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Resumen

Estudio de la funcion y regulacion del gen ovino HSP90AA|

Las consecuencias visibles, ya hoy en dia, producidas por el cambio climatico y
el aumento en la demanda de alimentos debido al crecimiento de la poblacion mundial,
hacen necesario un cambio en las estrategias de manejo de las especies ganaderas.
Entre las diferentes estrategias a tomar en consideracion, la bisqueda de animales mas
adaptados a las nuevas condiciones ambientales existentes ha cobrado gran

importancia.

El aumento de la temperatura global, es uno de los fenomenos mas notables
ocurridos en las ultimas décadas. De hecho, las temperaturas medias globales han
experimentado un aumento, prediciéndose incrementos de 1.8 hasta 3.9°C para el afo
2100. Este hecho junto con el aumento de zonas desérticas en el mapa global, hacen
necesaria la blUsqueda de especies rusticas y adaptadas a estos ambientes, cuya

capacidad productiva no se vea mermada por dichos factores.

La especie ovina fue una de las primeras especies domesticadas adaptada a
climas agrestes y aridos de la que existen mas de 1400 razas, repartidas practicamente
por todo el planeta. Este pequeno rumiante generalmente se explota por su triple
aptitud productiva, tanto de lana, leche como carne, aunque existen razas que han sido
seleccionadas especificamente para alguna de estas caracteristicas. Sus condiciones de
manejo van, desde sistemas extensivos o semi-extensivos en zonas rurales donde los
ganaderos manejan rebanhos con un reducido numero de cabezas, hasta grandes

empresas productoras con sistemas de produccion muy intensivos y tecnificados.

Todos los organismos vivos poseen una serie de mecanismos para afrontar los
cambios que se producen en el medio ambiente en el que se desarrollan, y
especialmente para los cambios de temperatura. La respuesta al estrés térmico (HSR,
por sus siglas en inglés), hace frente a los cambios que se producen en el organismo
como consecuencia del aumento de temperatura para garantizar la viabilidad celular. La
respuesta a estrés térmico supone la activacion de una serie de genes, entre los cuales,
aquellos que codifican las proteinas de shock térmico (HSP, heat shock protein),
adquieren un importante protagonismo. El papel de las proteinas de estrés térmico,
entre otros, es la restauracion de la homeostasis celular que se ve profundamente
alterada como consecuencia del estrés por calor. En concreto, la proteina de shock

térmico de 90 kDa alfa (Hsp90a) realiza esta funcion identificando proteinas cuya
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Resumen

conformacion se ve alterada por el aumento de la temperatura para su posterior
reparacion o destruccion. Ademas, forma parte de un complejo de proteinas
activadoras del Heat shock factor |, un factor de transcripcion clave en la respuesta a
estrés. El gen HSP90AA| que codifica la Hsp90a presenta niveles de transcripcion
moderados en condiciones termo neutras. Bajo condiciones de estrés térmico, la
transcripcion del gen es inducida hasta niveles tres veces superiores a los existentes en
condiciones basales. El gen HSP90AA| ha sido caracterizado y mapeado en la especies
ovina, concretamente en la raza Manchega. Dicha raza, de aptitud lechera, es criada
principalmente en la region de Castilla-La Mancha donde las temperaturas en verano
son muy elevadas. Estas condiciones hacen de esta raza un excelente modelo animal

para el estudio de la adaptacion a condiciones de alta temperatura ambiental.

El presente estudio, se ha focalizado en la caracterizacion de la region
promotora del gen ovino HSP90AA I, donde se ha detectado la existencia de un gran
numero de polimorfismos, de los cuales al menos uno de ellos, g.660G>C, ha sido
asociado previamente a las diferencias de expresion del gen bajo condiciones de estrés

térmico.

En estudios anteriores, se observo la relacion de uno de estos polimorfismos,
un SNP (del inglés, Single Nucleotide Polymorphism) que consiste en una transversion
de citosina a guanina, situado 660 pares de bases antes del inicio de la transcripcion
(2.660G>C), con diferencias en el tiempo de incubacion del scrapie. Animales
portadores del genotipo CC,, presentaban un mayor el tiempo de incubacién que
aquellos portadores del genotipo GG, Posteriormente, en un pequeno grupo de
animales en los que se tomaron muestras de sangre en momentos de distinta
temperatura ambiental, se observé una diferencia en el patron de expresion del gen
HSP90AA| bajo condiciones de estrés térmico, de tal manera que los animales
portadores del genotipo CC,,, presentaban una mayor tasa de transcripcion que

aquellos portadores de CG_, y GG .

Para corroborar estos resultados previos realizados con una muestra limitada
de animales y para analizar el posible efecto de otros polimorfismos existentes en la
region promotora del gen HSP90AA|, en el trabajo actual y como uno de los objetivos
de la presente tesis, se realizaron nuevos estudios de expresion génica con un tamano
muestral superior y una metodologia mas compleja (Capitulo 1). Los resultados de

este trabajo permitieron constatar que el SNP g.660G>C tiene un efecto de la misma
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magnitud sobre la tasa de expresion del gen, tanto en condiciones de termo
neutralidad como de estrés por calor. Ademas, la insercion de una citosina 668 pares
de bases antes del inicio de la transcripcion (g.667_668insC) produce unas diferencias
de transcripcion del gen de mucha mayor magnitud y sélo en condiciones de elevada
temperatura. Asi, en los animales que portan la insercién en homocigosis la expresion
del gen se ve aumentada hasta 3 veces respecto a la de aquellos animales heterocigotos

y sin presencia de insercion.

El promotor del gen HSP90AAI ha sido caracterizado como un promotor
hibrido que no solo contiene la caja TATA, sino que ademas posee una isla CpG
reguladora (Capitulo 2). Este hecho confiere a este tipo de promotores una mayor
plasticidad respecto a la regulacion de su transcripcion. Ademas, dentro de esta isla
CpG es donde se encuentran los polimorfismos detectados, siendo uno de ellos,
g.660G>C, susceptible de metilacion. Este hallazgo, podria explicar las diferencias en
expresion observadas ya que también es posible la existencia de una regulacion
epigenética adicional a la regulacion canodnica del gen. Dado que los polimorfismos
asociados a los cambios de expresion del gen, observado en el Capitulo | (g.660G>C y
g.667_668insC) se encontraban el boques de ligamiento con otros polimorfismos, se
llevaron a cabo experimentos in vitro para tratar de determinar la mutacion
responsable de los cambios de transcripcidon observados en el capitulo previo.
Mediante estos experimentos in vitro, se pudo constatar que la combinacién de tres
citosinas, g.667_668insC, g.666_667insC y C ,,, son responsables de la mayor tasa de

transcripcion del gen bajo condiciones de estrés térmico.

En el Capitulo 3, se procedio a determinar la presencia de los polimorfismos
detectados previamente en la raza Manchega, en otras razas ovinas y especies de la
subfamilia Caprinae, a la cual pertenece el género Ovis, ademas de en dos especies mas
alejadas correspondientes a la familia Bovidae, y su correlacién con las variables
climaticas de las regiones en que se desarrollan dichas razas y especies. A dicho fin, se
caracterizaron los polimorfismos del promotor del gen HSP90AA| en 31 razas ovinas
distribuidas por Europa, Asia y Africa, en 9 especies de la subfamila Caprinae, ademas
de en dos especies mas alejadas, incluidas en el taxon Bovini. Se ha podido constatar la
correlacion entre la frecuencia de los alelos de aquellos polimorfismos asociados a
cambios en la tasa de expresion del gen dependientes de genotipo y condiciones
ambientales (g.660G>C y g.667_668insC) con las variables climaticas existentes en las

distintas regiones de origen de las distintas razas ovinas analizadas. Ademas, se ha
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podido dilucidar el alelo salvaje en muchos de los polimorfismos identificados en el
promotor ovino. En el caso del SNP g.660G>C se ha identificado el alelo C como el
salvaje tanto por su frecuencia en las razas analizadas como por su susceptibilidad de
metilacion alelo-especifica (Capitulo 2). En el caso de la insercion de citosina en la
posicion -668 (g.667_668insC), la deleccion parece ser el alelo salvaje en la especie
ovina. Sin embargo, los resultados obtenidos en las especies procedentes de la

subfamilia Caprinae no son tan esclarecedores.

La comparacion de la region promotora de las distintas especies de rumiantes
estudiadas, ha permitido constatar que muchos de los polimorfismos detectados en la
especies ovina se remontan a la formacion de la subfamilia Caprinae, aunque su ventaja
selectiva solo ha podido ser constatada en la actual especies ovina. También han
conducido a un novedoso hallazgo, en concreto, el elevado niumero de polimorfismos
compartidos por las especies Ovibos moschatus y Ovis aries, lo que podria contribuir a
dilucidar la controvertida posicion del O. moschatus en la subfamilia Caprinae.
Sorprendentemente, esta especies que actualmente se encuentra confinada a regiones
articas, presentan una buena adaptacion a estrés térmico, al menos en lo que se
refiere a la frecuencia de alelos de respuesta a dicha fuente de estrés en el gen
HSP90AAI. Una posible hipétesis sobre este hecho, seria la herencia de dichas
mutaciones de un ancestro lejano de dicha especies, el Praeovibos, cuyos fosiles han
sido encontrados en yacimientos arqueologicos localizados en ambientes mucho mas
templados que el actual ecosistema de Ovibos moschatus. Contrariamente a lo
esperado, en una especies tipica de zonas desérticas con elevadas temperaturas,
Ammotragus lervia, el polimorfismo mas asociado a la respuesta a estrés térmico
(g.667_668insC) se encuentra fijado para el alelo desfavorable ligado a menores tasas

de expresion del gen bajo condiciones de estrés por calor.

Finalmente, y como resultado mas directamente aplicable al sector de
produccién ovina, se han podido asociar los genotipos responsables de las diferencias
de expresion del gen HSP90AAI, con las diferencias en el fenotipo de un caracter
reproductivo de los machos de esta especies, en concreto, con la tasa de
fragmentacion del ADN espermdtico en machos de la raza Manchega, estudio
desarrollado en el Capitulo 4. En este trabajo, se ha observado que existen fases en el
proceso de la espermatogénesis, en las que la temperatura ambiental es un factor
critico en el desarrollo de las células germinales masculinas. En concreto, se ha

constatado que existe un mayor indice de fragmentacion del ADN de forma alelo-
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especifica durante la fase de espermatocitogénesis. Esta fragmentacion es casi cuatro
veces superior en animales portadores del genotipo combinado ID ,,CG, frente a
los animales 1l ,,;CC,,, por cada unidad de incremento del indice de temperatura-

humedad (THI) a partir de un umbral de THI igual a 22.

Los resultados obtenidos a través de los distintos enfoques abordados nos han
permitido, en primer lugar, determinar cudles de los || polimorfismos estudiados
estan asociados a las diferencias en la tasa de expresion del gen, tanto bajo condiciones
de estrés térmico como en situaciones de termoneutralidad. En segundo lugar,
conocer la compleja estructura del promotor del gen HSP90AAI que revela la
existencia de un doble modo de regulacion de la transcripcion. Uno de ellos,
constitutivo responsable de la expresion del gen bajo condiciones basales
termoneutras y otro que se activa en situaciones de estrés térmico cuando se requiere
una sobreexpresion del gen. En tercer lugar, los polimorfismos descritos en la raza
ovina Manchega no son exclusivos de esta raza, sino que se encuentran presentes, en
las 31 razas ovinas estudiadas y en varias especies de la subfamilia Caprinae mas o
menos proximas a la especies Ovis aries. Ademas, la frecuencia de los polimorfismos
asociados a la respuesta a estrés térmico esta altamente correlacionada con las
variables climaticas de las regiones de origen de cada una de las razas estudiadas,
revelando la importancia de este gen en la adaptacion de los animales a las condiciones
de su entorno a pesar del proceso de domesticacidon al que esta especies ha estado
sometida. Por ultimo, se ha constatado que el genotipo combinado del SNP g.660G>C
y la insercion g.667 _668insC tiene un papel importante en las diferencias observadas
en la tasa de fragmentacion del ADN espermatico bajo condiciones de estrés por
calor. Estas diferencias en fragmentacion dependientes de genotipo y temperatura son
mayores cuando el estrés térmico se produce en la fase de espermatocitogénesis, fase

en la cual las células poseen el maximo potencial transcripcional.
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Summary

Estudio de la funcion y regulacion del gen ovino HSP90AA|

There are currently appreciable consequences caused by climate change
associated with agricultural and livestock. Moreover, there is an increase on food
demand due to the growth of world population which is expected to continue
increasing. Thus, it seems necessary a change in the management strategies of livestock
species to cope those demands. Among the different strategies to consider, searching
for more adapted animals to the new environmental conditions has become very

important.

The increase of global temperature, is one of the most notable changes
occurred in recent decades. Indeed, average global temperatures have risen
considerably, and it has been predicted to reach increases of 1.8-3.9°C by 2100. Along
with the increase of desert areas on the world map, it makes necessary to search for
rustic species better adapted to these environments and whose productive capacity

would not be impaired by these factors.

Among livestock animals, sheep (Ovis aries), were one of the first domesticated
species. Sheep were first reared for access to meat before human mediated
specialization for wool and milk commenced 4,000-5,000 years ago. It is a species
adapted to arid and harsh climates. There are more than 1400 sheep breeds spread
almost all over the planet. Sheep are probably the most versatile of the domestic
animal species and it is appreciated by its triple-purpose, capable of providing wool,
milk and meat. Even though, nowadays most of breeds are managed to one of the
productive purposes. Its management ranges from extensive or semi-extensive systems
in rural areas where farmers have a small number of animals to large companies

producing very intensive systems and technologically advanced production.

Furthermore, all living organisms have a number of mechanisms to deal with
changes that occur in the environment in which they develop, especially against
temperature changes. The heat stress response (HSR) is the mechanism in charge to
face the changes that occur in the organism as a result of increased temperature to
ensure cell viability. It was first mentioned in 1962 by Ferruccio Ritossa who
discovered in the salivary glands from Drosophila melanogaster the formation of new
and rapidly synthesized RNA when they were exposed to high temperatures. The HSR

involves the activation of a number of genes including those that encode heat shock
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proteins (hsp), proteins which play an important role. The role of hsps, among others,
is the restoration of cellular homeostasis that is profoundly altered after heat stress
events. Specifically, the heat shock protein of 90 kDa alpha (Hsp90a) performs this
function by identifying proteins whose conformation appears altered by temperature
increase and manages its subsequent repair or destruction. It also takes part of a
protein complex in charge of the activation of Heat Shock Factor |, a key transcription
factor in the response to stress. The gene encoding the Hsp90a, HSP90AA|, presents
moderate transcription levels in thermo-neutral conditions. Under heat stress
conditions, gene transcription is induced up to three times higher levels than those in
basal conditions. The HSP90AA| gene has been characterized and mapped in sheep,
particularly in the Manchega breed. The Manchega sheep breed is mainly a dairy sheep
breed raised primarily in the region of Castilla-La Mancha where summer temperatures
are high. These conditions make this breed an excellent model to study adaptation to

high environmental temperature conditions.

The present study is focused on the characterization of the promoter region of
the HSP90AA| ovine gene where there have been observed numerous polymorphisms.
At least one of them (g.660G>C) has been previously associated with differences in

expression of the gene under heat stress conditions.

Previous studies described the relationship of a SNP (Single Nucleotide
Polymorphism) consisting of a transversion from cytosine to guanine located 660 base
pairs upstream of the transcription start site (g.660G>C), with differences in the
incubation time of scrapie. It was observed that CC ,, animals had higher incubation
periods of the disease than those with the GG, genotype. Subsequently, in a small
group of animals biological samples were taken at different time points of
environmental temperature. Differences in the expression pattern of the HSP90AA|
gene under thermal stress conditions were observed. Animals carrying the genotype

CC , had a greater rate of transcription comparing with those carrying CG 4, or GG.

660°

To corroborate these previous results using a limited sample of animals and to
analyze the possible effects of other existing polymorphisms at the promoter region of
the HSP90AAI gene this thesis was initially carried out. In the current job, further
studies were performed with a higher sample size and more complex methodology

(Chapter 1). The results from this work led to demonstrate that the g.660G>C SNP
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has the same magnitude effect on gene expression rate, as much under thermal
neutrality as heat stress. In addition, a cytosine insertion 668 base pairs upstream of
the transcription start site (g.667_668insC) produces much greater magnitude
differences in transcription and only under high temperature conditions. Thus, in
animals carrying homozygous insertion, gene expression is increased with respect to

those without cytosine presence or carrying heterozygous insertion.

The HSP90AA| gene promoter has been characterized as a hybrid promoter
that contains not only the TATA box, but also a regulatory CpG island (Chapter 2).
This fact confers to this type of promoters a greater plasticity regarding to the
regulation of transcription. The polymorphisms previously described are located within
this CpG island. One of them, g.660G>C, is susceptible to methylation. This finding
might explain the observed differences in expression as the existence of an additional
epigenetic regulation to the canonical gene regulation is also possible. Furthermore, it
was also shown in vitro the role of candidate polymorphisms independently. Moreover,
it has discarded the possibility that some other detected polymorphisms linked to
g.660G>C and/or g.667_668insC could be the responsible for the observed expression
changes described in Chapter I. It has also been observed in vitro that the combination
of three cytosines, g.667_668insC, g.666_667insC and C, one following the other,

has greater effect in the expression pattern under heat stress.

In Chapter 3, we proceeded to determine the presence of polymorphisms
previously detected in the Manchega breed in other sheep breeds and species of the
Caprinae subfamily, to which the Ovis genus belongs. Additionally, two more distant
species corresponding to the Bovidae family were also studied. We have analyzed the
correlation between genotype frequencies of such species with the climatic regions
where they belong. With that purpose, we have characterized the polymorphisms
from the HSP90AA| gene promoter in 3| sheep breeds distributed in Europe, Asia and
Africa, 9 species of the subfamily Caprinae and the addition of two species belonging to
the Bovini taxon. It has been noticed the correlation between the frequency of those
polymorphisms previously related with differences in expression rates (g.660G>C,
g.667_668insC) and the climatic variables from the different breeds and species regions
of origin. Different breeds from same latitudes and, therefore, with similar climatic
conditions were clustered together, depending on genotype and environmental
conditions where they are reared. That showed the relationship between allele

frequencies between certain polymorphisms crucial to high temperatures adaptation.
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In addition, we were able to elucidate the wild allele in many of the polymorphisms
identified in the ovine promoter. In the case of SNP g.660G>C, C has been identified
as the wild allele by its distribution in the different sheep breeds and the Caprinae
species here analysed as well as based on its allele-specific methylation pattern
(Chapter 2). The deletion is the wild-type allele of the g.667_668insC. In addition, the
current appearance of an extra cytosine (g.666_667insC) has been a mutation that
could confer a selective advantage in adaption to increasingly hot environments. In this

case, the wild allele of this insertion, g.666_667insC, is also the deletion.

Moreover, the results obtained from the comparison of different ruminant
species promoter's region have allowed a deep study of the presence and frequency of
those polymorhisms critical for heat environments in the Caprinae subfamily. It
includes the study of the promoter region in closer species to Ovis aries, which are
reared in warm environments. In addition to that, the analysis has led us to a novel
finding: the high number of shared polymorphisms between Ovibos moschatus and Ovis
aries. This fact may help to clarify the controversial position of Ovibos moschatus in the
Caprinae subfamily. Surprisingly, this species which is currently confined to arctic
regions, is well adapted to heat stress, at least with respect to the frequency of alleles
in response to that source of stress. One possible hypothesis for this fact would be the
inheritance of these mutations from a distant ancestor of this species, Praeovibos,
whose fossils have been found in archaeological sites located in more temperate than
the current ecosystem of Ovibos moschatus. Contrary to expectations, in a typical
species of desert areas with high temperatures, Ammotragus lervia, the polymorphism
most associated with the response to heat stress (g.667_668insC) contains fixed the
unfavorable allele linked to lower rates of expression of the gene under heat stress

conditions.

Finally, and as a result more directly applicable to the ovine production sector,
it has been able to correlate expression differences of dependent HSP90AA| gene
genotype and climatic conditions, with differences in the phenotype of a reproductive
character in Manchega breed rams. Specifically, differences in genotype dependent
expression have an effect on the sperm DNA fragmentation rate in those animals
(described in Chapter 4). In this study, it has been observed that there are stages in
the process of spermatogenesis in which the environmental temperature is a critical
factor during the development of male germ cells. Specifically, it was found that there

is an allelic-dependent DNA fragmentation rate during the spermatocytogenesis. This
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fragmentation is almost four times higher in animals carrying the combined genotype
ID-668CG-660, compared to |l ,,,-CC ., animals. Differences observed for each unit of

increase of temperature-humidity index (THI) from a value threshold of THI=22.

The results obtained through the different approaches here summarized, have
allowed us, firstly, to determine which of the || studied polymorphisms are associated
with differences in gene expression rate, under both thermal stress and thermoneutral
conditions. Secondly, to know the complex structure HSP90AA| gene promoter hass,
revealing the existence of a dual mode of transcription regulation. One of them
responsible for the constitutive expression of the gene under thermoneutral
conditions and the other, activated in situations when thermal stress effects requeries
gene overexpression. Thirdly, polymorphisms described in Manchego sheep breed are
not unique to this breed; they are present not only in the 3| sheep breeds studied, but
also in several species of the subfamily Caprinae so close to the Ovis aries species.
Moreover, the frequency of the polymorphisms associated with response to heat
stress is highly correlated with climatic variables in the regions of origin of each of the
breeds studied, revealing the importance of this gene in animal adaptation to their
environment conditions. This adaptation is clear in sheep, despite the domestication
process to which this species has been subjected. Finally, it was found that the
combined genotype of g.660G> C and g.667_668insC has an important role in sperm
DNA fragmentation rate, where clear differences were observed under heat stress
conditions. These differences, genotype and temperature —dependent, are also higher
when thermal stress was produced during the spermatocytogenesis stage. This stage is

the one in which the cells have the maximum transcriptional potential.
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I. Climate change and global warming

Many impacts of global warming are already detectable. Glaciers retreat, the sea
level rises, the tundra thaws, the desert areas on the world map increases, hurricanes
and other extreme weather events occur more frequently. Moreover, specialist
species as penguins, polar bears or corals, which are adapted exclusively to a specific
ecological niche struggle to survive . Experts anticipate even greater increases in the
intensity and prevalence of these changes as the 2Ist century brings rises in
greenhouse gas emissions (Koneswaran et al. 2008). The five warmest years since the
1890s were 1998, 2002, 2003, 2004, and 2005 (NOAA) 201 1). Indeed, average global
temperatures have risen considerably, and the Intergovernmental Panel on Climate
Change (Lenny Bernstein et al. 2007) predicts increases of 1.8-3.9°C by 2100. These
temperature rises are much greater than those seen during the last century, when
average temperatures rose only 0.06°C per decade (Kicza 201 1). Since the mid-1970s,
however, the rate of increase in temperature rises has tripled. Even though high efforts
have been made to control and study the way to stop or at least alleviate worldwide
temperature increment, it does not seem to be working so new strategies for

environmental adaptation must be carry out.

“For a long time, nearly all climate policies have focused on mitigation.
Now, with some change in climate inevitable there has been a shift in
emphasis to adaptation. Investments in adaptation, which can help reduce
exposure to climate impacts and may also lessen uncertainty in the

assessment of possible and probable impacts...” (David Victor 2014).

This current concern about global warming and its effects over agricultural and
livestock production systems have opened novel scientific opportunities to study the
adaptation of organisms to new and harsher environmental conditions. Only this year
for example, and up to date (9/11/2014) there have been published 2625 scientific
articles in PubMed website using environmental adaptation as key words being most of

them related to high temperatures adaptation.

