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Capitulo 1: Introduccién y Objetivos

1.A) Introduccion

Comunmente se recomienda que el primer paso para resolver un problema sea delimitarlo.
Definir cual es su naturaleza, cual es su origen y su extension. Cuando se trabaja con genes
en un genoma, se comienza por determinar su localizacion y secuencia. ldentificar el primer
y el tltimo coddn codificante para poder predecir su secuencia proteica, idealmente junto con
las regiones no codificantes 5’ y 3° UTR, promotores, e isoformas alternativas que puedan
existir. Luego en base a esta informacién se pueden realizar otros tipos de estudios:
funcionalidad, expresion diferencial bajo distintas condiciones, conservacion y/o divergencia
entre grupos, entre otras lineas de estudio. Con un buen modelo experimental y con suerte,
estas investigaciones pueden dilucidar preguntas clave de la especie estudiada. Desde
preguntas bésicas como adaptaciones fisiologicas o su historia evolutiva, hasta cuestiones
practicas como identificar y caracterizar blancos vacunales y/o drogas.

En organismos con Spliced Leader (SL) trans-splicing es necesario agregar que los
transcriptos de este gen pueden ser combinados en algun punto con una secuencia diferente.
Este proceso elimina toda secuencia rio arriba del sitio de insercion; la cual puede ser
descartada o procesada como un gen independiente; potencialmente alterando el marco de
lectura. La insercién puede ocurrir en uno 0 mas sitios (0 ninguno) y la secuencia insertada
es frecuentemente desconocida cuando se estudia por primera vez este proceso en una
nueva especie. Cada insercion individual puede ser producto de un error de la maduracién
del transcrito; o puede ser crucial para la viabilidad del organismo. Y como capa adicional de
incertidumbre, puede que los datos recabados no sean suficientes por si mismos para

caracterizar apropiadamente el proceso y diversidad de transcritos producidos.

Esta tesis plantea afrontar la cuestion de SL trans-splicing en el grupo de gusanos planos
platelmintos, particularmente en los linajes parasitos Cestoda y Trematoda. Se exploran las
dificultades intrinsecas del mecanismo para su estudio; asi como las asociadas a los datos
disponibles; y se implementan soluciones bioinforméticas para extraer el mayor volumen y
calidad de informacién posible. Luego se analiza la identidad, conservacion e importancia
biologica de los genes y sitios sometidos a SL trans-splicing, asi como los loci codificantes de

los SL-ARN en si mismos.

En el presente capitulo presento los objetivos generales y especificos de la tesis doctoral, asi
como una introduccion breve a los temas transversales de la tesis en su conjunto. En el

Capitulo 2 se presenta SLFinder, un pipeline de andlisis informaticos disefiada para tomar



transcriptomas ensamblados “de-novo” e identificar posibles secuencias SL y sin necesidad
de recurrir a conocimiento previo. El Capitulo 3 presenta la aplicacion de este pipeline en la
especie modelo Hymenolepis microstoma. Se identifican los SLs presentes en su
transcriptoma y sus sitios aceptores, para luego analizar el posible rol de SL trans-splicing en
la expresion constitutiva de genes mono y policistrénicos. Analizando y delimitando su posible
rol como mecanismo regulador del ciclo de vida de la especie. El Capitulo 4 extiende la
aplicacion de los métodos desarrollados a una escala filogenética, con la investigacion del
complemento de loci SL-ARN y los genes sometidos a SL trans-splicing en 24 especies de
Cestodos y Trematodos. Finalmente, las conclusiones generales se exponen en el Capitulo
5.

1.B) SL trans-splicing en eucariotas

El proceso de “splicing” de ARN refiere al corte y empalme de moléculas de ARN. En
eucariotas el proceso es mediado por el spliceosoma, un complejo de 5 ARNs no codificantes
cataliticos, y proteinas asociadas (Kastner et al., 2019). Representa una caracteristica crucial
y distintiva de los genes eucariotas con sus abundantes regiones intronicas no codificantes
(Roy & Irimia, 2009) y forma las bases mecanisticas para la regulacién de varias
caracteristicas fenotipicas (Wright et al., 2022). Una clasificacion basica de los procesos de
splicing responde al ARN utilizado (Lei et al., 2016): cis-splicing en donde el empalme ocurre
entre porciones de la misma molécula ARN, causando la remocion de porciones internas (Fig.
1A), y trans-splicing en el cual dos moléculas ARN diferentes son combinadas en un producto
final (Fig. 1B). El SL trans-splicing es una especializacion de este Ultimo donde un ARN no
codificante (Spliced Leader o “SL”) es incorporado en un pre-ARNmM como parte de su
maduracién (Bitar et al., 2013; Blumenthal, 2005; Hastings, 2005; Lasda & Blumenthal, 2011).
Resultando en la produccion de un transcrito ARN que incorpora parte del SL-ARN en su
extremo 5 (regién Leader del SL-ARN), tipicamente incluyendo una caperuza 5 de tipo
trimetilguanosina (TMG) (Fig. 1C). La region rio arriba del transcrito original puede ser
eliminada o procesada en un transcrito independiente, el resto del SL-ARN (region
denominada outron o intron-like en la literatura) forma un ARN ramificado “Y” (Lasda &
Blumenthal, 2011).

La Figura 2 representa la estructura de un SL-ARN clasico. La region Leader e Intron-like son
separadas por un sitio donador de splicing canénico [UGGU], esta tltima usualmente contiene
un sitio llamado SM para la interaccion con el complejo de proteinas pequefias Sm (Bitar et
al., 2013; Hastings, 2005; Lasda & Blumenthal, 2011). Pero su identificacién no es trivial
debido a variaciones en el motivo. Mas auln, en grupos como dinoflagelados podria estar

incluso localizado en la region SL (Zhang et al.,, 2007) mientras gque en otros como
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Perkinsozoa parece estar ausente (Alacid et al., 2022). La porcién Leader por su parte puede
variar considerablemente entre distintos organismos; entre 16 bases en el urocordado Ciona
intestinalis (Matsumoto et al., 2010) a 51 bases en el platelminto de vida libre Stylochus zebra
(Davis, 1997); y no tiene motivos conservados universales, aunque si hay conservacion

dentro de linajes especificos (Bitar et al., 2013).

Figura 1: Clasificacion basica de tipos de splicing observados en organismos eucariotas. Las
cajas de colores indican exones, intrones como las lineas gruesas que los conectan, y las
uniones de splicing con lineas delgadas. A) Cis-splicing donde distintas porciones del mismo
transcrito son cortadas y empalmadas, terminando en la remocion de regiones internas en el
ARNmMm final (denominadas intrones). B) Trans-splicing, donde dos transcritos ARN diferentes;
representados con cajas amarillas numeradas y azules con letras; son cortados y
empalmados juntos. Estos pueden ser isoformas provenientes del mismo gen o diferentes.
C) SL trans-splicing es un caso especial de trans-splicing en el que uno de los transcritos
involucrados es un gen no codificante especializado en el proceso; referido en la tesis como
SL-ARN y representado en rojo. Tipicamente es incorporado en el extremo 5’ del pre-ARNm

y conlleva el reemplazo de la regién rio arriba del sitio de insercion.



Sitio Donador
SM-like

Figura 2: Representacion esquematica de un SL-ARN en platelmintos. El transcrito se divide
en 2 porciones: la regién Spliced Leader (SL) que es integrada en el ARNm final y el resto de
la molécula referida comunmente como “intron-like”, separadas por un sitio donador canénico

“UGGU” en rojo. La porcion intronica suele contener un sitio SM-like.

El plegamiento de los SL-ARN a nivel de estructura secundaria muestra caracteristicas
similares a los ARN pequefios nucleares (snRNA) del spliceosoma sugiriendo un posible
origen comun, aunque no necesariamente Unico dentro de eucariotas (Hastings, 2005; Lasda
& Blumenthal, 2011). Sin embargo, al igual que otros patrones y procesos asociados con el
splicing de ARNSs en eucariotas (ver Roy & Irimia (2009) por una revisién), no existe consenso
sobre su origen singular o mdultiple (Bitar et al., 2013; Douris et al., 2010; Hastings, 2005;
Krchidkova et al.,, 2017; Lasda & Blumenthal, 2011). Esto se debe al bajo grado de
conservacion de los SL-ARN entre distintos grupos (Bitar et al., 2013) y a su distribucion
parcheada en la filogenia en eucariotas (Bitar et al., 2013; Douris et al., 2010; Hastings, 2005;
Lasda & Blumenthal, 2011). A la fecha se lo ha identificado en grupos como Euglenozoa
(Sather & Agabian, 1985; Tessier et al., 1991), Platelmintos (Rajkovic et al., 1990), Nematoda
(Krause & Hirsh, 1987; Ross et al., 1995), Urochordata (Vandenberghe et al., 2001), Rotifera
(Pouchkina-Stantcheva & Tunnacliffe, 2005), Cnidaria (Stover & Steele, 2001), Dinoflagellata
(Lidie & Van Dolah, 2007), Crustaceos (anfipodos y copépodos; Douris et al. (2010)),
Cercozoa (Matsuo et al., 2018), Perkinsozoa (Alacid et al., 2022); pero esta ausente en grupos
como Vertebrados, Insectos, Plantas y Hongos (Lasda & Blumenthal, 2011; Lei et al., 2016).
La discusién sobre su origen se reactiva con su identificacion en cada nuevo linaje y

tentativamente se decanta sobre un origen maltiple independiente (ej: Douris et al., 2010).



Independientemente de su origen, su principal funcién es el procesamiento de transcriptos
policistrénicos proveniente de operones (loci codificantes para mdultiples genes que son
transcritos en un mismo ARN primario); segmentandolo en ARNmM monocistronicos y
proveyendo una caperuza 5’ a los genes localizados rio abajo (Blumenthal, 2005; Hastings,
2005; Lasda & Blumenthal, 2011; Pettitt et al., 2014). En grupos como nematodos, el grupo
de animales mejor estudiado poseedor de SL trans-splicing, existen SLs especializados para
el trans-splicing de transcriptos monocistrénicos y del primer cistron en transcriptos
policistrénicos (SL-1) y otros especializados para los siguientes cistrones en los transcritos
policistrénicos, resultando en la resoluciéon de los operones (SL-2) (Allen et al., 2011; Harrison,
1989; Pettitt et al., 2010; Wenzel et al., 2020). El grado de especializacion es tal que el ratio
entre SL-1 y SL-2 en sitios especificos puede usarse para identificar operones
independientemente del largo de los espacios intergénicos, y predecir operones hibridos en
los que existe un inicio de transcripcion interno (Allen et al., 2011). Dicho esto, y teniendo en
cuenta que la gran mayoria de los genes sometidos a SL trans-splicing tienden a ser
monocistrénicos, otras funciones propuestas incluyen la purga de secuencias deletéreas o
regulatorias en los 5’ UTR (Bitar et al., 2013; Hastings, 2005; Lasda & Blumenthal, 2011); asi
como la formacion de isoformas alternativas (Agorio et al., 2003; Boroni et al., 2018; Hastings,
2005; Nilsson et al., 2010; Siegel et al., 2011). Debido en parte a una menor eficiencia del
proceso del SL trans-splicing respecto es menos eficiente (Blumenthal, 2005), sus inserciones
se concentran en sitios aceptores donde el cis-splicing se ve restringido (ej: por la ausencia
de un sitio de splicing canonico eficiente). Esto ofrece un mecanismo simple para restringir
las inserciones de SLs a sitios especificos, pero a su vez implica que el mecanismo es

potencialmente ruidoso (Tourasse et al., 2017).

En lo referente a la maquinaria molecular participante, SL trans-splicing emplea la mayoria
de los componentes principales del spliceosoma que cis-splicing, con excepcion del Ul
snRNP que es reemplazado por el SL-ARN (Hannon et al., 1991). A nivel de las proteinas
asociadas, los estudios se han limitados a los linajes tripanosomatidos, donde el cis-splicing
cumple un rol marginal en su expresion génica (Michaeli, 2011) y por ende no es
representativo de otros eucariotas, y en neméatodos. En nematodos, cis- y trans-splicing
coexisten en la mayoria de los genes (Allen et al., 2011; Tourasse et al., 2017) y se ha
caracterizado en suficiente detalle para identificar factores especificos al SL trans-splicing
(Lasda & Blumenthal, 2011), incluyendo varias proteinas y ARNs no codificantes que
participan el SL trans-splicing mediado por SL-1 (inicio de la transcripcion) o SL-2 (resolucién
de operones) (Denker et al., 2002; Eijlers et al., 2024; Fasimoye et al., 2022; Macmorris et al.,
2007).



Aunque el estudio del SL trans-splicing en especies modelo como Caenorhabditis elegans o
Schistosoma mansoni puede considerarse rutinario a la fecha (Allen et al., 2011; Blumenthal,
2005; Boroni et al.,, 2018), su identificacion en nuevas especies suele deberse a
observaciones fortuitas (ej: Barnes et al., 2019). La alta variabilidad de los loci de SL-ARN
entre grupos distantes limita la eficacia de comparaciones por homologia a linajes cercanos,
haciendo que SL-ARNSs funcionales no sea encontrados por su divergencia nucleotidica. Una
vez identificados los SL, el siguiente paso es identificar sus sitios aceptores. Al dia de hoy la
mejor aproximacion a escala gendmica son las tecnologias de secuenciacion masiva, tanto
en términos de volumen de datos como facilidades practicas de aplicacién (Conesa et al.,
2016). Sin embargo, debido a su localizacion en el extremo 5’ es dificil recuperar el SL en su
totalidad, particularmente importante cuando se utilizan muestras enrigquecidas por pesca poli-
A (Conesa et al.,, 2016); el estandar en eucariotas. Solventar el sesgo en contra de las
secuencias 5 solo puede ser abordado con aproximaciones metodoldgicas en la
secuenciacién, como lo es la aproximacion “SL-seq” o “SL-trapping” en la que se utilizan
primers especificos a la secuencia del SL para enriquecer la secuenciacion en transcritos
sometidos a SL trans-splicing (Cuypers et al., 2017; Nilsson et al., 2010), secuenciaciones
completas de las isoformas con reads largos (ej: Bernard et al., 2023; Rhoads & Au, 2015) u
otros métodos que recuperen principalmente la regién 5’ del transcritos en masa. Dicho esto,
la amplia disponibilidad de datos generados mediante pesca poli-A, el desarrollo de métodos
para la identificacion de sitios aceptores a partir de estos datos promete es prometedor a
pesar de sus limitaciones. Por otro lado, la identificacién de nuevas secuencias requiere un
método para identificar secuencias en el 5’ de los transcritos que no concuerdan con lo

esperado dada la secuencia del genoma, y luego filtrar posibles errores en la secuenciacion.

En resumen, el estudio de SL trans-splicing en una nueva especie puede resumirse en
“secuencia desconocida localizada en una porcion de baja cobertura de los transcritos
secuenciados”. Solventar estas dificultades requiere una aproximacion confiable y escalable
a escala genémica para su identificacion, seguido de estudios exploratorios para determinar
las particularidades del SL trans-splicing en el linaje de interés. Como el largo de los SLs,

diversidad nucleotidica y su posible especializacion con objetivos particulares.

1.C) Gusanos platelmintos

Los gusanos platelmintos son un grupo de acelomados, famoso por sus linajes parasitos: las
clases Cestoda, Monogenea, Trematoda (Hickman et al., 2008), mientras que sus linajes
basales estan compuestos principalmente por organismos de vida libre (Egger et al., 2015;

Riutort et al., 2012). Las clases Cestoda y Trematoda son de interés econdmico y social,
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particularmente en paises en vias de desarrollo (Giri & Parija, 2012), debido su capacidad
para infectar vertebrados mamiferos, incluyendo humanos (Hickman et al., 2008; Mahmud et
al., 2017).

Ambos grupos presentan un ciclo de vida complejo que involucra la transmision entre varias
especies hospedadoras, denominados intermediarios o definitivos dependiendo del lugar que
ocupan en su ciclo de vida (Hickman et al., 2008). A modo de ejemplo, Hymenolepis
microstoma, especie modelo analizada en el Capitulo 3 de esta tesis, presenta tres estadios
(Cunningham & Olson, 2010): 1) Adulto, alojado en el ducto biliar de ratones como Mus
musculus, desde donde emite huevos que son liberados juntos las heces conteniendo 2)
larvas oncésferas (primer estadio larvario) ya infectivas. Estos permanecen en el suelo, hasta
ser ingeridos por escarabajos del género Tribolium o Tenebrio. Una vez en el escarabajo, las
larvas migran al hemocele donde contindian su desarrollo en 3) cisticercoide (segundo estadio
larvario), en el que permanecen hasta que el ciclo se completa cuando el escarabajo es
consumido por un raton. Otras especies presentan variaciones, por ejemplo, Echinococcus
granulosus utiliza canidos como hospedador definitivo y ovejas o cabras como intermediario
en los que se reproduce en forma asexual (Mahmud et al., 2017). Trematodos de la sublcase
Digenea incorporan estadios moviles (ej: larvas miracidio y cercarias) en los que el parasito
activamente busca el siguiente hospedador en el ciclo, o un lugar donde enquistar
dependiendo de la especie (Hickman et al., 2008). Independientemente de la especie, las
infecciones por platelmintos tienden a pasar desapercibidas, pero presentan complicaciones
dependientes del 6rgano donde se alojen los parasitos (intestino, masculo esquelético,

higado, corazon, cerebro, etc), estadio y abundancia (Mahmud et al., 2017).

La presencia de SL trans-splicing fue detectado en 1990 en la especie S. mansoni (Rajkovic
et al., 1990), posteriormente expandido a E. multilocularis (Brehm et al., 2000), Fasciola
hepatica (Davis et al., 1994); y mas recientemente especies como H. microstoma (Olson et
al., 2020) y Opisthorchis felineus (Ershov et al., 2019). Aunque a la fecha no se han realizado
estudios comprensivos de las dindAmicas evolutivas de los loci SL-ARN ni los genes sometidos
a SL trans-splicing en el grupo. Tipicamente la region SL en el grupo se aproxima a 36 pb y
presenta un codén AUG terminal que en ocasiones representa un nuevo codoén de inicio de
la traduccion (Bitar et al., 2013; Cheng et al., 2006). A pesar de su potencial rol como fuente
de isoformas alternativas, muy pocos casos potenciales han sido reportados (ej: Agorio et al.,
2003).



Figura 3: Ciclo de vida del cestodo Hymenolepis microstoma. 1) Los adultos se alojan en el
ducto biliar de su hospedador del raton (Mus musculus). Estos liberan huevos al ambiente
conteniendo el primer estadio larvario 2) Oncosfera, y permanecen en el suelo hasta ser 3)
ingeridas por un escarabajo que actia como hospedador intermediario (tipicamente un

representante del género Tribolium).

En términos generales, la prevalencia de SL trans-splicing en el transcriptoma de platelmintos
es relativamente reducida en comparacién con nematodos, donde la mayoria de los genes
son sometidos al mecanismo (Bernard et al., 2023; Tourasse et al., 2017), en platelmintos se
ha sugerido hasta un 40-55% (Boroni et al., 2018). Sin mostrar un claro enriquecimiento de
vias metabdlicas o clases proteicas particulares (Boroni et al., 2018; Mouré&o et al., 2013).
Otra diferencia importante con nematodos es la aparente ausencia de especializacién de SL-
ARNSs en la resolucién de operones (Boroni et al., 2018; Protasio et al., 2012), aunque si se
ha observado en Schmidtea mediterranea la existencia de un SL-ARN preferencialmente
expresada en células madre (Rossia et al., 2014). Pero se desconoce si presenta propiedades

funcionales diferentes a los otros SL-ARN en la especie.



1.D) Objetivos de la tesis

El objetivo general de esta tesis es identificar el complemento de loci codificantes de SL-ARN

y sus transcriptos blanco en Cestodos y Trematodos. investigando su importancia biol6gica y

sus patrones evolutivos.

Objetivos Especificos

1) Generar una herramienta capaz de identificar de-novo secuencias SLs, que no
dependa de la homologia con secuencias de referencia.

2) Generar una herramienta que permita identificar sitios aceptores de SLs en
secuenciaciones de ARN masivas.

3) Identificar los SL-ARNSs presentes en Céstodos y Trematodos.

4) ldentificar los sitios aceptores de SL trans-splicing en Céstodos y Trematodos.

5) Evaluar la importancia bioldgica de los sitios aceptores de SLs en Hymenolepis
microstoma, con énfasis en sus patrones a lo largo de los diferentes estadios del ciclo
de vida.

6) ldentificar patrones evolutivos en el complemento de SL-ARNSs y en la organizacion
de genes en operones en platelmintos parasitos

7) Evaluar la importancia y limitaciones de la identificacion de los sitios aceptores de SL

trans-splicing para mejorar la anotacion genémica en platelmintos parasitos.
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Capitulo 2: Deteccion de nuevos Spliced Leaders con SLFinder

Resumen

Spliced Leader trans-splicing es un importante mecanismo para la maduracién de ARNm en
varios linajes de eucariotas, incluyendo varios grupos de pardsitos de gran importancia
médica y econdmica. Sin embargo, su estudio a lo largo del &rbol de la vida se ve
severamente limitado por dificultades en la identificacion de las secuencias SLs utilizadas en
el trans-splicing. En este trabajo presentamos a SLFinder, una pipeline de 4 pasos disefiada
para identificar de novo secuencias SL candidatas, haciendo minimas asunciones de sus
propiedades. La pipeline toma transcriptomas ensamblados de-novo y un genoma de
referencia como input y permite al usuario intervenir en varios puntos para corregir
caracteristicas inesperadas del set de datos. La estrategia y su implementacion fueron
probadas con datos reales de RNAseq provenientes de especies con y sin SL trans-splicing.

SLFinder es capaz de identificar SL candidatos con precisién y en un tiempo razonable. Es
de particular utilidad en especies sin secuencias SLs conocidas, generando secuencias
candidatas para futuro refinamiento y validacién experimental. En el marco de esta tesis, este
paper realizé dos grandes contribuciones. Primero generar una herramienta pensada desde
su concepcion en el manejo de datos subdptimos con la que garantizar los medios para
realizar el resto de la investigacion. SLFinder no necesita conocer el largo de un SL antes de
encontrarlo, su secuencia o nimero total. En caso de ser necesario es posible utilizarla sin
un genoma de referencia vy filtrar las secuencias candidatas por otros medios. Y en segundo
lugar, ofrecié un primer pantallazo a las dificultades a afrontar en la identificaciéon de loci SL-
ARN. No es suficiente con identificar la region Leader, hay que filtrar loci asociados a

elementos transponibles.
Mis contribuciones en este paper consisten en el disefio, implementacion y validacion de la

pipeline SLFinder. Esto incluye la escritura del software y la estrategia empleada para evaluar

su eficacia en la identificacion de secuencias SLs y filtrar posibles contaminantes.
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Abstract

Results: In this paper we present SLFinder, a four-step pipeline meant to identify de
novo candidate SL sequences making very few assumptions regarding the SL
sequence properties. The pipeline takes transcriptomic de novo assemblies and a
reference genome as input and allows the user intervention on several points to
account for unexpected features of the dataset. The strategy and its implementation
were tested on real RNAseq data from species with and without SL Trans-Splicing.

Conclusions: SLFinder is capable to identify SL candidates with good precision in a
reasonable amount of time. It is especially suitable for species with unknown SL
sequences, generating candidate sequences for further refining and experimental
validation.

Keywords: SL trans-splicing, De novo assembly, RNAseq data

Background

Spliced Leader (SL) trans-splicing, that is, the incorporation of a short RNA (the
spliced leader) on the 5" end of a different transcript, is an important but poorly
understood part of the mRNA maturation process of many eukaryotic lineages. SL
genes are often encoded in tandem repeats measuring a few kilobases, close to 5S
rRNA genes [1] but there are exceptions (e.g. [2]). SL transcript sequences can be di-
vided into two regions: an exon like sequence that remains in the final trans-spliced
transcript and an intron that usually contains a canonical Sm-protein-binding site (see
for exceptions: [3, 4]), separated by a splice donor site [1].
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While there is no clear pattern with regards to specific metabolic pathways or func-
tions for the transcripts that are subject to these mechanisms [5-7], SL trans-splicing
participates in important regulatory functions such as operon resolution, 5’UTR edition
and the incorporation of modified 5" cap [1, 5, 6, 8, 9]. At least in some cases, it has
been shown that it can also play an important role generating different isoforms by fac-
ultative SL trans-splicing (e.g. [10]) or alternative SL trans-splicing acceptor sites [11].
The number of classes of SLs (i.e., Spliced Leaders with a distinct sequence) and the
number of copies in each genome varies among different organisms, and at least in
some cases, there is evidence of specialization. For example, Caenorhabditis elegans has
two distinct types of SLs, one (SL-1) is incorporated at the start of the operon and the
other (SL-2) is used to resolve the downstream coding sequences into different tran-
scripts [8]. In the planarian Schmidtea mediterranea it has been described one particu-
lar SL that is expressed preferentially on stem cells [12].

The molecular mechanisms involved are poorly understood and are subject of con-
tinuous research (e.g. [13]) but evidence indicates that it’s closely related to cis-splicing,
with several shared regulatory signals [1, 14]. All identified SL transcripts share a simi-
lar secondary structure to the snRNAs (i.e., U1, U2, U4, and U5) that form the spliceo-
some, suggesting a common evolutionary history [1, 5, 14]. However, its evolution is a
topic of debate among researchers, mainly due to the uneven distribution of SL Trans-
Splicing across the phylogeny of eukaryotes [1, 5, 14].

So far SL Trans-Splicing has been reported in groups such as Euglenozoa [15, 16],
Platyhelminthes [17, 18], Nematoda [19, 20], Urochordata [21], Rotifera [22], Cnidaria
[23], Dinoflagellata [24], Crustaceans [25] and Amoebozoa [4]. However, it is absent in
others such as vertebrates, insects, plants, Fungi and several protists [14, 26]. This
brings the question if the mechanism has independently evolved several times (i.e., by
modification of cis-splicing) or was present on the eukaryotic last common ancestor
and lost many times [1, 5, 14, 25], with the discussion going back and forth as the
mechanism is identified in new taxonomic groups (e.g. [25]).

When analyzing a new organism, the first obvious step is the identification of poten-
tial SL sequences on the mRNAs. This does not only allow to identify the presence of
the mechanism in the group but having these sequences opens the possibility to use
methodologies tailored toward SL Trans-Spliced transcripts. For example, “SL Trap-
ping” [27] or “SL-seq” [28], both modified Next Generation Sequencing (NGS) proto-
cols, allow an enriched sequencing of SL trans-spliced transcripts (e.g. [11]). Other
approaches exist, but they either focus on identifying trans-splicing acceptor sites on
the coding genes (e.g. [29, 30]), then requiring to be experimentally validated and pro-
viding no information about the specific SLs involved; or they require known SL se-
quences [31-34].

Unfortunately, the identification of SL sequences can be a significant roadblock due
to technical limitations, specifically the reduced coverage of reads toward the tran-
script 5” end that is typical of poly-A capture [35]. Combined with low or null sequence
conservation across different phyla [5], within phylum variability, and several species
with multiple SL classes with high nucleotide diversity [31, 36—38], these difficulties
make the identification of SL sequences in new species a non-trivial problem. Several
authors have tested different approaches to this problem with different degrees of
automatization and reliance on previously known information (e.g. [5, 25, 31, 39-44]).
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Nevertheless, currently, there is no standardized protocol or analysis pipeline that al-
lows the identification of putative SL (pSL) sequences, that is why often novel SL se-
quences are discovered almost by chance (e.g. [31]).

