm reconstructed only 3,073 and 2,726 of
contigs above this length, respectively.

The two normalization strategies produced similar as-
sembly results in terms of average and median length of
contigs, with a small advantage for DigiNorm values, but
they significantly differed in the number of contigs as-
sembled, DigiNorm assembled 85,902 more contigs than
TrinityNorm and 87,013 more than the Multireads strat-
egy (Table 1).

Gene annotation and evaluation of reconstructed coding
sequences

Annotation was based on BLASTX searches against: (i)
OMA browser mouse protein database, which contains
the protein isoforms of Mus musculus genes [24] and (ii)
NCBI non-redundant vertebrate protein database. For
the two databases the same e-value threshold of le-10
was set. For the Multireads, TrinityNorm and DigiNorm
strategies, each assembled transcript was also analyzed
through the Pfam database [25] using HMMER [26,27]
for proteins domain identification. A file summarizing
the Pfam and BLASTX results for each of the three
strategies is available as Additional file 2.
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Table 1 Main assembly metrics for the three assembly strategies and individual libraries

Range (of individual libraries)? Multireads TrinityNorm DigiNorm
min max
Reads 27041064 42477318 430525978 21757448 50557782
Total contigs 62499 120209 275903 277014 362916
Max contig length 9942 15496 20648 19625 15961
Min contig length 201 201 201 201 201
Average length 972 1174 1060 1210 1269
Median length 488 585 443 575 696
Running time (hours) n/a n/a 94 (12 threads) 10 (12 threads) 19 (12 threads)
Normalization time (hours) n/a n/a n/a 14 (1 thread) 9 (1 thread)

#Range (of individual libraries)” shows for each row the maximum and minimum value found among the 13 individual libraries of kidney transcriptome of the

olive mouse Abrothrix olivacea.

The maximum number of mouse genes annotated
within a particular library was 12,988 from the significant
hits of 55,332 contigs of the 120,209 assembled (Table 2
and specimen PPA 443 library in Additional file 1: Table
S2 and Table S4a). The union of the 13 individual
BLASTX runs only added 1,630 significant hits (14,618 in
total), indicating the high level of redundant information
across libraries. On the other hand, when using the exten-
sive non-redundant vertebrate database as reference, the
maximum number of contigs annotated within a single li-
brary was 58,404, 3072 contigs more than with the OMA
database (Additional file 1: Table S4b). Detailed results for
each library are shown in Additional file 1: Table S4. Here-
after we present the results based only on mouse proteins
from OMA. This database allow us to count the number
of genes and their corresponding reconstructed coding se-
quences (CDS) and obtain an upper bound estimation of
genes orthologous with mouse.

Of the 14,618 mouse genes annotated through the
union of all libraries, almost one half (7,060) had at least

one putative CDS reconstructed at > 99%, 9,290 at > 90%,
and 10,104 at>80%, of the total expected length. More
importantly, in total, 9,434 distinct mouse isoforms of the
24,338 (~39%) available at OMA browser were almost
fully reconstructed (>90%) for A. olivacea (Table 2).
Among the three strategies carried out to obtain a ref-
erence transcriptome, Multireads reached the lowest
number of mouse genes, 14,788; meanwhile TriniNorm
and DigiNorm, reached 15,077 and 15,095 respectively.
Despite having found the lowest number of genes, the
Multireads strategy performed best at reconstructing
coding sequences, obtaining similar values to those gath-
ered through the union of the single libraries, with 7053
distinct mouse coding sequences reconstructed at > 99%,
9,543 at >90%, and 10,480 at >80% (Table 2). With re-
gard to genes, of the 14,788 annotated by the Multireads
alternative, 47% had at least one CDS fully (>99%)
reconstructed, clearly surpassing the 39% and 34% of
TrinityNorm and DigiNorm respectively (Figure 1).
Between the two normalization strategies, TrinityNorm

Table 2 Gene annotation and coding sequences reconstruction using BLASTX to OMA browser mouse protein database

Minimum Range (of individual libraries) DigiNorm Multireads TrinityNorm Library
% of CDS min max union
reconstructed