In this context, the study of the genetic basis of traits linked with adaptation
and fitness has great importance. Heat is one of the main sources of stress which has
an important impact in livestock production. The genetic variability underlying animal’s
thermo tolerance could be exploited in livestock breeding programs to achieve animals

that could cope with the effects of heat stress over productive and functional traits.
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2.  Ovine species

Between 9000 and 5000 BC the human race underwent to the so-called
Neolithic Revolution (Weisdorf 2005). In this time we have records data of the first
settlements (Braidwood 1960, MacNeish 1992, Olsson 2001, Weisdorf 2003). Human
communities completely transform their way of life, from hunting and gathering
through the transition to agriculture and the emergence of farming. The spread of the
Neolithic process found its strength in the fusion of two complementary food
production strategies developed independently, cereal growing and small livestock
rearing, centered respectively on the Levant and the Taurus—Zagros zone, which

merged during the second half of the eighth millennium BC (Pedrosa et al. 2005).

Among livestock animals, sheep (Ovis aries), were one of the first domesticated
species (Pedrosa et al. 2005). Sheep were first reared for access to meat before human
mediated specialization for wool and milk commenced 4,000-5,000 years ago (Chessa
et al. 2009). The form of the wild sheep ancestral population and the number of times
and the process of its domestication remain unknown, as does its genetic contribution
to at least 1400 breeds (Scherf 2000) currently recognized in today’s agricultural
systems. There are several works based on mtDNA variation which have tried to

elucidate the origin of sheep domestication (Tapio et al. 2006).

Sheep are probably the most versatile of the domestic animal species. They are
widely distributed throughout the world due to its high plasticity and adaptability to
withstand poor nutrient diets and tolerance to extreme climatic conditions. They are

kept mainly for the production of meat, wool and milk.

Small ruminants are a source of meat especially in developing countries where
the climate makes difficult the management of any other livestock species. Small-stock
husbandry plays a very important role as it allows for the exploitation of the low
potential rural areas and wastelands. It is hard to obtain accurate data pertaining to
sheep and goat meat consumption, as the animals are often slaughtered on-farm and
consumed locally. The most widely-consumed meats in the world (in order) are pork,
poultry, and beef. Nevertheless, lamb and mutton consumption represent primary
animal-sourced protein for regions of North Africa, the Middle East, India, and parts of
Europe. Moreover, lamb consumption has increased from 1965 to 2007 (FAO's latest
numbers). Asia and Mexico experienced increases in consumption primarily because of
increasing personal incomes and urbanization. Total consumption in these regions was

also influenced by population growth (Fig. |) (Timon 1985).
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Figure 1. Livestock Worldwide consumption. Small ruminant consumption is mainly
centered in developing countries. From Meat Atlas, 2014 (Stiftung 2014).
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As ovine production, not only meat source but also wool and milk production
are a big economic source for developing countries, during the last 20 years extensive
scientific progress has been made towards increasing the efficiency of small ruminants
production. However, research findings have not been fully tested or adopted by the
farmers either because some of the data obtained in developed temperate countries
are not appropriate for the developing countries (semiarid, arid and tropics) or there
is a weakness in the institutional frame work for providing technical advice.
Weaknesses in providing credit for the application of new technology and lack of
organization of the market for the protection of the animal production also inhibit

adoption of new methods (Timon 1985).

39



General introduction

In addition, also developed Mediterranean countries as Greece, Italy and Spain
are linked to historical and cultural use of ovine products. From farming systems with
dominant extensive grazing situations, specific technologies and conditions for
slaughtering as well as for the transformation processes of cheese-making and its
maturing; they are also characterized by traditional nutritional habits of the consumers
(Boyazoglu et al. 2001). One example is the Manchega breed, whose derived cheese is
one of the most famous in the world, due to its strong flavour and traditional
production in esparto grass molds which imprint the characteristic zigzag pattern along

the side of the cheese.

3. Regulation of gene expression in eukaryotes: promoter's

function

Eukaryotic genes can generally be divided by a proximal regulatory region,
called promoter and a codificant region, which is compound by translated (exons) and
non-translated (introns) regions. There also exist distal regulatory regions, potentiating
or repressing transcription. They are usually located 5’ of the gene, even though it has

also been described regulatory regions located at 3' and within introns.

A canonical promoter structure is defined as a regulatory DNA sequence
located 5' from a gene, which contains specific sequences recognized by proteins called
transcription factors (TFs). These proteins help to recruit RNA Polymerase || (RNAP
Il) to catalyze the transcription process. There are many proteins described in
eukaryotic cells, which binds to DNA and are also necessary to RNAP |l recognition

site.

In fact, it is estimated that over 5% of eukaryotic genes encode TFs, which gives
us an idea of the importance of these proteins in gene expression. It also shows how
complex the regulation of the transcription process can be (Babu et al. 2004).
Eukaryotic promoters are highly diverse, making difficult to characterize them (Gagniuc

et al. 2012). In the basic structure of a eukaryotic promoter we can distinguish (Fig. 2):

e The core promoter, is the best-characterized transcriptional regulatory
sequence in complex genomes because of their predictable location which can
extend 35 bp 5'or 3' of the transcription start site (TSS). It is the region of the

promoter needed for transcription, that is, those elements that interact directly
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with components of the basal transcription machinery. It contains the TSS site
(+1), the RNAP Il binding site, and general transcription factor binding
sequences (Muhlbacher et al. 2014).

¢ The proximal promoter, which is located 5' from the core promoter. It
contains primary regulatory elements, that is, specific sequences of the

transcription factor binding site (Soltani et al. 2014).

e The distal promoter, which contains additional regulatory elements. It tends
to have weaker effects on gene expression elements located closer to where
transcription begins. The regulator elements, despite being located several
Kilobases away from the transcription start site may exert their modulator
function through other proteins or altering DNA topology and interacting

directly with the transcription machinery (van Arensbergen et al. 2014).

Until recently it was believed that core promoters were unchanged, but now
we know they have a high structural and functional variability, which appears to
contribute to the regulation of differential gene expression, since combining different
regulatory elements generates different promoters (Smale 2001). The utility of the
diversity is the ability to integrate all existing information on the status of the cell
where it resides, and altering the ratio of gene transcription under conditions that

occur in the cell in a particular circumstance.

There is another level of regulation and signal integration through the huge
variety of TFs that can bind specifically to these DNA sequences and altering the
expression levels of the genes. Normally, it is considered that the sequences contained
in the promoter to which no TFs can be joined, are non-functional sequences.
However, in some cases these nucleotides can influence local chromatin conformation,
indirectly playing a regulatory role, and by this way affecting the union of TFs with their

target sequences and thus, the genetic expression (Berger 2007, Clapier et al. 2009).

3.1 Promoter's regulatory elements.

The promoter’s regulatory sequences are typically short sequences present in

the vicinity of the genes or in introns. Currently, the systematic knowledge of these
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sequences and how they act among gene regulation in complex sensitive networks to
exogenous signals is very low and it is beginning to develop through studies of
comparative genomics, bioinformatics and systems biology. The identification of
regulatory sequences is based in part on the search of evolutionarily conserved non-
coding regions (Dubchak et al. 2000, Santini et al. 2003). Some of them have been
described as regulatory elements located mostly in the core promoter, several of

which are listed below (see Fig. 2):

( )
Figure 2. General diagram of eukaryotic gene regulation (Levine et al. 2003).

a. Simple eukaryotic transcriptional unit. A simple core promoter (TATA),
upstream activator sequence (UAS) and silencer element spaced within 100-
200 bp of the TATA box that is typically found in unicellular eukaryotes.

b. A complex arrangement of multiple clustered enhancer modules
interspersed with silencer and insulator elements which can be located 10-50
kb either upstream or downstream of a composite core promoter containing
TATA box (TATA), Initiator sequences (INR), and downstream promoter
elements (DPE).
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e TATA box: this element is present in many eukaryote promoters. It is flagged
5', about 30 bp of the TSS (+1). It has been observed that the first RNA
nucleotide synthesized is usually an A in 50% of cases. The TATA box, has the
following consensus sequence: 5' TATA(A/T)AA(G/A) 3', used for the binding
of the TATA binding protein (TBP) which recruitment is critical for the onset
of transcription. It has the ability to position and orient RNAP Il on the DNA

for transcription initiation (Muhlbacher et al. 2014). The basal transcriptional
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complex (BTC) is constituted by the TATA box, the RNAP Il and the TBP
associated factors (TAFs), including all essential transcription factors for
anchoring and recognition of the TSS. It has been found that this complex has a
very low basal transcriptional activity, and that other factors apart from TSS
must stimulate the transcription. A gene may have more than one BTC, each of
which begins in a transcription different position. This allows obtaining different

products of the same gene (Maston et al. 2006).

Initiator (Inr), it is a feature of many genes lacking TATA box which supplies
its functions, but in some promoters it is located also coupled to the TATA
box (Maston et al. 2006).

3' promoter element or DPE (Downstream Promoter Element): we can
find it in promoters that have lost the TATA box in positions from +28 to +32.
It is believed that the presence of DPE is an alternative mechanism by which
TFIID transcription factor binds DNA (Maston et al. 2006).

5'UTR: after the BTC binds to DNA, a second contact 30 base pairs
downstream is established. This second contact is the proper TSS. This point is
determined by the BTC and the particular composition of each promoter,
which will make specific proteins to be bound to the nucleotide sequence and
interact with the basal transcription complex, after that, the gene will start to
express. The distance between sites of transcription initiation and translation
differ considerably among genes, ranging from 101-104 bp. The non-
translated 5' region or 5'UTR may contain introns which alters post-
transcriptional length, although the effect of the 5 'UTR variability, is not known
(Araujo et al. 2012).

CAAT box: It is usually about 75-80 bp from the transcription start site. It

serves as an anchor for the TF binding to the DNA sequence (Carninci et al.
2006).

CpG Islands (CGils): are rich CGs sequences of 20-50 bp, which are generally
place about 100-200 bp from the TSS generally lacking TATA box or Inr. Given

the low frequency of CG nucleotides in the genome vertebrates, it is believed
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that the presence of these sequences in this location is not due to chance; and
furthermore, it is known to be the DNA methylation sites, suggesting playing a
role in the regulation of transcription. CGl promoters turn out to have
distinctive patterns of transcription initiation and chromatin configuration
(Deaton et al. 2011). Approximately 70% of annotated gene promoters are
associated with a CGIl, making this the most common promoter type in the
vertebrate genome (Saxonov et al. 2006). Customarily, CGls are often
associated with the regulation of housekeeping genes, developmental regulator
genes and some tissue-specific genes expression (Deaton et al. 2011). The

remaining genome contains disperse and generally methylated CpGs .

Enhancers are distal regulatory elements which are located several Kilobases
away from the gene they control. They can be found in 5' of the regulated gene,
introns and 3'-regions from the coding region gene. They tend to be specific to
cell type. They are composed of several elements that contribute to increase
the expression of a gene regardless its position or orientation, without being

confined to a particular gene to perform its function (van Arensbergen et al.

2014).

Silencers are negative regulatory elements that play transcendental functions
in spatial and temporal expression of genes. They may be located 3' or 5', in
introns or exons. Silencers can exert their function directly, joining the DNA
sequences and preventing the binding of activating factors to RNAP Il or DNA;
or indirectly by recruiting for example histone deacetylase activities
(Muhlbacher et al. 2014).

TFIIB recognition element or BRE, which is situated immediately 5' of the
TATA box of some promoters. It seems to repress transcription in eukaryotes,

while activates the expression of genes in less evolved organisms (Carninci et

al. 2006).

Insulators or insulator sequences are long-acting repressors. They repress
inadequate interactions which facilitates the regulation of transcription
(Carninci et al. 2006).
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4. The heat shock response and heat shock proteins

Living cells can function only within a narrow range of stressful conditions as
temperature, oxygen supply, pH, ion concentrations or nutrient availability (Fulda et al.
2010). Anyhow, these conditions are not always stable, and organisms must survive in
an environment where these and other conditions can vary regularly. For all living
organisms, temperatures only moderately above the respective optimum growth
temperature represent a challenging problem for survival (Fig. 3). Changes in the
optimal temperature range, can compromise structure and function viability. By this
way, organisms have adopted mechanisms to cope these changes. One of the most
powerful adaptation mechanisms is the heat shock response (HSR), which was first
mentioned in 1962 by Ferruccio Ritossa (Ritossa 1962). Ritossa discovered in the
salivary glands from Drosophila melanogaster the formation of activated chromosome
puffs when they were exposed to high temperatures (Ritossa 1996) (Fig. 4). These
puffs resulted to be new RNA synthesized much rapidly than he had observed before
(Ritossa 1996). Nowadays we know that the HSR modulates the transcription of more
than 1000 genes. Encoding factors participating in protein folding, degradation,
transport, RNA repair, metabolic pathways, and so forth, are upregulated under HS

conditions.

The HSR is a highly conserved program of changes in gene expression (Fig. 5)
that results in physiological and metabolic adaptation to the new conditions. But not
only it is one of the most ancient molecular pathways but also, it is very similar under
different stress conditions such as oxidative stress or cold shock. The physiological
impacts of heat stress includes changes both at the cellular and at the molecular levels

(Velichko et al. 2013).
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Figure 3. Effects of heat shock on the organization of the eukaryotic cell. An
unstressed eukaryotic cell (left) is compared to a cell under heat stress (right). Heat
stress leads to damage to the cytoskeleton, including the reorganization of actin
filaments (blue) into stress fibers and the aggregation of other filaments (microtubuli,
red). Organelles like the Golgi and the endoplasmic reticulum (white) become
fragmented and disassemble. The number and integrity of mitochondria (green) and
lysosomes (yellow-white gradient) decrease. The nucleoli, sites of ribosome (yellow)
assembly, swell, and large granular depositions consisting of ribosomal proteins
become visible. Large depositions, the stress granula (yellow), resulting from assemblies
of proteins and RNA, are found in the cytosol in addition to protein aggregates
(hexagonal versus spaghetti style, orange). Finally, there are changes in the membrane
morphology, aggregation of membrane proteins, and an increase in membrane fluidity.
Together, all these effects stop growth and lead to cell-cycle arrest as indicated by the
noncondensed chromosomes in the nucleus (Richter et al. 2010).

Cellular level response

e Cell membranes. Heat shock affects cell organization and cellular
components. As response to stress cytoplasmic membrane fluidity is increased
caused by an increment in the saturation level of lipid fatty acids (Torok et al.
2014). At the same time, saturated lipids seem to induce expression of HSP
genes whose accumulation rigidify the membrane and restore its normal
fluidity. Membrane fluidization also destabilizes cell surface morphology, for
instance disruption of intercellular interactions, changes in the surface charge,
and changes in the membrane potential of the cell due to Na+/H+-ion exchange
channels and K+-ATPase dysfunction. Under HS conditions, the entrance of
extracellular calcium ions leads to the activation of a cascade of signals which

includes the activation of HSP72 and HSP90 genes (Velichko et al. 201 3).

¢ Internal organization of the cell. In eukaryotes, one of the major damages

observed in response to stress conditions are defects of the cytoskeleton. An
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elaborate signaling pathway has been elucidated, linking outer membrane
transmembrane proteins that serve as putative heat sensors (Verghese et al.
2012). Mild heat stress leads to the reorganization of actin filaments into stress
fibers, while severe heat stress results in the aggregation of vimentin or other
filament-forming proteins, leading to the collapse of intermediary, actin, and
tubulin networks (Richter et al. 2010). It has also been observed the loss of the
correct localization of organelles and a breakdown of intracellular transport

processes (Welch et al. 1985).

e Cell cycle arrest. Heat shock induces transient arrest in G,/G, due to a
reduction of transcript levels of non-essential proteins to reduce protein
missfolding caused by the elevated temperatures. It has been suggested that this
fact is not a direct physiological phenomenon but rather a signaled event
(Verghese et al. 2012) to activate the responsible mechanisms to restore cell

homeostasis and implies that the cell does not recognize temperature directly.

4 N
Figure 4. Ritossa's “heat shock” puffs, which by light microscopy looked like cotton balls

compressed between sections of tightly packed chromosomes, proved to be new sites of
transcription. Thom Graves©

puffs

e Metabolic reprogramming. Quiescent cells that have exited the cell cycle
concomitantly acquire substantial heat shock resistance in a process linked to
nutrient availability. In 1983 it was already shown that starving cells (G, phase)
are significantly more thermotolerant than exponentially dividing populations
(Paris et al. 1983).
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e Cell death. Massive destruction and reorganization of cellular components
lead to a general decrease in cell viability and to cell death. Induction of cell
death depends on the strength and duration of HS. Under conditions of acute
hyperthermia over 45.5 °C, cells die exclusively through necrosis (Velichko et
al. 2013). Two modes of cellular death have been identified in cell populations
subjected to heat stress below this temperature: rapid mode and slow mode
(Velichko et al. 2013). The first one, results in apoptosis induction. The
probability of inducing apoptosis depends not only on the intensity of the HS
but also on the cell type. The slow mode of cell death is the result of delayed
consequences of HS, such as centrosome damage, cell division aberrations, and

mitotic catastrophe.

Molecular level response

e DNA replication. HS inhibits multiple processes associated with DNA
replication, including the initiation of new replicons, the elongation of
replication forks, and the maturation of chromatin. DNA replication is
thermosensitive and is inactivated during prolonged heat stress (Velichko et al.
2012). Many research studies experiments show that extracts from cells
exposed to HS are less replicatively active than control cell extracts.
Nevertheless, even after prolonged HS at 44 °C, cell extracts retain relatively

high level of replication activity.

e DNA damage response. Different DNA repair systems are targets of HS.
The system of base excision repair (BER) is impaired by hyperthermia through
inactivation of DNA-polymerase 3, one of the key enzymes of BER. In
eukaryotic cells, such DNA lesions are removed through nucleotide excision
repair (NER). Hyperthermia has a great impact on this system. In addition, all
organisms possess systems to repair DNA double stranded breaks (DSBs)
(Karpenshif et al. 2012). Two competing pathways are used by higher
eukaryotes for DSB repair: homologous recombination (HR) and non-
homologous end joining (NHEJ). Even though, elevated temperatures block the
removal of DSBs, but it is still not well understood how this process is carried

out (Turner et al. 2014).
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e Heat shock proteins (HSPs). The induction of these molecular chaperones
in the HSR is a key factor. HSFs are indispensable for stress-dependent
activation of the expression of certain genes. Moreover, the present thesis will
be focused in a HSP gene, by this way this issue deserves a separate section

where it will be extensively described (see section 4.1).

e Transcription, splicing and translation. An important part of the heat
shock response is the massive and extensive downregulation of gene
expression, as a way of reducing energetic costs under stress (Alexandre et al.
2014) (see Fig. 5). Anyhow, as commented previously, a number of genes result
upregulated during HSR, including the HSPs which at the same time, are
necessary to activate certain stress-dependent genes. Moreover, proteins from
the posttranslational modification system are also increased as well as those
that compose the proteasome degradation system, membrane transport and
general metabolism (Fig. 5). Nowadays, it has been observed that the regulation
of gene expression during hyperthermia can be due to noncoding RNAs which
can be either repressors or activators. But, gene expression regulation can also
occur at the post-transcriptional level where the mRNA from its own gene
produces stabilization of mRNA rather than an increase in transcription. RNA
processing is also a subject for temperature inactivation. It has been observed
that incubation of cells at sublethal temperatures leads to reversal inhibition of
mRNA splicing. For example, in Hela cells exposed to HS, inactivation of
splicing is linked to the destruction of small nuclear ribonucleoprotein
complexes (snRNP) (Bond 1988, Shukla et al. 1990). At the same time, the
inhibitory effect of HS on RNA processing is not limited to destruction. It turns

out that the inhibition of splicing during hyperthermia can be regulated.

Many studies have addressed the heat shock response on a genome-wide level
using differential display, transcriptional profiling or proteomic approaches in a variety
of cells and organisms (Eisen et al. 1998, Larkindale et al. 2008, Tabuchi et al. 2008,
Matsuura et al. 2010). These studies showed that roughly 50-200 genes are
significantly induced in different model organisms (Verghese et al. 2012), being most of

them those codifying the so-called molecular chaperones (Fig.5). In the same work,
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they observed that the conservation of specific genes across species is low with the

exception of these molecular chaperone genes.

Figure 5. Categories of genes whose transcription rate is modulated by heat shock
treatment (Weber et al. 2006).
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4. | Heat shock proteins

As commented above, multiple endogenous pathways are engaged in restoring
cellular homeostasis. One well-characterized mechanism that facilitates protein folding
and guard the proteome from the dangers of misfolding and aggregation is the heat
shock family of stress proteins, or HSPs (Kampinga et al. 2009). They are expressed as
response to adverse environmental or chemical stresses, such as heat or cold shock,

hypoxia, salinity, heavy metals and pathophysiological situations and play important role
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in cell survival (Feder et al. 1999). Insights into the mechanisms underlying HSP
function is provided by two ways: HSPs take part of the basal protein folding
machinery but also, HSP chaperones repair denatured proteins or promote their

degradation after heat shock.

HSPs belong to multigene families that range in molecular size from 10 to 150
kDa and are found in all major cellular compartments. Their assigned name is based on

their molecular weight (Kampinga et al. 2009).

Hsp90s (90kDa) account 1-2% of total cytosolic proteins present in unstressed
cells (Taipale et al. 2010), making it one of the most abundant cellular proteins. When
cells are heated, the fraction of heat shock proteins increases to 4-6% of (Crevel et al.
2001). Their function is dependent on the interaction with many co-chaperones
(Jackson 2013). They either prevent aggregation of newly synthesized or misfolded
proteins, assisting in their proper folding, or direct them for proteasomal degradation
(Pearl et al. 2008, Zuehlke et al. 2010). Their client proteins are involved in signal
transduction, transcription and apoptosis (Brown et al. 2007, Hartson et al. 2012). In
recent years, many studies have focused on the role of this family in cancer (Whitesell
et al. 2005, Trepel et al. 2010). HSP90 expression has been associated with many types
of tumors including breast cancer, pancreatic carcinoma, human leukemia, systemic
lupus erythematosus, as well as multidrug resistance (Csermely et al. 1998). HSP90
inhibition provides a recently developed, important pharmacological platform for

anticancer therapy (Sreedhar et al. 2004).

HSP90 family is highly conserved across kingdoms except in archea where it
does not exist a proper HSP90 gene, but an HSP90-like one and viruses where there is
no gene homologue. Chen and co-workers (Chen et al. 2006) proposed a new
nomenclature system for the HSP90 family based on the phylogeny of their proteins
and the cell compartments. They divided the gene family into five subfamilies named
HSP90A (cytosolic), HSP90B (Endoplasmic reticulum), HSP90C (chloroplast), TRAP
(mitochondria) and HTPG (bacterial homolog). HSP90A was further divided into two
classes: HSP90AA for conventional Hsp90-alpha and HSP90AB for Hsp90-beta.

Hsp90 is required for activity of all clients, but there are differences in when
and how Hsp90 is required. Hsp90 is continually required to maintain steroid hormone
receptors in a nearly completely folded conformation capable of ligand binding. Some,

but not all, protein kinases become unstable soon after Hsp90 function is reduced.
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However, Hsp90 is continuously required for the activity, but not stability of the v-src
kinase, and the p56-Ick kinase requires Hsp90 only during synthesis. A conserved

function of Hsp90 is to promote assembly of multiprotein complexes (Johnson 2012).
4.1.1 HSP90AAI

The genes encoding Hsp90 family members have undergone multiple
duplication events. Most eukaryotic species contain at least two genes encoding highly
homologous isoforms of cytoplasmic Hsp90 (HSP90A), which likely arose from
separate gene duplication events (Gupta 1995). Hsp90AA and AB are 76% identical and
are the consequence of a gene duplication about 500 million years ago (Krone et al.
1994). The major differences between them is that HSP90AA gene is inducible while
HSP90AB is constitutively expressed (Chen et al. 2005).

Functional promiscuity in HSP90A is promoted by its history of duplication
events, which provides raw genetic material to evolve novel gene and gene functions
(Qian et al. 2009). Expression divergence after HSP90A gene duplication has been
reported previously; in a number of animal species, HSPP0AA is strongly upregulated in
response to elevated temperatures, whereas HSP90AB is not induced during heat
shock (Meng et al. 1993, Krone et al. 1994, Carretero-Paulet et al. 2013). In Arabidopsis
thaliana, where four HSP90A genes have been reported, only one is heat inducible,
whereas the rest are constitutively expressed (Carretero-Paulet et al. 2013). Similar
evidence of expression divergence between HSP82 and HSC82 has been found in

Saccharomyces cerevisiae (Borkovich et al. 1989).