Here we present SLFinder, a four-step pipeline implemented in bash designed to fa-
cilitate the identification of novel SL exonic sequences from standard NGS RNAseq
data (mRNA enriched by poly-A capture following a non-strand specific protocol). The
pipeline first limits the potential candidates and provides a unifying command-line en-
vironment where parameters can be quickly adjusted to fit each species and dataset
characteristics; while making limited assumptions on the SL sequence and mechanism,
namely: 1) the SL sequence is located in the 5 end of the transcript, 2) the SL se-
quence is present on the transcripts of many genes, 3) The sequence is not a palin-
drome, 4) There is at most one copy of it on each transcript, and 5) When mapped to
the genome there is a canonical splicing donor site after the 3" end (GT). In addition,
and despite its limitations, the analyses are designed with transcriptome sequences gen-
erated using the widely used poly-A capture protocol so it can be applied to a larger
group of organisms.

In order to evaluate SLFinder, we analyzed RNAseq data from several species with
and without known SL Trans-Splicing and compared our predictions with the reported
sequences in the bibliography. To better represent the intended use of the software on
the identification of novel SL sequences, no manual intervention was carried out to
curate the results (contrary to our recommendations when using this software).

Implementation

Mandatory input data

For these analyses three inputs are necessary: 1) one or more assembled transcriptomes
from the species of interest, following a de novo approach with Trinity [45, 46]; 2) a
reference genome from the species and 3) an external database with Protein or cDNA
(ideally from the same species or a reliable database such as SwissProt from Uniprot)
for loci annotation.

Trinity can be replaced as the assembler following the instructions included on the
manual, however, it is important to conduct an entirely de novo strategy to ensure that
reads containing the SL sequence are not excluded of the final transcript. In addition,
while we didn’t thoroughly test its effect, read normalization based on kmer frequency
(e.g. [46]) is discouraged since reads from multiple transcripts will have the SL se-
quence and could potentially be partially discarded in some datasets. The longer the
species SL sequences, the greater this issue is expected to be.

Strategy

Basically, the pipeline recovers potential SL exonic 3" regions by looking for frequent
kmers on the transcripts ends, extends them as much as possible by attempting to as-
semble them in contigs, and then filters out likely false positives based on sequence
orientation, abundance, genomic data and overlap with annotation to known proteins.
In practice, however, there are two issues to solve to implement such a straightforward
approach. First, false positives due to biased kmer counts, which can be a result of the
reconstruction of more than one isoform for a gene and other biological factors such as
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very similar transcripts from different genes of the same multigenic family. Second, the
loss of strand information during sequencing in standard RNAseq sequencing, so that
each transcript can be assembled either as the sense strand or as its reverse comple-
ment. Both main issues are addressed by our pipeline.

The pipeline overview is presented on Fig. 1. First, the redundancy in the de novo as-
sembly transcriptome is reduced in SLFinder-Step0, hereafter referred to as Step0, by
retrieving the 5" and 3" ends of the longest isoforms of each gene. Isoforms of the same
gene are identified based on Trinity’s contigs name convention. Alternative strategies
can be implemented (e.g. clustering based on sequence identity) following the manual
instructions. Regardless of the chosen method, once redundant sequences are filtered
the next step is to identify SLs among the more commonly observed sequences in the
transcripts ends. In an ideal situation, the SL sequence should be located at the exact

StepO: Isoform filter Step1: Hook assembly and filtering

Kmers \

Trinity

Inchworm

A e
(KK &K

Step2: Alignment and Curation  Step3: Genome location and Annotation

Fig. 1 SLFinder workflow. The pipeline is divided into four scripts (Step0 to 3) to facilitate user intervention.
StepO reduces a Trinity assembly redundancy based on the contigs IDs and extract transcripts ends. Step]
generates Hook sequences for the putative Splice Leaders based on the Kmers present on the filtered
sequences generated in Step0, identifies matching sequences in the original assembly and selects the Best
Hooks based on their overall sequence orientation and frequency. The Best Hook Hits sequences are then
aligned and trimmed in Step2 to generate Hook Variants, and Step 3 localizes them on a Reference
genome and classifies hits according to the presence of a potential Donor Site. In detail, longer isoforms
are retrieved from the transcriptome (A), both terminals regions are keep (B) and kmers are counted with
Jellyfish and selected according to their abundance (C). Selected kmers are assembled into Hooks using
Inchworm (D) and then Hooks are blasted against the original unfiltered transcriptome () and then filtered
according to coi and abundance. The Best Hook matching sequences are retrieved (H). These sequences
are then aligned with MAFFT (1) and trimmed automatically with trimAL (J), results are Hook Variants that
represent possible versions of the repeated sequence that generated the Hooks (including both real
polymorphisms and sequencing errors) (K). Step3 locates locus codding for the Hook Variants in the species
genome using BLAST and identifies potential donor sites (M). Finally, putative coding sequences are
discarded using a third BLAST search against a protein-coding or protein sequences reference databases (N)
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beginning of the assembled transcripts and cleaner results should be obtainable by re-
trieving from the transcript end a fragment similar in size to the expected length of the
SL. However, we noticed that the assemblies used to validate this pipeline often pre-
sented non-conserved, mainly low-quality, sequences that preceded the known SL se-
quence. Instead, Stepl achieves this by counting the kmers present on the filtered
sequences (and their reverse complement) with Jellyfish software [47]. Those kmers ob-
served below a given threshold are discarded (by default 0.0005% of the total contigs
after filtering, in practice ~10 contigs, depending on the dataset), and then assembled
in longer sequences with Inchworm, Trinity’s first module. The resulting sequences,
hereafter referred to as “Hooks”, are a collection of true SL sequences (if present) and
every other common sequence found on the filtered transcriptome.

To further narrow down candidates, Stepl analyzes the location and orientation of
matching sequences in the original transcriptome. A Blast search [48] is conducted to
“fish out” similar sequences among the transcriptomic contigs (with the “-task blastn-
short” option and “-evalue le-2”). Hooks are selected according to their number of hits
and sequence orientation in the assembled transcriptomes. Since we are working with-
out information on the strand, the transcripts can be assembled either sense or anti-
sense; and so, can be the Hooks that are generated from these transcripts. However, if
our assumption 3 holds (i.e., the sequence is not a palindrome) and the Hook repre-
sents a true SL (meaning that it is located at the 5" end on the transcript) its hits on
the transcriptome should be found in two mutually exclusive configurations, depending
on the orientation of the Hook: 1) forward-oriented at the Start of a sense assembled
transcript or reverse oriented at the End in an anti-sense one if the Hook was generated
in a sense configuration (named Sf and Er orientations, respectively); or 2) reverse ori-
ented at the start of a sense assembled transcript and Forward oriented at the end of
an anti-sense one (named Sr and Ef orientations, respectively) (Fig. 2a).

With this in mind, we created a simple consistency orientation index (coi) to evaluate
each potential Hook (Fig. 2). A coi equal to 1 means that the Hook’s hits are all ori-
ented in one and only one of the valid configurations. Testing, however, shows Hooks
for known SLs can have some hits that do not follow these rules but their coi is always
high (i.e., above 0.95; see Results). In addition, tests show that Hooks with few hits on
the transcriptome often have a high coi by chance, even when they are not SL se-
quences. To compensate we also introduce an Observation Count Cutoff (occ) filter
that is simply the median of all identified Hooks. Finally, transcripts with multiple hits
for the same Hook are excluded and reported separately for user inspection. These
transcripts may represent chimeric sequences generated during the assembly process
[49, 50] or short repeated sequences. Hooks that pass these filters are selected for fur-
ther analysis.

The sequences of these selected Hooks, hereafter referred to as Best Hooks, are re-
trieved for further analysis. The transcript’s ends with a BLAST match (with the “-task
blastn-short” option and “-evalue 1e-2”) to each Best Hook are retrieved (from the tran-
script end until two bases after the match end in order to recover as much sequence
from the pSL sequence).

The next filtering step in the pipeline consists of locating and analyzing genomic loci
matching the Best Hooks from which they are potentially transcribed (putative SL
genes). However, first, it is necessary to address three issues: high redundancy, noisy
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[ A) Valid
SL sense Hook SL anti-sense Hook
Sf my | |5 E= >
Er < 4 | |Ef < —
B) Invalid
SL sense Hook SL anti-sense Hook

Sf > Sr = >

Ef — A -

<

C) coi formula

._|((Sf+Er)—(Sr+Ef))
cor= (Sf+Er+Sr+Ef)

Fig. 2 Hook hits orientations and coi filter. Estimation of the concordance orientation index (coi). Hooks
potentially representing SLs are classified according to the orientation of their hits on the assembled
transcripts with valid and invalid configurations. If SLFinder assumptions are met, the Hook hits should be
primarily oriented in one of two valid configurations that depend on the orientation of the assembled
transcript (red arrow for sense and blue for anti-sense) and the orientation of the generated Hooks. Note
that Hooks could also be assembled in sense (black arrow) or anti-sense (grey arrow). a Valid Hook hits
orientation and locations. b Invalid Hook hits orientation and locations. ¢ Coi formula

sequences coming from sequencing and assembly errors, and imprecise pSL delimita-
tion. Without knowing the SL sequence there is no reliable way to address these prob-
lems with a one-base precision, nevertheless, Step2 minimizes them by first clustering
all sequences according to sequence identity with CD-HIT-EST [51] with a 100% iden-
tity threshold by default, followed by alignment with MAFFT [52] using the accuracy
oriented method G-INS-I “--globalpair --maxiterate”. Finally, sequences are automatic-
ally trimmed with trimAL [53]. The resulting sequences, referred to as “Hook Variants”,
represent possible versions of the repeated sequence that generated the Hook (includ-
ing both real polymorphisms and sequencing errors). Depending on the data, it might
be necessary to re-run this step several times with different parameters or even manu-
ally curate the sequences before continuing with Step3 (see the software manual for de-
tailed instructions). To facilitate this process, Step2 also generates sequence logos
before and after trimming with Weblogos3 [54].

Step3 carries out a BLAST (-task blastn-short) search of the Hook Variants against
the provided reference genome to identified pSL coding loci. Since some level of noise
is expected in the Hook Variants sequences, even when they represent true SL (see
below), the BLAST search is configured with a 100% identity threshold, ungapped, and
a high query coverage (90% by default). In practice, these thresholds allow mismatches
in the terminal region of the Hook Variant. Once identified, Step3 searches for the
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existence of a potential donor site and attempts to annotate the region with an ex-
ternal CDS or protein reference with either blastn or tblastx. As a final fail-safe to
check the inaccuracy in the pSL delimitation, Step3 takes the following consider-
ations when reporting a potential donor site: 1) It analyses 4 bp surrounding each
Hook Variant 3’ end hit in the genome (excluding mismatches in the extremes)
looking for a possible splice donor site (“GT”). If one “GT” is found, step3 reports
either “5prima” or “3prima” depending on the hit orientation, simplified to “Clear
donor site” in this paper. 2) If the longest matching Hook Variant with a donor
site overlaps with possible splice donor site (i.e., the sequence ends with a “G” or

“sen

“GT” that matches with the splice donor site) an is included in the report to
indicate that manual inspection is advised. 3) If a potential donor site is found in
fewer than 80% of Hook Variants matching a locus, the site is reported as “Un-
clear”. Finally, a BLAST search between the region surrounding each locus and the
provided Protein/cDNA reference dataset is conducted, and loci with matches are
discarded. In every step the user can check the Hook Variants and blast results to
reconsider or inspect some discarded Hooks.

A putative SL coding Locus was considered valid if a potential donor site was identi-
fied and there were no known protein-coding sequences located close to the locus (by
default 100pb, this parameter can be changed by the user). Sequences for loci with and
without a clear donor site are clustered with CD-HIT-EST in pSL sequences (100%
identity Threshold). The final output also includes multiple sequence alignment of each
locus done with MAFFT (G-INS-I “--globalpair --maxiterate”) and its original Hook
Variants to facilitate manual inspection.

Test data

Test data was selected from species according to known presence or absence of SL
Trans-splicing, the existence of a reference genome and availability of RNAseq follow-
ing a poly-A capture protocol. The final species list comprised Aplysina aerophoba, C.
elegans [19], Ciona intestinalis [21], Drosophila melanogaster, Hydra vulgaris [23), Mus
musculus, Saccostrea glomerata, and Schistosoma mansoni [18). Schistosoma mansoni,
has been reported to have a single SL class with a long sequence (36 bp), represents an
ideal scenario to test SLFinder. Meanwhile, C. intestinalis with single short SL (16 pb)
allows investigating how the pipeline behaves with shorter sequences. Finally, C. elegans
and H. vulgaris have multiple SL sequences (some of them with known sequence diver-
sity among their coding SL-RNAs, e.g. SL2 in C. elegans) which will test SLFinder abil-

ity to identify and retrieve different SLs when present.

Transcriptomic and genomic data used on these analyses are detailed in Table 1.
Non-control samples from experimental studies (i.e. response to pathogens or other
stimulus) were discarded. Genomic locus annotation was carried out with the Swiss-
Prot database from Uniprot (Downloaded 01/05/2019). In addition, since several gen-
ome assemblies are available for S. mansoni; mostly based on Protasio et al. 2012 work
[55] but improved and annotated following different methodologies for their curation
and annotation; SLFinder was tested using 2 reference genomes: one from Wormbase
Parasite (WBPS) improved with PacBio data and one from GeneDB that is more frag-
mented but with several SL-RNA genes annotated.
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Table 1 Datasets utilized to validate and evaluate SLFinder

Species Taxon RNAseq BioProject Ref. Genome Assembly Reported SLs
A. aerophoba Porifera PRJEB26562 GCA_900275595.1% No
C. elegans Nematoda PRINA270896 PRINA13758° Yes
C. intestinalis Urochordata PRINA396771 GCF_000224145.3° Yes
D. melanogaster Insecta PRJNA318586 GCF_0000012154° No
H. vulgaris Cnidaria PRINA497966 HmM105¢ Yes
M. musculus Vertebrata PRINA319673 GCF_000001635.26° No
S. glomerata Molusca PRINA487836 GCA_003671525.1 No
S. masoni Plathelminthes PRINA225599 PRIEA36577° and GeneDB Yes

2 Available on NCBI database
P Available on WBPS database
€ Hydra 2.0 Genome Project

Read quality for RNAseq data was assessed with FastQC [56] and low quality bases
along with adapter sequences were removed with Trimmomatic v0.36 [57] (options:
ILLUMINACLIP: TruSeq3-PE.fa:2:30:10, SLIDINGWINDOW: 5:20 and MINLEN: 50).

Transcriptomes were de novo assembled with Trinity v2.8.3, without read normalization.

Bioinformatic analysis and pipeline evaluation

Analyses were carried out in a desktop computer with 96Gb of RAM and 32 threads/
16 cores (only 4 threads were used on each run). Program versions used are listed on
Table 2 with default parameters (with exception of C. intestinalis). Pipeline accuracy
was tested by sequence comparisons with known SL sequences (Additional file 1), veri-
fying the match of the predicted SL locus with the annotated SL within 100 bp range.
This comparison was done using gffread [58]. In addition, each potential locus was
manually inspected, and “seqkit locate” was utilized to verify the transcripts carrying
specific pSL sequences in order to detect and categorize artefacts. Figures of sequence
alignments were generated with BioEdit v7.0.5.3 [59].

Results
A total of 32 transcriptomes (9 from A. aerophoba, 6 from C. elegans, 3 from C. intesti-
nalis, 4 from D. melanogaster, 5 from H. vulgaris, 2 from M. musculus, 1 from S.

Table 2 List of programs and software packages utilized by SLFinder, including the version utilized
in this paper and the basic tasks they carry out

Program  Version  Tasks

Blast v2.6.0 Sequence searches against Transcriptome assemblies, Genome and Protein reference
database.

cd-hit-est  v4.7 Sequence clustering to simplify results and reduce runtimes

Jellifish v2.2.6 Kmer counts

MAFFT v7.307 Sequence Alignment

Segkit v0.10.0 Basic sequence manipulation
trimAl v1.2rev59 Hook Variant generation by automatic trimming
Trinity v2.83 Hook assembly from Kmers

Weblogos v3.6.0 Sequence Logos generation to facilitate manual curation
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glomerate, and 2 S. mansoni) were assembled and analyzed (Basic descriptor metrics
are shown in Additional file 2). Running times per step where highly dependent on the
dataset (Table 3) mainly depending on the number of reads to process. No Hook se-
quence passed the coi filter in Stepl for the species without known SLs A. aerophoba,
D. melanogaster, M. musculus and S. glomerata (Additional file 3).

Positive results were identified for the species C. elegans, Hydra vulgaris and S. man-
soni, all with previously described SL. SLFinder also identified the SL reported for C.
intestinalis after changing the parameters to account for short SLs (15-base kmer
length, 14 Inchworm assembly kmer, and no filtering according to the median count
value).

In the following sections we will describe the results obtained by each Step of SLFin-
der (Step 1 Hook generation and filtering, Step 2 Hook Variant trimming, and Step 3
putative SL (pSL) loci identification) on each positive dataset. Since the intent of this
software is novel SL identification, we will focus on features of SLFinder reports that
depart from the true SL sequence (e.g. longer/shorter sequences than expected and po-
tential false positives results).

Caenorhabditis elegans dataset

A total of 13 hooks were generated in Stepl, three of which passed both the coi and
the occ filters and resulted in 246 different Hook Variants after Step2. Comparison with
known SL sequences showed that the Best Hooks “a1-9915” and “al1-1448” corre-
sponded to the known SL-1, while “a10-178” to SL-2 (Fig. 3a).

Step3 identified 26 putative pSL loci in the reference genome, 18 of which were pre-
viously reported as SL-RNA genes in the genome annotation (Additional file 4). Thir-
teen pSL were reported as having a clear potential donor site and were later clustered
into 8 sequences; hereafter referred to as Celegans_pSL-(1 to 8). Another 10 loci were
reported as Unclear due to the presence of several bases in the 3’ region in several
variants for the Hook “al-9915” that overlapped with the splice donor site
(Additional file 5). Most of these loci were located on Chromosome V in a cluster of
~13kb and were grouped into a single sequence identical to Celegans_pSL-7. In
addition, Locus-5 and -26 were reported without a donor site and Locus-25 was not an-
alyzed because SLFinder failed to determine its orientation due to low count numbers
in the transcriptome. Manual inspection showed that both Locus-25 and Locus-26 have
a potential donor site masked by a three base extension in the 3" end (GTA) of the only

Table 3 SLFinder steps performance for all datasets

Data Set Step0 Stepl Step2 Step3 Total

A. aerophoba 32m12s 0m 34s X X 32m46s

C. elegans 4m 23s 0Om 24s 13m 255 TmO08s 19m 46

C. intestinalis 4m 29s 1m54s OmO03s Om43s 7maQ09s

D. melanogaster 5m36s 0m 20s X X 5mb56s

H. vulgaris 15m17s 57m 265 19m 585 14m 35s Th47mi6s
M. musculus 7ml4s 2m 10s X X 7m24s

S. glomerata 24m 245 0Om 25s X X 24 m 595

S. mansoni 6m53s Om 385 Om 06s 3mO03s 10 m 40s
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a)

SL-1_Reported GGTTTAATTACCCAAGTTTGAG
al-9915 ggaggGGTTTAATTACCCAAGTTTGAGaaaatg
all-1448 R TACCCAAGTTTGAGgtaatc

SL-2_Reported - GGTTTTAACCCAGTTAACCAAG
al0-178_R tGGTTTTAACCCAGTTAACCAAGatg

B)
SL-1_Reported
Celegans_pSL-6
Celegans_pSL-7

GGTTTAATTACCCAAGTTTGAG
GGCTTAATTACCCAAGTTTGAG
GTTTAATTACCCAAGTTTGAG
Celegans_pSL-8 GGTTAATTACCCAAGTTTGAG
Celegans_pSL-9 tGGTTTAATTTCCCAAGTTTGAGgta
Celegans_pSL-10 aatGGTTTAATAACCCAAGTTTGAGgta

C. elegans

SL-2_Reported GGTTTTAACCCAGTTAACCAAG
Celegans_pSL-1 GGTTTTAACCCAGTTAACCAAGgt
Celegans_pSL-2 GGTTTTTACCCAGTTAACCAAGgt
Celegans_pSL-3 GGTTTTAACCCATATAACCAAG
Celegans_pSL-4 GGTTTATACCCAGTTAACCAAG
Celegans_pSL-5 GGTTTTAACCCAGTTAATTGAG

)
SL_Reported ATTCTATTTGAATAAG
a5-133_R ggATTCTATTTGAATAAGa . . .
N C. intestinalis
SL_Reported ATTCTATTTGAATAAG

Cintestinalis_pSL-1 -~ gATTCTATTTGAATAAGgtt
Cintestinalis_pSL-2 tgATTCTATTTGAATAAG

E)

SL-Bl_Reported ACGGAAAAAAACACATACTGAAACTTTTTAGTCCCTGTGTAATAAG
a2-86372 cccggACGGAAAAAAACACATACTGAAACTTTTTAGTCCCTGTGTAATAAGaaaaaaat
a3-3848 CCCTGTGTAATAAGcaaaaa
ag-4794 CCCTGTGTAATAAGgtttaa
a53-3027 CCTGTGTAATAAGtaaaaaa
al9g9-11201_R CCCTGTGTAATAAGttttaaa
al6-5881_R ccgatctCACATACTGAAACT

F)

ACGGAAAAAAACACATACTGAAACTTTTTAGTCCCTGTGTAATAAG
CACATACTGAAACTTTTTAGTCCCTGTGTAATAAGGL
CACATACTGAAAATTTTTAGTCCCTGTGTAATAAGGtL

SL-Bl_Reported
Hvulgaris_pSL-1
Hvulgaris_pSL-3

Hvulgaris_pSL-4

Hvulgaris_pSL-9

Hvulgaris_pSL-12
Hvulgaris_pSL-13
Hvulgaris_pSL-14
Hvulgaris_pSL-15
Hvulgaris_pSL-16

CACATGCTGAAACTTTTTAGTCCCTGTGTAATAAGGtL
CACATATTGAAACTTTTTAGTCCCTGTGTAATAAGG
CACATACTAAAACTTTTTAGTCCCTGTGTAATAAG
CACATACTGAAACTTTTTAGTACCTGTGTAATAAG
CACATACGGAAACTTTTTAGTCCCTGTGTAATAAG
CACATACTGAAACTTTTTAGTCCCTGTTTAATAAG
CACATACTGAAACTTTTTAGTCCCTTTGTAATAAG

H.

vugaris

CACATACTGAAACTCTTTAGTCCCTGTGTAATAAG
CACACACTGAAACTTTTTAGTCCCTGTGTAATAAG
CACATACTGAAACTTTTTAATCCCTGTGTAATAAG
CACATACTGAAACTTTTTAGTCCCTGCGTAATAAG
CACATACTGAAACTTTTTAGTCCCTGTGCAATAAG
ATACTGAAATTTTTTAGTCCCTGTGTAATAAG
CACATACTGAAGCTTTTTAGTCCCTGTGTAAT
ATCTAAACTTTTTAGTCCCTGTGTAATAAG
GAACTTTTTAGTCCCTGTGTAATAAG
GAAACTTTTTATTCCCTGTGTAATAAG
CACATACTGAACTTTTTTAGTCCCTGTGTAATAAG
AAACTTTTTAGTCCCTGTGTAATGAG

Hvulgaris_pSL-17
Hvulgaris_pSL-18
Hvulgaris_pSL-19
Hvulgaris_pSL-20
Hvulgaris_pSL-22
Hvulgaris_pSL-25
Hvulgaris_pSL-27
Hvulgaris_pSL-28
Hvulgaris_pSL-33
Hvulgaris_pSL-38
Hvulgaris_pSL-39
Hvulgaris_UnpSL-1

G)
SL_Reported AACCGTCACGGTTTTACTCTTGTGATTTGTTGCATG
a22-2005_R CCGTCACGGTTTTACTCTTGTGATTTGTTGCATGata

H)

SL_Reported
Smansoni_pSL-1
Smansoni_pSL-2
Smansoni_pSL-3
Smansoni_pSL-4

AACCGTCACGGTTTTACTCTTGTGATTTGTTGCATG
GTTTTACTCTTGTGATTTGTTGCATG
TTTTACTCTTGTGATTTGTTGCACG
CTTTACTCTTGTGATTTGTTGCATG
TTTACTCTTGTATTTTGTTGAATGG

S. mansoni

Fig. 3 SLFinder predictions for all datasets. SLFinder summary results and known SL sequences reported in
analyzed species. For each species, the figure shows selected Best Hooks found in Step 1 (a, ¢, e, and g),
and predicted putative SLs (pSL) after Steps 2 and 3 (b, d, f, and h). “_R" referred to reverse complement

sequence of the Best Hook found. Figures of sequence alignments were generated with BioEdit v7.0.5.3 [59]

matching Hook Variant for each, hereafter referred to as Celegans_pSL-9 and -10, re-
spectively (see similar cases in Additional file 5).

Potential Spliced Leaders Celegans_pSL-6, — 7, — 8, - 9, and — 10 match the previously
described SL-1 and their nucleotide differences were limited to the 5’ region, whereas
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Celegans_pSL-1, -2, -3, -4 and -5 represent different variants of SL-2 and are
slightly more diverse in their nucleotide sequences (Fig. 3b). These observations are in
concordance with the genome annotation and previous results for C. elegans [2].

Site-specific observations of these loci are included in Additional file 4. Of par-
ticular relevancy are Locus-12 and -20, both display partial repetitions of SL-1 fol-
lowing the reported hit (Additional file 6). Verification of the functionality of these
SLs loci is beyond the scope of this paper and the capabilities of SLFinder, a pat-
tern search against the reads only identified six read pairs bearing Locus-12 repeat
across all samples.

In Summary, SLFinder identified both SL classes, SL-1 and SL-2, previously reported
for C. elegans and located several of their described SL-RNAs loci (10 for SL-1 and 8
for SL-2), in addition to five not previously annotated copies of SL. While verifying the
functionality of these new SL-RNAs is beyond the scope of this paper, our results sug-
gest that at least two of them (Locus-12 and -20) are presumed to be pseudogenes due
to the presence of fragments from SL-1 following the 3" end.

Ciona intestinalis dataset

Using the modified parameters (15-base kmer length, 14-base Inchworm assembly
kmer and removing occ filtering), Stepl generated 81 Hooks but only “a5-133”
passed the coi filter. Twenty-three Hook Variants were identified for “a5-133” in
Step2. Results show that the Hook matches the sequence of the previously reported
SL [21] (Fig. 3c).

Step3 identified 38 putative loci in the genome, 23 of which have a predicted
protein-coding gene in the matched region according to the available annotation
(Additional file 7). Long non-coding RNA (IncRNA) are annotated surrounding
Locus-8, —12, and - 15 in this dataset (XR_717275.3, XR_003396022.1 and XR_
003396339.1 respectively), but their functions are unknown and only Locus-12 is
encompassed by the IncRNA included by its hit. Fourteen pSL were reported with
a clear potential donor site and were grouped into two clusters; hereafter named
as Cintestinalis_pSL-1 and -2; that differ on their extension toward both sequence
ends (Fig. 3d). The former shows a 3’ extension “GTT” which overextends the
expected donor site for the SL and ends next to another “GT” in the genome.
Detailed observations are included in Additional file 7.

Despite its shorter size, once the software parameters were properly fine-tuned,
SLFinder was able to recover the reported SL sequence for this species. However, the
results are not as clear as other datasets analyzed, indicating that these conditions are
near the limits of what is possible to obtain with this strategy.