Genes 3090 (3102) 5021 (5037) 5211 (5245) 7017 (7053) 5895 (5926) 7060 (7131)
Contigs . 4371 7763 15815 14881 13671 n/a
Genes % 4534 (4557) 6882 (6916) 7354 (7436) 9467 (9543) 8252 (8325) 9290 (9434)
Contigs 6861 11361 26904 22137 21825 n/a
Genes % 5706 (5745) 8636 (8636) 8530 (8665) 10377 (10480) 9347 (9467) 10104 (10367)
Contigs 5422 14129 36814 26745 28270 n/a
Genes 8025 (8138) 9905 (10089) 12261 (12610) 12587 (12818) 12498 (12769) 11874 (12544)
Contigs »0 14168 25674 76156 40607 51140 n/a
Total genes 11564 (11941) 12988 (13434) 15095 (15717) 14788(15204) 15077 (15605) 14618 (15772)
Total contigs 32934 55332 157390 70380 100786 n/a

The first value indicates the number of mouse genes found (for which at least one coding sequence was reconstructed). Values in parenthesis are the number of distinct
coding sequences reconstructed at each level. The row corresponding to “contigs” indicates the number of contigs that reconstructed coding sequences (CDS) at each level.
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Figure 1 Frequency of genes annotated for Abrothrix olivacea
at corresponding CDS reconstruction levels. Frequency of genes
annotated per total number of genes were calculated for each
strategy (see text) and for the corresponding mouse coding
sequences (CDS) reconstruction level. The CDS reconstruction intervals
are of 0.01 percent. Only the largest reconstructed CDS for each gene
are taken into account.

outperformed DigiNorm at each reconstruction level in
terms of numbers of mouse genes found and percentage
of coding sequence reconstructed (Table 2 and Figure 1).
On the other hand, the assembly from DigiNorm had
more contigs at each level of reconstruction and also
more contigs with at least one Pfam domain, followed
by TriniNorm and the Multireads strategies (Table 2 and
Additional file 1: Table S5). This is expected if those
contigs represent distinct fragments of the same coding
sequence or if they are isotigs (overlapping contigs)
representing (ideally) distinct isoforms. However, when
the number of potential isoforms from Trinity assembly
were inferred and counted (see methods), the average
number of alternative reconstructions per contig was 4.9
for DigiNorm and only 2.9 for the Multireads strategy
(data not shown). Thus, those contigs are alternative
reconstruction (isotigs) representing (possibly) isoforms
and not subfragments of a given reference.

Functional annotation

For the functional annotation of the transcriptome, we
selected the genes found by TrinityNorm. This strategy
was the one with the best tradeoff between CDS recon-
structed, genes found, and computational speed. To this
end, the Database for Annotation, Visualization and In-
tegrated Discovery (DAVID) [28], was used to classify
them with Gene Ontology (GO) terms.

For the 15,077 genes found by TrinityNorm strategy,
9,793 GO terms were categorized in Biological Pro-
cesses, 9,486 in Molecular function and 8,978 in Cellular
Components. Most genes at Biological Processes belong
either to “Regulation of transcription” (1,726), “Transcrip-
tion” (1,441) and to “Regulation of RNA metabolic
process” (1,093) (Figure 2). Likewise, the Molecular
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Function category subdivided annotated sequences into
“ion binding” (3,234), “cation binding” (3,201), and “metal
ion binding” (3,172) as the most represented (Figure 2).
Within the category Cellular Component, the three princi-
pal groups were: “intrinsic to membrane” (3,667), “integral
to membrane” (3,506) and “plasma membrane” (2,167)
(Figure 2).

The most expressed genes

To determine the most expressed genes in the A. olivacea
kidney transcriptome, TPM (Transcripts Per Million) ex-
pression values were calculated for each single library with
RSEM software [29]. For this purpose, a set with 5% of
most expressed genes (~600 genes) for each of the 13
transcriptomes was identified; these were cross searched
to identify those genes common to all libraries. Two hun-
dred eighty-three genes resulted to be present in all librar-
ies (Additional file 3: Table S5). The average TPM values
ranged from 333 to 17,798 (Additional file 3: Table S5).
Five genes that showed the highest average TPM
values were: predicted gene 4076 (possibly a NADH-
ubiquinone oxidoreductase) (ENSMUSG00000096449),
glutathione peroxidase 3 (ENSMUSG00000018339), fer-
ritin heavy chain 1 (ENSMUSG00000024661), hemoglobin
beta adult major chain (ENSMUSG00000052305), and
phosphoenolpyruvate carboxykinase 1 cytosolic (ENSMU
G000000027513) (Additional file 3: Table S5).