Carretero-Paulet and colleagues (Carretero-Paulet et al. 2013) pointed out that
over 55 species studied in their work, 22 showed HSP90A multigene families which
were formed by up to six members. Phylogenetic analysis confirmed the occurrence of
independent HSP90A duplication events in higher order eukaryotic lineages, such as

vertebrates, fungi species from the Saccharomyces group, and seed plants.

Focusing on the inducible form, HSP90AA, which is in this memory of major
interest, in mammalian cells there are two or more genes encoding cytosolic Hsp90
homologues (Chen et al. 2006). For example, in human there are 6 gene variants
(HSP90AA[-HSP90AA6) (Chen et al. 2005), while in sheep it is only described one
(HSP90AAT).
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It is HSP90AA| in sheep, located in OAR 18, by which this work is about, and
more accurately about its expression pattern which is mainly due to some features
existing at its promoter region. Its promoter is highly polymorphic (Marcos-Carcavilla
et al. 2008), which could be the clue of the variable behaviour of the gene, at least in

sheep.
5. Germ cell development in males: Spermatogenesis

Spermatogenesis is the process by which sperm cells are produced. It is a
complex differentiation program produced in the scrotum that starts after birth when
spermatogonial stem cells enter the differentiation pathway. The process starts
(spermatocytogenesis, Figure 6) when differentiating spermatogonia undergo
subsequent mitotic divisions to expand the colony of differentiating germ cells. After
the proliferation phase, germ cells initiate meiosis | as spermatocytes during which

homologous chromosomes pair and synapse and homologous recombination occurs.

Meiosis is a type of cell division that is performed only by germ cells to form
haploid gametes. The switch from mitosis to meiosis exhibits distinct sex-specific
difference in timing, with female germ cells entering meiosis during fetal development
and male germ cells at puberty when spermatogenesis is initiated. During early fetal
development, potential primordial germ cells migrate to the forming gonad where they
remain sexually indifferent until the sex-specific differentiation of germ cells is initiated
by signals produced by the somatic cells. This irreversible step in gonadal sex
differentiation involves the prevention of meiosis in the germ cells of fetal testes

(Jorgensen et al. 2014).

The process continues at puberty, resulting from the increased levels of
luteinizing hormone, follicle-stimulating hormone and testosterone in rams (Courot et
al. 1981). Manchega ram lambs reach puberty between 5 and 8 months of age, when
they reach 50 to 60 percent of their mature weight. Subsequently, spermatocytes
undergo a reduction division to split the sister chromosomes into two cells to
generate secondary spermatocytes. These cells divide again very quickly, and the
resulting haploid round spermatids commence the differentiation phase
(spermiogenesis) to construct sperm-specific structures, such as a flagellum and an
acrosome, as well as to reshape the nucleus and compact the chromatin with the help

of sperm-specific protamines that replace most of the histones (Conwell et al. 2003).
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In this stage, unique and dynamic histone exchanges occur resulting in a dense
compacting (toroid) that gives protection against exogenous assault to the sperm DNA
(Barratt et al. 2010). The timing and types of histone exchanges defines the particular

stages of spermatogenesis (Makino et al. 2014). Spermatozoa, which are released into

4 )
Figure 6. Spermatogenesis indicating the sequence of events and time involved in
spermatogenesis in the ram (H. Joe Bearden — John Fuquay (1984): Applied Animal
Reproduction. Prentice-Hall, Inc.)
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the tubular lumen continue their journey to the epididymis for final maturation and

storage.

5.1 Gene expression during spermatogenesis

In the mid-Sixties, Olivieri and Olivieri (Olivieri et al. 1965) demonstrated RNA
transcription during mitosis and early meiosis but no transcriptional activity during
postmeiosis was observed. Based on these findings and other similar studies, it was

generally thought that there was absence of transcriptional activity during the
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postmeiotic phase and there was only a repository of mRNAs which were lately

translated.

New recent works demonstrated mRNA accumulation in postmeiotic
spermatids (Barreau et al. 2008) and direct evidence for the production of nascent
RNA in primary spermatocytes during postmeiosis, even though in lower dosis

(Vibranovski et al. 2010).

However, even though sperm also carry thousands of different RNAs, sperm
RNA is unlikely to be transcribed from sperm nuclear DNA because of the changes in
chromatin structure that occur when protamines replace histones during sperm DNA
compaction. The RNA population carried by sperm is large and varied. It includes
messenger RNA, microRNA, interference RNA, and antisense RNA (Dadoune 2009).
These include transcripts for heat shock proteins, cytochrome P450 aromatase, and a
range of receptors, including odor receptors. They are relics of what has been
expressed during spermatogenesis. Not only genes needed at that moment for normal
development or induced by alteration of normal conditions. But also, those RNAs
needed in later stages (sperm-specific transcripts) where gene expression is inactive
but translational activity in the sperm cells has been observed (Fischer et al. 2012). In
addition, there is evidence that those RNAs contribute to fertilization and to embryo

development (Boerke et al. 2007).
5.2 Effects of heat on male germ cells

The function of sperm is to safely transport the haploid paternal genome to the
egg containing the maternal genome. An optimal scrotal temperature is critical in the
development of correct mature spermatozoa as heat has an adverse effect on
mammalian spermatogenesis and eventually leads to sub- or infertility (Kim et al.
2013a).That is why, in most mammals, the scrotum is located outside the body cavity.

In rams, published data have demonstrated an adverse effect of experimental
heat stress on sperm motility, morphology, and fertilizing capacity (Malama et al. 2013).
The most significant consequence of heat stress on testis is the loss of germ cells via
apoptosis. Sperm quality has also shown to suffer, with a reduction in progressive
sperm motility and a significantly lower in vitro fertilization rate of oocytes by sperm
from heat-shocked males. However, germ cell apoptosis in response to heat stress

occurs in a developmental stage-specific manner and some defective cells achieve to
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avoid this defensive stage and continue along the spermatogenesis process (Liu 2010).
These damaged spermatocytes avoid heat-induced apoptosis and develop to mature
spermatozoa with defects in their chromatin integrity.

In addition, sperm damage is influenced by the stage at which germ cells are
exposed to stress. It has been shown that the most affected germ cell types are the
primary spermatocytes through Meiosis | (specifically, pachytene and diplotene) and
the early round spermatids (Setchell 1998). In addition, Hales and coworkers (Hales et
al. 2005) observed in an experiment with male rats, that after chemical high dose
exposure heat shock proteins were expressed predominantly in both pachytene
spermatocytes and round spermatids. They proposed that such gene expression
induction may suggest that the cell activates mechanisms of defense trying to cope with

the damage induced by the chemical agent.

6. Background of the present study
6.1 Scrapie

Transmissible Spongiform Encephalopathies (TSEs) are a group of fatal
neurodegenerative diseases that affect humans and various animal species. The main
TSE affecting animals are scrapie sheep and goats, bovine spongiform encephalopathy
(BSE), transmissible mink encephalopathy, Chronic lllness Cachectic deer and elk, and
feline spongiform encephalopathy. This group of diseases share several common
features, among which is the possibility of being transmitted to individuals of the same
or other species, long incubation periods, a progressive clinical picture evolves slowly
without remission, and microscopic lesions characterized by a spongiform
degeneration or localized vacuolization in the central nervous system (Imran et al.

2011).

The first reported TSE is scrapie sheep, described in Spanish merino sheep in
the United Kingdom in 1732 (Liberski 2012). Since then, scrapie research was
intensified as many cases were identified and the sheep industry underwent substantial
financial losses. These losses prompted also studies on the true nature of the infectious
agent. The conversion of a normal cellular protein (PrP°) into a pathological isoform
(PrP*) as key event of TSE pathogenesis was postulated in 1985 (Oesch et al. 1985).
The common and specific feature of TSEs is the accumulation of PrP* in the central

nervous system, an abnormal isoform of a normal cellular protein called PrP.
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However, the prion theory is still debated since PrP* is not always infectious and the
phenomenon of strains is still an enigma (Christine Fast D.V.M. 2013, Gasperini et al.

2014).

The number of variables influencing the susceptibility to scrapie are high and
depend not only on the genotype of the host and the infectious agent but also on
individual flocks, breeds and geographical location, without forgetting dose and route
of inoculation effects (Christine Fast D.V.M. 2013). It has been published different
research lines not only centered in the study of the PRNP gene, the one that codifies
PrP° and PrP* proteins as 21% of the variability on response does not depend on this
gene (Diaz et al. 2005). These works identified different QTLs associated with the
variability of scrapie incubation time in mouse (Manolakou et al. 2001, Lloyd et al.
2002, Moreno et al. 2003).

One of the candidate genes obtained from the regions enclosed previously was
HSP90AAI. As it has been mentioned before, one of the principal roles of the protein
codified by this gene, Hsp90aq, is to repair aberrant proteins. Hsp90«a is involved in the
proper conformation of other proteins assisting in the folding of nascent proteins and
in the refolding of damaged ones. Hsp90a also prevents them against aggregation,

which is the principal problem found in the scrapie disease.

Marcos-Carcavilla and coworkers (Marcos-Carcavilla et al. 2008, Marcos-
Carcavilla et al. 2010a) identified 34 polymorphisms (12 at the coding region, 14 at the
promoter -Figure 7- and 8 at the intron 10) at the HSP90AAI gene. One of them,
located at the promoter region of HSP90AA| gene (g.660G>C) was associated with

differences in the scrapie incubation period.
6.2 Heat stress adaptation

Moreover, in another work Marcos-Carcavilla and colleagues (Marcos-
Carcavilla et al. 2010b) also identified that the same polymorphism located at the
promoter region of the HSP90AA| gene was associated with differences in gene
expression under different thermal environments and with the adaptation pattern of
different sheep breeds to the thermal conditions in where they are reared. However,
the study was based on a limited number of animals and on standard basic statistical
methods used to analyze quantitative real-time PCR (qPCR) data to asses differences in

expression levels of alternative genotypes under control and heat stress conditions.
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Further on, also a new INDEL (insertion/deletion) (g.703_704insAA, Figure 7), was

discovered short-after (Oner et al. 2012).

4 )
Figure 7. Sequence of the HSP90AAI ovine promoter and the polymorphisms
detected at it. Intronic sequence in lower case and exons in capital letters. SNPs are in
square brackets. The 7 SNPs of interest (polymorphic) (g.660G>C,
g.601A>C,g.528G>A, g.524G>T,g.522A>G and g.444A>G) are in grey. INDELs are in
brackets and squared. Putative methylated sites are circled. Initiation of transcription
(TATA box) and translation (ATG) in bold. A HSE already detected is underlined.
Modified from Marcos-Carcavilla and coworkers (Marcos-Carcavilla et al. 2008).

-1138 cctggcgggctaccgtcgcagagttggacacgactgagcgactaagcacagcacaaagtaggta
caaaggctcaaagaactaagcaaaggccgggagaattcgggactgtgtccecttttaacattcee
ccgcgecaccgtccccctgecttgggegcaatcgggectaaggacaggacgagtccccatactg
gagtggcgggggaatggtggtttgttccagggcccacctctggttcagaaccageccgaatagac
ccacgaggctctggagttccectectgeteceecctgecacacacgectggtcaccectegetcacag
accgctgcaccccacaaccaggctggggctctgagect taacgaggctctggcaggca
cttqt£;;lcgaattcctagggccctgaacctataac cccctggo hgagatgcgce
cctagaccctctaatcgctgcccggacccccc [G/c]aaaccc azcatggacctg

tgcgatcaatgccccaagcatatacctgtgacal[A/€lgggactggaccectecceegge
tttgatcccctaagecgcggectcaaggctcgaaacctagececcaggecc [G/A]l tag[G/Tlcl
A/G] gggggtcccgatgctggggggatccggagcgcacactatctggggacacgctt [c/T
Jaaccaccgagagtttacttttct[A/@]gacttcccaga tggcacgggcgatcagcecc
ccggggcectggacagaggtttgggtecgggggagegttaggecgacgecgegecaageggggttgg
cgggccagcggtgtgaggccggeggggcgecagaacgecge [A/G]cgeecggg [A/G] [C/T]ag
gtagggctgggaacggcggcaccggaaggcgcegagacceeg [C/G]cggaacgctccggatageg
caggcgcactgcggcgggcgcgggcacgcttggecacgcaggegecctgaggegtgggagegege
ggcgcggeccegaggagggggcgggcggectecagtgegecaggegecaggegegeggeegeteeg
gcggttggggagggttettecggaas tec aggctte aaaaggcgccgcgecgctggge

gggcccgectctatataagggcggcgegggggecggegegecAGTTGCCTCGCGTCCCGGTGCT
GCGTCGCTGCGGAGCCCGTGCTAGTCCTTCAGCCAAGgtgaggggaggcggttgtagggggacg
cggggatccacgggcgggtgggcggcggcgagggcagecceccggageccecectgaggecggceggyg
cccggggcggecgtgattaaccecggtaggectecgggectgeggeggtecteeccgtececteccee
ccgcectecececccgecgtegggagegagtgggeccecggggcteccggggtegtgegggatggtga
gggcecggggtctgecggececggaggggggtecceccgggecgegggtgggggcgeccgggecgage
ggcggccgtgeggecggegtgggeggeggeggcageggeggegeccggececccggaatgaggte
atcctttgtcagccggecgecteccgegegeccecggtectecgggagecgggagegagacgcggceggyg
gaggggtccggccggtggectcacgggcteccgegttecceccggecagATGCCCGAGGAGACCCAGG
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Objetivos

El objetivo general de la tesis ha consistido en la profundizacion del

conocimiento de la estructura del promotor del gen ovino HSP90AA| que codifica la

proteina de estrés térmico Hsp90a y de la implicacion de los polimorfismos presentes

en dicho promotor sobre la regulacion de su transcripcion en el contexto de la

respuesta al estrés por calor en la especies ovina y su posible efecto sobre un carater

reproductivo en machos de esta especie. Este objetivo general se ha llevado a cabo

abordando los siguientes objetivos especificos:

Anadlisis de expresion génica utilizando un nimero de muestras representativo
de la poblacion para poder valorar el efecto que los diferentes polimorfismos
presentes en dicho promotor tienen sobre la expresion génica bajo condiciones

de estrés térmico.

Estudio de la estructura del promotor, mediante la identificacion de todos los
elementos implicados en la regulacion de su transcripcidon. Estudio funcional in
vitro de los polimorfismos candidatos en relacion con las diferencias de
expresion observadas y andlisis de las marcas epigenéticas, posibles co-

responsables de dichos cambios de expresion observados.

Estudio de la distribucion de los polimorfismos detectados en el promotor del
gen HSP90AAI en 31 razas ovinas originarias de Europa, Asia y Africa para
determinar la posible correlacion de sus frecuencias con las variables climaticas
de sus regiones de origen, y busqueda del origen de dichas mutaciones en
especies de la subfamilia Caprinae relacionadas filogenéticamente con la

especies ovina.

Estudio de asociacion para determinar el efecto que las diferencias de
expresion pudieran causar sobre un caracter reproductivo ligado a la fertilidad
de los machos de la especies ovina, en concreto, la fragmentacion de ADN

espermatico.
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Aim of the thesis

The overall aim of the thesis was to deepen the knowledge of the ovine

HSP90AA| gene promoter structure, encoding the heat stress protein Hsp90a. Also,

to study the involvement of several polymorphisms present at its promoter region in

the regulation of transcription in response to heat stress in sheep. This general

objective has been conducted to address the following specific objectives:

To perform a gene expression analysis using a representative population sample
number in order to assess the role of several polymorphisms present at the

promoter region in gene expression under heat stress conditions.

Study the structure of the promoter, by identifying all the elements involved in
the regulation of transcription. To carry out an in vitro functional study of
candidate polymorphisms related with the expression differences previously
observed. To analyze epigenetic marks, possible co-responsible of the observed

expression changes.

Study the distribution of the polymorphisms identified at the HSP90AAI
promoter in 3| sheep breeds from Europe, Asia and Africa. To determine the
possible correlation of their frequency with climatic variables in their regions of
origin. In addition, to study the evolvability of these mutations in species from

the Caprinae subfamily phylogenetically related to sheep.
To develop an association study to determine the effect that differences in

expression could cause on a reproductive character linked to the male fertility

in sheep, namely sperm DNA fragmentation rate.
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Chapter |: Gene expression analysis

INTRODUCTION

The genetic variability underlying animal’s thermo tolerance could be exploited in
livestock breeding programs to achieve animals that could cope with the effects of heat stress
over productive and functional traits. Among the livestock animals, sheep is an interesting
biological material to study the genetic basis of thermo-tolerance. There is some literature
about heat stress effects over physiological and productive traits in cattle (Morton et al. 2007,
Aguilar et al. 2009, Sanchez et al. 2009) and sheep (Finocchiaro et al. 2005, Marai et al. 2007,
2008, Sevi et al. 2012). Also, at the molecular level, genes involved in the heat stress response
have been described (Favatier et al. 1997, Trinklein et al. 2004, Collier et al. 2008),
(Charoensook et al. 2012). Among them, those encoding heat shock proteins have been the

most studied. However, in sheep there are few works regarding this topic.

As it was detailed previously, a prior work (Marcos-Carcavilla et al. 2010b) pointed out
a candidate SNP (g.660G>C) located at the promoter region of HSP90AA| to be related with
differences in the transcription rate of this gene. However, this work had several

methodological and sample size limitations.

In general, qPCR has provided a powerful tool for quantifying gene expression.
Nevertheless, it makes necessary to carefully consider some technical and analytical factors to
ensure reproducible and accurate measurements and not lead to misinterpretations (Dheda et
al. 2005). However, commonly, several of these essential procedures have been widely
ignored. Those technical factors include the initial sample amount, RNA recovery and RNA
purity and integrity (Fleige et al. 2006a), (Bustin et al. 2009) among others. Some factors
considered as analytical are the selection of the suitable housekeeping gene(s) (HK), the

experimental design (Auer et al. 2010), the statistical method used, etc.

Traditional statistical analyses have been restricted to pair-wise comparisons of
treatments in which Cq (quantification cycle) values of GOls (genes of interest) were
previously normalized using standard HKs. This kind of approach does not allow to include
technical and biological effects having influence over gene expression data. The joint analysis of
GOls and HKs data can lead to a better partition of such sources of variation (Steibel et al.
2009) and allows checking HK stability and subsequent normalization of GOls simultaneously.
Mixed model methodology makes possible this kind of approach, giving the possibility of
including systematic and random effects, and interactions among them. They constitute a
powerful tool in gPCR analyses including more than two treatments and multiple

experimental factors (Lim et al. 2012), (Arceo et al. 2012).
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The objectives of this chapter were to |) simultaneously select the best HK and
analyze expression data using a mixed model statistical approach that includes technical and
biological sources of variation; 2) determine the linkage disequilibrium (LD) among all the
polymorphisms detected at the gene promoter to establish LD cosegregating blocks; 3) study
gene expression differences observed for alternative genotypes of the g.660G>C,
g.703_704insAA, g.601A>C, g.528G>A, g.524G>T, g.522A>G , g468G>T and g.444A>G
polymorphisms and from some INDELs not yet detected and studied (g.667_668insC,
g.666_667insC, g.516_517insG) using more animals and a wider range of climatic conditions

that those in (Marcos-Carcavilla et al. 2010b).

MATERIALS AND METHODS
Linkage disequilibrium analysis

Animal material, nucleic acid isolation, DNA amblification and SNPs genotybing.

Peripheral whole blood samples were collected from 103 animals of the Manchega
Spanish sheep breed in order to analyse linkage disequilibrium among the |1 polymorphisms
of interest located at the HSP90AA| promoter. Animals were grouped in 48 parent-offspring
trios. Trios consist of 10 sires, 48 dams and | offspring per pair (all females). Three of the
dams were also daughters from another trio. Genomic DNA was extracted from
lymphocytes according to the salting out procedure (Miller et al. 1988). The polymerase chain
reaction was performed from 100 ng of genomic DNA using CERTAMP complex
amplifications kit chemistry (Biotools, Madrid, Spain) with specific primers (Forward:
5CGAGGCTCTGGCAGGCACTTGTTG3 and Reverse: 5 GCCGCCGTTCCCA
GCCCTACCT 3’). A 499bp fragment of the promoter containing the g.660G>C SNP and 7
more polymorphisms (g.703_704insAA, g601A>C, g.528G>A, g.524G>T, g522A>G ,
g468G>T and g444A>G) was obtained. The resulting PCR fragment was purified with
ExoSAP-IT (USB Corporation, OH, USA) and sequenced with specific primers (shown above).

Due to problems in genotyping and reading, INDELs, g.667_668insC, g.666_667insC,
g.516_517insG were genotyped with additional primers ( Sequencing g.667_668insC and
g.666_667insC: 5’GCTAGGTTTCGAGCCTTGAGGS3' and for sequencing g.516_517insG:
5'AAGCGTGTCCCCAGATAGTG3").

Linkage disequilibrium estimation.
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PLINK software (Purcell et al. 2007b) (http://pngu.mgh.harvard.edu/purcell/plink/) was

used to estimate linkage disequilibrium among all pairs of the || polymorphisms measured as
r’, the squared correlation based on genotypic allele counts (Hill et al. 1968). Hardy-Weinberg
equilibrium exact test and observed and expected heterozygosities for each polymorphism

were also calculated using PLINK.

Detection of putative transcription factor (TF) binding sites in ovine HSP90AAI

promoter

Putative TF binding sites were predicted using TESS (Schug 2008) (keeping default
settings) and ALGGEN-PROMO (Messeguer et al. 2002), (Farre et al. 2003) (limiting to

mammal transcription factors) softwares. See Table SI.
Expression analysis
Animal material

In order to confirm the association of the HSP90AA| polymorphism (g.660G>C ) with
the adaptation to different thermal conditions in sheep previously described by Marcos-
Carcavilla and coworkers (Marcos-Carcavilla et al. 2010b), 428 unrelated rams of Manchega
Spanish sheep breed were genotyped (same protocol and primers as described in (Marcos-
Carcavilla et al. 2010a)). All animals belonged to an artificial insemination centre, and
therefore they were reared under the same environmental and management conditions. A
total of 120 out of 428 rams were selected based on their genotype: 40 CC ,,,, 40 CG_, and
40 GG 4. Genomic DNA from these 120 animals was used to genotype the previosly defined

499bp amplicon of the HSP90AA| promoter. Genotype frequencies are shown in Table |.

Peripheral whole blood samples from the 120 rams selected, were collected in 4 time
points, corresponding to different climatic conditions in a dry region of central Spain (Ciudad
Real). The 4 time points were in March, when environmental temperature conditions are mild,
and in July and August (2 sample collections August | and August 2) when heat stress
temperatures occur. Hereafter, we will refer to the March collection as the control. The
temperature humidity index (THI) equation proposed by Marai et al. (Marai et al. 2007) was
used as another indicator of thermal stress. This index combines both temperature and

relative humidity. The enviromental parameters for the 4 collections are shown in Table 2.
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Table |I. Genotype frequencies of the polymorphisms located at the HSP90AA|
promoter in 120 rams of Manchega sheep breed.