Hydra vulgaris dataset

For this species Stepl generated 31 Hooks, 6 of which passed both coi and frequency
filters and their matches in the transcriptome were processed on 385 Hook Variants.
Comparison with known SL sequences for the species shows that the longest Hook
“a2-86,372” matches SL-B1 (reported in [36]); while hooks “a3-3848”, “a8-4794”,
“al16-5881”, “a19-11,201” and “a53-3028” match only the terminal region (Fig. 3e).
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Unfortunately, the 5’ region of the observed Hook Variants, from 16 to 32 bases, was
lost in Step2 during trimming (Additional file 5d).

Step3 identified 239 loci in the genome many of which were found in close proximity
to annotated protein-coding regions (Additional file 8). 93 loci were reported with a
clear donor site (“Clear”) and 59 with an unclear donor site (“Unclear”). The former
was clustered in 37 pSL sequences, Hvulgaris_pSL-(1 to 37), and the latter in 10, Hvul-
garis UnpSL-(1 to 10). Hvulgaris UnpSL-4 has an identical sequence to Hvulgaris_
pSL-1, Hvulgaris_UnpSL-3 to Hvulgaris pSL-6, and Hvulgaris_UnpSL-7 to Hvulgaris_
pSL-9 (Additional file 9). In addition, 5 loci were not analyzed because SLFinder failed
to determinate their orientation due to low counts in the transcriptome. Among these,
Locus-46 and -112 display a potential donor site and are included in the further discus-
sion as Hvulgaris_pSL-38 and -39 respectively.

The manual inspection revealed several issues that suggest they are most likely
non-functional versions of SLs that guarantee further analysis. For the purposes of
presenting the tool, however, they were considered non-functional. Removing them
reduces the pSL unique sequences to 21 (Fig. 3f) (see the full set of pSLs generated
by SLFinder in Additional file 9 and detailed observations in Additional file 8).
Note that many pSL loci displayed a donor site that overlaps with the known last
base of the SL (as previously described for C. elegans), while others presented ex-
tensions that led to an alternative “GT” (as previously described for C. intestinalis)
without including the expected donor site. While is possible that the latter pSLs
represent longer than already reported SL sequences, testing this will require add-
itional studies that are beyond the scope of this paper. Furthermore, an inspection
of the transcripts bearing these sequences indicates that these pSL loci match some
transcripts for several bp after the pSL sequence (Data not shown) raising further
doubts on their functionality. Lastly, 28 loci showed partial repeats of SL se-
quences, including some of the previously reported SLs (SL-D, -F, and -G) that
were not recovered by SLFinder (Additional file 6).

In summary, H. vulgaris was the most complex dataset analyzed, with several poten-
tial pseudogenes for the SL-RNAs identified. This is, likely in no small extent, related
to their complex evolutionary history [36]. Unfortunately, SLFinder failed to identify
the other 6 SL reported for the species [36]. A pattern search with seqkit locate of the
terminal region of these SLs on the original fastq files indicates a marginal presence of
SL-B2, SL-B3, SL-B4, SL-D and SL-G in the dataset, so the most probable cause of this
false negatives is their low prevalence in the analyzed RNAseq data (Data not shown).

Schistosoma mansoni dataset

One Hook (“a22-2005") out of 30 generated in Stepl passed both coi and frequency fil-
ters and was then processed into 11 Hook Variants by Step2. Comparison with the
known SL sequence for S. mansoni shows that this Hook represents the reverse com-
plement of the described SL in almost its entirety (Fig. 3g). As with the H. vulgaris
dataset, part of the 5’ region of the Hook that was recovered was lost during trimming
in Step2 due to the poor alignment quality of this region. This could be at least partially
explained by missing information and high variability among the retrieved sequences in
the transcriptome assemblies (Data not shown).
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When using the WBPS reference genome, Step3 identified 132 pSL loci, only 13 in
the proximity to protein-coding genes (Additional file 10). Most of them showed a
clear donor site and were clustered in 3 groups; hereafter referred to as Smansoni_
pSL-(1 to 3). The remaining 9 loci were reported as lacking a potential donor site.
This was confirmed by manual inspection in all cases except for Locus-128, in
which the donor site was masked by the retention of 3bp on the 3’ end of the
generated Hook Variant; hereafter referred to as Smansoni_pSL-4. All four pSL are
shown in Fig. 3h while loci coordinates and observations are reported in Add-
itional file 10. Note that only Smansoni_pSL-1 was encoded by several loci. On the
other hand, Smansoni_pSL-2 had a substitution in the terminal ATG of the SL.
This ATG was reported as completely conserved in all studied Platyhelminthes (see
[5]). A pattern search of the terminal region of this pSL reveals a marginal pres-
ence on the reads from both sequenced samples, indicating very low expression of
this SL variant in the dataset (Data not shown).

Surprisingly, only 22 pSL loci were identified when using the GeneDB reference gen-
ome (Additional file 11). Fifteen of these presented a clear potential donor site and
were clustered in the same three pSL classes found using the WBPS reference genome
(see above), including Smansoni_pSL-4 (Data not shown). Five pSL coding loci were
already reported as SL-RNA coding genes, including one locus that was reported with-
out a donor site because of missing information in the reference genome.

In the case of S. mansoni, SLFinder identified the known SLs, including one possible
pseudogene, with the only drawback of a partial recovery of its 5 region. Results also
show the importance of the Reference Genome, as illustrated by the number of pSL loci
found in the assemblies of WBPS and GeneDB.

Discussion

Considerations when using SLFinder

The strategy presented here, although effective, has shortcomings that originate from
the input data and the minimal assumptions regarding the SL sequences. SLFinder re-
quires enough SL exon sequences to be present in the de novo transcriptome assembly.
This may be an important issue when considering the widely distributed poly-A enrich-
ment strategy for RNAseq in eukaryotes, nevertheless, our results clearly show that
identifying SL sequences and loci is possible in real datasets. Short SL sequences, poor
data quality, and the inappropriate reference genome, or a combination of the three
may also be issues to consider. See for instance the results of C. intestinalis dataset,
which could be handled however with specific parameters settings. When dealing with
such cases we recommend changing kmer size, ideally using similar organisms a guide-
line, and annotate every hit for a Hook with a high coi value. Bear in mind that because
of these limitations, negative results should not be considered evidence of absence of
SL Trans-Splicing.

In addition, the lack of reliance on known SL sequences combined with the approach
taken to generate Hook Variants are the source of the issues in identifying the donor
site described in Results. Basically, the problem is how to answer the question: “Where
does the sequence end when the sequence is unknown?”. SLFinder solves this issue by
trimming according to alignment quality and then localizing them in the reference
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genome for further pinpointing the SL extension. While most of the issues with auto-
matic trimming (see [60]) don’t apply in this context, a side effect of this strategy is the
addition of non-SL bp if they are present in enough transcripts, along with a common
loss of the SL 5" region during the trimming of Hook hits (both observed in the Results
section). Nevertheless, both drawbacks can be properly addressed with an informed
user intervention that is facilitated by SLFinder modularity, either by adjusting trimAL
parameters or manually processing the alignments (Note that these modifications might
affect Step3 results as some divergent pSL Loci will be lost).

The quality of the reference genome and other biological features of the species play
an important role in SLFinder accuracy and performance. As stated before, the refer-
ence genome is a key piece of information when pinpointing the pSL sequence and fil-
tering out Hook Variants generated due to sequencing and/or assembly errors. This is
clearly shown in the analyses of H. vulgaris and S. mansoni datasets. On the one hand,
SL prediction in H. vulgaris was far from straightforward given the high abundance of
pSL coding loci found, many of which are likely false positives. This result may be ex-
plained, at least in part, by the high prevalence of transposable elements in their gen-
ome [36]. In the case of S. mansoni the differences observed between WBPS and
GeneDB genome assemblies may explain the different results obtained with SLFinder
for this species. A better assembly may help identify more SL loci, as is the case of
WBPS assembly. Note that PacBio technology was used to improve assembly quality in
this assembly [61].

In the absence of a reference genome, the Hook sequences generated during Stepl
and the Hook Variants in Step2 offer a good alternative, but it would require validation
based on homology (SL sequences from other closely related taxa) or wet lab experi-
mental approaches.

Advantages of SLFinder

Taxon sampling bias has been a constant issue in the study of SL trans-splicing across
the tree of life. For example, Bitar et al. study conducted a study based on BLAST
searches against public databases and identified mostly SL-1 like sequences in the
phylum Nematoda. Results included species like Globodera rostochiensis that possess
known divergent SL sequences [38] and Heterodera glycines for which more SL classes
were latter described [31]. SLFinder represents a solution to this problem by providing
a straightforward method to identify pSL sequences that is not based on sequence
homology.

The use of over-represented kmers to identify regulatory regions is not a new ap-
proach for exploratory analysis of DNA sequences [62] and was applied to identify SL
sequences before [36]. However, the novel but simple filters implemented in SLFinder
allowed the easy recovery of known SL exonic sequences of the four species with this
splicing mechanism in just a few hours; and in the case of C. elegans and S. mansoni
even identifying the known SL-RNA coding loci. Only the C. intestinalis dataset re-
quired a fine-tuning of SLFinder parameters to account for a shorter than expected SL
sequences.

Potential SLs sequences identified with this pipeline can be validated through experi-
mental procedures like RT-PCR or 5" RACE (e.g. [31, 37]) or can be used as input data
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for other informatics analyses like the ones implemented by SLQuant [34] and, UTRme
[33]. Even a simple pattern search (e.g. [31]) could be used to identify the acceptor
genes in order to further analyze mRNA maturation in the species of interest. The
identified putative SLs coding loci can be used to further validate the SL-RNA by look-
ing for the sm site or the RNA secondary structure [1, 5, 37].

Conclusion

SLFinder offers a practical alternative for the discovery of novel SL sequences aside
from homology searches or fortuitous identification. This modular pipeline was proved
with freely available RNAseq data for organisms with and without reported Splice
Leader sequences with very good results. Putative SLs found by SLFinder can be later
refined regarding their exact length and confirmed through additional bioinformatics
analyses and wet lab experiments. This software represents a step forward toward a
more comprehensive understanding of the distribution of SL Trans-Splicing in the tree
of life, its evolutionary history and importance.
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Capitulo 3: SL trans-splicing en Hymenolepis microstoma.

Resumen

Hymenolepis microstoma fue escogida para la primera aplicacion de SLFinder por ser una
interesante especie modelo para el estudio de Cestodos. Gracias a su facil mantenimiento y
segura de manejar, seguridad de manejo y por la disponibilidad de datos gendémicos y
transcriptomicos con los que trabajar. M&s aun, se dispone de andlisis independientes del SL
trans-splicing con los que validar y comparar los resultados obtenidos, y su cercania
filogenética a Echinococcus granulosus y E. multiloculares permite comparar sus SL-ARN
para confirmar su identidad y extension, a pesar de la variabilidad intrinseca de estos loci.
Por estos motivos, H. microstoma demostré ser el mejor caso posible para el disefio y analisis
de SL trans-splicing en el grupo platelmintos

En este estudio se identificaron 4 SL-ARN en la especie, uno de ellos desconocido antes de
este trabajo, cientos de genes sometidos a SL trans-splicing y sus sitios aceptores (SL-ACE),
y se validaron experimentalmente varios loci policistrénicos. Los principales resultados son la
confirmacién del rol constitutivo del SL trans-splicing en la especie, su rol en la resolucién de
loci policistronicos y su conservacion filogenética con Echinococcus multilocularis. Asi como
la identificacion de multiples artefactos en la anotacion del genoma de la especie, causados
por la mala identificacion de loci policistrénicos con splicing complejo, y como la identificacién

de SL-ACE puede usarse para remediarlos.

En el marco de esta tesis, este estudio representa el modelo ideal a seguir para el andlisis de
SL trans-splicing en cualquier especie de interés. De la identificacion de los loci SL-ARN al
analisis de los SL-ACE y caracterizacion de sus genes. Como tal forma las bases
metodolégicas aplicada en el analisis de platelmintos Cestodos y Trematodos. Mis
contribuciones consisten en el procesamiento y andlisis de los datos transcriptomicos.
Incluyendo la estrategia empleada para identificar SL-ACEs, y la identificacion y
procesamiento de artefactos en la anotacion, asi como la confirmacion experimental por RT

PCR de trans-splicing y transcritos policistrénicos.
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Spliced leader (SL) trans-splicing is a key process during mRNA maturation of many eukaryotes, in which
a short sequence (SL) is transferred from a precursor SL-RNA into the 5’ region of an immature mRNA.
This mechanism is present in flatworms, in which it is known to participate in the resolution of poly-
cistronic transcripts. However, most trans-spliced transcripts are not part of operons, and it is not clear
if this process may participate in additional regulatory mechanisms in this group. In this work, we pre-
sent a comprehensive analysis of SL trans-splicing in the model cestode Hymenolepis microstoma. We
identified four different SL-RNAs which are indiscriminately trans-spliced to 622 gene models. SL trans-
splicing is enriched in constitutively expressed genes and does not appear to be regulated throughout the
life cycle. Operons represented at least 20% of all detected trans-spliced gene models, showed conserva-
tion to those of the cestode Echinococcus multilocularis, and included complex loci such as an alternative
operon (processed as either a single gene through cis-splicing or as two genes of a polycistron). Most
insertion sites were identified in the 5’ untranslated region (UTR) of monocistronic genes. These genes
frequently contained introns in the 5’ UTR, in which trans-splicing used the same acceptor sites as cis-
splicing. These results suggest that, unlike other eukaryotes, trans-splicing is associated with internal
intronic promoters in the 5’ UTR, resulting in transcripts with strong splicing acceptor sites without com-
peting cis-donor sites, pointing towards a simple mechanism driving the evolution of novel SL insertion
sites.

© 2023 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

1. Introduction

region (UTR), resulting in the removal of all sequence upstream of
the splicing site (Hastings, 2005; Lasda and Blumenthal, 2011).

Trans-splicing is a mechanism by which two different RNAs are
spliced together during mRNA maturation (Lasda and Blumenthal,
2011; Lei et al., 2016). Several eukaryotes display a specialized ver-
sion of the mechanism known as spliced leader (SL) trans-splicing
where a specific short sequence (SL) is transferred from a precursor
SL-RNA into an immature mRNA, commonly on the 5’ untranslated

Abbreviations: GO, gene ontology; mTP, mitochondrial transit peptide; pSL,
putative SL-RNA; RT-PCR, reverse transcription-PCR; SJ, splice junction; SL, spliced
leader; SM-site, site for interacting with the spliceosome Sm proteins; SP, signal
peptide; TPM, transcripts per million; UTR, untranslated region; WRS test,
Wilcoxon Rank Signed test.
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Navarro 3051, CP11600 Montevideo, Uruguay (A. Iriarte).

E-mail addresses: airiarte@higiene.edu.uy (A. Iriarte), ukoziol@fcien.edu.uy (U.
Koziol).
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Since its discovery (Sather and Agabian, 1985), the evolutionary
origin of trans-splicing, its functions, and overall relevance in
eukaryotic evolution have been a hard-to-crack mystery. While
there is a clear connection to cis-splicing in regards to the molecu-
lar machinery and regulatory signals involved, basic questions
such as if SL trans-splicing has a single evolutionary origin remain
a matter of debate (Hastings, 2005; Lasda and Blumenthal, 2011;
Bitar et al., 2013; Krchnakova et al., 2017). This uncertainty is
caused mainly by the lack of sequence conservation of the SL-
RNA (Hastings, 2005; Bitar et al., 2013) and its scattered distribu-
tion across the eukaryotic phylogenetic tree (Sather and Agabian,
1985; Krause and Hirsh, 1987; Rajkovic et al., 1990; Brehm et al.,
2000; Vandenberghe et al, 2001; Pouchkina-Stantcheva and
Tunnacliffe, 2005; Lidie and Van Dolah, 2007; Douris et al., 2010;
Matsuo et al., 2018).

0020-7519/© 2023 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
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SL-RNAs are divided into two regions (Hastings, 2005): a leader
region that is integrated into the final mRNA, and an intron-like
sequence with a site for interacting with the spliceosome Sm pro-
teins (SM-site); both are separated by a canonical donor site (GT).
Their secondary structure shows similar features to other small
nuclear RNAs that form the spliceosome (i.e., U1, U2, U4, and
U5), suggesting a common origin (Hastings, 2005; Lasda and
Blumenthal, 2011). Furthermore, SL trans-splicing makes use of
the same molecular machinery involved in cis-splicing, minus U1
(Hannon et al., 1991). SLs are mostly incorporated into the pre-
mRNA molecules on splice acceptor sites not associated with a
strong upstream donor site (Hastings, 2005; Lasda and
Blumenthal, 2011), with the SL-RNA being expended in the pro-
cess. Since both mechanisms share the same components, both
compete in the cell during mRNA transcription for almost the same
precursors (Hastings, 2005). However, since SL trans-splicing is less
efficient (Blumenthal, 2005), SLs are inserted in places where cis-
splicing is impaired by a non-optimal donor site (Hastings, 2005)
and/or is coupled with the cleavage of the previous cistron in an
operon (Blumenthal, 2004).

The main confirmed function of SL trans-splicing is operon res-
olution in eukaryotes by dividing polycistronic pre-mRNA into
individual cistrons, and providing a 5’ cap to the downstream cis-
trons of the operon (Hastings, 2005; Lasda and Blumenthal, 2011;
Pettitt et al., 2014). Several nematodes take this further by having
different SLs specialized for the first gene of operons and mono-
cistronic genes (named SL-1) and for the resolution of downstream
genes of operons (SL-2) (Harrison et al., 2010; Pettitt et al., 2010;
Wenze et al,, 2019). Although the great majority of SL trans-
splicing in many species occurs in monocistronic genes, its physi-
ological importance is less clear (Lasda and Blumenthal, 2011;
Boroni et al., 2018) although one commonly suggested function
is 5 UTR ‘sanitation’ (Hastings, 2005; Lasda and Blumenthal,
2011; Bitar et al.,, 2013). Since the insertion of the SL removes
the pre-mRNA 5’ region before the insertion site, SL trans-splicing
can remove deleterious sequences located in these regions (Lasda
and Blumenthal, 2011). Thus, SL insertions relax the selective con-
straints of the 5’ UTR region. In this sense, understanding SL trans-
splicing is crucial to comprehend the dynamics shaping UTR evolu-
tion in animals. In addition, this splicing mechanism has been pro-
posed as a potential source of alternative isoforms by generating
novel translation start sites (Agorio et al., 2003; Hastings, 2005;
Nilsson et al., 2010; Boroni et al., 2018). Although there is conflict-
ing evidence toward its overall importance in the diversification of
transcriptomes (Soulette et al., 2019), this might be particularly
important in Platyhelminthes since their SLs bear a 3’ terminal
“AUG” motif which can function as an initiation codon (Cheng
et al., 2006).

Platyhelminthes are an interesting group to study this mecha-
nism. Similar to Caenorhabditis elegans (Pettitt et al., 2014), they
possess SL trans-splicing but without a clear SL-RNA specialization
in regard to their target genes (Protasio et al., 2012; Tsai et al.,
2013, but see Rossi et al., 2014). In particular, cestodes possess sev-
eral SL variants that seem to be used interchangeably (Tsai et al.,
2013; Olson et al., 2020). Furthermore, flatworm parasites (classes
Monogenea, Cestoda and Trematoda (Hickman et al., 2008)) repre-
sent a significant burden on economic activities and human health
(Mahmud et al., 2017; Webb and Cabada, 2017). Given the need for
new therapeutic options (Cabada et al., 2016; Trainor-moss and
Mutapi, 2016), SL trans-splicing is a promising target for novel
drugs to treat eukaryotic parasites bearing this mechanism
(Pandarakalam et al., 2019) since it is absent in vertebrates (Lei
et al., 2016). Understanding the biological importance of the mech-
anism, its components, and its target genes will support these
efforts.
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In this study, we conducted an in-depth analysis of the usage of
trans-splicing in the cestode Hymenolepis microstoma. This cestode
is a classic cestode model species due to the easy maintenance of
its life cycle in the laboratory (Macnish et al., 2003; Cunningham
and Olson, 2010). Recently, Olson et al. (2020) described the pres-
ence of SL trans-splicing in this species from three SL-RNA precur-
sors. In this work, we analyzed in depth this process in this species
with the objective of identifying SL-RNAs, their targets, and their
potential roles in gene regulation throughout its life cycle.

2. Materials and methods
2.1. Transcriptomic and genomic data

RNAseq data covering the three life stages of the species were
previously published by Preza et al. (2021). These included four
biological replicates for: eggs containing infective oncospheres,
cysticercoids, and adults (pools of animals in all cases), with
between 12,937,021 and 14,680,727 raw read pairs per replicate.
In the case of adults, the posterior-most segments had been
removed before processing in order to avoid contamination with
the RNA of developing oncospheres. The reference genome and
associated gene models of H. microstoma were retrieved from the
WormBase Parasite database v14 (Howe et al., 2017) (ID: HMN_v3,
BioProject: PRJEB124) that was more recently described in Olson
et al. (2020). Genes were annotated according their orthological
relationships with Echinococcus multilocularis (also retrieved from
the WormBase Parasite ID: EMULTIO02, BioProject: PRJEB122)
using SynChro (Drillon et al., 2014). Estimated syntenic blocks
are summarized in Supplementary Table S1. SL acceptor genes
and potential operons were compared with Tsai et al. (2013),
accounting for ID changes when necessary.

2.2. SL identification and characterization

SLFinder was utilized to identify SL sequences with default set-
tings (Calvelo et al., 2020). Read quality was first evaluated with
FastQC (https://www.bioinformatics.babraham.ac.uk/pro-
jects/fastqc/ (accessed 6.6.18)), and low quality bases together
with adapter sequences were removed with Trimmomatic v0.36
(Bolger et al., 2014) with the parameters (SLIDINGWINDOW:5:20,
MINLEN:25). Transcriptomes were then de novo assembled with
Trinity v2.8.3 (Haas et al., 2013) with read normalization disabled.
Once novel putative SLs were identified, we conducted a manual
inspection of the loci to determine the limits of the putative SL-
RNA (pSL). Specifically, the 5’ end of the assembled contigs bearing
each pSL were compared with their respective genomic loci in
MEGA7 (Kumar et al., 2016) to recover more of the SL 5’ region;
the extension of the intron-like region was determined based on
the reported SL genes for H. microstoma (Olson et al., 2020) and
E. multilocularis (Tsai et al., 2013). Specifically, we searched for a
3’ terminal “GRGGGCC” like motif that seems to be conserved in
the class Cestoda (see Section 3.2).

Conservation of H. microstoma SL-RNAs was evaluated relative
to known platyhelminth SL genes: the trematode Schistosoma man-
soni retrieved from the GeneDB database (Logan-Klumpler et al.,
2012), the cestodes Echinococcus granulosus, Echinococcus multiloc-
ularis from Tsai et al. (2013) and Taenia solium from the NCBI.
Sequences were aligned using Muscle (Edgar, 2004) implemented
in MEGA7, and the NCBI genes were trimmed accordingly. Poten-
tial SM binding sites (5’-ARU4-6GR-3’) were identified with Seqkit
v0.12.1 (Shen et al., 2016), allowing for a single mismatch. Con-
served sections of the SL-RNA were manually identified from the
aligned sequences. From this alignment, a basic Neighbor-Joining
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phylogeny was estimated. Pairwise distance matrix and average
distances within groups (Hymenolepis, taeniids, and S. mansoni)
were also calculated. The secondary structure was predicted by
the Minimum Free Energy method (Zuker and Stiegler, 1981) using
RNAfold from the ViennaRNA webserver (Lorenz et al., 2011) with
default values but constraining the SM site to be single-stranded,
and then visualized in Forna (Kerpedjiev et al., 2015).

2.3. Identification and classification of SL acceptor genes

Acceptor genes were identified by mapping reads bearing the 3’
terminal bases of each of the leader regions to the genome (hits of
15 bases without mismatches), as implemented on the script
SLFinder-Genes of the SLFinder pipeline (available at https://
github.com/LBC-Iriarte/SLFinder). Reads with the SLs were identi-
fied with Seqkit and the leader sequences were trimmed with
Cutadapt v2.9 (Marcel, 2011). Then, reads were mapped to the gen-
ome with Bowtie2 v2.3.5.1 (Langmead and Salzberg, 2012) with
the options “--no-mixed”, “--no-discordant” and “--end-to-end”.
SL reads associated with canonical acceptor sites (“AG”) and
mapped to known genes were then selected from SLFinder-Genes
output and counted. A gene was considered subject to trans-
splicing if there was an acceptor site supported by at least three
reads distributed on three samples or more. Acceptor sites were
then classified according to their location respective to the model
of the closest gene: “5’ UTR” (before the coding sequence), “pre-
dicted internal acceptor site” (insertion on a reported cis-splicing
site), “novel acceptor site in a reported exon” (insertion inside
reported exon) or “intron” (insertion within a reported intron
sequence). When multiple isoforms were reported for the gene
and the nature of the acceptor site was not clear the site was clas-
sified as “ambiguous”. For comparison purposes, the same proce-
dure was used for Olson et al. (2018) RNAseq data and SL reads
were counted when meeting our criteria.

2.4. SL usage analysis

Variation in the usage of each detected SL type between life
stages was statistically tested by ANOVA. Evidence of SL specializa-
tion was then analyzed at a single site level by conducting Fisher
tests (Fisher, 1934) between the mapped SL reads (for sites sup-
ported by more than 10 reads between the four biological repli-
cates considered) and their expected counts given the SL
frequencies for each life stage. Sites selected for adult, cysticercoid,
and egg samples were further analyzed in the same manner but
relative to their expected values based on the average transcripts
per million (TPM) in each life stage reported for each gene by
Preza et al. (2021).

2.5. Read coverage of gene model features and splice junctions

SL sequences were removed from the RNAseq reads and were
then mapped to the genome with STAR v2.7.1a (Dobin et al,
2013), and coverage measurements conducted with Samtools
depth v1.10 (Li et al., 2009). To identify splice junctions (S]Js) over
zones of interest, a second pass alignment was conducted over the
initial results, following STAR’s User Manual recommendations,
and visualized with sashimi plots (Katz et al., 2015) generated with
ggsashimi v1.0.0 (Garrido-Martin et al., 2018). This data was used
as the basis of several analyses detailed below.

2.6. Analysis of SL trans-splicing in the 5’ UTR of monocistronic genes
The 5’ UTR structure of SL trans-spliced genes was analyzed by

manually evaluating the 50 SL acceptor sites with highest read
support that were not predicted to be downstream genes within
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operons (see Section 2.9). The 5’ regions were visualized on IGV
(Thorvaldsdottir et al., 2013) to delimitate them and then generate
sashimi plots for evaluation. Only SJs supported by at least five
reads were considered. 5 UTR regions were then classified into
“Putative Operons” if manual annotation suggested that the gene
was part of a polycistron with an upstream gene model in the same
strand (regardless of whether it met our strict criteria detailed in
Section 2.9), “Intronic 5’ UTR” if there was evidence of a cis-
splicing S] near or involving the SL acceptor sites, or “Simple 5’
UTR” if neither. The 5’ UTRs of the top 500 most highly expressed
genes (by TPM values) were classified in a similar manner. Another
read alignment with STAR was used to identify strongly supported
junctions, from reads with an overhang of at least 10 bases across
the splice junction (second pass with options --
alignSJoverhangMin and --alignSJDBoverhangMin set to 10) and
indicated in a case-by-case manner.

2.7. Identification of chimeric gene models

The sequences of genes trans-spliced internally, according to
their annotated CDS, were divided at the SL insertion. Homologous
protein sequences in E. multilocularis were identified by tblastn
searches, using each part as a query (Altschul et al.,, 1990). Genes
from H. microstoma, for which their divided sequence matched dif-
ferent genes in E. multilocularis for at least one of their internal SL
insertion sites, were classified as possible chimeric gene models
and inspected on sashimi plots for reads connecting both putative
genes across the predicted SJ.