GO terms for the 283 genes obtained from DAVID
showed that the most enriched terms among the three
domains using the TrinityNorm genes list as background
were: “hydrogen ion transporting ATP synthase activity,
rotational mechanism” (17.4 Fold Enrichment, domain:
molecular function), “proton-transporting ATP synthase
complex” (25.4 Fold Enrichment, cellular component) and
“mitochondrial ATP synthesis coupled electron transport”
(25.3 Fold Enrichment, biological process) (Additional file 3:
Table S6).

Subsequently, these 283 genes were cross-checked with
a list obtained from Pradervand et al [30], who enumer-
ated the most expressed genes in the distal part of the
mouse renal tubule using microarrays. Seventeen genes
resulted to be in common (Additional file 3: Table S5 in
bold): two transcription factors, one small GTPase, eight
transporters and channels, and six cytoskeleton-related
genes. Among these genes are Aquaporin 1 (Agpl),
Ras-related protein Rab-7a (Rab?), Sodium/potassium-
transporting ATPase gamma chain (Fxyd2), Voltage-
dependent anion channel 1 (Vdacl), and Guanine
nucleotide binding protein, alpha stimulating (Gnas).

Discussion

The subfamily Sigmodontinae includes about 400 species
and 86 living genera [2,3]. Of these, A. olivacea inhabits
a wide range of contrasting environments and presents
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different geographic forms. In this work, 13 individuals
were sampled in Argentina and Chile, covering both the
arid Patagonian steppe and the wet Valdivian and Magel-
lanic forests. More than 800 M reads were generated in
what constitutes the first characterization of a sigmodon-
tine transcriptome. In addition, we present a set of highly
expressed genes of which some are possible candidates for
ecological studies of the response of the species to envir-
onmental variation in water and dietary items availability.

Transcriptome sequencing and assembly
As the cost of high-throughput sequencing falls and more
c¢DNA sequences are generated, the importance of appro-
priate normalization strategies prior to contig assembling
increases. In this study, we used two normalization strat-
egies and compared their performance with a non-
normalized (Multireads) alternative.

In terms of length and number of contigs assembled
regardless of the strategy, our results were similar to

those found in previous studies in which Trinity was
used [31,32]. Among the three strategies, if only contigs
descriptive statistics are taken into account, the assembly
after both normalization strategies clearly outperformed
the Multireads approach. Normalizations not only showed
the largest average and mean contig lengths but also ran
considerably faster than the Multireads counterpart. This
is a consequence of discarding reads that are considered
to be redundant and the concomitant sequencing error re-
moval. If transcriptome coverage is moderate, it is neces-
sary to keep in mind that, as noted by Brown et al [19],
the memory requirements will be roughly the same, with
or without normalization, due to limited removal of erro-
neous k-mers.

Gene annotation and evaluation of reconstructed coding
sequences

To evaluate the capacity of each strategy to assembly the
A. olivacea transcriptome, we quantified the number of
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contigs that resulted to be homologs of mouse OMA pro-
teins at different reconstruction levels. We found that the
Multireads strategy performs the best for the > 99%, > 90
and > 80% of the total mouse CDS length and obtained
the most similar values to those found through the union
of the individual sets of contigs. Even though the Multi-
reads strategy produced the assembly with smaller median
and mean contig sizes, larger contigs were reconstructed
(Additional file 1: Table S3), thus explaining the better re-
sults obtained for the CDS reconstruction. Therefore,
studies that require complete reconstruction of coding se-
quences should avoid normalization; but obviously, when
billions of reads are available for assembly, the Multireads
approach becomes prohibitive and normalization is the
only way to proceed. These results are consistent with
those found by [19]; it seems that normalization generates
a more fragmented assembly, at least when Trinity is used.
Our results are consistent with the notion that fragmenta-
tion is a by-product of normalization, but also that
normalization negatively impacts the completeness of the
coding sequences reconstruction at all levels. For both
normalization methods a k =25 (k-mer) was set, and it is
not clear why such fragmentation is produced.

If assembly capacity and computational requirements
are considered, we consider that assembly from Trinity-
Norm has the best cost-benefit return. This strategy was
second after Multireads in number of genes reconstructed
for each category while using about 1/10 of the time.
Moreover, a high number of putative isoforms were recon-
structed, supported by the number of contigs recon-
structed per category (Table 2) and the isotigs counted
from Trinity assembly (see Results). Even though Digi-
Norm reached the largest number of isotigs and the high-
est number of genes, its performance at reconstructing
full and almost full CDS was the worst and very similar to
the best single library. Also, the assembly from DigiNorm
was two times slower than that from TrinityNorm. The
latter required more time for normalization but is capable
of running multithreading and so outperforms DigiNorm.