£703_704insAA g.667 668insC g.666 667insC g.660G>C g.601A>C g.528G>A g.524G>T g522A>G g.516 517insG g468G>T g.444A>G N Freq (%)
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Table 2. Climate parameters existing at day of blood samples collection.

blood treatment
collection date AvT  MaT MiT Rh Rhmax Rhmin THIlavr THImax 1D
23/03/2010 11.6 19.9 3.8 690 926 372 11.87 19.77 Control

05/07/2010 268 350 168 394 639 198 2447 3269 July
03/08/2010 247 344 166 494 893 210 23.08 3374 August |
09/08/2010 27.3 338 222 500 715 282 2530 3209 August2

From: Manzanares (Ciudad Real) Meteorological Station, coordinates 654m-38° 59°47N-03°
22'23W (http://crea.uclm.es/siar)

AvT = average temperature (°C)

MaT = maximum temperature (°C)

MiT = minimum temperature (°C)

Rh = relative humidity (%)

Rhmax = maximum relative humidity (%)

Rhmin = minimum relative humidity (%)

THIavr = THI calculated with the average temperature and relative humidity

THImax = THI calculated with the maximum temperature and the maximum relative humidity

Temperature humidity index (THI) calculated as THI = T°C — ((0.31-0.3IRH) (T°C-144). T =
temperature in °C; RH = relative humidity in %/100 (Marai et al. 2007).

Total RNA isolation and cDNA synthesis

Total RNA was isolated from 9 ml of whole blood using the LeukoLockTM kit
(Ambion, Inc., TX, USA), following manufacturers instructions. RNA concentration
was determined using a NanoDrop ND-1000 UV/Vis spectrophotometer (Nanodrop
Technologies, Inc., DE, USA). Degradation of RNA samples was assessed with the
Agilent 2100 bionalyzer (Agilent Technologies Hewlett-Packard-Str.8 76337
Waldbronn, Germany) in RNA Nano Chips, following manufacturers instructions. RIN
(RNA Integrity Number) values were obtained. cDNA was synthesized using the

ITM

ImProm-II"" Reverse Transcription System (Promega Corp., WI, USA).

Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

qRT-PCR was performed on all samples collected. Three HKs were tested,
MDH |, SDHA and HSP90ABI. MDH| and SDHA became the most stable HK pair for
the heat stress response in sheep under similar conditions (Serrano et al. 2011). Also
the HSP90AB| gene was included as HK candidate since its expression is ubiquitous,
less inducible and more constitutive than that of the HSP90AA| gene (Csermely et al.
1998), (Deuerling et al. 2003). Primers were designed with NetPrimer software

(Biosoft International, CA, USA), and are listed in Table 3 together with amplicon sizes
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and CG content. Primers were designed avoiding possible genomic DNA

amplifications. In silico specificity of the amplicons was screened by BLAST searches.

gRT-PCR amplification reactions were performed from 100 ng of cDNA using
LightCycler® 480 SYBR Green | Master kit (Roche, Switzerland). Reactions were run
in triplicate on a LightCycler® 480 (Roche, Switzerland) following manufacturer’s
cycling parameters. Dissociation curves were performed for each gene to check
primer specificity and to confirm the presence of a unique PCR product. The

corresponding mRNA levels were measured and analyzed by their Cq.

To estimate PCR efficiencies, standard curves based on 6 serial dilutions (1/20
from a departure concentration of 50 ng/ul) of a cDNA stock (a cDNA mixture of
more than 121 samples accounting for the 3 genotypes and the 4 time points) were
performed. Efficiencies (E) were calculated from the slope of curves as in Rasmussen

and coworkers (Rasmussen 2001). Estimated E for each gene are shown in Table 3.

Table 3. Primers and efficiencies of the qPCR reactions.

Gene Forward primer (5’-3’) Amplicon Efficiencies Amplicon %
Reverse primer (5’-3’) size (bp) bases and GC
content

A/22.50 G/25.00
CCACTTGGCGGTCAAGCATT
HSP90AAI 80 1.951 C/31.25T/21.25
AAGGAGCTCGTCTTGGGACAA
GC content 47.50

A/23.07 G/20.51
GGTCAAATTGCATATTCACTACTA
MDHI 17 1.883 C/32.48 T/23.93
ACCATCCAGGACACCCATCAT
GC content 43.58

A/35.55 G/29.62
GGCATCCCCACCAACTACA
SDHA 134 2.000 C/17.03T/17.77
TACACCACCTCAAAGCCCCG
GC content 65.17

A/37.03 G/18.52
TACATCACTGGTAAGAGCAAAGA
HSP90ABI 8l 1.950 C/22.22 T/22.22
TACACCACCTCAAAGCCCCG
GC content 55.55
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Statistical procedures

Statistical analysis of RIN values

A mixed model was fitted by using the MIXED procedure of the SAS statistical
package (Littell 2006) for determining factors affecting RIN values. RIN values of all
samples were included as a dependent variable. Fixed effects included were g.660G>C
genotype (G) - 3 levels: CC, GC and GG -; date of collection (D) - 4 levels: Control,
July, August | and August 2 -; group of sample processing (GP) - 4 levels corresponding
to the barn where a group of animals were located and sampled - and the interaction
date of collection x group of sample processing (DxGP) were included as fixed effects.
The barn needs to be included because it is related to the period of time between
samples collection and processing. The animal (A) was included as random effect.
Goodness of fit statistics AIC (Akaike's Information Criterion) and BIC (Schwarz's
Bayesian Criterion) were used as criteria for model selection. A type lll fixed effects
test was used to determine significance of the effects included in the model. P <0.05

was established as threshold for statistical significance.
HK selection

HK selection among HSP90ABI, MDH| and SDHA genes followed the strategy
from Serrano et al. (Serrano et al. 201 1), including also the GOI in the analysis. As
amplification efficiencies of some genes were <2 (< 100%), Cq data were transformed

using the equation proposed by Steibel et al. (Steibel et al. 2009) to rescale Cq values.
The equation of the mixed model used was the following:

Yoijkmr = Mo + Ti+ Gy + P+ b(RG)imj + Sim + Am + MTG o + €4jjkmr |

where y .. is the transformed Cq data of the i gene, from the r" well, in the
k™ plate, collected from de m™ animal under the i treatment; M, is the fixed effect of
the o genotype; T, is the fixed effect of i treatment; G, is the fixed effect of the |*

gene; P, is the effect of the k™ plate; b(RG),,, is the interaction between the RIN value

imnj
of the mi® sample and the | gene, and b is the regression coefficient of RIN x gene

variable on Cgq; S,, is the random effect of the biological sample (~ (0,2)); A, is the

im
random effect of the animal from where samples were collected (~ (0,%)); MTG,; is
the random interaction effect among the o™ genotype, the i treatment and the | gene
~(0,7)); egikmr is the random residual. Gene specific residual variance (heterogeneous
0,2)); egjjenr is the rand dual. G pecifi dual heterog

residual) was fitted to the gene by treatment effect (~ (0,?)).
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Expression stability values were obtained by calculating the Mean Square Error
(MSE), which was defined as in (Serrano et al. 201 |).

Analysis of expression results

Statistical analysis of gene expression was carried out following the method
proposed by Steibel et al. (Steibel et al. 2009). As amplification efficiencies for
HSP90AAI, HSP90ABI and MDHI genes were < 2, Cq data were transformed as

aforementioned. The mixed model fitted was:

Yoijkmr = MTGoij * Pic + D(RG)imj + Sim *+ Am + €oijiamr 2

where effects were as in model |, except that in this case the MTG factor was

included in the model as fixed effect and the residual variance was heterogeneous for

the gene effect (~ (0,2)).

To test differences, diff;,, in the expression rate of alternative genotypes and to
obtain fold change (FC) values from the estimated MTG differences, the approach
suggested in (Steibel et al. 2009) was used. Significance of diff;, estimates was

determined with the t statistic.

Also asymmetric 95% confidence intervals (up and low) were calculated for

each FC value by using the standard error (SE) of diff.,:

FCyp = 2~ (diff G0 —1.96 x SE) 3
FCLOW = 2_(diff50]+1-96XSE) 4

Only contrasts between genotypes expression data that remained significant
after the Holm-Bonferroni correction and with a FC >1 are going to be discussed. FCs
are graphically represented in Figures |, 2, 3, 4, 5 and 6 where segments indicate 95%

confidence interval.
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Figure 1. Fold change (FC) for the contrast among alternative genotypes
G/Cle60-C/A401-G/A522-A/G 444 of the HSP90AAI promoter within each
treatment normalized by HSP90ABI. Segments indicate the 95% confidence
interval (FCup-FCiow). In abscissa the FC, in ordinate genotype contrasts.
Asterisk over each bar indicates the significance level of the contrasts.
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RESULTS

Linkage disequilibrium estimation among |l polymorphisms of the
HSP90AAI promoter

Results from Hardy-Weinberg equilibrium exact test and expected and
observed heterozygosities are shown in Table S2 including the total number of final
polymorphisms found. No deviations from the Hardy-Weinberg equilibrium were
observed for any of the SNPs genotyped on population composed by trios. The
average expected and observed heterozygosities were 0.27 and 0.32, respectively. The
polymorphisms with the lowest allele frequencies were g.522A>G, g.666_667insC and
g444A>G (0.018, 0.036 and 0.053, respectively).

Table 4 shows the matrix of r* values among the || polymorphisms detected in
the HSP90AA| promoter. Two linked blocks were observed. g.703_704insAA-
g.660G>C-g.528A>G, with linkage from 54% to 98% linkage and g.601A>C-g.524G>T-
g.468G>T from 61% to 90%. Moderate LD values (from 31% to 33%) were found
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between pairs g.515_516insG-g.528A>G, g.515_516insG-g.660G>C and
g.515_516insG-g-703_704insAA-g.666_667insC showed a 40% of LD with g.444A>G-
g.667_668insC showed LD values from 19% to 26% with the SNPs g.528A>G,
g.660G>C and the INDEL g.703_704insAA. Among g.667_668insC, g.666_667insC,

g.516_517insG very low r? values were found.

Figure 2. Fold change (FC) for the contrasts among alternative genotypes
A/C601-G/As22-AlG_444 of the HSP90AA| promoter within each treatment
normalized by HSP90ABI. Segments indicate the 95% confidence interval
(FCup-FCiow).In abscissa the FC, in ordinate genotype contrasts. Asterisk
over each bar indicates the significance level of the contrasts.
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Statistical analysis of RIN values

The model including the interaction DxGP as fixed effect and the animal

random, showed the lowest values for the goodness of fit criteria (AIC and BIC).
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Estimated animal and residual variances were 0.1 1 and 2.25, respectively. Type Il fixed
effects test showed a highly significant (p<0.0001) effect of DxGP on RIN values but no

significant effect were observed for G, D and GP on the trait.

Thus, as RIN values only depend on the order in which samples were
processed after their collection, it can be included as a systematic effect in the

statistical model used to analyse expression data.

Figure 3. Fold change (FC) for the contrast among alternative genotypes
G/C.es0 of the HSP90AAI promoter within each treatment normalized by
HSP90ABI. Segments indicate the 95% confidence interval (FCyup-FCiow).In
abscissa the FC, in ordinate genotype contrast. Asterisk over each bar
indicates the significance level of the contrasts.
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Table 5 shows MSE values obtained for each gene within treatments and across
genes. HSP90AB| was in all cases the most stable gene, followed by HSP90AAI.

Therefore, HSP90AB| was selected as the only HK to normalize the expression results
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of HSP90AAI. The highest stability values for all genes corresponded to samples

collected in August 2 and lowest stability values corresponded to the control samples.
Environmental conditions and statistical analysis of gene expression

As it is shown in Table 2 the maximum temperatures for days of samples
collection in July, 35.0°C, August |, 34.4°C and August 2, 33.8°C, exceeded the sheep
thermoneutral zone (Curtis 1983), but this is not the case for the average
temperatures, 26.8°C, 24.7°C and 27.3°C, respectively. For the three time points,
average and maximum THI values occurred in the zones of severe and extreme heat
stress (Marai et al. 2001). The THImax was one unit higher in August Ithan in July or
August 2. For the control time point, temperatures and THI values indicated no heat

stress conditions.

Raw Cq values for all genes in each treatment are shown in Figure 7. Under
control conditions, Cq values for the HSP90AA I, HSP90ABI, MDH| and SDHA genes
were 26.2, 26.6, 29.4 and 30.3, respectively. Smaller Cq values were observed for all
genes in samples collected under high temperatures (July and August | and 2). They
were 25.7 for both chaperones and 28.8 and 29.7 for MDH| and SDHA, respectively.
Variability in the expression rate of all genes was higher in samples collected under

control conditions.

Figure 4. Fold change (FC) for the contrast among alternative genotypes of
g.667_668insC, g.660G>C and combined genotypes g.667_668insC-
g.660G>C of the HSP90AA| promoter within each treatment normalized by
HSP90ABI. Segments indicate the 95% confidence interval (FCyp-FCiow). In
abscissa the FC, in ordinate genotype contrasts (| = insertion; D = deletion).
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Figure 5. Fold change (FC) for the contrast among alternative genotypes of
g.660G>C, -516insG and combined genotypes g.660G>C_-516insG of the
HSP90AA| promoter within treatment normalized by HSP90ABI. Segments
indicate the 95% confidence interval (FCyp-FCiow). In abscissa the FC, in
ordinate genotype contrasts(l = insertion; D = deletion).
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Figure 6. Fold change (FC) for the contrast among alternative genotypes of
g.667_668insC, -516insG and combined genotypes g.667 668insC_-516insG
of the HSP90AA| promoter within each treatment normalized by HSP90ABI.
Segments indicate the 95% confidence interval (FC.,-FCiow). In abscissa the
FC, in ordinate genotype contrasts (I = insertion; D = deletion).
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Table 4. Linkage disequilibrium values (r2) among the | | polymorphisms
detected in the HSP90AA| promoter.

g.444A>G £.468G>T 2515 516insG g.522A>G 2.524G>T g.528A>G g.601A>C £.660G>C £.666_667insC g.667_668insC £.703_704insAA

2.444A>G
2.468G>T
2.515_516insG
2.522A=G
2.524G>T
g.528A>G
2.601A=C
2.660G=C
2.666_66TinsC
g.667_668insC

2.703_704insAA

0.0057 |
0 0.0028 |
0.0046 0.0082 0.0188 |
0.0051 E: EEI]E]E :: 0.0087 0.0074 I
0.0449 0.0269 0.3331 | 0.0106 0.0181 |
0.0046 {_E.;I_B;_I 0.0057 0.0066 r_I;;BEB__l 0.0205 |

1
e L —————— P

0 0.032 0.0382 0.0225 : 0.5542} 0.0246 |
0.3982 0.0008 0.0041 0.0007 0.0008 0.0123 0.0007 0.0127 |

0 0.0031 0.0006 0.0008 0.0018 0.1998 0.001 0.2513 0.0156 |

0 0.0352 0.335 | 0.0412 0.025 0.6006 0.0271 : 0.9405 : 0.0132 | 0.2644

Table 5. Minimum square error (MSE) within and across treatments for
HSP90AA I, HSP90ABI, MDHA and SDHA genes.

maximum mse
MTG within maximum mse

Treatment  Gene treatment MTG within gen
August 1 HSP90AB1 0.92

August 1 HSP90AA1 1.58

August 1 SDHA 1.77

August 1 MDH1 6.60

August 2 HSP90AB1 0.55

August 2 HSP90AA1 0.81

August 2 SDHA 1.72

August 2 MDH1 1.77

July HSP90AB1 1.25

July HSP90AA1 1.55

July SDHA 2.41

July MDH1 2.71

control HSP90AB1 1.62 1.62
control HSP90AA1 1.92 1.92
control SDHA 2.63 2.63
control MDH1 2.92 6.60

Overall outcomes from fitting the mixed model

MTG,

Test type lll of fixed effects shows high significant F values (p<0.0001) for the
P and b(RG) effects in all sets of genotypes. Estimates of the P effect levels (74)
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averaged 0.73 and ranged between 0.01 to 1.4 Cq. Regression coefficients estimates
relating covariation of Cq and RIN values for each gene, were -0.28, -0.47, -0.55 and -
0.67 for HSP90AB I, HSP90AA I, MDH| and SDHA, respectively.

Estimates of animal, sample and residual variances were very similar for the 3
sets of genotypes studied. Animal variance was very small and ranged between 0.03
and 0.05. Sample variance (1.40) was 2.8 times higher than the animal effect one.
HSP90AB| showed a residual variance (0.0086) 34 times lower than the one of
HSP90AAI (0.27) and 53 times lower than the one of SDHA (0.46). MDHI had the

highest residual variance (1.34).

Figure 7. Distribution of Quantification Cycle (Cq) values for the
target gene HSP90AAI and the reference genes HSP90ABI, MDH |
and SDHA. They were obtained by qPCR from samples collected at three
different time points (Control, July, August | and August 2) along the year.
Boxes show the range of Cq values within each gene and treatment; the
centre line indicates the median; extended vertical bars show standard
deviation of the mean.
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In this chapter, expression results are organized in two different sections in

concordance with the chronological procedure carried out.

l. Expression studies of 8 polymorphisms constituting highly linkage
block

Based on linkage disequilibrium results, 3 sets of genotypes were selected to
carry out expression studies. Combined genotypes considered in separate analyses
were: 1) g660G>C-g.601A>C-g.522A>G-g.444A>G; 2) g.601A>C-g.522A>G-
g.444A>G; 3) g.660G>C.

) Combined genotype g.660G>C-g.601A>C-g.522A>G-g.444A>G. Figure | shows
expression differences estimated among g.660G>C_g.601A>C_g.522A>G_g.444A>G

genotypes under the different climatic conditions considered.

For samples collected in August |, CC,,,CC , GG,,AG 4., showed the highest
expression rate (differences in FC from 2 to 3) when comparing with the other 8
genotypes. Seven of these 8 genotypes were GG _,,, highlighting the importance of this
position for the expression rate of the gene under heat stress conditions
independently of the other three SNPs. Two significant contrasts pointed out the
effect of g.660G>C in terms of expression efficiency. CC ,,, showed differences in FC
of 1.27 and 1.31 when comparing with CG_,, and GG, respectively. It is important
to note that contrasts showing differences in FC from 2.3 to 3.0 were those with
wider confidence intervals which indicate higher estimated standard errors. This is due
to the fact that in many of these contrasts, composed genotypes are in very low
frequencies. In some cases only one animal exhibit the genotype compared. For
comparisons where FC differences ranged between |.2 and 1.3, confidence intervals

were narrower due to the higher frequencies of the genotypes compared.

For samples collected in July and August 2, no comparisons between alternative

genotypes were significant after the Holm-Bonferroni correction.

For the 5 significant contrasts of control samples the loose of the effect over
the expression rate of the g444A>G in the gene promoter and the change in the
expression rank of the g.660G>C genotypes were the most important effects
observed. In 4 contrasts the GC,,,CC , AG,,GG_,,, genotype showed differences in
FC from 1.3 to 1.6 when compared with alternative genotypes of g.660G>C and
g.522A>G. The superiority in terms of expression rate seems to depend in this case

on the combination of g.660G>C and g.522A>G genotypes. Thus, the double
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heterozygous GC ,,,AG,, showed higher expression levels than GG ,,GG,, (1.58-
1.60), CC,,AG.,, (1.54) and GC GGy, (1.30). Finally, the g.601A>C did not seem
to be involved in the regulation of the basal expression of the gene. In this case,
differences in the confidence intervals were smaller since genotypes compared had

higher frequencies.

2) Combined Genotype g.601A>C-g.522A>G-g.444A>G. To determine the impact

of g.660G>C over the expression rate of the gene under the different environmental

conditions we have tested expression differences among genotypes of three SNPs
excluding g.660G>C.

Figure 2 shows results for contrasts among g.601A>C-g.522A>G-g.444A>G

genotypes under the different climatic conditions considered.

Regarding the high decrease in the magnitude of the FC differences for the 4
significant comparisons, we can confirm the critical influence of g.660G>C over the
gene expression rate. Surprisingly, higher differences in FC were detected for
contrasts in control than in August, revealing a more important effect of these SNPs

on the basal expression of the HSP0AA| gene.

In samples collected in August |, the two significant contrasts with the highest
expression rate implied the AG_,, genotype in all cases. Again, AG_,,, showed higher
expression rate (FC=1.3-1.4) over GG_,, under heat stress conditions. g.601A>C and
g.522 A>G genotypes did not show any clear effect. No significant contrast was found

among genotypes from samples collected in July.

Once more, under mild temperatures the g.444A>G lost its effect over the
HSP90AA| expression which appeared under heat stress conditions. As in the case
above mentioned, AG,, showed a positive effect over the expression of the gene
comparing with GG ,, (FC=1.37-1.39).

3) Genotype g.660G>C. Figure 3 shows results for contrasts among g.660G>C

genotypes under the different climatic conditions considered.

Contrasts of this genotype showed lower differences in FC than that observed
for the previous 2 sets of genotypes. Two comparisons were significant in samples
collected in August |. Differences in FC were 1.22 and .20 for the contrasts CC ,, vs.

GG, and CC,, vs. CG,,, respectively, showing the superiority of the CC,,,
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genotype over the other genotypes in terms of gene expression rate under heat stress

conditions.

In July samples, no comparison had statistic significance. However, under
control temperatures, 2 contrasts showed significant differences in FC, CC ,, vs. GG_
o With a FC equal to 1.1 and GC , vs. GG, with a FC of |.41.

Thus, when considering only g.660G>C, results indicated no differences in
HSP90AA| expression rate across treatments, but the existence of such differences

across genotypes.

In order to understand better the results obtained, contrasts involving
g.601A>C and g.522A>G, were carried out (Figure S2 and Figure S3). In the first
analysis, alternative genotypes of g.601A>C-g.522A>G were compared. Only one
significant contrast was found under control conditions. A FC value of 1.4 was
observed for the contrast CC,,AG;,, vs. CC,, GG, confirming the effect of
8.522A>G over the basal expression of the gene under mild temperatures. g.601A>C,

did not seem to play any clear role in the HSP90AA| expression rate.

In the second additional analysis, genotypes of g.660G>C-g.522A>G were
compared to elucidate the relevance of g.522A>G under heat stress conditions. In this
case, significant contrasts were found for control samples and those collected in
August |. The importance of g.660G>C in August | was again revealed. CC, had
higher expression rate than GC,,, and GG, (FC = 1.24 and |.27, respectively).
Under control conditions the effect of g.522A>G was clear (FC = 1.28 at least).
Changes in the behavior of g.660G>C under control conditions were observed as well.
In this case, GC , was superior to CC,, and GG, as it was showed in previous

analyses.
2, New approach: INDELs not previously studied

In the previous part of this chapter, we aimed to confirm the results obtained
previously (Marcos-Carcavilla et al. 2010b), that showed an association of the
g.660G>C SNP of the ovine HSP90AA| gene promoter with the expression levels of
this gene under different environmental temperatures, using a higher amount of
samples and treatments. In this new approach, we aimed to test the effect of some
INDELs in the expression of the gene under alternative climatic conditions. After

obtaining reliable genotyping results from three more polymorphisms (g.667_668insC,
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g.666_667insC and g516_517insG), an extension of the study was carried out

following the same steps.

Gene expression analysis for isolate and combined genotypes of INDELs
andg.660G>C

New analysis were performed including the candidate polymorphism already
detected in the previous section, g.660G>C. Since among the rams used in this
expression assay only one was heterozygous for the g.666_667insC, this mutation was

not included in the statistical analyses to test expression and differences (See Table ).

[) Contrasts between alternative genotypes of the g.667 668insC. Figure 4 shows

the results for contrasts comparing cytosine insertion genotypes. Only high statistically
significant contrasts were showed. We could observe differences in expression
between genotypes only for samples collected in August | and August 2, when
maximum environmental temperatures exceeded 33°C (Table I). The homozygote
genotype for the insertion (Il ) showed much higher expression rates (p<0.0001)
than the heterozygote ID,, (FC=3.07) and the homozygote DD, (FC= 3.40) for
samples collected in August 2 (average temperature =27.3°C, maximum temperature
=33.8°C and minimum temperature=22.2°C). For samples collected in August |
(average temperature=24.7°C, maximum temperature=34.4°C and minimum
temperature=16.6°C) lower differences among genotypes than in the previous case
were found. Thus, animals carrying the Il ., genotype showed higher expression rate
(p<0.0001) than those with DD ., (FC=1.66). In this case also the heterozygote (ID )
had significant (p<0.0001) higher expression levels than the DD ., one (FC=1.28) but

no differences were observed between Il ., and ID , genotypes.