2.8. Gene expression and GO term enrichment

Gene expression data and genes differentially expressed
between life stages were retrieved from Preza et al. (2021). Gene
Ontology (GO) annotation of the longest annotated transcript of
each gene of H. microstoma was predicted by EggNOG mapper tool
v2 with default parameters (Cantalapiedra et al., 2021) using the
reported cDNA sequenced as a query (accessed in September
2020). Detected chimeric gene models (Sections 2.7 and 3.5) were
divided before and after the SL insertion. Cases with multiple SL
acceptor sites were divided at the insertion sequence that maxi-
mized the sequence length of both halves. Enrichment analysis
was then carried out with Fisher’s exact test against the expressed
genes reported in Preza et al. (2021), using the package topGO
v3.11 (Alexa and Rahnenfuhrer, 2019, topGO: Enrichment Analysis
for Gene Ontology. R package version 2.36.0). GO terms with a P-
value < 0.005 were considered significant.

2.9. Identification of potential operons

Gene clusters were selected as potential operon candidates if
they: i) were separated by less than 300 bp, ii) were encoded on
the same strand, iii) were not located inside the intron of a larger
gene, and iv) the read coverage of the intergenic region didn’t fall
below six reads at any position.

2.10. Experimental validation by reverse transcription-PCR (RT-PCR)
of SL trans-splicing and polycistronic transcription

Total cellular RNA from adult samples was isolated and purified
with TRI Reagent (Sigma Aldrich, Germany) in combination with
the Direct-zol RNA Miniprep (Zymo Research, United States), then
reverse transcribed to cDNA with SuperScript Il Reverse Transcrip-
tase (Thermo, United States). Primers for the PCRs were designed
with Primer3 (Untergasser et al., 2012) and selected based on their
compatibility with the SL3-specific primer (the SL sequence most
commonly found in adults in our samples, see Supplementary
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Table S2). PCR was performed with HighTaqg DNA Polymerase
(Bioron, Germany). All reactions were conducted following the pro-
gram: initial strand separation at 94 °C (2 min); 35 cycles of strand
separation at 94 °C (10 s), annealing at 54 °C (20 s), and extension
at 72 °C (1 min); and a final extension at 72 °C (1 min). PCR prod-
ucts were analyzed by electrophoresis in 2% agarose gels, and
selected amplification products were purified with a Monarch®
DNA Gel Extraction Kit. In some cases, the purified amplicons were
sequenced directly by the Sanger method at Macrogen.Inc, South
Korea. In other cases, the amplicons were cloned using the TA Clo-
ning™ Kit, Dual Promoter, with pCR™II Vector (Thermo, United
States) before sequencing. Negative control experiments without
reverse transcription were performed for selected operon
candidates.

2.11. Identification of removal or exposure of localization signals
associated with SL insertions

The protein sequences of genes trans-spliced internally were
analyzed for the presence of signal peptides (SPs) and mitochon-
drial transit peptides (mTPs), using SignalP v5.0 (Armenteros
et al,, 2019b) and TargetP v2.0 (Armenteros et al., 2019a), respec-
tively, before and after the SL insertion, accounting for potential
changes in the reading frame of the mRNA and the addition of
the ATG triplet in the SL. This was done by calculating novel open
reading frames with getorf from the EMBOSS package (Rice et al.,
2000). Open reading frames were selected for analysis if they
met the following criteria: i) were at least 10 codons in length,
ii) there was a possible ATG start codon not further than 30 bases
from the SL insertion, and iii) no stop codons were detected until
the end of the reported exon. Cases where the SP or mTP showed
dependence on the SL insertion (removal, exposure, or change in
the reliability prediction) were manually inspected on IGV for
classification.

2.12. Properties of internal introns upstream of internal SL trans-
splicing sites

Sequence length and GC content of introns associated with
internal SL insertions not flagged as annotation artifacts (Sec-
tion 2.7) were analyzed relative to those exclusively subject to
cis-splicing in the genome. Intron sequences were first retrieved
based on the genome annotation and filtered by their coordinates
to remove redundancy across isoforms and/or overlapping genes.
Since neither of both measurements showed a normal distribution
(data not shown), the non-parametric Wilcoxon Rank Signed
(WRS) test was applied to identify significant differences
(Wilcoxon, 1945).

3. Results
3.1. Identification of SL sequences and trans-splicing acceptor sites

We applied our recently published pipeline, SLFinder (Calvelo
et al., 2020), to search for novel SL sequences in the model cestode
H. microstoma, using the transcriptomic data that we previously
generated (four biological samples of adults, cysticercoids, and
infective eggs; Preza et al., 2021). We assembled de novo transcrip-
tomes (reported in Supplementary Data S1), from which SLFinder
identified four SL sequences shown in Fig. 1A; SL-1 is encoded in
two loci on the chromosome HMN_01_pilon (positions 9215203
-9215292 and 9215948 - 9216037), SL-2 on HMN_03_pilon (posi-
tions 20837612 - 20837715), SL-3 on HMN_01_pilon (positions
5649186 - 5649090), and a new SL-RNA referred in this work as
SL-4 on HMN_01_pilon (positions 7329289 - 7329201). SL-1, -2
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and -3 match the H. microstoma SL sequences recently reported
by Olson et al. (2020). To evaluate SL usage and insertion sites
we defined the last 15 bases of the leader region as unique tags
for each SL (Fig. 1A). A total of 38,078 reads were found bearing
these tags and successfully mapped to reported gene models at a
canonical splicing acceptor site. They corresponded to 1650 accep-
tor sites distributed among 1305 genes, of which 714 sites (dis-
tributed among 622 genes) were supported by reads from more
than three biological samples. SL insertions without a canonical
acceptor site or that did not match the assigned gene orientation
were excluded. We classified these highly supported acceptor sites
according to their position within their respective genes. As
expected, most of the SL acceptor sites were found in the 5 UTR
(393 sites), but we also identified internal acceptor sites. Most of
these internal sites were previously predicted cis-splicing acceptor
sites (236), novel acceptor sites in exons (41), and novel acceptor
sites in introns (31). A small portion were classified as ambiguous
(13 sites) as they are associated with different annotated isoforms
for the gene (Supplementary Table S3). However, as is discussed
below (Section 3.5), a large fraction of the genes bearing internal
sites corresponded to incorrectly predicted gene models in which
two different genes were fused together. In addition, 62 genes pre-
sented multiple acceptor sites near each other (less than 100 bp
from each other), but in all cases one of them was predominant
over the others by taking on average 84% of all SL bearing reads
mapped to these regions.

Comparing our results with previous studies, we found that 84%
of the trans-spliced genes identified with high confidence by Olson
et al. (2020) were also identified in this work (417 of the 496
reported genes). Furthermore, 402 trans-spliced genes had ortho-
logues with trans-splicing in E. multilocularis according to Tsai
et al. (2013), indicating robustness in the methodology employed
in the three studies. There is, however, a key difference between
our results and those of Olson et al. (2020), who described a higher
number of SL reads and trans-spliced genes in mid-metamorphosis
larvae in comparison with adults. Here, we found an approxi-
mately equal number of SL reads across life stages, with 13,068
raw reads assigned to a known gene and displaying a canonical
donor site in adults, 13,900 in cysticercoids, and 11,110 in eggs,
as well as similar numbers of trans-spliced genes across life stages
(374, 393, and 327 genes supported by at least three biological
replicates for each life stage, respectively). In order to ascertain
the source of these discrepancies, we re-analyzed the RNAseq sam-
ples first published by Olson et al. (2018) using our pipeline and
found very few SL-bearing reads in the adult samples regardless
of the specific sample (Supplementary Table S4). Thus, the differ-
ences are not due to the different methods of analysis and appear
to be present in the original RNA samples.

To measure relative usage between SLs among genes and life
stages we first selected sites supported by at least 10 reads among
the four samples of each stage (252 for adults, 283 cysticercoids,
and 214 for eggs). All SLs were present in the transcriptomes for
all life stages; SL-2 and SL-3 together represented between 70
and 75% of reads in all stages; however, the relative abundance
of the two changed between adults and the studied larval stages
(Fig. 1B). Differences between life stages were statistically verified
by ANOVA tests for all SL-types, and the pairwise T-student test
showed significant differences between adults and both larval
stages (Supplementary Table S5). In our re-analysis of the data of
Olson et al. (2020), we also observed a relative increase in the
use of SL-3 in adults in comparison to larvae, but SL-1 is more
prevalent in all samples in comparison to our data (Supplementary
Table S4).

Focusing on our dataset, no individual acceptor site showed SL
type frequencies that deviated from the abundance found in each
life stage (as determined by Fisher Tests on sites supported by
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Fig. 1. Hymenolepis microstoma spliced leader (SL) sequences. (A) SL sequences after manual extension of the SLFinder output. The 3’ tag used for identifying and trimming of
SL bearing reads is highlighted in bold. (B) Relative frequencies of each SL found in each life stage. (C) Scatterplots comparing the Log2 fold change of the mean number of SL
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included: Echinococcus granulosus (Eg), Echinococcus multilocularis (Em), H. microstoma (Hm), Schistosoma mansoni (Sm), and Taenia solium (Ts).
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more than 10 SL reads among the four samples for each life stage,
Supplementary Tables S6-S8). In order to identify if any gene
showed a higher prevalence of trans-splicing in a particular life
stage, we analyzed 161 sites with at least 10 SL reads for the three
life stages. We found that in all three stages, there is a strong cor-
relation between the average TPM reported by Preza et al. (2021)
and the total number of SL reads identified for the same genes as
determined by Pearson’s Correlation (P-value < 0.001, correlation
factors 0.42, 0.35 and 0.54 for adults, cysticercoids and eggs,
respectively). Similarly, fold-changes of gene expression and of
abundance of SL reads are highly correlated in all pairwise compar-
isons between life stages (Fig. 1C). Individual Fisher Tests against
the expected read counts also failed to identify outliers (Supple-
mentary Table S9). Altogether, these results show that SL bearing
reads follow the expected biases, indicating that different SLs are
inserted on their targets indiscriminately and that trans-splicing
is largely constitutive across the life cycle.

3.2. Sequence and structure conservation of H. microstoma SLs

To evaluate relevant conserved regions, H. microstoma SL-RNA
sequences were aligned with known SL-RNA sequences of other
cestodes (E. granulosus, E. multilocularis, and T. solium) and of the
trematode S. mansoni (Supplementary Fig. S1). The donor site with
the “AUG” codon reported for platyhelminths is conserved in all
sequences, although the immediately surrounding area shows
clear differences between both lineages, except for a weakly con-
served uridine-rich tract immediately downstream of the donor
site. SM sites were also easily identified (within positions 82-93
in the alignment) with a clear difference in size between the ces-
tode species and S. mansoni, all with a single mismatch in the U-
rich central region. Unexpectedly all H. microstoma SL-RNAs dis-
play different putative SM sites, with SL-3 having a minor deletion
on its 5’ portion: SL-1 AAUUAUUUGG; SL-2 AAUUCUUUGG; SL-3
ACUUUUUGG; and SL-4 AAUUGUUUGG. Differences in SL-RNA
sequences concentrate on the space between donor sites and the
SM sites (position 44 in the alignment up to the SM site). Compar-
isons between the classes Cestoda and Trematoda in this region are
misleading due to a lack of sequence similarity, but relative to the
other cestodes the more abundant SL-2 and SL-3 are the most sim-
ilar in terms of sequence length and composition. SL-1 and SL-4
share the same indels in this region which translate to minor struc-
tural differences (see below). To have a better overview of
sequence similarity between SL-RNAs, we estimated a basic
Neighbor-Joining phylogeny from this alignment. There is a high
divergence between S. mansoni and the cestode species (Fig. 1D).
Hymenolepis microstoma SL-RNA sequences arrange themselves
basal to taeniids as a paraphyletic group, although the actual sup-
port for this is arguable due to sequence divergence. It is remark-
able, however, that the distances between H. microstoma SL-RNAs
are considerably greater (20 differences on average) than those
observed within the family Taeniidae (six differences), suggesting
they share a more ancient common ancestor than the SLs from this
latter group. When the potential SM sites are constrained to be sin-
gle stranded, all four H. microstoma SL-RNAs display a similar sec-
ondary structure consisting of two hairpins before the SM site and
a smaller third one after it; the donor site is located mid-way on
the first hairpin six bases upstream of a conserved bulge (Fig. 2).
The major distinctive feature between frequently and less fre-
quently spliced SL-RNAs is the second hairpin: SL-1 and -4 have
a simple hairpin and possess a comparatively more unstable pre-
dicted structure (minimum free energy —28.60 and —26.60 kcal/-
mol, respectively), while SL-2 and —3 bear a longer hairpin with
an internal loop and are more stable (—34.70 and —34.50 kcal/mol,
respectively).
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3.3. SL acceptor genes are largely constitutively expressed and
enriched for ubiquitous biological processes

All SL acceptor genes had expression values reported in Preza
et al. (2021) except for one (HmN_003004400). Interestingly trans-
spliced genes are enriched in genes that are not differentially
expressed (2 statistic 37.30, P-value < 0.001), see details in Sup-
plementary Table S10. Thus, SL trans-splicing appears to be largely
dedicated to processing constitutively expressed genes. To further
explore the potential functions of SL trans-spliced genes we identi-
fied enriched GO terms among the genes subjected to this mecha-
nism (Table 1). SL trans-spliced genes showed several categories of
functional enrichment. Enriched biological processes are domi-
nated by terms related to protein synthesis and modification, such
as “Protein Maturation” (G0O:0051604), “Ubiquitin-dependent Pro-
tein Catabolic Process” (GO:0006511), “GPI Anchor Biosynthetic
Process” (GO:0006506), and “Mitochondrial Translational Termi-
nation” (G0:0070126); these are ubiquitous processes that are
likely to be largely constitutive.

3.4. 5" UTR introns are a common feature of many monocistronic SL
trans-spliced genes

In two well-studied examples of SL trans-splicing in cestodes
(genes elp and tgr from Echinococcus spp.), trans-splicing of mono-
cistronic genes has been correlated to the presence of introns in the
5’ UTR containing internal transcription start sites. This arrange-
ment provides a strong splice acceptor site in the absence of a cor-
responding cis donor site for transcripts initiated from the internal
(intronic) promoter. In the elp gene of E. multilocularis (Brehm et al.,
2000), two mRNA isoforms are generated with identical coding
sequences, one that is not trans-spliced and begins from a non-
coding 5' exon, and a second, SL trans-spliced isoform in which
the SL is inserted directly into the second exon of the gene
(Fig. 3A). In the tgr gene of E. granulosus, two trans-spliced tran-
scripts have been described that result in two protein isoforms
with different subcellular localizations: one that begins in the first
coding exon and codes for a mitochondrial protein, and one that
begins in the second coding exon, removing the mitochondrial
localization signal and resulting in a cytoplasmic protein (Agorio
et al., 2003; Otero et al., 2010; Fig. 3B). By analyzing available RNA-
Seq data of E. granulosus, we have identified an additional, non-
coding exon in the 5' region of the eg-tgr gene, which gives rise
to new transcripts for the cytoplasmic and mitochondrial isoforms,
as it is spliced to either of the previously known initial exons
(Fig. 3B). These isoforms are presumably not trans-spliced as they
were not amplified by RT-PCR using an SL forward primer by
Agorio et al. (2003). Therefore, the incorporation of the SL in the
previously described transcripts for mitochondrial and cytoplasmic
isoforms of eg-tgr occurs in acceptor sites that are also used for cis-
splicing.

We compared the gene structure and transcriptional isoforms of
the ortholog genes in H. microstoma. We manually corrected the
predicted gene models since they did not agree with the available
RNASeq data (the incorrect automatic predictions are likely result-
ing from the complex organization of these genes in the 5’ region,
and similar problems were detected in the Wormbase Parasite pre-
dictions of the Echinococcus spp. genes when compared with their
experimentally validated versions, Supplementary Table S11). In
the case of hm-elp (HmN_000608600), a similar exon/intron struc-
ture was found in the 5’ region as in em-elp, and both RNASeq and
RT-PCR experiments (using specific reverse primers in combina-
tion with a forward primer corresponding to the SL-3 sequence)
confirmed the existence of SL trans-splicing at a position homolo-
gous to that found in E. multilocularis (Fig. 3A). In contrast, we
found no evidence from RNASeq or RT-PCR of trans-splicing for
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-34.70 kcal/mol

Spliced Leader @ SM-like Site O
SM Mismatch % Donor Site A

Fig. 2. Secondary structure of Hymenolepis microstoma spliced leader (SL)-RNA sequences generated by RNAFold. The spliced leader and the site for interacting with the
spliceosome Sm proteins (SM site) are colored in blue (dark grey) and yellow (light grey), respectively; mismatches with the SM site consensus are indicated with an “*”.

Table 1
Enriched Gene Ontology (GO) terms in the spliced leader (SL) trans-spliced genes with respect to the expressed transcriptome.
Class GO Term Term Ref. List Expected P-value
BP G0:0006695 Cholesterol Biosynthetic Process 29 5 2.38 0.001
G0:0070126 Mitochondrial Translational Termination 55 12 4.52 0.001
G0:0018205 Peptidyl-lysine Modification 156 20 12.81 0.002
G0:0006400 tRNA Modification 48 12 3.94 0.002
G0:0006506 GPI Anchor Biosynthetic process 18 6 1.48 0.002
G0:0014066 Regulation of Phosphatidylinositol 3-kinase Signaling 53 8 435 0.002
G0:0006672 Ceramide Metabolic Process 24 5 1.97 0.002
G0:0036099 Female Germ-line Stem Cell Population Maintenance 13 5 1.07 0.003
G0:0097502 Mannosylation 13 5 1.07 0.003
G0:0006511 Ubiquitin-Dependent Protein Catabolic Process 283 35 23.23 0.003
G0:1903008 Organelle Disassembly 54 9 4.43 0.004
MF G0:0000030 Mannosyltransferase Activity 12 5 1.01 0.001
CcC G0:0005762 Mitochondrial Large Ribosomal Subunit 38 9 2.99 0.002
G0:0019898 Extrinsic Component of Membrane 126 12 9.71 0.003

BP, biological process; MF, molecular function; CC, cellular component.
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Fig. 3. Comparison of monocistronic genes known to be subjected to spliced leader (SL) trans-splicing in Echinococcus spp. and their orthologs in Hymenolepis microstoma. (A)
em-elp as reported by Brehm et al. (2000) in Echinococcus multilocularis and (B) eg-tgr as reported by Agorio et al. (2003) in Echinococcus granulosus (including an additional
initial exon described in this work). Untranslated region (UTR) and protein-coding regions are represented in white and black boxes, respectively. SL insertion sites are
indicated with arrows. Splice Junctions are represented with arches with the number of supporting reads next to them. Internal promoters identified in the original references
are indicated with rightward arrows. Below each comparison, the reverse transcriptase-PCR design utilized for experimental validation is represented, indicating the location
of primers, the expected amplicons and their sizes in bp, together with the experimental results (amplified products, including the amplicons obtained using a forward SL
primer (SL), and the amplicons obtained using a forward gene-specific primer (Cr + )). Exons for H. microstoma gene models are numbered accounting for mutual exclusion.
The first exon of hmi-elp and the associated splice junction are dotted because, while being present in the WormBase Parasite annotation, they are poorly supported by read
coverage. For tgr orthologs, isoforms encoding mitochondrial and cytoplasmic proteins are represented with arches above and below, respectively. In addition, the observed
read coverage in the 5 region of this gene is included below.
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Fig. 4. Revised gene model for gene HmN_002164300 based on our RNASeq and reverse transcriptase (RT)-PCR data. (A) Sashimi plot showing the read coverage and splice
junctions in the region. Spliced leader (SL) insertion sites are indicated with arrows. The current annotated gene model for the gene in WormBase Parasite is displayed below,
together with the primer locations for RT-PCR validation. (B) Possible intermediaries and isoforms predicted for the locus and their regions of similarity to homologous gene
models in Echinococcus multilocularis. Boxes represent coding regions (black for predicted exons in the annotation and white for retained/incorrectly annotated intron) and
diamonds represent stop codons. The expected product lengths for the isoforms targeted by the PCR amplification are included, and successfully amplified products are
highlighted with stars. Isoform 8, detected by cDNA cloning, is also included. (C) Obtained RT-PCR products for amplifications with 2164300_F and 2164300_R primers (lane
F/R) and with P_SL3 and 2164300_R primers (lane SL3/R). (D) Schematic representation of the open reading frames (ORFs) encoded in the locus and the exons they encompass
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is coded by isoforms 1, 2, 6, and 7 with relatively minor changes due to alternative splicing over exon 2. ORF-2 is coded by isoforms 3, 4, and 5 with some variations in its 5

UTR.

the H. microstoma hm-tgr gene (HmN_000673800) (Fig. 3B). Fur-
thermore, the H. microstoma gene has an additional exon that
codes for the N-terminal region of another cytoplasmic isoform.
This exon is mutually exclusive with the exon coding for the mito-
chondrial localization signal (exons 2a and 2b in Fig. 3B). Thus, the
genes from both species generate transcripts coding for mitochon-
drial and cytoplasmic isoforms, but some cytoplasmic isoforms are
achieved differently in each species (bypassing the mitochondrial
signal sequence by initiating transcription from a downstream
intronic promoter, coupled to trans-splicing, in E. granulosus, ver-
sus mutually exclusive alternative cis-splicing of coding exons in
H. microstoma). The lack of trans-splicing in hm-tgr could indicate
the absence of internal promoters in the 5’ introns in this species.

These selected examples show that although the presence of 5’
UTR introns can be linked to SL trans-splicing, it is not always nec-
essarily the case. We therefore sought to analyze this phenomenon
on a larger scale in H. microstoma to determine how common it is.
First, we manually explored the 5’ UTR of SL trans-spliced genes
that were not predicted to be part of operons (see Section 3.6),
focusing on the top 50 genes by total SL bearing read counts. Of
these, 23 genes had evidence of 5’ UTR introns with cis-splicing
junctions involving the SL acceptor sites (Supplementary
Table S12; Supplementary Data S2), and 20 other genes appeared
to be polycistronic loci that were missed on our operon search
(see Section 3.6). Only two genes were monocistronic and did
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not have any evidence of introns in their 5’ UTR. Another interest-
ing observation is that several genes possess multiple putative cis-
splicing donor sites, which can be indicative that cis-splicing in the
5’ UTR regions is less specific than other splice junctions in the
same gene.

Second, we analyzed how common 5 UTR introns are in H.
microstoma. To this end, we manually analyzed the top 500
expressed genes (from Preza et al., 2021) to search for evidence
from RNASeq data of the presence of 5 UTR introns in their gene
structure (highly expressed genes were selected in order to have
good coverage of the 5 region). After discarding genes encoded
too close to their upstream neighbors for reliable inspection (in-
cluding operons) and other difficulties (e.g., bad read alignment,
incorrect gene models, etc.) 403 genes remained, of which 82
had evidence of cis-splicing in the 5’ UTR region (see notes in Sup-
plementary Table S13). From these 403 genes, 12 were SL-trans-
spliced, and all of these had evidence of cis-splicing in the 5 UTR
region. This association between 5’ UTR cis-splicing and SL trans-
splicing is highly significant, P-value < 0.001, Fisher Exact Test.
Therefore, although 5’ UTR introns are not inevitably linked to SL
trans-splicing, they appear to be a major factor in determining
which transcripts are trans-spliced. The presence of internal pro-
moters in some of these 5 UTR introns, which would result in
the production of primary transcripts with strong splicing acceptor
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sites in the absence of competing splicing donor sites, could be one
of the main drivers of SL trans-splicing in a subset of these genes.

3.5. Chimeric gene models in the genomic annotation of H. microstoma

Given the high number of internal SL insertions observed (Sec-
tion 3.1), we explored the possibility of error in the genome anno-
tation regarding gene delimitation. Specifically, we divided the
coding sequences that are trans-spliced internally before and after
the insertion site, and conducted BLAST searches against E. multi-
locularis gene predictions available in the Wormbase Parasite data-
base. A total of 102 genes in H. microstoma matched different genes
in E. multilocularis, according to this analysis. Most of them had
weak or absent evidence of cis-splicing connecting both halves,
as determined from the presence of few or no reads across splice
junctions associated with the trans-splicing acceptor site (Supple-
mentary Table S14). These results indicate that for most of these
102 genes, the SL insertion sites that we identified do not corre-
spond to internal insertions, but rather to 5’ insertions of down-
stream genes in operons, which are incorrectly fused to the
upstream gene in the current gene predictions. The source of these
discrepancies between species likely is a combination of different
choices in strategy between Tsai et al. (2013) and Olson et al.
(2020), and the inherent biological complexity of some of these
operon arrangements.

To illustrate the latter, we selected the deceptively simple gene
model HmN_002164300 that encodes for a small protein of
unknown function. According to our results, it has an intronic SL
insertion on site 7073450 (supported by four reads) and another
on 7073468 in the predicted acceptor site for cis-splicing (sup-
ported by 389 reads); both located in the third intron (Fig. 4).
According to our BLAST searches, this gene matches two different
genes (Emu]_000069290 and EmuJ_000069310) in E. multilocularis,
which comprise operon N° 11 in Tsai et al. (2013). There is no evi-
dence supporting the existence of the intron between exons 4 and
5 as predicted in WormBase Parasite, and we refer to this last exon,
including the incorrectly predicted intron, as “exon 4 + 5”, which
fully contains an open reading frame homologous to
Emu]J_000069310.

As shown in Fig. 4A and B, our RNASeq data indicate that this
locus encodes for at least seven potential isoforms: two isoforms
are generated by transcription from exon 1 and include all down-
stream exons, with an alternative donor site in exon 2. Two other
isoforms are generated by SL trans-splicing of the acceptor sites
upstream of exon 4 + 5, and another isoform (similar to the trans-
spliced isoforms) is generated by the direct cis-splicing of exon 1
(encoding a single “ATG” codon) with exon 4 + 5. Finally, two other
potential isoforms comprised only the first three exons, which
would be generated indirectly by downstream trans-splicing (an
alternative stop codon is observed almost immediately after the
end of exon 3).

RT-PCR experiments are consistent with the existence of iso-
forms 2-5, including the two trans-spliced transcripts (Fig. 4C;
our amplification strategies cannot, by design, amplify isoforms 6
and 7). Cloning and sequencing of amplicons confirmed the exis-
tence of isoforms 2 and 5, as well as an intermediary product
(int1) in which cis-splicing was completed but trans-splicing had
not yet occurred (Fig. 4B). Additionally, an eighth isoform was
identified during cloning and sequencing, consisting of Exon 1, a
shorter form of Exon 3 and Exon 4 + 5 (Fig. 4B). Isoforms 1, 2, 6,
and 7 code for an open reading frame homologous to
EmuJ_000069290, whereas isoforms 3, 4, and 5 code for an open
reading frame homologous to Emu]_000069310. In summary, locus
HmN_002164300 is very complex and appears to function some-
times as a single gene with alternative cis-splicing, or as two genes
of a polycistron that is resolved through trans-splicing. In this
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sense, it is reminiscent of the alternative operons that have been
described in C elegans (Morton and Blumenthal, 2017;
Blumenthal et al., 2015).