Regardless of the strategy, a large number of homolo-
gous mouse genes were obtained in our study. Accord-
ing to microarray studies [33], about 7600 genes are
expressed in the kidneys of adult humans; meanwhile,
recent HTS transcriptome studies found 15,369 for the
baboon kidneys [34]. Clearly, in this study we were able
to find almost the same number of genes (15,077
through TrinityNorm) that Spradling et al. [34] even
though we used a very stringent e-value for the BLASTX
analysis. Moreover, of those genes, 40 % had at least one
full (>99%) CDS reconstructed. Given that, we recon-
structed 8,325 distinct mouse isoforms out of 24,338
(~34%) for at least 90% of the total expected length, we
established an important set of sequences, likely ortholo-
gous to mouse genes, which will be useful for future
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analyses of molecular evolution, population genomics,
and phylogenetics.

List of most expressed genes

The assessment of gene differential expression tends to be
problematic for contigs with low counts [35]; therefore, a
good strategy is establishing a set of highly expressed
genes for directing efforts to study differential expression.
In this work, 13 transcriptome libraries were used to iden-
tify the most expressed genes of the kidneys of A. olivacea.
Some of them had already been described for model spe-
cies, while many of the new ones have a clear relationship
with renal function and could serve as potential candi-
dates for future evolutionary and ecological genomic
studies.

Seventeen of 283 most expressed genes found in this
work were previously singled out by Pradervand et al
[30] using microarrays in the distal part of the mouse
renal tubule. Although for some of these genes their pre-
cise function is not clear, for others knowledge on their
function is reasonably good. For example, Agpl is in-
volved in water reabsorption at the apical and basolateral
plasma membrane of the proximal tubule [36]; mutations
in Fxyd2 have been associated with renal hypomagnesemia-
2 [37]; Rab7, as a Rab member, could be implicated in the
transport, docking, and fusion of endocytotic vesicles [30],
and finally, Gnas codifies the alpha subunit of heterotri-
meric G proteins, which mediates the vasopressin receptor
type 2 signaling after the binding with vasopressin, and ul-
timately increases water reabsorption in the collecting duct
[36]. In our expression analysis, Fxyd2 and Agpl are among
the top 10 and top 50 of the most expressed genes, respect-
ively. The latter represents a good candidate gene for the
study of differential responses to variation of environmental
water availability.

Among the 266 remaining highly expressed genes, add-
itional putative candidates associated with renal function
were found; for example: i) kallikrein (KlkI) encodes a
proteolytic protein which produces the kinin proteins,
which may counteract the hydrosmotic effect of vasopres-
sin [36]; ii)) Uromodulin (Umod) encodes the most abun-
dant protein in urine [38], and mouse knockouts for this
gene have shown urine concentration problems [36]; iii)
Glyoxylate reductase (Grhpr), an enzyme that catalyzes
the reduction of glyoxylate to glycolate, is associated with
a disorder that can cause nephrolithiasis (kidney stone),
nephrocalcinosis, and renal failure [39,40]; and iv) Sorbitol
Dehydrogenase (Sord), along with Aldose reductase, are
possibly involved in osmoregulation in the kidney [36,41].

Regarding the GO-term classification, no important dif-
ferences were found between the set of all genes and the
283 most expressed ones, except that an expected excess
of mitochondrial related GO-terms was found among the
latter (Additional file 3: Table S6). This enrichment is not
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surprising as the kidney is an energetically demanding
organ [42,43].

Conclusion

In order to obtain the best-reconstructed transcripts from
the kidney of the olive mouse A. olivacea on the basis of
13 individual libraries, we first explored three alternative
assembling strategies. Results indicate that the Trinity's in
silico normalization is the best algorithm in terms of cost-
benefit return. We annotated more than 10,000 genes that
were almost fully reconstructed, calculated their expres-
sion levels, and identified the most expressed ones. Vari-
ous genes involved in water conservation in mouse
models under laboratory conditions were reconstructed
and showed high expression levels in A. olivacea, demon-
strating the value of RNA-seq technology. Given that this
work is the first to characterize the transcriptome of any
member of Sigmodontinae, a subfamily of cricetid rodents
with about 400 species, it will provide valuable resources
for future ecological genomics and evolutionary analyses
and will serve as assembly reference for a large number of
species. In particular, it will facilitate the study of variation
in levels of gene expression in the olive mouse and other
sigmodontines that occupy a wide range of environmental
conditions—from aridlands to temperate rainforests—in
South America.