2) Contrasts between alternative genotypes of the g.516 517insG. Figure 5 shows

the results for contrasts comparing the guanine insertion genotypes. Only high
statistically significant contrasts were showed. We could observe differences of
expression between genotypes only for samples collected in July (average temperature
= 26.8 °C; maximum temperature = 35.0 °C; minimum temperature = 16.8 °C). The Il
516 genotype showed higher expression rate than ID g, (FC=2.49, p<0.0001) and DD,
(FC=2.35 p<0.001) genotypes. However, as there were only two animals carrying the

Il 5, genotype the standard errors of the estimates were so large.

3) Contrasts of combined genotypes g.667 668insC-g.660G>C Figure 4 shows high

significant contrasts among the existent combined genotypes of both polymorphisms.
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To facilitate the comparison with results obtained for the isolate g.660G>C in the first
section of results, significant contrast for genotypes of this polymorphism was also
included. In this case, for samples collected under the most extreme heat stress
environmental conditions (August 2) gene expression of the combined genotype seem
to be controlled by the genotype of the g.667_668insC. Thus the |l ,CC ,, genotype
showed higher expression rates than the DD ,,CC ., (FC=3.58) and the ID ,CC,,
(FC=3.0l). Under climatic conditions existing in August |, lower effect of the
g.667_668insC over gene expression differences than those observed in August 2
were obtained. In this case similar FC (1.6) was found in contrasts between |l ,,CC.
660/ DD 46sCG 40 and 1l ((,CC /DD ;GG (.. For the contrast ID ,,;CC /DD ,CG_,
and ID _,,CC .o/ DD (GG, FC ranged from 1.27 to 1.31. Under mild environmental
temperatures (Control) the effect of the g.667_668insC genotypes over gene
expression differences was lost, and were the genotypes of the SNP g.660G>C those
revealing expression differences. For Control samples, animals carrying the CG
genotype showed higher expression levels than those with the GG, (FC=1.44) and
CC (FC=1.28 to 1.36) independently of the g.667_668insC genotype, as it has been

previously observed in the first section of results.

4) Contrasts of combined genotypes g.660G>C-g.516 517insG. Figure 5 shows high

significant contrasts among the existent combined genotypes of both polymorphisms.
To facilitate the comparison with results obtained for the isolate g.660G>C, significant
contrast for genotypes of this polymorphism was also included. In significant contrasts
from August | and 2, except in one case (CC DD, /CCID), the genotype of
g.660G>C seems to be the responsible of differences in the expression rate observed.
Thus animals carrying the CC,, genotype independently of the g.516_517insG one,
showed higher expression levels than those with the CG , (FC from 1.31 to 1.52) and
GG, (FC=1.38). For the environmental conditions occurred when Control samples
were collected, also genotypes of the g.660G>C were responsible of differences
observed in the expression rate of the gene (CG,,,>GG,,, FC=1.3 to 1.4 and CG.

eeo” CC o FC=1.3) as in previous analyses.

5) Contrasts of combined genotypes g.667 668insC-g.516 517insG Figure 6 shows

high significant contrasts among the existent combined genotypes of both
polymorphisms. To facilitate the comparison with results obtained for the isolate
g.667_668insC and g516_517insG significant contrast for genotypes of these
polymorphisms were also included. In those contrasts belonging to August | and

August 2 treatments, the preponderance of the g.667_ 668insC in the composed
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genotypes g.667_668insC-g.516_517insG was clear. Thus, homozygous Il ., genotype
showed higher expression levels than the heterozygous ID , (FC=2.81-3.17) and the
homozygous DD, (1.66-3.53), independently of g.516_517insG genotypes. Also
heterozygous ID DD, showed higher expression rate than the DD DD,
(FC=1.32). Results from July are closer to those obtained when considering the
g.516_517insG alone. It is important to emphasize that in this case many significant
contrasts had high standard errors because a scarce number of animals of a particular
genotype in some comparisons. These are the cases in which the Il and the Il
genotypes were compared, since only five animals have the Il ., genotype and only two

the Il 5, one.

DISCUSSION

In this study, we aimed to confirm the results obtained previously (Marcos-
Carcavilla et al. 2010b), that showed an association of the g.660G>C SNP located at
the ovine HSP90AA| gene promoter region with the expression levels of this gene
under different environmental temperatures using a suitable amount of samples. We
also aimed to increase the information available of the biological process underlying
this type of stress response. With these purposes we have studied new polymorphisms
found at the promoter region, which would affect the expression rate of the gene not
only in heat stress events as it was firstly thought, but also modulating its basal

expression.
RIN effect

Best conservation and minimum degradation processes are critical points when
sampling commercial livestock animals for expression studies. The degree of RNA
degradation in the samples affects gene expression measurements. We have
established that RIN values depended neither on the source of biological sample (the
animal) nor on the environmental conditions surrounding samples collection. The only
factor having a significant effect on RIN values was the period of time occurring
between blood extraction and blood processing in LeukoLockTM™ platforms for each
time point (DxGP). The higher was this period of time, the higher the RNA was
degraded (lower values of RIN). Therefore, we proposed to include RIN values as a

fixed effect or as a covariate in the statistical model used to analyze expression
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differences. In fact, the same results were obtained using both approaches (data not

shown).

RIN values affect Cq of samples depending on amplicon size (Fleige et al.
2006b). The higher is the amplified DNA fragment the higher is the probability to be
broken down. The length of the amplified product was more correlated with RIN
values than expected. Amplicon sizes were in the range of 70 to 250 bp (Table 3) for
which Fleige and Pfaffl (Fleige et al. 2006a) indicates a more or less independence of
gPCR products and RNA quality. Furthermore, DNA CG content did not seem to
affect RNA stability as it has been previously described, where lower CG degree
content was correlated with higher RIN values (Opitz et al. 2010). SDHA amplicon was
the one with the highest CG content (65%) but was the most affected by RNA
degradation. Only for MDH I, which has the lowest CG content and a high RIN effect,
this relationship seems to be true. These results reveal that the effect of RNA integrity

over both the GOI and the HK should be taken into account in expression analyses.
HK selection

A crucial aspect revealed in this work, is the need to test the stability of the
candidate HKs and the GOI simultaneously. MDH | and SDHA were previously selected
(Serrano et al. 201 1) among 16 candidates tested, as the most stable pair in similar
conditions to those evaluated here. HSP90AA| was not included in that experiment. In
the present work, we have verified that the GOI, HSP90AA I, is much more stable than
the two previously selected HKs, MDH| and SDHA. Therefore, none of them can be
used to normalize the GOl expression data. The constitutive counterpart of the
HSP90AAI gene, HSP90ABI, showed the best stability values within and between
treatments (Table 4), and it was chosen as the HK to normalize the expression data of
the HSP90AA|. Differences in the stability of both chaperone genes might be due to
the effect of the polymorphisms existing at the promoter of the HSP90AA| (Deuerling

et al. 2003) and to the inducible behaviour of this last gene.

gRT-PCR experimental design and statistical methods for expression data

analyses

When a great number of samples and treatments are included in a qPCR study
the experimental design is important since qPCR plates have a limited capacity (96 or
384 wells). In our design, plates contained a randomized set of animals, treatments,

genotypes, RIN values and genes to avoid estimation biases. The repetition of one or
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more samples in all plates connects the plate’s system allowing to remove technical
nuisance from this source of variability and to compare results from all plates. We
have confirmed that the plate effect is an important source of variability since

differences in Cq among plates can reach values up to |.4.

Traditional statistical methods to analyze qPCR data was restricted to pair-wise
comparisons of treatments in which expression data from GOls are previously
normalized with one or more HKs. This kind of approach does not include systematic
nor random effects and their interactions that could affect expression results. In the
linear mixed model used in this study, GOl and HKs data are simultaneously analyzed.
This model includes different sources of biological and technical variation (i.e. plate,
RIN, genotypes, genes, and interactions among them) as fixed or random effects.
Fitting this model let us checking HK stability, normalization of GOI data with the most
stable HK(s) and test the linear hypothesis of the existence of different expression
levels of the HSP?0AA| gene depending on the genotype of the mutations located at its

promoter and on diverse environmental conditions.
Environmental conditions and gene expression

Sheep are believed to be one of the most resistant species to climatic
extremes, especially to high environmental temperatures. Environmental conditions in
Ciudad Real often exceed sheep thermo neutral zone which is comprised between 5°C
and 25°C (Curtis 1983). As expected, expression results differed between heat stress
and control conditions. However, in the first section of results, differences in
expression rate among genotypes were generally observed in samples collected in
August but not in July. The scarce differences in climatic parameters existing between
August and July collects did not explain the observed differences between these time
points in terms of FC. The higher THImax values at collection time and during 5 days
before collection in August than in July was thought to be the clue to such differences.
Other environmental factors here unknown such as wind speed, number of hours over
the comfort temperature, insulation, etc. included in Fanger’s comfort equation

(Fanger 1970/1982) would have also contributed in such differences.

Significant differences among g.601A>C_g.522A>G_g.444A>G and g.660G>C
genotypes, found for August | and control samples but not for July or August 2 would
be explained by the existence of a transition in the expression state of the gene
between the basal transcription and the heat stress response. Changes in the

expression ranking of g.660G>C observed between control and August | samples, and
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also for other SNPs in a less evident way, would support this hypothesis. Also, since
the heat stress response is not a permanent state, in terms of gene expression, even
when heat shock conditions are still present, acclimatization processes cannot be
discarded as possible source of differences found in samples collected in July and

August in the first section of results (Basu et al. 2002).
Expression analysis and genotype comparisons

Our initial hypothesis was that differences in the expression rate of the gene
with different g.660G>C genotypes would be observed only under heat stress
conditions (Marcos-Carcavilla et al. 2010b). Surprisingly, after including a higher
amount of samples and a set of |0 additional polymorphisms located also at the
HSP90AA| promoter, the existence of expression differences under heat stress and
thermoneutral situations was confirmed as well. Thus, polymorphisms located at the
HSP90AA| promoter seem to affect not only its expression rate as response to heat

shock but also its basal transcription levels.

Differences in the expression rate found for the contrasts among alternative
genotypes for the polymorhisms studied here suggest that the transcription of this
gene may be multiply regulated by cross-talk of various transcription factors, as it was
pointed out for this gene in human (Csermely et al. 1998). Although much of the heat-
induced gene expression can be explained by HSFI(heat shock factor |), a perfect
correlation between its binding and induction has not been found (Trinklein et al.
2004). Signal transduction cascades activated by p53, Jak and Ras pathways via
HSFIbinding to the heat-shock response element (HSE) and integrating to modulate
HSP transcription have been reported (Stephanou et al. 201 1). Additional positive or
negative factors may modulate the transcriptional induction of HSFI-bound genes.
Moreover, eukaryotic gene expression is tightly regulated at many levels, and can vary
its regulation complexity (Lemon et al. 2000). The core promoter (TATA box, initiator
—INR- and downstream promoter element —DPE-), is the essential part. Next to the
core, proximal enhancers as cis-control elements (i.e. CCAAT box, GC box, B
recognition element (BRE) and STRE elements) might be acting. Upstream, distal
enhancers (hormone responsive elements -HRE- and nuclear factor element —NFE-)
and a huge diversity of regulators that recruit a cascade of more transcription factors
contribute to gene transcription regulation (Thanos et al. 1995), (Blau et al. 1996). The
polymorhisms studied in this work are located enough upstream to the beginning of

the transcription initiation to consider them as binding sites of these co-regulators, or
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distal enhancers that do not directly activate the transcription of the gene but

modulate its expression.

The role of the SNP g.660G>C in the transcription of the gene under heat
stress has been confirmed through analysis in which only this mutation is tested. In
addition, results from the analyses of composed genotypes g.660G>C-g.601A>C-
g.522A>G-g.444A>G and g601A>C-g.522A>G-g444A>G revealed a cooperative
relationship among several SNPs in terms of transcription efficiency. Thus, alternative
genotypes of g.660G>C-g.444A>G seem to affect the expression of the gene in
response to heat stress and those of g.660G>C-g.522A>G the basal transcription of
HSP90AAI, which may occur under climatic conditions comprising comfort
temperatures. Under heat stress conditions, the superiority of CC ,, over GC,, and
GGy, and of GC,,, over GG, indicated an additive effect for this mutation.
However, for the control samples, GC ,, was superior to CC,, and GG, The effect
of g444A>G was less clear due to the low frequencies of the AG,,, and AA_,,
genotypes; however, more clear conclusions can be extracted based on the results

obtained from contrasts involving g.522A>G.

Several putative TFs have been predicted (Table Sl) for the presence of C
and A . Some TFs that could co-activate gene expression as distal enhancers only
with CC,,, were NFI/CTF (Nuclear factor | or CCAAT box-binding transcription
factor) and VDR (Vitamin D receptor) together with RxR-alpha (Retinoid X receptor
Alpha). The last two TFs form a heterodimer which attracts a complex of co-activators
proteins. This complex links the heterodimer to the initiation complex formed at the
TATA box, promoting the transcription machinery (Bikle 2010). Both TFs bind
putatively at the sequence around g.660G>C, and VDR only when this position is C .
For AG-,,, a heat shock element that could bind a heat shock factor was predicted for

the presence of the A-,,, (Csermely et al. 1998).

The presence of g.703_704insAA (Oner et al. 2012) completely linked, at least
in this breed with g.660G>C, must also be considered in the expression regulation of
the gene under heat stress conditions. Thus, CC , animals are also homozygous for
the AA,,, insertion (Il AA/AA), CG,,, animals are heterozygous for that INDEL
(ID_;04s AA/--) and GG, animals are homozygous for the AA deletion (DD ,,; --/--).
g.703_704insAA is located within a putative glucocorticoid receptor (GR) transacting
factor binding site. The AA deletion (D _,,) created a GR transcription site. It has been

pointed out that glucocorticoids can suppress the heat shock response in stressed cells
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by inhibiting the action of HSFI (Wadekar et al. 2001). Therefore, this mutation would
be the responsible of the expression differences observed for g.660G>C. Because of
the high linkage disequilibrium between the g.660G>C and g.528G>A (r’=0.95) the
possible effect of g.528G>A over the transcription rate of the gene under heat stress
conditions is masked by the first, and therefore no conclusions could be extracted

from this position.

Under control conditions, g.522A>G seems to have a predominant effect over
the transcription rate of the gene, being AG ;,, (AA,, was not found in these samples)
superior than GG, Due to the proximity of this mutation to g.528G>A and
g.524G>T, TF binding sites were predicted for a sequence containing the three SNPs
(Table SI). Several putative TF binding sites linked to A,, and T ,, were found. Among
them, the stress response element (STRE) (Csermely et al. 1998) and the JunD
(functional component of the API| -activator protein |- transcription factor complex)
related with transcription coactivator activity, oxidative stress response (Mendelson et
al. 1996) and spermatogenesis (Thepot et al. 2000) seemed to be closer to the
HSP90AA|I functions. c-Fos stimulates transcription of genes containing AP-| regulatory
elements and was predicted for the sequence AtagTcA for the g.528G>A, g.524G>T
and g.522A>G SNPs. In our samples animals with AG ;,, were always CC-, TT 5, ,TT 4
and in most cases (70%) CC o AG.p e TT 54T T 4 TWo putative TF binding sites for C.
o) Were predicted. HES-1 (hairy and enhancer of split-1) (Yan et al. 2002), which can
act as a repressor or activator, and USF| (Upstream stimulatory factor 1) (Kumari et
al. 2001), that has been found to be involved in the stress-activated signaling cascade
(Galibert et al. 2001) and in the cessation of Sertoli cell proliferation and differentiation
to spermatozoids (Wood et al. 2009). For the SNP g.468G>T one interesting homolog
of the human ZNF395 binding Spl was found for maize (Lal et al. 2001) linked to the

response to oxidative stress (Table Sl).

In the second part of results, alternative genotypes of the g.667_668insC have
been here directly associated with the highest differences in the transcription rate of
the gene under heat stress environmental conditions but no under thermoneutral
ones. Thus animals carrying the Il ., genotype showed higher transcription rates than
those with ID ., (FC=3.07) and DD, (FC=3.40) genotypes for samples collected in
August 2. However, much lower differences among these genotypes (Il ;DD ,, FC=
.66 and ID ;DD ,,, FC=1.28) for samples collected in August | and no differences for
samples collected in July were observed. Despite maximum and average temperatures

of these three collection dates are quite similar some differences should be the clue
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for the results obtained in each of them. In particular, the minimum temperature in
August 2 (22.2 °C) was quite higher than those of August | (16.6°C) and July (16.8°C).
The minimum temperature affects one important variable related with the heat stress
response, the daily thermal width (TW) which is the difference between the maximum
and minimum temperatures occurring along the day. TW values were 18.2°C, 17.8°C
and 11.6°C in July, August | and August 2 collection dates, respectively. Therefore, it
seems that the heat stress response, in terms of over expression of genes involved in
this metabolic pathway, more depends on the daily temperature pattern than on the
magnitude of the maximum temperature reached, that is, how long is the period of
time in which the environmental temperature exceeds a thermoneutral threshold. The
magnitude and duration of the stress response is proportional to the dose or severity
of the perturbation (Gasch et al. 2000). These facts would explain the differences in
gene expression between genotypes found in samples collected in July, August | and
August 2. Also, differences observed in the relative humidity among collections from
July (39%), August | (49%) and August 2 (50%). can contribute to the differences in
transcription observed, since the joint effect of heat and humidity become as a larger

stressor source.

The single effects of these two mutations (g.667_668insC and g.660G>C)
increased when the combined genotype of both polymorphisms was considered
(Figure 4) supporting the hypothesis of a combined action in modulating the gene
transcription changes. The combined Il ,CC,,, genotype showed the highest
expression levels in comparison with the remaining existent genotypes (FC from 1.27
to 3.58) under heat stress conditions. It is important to remark that in the sheep breed
here studied (Manchega) these two polymorphisms showed a LD of 25%. The | ,;C
haplotype has a frequency of 0.14 while the D ,C,, and the DG, have
frequencies of 0.37 and 0.49, respectively. The haplotype | (G (, does not exist in the
ovine species (836 animals from 31| different sheep breeds from different locations of
Europe, Africa and Asia genotyped, Chapter 3). Therefore we cannot completely
distinguish the effect of each polymorphism by itself. However, due to its proximity in

the DNA sequence, the most likely thing is a sinergistic effect of both mutations.

A putative binding site for the Sp| (specificity protein |) transcription factor has
been predicted for the sequence constituted by these two mutations (Supplemental
Table 1). Spl is a zinc finger transcription factor that binds to GC-rich motifs of many
promoters and is involved in many cellular processes, including cell differentiation, cell

growth, apoptosis, immune responses, response to DNA damage, and chromatin
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remodeling. The highest binding affinity of Spl was found for the sequence containing
the |, and C,,, alleles. This affinity decreases for the D ,C,, haplotype and
disappear for the D G, combination. The high binding affinity of Spl for the
haplotype | 4C , could be the explanation of the higher expression rate observed for
the homozygous Il ,CC,,, genotype under heat stress conditions than for the

remaining ones.

Based on the differences in gene expression observed in the last assay for the
combined genotype g.667 668insC-g.660G>C, and in the fact that both
polymorphisms showed a moderate LD (25%), the effect of the g.660G>C SNP
observed previously in the first assay must be probably due to the action of both
polymorphisms together. That was the reason for the low expression contrasts firstly
shown. In the second assay of this chapter, differences in transcription rate of the gene
due to the combined genotypes of both polymorphisms were isolated. By this way we
could conclude that the expression of the gene under thermoneutral temperatures is
regulated by the g.660G>C SNP and that the high upregulation observed under heat
stress events is mainly due to a cooperative effect of g.667 668insC and g.660G>C

polymorphisms.
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INTRODUCTION

Promoters are sequence elements that interact with a significant number of
transcription factors and epigenetic modifications to regulate gene expression
(Landolin et al. 2010). Moreover, they are responsible for the integration of different
favorable mutations including those which result beneficial for environmental condition

changes (Gagniuc et al. 201 3).

Although the transcriptional enhancement of HSP90«a is mainly due to HSFI
(heat shock factor ), many other heat stress related transcription factors also
modulate gene expression in response to environmental stress and could act
simultaneously by cross-talk (Pirkkala et al. 2001, LeBlanc et al. 2012, Guisbert et al.
2013). Polymorphic changes (INDELs, SNPs, etc) at gene promoters can cause
alterations in its expression levels if they affect binding motifs of transcription
activators or repressors. Mutations can alter the binding sites of transcription factors
blocking totally or partially their binding to the DNA sequence but also creating or
destroying DNA motifs of epigenetic changes, i.e. CpG sites. Alterations of the gene
transcription levels can have consequences at the phenotypic level in characteristics

related with the functional pathways in which genes are involved.

In Chapter | differences in the expression of the HSP90AAI ovine gene
depending on some polymorphisms and environmental conditions have been assessed.
However, due to the linkage disequilibrium (LD) existing among some of the candidate
polymorphisms it is not possible to distinguish the causal mutation producing such
changes in the transcription level of the gene. Moreover, some of the polymorphisms
located at the gene promoter (five SNPs) are susceptible of allele-specific methylation

which might be other alternative mechanism regulating gene transcription levels.

Marcos-Carcavilla and coworkers (Marcos-Carcavilla et al. 2008) described the
HSP90AA| promoter as a rich CG region, which opens the possibility that this highly
inducible gene could have an alternative regulatory region apart from the identified
TATA-box. Although the HSP90AA| gene is ubiquitous expressed there are tissues as
testes and brain where the highest expression rates of this gene were found (Csermely
et al. 1998). Therefore, it is possible that the gene’s regulatory pathway would not be

the same in all tissues.

Therefore, the aim of this chapter was: |) to develop a functional study of the

HSP90AA| promoter to detect which polymorphism(s) is(are) responsible(s) of
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temperature dependent changes in the transcription rate of the gene previously
detected; 2) to determine the allele-specific methylation pattern of susceptible
polymorphisms; 3) to study the promoter structure and epigenetic marks in different

tissues.

MATERIAL AND METHODS

Animal material and nucleic acid isolation.

Samples from different tissues, ages and ovine breeds were used. Sample
identification, tissue, breed, age, genotype and extraction kit method are described in
Table 1. Several biological samples were those used previously in Chapter I. In

addittion, extra samples were obtained for this specific study (Table ).

Tablel. Identification of samples used in the study.

MCAB: Manchega Control Adult Blood, MHSB: Manchega Heat Stress
Adult Blood and MBT: Manchega Blood Trios (Blood samples from the same
animals used in Chapter |). RYH: Rasa Aragonesa Young Heart, MAB:
Manchega Adult Brain, MAL: Manchega Adult Liver, MYO: Manchega Young
Ovary, RYT: Rasa Aragonesa Young Testicle, MYT: Manchega Young
Testicle, MAT: Manchega Adult Testicle and MAS: Manchega Adult Sperm
(Tissue samples collected specifically for this experiment).

Extraction kits: Salting out (Miller et al. 1988), Gentra Puregene DNA
Purification Kit protocol (Gentra, Minnesota, USA) and MasterPure DNA
Purification Kit protocol (Epicentre, Wisconsin, USA).