3.6. Trans-splicing in operons of H. microstoma

To estimate the role of the SL insertions in the processing of
polycistronic transcripts, we searched for SL trans-splicing of genes
in operons in the genome of H. microstoma. A total of 192 gene
clusters met our stringent criteria to be considered putative oper-
ons (genes encoded in the same strand, with an intergenic distance
shorter than 300 bp with continuous RNASeq coverage above five
reads), 82 of which are associated with SL insertions (Supplemen-
tary Table S15). Only 12 SL acceptor genes were found at the start
of putative operons, of which seven bear internal SL insertion sites
(genes HmN_000117840, HmN_000465900, HmN_000484800,
HmN_002068700, HmN_003008490, HmN_002052000,
HmN_000107500, HmN_000179600, and HmN_002164300) and
are among the fusion artifacts described in Section 3.5 (Supple-
mentary Table S13), thus actually corresponding to insertions in
the second gene of the operon. The vast majority of trans-splicing
events were detected in downstream genes, as expected for a
major role in polycistron resolution. Of the original 192 operon
candidates for H. microstoma, 111 matched homologous operons
reported in E. multilocularis by Tsai et al. (2013), of which 69
showed SL insertions in both species (Supplementary Table S15).
Adding the chimeric gene models described in Section 3.5, the
number of homologous operons in both species rises to 146 (Sup-
plementary Table S13) involving 125 gene models subjected to
trans-splicing, although the distance between them is often above
the 300 bp mark. We conclude that operon organization appears to
be highly conserved between these two cestode species.

Eight putative operons were selected and successfully validated
by RT-PCR (Op_18, Op_36, Op_44, Op_59 and Op_67, Op_137,
Op_147 and Op_151) (Fig. 5). In summary, the SL acceptor site iden-
tified by RNAseq data was confirmed in all cases using an SL-3 for-
ward primer and a gene-specific reverse primer, and an additional
SL acceptor site which was not detected by our in-silico analysis
was also identified for Op_151. Furthermore, using a strategy similar
to that used by Tsai et al. (2013), RT-PCR products could be identified
spanning the final exon of the first gene, the intergenic region, and
the first exons of the second gene in the operon, confirming the exis-
tence of polycistronic transcripts. Many of these RT-PCR products
included cis-splicing events, as expected from incompletely pro-
cessed transcripts in which cis-splicing has already begun before
the less efficient trans-splicing is completed (Brehm et al., 2000;
Tsaietal., 2013). Additional RT-PCR products, consistent with reten-
tion of intron sequences, were observed for the intermediary ampli-
cons of Op_137, Op_147, and Op_151 and the trans-spliced
amplicons of Op_18, Op_44, and Op_67. The lack of amplification
in control reactions, without reverse transcription, discarded geno-
mic contamination. A detailed exploration of each operon is shown
in Supplementary Fig. S2.

3.7. Intron properties associated with internal SL acceptor sites

After excluding the internal acceptor sites associated with con-
firmed annotation artifacts (Section 3.5), 206 internal sites
remained. Internal trans-splicing is thought to be rare, as it would
usually be out-competed by cis-splicing. Therefore, the intronic
regions upstream of the internal acceptor sites were analyzed in
search of distinctive characteristics relative to exclusively cis-
spliced introns. Globally, we detected a slight increase in size and a
lower GC content relative to exclusively cis-spliced introns (Fig. 6A).

In addition, given the existence of internal acceptor sites across
the entire lengths of genes, we verified if SL insertions toward both
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Fig. 5. Experimental validation of operons. (A) Diagram of the target sequences in the genome and primer locations. The last exon of the upstream gene is represented in a
black box and the first two exons of the downstream one in white boxes. The location of the spliced leader (SL) insertion is represented by the arrow. For all operons, the left
primer (OP_L) was designed in the last exon of the first gene and the right primer (OP_R) on the second exon of the following gene. (B) Amplified products for each putative
operon (SL indicates amplicons obtained using a SL forward primer, and Int indicates amplicons of intermediate splicing products obtained using a forward primer located in
the last exon of the first gene of the operon). Those indicated with red asterisks were confirmed by Sanger sequencing. Operons OP_137, OP_147, and OP_151 were selected to
control the absence of genomic DNA contamination, with additional negative controls lacking reverse transcriptase (Cr-).

ends were equal in terms of their surrounding introns. Insertions
located at the first and last three exons were compared with the
immediately upstream and downstream introns in terms of length
and GC content (Fig. 6B and C). According to our results, introns
upstream of the SL insertion are significantly longer in the 3’ end
of the genes, assuming that current gene models are accurate
(but see Section 4.3), and have significantly lower GC% in the 5’
end of genes.

3.8. Some internal SL insertions are associated with the generation of
isoforms with different cellular localizations

Internal SL trans-splicing addition could result in truncated pro-
teins, with different possible functional consequences. Although
inactivation is the most obvious one, other possibilities include
the inclusion or removal of signal sequences that could modify
subcellular localization. We searched for secretion signal peptides
(SP) and mitochondrial transit peptides (mTP) exposed or removed
by the SL insertions with SignalP and TargetP. These resulted in
two strong examples of internal SL insertions affecting the subcel-
lular localization of the resulting isoforms (Supplementary Fig. S3).
In one case (HmN_00248500, N-acyl-phosphatidylethanolamine-
hydrolyzing phospholipase d), a secreted isoform would be pro-
duced exclusively through cis-splicing, and a cytosolic form would
be generated by internal SL trans-splicing. In the other
(HmN_000530500, “Iron dependent peroxidase”), a mTP is
exposed by the internal SL insertion.

Therefore, although a few potential examples of switching of
subcellular localization by SL trans-splicing could be identified, it
seems clear that this is not a major function of internal SL trans-
splicing in this species.
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4. Discussion

4.1. Four different SL sequences are trans-spliced to a large set of
common transcripts in H. microstoma

In broad strokes, our results align with and expand those of
Olson et al. (2020): H. microstoma harbors a limited complement
of SL coding loci that are used interchangeably across all acceptor
sites. The most notable difference between our results is the rel-
ative relevance of SL trans-splicing in adult worms and larvae, as
we did not detect significant differences between life stages. It
must be noted that both studies used different larval samples
(larvae mid-metamorphosis in the case of Olson et al. (2020)
and fully developed and infective cysticercoids in this work),
which could explain in part the observed differences. However,
reads containing SL were very rare in adult samples from Olson
et al. (2020), suggesting that other factors, such as RNA integrity
of these specific samples, could be at play. Another observed dif-
ference between both studies is the relative abundance of the dif-
ferent SL RNAs in the transcriptome, with SL-1 possessing an
abundance more similar to SL-2 and SL-3 in Olson et al. (2020)
samples. This difference is harder to explain since lower data
quality in RNA samples should translate to overall lower SL reads,
regardless of their sequence. The samples were obtained under
slightly different conditions in the two different laboratories
where the specimens were bred, which could indicate an effect
of the environment on the relative abundance of SL types. It is
important to note that SL-1 is encoded in two loci, which could
have different expression levels. At this time, there is not enough
data to support any of these hypotheses, and the differences
observed between both studies are subtle.
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Fig. 6. Differences in length and GC content between introns exclusively subjected to cis-splicing or subjected to spliced leader (SL) trans-splicing, significant differences by
Wilcoxon signed-rank test (P-value < 0.05) are indicated with an asterisk. (A) Overall differences between all reported introns. (B) SL trans-spliced introns located on the 5’
region of the gene compared with their immediate downstream and upstream introns. Two illustrative examples are included. (C) SL trans-spliced introns located on the 3’
region of the gene compared with their immediate downstream and upstream introns. Two illustrative examples are included.

In terms of the predicted structure, all SLs in H. microstoma con-
tain three hairpins, with the donor site being located in the first
hairpin and the first portion of the SL being left unpaired, similar
to most SLs described by Krchnakova et al. (2017) and previously
reported for other cestodes (Brehm et al., 2000). It is important
to note, however, that direct SL RNA structure comparison between

114

different studies can be misleading because they can change
greatly depending on the specific methodology applied (see
Krchnakova et al. (2017) compared with Bitar et al. (2013)). A full
examination will require characterizing the SL-RNA complete
sequence and must factor in the hypermethylated 5’ cap. Never-
theless, it is interesting to note that SL-2 and SL-3, the most abun-
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dant SLs, have a similar structure in terms of hairpin size and a
lower minimum free energy value than SL-1 and SL-4. At the
sequence level, the well-known high variability of SL-RNAs is clear
in our analysis, although there are distinguishable conserved short
regions at smaller phylogenetic scales that offer interesting
insights. The SM-like sites, crucial for the interaction with the
spliceosome, concentrate their mismatches on their 5 portions,
suggesting that this area is less constrained by purifying selection.
This should be factored into future studies since the identification
of an SM site has been taken as an important factor in the identifi-
cation of new SL-RNAs (Wenzel et al., 2021; Islas-Flores et al.,
2021). In any case, it is important to note that the observed SM
variants do not correlate with the SL abundance.

Intriguingly, Hymenolepis SL RNAs are very divergent relative to
the taeniid species included in this study. One possibility is that SL-
RNA loci within Taeniidae experienced a bottleneck after the diver-
gence and later expanded in copy number in E. multilocularis, fol-
lowed by lineage-specific duplications.

4.2. SL trans-splicing is not related to specific gene functions

We observed that SLs are incorporated mainly on constitutively
expressed genes across life stages, and only a fraction was associated
with operons. Thus, in line with previous works, we concluded that
there is no clear functional specialization among the genes subjected
to SL trans-splicing. Furthermore, GO term enrichment of trans-
spliced genes was largely restricted to ubiquitous biosynthetic path-
ways. We also observed that genes where the SL insertion clearly
affected protein cellular localization were limited. As Soulette et al.
(2019) observed for trypanosomes, the bulk of splicing events are
constitutive rather than leading to alternative isoforms. Exceptions
that cannot be attributed to annotation artifacts are limited, and
the actual role of SL trans-splicing in cases such as eg-tgr is probably
secondary to the presence of alternative promoters. This may be due,
in part, to practical limitations for the identification of alternative
trans-splicing isoforms. As reported in this study and other organ-
isms such as C. elegans (Allen et al., 2011), SLs can be incorporated
at the terminal exons of some genes when separated from the rest
by a long intron. It is difficult to determine if these trans-splicing
events result from SL trans-splicing competing with inefficient cis-
splicing donors or from the presence of cryptic promoters in these
introns (both possibilities would be compatible with the longer
length of these introns). Examples such as tgr in Echinococcus, and
other candidates with SP or mTP signals affected by SL insertions,
indicate that trans-splicing can play an important role in shaping
the final protein function and/or location. However, the sparsity of
clear examples suggests that the overall picture is more consistent
with a neutral or even semi-deleterious effect, akin to the mis-
splicing events described for cis-splicing (Saudemont et al., 2017).
Even if internal insertions are background noise, however, an
intriguing potential side effect is that terminal exons subjected to
a minimal level of SL trans-splicing could act as “seeds” for novel
genes. These would at first be encoded on operons with long inter-
genic spaces similar to those confirmed by Morton and Blumenthal
(2011)in C. elegans, eventually shortening to more typical distances
by deletion or becoming fully independent loci. The viability and
potential predominance of this mechanism need to be addressed
in a more comprehensive study.

4.3. Conservation of operons and polycistronic processing by SL trans-
splicing in cestodes

The high level of conservation between operons of E. multilocu-
laris and H. microstoma, especially after accounting for gene fusion
artifacts, and the shared locations of the SL acceptor sites within
them, highlights the importance of SL trans-splicing in operon res-
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olution, in concordance with previous studies (Hastings, 2005;
Lasda and Blumenthal, 2011; Bitar et al., 2013). Although many
of them implied longer intergenic distances than those used by
Tsai et al. (2013) as the limit in E. multilocularis, long polycistronic
transcripts have also been observed, for example, in C. elegans
(Morton and Blumenthal, 2011).

Our detailed analysis showed that the presence of operons, and
their inherent complexity, has resulted in some artifacts in the auto-
matic gene predictions of H. microstoma. The problem stems from
the low efficiency of automatic annotation pipelines to properly pro-
cess operons from RNAseq data, particularly in cases where the dif-
ferentiation between genes and isoforms becomes almost arbitrary.
The existence of chimeric gene models is troublesome given the fre-
quency at which novel genomes are annotated by transferring
known genes from similar species (see Kamenetzky et al., 2022).

Due to several biases, the extent of the issue is hard to assess from
our work alone. First, we probably underestimate the number of SL
insertion sites due to the methodology employed to sequence the
transcriptome (no method was used to enrich the RNASeq data for
SL trans-spliced transcripts, in comparison to, for example,
Cuypersetal.(2017)and Boronietal.(2018)). Additionally, the strat-
egy relies on the correctness of the E. multilocularis annotation since
only cases where both genes were identified and properly annotated
in this species will be detected in our BLAST-based strategy. On the
other hand, the divide-and-BLAST approach can lead to false posi-
tives in cases where one of the halves codes for a conserved domain
that is common in multiple genes of the same protein family, with
alternative splicing not annotated in a comparable manner in both
species. Despite these caveats, our work shows that precise identifi-
cation of SLacceptorsites is a valuable input for gene annotation, as it
can be used as a key element to delineate genes within operons and
help guide the manual annotation of more complex loci.

4.4. Association of trans-splicing of monocistronic transcripts with
5'UTR introns

Our survey of monocistronic genes shows many SL insertions
utilizing the same acceptor sites at the 5’ UTR (or at the beginning
of the gene coding region) as those used by conventional cis-
splicing, rather than insertions at outrons. The latter is typical for
other eukaryotes. The presence of identifiable cis-splicing junctions
and in such high frequency among these SL acceptor sites indicates
that trans-splicing and cis-splicing on these acceptor sites are, in
many cases, functionally equivalent. Similar examples have also
been described in the trematode S. mansoni (e.g., HMG CoA Reduc-
tase gene, Rajkovic et al., 1990; Davis et al., 1995). In the case of the
elp and tgr genes of Echinococcus spp., these trans-splicing events
have been linked to the presence of internal promoters in introns
(Brehm et al., 2000; Agorio et al., 2003). This results in transcripts
lacking a donor splice site but with a strong acceptor site that is
ideally suited for the acceptor-first syntax required for efficient
trans-splicing (Hastings, 2005). The structure of the 5’ UTR region
of elp in H. microstoma is surprisingly conserved and results in a
trans-spliced isoform in which the SL is inserted at the beginning
of the second exon. In contrast, the tgr ortholog of H. microstoma
lacks trans-splicing in all its isoforms, although it also has 5 UTR
introns. These differences could be explained if the corresponding
introns of H. microstoma lack internal promoters or have only weak
transcriptional activity, which would be consistent with their
shorter length compared with the corresponding introns in
Echinococcus spp. In the future, expanding the analysis of these
well-studied genes to other flatworms could provide a primer for
the evolutionary analysis of the gain and loss of SL trans-splicing.

To the best of our knowledge, this strong association of trans-
splicing with cis-splicing sites in the 5 UTR region has not been
described in other eukaryotes. Future work will be needed to
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determine if this phenomenon is true for other flatwormes. It is pos-
sible that it is also relevant, but has not been noticed, in other
eukaryotes for which 5’ UTR regions are not well defined experi-
mentally. However, this would be unlikely for well-studied models
such as C. elegans. Which reasons could explain this difference
between trans-splicing in cestodes and other organisms? One pos-
sible explanation could be that trans-splicing in these species may
require strong splicing acceptor sites (beyond the minimal AG con-
sensus), which would be unlikely to appear by chance in the 5 UTR
region of genes. Thus, a large proportion of trans-splicing could be
related to pre-existing cis-splicing acceptor sites that become
available for trans-splicing if the donor site is not part of the same
transcript. Alternatively, transcription initiation may be relatively
lax, leading to the evolutionary appearance of many internal pro-
moters from intronic regions. Finally, the presence of an AUG
codon at the 3’ end of the spliced leader could facilitate the evolu-
tionary incorporation of acceptor sites for internal exons in the
beginning of the coding region, as it would allow translational ini-
tiation in some cases.

Another interesting observation is the abundance of trans-
spliced 5 UTRs with multiple cis-splicing donor sites (see, for
instance, gene models HmN_000162500, HmN_000205900, and
HmN_000234700), especially when compared with the splice junc-
tions within the coding regions of the gene models. In addition to
the acceptor and donor sites, cis-splicing is also regulated by the
presence of enhancer and repressor motifs located both in both
exons and introns of the gene (Lee and Rio, 2015; Ule and
Blencowe, 2019), mutation over which can lead to alterations of
the normal splicing of the locus (Park et al., 2018). Given these
multiple donor sites and the lack of a clear association between
SL trans-splicing and gene function (see Section 4.2), it is unlikely
they represent isoforms with distinctive gene functions. Instead,
they can be evidence of relaxation of the selective pressures over
the cis-splicing regulatory elements upstream of the SL trans-
splicing site or a side effect of the weakened cis-splicing at the site
that allows trans-splicing to occur.
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Capitulo 4: Evolucién de genes SL-ARN y sus objetivos de splicing

en gusanos planos parasitos

Solucionadas las cuestiones de deteccidn y analisis, se dispone de todo lo necesario para
abordar cuestiones a escala filogenética: un analisis detallado de la diversidad,
conservacion y tendencias evolutivas del SL trans-splicing en platelmintos. Examinar SL-
ARNS, sitios y genes objetivo y como han acompafiado la diversificacion del grupo. Con
este fin se aplicaron las lecciones aprendidas en capitulos previos a 24 especies de los
grupos Cestoda y Trematoda. Ambos linajes de parésitos obligatorios con ciclos de vida
complejos, y con miembros capaces de transmitirse a humanos. Y crucial para el
desarrollo de esta tesis: de las que se dispone publicamente de datos gendmicos y

transcriptdmicos en los que basar la investigacion.

Metodoldgicamente el estudio presentado en este capitulo es una extension del Capitulo
3, abordando un mayor nimero de especies y afrontando preguntas a una escala
filogenética. Los resultados alcanzados confirman muchos de los reportes previos
realizados por otros autores en estudios enfocados en una Unica especie y los ponen en
un contexto filogenético. Revelando no sélo un trasfondo de conservacion de genes
sometidos a SL trans-splicing en platelmintos parasitos, pero también un quiebre en
virtualmente cada aspecto del proceso en el grupo Cyclophyllidea. Cambios en la
diversidad de SL-ARN funcionales en cada especie, asociacion de SLs con elementos
transponibles, sus genes blanco y loci policistronicos conservados. En definitiva

mostrando que el SL trans-splicing es un proceso dinamico a escalas evolutivas.

Mis contribuciones consisten en el disefio de las estrategias de analisis, los scripts

informaticos realizados y el analisis de los resultados obtenidos.
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Abstract

Spliced Leader (SL) trans-splicing is a key step in the processing of many mRNAS in
parasitic flatworms (Neodermata), including the processing of polycistronic transcripts into
mature monocistronic MRNAs. Despite its importance, efforts for its identification and
characterization in this phylum have remained a collection of single species studies with
little exploration at a wider phylogenetic context. In this work we present a comprehensive
analysis of this process, based on the available genomic and transcriptomic data of 24
cestode and trematode species, including the identification of the SL-RNA sequences of
each species and their splicing acceptor transcripts and sites. Our analysis explores the
scope and limits of available datasets and hints at large scale evolutionary changes of SL-
RNA loci and splice acceptor sites. We identified a main pattern of concerted evolution of
SL-RNA loci in most species, as well as divergence of SL-RNA loci in selected species.
SL trans-splicing can be detected for a limited number of mMRNAs in all species (<31%),
and there is extensive use of the same splice acceptor sites for cis-splicing, especially for
monocistronic transcripts. Ancestral SL trans-splicing sites can be found in many highly
conserved genes throughout the Neodermata, including in putative ancestral operons, but
novel acceptor sites for SL trans-splicing can also be identified at shorter evolutionary
scales. Particular trends were observed in the cestode order Cyclophyllidea, whose
genome size reduction is correlated with a partial remodeling of the SL trans-splicing
landscape of the group: This included an increased SL-RNA diversity within each species,
a loss of many ancestral SL trans-splicing acceptor sites, as well as novel SL gene targets

exclusive for this group.

Introduction

Spliced leader trans-splicing is a form of splicing between two RNA molecules, a
specialized short RNA named Spliced Leader RNA (SL-RNA) and a pre-mRNA, to form a
mature mRNA. In this process the sequence of the mRNA precursor upstream of the
splicing site (outron) is replaced by a spliced leader (SL) sequence typically containing a

5" trimethylguanosine cap. In many eukaryotes that contain operons, SL trans-splicing
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represents a key molecular mechanism behind the resolution of polycistronic transcripts
into individually capped monocistronic mRNAs (Bitar et al., 2013; Douris et al., 2010;
Hastings, 2005; Lasda & Blumenthal, 2011). In addition to participating in polycistron
resolution, this mechanism can also result in the removal of deleterious sequences located
in the 5 UTR (Bitar et al., 2013; Hastings, 2005; Lasda & Blumenthal, 2011) and in
particular cases as the source of alternative mRNA isoforms (e.g. Agorio et al., 2003;
Brehm et al., 2000; Siegel et al., 2011).

The distribution of SL trans-splicing in the eukaryotic phylogenetic tree is dispersed, as
this mechanism is absent in many large clades, including vertebrates. Furthermore, the
extent of SL trans-splicing is variable in different groups in which the mechanism is
present. For example, in trypanosomatids almost all coding genes are found in operons
and require SL trans-splicing for expression (Michaeli, 2011), and in the nematode
Caenorhabditis elegans SL trans-splicing occurs in almost all mRNAs, even though only
a fraction of its genes are organized in operons (Allen et al., 2011) (Allen et al., 2011;
Bernard et al., 2023). In contrast, in flatworms only a fraction of mMRNAs are targeted by
trans-splicing (estimated to be between 11-47%, in different species, using different
methodologies; Boroni et al., 2018; Brehm et al., 2000; Ershov et al., 2019; Protasio et al.,
2012; Tsai et al., 2013), including not only genes organized in operons but also many

monocistronic genes.

In some phylogenetic groups that have several different SL-RNA genes there is evidence
for their specialization. In C. elegans, different SL types are specialized for particular
targets, commonly referred to as SL-1 (targeted to the first genes in operons and to
monocistronic genes) and SL-2 (involved in operon resolution by targeting the
downstream genes) (Blumenthal, 2005; Lasda & Blumenthal, 2011). Other examples
include the flatworm Schmidtea mediterranea in which a particular SL-RNA is enriched in
a subpopulation of stem cells (Rossia et al., 2014), and Parvilucifera sinerae, a parasitoid
dinoflagellate displaying clear segregation in the splicing of different SL sequences

depending on the function of the acceptor mMRNAs (Alacid et al., 2022).

Despite the crucial roles of SL trans-splicing, its evolutionary origin remains uncertain
(Brehm et al., 2000; Douris et al., 2010; Krause & Hirsh, 1987; Lidie & Van Dolah, 2007;
Marlétaz et al., 2008; Matsuo et al., 2018; Pouchkina-Stantcheva & Tunnacliffe, 2005;
Rajkovic et al., 1990; Ross et al.,, 1995; Sather & Agabian, 1985; Steele et al., 2004;
Tessier et al., 1991; Vandenberghe et al., 2001). Its scattered distribution suggests a

complex history of independent origin, loss, and/or repeated horizontal transfer (Bitar et
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al., 2013; Douris et al., 2010; Hastings, 2005; Krchhdkova et al., 2017; Lasda &
Blumenthal, 2011). Furthermore, few comparative studies have been performed within
phyla, and the evolutionary dynamics of trans-splicing gain and loss in eukaryotes are not
well understood (Bitar et al., 2013; Douris et al., 2010; Hastings, 2005; M. Wenzel et al.,
2020). A significant roadblock in this field is the low conservation of the SL sequence at
large phylogenetic scales, which makes SL-RNA identification non-trivial (Bitar et al.,
2013; Douris et al., 2010; Hastings, 2005; Lasda et al., 2010). While some efforts have
been made to facilitate the identification of novel SL sequences, (Calvelo et al., 2020;
Radio et al.,, 2018; M. A. Wenzel et al.,, 2021; Yague-sanz & Hermand, 2018)
comprehensive studies involving multiple species remain scarce. The primary sequences
of SL-RNAs from distant clades do not show any similarity except for small motifs related
to their interaction with spliceosomal components. However, their sequence can be
partially conserved within the same clade (Bitar et al., 2013), and they share the same
overall structure (Bitar et al., 2013; Douris et al., 2010; Hastings, 2005; Lasda et al., 2010):
a leader region that is incorporated into the pre-mRNA and an intronic region with an Sm-
like motif, both separated by a canonical splicing donor site. In addition, their secondary
structure typically displays two hairpins surrounding the Sm-like motif in the intron and has
been proposed as a criterion for SL-RNA prediction (M. A. Wenzel et al., 2021), although
exceptions have been reported (Alacid et al., 2022; Zhang et al., 2007). Identifying the SL-
RNA sequences and the repertoire of mMRNAs subjected to this form of trans-splicing is
key to understanding the importance of this mechanism in different clades (Bitar et al.,
2013; Islas-Flores et al., 2021; Nilsson et al., 2010) and provides crucial information to
improve their genome annotation (Calvelo et al., 2023; M. Wenzel et al., 2020).

Because of the central role of trans-splicing in the expression of many different genes, it
has been proposed as a potential drug target against parasites possessing this
mechanism, particularly helminths (Pandarakalam et al., 2019). Here, we present for the
first time a comprehensive approach to identify the SL-RNA complement and a catalog of
trans-splicing acceptor genes throughout the parasitic flatworm groups Cestoda and
Trematoda. Both groups are endoparasitic platyhelminthes (subphylum Neodermata), and
pose significant threats to human and animal health (Giri & Parija, 2012; Mahmud et al.,
2017; Webb & Cabada, 2017). Several parasitic flatworm species have been shown to
possess SL trans-splicing (Supplementary Table 1), in some cases with several SL-
RNAs present in each species, (Calvelo et al., 2023; Olson et al., 2020; Rossia et al.,
2014; Tsai et al., 2013) without clear evidence of SL-RNA specialization (Calvelo et al.,
2023; Olson et al., 2020; Tsai et al., 2013). A key feature, however, is that all reported SLs
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for the group possess a 3’ terminal “ATG” motif (Cheng et al., 2006) that can potentially

provide an alternative start codon for translation.

Our study expands on previous works by offering a global view of SL trans-splicing in
parasitic flatworms. Highlighting patterns and evolution of SL-RNA gene diversity, SL
trans-splicing acceptor sites and their widespread involvement with cis-splicing, as well as
the organization of trans-spliced genes into operons. We observed the existence of
conserved SL trans-splicing acceptor sites (SL-ACE) and operons across this parasite

group, as well as more dynamic lineage specific examples.