Methods

Data collection

Individuals were collected with Sherman traps from the
following localities: Fundo San Martin, Los Rios (n =4)
and Sector Barrancoso, Aysén (n=4) in Chile, and Gan
Gan, Chubut (n =2) and Rio Oro, Santa Cruz (n =3) in
Argentina (further details in Additional file 1: Table S1).
Kidneys were frozen in liquid nitrogen in the field im-
mediately following euthanization. All steps involving
live animals followed the recommendations of Sikes
et al. [44].

RNA extraction and library construction

For each individual, RNA extraction was conducted in
one half of the kidney after a lengthwise cut. To this end,
the RNeasy mini kit (Qiagen) was employed following rec-
ommendations of the manufacturer. RNA quantity and
purity was assessed with NanoDrop 1000 Technologies
spectrophotometer. RNA integrity was checked through
electrophoresis in Formaldehyde-agarose 1,2% denaturing
gels. Libraries were constructed and sequenced at Macro-
gen (Korea). Poly-A based mRNA enrichment method
and paired-ends library preparation were done following
the Ilumina TruSeqTM RNA sample preparation Kkit,
according to the instructions of the manufacturer.
Library sequencing was performed on Illumina HiSeq
2000 platform.
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De novo transcriptome assembly

Assembly was carried out using default Trinity settings,
after removing low quality reads, filtering adaptors and
primers, and trimming the 3' ends of reads with a qual-
ity less than 24 (Q<24) with FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/). Quality control was
checked by FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). All assemblies were done on the
same single node-machine with 256G memory and 4 Intel
Xeon CPU E7-8837 (8 core) processors. In order to ob-
tain a more complete set of the genes expressed, we
pooled individuals from different points of the species
distribution and analyzed three strategies: i) merge the
reads of the 13 libraries (Multireads) ii) Trinity in silico
read normalization (TrinityNorm v2013-08-15), and iii)
digital normalization (DigiNorm) with khmer (0.8.2).
TrinityNorm and DigiNorm were ran on the same com-
puter (Intel Core i7-3820 processor). Normalization al-
gorithms were designed to systematize the coverage in
shotgun sequencing data sets, thereby removing redundant
reads. As a consequence, computational requirements are
reduced, supposedly without negatively impacting assembly
quality. For TrinityNorm the default commands were run
with a max coverage (max_cov) of 30. Before running Digi-
Norm, reads were shuffled and a kmer length of 25 and
coverage of 30 were specified. We trimmed off likely erro-
neous k-mers with the filter-abund.py script. For each as-
sembly we tracked the runtimes.

Gene annotation and GO-terms assignment

BLASTX (e-value cut offs < le-10) searches were per-
formed against OMA browser mouse proteins and NCBI
non-redundant vertebrate protein databases. Search
against OMA browser database is a cost-effective way of
gene annotation and allows an upper bound estimation
of genes orthologous to those of the mouse among the
reconstructed contigs. This database contains most or
all exons of a given gene, keeping the number of se-
quences as low as possible. The longest variant is always
retained; shorter variants are also kept if they differ by at
least in 10% of their sequence from the longer variants
retained.

For the BLASTX analysis we report, i) the number of
contigs that overlap the proteins of mouse genes at>
99%, > 90%, > 80% and > 50% of their length; ii) the num-
ber of distinct mouse proteins reconstructed by a puta-
tively homologous contig using those cutpoints; and iii)
the number of distinct genes found with at least one pu-
tatively homologous contig reconstructing the gene
CDS at or above those percentages. We also reported,
the number of contigs, coding sequences, and genes that
had a significant hit (e-value < le-10) independently of
the alignment proportion. To report the number of
genes, contigs annotated as putatively homologs to
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mouse OMA proteins entries were grouped into the
corresponding mouse genes using the oma-ensembl file
at OMA-Browser webpage through in-house-scripts
(Additional file 4).

The contigs assembled from the Multireads, Trinity-
Norm and DigiNorm strategies, were annotated for pro-
tein domains through the Pfam database using HMMER.
An e-value threshold of le-2 was set. Before running this
analysis we first predicted the exon/intron structure of
each contig using the software Augustus [45] trained with
Homo sapiens. This software has been used extensively for
gene prediction (e.g. [46-48]). The GTF files from Augus-
tus output are available upon request. Only the non-
overlapping protein domains found were reported on the
summary file of BLASTX and Pfam results. A in-house-
script was used for this purpose (Additional file 4).