1D TISSUE BREED AGE NUMBER GENOTYPE (g.660G<C) SAMPLIMG SITE EXTRACTION KIT
MCAB BLOOD-CONTROL MANCHEGA ADULT 120 CC.GG,CG CERSYRA SALTING OUT
MHSB BLOOD-HEAT STRESS MANCHEGA ADULT 16 CC.GG.CG CERSYRA SALTING OUT
MBT BLOOD-TRIOS MANCHEGA ADULT 6 CC.GG,.CG CERSYRA SALTING OUT
RYH HEART RASA 90 DAYS 8 CC.CG SLAUGHTERHOUSE GENTRA
MAB BRAIN MANCHEGA ADULT | GG SLAUGHTERHOUSE GENTRA
MAL LIVER MANCHEGA ADULT | GG SLAUGHTERHOUSE GENTRA
MYO QOVARY MANCHEGA 90 DAYS 3 CC.GG,CG SLAUGHTERHOUSE MASTERPURE
RYT TESTICLE RASA 90 DAYS 8 CC.CG SLAUGHTERHOUSE GENTRA
MYT TESTICLE MANCHEGA 90 DAYS | GG SLAUGHTERHOUSE MASTERPURE
MAT TESTICLE MANCHEGA ADULT | GG SLAUGHTERHOUSE GENTRA
MAS SPERM MANCHEGA ADULT 9 CC.GG.CG CERSYRA MASTERPURE
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PCR and genotyping

The polymerase chain reaction was performed and the resulting PCR fragments
were sequenced as in Chapter |. A promoter fragment of 495 pb was obtained,
containing |l SNPs (g.660G>C, g.601A>C, g528A>G, g.524G>T, g.522A>G,
g468G>T, -444A>G, -304A>G, -296A>G, -295C>T, -252C>G) and 4 INDELs
(g.704_705insAA, g.667_668insC, g.666_667insC, g.516_517insG). Primers used in the
PCR and PCR conditions are previously described in Chapter I.

Five SNPs had putative methylation sites, depending on their alternative
genotypes: g.660G>C, g.601A>C, g.528A>G, g.522A>G, g.304A>G.

Electrophoretic mobility shift assay (EMSA)

A double-stranded probe with the sequences of the SNPs was used to
determine the differences in binding due to genotype and methylation. Oligo sequences
are shown in Supplementary Table |. The forward oligonucleotide was labeled in 5’
with |IRDye700 (Li-Cor Biosciences, Lincoln, NE, USA) during the synthesis. We
compared cell extracts binding between genotypes and temperature culture cells. For
the competition experiments, an excess of unlabeled unmethylated probe was added
to the mix prior to the addition of the labeled oligonucleotide. Band intensities were
quantified in an Odyssey Infrared Imaging System (Li-Cor Biosciences). The inverse of
band intensity versus the excess of unlabeled oligonucleotide was represented, and the
slope of the resulting straight line indicated the affinity of each probe for the proteins

in the nuclear extract.

Nuclear extracts were obtained using the Nuclear Extract kit from Active Motif
(California, USA) following manufacturer’s instructions. Protein quantification was
obtained by Bradford method (Bradford 1976).

In vitro methylation of probes: EMSA oligonucleotide probes used to compare
methylation patterns (Supplementary Table |) were incubated with SssI methylase
(New England Biolabs, Ipswich. MA, USA) by double methylation. | pg of DNA was
incubated with | pl of M.Sssl CpG methyltransferase (4 U/ul, NEB, Ipswich, MA), | pl
of S-adenosylmethionine (SAM, 32 mM) and 2 pl of 10xNEBuffer 2 in a 20 pl reaction
volume at 37°C overnight, followed by incubation with freshly added | pl of M.Sssl (4
U/pl), 1 pl of SAM (32 mM), 0.5 pl of 10xNEBuffer 2 and 2.5 pl of water at 37°C for 4

hr, then at 65°C for 20 min. To determinate the efficiency of methylation we used
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Sau3Al and Msp]l restriction enzymes (New England Biolabs, Ipswich. MA, USA)

following manufacturer instructions.
Promoter-reporter constructs

We PCR amplified from -1449 to +61 (with the TSS defined as +1) of the ovine
HSP90AAI proximal promoter from genomic DNA. Kpnl and Xhol restriction sites
were introduced into the 5 ends of the primers to enable directional ligation into the
same sites in pGL3-Basic (Promega). The PCR products were previously cloned in the
pGEM®-T basic vector (Promega) to remove polyA generated during PCR. The
HSP90AA| promoter fragment cloned and pGL3-Basic vector were digested with
restriction enzymes, gel purified and ligated together with T4 ligase. Sequences of all
plasmids were verified by sequencing. Relevant primer sequences are presented in

Supplementary Table 2.1

Site directed mutagenesis of the genotypes not carried out by any of the
animals previously sequenced (animals from Chapter | and 3) were obtained by
overlap extension PCR and confirmed by sequencing. Primer sequences used are

shown in Supplementary Table 2.1
Cell culture

As model system, we chose human HepG2 hepatoma cell line, where HSP90a
levels and regulatory mechanisms are well characterized. They were used for in vitro
experiments and EMSA extracts. They were maintained in culture with Dulbecco’s
Modified Eagle’s Medium (DMEM, Invitrogen Carlsbad, CA, USA), supplemented with

10% fetal bovine serum (FBS) and antibiotics.

Cells were plated at 5000 cells/cm” until 80% confluence. Then media was

removed and they were washed with PBS |x to be used.

Cell culture plates were treated with two different temperature treatments.

Basal temperature treated cells were incubated at 37°C and 10% CO,

Heat stress treated cells were incubated 2 hours at 42°C and | hour at 37°C

before nuclear extract procedure was made always providing 10% CO, .
Transient transfections and luciferase reporter assay

HepG2 cells were transiently transfected in 6-well plates using jetPEl
transfection reagent (PolyPlus transfection SA, lllkirch, France) according to the
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manufacturer instructions. For transfections, 2 pg/well of each reporter vector were
used. A Renilla gene (0.1 pg) served as an internal control for transfection efficiency.
After 48 hours, cells were lysed with Passive lysis buffer (Applied Biosystems) and
luciferase activity was measured with the Dual-Glo luciferase assay system (Promega)
following the manufacturer’s instructions. Three independent experiments were

carried out for each construction and experimental condition.

For cell culture plates that were heat shock induced, were incubated 2 hours at
42°C and | hour at 37°C before cell lysis.

Bioinformatics analysis of CpG islands and identification of Short

Interspersed Elements

The nucleotide sequence surrounding the transcription start site (TSS) of the
HSP90AA| gene was explored by 3 putative CpG island softwares: Methyl Primer
Express (Applied Biosystems, Bedford, MA, USA); EMBL-EBI
(http://www.ebi.ac.uk/tools/emboss); USChnorris

(http://www.uscnorris.com/cpgislands2/cpg.aspx)

To differentiate between transposable elements and CpG islands we used the
software: RepeatMasker 4.0.5 (2014) version of Repbase 19.03 (for all species different

of human).
DNA methylation analysis by sequencing

The methylation status was determined using sodium bisulfite treatment.
Bisulphite treatment was performed with <2ug of whole blood genomic DNA from
120 different animals in control temperature, 16 of them also under heat stress
conditions, 6 from trios families, 23 samples of genomic DNA from different tissues
and 9 samples of genomic DNA from sperm using Epitect plus Bisulphite Conversion
(Qiagen, Valencia, CA USA) and EZ DNA Methylation-Gold Kit (Zymo Research,

Irvine, CA USA) following the guidelines of the manufacturer (see Table ).

Genomic DNA and DNA after bisulphite treatment concentrations were
determined using a NanoDrop ND-1000 UV/Vis spectrophotometer (Nanodrop
Technologies, Inc., DE, USA).

Due to the bisulphite treatment, DNA strands are no longer complementary
and therefore the top and bottom strands from the fragment of interest were
amplified and analyzed separately (Hajkova et al. 2002). Primers were designed
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manually with the assistance of “Methyl Primer Express” software (Applied Biosystems,
CA, USA) to replace all Cs for Ts except at CpG sites and NetPrimer software
(Biosoft International, CA, USA) to avoid possible hairpin structures and primer
dimmers and cross-dimmers. Furthermore, primers were designed avoiding CpG in
their sequence except two of them. In some cases, primer design was considered
possible non—CpG methylation (Warnecke et al. 2002). Primers are listed in
(Supplementary Table 2.2) together with amplicon sizes, Tm and PCR kits used in each

amplification fragment.

The polymerase chain reactions were carefully optimized from 150 -200 ng of
bisulphite-treated DNA (Supp. Table 2.2). The resulting PCR fragments were purified
with ExoSAP-IT (USB Corporation) and High Pure PCR Product Purification kit
(Roche Diagnostics, Indianapolis, IN, USA) and sequenced with specific primers (Supp.
Table 2.2).

Bisulphite sequencing has associated technical difficulties and potential artifacts.
This may involve the formation of stable secondary structure around the methylated
CpG site, creating a localized region of dsDNA and preventing access by bisulphate
(Warnecke et al. 2002). Accordingly, we resolved it by first, re-sequencing and second,

RFLP analysis with restriction enzymes: Tagq|l, BtsIMul and BstBlI.
Statistical analysis

Differences in EMSA band intensities were analyzed with Image | software
using the Gel Analysis method. Average intensity bands were scored as the inversed

of the most intensity band, which was used as reference.

Results from Luciferase assays were analyzed using the GLM procedure of
the SAS statistical package (SAS/STAT® statistical package) fitting a model in which
the dependent variable was the Relative Luminescence Units (LRU) obtained for
each gene and genotype in each transfection. Transfection, replicate nested to
genotype and genotype, were included in the model as fixed effects. Least Square

Means, 95% confidence intervals and t test for means comparisons were calculated.

RESULTS
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Functional study

Differences in transcribtion factor binding affinities

We investigated the formation of protein complex binding on the polymorphic
sequence of the promoter, using a purified protein assay system to elucidate the
differences in gene expression ratios. We designed labeled oligonucleotides for the
alternative genotypes of a total of ten polymorphisms. Three of them, completely
linked in the Manchega breed (SNPs g.601A>C, g.524G>T and g.468G>T), did not
show any expression differences in the previous chapter. We could confirm this fact
analyzing each SNP independently by electrophoretic mobility shift assay (EMSA) under
control and heat stress treated cell extracts. There were no differences in protein

complex binding among their genotypes, or they were unspecific.

We used the same assay procedure to evaluate g.444A>G and g.522A>G which
showed in Chapter | subtle differences in gene expression, the first one under heat
stress and the second one under thermoneutral conditions. EMSA assays in both cases
did not show any specific protein affinity to any of the alleles from those

polymorphisms.

Other LD block of polymorphisms was that constituted by g.703_704insAA,
g.660G>C and g.528A>G. In the case of the SNP g.660G>C, which has been largely
suspicious as the causal mutation of the differences in gene expression observed under
heat shock and thermoneutral conditions, EMSA suggested a difference in the ability of
g.660G>C alleles to bind nuclear proteins under thermoneutral conditions (Figure ).
Competition experiments carried out with nonspecific oligonucleotides revealed the
presence of a specific binding. The binding affinity to G, was 42 +3.7% of the intensity
of the C, allele (100%) and disappeared very easily when competing with increasing
amounts of an unlabeled C , oligonucleotide. Similar binding patterns were obtained

in EMSAs with heat shock treated cell extracts.

We performed the same EMSA experiment for g.703_704insAA, and it also
produced differences in band intensities (Figure 2) using cell extracts under
thermoneutral conditions. In this case there is also a difference in band intensities, as
the band with the double adenine insertion was 79%12% of the intensity compared to
the deletion one (100%). Then, as a glucocorticoid receptor has been predicted to

bind the sequence with the deletion allele, we made a competition with 50 excess-fold
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of cold oligo with the specific binding sequence of the glucocorticoid receptor and the

band almost disappeared with a final intensity of 33+6%.

EMSA assay for the g.528A>G did not show any specific band affinity among its

alternative alleles.

In addition, we also studied the INDELS g.666_667insC and g.667 _668insC in
combination with g.660G>C as they are only 6/7 pb away and there was oligo's length
limitation. We compared the double deletion with one and two cytosine insertions.
When cell extracts were subjected to thermoneutral temperatures the results were
surprising as the double deletion and double insertion got the same band pattern
independently of the SNP g.660G>C. We could observe that the sequence with an
insertion, had a specific band neither present in the deletion nor in the double
insertion lane (Figure 3). It seems that those proteins compete for the same sequence
and their affinity could be due to the number of cytosines present in the binding
sequence. EMSA from cell extracts under heat stress showed similar band intensities.
In this case, compared with the control band, lower affinity was observed, probably
due to the unfolding of transcription factors caused by high temperatures. In addition,
in the | (D lane, all complexes seem to disappear except the binding of a unique

protein or complex (Supplemental Figure ).
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Figure 1. Electroforetic Motility Shift Assay (EMSA) using nuclear extracts
from HepG2 cells under thermoneutral conditions. Nuclear extracts from
cultured cells were incubated with C.o-labeled oligonucleotide probe alone
(lane 2), in the presence of increasing excess unlabeled C.¢o probe (lanes 3-
10x,4-25x, 5-50x), G.sso-labeled(lane 7), G.sco-labeled with increasing excess
unlabeled C-660 probe (lanes 8-10x, 9-25x, 10-50x). In lanes | and 6, nuclear
extracts were not added.
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Figure 2. Electroforetic Motility Shift Assay (EMSA) using nuclear extracts
from HepG2 cells under thermoneutral conditions. Nuclear extracts from
cultured cells were incubated with the DD.74-labeled oligonucleotide probe
alone (lane 2), in the presence of excess unlabeled DD.74 probe (lane 3), in
the presence of excess unlabeled AA 704 probe(lane 4), the AA 704-labeled
oligonucleotide probe alone (lane 6), in the presence of excess unlabeled

DD.704 probe (lane 7), in the presence of excess unlabeled AA 704 probe(lane
8), DD.74 in the presence of excess unlabeled a canonical GR sequence
binding oligonucleotide (lane 9). In lanes | and 5, nuclear extracts were not
added.
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Figure 3. Electroforetic Motility Shift Assay (EMSA) using nuclear extracts
from HepG2 cells under thermoneutral conditions. Nuclear extracts from
cultured cells were incubated with the D.¢sgD.¢s7-labeled oligonucleotide
probe alone (lane 2), in the presence of excess unlabeled l.¢sD.¢¢7 probe
(lane 3), in the presence of excess unlabeled l.¢ssl-s¢7 probe (lane 4), the I
668D.¢67-labeled oligonucleotide probe alone (lane 6), in the presence of
excess unlabeled D.¢sD.s¢7 probe (lane 7), in the presence of excess
unlabeled l¢esl-c67 probe (lane 8), the l.gesl¢s7-labeled oligonucleotide probe
alone (lane 6), in the presence of excess unlabeled D.¢gD.¢s7 probe (lane 7),
in the presence of excess unlabeled l.¢¢sD.¢67 probe (lane 8). In lanes I, 5 and
9, nuclear extracts were not added. The green arrow indicates the binding of
a complex of proteins with more efficiency to D.¢ssD.c67 and l.sssl.67 whereas
the protein indicated with the red arrow has more efficiency to l.essD-s67.
The purple arrow indicates a protein that binds in all three possible
genotypes, even though it seems to have more preference to l.¢ssD.-¢67 as
during competition it does not disappear-.
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In vitro expression assay

Luciferase assays were performed only with those polymorphisms whose

alternative genotypes showed differences in EMSA transcription binding affinities
(Figure 5).

Results based on luciferase assays for the transversion g.660G>C showed that
the promoter containing the G, allele had a 17.6% decrease in its activity (P=0.0048)

comparing with that containing the C,, one under thermoneutral temperatures.

In the case of g.703_704insAA, luciferase activity did not show significant in vitro

expression differences between its alleles.

Meanwhile, luciferase assays involving C ,, £.667 668insC and g.666_667insC
alternative alleles, showed significant differences after heat stress treatments. Insertion
of one or both cytosines produces similar increase of promoter activation under heat
stress conditions, 28.3% (0.0114) and 30.3% (p=0.0078) respectively.

Cytosine insertions did not show differences in promoter activity under
thermoneutral conditions, which agree with the expression results showes in the

previous chapter.
HSP90AA| promoter structure and associated CpG island

HSP90AA | core promoter elements and transcribtion factors binding sites

Next, we analyzed the ovine HSP90AA| gene promoter structure. Based on
Ovis aries HSP90AAI sequence (DQ983231.1) a CpG island (CGIl) was predicted
associated with the 5 promoter region according to Gardiner-Garden and Frommer
criteria (Gardiner-Garden et al. 1987) (ie GCm>50% and y value> 0.6, the intervals are
of 200bp; Figure 6) .

The CGI is enriched with putative consensus motifs of nine Spl (Mé:
GGGCGGR) binding sites, two ELK-I (M3:SCGGAAGY) binding sites (one of them
coincides with the Heat Shock Element HSE sequence) and one M22 (TGCGCANK)
(Fig.7). These transcription factor binding sites are around the core promoter

elements that would be bound by related transcription factors.

As a result we could confirm the presence of a CGIl along with the previously
described TATA-box (Marcos-Carcavilla et al. 2008). Methylation analysis by bisulphite
sequencing allowed us to define the limits of the CpG island: -745 to +1445 respect
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putative TSS, therefore, the CpG island has a length of 2199bp and includes BRE,
TATA-box, Inr, TSS (A,)), the first three exons, the beginning of the fourth exon and

three introns (Fig.8).

Those promoters with CGl and TATA-box structure are so-called hybrid
promoters (Carninci et al. 2006, Deaton et al. 201 1). The core promoter of HSP90AA|
has a regulatory upstream promoter element (HSE), a consensus TFIIB recognition
element (BRE) motif which is followed by a canonical TATA-box (TATATAAG). They
are located precisely at -89, -39 and -30 relative to the A, (TSS), respectively.
Downstream, the core promoter contains the consensus Inr motif, which includes the
TSS (A, and positioned relative to TATA-box in a “synergistic configuration”
(O'Shea-Greenfield et al. 1992). Furthermore, a putative downstream core promoter
element (DPE) consensus sequence at position +48 was found. This finding suggests

that HSP90AA| gene promoter is DPE-less because of the big distance from the Inr.

Allele-specific DNA methylation pattern in blood

Allelic alternation of 5 SNPs of the promoter sequence could lead to methyl
CpGs (660G>C, g.601A>C, g.528A>G, g.522A>G, g.304A>G). However, only one of
them (g.660G>C) in its G, allele form, creates a cis-regulated allelic-specific
methylation (ASM), .G, and it is flanked downstream by other non-polymorphic
methyl CpG site at position g.632 relative to the HSP90AA| TSS(A,,) (Fig.8). Bisulphite
sequencing results showed that for the SNP g.660G>C the genotype CC,,, was
unmethylated, CG,,, hemi-methylated and GG _,,, methylated.

To check whether there were differences in methylation patterns in blood
DNA control versus heat stress and if methylation segregates between sexes 16
animals and two family trios were analyzed, respectively. The trios genotypes for the
g.660G>C SNP were: |) {CC x ¢ ..G,..G= C.G; 2 JC,.G x YCC = C_G

(Extracted from trios used in Chapter |.

ASM in DNA from blood was independent of temperature existing when

collection and independent of parental origin.

We found 5 hemimethylated CpG sites (5° CpG island boundary) immediately
upstream g.660G>C (methylated according to their alternative genotypes) and 2
hemimethylated site immediately 5’ to the first methylated CpG site (3’ CpG island
boundary) (Fig. 9).
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Figure 5. Luciferase Assays for several polymorphisms at the HSP90AAI
promoter. Each alternative allele was transiently expressed in HepG2 cells
for luciferase assays. Firefly luciferase activity was normalized to Renilla
luciferase activity. Data are represented compared to pGL3-Basic and the
means SD are for at least 3 replicates. A. g.660G>C alternative alleles under
thermoneutral conditions. B. g.703_704insAA alternative alleles under
thermoneutral conditions. Ns: non- significant C. g.667_668insC and
g.666_667insC alternative haplotypes under thermoneutral conditions. D.
g.667_668insC and g.666_667insC alternative haplotypes under heat stress.
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Figure 6. Graphic representation of ovine HSP90AA| gene CpG island. X
axis: bases pairs. Y axis: % GC. (From: The Sequence Manipulation Suite:
CpG Islands http://www.bioinformatics.org/sms/cpg_island.html). Putative
CpG island of HSP90AA| gene spans core promoter elements, exons |, exon
2, intron | and intron 2 (see top of the figure).
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Figure 7. Description of the HSP90AA| promoter CpG island motifs. HSE
(purple), BRE (blue), TATA-box (pink), TSS(A+i) (grey) at Inr (yellow), Mé
consensus motifs (Spl) binding sites (i.e. GC-boxes) (grey), M3 consensus
motifs (ELK-1) (green), M22 consensus motif (red) and DPE motif(olive
green) are highlighted.

GGACTGGACCCCTCACCCCGGCTTTGATCCCCTAAGCGCGGCCTCAAGGCTCGARACCTAGCCC
CAGGCCCATAGGCGGGGGGTCCCGAT GCT GGGEGGATCCGGAGCGCACACTATC TGGGGACACG
CTTGAACCACCGAGAGTTTACTTTTCTGGACTTCCCAGAGCTGCTGGCACGGGCGATCAGCCCC
CGGGGCCTGGACAGAGGTTTGGGTCGGGGGAGCGTTAGGC CGACGCGCGCCARGCGGGGTTGGC
GGGCCAGCGGTGTGAGGCCGGCGGEEGCGCAGAACGC CGCGCGCCGGGGTAGGTAGGGCTGGGAR
CGGCGGCAEEEEARGECGCGAGACCCGCCGGAACGCTCCGGATAGCGCAGGCGCACTGCGGCGG
GCGCGGGCACGCTTGGCAC GCAGGCGCCC TGAGGCGTGGGAGC GCGCGGCGCGGCCCCGAGGAG
ccrccaciiEEBREElcCAGGCGCGCGGCCGL TCCGGCGGTTGGGGAGGGTTI

GGAGGCTTCTGGAAAAGGCGCCGCGCGCTGGECGEGGCCCGCCT C
GGCGGCGCGGEGGCGECGCGCCAGTTGCCTCTGCGTCCCGGTGCTGCGTCGCTGCGGAGCCC
GTGCT-T CAGCCAAGGT GAGGGGAGGCGGTT GTAGGGGGACGCGGGGAT CCACGGGCGE
GTGGGCGGCGGCGAGGGCAGCCCCCGGAGCCCCCTGAGGCCGGCGGGCCCGEEGCGGCCGTGAT
TAACCCGGTAGGCCTCGGGCCTGCGGCGGTCTCCCGTCCCCTCCCCCCCGCCCTCCCCCCGLCG
TCGGGAGCGAGT GGGCCCCGGGEGCTCCGGGGETCGTGCGGGEATGGTGAGGGCCGGGGT CTGCGEC
CCCGGAGGGGGGTCCCCGGGCCGLGGETGGGEECGECCCGEGECCGAGCGECEGCCGEGTGCEGGCCGG
CGTGGGCGGCEGCGGCAGCGGCGECGCCCGGCCCCCGGAATGAGGTCATCCTTTGTCAGCCGGEC
GCCTCCCGCGCGCCCCGGT CTCGGGAGCGGGAGCGAGACGCGGCGGGGAGGEGGTCC

Figure 8. HSP90AA| methylation analysis by bisulfite genomic sequencing
(Primers are in light grey). Exons are dark grey shaded. CpGs of the CGl are
highlighted in green and the CGlI limits in blue: -745 to +1445 respect
putative TSS(A+i). Uncertain methylated CpGs are in yellow. Some core
promoter motifs are depicted: BRE is double underlined, TATA-box simple
underlined and TSS (A+|) at the Inr highlighted in pink. meG.s¢o and g.632
methyl-CpG are circled.

ggagaattcgggactgtgtccocttitaacattcoccggegecacegotcoccocctgocttyggegoaategggcctaaggyacaggacga
gtcecccatactggagtgoegggggaatgytggtttgttccagggoccacoctotygttcagaaccagcegaatagacccaggaggotot
ggagttcococtoctgctoocococctgcacacaggotgytcaccocctggotcacagacegoctgocaccoccacaaccaggotggygototgage
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Figure 9. Graphic representation of the HSP90AA| CGI methylation pattern
across different tissues.

MCAB: Manchega Control Adult Blood; MHSB: Manchega Heat Stress Adult Blood; RYH:
Rasa Young Heart; MAB: Manchega Adult Brain; MAL: Manchega Adult Liver; MYO:
Manchega Young Ovary; RYT: Rasa Aragonesa Young Testicle;, MYT: Manchega Young
Testicle MAT: Manchega Adult Testicle; MAS: Manchega Adult Sperm. Numbers in the
top of the table indicate the position of the CpGs. CpGs from 22 to 154 are unmethylated
(not shown in the figure). The signs at the bottom of the table indicate positions at the
promoter region of the gene, exons (E) and introns (1).
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Differences on the epigenetic mark patterns

To elucidate how the epigenetic mark patterns could change between tissues
and ages we have compared brain, liver, testicle and sperm from adult rams and heart
and testicle from young animals (90 days). Reverse strand was amplified and analyzed
separately in two fragments (51 Ibp and 418bp) to encompass the promoter region.