Results and Discussion

Candidate SL identification and selection
A total of 24 species of parasitic flatworms were selected based on the availability of a

reference genome assembly and RNAseq data (Table 1) and processed following the
strategy described in Figure 1. In short, our first step was to compile known SL-RNAs

from the literature, and to identify new SL-RNA candidates with SLFinder (Calvelo et al.,

2020).
Species Genome Bioproject ID RNAseq Bioproject ID
Echinococcus granulosus PRJEB121 PRJINA254535
Echinococcus multilocularis PRJEB122 PRJINA254535
Hymenolepis diminuta PRJEB30942 PRJINA546293
Hymenolepis microstoma PRJEB124 PRJINAG637398
Mesocestoides corti PRJEB510 PRJINA433559
Schistocephalus solidus PRJEB527 PRJINA304161
Sparganum proliferum PRJEB35374 PRJDB8966
Spirometra erinaceieuropaei PRJEB1202 PRJDB8967
Taenia asiatica PRJINA299871 PRJINA299871
Taenia multiceps PRJINA307624 PRJINA307624
Taenia saginata PRJINA71493 PRJINA71493
Taenia solium PRJIJNA170813 PRJNA328007
Clonorchis sinensis PRJINA386618 PRJINA386618
Fasciola gigantica PRJINA230515 PRJNA230515
Fasciola hepatica PRJEB25283 PRJEB6948
Fasciolopsis buski PRJINA284521 PRJINA212796
Opisthorchis felineus PRJNA413383 PRJINA257351
Paragonimus heterotremus PRJINA284523 PRJINA284523
Paragonimus westermani PRJINA454344 PRJINA219632
Schistosoma bovis PRJINA451066 PRJINA491632
Schistosoma haematobium PRJINA78265 PRJINA491632
Schistosoma japonicum PRJINA520774 PRJINA579703
Schistosoma mansoni PRJEA36577 PRJINA361136
Trichobilharzia regenti PRJEB4662 PRJINA292737

Table 1: Bioproject IDs for the genome and RNAseq data utilized in this work.
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Figure 1: Summary of the analysis pipeline used in this work. A) First, candidate SLs were
identified, either de novo with the SLFinder pipeline or retrieved from the literature, and
hits for their leader region identified in the genome with BLAST searches. B) The
surrounding sequence of the candidate SL hits in the genome was retrieved and potential
SL-RNAs were identified based on their sequence similarity with each other and the
reference sequences. Absence of known repeated elements in proximity is needed to
consider a potential SL-RNA. C) Conserved motifs were identified and used to isolate the
SL-RNA from the surrounding genome sequence. Candidates whose conserved motifs
appeared out of order relative to the majority were excluded and the analysis repeated. D)
The SL-RNA secondary structure was estimated and the sequence SL-RNAs identified
based on conservation, that is, features present in the reference sequences and in others.
E) To recover stragglers potentially missed in the initial steps of analysis, an additional
BLAST search was conducted against genomes, using the identified SL-RNAs as queries.
Hits were added to the pool if their secondary structure was conserved. F and G) SL tags
were defined from the selected SL-RNAs and the reference sequences, and used to
identify SL-ACEs. H) In parallel, potential operons were identified based on the gene

proximity, coding strand and presence of SL-ACEs. |) The orthology relationships between
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the annotated genes in the different genomes was determined and potential conserved
operons were identified.

The initial combined dataset of candidates obtained from SL-Finder and blast searches
consisted of 1179 loci bearing a putative SL sequence. These were then filtered down to
312 SL-RNA loci across all species, guided by four sequential criteria: 1) functional SL-
RNAs share enough sequence similarity to be grouped together in a neighbor-joining
phylogeny, clustering as a monophyletic groups with known SL-RNA sequences, as
defined using TreeCluster, 2) true SL-RNA loci are not closely associated with mobile
genetic elements (< 500 bp), 3) the mature portion of the SL-RNAs has specific conserved
motifs (see below) in a specific order, and 4) novel SL-RNAs share secondary structure
elements commonly observed in known SL-RNAs. These filtering procedures were
necessary to differentiate true SL-RNAs from loci, other than the SL-RNA genes, that
share the SL sequence, resulting from reverse transcription of trans-spliced transcripts
followed by genetic integration into the genome (Barnes et al., 2019; Jaeckisch et al.,
2011; Slamovits & Keeling, 2008). Lastly, a BLAST search was conducted between the
selected SL-RNAs and the genomes to search for additional SL-RNA loci that may have
been missed in the initial search, followed by further filtering based on secondary structure

analysis.

In particular, a large proportion of the potential SL-RNA loci that were discarded in our
dataset were associated with repeated elements (597 loci), primarily with LTR and LINE
elements, which are the most common mobile genetic elements found in Platyhelminthes
(Coghlan et al., 2019). The only identifiable SL-RNA feature in these loci were the partial
leader sequences. These loci may be the result of genomic integration of retrotransposons
whose transcripts had received the spliced leader sequence by trans-splicing. We
hypothesize that the SL trans-splicing of retrotransposon transcripts may play a role in
containing the propagation of these mobile genetic elements, as SL trans-splicing of their
RNA intermediates could prevent their integration to the genome or hinder future
transposition events by the removal of key regions. It is noteworthy that cestodes of the
order cyclophyllidea (including Echinococcus, Taenia and Hymenolepis) largely lacked
this type of loci, and at the same time are characterized by a reduction in genome size

and mobile genetic element content (Coghlan et al., 2019).

SL-RNA sequence and structural conservation
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A total of 71 non-redundant SL-RNA sequences were identified among the 312 SL-RNA
loci in different flatworm species (Supplementary File 1 and Supplementary Table 2;
see Supplementary Table 3 for the full registry of potential loci identified in the analyzed
genomes), and an additional 4 unique sequences were found among previously reported
full SL-RNAs. Two conserved regions are present among these sequences, separated by
a highly variable region. The first region comprises the characteristic “AUG" motif found at
the 3’ end of the leader sequences of flatworms, followed by a canonical splice donor site
“GU”. This motif was widely conserved, with a few exceptions: in two cases, Unique_SL-
1 (C. sinensis) and -48 (S. bovis), the AUG motif is not conserved, and in three cases,
Unique_SL-18 (S. bovis), -20 (S. haematobium), and -37 (F. hepatica), the splice donor
site is not conserved. These latter examples are unlikely to constitute functional SL-RNAs.
In these cases the transcriptomic evidence of trans-splicing was negligible (see below),
and we interpret these loci as possible SL-RNA pseudogenes. The second conserved
region corresponds to the Sm-like motif near the terminal end of the SL-RNAs. The most
conserved part of this motif is the 3’ portion, a TVTTTGG 3’ sequence, while the 5’ end is
considerably more variable, as we previously described in H. microstoma (Calvelo et al.,
2023).

The predicted secondary structure of SL-RNAs from cestodes and trematodes can be
distinguished into two large groups: a predominant arrangement with two hairpins
upstream the Sm-like site, that was previously observed in E. multilocularis (Brehm et al.,
2000), F. hepatica (Davis et al., 1994) and Opisthorchis felineus (Ershov et al., 2019); or
a single large hairpin (Figure 2), initially reported in S. mansoni (Rajkovic et al., 1990).
The latter was only predicted in schistosomatid species and is considerably more
unstable, with an average Maximum Expected Accuracy (MEA) of -15.54 kcal/mol vs. -
30.67 kcal/mol (Supplementary Table 2). Full structure predictions are provided on
Supplementary File 2. Regardless, in both types of structures there are two conserved
features: a) the splice donor site is located at a comparable position on the first hairpin,
typically associated with an internal loop or mismatch, and b) several SL RNAs displayed
another hairpin immediately downstream the Sm-like motif. Both consistent with previous
observations on several flatworms (Brehm et al., 2000; Davis et al., 1994; Ershov et al.,
2019; Rajkovic et al., 1990). The latter was not recovered consistently in our analysis, but

this is likely due to limitations in the delimitation of the 3’ end of the SL-RNA transcript.
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Figure 2: Secondary structural elements in the SL-RNAs of parasitic flatworms A) SL-
RNAs from cestodes, B) SL-RNAs from trematodes of the family Schistosomatidae and c)

SL-RNAs from other trematodes.

Twelve SL-RNAs had atypical predicted secondary structures but were included in the
analysis because they were highly similar to known SL-RNAs when both sequences were
trimmed at the same positions (see details in Supplementary File 3). The most common

elements in these atypical structures include: 1) self-annealing within the leader region,
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forming an extra hairpin, and 2) annealing of the 3’ portion (that forms the terminal hairpin)
with the second hairpin or with the leader region. Trimming tests showed that these outlier
structures are very sensitive to the predictions of the 5 and 3’ ends of the SL-RNA
boundaries, down to the inclusion or removal of a single base (see details in
Supplementary File 4), suggesting that the typical structure found in other SL-RNAs may

also be present in these outliers.

The Neighbor Joining phylogeny of the SL-RNAs mirrors the split in SL-RNA structure
within trematode species, with a clear division between Schistosomatidae and the other
trematodes (Figure 3). Furthermore, the tree topology roughly follows the species tree
(Coghlan et al., 2019), as paralog sequences from each species and genus typically show
greater similarity to each other than to the SL-RNA of other species. The observed
branching pattern of paralog sequences suggests that SL-RNA loci undergo a constant
process of expansion and replacement, or that sequence similarity between different
paralogs in each species is maintained by concerted evolution. The latter process is more
likely to occur as a result of unequal crossing-over or gene conversion in tandem copies
of genes, an arrangement found for SL-RNA genes in many eukaryotes (Hastings, 2005),

including some flatworms (Rajkovic et al., 1990; Vandenberghe et al., 2001).

SL-RNA tandem repeats

As mentioned, SL-RNA are often clustered as tandem repeats. Here, SL-RNA tandem
repeats (defined as SL-RNA loci encoded on the same strand and separated by fewer
than 5000 bases), were identified for species E. multilocularis, F. gigantica, F. hepatica,
O. felineus, S. bovis, S. haematobium, S. japonicum, S. mansoni, and T. multiceps
(Supplementary Table 4). Searching for shared homologous genes in a 100 kb radius it
was possible to identify synteny for tandem repeats between E. multilocularis and T.
multiceps (SLClus-7 with SLClus-8), tentatively between two clusters within T. multiceps
(SLClus-8 with SLClus-9), and between the schistosomatid species S. bovis (SLClus-14),
S. haematobium (SLClus-15) and S. mansoni (SLClus-17 and -18) (Figure 4).
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Figure 3: Neighbor Joining phylogeny of flatworm SL-RNAs. Previously described
sequences are indicated as “Reference SL”. Three groups are highlighted with a
schematic representation of their structure: Cestode SL-RNAs (green), schistosomatid SL-
RNAs (blue) and SL-RNAs from other trematodes (red). Unique SL-RNA sequences with

more than one locus in the species are indicated with a “+”.
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The ability to identify these types of clusters is significantly impacted by the quality of the
genome assembly, as demonstrated by S. bovis and S. haematobium, which have 2 SL-
RNAs each, compared to S. mansoni with 111 SL-RNAs. However, species like
Hymenolepis microstoma, with a high-quality assembled genome encoding only 5 non-
clustered SL-RNAs, suggest that the presence of these clusters is not universally found in
Platyhelminthes. The shared clusters identified on E. multilocularis (SLClus-7) and T.
multiceps (SLClus-8) are noteworthy. Their surrounding orthologous genes show a
conserved synteny, but the SL-RNA genes within each species are more similar to each
other than to those of the other species (sequences Unique_SL-8, 10 and 12 from E.
multilocularis and Unique_SL-28, 29 and 30 from T. multiceps, see Figure 2). These
results support the existence of concerted evolution of tandem SL-RNA loci in these
species. An interesting observation is that the orthologous SL-RNA clusters identified are
largely homogeneous internally (they encode mostly the same SL-RNA), but these
sequences are different between species, thus suggesting that after the speciation event

the SL-RNA loci were homogenized by gene conversion.
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Figure 4: Shared Phylogenetic Hierarchical Orthogroups (HOGS) IDs found in a 100 kb

radius around syntenic SL-RNA tandem repeats.
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Because of the importance of high-quality genome assemblies for the identification of SL-
RNA gene clusters, we searched the location of the SL-RNAs described in this work on a
new E. granulosus genome assembly (ID: ASM2155672v1) generated with long read data
by Korhonen et al. (2022) In contrast with assembly ASM52419v1 generated by Tsai et
al. (2013), 93 SL-RNA loci were identified, concentrated in 2 clusters on chromosome 1
and contig8_egr. These clusters comprised mostly sequences similar to Unique_SL-8
from E. multilocularis (Supplementary Table 5). The surrounding gene synteny confirms
that the SL Cluster on chromosome 1 is orthologous to the SL-RNA gene clusters found
in E. multilocularis and T. multiceps (Supplementary Table 6). While similar, the fact that
they are not exact copies of Unique_SL-8 is further evidence for the frequency of gene

conversion on these genes.

SL trans-splicing Acceptor Sites

With the goal of identifying and analyzing individual SL trans-splicing acceptor sites (SL-
ACEs), we defined SL tags as the last 15 bases of the SL portion (upstream the donor
site) in order to search for reads supporting trans-splicing in RNA-Seq data. In total, 30
unique SL tags were identified from the selected SL-RNA loci pool (19 for Cestoda and 11
for Trematoda; note that many SL-RNAs may share the same tag). These SL tags were
used to identify SL-ACEs using the SLFinder-Genes pipeline (Calvelo et al., 2023).
Although SL-bearing reads in different species and datasets represented only ~0.001-
0.1% of the total RNAseq data, as previously found in S. mansoni (Boroni et al., 2018) and
H. microstoma (Calvelo et al., 2023), this still resulted in thousands of reads for most
species, revealing several interesting insights. First, SL tag use on each species is largely
in line with the observed presence or absence of SL-RNA candidate loci containing the
respective tags, with few exceptions. In particular, although we could not find any SL-RNA
loci in the highly fragmented S. solidus and P. westermani genome assemblies, we
detected the Cestoda_M and Cestoda_P tags in S. solidus, and the Trematoda_H tag in
P. westermani, indicating the existence of the corresponding loci in their genomes.
Cestode transcriptomes display more diverse intraspecific SL-RNA complements
compared to trematodes, which are mainly dominated by a single SL tag (Figure 5 and
Supplementary Table 7). Second, while basal cestode species (S. solidus, S. proliferum,
and S. erinaceieuropaei) share the same two SL tags, taeniid and Hymenolepis species
concentrate the diversity of SL tags in cestodes, including differences between species
within the same genus. It is important to note that differences between SL tags are often

a single nucleotide. Therefore, rare SL tags represented by <<1% of the SL bearing reads
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for a species, but which were not identified in any SL-RNA loci in that species, may be the
result of sequencing errors and not necessarily missing SL-RNA loci.
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Figure 5: SL trans-splicing across phylogeny of parasitic platyhelminthes (Neodermata).
The species tree was estimated by Orthofinder using the STAG method. For each species
it is displayed the percentage of SL bearing reads relative to the full RNAseq dataset for
the species (max ~0.12%), observed prevalence of SL trans-spliced genes in their
genome (max ~30%), genes encoded in potential operons in our study (max ~13%),
proportion of operon candidates made of chimeric gene models (max ~80%) and the
relative abundance of the top 4 SL tags for the species (from highest to lowest: Blue,
Green, Yellow and Red). SL tags with less than 5% SL bearing reads in the species were

excluded.
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Rare SL tags with less than 0.1% of SL-bearing reads in any species; namely
Trematoda_D (corresponding to Unique_SL-25 from S. mansoni), Trematoda_|
(corresponding to Unique_SL-48 from S. bovis) or Trematoda_J (corresponding to
Unique_SL-51 from S. japonicum); are likely cases of sub-functional or non-functional SL-
RNAs, either due to structural mutations and/or very limited expression. The low levels of
reads found matching these tags may correspond at least in part to sequencing errors (as
tags may differ in only a single base). Therefore, special cases such as Unique_SL-1 (C.
sinensis, represented by tag Trematoda_E) and Unique_SL-48 (S. bovis, represented by
tag Trematoda_I), which bear a modified “ATG” are unlikely to be functional. Similarly, it
is impossible to confirm or reject trans-splicing of SL-RNAs Unique_SL-18 (S. bovis) and
Unique_SL-20 (S. haematobium, both containing a modified donor site “GC”), or
Unique_SL-37 (F. hepatica, with a “CT” donor site) as they share the same tag as other,

more conserved SL-RNAs.

The total SL-ACE counts for each species were correlated with the total number of
observed reads (Pearson correlation: 0.89), with cestode species displaying lower overall
percentages of SL-bearing read counts than trematodes (Figure 5, see Supplementary
Table 8 for a detailed summary). SL-ACEs supported by more than 3 reads were initially
classified according to their positions relative to the annotated gene models with which
they were associated. Most of them were found upstream of their assigned gene model
CDS, or as internal sites. In broad terms this basic classification separates two distinctive
types of SL aces: the predominant upstream SL-ACEs in both number and SL bearing
reads support, and the less abundant internal sites (Figure 6). In addition, a small
proportion of SL-ACES were located downstream of the gene model to which they were
assigned and/or on the opposite strand, especially in S. mansoni (10% of all acceptor
sites), P. heterotremus (17%), and F. buski (19%). It is likely that these result from missing

and/or overlapping genes in the genome annotation.
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Figure 6: Summary of the SL-ACEs Upstream, Internal and Downstream relative to the
CDS of their assigned gene model. For each species it is detailed the relative abundance
of the three types of sites and supporting SL Bearing and cis-splicing reads observed in
those sites. SL-ACEs assigned to more than one gene model, or in the opposite strand

were excluded.

To determine the importance of trans-splicing in the expression of highly conserved genes
(presumably involved in essential processes), we verified how many Benchmarking
Universal Single-Copy Orthologs (BUSCO) marker genes contained SL-ACEs in each
species. All species had BUSCO marker genes with SL-ACESs, and on average 18% of all
BUSCO genes had evidence of trans-splicing (the values were similar in cestodes and
trematodes; Supplementary Table 9). Furthermore, we found 35 genes with trans-

splicing in S. mansoni (with at least one SL-ACE supported by more than 3 reads) among
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the list of 195 genes that produced fully penetrant detachment RNAi phenotypes in the
screening performed by Wang et al. (2020). These results indicate that affecting trans-

splicing in parasitic flatworms could interfere with numerous essential processes.

Improvement of the annotation of polycistronic genes based on SL-ACE locations.

As observed in our previous work (Calvelo et al., 2023), because of their short intergenic
distance with high RNA-Seq coverage, polycistronic genes can be mis-annotated and
fused into single gene models in the currently available genome annotations. To identify
these cases and properly discriminate between different genes, we selected four species
from each group to be used as references, selecting the best assembly quality (N50
values) for their genus: E. multilocularis, H. microstoma, S. proliferum, and Taenia
multiceps for Cestoda; and C. sinensis, F. hepatica, O. felineus, and S. mansoni for
Trematoda. First, to identify potential chimeras, genes were divided into two parts by each
internal SL-ACE, and hits on the proteins of the reference species were identified by blastx
searches. Cases where each half had a different set of hits in one of the references were
pre-selected, and the BLAST search was repeated with the full gene. A gene model was
only considered chimeric if on all cases the SL-ACE separated both sets of hits, with a
maximum overlap of 30 bases. When multiple isoforms were reported for the same gene,

we selected the longest one with clear evidence of chimerism for further analysis.

The initial assessment identified that a significant portion of the internal SL-ACEs could
correspond to trans-splicing in the 5’ region of genes in operons that have been mis-
annotated and fused into single gene models, with significant variance between the
considered reference species. The range varies widely, from as low as 4% when
comparing E. granulosus with E. multilocularis, to over 70% when comparing T. saginata
with E. multilocularis (Supplementary Tables 10 and 11). These differences likely result
from methodological decisions during the annotation pipeline, particularly the transfer of
annotation between genomes, as is the case between E. granulosus and E. multilocularis
(Tsai et al., 2013). Nevertheless, it is essential to note that only a fraction of all candidates
found were ultimately confirmed as chimeras in the second stage (45% in average in
cestodes, and 33% in trematodes), indicating that the divide and BLAST approach by itself

is susceptible to false positive errors.

Extensive sharing of acceptor sites between cis and trans-splicing in parasitic flatworms
In other eukaryotes, the SL trans-splicing process is known to utilize much of the same
machinery as cis-splicing (Hastings, 2005; Lasda & Blumenthal, 2011), and some

competition between both processes has been described for splicing acceptor sites in
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other eukaryotes (Allen et al., 2011), resulting in low levels of trans-splicing at a minority
of internal cis-splicing sites.

Within flatworms, coexistence of the two forms of splicing over the same acceptor sites
was previously reported for S. mansoni (Boroni et al., 2018); and in H. microstoma we
found several cis-splicing donor sites within the 5° UTR, where the impact to the protein
coding sequence is mitigated or non-existent (Calvelo et al., 2023). In particular, we
observed that many monocistronic genes with trans-splicing at the beginning of the
transcript also have introns interrupting the 5’"UTR region, and the 3splicing acceptor site
was the same for cis and trans-splicing. This result suggested that most trans-splicing of
monocistronic genes occurred as a result of transcription from internal promoters within
the 5" UTR of these genes, resulting in strong splicing acceptor sites in the 5"UTR without

any associated splicing donor sites (i.e. outrons).

To explore how widespread this phenomenon is across parasitic flatworms, we measured
cis-splicing reads over three categories of SL-ACEs according to their location: 1)
upstream the coding region of a monocistronic gene or of the first gene of an operon
(“Upstream Mono”), 2) upstream the coding region of a downstream gene in an operon
(and thus related to polycistron resolution; “Upstream Poly”), and 3) within the coding
region of their gene (Internal). Most species exhibit a high degree of co-existence of SL
trans-splicing and cis-splicing at the same acceptor sites; the proportion of all SL trans-
splicing acceptor sites showing any evidence of cis-splicing ranged from 20% in
Spirometra erinaceieuropaei up to 95% in S. mansoni (the average was 66% among all
species; Supplementary Table 12). This proportion decreased moderately when we
required three or more reads supporting cis-splicing for inclusion (range from 9.5% to 91%,
average 52% among all species). These huge differences likely correspond to a

combination of data quality, and different annotation biases.

In almost all analyzed species, SL-ACEs classified as Upstream Poly had the lowest levels
of cis-splicing, followed by Upstream Mono SL-ACEs with intermediate levels of cis-
splicing (and with a high dispersion), whereas Internal SL-ACEs had the highest levels of
cis-splicing (Figure 7 and Supplementary Table 13). This pattern indicates that the
existence of cis-splicing in SL-ACEs related to polycistron resolution is strongly prevented,
as may be expected, given their importance to preserve the reading frame of each cistron.
The low levels of cis-splicing in SL-ACESs related to polycistron resolution may result from

the existence of strong motifs in the outrons that recruit the SL-RNA and associated trans-
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splicing proteins (SL-RNP) (Denker et al., 2002), and more generally from the absence of
available donor splicing sites in the vicinity of these SL-ACEs. The greater level of cis-
splicing observed in Upstream Mono SL-ACEs could originate from the presence of
internal promoters within 5"UTR introns, as we previously proposed in H. microstoma,
which would result in the generation of a subset of pre-mRNA with strong outrons (with a
strong splicing acceptor site available for trans-splicing in the absence of competing cis-
splicing donor sites). Unfortunately, the absence of high-quality 5"UTR annotation data
prevented us from further exploring this hypothesis. On the other hand, alternating
between cis-splicing and trans-splicing within the 5"UTR of these genes would be less
likely to result in non-functional transcripts, which could lead to a relaxation of the selective
pressure on SL-RNP recruitment. Finally, the Internal SL-ACEs displayed the highest
levels of cis-splicing, indicating that many of these are minor trans-splicing sites which
may correspond to biological “noise”, equivalent to the levels of erroneous cis-splicing that
result in non-functional transcripts in other species (Melamud & Moult, 2009; Wan &
Larson, 2018). Nevertheless, the existence of strongly SL trans-spliced internal sites on
some genes observed in most species does support a putative role on alternative isoform
formation as it has been proposed for some specific cases (i.e: Agorio et al., 2003; Boroni
et al., 2018). On an annotation quality note, we observed radically different behaviors of
the SL-ACEs assigned to chimeric gene models between species (data not shown). We
speculate that they are caused by a different proportion of Upstream Mono, Upstream
Poly and Internal sites among these SL-ACEs. Overall, the extensive sharing of acceptor
sites between cis and trans-splicing (especially upstream of monocistronic transcripts), in
combination with a relatively small complement of trans-spliced genes, are very different
from the patterns of trans-splicing observed in the best studied nematode models such as
C. elegans, for which such widespread coexistence of cis and trans splicing processes on

the same acceptor sites has not been described.
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Figure 7: Proportion of SL bearing reads of all splicing reads observed on different sets

of SL-ACEs: 1) Upstream Mono: upstream the coding region of a monocistronic gene or
of the first gene of an operon. 2) Upstream Poly: upstream the coding region of a
downstream gene in an operon, and thus related to polycistron resolution. And 3) Internal:
the SL-ACEs are located within the coding sequence. SL-ACEs assigned to a chimeric
gene model were excluded, along with Mesocestoides corti due to limited data. Pairwise
comparisons were carried out with the Wilcoxon Rank Sum and Signed Rank Tests,
significant levels of the pairwise comparisons are displayed with the following code: ns ( p
> 0.05), * (p <= 0.05), ** (p <= 0.01), *** (p <= 0.001), and **** (: p <= 0.0001)

Lack of target specialization of SL-RNAs in parasitic flatworms
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For species with two or more SL tags, we searched for evidence of SL-RNA specialization
at particular SL-ACEs relative to the overall usage across all samples. Chi-square tests
were conducted on highly supported SL-ACEs (with at least 5 observed and expected
read counts for all SL tags). Consistent with our previous analysis in H. microstoma
(Calvelo et al., 2023), very few sites exhibited statistically significant biases in their use of
different SL tags relative to the overall average, and even in these cases the biases were
very small (summary in Supplementary Table 14; full details in Supplementary Table
15). Furthermore, we explored whether any SL-RNAs may be specialized for operon
resolution, as shown for SL2 in nematodes. When comparing all Upstream Mono SL-
ACEs, versus Upstream Poly SL-ACEs, only some species had small biases in their SL
tags with significant results under a Wilcoxon rank sum test. However, their biological
relevance is questionable given the slight differences in their median proportions
(Supplementary Table 16). In summary, we did not detect any clear evidence of SL-RNA

specialization among parasitic flatworms.

Conservation of SL trans-splicing acceptor genes in parasitic flatworms

The species of parasitic flatworms included in our analysis includes many distant branches
of parasitic flatworms, providing us with the opportunity to study the conservation of trans-
splicing target genes across these species. The conservation of SL trans-splicing target
genes between different species was determined based on their orthology. For this
purpose, the longest isoform reported for each species gene, after the chimeras were
identified and excluding gene models with undetermined amino acids, was processed
using Orthofinder (Emms & Kelly, 2019). In total, 338,481 sequences were sorted into
28,636 Phylogenetic Hierarchical Orthogroups (HOGs) (Supplementary Table 17).
The species tree estimated using the STAG method (Emms & Kelly, 2018) aligns with
other phylogenetic studies (Coghlan et al., 2019).

A HOG was considered to have conserved SL trans-splicing between two species if both
had member genes identified with SL-ACEs. Conservation values were relatively low, with
two species sharing on average 11% of their HOGs subjected to SL trans-splicing. This
probably reflects both true gain-and-loss of trans-splicing for different HOGs in different
lineages, as well as partial discovery of trans-splicing acceptor sites in most species.
Nevertheless, there are prominent clusters visible in a heatmap of the proportion of shared
trans-spliced HOGs relative to the total number of trans-spliced HOGs from both species
(“Symmetric Heatmap”, Figure 8A). These clusters are largely concordant with the
phylogeny of the species, indicating that there is a strong phylogenetic signal in regard to

the genes subjected to SL trans-splicing. The division between cyclophyllidean cestodes
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and trematodes is clearly visible, but basal cestodes (the diphyllobothriideans Sparganum
proliferum and Schistocephalus solidus) show higher similarity to the trematode species.
An additional heatmap showing the proportion of shared trans-spliced HOGs relative to
the total number of trans-spliced HOGs from each species (“Asymmetric heatmap”, Figure
8B) reveals that although a large proportion of cyclophyllidean trans-spliced HOGs are
also trans-spliced in trematodes and basal cestodes, the reverse is not true. This occurs
even for cyclophyllidean species with high RNA-Seq coverage (e.g. Echinococcus and
Hymenolepis spp.) indicating that it is not an artifact stemming from low rates of discovery
in cyclophyllidean species. It is likely that this pattern results from a real differential
inheritance of ancestral SL trans-spliced genes in both groups. An examination of the
mutually  trans-spliced HOGs between flatworm  groups (Cyclophyllidea,
Diphyllobothriidea,  Schistosomatidae and Other Trematoda) confirms that
diphyllobothriideans share more trans-spliced HOGs with Trematodes than with

Cyclophyllidea, despite being more closely related to the latter.
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Figure 8: Conservation of SL trans-splicing acceptor genes in parasitic flatworms.
Heatmaps showing the pairwise proportion of HOGs subjected to SL trans-splicing in
logarithmic scale. The scale goes from -2.7 (~0.002%) to -0.37 (~42.658%). The number
of HOGs considered per species is displayed on the row’s IDs. A) Symmetrical heatmap
displaying the proportion of shared trans-spliced HOGs between the species in the row
and column, relative to the total number of trans-spliced HOGs in these species. B)
Asymmetrical heatmap displaying the proportion of shared trans-spliced HOGs between
the species in the row and column, relative to the number of trans-spliced HOGs in the
species in the row alone. The species Mesocestoides corti and Spirometra
erinaceieuropaei were excluded due to very low numbers of detected SL-ACEs. Both
heatmaps are based on the similarity between each species dataset. C) Upset plot of the
shared trans-spliced HOGs between the groups Cyclophyllidea, Diphyllobothriidea,
Schistosomatidae and Other Trematoda. HOGs were included if they were identified as

trans-spliced in at least one species of two or more groups.

