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Resumen

Los cromosomas B y el conjunto de cromosomas estdndar (A)
experimentan una sucesiéon en el tiempo y en el espacio de diferentes
relaciones coevolutivas, caracterizadas por la existencia de mecanismos
de acumulacién de los cromosomas B y la respuesta del hospedador para

suprimir estos mecanismos y neutralizar los efectos deletéreos de los Bs.

El saltamontes FEyprepocnemis plorans presenta un sistema de
cromosomas B muy polimérfico, con mas de 50 variantes descritas.
En la Peninsula Ibérica, las principales variantes de cromosoma B (B1,
B2 y B5) se encuentran en un estadio de evolucién neutra o cercana a la
neutralidad, sin mecanismos aparentes de acumulacién, como resultado
de esta coevolucién con el hospedador. La aparicion, en los anos ochenta,
de la variante B24 en la poblacién espafiola de Torrox (Malaga), derivada
del B2, y que mostraba tasas de transmision superiores a las mendelianas,
evidencié la capacidad de regeneracion de los mecanismos de acumulacién

de los cromosomas B.

De esta forma, las acciones antagonistas de los cromosomas parasitos y el
genoma estandar, que se reflejan en esta dindmica evolutiva, sugieren la
existencia de una interaccién al nivel molecular, probablemente durante
la expresion génica. Es aqui donde reside el principal objetivo de esta
Tesis Doctoral, en la que trataremos de averiguar si los cromosomas B de
esta especie contienen genes que codifican para proteinas, si estan activos
y si alteran los patrones de expresion génica del genoma hospedador, ya
sea en respuesta a su mera presencia o a los productos génicos de los

cromosomas B.
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En primer lugar, hemos comprobado que la presencia de cromosomas
B no provoca una mayor tasa de dobles roturas y reparacién de ADN,
pero hemos observado que la proteina Ku70, implicada en la reparacion
no homologa del ADN, muestra un comportamiento tnico en E. plorans
al localizarse en la region centromérica de todos los cromosomas
mitéticos y meidticos (incluido el cromosoma B) durante metafase y
anafase. Mediante inmunofluorescencia combinada con tratamientos con
colchicina y ARN de interferencia, demostramos que la presencia de
Ku70 en los centrémeros tiene relaciéon con la funcién centromérica, ya
que los foci centroméricos desaparecian con estos dos tratamientos y ello
estaba asociado al aumento en la frecuencia de espermatidas poliploides,
lo que sugiere que la citocinesis en esta especie requiere la presencia de
Ku70 en los centromeros. Esta nueva funcion para esta proteina parece
ser una autapomorfia en E. plorans, puesto que no se observaron foci
centroméricos en otras catorce especies de saltamontes ni en el ratén.
No encontramos, sin embargo, ninguna evidencia de que esta funcién

estuviera asociada con la presencia de cromosomas B en esta especie.

Entre los efectos de los cromosomas B, conocidos previamente en F.
plorans, destaca el descenso de los niveles de proteina del estrés Hsp70 en
génadas de machos y hembras portadores de cromosomas B, que parecia
tener alguna relacién con el grado de parasitismo de los cromosomas B,
ya que el efecto era dependiente de la dosis (es decir, del nimero de Bs)
y del estado de neutralizaciéon de los mismos, ya que el descenso era mas
acusado para la variante B24 (en Torrox, Malaga) que para la variante B2
(en Salobrena, Granada), variantes que se encuentran en estado parasitico
y neutralizado, respectivamente. Uno de los objetivos propuestos en esta

Tesis Doctoral fue averiguar si este descenso en los niveles de Hsp70



se observa ya al nivel transcripcional o bien tiene su origen en una
regulacién post-transcripcional. Para abordarlo, analizamos, mediante
PCR cuantitativa (qPCR), los niveles de transcripcién del gen Hsp70
en 80 machos y hembras de estas mismas dos poblaciones, tanto en
génadas como en el resto del cuerpo, en su conjunto. La ausencia de
diferencias significativas entre individuos portadores y no portadores de
cromosomas B, en casi todas las muestras, sugiere que el descenso en
Hsp70, asociado a la presencia de cromosomas B, no se debe a cambios
en la actividad transcripcional del gen sino a mecanismos de regulacién
post-transcripcionales, un hecho que parece ser frecuente en poblaciones

expuestas a un estrés continuado.

El caracter predominantemente heterocromatico de los cromosomas B,
y la gran cantidad de ADN repetitivo que acumulan, han hecho creer
durante anos que los cromosomas B son elementos transcripcionalmente
inertes. También se asumia que estos cromosomas no portaban secuencias
génicas debido al caracteristico proceso de degeneracion que sufren por
la ausencia de recombinacién con los cromosomas A. Sin embargo, en los
ultimos anos, las nuevas técnicas de secuenciacién de alto rendimiento
han permitido identificar la presencia de genes que codifican para
proteinas, o versiones pseudogénicas de éstos, en los cromosomas B
de algunas especies, revelando incluso su transcripcion activa en algunos
casos. Con el fin de obtener pruebas adicionales sobre este interesante
aspecto de la investigacion sobre los cromosomas B, hemos realizado
una busqueda de genes para proteinas en el cromosoma B24 de FE.
plorans, mediante el mapeo de secuencias Illumina de ADN genémico,
procedentes de un macho 0B y otro 4B de Torrox, sobre las secuencias

codificadoras extraidas de un transcriptoma ensamblado de novo con



lecturas de ARNseq realizado en esta misma poblacién. El analisis
comparativo de la cobertura diferencial en 0B y 4B revel6 la presencia
de, al menos, nueve genes para proteinas en el cromosoma B24 de FE.
plorans, que validamos posteriormente mediante qPCR al demostrar ésta
que la abundancia genémica de estos genes aumentaba linealmente con
el nimero de cromosomas B. Cuatro de estos genes (CIP2A, GTPBG,
KIF20A y MTG1) mostraron su secuencia completa en el genoma 4B,
mientras que los cinco restantes (CKAP2, CND3, HYI, MYCB2 y SLIT)
estaban truncados. El anélisis de las lecturas de RNAseq de dos hembras
de Torrox, una 0B y la otra 1B, y la subsiguiente confirmacién por qPCR,
mostré que cinco de ellos (dos completos y tres truncados) estaban
sobre-expresados proporcionalmente al nimero de cromosomas B, tanto
en génadas como en el resto del cuerpo de machos y hembras, tal como
se esperaria si el cromosoma B estuviera transcribiendo activamente
estos genes. De hecho, los tres genes truncados (CKAP2, CND3 y
MYCB2) no mostraban esta sobrexpresiéon cuando la qPCR se realizaba
con cebadores que anclaban en las regiones ausentes del cromosoma B.
Por tanto, nuestros resultados demuestran que los cromosomas B de
E. plorans no estan tan silenciados como se creia hasta ahora. Cabe
destacar que los cinco genes del cromosoma B que se transcriben, dos
completos (CIP2A y KIF20A) y tres truncados (CKAP2, CND3 y
MYCB?2) se han asociado con funciones potencialmente cruciales para la
transmisién del cromosoma B, tales como la segregracién y estabilidad
cromosémicas, la citocinesis y el ensamblaje de los microtiibulos en
la transicién metafase-anafase. En conjunto, estos resultados permiten
hipotetizar que el éxito evolutivo de los cromosomas B en esta especie

se debe a su contenido génico.



Una vez demostrada la presencia de genes para proteinas en el cromosoma
B, nos interes6 averiguar la posible funcionalidad de los transcritos
codificados por uno de esos genes, concretamente el gen que codifica
para la subunidad CAP-G de la condensina I. La hibridacién in
situ fluorescente mediante amplificacion de la sefial con tiramidas
(FISH-TSA), ha permitido visualizar la presencia de varias copias en
tandem localizadas en la regién distal del cromosoma B24. Hemos
comprobado mediante qPCR, que hay también varias copias truncadas
de este gen en el cromosoma B de la poblacion de Salobrefia, que es la
variante B2. Ademads, en ambas poblaciones (Torrox y Salobrena), hemos
observado la transcripcion activa de la variante pseudogénica de CAP-G
situada en el cromosoma B, pero esta sobre-expresién no afectaba a la
expresién de los genes que codifican para las subunidades CAP-D2 y
CAP-D3 de la condensina I y II, respectivamente. Esto indica que el
exceso de transcritos de CAP-G procedente de los cromosomas B no
estd aumentando la actividad general de las condensinas. Por tltimo,
discutimos los posibles efectos, a varios niveles, del exceso de transcritos

pseudogénicos.

Finalmente, nos interesaba averiguar cudl es la respuesta del genoma
hospedador a la presencia de cromosomas B que transcriben al
menos parte de su contenido génico. Mediante ARNseq y microarrays
realizados en hembras con y sin cromosomas B de Torrox y Salobrefia,
respectivamente, hemos obtenido algunas respuestas a esta pregunta.
En total, observamos 188 unigenes que mostraban cambios de expresién
en el mismo sentido con ambas técnicas de andlisis y, por tanto, en
ambas poblaciones. Descartando los cambios que podian deberse a la

expresion de los genes localizados en el cromosoma B, encontramos



46 genes que codifican para proteinas conocidas, cuyos cambios de
expresion podrian estar relacionados con la adaptacion del genoma
hospedador a la presencia del cromosoma parasito. Estos cambios de
expresion tenian relacion con algunos de los efectos mas conocidos de
los cromosomas B, tales como los efectos nucleotipicos derivados de la
presencia del ADN adicional que aportan los cromosomas B, la defensa
quimica y la detoxificacién, la modificacién de proteinas, la respuesta al
estrés, la funcién ovarica y la regulacién de la expresién génica. Ademas,
encontramos, asociado a la presencia de cromosomas B, un incremento
en la expresion de muchos elementos transponibles, que era paralelo
a la represion del gen Dicerl, y que podemos interpretar como un
incremento en la actividad de éstos en presencia de cromosomas B,
debido al debilitamiento de la defensa contra los elementos transponibles

que proporciona Dicerl a través de ARN de interferencia.

En conjunto, los resultados de esta Tesis Doctoral han conseguido
elucidar nuevos detalles de la relacién entre los cromosomas A y B
en FEyprepocnemis plorans, sugiriendo la interesante posibilidad de
que el secreto del éxito de los cromosomas B resida en su contenido
génico, su capacidad para transcribirlo y, por tanto, su habilidad
para evitar el silenciamiento por parte de los cromosomas A. Esto
convierte a los cromosomas B en verdaderos parasitos intragendmicos en
intima interaccion transcripcional con el genoma hospedador, una visién
completamente nueva para estos interesantes y enigméticos elementos

gendmicos.



Summary

Supernumerary (B) and standard (A) chromosomes undergo a
spatiotemporal succession of coevolutionary relationships characterized
by the existence of accumulation mechanisms (drive) for B chromosomes
and a variety of A chromosome responses directed toward drive

suppression and diminish harmful effects.

The grasshopper FEyprepocnemis plorans shows a very polymorphic
system of B chromosomes, as more than 50 variants have been hitherto
described. As a result of their coevolutionary interaction with A
chromosomes, the main variants of B chromosomes in the Iberian
Peninsula (B1, B2 and B5) have been neutralized and thus lack apparent
drive. However, a new variant (B24) arisen in the Spanish population of
Torrox (Malaga), derived from B2, still showed drive when analyzed in
the eighties. The appearance of this new variant proved the ability of
these B chromosomes to recuperate drive mechanisms which had been

lost in the ancestor neutralized B chromosome.

The antagonistic relationship between the parasitic chromosomes and
the standard genome is revealed by their coevolutionary dynamics, and
suggests the existence of an interaction at molecular level, probably
through gene expression changes. At this point lies the main objective of
the present PhD Thesis. Specifically, we will try to find out whether B
chromosomes in this species harbor protein-coding genes, whether they
are actively transcribed and whether they alter the expression of the
genes located in the host genome, either in response to mere B presence

or as consequence to B chromosome gene products.
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First, we have observed that the presence of B chromosomes is not
associated with higher levels of double strand breaks and repair, but
we incidentally observed that the Ku70 protein, which is involved in
the non-homologous end joining pathway of DNA repair, localizes in
the centromeric region of all A and B chromosomes during mitosic and
meiotic metaphase and anaphase, but this is a feature unique for F.
plorans. By means of inmunofluorescence, we showed that Ku70 presence
at centromeres is related with centromeric function, as the disappearance
of the Ku70 foci from centromeres, after colchicine and interference RNA
treatments, was associated with an increased frequency of polyploid
spermatids, suggesting that Ku70 centromeric presence is required for
cytokinesis in this species. This novel function for the Ku70 protein is
an autapomorphy in E. plorans, as we did not observe centromeric foci
in other fourteen grasshopper species or the mouse. Nevertheless, we did
not find any evidence for the association between this function and the

presence of B chromosomes in this species.

Among the previously known B chromosome effects in E. plorans, we
can highlight the descent of cellular levels for the Hsp70 stress protein
in gonads of B-carrying males and females. This effect appeared to be
related with the parasitic degree of B chromosomes, as it depended on
the number of B chromosomes and also on their evolutionary stage,
as the descent was more marked for the parasitic B24 variant (from
Torrox, Malaga) than for the neutralized B2 (from Salobrena, Granada).
One of the objectives in this PhD Thesis was to find out whether this
decrease in Hsp70 levels occurs at transcriptional level, or else is due
to post-transcriptional regulation processes. To address this objective,

we analyzed, by means of qPCR, the Hsp70 gene expression levels in 80



males and females from the same two populations mentioned above, in
gonads and in the somatic body. The absence of significant differences
between B-carrying and B-lacking individuals in almost all samples
analyzed suggests that the descent of Hsp70 protein levels associated
to B chromosome presence is not due to changes in the transcriptional
activity of the gene, but to mechanisms of post-transcriptional regulation,
a pattern that seems to be usual in populations submitted to a continuous

source of stress.

The heterochromatic nature of B chromosomes and the high amounts
of repetitive DNA they accummulate, have led researchers to believe
that B chromosomes are transcriptionally inert. Furthermore, a typical
feature of B chromosomes is that they do not recombine with A
chromosomes, which leads them towards a process of chromosome
degeneration. Therefore, it was assumed for long that B chromosomes
do not harbor gene-derived sequences. However, during the last decade,
the development of new high throughput sequencing techniques have
allowed the identification of protein-coding genes, or pseudogenized
copies, in the B chromosomes of some species, revealing even active
transcription in some cases. Aiming to obtain additional evidence about
this attractive facet of B chromosome research, we performed a search
for protein-coding genes in the B24 chromosome of E. plorans, by means
of Illumina sequencing of DNA and RNA. We thus sequenced genomic
DNA from one 0B and one 4B males collected at Torrox, and obtained
two libraries of Illumina reads which were mapped on a set of coding
sequences, from a de novo transcriptome resulting from the assembling
of RNAseq reads obtained from 0B and 1B females from this same

population. The comparative analysis of differences in coverage for 0B



and 4B libraries revealed that at least nine protein-coding genes are
located in the B24 chromosome of E. plorans. All of them were validated
by means of qPCR, showing that the genomic abundance of these genes
increased linearly with the number of B chromosomes. Four of these
genes (CIP2A, GTPB6, KIF20A y MTG1) showed a complete coding
sequence (CDS) in the 4B genome, whereas the five remaining (CKAP2,
CND3, HYI, MYCB2 and SLIT) were truncated. Mapping the RNA
reads from the 0B and 1B females, on the same reference transcriptome,
revealed that five of the former genes (two complete and three truncated)
showed significant up-regulation which was proportional to the number
of B chromosomes, in both gonads and bodies from males and females, as
expected if that transcripts came directly from active expression of those
genes. Indeed, in the case of truncated genes, we did not find differential
expression when the qPCR was carried out with primers anchoring on
the regions that were absent from the B chromosome. Therefore, our
results demonstrate that B chromosomes in F. plorans are not so silenced
as was hitherto believed. It is interesting to emphasize that the five
genes that are actively transcribed, two complete (CIP2A and KIF20A)
and three truncated (CKAP2, CND3, and MYCB2) are associated with
functions being potentially crucial for B chromosome transmissions, such
as chromosome segregation and stability, cytokinesis and microtubule
assembly in metaphase-anaphase transition. As a whole, this result leads
to hypothesize that the evolutionary success of B chromosomes in this
species is a consequence of its genomic content and the ability to avoid

silencing mechanisms of the host.

Once the presence of protein-coding genes in the B chromosome was

demonstrated, we were interested in finding out the possible functionality



of the transcripts coded by one of these genes, specifically the gene
coding for the condensin complex CAP-G subunit. We compared the
aminoacid sequence of CAP-G from many organisms, and determined
that the predicted protein coming from the transcripts yielded by the
B chromosome would show at least two changes becoming it probably
non-functional, and that the CAP-G gene copies in the B chromosome
are pseudogenic. Fluorescence in situ hybridization with tyramide signal
amplification (FISH-TSA) allowed to visualize the B-CAP-G pseudogene
as several tandemly repeated copies located in the distal region of
the B24 chromosome. By means of qPCR, we showed that, in two
Spanish populations (Salobrefia and Torrox, with B2 and B24 variants,
respectively), the B-CAP-G pseudogene is actively transcribed, without
apparent correlation with the expression of CAP-D2 and CAP-D3
subunits of condensin I and II, respectively. This indicates that the B
chromosome transcripts are not enhancing the activity of the condensin
complex. Possible effects of the B-CAP-G transcripts at several levels

are discussed.

Finally, we were interested in finding out details on how the host genome
responds to the presence of a B chromosome being able to transcribe part
of its genetic content. By means of RNAseq and microarrays performed
in females with and without B chromosomes from Torrox and Salobrena,
respectively, we got some answers to this topic. We identified a total of
188 unigenes showing gene expression changes in the same direction for
both techniques, and thus in both populations. Discarding changes that
could be due to the expression of the genes located in the B chromosome,
we found 46 known protein-coding genes, whose expression changes

might be associated with the adaptation of the host genome to the



presence of a parasitic chromosome. These gene expression changes were
related to some of the most known effects of B chromosomes, such as
nucleotypic effects (i.e., effects derived from the increase in DNA amount
due to the presence of the extra chromosomes), chemical defense and
detoxification, protein modification and turnover, stress response, ovarian
function and gene expression regulation. Moreover, we found, associated
to the presence of B chromosomes, an increment in the expression of
a high number of different transposable elements, which was parallel
to the decrease on the expression of the Dicerl gene. We interpret
this as a signal of increased transpositional activity in the presence of
B chromosomes, derived from a weaker defense against transposable

elements throught RNAi caused by Dicerl down-regulation.

As a whole, the results of this PhD Thesis have untangled new details
about the transcriptional relationship between B and A chromosomes in
Eyprepocnemis plorans, suggesting the interesting possibility that the
secret of the evolutionary success of B chromosomes may lie on their
genetic content and their ability to avoid the mechanisms of silencing
developed by the host, in order to transcribe their gene content. This
results transform the current paradigm of B chromosomes and become
them into true intragenomic parasites being in an intimate relationship
at transcriptional level with the host genome, and providing new insights

for future research on these interesting and enigmatic genomic elements.



Introduccién general

Cualquier sistema altruista es,
inherentemente, inestable, ya que esta
sujeto al abuso por parte de individuos

egoistas, dispuestos a explotarlo.

Ri1CHARD DAWKINS

Los croMosomMAas B

El conflicto intragenémico

Los cromosomas B (también denominados accesorios o supernumerarios)
son cromosomas adicionales cuya presencia en el genoma no es necesaria
para desarrollar el ciclo biol6gico normal de los individuos portadores, y
que no recombinan con los cromosomas del complemento estdndard
(también denominados cromosomas A) (Jones, 1995). Ademads, los
cromosomas B se caracterizan por mostrar un comportamiento mitotico
y/o meidtico irregular que les permite acumularse en la linea germinal y
transmitirse a la descendencia a tasas que exceden la de los cromosomas

A (Camacho et al., 2000).
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Los cromosomas B constituyen el primer ejemplo descrito de los llamados
elementos genéticos egoistas: elementos que obtienen una ventaja relativa
en la transmisién respecto al resto del genoma, pero que son neutrales o

perjudiciales para el organismo en su conjunto (Werren et al., 1988).

El descubrimiento de los cromosomas supernumerarios data de principios
del siglo XX y fue debido a los estudios de Wilson (1907) en el hemiptero
Metapodius (ahora llamado Acanthocepala). El término “cromosomas B”
no fue utilizado hasta 1928 por Randolph, quien acufié este término en
contraposiciéon con el de “cromosomas A” para referirse al complemento
estandar (Randolph, 1928). Fue Ostergren (1945), investigando la
acumulacién de cromosomas B en plantas, el primero en argumentar que
a un elemento de estas caracteristicas se le podia considerar parasito.
Sin embargo, estas observaciones y sus implicaciones evolutivas pasaron
bastante inadvertidas en su momento, principalmente porque tanto
los cromosomas B como los elementos genéticos egoistas se percibian
como peculiaridades mas que como un fenémeno generalizado. Més
tarde, Kimura y Kayano (1961) propusieron un elegante modelo para
el mantenimiento de los cromosomas B en las poblaciones de Lilium

callosum, basado en el impulso meiético femenino.

La naturaleza egoista de los cromosomas B no fue reconocida
hasta cuarenta anos después (Jones, 1985), cuando la existencia de
elementos genéticos egoistas comenzd a considerarse mas seriamente,
principalmente por tres causas: la vision del gen como unidad de seleccién
(Dawkins, 1976), el descubrimiento de la existencia en los genomas
eucariotas de ingentes cantidades de ADN repetido sin una funcién clara
(Doolittle y Sapienza, 1980) y un creciente ntimero de estudios que, en

diferentes organimos, describian elementos genéticos con comportamiento



egoista, tales como los elementos transponibles, los distorsionadores de
la segregacién, factores citoplasmaéaticos, como microbios y organulos,
que distorsionan la determinacién sexual, y los propios cromosomas B

(para revision, ver Werren, 2011).

La invasién y propagacion de los elementos genéticos egoistas, y la
aparicion de genes de resistencia que aparecen por seleccién en el genoma
invadido, evidencian un conflicto de intereses entre componentes de un
mismo genoma. Este es el llamado conflicto intragenémico, una potente
fuerza evolutiva cuyo estudio ha servido para explicar procesos clave en
la historia de la biologia, tales como el origen del sexo y los sistemas
de determinacién sexual, la diploidia y la herencia uniparental (Werren

et al., 1988; Hurst, 1992; Burt y Trivers, 2006).

La mayoria de los cromosomas B se ajustan al modelo egoista-parasitico,
en el que el conflicto intragenémico se desarrolla como una constante
“carrera de armamentos” coevolutiva entre el cromosoma parasito y el
genoma hospedador (Ostergren, 1945). Sin embargo, también se han
descrito sistemas de cromosomas B donde los mecanismos de acumulacién
han sido neutralizados por el genoma hospedador (modelo casi-neutro,
Camacho et al., 1997), e incluso cromosomas B que pueden ser ventajosos
para el hospedador cuando se encuentran en niimero bajo, pero son

perjudiciales en niimeros elevados (modelo heterético, White, 1973).

Tamano, forma y frecuencia

No existe una morfologia estandar para los cromosomas B. Suelen

ser del mismo tamano que los cromosomas del complemento, aunque



existen ejemplos de cromosomas B més grandes que los cromosomas
A (Baverstock et al., 1982; Mestriner et al., 2000) o m&s pequenios
(Peppers et al., 1997), incluso hay casos en que se reducen escasamente
a un centréomero (Wolf et al., 1991). Hewitt (1979) observé que,
generalmente, los cromosomas B de tamano grande o mediano suelen
ser mitéticamente estables, es decir, aparecen en igual niimero en todas
las células del individuo portador, mientras que los cromosomas B
pequenios suelen ser mitoticamente inestables y los individuos portadores
suelen ser mosaicos numéricos. La posicién del centrémero en los
cromosomas supernumerarios también es variable, aunque parece tener
cierta tendencia a ser la misma que la de los cromosomas A (John y

Hewitt, 1965; Lépez-Ledn et al., 1993; Palestis et al., 2004).

Dependiendo de cada sistema, el grado de polimorfismo estructural de los
cromosomas B puede ser bastante variable. Por ejemplo, en Brachycome
dichromosomatica solamente se encuentran dos tipos (Houben et al.,
1999), mientras que, en el otro extremo, existen sistemas de cromosomas
B altamente polimérficos, como el de Eyprepocnemis plorans, donde se
han descrito més de 50 variantes (Lépez-Leén et al., 1993; Cabrero et al.,

1997).

Los cromosomas B se han encontrado formando parte del genoma de
algunos individuos en algunas poblaciones de unas 10 especies de hongos,
1300 de plantas y en més de 500 especies animales (Camacho, 2005). Se
estima que un 15 % del total de especies presentan cromosomas B (Jones
y Rees, 1982; Camacho et al., 2000). Su frecuencia en las poblaciones
depende fundamentalmente de factores selectivos (e.g. seleccion negativa
contra individuos con alto nimero de cromosomas B, desarrollo de

mecanismos de resistencia en los hospedadores, tasa de acumulacién del



cromosoma B o condiciones ambientales), y aleatorios (tasas de mutacién
y deriva genética), asi como del estadio evolutivo en el que se encuentre
el polimorfismo y de factores histéricos como, por ejemplo, el tiempo
transcurrido desde la llegada del cromosoma B a la poblacién (Camacho

et al., 2000).

El ntimero de cromosomas B que porta cada individuo es variable
atendiendo a diversos factores, tales como el tipo de cromosoma B,
su virulencia, las caracteristicas de su mecanismo de acumulacion
y la tolerancia del genoma hospedador. Salvo excepciones, en las
poblaciones naturales no se encuentran individuos con méas de tres o
cuatro cromosomas B. La existencia de un limite superior para el niimero
de cromosomas B sugiere que un ntmero elevado de estos cromosomas
puede ser perjudicial para los individuos portadores (Camacho et al.,

2000).

Origen y evolucién molecular

En la mayoria de los casos, se desconocen los mecanismos por los que
puede surgir un nuevo cromosoma extra (llamémosle “neo-B”) que
adquiera las caracteristicas propias de los cromosomas B. Existen dos
modelos generales para explicar el origen de los cromosomas B: el
modelo del origen intraespecifico, que postula que los cromosomas B
derivan de los autosomas o de los cromosomas sexuales de la misma
especie donde se encuentran (Jones y Rees, 1982), y el modelo del
origen interespecifico, que propone que los cromosomas B surgen durante

hibridaciones interespecificas, por lo que derivarian de cromosomas de



una especie afin (Battaglia, 1964).

Ambos modelos coinciden en que para que se origine un cromosoma
B es necesario un sustrato, que seria un cromosoma A en condicién
polisémica procedente de la misma especie, o de una especie diferente
cuando es por hibridacién, o bien un fragmento céntrico resultante de
una fragmentacion cromosémica. El cromosoma extra degenerara por
su aislamiento mei6tico respecto a los cromosomas A (es decir, por no
recombinar con ellos), acumulando secuencias repetidas y transposones

(Camacho et al., 2000).

Los neo-B de origen intraespecifico pueden emerger espontaneamente en
muchas especies eucariotas como un subproducto de la evolucién normal
del cariotipo (Camacho et al., 2000). Sin embargo, para su incremento
en frecuencia y mantenimiento, ese neo-B deberia mostrar, desde el
primer momento, algin tipo de mecanismo de acumulacién porque,
de lo contrario, serfa rapidamente eliminado (Camacho et al., 1997).
Como evidencia de su procedencia intraespecifica, algunos cromosomas
B contienen secuencias de ADN similares a las de los cromosomas A de
la misma especie, tal como se ha descrito en Locusta migratoria, donde
la localizacién y la secuencia de los genes de las histonas H3 y H4 indican
que el cromosoma B probablemente derivé del cromosoma 8 (Teruel
et al., 2010). Otros ejemplos de cromosomas B de origen intraespecifico
se han descrito en la planta Crepis capillaris (Jamilena et al., 1994) y la

mosca Drosophila subsilvestris (Gutknecht et al., 1995).

Otro posible modo de origen de los cromosomas B es por amplificacion
de regiones pericentroméricas tras la fragmentaciéon de un cromosoma

A que proporcione un centréomero, como se ha propuesto en la planta



Plantago lagopus cuyo cromosoma B estd compuesto mayoritariamente

por repeticiones de ADNr 5S (Dhar et al., 2002).

Cuando el cromosoma B se origina como resultado de un cruzamiento
entre especies afines (origen interespecifico), el cromosoma extra
introgresado no recombina con los cromosomas hospedadores y degenera
por su aislamiento genético. Una posible evidencia en favor de este modelo
seria encontrar secuencias especificas del cromosoma B de una especie,
que estan ausentes en el genoma hospedador, y que guardan homologia
con el genoma de alguna especie emparentada. En el caso del cromosoma
B de Nasonia vitripennis, denominado PSR (“Paternal Sex Ratio”)
por sus efectos sobre la proporcién de sexos, un andlisis filogenético
revelé que las secuencias del transposén NATE del cromosoma PSR
son mas similares a las copias presentes en especies relacionadas del
género Trichomalopsis que a las copias existentes en el propio genoma de
N. vitripennis (McAllister y Werren, 1997). El origen interspecifico de
cromosomas neo-B se ha demostrado empiricamente en Nasonia, durante
experimentos de introgresién interespecifica en el laboratorio (Perfectti

y Werren, 2001).

El proceso de degeneracién y diferenciacion de los cromosomas
supernumerarios, tras su origen, se produce mediante procesos similares
a los implicados en la degeneracién evolutiva de los cromosomas
sexuales heteromoérficos. Por tanto, puede explicarse por el trinquete
de Muller, que predice que, en ausencia de recombinacién, se produce
una acumulacién irreversible de mutaciones que lleva a la pérdida de
loci funcionales y de la homologia con las secuencias del cromosoma
progenitor, asi como a la ganancia de heterocromatina (Green, 1990).

En el caso de los cromosomas B generados a partir de un cromosoma



de la misma especie, este proceso debe ser bastante rapido, ya que en
un principio el neo-B podria tener suficiente homologia para recombinar
con sus progenitores, por lo que la degeneraciéon por aislamiento no se
produciria. En los casos en los que se origina a partir de un fragmento
cromosdmico de otra especie, éste estaria directamente aislado (Camacho

et al., 2000).

Estudios recientes en centeno (Martis et al., 2012) han propuesto el
origen del B de esta especie como un subproducto de duplicaciones y
translocaciones entre autosomas, concretamente el 3R y 7R, seguidos por
inserciones de secuencias procedentes del genoma A y de los organulos, asi
como de la amplificaciéon de repeticiones especificas en el cromosoma B.
Los genes presentes en el proto-B serian en un principio silenciados por un
mecanismo de compensacién de dosis, y degenerarian rapidamente por la
acumulacién de mutaciones e inserciones de esas secuencias procedentes
del genoma A y de los orgdnulos, excepto la regién donde se encuentran
los factores desconocidos (codificantes o no) que facilitaron la invasién y

el mantenimiento de este cromosoma B en las poblaciones naturales.

Composicion molecular

Los cromosomas B son tipicamente heterocroméaticos, debido a que estan
compuestos en su mayoria por ADN repetido, principalmente ADN
satélite y elementos transponibles (Camacho, 2005). Por lo general, su
contenido heterocromatico es similar al de los cromosomas A (Jamilena
et al., 1994; Lopez-Leén et al., 1994; Jones y Houben, 2003), pero

se han descrito ADNs satélites especificos de los cromosomas B en



Nasonia vitripennis (Nur et al., 1988) y el centeno (Sandery et al., 1990;
Martis et al., 2012), y una modificacién del IGS del ADN ribosémico en

Eyprepocnemis plorans (Munoz-Pajares et al., 2011).

Al ser dispensables y no recombinar con el resto del genoma, los
cromosomas B se convierten en un lugar susceptible de acumulacion
de elementos moéviles (Camacho et al., 2000). Ademads, hay estudios
que apuntan a que los transposones muestran cierta tendencia a
insertarse directamente en la heterocromatina (Dimitri et al., 2003).
Se ha descrito también la presencia de ADN telomérico en cromosomas
B, en posicién intersticial en algunos casos, como los de Nyctereutes
procyonides (Wurster-Hill et al., 1988) y Nectomys squamipes (Silva
y Yonenaga-Yassuda, 1998), sugiriendo que estos cromosomas se han

originado mediante reordenaciones cromosémicas (Camacho, 2005).

Asimismo, los cromosomas B frecuentemente contienen ADN ribosémico
45S que suele estar inactivo (Cabrero et al., 1987). Sin embargo, la
presencia de genes ADNr 5S sélo se ha detectado en algunos cromosomas
B como, por ejemplo, los de Plantago lagopus (Dhar et al., 2002) y
Eyprepocnemis plorans en poblaciones del Céaucaso (Cabrero et al.,

2003).

Durante mucho tiempo se ha afirmado que los cromosomas B no
contienen genes (Camacho et al., 2000; Jones y Houben, 2003; Burt
y Trivers, 2006). Esto se debe, probablemente, a la dificultad de
detectarlos de forma eficiente, mediante técnicas citogenéticas, y a la gran
abundancia de elementos repetidos que puede ocultar cualquier sefial de
genes de copia Unica o en bajo nimero de copias. Ademas, debido a la

dispensabilidad, que hace que la presién selectiva para la conservacién



de estas secuencias sea casi nula, y a la ausencia de recombinacion, el
modelo de evolucién molecular de los cromosomas B predice que las
secuencias génicas localizadas en éstos, que seran fundamentalmente
residuos del cromosoma A ancestral del que se origind el cromosoma
B, mostraran un gran niimero de mutaciones respecto a sus homoélogas
en los cromosomas A y estaran muy fragmentadas por inserciones de

transposones (Green, 1990).

Las primeras evidencias de que un cromosoma B contenia genes, que
ademads eran activos, vinieron de una asociaciéon entre la presencia de
cromosomas B y un cambio fenotipico observable, como en el caso
de los genes para la resistencia a la roya en la planta Avena sativa
(Dherawattana y Sadanaga, 1973) y a la pisatina en el hongo Nectria

haematococca (Miao et al., 1991).

Pero la primera demostracién molecular de la presencia de genes para
proteinas en los cromosomas B tuvo que esperar hasta que Graphodatsky
et al. (2005) observaron, mediante FISH, la existencia de copias del
oncogen C-KIT en los cromosomas B de varias especies de canidos.
Posteriormente se observd, también mediante FISH, la presencia de
genes para histonas en el cromosoma B de Locusta migratoria (Teruel
et al., 2010). En el cromosoma B del maiz se ha confirmado recientemente,
también mediante FISH, la existencia de al menos 4 genes (Huang et al.,

2016).

Durante los ultimos afios, el desarrollo de las técnicas de secuenciacién de
nueva generacién (Next Generation Sequencing, NGS) ha permitido una
caracterizacién mucho més profunda del contenido de los cromosomas

B. Martis et al. (2012) describieron el contenido del cromosoma B del



centeno como un mosaico de secuencias derivadas de genes procedentes
del genoma hospedador (identifican casi 5.000), fragmentos de ADN
mitocondrial y cloroplastidial y una gran cantidad de ADN repetido, en
su mayoria invadido por elementos transponibles Ty1/copia y un satélite
especifico del B de monémeros extraordinariamente largos (entre 900
y 4000 pares de bases), probablemente originado por quimerismo entre

otras secuencias repetidas.

Por otra parte, Valente et al. (2014) analizaron el contenido de los
cromosomas B del pez Astatotilapia latifasciata comparando secuencias
Illumina de genomas 0B y 2B, complementado por una secuenciacién 454
de un cromosoma B microdiseccionado. Mapearon estas secuencias contra
scaffolds del genoma de Metriaclima zebra, y detectaron bloques donde
la relacion entre la cobertura B+/B- era mayor que el promedio que se
observaba en los scaffolds que no estaban localizados en el cromosoma,
B. Estos bloques fueron anotados con el genoma de M. zebra, y se
encontrd entre ellos mas de 5.000 secuencias que podrian ser genes,
ademdas de muchos elementos transponibles y ADN repetitivo. Algunos
de los genes localizados en el cromosoma B estaban asociados con
funciones como la organizacién de los microtiibulos y la estructura del
cinetocoro, recombinacién y progresién del ciclo celular, apuntando a
que parte del contenido del B podria estar involucrado en la transmisién

y mantenimiento del cromosoma supernumerario.



Actividad transcripcional

La heterocromatinizacion se puede considerar como una manifestacién
citolégica del silenciamiento génico (Zhimulev y Beliaeva, 2003). Esto,
junto con el alto contenido en ADN repetido y la dispensabilidad de los
cromosomas B, ha llevado durante mucho tiempo a su consideraciéon como
elementos genéticos transcripcionalmente inertes. Los experimentos de
incorporacion de uridina tritiada en espermatocitos del raton Apodemus
peninsulae (Ishak et al., 1991) y en los saltamontes Myrmeleotettiz
maculatus y Chorthippus parallelus (Fox et al., 1974) apoyaban esta
idea, indicando que el nivel de transcripcién en los cromosomas B es

muy bajo o inexistente.

Son varios los casos donde se ha resefiado que la presencia de cromosomas
B puede ejercer una cierta influencia sobre la expresién de los A, aunque
ésta no se derive de la actividad génica del propio cromosoma B. Por
ejemplo, en Scilla autumnalis, las plantas con cromosoma B expresan un
gen que codifica para una variante de esterasas que no estd activa en las
plantas sin B (Ruiz-Rején et al., 1980; Oliver et al., 1982). Algo similar
ocurre en Allium schoenoprasum, donde la presencia de cromosomas B
influye sobre la expresién de un gen que codifica para una proteina del
endospermo (Plowman y Bougourd, 1994). En Apodemus flavicolis se
ha observado la expresion diferencial de algunos genes en relacién con
la presencia de cromosomas B, entre ellos una chaperona molecular
(Tani¢ et al., 2005). En el caso de que el cromosoma B estuviera
totalmente silenciado, estos efectos podrian explicarse por alteraciones
en la organizacién del genoma hospedador y los cromosomas B en los

nucleos interfasicos, ya que la expresién génica parece estar influenciada



por la posicién de los genes y los cromosomas en el niicleo (Misteli, 2007)
y por la estructura de la cromatina (Wallrath y Elgin, 1995; Zhimulev y
Beliaeva, 2003). De hecho, en el centeno, se ha visto que la presencia de
cromosomas B induce cambios de compactacién en ciertas regiones de

los cromosomas A (Delgado et al., 2004).

En estudios recientes, comparando transcriptomas de individuos con y
sin cromosoma B, se ha visto, al menos en dos casos, que la presencia
de cromosomas B estd asociada con cambios de expresiéon génica. Sin
embargo, los resultados son dificiles de relacionar con los conocimientos
que se tienen sobre los cromosomas B. Por ejemplo, en Nasonia
vitripennis, un andlisis comparativo de transcriptomas de testiculos de
machos WT (wild type) y PSR+ (portador de cromosoma PSR), asocié
la presencia del cromosoma supernumerario con algunos cambios de
expresion génica, pero ninguno de ellos estaba relacionado con los efectos
descritos previamente para este cromosoma, tales como la condensacién
cromosoOmica, la estructura de la cromatina y los elementos transponibles
(Akbari et al., 2013). En el maiz, un estudio similar ha concluido
que la presencia del cromosoma B provoca una serie de cambios en
la expresion génica del hospedador, con efectos dependientes del nimero
de cromosomas B. La mayoria de estos cambios estaban relacionados
con el metabolismo celular y proteinas de unién a nucleétidos (Huang

et al., 2016).