ASM pattern in the complementary strand was confirmed in all tissues (Hajkova et al.
2002).

Differences on the epigenetic mark patterns in several tissues

According to the bisulphite sequencing results, the same border 5' CpG island
DNA in heart, brain, ovary and blood were shown. In every tissue, except adult
testicle and sperm, there were promoter allele-specific hemimethylation of the GG,

genotype. Regarding epigenetic marks on the gene body, germ cells (young ovary and
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young testis) were free of epigenetic marks in exon 2, intron 2 and exon 3, in contrast,

liver and brain had epigenetic marks that extended part of exon 3.

Differences on the epigenetic mark patterns in two stages (young versus adult)

To examine whether there were differences in the epigenetic mark patterns
between different ages, we have compared testicle from adult and young (90 days)
animals and sperm from adults. We have shown a progressive loss of promoter allele-
specific methylation with cell differentiation. Moreover, all epigenetic marks
disappeared at the promoter of both adult testicle (where the predominant cells are
spermatozoa) (Oakes et al. 2007) and mature sperm. In addition, we saw a progressive
increase of epigenetic marks in the gene body of these tissues also linked with cell

differentiation stage (Fig.9).

Transcribtion factor binding affinities involving methylation

As above mentioned, g.660G>C creates a cis-regulated ASM. When the G,
allele is present, it forms a CG group where the cytosine can be methylated (.G )
To investigate if this methylation could interfere with the binding of transcription
factors, we performed an EMSA to compare allele G, vs. .G, VVe observed that
there was no difference in transcription factor binding pattern even though it seemed
to have more initial binding affinity to .G, (Fig.10). However, when the methylated
oligo containing the G, allele was competed with 50-fold excess of cold oligo of any
of both alleles, there is the same degree of decrease in the intensity of the bands,
which indicates that there was no difference in binding complexes with or without
methylation. We also designed a long oligonucleotide (60pb) where two methylations,
one in the CpG site formed by the G, allele and other at the g.632CpG, were
included. Even though, due to the length of the oligonucleotide, undesirable secondary

structures were produced and EMSAs assays were not conclusive (data not shown).

DISCUSSION

The present study was based on previous expression results obtained in the
previous chapter that was limited by the high co-segregation of the polymorphisms
studied. We could finally distinguish which of the polymorphisms of the linked block
already selected as candidate, has some weight in the transcription mechanisms causing

differences in expression. In the previous chapter, expression rate changes were
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associated with alternative genotypes of one of three polymorphisms (g.703-704insAA,
g.660G>C and g.528A>G) that were identified to be completely linked at least in
Manchega breed.

Even though qRT-PCR is a strong, simple and widely used technology has some
limitations. In our case, it was impossible to distinguish which of those three
polymorphisms, was the one responsible of expression differences mainly under basal
conditions. Besides confirming the g.667_668insC role under heat shock conditions,

the possible implications of an additional INDEL (g.666_667insC) have also emerged.
In vitro expression

In this study, and based on the knowledge that mammalian transcription factor
binding sites are well conserved, we could probe the direct effect of the different
polymorphism along the HSP90AA| ovine promoter. Functional studies performed in
the present assay have shed some light on the true responsible of the differences in the
promoter activity, already confirmed by quantitative expression assays. We have
observed in vitro two INDELs, g.666_667insC and g.667_668insC, that produce high
differences in gene expression under heat stress conditions. It is also true that SNP
g.660G>C has somehow a role in gene expression activity, both under basal and heat
stress conditions confirmed by qPCR studies and in vitro assays. As it has been
previously explained, even small differences in activation of this gene, can cause great
differences in the overall equilibrium of the cell homeostasis as HSP90 is one of the
most abundant proteins in the cell (Taipale et al. 2010). So, changes in the expression
rate during thermoneutral temperatures can also be essential to cope with other type
of stresses not directly related with temperature (Sud et al. 2007, Han et al. 2009,
Yang et al. 2011, Kim et al. 2013b, Tian et al. 2014). Both polymorphisms,
g.703_704insAA and g.528A>G, completely linked in Manchega rams to g.660G>C
have no real effect in the expression differences observed under thermoneutral or
heat stress conditions. In fact, even though, g.703_704insAA had been hypothesized to
could have somehow effect in the expression rate due to the glucocorticoid receptor
binding, this fact has not been confirmed as no differences in the luciferase assay was

found between alternative alleles.

In addition, we have found that two cytosine insertions are the responsible for
the high upregulation of the gene as response to heat stress. Nonetheless, both
insertions are not essential, as we have observed that the addition of a single cytosine

(l¢esD¢e7) is enough to cause higher gene expression levels (28.3% more than D (D ;)
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under heat stress. The addition of an extra cytosine (ll¢;) in this sequence has

similar effects, only lightly exacerbated (30.3% more than D-,D ;).

Hsp genes inducible expression is regulated by the heat shock transcription
factors (HSFs) that exist as inactive proteins mostly in the cytoplasm. In response to
physiological and environmental stimuli, heat stress in particular, these proteins bind to
the promoter targets sequences (HSEs) triggering transcription of heat shock genes
and the formation of heat shock proteins (HSPs) (Morimoto 1998, Pirkkala et al. 2001).
Besides HSE, there are a number of promoter sequence structures involved in

regulating HSP90AA | gene expression.

The transcription from TATA core promoters occur from a single site or
localized cluster of sites, in contrast to transcription from CGI where it is initiated
from multiple transcription binding sites (e.g. Spl). HSP90AA| promoter has a hybrid
structure, a TATA-box with CGI, which could result in a dual behaviour of the gene
transcription: TATA-box+ Inr (synergistic configuration) and HSE, in a single core
promoter can direct “strong transcription” initiation under heat stress. In addition to
that, CGl may also function in concert with the “basal transcription” factors to
mediate transcription initiation with or without heat stress stimuli (Butler et al. 2002).
Furthermore, from the ontological point of view, HSP90AA| promoter also has dual
behaviour with specific biological functions: TATA containing genes are more often
highly regulated, such as by biotic or stress stimuli, in return, TATA-less promoter
and/or associated with CGI are frequently involved in basic housekeeping (HK)
processes (Basehoar et al. 2004, Kimura et al. 2006, Yang et al. 2007). Dual behavior
means that HSP90AA| gene is more inducible than its constitutive counterpart
(HSP90ABI) for two reasons: |) Although HSP90ABI has a non canonical TATA-box
associated with CGIl has neither Inr nor HSE and 2) HSP90AB/ is much more stable
than several commercial HK tested in a previous work (Serrano et al. 2011)) and in

Chapter |I.
Cis-regulated allele-specific methylation

We have previously shown that g.660G>C alternative alleles are associated
with expression changes in blood. Gene expression in animals carrying the GG,
genotype was reduced relative to those carrying the CC ,, one (Chapter |). Bisulphite
sequencing confirmed the presence of one cis-regulated ASM caused by this
transversion, which is flanked downstream by other non-polymorphic methyl CpG site

at (g.632 methyl-CpG) in 120 peripheral blood samples.
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As we have shown during this study, SNP g.660G>C can be target of epigenetic
modifications. The effects of methylated CpG on gene activity are based in two general
mechanisms that contribute gene silencing. Either methylation at promoter specific
sites prevents the binding of the transcription factors, or methylation attracts methyl
binding proteins (MBPs) (Nan et al. 1997). To investigate whether methylation CpG
created by the transversion g.660G>C interfere with transcription factors binding, an
EMSA assay was performed. As shown in Supplementary Figure | no differences in the
intensity of bands in the EMSA performed to compare methylation vs nonmethylation
were found. This means that, if a transcription factor binds this DNA sequence could
do it independently of the methylation existence. The methylation profile, at least in
this point, seems not affect protein binding. However, the repression effect of
methylation, can act without altering the binding of transcription factors (Salvatore et
al. 1998). Thus both mechanisms, methylation repression and TF binding are
independent processes that only in few cases are directly correlated (Medvedeva et al.
2014). Thus a MBP, primary factor in most cases, can act as indirect repressor without

altering the binding of transcription factors (Nan et al. 1997, Salvatore et al. 1998).

The identification of methylation-dependent transcriptional repressors is
determined by the detection of proteins with affinity for methylation (Nan et al. 1997).
MeCP2 is an abundant MBP with high affinity for a specific DNA sequence. It depends
on the density and location of methyl-CpGs in gene promoters and interferes with
regulatory components of the transcription complex (Nan et al. 1997). The sequence
fragment spanning from g.660G>C to the methyl site at position g.632 could constitute
two putative MeCP2 binding sites for several reasons: (i) the fragment is found in the
gene promoter; (ii) methyl-CpGs are symmetrically (bottom strand was tested by
sequencing); (iii) CpGs have adjacent A/T motifs (minor groove of the DNA double
helix); and (iv) the distance between 2 methyl-CpGs needed for the binding of two
MeCP, must be greater than 12pb (Nan et al. 1993, Klose et al. 2005) (Figure 10). On
the basis of the sequence characteristics and the results obtained in the EMSA assays

we can hypothesize that MeCP2 could indirectly repress transcription at this point.

We also saw that ASM was influenced by DNA sequence in different tissues,
ranging from complete association of methylation and genotype in peripheral blood to
non-existent or incomplete association of methylation and genotype in sperm and
other tissues, respectively. Moreover, g.632 methyl CpG disappears in adult testicle
tissue and sperm. We have enough data to confirm that g.660G>C ASM is tissue-type-

specific and dependent on cell differentiation (i.e. testicle tissues at different ages).
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An important question is whether the apparition of g.660G>C eliminates a
methylation site (wild allele would be G ;) or it creates a de novo methylation (wild
allele C ). We suggest the latter is the correct choice because cytosines are highly
mutable to thymine in CpG dinucleotides (Coulondre et al. 1978) so it is unlikely to
lead to a guanine mutation. Moreover, the C, allele is the most common one in 31

sheep breeds, goats and other species of wild ruminants analyzed (See Chapter 3).

Allelic alternation of another 4 SNPs from the promoter region could lead to
methyl CpGs g.601A>C, g.528A>G, g.522A>G and g.304A>G and to be functional cis-
regulatory variants, the first one, by disrupting a CpG methylation site and, the other
three, by creating a CpG methylation one. However, none of them are methylated in

the genotyped tissues.

Figure 10. Possible mechanisms of transcriptional repression by MeCP2 (Adapted
from (Wade 2005)). Interaction of MeCP2 with two methylated DNA sites results in
local recruitment of chromatin-remodeling machine. This factor alters histone-DNA
contacts. Furthermore, histone deacetylation by HDAC and histone methylation by
HMT facilitates formation of repressive chromatin conformation and therefore,
contributes to transcriptional repression.
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Tissue-specific CGl epigenetic marks pattern

HSP90AA| associated CGI is constitutively unmethylated (Feltus et al. 2003,
Bock et al. 2006). It shows a differential degree of DNA epigenetic marks at the body
gene and allelic-specific methylation across several tissues and development stages.
These results could determine a functional role in the epigenetic control of gene

expression (Meissner et al. 2008, Previti et al. 2009). However, in our case, serious
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doubts are raised about correlations between changes in expression and epigenetic
marks and between epigenetic marks and the tissue-specific gene expression. Firstly,
analysis of CGIl epigenetic mark patterns have been based on the use of DNA
bisulphite sequencing technique and restriction digestion which do not distinguish
between 5-methyl cytosine (5mC) and 5-hidroxymethyl cytosine (5hmC) (Huang et al.
2010, Jin et al. 2010, Nestor et al. 2010). Secondly, we could not yet perform ad hoc
tissue-specific expression studies. Finally, DNA epigenetic mark patterns of the entire
gene are still not available. Anyhow, previous works of tissue-specific transcripts and
RNAseq expression of ovine and human HSP90AA| gene is fully available online
(http://www.ensembl.org/Ovis_aries) (http://www.ensembl.org/Homo_sapiens)
(Fig.11). Accordingly, these disadvantages allowed us only to make descriptive and
comparative studies of CGIl epigenetic mark patterns without going deeper into the
study of other epigenetic modifications (e.g. histone modifications): (i) 5hmC is present
at the promoters and intragenic regions while 5mC predominates in intergenic regions
(Jin et al. 201 1); (ii) significant differences of 5hmC distribution in different tissues were
observed (e.g. Brain> Liver >> Heart) (Li et al. 2011); (iii) these molecules have
potentially different roles in the epigenetic regulation: 5ShmC is associated with the
body of transcribed genes and positively correlated with transcription levels (Nestor et
al. 2012) whereas 5mC at gene promoters is involved in transcriptional repression

(extensively documented e.g. (Jones et al. 2001, Klose et al. 2006).

Tissue-specific differentially methylated (methylated or hemimethylated) gene
body regions may be associated with expression (Rakyan et al. 2008). The potential to
suppress transcriptional noise or repress spurious transcription (Huh et al. 2013),
interfere with transcription elongation (Lorincz et al. 2004) and repress the activity of
intragenic promoters (Maunakea et al. 2010) have been described. However, the
functional relationship of the gene body (intragenic regions) epigenetic mark patterns

with gene expression is not clear.
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OVINE HSP90AA1 TRANSCRIPTS

Figure 11. Tissue-specific transcripts from ovine and human HSP90AA|
gene. Only tissues here studied and their reverse strands are shown. The
arrow indicates the direction of transcription. Pl, P2 and P3 indicates the
type of alternative promoter. Graphical representation of tissue expression
with RNAseq total alignments (number of alignments + alignments omitted)
respect to total alignments of liver (tissue with the least number of
alignments)  (available at  http://www.ensembl.org/Ovis_aries  and
http://www.ensembl.org/Homo_sapiens).

EXPRESSION

somis [ AN .

Ram testesRNASeq (B e e | P ++ 4+ +++
HUMAMN H5P90AA1 TRANSCRIPTS EXPRESSION
. = N E R R R R R
B NN E . -

— § R
i B F B R R
pewre [ EE-EE-EEE IS . -

Our results suggest that there might be a relationship between different gene-

body DNA epigenetic mark patterns and gene expression. Markedly different

epigenetic profiles, such as liver and sperm (ram testes), obtained the lowest and the

highest gene expression, respectively (both ovine and human expression data) (see

Figure |1). Epigenetic mark changes (increase or decrease) in a particular tissue, can

compromise gene expression in that tissue specifically (Hellman et al. 2007, Rakyan et

al. 2008). Other phenomenon observed in this chapter, are testis and brain differences

in their epigenetic profiles. Identical gene body epigenetic mark profiles and different

gene promoter epigenetic marks profiles showed different expressions: highest gene

expression in ram testes and mid-level gene expression in brain (both ovine and human

expression data) (see figure 13 and Supplemental table 3). For the opposite case,
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different gene body profiles and identical gene promoter profiles of ovary and blood
tissues (only for genotype CC,, and CG_,,) showed less difference in the expression
levels (only human expression data) (see Figure 13). These results confirm previous
genome-wide studies that showed a small positive correlation between gene body

epigenetic marks and gene expression (Rakyan et al. 2008).

The functional diversity of genes generating such expression complexity is also
based on alternative splicing (AS), alternative promoters (AP), AS and AP combination
and their epigenetic regulation. AS produce different specific transcripts which are
translated into diverse proteins with different functions and structures (Black 2000,
Kimura et al. 2006). The use of AP helps to regulate and increase the transcriptional
complexity of the gene (Landry et al. 2003, Kimura et al. 2006). Characteristic
epigenetic patterns in intragenic regions, around exons and exon-intron frontiers,

regulate tissue-specific expression from AP.

On the basis of the results obtained in previous works of tissue-specific
transcripts of the ovine HSP90AA| gene published online (Fig.1 1) we identified three
independent positions of TSSs, therefore, three alternative promoters. Two of them,
Pl and P2, have a common downstream exon, two TSSs and have the same open
reading frame (ORF). Pl is active in ovary, cerebrum and liver, whereas P2 is active
exclusively in heart (from tissue data available). The last one, P3, active in testes,
contains a TSS in half of the exon 5 and one alternative ORF. Furthermore, AS from
HSP90AA| gene generates five transcript isoforms and three protein isoforms in a
tissue-specific manner (Fig.11). These observations support the evidence viewed in
other species that alternative promoters regulate the products of alternative splicing

processes (Pecci et al. 2001).

Although HSP90AA| has its highest expression in brain and testis tissues
(Csermely et al. 1998) we cannot consider it a tissue-specific gene, since its promoter
structure is CpG rich, typical in HK genes (Meissner et al. 2008) and its ubiquitous
expression (Liu et al. 2014). Instead of that, when the CGIl promoter is active (non-
stress conditions), gene expression regulation is tissue-specific favoured by the
connection between AP, AS and epigenetic marks. The effect is manifested as
alternative splicing in a tissue-specific way, where in our case testicular and brain tissue
transcripts are clearly different. When considering tissue-specific differentially
methylated regions, we saw that they are associated with intragenic regions included

within CGls. The majority of the tissue-specific differentially methylated regions were
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located in both introns and exons of the sequence here studied: E2, 12, E3 and I3
(Fig.9). The relationship between those regions and splicing patterns when comparing
sperm respect other tissues is defined as “negative” regulation because relative
increased epigenetic marks seem to be associated with exclusion of several exons (El,
E2, E3, E4 and part of the E5). On the contrary, a “positive” regulation seems to occur,
in our case when comparing the other tissues, as those marks seem to be associated
with exons inclusion (Fig. 9) (Wan et al. 2013). These mechanisms involving TFs
(Supplementary Table 3), other DNA-binding proteins and their corresponding
sequence motifs containing CpGs are likely to regulate splicing synergistically with

epigenetic marks (Shukla et al. 2011, Wan et al. 2013).

As was previously described in human (Grunau et al. 2000) concerning CGI
patterns across tissues and individuals, in this work differences in CGI epigenetic mark
patterns between tissues of one individual and same CGl epigenetic mark patterns in

identical tissue types from different individuals have been observed.

Additionally, our findings show different methylation patterns from the same
tissue at different ages: young testicle (different cell types) versus adult testicle (the
predominant cell is the spermatozoid). This phenomenon may be due to differentially
expressed genes of each cell type during the spermatogenesis phases (Dormant
Spermatogonium, Spermatocytogenesis, Meiosis and Spermiogenesis) and the
epigenetic mechanisms implicated in the regulation of the process. This agrees with
normal development and control of sperm-specific gene expression. In addition, genes
that are expressed for the overall functioning of the cell (e.g. HSP90AAI) at initial
stages have different epigenetic profiles regarding later stages (Grunau et al. 2000). In
our experiment (see Fig. 9), the lack of epigenetic marks at the HSP90AAI CGl in
sperm and adult testicle versus young testicle confirms that this CGl has not a
functional role in the epigenetic control of gene expression at later stages of

spermatogenesis.

Moreover, two fragments from Short Interspersed Elements (SINEs) were
identified. One of them had 35 bp at the intergenic region studied, which is quite
analogous to the 3’ Bov-tA2 or SINE2/tRNA of ruminants (212bp) and the other one
had 50 bp in the third intron of the HSP90AA| gene which has some analogy with MIRc
SINE2/tRNA of mammals (268 bp) (Data not shown). The insertion of mobile elements
near the transcription control regions contribute to the control of gene transcription.

Bov-tA2 or SINE2 / tRNA of ruminants could be a good candidate as an alternative
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transcriptional regulator mechanism if the entire sequence is found in this region (not
yet sequenced). Anyhow, the exact transcriptional control of this intergenic SINE

found remains still unknown.

We have described the epigenetic pattern shown in different tissues from
young and adult animals. We have not discovered the cause that produces this
epigenetic changes present in the ovine HSP90AA| promoter. Moreover, it seems not
probable that these modifications are due because of the heat. We need to continue
focusing in the specific environment where these animals are reared and contribute to

these epigenetic changes.

Taking into account the results obtained, it is suggested that the transcription
of the HSP90AA| ovine gene is regulated by a cooperative action of transcription
factors (TFs) whose binding sites are polymorphic but the influence of epigenetic
events should be also taken into account. At least under thermoneutral conditions
where the CGI promoter is active and g.660G>C role has been highlighted. These new
findings get us closer to the principal responsible of the differences of the expression

profile that carries out important consequences in sheep.
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INTRODUCTION

Caprin evolution during the Pleistocene was a series of pulses of rapid
speciation followed by longer periods of gradual change and adaptation, sometimes
accompanied by extinctions (Shackleton 1997). The Subfamily Caprinae includes a
widespread and diverse group of ungulates (hoofed mammals) that are most extending
from the arctic to the equator. They are present in three continents including 70
different countries. Wild Caprinae were the ancestors of two of the most important
species of domestic livestock - domestic sheep (Ovis aries) and goats (Capra hircus).
Present day populations of wild Caprinae represent a potential source of knowledge of
adaptation genetics which can be used to improve or adapt current domestic breeds

to less productive conditions (Shackleton 1997).

Sheep was one of the first species to be domesticated due to its small size,
docile behavior and high adaptability to very different environments. This
domestication process must have involved a genetically broad sampling of wild stock
and also the persistence of cross-breeding with wild populations following the initial
domestication events (Kijas et al. 2012). Domestication pressure over animal’s life had
as consequence that natural selection loosed impact over their biological fitness giving
up the turn to artificial selection imposed by humans over productive traits (wool,
meat, milk). However, sheep is one of the livestock species with less intensive
management systems and therefore, could have retained some genome footprint in

genes related to adaptation to different environments from its wild ancestors.

Climatic factors like temperature and humidity play an important role in
determining species distributions and they likely influence phenotypic variation of
populations over geographic space (Hancock et al. 201 1). Such variation can reveal the
action of natural selection when it is correlated with variation in environmental factors
over multiple independent geographic regions. Correlations between phenotype and
environment may be revealed at the level of individual genetic polymorphisms, where
at some loci, allele frequencies strongly differentiate populations that live in different
environments (Coop et al. 2010). Such correlations can arise when selection pressures
exerted by the environmental variable are sufficiently divergent between geographic
locations, such that differences in allele frequency can be maintained in the face of gene
flow (Lenormand 2002).

Several studies have examined the distributions of genetic variants in candidate

genes for traits that vary with climate. Candidate gene approaches in humans as well as
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in several other species support roles for selection at genetic variants that underlie
phenotypic variation. For example, in humans, candidate gene studies have yielded
evidence that variants involved in sodium homeostasis and energy metabolism are
correlated with latitude and climate (Hancock et al. 201 I) and those related with type
2 diabetes and obesity are strongly correlated with climate variables (Hancock et al.
2008). Also a decrease in the frequency of variants implicated in salt sensitive
hypertension had been correlated with increasing distance from the equator
(Thompson et al. 2004). In Drosophila melanogaster, variants involved in circadian
rhythms, aging and energy metabolism were correlated with climate (Sezgin et al.
2004), in Arabidopsis thaliana, variants associated with flowering time were correlated
with latitude (Stinchcombe et al. 2004), and in pines several genes contain variation
were correlated with temperature (Grivet et al. 2011). In addition, evidence of
selection related to climate has been shown in Drosophila melanogaster (Gonzalez et al.
2010), Fagus sylvatica (Jump et al. 2006) and Pinus taeda (Eckert et al. 2010) analyzing

hundreds of transposable elements, AFLPs and nearly 2000 SNPs, respectively.

The heat shock response is among the most important and ubiquitous fact in
nature. Heat, both quantitatively and qualitatively is one of the best inducers of Heat
Stress Proteins (Hsp). However, there are only few publications on the role of Hsp90
function in species adaptation and survival under extreme conditions (Arad et al. 2010,
Jarosz et al. 2010, Reddy et al. 201 I). In addition, it has been exposed in Chapter | and
2 differences in the HSP90AA| transcription rate depending on genotype combination

of some polymorphisms located at its promoter-.