Conservation of operons in flatworms

Genes putatively encoded in operons were defined as two or more genes encoded on the
same strand, separated by no more than 300 bases, as well as those gene models
identified as chimeric (see above). Genes with nearly complete overlaps with other genes
(above 90%) were excluded. Cestode genomes exhibit more than double the number of
operon candidates compared to Trematodes, with a median of 448.5 versus 182,
respectively (Supplementary Table 18, full details in Supplementary Table 19). This
difference is largely driven by the Cyclophyllidean species and likely reflects both
assembly quality and their smaller genomes. Notably, the number of operons candidates
that originated from chimeric gene models varied greatly between different species, from

1% to 21% in cestodes, and from 3 to 81% in trematodes (Figure 5).

Similar to the conservation of SL trans-spliced genes, conserved operons were defined
based on the homology of their member genes: pairs of HOGs found within a putative
operon in different species, with the added requirement of evidence of SL trans-splicing in
the second HOG of the pair in both species. The similarity of the operon complement of
cyclophyllidean species is visible in the data, while clustering in Trematoda is limited to
Schistosomatidae (Figure 9A). Furthermore, unlike HOGs subjected to SL trans-splicing
(Figure 8B), the asymmetric heatmap does not reveal as much similarity between
Cyclophyllidea and other platyhelminthes (Figure 9B), and there are no clear stronger
similarities between the considered flatworm lineages beyond a slight enrichment between

Schistosomatids and Other Trematoda (Figure 9C). This suggests that while there is a
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set of HOGs whose SL trans-splicing is conserved across parasitic flatworms, their
organization into specific operons is not widely conserved. Furthermore, the high
conservation of operons in cyclophyllidean species correlates with the massive size
reduction of their genomes (Coghlan et al., 2019). This genome size reduction was
associated with the reduction of intergenic regions, which may have resulted in the

reorganization of many genes into operons.
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Figure 9: Conservation of operons in parasitic flatworms. Heatmaps showing the pairwise
proportion (in logarithmic scale) of HOG pairs in operon candidates with evidence of SL
trans-splicing. The scale goes from -2.7 (~0.002%) to -0.37 (~42.658%). The number of
pairs of HOGs considered per species is displayed on the row’s IDs. A) Symmetrical
heatmap displaying the proportion of shared HOG pairs between the species in the row
and column, relative to the total number of HOG pairs in these species. B) Asymmetrical
heatmap displaying the proportion of HOG pairs on the species in the row that are shared
with the species on the column, relative to the HOG pairs in the species in the row alone.
Species with fewer than 30 HOG pairs for comparison were excluded. Both heatmaps are
based on the similarity between each species dataset. C) Upset plot of the shared trans-
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spliced HOG pairs between the groups Cyclophyllidea, Diphyllobothriidea,
Schistosomatida and Other Trematoda. HOG pairs were included if they were identified

as trans-spliced in at least one species of two or more groups.

Analysis of particular cases of gain and loss of trans-splicing and polycistronic loci in

parasitic flatworms

In order to detect particular cases of evolutionary gain and loss of trans-splicing, we first
focused on a subset of HOGs which: 1) had evidence of SL trans-splicing in at least 5
species. 2) included representatives of at least 2 of the reference species used to identify
chimeric gene models, and 3) at least one of the genes from each represented species
had evidence of SL trans-splicing or had relatively high expression levels (equal or higher
than the median TPM values of genes with confirmed SL trans-splicing in each species).
For these highly expressed genes, the lack of detection of trans-splicing is less likely to

be a false negative.

In total, 41 HOGs were selected for manual inspection (Supplementary Table 20 and
Supplementary File 5). When inference was possible, most analyzed HOGs indicated
that SL trans-splicing is the ancestral condition for parasitic flatworms (including cases in
which trans-splicing was detected in almost all species), followed by trans-splicing gain
within trematodes. These patterns indicate the maintenance of trans-splicing in several
genes throughout the evolution of neodermatan flatworms (corresponding to a divergence
time of at least 259 million years based on the fossil record, which is probably much older
(Baets & Littlewood, 2015; Laumer et al., 2015). Interestingly, several examples including
HOGs NO0.HOGO0002707, NO.HOGO0007613, NO0.HOG0009887, NO0.HOGO0010318,
NO.HOGO0010643 and NO.HOGO0010915 suggest a loss or reduction of SL trans-splicing
in the group Cyclophyllidea, consistent with the results of pairwise comparisons shown in

Figure 8.

In order to identify gains and losses of operons during the evolution of parasitic flatworms,
we paid special attention to HOG pairs that were well conserved operons that were
exclusive to Cestodes or Trematodes (observed in at least 4 genera of cestodes but not
in trematodes), or vice versa; or associated with one of the selected HOGs for their
expression levels and evidence of SL trans-splicing (discussed above) and had a
manageable number of representative genes per species. In total 26 putative operons
were selected (Supplementary Table 21 and Supplementary File 6). In addition to the

direct loss of one or more HOGs in the operon, differences between Cestodes and
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Trematodes include changes in synteny (see for examples: Op3, Op8 and Op22) and an
increase of the intergenic distances that often exceed the 300 bases set on this study (see
for example Op2 and Op5). However, it should be noted that the 300 bases threshold
distance is likely to be very conservative, in light of the chimeric gene models found. For
example in the <case of conserved operon Opl8, the HOG pair
NO.HOGO0008418 NO0.HOG0010248 has closely related species for which the pair was
reported either as a chimeric gene model or as separate genes with intergenic distance
ranging from ~1500 to over 8000 bases, along with strong evidence of SL trans-splicing
over NO.HOGO0010248 representatives in both cases. Likewise, Op6 shows the same
pattern within Schistosoma spp. where S. bovis and S. mansoni have an intergenic
distance of 2412 and 4295 bases respectively, but their orthologues on S. haematobium

and S. japonicum were reported as chimeric gene models.

Another driving mechanism of the divergence from Cestodes and Trematodes is the
replacement of members of the operon. In 4 of the 10 cases observed however the
alternative HOGs are related to each other by sequence similarity and derivative of the
same original Orthogroup estimated by Orthofinder, indicating divergence between
groups. These are cases where the sequence is conserved enough to be identified as

orthologues, but divergent enough to be assigned to different HOGs.

It is noteworthy that among this limited sample there are 5 potential species-specific gains
of SL trans-splicing through genetic rearrangements. First there are Op5, Op12 and Op24
have potential gains of SL trans-splicing through the inclusion of a novel first gene in the
operon on C. sinensis; always involving a highly expanded HOG on this species
(NO.HOG0000286, NO.HOG0000285 and N0O.HOG0000648 respectively). Second Op7
and Opl1 feature reductions of the intergenic space between HOGs on Hymenolepis sp.
that led to the formation of novel operon candidates and the gain of SL trans-splicing on
the new downstream genes. This anecdotal evidence indicates that the operon
composition can be altered in flatworms with relative ease, while keeping the genes

functional thanks to SL trans-splicing.

Lastly, one interesting case is the HOG pair NO.HOG0011542__N0.HOGO0002707,
annotated as “Cytochrome b-c1 complex subunit 77 and “Enolase” respectively. Both
HOGs have evidence of SL trans-splicing in some Cestode and Trematode species, with
the latter being rare in cestodes but pervasive in trematodes, which is supported by
previous studies, including some of the first descriptions of trans-splicing in neodermatans

(Davis, 1997; Davis & Hodgson, 1997). Furthermore, the operon arrangement between
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both genes is only present in Trematodes (see Op8 on Supplementary File 6). Thus, it
appears that either the Enolase transcript gained SL trans-splicing processing when it
formed an operon in Trematodes, or partially lost it when it became monocistronic in

Cestodes.

Conclusions

In this work we analyzed the intricacies of the diversity and evolution of SL trans-splicing
among parasitic flatworms, exploring how much can be gleaned from the available
datasets. The genomic assemblies and transcriptomic datasets that are available
constrain the detection capacity of SLs (identification of SL-RNAs and their acceptor sites)
and using dedicated RNA Sequencing methods (such as SL trapping: Nilsson et al., 2010)
may impact the clarity of observed evolutionary patterns. However, it is worth noting that
when SL trapping was applied to the trematode S. mansoni, most of the novel sites
detected were only weakly trans-spliced (Boroni et al., 2018). If observations on cis-
splicing are applicable (Melamud & Moult, 2009; Wan & Larson, 2018) it is likely that many
weak trans-splicing sites represent “biological noise” (i.e. errors) in the SL trans-splicing
process. Thus, for those species with high RNA Seq coverage available, our analysis is
likely to cover a high percentage of the functionally relevant SL-ACEs.

The observed diversity in SL-RNA between species is both expected and intriguing. While
SL-RNA loci are known to be highly variable at large evolutionary distances, for them to
function they need to be able to interact with the spliceosome, which may be mediated by
their associated proteins (Blumenthal, 2005; Denker et al., 1996, 2002; Fasimoye et al.,
2022). This selection constraint however hasn’t stopped them from developing a
considerable variability in their primary and secondary structures, including the apparent
fusion of hairpins in schistosomatids. It is unclear if this is related to functional differences
or its biological relevance since. For example, it is possible that all flatworm SL-RNAs

acquire a similar conformation when they interact with their associated proteins.

In any case, this structural variability between species is accompanied with evidence of a
constant homogenization of the SL-RNA loci within each species, and a lack of
specialization on their target genes. An intriguing possibility is that both are causally linked
and self-reinforcing: concerted evolution by gene conversion between loci is allowed by
natural selection because all SL-RNAs in the genome are functionally interchangeable,
and the evolution of SL-RNA specialization is hampered in flatworms because loci

conversion is prevalent. In this scenario, the first evolutionary step toward the evolution of
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any SL-RNA specialization would be to stop or at least reduce the rate of loci conversion
and allow SL-RNAs to evolve independently. For instance, the loss or fragmentation of
SL-RNA clusters should reduce the impact of concerted evolution. Something like this
might have happened within Cyclophyllidea and would explain the higher SL-RNA
diversity observed in the group. Either way, better genome assemblies of additional
Cestodes are required in order to confirm the origin of the SL-RNA clusters observed in
taeniidae, and the other particularities associated with Cyclophyllidea, relative to the other
flatworms: 1) the relative low abundance of SL bearing reads recovered and smaller
number of SL-ACEs, 2) the low abundance of SL sequences incorporated on repeated
elements. 3) loss of trans-splicing of many ancestral trans-spliced HOGs, and 4) an
increase in the number of conserved HOG pairs observed in operons. While we cannot
confirm it at this time, our manual inspection of selected cases shows that acquisition and
potential loss of SL trans-splicing on a gene is a dynamic process that can be altered by
genome rearrangements, and these are likely to have been prevalent during the genome

size contraction that occurred at the base of this group (Coghlan et al., 2019).

In more applied matters, our results offer key insights for the future refinement of
annotation pipelines in flatworms. Current approaches clearly struggle to discriminate
between individual genes encoded in polycistronic loci, which then hampers follow up
studies. The identification of where SL-ACEs are located can be used to, at a minimum,
diagnose the troublesome loci and correct the issue, analogous to works realized with
nematodes (see Allen et al., 2011). A full automation pipeline however will require
overcoming several roadblocks. First is the acquisition of reliable data on the specific SL-
ACEs, standard RNAseq dataset clearly are enough to improve the annotation quality of
some loci but as of now it is a haphazard process. SL trapping is the obvious solution with
its increased coverage of these sites, but additional data would exacerbate the next
roadblock: discriminating between biologically important sites from splicing noise. Simply
setting a cut off on read support could address the bulk of them but it will require fine-
tuning, given that internal sites involved in alternative isoforms might have low SL bearing
read counts. Lastly is the matter of sorting SL-ACEs used for operon resolution from those
important from alternative isoforms. One strategy that isn’t reliant on previous annotations
can be to exploit the strong depletion of cis-splicing reads on SL-ACEs key to operon

resolution, but it too needs proper calibration before any unsupervised application.

Overall, our results concur with previous studies performed on individual species when it
comes to the key features of SL trans-splicing in parasitic Platyhelminthes but offer for the

first time a global view in these species of the patterns and evolution of SL-RNA gene
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diversity, SL trans-splicing acceptor sites and their widespread involvement with cis-
splicing, as well as the organization of trans-spliced genes into operons. Our results show
the existence of conserved trans-splicing acceptor sites and operons throughout the
evolution of this group of parasites, as well as other examples of highly dynamic changes
at shorter evolutionary distances. The high prevalence of SL trans-splicing of universally
conserved genes in all neodermatans reinforces the idea that this mechanism is likely to

be crucial for these parasites and warrants further research into its molecular mechanisms.

Methods

Data selection, quality assessment and transcriptome assembly

RNAseq data and reference genomes for 12 cestode and 12 trematode flatworm species
were downloaded from NCBI (NCBI Resource Coordinators, 2015) and the Wormbase
Parasite database (Howe et al., 2017). To minimize biases between samples, only paired-
end RNAseq data generated with lllumina technology were utilized. Read quality was
assessed using FastQC (Andrews, 2010). Adapter sequences and low-quality bases were
removed with Trimmomatic v.0.36 (Bolger et al., 2014) using parameters:
SLIDINGWINDOW:5:20, MINLEN:25. Lastly, transcriptomes were assembled de-novo
using Trinity v2.12.0 (Grabher et al., 2013) with read normalization disabled.

SL Sequences identification and retrieval

Novel putative SLs were identified using the SLFinder v1.09 pipeline (Calvelo et al., 2020)
with the option “-me False” to maximize potential discovery. Filters based on the donor
site and proximity to proteins were not applied. Possible artifacts generated during the
initial Hook sequences generation were manually identified and addressed following
Calvelo et al. (2020) recommendations. Novel predictions were augmented with Blast
searches of previously known SL sequences from other works (Supplementary Table 1)
against the genomes (Options: -task blastn-short, -perc_identity 95, -ungapped, and -
gcov_hsp_perc 75). Lastly, based on the expected total lengths of SL-RNA for parasitic
flatworms (Brehm et al., 2000; Davis et al., 1994; Rajkovic et al., 1990), putative SL-RNA
sequences were defined as the surrounding region around the initial hits: 20 bases
upstream and 100 bases downstream (~140 bases in total) and were retrieved for further
analysis. Potential SL-RNA loci located too close to the one of the contigs boundaries to
retrieve these sequences, or had more than 30 unknown bases, were excluded from

further analysis.

SL-RNA selection and delimitation
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Potentially coding SL-RNA loci were filtered based on three assumptions: 1) The mature
portion of the SL-RNAs is more conserved than the surrounding sequence in the genome.
2) True SL-RNA loci are not closely associated with mobile elements. 3) Functional SL-
RNAs share enough sequence similarity to be grouped together in a Neighbor Joining
clustering along with already reported sequences. To achieve this, first, nearly identical
putative SL-RNA sequences on each flatworm group were clustered using cd-hit-est
v4.8.1 (Fu et al.,, 2012) with default parameters (>90% identity). All representative
sequences of each cluster were aligned with MAFFT v7.475 (Katoh & Standley, 2013)
along with known full SL-RNA sequences. Next, a basic phylogenetic tree was estimated
using Neighbor Joining phylogeny with Ninja v1.2.2 (Wheeler, 2009), and groups were
clustered with Treecluster v1.0.3 (Balaban et al., 2019) in 'med_clade' mode and -t 0.5.
Simultaneously, mobile elements were identified for each genome using RepeatMasker
v4.1.1 (Smit et al., 2015) with a custom library generated for each through RepeatModeler
v2.0.1 (Smit & Hubley, 2015). Candidate SL-RNAs were selected based on: 1) Their
inclusion in a phylogenetic cluster with known SL-RNAs and 2) No mobile element
identified within 500 bases of the candidate SL-RNA, unless the locus is part of a cd-hit-

est cluster with at least one valid member.

Conserved motifs among the filtered sequences for Cestodes and Trematodes, in addition
to the known full SL-RNA for each group, were identified using MEME v4.11.2 (Bailey &
Elkan, 1994) and utilized to guide manual trimming around conserved regions. An
overview of the process is provided on (Supplementary Figure 1). SM-like sites were
manually identified with the assistance of the 'locate’ function from the Seqgkit package
v0.14.0 (Shen et al., 2016) that matches the motif RAU4-7GR, allowing up to 2
mismatches. Secondary structure predictions were made with RNAfold v2.4.18 (Lorenz et
al., 2011) setting the SM-like sites as unpaired, and visualized in Forna (Kerpedjiev et al.,
2015). SL-RNA candidates with structures compatible with known SL sequences, having
a similar number and disposition of hairpins, were selected for further analysis. Lastly, to
rescue more potentially viable SL-RNA sequences, we conducted a new BLAST search
with the pre-selected SL-RNA sequences against the reference genomes (-perc_identity
90, -qcov_hsp_perc 85), disregarding mobile element proximity or phylogenetic affinity,

and processed the results as described before.

Selected SL-RNA sequences were clustered by sequence identity, leaving a unique
representative per species and aligned using MAFFT (Katoh & Standley, 2013) with the
L-INS-I method (options --localpair and --maxiterate 1000). Then they were clustered

based on similarity by Neighbor Joining using the MEGA 11 Package (Tamura et al.,
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2021). Further annotations to the tree were carried out on ITOL(Letunic & Bork, 2021),
and additional annotations were added using Inkscape software (Inkscape Project, 2020).
A complete registry is provided in Supplementary Table 3, and the neighbor-joining trees
used for selection are provided in Supplementary Files 7 and 8.

SL-RNAs in Echinococcus granulosus genome assembly ID ASM2155672v1

Putative SL-RNAs were determined by blast searches between the unique SL-RNA
sequences defined in this study and the genome assembly. Reported coordinates are the
summary of all overlapping hits for each loci. Orthology with E. multilocularis and T.
multiceps was estimated using Orthofinder v2.5.4 (Emms & Kelly, 2019) with default

settings.

SL Acceptor sites identification

SL-bearing reads were identified based on the presence of the last 15 bases preceding
the donor site of the Leader region of a selected SL-RNA, using SLFinder-Genes from the
SLFinder package (described in Calvelo et al. 2023); located at 40 bases from the read
boundaries (35 assumed known bases plus 5 of tolerance). Acceptor sites associated with
a reported gene were pre-classified based on their location relative to their associated
gene model in Upstream (before the first start codon annotated for the gene’s isoforms),
Internal (within the CDS of at least one of the isoforms) and downstreamSites assigned to
a single gene, that were supported by 4 SL bearing reads or more, had the same strand
as their assigned gene, and were not classified as Downstreamwere selected for further

analysis.

Chimeric gene models identification

Potential chimeric gene models were identified in a two-stage process, aimed to first
identify potential chimeric gene models and then filter out false positives that could arise
due to fragmentation of the gene models in the annotation (the opposite bias): First, genes
were divided into two by their SL acceptor sites (one at time and with a minimum length
of any half: 60 bases) and compared to four reference species using blastx with “-
gcov_hsp_perc 40” (E. multilocularis, H. microstoma, S. proliferum, and Taenia multiceps
for Cestodes; and C. sinensis, F. hepatica, O. felineus, and S. mansoni for Trematoda).
Genes whose halves matched a different set of genes in at least one of the species were
pre-selected as potential chimeric gene models. Second, the BLAST search was repeated
with the whole gene, and the position of the acceptor site relative to the hits was evaluated.
A gene model was considered chimeric if the acceptor site separated two gene hits in one

of the reference species at the acceptor site (maximum overlap tolerated: 30 bases). If
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two or more acceptor sites were found, the gene model was subsequently subdivided, as
long as each segment contained one gene hit within it. Open reading frames within each
valid segment were predicted with getorfs from the Emboss package v6.6.0.0 (Rice et al.,
2000). Only the longest isoform with evidence of chimerism was used for further analysis.
Schematic representation of different chimera cases are presented in Supplementary
Figure 2.

Orthology relationships and gene target conservation

Orthology relationships among all the species' genes were estimated using Orthofinder
with default setting. Using based on the longest annotated isoform for standard gene
models, or the corrected annotation for chimeric genes. Genes containing unknown amino
acids were excluded. The predicted Phylogenetic Hierarchical Orthogroups (HOGS) were
considered a rough approximation of protein family membership. Functional annotation
was carried out with Interproscan v5.62-94.0 (Jones et al., 2014). Interpro entries assigned
to one member were assumed to be valid for the entire HOG. Conservation of SL trans-
splicing across different species was defined as genes from the same HOG with SL-ACEs
identified in both species. Pairwise comparisons were performed using in-house scripts,
and heatmaps were generated using the R package pheatmap (Raivo Kolde, 2019).
Similarities between the groups Cyclophyllidea (species E. granulosus, E. multilocularis,
H. diminuta, H. microstoma, M. corti, T. asiatica, T. multiceps, T. saginata and T. solium),
Basal Cestodes (species S. solidus, S. proliferum and S. erinaceieuropaei),
Schistosomatids (species S. bovis, S. haematobium, S. japonicum, S. mansoni and T.
regenti) and Other Trematoda (species C. sinensis, F. gigantica, F. hepatica, F. buski, O.
felineus, P. heterotremus and P. westermani) with Upset graphs using the UpSetR
package v1.4.0 (Conway et al., 2017). Genes showing extensive overlap (290%) in their
genomic coordinates with another were excluded, as this made the assignment of the SL-
ACE unclear (see Methods: Operon identification). The first gene in a chimeric gene model
was only included if it possessed an additional SL-ACE to that used to split the chimera

into new different gene models.

Operon identification

Operon candidates were defined as genes encoded on the same strand and with an
intergenic distance < 300 bases, measured from their most proximal annotated isoforms
to each other. Isolated chimeric genes were considered operons regardless of the
intergenic distance, based on the assumption that they were miss-annotated initially due
to the detection of polycistronic pre-mRNAs in the original work. Mitochondrial genes and

gene models overlapping more than 80% with another gene model were discarded.
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Candidate operon conservation between two species was defined as the conserved pairs
of HOGs present in both genomes, and species both displayed evidence of SL trans-
splicing in the gene of the second HOG in the pair. Pairwise comparisons were conducted
with in-house scripts, and heatmaps were generated using the R package pheatmap.
Similarities between the groups Cyclophyllidea, Basal Cestodes, Schistosomatids and
Other Trematoda with Upset graphs using the UpSetR package v1.4.0 (Conway et al.,
2017).

Gene expression and read coverage at cis-splicing junctions

Reads were mapped to the reference genomes using STAR v2.7.10b (Dobin et al., 2013)
with the suggested parameters for the species genome size (--genomeChrBinNbits and -
-genomeSAindexNbases set to 12). Read counts were calculated using htseg-count
v2.0.2 (Putri et al., 2022) with strand specificity disabled (“-s no”). To minimize the impact
of miss-annotations, reads were considered if located anywhere within the maximum
extension of each gene (the most distal coordinates of the annotated elements). Then, a
second-pass protocol was conducted to identify cis-splicing reads on SL-ACEs, as
described in the STAR user manual.

Competition between SL trans-splicing and cis-splicing was evaluated by classifying SL-
ACEs based on their location relative to their gene model suspected function: 1) Upstream
mono: the SL-ACE is located upstream the CDS of a monocistronic or the first gene in the
operon); 2) Upstream Poly: is located upstream the CDS of a gene encoded in a operon
loci, excluding the first. And 3) Internal Sites: the SL-ACE is within a CDS. Differences in
the ratio between SL trans-splicing and cis-splicing (defined: as “SL bearing reads”/(“SL
bearing reads” + “cis-splicing reads”) using the Kruskal-Wallis rank sum test, implemented
on the R package Stats v4.2.2 (R Development Core Team, 2022). Boxplots were
generated using the packages ggplot (Wickham, 2016) and ggpubr (Kassambara, 2023)

SL-ACEs assigned to chimeric gene models were discarded.

SL TAG specialization on specific sites and operon resolution

Species with 2 or more SL tags in their transcriptome (comprising at least 5% of the
observed read counts) were analyzed to explore SL specialization. Expected frequencies
were calculated based on the observed read counts on SL-ACEs, assigned to a single
gene, were in the same strand, and did not belong to the group downstream, and. Sites
with at least 5 read counts observed and expected for all SL tags were subjected to a “Chi-
squared test for given probabilities”, and p-values were corrected by False Discovery Rate

(FDR). Calculations were carried out with the R package Stats.
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SL tags from SL-RNA specialized in operon resolution were identified by comparing the
proportion of each one (“Number of Reads per SL TAG/Total SL Reads” observed at the
site) on sites potentially involved in operon resolution versus all others, using a “Wilcoxon
rank sum test with continuity correction”, implemented on the R package. SL-ACEs
assigned to multiple genes, located on the opposite strand, or found after their assigned

gene model, were discarded.

Selection of particular cases of gain and loss of trans-splicing on individual HOGs

HOGs with particularly good evidence of SL trans-splicing were defined as: a) Had gene
members from at least 2 species used to identify chimeric gene models on Cestodes
(species E. multilocularis, H. microstoma, S. proliferum and T. multiceps) and Trematodes
(species C. sinensis, F. hepatica, O. felineus and S. mansoni). b) At least one of the genes
from each represented species in the HOG had evidence of SL trans-splicing or have a
TPM equal or higher than the median TPM of genes with confirmed SL trans-splicing. c)
At least 5 species represented in the HOG have genes subjected to SL. The protein
sequences of the Selected PHOs were aligned with MAFFT and their phylogeny estimated
with IQ-TREE v2.2.2.3 (Nguyen et al., 2015). Tree figures and annotation of TPM and
detected SL reads were generated in iTOL v6. For these evaluations all SL-ACEs were
considered, regardless of read counts. Internal SL-ACEs on chimeric gene models were
manually evaluated and re-assigned to the upstream portion when their position relative

to the overall read mappings and exon structure suggested so.