Sin embargo, se han descrito algunos casos donde si se observa actividad
en estos cromosomas. La primera evidencia indirecta de expresién de
genes localizados en un cromosoma B viene de los casos en los que
el cromosoma supernumerario estd asociado con un cambio fenotipico

observable, como los ya comentados genes de resistencia a la roya en



Avena sativa (Dherawattana y Sadanaga, 1973) y los de resistencia a la

pisatina del hongo Nectria haematococca (Miao et al., 1991).

Se ha demostrado actividad génica en varios casos como, por ejemplo, el
cromosoma B en estado politénico del mosquito Simulium juztacrenobium
(Brockhouse et al., 1989), y un neo-B en la avispa Nasonia vitripennis
(Perfectti y Werren, 2001), y se ha observado también la transcripcion de
secuencias especificas de los cromosomas B de centeno y maliz, que
podrian estar implicada en el mecanismo de acumulacién de estos
cromosomas B (Lamb et al., 2007; Carchilan et al., 2007, 2009), y de
secuencias similares a elementos méviles en el cromosoma B del centeno
(Carchilan et al., 2007). Més recientemente, la secuenciacién del genoma
de Drosophila albomicans ha permitido identificar un scaffold procedente
del cromosoma B, que contiene secuencias que se expresan activamente
(Zhou et al., 2012), y el andlisis de transcriptomas en Nasonia vitripennis
ha permitido identificar transcritos procedentes del cromosoma PSR
(Akbari et al., 2013). También se ha detectado transcripciéon del ADN
ribosémico de los cromosomas B de la planta Crepis capillaris (Leach
et al., 2005), la avispa Trichogramma kaykai (Van Vugt et al., 2003) y el
saltamontes Eyprepocnemis plorans (Cabrero et al., 1987; Teruel et al.,

2009b; Ruiz-Estévez et al., 2012).

Hasta ahora, la tinica evidencia de funcionalidad inequivoca la aportan
los genes para ARN ribosémico localizados en el cromosoma B del
saltamontes Eyprepocnemis plorans, ya que su actividad estd asociada
con la presencia de un nucleolo asociado al cromosoma B, que constituye
el fenotipo de estos genes. Aun asi, en la mayoria de las poblaciones
analizadas, el ADNr del B se encuentra activo en un porcentaje pequeno

de machos (Ruiz-Estévez et al., 2013), y la contribucién del B, sobre el



total de rRNA que se produce en la célula, es insignificante comparado
con la de los cromosomas A (Ruiz-Estévez et al., 2014), lo que sugiere

un alto grado de represién del cromosoma B.

Aunque son crecientes las evidencias de transcripcién de secuencias
localizadas en el cromosoma B, la presencia y actividad de genes
funcionales siguen muy cuestionadas. El hecho de que los genes
localizados en los cromosomas B estén fragmentados no implica
que su expresion no tenga ningin impacto. Se ha observado, en
numerosas ocasiones, que los pseudogenes que se transcriben pueden
alterar la expresién génica de sus genes parentales actuando a muchos
niveles, tales como modificaciones epigenéticas, generacién de ARN
de interferencia (siRNA, small interfering RNA) (Pink et al., 2011),
inhibicién competitiva en la unién de micro ARNs (Poliseno et al.,
2010), del complejo de traduccién o de otras proteinas de unién a ARN
(Poliseno et al., 2015). Si llegan a traducirse, las proteinas pseudogénicas
pueden afectar al funcionamiento de las proteinas parentales, incluso
si no son completamente funcionales (para revisién, ver Poliseno et al.,
2015). Por ello, en trabajos recientes se ha sugerido que la expresion
del contenido del cromosoma B puede modular la expresion de genes
localizados en el genoma estandar, sobre todo como reguladores en trans
de la actividad génica, tal como se ha visto en centeno (Carchilan et al.,
2009; Banaei-Moghaddam et al., 2013). Banaei-Moghaddam et al. (2013)
compararon los fragmentos génicos que encontraron en el cromosoma
B de centeno con sus correspondientes genes ancestrales en los A,
confirmando su procedencia y la pseudogenizacion de los fragmentos
génicos del B, y estudiaron los patrones de expresién génica, que eran,

en algunos casos, dependientes de tejido y genotipo, concluyendo que es



posible que la expresién de genes localizados en el B esté afectando a la

expresion regular de las células de centeno.

Efectos de los cromosomas B

En raras ocasiones la presencia de los cromosomas supernumerarios
lleva asociado un cambio fenotipico observable. El efecto mas drastico
y llamativo es, sin duda, el que produce la presencia del cromosoma
PSR de las avispas Nasonia vitripennis (Werren, 1991) y Trichogramma
kaykai (Van Vugt et al., 2003), que debe su nombre al hecho de que su
presencia en los cigotos diploides de esta avispa causa la condensacién
y disgregacién del juego cromosémico paterno completo, convirtiendo
lo que serian hembras diploides en machos haploides portadores de
PSR. Otros casos, bastante claros, de efectos fenotipicos asociados a
cromosomas B los encontramos, por ejemplo, en la planta Happlopappus
gracilis, donde la presencia de un cromosoma B esté asociada a un cambio
en el color del fruto (Jackson y Newmark, 1960), en el maiz, donde se ha
asociado la presencia de cromosomas B a la apariciéon de rayas blancas
en las hojas (Staub, 1987) y en los anteriormente comentados genes de
resistencia a la roya en A. sativa (Dherawattana y Sadanaga, 1973) y a
la pisatina en N. haematococca (Miao et al., 1991). Més recientemente, se
ha visto que la presencia de cromosomas B influye sobre la determinacién

del sexo en peces ciclidos (Yoshida et al., 2011).

Aunque existen varios ejemplos de cromosomas B cuya presencia en
numeros bajos, aporta algin beneficio para el hospedador (Dherawattana

y Sadanaga, 1973; Holmes y Bougourd, 1989; Miao et al., 1991), la



mayoria de los cromosomas B tienden a ser neutrales cuando estdn en
ntmeros bajos y perjudiciales en ntimeros altos (Jones y Rees, 1982;
Jones y Houben, 2003). Algunas veces presentan la peculiaridad de
causar efectos en relacién con su presencia en nimero par o impar
(Jones y Rees, 1967; Camacho et al., 2004), siendo, en general, més
perjudiciales los nimeros impares. En ambos casos, los efectos suelen
aparecer en caracteres asociados con el vigor, fertilidad y fecundidad,
siendo este efecto negativo sobre la eficacia biolégica de los individuos
portadores. Sin embargo, la transmisién vertical obligada del cromosoma
B como parasito, implica que su fitness estd intimamente ligada con la
del hospedador, por lo que se espera que exista atenuacién temprana de

la virulencia (Camacho, 2005).

Muchos de los efectos de los cromosomas B se han relacionado con
caracteristicas como el vigor, la fertilidad, la fecundidad o la tasa
de crecimiento. Asi, en centeno, las plantas con més cromosomas B
muestran germinacion tardia, disminucién en el crecimiento y vigor, en
ntimero de flores y en la fertilidad (Miintzing, 1943; Moss et al., 1966;
Cruz-Pardilla et al., 1989; Romera et al., 1989; Jones, 1991b; Jiménez
et al., 1994; Puertas et al., 1985). En el saltamontes Myrmeleotettiz
maculatus se ha observado una reduccién en la tasa de crecimiento
(Hewitt y East, 1978) y en Eyprepocnemis plorans una reduccién en la
tasa de fertilidad y fecundidad (Munoz et al., 1998; Bakkali et al., 2010).
También en saltamontes se ha descrito la formaciéon de espermatidas
anémalas en relaciéon con la presencia y nimero de cromosomas B, lo que
probablemente representara una reduccion en fertilidad de los individuos

portadores (Bidau, 1987; Hewitt et al., 1987; Teruel et al., 2009a).

Los efectos de los cromosomas B derivan, en ocasiones, de su



mera presencia en el genoma, lo que se conoce como efectos
nucleotipicos (Bennett, 1972). Los cromosomas B producen un
incremento intraespecifico en la cantidad de DNA nuclear y producen
efectos que pueden manifestarse al nivel celular. En este tipo de efectos
se enmarcan, por ejemplo, aumentos en el tamano de la célula como
consecuencia del aumento de la cantidad de ADN (Cavalier-Smith, 1985;
Jones y Rees, 1982) y divisién celular més lenta, como consecuencia del
aumento de tamatio del nicleo y de la cantidad de ADN (Bennett, 1971;
Evans et al., 1972).

El efecto de los cromosomas B sobre la frecuencia de quiasmas y, por
tanto, en la tasa de recombinaciéon potencial ha sido estudiado en
multitud de plantas y animales (véase Jones y Rees, 1982; Bell y Burt,
1990; Camacho, 2005). En muchas especies, la presencia de cromosomas
B se asocia con un incremento de la frecuencia de quiasmas entre los
cromosomas A durante la meiosis que, en la mayoria de las ocasiones, se
ha visto que es dependiente del ntimero de cromosomas B y, a veces, del
grado de parasitismo de éstos (Camacho et al., 2002). En otros casos, el
incremento en la frecuencia de quiasmas muestra efecto par-impar en
relacién al nimero de Bs (Ghaffari y Bidmeshkipoor, 2002). Se han visto
también alteraciones de la distribucién de los quiasmas (Jones y Rees,
1967; Fletcher y Hewitt, 1980). En la mayoria de los casos este efecto
se explica bajo la teoria de la recombinacion inducible, que postula que
un incremento en la frecuencia de quiasmas se favorece en presencia de
los cromosomas B, ya que generard un mayor nimero de descendientes
recombinantes y con ello aumenta la probabilidad de que aparezcan
individuos resistentes a la acumulacién de cromosomas B en la linea

germinal (Bell y Burt, 1990).



Los cambios en la frecuencia y distribucion de los quiasmas se han visto
implicados en la respuesta a diversas condiciones estresantes (Korol,
1999). Un cromosoma B parasitico podria actuar como factor intrinseco
de estrés en las poblaciones invadidas, ya que puede alterar el estado y
los procesos normales de la célula. En relacién a este argumento, ademas
del incremento en la frecuencia de quiasmas (Camacho et al., 2002) en
FEyprepocnemis plorans se han detectado alteraciones, asociadas con la
presencia de cromosomas B, en otros marcadores de estrés, tales como
el tamano nucleolar (Teruel et al., 2007) y los niveles de expresion de la

proteina Hsp70 (Teruel et al., 2011).

Comportamiento mitético y meidtico: mecanismos de

acumulacién

La caracteristica evolutivamente mas interesante de los cromosomas B es
su capacidad de transmitirse a tasas superiores a las establecidas por las
leyes de Mendel (el denominado impulso meiético) incrementando asi su
frecuencia en las poblaciones naturales. Los mecanismos de acumulacién
en virtud de los cuales el cromosoma B presenta ese comportamiento

pueden darse antes, durante o después de la meiosis (Jones, 1991a).

La mayoria de los cromosomas B son mitéticamente estables, es decir,
aparecen en numero constante en todos los tejidos somaticos que se
conocen. Cuando hay inestabilidad mitotica, ésta puede llevar a la
ausencia de cromosomas B en ciertos tejidos, como se ha descrito en
algunas especies de plantas que carecen de cromosomas B en las raices

pero los tienen en las partes aéreas (Jones, 1975), o simplemente a



la variacién entre células para el ntimero de cromosomas B, como se
ha descrito en los saltamontes Calliptamus palaestinensis (Nur, 1963),
Camnula pellucida (Nur, 1969) y Locusta migratoria (Cabrero et al.,
1984), en el pez Prochilodus lineatus (Cavallaro et al., 2000) y en la planta
Crepis capillaris (Rutishauser y Rothlisberger, 1966). Este mosaicismo
para la presencia de cromosomas B en las células del hospedador suele
resultar de la existencia de mecanismos de acumulacién pre-meidtica.
Este tipo de acumulacion se produce mediante no disyuncion mitética
en las células embrionarias de la linea germinal, de modo que, antes de
la gametogénesis, las células que daran lugar a los gametos ya portan
un numero medio de cromosomas B maés alto que el resto de células
del hospedador, por lo que sus gametos llevaran un incremento en
cromosomas B. Se ha sugerido que la estabilizacién mitdtica de este tipo
de cromosomas B podria estar relacionada con la neutralizacion de su
mecanismo de acumulacién por no disyuncién mitética (Viseras et al.,

1990; Cavallaro et al., 2000).

La acumulacién meidtica ocurre normalmente durante la meiosis
femenina. El mecanismo consiste en la segregacion preferente del
cromosoma B hacia la célula meidtica que formara el oocito, en vez de al
corpusculo polar, que degenera. Este tipo de acumulacién lo presentan,
por ejemplo, los cromosomas B de Lillium callosum (Kimura y Kayano,
1961) y los saltamontes Myrmeleotettic maculatus (Hewitt, 1976) y
Eyprepocnemis plorans (Zurita et al., 1998). Existe otra variante de
acumulacién meidtica, durante la espermatogénesis en Pseudococcus
affinis (Nur, 1962). En este sistema, las hembras se desarrollan a partir
de embriones en los que los dos juegos cromosémicos son eucromaticos,

mientras que, en embriones macho, el juego cromosémico de origen



paterno se heterocromatiniza. Durante la espermatogénesis, ambos
juegos segregan a polos opuestos y solo los productos meiéticos que
contienen el juego eucromatico seran funcionales. Durante la profase I
de la espermatogénesis, el cromosoma B, que hasta este momento era
heterocromatico, pasa a estar incluso menos condensado que el juego
eucromatico, y este cambio de condensacién hace posible que segregue
preferencialmente con el juego funcional, consiguiendo asi el cromosoma

B una tasa de transmision cercana al 90 % (Nur, 1962).

La acumulacion post-meidtica se da, sobre todo, en plantas, y se produce
mediante no-disyuncién mitética de los cromosomas B, que determina
que las dos cromatidas del B migren juntas al ntcleo generativo durante
la formacién del gametofito masculino. La no-disyuncién puede ocurrir en
la primera mitosis de formacién del grano de polen, o en la segunda. Los
cromosomas B del centeno (Jones y Puertas, 1993) y del maiz (Roman,

1947) se comportan asi.

Por 1ltimo, en sistemas de determinacién sexual haplodiploide puede
darse un tipo de acumulacién ameidtica. Este sistema consistiria en la
eliminacién de un juego cromosoémico completo, lo que hace que los
cigotos fecundados, destinados a ser hembras, se conviertan en machos
haploides portadores del cromosoma B, lo que supondria para éste una
tasa de transmision cercana al 100 %. A estos cromosomas B se les
denomina PSR, por “paternal sex ratio”, ya que alteran drasticamente
la proporcién de hembras y machos en las poblaciones. Este mecanismo
se ha observado en las avispas Nasonia vitripennis (Werren, 1991) y

Trichogramma kaykai (Van Vugt et al., 2003).



Control de la transmisién

Una de las més enigméticas cuestiones que se plantean en el estudio de los
cromosomas supernumerarios es cémo éstos son capaces de llevar a cabo
los mecanismos de acumulacion que les permiten invadir y establecerse
en las poblaciones. Parece probable que, en cierta medida, esto dependa
del contenido genético de dichos cromosomas. Al menos en dos casos
se ha descrito que la transmision de los cromosomas B puede verse
favorecida por la existencia de genes o secuencias localizadas en estos
cromosomas, que favorecen su propia transmision. Este el caso de los

cromosomas B del centeno y del maiz.

En el centeno (Secale cereale), se ha demostrado que los factores que
controlan la tasa de transmisién de los cromosomas B mediante la
no-disyuncioén de los cromosomas B durante la formacion de los granos
de polen estd controlada por algin tipo de factor localizado en la regién
distal del brazo largo de éste (Puertas et al., 1998; Puertas, 2002).
Cuando todos los Bs de la célula en divisién carecen de esta regién, la
no-disyuncién no se produce. Sin embargo, la presencia de un B con la
region distal intacta hace que la no-disyuncién ocurra incluso en los Bs
que carecen de esta regién (Lima-de Faria, 1962), sugiriendo algtn tipo
de interaccién en trans entre el cromosoma B capaz de transmitirse y el
defectivo. Se han caracterizado dos secuencias especificas del cromosoma
B, denominadas E3900 y D1100 (Langdon et al., 2000), que estan
repetidas en la regién distal del B del centeno. Difieren en el grado de
condensacién, son activas transcripcionalmente, y producen una coleccién
heterogénea de ARNs no codificantes (Carchilan et al., 2007). E3900

parece derivar de un retrotransposon Gypsy, mientras que D1100 es de



origen indeterminado (Puertas, 2002). Estas secuencias parecen estar
implicadas en el proceso de transmision del B del centeno (para revision,

ver Jones et al., 2008).

En el cromosoma B del maiz (Zea mays), existen varios mecanismos de
acumulacién que, mediante estudios de translocaciones entre cromosomas
A y B, se han relacionado con cuatro regiones diferentes del B. Asi,
el mecanismo de no disyuncién en la segunda divisiéon meiética del
polen requiere un factor localizado en la regién eucroméatica distal del
brazo largo, que ademéds actia en trans (Lamb et al., 2006), induciendo
una fuerte uniéon de la regién centromérica de los cromosomas B, de
forma que las crométidas no se separan (Han et al., 2007). El tercer
bloque heterocromatico del brazo largo (H3) permite a los univalentes
B migrar a uno de los polos durante la meiosis, a pesar de la ausencia
de un homologo (Carlson y Roseman, 1992). Se han caracterizado
varios elementos especificos del maiz, uno de ellos se ha denominado
ZmBs y se encuentra organizado en tandem con repeticiones muy
largas (~1400 pb) en la zona del centrémero, y parece estar implicado
en la funcién centromérica (Jin et al., 2005), en la no disyuncién
(Han et al., 2007) y en la correcta segregaciéon de los cromosomas B
(Gonzalez-Sanchez et al., 2008). Se ha descrito otra secuencia, que se
identificé inicialmente como marcador RAPD entre lineas isogénicas
con y sin cromosoma B (Stark et al., 1996) y contiene una regién
codificante homoéloga al elemento LTR Prem?2 del maiz. También se
ha encontrado una secuencia llamada StarkB, de unos 22kb, que se
distribuye entre el tercer y cuarto bloque de heterocromatina, no esta
organizada en arrays, y se compone de secuencias repetitivas procedentes

del genoma A y secuencias especificas del B, frecuentemente interrumpida



por retrotransposones. Esta secuencia se transcribe, y podria estar
involucrada en los mecanismos de acumulacién y mantenimiento del B

(Lamb et al., 2007).

En el transcurso de la coevolucién de los cromosomas B con su genoma
hospedador, la seleccién favorece que este tltimo desarrolle mecanismos
de resistencia frente a la invasion de los cromosomas parasitos. La
posibilidad de la existencia de genes capaces de reducir la tasa de
transmisién de los cromosomas B fue propuesta incialmente por Shaw
(1984). Al afio siguiente se publicaron tres trabajos concernientes a esta
hipétesis, dos de ellos que demostraban experimentalmente la existencia
de estos genes y de la coevolucion entre el genoma A y el cromosoma B en
Myrmeleotettiz maculatus (Shaw y Hewitt, 1985) y Pseudococcus affinis
(= obscurus) (Nur y Brett, 1985), y el otro demostraba su ausencia
en Secale cereale, argumentando que el mantenimiento de los B en
esta especie se debe principalmente a sus mecanismos de acumulacién
(Puertas et al., 1985), aunque mas tarde se observarian mecanismos
de supresion de la transmisién de los cromosomas B en esta especie
(Romera et al., 1991; Jimenez et al., 1995). En maiz, se han identificado
algunos loci que se asocian a una alta o baja probabilidad de transmisién

de los cromosomas B (Gonzalez-Sanchez, 2003).

Una de las principales evidencias de la existencia de genes supresores
de la acumulacion de los cromosomas B se describe en dos trabajos
de Nur y Brett (1985, 1987), que relacionan la tasa de transmision de
los cromosomas B con el genotipo de origen materno de los machos
de la cochinilla P. affinis (= obscurus), demostrando que en algunas
poblaciones se podia reducir la tasa de transmisiéon del B desde 0.9 a

menos de 0.1 en poco tiempo. Poco después descubrieron que este efecto



se debia a que algunos genotipos alteraban el grado de condensacion del
cromosoma B y su posicién en la placa metafasica, que son esenciales
para su acumulaciéon, de forma que su segregacion no se producia

correctamente (Nur y Brett, 1988).

Modelos de mantenimiento de los cromosomas B en las

poblaciones naturales

Existen varios modelos para explicar el mantenimiento de los cromosomas

B en las poblaciones naturales.

El modelo parasitico sostiene que los cromosomas B se mantienen por sus
mecanismos de acumulacién, a pesar de los efectos deletéreos que causen
a los organismos hospedadores. Como se ha comentando anteriormente,
la mayoria de los sistemas de cromosomas B estudiados hasta ahora se

ajustan mejor a este modelo (Camacho, 2005).

El modelo heterético propone que los cromosomas B no tienen
mecanismos de acumulacion y se mantienen debido a los efectos
beneficiosos que confieren a los individuos portadores cuando se
encuentran en bajo nimero, equilibrados por los perjuicios que causan

en alto nimero (Darlington, 1958; White, 1973).

Ambos modelos conllevan la existencia de un equilibrio entre dos fuerzas
contrapuestas, que conduciria a una frecuencia de cromosomas B mas o
menos estable en las poblaciones actuales. En el primero, estas fuerzas
son la acumulacién del B, que incrementa su frecuencia, y la seleccién
fenotipica contra los portadores, que la disminuye. En el segundo, el

equilibrio resulta de la seleccién fenotipica a favor de los individuos con



pocos B y la que se produce contra los individuos con muchos B.

En cualquiera de los casos, el incremento en frecuencia del cromosoma B
llega a ser una carga para el hospedador. De esta manera, si consideramos
la existencia de respuestas defensivas por parte del genoma hospedador,
entramos en la tipica dindmica coevolutiva hospedador-parasito: una

“carrera de armamentos” intragenémica.

Sobre esta base, Camacho et al. (1997) propusieron el modelo casi-neutro,
que complementa al modelo parasitico al incluir la respuesta del genoma
hospedador, y que no asume que el sistema tenga que alcanzar un
equilibrio, sino que pasa por una sucesién en el tiempo y en el espacio

de diferentes relaciones coevolutivas.

Las primera etapa de esta sucesién seria la de invasién, en la que
un cromosoma B parasitico muestra mecanismos de acumulacién y
consigue aumentar rapidamente su frecuencia en la poblacién. Cuando
el incremento en frecuencia del cromosoma B llega a ser una carga para
el hospedador, se produce un conflicto intragenémico entre el genoma
hospedador y los cromosomas B. El genoma hospedador desarrollaria
mecanismos de resistencia a los cromosomas B como, por ejemplo, un
aumento en la frecuencia de alelos en los cromosomas A que supriman la
acumulaciéon de los cromosomas B. El sistema estaria entrando entonces
en una etapa de neutralizacion: si los genes de resistencia que suprimen
la acumulacién del cromosoma B tienen un coste insignificante o menor
a la virulencia de los B, el cromosoma B puede llegar a neutralizarse,

dando lugar a la supresion de la acumulacion.

El B neutralizado puede seguir tres caminos: desaparecer de la poblacién

por accién principalmente de la deriva genética y de la seleccién natural



contra individuos con alto niimero de Bs, establecerse en la poblacién,
convertidos en elementos neutros segregando a la misma tasa que los
cromosomas A, o bien regenerar su capacidad de acumulacién. Dada
la alta tasa de mutabilidad de estos cromosomas, es probable que se
produzca una mutacion y se origine una nueva variante de cromosoma B
que presente mecanismos de acumulacién, de manera que pueda invadir

de nuevo la poblacién y repetir el ciclo una y otra vez.
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Figura 1: Dindmica evolutiva de un cromosoma B parasitico segtin el modelo
de Camacho et al. (1997).

EL SISTEMA DE CROMOSOMAS B DE FEyprepocnemis plorans

plorans

La especie de saltamontes Eyprepocnemis plorans (Orthoptera, Acrididae)
fue descrita por Charpentier en 1825. La distribucién geografica de la
subespecie E. plorans plorans comprende todo el litoral Mediterraneo,
el Caucaso, Turquia, Turkmenistan, Iran y el sudoeste de la Peninsula

Arébiga (Dirsh, 1958).

La dotacién cromosémica de F. plorans es la tipica de la familia Acrididae:
22 autosomas y un cromosoma X telocéntrico, que se clasifican en
tres grupos seguin su tamano: cromosomas largos (L1-L2), medianos
(M3-M8) y pequeiios (S9-S11), siendo el X de tamaifio intermedio entre

los cromosomas L2 y M3. El sistema cromosémico de determinacién del



sexo en esta especie es X0/XX, siendo los machos X0 y las hembras
XX. En la mayoria de las poblaciones estudiadas se ha descrito la
presencia adicional de cromosomas B. El sistema de cromosomas B es
mitéticamente estable, por lo que el mismo niimero de cromosomas B

esté presente en todas las células del individuo.

El sistema de cromosomas B de E. plorans plorans ha sido ampliamente
estudiado desde su descripcién (para revisiéon, ver Camacho et al.,
2003). Los cromosomas B de este sistema son altamente polimérficos,
con més de 50 variantes citogenéticas descritas (Lépez-Leon et al.,
1993). La frecuencia de cromosomas B varia ampliamente, tanto entre
poblaciones como entre individuos, pudiendo encontrar desde individuos
no portadores de cromosoma B hasta individuos con seis cromosomas

supernumerarios (Camacho et al., 2003).

Los cromosomas B de FE. plorans son heterocroméaticos y estan
enriquecidos en dos clases de secuencias de ADN repetido, que ademas
son compartidas con los cromosomas A: un ADN satélite de 180 bp y
ADN ribosémico (Lépez-Leén et al., 1994; Cabrero et al., 1999). La
presencia en el cromosoma X de estas dos secuencias en una ordenacion,
con respecto al centrémero, similar a la observada en el cromosoma B2
permitié hipotetizar a Lépez-Leon et al. (1994) que el cromosoma B2
habia derivado del cromosoma X. La ordenaciéon de estas secuencias
repetidas estd conservada en la mayoria de los cromosomas B de la
regién Mediterranea occidental (Bakkali et al., 1999; Cabrero et al.,
1999, 2014), lo que sugiere un origen comin para todas las variantes

(Cabrero et al., 2014).

La proporcion relativa de ADNr y ADN satélite que llevan los



cromosomas B es diferente en las poblaciones del Mediterraneo oriental
(Abdelaziz et al., 2007; Lopez-Leén et al., 2008), que ademds contienen
ADN ribosémico 5S, que no es detectado en las poblaciones occidentales
(Cabrero et al., 2003), lo que hizo considerar un origen multiregional
de los cromosomas B. Esta posibilidad fue, sin embargo, descartada
posteriormente al observar la alta similitud entre poblaciones muy
distantes para una secuencia especifica del cromosoma B (Munoz-Pajares

et al., 2011).

En cuanto a la transcripcién de las secuencias de ADN contenidas en
los cromosomas B y sus efectos fenotipicos, tal como hemos comentado
anteriormente, algunas variantes de B observadas en FE. plorans se han
relacionado con la eficacia biolégica de las hembras, la frecuencia de
quiasmas, el drea nucleolar y la expresion de la proteina de estrés Hsp70.
Ademés, se ha observado la funcionalidad en los genes para ARNr
localizados en los cromosomas B de E. plorans (Ruiz-Estévez et al.,
2012), aunque esta expresion se produce en un porcentaje muy bajo
de individuos (Ruiz-Estévez et al., 2013) y su contribucién al rRNA
total es minima (Ruiz-Estévez et al., 2014), lo que apunta a un alto
grado de silenciamiento, tal y como sugiere el estado hipoacetilado de los
cromosomas B durante la meiosis, en las células en interfase de testiculos

y embriones (Cabrero et al., 2007).

En el saltamontes E. plorans se han documentado los tres estadios de
evoluciéon contemplados en el modelo de evolucién a largo plazo de los
cromosomas B parasiticos, propuesto por Camacho et al. (1997). La
acumulacién de los cromosomas B de esta especie tiene lugar durante la
meiosis femenina, y esta basada en su segregacién preferencial hacia el

polo anafésico que formard el oocito secundario (Zurita et al., 1998). Las



principales variantes de cromosomas B observadas en E. plorans (B1,
B2 y B5) se encuentran en un estadio de evolucién neutro o cercano a
la neutralidad, ya que muestran tasas de transmision mendelianas y no
producen efectos deletéreos sobre el hospedador (Lépez-Ledn et al., 1992).
Esta neutralizacion es presumiblemente el resultado de la coevolucion de
los cromosomas parasitos con el genoma hospedador, como se comprobd
mas tarde mediante experimentos que demostraron que una misma
hembra con 1B podia transmitir su cromosoma B a tasa mendeliana
si copulaba con un macho 0B de su misma poblacién, pero a tasa
mayor (no-mendeliana) si copulaba con un macho de una poblacién
sin cromosomas B (Herrera et al., 1996). Posteriormente, se observé la
acumulacién de la variante B24 en la poblacién malaguena de Torrox, con
una tasa media de transmision de 0,7, y un significativo descenso en la
fertilidad de los huevos (Zurita et al., 1998), y también la acumulacién de
algunas variantes de cromosomas B de poblaciones marroquies (Bakkali
et al., 2002), que demostraron que los cromosomas B de E. plorans
tienden a mostrar tasas de transmisién superiores a la tasa mendeliana, a
pesar de que, en la mayoria de los casos, estos cromosomas no muestran
acumulacién (Lépez-Leén et al., 1992, 1993). La doble cara de los
cromosomas B de esta especie, mostrando unas veces acumulacion y
otras no, quedo en evidencia al observar que la tasa de transmisién de
B24 en Torrox se redujo a cerca de 0,5 en sélo seis anos (Perfectti et al.,

2004).
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Objetivos

El objetivo general de la presente Tesis Doctoral es desvelar los
mecanismos moleculares de la interacciéon entre los cromosomas B y
el genoma hospedador en el saltamontes Fyprepocnemis plorans. Para
ello, pondremos a punto diferentes técnicas de PCR cuantitativa, que
seran esenciales para abordar los principales objetivos de esta tesis, que
se resumen en averiguar si los cromosomas B de esta especie contienen
genes para proteinas, si estos genes esta transcripcionalmente activos y si

esto afecta a los niveles de transcripciéon de los genes de los cromosomas

A.
Para ello, nos planteamos los siguientes objetivos especificos:

1. Averiguar si la presencia de cromosomas B estd asociada
con mayores niveles de dobles roturas y reparacion en el
ADN, mediante inmunofluorescencia con anticuerpos para varias

proteinas relacionadas con estas funciones.

2. Comprobar si la disminucién de los niveles de proteina
Hsp70 observados previamente en esta especie, en presencia de

cromosomas B, tiene lugar al nivel transcripcional.

3. Poner a prueba la hipotesis que sostiene que los cromosomas B son
genéticamente inertes, mediante la biisqueda de genes codificadores
de proteinas localizados en los cromosomas B, y el andlisis de su

posible actividad transcripcional.
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4. Averiguar si la presencia de uno de los genes detectados en
el cromosoma B24, concretamente el gen que codifica para la
subunidad CAP-G de la condensina I, es una peculiaridad de esta
variante o bien es un hecho compartido con otras variantes de

cromosomas B en F. plorans.

5. Estudiar en mayor profundidad el gen CAP-G, analizando el
impacto que puede tener la expresién de las copias del cromosoma
B sobre la expresion de otros genes relacionados funcionalmente

con éste.

6. Trazar un perfil molecular de la respuesta del genoma hospedador a
la presencia de los cromosomas B, mediante el estudio comparativo
de los cambios de expresion génica observados entre individuos

portadores y no portadores de cromosomas B.



Metodologia general

MATERIAL BIOLOGICO

Los especimenes utilizados en esta Tesis Doctoral pertenecen
mayoritariamente a la especie de ortéptero Eyprepocnemis plorans. Para
los diferentes experimentos realizados con esta especie hemos utilizado

machos y hembras adultos capturados en las poblaciones de Torrox

(Malaga) y Salobrefia (Granada), durante los afios 2011, 2012 y 2013, asi

Tabla 1: Resumen del material biologico de utilizado en esta Tesis Doctoral

Eyprepocnemis plorans

Afno  Poblacién Sex Técnica
2011  Torrox Machos Inmunofluorescencia/ RNAi
Socovos Machos Inmunofluorescencia
El Gallego Machos Inmunofluorescencia
Laboratorio Embriones Inmunofluorescencia
2012 Torrox Machos MNumina WGS
Hembras IMumina RNA-seq
Salobrena Hembras Microarrays
2013 Torrox Hembras qPCR
Machos qPCR
Salobrena Hembras qPCR
Machos qPCR
2014 Laboratorio Embriones FISH-TSA
Otras especies Inmunofluorescencia

Heteracris adspersa

H. litoralis
Sphingonotus azurescens
Locusta migratoria
Oedipoda coerulescens

Aiolopus strepens
Acrotylus insubricus
Calliptamus barbarus
Dociostaurus jagos
D. maroccanus

Chorthippus vagans
Ch. jacobsi
Omocestus panteli
Schistocerca gregaria
Mus musculus
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como embriones en desarrollo obtenidos en nuestro laboratorio a partir de
cruzamientos controlados. La Tabla 1 muestra un resumen del material
bioldgico utilizado. Adicionalmente, hemos estudiado machos adultos de
14 especies de saltamontes, dos de ellas estrechamente relacionadas con

E. plorans, y de ratén (Tabla 1).

OBTENCION Y FIJACION DEL MATERIAL DE ESTUDIO

Los individuos adultos capturados en las poblaciones naturales fueron
preparados para las técnicas citogenéticas y moleculares al llegar al
laboratorio, o bien se mantuvieron en cultivo, en cajas de madera, a
una temperatura de 28°C para la obtenciéon de embriones. A los machos,
se les extrajeron los testiculos, uno de los cuales se fijé en etanol:acido
acético (3:1) y se almacené a 4°C hasta su utilizacién en los estudios
citogenéticos. El cuerpo, conteniendo el otro testiculo, se sumergi6 en
nitrégeno liquido para su congelaciéon y se mantuvo a -80°C para la

posterior extraccién del ADN gendémico y el ARN total.

Las hembras se diseccionaron y se les extrajo una parte de las ovariolas
que fue sumergida en colchicina al 2% (en solucién salina) durante
2 horas, con objeto de favorecer la visualizacién de cromosomas en
metafase mitética. Posteriormente, fueron fijadas en etanol:acido acético
(3:1) y se conservaron a 4°C hasta su uso para los estudios citogenéticos.
El resto de las ovariolas y el cuerpo se congelaron en nitrégeno liquido, y

se mantuvieron a -80°C hasta el momento de las extracciones de acidos



nucleicos.

Los embriones en desarrollo se obtuvieron incubando puestas de huevos
de hembras gravidas a 28°C en una cdmara hiimeda durante diez dias.
Transcurrido ese tiempo, diseccionamos los huevos para extraer los
embriones que fueron luego sumergidos en una solucién de colchicina
al 0.05% en solucién salina, durante 2 horas. Posteriormente, fueron
sometidos a un choque osmético con agua destilada y fijados de forma

similar a las géonadas de adultos, para su posterior estudio citogenético.

TECNICAS CITOGENETICAS

Obtencion de preparaciones cromosémicas

Las preparaciones cromosémicas de génadas de machos y hembras
adultas fueron realizadas disgregando un par de foliculos testiculares u
ovariolas sobre un portaobjetos en una gota de 4cido acético al 50 %, con
un macerador de extremo plano. Luego se coloca un cubreobjetos, y tras
eliminar las burbujas de aire, presionando sobre el cubreobjetos con la
punta de una aguja enmangada, se aplasta el material presionando con el
dedo pulgar para disponer las células en un mismo plano. Posteriormente,
las preparaciones se introducen en nitrégeno liquido durante unos
segundos y se elimina el cubreobjetos con ayuda de una cuchilla de

afeitar.

Para inmunofluorescencia, las preparaciones se realizaron con material



fresco que se fij6 en paraformaldehido al 2% en PBS con 0,05% de
Tween 20, disgregando dos foliculos testiculares sobre un porta en una

gota del mismo fijador.

Las preparaciones de cromosomas mitéticos de embriones se realizaron
siguiendo el protocolo descrito por Meredith (1969). En un tubo
eppendorff de 1.5 ml, se homogeniza un embrién en 20ul de &cido
acético al T0% y se depositan varias gotas del homogeneizado en un
portaobjetos colocado sobre un termoblock a 60°C, para conseguir la
fijacién del material al portaobjetos. Estas preparaciones se utilizaron

en fresco o fueron congeladas para su uso posterior.

Determinacién del nimero de cromosomas B

El ntimero de cromosomas B que portaban los machos se determiné
estudiando preparaciones de foliculos testiculares tefiidas con orceina
lactopropiénica al 2% (?), aunque en algunos casos fue necesario realizar
bandeo C (Fig. 2a) (Camacho et al., 1991) para distinguir el tipo
de B. Esta ultima técnica permite poner de manifiesto la presencia
de la heterocromatina constitutiva en los cromosomas, pudiendo asi
caracterizar el nimero y tipo (variante) de cromosoma B que porta cada
individuo, ya que muestran una mayor intensidad de tincién debido a la

naturaleza heterocromética de los mismos.

La presencia y ntimero de cromosomas B en las hembras de 2012 fue
determinada mediante bandeo C en preparaciones de hemolinfa de
especimenes vivos, siguiendo la metodologia propuesta por Cabrero

et al. (2006). Este protocolo permite determinar facilmente la presencia



de cromosomas B en esta especie ya que aparecen como un bloque
intensamente tenido en los hemocitos interfasicos, como puede apreciarse
en las Figuras 2b y 2c¢, que corresponden, respectivamente, a una hembra
no portadora de cromosomas B y a una hembra con un cromosoma
B. Durante 2013, el ntimero de cromosomas B en las hembras se
determiné mediante bandeo C en las ovariolas tratadas con colchicina,
observandose el cromosoma B como un cromosoma supernumerario muy

heterocromatico (Figura 2d).

Los embriones que portaban cromosomas B fueron identificados
tinendo las preparaciones cromosémicas con 2 pg/ml 4.6
diamidino-2-phenylindole (DAPI) lo que permite revelar la presencia

del cromosoma B como el que muestra la mayor superficie DAPIT.