The average number of potential isoforms recon-
structed from the Trinity assembly was calculated aver-
aging the times that a particular "comp_XXX" (as given
by the ID of Trinity assembled contig) is repeated.

Gene Ontology analysis was done using the DAVID
bioinformatics database, using the Benjamini correction
of p<0.05 as criterion for enrichment. First, we classify
the most common GO-terms from the genes list ob-
tained from the TrinityNorm assembly. Then, we used
that gene list as background for analyzing the ontology
of the most expressed genes.

List of most expressed genes

To determine the most expressed genes in the kidneys
of A. olivacea, we sought for genes that were in common
among the 5% most expressed genes in each of the 13
transcriptomes. Despite this being a very conservative
approach, it was preferred because it would generate a
reliable list of genes.

To this end, we first aligned RNA-Seq reads in a
paired end fashion against each reference transcript
using the aligner Bowtie [49]. Then, we calculated gene-
level TPM values using RSEM (v1.2.4). The results of
BLASTX for each transcriptome against mouse OMA
browser protein, and the OMA-ensembl corresponding
pair were used to specify which transcripts were from
the same gene. This program hands reads that map to
multiple transcripts avoiding throwing away data and
biased estimates without relying on the existence of a
reference genome. Finally, bash commands and in-house
scripts (Additional file 4) were used to obtain the most
expressed genes as described above.

Availability of supporting data
The sequencing data has been deposited to the Sequence
Read Archive database (accession number SRP033780).
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Animal ethics statements

All methods involving A. olivacea were carried out in ac-
cordance with a protocol reviewed and approved by the
Ethics Committee of the Fondo Nacional de Ciencia y
Tecnologia (FONDECYT, Chile) and the Ethics Commit-
tee of the Universidad Austral de Chile (UACh, Chile), as
part of the review process for the Fondecyt Research
Grant 1110737.

Additional files

Additional file 1: Sampling localities, assembly metrics, contig
distribution and gene annotation. Table S1. Specimen ID numbers,
sampling localities, and read lengths before and after trimming. Table S2.
Descriptive statistics of individual RNA-seq samples and reconstructions.
Table S3. Distribution of contig sizes and their relative proportions for each
assembly protocol. Table S4a. Gene annotation and CDS reconstruction
using BLASTX to OMA browser mouse protein database. Table S4b.
Annotation using BLASTX to NCBI non-redundant vertebrate protein
database. Table S5. Annotation through Pfam database using HMMER.

Additional file 2: Summarizing the BLASTX and Pfam results for
Multireads, TrinityNorm and DigiNorm strategies.

Additional file 3: List of the 283 most expressed genes and its
GO-terms classification. Table S5. List of 283 genes represented in the
59% most expressed genes of each of the individual samples. Table S6.
Gene Ontology classification of the 283 most expressed genes.

Additional file 4: Containing the in-house-python scripts.
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PERSPECTIVAS

Para el caso particular de las estrategias TrinityNorm, DigiNorm y Multireads, seria conveniente intentar reducir el
ndmero de contigos que alinean con alguna secuencia codificante. Aunque es esperable que muchos de ellos representen
efectivamente isoformas, este nimero puede estar sobrestimado ya que al juntar lecturas de distintas muestras es
esperable que una misma isoforma se ensamble mas de una vez en céntigos distintos a causa de la variacion existente entre
los individuos. Para mitigar este posible efecto, se podrian colapsar los céntigos presuntamente redundantes utilizando
programas como el CD-HIT (Fu et al. 2012). De esta manera obtendriamos un transcriptoma de referencia mas conciso y

depurado para andlisis posteriores.

Aungue nuestra aproximacion para determinar los genes mas expresados entre los 13 individuos establece un
grupo de genes confiables para trabajos posteriores, explorar otros métodos menos conservadores podria ser Util para
encontrar mas genes vinculados a la conservacion del agua. A su vez, seria conveniente para futuros analisis remover o
enmascarar los genes mitocondriales de la lista de los genes mas expresados para encontrar nuevos términos ontoldgicos
gue nos ayuden a delimitar grupos de genes potencialmente vinculados a las principales funciones renales. Naturalmente,
para aquellos genes de particular interés, como la Agp 1, su validacion utilizando técnicas experimentales como el PCR en

tiempo real seria beneficiosa y necesaria para determinar su posible rol en la regulacién hidrica.

Finalmente, para mejorar la anotacion génica seria conveniente exigir que los cdéntigos presenten los mismos

dominios proteicos que las secuencias de referencia y un porcentaje de identidad de secuencia minimo entre ellos.
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