Selection of particular cases of gain and loss of trans-splicing on polycistronic loci

Candidate polycistronic loci were selected for manual inspection in two groups: by the
presence of conserved HOG pairs that had evidence of SL trans-splicing and were
exclusive for either Cestoda or Trematoda, or were associated with a HOG selected in the
previous section. In the case of the former, pairs were considered if they were observed
on at least 5 species, distributed among 4 genuses. Once completed the selection,
additional pairs were added if they involved one of the HOGs from the selected set, and
repeated until exhaustion. Then the location of every gene member HOG was verified and

schematized on Inkscape.
Software availability

The scripts and supplementary material are available on the github repository:

https://github.com/J-Calvelo/Material_Suplementar_Tesis_Javier_Calvelo.git
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Suplementary Figures

- Supplementary Figure 1: Overview of the trimming process based on MEME motifs.
A) In Cestodes the process was straightforward as 4 highly conserved motifs were
identified. The trimming was decided to be conducted at the start of Motif-3 and
inside Motif-2. This was done because the second less conserved half was less
recognizable outside Taeniidae. Trematoda on the other hand required one round of
filtration B) as only two motifs were predicted with unclear boundaries. After the
exclusion of sequences with poor matches for Motif-2, like Paragonimus westermani
Def Loci-44, the analysis was repeated in a second round C). Here 3 Motifs were
identified consistently in both the selected sequences and the reference SL-RNAs for
Trematoda. The boundaries of Motifs -2 and -3 were again selected as the boundary
of SL-RNAs. The loci Def_Loci-85 and -86 of Clonorchis sinensis were included in the
final analysis despite lacking Motif-2 because it’s SL TAG “Trematoda_E” was found in
the species C. sinensis, Fasciola gigantica, Fasciola hepatica and Fasciolopsis buski.
Despite this SL TAG low numbers, its phylogenetic distribution suggests there are SL-
RNAs with “Trematoda_E” exists within this lineage, even if they possess limited
functionality, and no better representative could be found.

- Supplementary Figure 2: Schematic representation of the resolution of several gene
models identified in this work. The annotated transcript is represented with a black,
with the SL Acceptor sites represented with arrows above, BLAST hits with other
genes bellow with colored boxes and the selected chimeric portions with arches. A)
In the classical case there is a single SL-ACE that separated two halves with different
sets of hits. B) If there are additional SL-ACEs but it is not reflected on changes on the
hits it was assumed the SL-ACE was ignored. C) Cases where there are multiple SL-
ACEs that separate both sets of hits were used to narrow down the intergenic space

by excluding the sequence between them. In an analogous case, if SL-ACEs were D)
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upstream or E) downstream areas, separating genes with no BLAST hits, those
sequences were trimmed down. F) A third gene in the chimeric gene model required
that the SL-ACEs separated three discrete areas with their own sets of BLAST Hits. G)
Cases where subdivisions where the boundary between genes was unclear were

excluded.

Supplementary Files

Supplementary File 1: Sequences of the unique SL-RNA loci identified for each
species.

Supplementary File 2: Full secondary structures predicted by RNAfold for the
unique SL-RNAs sequences described in their work and the original reference
sequences. Each registry is composed of 6 lines: 1) Sequence ID, 2) Sequence, 3)
unpaired sequences set as input (the SM-like site), 4) Maximum Expected Accuracy
(MEA) prediction, 5) Minimum Free Energy (MFE) prediction and 6) Ensemble Free
Energy prediction.

Supplementary File 3: Description of the outlier secondary structures of SL-RNA
sequences.

Supplementary File 4: Observations on the trimming sensitivity on the predicted SL-
RNA structures.

Supplementary File 5: Maximum Likelihood phylogenetic trees of the selected
Phylogenetically Hierarchical Orthogroups (HOGs) based on their expression level and
evidence of SL trans-splicing. For each gene it is indicated if it had evidence of SL trans-
splicing above or below the 4 read threshold on the same acceptor site (Black Star or
White star respectively). Followed by a Normalized TPM per species relative to the
median TPM of SL trans-spliced genes and the total amount of SL bearing reads in the
gene in logarithmic scale, displayed with green and red bars respectively. Both are capped
(10 for the normalized TPM and 100 SL bearing reads), indicated with circles. Genes
identified as members of operon candidates are indicated with a blue check mark
Supplementary File 6: Sketches for the manually analyzed operon candidates that
were selected based on their HOG pairs exclusiveness for Cestodes or Trematodes;
and/or their association with one with the HOGs selected by their expression level.
Supplementary File 7: Neighbor joining three of the potential SL-RNA candidates
found in Cestodes. The ID format for SL-RNA candidates is 1) CD-HIT Cluster ID, 2)
Species 3) Loci ID 4) Repeat elements found within a 500 bases. Points 1 and 4 are

only included if relevant.
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Supplementary File 8: Neighbor joining three of the potential SL-RNA candidates
found in Trematodes. The ID format is 1) CD-HIT Cluster ID, 2) Species 3) Loci ID 4)
Repeat elements found within a 500 bases. Points 1 and 4 are only included if

relevant.

Supplementary Tables

Supplementary Table 1: Sequence summary of the known SL Sequences from
plathelminth species and the source paper where they were initially reported. Species
with an "*" were not used for SL TAG definition due to their ambiguous nucleotides
on their last 15 bases.

Supplementary Table 2: Summary of the structural features and metrics for the SL-
RNAs identified in this word. For each SL-RNA it is detailed the species where it was
found and the total number of coding loci identified, length, GC% content, SL TAG,
Donor site (with a “.” Indicating the canonical “ATGGT”), sequence of the SM-like site,
structure type (see Figure 2 in the main text), and the secondary structure metrics
estimated by RNAfold about their stability. These are the Minimum Free Energy
(MFE); Centroid Energy and Distance; Maximum Expected Accuracy (MEA) energy,
value and Structural Frequency; and Ensemble diversity. The standard reported
structures are shown on Figure 2 in the main text and the outliers on Support File 2.
The Unique_SL_1 to 72 were found in the analyzed genomes (see Supplementary
Table 2 for their loci locations), the remaining sequences were found among
reference sequences only.

Supplementary Table 3: Location of all putative Spliced Leader (pSL) loci
considered in this work. For each one it is detailed its location, SL-TAG, how it was
detected: SLFinder (SLF), BLAST with known Sequences (BL), and the Recovery
BLAST (RBL); Loci marked with a "*" where located too close to the Contig boundary
and were discarded. Then is information important for pre-filters: types of Repeated
elements within a 500 radius, number of mismatches and the cluster IDs generated
by CD-HIT and Treecluster. And lastly for those identified as likely functional SL-RNAs
it is detailed their non-ambiguous ID, refined coordinates, and hairpin structure.
Reference sequences were assigned to Treecluster groups: Ces_Tree_clus-1,
Tre_Tree_clus-11, Tre_Tree_clus-15 and Tre_Tree_clus-20. Trees provided on
Supplementary files 1 and 2.

Supplementary Table 4: SL-RNA tandem repeats identified in the analyzed species.
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Supplementary Table 5: SL-RNA loci identified on the Echinococcus granulosus
genome assembly ASM2155672v1, their SL tag and their best match in our study
determined by BLAST searches.

Supplementary Table 6: Genes surrounding the SL-RNA cluster on chromosome 1
on the Echinococcus granulosus genome assembly ASM2155672v1 orthologous with
the genes that identified the homology of SLClus-7 and SLClus-8 in E. multilocularis
and Taenia miltiliceps.

Supplementary Table 7: Summary of the SL bearing counts for all studied species
(total SL counts and counts for each SL tag). SL tags for which a SL-RNA locus was
identified containing that sequence in the genome of each species are highlighted in
green.

Supplementary Table 8: Full registry of the acceptor sites for SL trans- splicing (SL-
ACEs) supported by at least 1 SL bearing read. For each site it is detailed its location
(coordinate, chromosome/scaffold/contig, strand) total SL bearing reads, cis-splicing
reads, cis-splicing donor sites and to what group was assigned for the splicing
analysis. Then information associated with the assigned genes (one or more due to
overlaps): if it matches the SL-ACE strand, position relative to the gene model, and
how many SL bearing reads were assigned to it and from what SL TAG (following the
format Tagl; Tag2; Tag3...). And lastly the subdivision of the chimeric gene model,
operon position if applicable or if it was discarded from the Operon Search due to
extensive overlaps; if they are applicable.

Supplementary Table 9: Summary of SL trans-spliced genes matching BUSCO gene
markers.

Supplementary Table 10: Result summary for chimeric gene model search on genes
with internal SL Acceptor Sites (SL-ACE) that could be potential mis-annotated
operons. The analysis was divided in two stages. First a BLAST search against four
reference genomes: E. multilocularis, H. microstoma, S. proliferum, and T. multiceps for
Cestodes; and C. sinensis, F. hepatica, O. felineus, and S. mansoni for Trematoda. In the
Second stage the BLAST search was repeated against the entire gene and the position
of the SL-ACEs evaluated relative to the BLAST hits downstream and upstream.
Supplementary Table 11: Complete registry of the chimeric gene models
subdivisions identified in this work. Including the cut points in the transcript and the
genome, and the gene IDs matching each portion. “Start” and “End” refer to the
coordinates of the transcript in the species genome annotation, numbers to SL

Acceptor sites.
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Supplementary Table 12: Summary of cis-splicing detected on SL Acceptor Sites
(SL-ACEs) involved on Transcript Initiation (Start: SL-ACE located upstream the
predicted monocistronic gene model, or is the first in the operon), Operon Resolution
(SL-ACE located putatively important for the operon loci resolution) and Others. First
it is detailed SL-ACEs with any evidence of cis-splicing and then the better supported
with more than 3 reads.

Supplementary Table 13: Results for the “Kruskal-Wallis rank sum test” evaluating
the enrichment in proportion of SL trans-spliced reads relative to all splicing events.
SL-ACEs are classified as 1) Upstream Mono: upstream the coding region of a
monocistronic gene or of the first gene of an operon. 2) Upstream Poly: upstream the
coding region of a downstream gene in an operon, and thus related to polycistron
resolution. And 3) Internal: the SL-ACEs are located within the coding sequence;
“Others”). The species Mesocestoides corti due to limited data.

Supplementary Table 14: Summary of the chi-square results evaluating sites that
did not followed the average SL Tag Frequencies.

Supplementary Table 15: Results of the chi-square results evaluating sites that did
not followed the average SL Tag Frequencies.

Supplementary Table 16: Results for the “Kruskal-Wallis rank sum test” evaluating
the differential SL tag use on SL-ACEs classified as 1) Upstream Mono: upstream the
coding region of a monocistronic gene or of the first gene of an operon. 2) Upstream
Poly: upstream the coding region of a downstream gene in an operon, and thus related
to polycistron resolution. 3) Internal: the SL-ACEs are located within the coding
sequence; “Others”). And 4) Chimeras: any SL-ACE assigned to a chimeric gene model.
The species Mesocestoides corti due to limited data.

Supplementary Table 17: Phylogenetically Hierarchical Orthogroups (HOGs)
identified by Orthofinder. Including the original orthogroup ID, the node ID for which
it was defined and the member genes per species and the assigned Interpro IDs for
each HOG (at least one of its members. For each species it is also summarized how
many member genes of the HOGs were found and how many of them have assigned
SL-ACEs.

Supplementary Table 18: Candidate operon summary across the studied species
and it’s relation with SL trans-splicing.

Supplementary Table 19: All identified operon candidates in the studied species,
their location, member genes and assigned Phylogenetically Hierarchical

Orthogroups (HOGs). Genes and HOGs are sorted from upstream to downstream, with
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the intergenic space indicated between parentheses. Genes with assigned SL Acceptor
Sites (SL-ACEs) are indicated with “*”, chimeric gene models with “[C]".
Supplementary Table 20: Selected Phylogenetically Hierarchical Orthogroups
(HOGs) based on their expression level and evidence of SL trans-splicing. The total
number of species represented in both Cestodes and Trematodes, how many of them
have evidence of SL trans-splicing (above 3 SL bearing reads), a basic interpretation
of where the SL trans-splicing was gained in the phylogeny given the observed
species, Interpro annotation and notes.

Supplementary Table 21: Description of the manually analyzed operon candidates
that were selected based on their of HOG pairs exclusiveness for Cestodes or
Trematodes; and/or their association with one with the HOGs selected by their
expression level. For each candidate it is detailed the HOGs displayed on their
respective sketch in Supplementary File 6, along with their interpro annotation,
total number of cestodes and trematode species where they are present and how
many of them have evidence of SL. For the whole operon candidate it is also included
flags for apparently novel SL trans-splicing in a gene due to operon re-arrangements,
if different lineages display alternative HOGs and if those derive from the same raw

orthogroup, and basic notes.
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Discusién y conclusiones generales

5.A) Dificultades y oportunidades en el estudio de SL trans-splicing

La investigacion presentada en esta tesis explora extensivamente las dificultades asociadas
con el andlisis de SL trans-splicing en cualquier organismo. El primer paso es identificar los
SLs presentes en el transcriptoma de la especie, comenzando por el problema
engafiosamente simple: ¢Cudles son las secuencias de los SLs, cuando estas son
desconocidas? La solucion alcanzada fue SLFinder, presentada en el Capitulo 2. Una
herramienta util, pero con limitaciones a tener presente: (1) SLs menores a 20 bases son
dificiles de detectar debido a la secuenciacion y/o ensamblado incompleto de estas
secuencias, muy relevante en grupos como tunicados (Matsumoto et al.,, 2010), (2) la
presencia de mudltiples SLs con secuencias similares puede afectar el ensamblado de
secuencias candidatas (los “Hook”) y enmascarar la presencia de SLs reales de baja
frecuencia. Ejemplificado por la deteccién incompleta de las variantes de SL2 en
Caenorhabditis elegans (Calvelo et al., 2020). Mas importante, la publicacion de SLIDR
(Wenzel et al., 2021) vuelve nuestra aproximacion parcialmente obsoleta al ofrecer una
alternativa mas eficaz computacionalmente y con mayor sensibilidad, gracias a su enfoque
directamente en el mapeo de reads al genoma. Dicho esto, SLFinder posee la ventaja de no
depender de asunciones sobre la estructura de los SL-ARN o la conservacion de sitios
particulares para filtrar contaminantes. Como por ejemplo la presencia de un sitio SM-like con
una secuencia especifica para la especie, rodeada por dos horquillas. Mas aun, ofrece un
punto de partida para identificar SLs en especies de las que se carece de un ensamblado
gendmico confiable. El usuario solo requiere implementar otra estrategia para descartar falsos
positivos, una tarea mas manejable que la inspeccion manual de secuencias.Tarea de utilidad
en si misma ya que permite el disefio de primers especificos y su uso en tecnologias basadas
en amplificaciones por reacciones PCR. Facilitando, a modo de ejemplo, el analisis de
transcriptos especificos a partir de muestras complejas. Como por ejemplo aquellas

contaminadas con otros organismos debido a su naturaleza (ej: muestras ambientales o
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parasitos embebidos en los tejidos del hospedador). En este contexto, es importante
considerar las observaciones realizadas en el Capitulo 4: especies de grupos como
Cyclophyllidea (principal grupo de Cestodos en diversidad de especies) pueden mostrar
variabilidad en estas secuencias dentro de un mismo género. Dependiendo de la cantidad y
localizaciéon de estas divergencias potencialmente podrian afectar la calidad y viabilidad de

estas amplificaciones.

El siguiente paso consiste en determinar la localizacion y extension de los SL-ARN,
discriminando los loci funcionales de pseudogenes y otros loci poseedores de la secuencia
SL como elementos transponibles o genes retrotranscriptos al genoma. En el Capitulo 3 se
recurrié a la homologia a secuencias conocidas (Olson et al., 2020; Tsai et al., 2013); mientras
gue en el Capitulo 4 se implementé un proceso semi-manual guiado por la conservacion de
secuencia de SL-ARNs entre especies. La primera solucion es definitivamente la mas
confiable y sencilla de implementar, pero frecuentemente no es viable y puede llevar a errores
de interpretacion. Mas aun, como se discute en el Capitulo 4, la variabilidad intrinseca de los

loci SL-ARN vuelve el uso de referencias cuestionable para su delimitacion.

Una vez identificados los SLs, el siguiente paso es identificar los blancos de SL trans-spilcing
a nivel de genes y sitios aceptores SLs (SL-ACES). Este paso es conceptualmente sencillo,
identificar las secuencias con evidencia de SL trans-splicing y localizarlas en el genoma. Una
vez localizados, es una cuestion determinar a qué gen esta asociado cada SL-ACE y evaluar
su posible rol bioldgico. Sin embargo, como es observado en el Capitulo 3 y expandido en el
Capitulo 4, los “pipelines” automaticos utilizados para anotar los genomas de platelmintos
tienden a reportar loci policistronicos como un Unico modelo génico quimérico. En
consecuencia, la anotacién del genoma puede: 1) carecer de genes importantes para la
fisiologia de la especie, 2) perjudicar estudios de expresion génica al mezclar los patrones de
expresion de dos o0 mas genes, y 3) sugerir la existencia de familias génicas artefactuales
mediante la combinacion de todos los dominios proteicos de los genes quiméricos en una
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Unica prediccion. La solucion implementada en el Capitulo 3 se basa en la fragmentacion en
los sitios de insercion y posterior blasteo a una referencia que es tomada como el estdndar a
alcanzar (Echinococcus multilocularis en este caso); expandida en el Capitulo 4 con el uso
de 4 referencias por linaje y un mejor control de casos con “hits” solapantes en busquedas

BLAST.

La re-anotacién de estos loci en los Capitulos 3 y 4 demuestra el potencial de incorporar
evidencia de SL trans-splicing en los pipelines de anotacién genémica. Con las inserciones
del SL actuando como indicadores claros de la existencia de un gen adicional en el loci,
posiblemente expresados en conjunto como un operén policistronico. Sin embargo, es
necesario reiterar que la aproximacioén metodoldgica presentada en esta tesis no es suficiente
para su implementacién a gran escala. Los modelos génicos quiméricos descritos fueron
detectados Unicamente por la identificacién de SL-ACEs internos, que luego fueron asociados
a “hits” de BLAST claramente definidos con referencias afectadas por el mismo problema de
guimerismo. Una solucion escalable y confiable requiere la recuperacion eficaz de los sitios
sometidos a SL trans-splicing y su correcta clasificacion entre inicio de transcripcion, isoforma
alternativa o ruido bioldgico. La descripcion esporadica realizada en esta tesis, basada en el
andlisis del <0.12% de los reads con evidencia de SL trans-splicing, permitiria identificar estos
artefactos Unicamente en genes con niveles altos de expresidn que por lo tanto se encuentran

suficientemente representados en estas librerias.

Finalmente, la identificacién de mdultiples secuencias SL asociadas a elementos transponibles
en el Capitulo 4 sugiere un rol del SL trans-splicing en el control de la transposicion de
elementos transponibles en un genoma. Aunque la presente tesis se centr6 en
procedimientos para filtrar estos loci, su existencia sugiere que los SLs pueden ser integrados
en esta clase de elementos durante el proceso de transposicion. Aunque los mecanismos aun
deben ser estudiados, una explicacion es que los SLs son incorporados en los ARN de estos
elementos mdviles tras su transcripcion, potencialmente degradando la capacidad de
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replicaciéon de las copias resultantes (los loci observados) o incluso previniendo su insercion
en el genoma. De confirmarse, SL trans-splicing jugaria un rol en la evolucion de los

elementos transponibles en los genomas de estas especies.

5.B) SL trans-splicing en platelmintos

Los resultados de la tesis confirman en gran medida el conocimiento previo en SLs en el
grupo platelmintos (Bitar et al., 2013; Lasda & Blumenthal, 2011): su importancia en la
resolucion de operones, la presencia de un codén “AUG” en el SL conservado, seguido de un
sitio de splicing candnico “UGGU”, y la presencia de un sitio SM-like. Este ultimo presenta
una considerable variacion nucleotidica entre SL-ARNS, inclusive dentro de la misma especie
y sin un claro impacto en su predominancia en el transcriptoma (Ver SL-2 y SL-3 en Capitulo
3). Aunque es importante sefialar que las variaciones nucleotidicas se concentran en la
porcién 5’ del motivo, la porcion 3’ es mas conservada y presumiblemente mas importante.
En términos de estructura secundaria, los SL-ARN encontrados siguen las estructuras
reportadas por otros trabajos en E. multilocularis (Brehm et al., 2000), F. hepatica (Davis et
al., 1994) y S. mansoni (Rajkovic et al., 1990) pero con una considerable diversidad en
términos de la posicion de los bucles y largo de hairpins. La relevancia biol6gica de estas
predicciones es cuestionable. No solo por no considerarse las interacciones con otros
elementos del spliceosoma, sino por la alta sensibilidad de las predicciones a la extensién del
SL-ARN considerada (discutido en Capitulo 4). Sin embargo, la existencia de una gran
variabilidad a nivel nucleotidico, y la evidente funcionalidad del SL-ARN observado en
Schistosomatidae a pesar de la fusion de las horquillas previas al sitio SM, sugiere que hay
una considerable tolerancia a variaciones en el plegamiento del SL-ARN. En este contexto,
es posible que las dificultades encontradas en la delimitacién de los SL-ARN respondan a la

falta de conservacion de estas regiones, y que representen regiones espaciadoras.

Otro aspecto importante para considerar es el nimero y disposicion de loci SL-ARN en los
genomas. Especies con ensamblados de buena calidad como H. microstoma y S. mansoni
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muestran que su numero puede ser variable, por reducciones y potencialmente expansiones
en su numero de copias, y el cluster descrito en Taeniidae muestra importantes
consecuencias evolutivas. Los resultados indican que la evolucion concertada de las copias
en tandem causa gque todo el cluster evolucione como una unidad, y su mayor nimero de
copias podria promover al SL-ARN codificado en él a convertirse en el SL predominante en

el transcriptoma de la especie rapidamente.

Funcionalmente, la evidencia recabada en los Capitulos 3 y 4 indica que los diferentes SL-
ARN expresados en platelmintos son incorporados en transcritos indistintamente de la
identidad del gen aceptor. Los distintos SL-ARN estarian siendo incorporados en una
proporcion presumiblemente determinada por sus niveles de expresion en la célula y/o sus
interacciones con el spliceosoma. La falta de especializaciébn en transcritos objetivos
probablemente representa la condicién basal de cualquier grupo que adquiere SL trans-
splicing. En el Capitulo 4 se especula un mecanismo por el cuél la especializacion de SL-
ARN no ha ocurrido en platelmintos. En resumen, la alta tasa de conversion génica en loci
SL-ARN previene la evolucion independiente de los varios SL-ARN, limitando su divergencia
nucleotidica y por extensibn manteniéndolos funcionalmente equivalentes. Es necesario
sefalar sin embargo que un prolongado tiempo de evolucién independiente no garantiza la
emergencia de especializacion funcional. Este parece ser el caso en el género Hymenolepis
donde la divergencia nucleotidica entre loci SL-ARN indica una capacidad para evolucionar
de forma independiente, pero donde no se encontrd evidencia de especializacion de los SL-
ARNs. Aunque no se puede descartar cierta tasa de evolucion concertada dado su

agrupamiento en la filogenia.

A pesar de esta generalizacion en sus objetivos, las especies con multiples SL-ARNSs indican
que sus proporciones relativas pueden ser variables. Este es el caso en Schmidtea
mediterranea entre distintos tipos celulares (Rossia et al., 2014) y en H. microstoma. Aunque
las discrepancias entre Calvelo et al. (2023) y Olson et al. (2020) llaman a la precaucién. Las
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diferencias entre estadios larvales y adultos en ambos estudios sugieren un origen biologico
en el uso de SL-ARNS, pero la discrepancia en la proporcion de SL-1 en sugiere artefactos
metodolbgicos entre estudios. Ya sean diferencias en las condiciones de mantenimiento de
los parasitos y sus hospedadores entre Preza et al. (2021) y Olson et al. (2020); o durante el
procesamiento y secuenciacion de las muestras ARN. Anélogo a reportes C. elegans usando
la plataforma Nanopore (Bernard et al., 2023), pero con un efecto diferencial entre distintos
SL-ARNSs. Dilucidar entre estas posibilidades es clave, aunque laborioso metodolégicamente.
Se requiere es la secuenciacion transcriptbmica de multiples muestras del mismo estadio
sometidas a distintas condiciones (ej: adultos colectados de ratones con distintas dietas) y
procesados con diferentes plataformas de secuenciacion y/o kits de extraccion. Asi como una

secuenciacién de los loci SL-ARN de los especimenes analizados.

Por altimo, a nivel de SL-ACEs y genes aceptores, la informacién recabada en platelmintos
apunta a un proceso dindmico de ganancia y posible pérdida de sitios aceptores,
posiblemente facilitado por la prevalencia de inserciones SLs facultativas. Evidenciados con
la alta prevalencia de SL-ACEs con coexistencia de SL trans-splicing y cis-splicing. Una
posible explicacién, en linea con observaciones de errores en el cis y trans-splicing reportado
en C. elegans (Tourasse et al., 2017) es que los SL-ARNs de platelmintos sean menos
eficientes que en grupos como nematodos. Facilitando de este modo la formacion significativa
de transcritos no sometidos a SL trans-splicing en estos sitios. Pero confirmar esta hipétesis
requiere una mejor comprension del spliceosoma en el grupo. La pérdida de SL-ACEs es
posible por los mismos motivos y el patrén general sugiere han ocurrido en el ancestro comun
de cyclophyllidea, pero analizar casos particulares es dificil debido a la alta tasa de falsos

negativos.

5.C) Perspectivas
SL trans-splicing en platelmintos es clave para entender su biologia tanto a nivel genético,
como evolutivo. En el primer caso por la caracterizacion de las isoformas alternativas posibles
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y los mecanismos detras de su transcripcion y procesamiento en ARNm maduros. En el
segundo por las dinamicas de formacién, fragmentaciébn y reordenamiento de loci
policistrénicos. En nuestra perspectiva, los desafios a afrontar para dar el siguiente paso en
el estudio de este proceso en platelmintos parasitos son significativos. Requiriendo la re-
secuenciacion del transcriptoma de mdltiples especies con metodologias especializadas,
seguido del desarrollo de criterios adecuados para la identificacion de sitios de relevancia

biol6gica. Asi como mejorar los estdndares de anotacion genémica en el grupo.

A nivel de especie, la caracterizacion del SL trans-splicing en profundidad ofrecera una mejor
imagen de su complemento genético y patrones de expresion. A medida que se expanda la
cobertura de Cestodos, Trematodos y otros linajes de platelmintos, ser& posible estudiar las
dinamicas evolutivas en mayor detalle. Por ejemplo, permitir4 evaluar patrones de ganancia
y pérdida de SL-ACEs sin el velo de falsos negativos que limitan la presente investigacion.
Asi como analizar las presiones selectivas y procesos que gobiernan la diversificacion y/o
homogeneizacion de SL-ARN en platelmintos. Determinar en qué linajes predomina la
conversién génica entre loci (ej: Schistosomatidae), en cuales su divergencia independiente
(ej: Hymenolepis sp.) y en cuales ambos arreglos coexisten (ej: Taeniidae). Asi como qué
consecuencias tiene en la evolucién de SL-ACEs. Preguntas como ¢ La diversidad de SL-
ARNSs favorece la ganancia de nuevos SL-ACEs o la suprime? ¢ Cémo afecta el nimero de
loci SL-ARN funcionales la tasa de SL trans-splicing? ¢Como afecta el SL trans-splicing la

expansion de elementos transponibles a grandes escalas evolutivas?

Ampliar los estudios en torno al SL trans-splicing en platelmintos ofrece oportunidades para
ampliar el conocimiento del mecanismo en si mismo. A diferencia de grupos como
nematodos, la ausencia de especializacion en el uso de SL-ARNSs sugiere que su regulacion
es comparativamente simplificada. Identificar los factores que sean exclusivos de SL trans-
splicing en el grupo, o confirmar su inexistencia, puede ofrecer importantes pistas para la
emergencia y regulacion del mecanismo. Particularmente en lo referente a la restriccion de
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SL trans-splicing a sitios especificos. En este contexto, linajes como el género Hymenolepis
con multiples SLs distintivos codificados en pocos loci (4 SLs en 5 loci) ofrecen la oportunidad
de analizar la importancia funcional de distintas regiones del SL-ARN analizando mutantes.
Pero primero es necesario solventar las dificultades practicas de identificar, aislar, criar y

potencialmente generar mutantes de cestodos.
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