Hibridacién in situ fluorescente con amplificacién de la senal

por tiramidas

La localizacién cromosémica del gen de la subunidad CAP-G del
complejo de condensina I (capitulo 4) se ha llevado a cabo mediante
hibridacién in situ fluorescente con amplificacién de la senal por tiramidas
(FISH-TSA) sobre preparaciones cromosémicas de embriones, siguiendo
los protocolos descritos previamente por Krylov et al. (2008, 2007) y
Funkhouser-Jones et al. (2015), con ligeras modificaciones que incluyen
un tratamiento previo de las preparaciones con RNasa (100 png/ml in
2XSSC) durante 2 horas a 37°C y la utilizacién de una mezcla de
dNTPs, que contenfa 1mM dATP, ImMdCTP, ImMdGTP, 0,65mM
dTTP and 0.01mM digoxigenin -11-dUTP, en el marcado de la sonda
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Figura 2: Determinacién del niimero de cromosomas B en especimenes de E.
plorans mediante bandeo C de preparaciones de foliculos testiculares
(a), frotis de hemolinfa (b, c¢) y ovariolas tratadas con colchicina

(d).



que fue realizado a 37°C durante 20h con el kit Decalabel DNA labeling

kit (Thermo Scientific). (Ver el capitulo 4 para mas detalles).

Inmunofluorescencia

Para la inmunofluorescencia, utilizamos el protocolo descrito en (Cabrero
et al., 2007b,a). Brevemente, éste consiste en sumergir las preparaciones
en PBT y realizar varios lavados, tras lo que se realiza un bloqueo con
BSA al 10% en PBT, incubando durante 1 hora en cdmara htimeda,
tras lo que se anade el anticuerpo primario. Tras incubar durante toda
la noche, se realizan varios lavados con PBT y se anade el anticuerpo
secundario y, después de 1 hora de incubacién en la oscuridad, se vuelve
a lavar en PBT y se tifle con DAPI para identificar los cromosomas. En
el capitulo 1 se utilizan anticuerpos para las proteinas YH2AX, Ku70,
Ku80 y RADA51, implicadas en la reparacion de roturas del ADN de
doble cadena y para a-tubulina, que permite marcar el citoesqueleto.
Los anticuerpos utilizados y la zona de la proteina con la que reaccionan

pueden consultarse en el capitulo 1.

Tinciéon de Feulgen

La tincion de Feulgen se utilizo en el capitulo 1 para estimar la cantidad
de ADN en las espermatidas normales y en las macroespermaétidas
mediante la técnica de andlisis densitométrico de imagen de Feulgen
(FIAD), con el protocolo descrito en Ruiz-Ruano et al. (2011), ya que

tifie el material estequiométricamente en relacién a la cantidad de ADN.



Brevemente, las preparaciones se tratan con HCI 5N durante 20 minutos
y con reactivo de Schiff durante 2 horas, después de lo cual se realizan

lavados con agitacién en agua sulfurosa.

TECNICAS MOLECULARES

Extraccion de acidos nucleicos

Para la secuenciacién Illumina realizada (capitulo 3) el ADN que se
utilizé fue extraido de una pata saltadora, para evitar contaminaciones
procedentes del aparato digestivo. El material congelado se pulverizd
en nitrégeno liquido, con ayuda de un mortero de porcelana. En los
demas casos, la extraccién de acidos nucleicos de cuerpos de saltamontes
se realiz6 pulverizando un cuerpo o hemicuerpo en nitrégeno liquido,
con ayuda de un mortero de porcelana. Aproximadamente 1/4 del
material pulverizado obtenido se utilizé para extraer ADN, usando el
kit GenElute(R) Mammalian Genomic DNA minipreps (Sigma) y los
restantes 3/4 para extraer ARN con el kit Real Total RNA Spin Plus kit
(Durviz). Las génadas se disgregaron con un mini homogeneizador en
tubos eppendorf de 1,5 mL, sumergidos en Quiazol, para su extracciéon

con el kit RNeasy Lipid Tissue Mini Kit (Qiagen).

En ambos protocolos de extraccién de ARN se realiz6é un tratamiento
con DNasa (DNase Amplification Grade I, Sigma) en la membrana de

la columna de extraccién. Posteriormente, las muestras de ARN de



cuerpos fueron sometidas a un segundo tratamiento con DNasa (kit
REALSTAR, Durviz), que no fue necesario en el caso de las muestras
de génada. La integridad del ARN y la ausencia de contaminacién con
ADN genémico se comprobé en un gel desnaturalizante MOPS-agarosa
(1%) con formaldehido 2M. La ausencia de ADN contaminante se
comprobd también mediante un control por PCR, basado en la ausencia
de amplificaciéon de genes de ARN ribosémico o histonas en las muestras
del ARN aislado. En el caso del ARN con el que se realizo la hibridacién
de microarrays (capitulo 5), la calidad y ausencia de contaminacién se

chequed con un bioanalizador Agilent 2100.

La cuantificacién de las muestras de acidos nucleicos, asi como la
obtencién de medidas de calidad de las mismas mediante la medicién
de los ratios de absorbancia a 260 y 280 nm, se realizé en un

nanoespectrofotémetro Tecan’s Infinite 200 NanoQuant.

Retrotranscripcion

Obtencién del ADN complementario (ADNc) utilizado en las técnicas

de PCR y qPCR

En el capitulo 1, la obtencién de ADNc de cadena simple a partir de
ARN (retrotranscripcién) se realizé a partir de 100 ng de ARN total con
el kit SuperScript IIT First-Strand Synthesis SuperMix kit (Invitrogen),
usando cebadores oligo dT y siguiendo las instrucciones proporcionadas
por el fabricante en el manual de usuario. En los capitulos 2, 3 y 4,
la retrotranscripcion se realizé a partir de 100 ng de ARN total por

muestra, con el kit PrimeScript™ RT reagent Kit, Perfect Real Time



(Takara), usando una combinacién de hexdmeros random y oligo dT. En
cada reaccion de retrotranscripcion se incluia un control negativo (sin

ARN) para asegurar la ausencia de contaminacion en los reactivos.

Reamplificaciéon y obtencién del ADNc de cadena doble utilizado para

la hibridacién sobre microarrays

Para obtener el ADNc de doble cadena necesario para la hibridacion sobre
microarrays (capitulo 5) se utiliz6 el kit TransPlex Whole Transcriptome
Amplification Kit (Sigma), siguiendo las instrucciones del fabricante y
las recomendaciones para la hibridacién en NimbleGen Arrays User’s
Guide (Gene Expression Arrays v6.0). La cantidad de ARN que se utilizd
por muestra fue de 62.5 ng, que era la cantidad maxima disponible para

la muestra menos concentrada.

Reaccién en cadena de la polimerasa (PCR)

La PCR se ha utilizado en esta Tesis Doctoral para amplificar fragmentos
de ADN y ADNc para la obtencién de la sonda empleada en la FISH-TSA
y para la secuenciacién Sanger. Estas amplificaciones se han realizado
con el kit Horse-PowerTaq DNA polymerase (Canvax). Las secuencias de
los cebadores utilizados y el método con el que se han disenado pueden

consultarse en el apartado de Material y Métodos de cada capitulo.

En general, los programas consisten en una fase inicial de
desnaturalizacién (94°C durante 5 minutos), entre 30 y 40 ciclos

de desnaturalizacién (94°C, 30 segundos), hibridacién (45-60°C,



dependiendo de la temperatura especifica de cada pareja de cebadores,
durante 30 segundos) y extension (72°C, con tiempo variable en funcién
de la longitud del fragmento a amplificar) y una fase final de extensién
a 72°C durante 5 minutos. La visualizacién del producto de PCR se ha
realizado en geles de agarosa/TBE al 1,5 % con SYBR® Safe (Invitrogen).
Cuando ha sido necesario, las bandas obtenidas se han recortado y
limpiado con el kit GenElute® Gel Extraction (Sigma) y/o el producto
de PCR se ha limpiado con el kit GenElute® PCR Clean-Up (Sigma).

Clonacién

En el capitulo 2, se detalla cémo los fragmentos obtenidos por PCR con

cebadores degenerados se clonaron antes de la secuenciacién, usando

TOPO TA cloning kit (Invitrogen).

PCR cuantitativa en tiempo real (qPCR)

En las reacciones de qPCR realizadas para estimar la abundancia de
un determinado gen en el genoma de E. plorans (capitulos 3 y 4), el
ADN genémico se utilizé diluido a una concentraciéon de 5ng/pl. Para
las reacciones de qPCR llevadas a cabo para cuantificar la expresion
relativa de un determinado gen en relacién al nimero de cromosomas B
(capitulos 2, 3 y 4), el ADNc obtenido a partir de 100 ng de ARN era
diluido en proporcién 1:10 en agua libre de nucleasas. En el capitulo 1, el
ADNc se utiliz6 diluido en una proporcién 1:5. Las reacciones contenian

5 ul de ADNg, 5 pl de SensiMix™ SYBR Kit (Bioline) y 2.5 pl de cada



primer, a una concentraciéon de 2.5 ntM en un volumen total de 15 pl.
Para minimizar la variacién técnica en las reacciones se usaron pipetas
electrénicas (Eppendorf Research®Pro) y ademads se hicieron dos réplicas
técnicas de cada reacciéon. En cada experimento se incluyé un control
negativo para cada pareja de cebadores y una muestra de referencia,
llamada calibrador que consiste en una mezcla de ADN/ADNc que es

siempre el mismo y que se usa para normalizar la variacion entre placas.

El programa de qPCR consta de una fase de desnaturalizacién inicial
(95°C, 10 minutos), seguida de 40 ciclos de 94°C/15”, 58-60°C/15” y
72°C/15”, con una lectura de placa en cada ciclo. Al final del 40° ciclo,
se incluyd una curva de disociacion desde 72 hasta 95°C para asegurar
la especificidad de la reacciéon. Los datos de fluorescencia se midieron y

procesaron con Opticon Monitor 3.1 (Bio-Rad Laboratories, Inc).

Estima de la eficiencia de la reaccion

Para cada pareja de cebadores, se realizd una curva estandar a partir de 5
alicuotas de diluciones seriadas 1:10 de ADNec. El factor de amplificacién
en cada ciclo (i.e., el nimero de moléculas que se generan a partir de
una en cada ciclo de PCR, normalmente cercano a 2) y el porcentaje de
eficiencia de la reaccién se calculé a partir de la pendiente de la curva

estandar.



Genes de referencia

Para la selecciéon de los genes de referencia mas adecuados en cada
caso, amplificamos un total de 7 genes de expresion constitutiva en F.
plorans, utilizando los cebadores descritos en Van Hiel et al. (2009) y
Chapuis et al. (2011). La selecciéon de los més adecuados para cada
tipo de muestra se hizo con el programa GeNorm (Vandesompele et al.,

2002).

La seleccién de genes de referencia para la comparacién entre las muestras
de 2013 mediante qPCR aparece detallada en el capitulo 2, tabla 4. Para

los capitulos 3 y 4 se utilizaron los mismos genes de referencia.

Cuantificacion relativa de los resultados de la amplificacién de las

muestras

En el capitulo 1, el cdlculo de la cuantificacién relativa se hizo en relacién
a las muestras control, y normalizada por la media geométrica de dos
genes de referencia. En lo demés casos (capitulos 2, 3 y 4), los célculos
de cuantificacién relativa tanto de expresién como de abundancia en el
genoma se han hecho referidos a la muestra calibradora, con un script
de R propio, basados en el método de Pfaffl (2001)y, en el caso de los
valores de expresién, normalizados respecto a la media geométrica de
los valores de los genes seleccionados por GeNorm (Vandesompele et al.,

2002) en cada tipo de muestra (ver capitulo 2 tabla 4).



Secuenciacion Sanger

Las secuenciaciones se han realizado en el Servicio de Anélisis Genético
del Departamento de Genética de la Universidad de Granada y en

Macrogen (Macrogen Europe, Amsterdam, Holanda).

Secuenciacion Illumina

Las secuenciaciones Illumina de ARN (una hembra 0B y una hembra
1B) y ADN (un macho 0B y un macho 4B) de los individuos de E.
plorans de la poblacién de Torrox que se han utilizado en los capitulos
3, 4 y 5, se han secuenciado en Macrogen (Macrogen Inc., Seoul,
Corea del Sur) con tecnologia Illumina HiSeq2000. Estas secuencias
estdn disponibles en la base de datos NCBI-SRA con los siguientes
nimeros de acceso: SRR2970625 (gDNA_ 0B), SRR2970627 (¢DNA_ 4B),
SRR2969416 (RNA_0B) and SRR2969417 (RNA__1B).

Hibridacién de microarrays

El diseno de los arrays custom (3x1.4M Gene Expression arrays)
utilizados en el capitulo 4 fue realizado por Nimblegen. El marcado, la
hibridacion, el lavado y el escaneado de los arrays se realiz6 siguiendo
el protocolo proporcionado por la empresa (NimbleGen Arrays user’s

guide for gene expression arrays) en un escaner de microarray MS 200.



Knockdown mediante ARN interferente (iIARN)

El ARN de doble cadena para el knockdown del gen de la proteina
Ku70 (capitulo 1) se sintetiz6 a partir de un producto de PCR siguiendo
el protocolo del kit Ambion T7 RNA polymerase transcription. Las
inyecciones con el ARNi se realizaron intra-abdominalmente, a nivel de

los testiculos.

BIOINFORMATICA

Diseno de cebadores

Las herramientas para el diseno de los cebadores que se han utilizado
en esta Tesis Doctoral han sido Primer3 (Koressaar y Remm, 2007;
Untergasser et al., 2012), FastPCR (Kalendar et al., 2009) y NetPrimer

(Premier Biosoft).

Alineamiento y edicién de secuencias

Se ha utilizado BLAST (Altschul et al., 1990) para alineamientos
pairwise, MAFFT (Katoh et al., 2002) para alineamiento multiple y
Geneious 4.8 Drummond et al. (2009) para la edicién de las secuencias

y la elaboraciéon de figuras.



Herramientas de analisis de datos obtenidos por

secuenciacion de alto rendimiento

El control de calidad y la estadisticas de las lecturas Illumina se realizé
con fastqc (Andrews, 2010), el ¢trimming se realiz6 con Trimmomatic
(Bolger et al., 2014) y la identificaciéon y eliminacién de posibles

contaminaciones se realizé con deconseq (Schmieder y Edwards, 2011).

Las lecturas Illumina RNAseq de hembras de FE. plorans se ensamblaron
con Trinity (versién 20131111, Grabherr et al., 2011) siguiendo
las directrices propuestas por Haas et al. (2013) y obteniendo un

transcriptoma de novo.

La prediccion computacional de secuencias codificantes en el
transcriptoma de novo se realizé con Transdecoder (Haas et al., 2013).
La anotacién funcional de estas secuencias se realizé siguiendo el flujo
de trabajo de Trinotate (Grabherr et al., 2011), haciendo una bisqueda
por homologia con BLASTX y BLASTP (Altschul et al., 1990, 1997) en
las bases de datos UniProtKB/Swiss-Prot y UniProt Reference Clusters
(UniRef) con los pardmetros por defecto. También se buscaron dominios
proteicos con HMMER (Finn et al., 2011) y PFAM (Finn et al., 2013).
La clasificaciéon funcional de estas secuencias se realizé6 mediante dos
métodos estandarizados: Gene Ontology (GO; Ashburner et al., 2000)
y Eukaryotic Orthologous Groups (KOG; Tatusov et al., 2003). Se
realizé una bisqueda de elementos transponibles en el ensamblaje con
RepeatMasker (Smit et al., 1996) en una base de datos obtenida de
Repbase (Jurka et al., 2005) con elementos transponibles descritos en
Locusta migratoria. Para el estudio de expresion diferencial (capitulo 5),

se mapearon sobre este transcriptoma ambas librerias de ARN (0B y 1B
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de hembras, tabla 1) con Bowtie2 (Langmead et al., 2009). La estima
de abundancia por transcrito se hizo con RSEM (Li y Durbin, 2009) y
la estadistica para la expresion diferencial se hizo a partir de los valores

de FPKM con edgeR (Robinson et al., 2010).

Para la identificacién de genes en los cromosomas B (capitulo 3), se
mapearon sobre el transcriptoma de novo las librerias de DNA de machos
de Torrox (0B y 4B) con SSAHA2 (Ning et al., 2001), y la cobertura
por posicién nucleotidica se calculé con un script custom y se normalizd

como se describe en el capitulo 3.

La prediccion de los sitios de unién exén-exén en los transcritos de los
genes potencialmente localizados en el cromosoma B (capitulo 3) se

realiz6 con el programa exonerate (Slater y Birney, 2005).

En la figura 3 se puede encontrar un resumen gréafico de los métodos
informéaticos utilizados para el analisis de datos de secuenciacion de alto
rendimiento en los capitulos 3 y 5 para localizar genes codificadores de
proteinas en los cromosomas B y para detectar cambios de expresién

génica.

Normalizacion y expresion diferencial con microarrays

Para la normalizacién RMA (robust multi-array average) de los datos
de microarray se utiliz6 el paquete oligo (Carvalho y Irizarry, 2010). Las
diferencias de expresiéon se estudiaron con el paquete limma (Smyth,

2005).
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The Ku70 DNA-repair protein is
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Abstract The Ku70 protein is involved in numerous cell functions,
the non-homologous end joining (NHEJ) DNA repair pathway being
the best known. Here we report a novel function for this protein in
the grasshopper Eyprepocnemis plorans. We observed the presence of
large Ku70 foci on the centromeres of meiotic and mitotic chromosomes
during the cell cycle stages showing the highest centromeric activity (i.e.
metaphase and anaphase). The fact that colchicine treatment prevented

centromeric location of Ku70, suggests a microtubule-dependent
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centromeric function for Ku70. Likewise, the absence of Ku70 at
metaphase-anaphase centromeres from three males whose Ku70 gene
had been knocked down using RNAi, and the dramatic increase in the
frequency of polyploid spermatids observed in these males, suggest that
the centromeric presence of Ku70 is required for normal cytokinesis in
this species. The centromeric function of Ku70 was not observed in 14
other grasshopper and locust species, nor in the mouse, thus suggesting

that it is an autapomorphy in E. plorans.

INTRODUCTION

Eukaryotic cells repair double stranded DNA breaks (DSB) via two
pathways: homologous recombination (HR) and non-homologous
end-joining (NHEJ), both playing a role in maintaining chromosomal
DNA throughout the cell cycle (Takata et al., 1998). Among the
several proteins involved in these pathways, Ku is a heterodimer of two
polypeptides of about 69 and 83 kD, called Ku70 and Ku80 (or Ku86)
respectively. It is a multifunctional protein involved directly or indirectly
in many important cellular metabolic processes, such as DNA DSB repair
through the NHEJ pathway, V(D)J recombination of immunoglobulins
and T-cell receptor genes, immunoglobulin isotype switching, DNA
replication, transcription regulation, heat-shock response, telomere
maintenance, and cell-cycle regulation (Tuteja and Tuteja, 2000). Such

a variety of functions is derived from the ability of Ku to bind to DNA,



RNA, and proteins. The DNA repair function of this protein is performed
in conjunction with the DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), with which it forms the DNA-dependent protein kinase
(Gell and Jackson, 1999). It has been suggested that the monomer Ku70
(on which this work focuses) acts as a switch between the HR and NHEJ
DSB repair pathways, so that downregulation of Ku70 in early meiosis
(pre-leptotene-zygotene) may ensure that meiotic DSBs are processed
by homologous recombination (Goedecke et al.; 1999). Phylogenetic
analysis of Ku70 orthologs in fungi, plants and animals has revealed
that the Ku70 protein is highly conserved among eukaryotes (Poggeler
and Kiick, 2006).

Being components of the nuclear matrix, Ku proteins are predominantly
nuclear, where they appear diffusely distributed throughout the
nucleoplasm (Koike et al., 1999). However, in addition to its DNA-repair
function in the nucleus, Ku70 has been located in the cytoplasm, where
it can inhibit Bax-mediated apoptosis (Sawada et al., 2003). It has
also been found in the plasma membrane, where it can participate in
heterologous and homologous cell adhesion (Koike, 2002) as well as
fibronectin binding (Monferran et al., 2004a), and can interact with
metalloprotease 9 (MMP-9) (Monferran et al., 2004b). Furthermore, a
binding site for Ku70/80 has been found in LINE-1 retrotransposons,
suggesting that these proteins may also participate in transposition

(Katz et al., 2005).

Ku moves rapidly throughout the nucleus, showing a transient high-flux
association with nuclear substrates, including both DNA and the nuclear
matrix —the latter associating only with the Ku70 monomer (Rodgers

et al., 2002). As if the Ku functional picture wasn’t complex enough,



several reports suggest that this protein may have additional functions
that are independent of the DNA-dependent protein kinase holoenzyme
(Gao et al., 1998; Gu et al., 2000). Evenmore, the Ku70 monomer was
suggested to possibly have functions that are independent of Ku80 (Koike
et al., 2001). Consistently, it has been reported that Ku70 and Ku80
monomers can show independent location in the nucleus (Bertinato et al.,
2001). It has also been shown that Ku70, but not Ku80, interacts with
heterochromatin protein la (HP1a), a protein known to be associated
with telomeres and heterochromatin (Song et al., 2001). Likewise, Ku70
seems to be involved in the internalization of the obligate intracellular
bacterium Rickettsia conorii (Martinez et al., 2005). It has also been
suggested that Ku80 has a Ku70-independent DNA DSB repair function,
in addition to the one dependent on Ku70 (Koike and Koike, 2005b).

Throughout our several studies on supernumerary (B) chromosomes
(a kind of parasitic chromosomes), we consistently came across several
effects of these chromosomes in the grasshopper Fyprepocnemis plorans,
e.g. decreasing egg fertility (Zurita et al., 1998; Mufioz et al., 1998)
or increasing the frequency of chiasmata (the cytological manifestation
of meiotic recombination) in the host genome (Camacho et al., 1980,
2002). To determine the molecular causes of chiasma frequency changes,
we analyzed whether the presence of B chromosomes is paralleled by
an increase in the frequency of double-strand breaks (DSBs) during
meiotic prophase I, since these are required for HR. We thus investigated
the presence, in B-carrying and B-lacking individuals, of the Ser-139
phosphorylated form of the H2AX histone (yH2AX), a modification
that occurs in the vicinity of DSBs and thus serves as signal for the

DNA-repair events (Zhou and Elledge, 2000; Cabrero et al., 2007b).



Although we did not observe qualitative differences for YH2AX between
+B and —B individuals at prophase I cells, we noticed the presence of
conspicuous foci of this protein at centromeric regions of all chromosomes
during metaphase I. This hinted at the interesting possibility that
centromeres might be experiencing frequent DSBs during chromosome
segregation. To answer this question, we engaged in the current work in
which we analyze the location of several proteins involved in the two main
pathways of DNA DSB repair. i.e. Rad51 (involved in the HR pathway)
and Ku70 and Ku80 (involved in the NHEJ pathway). We especially
focused on any possible location of these proteins at the centromeric
region and whether, in addition to their DNA DSB repair role, such
centromeric location means an involvement of these proteins in the
centromeric function. We initially based our work on immunofluorescence
microscopy and, in order to verify the immunofluorescence results, we

carried out RNAi-mediated knockdown of the Ku70 gene in E. plorans.

In this paper we show that, in the grasshopper E. plorans, Rad51 and
Ku80 are not found in centromeric regions, but Ku70 is conspicuously
present at centromeres during diakinesis, metaphase I, anaphase I,
metaphase II and anaphase II, as well as at spermatogonial and
embryonic mitotic metaphases. However, these large centromeric foci of
Ku70 failed to appear after RN Ai-mediated knockdown of the Ku70 gene,
and also after colchicine treatment, suggesting a microtubule-dependent
centromere-related function of Ku70. Unexpectedly, the centromeric
location of Ku70 seems to be exclusive to E. plorans, since 14 other
grasshopper and locust species, as well as the domestic mouse, failed to

show it.



MATERIALS AND METHODS

Materials

Adult males of the grasshopper Eyprepocnemis plorans were collected
at a B-carrying population (Torrox, Mélaga, Spain), and two B-lacking
populations (Socovos and El Gallego, Albacete, Spain). Developing
embryos of E. plorans were obtained by incubating eggs laid by gravid
females bred in the laboratory. We also analyzed the grasshopper species
Heteracris adspersa (Agramon, Albacete, Spain) and H. litoralis (Torrox,
Mélaga, Spain), which are close relatives of E. plorans also belonging
to the subfamily Eyprepocneminae. In addition, we analyzed other
distantly related grasshopper and locust species collected in the Granada
province (Spain), including Aiolopus strepens, Locusta migratoria,
Oedipoda  coerulescens, Sphingonotus azurescens and Acrotylus
insubricus (subfamily Oedipodinae), Calliptamus barbarus (subfamily
Calliptaminae), Dociostaurus jagoi, D. maroccanus, Chorthippus vagans,
Ch.  jacobsi, Omocestus panteli (subfamily Gomphocerinae) and
Schistocerca gregaria (subfamily Cyrtacanthacridinae) (this latter from
our laboratory colony). Furthermore, we analyzed the domestic mouse.
No specific permits were required for the field studies. The locations
sampled were not privately owned or protected in any way, and this

study did not involve endangered or protected species.



Slide preparations and inmunofluorescence

Fixation and squash preparations of grasshopper testis follicles and
embryos as well as the mouse seminiferous tubules, were performed as
described in (Cabrero et al., 2007b). In brief, all materials were fixed
in freshly prepared 2% paraformaldehyde in PBS (phosphate-buffered
saline) containing 0.05% Tween 20 for 15 min. Testis preparations
were made by squashing two testis tubules in a small drop of the
paraformaldehyde fixative. After immersion into liquid nitrogen and
coverslip removal, the slides were immediately transferred into PBS.
Cytological preparations of mouse spermatocytes were made following
the protocol for grasshopper embryos described in (Camacho et al.,
1991). Immunofluorescence analysis of YH2AX, Rad51, Ku70, Ku80 and
a-tubulin was performed following the methods described in (Cabrero
et al., 2007a,b). For YH2AX immunofluorescence, we used a monoclonal
mouse antibody (Upstate) raised against amino acids 134-142 of the
human histone H2AX (Cabrero et al., 2007b; Paull et al., 2000). For
Ku70 we used H-308 (Santa Cruz Biotechnology Inc., CA, USA), a
rabbit antibody raised against aminoacids 302-609 of the human Ku70.
For Ku80, we used sc-1485 (Santa Cruz Biotechnology Inc., CA, USA)
a goat antibody raised against a peptide mapping at the C-terminus of
the Ku80 of mouse origin. For Rad51 we employed R-1528 (Sigma), a
rabbit antibody raised against aminoacids 24-41 of the human Rad51.
For a-tubulin, we used (B-5-1-2):8¢-23948 (Santa Cruz Biotechnology
Inc., CA, USA), a mouse monoclonal antibody raised against sperm
axonemes of the sea urchin Strongylocentrotus purpuratus. Preparations

were washed in PBT, mounted in DAPI-Vectashield mounting medium,



and observed in an epifluorescence microscope. The images were recorded
with a cooled CCD camera and optimized for contrast and brightness
with The Gimp freeware. In all cases, a negative control was performed
by adding PBT instead of the primary antibody. Images were acquired
in an Olympus BX41 fluorescence microscope with a DP70 camera,
and were optimized for levels, brightness and contrast with The Gimp

freeware.

RNAIi knockdown

To verify the Ku70 immunostaining results and discard false positives,
three males were injected with 5ug of a double stranded RNA
corresponding to the F. plorans Ku70 gene region coding for the same
amino acids (302-609) used for generating the H-308 antibody. Using
our local blast library of all the arthropodan sequences found in the
public databases we identified the Ku70 regions that are conserved
among arthropoda. Two pairs of primers were then used for two
nested-design PCR reactions, being GGAGTCATACAATGCGGGCCTA
and CTCAGCCATAGCATCCACGTC the forward and reverse primers
for the outer PCR and CAAAGGCATATGATGGATTTCA and
GAAATTTAGTGCCATAGCTTCCA the forward and reverse primers
for the inner PCR. As template, the outer PCR used E. plorans
cDNA, whilst the inner PCR used the amplicons yielded by the outer
primers. Both reactions were performed for 35 cycles at 55°C annealing
temperature and 30 s extension time. DNA from the inner PCR reaction
was cleaned, using the Qiagen PCR Clean Kit, sequenced for confirmation

(GenBank Accession Number: JX979131), and transcribed from both



ends using the standard Ambion T7 RNA polymerase transcription
protocol. To ensure knockdown and significant decrease in protein levels,
animals were subjected to two injections with the double stranded RNA.
The second injection was carried out 8 days after the first one and,
to ensure efficient delivery of the double stranded RNA, both were
made intra-abdominally at testis level. One male was sacrificed and
immunostaining was carried out on its testis follicles 18 days from the
first injection (dffi). Twelve days later (i.e., 30 dffi), two other males were
vivisected to extract a few testis follicles for immunostaining without
sacrificing the animals. These were not sacrificed until the 53rd dffi. This
way we obtained two temporally consecutive samples for immunostaining

from the same RNAIi individuals.

Quantitative PCR

To test the efficiency of the RNAi knockdown, we analyzed the expression
level of the Ku70 gene by means of quantitative PCR (qPCR) in three
males which total RNA was extracted, using the REAL Total RNA spin
plus kit (Durviz S.L.U.), at 8, 18 and 53 dffi. Genomic DNA was removed
by DNAse I treatment (REAL Star kit, Durviz S.L.U.), and the quantity
and quality of the total RNA was determined using Tecan’s Infinite
200 NanoQuant as well as by gel electrophoresis. 100 ng of total RNA
were reverse transcribed using the oligo(dT) primer and SuperScript I1I
First-Strand Synthesis SuperMix kit (Invitrogen). For each analysis, a
negative control devoid of reverse transcriptase was included to test for
contaminating DNA. PCR amplification of a glyceraldehyde-3-phosphate
dehydrogenase (GAPDH ) sequence was carried out on each cDNA and



control as described in Van Hiel et al. (2009). This way we ensured that
the cDNA was properly synthesized and free of contaminating DNA.
Prior to using it for the qPCR, each ¢cDNA was diluted with sterile,

nuclease free, double distilled water to a 1:5 ratio.

gPCR testing was carried out on different samples and for each of the
seven candidate genes suggested for qPCR normalization by Van Hiel
et al. (2009). Of these, two genes, namely glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and ribosomal protein 49 (RP49), were
highlighted by the geNorm algorithm (Vandesompele et al., 2002)
as the most stably expressed. Consequently, we used them as
reference genes for our qPCRs. Primers for the qPCR on the
target gene (Ku70-F: CACGTCTGGCATTGTTGA, Ku70-R:
TCCAGAAGATGCGACAGC) was designed by using the Primer3 web
utility (Rozen and Skaletsky, 2000), and for the reference genes, we
used the primers GADPH-F: GTCTGATGACAACAGTGCAT,
GADPH-R: GTCCATCACGCCACAACTTTC, RP49-F:
CGCTACAAGAAGCTTAAGAGGTCAT, and RP49-R:
CCTACGGCGCACTCTGTTG, as in Van Hiel et al. (2009). QPCR
was conducted using the Chromo 4 System CFB-3240 (BIO-RAD) and
Sensimix SYBR kit (BIOLINE). Each reaction was run in duplicate
and contained 5ul of Sensimix, 5ul of cDNA template (equivalent to
5ng of total RNA) along with 5ul (10pmol) of each primer and 35ul of
ddH30. Cycling parameters were 95°C for 10 min, then 40 cycles of
94°C for 15s, 56°C for 15s and 72°C for 15s, with a plate-read after
each extension (i.e., 72°C) step. To verify that only a single product
was amplified in every reaction, melting curves were performed between

each 72°C and 95°C step, with a plate-read every 1°C. A standard



curve was used to estimate the efficiency of each primer pair as 2.00
for Ku70, 1.97 for GADPH and 1.99 for RP49. Ku70 expression levels
were calculated according to the Pfaffl’s method (Pfaffl, 2001) and

normalized as described in Vandesompele et al. (2002).

Colchicine treatment

To analyze a possible relationship of Ku70 with centromeric function,
two additional E. plorans males were used for testing the effect of
cochicine treatment on the immunostaining results. One was injected
with 0.3 ml of 0.1% colchicine in insect saline solution 6 h prior to
immunofluorescence analysis while the other was vivisected to extract
few testis follicles prior to similar colchicine injection. This enabled
an analysis of meiotic cells from the same male both with (after) and

without (before) the colchicine treatment.

DNA content in macrospermatids

The amount of DNA in normal and macrospermatids was measured using
the Feulgen Image Analysis (FIA) technique described in Ruiz-Ruano
et al. (2011).



REsuLTS

Ku70 is located at the centromeres of E. plorans

chromosomes

Immunofluorescence analysis showed centromeric colocalization of Ku70
and YH2AX at meiotic metaphase I (Figure 1). During most first meiotic
prophase, however, Ku70 was scarce (Fig. 2, a-h), in accordance with
previous results in yeast (Astrom et al., 1999; Lee et al., 1999) and
mouse (Goedecke et al., 1999). The centromeric location of Ku70 was
first seen at diakinesis (Fig. 2, i-j), and remained apparent through
metaphase and anaphase stages during both meiotic divisions (Fig. 2,
k-p). The centromeric location of these foci is inferred from the fact
that all chromosomes are telocentric (rod-shaped) and the presence,
in anaphase II cells, of Ku70 signal only in the pulling ends of the
segregating chromosomes (see Fig. 2, p). The transient presence of
Ku70 at centromeric regions, at stages where the nuclear envelope has
already been broken down, suggests that this protein might be located on
the kinetochore. Immunofluorescence analysis also showed the absence
of centromeric foci for Ku80 at metaphase I cells (Fig. 2, ¢-r). Although
we observed abundance of Rad51 during early first prophase stages,
in agreement with the involvement of this protein in HR (Viera et al.,
2004; Calvente et al., 2005), no trace of this protein was observed at

metaphase I (Fig. 2, s-t).
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Figure 1: Colocalization of Ku70 with yYH2AX in E. plorans. Metaphase I
cell showing centromeric immunofluorescence patterns for Ku70 (a),
~H2AX (b), a merge of the patterns for both antibodies without
(¢) and with DAPI staining (d). Bar= 10um.

The centromeric location of Ku70 in E. plorans is associated

with centromere function

The presence of one centromeric Ku70-focus per “segregating unit”
is remarkable. In fact, we observe one centromeric Ku70-focus per
homologous chromosome at metaphase I and one per sister chromatid
at metaphase II. This coincides with the fact that centromeres separate
two homologous chromosomes at metaphase I and two sister chromatids
at metaphase II, thus suggesting the functional presence of Ku70 at
the centromere. Colchicine effect on Ku70 immunofluorescence pattern

was analyzed in two FE. plorans males, one of them tested both before
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Figure 2: Centromeric location of Ku70 in E. plorans spermatocytes. Cells
at several meiotic stages are depicted twice, one (on the left) after
immunofluorescence with a Ku70 antibody (red) and other (on the
right) also including DAPI staining to show chromatin. Note the
presence in (i-p) of one large centromeric Ku70 focus per segregating
unit, i.e. one per homologous chromosome in diakinesis (i,j) and
metaphase I (k,1) cells, and one per sister chromatid in metaphase
1T cells (m,n), with the foci of sister chromatids oriented towards
opposite poles in anaphase II cells (o,p). The centromeric foci of
Ku70 (shown in i-p) were observed in 100% of the cells analyzed
from 30 untreated males from three different populations. Also note
the absence of centromeric foci for both Ku80 (q,r) and RAD51 (s,t)
in metaphase I cells. Bar= 10pm. B in (1) points the B chromosome.



and after colchicine injection. With no colchicine, the results were
similar to those in non-injected males, with large Ku70 foci located
on all centromeres (Fig. 3, a-b). In both males, the centromeric
foci of Ku70 disappeared after colchicine injection (Fig.3, c-d). Since
colchicine impedes microtubule formation (for review, see Rieder and
Palazzo, 1992), this result suggests that the presence of Ku70 in the
centromere depends on the presence of microtubules. An association
between the presence of Ku70 on the centromeres and the latter’s

microtubule-dependent function can therefore be established.

RNAIi knockdown of the Ku70 gene abolishes the

centromeric foci of Ku70

Since the antibody employed (H-308, from Santa Cruz Biotechnology)
is a rabbit polyclonal antibody raised against human Ku70, and to rule
out the possibility that our immunofluorescence results might be false
positives caused by potential H-308 cross-reactivity with an epitope from
a centromeric protein instead of Ku70, we designed two primer pairs for
a nested PCR amplification of the region of the E. plorans Ku70 gene
homologous to the 302-609 amino acids region of the human Ku70, and
we synthesized double stranded RNA for RNA interference and Ku70
gene knockdown in E. plorans. Quantitative PCR analysis showed that
the expression of the Ku70 gene was very low in RNAi males analyzed
at 8 or 18 days from first injection (dffi) and it was considerably higher
in the male analyzed at 53 dffi (Fig. 3, e), suggesting that males whose
Ku70 gene was knocked-down were not only viable, likewise Ku-deficient

mice males (Nussenzweig et al., 1996; Gu et al., 1997), but also that



they were able to recover this gene expression —as expected given the

transient nature of the RNAi-mediated gene knockdown technique.

In contrast to control males (Fig.3, f-g), none of the examined cells from
the testis of the three RNAi males showed immunostaining signal for
Ku70 on the centromeres (Fig. 3, h-i), indicating that the large foci
observed in normal cells actually correspond to genuine detection of the
Ku70 protein on the centromeres. Still, the RNAi males showed some
immunostaining signals, indicating the presence of Ku70 in the cytosol
and also in the spermatids, as previously shown for normal spermatids
in this species (Cabrero et al., 2007a). The detectable signals in the
cytosol of the RNAI cells are due to the knockdown, not silencing, effect
of the RNAi technique, whereas the spermatid signals highlight the
refractory nature of the mature germ-line cells to RNAi (Singson, 2001).
Remarkably, we did not find anaphase cells in any of the three RNAi
males shown in Table 1, even after analyzing their complete set of testis

tubules.

Ku70 knockdown males show polyploid spermatids

To look for possible adverse effects resulting from potential impairment
of the correct functioning of the centromere after inactivation of the
Ku70 gene, we analyzed 811-1715 spermatids from each of the three
RNAi males and the control males employed for our experiments (Table
1). All RNAi males showed the presence of macrospermatids of several
sizes (Fig. 4). Estimations of the DNA amount, by means of the Feulgen
Image Analysis (FIA) technique, indicated the presence of 2C, 4C, 8C
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Figure 3: Disappearance of the centromeric Ku70 foci by both colchicine
injection and Ku70 gene knockdown in E. plorans males. Metaphase
I cells from control and experimental males from the colchicine (a-d)
and RNAi (f-i) experiments. Note the presence of centromeric
Ku70-foci before colchicine injection (a,b) and their absence after
it (c,d). This pattern was observed in 100% of the cells analyzed
from the two males analyzed. (e) Quantitative PCR analysis of the
expression level of the Ku70 gene in RNAi males after 8, 18 and
53 days from first injection (dffi). Observe the sharp decrease in
expression level (RQ) at 8 and 18 dffi, and the subsequent partial
recovery at 53 dffi. (f,g) Metaphase I cell from a control male (with
no RNAI injection), showing presence of large Ku70 foci on all
centromeres. (h,i) Metaphase I cell after RNAI injection showing
absence of centromeric Ku70 foci. The patterns shown in (f,g)
and (h,i) did not show intraindividual variation either in the two
control or the three experimental males analyzed. RQ= Relative
quantification, Bar= 10um.



116 Centromere function for the Ku70 protein

Figure 4: Formation of polyploid
spermatids in RNAi males.
(a) A microscopic field
showing DAPI staining of
some normal spermatids
(N) along with many

macrospermatids (M).
(b) DNA content of
spermatids, measured

by the Feulgen Image
Analysis (FIA) technique,
and showing to be 1C
for normal spermatids,

and 2C, 4C, 8C or 16C

for macrospermatids (for
the number of spermatids ‘ ’ ‘
analyzed, see Table 1).

b ¢ 2 4C

Bar= 10pum.

and 16C spermatids. In addition, microspermatids were also observed,

although at much lower frequency than macrospermatids (Table 1).

The quantitative analysis of the frequency of macrospermatids, shown in
Table 1, indicated the existence of a basal proportion of macrospermatids
in control males (0.21-1.16%). In RNAi males, however, we found a
significant increase in this proportion which varied with time since RNAi
injection: it increased 2.27-fold in the male analyzed at 18 dffi, 75.87-fold
and 87-fold in the two males analyzed at 30 dffi, and 11.86-fold and
3.07-fold in these same males analyzed at 53 dffi. This suggests that
the effects of Ku70 knockdown on macrospermatid formation are not
observed until one meiotic cycle has been completed. The basal frequency
of microspermatids in the control males was very low (0.12-0.31%), and
its frequency was about similar in the 18 dffi male (0.15%), 3.7% and
1.3% in the two 30 dffi males, and 0.18% and 2.8% in these same males

analyzed at 53 dffi. Therefore, the most conspicuously observable change



associated with RNAi treatment was an increase in the frequency of

polyploid spermatids.

Centromeric Ku70 foci are also present during mitosis

To analyze whether the centromeric location of the Ku70 protein is
exclusive to meiosis or it also occurs during mitosis, we analyzed mitotic
metaphases in spermatogonia from adult males as well as in two types
of embryonic cells. In addition to the small foci scattered throughout
the cytosol, large foci of Ku70 were present on the centromeric regions
of the chromosomes of all three types of cells analyzed (Fig. 5, a-d; Fig.
S1). We therefore conclude that Ku70 is associated with centromeric

function in both meiotic and mitotic cells.

The centromeric foci of Ku70 are dependent on tubulin

presence

To ascertain whether Ku70 presence at centromere regions during
metaphase and anaphase is dependent on the presence of microtubules,
we performed double immunofluorescence analysis with antibodies
against Ku70 and a-tubulin on colchicine and control males. As Fig.
5 shows, in the absence of colchicine, mitotic anaphase cells show
conspicuous foci of Ku70 on the chromosome ends that locate close
to the cell poles, in close association with a-tubulin (Fig. 5, a-d).
Likewise, meiotic metaphase I cells showed abundant a-tubulin across

the cytosol, rounding all bivalents, and Ku70 centromeric foci were



Table 1: Frequency of macro- and microspermatids found in the RNAi and control males. Exp= experiment, Bs=
number of B chromosomes, Dffi= days from first injection, N= normal spermatids, M= macrospermatids,
m= microspermatids, RM= ratio of macrospermatids between RNAi and control males, Rm= ratio
of microspermatids between RNAi and control males. Contingency chi-squared tests comparing the
frequency of macrospermatids between control and experimental males indicated significantly higher
proportions in RNAi males: ** indicate P<0.01, *** indicate P<0.001

Type of spermatids

Exp Type Bs Dffi N M m Total % M R % m R,
1 Control 1 18 1613 19 5 1637 1.16 0.31
RNAi 1 18 1329 36 2 1367 2.63 2.27 ** 0.15 0.48
2 Control 2 30 1415 3 2 1420 0.21 0.14
RNAi_1 3 30 651 130 30 811 16.03  75.87 *** 3,70  26.26 ***
RNAi_2 1 30 1498 323 24 1845 17.51  82.87 *** 1.30 9.24 ***
Control 2 53 1700 13 2 1715 0.76 0.12
RNAi_1 3 53 1495 148 3 1646 8.99 11.86 *** (.18 1.56
RNAi_2 1 53 1590 39 47 1676 2.33 3.07 *** 2.80  24.05 ***
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Figure 5: Association of the centromeric foci of Ku70 (red) with a-tubulin
(green) in a mitotic anaphase (a-d) and meiotic metaphase I (e-h)
cells, without colchicine treatment, and in a metaphase I cell (i-1)
from a male injected with colchicine. Note the lower amount of
a-tubulin in the latter and the presence of several centromeric foci
of Ku70 in the periphery of this cell in coincidence with higher
amounts of a-tubulin (arrows in 1). Also note the abundance of
Ku70 in spermatid nuclei (arrowhead in h), as previously reported
by Cabrero et al. (2007a). Bar= 10pm.



adjacent to a-tubulin (Fig 5, e-h). However, in males injected with
colchicine, a-tubulin was very scarce or absent in the most part of the
cytosol, and Ku70 centromeric foci were absent, with the remarkable
few exceptions in those bivalents that were placed at the periphery of

the cell where the amount of a-tubulin was higher (Fig. 5, i-1).

The novel centromeric function of Ku70 appears to be an

autapomorphy in E. plorans

To test whether the newly discovered centromeric function of Ku70 is a
general characteristic that also occurs in other species, we analyzed the
Ku70 immunocytochemical pattern in 14 additional grasshopper and
locust species (including Heteracris adspersa and H. litoralis, as close
relatives of E. plorans, and the swarming locusts Locusta migratoria and
Schistocerca gregaria), as well as the mouse as a vertebrate representative.
In all cases, Ku70 was present at metaphase I, forming numerous small
foci in the cytosol (Fig. S2) but, opposed to what we report for E.
plorans, no concentration of Ku70 at centromeric regions was observed
in any of the other species. This indicates that the centromere-related
function of Ku70, which we report here, might be exclusive to E. plorans.
However, in the 14 other grasshopper and locust species, as in E. plorans,
Ku70 was abundant in the nucleus of the elongating spermatids as well
as in the sperm tail (Cabrero et al., 2007a), suggesting that, aside from
the centromeric function, Ku70 seems to fulfill similar functions in FE.

plorans and other grasshopper species.



The centromeric function of Ku70 is not an adaptation to

supernumerary chromosomes

Since FE. plorans shows a very widespread polymorphism for
supernumerary (B) chromosomes, the new function we report here
for Ku70 might conceivably be a byproduct of the presence of these
supernumerary chromosomes and/or of the arms race between them
and the chromosomes of the standard genome. To assess this possibility,
we analyzed the immunofluorescence pattern of Ku70 in individuals
with and without B chromosomes from a B-carrying population as well
as individuals from two non-B-carrying populations. In all cases, we
observed large foci of Ku70 on the centromeres of all chromosomes,
including the B chromosomes, suggesting that the centromeric location
and function of Ku70 is a general characteristic for this species, at
least in the populations analyzed in this work. Hence the centromeric
function of Ku70 does not seem to be an adaptation to the presence of

supernumerary chromosomes in E. plorans.

DiscussioN

RNAI efficiently knocks down the Ku70 gene

The first report proving the possibility of RNAi mediated gene

knockdown and the presence of the Sid! gene in an orthopteran



species was in Schistocerca americana (Dong and Friedrich, 2005).
Our experiment with another orthopteran species further proves that
RNAI is a valid technique for inactivating genes in orthoptera. Indeed,
we observed a close correspondence between double stranded RNA
administration and a decrease of the Ku70 gene expression followed
by the disappearance of this gene product from centromeres and a
subsequent high increase in the frequency of polyploid spermatids. This
gene knockdown effect must be due to the presence in orthopteran species
of the double stranded RNA uptake membrane protein SID1 as well as
the DICER and all the protein components of the RNA-Induced Silencing
Complex. Interestingly, RNAi did not inhibit the presence of Ku70 in
mature and developing spermatozoa, with spermatids and spermatozoa
of injected males showing the same normal (Ku70+) pattern previously
shown in Cabrero et al. (2007a). At first sight, Ku70 presence in sperm
from RNAi males might appear to contradict the validity of the gene
silencing technique. However, this result is logical if one bears in mind
that spermatozoa seem to be refractory to RNAi even in Caenorrhabditis

elegans, the model species for RNAi experimentation (see Singson, 2001).

The Ku70 protein gathers at the centromeric region of the

chromosomes in E. plorans

We have observed that the Ku70 monomer of the Ku heterodimer
is conspicuously present on the centromeres during the mitotic and
meiotic stages of active chromosome segregation whereas the Ku80
monomer fails to show this pattern, suggesting that Ku70 might play a

Ku80-independent centromeric function in the grasshopper E. plorans.



The disappearance of the centromeric foci of Ku70 after colchicine
injection, in parallel with a decrease in a-tubulin amount, suggests that
the putative centromeric function of Ku70 might have something to do
with microtubule association to kinetochore regions, since colchicine
is a microtubule-targeted agent that binds to a and S subunits of
tubulin heterodimers to inhibit its polymerization (for review, see
Bhattacharyya et al., 2008). In fact, the close association between
Ku70 and a-tubulin presence in metaphase I cells from males injected
with colchicine indicates that the centromeric function of Ku70 is tubulin
dependent (see Fig. 5, i-1). Bearing this in mind, the disappearance
of Ku70 from the centromeric region in all chromosomes of RNAi
males, along with the absence of anaphase cells, suggest a general
failure in chromosome segregation leading to cytokinesis failure and the
appearance of polyploid spermatids. In fact, completion of cytokinesis
requires accurate chromosome segregation in human cells since even
non-disjunction for a single chromosome may result in tetraploid instead
of aneuploid cells (Shi and King, 2005). Remarkably, also in human cells,
it has been shown that Ku70 interacts with ARF6, a protein localized
in the cleavage furrow and midbody of mitotic cells, and whose activity

is regulated during cytokinesis (Schweitzer and D’Souza-Schorey, 2005).

The exclusive presence of even ploidy levels in spermatids, and the
absence of anaphase cells, indicate the occurrence of cytokinesis
failures and restitution processes, an expected result of an impairment
of kinetochore-microtubule association leading to cytokinesis failure
(Normand and King, 2010). Bearing in mind that a primary
spermatocyte is 4C, the presence of polyploid spermatids with ploidy

levels higher than 4C suggests that these cytokinesis failures can also



occur during preceding spermatogonial mitoses (see Fig. S3, a). For
instance, 2C spermatids would result from failure in the second meiotic
division, whereas 4C ones would result from failures in both meiotic
divisions, 8C from failures in the last spermatogonial mitosis plus both
meiotic divisions, and 16C in the two last spermatogonial mitoses plus
both meiotic divisions. The differences in ploidy level of the resulting
spermatids thus rest on the timing of double stranded RNA uptake and
processing by the different dividing cell types (spermatogonium, primary
spermatocyte or secondary spermatocyte) (see some examples in Fig.

S3).

As to the dynamics of the above mentioned spermatid malformations, our
results show only a slight increase in the frequency of macrospermatids
during the first 18 days post-RNAi treatment, then a much steeper rise
of the prevalence of these mis-formed spermatids during the following
12 days (i.e., at 30 dffi; see Table 1). This is consistent with the fact
that the complete meiotic cycle in grasshoppers lasts about 20 days
(Fox et al., 1974), so that at 18 dffi only a few RNAi spermatocytes had
completed meiosis and thus were affected by the Ku70 gene knockdown,
whereas, 12 days later, many more cells had had time to finish meiosis

and manifest cell division problems.

Ku70 is a transient centromeric passenger presumably

involved in microtubule anchoring

The absence of colocalization of Ku80 in the centromeric foci of

Ku70 indicates that the latter is not there for DNA repair purposes.



Likewise, its centromeric presence does not appear to be a consequence
of interactions with HP1la, since RNAi knockdown of HPla fails
to eliminate the centromeric foci of Ku70 (Ruiz-Estévez et al., in
preparation). In order to look for other conceivable functions of
Ku70 at centromeric level, diverse biological functions can be inferred
from its ability to bind other proteins. One of these, clusterin (Yang
et al., 1999), is a chaperone-like molecule that interacts with the
microtubule-destabilizing protein SCLIP of the stathmin family (Kang
et al., 2005). The fact that colchicine prevents the centromeric location
of Ku70 (see Fig. 3) suggests that Ku70 may have a thus far unreported
microtubule-dependent function at E. plorans centromeres. Additional
support to this conclusion comes from our observation that Ku70 seems
to also have a microtubule-dependent function in the formation of the
sperm tail both in E. plorans and all the 14 other orthopteran species
studied in this work (Cabrero et al., 2007a), so that the Ku70 function

at both centromeres and sperm tail could be rather similar.

The presence of polyploid spermatids in Ku70 RNAi-knocked-down males
indicates that many spermatocytes finished meiosis despite the absence
of Ku70 at centromeres and the presumed problems in microtubule
anchoring, thus surpassing the spindle assembly checkpoint (SAC)
control. Among the dynamic protein components of the kinetochore,
the SAC components reach their maximum concentration in the absence
of microtubules (Howell et al., 2004), just the opposite pattern of Ku70
in E. plorans, which is not present 6h after colchicine injection. This
indicates that the Ku70 centromeric function reported here is different

from the canonical SAC function.

A more suggestive possibility is an interaction with some kinetochore



proteins, e.g. the APC (adenomatous polyposis coli) and/or EB1
(end binding 1) proteins, which associate to kinetochores only when
microtubules are anchored (Kaplan et al., 2001; Tirnauer et al., 2002)
thus resembling the transient presence of Ku70 on the E. plorans
centromeres. Remarkably, siRNA-mediated inhibition of APC, EB1,
or APC and EB1 together gives rise to spindle defects without mitotic
arrest (Green et al., 2005), and APC inhibition produces polyploidy
(Dikovskaya et al., 2007), i.e. exactly the same consequences as Ku70
knockdown in E. plorans. A possible microtubule anchoring function
of Ku70 at the kinetochores of E. plorans is thus conceivable through
interaction with APC and EB1. This microtubule-dependent function
of Ku70 could operate at kinetochores (exclusively in E. plorans) but
also at the centriolar adjuncts of spermatids in all grasshopper species

(Cabrero et al., 2007a).

APC and EB1 belong to a group of proteins showing affinity for the
plus-ends of growing microtubules (+TIPs). It is thus conceivable that
Ku70 binds the +TIPS and it concentrates in the kinetochore when
bundles of microtubules reach it. Indeed, the fact that the spindle
microtubules are sensitive to colchicine disruption (Bhattacharyya et al.,
2008), supports our observation that colchicine treatment in E. plorans
prevents the presence of Ku70 at centromeres and is consistent with
Ku70 involvement in a microtubule-dependent centromeric function.
Therefore, the Ku70 function that better explains its transient presence
at centromeric regions is probably related to the kinetochore-microtubule

anchoring that allows accurate chromosome segregation.



The centromeric function of Ku70 is an autapomorphy

In this work we analyzed a high number of grasshopper and locust
species (14 including E. plorans, two of its closely related species and the
well known pest locusts Locusta migratoria and Schistocerca gregaria),
as well as the mouse. Among these, only F. plorans showed centromeric
presence of Ku70. Still, we cannot categorically rule out that it might
be present in other organisms not yet examined. In fact, in human
cells, it has recently been shown that DNA-PKcs, with which Ku70 and
Ku80 form the DNA-dependent protein kinase (Gell and Jackson, 1999),
is activated and phosphorylated in close association with the spindle
apparatus at centrosomes and kinetochores, thus suggesting that, in
addition to its role in DSB repair, DNA-PKcs (and perhaps Ku too) is
a critical regulator of mitosis and could modulate microtubule dynamics

in chromosome segregation (Lee et al., 2011).

Whatever the case, the absence of Ku70 at the chromosome centromeres
of 14 orthopteran and 1 vertebrate species strongly suggests that Ku70
binding to the centromere is most likely an autapomorphy in E. plorans
and that the ancestral Ku70 state did not include a centromeric function.
Since most of the functions of Ku are not directly related to each other,
establishing the evolutionary history of this protein might be challenging
(Tuteja and Tuteja, 2000), and the centromeric location of Ku70 during
mitotic and meiotic metaphase and anaphase in E. plorans is a clear
evidence of the complex evolutionary pathways that this protein may
have followed in parallel to the acquisition of its multiple functions.
Interestingly, Scherthan and Trelles-Sticken (2008) showed that the

absence of Ku interferes with the ordered occurrence of chromosome



dynamics during first meiotic prophase, and Shuaib et al. (2010) found
the presence of both Ku70 and Ku80 among the proteins associated with
e-CENP-A in prenucleosomal complexes purified by immunoprecipitation
from HeLa cell extracts, suggesting that Ku70 might perform thus far
undiscovered and previously unrecognized centromeric functions not

only in the grasshopper E. plorans but in other organisms too.
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Ku70+DAPI

Ku70+DAPI

Figura S1: The centromeric location of Ku70 also occurs during mitosis in E.
plorans. (a,b) Spermatogonial mitotic metaphase. (c¢,d) Embryo
mitotic metaphase cell. (e,f) Embryo mitotic metaphase from a
neuroblast cell (of giant size). Note the presence of centromeric
foci of Ku70 in the three cells. This was observed in 100 % of the
analyzed cells. Bar= 10um.
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Omocestus panteli

C Sphingonotus azurescens

e Mus musculus f

Figura S2: Absence of centromeric immunofluorescence signals for Ku70 at
meiotic metaphase I in 14 grasshopper species and the mouse.
Examples are shown for Ku70 (a,c,e) and DAPI4+Ku70 (b,d,f) in
the grasshopper species Omocestus panteli (a, b) and Sphingonotus
azurescens (¢, d), and the mouse (e,f). Bar= 10um.
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Figura S3: Presence of polyploid and binucleate cells in RNAi males. a) Two
tetraploid spermatogonia at mitotic prometaphase. b) Tetraploid
metaphase I cell. ¢) Binucleate cell.
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expression does not occur at
transcriptional level in the grasshopper

FEyprepocnemis plorans'

BEATRIZ NAVARRO-DOMINGUEZ, JOSEFA CABRERO, JUAN PEDRO M.

CAMACHO, MARIA DOLORES LOPEZ-LEON

Departamento de Genética, Universidad de Granada

Abstract As intragenomic parasites, B chromosomes can elicit stress
in the host genome, thus inducing a response for host adaptation to
this kind of continuous parasitism. In the grasshopper Eyprepocnemis
plorans, B chromosome presence has been previously associated with
a decrease in the amount of the heat shock protein 70 (HSP70). To
investigate whether this effect is already apparent at transcriptional level,
we analyze the expression levels of the Hsp70 gene in gonads and somatic

tissues of males and females with and without B chromosomes from
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two populations, where the predominant B chromosome variants (B2
and B24) exhibit different levels of parasitism, by means of quantitative
real-time PCR (qPCR) on complementary DNA (cDNA). The results
revealed the absence of significant differences for Hsp70 transcripts
associated with B chromosome presence in virtually all samples, except
for testis in the Torrox population where B-carrying individuals showed
higher levels than B-lacking ones. This indicates that the decrease in
HSP70 protein levels, formerly reported in this species, may be not
a consequence of transcriptional down-regulation of Hsp70 genes but
the result of post-transcriptional regulation. These results will help to
design future studies oriented to identifying factors modulating Hsp70
expression, and will also contribute to uncover the biological role of B

chromosomes in eukaryotic genomes.

INTRODUCTION

Heat shock proteins (HSPs) are a family of highly conserved proteins
which act as molecular chaperones in stabilization and refolding
of denatured proteins (Clark and Worland, 2008). These proteins
bind to other proteins exhibiting wrong conformations, due either to
protein-denaturing stress or because peptides have not been properly
synthesized, folded, assembled, or localized to its correct place (Feder
and Hofmann, 1999). They are known to be induced by heat and other

stresses, but they are also essential for normal cell functioning, being



involved in many cellular processes. The stress inducible HSPs action
has been shown in a wide variety of organisms as adaptive response to
a number of different environmental stresses, including not only heat
or cold stress, but also radiation, cellular energy depletion, osmotic
and oxidative stress, toxic substances, crowding, hypoxia, parasitism,
bacterial and viral infections, senescence, inbreeding, and deleterious
mutations (for review, see Sgrensen et al., 2003). They also influence
processes, such as transcription regulation, signal transduction, apoptotic
pathways, and even show immunogenic properties (Gambill et al., 1993;
Maresca and Kobayashi, 1994; Schmitt et al., 2007). Families of HSPs
have been described and named according to their molecular mass,
the largest and most conserved being the 70 kDa heat shock proteins
(HSP70s) (Roberts et al., 2010). Members of this protein family comprise
those which are constitutively expressed during non-stressful conditions,
with little or no response to cellular stress (HSC70: heat shock cognate
70) and those which are either not expressed, or else expressed at low
rate, during normal conditions, but are rapidly induced by stress (HSP70:
heat shock protein 70) (Denlinger et al., 2001).

The mechanisms of Hsp70 gene activation have been a classical and
fascinating model for understanding how the cell recognizes and responds
to acute and chronic exposures to environmental and physiological stress
(Morimoto et al., 1992). Therefore, studies on regulation of Hsp70
gene have been conducted at pre-transcriptional, post-transcriptional,
pre-translational, and post-translational levels in a wide variety of animal
and plant species. Pre-transcriptional activation of the Hsp70 gene, via
binding of heat shock factors (HSF) to heat shock gene promoters, has

been profusely analyzed and seems to exert the greatest control over



stress response. Even though information about downstream Hsp70
gene regulation is less abundant, multiple mechanisms of regulation have
been described in addition to transcription activation (see Silver and
Noble, 2012 for review), in some cases with sharp discrepancies between

Hsp70 mRNA level and protein abundance (Metzger et al., 2012).

In addition to these general functions of Hsp genes, up-regulation of
Hsp70 has been observed in the presence of viral infections (Wang et al.,
2006; Santoro et al., 2010), genetics stress factors, such as aging (Wheeler
et al., 1999), mutations (Zhao et al., 2002), and inbreeding (Kristensen
et al., 2002), even at not stressful temperatures. Other possible source
of genetic stress could be the presence of additional genomic elements,
such as supernumerary (B) chromosomes (Camacho et al., 2002; Houben
et al., 2013). B-chromosomes are additional dispensable chromosomes
which are frequently viewed as intragenomic parasites decreasing carrier
fitness and showing drive mechanisms (Camacho, 2005). The presence
of B-chromosomes can cause genetic stress on the individuals carrying
them, or may affect carriers’ ability to deal with stress, especially with
high B numbers (Teoh and Jones, 1978; Teruel et al., 2011). Signs of
stress associated with B-chromosome presence have been reported in
the grasshopper Eyprepocnemis plorans, manifested through a decrease
in eggs fertility and clutch size (Zurita et al., 1998; Munoz et al., 1998;
Bakkali et al., 2010) and nucleolus size (Teruel et al., 2007, 2009),
increase of chiasma frequency (Camacho et al., 2002), and a general
enhancement in transposable element transcription (Navarro-Dominguez
et al. in preparation; see chapter 5) which could be associated with higher
rates of transposition, a typical genomic reaction to stress (Arnault and

Dufournel, 1994). Likewise, transcriptome and microarray analyses



have revealed that B-chromosome presence is associated with gene
expression changes related with protein modification and response to

stress (Navarro-Dominguez et al. in preparation; see chapter 5).

In the grasshopper E. plorans, Teruel et al. (2011) found that B-carrying
males and females from two Spanish populations (Salobrena and Torrox)
showed lower levels of HSP70 protein than B-lacking ones, during two
consecutive years. These populations harbor the B2 and B24 variants,
respectively, the latter being more parasitic and derived from the former
(Zurita et al., 1998). These authors found a decrease in the level of
HSP70 protein in male and female gonads of B-carrying individuals
from both populations, but HSP70 levels were lower in Torrox than
Salobrena. The decrease showed a dose-dependent pattern in Torrox,
i.e. the population harboring the most parasitic B variant, and this was
interpreted as a decrease in the ability of the host to deal with stress
Teruel et al. (2011), as it could keep some relationship with the reduction
in nucleolus area previously reported by (Teruel et al., 2007), given that

HSP70 acts as nucleolus maintainer under stressful conditions.

Here, we investigate whether the formerly observed decrease in HSP70
protein level in B-carrying individuals of FE. plorans is a consequence
of previous regulation at the transcriptional level, by analyzing Hsp70
gene expression by means of qPCR on individuals from the two same

populations.



MATERIALS AND METHODS

Experimental materials

A total of 80 adult males and females of the grasshopper Eyprepocnemis
plorans were collected in two natural populations (Salobrenia and Torrox,
Spain) in 2013. Animals were anesthetized in the laboratory and
dissected under a stereomicroscope. Half of the testis tubules and
ovarioles were removed from males and females, respectively, fixed in
freshly prepared 3:1 ethanol-acetic acid and stored at 4°C for cytogenetic
analysis. Prior to fixation, ovarioles were immersed in 2% colchicine
in isotonic insect saline solution for 2h. The remaining half gonads
of males and females were frozen in liquid nitrogen and stored at
-80°C, likewise every individual somatic body (whole body minus the
gonads), for molecular studies. B chromosome number was determined
in males by squashing two testis tubules in 2% lactopropionic orcein. In
females, colchicine-treated ovarioles were submitted to C-banding for
B chromosome identification in mitotic metaphases, where they can be

visualized as highly heterochromatic supernumerary chromosomes.

RNA extractions and cDNA synthesis

Total RNA extractions from frozen somatic bodies were performed using
the Real Total RNA Spin Plus kit (Durviz), whereas RNA isolation
from frozen hemi-gonads was performed using the RNeasy Lipid Tissue

Mini Kit (Qiagen), following manufacturer’s recommendations plus an



additional DNase treatment in the column membrane consisting in 20
units DNase Amplification Grade DNase I (Sigma) for 30 minutes. The
absence of genomic DNA (gDNA) contamination was checked in agarose
gels and corroborated by the lack of PCR amplification for ribosomal
DNA (rDNA) or histone genes in the extracted RNA. When needed, a
second DNase treatment was performed after RNA extractions, using

the REALSTAR kit (Durviz).

Quality and quantity of RNA were assessed with a Tecan’s Infinite 200
NanoQuant spectrophotometer and in a denaturing MOPS-agarose gel
with formaldehyde (0.05%) to ensure the absence of RNA degradation.
cDNA synthesis was performed by retro-transcription of 100 ng per
sample of total RNA using a combination of random and oligo dT
hexamers (PrimeScript™ RT reagent Kit, Perfect Real Time, Takara).
The cDNA obtained was diluted in RNase-DNase free water for a 1:10

working solution.

Amplification and sequencing of a fragment of Hsp70 coding

sequence

Degenerate primers for the amplification of part of the Hsp70 gene coding
region in FE. plorans were designed based on its sequence in Locusta
migratoria described in (Qin et al., 2003) (GenBank accession number
AY178988). Primers were designed according to CODEHOP strategy
(Rose 2003) using the program GENtle (Manske, 2006). Degenerated
primer sequences and amplicon length are detailed in Table 1. The

sequence obtained can be found in GenBank under accession number



Table 1: Primer pairs used for degenerated amplification of Hsp70 (deg.Hsp70),
quantification of Hsp70 expression by means of gPCR (q.Hsp70) and
housekeeping genes used for qPCR normalization. Housekeeping
genes primer sequences were taken from Van Hiel et al. (2009) and
Chapuis et al. (2011). AL = Amplicon Length; AT = Anneling

temperature.

Gene Forward Primer (5’-3) Reverse Primer (5’-3") AL AT
deg.Hsp70 AGGCCAGCATTGARATHGAY CAACCACCAGCAGTYTCDATDC 391 45
q.Hsp70 GTGTTGGTGGGTGGGTCAACTCG ACGTCAAGCAGCAGCAGGTCC 185 58
ACT AATTACCATTGGTAACGAGCGATT TGCTTCCATACCCAGGAATGA 73 60
Arm ACTTCTTATGAGAGCATTCCAGGAT GCTCCTTCTTTGTCTGCTGCT 114 60
EF1la GATGCTCCAGGCCACAGAGA TGCACAGTCGGCCTGTGAT 66 60
GAPDH GTCTGATGACAACAGTGCAT GTCCATCACGCCACAACTTTC 81 60
RP49 CGCTACAAGAAGCTTAAGAGGTCAT CCTACGGCGCACTCTGTTG 66 60
TubAl TGACAATGAGGCCATCTATG CGCAAAGATGCTGTGATTGA 117 60
Ubi GACTTTGAGGTGTGGCGTAG GGATCACAAACACAGAACGA 78 60
KX034180.

We amplified the Hsp70 gene from E. plorans cDNA by means of the
PCR technique. Low astringency conditions were used to facilitate
degenerate primers hybridization. PCR experiments were performed
in a 25 pl reaction containing 2 pl of cDNA, 0.4 nM of each primer,
0.1mM dNTPs, 3mM MgCl,, 1x Taq polymerase buffer, and 2.5 units
of Horse-Power Taq polymerase (Canvax). PCR experiments were
carried out in a Eppendorf Mastercycler ep Gradient with the following
conditions: initial denaturation forl5 s at 94°C followed by 40 cycles of 1
min at 94°C, 1 min at 44.5°C, 1 min at 72°C and a final extension for 10
min at 72°C. PCR on cDNA resulted in a single fragment of the expected
size. PCR product was cleaned using GenElute™ PCR, Clean-up kit
(Sigma) and then cloned using TOPO TA cloning kit (Invitrogen) and
Sanger sequenced by Macrogen Inc. We ran BLASTX (Altschul et al.,

1990) on NCBI’s Non-redundant protein sequences (nr) database to



confirm the specificity of the amplified sequence.

Quantitative Real Time PCR (qPCR)

Primers design and specificity

On the basis of the partial DNA sequence obtained for the Hsp70 coding
region, we designed a primer pair (named q.Hsp70; Table 1) suitable for
qPCR which amplified a fragment of 185bp. Primer design was carried
out using the FastPCR (Kalendar et al., 2009) software, and the absence
of secondary structures was examined with NetPrimer (Premier Biosoft

International).

To select appropriate house-keeping genes (HKGs) for reference in the
gene expression experiments, we initially amplified seven genes using
the primers provided by Van Hiel et al. (2009) and Chapuis et al. (2011)
for Actin 5C (Act), Armadillo (Arm), Elongation factor 1a (EF1a),
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Ribosomal protein
49 (RP49), a-tubulin 1A (Tub) and Ubiquitin conjugating enzyme 10

(Ubi) (primer sequences and amplicon length are detailed in Table 1).

gqPCR amplification for both Hsp70 and the seven reference genes
was performed on a Chromo4 Real Time PCR thermocycler (BioRad).
Reactions contained 5ul of cDNA, 5ul of SensiMix™ SYBR Kit (Bioline)
and 2.5ul of each 2.5uM primer in a total 15ul volume. Electronic
pipettes (Eppendorf Research®Pro) were used to minimize pipetting
errors, and each reaction was carried out in duplicate. The coefficient

of variation between technical replicates was in all cases lower than 5%.



Quantitative PCR protocol consisted in an initial denaturation step for
10 minutes at 95°C, followed by 40 cycles of 15 s at 94°C, 15 s at 60°C
and 15 s at 72°C, with a plate read at the end of every cycle. Specificity
of reaction was assessed by means of a dissociation curve (from 72°C to
95°C with plate reading every 1°C) after the 40th cycle. The fluorescence
data were measured and processed using Opticon Monitor 3.1 (Bio-Rad
Laboratories, Inc). Negative controls for each primer pair were included

in all reactions.

qPCR products were also visualized by electrophoresis in a 1.5%
agarose gel. To further confirm specificity, they were also cleaned
with the GenElute™ PCR Clean-up kit and sequenced by Macrogen
Inc. Sequences for all housekeeping genes amplified in E. plorans can be

found in GenBank under accession numbers KX034173 to KX034179.

Determination of amplification efficiency for Hsp70 and reference genes

To determine reaction efficiency for Hsp70 and reference genes
amplification, we performed a standard curve with 5 aliquots of 1:10
serial dilutions of E. plorans cDNA for each primer pair used in this

study.

Reference gene selection

We determined the most stable reference genes, and their optimal number,
using GeNorm (Vandesompele et al., 2002). Stability analysis was

performed using 10 samples chosen randomly from each sex, body part



and population, and measuring expression levels of the five potential
reference genes. Stability analyses were performed according to GeNorm

manual.

Relative quantification of Hsp70 mRNA expression and normalization

We quantified the expression of the Hsp70 gene in all 80 E. plorans
individuals collected. Relative quantities (RQs) were calculated in
reference to a calibrator sample, consisting in a mixture of cDNAs
which was amplified in every run to make them comparable, and were
normalized by the geometrical average of the most stable reference
genes for each kind of sample. Calculations were done with a custom R
package (Navarro-Dominguez et al., in preparation), based on (Pfaffl,
2001), but considering the geometrical average of multiple reference

genes for normalization (Vandesompele et al., 2002).

Statistical analysis

Statistical analysis was performed in R. We first performed an ANCOVA
analysis with four factors (population, sex, body part and B-chromosome
presence) and logl0 of RQ values as dependent variable, to accomplish
the assumptions of the model. We also analyzed the effect of B
chromosome presence and population separately in male bodies, female

bodies, testis and ovaries of F. plorans, by means of two-way ANOVA.



Table 2: Individuals of FEyprepocnemis plorans
analyzed per population, sex and number
of B chromosomes. Bs = number of B
chromosomes. N = Number of individuals.

Population Sex Bs N
Salobrena Female 2
5
2
+2 5
Total 14
Male 0 4
1 10
2 4
+2 3
Total 21
Torrox Female 0 4
1 9
2 8
+2 1
Total 22
Male 0 2
1 7
2 8
+2 6
" Total 23
Total Samples 80

RESsuLTS

The number of B chromosomes carried by males and females from
both populations is shown in Table 2. The B chromosomes observed
in Salobrefia and Torrox corresponded to the B2 and B24 variants,
respectively, previously reported in these same populations (Cabrero

et al., 2014).



PCR amplification of the Hsp70 gene on E. plorans ¢cDNA using
degenerate primers yielded a single product which was visualized
as a 391 bp fragment in electrophoresis gels. Cloning and Sanger
sequencing indicated that the product showed homology with several
Hsp70 sequences of other insects found in the GenBank database,
including the Locusta migratoria sequence used for primer design (ac.no.
AY178988). E. plorans Hsp70 partial sequence is available in GenBank
under accession number KX034180. We then designed primers for gPCR
to amplify a 185 bp fragment, from the nucleotide 169 to 353 of the
E. plorans Hsp70 partial sequence, Table 3 shows the amplification
factor per cycle of the gPCR (E) and the qPCR reaction efficiency (in
percentage) for all primer pairs used in this study, calculated from the
standard curve slope of a ten-fold serial dilution. All E values ranged
from 1.81 to 2.05 (81% to 105%), with linear correlation coefficients (R?)
being higher than 0.9 (from 0.9760 to 0.9990). Therefore, all primer
pairs showed acceptable efficiency, clearly higher than the minimum
recommend efficiency (80%) (Wang and Seed, 2006). Some efficiency
values were higher than 100% (Table 3), which are not theoretically
possible, probably indicating that either this efficiency calculation
method is not optimal and slightly overestimates the “real efficiency”
(Pfaffl, Michael W., 2004), or else the presence of inhibitory factors in
the PCR reaction.

After preliminary screening of seven house-keeping genes for reference,
two of them (EFIa and Ubi) were excluded due to non-specific
amplification, and the five remainder were analyzed with GeNorm
(Vandesompele et al., 2002). We selected the most stable reference

genes for each population, sex and body part according to GeNorm M



Table 3: Efficiency of qPCR amplification for each
primer pair. Slope = Slope of the
standard curve of serial dilutions; E =
PCR reaction efficiency (fold-increase per
cycle); Eff. = Percentage of efficiency

Primer pair Slope R? E Eff
q.Hsp70 -3.234 0994 2.04 104
ACT -3.650 0.984 1.88 88
Arm -3.868 0.976 1.81 81
GAPDH -3.216  0.997 2.05 105
RP49 -3.323  0.941 2.00 100
TubAl -3.413  0.999  1.96 96

values, and 2 or 3 genes depending on the V value (Vandesompele et al.,
2002). Selected genes were: Act-RP49 for female bodies and ovaries
from Salobrena, GAPDH-Tub for bodies and Act-Tub-Arm for testes
from Salobrena, Act-Arm-RP49 for female bodies from Torrox, Act-Arm
for ovaries from Torrox, Act-Tub for male bodies and Act-RP49 for

testes from Torrox (Table 4).

We performed qPCR experiments on the gonad and body samples
from all 80 males and females from the two populations. ANCOVA
analysis, with population, sex, body part (gonad or somatic body) and
B chromosome presence as factors, and loglORQ values (transformed)
as response variable, revealed significant differences in Hsp70 expression
between populations (Torrox>Salobrena in most samples except testis),
sexes (females>males) and body parts (somatic body>gonad), but not
in respect to the presence of B chromosomes (Table 5). Given the huge
differences in Hsp70 expression observed between sexes and between
body and gonad, we also analyzed the effect of B chromosome presence

(B-carrying vs. B-lacking) and population separately in male bodies,
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154 B chromosomes and Hsp70 expression

Table 5: ANCOVA testing for the influence of population, sex body
part and B chromosome presence on Hsp70 transcription. SS
= Sum of squares; RSS = Residual sum of squares; AIC =
Akaike information criterion.

df SS RSS AIC F P
1 1.1236 5.4078  -468.89 36.7178 1,20e-05
Sex 1 5.9945 10.2786  -375.77  195.8895 <2.2e-16
Body part 1 3.1005 7.3847  -423.71  101.3207 <2.2e-16
1 0.0005 4.2846  -502.65 0.0147 0.9036

Population

B presence

female bodies, testis and ovaries of E. plorans, by means of two-way
ANOVA. This revealed significant differential expression for the Hsp70
gene associated with the presence of B chromosomes in testes from the
Torrox population, but not in all remaining samples (Fig. 1, Table
6), with B-carrying individuals showing higher expression level than

B-lacking ones, with no dosage effect (Fig. 2).

2.5+ E A
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'S
0.5
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0501 ¢

0.25 - 2 . &
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Salobrefa Torrox Salobrefa Torrox
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Figure 1: Hsp70 expression (mean £+ SE) per sex, body part (somatic body
and gonad) and population (Salobrefia and Torrox) in B chromosome
lacking (circles) and B chromosome carrying (triangles) individuals.
RQ= Relative quantity (expression level)



Table 6: Two-way ANOVA testing population and B-chromosome effects on Hsp70
gene expression, per sex and body part. SS = Sum of squares; RSS =
Residual sum of squares; AIC = Akaike information criterion; Item: Pop =
Population, Bpres = Presence of the B chromosome.

Sex Body Item df SS RSS AlCc F P
Part

Male Body Pop. 0.299556  0.98695 -132.73 14.8166 0.0005

B.pres 0.002142 0.68954 -146.35 0.1060 0.7468

Pop+B.pres 0.006687  0.69408 -146.10 0.3307 0.5690

Testis Pop. 0.29459  1.02973 -131.12 13.6246 0.0008

1
1
1
1
B.pres 1 0.15323  0.88837 -136.73 7.0870 0.0118
Pop+B.pres 1 0.07059  0.80573 -140.44 3.2647  0.0796
1
1
1
1
1
1

Female Body Pop. 0.32950 0.95351 -120.10 16.3690 0.0003

B.pres 0.00276  0.62677  -134.79 0.1371 0.7137
Pop+B.pres 0.00485  0.62887  -134.67 0.2411 0.6269
Ovary Pop. 0.73439 1.18987 -107.99 48.3702 0.0001
B.pres 0.00535 0.46083  -140.24 0.3523 0.5573

Pop+B.pres 0.00962  0.46510 -139.92 0.6337 0.4323

0.40 1

0.351

0.301

RQ

0.25 1

0.20 1

0.151 -

0 1 2 3+
Number of B chromosomes

Figure 2: Hsp70 expression (mean £+ SE) in testis of males from Torrox
with different number of B-chromosomes. RQ= relative quantity
(expression level)



DiscussioN

Our results have shown that the decrease in HSP70 protein levels
observed by Teruel et al. (2011) in B-carrying male and female gonads
of E. plorans from the Torrox and Salobrefia populations is not a
consequence of transcriptional down-regulation of the Hsp70 gene. In
fact, only testes of B-carrying males from Torrox showed significantly
different amounts of Hsp70 transcripts in respect to B-lacking ones, but it
was an increase, thus in the opposite direction than previous observations
at protein level. The remaining samples showed no significant difference
associated with the presence of B chromosomes, suggesting that the most
important regulation events of Hsp70, at this respect, could take place
at post-transcriptional level. This may include any of the battery of
mRNA modification processes (e.g., 5 cap addition, 3’ polyadenylation,
splicing, editing, etc.) which protect mature mRNA from degradation
and make it suitable to be transported to the cytosol and translated into
functional proteins (Tranter et al., 2011). Such a diversity of processes
could make this regulation level prone to be affected by the presence
of B chromosomes. Opposite mRNA /protein Hsp70 levels have also
been observed in the bivalve mollusk Crassotrea gigas exposed to copper
(Metzger et al., 2012). Likewise, Foth et al. (2008) found, in Plasmodium
falciparum, increased Hsp70-1 isoform transcript levels which were not
correlated with protein abundance. However, examples of concordance
between Hsp70 transcript and protein levels have also been reported

(Zhao et al., 2005).

A combination of factors, operating by delaying protein synthesis and/or



influencing mRNA lifespan, could explain the lack of correspondence
between transcript and protein levels (Renaut et al., 2006; Gedeon
and Bokes, 2012). It has been shown that when the stress source is
continuous or prolonged, Hsp70 mRNAs remain in the cell, and HSP70
protein supply takes place without the need for activation of transcription
promoters (Kaarniranta et al., 1998). This could be the case for a genome

burdened by intragenomic parasites as B chromosomes.

In Drosophila, it has been reported that cells with continuous expression
of Hsp70 showed an initially reduced growth rate, which lately recovers
due to a cellular response consisting in sequestering and inactivating
HSP70 proteins (Feder et al., 1992). It is thus conceivable that B
chromosome presence might induce some changes in how the host genome
manages protein maintenance. We have performed the transcriptome
analysis in whole bodies of B-carrying and B-lacking females of E.
plorans, as well as microarray analysis in ovaries, which also failed
to show differential expression of the Hsp70 gene. Remarkably,
expression changes were observed for several genes belonging to the
ubiquitin-proteasoma pathway involved in degradation of misfolded
proteins (Navarro-Dominguez et al., in preparation, see chapter 5).
This pathway is functionally related with heat shock response to stress
(Hofmann and Somero, 1995; Wang et al., 2010) and, therefore, it could
have something to do with the low levels of HSP70 proteins observed
by (Teruel et al., 2011). We have no comparable analyses in males,
but it is reasonable to argue that the decrease in HSP70 protein levels
observed by the former authors in testes might also be a consequence
of changes in other genes expression, especially bearing in mind the

prominent role of HSP70 and other chaperones, cochaperones and the



ubiquitination-proteasome system during spermatogenesis (Meccariello
et al., 2014). In addition, some members of the HSP70 family have
been shown to play an important role in the completion of meiosis
during spermatocyte differentiation (Govin et al., 2006). In any case,
possible implication of alternative stress regulatory genes pathway to
Hsp70, such as ubiquitin-proteasoma system, which could be affected by
B chromosomes in the cellular response to stress, demands additional

research.

We cannot rule out other possible scenarios explaining our results, since
the decrease of HSP70 protein levels reported by Teruel et al. (2011) was
based on samples collected during 2006 and 2007, whereas the present
study has been carried out on samples collected in 2013. Therefore,
the lack of B chromosome effects on Hsp70 gene expression found here
might be a consequence of B24 neutralization (i.e., a reduction in the
level of parasitism) resulting from the coevolution between A and B
chromosomes during last years. Indeed, the transmission rate of the
B24 chromosome has decreased significantly over time (Perfectti et al.,

2004).

Alternatively, the presence of genetic content in the B chromosome
that might be modulating gene expression in B-carrying genomes
cannot be ruled out. For instance, Banaei-Moghaddam et al. (2013)
have shown that B chromosomes in rye carry pseudogenes with
transcriptional activity which may influence the expression of their A
genome counterparts. Likewise, the presence and activity of the Hsp70
pseudogenes in the B chromosome of E. plorans might compensate a
decrease in Hsp70 mRNA induced by B-presence, thus yielding similar
levels in B-carrying and B-lacking individuals. Although this possibility



is conceivable, we have no evidence for the presence of Hsp70 genes or
pseudogenes in the B chromosome, even though we have found nine
protein-coding genes in the B24 chromosome, some of which were actively

transcribed (Navarro-Dominguez et al., submitted; see chapter 3).

A final comment merits the population differences observed for Hsp70
gene expression in all samples analyzed here, with higher values in
Torrox than Salobrefia for three samples and the reverse pattern in
the remainder (testes). These results are intriguing, and it is difficult
to know whether they have something to do with the presence of
a more parasitic B variant in Torrox (B24) than in Salobrena (B2)
(Zurita et al., 1998)or else these are population differences associated
with environmental differences, since Hsp70 expression levels frequently
respond to environmental conditions (Sgrensen et al., 2003). This last
possibility seems more likely as the differences between populations are
also appreciated in 0B individuals. Alternatively, it would be conceivable
some kind of genomic imprinting conditioning Hsp70 expression level in
B-lacking individuals to the B chromosome type carried by their parents,
in resemblance to the maternal imprinting effect previously shown for rye
B chromosomes Puertas et al. (1990). The analysis of Hsp70 expression
level in experimental crosses, under the common uniform environmental
conditions for individuals from both populations, would help to solve

this puzzle.
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Abstract. For many years, parasitic B chromosomes have been
considered genetically inert elements. Here we show the presence of
nine protein-coding genes in the B chromosome of the grasshopper
Eyprepocnemis plorans. Four of these genes (CIP2A, GTPB6, KIF20A,
and MTG1) were complete in the B chromosome whereas the five

remaining (CKAP2, CND3, HYI, MYCB2 and SLIT) were truncated.
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Five of these genes (CIP2A, CKAP2, CND3, KIF20A, and MYCB2)
were significantly up-regulated in B-carrying individuals, as expected if
they were actively transcribed from the B chromosome. This conclusion
is supported by three truncated genes (CKAP2, CND3 and MYCB2)
which showed up-regulation only in the regions being present in the
B chromosome. Our results indicate that B chromosomes are not so
silenced as was hitherto believed. Interestingly, the five active genes in
the B chromosome code for functions related with cell division, which is
the main arena where B chromosome destiny is played. This suggests

that B chromosome evolutionary success can lie on its gene content.

INTRODUCTION

Supernumerary (B) chromosomes are mainly composed of repetitive
satellite and ribosomal DNA sequences, and their unusual meiotic
dynamics and dispensable nature makes them an easy target for the
integration and expansion of transposable elements (TEs) (Puertas et al.,
2000; Camacho, 2005). Many other kinds of DNA sequences could be
interspersed among these repeats, mostly coming from the standard (A)

genome, making B chromosomes a complex mosaic of DNA.

However, the high enrichment of repetitive DNA in B chromosomes has
hindered the detection of protein-coding genes in them, with only few
exceptions. For instance, B chromosomes in the red fox (Vulpes vulpes)

and the racoon dog (Nyctereutes procyonoides) carry the proto-oncogene



c-kit (Graphodatsky et al., 2005); those in the migratory locust (Locusta
migratoria) carry H3 and H4 histone genes (Teruel et al., 2010); and
those in the cyclid fish Lithochromis rubripinnis carry five different
protein-coding genes (Yoshida et al., 2011). Likewise, it has been found
that B chromosomes of rye (Secale cereale) bear gene-derived sequences,
as well as specific repeats and insertions of organellar DNA (Martis
et al., 2012). These authors compared B chromosome sequences with
the ancestral DNA sequences in two standard (A) chromosomes, and
identified fragmentation and pseudogenization of the gene-like sequences
located in the Bs. Recently, Valente et al. (2014) analyzed the gene
content of B chromosomes by comparing [llumina sequences from 0B and
2B genomes in the cichlid fish Astatotilapia latifasciata, with subsequent
confirmation by quantitative PCR and FISH mapping, complemented by
Roche 454 sequencing of a microdissected B chromosome. They mapped
those sequences to the scaffolds of the genome of the cichlid Metriaclima
zebra, and detected blocks where the B+/B- coverage was higher than
the average calculated for scaffolds not located in the B. Those blocks
with high coverage in the +B library where further annotated with the
M. zebra genome. Among them, they found more than 5,000 sequences
putatively identified as genes, besides repeats and transposable elements.
Most of the genes found in the B chromosome were fragmented, but a few
of them were complete and associated with functions such as microtubule
organization, kinetochore structure, recombination and progression
through the cell cycle, which may be involved in the transmission and

maintenance of the parasitic chromosome.

The general belief that B chromosomes are genetically inactive was

enforced by experiments using tritiated uridine in the grasshoppers



Myrmeleotettiz maculatus and Chorthippus paralelus (Fox et al., 1974),
and in the rodent Apodemus peninsulae (Ishak et al., 1991). Nevertheless,
gene expression in B chromosomes is probably behind the remarkable
effects reported in some cases, such as the fungus Nectria haematococca,
whose B chromosome carries a gene which confers resistance to pisatin,
an antibiotic produced by the pea host plant (Miao et al., 1991), or the
paternal sex ratio (PSR) chromosome of the parasitic wasp Nasonia
vitripennis, which causes the conversion of diploid zygotes (destined to
be females) to haploid males (Werren, 1991). More recently, it has been
shown that B chromosomes influence sex determination in cichlid fishes
(Yoshida et al., 2011). Consistently, gene expression has recently been
found in B chromosomes of several species. For instance, the presence
of rRNA transcripts specifically coming from B chromosomes has been
shown in the plant Crepis capillaris (Leach et al., 2005), the parasitic
wasp Trichogramma kaykai (Van Vugt et al., 2005) and the grasshopper
Eyprepocnemis plorans (Ruiz-Estévez et al., 2012). Also, Carchilan
et al. (2009) showed, in rye, the presence of B-specific transcribed
DNA sequences belonging to high-copy number families with similarity
to mobile elements, while Zhou et al. (2012) have characterized a B
chromosome linked scaffold that contains an actively transcribed unit.
Recently, it has been suggested that B chromosome content might
influence the expression of genes located in the standard A genome

(Banaei-Moghaddam et al., 2013; Huang et al., 2016).

The B chromosome system of E. plorans is very widespread and highly
polymorphic, with Bs being present in almost all populations from the
circum- Mediterranean region (Lopez-Ledn et al., 2008). The presence

of a same type of B in populations from Spain, Morocco, Tunisia and



Sicilia suggests a recent invasion into these areas (Cabrero et al., 2014).
The high success of these B chromosomes, which are present in almost
all populations hitherto analyzed, except those in the headwaters area of
the Segura River basin in Spain (Cabrero et al., 1997), has arisen from
the transmission advantage they show during female meiosis (Zurita
et al., 1998). This drive is suppressed by the A chromosomes (Herrera
et al., 1996; Perfectti et al., 2004) as a consequence of the arms race
between A and B chromosomes predicted by the near-neutral model of

B chromosome evolution (Camacho et al., 1997).

B chromosomes of E. plorans are able to transcribe their rDNA and
organize a nucleolus (Ruiz-Estévez et al., 2012), although this occurs only
in a minority of males from most populations (Ruiz-Estévez et al., 2013),
and the rRNA contribution by the B to total rRNA is insignificant
compared to that from A chromosomes (Ruiz-Estévez et al., 2014),
suggesting that B chromosomes in this species are highly repressed.
Here we analyze the possible presence of protein-coding genes in the
B chromosome of this species by means of NGS analysis of 0B and 4B
male genomes and their mapping against the coding sequence (CDS)
regions of a de novo transcriptome built with all the reads obtained
from 0B and 1B female RNAs. This approach has revealed the presence
of nine protein-coding genes, five of which are actively transcribed in
males and females. While previous studies have provided evidence for
gene fragments in B chromosomes, this is the first demonstration of

full-length functional protein coding sequences in them.



MATERIALS AND METHODS

Materials

E. plorans individuals were collected in Torrox (Malaga) (Table 1), a
population where the prevalent B chromosome variant is B24 (Cabrero
et al., 2014). Males were anaesthetised before dissecting out testes, one
of which was fixed in 3:1 ethanol-acetic acid for cytological analysis,
while the other testis and body remains were frozen in liquid nitrogen
for nucleic acid extraction. The number of B chromosomes in males
was determined by C-banding of testicular follicles. In the case of
the two females used for transcriptome analysis, the number of B
chromosomes was determined in interphase hemolymph nuclei (Cabrero
et al., 2006). The full bodies of the two females selected for transcriptome
analysis (one 0B and one with 1B) were frozen in liquid nitrogen. The
remaining females were anaesthetized before dissecting out the ovaries.
A few ovarioles were incubated in 2% colchicine in isotonic insect saline
solution for 2h, and then fixed in 3:1 ethanol-acetic acid for cytological
analysis. The remaining ovarioles were frozen in liquid nitrogen for gene
expression analysis. Body remains were frozen in liquid nitrogen for later
nucleic acid extraction. In these females, the number of B chromosomes
was determined by C-banding on the colchicine-treated ovarioles.
Additionally, B chromosome presence/absence was corroborated in both
sexes by PCR amplification of the B-specific SCAR marker, described
by Mufioz-Pajares et al. (2011), on genomic DNA.



Table 1: Biological samples used for each experiment in the current work.

Bs= Number of B chromosomes, N= Number of individuals.

Experiment Technique Sex Body part Bs N
B chromosome Tllumina WGS Male Hind leg 0 1
gene content 4 1
qPCR (DNA) Male  Body 0 2

1 6

2 5

3 1

Validation of B Illumina RNA-seq  Female Full body 0 1
chromosome 1 1
expression qPCR (cDNA) Male Body/Testes 0 2
1 7

2 8

3 6

Female Body/Ovary 0 4

1 8

2 8

3 1

Nucleic acid isolation

Genomic DNA (gDNA) was extracted from hind legs using the GenElute

Mammalian Genomic DNA Miniprep kit (Sigma). Quality was checked

by TBE-agarose gel electrophoresis and also by measuring 260/280 and

260/230 ratios with an Infinite M200 Pro NanoQuant (Tecan).

Total RNA extractions from frozen bodies were performed using a Real

Total RNA Spin Plus kit (Durviz), whereas RNA extractions from gonads

were done using the RNeasy Lipid Tissue Mini Kit (Qiagen), following

manufacturer’s recommendations. In both protocols, we carried out a

DNAse treatment on the column membrane (20 units during 30 minutes

incubation, DNAse Amplification Grade I, Sigma), to avoid gDNA



contamination, which was validated by PCR amplification of rDNA or
histone genes in the extracted RNA and subsequent visualization on an
agarose gel. In body samples, a second DNAse treatment was performed
after the extractions, using the REALSTAR kit (Durviz). Quality and
quantity of RNA was assessed with a Tecan’s Infinite 200 NanoQuant
spectrophotometer and in a denaturing MOPS-agarose gel to ensure the

absence of RNA degradation.

Illumina sequencing

Total RNA was extracted from each of two females, one lacking B
chromosomes (0B) and the other carrying 1B, whereas gDNA was
collected from two males (0B and 4B; Table 1). Each of the four libraries
(sDNA_ 0B, gDNA_4B, RNA_0B, RNA_1B) was sequenced on an
Illumina Hiseq2000 platform, each yielding about 5Gb of paired-end
reads (2x101 nucleotides). Illumina sequences are available in NCBI
SRA database under accession numbers SRR2970625 (gDNA_0B),
SRR2970627 (gDNA_4B), SRR2969416 (RNA_ 0B) and SRR2969417
(RNA_1B).

Analysis of abundance and integrity of protein-coding genes

located putatively in the B chromosome

We used an E. plorans de novo transcriptome assembly (available at
Figshare, Navarro-Dominguez, 2016) as reference for read mapping. We

reduced redundancies with CD-HIT-EST (Fu et al., 2012) with local



alignment and greedy algorithm, and grouped those sequences showing
80% or higher similarity in at least 80% of length (options -M 0 -aS 0.8
-¢ 0.8 -G 0 -g 1). Potential CDSs were predicted with Transdecoder,
considering open reading frames (ORFs) longer than 300 nucleotides

(Haas et al., 2013).

To search for protein-coding genes residing in the B chromosome, we
performed the following analysis. Against the de novo transcriptome, we
mapped: 1) the reads obtained from the 0B and 4B genomes (gDNA_ 0B
and gDNA_ 4B libraries), and 2) those obtained from RNA sequencing
in 0B and 1B females (RNA__0B and RNA_ 1B libraries). We mapped
the reads using SSAHA2 (Ning et al., 2001) with a minimum alignment
score of 40 and 80% minimum identity. We used a custom script' to
count the number of mapped reads as a measure of abundance. Coverage
for each nucleotide position was normalized per library size, haploid
genome size and mean coverage in the 0B library (to compensate for the
coverage underestimation derived from mapping genomic reads onto a
transcriptomic reference), by means of the following equation:

_ Ls><CPL
NCP - GsXCSQB

where NCP= Normalized Coverage per Position for a transcript in
gDNA; Lg= Library Size; C'Pr,= Coverage per Position in the Library;
Ggs= Genome Size; C'Sop= mean Coverage of the Sequence in the 0B
library. We calculated a haploid genome size (GS) of 10.525 Gb for
the 0B individual and 11.885Gb for the 4B individual, bearing in mind
the C-value and DNA content of X and B chromosomes reported in E.

plorans by Ruiz-Ruano et al. (2011).

"https://github.com /fjruizruano/ngs-protocols/blob/master/count_ reads_ bam.py



We selected coding sequences (CDS) putatively being located in the B
chromosome on the basis of the following criteria: 1) logs of the quotient
between the number of mapped reads in the 4B and 0B gDNA libraries
(4B/0B) was equal to or higher than 1.58. This figure was inferred by
assuming that a single-copy gene would have two copies in a diploid 0B
genome, whereas, if there is one copy of that gene in each B chromosome,
the 4B genome would carry six copies, i.e. three times more copies
than the 0B one, so that loga(3) = 1.58. 2) Coverage (i.e. the sum
of normalized mapped reads on 0B and 4B gDNA libraries) should be
higher than 40.

We analyzed the integrity and structure of the B-located genes using a
transcriptome assembly from 12 RNA-Seq libraries of Locusta migratoria
(Ruiz-Ruano et al., in preparation) and the L. migratoria genome
assembled by Wang et al. (2014) (accession number AVCP000000000).
We searched for homologous sequences in the L. migratoria transcriptome
with BLASTN (Altschul et al., 1990). Using the sequence with the
lowest E-value as reference for a second BLASTN (Altschul et al.,
1990), we searched for hologous sequences in the L. migratoria genome.
We aligned our transcripts from FE. plorans to the selected genomic
sequences with the exonerate software (Slater and Birney, 2005) to
search for exon junction sites. If an E. plorans transcriptome sequence
was incomplete with respect to the L. migratoria one, we used the
L. migratoria transcriptome as reference for mapping the E. plorans
genomic reads on the above mentioned sequences with SSAHA?2 software

(Ning et al., 2001).

Gene function classifications were performed according to two

standarized methods: Gene Ontology (GO) (Ashburner et al., 2000)



and Eukaryotic Orthologous Groups (KOG) (Tatusov et al., 2003).
GO assignments to predicted proteins were performed with Blast2GO
(Conesa et al., 2005), and KOG classification was performed with the
WebMGA software (Wu et al., 2011), searching the KOG database of
NCBI.

Relative quantification of genomic abundance and
transcription analysis of the nine protein-coding genes

residing in the B chromosome

Quantification of relative copy number for the B chromosome genes was
performed in 16 males from Torrox carrying 0-3 B chromosomes (Table
1). Transcription of B-located genes was analyzed in 23 males and 21
females from Torrox (Table 1), separately in the gonads and the rest
of the body. ¢cDNA synthesis was performed by retro-transcription of
100 ng per sample of total RNA using a combination of random and
oligo dT hexamers (PrimeScript™ RT reagent Kit, Perfect Real Time,
Takara). The cDNA obtained was diluted in RNase-DNase free water

for a 1:10 working solution.

Quantitative PCR was performed on a Chromo 4 Real Time PCR
thermocycler (Biorad). Primers were designed with Primer3 (Untergasser
et al., 2012) (see sequences in Table 2). Each reaction mixture contained
5 ul of gDNA at 5 ng/ul (25 ng gDNA per reaction) or 5 ul of cDNA
working solution obtained as described above, 5yl of SensiMix™ SYBR
Kit (Bioline) and 2.5 nl of each 2.5 pnM primer. Reactions were carried

out in duplicate and the coefficient of variation was lower than 8% in all



Table 2: Sequences of all the primers used for qPCR experiments in this work.

Gene Forward primer (5’-3’) Reverse primer (5-3’)

CIP2A TGGCGCTGGTACTGAGTATG  GATCCACCTGAAGAGCTTGG
CKAP2 1 CAAAATGGCGTGCTGAAAG CGTCTTTTGATTTAATAGTGGAATTTG
CKAP2 2 TCTTCGATGTTTTGGCCTTC TGGTCATCATTTGCCAGAGA
CNDS_1 GAGGTATGGAACACGCACAA AGTGGCACGTTTCGTCTTCT
CND3_2 CAACAGCGCCTGTCACTAAA GCTGAGGTGTCTGCTCACAA
GTPBG6 CACTGGAGGACGCGATGT CCGGAGTGAGATCAAAAGACC
HYI 1 TGTCCGGACGAGTTGACA CGGAACAGAATGTGGATTGA
HYI 2 CCACATCCAGATTGCACAAG  ACTCCAAACCAATCCAACCA
KIF20A CAGGGCACAAATGAAAATCC TTGCTGCTTCTCTTCATCCA
MTG1 AGCTCCAGTAGGTGCAAAGG GGCCTGCTTCAACATCTCT
MYCB2_ 1 ACCCGTCACATACACAACGA CCATCACCATTGCTTGTACG
MYCB2_2 GCAAGGAAGAAGAGGAAGCA CCAGTGCCATAACCCAGAAC
SLIT1 AACATGCTGCATTGCGACT CACTTGAAGTCGTGGTCGTG
SLIT2 AACCTGTCGGAAAGAGCAAA TTCGCACAATGTCAACATCC




cases. We estimated the amplification efficiency (E) of each primer pair
in gDNA or ¢cDNA experiments by means of a standard curve performed
on a 10-fold dilution series of E. plorans gDNA or cDNA mixture from
several individuals with different numbers of B chromosomes, which
was also used as an external calibrator. Then the relative abundance
of each gene in 0B, 1B, 2B and 3B genomes was calculated according
to RQ = E¢t0=Cts where RQ= Relative quantity, F= Amplification
efficiency (fold increase per cycle), Ctc= Ct value of the calibrator

sample and Ctg= Ct value of each sample.

RQs of the expression analysis were calculated according to the same
formula, but RQ values were normalized by the geometrical average of
several housekeeping genes, i.e. Ribosomal Protein 49 (RP49), Actin
5C (ACT), Armadillo (ARM), and a-tubulin 1A (TUB), selected using
GeNorm (Vandesompele et al., 2002). We used RP/9+ACT+ARM
for female bodies, ACT+ARM for ovaries, ACT+TUB for male bodies
and ACT+RP/49 for testis. Amplification, sequencing, efficiency and
stability analysis of these housekeeping genes in E. plorans was previously

performed in Navarro-Dominguez et al. (in press; see Chapter 2).

Statistical analysis

For qPCR validation of gene presence in the B chromosome, we should
expect that those genes actually residing in the B chromosome would
show RQ values on gDNA linearly increasing with the number of B
chromosomes. This relationship was tested by the Spearman’s rank

correlation test. Differential gene expression was tested by means of



Kruskal-Wallis tests comparing individuals with different number of B
chromosomes. In all cases, the sequential Bonferroni test was applied to

minimize type I errors.

RESsuULTS

At least nine protein-coding genes reside in the parasitic

chromosome

Clustering and identification of potential CDSs in the de novo
transcriptome yielded 13,190 sequences that were used as reference
for mapping and comparative coverage analysis in 0B and 4B gDNA

libraries.

The comparative analysis of read mapping for 0B and 4B genomes on the
CDS regions of the de novo transcriptome detected nine protein-coding
genes putatively residing in the B chromosome, as they were highly
over-represented in the 4B genome (Fig. 1). Orthologues of the nine E.
plorans contigs in the L. migratoria genome (Wang et al., 2014) included
CIP2A (CIP2A protein), CKAP2 (Cytoskeleton-associated protein
2), CND3 (Condensin complex subunit 3), GTPB6 (GTP-binding
protein 6), HYI (Hydroxypiruvate isomerase), KIF20A (Kinesin-like
protein KIF20A), MTG1 (Mitochondrial GTPase 1), MYCB2 (E3
ubiquitin-protein ligase MYCBP2) and SLIT (protein SLIT). The

sequences of these nine transcripts can be found in GenBank under
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Figure 1: Identification of protein-coding genes located on B chromosomes of
the grasshopper E. plorans, using copy number estimation in the
0B (X axis) and 4B (Y axis) genomes for DNA sequences in the
de novo assembled transcriptome. Labeled red triangles indicate
the 9 genes found in the B chromosome. Note that all of them are
single-copy in the 0B genome, except KIF20A which shows three
copies.



accession numbers KX034164 to KX034172 (Table 3). Based on the
relative coverage in 0B and 4B libraries, we estimate that all of them
have one copy per haploid standard genome, except KIF20A, which
has 3 in the standard genome, and diverse number of copies on the B
chromosome, ranging from one to ten (Fig. 1, Table 3). Six of these genes
(HYI, CIP2A, CKAP2, CND3, MTG1 and MYCB2) showed high 1B/0B
ratios when we compared read counts between the two transcriptome
libraries, suggesting that they could be actively transcribed on the B

chromosome (Fig. 2).

According to the coverage pattern observed in 0B and 4B genomes,
full length coding sequences (CDS) were found in the 4B genome for
four genes: CIP2A, GTPB6, KIF20A and MTG1, suggesting that these
genes might be complete in the B chromosome. As shown in Fig. 3A
and Suppl. Figs. S1A, S2A and S3A, coverage for these genes in the
gDNA_ 4B library was uniformly high along all CDS length. The five
remaining genes (MYCB2, CND3, CKAP2, HYI, and SLIT), however,
appeared to be incomplete in the B chromosome. MYCB2 was clearly
truncated (Fig. 4A), showing only the last 5,764 nucleotides of the 3’
side, out of of the 14,434 nucleotides reported for the homologous gene
in L. migratoria. In CNDS3, the last five exons (exons 20-24) of the
CDS reported for the L. migratoria genome show low coverage in the
E. plorans 4B genome (Fig. S4A). In CKAP2, the 5° UTR and 396
nucleotides of the 5’ end of the CDS seem to be missing (Fig. S5A). For
HYI we only observed 85 nucleotides in the 3’ end of the CDS plus the
3’ UTR, but this gene actually showed very low coverage in both gDNA
libraries, and its integrity was difficult to assess (Fig. S6A). In the case

of the SLIT gene, only the last two exons of the 5’ end were in the B
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Table 3: Short description of the genes located in the B chromosome. Acc. No.= GenBank accession number for E. plorans
transcript. B-copy may be complete (C) or truncated (T). B-activity refers to the qPCR experiments on cDNA (see
Table S2). B chr. = B chromosome.

Copy number per

Gene Protein Acc.No. B-copy B-activity Haploid B chr.
A set
CIP2A Protein CIP2A KX034164 C Yes 1 3
CKAP2 Cytoskeleton-associated protein 2 KX034165 T Yes 1 3
CND3 Condensin complex subunit 3 KX034166 T Yes 1 6
GTPB6  GTP-binding protein 6 KX034167 C No 1 1
HYI Hydroxypiruvate isomerase KX034168 T No 1 4
KIF20A  Kinesin-like protein KIF20A KX034169 C Yes 3 4
MTG1 Mitochondrial GTPase 1 KX034170 C No 1 8
MYCB2 E3 ubiquitin-protein ligase MYCBP2 KX034171 T Yes 1 10
SLIT Protein slit KX034172 T No 1 1




chromosome, out of the 30 exons reported in L. migratoria (Fig. STA).

Consistently, qPCR experiments on gDNA from males carrying 0-3
B chromosomes showed that genomic abundance for these nine genes
increased linearly with the number of B chromosomes (Figs. 3B and
4B, Table S1 and Figs. SIB-S7B). Remarkably, in the truncated genes
this linear relationship was observed in the regions with high coverage
in the gDNA_ 4B library, indicating their location in the B chromosome,
and no relationship with B number was observed for the low coverage
region of all five incomplete genes (MYCB2, CND3, CKAP2, HYI and
SLIT), confirming the absence of this region in the B chromosome and

the incompleteness of the genes (see Fig. 4B and Figs. S4B-S7B).

The parasitic chromosome is transcriptionally active

The analysis of differential gene expression between B-carrying and
B-lacking individuals, by means of qPCR, revealed that five out of
the nine genes located on the B chromosome (CIP2A, CKAP2, CNDS3,
KIF20A, and MYCB2) showed significant up-regulation in B-carrying
males and females from Torrox (Table S2), suggesting that some of the
B-located gene copies are transcribed. Remarkably, three of these genes
(MYCB2, CND3 and CKAP2) are truncated in the B chromosome and
showed differential expression only for the gene regions contained in the
B chromosome but not for those regions being missing (see Fig. 4C,
Figs. S4C and S5C, and Table S2). This strongly supports that the
up-regulation of these genes is due to the activity of the B chromosome

copies and not simply to up-regulation of the A chromosome gene copies.
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Figure 3: Coverage for the CIP2A transcript in the gDNA (0B and 4B)

and RNA (0B and 1B) Illumina reads (A), and qPCR on gDNA
(B) and ¢cDNA (C). Note that coverage was higher in the 4B
library across the complete sequence length, including the full
CDS (delimited by the dotted vertical lines), the 5° UTR (from
the 5° end to the first dotted line) and 3> UTR (from the second
dotted line to the 3’ end). Likewise, note the higher coverage for
this transcript in the B-carrying RNA library. The shaded zone
in A marks the region amplified by qPCR. qPCR on gDNA (B)
revealed that genomic copy number for the CIP2A gene increases
with B chromosome number, following a dose-dependent pattern,
thus supporting its presence in the B chromosome. qPCR on
cDNA (C) revealed that CIP2A is expressed in all tissues and sexes
analyzed, also following a dose-depending pattern and suggesting the
active transcription of B chromosome gene copies. RQ = Relative
quantity. NRQ = Normalized relative quantity. P= P-value and
Pb= Sequential Bonferroni P-value for Spearman rank correlation
(B) and Kruskal-Wallis (C) analyses.
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Figure 4:

Coverage for the MYCB2 transcript in the gDNA (0B and 4B) and RNA
(0B and 1B) Ilumina reads (A), and gPCR on gDNA (B) and ¢cDNA (C).
Note that less than half of MYCB2 CDS (between the dotted vertical lines)
showed high coverage in the 4B library, specifically from position 8961 to
the 3’ end (A), suggesting that this B chromosome gene is truncated. Two
regions were selected for qPCR, amplification of this gene, one within the
region being apparently absent in the B chromosome (shaded zone 1) and
the other within the region being present in it (shaded zone 2). gPCR on
gDNA with zone 1 primers showed that copy number for this gene region
was independent on the number of B chromosomes (B1). However, PCR
on gDNA with zone 2 primers showed that abundance of this MYCB2
gene region increased with B chromosome number in a dose-dependent
pattern (B2). Likewise, gPCR on ¢cDNA showed that MYCB2 expression
was independent of B chromosome number when probed with zone 1
primers (C1) but it increased in a dosage-dependent pattern with zone
2 primers (C2), suggesting the active transcription of B chromosome
truncated gene copies. RQ = Relative quantity. NRQ = Normalized
relative quantity. P= P-value and Pb= Sequential Bonferroni P-value
for Spearman rank correlation (B) and Kruskal-Wallis (C) analyses.



For CIP2A (Fig. 3C) and KIF20A (only in males, Fig. S2C) genes,
expression level increased with B chromosome number, and a similar
dosage effect was observed for MYCB2 (Fig. 4C), CND3 (Fig. S4C)
and CKAP2 (Fig. S5C) in the case of gene regions being present in the
B chromosome. No significant differential expression was found for the
remaining genes and neither for the B chromosome missing regions of
MYCB2 (Fig. 4C), CND3 (Fig. S4C) and CKAP2 (Fig. S5C). Taken
together, these results reinforce the conclusion that most B chromosome

genes are actively transcribed.

Gene Ontology (GO) analysis for these nine genes revealed their
implication in some biological processes likely profitable for a parasitic B
chromosome, such as the regulation of mitotic cell cycle (KIF20A, CND3,
and CKAP2), DNA replication and regulation of transcription (CKAP2
and MYCB2), apoptotic processes and regulation of cell death (CKAP2),
chromosome condensation and organization (CNDS3), cell-cell signaling
and cellular response to stimulus (SLIT'), and reproductive structure
development (SLIT) (see Table S3). The EuKaryotic Orthologous
Groups (KOG) classification of these nine genes also gave interesting
indications of their potential functions (Table 4), some of which being
highly valuable for the advantageous transmission of this parasitic
chromosome. For instance, CIP2A and KIF20A have functions related
with cytoskeleton and thus microtubule dynamics, and CNDS3 is related
with chromosome condensation, chromatin structure and dynamics and
thus cell cycle control. The two former genes appear to be complete and
active in the B chromosome, but the latter is truncated thus probably

rendering non-translated or inactive transcripts.
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DiscussioN

As intranuclear parasites, B chromosomes mimic A chromosomes in
many respects, such as the structure and organization of the DNA
sequences contained in them, although they are usually heterochromatic
and, as such, assumed to be genetically inert elements (for review,
see Camacho, 2005). Recently, transcription of a protein-coding gene
on B chromosomes of the Siberian roe deer (Capreolus pygargus) has
been shown (Trifonov et al., 2013), while Banaei-Moghaddam et al.
(2013) used NGS to demonstrate that about 15% of the pseudogene-like
fragments on B chromosomes are transcribed following a pattern related
to genotype and tissue type, with some of them apparently playing a
role in trans-regulation of genes located in the A chromosomes. Likewise,
Valente et al. (2014) analyzed transcriptome sequences from the cichlid
fish, Pundamilia nyererei, and some of them showed high sequence
similarity with the B-encoded variants for the Separin, TUBBI and
KIF11 genes found in Astatotilapia latifasciata, thus suggesting that
P. nyererei might have B chromosomes expressing these genes. These
findings clearly contradict the “B genetic inertness” hypothesis, although
whether B chromosomes express truly functional genes (i.e. generate
proteins) or regulatory factors (i.e. small RNAs) remains to be tested.
In fact, the only B chromosome genes which have been shown to yield
functional transcripts are those for rRNA in the grasshopper E. plorans,
as they give rise to the expected phenotype, i.e. a nucleolus (Ruiz-Estévez

et al., 2012).

Here we show that B chromosomes contain at least 9 protein-coding



genes which are actively transcribed in E. plorans, five of which were
active in the population analyzed. Many of the B-derived transcripts
might be functionless because the gene copies on the B chromosome are
incomplete, so that their translation would yield anomalous polypeptides
posing metabolic stress on cells. Alternatively, these gene fragments
could interfere A chromosome gene expression by competitively binding
transcription factors (Seo et al., 2012; Poliseno et al., 2015; Hirotsune
et al., 2003). However, we cannot rule out that the transcripts from
some B-located genes, being apparently complete, can be functional,
as previously observed for 455 rRNA transcripts (Ruiz-Estévez et al.,
2012). Of course, the possibility that a B chromosome can contribute
gene products which are useful for its own survival (e.g. through cell

division) is a new and interesting prospect in B chromosome research.

Three genes which are truncated in the B chromosome (CKAP2, CND3
and MYCB2) show up-regulation only for the region being present in the
B chromosome, indicating that gene copies located on the B chromosome
are transcribed. This might rule out the alternative possibility that
their up-regulation is due to over-expression of the gene copies located
in the A chromosomes instead of transcription of the B-copies, except
in the case that the B copy is somehow post transcriptionally affecting
gene regulation in the As. CKAP2 codes for a cytoskeleton-associated
protein which localizes to spindle poles and microtubules from prophase
to anaphase (Seki and Fang, 2007), and seems to play an important
role in chromosome segregation and stability (Hong et al., 2009; Case
et al., 2013). CND3 codes for a subunit of the condensin chromosome
condensation complex, subunit G (Ono et al., 2003), whereas MYCB2

encodes a component protein of the anaphase promoting complex (APC)



governing the exit from mitosis (Sivakumar and Gorbsky, 2015). If these
transcripts were translated, they would presumably yield non functional
truncated polypeptides, especially MYCB2, where more than half of the

CDS is missing in the B chromosome.

It is also conceivable that, as suggested by Banaei-Moghaddam et al.
(2013), these gene fragments present in the B could act as trans
modulators, affecting the activity of its counterparts located in the
A genome. A possible example of this could be the down-regulation
shown by the GTPBG gene in the 1B RNA library (see Fig. S1A),
meaning that it would be repressed in presence of the B chromosome,
and a similar trend was observed in qPCR experiments on ovary (Fig.

S1C), although it was not significant (Table S2).

Remarkably, the two remaining up-regulated protein-coding genes
(CIP2A and KIF20A), which were complete in the B chromosome, coded
for potentially interesting functions for a parasitic chromosome. CIP2A
codes for an oncoprotein that inhibits protein phosphatase 2A (PP2A),
promoting anchorage-independent cell growth and tumor formation,
and its overexpression causes premature chromosome segregation and
aneuploidy (Pallai et al., 2015). Bearing in mind that B chromosomes
most likely originate as a kind of aneuploidy (Hewitt, 1979; Camacho,
2005), it is conceivable that the excess of CIP2A gene products, provided
by transcription from the B chromosome copies, might be advantageous
for B chromosome maintenance. Likewise, KIF20A codes for a mitotic
kinesin required for chromosomal passenger complex (CPC) transport
during cytokinesis (Nguyen et al., 2014) and for appropriate assembly of
microtubules at anaphase and metaphase-anaphase transition (Cesario

et al., 2006). In Xenopus, Takemoto et al. (2009) showed that PP2A



plays a role in the recruitment and targeting of Condensin II and
kinesin protein KIFj4a to chromosomes during mitosis, and PP2A
inhibition causes Condensin II and KIFja dissociation from assembled
chromosomes. In E. plorans, B chromosomes carrying active CIP2A
and KIF20A genes could potentially influence the course of cell division
for their own benefit, thus revealing their true parasitic nature. In rye,
the presence of repetitive DNA sequences in the short arm of the B
chromosome promotes mitotic non-disjunction which is the basis for its
drive mechanism (Banaei-Moghaddam et al., 2012). In E. plorans, B
chromosome drive takes place during female meiosis (Herrera et al., 1996;
Zurita et al., 1998), and the possibility of manipulating it through gene
expression might be the basis for the high success of B chromosomes
in this species, as they are present in almost all natural populations

hitherto analyzed (Lopez-Leén et al., 2008).

Taken together, our results show, for the first time, that the secret for
B chromosome success may lie on its gene content, as suggested by the
active transcription of the complete CDS of CIP2A and KIF20A and
the fragments of CKAP2, CND3 and MYCB2, all being genes with
functions related with cell division. This hypothesis will be tested, in
the near future, as more B chromosomes are analyzed by the present

approach.
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Figura S1: Coverage for the GTPB6 transcript in the gDNA (0B and 4B) and

RNA (0B and 1B) Illumina reads (A), and gPCR on gDNA (B) and
¢DNA (C). Note that coverage was higher in the 4B gDNA library
along all sequence length, but it was very low in the B-carrying
RNA library (A). The shaded zone in A marks the region amplified
by qPCR. qPCR on gDNA (B) revealed that genomic copy
number for the GTPB6 gene increases with B chromosome number
following a dose-dependent pattern, thus confirming its presence
in the B chromosome. qPCR on ¢cDNA (C) revealed that GTPB6
expression was independent of B chromosome number in all tissues
and sexes analyzed, suggesting that B chromosome gene copies
are silenced. RQ = Relative quantity. NRQ = Normalized relative
quantity. P= P-value and Pb= Sequential Bonferroni P-value for
Spearman rank correlation (B) and Kruskal-Wallis (C) analyses.
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Figura S2: Coverage for the KIF20A transcript in the gDNA (0B and 4B) and

RNA (0B and 1B) Illumina reads (A), and qPCR on gDNA (B)
and ¢cDNA (C). Note that coverage was higher in the 4B gDNA
library along all sequence length, but not in the B-carrying RNA
library (A). The shaded zone in A marks the region amplified by
gPCR. gPCR on gDNA (B) revealed that genomic copy number for
the KIF20A gene increases with B chromosome number following
a dose-dependent pattern, thus confirming its presence in the
B chromosome, although this association was only marginally
significant. gPCR on ¢cDNA (C) showed that KIF20A expression
tended to increase with B chromosome number only in males. RQ
= Relative quantity. NRQ = Normalized relative quantity. P=
P-value and Pb= Sequential Bonferroni P-value for Spearman
rank correlation (B) and Kruskal-Wallis (C) analyses.
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Coverage for the MTG1 transcript in the gDNA (0B and 4B) and
RNA (0B and 1B) Illumina reads (A), and qPCR on gDNA (B)
and ¢cDNA (C). Note that coverage was higher in the 4B gDNA
library along all sequence length, and also in the B-carrying RNA
library (A). The shaded zone in A marks the region amplified by
qPCR. qPCR on gDNA (B) revealed that genomic copy number for
the MTG1 gene increases with B chromosome number following
a dose-dependent pattern, thus confirming its presence in the B
chromosome. gPCR on ¢cDNA (C) showed that MTG1 expression
was independent on the number of B chromosomes in all samples,
suggesting that this B chromosome gene is silenced. RQ = Relative
quantity. NRQ = Normalized relative quantity. P= P-value and
Pb= Sequential Bonferroni P-value for Spearman rank correlation
(B) and Kruskal-Wallis (C) analyses.
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Figura S4: Coverage for the CND3 transcript in the gDNA (0B and 4B) and

RNA (0B and 1B) Illumina reads (A), and gPCR on gDNA (B) and
c¢DNA (C). Low coverage in the 4B genome for the last five exons
(20th-24th) suggests that the CDS of this B chromosome gene (delimited
by dotted vertical lines) is truncated. Two regions were selected for
qPCR amplification of this gene, one within the region being present
in the B chromosome (shaded zone 1) and the other within the region
being absent in it (shaded zone 2). gPCR on gDNA with zone 1 primers
showed that copy number for this gene region increased with the number
of B chromosomes (B1), whereas qPCR on gDNA with zone 2 primers
was independent on B number (B2). Likewise, gPCR on ¢cDNA showed
that CND& expression increased in a dosage-dependent pattern for zone
1 primers (C1) but it was independent of B chromosome number for zone
2 primers (C2), suggesting the active transcription of B chromosome
truncated gene copies. RQ = Relative quantity. NRQ = Normalized
relative quantity. P= P-value and Pb= Sequential Bonferroni P-value
for Spearman rank correlation (B) and Kruskal-Wallis (C) analyses.
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Figura S5:

Coverage for the CKAP2 transcript in the gDNA (0B and 4B) and
RNA (0B and 1B) Illumina reads (A), and gPCR on gDNA (B) and
c¢DNA (C). Low coverage in the 4B genome for the 5 region of the
CDS (till nucleotide 663), suggests that this gene is truncated in the
B chromosome. Two regions were selected for qPCR amplification of
this gene, one within the region being missing in the B chromosome
(shaded zone 1) and the other within the region being present in it
(shaded zone 2). qPCR on gDNA with zone 1 primers showed that copy
number for this gene was independent on the number of B chromosomes
(B1), whereas qPCR on gDNA with zone 2 primers showed that it
increased with the number of B chromosomes (B2), showing that this
B chromosome gene is truncated. qPCR on cDNA showed that CKAP2
expression was independent of B chromosome number for region 1
(C1) but increased in a dosage-dependent pattern for region 2 (C2),
suggesting the active transcription of B chromosome truncated gene
copies. RQ = Relative quantity. NRQ = Normalized relative quantity.
P= P-value and Pb= Sequential Bonferroni P-value for Spearman rank
correlation (B) and Kruskal-Wallis (C) analyses.
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Not so silenced

HYI
A
1 2
10- °
s
5-
0-
500 -
400 - i 2
300 - 2
200 - >
100-
0 ; T \ :
250 500 750 1000
Libraries +B 0B
B1 B2
3- 20. P=00017
P= 06254 Pb= 0.0185 .

NRQ

Figura S6:

o 4 M W o = N oW
v T

4

0 1 2 3 0 1 2 3
Number of B chromosomes Number of B chromosomes
C1 c2

Female Male Female Male

Pl 02448 P - 0.6289 164 Po= 0.7465 P =0.2392
J | 2 1.2+ ‘J:-, . g
g g
] —_— 08- .
B | TF g BIEE=E
Z 04-
. P=02208 P=05174 164 P=0:1476 P=02041
o] 121 o)
1 S 0.8- S
o " — 1y
- Q (=%
TE=_| ..
. e — =t ———
0o 1 2 3+ 0 1 2 3+
Number of B chromosomes Number of B chromosomes

Coverage for the HYT transcript in the gDNA (0B and 4B) and RNA
(0B and 1B) Illumina reads (A), and qPCR on gDNA (B) and cDNA
(C). Low coverage in the 4B genome for the 5’ region of the CDS (till
nucleotide 901) suggests that this gene is truncated in the B chromosome.
Two regions were selected for qPCR, amplification of this gene, one
within the region being missing in the B chromosome (shaded zone 1)
and the other within the region being present in it (shaded zone 2).
qPCR on gDNA with zone 1 primers showed that copy number for this
region was independent on the number of B chromosomes (B1), whereas
qPCR on gDNA with zone 2 primers showed that it increased with the
number of B chromosomes (B2), thus showing that this B chromosome
gene is truncated. gPCR on ¢cDNA showed that HYT expression was
independent of B chromosome number for both regions (C1 and C1),
suggesting B chromosome truncated copies are inactive. RQ = Relative
quantity. NRQ = Normalized relative quantity. P= P-value and Pb=
Sequential Bonferroni P-value for Spearman rank correlation (B) and
Kruskal-Wallis (C) analyses.
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Figura S7:
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Coverage for the SLIT transcript in the gDNA (0B and 4B) and RNA
(0B and 1B) Illumina reads (A), and gPCR on gDNA (B) and cDNA
(C). Coverage in the 4B genome was high for only a small part of the
5’ region of the CDS, suggesting that this gene is truncated in the B
chromosome (A). Two regions were selected for qPCR amplification
of this gene, one within the region being absent in the B chromosome
(shaded zone 1) and the other within the region being present in it
(shaded zone 2). qPCR on gDNA with zone 1 primers showed that copy
number for this gene was independent on the number of B chromosomes
(B1), whereas qPCR on gDNA with zone 2 primers showed that it
increased with the number of B chromosomes (B2), thus demonstrating
that B chromosome copies are truncated. qPCR on ¢cDNA showed that
SLIT expression was independent of B chromosome number for both
regions (C1 and C1), suggesting the B chromosome truncated copies are
inactive. RQ = Relative quantity. NRQ = Normalized relative quantity.
P= P-value and Pb= Sequential Bonferroni P-value for Spearman rank
correlation (B) and Kruskal-Wallis (C) analyses.
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Cuadro S1: Spearman rank correlation (rS) between genomic abundance
of nine genes and the number of B chromosomes, found in
qPCR experiments. Pb = Sequential Bonferroni corrected P.
N= Number of individuals.

Gene N TS P Pb
CIP2A 14 0.7557 0.0018 0.0177
CKAP2 1 14 0.3755 0.1858
CKAP2 2 14 0.7815 0.001 0.0125
CND3 1 14 0.744 0.0023 0.0205
CND3_2 14 0.2065 0.4787
GTPB6 14 0.7698 0.0013 0.0154
HYI 1 14 0.1432 0.6254
HYI 2 14 0.7581 0.0017 0.0185
KIF20A 14 0.6008 0.0231 0.1386
MTG1 14 0.7416 0.0024 0.0192
MYCB2 1 14 -0.1455 0.6196
MYCB2_2 13 0.8253 0.0005 0.0072
SLIT 1 14 -0.1572 0.5914
SLIT 2 14 0.6548 0.011  0.0773




Cuadro S2: Kruskal-Wallis analysis of qPCR gene expression experiments in
males and females with 0-3 B chromosomes. Sex: M = Male, F =
Female; Item: B = Body, G = Gonad; N= Number of individuals,
df= degrees of freedom, Pb = Sequential Bonferroni P-value.

Gene Sex Ttem N H df P Pb
CIP2A F B 18 10.80 3 0.0129 0.0129
G 21 10.82 3 0.0127 0.0255
M B 23 12.20 3 0.0067 0.0202
G 23 16.36 3 0.0010 0.0038
CKAP2 1 F B 20 2.53 3 0.4698
G 21 1.17 3 0.7597
M B 22 1.16 3 0.7624
G 22 1.28 3 0.7333
CKAP2 _2 F B 21 14.78 3 0.0020 0.0040
G 21 6.66 3 0.0835 0.0835
M B 23 15.07 3 0.0018 0.0070
G 23 14.94 3 0.0019 0.0056
CND3_1 F B 21 11.15 3 0.0110 0.0110
G 21 12.31 3 0.0064 0.0128
M B 23 17.98 3 0.0004 0.0018
G 23 17.00 3 0.0007 0.0021
CND3_2 F B 21 1.91 3 0.5915
G 21 1.81 3 0.6124
M B 23 4.63 3 0.2013
G 23 1.77 3 0.6218
GTPB6 F B 21 1.30 3 0.73021
G 21 4.57 3 0.20629
M B 22 1.92 3 0.58933
G 23 4.55 3 0.20766
HYI 1 F B 21 4.16 3 0.24479
G 21 4.41 3 0.22084
M B 21 1.75 3 0.62688
G 23 2.27 3 0.51743
HYI_2 F B 21 1.23 3 0.74647
G 21 5.35 3 0.14764
M B 23 4.21 3 0.23922
G 23 4.59 3 0.20412

Continue in next page




Continued from previous page

Gene Sex Ttem N H df P Pb
KIF20A F B 19 6.89 3 0.07551 0.15101
G 20 1.94 3 0.585 0.585
M B 23 13.85 3 0.00311 0.01244
G 23 10.61 3 0.01406 0.04218
MTG1 F B 21 3.39 3 0.33536
G 21 3.70 3 0.29519
M B 23 5.20 3 0.15749
G 23 6.17 3 0.10364
MYCB2_1 F B 21 4.92 3 0.17784
G 20 3.45 3 0.32764
M B 23 0.60 3 0.89539
G 23 3.13 3 0.3717
MYCB2_2 F B 19 8.73 3 0.03306 0.03306
G 21 10.90 3 0.01228 0.03685
M B 23 9.84 3 0.01995 0.03989
G 23 12.71 3 0.00531 0.02125
SLIT 1 F B 21 5.65 3 0.12979
G 21 3.30 3 0.34737
M B 23 0.99 3 0.80247
G 23 6.48 3 0.09035
SLIT 2 F B 21 4.57 3 0.20629
G 21 1.05 3 0.78868
M B 23 1.38 3 0.71046
G 23 3.98 3 0.26326




A condensin subunit CAP-G
pseudogene located in a B chromosome

is actively transcribed
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Departamento de Genética, Universidad de Granada

Abstract Parasitic B chromosomes invade and persist in natural
populations through several mechanisms for transmission advantage
(drive). Contrary to the general belief that B chromosomes are
genetically inert, recent work has provided evidence for the existence
of gene-derived sequences in B chromosomes which, in some cases, are
actively transcribed. A further interesting question is, however, whether
B-derived transcripts actually become into functional products. In the
grasshopper Fyprepocnemis plorans, one of the B-derived gene sequences
shows homology with the gene coding for the CAP-G subunit of

condensin I. We show here, by means of fluoresence in situ hybridization
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coupled with tyramide signal amplification (FISH-TSA), that this gene
is located in the distal region of the B24 chromosome variant. The DNA
sequence located in the B chromosome lacks five exons of the 3’ end and
shows a non-synonymous substitution in a highly conserved region and
a premature stop codon, indicating that it is a pseudogenic version of
the CAP-G gene (B-CAP-G). In two Spanish populations, we found
active transcription of B-CAP-G, but it did not influence the expression
of CAP-D2 and CAP-D3 genes coding for the corresponding subunits
of condensin I and II, respectively. Our results indicate that some of
the B chromosome known effects may be related with its gene content
and transcriptional activity, thus changing the current paradigm of B

chromosome inertness and opening new exciting avenues for research.

INTRODUCTION

Chromatin condensation and chromosome segregation during cellular
division are two essential events for maintenance and transmission of
genetic information from cell to cell and through generations. Therefore,
it is not surprising that these crucial processes involve many proteins
providing structural support or regulation during mitosis and meiosis.
Among these, condensin complexes play an important role for the timely
compaction and segregation of chromosomes during cell divisions (Wood

et al., 2010), which explains the growing interest in their study.

Condensins are highly conserved heteropentameric complexes,



constituted by a V-shaped dimer of SMC (structural maintenance of
chromosomes) ATPase core subunits and an additional set of non-SMC
regulatory CAP (chromosomal associated protein) subunits. Most
eukaryotes contain two different types of condensin complexes, known
as condensins I and II, which accomplish different functions and are
subjected to different regulation during mitosis and meiosis. Condensins
I and IT are pentameric protein complexes sharing a same heterodimeric
pair of SMC subunits, i.e. SMC2 and SMC4, and composed of a kleisin
subunit (CAP-H in condensin I and CAP-H2 in condensin II) and a
pair of HEAT-repeat subunits (CAP-D2 and CAP-G in Condensin I and
CAP-D3 and CAP-G2 in Condensin IT) (Hirano, 2005). HEAT repeats
are bihelical structures organized in tandem which can enfold target
substrates and act as a scaffold for the assembly of other molecular
components (Neuwald and Hirano, 2000). They have been found,
among others, in the four proteins included in the HEAT acronymous:
huntingtin, elongation factor 3, the A subunit of the protein phosphatase
2A and TORI, a target of rapamycin that seems to be essential for
progression of the G1 phase of cell cycle (Andrade and Bork, 1995).

In fungi, condensin II has been lost during evolution, and one of the
components of condensin II (CAP-G2) has not been found in the
Drosophila melanogaster genome (Hirano, 2012). Therefore, in this latter
species, it is not clear the division of labor between condesin I and II,
and the existence of the condensin II complex has been even questioned
(Herzog et al., 2013). However, in Caenorhabditis elegans, condensin
I has a minor contribution compared with condensin II, and there is
IDC)

a third condensin I-like complex (condensin , with a modificated

SMC4 subunit, which is involved in dosage compensation (Csankovszki



et al., 2009; Kruesi et al., 2013). Many bacterial and archaeal species

have primitive types of condensin (Hirano, 2016).

The most conspicuous phenotype of condensin mutants is the massive
formation of bridges between chromosomes during mitotic and meiotic
anaphases, as a consequence of defective resolution of concatenations
between sister chromatids and incorrect compaction of chromosomes
prior to mitotic anaphase separation (Wood et al., 2010). This
last condition leads to anaphase bridging and lagging chromatids.
Anaphase bridges are associated with DNA double strand breaks
(McClintock, 1941), which often result in chromosome rearrangements
such as translocations or deletions (Acilan et al., 2007), and also gene
amplification through the breakage-fusion-bridge (BFB) cycle model
(McClintock, 1941; Shimizu et al., 2005). The absence of condensin
also entails fuzzy chromosome appearance (see Hirano, 2012 for review).
Furthermore, condensins have a role in multiple other cellular processes,
as suggested by the fact that, in C. elegans, mutants for any condensin
I subunit show changes in DNA double-strand break distribution and
frequency, causing a boost in the frequency of crossover events (Mets
and Meyer, 2009). In D. melanogaster, condensin II limits transvection
and is required for the dissasembly of polytene chromosomes, which
occurs at interphase during ovarian development (Hartl et al., 2008),
and mutations on several subunits of condensin alter position-effect
variegation in X and Y chromosomes in regions next to ribosomal DNA
(rDNA) (Cobbe et al., 2006). There are many evidences for a functional
relationship beetween condensins and rDNA, since the condensin complex
associates with rDNA loci (Freeman et al., 2000; Wang et al., 2004; Kim

et al., 2013), and even rDNA transcription regulates condensin function



in S. cerevisiae (Wang et al., 2006; Wang and Strunnikov, 2008). Also,
several components of condensin have been found to locate in interphase
nucleoli of Xenopus (Cabello et al., 2001; Uzbekov et al., 2003) and
also regulating rDNA silencing in S. cerevisiae, thus maintaining silent

chromatin domains (Machin et al., 2004).

Effects of mutations on the CAP-G subunit gene in Drosophila have
been profusely described in the literature, thus providing many insights
on its role in the overall function of the condensin complex. Some
of these effects are embryonic lethality, female infertility, delays in
chromosome condensation during prophase, failures in sister chromatid
separation and resolution, lagging chromosomes, bridging, and ultimately
aneuploidy. CAP-G also has a role in gene expression regulation during
interphase, possibly associated with the suppression of position-effect
variegation (Dej et al., 2004). Furthermore, the CAP-G subunit has
been shown to interact not only genetically but physically with CID, the
Drosophila homolog for CENP-A, evidencing a link between condensin

and kinetochore structure (Jéager et al., 2005).

Many eukaryote genomes harbor special, additional and dispensable
chromosomes called supernumerary (B) chromosomes (for review, see
(Jones and Rees, 1982; Camacho et al., 2000; Camacho, 2005). They are
considered intragenomic parasites taking advantage of cell replication
machinery for its accumulation and persistence in natural populations, as
they do not obey Mendelian segregation law by managing to incorporate
into gametes at rates higher than 0.5. B chromosomes can originate from
the same genome harboring them, or else they can derive from a different
species through hybridization. They do not recombine with standard

(A) chromosomes, for which reason it is said that they follow their own



evolutionary pathway. Most B chromosomes are heterochromatic and
mainly composed of non-coding repetitive DNA. These features, along
with their dispensable nature, have led to the long-lasting view that B
chromosomes are gene lacking and transcriptionally inert chromosomes.
Nevertheless, in the last years, protein-coding genes have been found in
B chromosomes from several animal and plant systems (Graphodatsky
et al., 2005; Teruel et al., 2010; Fantinatti et al., 2011; Martis et al.,
2012; Valente et al., 2014; Huang et al., 2016; Navarro-Dominguez et
al., submitted; see chapter 3; Ruiz-Ruano et al. in preparation). In the
grasshopper Fyprepocnemis plorans, the B chromosome variant named
B24 harbors ribosomal RNA genes expresed at low rate (Cabrero et al.,
1987; Ruiz-Estévez et al., 2012, 2014), and at least four protein-coding
genes showing their complete coding sequence (CDS), and five other
genes with fragmented CDS (Navarro-Dominguez et al., submitted; see
chapter 3). One of these fragmented genes shows homology with the
CAP-G subunit of condensin I (also known as condensin complex subunit
3 or CND3). In contrast to the CAP-G sequence described in the Locusta
migratoria draft genome (Wang et al., 2014), the CAP-G sequence found
in the B24 chromosome (from here onwards, B-CAP-G) of E. plorans
lacks the last five exons (20-24) of the 3’ end. Remarkably, the B-CAP-G
gene is actively transcribed in B24-carrying adults males and females
from the Torrox population (see Navarro-Dominguez et al., submitted;

see chapter 3).

As intragenome parasites, B chromosomes could take advantage of
alterations in the correct functioning of cell division allowing them
bypassing the mitotic and/or meiotic checkpoints thus facilitating B

chromosome drive. Several works have suggested the possible implication



of condensins in cellular responses to chromosome damage (Aono et al.,
2002) and in the spindle assembly checkpoint (SAC) (Yong-Gonzalez
et al., 2007; Murillo-Pineda et al., 2014; Xu et al., 2015). In fact, contrary
to previous beliefs claiming that condensin I access to nucleus occurs
after nuclear envelop breakdown, it is now known that a small fraction
of condensin I remains in cell nucleus during interphase acting on gene
regulation, and their mutants fail in activating cellular control pathways

(Aono et al., 2002; Uhlmann, 2002; Zhang et al., 2016).

Due to the high relevance of the condensin complex, and its possible
impact on B chromosome maintenance in natural populations, we analyze
here the changes in DNA sequence shown by the B-CAP-G pseudogene
found in B chromosomes from two populations of the grasshopper FE.
plorans, its transcriptional activity and its possible influence on the
activity of other condensin complex protein subunit genes (CAP-D2 and

CAP-D3), as an indirect indication for its possible functional role.

MATERIALS AND METHODS

Experimental materials and karyotypic characterization

This study was carried out in 80 adult individuals of the grasshopper
Eyprepocnemis plorans, collected in Salobrena (Granada, Spain) and
Torrox (Malaga, Spain) in October 2013, and showing different numbers

of B chromosomes (Table 1). Embryos were obtained from egg pods



Table 1: Individuals of Eyprepocnemis plorans
analyzed per population, sex and
number of B chromosomes. Bs =
number of B chromosomes. N =
Number of individuals.

Population Sex Bs N
Salobrena Female 0 2
1 5
2 2
+2 5
" Total 14
Male 0 4
1 10
2 4
+2 3
Total 21
Torrox Female 0 4
1 9
2 8
+2 1
Total 22
Male 0 2
1 7
2 8
+2 6
" Total 23
Total Samples 80

dissected in insect saline solution after ten days of incubation at 28°C,

which were used for CAP-G physical mapping.

Testes and ovaria were dissected out from anesthetized animals. One
gonad (testis or ovary) and the somatic bodies were immediately frozen
in liquid nitrogen and stored at 80°C until DNA and RNA extraction.
The other testis was fixed in 3:1 ethanol-acetic acid and stored at

4°C for cytological analysis. The remaining ovary was immersed in



2% colchicine in isotonic insect saline solution for 2 hours, fixed in
3:1 ethanol-acetic acid, and stored at 4°C for cytological analysis. In
males, the number of B chromosomes was determined by visualizing
them in primary spermatocytes at diplotene or metaphase I obtained
by squashing two testis tubules in a drop of 2% lactopropionic orcein
(Camacho et al., 2015). In females, the number of B-chromosomes
was analysed in squash preparations of two ovarioles submitted to
C-banding, a technique which shows B chromosomes much darker than
the A chromosomes (Camacho et al., 2015). For physical mapping of
the CAP-G gene, we used 0.05% colchine-treated embryos prepared
as described in Camacho et al. (2015). In embryos, B chromosome
presence was determined by staining chromosome slides with 2pg/pl 4,6
diamidino-2-phenylindole (DAPI) which reveals the presence of several

large DAPI" bands on the B chromosome.

Chromosomal location of B-C'AP-G using Tyramide-coupled
FISH

Physical mapping of the B-C'A P-G pseudogene was performed on embryo
chromosomes by means of fluorescent in situ hybridization coupled
with tyramide signal amplification (FISH-TSA), following the protocols
described previously by Krylov et al. (2007, 2008) and Funkhouser-Jones
et al. (2015), with minor changes.

To prepare the probe for FISH, a 110 bp fragment was amplified on
E. plorans gDNA with primers anchoring on exon 18 of the CAP-G

sequence (Navarro-Dominguez et al., submitted; see chapter 3). PCR



reaction was performed with the Horse-PowerTaq DNA polymerase
(Canvax) kit, and contained 1X PCR buffer, 2.5 mM MgCly, 0.25 mM
dNTPs, 0.4 nM of each primer, 2.5 units of DNA polymerase and about
2.5 pl/ul of DNA per reaction. The thermocycler program was as follows:
an initial denaturation step at 94°C for 5 min, 40 cycles at 94°C (15 s),
60°C (15 s) and 72°C (15 s), and a final elongation step at 72°C for 5

min.

200 ng probe was labeled with digoxigenin-11-dUTP (Roche) by random
primers using Decalabel DNA labeling kit (Thermo Scientific) according
to manufacturer’s recommendation but using 9 nl of a labeled dNTP
mix containing ImM dATP, ImM dCTP, 1mM dGTP, 0,65mM dTTP
and 0.01lmM digoxigenin -11-dUTP. Probe was labelled at 37°C for 20

hours and then purified and resuspended in 10 pl ultrapure water.

Chromosome preparations were dehydrated in 70%, 90% and 100%
ethanol series for 3, 3 and 5 min, respectively. Afterwards, they
were air dried and stored at 60°C overnight. After incubation with
200 pl RNase (100 pg/ml in 2XSSC, 300mM NaCl, 30 mM sodium
citrate, pH 7.0) for 2 hours at 37°C, they were washed three times
in 2XSSC for 5 min and once in PBS for 5 min. Metaphase spreads
were then treated with 2% paraformaldehyde at room temperature
followed by three washes in PBS (phosphate buffer saline, pH=7.3)
for 5 min each. Endogenous peroxidases were quenched by treating
slides for 30 min with 1% HyOs, followed by three washes in PBS
for 5 min and one in distilled water. Chromosome preparations were
then dehydrated in a series of 70%, 90% and 100% ethanol for 3,
3 and 5 min, respectively. Chromosomal DNA was denatured and

hybridized with 50 pl of hybridization mixture, composed of 50%



deionized formamide, 2XSSC and 40 ng of labeled probe, under a
plastic coverslip in a hot plate at 80°C for 6 min. Slides were then
incubated in a humid chamber overnight at 37°C. Posthybridization
washing and signal detection of FISH-TSA were performed as reported
by Krylov et al. (2007, 2008). For detection of digoxigenin-labeled
CAP-G gene probe, we used an anti-digoxigenin antibody conjugated
with horse-radish peroxidase (Sigma) at a concentration of 1:500 in TNB
(Tris-NaCl-blocking buffer), by incubating slides for 1 hour in a humid
chamber at room temperature. Tyramide signal amplification reaction
was performed using TSA Plus Fluorescence kit (Perkin Elmer), applying
100 pl of 1:50 diluted tyramide solution per slide with dark-incubation for
10 min at room temperature. Slides were counterstained with 2 pg/ml
DAPI for 18 min, washed for 5 min in PBS, 3 min in distilled water
and mounted in antifading solution (Vectashield H-100). Hybridized
metaphase cells were analyzed under a BX41 Olympus epifluorescence
microscope and photographs were taken with a DP70 cooled camera.
Images were merged and optimized for brightness and contrast with the

Gimp software.

Prediction of B-CAP-G sequence functionality

To analyze sequence variation in B-CAP-G, pseudogene in respect to the
CAP-G gene located in the A genome, we used SSAHA2 (Ning et al.,
2001) to map Illumina reads obtained from 0B and 1B E. plorans female
RNA, and those obtained from male genomic DNA with 0B and 4B
from the Torrox population (NCBI-SRA accession numbers SRR2969416,
SRR2969417, SRR2970625 and SRR2970627; Navarro-Dominguez et al.,



in preparation; see chapters 3 and 5). To search for B-specific sequence
variants, we quantified the number of reads carrying a given nucleotide
at each position using pysamstats’, and selected the positions where
the variants were shared by the two +B libraries but were absent in
the two 0B libraries. For further confirmation, we also mapped reads
obtained from three different 0B females, three 0B males and three 4B
males, also from the Torrox population (Martin-Pecina et al., personal

communication).

Although B-CAP-G lacks five exons on the 3’ end (Navarro-Dominguez
et al., submitted see chapter 3), it has been reported that condensin
can be functional even with a C-terminal deletion (Herzog et al., 2013),
for which reason we compared the predicted aminoacid sequence for
the B-CAP-G transcript with with homologous proteins available in
the databases. We got 18 sequences of CAP-G condensin I subunit
in the NCBI-GenBank database from many different organisms (seven
mammals, a bird, a frog, a fish and eight insects; see Table 2 for accession
numbers). To compare with other grasshopper species, we used the
CAP-G transcript from a de novo assembled transcriptome of Locusta
migratoria (Ruiz-Ruano et al. in preparation) and from a Trinity-based
de novo assembly performed by us with reads of Chortippus mollis found
in the databases (NCBI-SRA accession number SRR2051368; Berdan
et al., 2015), and predicted the protein coded by those transcripts.
Alignments were performed using Geneious 4.8 (Drummond et al., 2009).
The possible impact of aminoacidic changes and C-terminus deletion

was predicted with PROVEAN (Choi and Chan, 2015).

"https://github.com/alimanfoo/pysamstats



Table 2: NCBI-GenBank accession numbers of CAP-G protein sequences used
for prediction of the B-CAP-G sequence functionality

Organism Acc. No
Homo sapiens NP_ 071741
Pan troglodytes XP_ 526535
Macaca mulatta XP_ 001102882

Bos taurus NP 001095846

Canis lupus familiaris XP_ 536278
Rattus norvergicus XP_ 223468
Mus musculus NP_ 062311
Gallus gallus XP_ 420769
Xenopus tropicalis NP_ 989190

Danio rerio NP 001243134

Drosophila melanogaster NP__ 001163135
Anopheles gambiae XP_ 564680

Acromyrmez echinatior  XP_ 011050712
Solenopsis invicta XP_ 011166263
Megachile rotundata XP 003705431
Bombus impatients XP 003488800
Apis florea XP_ 003696218

DNA extractions

Genomic DNA (gDNA) from Salobrefia males was extracted using
GenElute Mammalian Genomic DNA Miniprep kit (Sigma). Absence of
degradation was checked in a 1% TBE-agarose gel, and quantification
and assessment of 260/280 and 260/230 ratios was performed with an
Infinite M200 Pro NanoQuant (Tecan). For qPCR working solution,
gDNA samples were diluted to 5ng/nul.



RNA extractions and complementary DNA (cDNA)

synthesis

Total RNA extractions were performed using Real Total RNA Spin
Plus kit (Durviz) for somatic bodies and RNeasy Lipid Tissue Mini
Kit (Qiagen) for gonads, complementing both protocols with a DNase
treatment on the column membrane (20 units of Sigma DNAse
Amplification Grade DNase I for 30 minutes). gDNA contamination
on gonad extracted RNA was negligible or nonexistent, but the RNA
extracted from bodies needed an additional DNase treatment with the
REALSTAR kit (Durviz). Quality check and quantification of total
RNA was performed with a Tecan’s Infinite 200 NanoQuant and in
a denaturing MOPS-agarose gel to assure the absence of degradation
and DNA contamination, which was further corroborated by lack of
amplification of ribosomal DNA (rDNA) and histone genes in the
extractions. Retrotranscription was performed on 100 ng total RNA
combined with random and oligo-dT hexamers from the PrimeScriptTM
RT reagent -Perfect Real Time- Kit (Takara), and 1:10 diluted to get

the working solution.

Quantitative PCR (qPCR)

In order to test whether B-CAP-G is located and fragmented in the
B2 chromosome from the Salobrefia population, we performed relative
quantification of the abundance of the CAP-G gene by means of qPCR
analysis, using two primer pairs, one anchored on exon 18, which is

expected to amplify on gDNA from both A and B chromosomes, and



the other anchored on exon 22, which is expected to amplify only on
A chromosomes. This is based on previous observations in the Torrox
population indicating that B-CAP-G lacks the five last 3’ exons (20 to
24) (Navarro-Dominguez et al., see chapter 3). We also PCR amplified
these regions on ¢cDNA from gonads and somatic bodies of males and
females with different numbers of B2 chromosomes from the Salobrena
population, in order to ascertain whether B-CAP-G is transcribed in
this population. Primers for exon 18 and exon 22 of E. plorans CAP-G
gene were the same described in Navarro-Dominguez et al., submitted;

see chapter 3).

In addition, we analyzed in both populations (Torrox and Salobrena)
whether the expression of the B-CAP-G pseudogene in B-carrying
individuals influences the transcription of genes for other subunits of the
condensin complex, specifically CAP-D2 (Condensin I) and CAP-D3
(Condensin IT). To search for these gene sequences in the E. plorans
assembled transcriptome (available in Figshare, Navarro-Dominguez, B.
(2016)), we retrieved CAP-D2 and CAP-D3 protein sequences described
for Zootermopsis nevadensis from NCBI-GenBank (accession numbers
KDR15738.1 and KDR16504.1) and then performed local TBLASTN
(Altschul et al., 1990) on the de novo assembled transcriptome of E.
plorans (Navarro-Dominguez et al., in preparation; see chapter 5). E.
plorans transcriptome sequences were also blasted with the BLASTX
algorithm over NCBI-NR database, to further confirm homology with
CAP-D2 and CAP-D3 proteins. Sequences of F. plorans CAP-D2 and
CAP-D3 transcripts can be found in NCBI-GenBank under accesion
numbers KX376471 and KX376472, respectively.

Primer sequences for F. plorans CAP-D2 and CAP-D3 were designed



with Primer3 software (Koressaar and Remm, 2007; Untergasser
et al., 2012). They were F: 5-GGTGACATTGCTTTCCGATT-3’
and R: 5-CTCCGGATGTGCATCTGTTA-3* for CAP-D2,
and F: 5-CCCAGAAAGAAGCTGAGGTG-3’ and R:
5-TCAAAACATGCCTACCAGCA-3’ for CAP-D3.

Selection of reference genes

Primer sequences for the amplification of reference genes were those
described in Van Hiel et al. (2009) and Chapuis et al. (2011).
Amplification, validation and stability of Actin 5C (Act), Armadillo
(Arm), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Ribosomal
protein 49 (RP49) and a—tubulin 1A (Tub) in somatic body and
gonad of males and females of E. plorans from Torrox and Salobrena
populations, were formerly performed by Navarro-Dominguez et al. (in
press; see chapter 2). Two or three reference genes were employed here,
specifically Act-RP49 for bodies and ovaries from Salobrena females,
GAPDH-Tub for bodies and Act-Tub-Arm for testes from Salobrena
males, RP/9-Act-Arm for bodies and Act-Arm for ovaries from Torrox
females, and Act-Tub for bodies and Act-RP49 for testes from Torrox

males.

qPCR reaction

gPCR amplification was performed in a Chromo4 Real Time PCR
thermocycler (BioRad). Reaction mixture contained 5ul gDNA or cDNA,



5ul SensiMix™SYBR Kit and 2.51l each 2.5uM primer in a total 15pl
volume. Electronic pipettes (Eppendorf Research®Pro) were used in
order to minimize pipetting errors, and each reaction was carried out
in duplicate. Samples were discarded when the coefficient of variation
between technical replicates was higher than 5%. Quantitative PCR
protocol consisted in an initial denaturation step for 10 min at 95°C,
followed by 40 cycles of 15 s at 94°C, 15 s at annealing temperature
(60°C for CAP-G and 58°C for CAP-D2 and CAP-D3) and 15 s at
72°C, with plate reading at the end of every cycle. Specificity of reaction
was assessed for each primer pair by means of a dissociation curve
(from 72°C to 95°C with plate reading every 1°C) after the 40th cycle.
Fluorescence was measured and processed using Opticon Monitor 3.1
(Bio-Rad Laboratories, Inc). Negative controls for each primer pair were

included in all reactions.

Data analysis

Efficiency for all primer pairs was calculated by a standard curve
performed with 1:10 serial dilutions. Relative Quantities (RQs) were
calculated referred to a calibrator sample, included as an inter-plate
variation control, consisting in a mixture of DNAs or cDNAs from several
individuals. RQs were calculated following the Pfaffl (2001) method. In
cDNA reactions, RQ values were normalized by the geometrical average
of the most stable reference genes for each sample type (Vandesompele

et al., 2002).

In order to meet the normality requirements of parametric analyses,



we transformed the qPCR data to natural logarithms. We tested the
linear relationship between B chromosome number and abundance of
the CAP-G gene (with primer pairs anchored on exons 18 and 22), in
E. plorans males from Salobrena, using Pearson’s correlation analysis.
CAP-G expression level in bodies and gonads of males and females with
different numbers of B chromosomes, was tested by one-way ANOVA
and post-hoc sequential Bonferroni correction. To test whether CAP-G
transcription is associated with CAP-D2 and CAP-D3 transcription, we
performed an analysis of covariance (ANCOVA) including population,
sex, body part and B chromosome presence as discrete independent
variables, CAP-G18 (measured in exon 18) and CAP-G22 (measured in
exon 22) as continuous independent variables, and CAP-D2 or CAP-D3
as dependent variables. We finally calculated partial correlations of
CAP-G18 and CAP-G22 with CAP-D2 or CAP-D3 by means of multiple

regression analysis.

RESuULTS

Tyramide-coupled FISH reveals B-CAP-G pseudogene

localization in the distal region of the B24 chromosome

The FISH-TSA experiments showed that the B24 chromosome in
the Torrox population carries B-CAP-G pseudogenes in a subdistal
location, specifically in the inner part of the rDNA distal region (Fig.

1). No consistent signal was found on A chromosomes. This is an



Figure 1: FISH-TSA showing the physical location of the B-CAP-G
pseudogene in the distal region of the B24 chromosome. The absence
of signal on A chromosomes suggests a tandem organization of
several copies of this pseudogene in the B chromosome. Bar=10pM.

indirect evidence that the B chromosome contains several copies of the
pseudogene, for which reason it was visualized on the B but not on the

A chromosomes.

The B-CAP-G pseudogene shows specific sequence changes

The CDS of the complete CAP-G transcript (discarding the UTR regions)
found in B-lacking F. plorans individuals was 3,669 bp long, thus showing
the same length as that found in L. migratoria (3,669 bp), and it was
15 nucleotides shorter than that found in Ch. mollis (3,684 bp). E.
plorans standard CAP-G gene is presumably structured in 24 exons,
likewise the gene found in the L. migratoria genome (Wang et al., 2014).
The B-CAP-G pseudogene, however, lacks the five last 3" exons (20-24),

as shown by coverage pattern in the genomic reads from a 4B male
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CAP-G pseudogene in a B chromosome
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Nucleotidic variation in the CAP-G gene associated with B
chromosome presence in FE. plorans from Torrox population.
The upper panel (white background) shows gDNA counts for 8
nucleotidic positions in 0B and 4B males from Torrox. Note that the
0B reference is usually at lower frequency because of the presence
of several gene copies in the B chromosome. The middle panel
(grey background) shows RNA counts for these same 8 nucleotidic
positions in 0B and 1B females from Torrox. Note that the 0B
female has the same nucleotides as the 0B gDNA from Torrox, and
that the 1B female has esentially the same nucleotide composition
as the B-carrying gDNA libraries, indicating the expression of
B chromosome gene copies. The lower panel shows codon (light
yellow background) and aminoacidic (yellow background) changes
provoked by the 8 substitutions. Note that only nucleotidic changes
in positions 643 and 3010 provoke alterations on the predicted CDS
of the B chromosome gene copies (R for C in the 215 residue and
E for stop codon in the 1004 residue, respectively), and that the
substitution of nucleotide 3025 is beyond the stop codon.



Results 231

PI156.0% Pl 39.4% PI16.7%

— —
| [ 1 [ ]
W‘L‘ﬂ k."ﬂ"m_l"lﬂ{hh"f T u..rrm‘-r-”"-h"—am'r-
H. sapiens HIHI mmm] 130 U | AR I I T S Hm—{HH—HO—H
P M- it nimy s o i O T IO
M. mlatta T o s i O I 0—0-0—
B. taurus HHII IO T CH T T HHIE T er—{H H—HO—H0
C.lupus famitiaris [ T it vow i O I CH 00—
R - T i w8 v o s M O T 000000
W musculus i oo i O T I 0-000—0-—
6. galls i T T T T B O iy
X.tropicalis - IO O 00—
. rerio i B 1 1 S g
D. T HIHT W H TTH
A. gambiae CHOIOHIIT I Wi I T 1 H I THITTIE TTTTT TN 1T
A. echinatior HHCD I HIO DO O HIE I —0
S. invicta HH I Limn HICHIDO——{HOE T IO T HHH T —1
W rotundate i it v 9 w1 o
8. impatients [ A AT I 1 B
4 florea Hi T o o
Ch. malls - T B o o o — 0 O SO s 1 i s
L. migratoria HHIII I IO CHIE ST CHI T T e H e HEme———— - — e
€ plorans (03 (M-I i 1 B o o 8 Oy g
€ plorans (8 chr) . [HI-CITTTH XM= TR T — DN T - SN TN ST IO — W {00
b 250 260 270 280 290
S CHA PIVA KEIMP K TG RTKONIKE X NERVAL N0V WS - FAHER X L
_—— . M
H. sapiens S CHAPEAKIIRP K IIGIETK-KIALMVE-H-M
P. troglodytes S CHAPHAKIMP K IVIGRTKDNIKIEANRYAL ANA0] VWA E[QYHRYAM
M. mulatta SCHAPEA KNP K IVIGRTKDNIKIEA VAL ANA0] VWA E[QYHRRYAM
B. taurus S CHAPHAKINNP K TVIGRTKDMIKIE TIVIHE L ANd0] VWA E [QVIH VAL
C. lupus familiaris 'S CHIA PJA KINAP K TV GRTKDRIKEA N L 2N0] V [WA E 4VH KRYAM
R. norvergicus 'S CHA PJA KIAP K I\ ERTKDIIKD] I WAL Wd0] V [WA E AYHRRVAL
M. musculus S CHAPHA KIS K TVIGRTKBRIKD TV L 2Wd0] VWA E [QYHRRYAM
G. gallus SCHAPEHARIMP K IVIGRIT MDMNIKEAVIRAL NS vV WA E[QVIH VAL
X. tropicalis TCHAPHAREMP K INVIGRT MDIIKIE P VIR L ENE0] VWS ECAVHERVAL
D. rerio SCHAPHAVIIEPKIY KRTRDMNKEKVEALANGE VWA EQHIRYAL
D. melanogaster TCIGRMNY TP H IMERL WHRID EKVIRRH TRV NEIC - NY PNIRS Y
A. gambiae SAMGRMYRLEP Y VRERL WHNDERVRAH TMMQEHE - SY PMIRH Y
A. echinatior A THIGKMQKEMMQ AA F IRTRBIND RS VIRVAK Y= F S - (@1 TS
S. invicta T TG KNQ KEAMQ A AL TR BXD D] TVIRHEK WIE F S - (@ TVRSIL
M. rotundata MCRG KNQKIMQ v AMR TR DD [3 MV TEN40] F K - QY TS
B. impatients MSHGKMQ SIMQ vV AMR TR DD A NRAMNGE F IS - 4V TVRSIL
A. florea MSIMAKNQHDMQ vV AMRRTRDIID [E T VEYAMANGD FEE - [QY TVMRSL
Ch. mollis RIMALNOQVINPY INKRILDNRE TVRC AN TS - FWiNMRS F

L. migratoria RIMALNQVEWNMPHINKRTLDNRESMRC AMNTE TS - CHININS F
E. plorans (0B) R INALMNQVENIPHINKR I LPNRE TVIRC AN TS - CRINRS F
E. plorans (B chr.) R THA LmQ VIlP H IIKBI L-C.T-C AINEA TS - CWINMS F

200 210 A 220 230

Figure 3: Protein alignment of the complete sequence (a) and the conserved
HEAT domain (b) of CAP-G from several organisms. a) Note that
the predicted protein generated if the B chromosome transcript
were translated, marked at the bottom of the alignment, would
include the two conserved domains (HEAT and CND3) but lack the
less conserved C-terminus region, the latter being absent in some
species. b) Alignment of the HEAT domain region. The arrowhead
points aminoacid 215 which is R in E. plorans 0B, likewise in the
grasshoppers L. migratoria and Ch. mollis, but C in the E. plorans
B chromosome sequence.



(Navarro-Dominguez et al., submitted; see chapter 3). Therefore, the
B-CAP-G pseudogene is about 18% shorter than the CAP-G gene in
A chromosomes. In addition, B-carrying individuals from this same
population showed that B-CAP-G transcript amount increased with
B chromosome number when probed for exon 18, but not for exon
22, thus indicating active transcription of the B-CAP-G pseudogene
(Navarro-Dominguez et al., submitted; see chapter 3). Sequence analysis
showed the presence of eight nucleotide changes being exclusive of
B-carrying libraries from Torrox (Fig. 2). Five of them were synonymous
and thus lacked impact on the predicted protein. However, one of the
three remaining substitutions was a nonsynonymous transition of C to
T in position 643 of the CDS (exon 5), changing a CGC codon (Arg) for
TGC (Cys). Another substitution was a transversion from G to T at
position 3010 (exon 19 i.e. the last codon before gene truncation on the
B chromosome), changing GAA (Glu codon) to TAA (stop codon), thus
shortening the predicted protein in 199 aminoacids from the C-terminus.
Finally, we found another nonsynonymous substitution in position 3025
(CAA for AAA, changing Gln for Lys), but it is located beyond the
premature stop codon thus probably lacking impact on the predicted
protein. Therefore, the predicted protein for the B24 transcript is 1,004

aminoacids long, instead of the 1,223 of the A chromosome transcript.

It was remarkable that, in spite of the premature stop codon leading to
transcript truncation, the predicted B-CAP-G protein for the B24 gene
copies would include all conserved regions described for this protein,
i.e. the HEAT domain, from exon 3 to exon 5, and the CND3 domain,
from exon 11 to exon 17. An alignment of CAP-G sequences from

several organisms showed that the C-terminus is the least conserved



region and is even absent in most species, with the exception of the
three grasshoppers (Ch. mollis, L. migratoria and E. plorans) and the
two diptera (D. melanogaster and A. gambiae) species (Fig. 3a). In all
cases, the HEAT domain was highly conserved (Fig. 3b). Evaluation of
the possible effect of the two putatively impairing substitutions being
specific to B-carrying individuals, i.e. the Arg-Cys substitution and
the stop codon (see above), with the PROVEAN software scored -3.1
(i.e. under the -2.5 threshold) for the substitution and -10.1 for the
stop codon. Therefore, both changes are probably deleterious for the
canonical C'AP-G function, reinforcing the pseudogenical character of

the B-CAP-G sequence.

The B-CAP-G pseudogene is fragmented and transcribed

also in the B2 chromosome

gPCR analysis of CAP-G abundance on gDNA from Salobrena males
showed that it increased linearly with B chromosome number when
we used primers anchored on exon 18 (Fig. 4a) but not when primers
were anchored on exon 22 (Fig. 4b). This suggests the presence of
truncated versions of the CAP-G gene (B-CAP-G pseudogene) in the

B2 chromosome.

Similar experiments on cDNA on males and females from the same
population showed, in both sexes and body parts analyzed, significant
positive association between CAP-G transcript abundance and B
chromosome number for exon 18 primers (Fig. 5a) but not for

exon 22 ones (Fig. 5b). This pattern suggests that the excess of
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Figure 4: Relative quantification of CAP-G gene abundance by means of
qPCR analysis on gDNA from males with 0-3 B2 chromosomes
collected at the Salobrena population, using primers anchored on
exon 18 (a) and exon 22 (b). Note that CAP-G abundance increases
linearly with the number of B chromosomes when assayed for exon
18 (a), indicating that this exon is present in the B chromosome gene
copies, but not for exon 22 (b), suggesting the absence of this exon in
the B chromosome copies. Taken together, both experiments reveal
the presence of truncated C'AP-G gene copies in the B2 chromosome.
RQ = relative quantity, r = Pearson’s linear correlation coefficient,
P = P-value for Pearson’s correlation.

CAP-G transcripts observed in B-carrying individuals is due to active

transcription of the B-CAP-G pseudogene.

Transcription of CAP-D2 and CAP-D3 is not altered by B

chromosome presence or B-CAP-G transcription

ANCOVA revealed that CAP-D2 and CAP-D3 transcription levels
show significant differences between populations and sexes, but they
are not influenced by the presence of B chromosomes (Tables 3 and
4). In addition, it showed that transcription levels of both CAP-D2
and CAP-D3 are significantly associated with CAP-G expression when

measured at exon 22 (which is present only in A chromosomes) but



Table 3: ANCOVA for CAP-D2 transcription level (dependent variable),
CAP-G expression at exons 18 and 22 (continuous independent
variables), and population (pop), sex, body part and B chromosome
presence (Bpre) (discrete independent variables). SS= sum of squares,
df = degrees of freedom, MS = mean sum of squares, p = p-value.
Significant effects are noted in bold-type letter.

Item SS df MS F p
Intercept 36.69109 1 36.69109 198.5950 0.000000
CAP-G18 0.52497 1 0.52497 2.8415 0.094152
CAP-G22 15.64933 1 15.64933  84.7039 5.55E-16
pop 3.63684 1 3.63684 19.6848 1.87E-05
sex 15.10622 1 15.10622 81.7642 1.33E-15
bodypart 0.01699 1 0.01699 0.0920 0.762150
Bpre 0.34359 1 0.34359 1.8597 0.174911
pop*sex 1.48797 1 1.48797 8.0538 0.005237
pop*bodypart 0.64508 1 0.64508 3.4916 0.063833
sex*bodypart 0.18564 1 0.18564 1.0048 0.317938
pop*Bpre 0.01003 1 0.01003 0.0543 0.816112
sex*Bpre 0.00329 1 0.00329 0.0178 0.894086
bodypart*Bpre 0.10585 1 0.10585 0.5729 0.450418
pop*sex*bodypart 0.21997 1 0.21997 1.1906 0.277136
pop*sex*Bpre 0.19324 1 0.19324 1.0459 0.308261
pop*bodypart*Bpre 0.16818 1 0.16818 0.9103 0.341725
sex*bodypart*Bpre 0.15000 1 0.15000 0.8119 0.369149
pop*sex*bodypart*Bpre  0.03587 1 0.03587 0.1942 0.660164

Error 25.12645 136 0.18475




Table 4: ANCOVA for CAP-D8 transcription level (dependent variable),
CAP-G expression at exons 18 and 22 (continuous independent
variables), and population (pop), sex, body part and B chromosome
presence (Bpre) (discrete independent variables). SS= sum of squares,
df = degrees of freedom, MS = mean sum of squares, p = p-value.
Significant effects are noted in bold-type letter.

Item SS df MS F p
Intercept 0,00007 1 0,000072 0,00015 0,990379
CAP-G18 0,75388 1 0,753884 1,53676 0,217204
CAP-G22 8,12576 1 8,125758 16,56405 7,88E-05
pop 0,22069 1 0,220692 0,44987 0,503517
sex 5,08332 1 5,083322 10,36216 0,001604
bodypart 0,02955 1 0,029545 0,06023 0,806503
Bpre 0,19611 1 0,196109 0,39976 0,528259
pop*sex 0,98455 1 0,984547 2,00696 0,158832
pop*bodypart 1,08372 1 1,083718 2,20912 0,139478
sex*bodypart 0,01597 1 0,015974 0,03256 0,857063
pop*Bpre 0,45883 1 0,458833 0,93531 0,335178
sex*Bpre 0,00739 1 0,007387 0,01506 0,902513
bodypart*Bpre 0,18477 1 0,184772 0,37665 0,540412
pop*sex*bodypart 0,08094 1 0,080939 0,16499 0,685231
pop*sex*Bpre 0,19129 1 0,191285 0,38993 0,533368
pop*bodypart*Bpre 0,00325 1 0,003251 0,00663 0,935232
sex*bodypart*Bpre 0,00000 1 0,000000 0,00000 1,000000
pop*sex*bodypart*Bpre 0,20048 1 0,200479 0,40867 0,523706

Error 67,69811 138  0,490566
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Figure 5: Relative quantification of CAP-G transcript abundance by means
of qPCR analysis on cDNA from males and females carrying 0-3 B2
chromosomes collected at the Salobrefia population, using primers
anchored on exon 18 (a) and exon 22 (b). Note that CAP-G
expression increased with B chromosome number when assayed
for exon 18 (a) but not for exon 22 (b), suggesting the active
transcription of B chromosome truncated gene copies. NRQ =
normalized relative quantities; P = P-value for one-way ANOVA
analysis; pB = Sequential Bonferroni P-value.

not when measured at exon 18 (which is present in both A and B
chromosomes). Likewise, multiple linear regression analysis showed that
the relationship of CAP-G transcription with CAP-D2 (condensin I) and
CAP-D3 (condensin II) transcription was only significant for CAP-G22,
i.e. for A chromosome CAP-G transcripts (Fig. 6; Tables S3 and S4).
Taken together, these results indicate that the excess of CAP-G-like
transcripts derived from the transcription of B-CAP-G pseudogenes
does not alter the transcription rate of other condensin subunit genes,
althought it does not discard possible influences of these transcripts at

post-transcriptional level.
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Figure 6: Partial regression plot showing the relationship of CAP-G
transcription with the expression of CAP-D2 (a) and CAP-D3 (b)
condensin I and II, respectively, subunit genes. Note that CAP-G
transcription measured at exon 22 was positively correlated with
CAP-D2 and CAP-D3 transcription levels, whereas that measured
at exon 18 (which includes the B-CAP-G transcripts) was not. pR
= partial correlation coefficient, p= p-value.



DiscussioN

Our present results, along with previous findings by Navarro-Dominguez
et al. (submitted; see chapter 3), have shown that B chromosomes from
two different populations (Torrox and Salobrena) carry several copies
of the B-CAP-G pseudogene which are actively transcribed. Given the
importance of the CAP-G gene for cell division, i.e. the main arena
for B chromosome destiny, it is conceivable that the transcription of B
chromosome B-CAP-G pseudogenes might change some gene regulation
equilibria altering some cell division functions which might facilitate
B chromosome transmission advantage and maintenance in natural
populations. Some effects hitherto described for B chromosome presence
in E. plorans are reminiscent of the effects described for condensin
mutants and could thus be derived from the expression of the B-CAP-G
pseudogene. For instance, B chromosome presence decreases egg fertility
(i.e. the proportion of fertilized eggs) (Mufioz et al., 1998; Zurita et al.,
1998; Bakkali et al., 2010) whereas, in Drosophila, some CAP-G mutants
result in female sterile phenotypes (Resnick et al., 2009), and others
provoke early mortality in embryos (Dej et al., 2004). Moreover, it
has been observed that B chromosome presence leads to an increase
in chiasma frequency, and thus recombination, on A chromosomes
(Camacho et al., 2002), and this effect could actually be a byproduct of
an anomalous activity of the condensin complex in B carrying individuals,
likewise condensin mutants show higher rates of crossover in C. elegans

(Mets and Meyer, 2009).

In addition, transcriptome and microarray analyses comparing gene



expression between B-carrying and B-lacking E. plorans females, have
shown upregulation of topoisomerase Il (TOP2A) in presence of the
B chromosome (Navarro-Dominguez et al., in preparation; see chapter
5). This gene shows a strong functional relationship with condensins
(Baxter and Aragén, 2012) and is involved in the resolution of the
ultrafine anaphase bridges (Broderick et al., 2015). The up-regulation
of TOP2A in B-carrying individuals could thus constitute a response to
poor chromatid resolution caused by non proper function of the CAP-G
protein. The high abundance of anomalous CAP-G-like transcripts,
which may or may not be translated, could thus lead to a failure in the
normal regulation of condensin function, causing mutant-like effects in a

lesser extent than with total loss of function.

The possibility that the CAP-G transcript excess derived from B-CAP-G
pseudogene expression causes an enhancement in condensin function is
actually remote because 1) the B-CAP-G transcripts carry a severe
non-synonymous substitution and a premature stop codon, and 2)
transcript levels of other condensin subunit genes (CAP-D2 and
CAP-D3) are independent on B-CAP-G expression level, according
to our ANCOVA and multiple regression analysis. More indirectly,
previous work has reported that an excess of CAP-H2 leads to altered
chromosome structure, dispersal of centromeres, chromosome unpairing
and separation of salivary gland polytene chromosomal components
(Hartl et al., 2008; Nguyen et al., 2014), but no such symptoms have
been observed in B carrying individuals of E. plorans. A general
hypercondensation of mitotic chromosomes and prophase shortening, as
described for a gain of function mutation of CAP-D3 (Bakhrebah et al.,

2015), has neither been observed in E. plorans.



The aminoacid change in position 215 (within the HEAT domain) of
the predicted protein for the B-CAP-G pseudogene could have a high
impact on the functionality of the predicted protein product, since most
of the loss-of-function mutations hitherto described for this protein took
place within the HEAT domain, which is also the most conserved region
(Cobbe et al., 2006). It is thus highly likely that the predicted protein for
the B-CAP-G transcript is not fully functional. Even in this case, it is
known that pseudogenic proteins could affect the activity of the parental
proteins (for review, see Poliseno et al., 2015b). Moreover, the lack of
several exons does not necessarily mean that the predicted B-CAP-G
protein cannot perform the CAP-G function since, in Drosophila, the
N-terminal two-thirds of CAP-G are sufficient for assemblying with the
condensin I complex and efficient chromatin localization during mitosis,
whereas the C-terminus is dispensable for condensin I function during
cell cycle and development, although it is required for nuclear location

and heterochromatinization during interphase (Herzog et al., 2013).

Even if the B-CAP-G transcripts were not translated, and considering
that transcription rates of CAP-D2 and CAP-D3 are not altered by
B-CAP-G transcription, the presence of anomalous CAP-G transcripts
could influence post-transcriptionally the expression of the canonical
CAP-G gene and, consequently, its normal functioning. There is growing
evidence for a role of pseudogenes in the regulation of parental gene
expression by means of several post-transcriptional levels of regulation,
e.g. via epigenetic modification (Poliseno et al., 2015a), through the
generation of endogenous siRNA (Tam et al., 2008) or else acting as
competitive inhibitors for binding to microRNAs (Pink et al., 2011), the

translational complex or other RNA-binding proteins (Poliseno et al.,



2015a).

We cannot exclude the possibility that B-CAP-G expression is simply
incidental and lack further consequences other than the waste of energy
employed to yield useless transcripts or polypeptides, i.e. it is simply
transcriptional noise being part of the burden imposed by B chromosomes.
Interestingly, the B24 variant in F. plorans harbors genes involved
in cell division control and checkpoints, some of them showing a
full-length CDS and being actively transcribed, thus suggesting a possible
implication of B chromosome gene content in its own evolutionary success
(Navarro-Dominguez et al., submitted; see chapter 3). Among the
possible implications of the presence of B-CAP-G transcripts mentioned
above, the partial inhibition of normal CAP-G function through some
kind of A chromosomes mRNA neutralization, is highly consistent with
the parasitic model of B chromosome evolution, as a decrease in CAP-G
function might avoid the complete silencing of the B chromosome, thus
allowing the expression of those B chromosome genes being important
for its own survival. Of course, the mechanisms by which this A and
B chromosome crosstalk takes place remain to be uncovered, but our
present research opens new avenues for future research on such an

interesting prospect.
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SUPPLEMENTARY MATERIAL

Table S1: Pearson’s linear correlation analysis
between the number of B chromosomes
and CAP-G abundance analyzed by
qPCR in gDNA of E. plorans males
(N=15) from Salobrena. Note that
CAP-G abundance was measured
separately for exon 18 (which is
present in both A and B chromosomes)
and exon 22 (only present in A
chromosomes). N= number of
individuals, df= degrees of freedom, r=
linear correlation coefficient, p= p-value.
Significant effects are noted in bold-type
letter.

Item r t df p
CAP-G18 0.7980 47.741 13 0.0004
CAP-G22 0.2192 0.81011 13 0.4325




Table

S2: One-way ANOVA analyses comparing CAP-G transcription level
between FE. plorans individuals with different number of B
chromosomes. Note that transcription level was separately
measured at exon 18 (being present in both A and B chromosomes)
and exon 22 (only present in A chromosomes). df= degrees of
freedom, SS= sum of squares, MS= mean sum of squares, p=
p-value, pB= sequential Bonferroni p-value. Significant effects are
noted in bold-type letter.

Exon Body part df SS MS F p pB
CAP-G18 Female Body 3 1,1788 0,39294 3,5546  5,54E-02 5,54E-02
Female Gonad 3 23,7264 7,9088 §8,3638 4,44E-03 8,88E-03
Male Body 3 0,83729 0,27909 29,813 4,00E-07 1,60E-06
Male Gonad 3 159,939 53,313 18,015 1,00E-05 3,00E-05
CAP-G22 Female Body 3 2,1851  0,72837 1,374 0,3065
Female Gonad 3 40,459 13,486 0,8005  0,5214
Male Body 3 0,04574 0,01525 0,9105 0,4555
Male Gonad 3 114,72 38,239 1,0375  0,4044
Table S3: Partial and semipartial correlation between CAP-G transcription

levels, measured at exon 18 and 22, on the expression of the CAP-D2
subunit gene of condensin I. Beta= regression coefficient, t= Student
t test (degrees of freedom in brackets), p = p-value. Significant
effects are noted in bold-type letter.

Exon Beta Partial R-square t(151) p

CAP-G18 0,004251 0,006195 0,565875 0,07612 0,939423

CAP-G22 0,888739 0,791505 0,565875 15,91422 4,18E-34
Table S4: Partial and semipartial correlation between CAP-G transcription

levels, measured at exon 18 and 22, on the expression of the
CAP-D3 subunit gene of condensin II. Beta= regression coefficient,
t= Student t test (degrees of freedom in brackets), p = p-value.
Significant effects are noted in bold-type letter.

Exon Beta Partial R-square t(153) p-level
CAP-G18 0,138042 0,148355 0,550874 1,855581 0,065437
CAP-G22 0,679302 0,593917 0,550874 9,131272 3,78E-16
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Abstract. Parasitism evokes adaptive physiological changes in the host,
many of which take place through gene expression changes. This response
can be more or less local, depending on the organ or tissue affected by

the parasite, or else systemic when the parasite is present in all host cells.
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The most extreme of the latter cases is intragenomic parasitism, where
the parasite is present in all host nuclei as any other genomic element.
Here we show the molecular crosstalk between a parasitic chromosome
(also named B chromosome) and the host genome, manifested through
gene expression changes. The transcriptome analysis of 0B and 1B
females of the grasshopper FEyprepocnemis plorans, validated by a
microarray experiment performed on four B-lacking and five B-carrying
females, revealed changes in gene expression for 188 unigenes being
consistent in both experiments. Once discarded B-derived transcripts,
there were 46 differentially expressed genes (30 up- and 16 downregulated)
related with the adaptation of the host genome to the presence of the
parasitic chromosome. Interestingly, the functions of these genes could
explain some of the most important effects of B chromosomes, such
as nucleotypic effects derived from the additional DNA they represent,
chemical defense and detoxification, protein modification and response
to stress, ovary function and regulation of gene expression. Collectively,
these changes uncover an intimate host-parasite crosstalk during crucial

steps of gene expression and protein function.

INTRODUCTION

Parasitism is very frequent in nature, and can be disguised in multiple
forms and at several levels, from genes to species. As part of the

molecular crosstalk between the different partners, parasites evoke gene



expression changes in the host (Soumana et al., 2014). The most
conspicuous parasites usually focus on a discrete organ or stage of
host life cycle, and as such host response can be limited to the affected
parts. However, intragenomic parasites are present in all host cell
nuclei, hence host response needs to be systemic. Supernumerary (B)
chromosomes are a frequent genomic component of a wide variety of
eukaryotes, behaving as parasitic elements whose spread in natural
populations is based on transmissional advantage (drive), following the
typical arms race dynamics of host-parasite symbioses (Camacho, 2005).
As intragenomic parasites, B chromosomes can trigger gene expression
changes at any stage of host ontogeny. On this basis, B chromosomes
constitute an excellent model to shed light upon intragenomic adaptive

changes in gene expression during parasitism.

Up to 11 years ago, the only DNA sequences known on B chromosomes
were repetitive DNA sequences such as satellite DNA, ribosomal DNA
and transposable elements (TEs) (Camacho, 2005). However, from
2005 onwards, protein-coding genes or pseudogenes have been found
in the B chromosomes of several species (Graphodatsky et al., 2005;
Teruel et al., 2010; Yoshida et al., 2011; Martis et al., 2012; Trifonov
et al., 2013; Banaei-Moghaddam et al., 2013; Valente et al., 2014; Huang
et al., 2016, Navarro-Dominguez et al., submitted; see chapter 3). The
general belief of genic inactivity of B chromosomes (Camacho et al.,
2000) has also changed during last years by the findings of transcription
of B chromosome sequences (Leach et al., 2005; Van Vugt et al., 2003;
Ruiz-Estévez et al., 2012; Carchilan et al., 2009; Zhou et al., 2012;
Trifonov et al., 2013; Banaei-Moghaddam et al., 2013; Valente et al.,

2014; Huang et al., 2016; Navarro-Dominguez et al., submitted; see



chapter 3)

Gene activity of B chromosomes can potentially elicit a gene regulation
response by the host genome (i.e. A chromosomes), but comparative
transcriptome analysis of B-carrying and B-lacking individuals has
hitherto been performed only in the parasitic wasp Nasonia vitripennis
(Akbari et al., 2013) and maize (Huang et al., 2016). In N. vitripennis,
transcriptome analysis in testes led to the identification of nine
transcripts lacking homology to any known DNA sequence, which
were expressed only in the B-carrying transcriptome and, by means
of fluorescence in situ hybridization, they showed that at least three of
them were physically located in the B chromosome (i.e. the Paternal Sex
Ratio chromosome, PSR). Contrary to their expectations, they did not
find any traces of gene expression changes associated to PSR chromosome
presence in relation with the known effects of this B chromosome,
such as chromatin structure or condensation, transposable elements
or small RNA regulation pathways (Akbari et al., 2013). In maize,
B chromosome presence influences A-genome transcription, with 130
differentially expressed genes mainly involved in cell metabolism and

nucleotide binding (Huang et al., 2016).

Almost all natural populations of the grasshopper Fyprepocnemis plorans
in the circum-Mediterranean region carry B chromosomes (Lépez-Leén
et al., 2008). The presence of a same B variant (B1) in populations
from Spain, Morocco, Tunisia and Sicilia suggests a recent spread of B
chromosomes into these areas (Cabrero et al., 2014). The high success of
B chromosomes in this species results from their transmission advantage
during female meiosis (Zurita et al., 1998) and the scarcity of phenotypic

effects, as B-carrying individuals do not show differences in body size in



comparison to B-lacking ones (Camacho et al., 1980). However, some
endophenotypic effects of B presence have been reported with respect
to NOR activity (Cabrero et al., 1987; Lépez-Ledn et al., 1995; Teruel
et al., 2007), chiasma frequency (Camacho et al., 2002), egg fertility
and clutch size (Zurita et al., 1998; Bakkali et al., 2010), spermatid
formation (Teruel et al., 2009a) and heat shock protein 70 (Hsp70) levels
(Teruel et al., 2011).

B chromosomes in E. plorans are able to transcribe their ribosomal
DNA and organize a nucleolus (Ruiz-Estévez et al., 2012), but this
occurs only in a minority of males in most populations (Ruiz-Estévez
et al., 2013) and the relative rRNA contribution of the B chromosome
is insignificant compared to that of A chromosomes (Ruiz-Estévez et al.,
2014), suggesting that B chromosomes in this species are highly repressed.
However, our recent finding of nine protein-coding genes residing in the
B chromosome of this species, six of which were actively expressed
(Navarro-Dominguez et al.,submitted; see chapter 3), indicates that B
chromosomes are not so silenced as previously thought, and suggests the
possibility that a transcriptomic crosstalk may be operating between A

and B chromosomes in B-carrying individuals.

To investigate this interesting possibility, we examine here changes in
genome-wide gene expression patterns associated with the presence and
absence of B-chromosomes. For this purpose, we used two different
techniques (RNAseq and microarrays) on two types of samples (whole
body and ovaries) from two populations harbouring two different B
chromosome variants, namely B2 and B24, the latter being derived from

the former (Henriques-Gil and Arana, 1990).



MATERIALS AND METHODS

Materials

E. plorans individuals were collected in the Torrox (Mélaga) and
Salobrena (Granada) populations harbouring the B24 and B2 variants,
respectively. The number of B chromosomes was determined by
C-banding of interphase hemolymph nuclei in females (Cabrero et al.,
2006), and by C-banding of spermatocytes in males. B chromosome
presence/absence was also confirmed by PCR amplification of the
B-specific SCAR marker described in Munoz-Pajares et al. (2011) on
genomic DNA. Complete bodies of two females from Torrox (0B and 1B)
were used for the RNA Illumina sequencing experiment, and 9 females
from Salobrena (4 with 0B and 5 with 1B chromosome) were dissected
in order to obtain their ovaries, whose RNA was used for the microarray

experiment.

Illumina sequencing

Total RNA was extracted from each of two females, one lacking B
chromosomes (0B) and the other carrying 1B. Both libraries were
sequenced on an Ilumina Hiseq2000 platform, each yielding about 5Gb
of paired-end reads (2x101 nt). Illumina sequences are available in NCBI
SRA database under accession numbers SRR2969416 (RNA_0B) and
SRR2969417 (RNA__1B).



Transcriptome assembly, annotation and differential

expression

De novo transcriptome assembly was carried out with Trinity software
release 20131111 (Grabherr et al., 2011). Read preparation prior to
assembly and downstream analysis of the de novo transcriptome were
performed following the guidelines provided by Haas et al. (2013). We
used Trimmomatic (Bolger et al., 2014) to remove adapters, low quality
or N bases with quality lower than Q3 at the beginning and the end
of the reads, nucleotides with an average quality lower than Q15 in a
sliding window of four bases, and those reads which remained smaller

than 36 bases long.

Prior to assembly, we normalized the libraries by kmer coverage in
order to reduce redundant information from the deep sequencing reads,
with the aim of making assembly easier, shortening computational time,
increasing the chance for detection of rare transcripts, and avoiding bias
derived from differences in expression between genes (Haas et al., 2013).
For this purpose, we used the normalize_by_kmer_ coverage.pl script
provided by Trinity with the —JM 50G, —-max_ cov 30, —pairs_ together
and -PARALLEL_ STATS parameters. This approach extracts K-mers
with the Jellyfish algorithm (Margais and Kingsford, 2011) so that each
RNAseq read is probabilistically selected based on its median k-mer
coverage value and the targeted maximum coverage value (Haas et al.,
2013). Reads from the two libraries (0B and 1B) were assembled as a
pooled data set, in order to assemble a reference de novo transcriptome.

Assembled sequences being shorter than 200 base pairs were discarded.

Contamination in the de novo assembled transcriptome was examined



using the standalone version of DeconSeq (Schmieder and Edwards, 2011).
This program aligns the sequences of our transcriptome to a database
containing sequences from possible sources of contamination, using BWA
(Li and Durbin, 2009) and discarding matched sequences. We ran this
software using the viruses, bacteria and human databases provided by the
developers, plus two custom databases for fungi and plants, built from
the genomes of Saccharomyces cerevisiae and Arabidopsis thaliana, which
were downloaded from the NCBI FTP server'. Subsequent analyses were

carried out with the decontaminated assembly.

Functional annotation was done following the Trinotate pipeline (release
20140708; Grabherr et al., 2011). Protein coding sequences (CDS)
were predicted using TransDecoder(Haas et al., 2013), detecting open
reading frames (ORFs) with 300 bp minimun length. Sequence
homology search was performed with BLASTX of the transcripts
and BLASTP (Altschul et al., 1990, 1997) of the predicted proteins
against UniProtKB/Swiss-Prot and UniProt Reference Clusters (UniRef)
databases, using default settings. In addition, protein domains were
analyzed with HMMER (Finn et al., 2011) and PFAM (Finn et al.,
2013).

Gene function classifications were performed according to two
standarized methods: Gene Ontology (GO) (Ashburner et al., 2000)
and Eukaryotic Orthologous Groups (KOG) (Tatusov et al., 2003). GO
assignments to predicted proteins were performed with Trinotate, and
KOG classification was performed with the WebMGA software (Wu
et al., 2011), searching the KOG database of NCBI.

In addition, we screened the de novo assembly transcriptome for known

'ftp:/ /ftp.ncbi.nlm.nih.gov/genomes/



transposable elements (TEs), by means of RepeatMasker (Smit et al.,
1996) in a database including TEs described in Locusta migratoria (data

obtained from Repbase, Jurka et al., 2005).

Trinity output consists of a set of sequences (called “isoforms” in Trinity
release 20131111, but we will call them simply “sequences” to avoid
confusion) grouped into clusters (“c”). In the case of protein-coding
sequences, all sequences included in the same cluster and coding for
homologous proteins will be considered as sequence variants of the same
gene, i.e. a unigene. The sequences within unigenes being most similar
to the homologous sequences in the anotation database were used as
representative when needed. In case of sequences showing homology
with transposable elements, we grouped those showing 80% or higher
similarity using CD-HIT-EST (Fu et al., 2012), with default options

except -¢ 0.8, in order to remove redundancy and assembly artifacts.

Differential expression analysis based on Illumina sequencing

For differential expression analysis, Illumina reads were mapped against
the reference transcriptome in order to get an estimate of read abundance
for each gene or isoform. Prior to mapping, libraries were trimmed with
Trimmomatic (Bolger et al., 2014), in order to remove adapters, bases
with quality lower than Q3 in the beginning and the end of the read, and
bases with an average quality lower than Q15 in a sliding window of four
bases. After trimming, reads that became smaller than 36 bases long
were discarded. Mapping was performed using the Bowtie algorithm

(Langmead et al., 2009) and read abundance per gene and sequence



was estimated by RSEM (Li and Dewey, 2011) and expressed in FPKM
(Fragments Per Kilobase Per Million Fragments Mapped). Differential
expression was analyzed using edgeR (Robinson et al., 2010). Bowtie2,
RSEM and edgeR were used as implemented in the Trinity pipeline
(Haas et al., 2013).

Microarray differential expression analysis

For microarray analysis, we used nine females (four 0B and five 1B)
from Salobrena. We extracted total RNA from the ovaries using the
RNeasy Lipid Tissue Mini Kit (Qiagen). Samples were treated with
DNAse I in a column as described above. Quality and absence of DNA
contamination was verified in an Agilent 2100 Bioanalyzer using RNA
Nanochips (Agilent Technologies). RNA quantity was determined in a
Nanodrop ND-1000 spectrophotometer. 62.5 ng of RNA, which was the
maximum quantity available from the least concentrated sample, was
reamplified and retrotranscribed with a TransPlex Whole Transcriptome
Amplification Kit (Sigma), following manufacturer’s instructions and
the recommendations provided in the NimbleGen Arrays User’s Guide

(Gene Expression Arrays v6.0).

NimbleGen Custom 3x1.4M Gene Expression arrays were designed using
434,838 E. plorans sequences, obtained by the assembly of the Illumina
reads with TransABySS software (Robertson et al., 2010). Probe
length was 60bp. Layout was outsourced to NimbleGen. Labelling,
hybridation, washing and scanning of the arrays was performed following

the instructions in the NimbleGen Arrays user’s guide for gene expression



arrays on an MS 200 microarray scanner.

To allocate expression values from the microarrays to the
Trinity-assembled transcriptome, we searched for homology between
the 434,838 TransABySS- assembled sequences used for building the
microarrays and the 73,889 sequences assembled by Trinity, by means
of BLASTN (Altschul et al., 1990). For each Trinity sequence, the
microarray expression values from up to 20 sequences showing high

similarity (E-value<le-100) were averaged.

RMA normalization of the microarray data was performed with the
oligo R package (Carvalho and Irizarry, 2010) and the differences in
expression between the two groups were assessed by a t-test performed
with the limma R package (Smyth, 2005). Data analysis was performed
following the steps described for Nimblegen arrays in the related vignette
of the oligo package. Both packages and the vignettes are available in

Bioconductor (Gentleman et al., 2004).

RESULTS

Illumina sequencing and de novo transcriptome assembly

Ilumina sequencing generated 35,345,561 reads for the RNA_ 0B library
and 27,247,068 for the RNA_ 1B library.

After removing potential contaminants, the de novo assembled

transcriptome included 73,889 sequences grouped into 45,555 unigenes.



Table 1: Summary statistics of Trinity assembly before and after removal of
potential contaminations with DeConSeq

Item Before deconseq  After deconseq
Sequences Transcripts 74378 73889
Genes (Isoform clusters) 45633 45555
N50 Transcripts 2330 2302
Longest isoform per gene 1703 1702
Max. length Transcripts 21010 19141
Longest isoform per gene 21010 19141
Min. length Transcripts 201 201
Longest isoform per gene 201 201
Average length Transcripts 1325.27 1314.80
Longest isoform per gene 914.75 914.65
Median length Transcripts 793 788
Longest isoform per gene 485 485
Total assembled bases  Transcripts 98571226 97149070
Longest isoform per gene 41742580 41666905
Percent GC 40.37 40.24

Sequence length ranged from 200 to 19,141 bp, with 788 bp median
sequence length and 2,302 N50. For the unigenes, median length was
485 bp and N50 was 1,702. A comparison of the assembly before
and after decontamination demonstrated a low contamination level
(~0.65%). A summary of Illumina sequencing results and assembly and

decontamination statistics are described in Table 1.

Functional annotation of E. plorans transcriptome

About 42% of the 45,555 unigenes showed significant similarity (Evalue
< 10e-5) with proteins in Uniprot, Uniref90 or both. In most cases
(~45%) a single potential coding sequence (CDS) was found, and a
high percentage (~81%) of the sequences with a single CDS could be



assigned to one or more Gene Ontology terms based on BLAST matches
to sequences with known function. In other cases, more than one CDS
(~27%) or no potential CDS (~28%) were found. This could be due to
the expression of pseudogenes with fragmented CDS or to sequencing,
assembling or ORF prediction artifacts, and this was taken into account

for further analysis.

The remaining 58% of the unigenes did not show significant homology
with known coding proteins, being 91% of them apparently non

protein-coding transcripts ( i.e. lacking a CDS).

Summarizing, we found 18,999 unigenes with BLAST hits, 13,570
of which carried one or more CDSs, and 2,429 unigenes carrying a
putative CDS but failing to show BLAST hits, whereas a high number
of transcripts (24,127) did not bear any predicted CDS and did not show
BLAST hits to known proteins (Fig. 1A).

In addition, we screened the de novo assembled transcriptome for TEs
using RepeatMasker. The number of unigenes showing homology with
the TEs described in Locusta migratoria (data obtained from Repbase,
Jurka et al., 2005) was 5,555 (i.e. 12% of total unigenes), the most
frequent being Mariner/Tcl (923), Penelope (749) and RTE (638)(Fig.
1B).

B chromosome presence triggers differential expression for

188 unigenes

According to edgeR results, we found that 24,462 sequences (grouped

in 16,013 unigenes) showed significant differential expression between
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0B and 1B females (P< 0.05). We validated these transcriptome results
with a microarray experiment performed on females from a different
population (Salobrena) and using RNA from the ovary instead of the
whole body. The t-test performed on microarray data resulted in 1,614
differentially expressed sequences (grouped in 1,202 unigenes) (P< 0.05).
Statistical corrections for multiple tests (e.g. Bonferroni) would erase
significance for all but four non-annotated sequences. Alternatively, we
intersected the significant results obtained in the transcriptome and
microarray experiments and considered as significant gene expression
changes only those being present in both cases and in the same direction.
This means that we actually tested differential expression in ovary.
Since the B-carrying females used for the transcriptome and microarray
experiments carried different B chromosome variants (B24 and B2,
respectively), we can infer that the changes observed following our

approach are common to both kinds of B chromosomes.

A comparative analysis of the identity of these sequences between the
transcriptome and microarray samples revealed that 535 sequences
showed significant differential expression, 258 of which showed opposite
expression patterns, i.e. they were upregulated according to one of the
analyses and downregulated according to the other. The remaining
277 sequences (grouped in 188 unigenes) showed matching expression
patterns in both analyses, thus representing gene expression changes
associated with the presence of B chromosomes taking place in both
analyzed populations (Fig. 2). Remarkably, 246 of these differentially
expressed sequences (161 unigenes, i.e. 89%) were upregulated in the
presence of the B chromosome, whereas only 31 sequences (27 unigenes,

i.e. 11%) were downregulated (Table 2).



Table 2: Summary of the anotation of the differentially expressed unigenes

Annotated Non-annotated Transposable Total

CDS elements
Up-regulated 35 86 40 161
Down-regulated 16 9 2 27
Total 51 95 42 188

Among the 188 unigenes corresponding to the differentially expressed
sequences, 95 unigenes (122 sequences) failed to show homology with any
protein described in Uniprot or Uniref90 for any organism or repetitive
element described for L. migratoria in RepBase. However, 42 out
of the 93 remaining unigenes (66 sequences) showed homology with
transposable elements, and the remaining 51 unigenes (89 sequences)
showed homology with protein-coding genes described in Uniprot,
Uniref90 or both (Table 2). This low proportion of annotations was
undoubtedly due to the absence of a fully annotated genome in F.
plorans or other grasshopper species, since the recently published genome
of L. migratoria is still in the draft stage (Wang et al., 2014). Our
subsequent interpretation of these results is thus conditioned by this
partial annotation. Anyway, we will concentrate efforts on possible

functional meaning.

Host genome adaptation for B chromosome presence stands

on differential expression for 46 unigenes

Assuming that the five differentially expressed unigenes located in the
B chromosome (i.e. CIP2A, CKAP2, CND3, KIF20A and MYCB2)

showed up-regulation due to the transcription of B-located copies
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Figure 2: Differential expression analysis of B-carrying and B-lacking samples.
Volcano plots (Fold Change vs. Statistical Significance) and MA
plots (Fold Change vs. Mean Expression) for RNAseq (A and C) and
microarray (B and D) data in E. plorans. Coincident differentially
expressed sequences (277) between RNAseq and microarray analyses,
in terms of statistical significance (E) and fold change (F). Green
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Note the higher number of green dots, indicating that B chromosome
presence causes a general increase in gene expression.
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(Navarro-Dominguez et al., submitted; see chapter 3), we can delimit
gene expression changes in the host genome, associated with the
presence of the parasitic chromosome, to 46 unigenes (30 up- and 16
down-regulated), after discarding these five unigenes. We then analyzed
the GO terms associated with these 46 unigenes and interpreted them
as gene expression changes that the parasitic chromosome triggers on
the host genome. They were related with post-transcriptional gene
expression regulation, endoplasmic reticulum unfolded protein response
and endoplasmic reticulum stress, post-transcriptional gene silencing
via small RNA, histone-methyltransferase activity, DNA conformation
change, protein kinase activity and regulation of cell death (Table 3,
Supplementary table S1 available in Figshare; Navarro-Dominguez, B.,
2016). Remarkably, some of these terms define expected functional
consequences of the crossfire between the genome and the parasitic
chromosome (see below). Most these functions were also apparent
in terms of the KOG classification (Fig. 3). Surprisingly, no gene
expression changes in the host genome were related with cell cycle and
cell division (KOG class D), in contrast with some of the B-located

genes (Navarro-Dominguez et al., submitted; chapter 3).

Drammatic upregulation of TEs in the B-carrying

transcriptome

About 22% of the 188 unigenes showing differential expression in
B-carrying ovaries were annotated as TEs (Table 2). Among them
we found Mariner/Tcl (12), RTE (7), SINE (4), Unknown (3), Daphne
(3), Penelope (3), DNA (2), Gypsy (2), CR1 (1), hAT (1), L2 (1), R1



Table 3: Gene Ontology terms for some of the differentially expressed unigenes

Expression DEG GO.Id GO. Term
Down regulated RIN2 GO0:0035966  Response to topologically incorrect protein
GO0:0035967  Cellular response to topologically incorrect protein
G0:0030968  Endoplasmic reticulum unfolded protein response
G0O:0034976  Response to endoplasmic reticulum stress
DCR1 GO:0016441  Posttranscriptional gene silencing
GO:0031047  Gene silencing by RNA
GO:0035194  Posttranscriptional gene silencing by RNA
GO:0035196  Production of mirnas involved in gene silencing by miRNA
GO:0070918  Production of small RNA involved in gene silencing by RNA
Up regulated SE1IBA  GO:0018024  Histone-Lysine N-methyltransferase activity
TITIN GO:0071103  DNA conformation change
TOP2
ANKK1 GO:0004672  Protein kinase activity
UNC89
UNC22
RDX GO:0010942  Positive regulation of cell death
LMD1A GO:0060548  Negative regulation of cell death




(1), Sola (1) and Vingi (1). Remarkably, 40 out of these 42 unigenes
showed upregulation, and only two (one Daphne and one Mariner/Tcl

sequences) showed downregulation.

DiscussioN

B chromosomes are intragenomic parasites being in intimate contact with
host genes within the same nuclei, for which reason they have the chance
to elicit a true transcriptomic arms race with A chromosomes. Our
present results show that this is the case. Recent transcriptomic analyses
in interspecific parasitisms have unveiled gene expression changes mostly
focused on parasite attack and host resistance (for instance, see Daurelio
et al., 2011; Foth et al., 2014; Prasopdee et al., 2014; Robledo et al., 2014;
Nishimura et al., 2015). The transcriptomic signature of an intragenomic
parasitism, shown here for B-carrying ovaries, shows that the presence of
a parasitic chromosome evokes a response in the host genome implying
gene expression changes associated with the presence of additional DNA
(nucleotypic effects), sensing cellular stress, detoxifying and immune
defense, ovary function and regulation of gene expression. These changes
can be viewed as a manifestation of a molecular arms race between
the parasitic and host counterparts of a same genome, which parallels

population dynamics pathways (Camacho et al., 1997).

The presence of additional DNA in the form of B chromosomes can

passively derive in a series of sequence-independent physiological changes



known as nucleotypic effects (Bennett, 1971). In several cases, B
chromosomes have been shown to increase cell volume and slow cell
division (Randolph, 1941; Miintzing and Akdik, 1948; Commoner,
1964; John and Jones, 1970; Evans and Rees, 1971; Cavalier-Smith,
1980; Nurse, 1985). As remarked by Gregory (2000), “the addition
of only one or two B chromosomes appears not to have a noticeable
effect on cell size (John and Jones, 1970), perhaps indicating that
cells are able to compensate for the effects of these selfish elements”.
In E. plorans, cell or nucleus size has not been measured, but body
size, which is frequently positively correlated with cell size (Gregory,
2002), has been measured twice (Camacho et al., 1980; Martin-Alganza
et al., 1997) and no association with the number of B chromosomes
was found. It is thus conceivable that some of the observed gene
expression changes are actually revealing how B-carrying cells cope with
the presence of this extra DNA in terms of signal and molecule transport,
intercellular communication and trafficking, membranes, ion transport,
signal transduction mechanisms, intracellular trafficking, secretion, and

vesicular transport.

For instance, the observed downregulation of Phosphatidylinositol
3-kinase 2 (PI3K2) in B-carrying E. plorans females could be a
response to maintain cell size in spite of the extra DNA added by
the B chromosome, since this gene is involved in the regulation of cell
morphogenesis by promoting cell growth (Leevers et al., 1996; Weinkove
et al., 1999), and also in the regulation of exaggerated trait growth
in insects (Lavine et al., 2015). Likewise, Neural-cadherin (CADN),
Neurexin-4 (NRX/), Synaptic vesicle glycoprotein 2A (SV2A) and

Androgen-induced gene 1 protein (AIG1) show functions related with cell



growth, cell adhesion and secretion, transport and cell communication
(Harden, 2002; Krizaj et al., 2002; Halbleib and Nelson, 2006; Humbert
et al., 2003; Sudhof, 2004; Yi et al., 2008; Kurusu et al., 2008), and their
up-regulation could represent a response of the host genome to cope
with the presence of the 600 Mb extra DNA per one B chromosome
(Ruiz-Ruano et al., 2011). It is conceivable that the presence of the
extra B-DNA elicits some changes in how cells communicate themselves,
and this is reinforced by the observed expression changes in genes with
functions related with membranes and ion transport, such as the Zinc
transporter ZIP14 (S39AE) and Pro-interleukin-16 (IL16), which play
a role in parasitic infections (Pappu et al., 2011), in strong parallelism
with other types of parasitism (for instance, see Lemaire et al., 2013;
Tako et al., 2013; Aufauvre et al., 2014; Foth et al., 2014; Robledo et al.,
2014; Telleria et al., 2014; Yang et al., 2014; Nishimura et al., 2015).

The presence of extra DNA to replicate can explain the up-regulation
of Topoisomerase II (TOP2) in the ovaries of B-carrying adult females,
since this protein is involved in DNA conformational changes during
replication (Saavedra, 1990). It has been frequently argued that B
chromosome presence represents a burden to the host cell in terms
of DNA replication (see Evans et al., 1972), but we show here the
first evidence at this respect. The fact that TOP2 is also involved in
chromosome condensation (Coelho et al., 2003; Baxter and Aragén, 2012)
opens an interesting prospect for future research, especially bearing in
mind the presence of active genes for the condensin complex subunit
CAP-G in the B chromosome (Navarro-Dominguez et al., in preparation;

see chapter 4).

It was highly remarkable the abundance of gene expression changes



dealing with chemical defense and detoxification observed in presence
of the B chromosome in E. plorans. Metazoan genomes contain many
genes involved in responses to environmental stressors. Chemical defense
genes include cytochromes P450 and other oxidases, various conjugating
enzymes, ATP-dependent efflux transporters, oxidative detoxification
proteins, and transcription factors that regulate these genes which, as
a whole, account for more than 400 genes in the sea urchin genome
(Goldstone et al., 2006). Cytochrome P450 4C1 (CP4C1) is a chemical
defense gene involved in the metabolism of insect hormones and in the
breakdown of synthetic insecticides, thus being a defensive factor against
stress (Goldstone et al., 2006). P450 up-regulation in B-carrying F.
plorans females could thus be a response of the host genome against
parasitic chromosomes. However, a related gene, Cytochrome P450 6A1
(CP6A1), involved in the same functions was downregulated in the same

females, so it is impossible to know the net effect of both changes.

Other gene expression changes dealing with chemical defense were those
for Myrosinase 1 (MYROT1), which is involved in chemical defense by
crucifer plants but is also present in some herbivores like aphids (Kazana
et al., 2007) or beetles (Beran et al., 2014), Liver carboxylesterase 1
(EST1), which is involved in the detoxification of xenobiotics, alcohol
metabolic process and regulation of cell morphogenesis (Matsumoto et al.,
2014), Multiple inositol polyphosphate phosphatase 1 (MINP1), which
is located in the endoplasmic reticulum and is involved in a wide array
of biological and pathophysiological responses, including tumorigenesis,
invasion and metastasis, as well as defense signaling in plants (Chi et al.,
2000; Windhorst et al., 2013; Kilaparty et al., 2014), or Glutathione
S-transferase 1-1 (GSTT1), which has DDT dehydrochlorinase activity



(Lumjuan et al., 2005). These four gene expression changes, all being
up-regulated in B carrying females, could constitute part of the resistance
response to the parasitic chromosome. However, the down-regulation of
UDP-glucuronosyl and UDP-glucosyl transferase (UDPE), which plays
a central role in the detoxication and elimination of a wide range of
endogenous and exogenous compounds (Burchell and Coughtrie, 1989),

is more difficult to interpret.

It has been suggested that gene expression in host—parasite interactions
is likely to evolve toward greater immunological surveillance and reduced
parasite conspicuousness (Nuismer and Otto, 2005), in a Red Queen
dynamics (Barribeau et al., 2014). For instance, endoparasites such
as Trypanosoma, Nosema and Trichuris elicit host responses increasing
the expression of genes related with immunity, stress tolerance and
protein translation (Telleria et al., 2014; Foth et al., 2014; Aufauvre
et al., 2014). Remarkably, some of the gene expression changes found in
B-carrying ovaries can be viewed in a similar way. This is the case for four
up-regulated gene products: the Roadkill protein (RDX gene), which
promotes protein ubiquitination and degradation by the proteasome (Liu
et al., 2009), N-alpha-acetyltransferase 38-A, NatC auxiliary subunit
(LMD1A), which is involved in protein degradation (Kim et al., 2014),
Iron/zinc purple acid phosphatase-like protein (PAPL), which has
acid phosphatase activity, metal ion binding and dephosphorylation,
and RING finger protein 141 (RN141) which may simultaneously
bind ubiquitination enzymes and their substrates (Lee et al., 2014).
However, the down-regulation of the RIN2 gene, which codes for an E3
ubiquitin protein ligase involved in protein polyubiquitination, response

to endoplasmic reticulum (ER) stress, ER-nucleus signaling pathway



and response to unfolded proteins (Chow et al., 2015; Chaubey et al.,
2014), in B-carrying ovaries is difficult to explain. Although we cannot
know the precise mechanism of action, it is tempting to speculate that
these expression changes regarding ubiquitinization and endoplasmic
reticulum stress might constitute a host genome reponse to the presence
of topologically anomalous polypeptides derived from B chromosome
gene or pseudogene transcripts (see Navarro-Dominguez et al., submitted;
see chapter 3). The observed changes for ankyrins 1-3 (ANK1, ANK2
and ANKS), which are involved in protein localization to cell surface,
and intracellular signal transduction (Goellner and Aberle, 2012), could
have also something to do with control of biological quality against
B-derived defective polypeptides. However, B chromosome effects are
also contradictory since ANK1 and ANK2 are down-regulated whereas
ANK3 is up-regulated (see Fig. 3).

Several DEGs were involved in lipid transport and metabolism, with
conceivable consequences on egg fertility. Six of them were up-regulated
in B-carrying females: Alpha-tocopherol transfer protein-like (TTPAL),
which is presumed to function in the intracellular transport of
alpha-tocopherol (vitamin E), thus influencing the amount of eggs laid
(Zwohr'lska-Sniata}owa, 1976), Multidrug resistance-associated protein
9 (MRP9), which plays a biologically important role as membrane
transporter and ion channel modulator (Higgins, 1992), Seipin (BSCL2),
a regulator of lipid catabolism being essential for adipocyte differentiation
and necessary for correct lipid storage, as well as three other genes
involved in lipid transport and regulation of fat cell differentiation,
namely Nose resistant to fluoxetine protein 6 (NRF6), border follicle
cell migration (MYSA) and phosphatidylinositol phosphatase (PTPRQ).



However, another five DEGs involved in lipid metabolism and transport,
regulation of oocyte development and contraction of ovarian muscle,
were down-regulated perhaps explaining the lower egg fertility shown by
B-carrying females (Zurita et al., 1998; Munoz et al., 1998). This
is the case of Retinaldehyde-binding protein 1 (RLBPI1), Choline
transporter-like protein 4 (CTL/ ), Carbonyl reductase family member 4
(CBRY), Synaptotagmin 1 (SY65) and Troponin C, isoform 3 (TNNCS3).
Taken together, these gene expression changes might reflect the harmful
effects of the parasitic chromosome on yolk production in the eggs and

molecule transport between cells.

Four other DGEs related with muscle function were up-regulated in
B-carrying females: Muscle M-line assembly protein unc-89 (UNC89),
(Gautel, 2011; Katzemich et al., 2012), Twitchin (UNC22) (Riddell et al.,
2014), Titin (TITIN) (Fabian et al., 2007) and Myosin heavy-chain
(MYSA) (Polyak et al., 2003). Interestingly, the two latter genes also
play a role during mitosis (Machado and Andrew, 2000; Fabian and
Forer, 2007; Fabian et al., 2007). Collectively, these four gene expression
changes could be a consequence of higher effort by B-carrying females
in muscle function, probably related with ovary function, and/or higher
costs of building mitotic spindles in ovaries due to the higher number of

chromosomes to move apart during cell division.

Among the most interesting gene expression changes observed in ovaries
carrying the parasitic chromosome were those associated with the
regulation of gene expression. Two DEGs were involved in the biogenesis
of the 60S ribosomal subunit: the L26 protein (RL26), which is a
structural constituent of this subunit, and the Nucleolar GTP-binding
protein 1 (NOG1) which has a regulatory role in its biogenesis. The



former is up-regulated and the latter down-regulated in B-carrying

females.

In addition, Histone-lysine N-methyltransferase SETD1B-A (SE1BA) is
a histone methyltransferase that specifically methylates Lys-4 of histone
H3 providing a specific tag for epigenetic transcriptional activation
(Bernstein et al., 2002; Santos-Rosa et al., 2002), which is down-regulated
B-carrying ovarioles. It is thus tempting to suggest that down-regulation
of H3K) methyltransferase complex in B-carrying females of E. plorans
might have something to do with the observed transcription of B

chromosome genes (see above).

Three up-regulated DEGs might reflect the extra transcription effort
due to the higher gene expression observed in B-carrying females, with
double number of up- than down-regulations for protein-coding genes
and an extraordinary up-regulation for many TEs. These were the
DNA-directed RNA polymerase II subunit RPB11 (RPBI11), which is a
component of RNA polymerase II itself, Mediator of RNA polymerase
IT transcription subunit 4 (MED/ ), which plays a role in the regulation
of transcription of nearly all RNA polymerase II-dependent genes, and
Ubiquitin-like domain-containing CTD phosphatase 1 (UBCP1), which
plays a role in the regulation of phosphorilation state of RNA polimerase
IT C-terminal domain (Zheng et al., 2005). In consistency with these three
up-regulations, we observed down-regulation for Protein Drl homolog
(NC2B), which is a negative regulator of transcription by controlling the
rate of RNA polymerase II transcription. Taken together, the changes
observed for these four genes would reflect an increase in transcription
effort probably due to the fact that the B chromosome is not completely

silenced (Navarro-Dominguez et al., in preparation; see chapters 3 and



4).

Finally, B-carrying females showed down-regulation of Dicer 1 (DCR1),
an RNA polymerase III being essential for RNA interference (RNAi) and
microRNA (miRNA) gene silencing. Hence, down-regulation of Dicer 1
implies higher susceptibility to pathogens (Fablet, 2014). Remarkably,
the down-regulation of Dicer 1 in B-carrying females of E. plorans
is associated with an explosive up-regulation for many transposable
elements, in high consistency with the role of RNA interference as an
important defense against viruses and transposable elements (Obbard

et al., 2009).

Little is known on how Dicer 1 is regulated (Levy et al., 2010). Mouse
primary oocytes induced to be deficient in Dicer 1, are able to reach
full size and be ovulated, but they have meiotic defects, such as first
polar body extrusion failing (Murchison et al., 2007; Tang et al., 2007),
due to the presence of DICER1-dependent factors in the ooplasm of
primary oocytes which are crucial for chromosome segregation and
meiotic maturation (Mattiske et al., 2009). In B-carrying females of
E. plorans, however, no meiotic defects have been reported in oocytes
(Henriques-Gil et al., 1986; Cano et al., 1987; Henriques-Gil et al.,
1989), suggesting that Dicer 1 down-regulation does not negatively
affect grasshopper oogenesis. Dicer 1 down-regulation in B-carrying
females could keep some relationship with the molecular stress generated
by B chromosome transcripts (Navarro-Dominguez et al., submitted;
see chapter 3), as Dicer 1 down-regulation has been reported during
hypoxia (Ho et al., 2012) and other types of stress (Wiesen and Tomasi,
2009), and promotes cellular senescence (Zhao et al., 2015) and cancer

(Kitagawa et al., 2013). At first sight, Dicer 1 down-regulation in



B-carrying females might appear puzzling since RNA1 is necessary for
heterochromatinization (Hall et al., 2002), and B chromosomes in FE.
plorans are mostly heterochromatic. However, it is conceivable that
Dicer 1 down-regulation is achieved by the B chromosome itself to resist
silencing by the host genome, since about half of the protein-coding

genes located in the B chromosome were actively transcribed.

Taken together, the gene expression changes observed here in B-carrying
ovaries of E. plorans appear to constitute a logical response of the
host genome to counteract gene expression of B chromosome genes and
pseudogenes reported by Navarro-Dominguez et al., in preparation (see
chapter 3). It is remarkable that all the active genes and pseudogenes
in the B chromosome, but almost none of the observed gene expression
changes in the host genome, code for cell division regulation. However,
most changes in host genome gene expression, had to do with chemical
defense and detoxification, protein modification and response to stress,
ovary function and regulation of gene expression. suggesting an intimate
host-parasite crosstalk during crucial steps of gene expression and protein
function. As a whole, our present results illuminate a broad spectrum of
future molecular research on this evolutionarily interesting intragenomic
parasitism, and the common molecular arena for the two counterparts

makes this a good model to analyze gene regulation pathways.
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Conclusiones

. La presencia de cromosomas B no estd asociada con cambios
aparentes en frecuencia de dobles roturas y reparacién del ADN, y
la localizacion centromérica de la proteina Ku70 en E. plorans esta
relacionada con la funcién centromérica pero no con la presencia

de cromosomas B.

. Los niveles de transcritos del gen Hsp70 son independientes de
la presencia de cromosomas B, por lo que la disminucién de la
cantidad de proteina Hsp70, observada previamente en esta especie,
es probablemente el resultado de un mecanismo de regulacién

post-transcripcional.

. Es posible descubrir la presencia de genes para proteinas presentes
en los cromosomas B, mediante el andlisis comparativo del
patrén de cobertura en librerias Illumina de ADN genémico de
individuos sin cromosomas B e individuos con muchos cromosomas
B. Este método puede ser aplicable para la busqueda de genes
en situaciones en las que haya un cromosoma en ntimero variable,
como es el caso de los cromosomas sexuales heteromorficos y las

polisomias.

. El cromosoma B de E. plorans contiene, al menos, nueve genes
que codifican para proteinas. En cuatro de ellos, la secuencia
codificadora del gen se encuentra completa en el cromosoma B,

mientras que, en cinco, ésta se encuentra truncada.

. Dos de los genes completos (CIP2A y KIF20A) y tres de los
truncados (CKAP2, CND3 and MYCB2) se expresan activamente,
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demostrando que los cromosomas B no son genéticamente inertes.

Estos cinco genes que estan activos en el cromosoma B tienen
funciones relacionadas con la divisién celular. Esto sugiere que el
secreto del éxito evolutivo de los cromosomas B de esta especie

puede residir en la actividad de su contenido génico.

Tal como se esperaba, dado su origen comin, tanto el cromosoma
B2 como el B24 contienen varias copias del gen CAP-G. En ambos
casos, las copias del B estan activas transcripcionalmente, pero
no afectan a los niveles de expresiéon de los genes para otras
subunidades de condensina, por lo que no queda claro si los

productos del gen CAP-G del B afectan de alguna otra manera.

Nuestros andlisis transcriptémicos y de microarrays han revelado la
existencia de 46 genes diferencialmente expresados en los ovarios de
hembras con B y sin B, una vez descontados los que se encuentran
en los cromosomas B. Las funciones de estos genes guardaron
mucha relaciéon con los efectos descritos previamente para los
cromosomas B, tales como los efectos nucleotipicos, la respuesta
al estrés y la detoxificacién, la modificacién de proteinas, la
funcién ovarica y la regulacion de la expresion génica. Concluimos,
por tanto, que la presencia de cromosomas parasitos evoca una
respuesta en el genoma hospedador mediada por cambios en

expresion génica.

Uno de los genes reprimidos en presencia de los cromosomas B es
Dicerl, un enzima clave para regular la actividad de los elementos
transponibles mediante el ARNi. La represion de este gen explica

la sobrexpresiéon de muchos transposones y retrotransposones,
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de diferentes familias, observada en las hembras portadoras de

cromosomas B.






Conclusions

. B chromosome presence is not associated with obvious changes
in double strand breaks and DNA repair, but the Ku70 protein
is probably involved in centromeric function in Eyprepocnemis

plorans.

. Hsp70 transcription levels do not depend on B chromosome
presence. Therefore, the decrease in Hsp70 protein levels,
previously observed in this species, was probably the result of

postranscriptional regulation.

. The presence of protein-coding genes in B chromosomes can be
evidenced through the comparative analysis of coverage patterns
for reads obtained from B-carrying and B-lacking individuals
on the CDSs of a de novo transcriptome of the same species.
This method can also be applied to other situations where the
number of chromosomes is variable, such as heteromorphic sexual

chromosomes and polysomy.

. The B24 chromosome of E. plorans contains at least nine
protein-coding genes, four of them showing full length coding

sequence and the remaining five being truncated.

. Two complete (CIP2A and KIF20A) and three truncated
(CKAP2, CND3 and MYCB2) genes are actively expressed, thus

demonstrating that B chromosomes are not genetically inert.

. All five genes being actively transcribed in the B chromosome carry

out functions that are related with cellular division, suggesting
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that the secret of the evolutionary success of B chromosomes in this

species might lie on its gene content and transcriptional activity.

. As expected from their common origin, both B2 and B24
chromosomes contain several copies of the CAP-G gene. In both
cases, B chromosome copies are transcriptionally active, but do
not influence transcription levels of other condensin subunit genes.
From this pattern, we can rule out a general enhancenment of
condensin activity, but not that the excess of anomalous CAP-G

transcripts is perturbing the system in other ways.

. Our transcriptome and microarray analysis revealed the existence
of 46 differentially expressed genes in ovaries with and without
B chromosomes, once discarded the expression of genes located
in the B chromosome. Functions of these genes were related with
previously known effects of B chromosomes, such as nucleotypic
effects, stress response and detoxification, protein modification
and turnover, ovarian function and gene expression regulation.
Therefore, we conclude that parasitic B chromosomes evoke

gene-expression responses in the host genome.

. One of the down-regulated genes associated with B chromosome
presence is Dicerl, which have a key role in controlling transposable
elements activity through the RNAi pathway. Down-regulation of
this gene explains the up-regulation of many kinds of transposons
and retrotransposons from different families, observed in B-carrying

females.



Perspectivas

Durante el desarrollo de esta Tesis Doctoral, centrada en estudiar el
impacto que puede tener a nivel molecular la presencia de un cromosoma
supernumerario (B) en Eyprepocnemis plorans, han salido a la luz varios
aspectos de los cromosomas B que transforman el concepto general que
se tenia de ellos como elementos genéticos transcripcionalmente inertes,
carentes de genes y repletos de lo que se ha venido denominando “basura
gendémica”. Este cambio de paradigma abre nuevos interrogantes, que

discutiremos en este capitulo.

En el capitulo 1 descubrimos, que la localizacién centromérica de
la proteina de reparacion de dobles roturas de ADN, Ku70, no esta
relacionada con la presencia de cromosomas B, y que el estrés que
pueden generar los cromosomas B no estd asociado a un incremento
en la frecuencia ni en la localizacién de las roturas de doble cadena en
el ADN. Sin embargo, uno de los resultados més intrigantes de esta
Tesis Doctoral es el papel que desempena la proteina de reparacién
Ku70 en el centromero de E. plorans. La respuesta a cémo y por
qué se encuentra esta autapomorfia en E. plorans podria obtenerse
mediante experimentos de inmunoprecipitacion de la cromatina (ChIP),
que permitieran identificar las proteinas y el ADN satélite con las
que Ku70 interacciona en el centréomero. Ademaés, es posible que
comparando secuencias centroméricas de FE. plorans con las de otras
especies relacionadas en las que Ku70 no tiene localizacién centromérica,
que podemos obtener precipitando con CENPA o alguna otra proteina

centromérica, pudieramos averiguar si es debido a una peculiaridad de
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los centrémeros en esta especie.

La mayoria de los efectos de la presencia de cromosomas B en E. plorans
descritos hasta ahora, como por ejemplo el aumento en la frecuencia
de quiasmas, la disminuciéon del area nucleolar y la disminucién de
los niveles de la proteina de estrés Hsp70, podian interpretarse en
relacion a como la célula responde al estrés causado por el parasitismo
intragenémico. En el capitulo 2, descubrimos que la expresién del gen
Hsp70 no presenta cambios, al nivel transcripcional, asociados a la
presencia de cromosomas B, por lo que esta disminucién debe ser fruto
de regulacién post-transcripcional. Sin embargo, al ser una proteina
cuya expresion es inducible por cambios ambientales, seria interesante
cuantificar los niveles tanto de mRNA como de proteinas en individuos
criados en condiciones homogéneas, de forma que lo tinico que los
diferenciara fuera el ntimero de cromosomas B. Otra posibilidad a
explorar seria la existencia de algin tipo de impronta en individuos
0B hijos de padres con cromosoma B, por lo que seria interesante hacer
cruzamientos controlados y comparar patrones entre 0B hijos de 0B y
0B hijos de +B, y también comparar los niveles de expresion de Hsp70
al nivel de transcritos y de proteinas entre individuos 0B de poblaciones
con alta frecuencia de B y en individuos de poblaciones donde no haya

cromosomas B.

En el capitulo 3, demostramos la presencia y expresiéon de genes y
fragmentos génicos codificadores de proteinas en los cromosomas B
de E. plorans, y lo mas interesante es que de los nueve que hemos
encontrado, los cinco que estan transcripcionalmente activos tienen
funciones relacionadas con la divisién celular. Esto indica que estos

parasitos genémicos son capaces de utilizar la maquinaria celular para



transcribir sus genes, lo que, en el mejor de los casos, supone para
el hospedador un gasto energético inutil y, en el peor, puede alterar
la regulacién de algtin proceso de la divisién celular que facilite la
transmision del cromosoma B. La pregunta més evidente que surge de
los resultados que se presentan en este capitulo versa sobre la posible
funcionalidad de estos genes, algo que adquiere especial relevancia en
el caso de los dos genes completos que presentan expresion activa. Sin
embargo, en el caso de los genes completos, no tenemos la total seguridad
de que la sobre-expresion que detectamos en individuos portadores de
cromosomas B provenga en efecto de la expresion de éstos, o bien se trata
simplemente de la sobre-expresién de los genes homélogos localizados
en los cromosomas A. Por tanto, un primer acercamiento a la solucién
de este problema debe ser buscar polimorfismos (SNPs) que aparezcan
especificamente en las secuencias del cromosoma B y cuantificar la
frecuencia de los diferentes alelos al nivel de transcritos. Después de
comprobar si estos SNPs pueden causar sustituciones no sinénimas en
la secuencia de la proteina, seria interesante saber si estos transcritos se

traducen, localizando estas proteinas anémalas mediante secuenciacién.

En el caso de los genes truncados, la evidencia de que las copias que se
estan expresando son las que se localizan en los cromosomas B, viene de
la deteccion de diferentes patrones cuando comparamos, en individuos
con diferente niimero de Bs, los niveles de expresién con cebadores
situados en la zona que esté presente en el cromosoma B y con cebadores
que no lo estan, observando que el nivel de expresiéon sélo aumenta
con el nimero de Bs cuando utilizamos cebadores anclados en la zona
que esta presente en el cromosoma B. Un experimento interesante para

comprobar cémo afectan estos genes a la expresién de otros genes, o a



alguna caracteristica de los cromosomas A o de la célula, podria consistir
en realizar su “knockdown” mediante ARN de interferencia. De esta
forma podriamos comparar qué consecuencias tiene la inhibicién de la
expresion de estos transcritos usando dianas presentes y ausentes en el
gen del cromosoma B. Comparando los efectos de la interferencia sobre
individuos sin cromosomas B (donde es de esperar efectos similares con
la dos dianas) con los observados en individuos con B (donde las dos
dianas pudieran tener efectos diferentes) podriamos obtener respuestas
sobre la posible funcionalidad de los transcritos de los genes truncados
del cromosoma B. Otro posible experimento seria detectar, mediante
inmunofluorescencia, posibles cambios en la abundancia y localizacién
celular de las proteinas que codifican estos genes en individuos con

cromosomas B.

Por otra parte, los nueve genes que detectamos en el cromosoma B
podrian usarse también como marcadores para determinar el origen del
cromosoma B de E. plorans. Si, como sospechamos, todas las variantes
de cromosomas B de esta especie comparten un origen comun, seria una
evidencia indiscutible a favor de esta teoria que todos estos genes se
encontraran en todas las variantes de cromosomas B que conocemos
en diferentes poblaciones, mas ain si tuvieran la misma estructura
truncada o si compartieran polimorfismos. Otro punto muy interesante a
comprobar seria si estos nueve genes se localizan en el mismo cromosoma
A, ya que esto nos permitiria averiguar de qué cromosoma derivé el B en
sus origenes. Si encontraramos variantes alélicas de estos genes se podria
estudiar su herencia en cruzamientos de individuos 0B, para comprobar
si se heredan en bloque, es decir, en desequilibrio de ligamiento. Esto no

resuelve la pregunta de qué cromosoma es el que dio origen al B, pero



si indicaria, en el caso de que hubiera sintenia, que el B derivé de un

Unico autosoma.

Entre los genes localizados en el cromosoma B, elegimos el gen truncado
de la subunidad CAP-G de la condensina I para estudiar méas a fondo su
estructura y las consecuencias de su sobrexpresién. La existencia de un
codén de stop prematuro y de un cambio no conservado en el centro activo
de la proteina, que se predicen a partir del transcrito, nos lleva a concluir
que el B expresa copias pseudogénicas. Esto no excluye la posibilidad de
que la expresiéon de este pseudogén afecte, de alguna manera, a la funcién
normal de la condensina. Sin embargo, para averiguar a qué nivel lo hace,
seria necesario analizar mediante Western-blot, primero, la existencia
de polipéptidos de menor tamano a los normales (correspondientes al
transcrito truncado del B) en los individuos portadores de cromosomas
B, lo que indicaria que las secuencias truncadas que se transcriben en
el B también se traducen. En segundo lugar, habria que comprobar
si la expresion del pseudogen B-CAP-G conduce a una disminucién
de la cantidad de proteina CAP-G estandar, ya que los transcritos
pseudogénicos pueden actuar como inhibidores competitivos de la
traduccién o pueden ser fuente de microARNs que neutralizan los
transcritos del gen normal. En este sentido, podria ser interesante
realizar una secuenciacion Illumina de miRNAs en individuos con y
sin cromosoma B, y comprobar si efectivamente se estdn generando
miRNAs a partir de los transcritos pseudogénicos del B. Esto también
nos daria informacién similar para los demés genes que se expresan en

el cromosoma B.

En cuanto al impacto que la presencia y expresién de los transcritos del

B pueden tener sobre la expresién de otros genes del genoma hospedador,



quedan muchas cosas por hacer. Una de las posiblidades es estudiar
transcriptomas con individuos en diferentes estadios de desarrollo, desde
embriones a ninfas, y con adultos de ambos sexos. Hemos encontrado
efectos del cromosoma B sobre genes implicados en procesos relacionados
con la funcién ovarica, las rutas de modificacion y degradaciéon de
proteinas y la regulacion de la expresién génica por la via de RNA de
interferencia. El estudio méas profundo de estas rutas de regulacién puede
ser importante para entender como funcionan los mecanismos de defensa
del hospedador frente a los cromosomas B, especialmente en el caso de la
inhibicién de Dicerl, enzima clave en la generacién de miRNAs y siRNAs.
Este caso merece un estudio mas detallado, ya que esta via de regulacién
es la mejor baza celular para el control de los elementos transponibles y
donde se desarrolla la accién en las interacciones virus-célula, por lo que
los mecanismos de virulencia y defensa del cromosoma B como parasito
y del genoma A como hospedador pueden también interaccionar a este

nivel.
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