This chapter has the aim to: 1) study the relationships among the frequencies of
Il polymorphisms located at the HSP90AAl gene promoter and climatic and
geographic variables of locations where 3| sheep breeds from Europe, Asia and Africa
are reared. 2) Study the HSP90AA| promoter sequences in 9 species of the Caprinae
and in 2 species of the Bovinae subfamilies to determine polymorphisms history and to
contribute to elucidate the phylogeny of one of the most controversial subfamilies of

the sub order Ruminantia.

MATERIALS AND METHODS

Animal material, nucleic acid isolation, DNA amplification and SNPs

genotyping.
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Animals from 31 sheep breeds from Europe, Asia and Africa and from several
species of the Caprinae (9) and the Bovinae (2) subfamilies constitute the biological
material of this work. Tables | and 2 show breeds, species, number of animals from
each breed and species, location, country, continent and climatic and geographic

variables.

Peripheral whole blood samples were collected in order to analyse Il
polymorphisms of interest located at the HSP90AA| promoter. Polymorphisms
genotyped were: g.703_704insAA; g.667_668insC; g.666_667insC; g.660G>C;
g.601A>C; g528A>G; g.524G>T; g.522A>G; g.516_517insG; g468G>T; g.444A>G.
HSP90AA| promoter sequencing was done following the same procedure and primers

as in Chapter |I.
Polymorphisms characterization and linkage disequilibrium estimation

PLINK software (Purcell et al. 2007a) was used to estimate linkage
disequilibrium among all pairs of the || polymorphisms measured as r* in the whole
sheep data and in each breed separately. Hardy-Weinberg equilibrium exact test,
observed and expected heterozygosities for each breed were also calculated using
PLINK.
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Table I. Sheep breeds, locations, countries and continents of origin and

climatic and geographic variables*.

"(ww 000z <=AA dwep Liaa wwEOZ-000 | =Q dwep ‘wwQ |-00§=AS dwep 1was ‘wwoQg
-0SZ=VS PIME IWas ‘WwOGZ-0=V Ple) 2dA1 a3BWID = A ] D {SS2JIS 1B DIDAS DWRUNIXI=|H| <9'GT SIS 1BIY DU9AIS=9'GT>|H L <E €T ‘SS2.438
1e9Y 21IPPOW=E ET>IHL<T'TT ‘SS31S 183Y 92U3Sqe=7"TT>IHL "001/% Ul AUpIUNy SANE[RI = HY ‘D, Ul dmeladwal = | (£00T [e 39 eel)

B 1-DeL)X(HY 1 €07 1€70) — Dol = IHL (£00T [e 32 Ieaely) Xopul Apiwngy samesadwa | =|H1 (%) Apiwny sAne@. wnwiuiw = 14H:(%)

AIpiwuny aAlE[d WNWIXeW = X|WJH!(%) AMpIwny [enuue a8eJaA. 9ANER = VJH {[[BjUled WNWIUIW = YI|] {|[ejuled WNWIXEW = YX|\| ‘|[ejure.
[enuue €103 = YV 1 ‘YIpm [ewadayi=(1 eNJIW-LEXVIN) AL ‘24niesadwa) [enuue a8edaAe=| Ny ‘Jnjesadwa) a8eaaAe wnwiuiw=| eN|iA
‘yauow 1s9M30Y 93 Jo aumesadwsl wnwixew=wy] | 9Jnresadwal 98essAe wWNWIXeW =] eX Y| OpMmISuo|=N QO OpMie=1 V1«

as  vEYT £9  Si 69 § 901 ¥S9 @€l T8I TOE  #ST W0El 694LE 67 adoung Ay ouey apPA 32139 3P 3IBA
as  s§IT &k T 79 ¥ £S1 £69 &B/I L4 ITE STX (A -1 9T Bsy SOy awiz| 75 28{e8
vS ETET £5 AL S9 SI 8E ¥IE 181 9F¥I SE ¥ 10°1- 991¥ v adoung uredg ezodeiez v esaucdesy esey
as 1z 09 T8 &% TH S6& k69 TIT 11 £8T LT PHOT ¥R 6T adoang BIAIG opeiBRg  LVYd EjuIweLy
as sl T4 8 08 €££ S6 6.9 TTT 98  Of €6l vEIT 86K 0f adoung puBjogd  EAOIEID 1o BISMIO
VS 66T Wb 6L €9 & IS [9€ 161 SEI  8E I'+T SEl-  S6BE 09 adoung uredg Reqly  HONW e3auuel)
¥s  1IPT SE 9L iS5 ¥ 59 88k VLI %I 6E 95T 9 6T6E 67 3doang uieds $34338D EN] ouLaLy ysiuedsg
LA 7T A < A ¥ 1 & 011 TOT &8l OF S6T &9 £60F 9T LY 0D2040L) INETELIEND NV ueLL,q
as wel 1L B8 SL T 68 TBL FFRI FIL OF 161 £LT- 88TH It adoung ureds BLIOWA X Bar]
as T9sl S92 16 08 0f 16 OF® LST 9T 0T LS LIET 1€T9 0€ adoung pugjuy  Bpfseadf 1 daaysuuly
as 9TeEr 9 8l L 91 811 904 &8I ¥kl £0O£ 1+ 6T 1'% a1 Bisy Aaan | esing A HIDUATY
as 8617 S9 6L TL 6L 68 T69 8SI £€F1 T [TX 9t T i sy Aajan | unsweg Py ek
VS TEL £5 9L 89 TI 6L 0S¢ THE €0  LE T8l ITH FO'ER 87 usy  uelequazy qsuelousery Oy IRy
¥S 97T £S5 8 S9 Il IS ¥6T T &1l BE 9EL L9F  TE6E ¥z usy  ueliequaTy  peqEAcUy gy ppeqEaEy
as 9£0T T9 98 £L LTSI I¥S THT 96 LE &0 SUST £6'9F H adoun3  mARpROL)  A3UISTY LY INHESEY UBARDIOL
¥ THL ¥S 98 0L 01 ST 91T LOE Ol v TST ¥OOF  LESE sl sy Bissy uepensy  Ywl IMofERy| UBSSNY
VWS O BYBT 6T L S§ 1 9f 86k ST &%l 18 1€ I'0F  §'LE H sy Anpny  anjequedi Al 1534
VS 9517 05 T8 99 &1 E££  1IE S9E [b  &E ¥TT £0°LL TETS 0f usy  umspEzey suignivy 103 1EqIPI HEZE
WS S/SOT 65 ¥8 0L 6 IS 88E SIT Il 98T ¥IT £0€  S8E ¥ sy Apan)  awpsvisy 190 njgeg
Qs LETT 8 18 £9 0T T9 ES SBI 9Ll UE ¥ET ££°0-  8OTH €€ adoang ureds, EI5NH 1D BUISUD | BLINY DY
as  ¥SPT ¥S 6L £9 T 601 (8S SI L4 8€ FAT4 909~ SL9E 9T adoung ureds, | 12 euRiuga BNy
as Bosl 5SS €8 89 #T 0L S§S5 5§91 601 LE 61 59'5-  8STH €T adoung ureds, upa U BLINY D
v TERL PSS 98 0L 01 ST 91T L0f 01 908 TST 28Tk I1LSk 14 sy mssmy uB{Ensy  DNVD uRISEINE)
VS  FEET £5 8L S9 Il IS ¥6T ¥TT &€l &0F 1'ST T0'9F  £5°0F ¥T usy  ueliequazy  pRgRAGAY  ZO@ pezog
¥S PO LF 99 8BS | I T8T 191 96l &€ £8T 96’9~ 98'TE ¥ Bupy  oddosol  yaruel  [NOg peeinog
as gs?t 95 6L £9 1 S8 [ES SL1 @41 gSE 14T &5F  95EE iz 2 VT 5 5 LV L T 3y INg ns g
¥S 974l 8 98 SL 6 0TI 9% E9E O ¥E gLl POl EFIS i sy mssy A5 fwa feepleg
as 119z 09 T 89 0 8kl ¥ES PEI L[0T OF ¥IT ITSE 98I 0g sy [3e5| L] MY ISSEMY
as 9£89T 09 L g9 (1] g8kl PES PEI L0 o &6T ITSE 99°1E 0E EISYy eSS BreH k3 Jessy
as TSI Sk L 79 9T [0l £59 46T I'6  ¥WeT  9EL YO'LL SEER 81 Sy URSIPEZEY By RWY  JLIYY  OULIBLJ-JRIY YHEZEY
s 0T OF og o9 ¥ I SIE EEC 511 I'0E I'ET £TE ILE £T EISY Aagan | rAUOY WY UBWEIEDY
ALD IHL  'WIH XWAH W4H HIW ¥XW YVL ML LNV WYLW L1eXVTW LENIW NOT 387 SjEWiuE U Jusuikued Anuncd  uohezoq paaiqal paaug

132



Chapter 3: An adaptive role gene

Table 2. Wild species from the Caprinae and Bovinae subfamilies.

Goat breeds: Guadarrama, Girgentana, Maltese, Angora, Blanca Celtibérica,
cross.

Cattle breeds: Holstein, Avilena, Serrana, Pirenaica, Parda de Montana.
Sheep breeds: Table |.

Subfamily Genus Species Name N Breeds Commtry Continent
Ovibos Ovibos moschatus Muskox 15 Norway Europe
c Capra hircus Domestic goat 57 7 breeds Spain FEurope
apra
v Capra pyrenaica Iberian Ibex 5 Spain Europe
Ammotragus | Ammotragus lervia Barbary sheep 14 Morocco Africa
) Ovis aries Domestic sheep 836 31 breeds
Caprinae ) . . .
Ovis ammon Argali 1 Mongolia Asia
Ovis Ovis canadiensis Big Horn 8 Canada North America
Ovis vignel Urial 1
Ovis orientalis musimon European Mouflon 31 Corsica Europe
Rupicapra Rupicapra pyrenaica Chamois 2 Spain Europe
Bos taurus Cow 43 5 breeds Spain FEurope
Bovinae Bos
Bos mutus Yak 13

Phylogenetic Relationship between sheep breeds

The relationship between breeds was examined using the Reynold’s distance
metric (Reynolds et al. 1983). Reynold’s distance (D=-In(l-Fs;) matrix was estimated
performing 90,000 permutations and a significance level of 0.05 was established. An
Exact Test of population differentiation was performed to test the hypothesis of
random distribution of the individuals between pairs of populations (Rousset 1995,
Goudet et al. 1996) with 100,000 steps in Markov chain, 10,000 dememorization steps
and a significance level of 0.05. An histogram of the number of populations which are
significantly different (p<0.05) from a given population was generated. All analyses
were made by using the ARLEQUIN 3.1 software (Excoffier et al. 2005).

A NeighborNet graph was constructed from the matrix of Reynold’s distances

using SplitsTree4 V4.13.1 software (Huson et al. 2006).

Tests to detect association of loci frequencies with environmental

parameters

Partial Least Square Regression (PLSR). Partial Least Squares multiple regression

(PLSR) was applied to model the relationships between polymorphisms allele
frequencies found in the 31 sheep breeds genotyped and a matrix describing
environmental factors (14 geographical and climatic variables) as in (Fumagalli et al.

2011). The specific algorithm used to compute extracted PLSR factors was SVD
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(Singular Value Decomposition). SVD is a factorization of a matrix which bases the

extraction on the singular value decomposition of X"Y.

For each polymorphism, the relationship between population allele frequency
matrix (F) of dimension 31x| and environmental predictors matrix (M) of 31xl4
dimensions was assessed. F describes minor allele frequency (MAF) at each breed for
the examined polymorphism, whereas M describes all the 14 environmental variables

for each population.

In order to evaluate the fit of a model, values of explained variation, R% and
predicted variation, Q% were computed as in (Fumagalli et al. 201 1). Q* provides a
measure of how well a model predicts the observed data using a cross-validation
procedure, which is in this case how well a model of environmental variables predicts
the observed distribution of allele frequencies among breeds. If allele frequencies
covary with environmental variables, Q” will be large. Acceptable values of R* and Q?
are totally dependent on the nature of the data. Lundstedt et al (T. Lundstedt 1998)

propose Q* >0.4 and R* >0.7 as acceptable thresholds for biological data.

The number of factors chosen is usually the one that minimizes PRESS
(Predictive residual sum of squares). However, models with fewer factors often have
PRESS statistics that are only marginally larger than the absolute minimum. To address
this, van der Voet (van der Voet 1994) proposed a statistical test for comparing the
predicted residuals from different models. By applying the van der Voet’s test, the
number of factors chosen is the fewest with residuals that are insignificantly larger than

the residuals of the model with minimum PRESS.

Uninformative variable elimination to remove those variables that are useless
was made in the basis of two filter criteria: the Variable Importance in Projection
values (VIP) (Chong et al. 2005) and the cumulative variance explained by the top two
PLSR components. The idea behind VIP measure is to accumulate the importance of
each variable being reflected by the loading weights from each component. It is
generally accepted that a variable should be selected if VIP>I, but a proper threshold
between 0.83 and 1.21 can yield more relevant variables (Svante Wold 2001, Chong et
al. 2005). A meteorological variable was declared important when 1) its VIP was
greater than 0.83 and 2) the cumulative variance explained by that meteorological
observation by the top two PLSR components was at least 40%. The criterion to asses
that the elimination of uninformative variables improves the model is to compare

PRESS values obtained for the complete and the reduced model (new). If PRESS, ., <
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PRESS we can conclude that the elimination of uninformative variables improve

modeling.

All computation were performed using the PLS procedure of the SAS 9.3
Statistical Package (Base SAS® 9.3).

Spatial Analysis Method (SAM). Other approach to assess the effect of any

selection on polymorphisms across populations is the Spatial Analysis Method (SAM)
developed by (Joost et al. 2007, Joost et al. 2008). SAM is based on the spatial
coincidence analysis to connect genetic information with geo-environmental data. The
logistic regression uses random binomial variables as response for the model, thus,
each allele is set to ‘I’ if it occurs in a given individual, and to ‘0’ if not. Logistic
regression is used to assess the significance of the models constituted by all possible
marker-environmental variable pairs. The comparison of observed with predicted
values is based on the likelihood ratio (G) and Wald (W) tests (David W. Hosmer
2000) to determine the significance of the models. For both tests, the null hypothesis is
that the model with the examined variable does not explain the observed distribution
better than a model with only a constant. A model is considered significant only if both
tests reject the corresponding null hypothesis. To restrict the analysis to robust
candidate associations the Bonferroni correction was applied and only cumulated tests
in which both W and G tests were significant were used to identify associated loci
(Joost et al. 2007). Computations were performed using the MatSAM v2Beta software
(Joost et al. 2008).

Statistical analysis to detect loci under selection across populations

Bayesian Test of Beaumont and Balding (Beaumont et al. 2004). This method

evaluate the relationship between Fy (population differentiation) and H, (expected
heterozygosity) describing the expected distribution of Wright'’s inbreeding coefficient
Fs; vs. H, under an island model of migration with neutral markers. This distribution is
used to identify outlier loci that have excessively high or low F; compared to neutral
expectations. Such outlier loci are candidates for being subject to selection (Antao et
al. 2008). Low F¢; outliers indicate loci subject to balancing selection, whereas high
outliers suggest adaptative (directional) selection (Beaumont et al. 2004). The Bayesian
Test method of Beaumont and Balding was assessed using the LOSITAN (Looking for
Selection In a Tangled dataset) package (Antao et al. 2008). Initially 100,000 simulations
under the infinite allele mutation model were run using all populations and all unlinked

loci to determine a first candidate subset of selected loci in order to remove them
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from the computation of the neutral F;. After the first run, all loci outside the desired
confidence interval (99%) are removed. Subsequently, a new 100,000 simulations run
was developed to compute the mean neutral Fg. A final run of LOSITAN using all loci
was then conducted using the last computed mean. Also, a frequentist method based
on moment-based estimates of Fg;, using the FDIST option of the LOSITAN package,

was tested to compare results with the Bayesian approach.
Phylogenetic Relationship between species from the Caprinae subfamily

Haplotype sequences from the different species analyzed were inferred by using
PLINK software (Purcell et al. 2007a). Promoter sequences were aligned by CLUSTAL.
MEGA 6 software (Tamura et al. 2013) was used to estimate nucleotide substitution
models, evolutionary divergence and Tajima's Neutrality Test and to construct the ML
tree. The tree was constructed considering only haplotypes with frequencies higher
than 0.05. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (5000 replicates) is shown next to the
branches. Initial tree(s) for the heuristic search were obtained by applying the BioN]
method to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach. A discrete Gamma distribution was used to model

evolutionary rate differences among sites (5 categories (+G, parameter = 5.6803)).

RESULTS

Polymorphism variability and test for linkage disequilibrium in sheep

breeds

Genotype and allele frequencies of the || polymorphisms studied in each of the
31 sheep breeds are showed in Supplemental Table 3 a) and b). Levels of
polymorphism were generally high in all breeds. There were no exclusive
polymorphisms in any of the breeds studied. The less polymorphic marker was the
SNP g.522A>G for which the Gg,, allele was fixed in 18 breeds. For the INDELs
g.666_667insC and g.516_517insG, the D (deletion) allele was fixed in nine and six
breeds, respectively. The Russian Karakul breed (KAR) showed five polymorphisms
fixed, while Olkuska (OL) and Sazik (SZ) four.
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It is outstanding that seven polymorphisms had the MAF for the same allele in
all breeds (|4 leer Agorr Gusap Asay lsie Guge and AL,). However, the MAF for
g.703_704insAA, g.660G>C and g.528G>A polymorphisms were the AA ,,,, C, and
A 5y alleles in five Asian (DGL, EDIL, KAR, KRB and KRC) and one European (KARM)

breeds, while for the remaining breeds were the Dy, G, and G, alleles (Table 3).

The Hardy Weinberg equilibrium test (Supplemental Table 1) shows all
polymorphisms in HW equilibrium except the INDELs g.666_667insC and
g.703_704insAA for all populations joined. The HWE test for each breed separately,
showed that g.666_667insC and g.660G>C were in HW disequilibrium in six (ARMA,
AS, BOZ, CAUC, RA and VdB) and four (BOZ, EDIL, KAR and PRAM) populations,
respectively. DGL breed showed three linked SNPs in HW disequilibrium (g.601A>C,
g.524G>T and g468G>T). The average expected (Ehet) and observed (Ohet)
heterozygosis were 0.273 and 0.258, respectively, for all breeds joined. EDIL, DGL, SZ,
Ct, IV and Cl breeds showed Ohet values lower than 20%, while LX, KRB, MNCH, Ch,
AKA and KAR breeds had values greater than 30%.

LD was estimated to obtain polymorphism linked blocks across and within
breeds (Supplemental Table 2). In most breeds, similar results than those previously
observed in Chapter in the Manchega (MNCH) breed, were obtained. Thus, three LD
blocks can be established: |) g.666_667insC-g.444A>G; 2) g.703_704insAA-g.660G>C-
g.528A>G; 3) g.601 A>C-g.524G>T-g.468G>T.
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Table 3. Genotype and allele frequencies of the || polymorphisms

located at the HSP90AAI gene in the 3| sheep breeds studied. a)

Genotype frequencies. b) Allelic frequencies.
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b)

2.703_T04insAA| g.667_668insC| g.666_667insC | £.660G>C | g.601A>C | 2.528G>A | g.524G>T | 522G | g.516_517insG | g.468G>T | g.444A>G
Breed IDBreed| N| D AA | -] 1 D a_nbnnba_.-)n ._u n_._.__..a
Akkaraman AKA 46| 039 o061 | 024 o076 | 024 085 039 061 ]|024 076|033 067| 02 08|00+ 09| 002 o098 |02 08013 087
Kazakh Arkhar-Merino | ARME 36| 036 o064 | 025 075 | 008 083 031 069]|o00e 092|028 072|008 0%2| ¢ 1 | 09 08 |o008 o0s2]|014 08
Assaf AS 60| o1 09 | o4 o | 0us o085 | o1 09|02 o7m2|o1 os|ow om| 0o 0 1 |o28 o702 oss
Awassi AW 60| 015 085 | 027 073 0 1 |o13 087|042 058|013 087|042 os&| o 1 0 1 |o42 oss|oo2 o9
Bajdarak BAJ 44| 052 o048 | 007 033 0 1 |o4s 055|018 082)034 oec|o0us 082]|007 093] 002 098 |016 084]00% 091
Bni Guil BN 54| 043 057 | 019 08 | 024 085 |043 057|011 089|035 065|007 093|006 0%4| 007 093 |04z 087|047 083
Boujaad BOU| 48| 046 054 | 023 o077 | 013 094 |046 054]|043 088|025 075|003 088|00s 094| 0. 09 |043 oss|oos om
Bozakh BOZ 48| 048 0352 | 023 o077 | 017 o085 |o48 052|001 09|04 os|or os| o 1 | 004 09 |01 09|03 o088
Caucasian cauc |so)| o3 oe4 | 02 o8 | 006 ose |o32 o8| o1 o9 |03 o7|oos os4|l o 1| 028 o072 |01 09|02 ose
Churra Ch 46| 026 o074 | 024 o076 | 028 083 |026 074|013 087|026 074|043 087|011 089| 045 085 |04z o0s7|om o7
Churra Lebrijana ci s2| o021 o079 | 06 04 0 1 |oi9 osi|oos 054|019 osi|oos 0s2] o 1 | 002 o098 |008 052|002 098
Churra Tensina Ct 66| 042 038 | 009 03I 0 1 |03 o0et|003 097|036 oe4|002 098 0 1 | 032 o068 |002 098|002 098
Daglic DGL 48| 063 038 | 004 0% 0 1 |os3 o038|o1e o8i|oes o3sloie o8| o 1 | 0oz o098 |09 osi| 0
Kazakh Edilbai EDIL 60| 095 005 | 002 o038 0 1 |o67 033|002 098|062 038|002 098|002 098| 005 095 |002 0%8| O |
Ivesi v 30 047 0353 | 013 o087 | ol 09 |047 o0s53/03 o7|[o03 o7|03 o7 |003 097| o 1 03 07|01 09
Russian Karakul KAR 30| 063 037 0 | 0 1 |oe 04|03 07063 037|003 o7| 0 1 0 1 o33 oe7| 0 1
Moldavian Karakul  |KARM 30| 087 043 | 007 083 0 1 |os3 037|002 o8| 06 o402 o8| 0o 1| 003 o097 |02 o08)|003 067
Karabakh KRE 46| os8 o042 | 021 o079 | 008 096 o058 042|008 092|048 052|008 092|004 09| o 1 |o0u3 oss|os oss
Karachai KRC s6| 063 038 | 013 o088 | 009 093 |055 045|004 086)|055 o04s5)|oi4 088|002 098] 002 o098 |0.4 08800 0
Karayaka KRY 44| 027 o073 | 009 o091 | 007 093 |027 073|025 075|023 077|023 077|002 o0%8| 044 o086 |027 073|007 093
Kivircik KVR 32/ 025 075 | 044 056 | 043 094 |025 075|009 091|022 o7e|ooe os4| o 1 | 003 o097 |009 o091 |00 om
Finnsheep L 60| 042 058 | 028 o072 | 042 072 042 058|005 095|033 067|005 095 o 1 | 002 098 |005 095|028 oM
Laba X g2| 028 o072 | 024 o076 | 037 o082 |01 o089 |ous oess| o1 o9|ois o8s| o 1 | 021 o079 |ous oss|om o077
D'Man MAN s2| 031 o069 | 004 0% | 008 09 |029 071]|027 073|002 098|023 o77| o 1 | 021 o079 |027 073|031 069
Spanish Merino ME sg| 033 o067 | 031 o069 | 012 o091 |o028 072|007 093)|0.14 086|007 093|005 095| 009 091 |007 053|024 076
Manchega MnucH |20 032 oes | 023 o078 | 007 097 |032 o6e|oa7 os3| 03 07 |06 084|002 098] 048 082 |046 084|005 095
Olkuska oL 60| 033 o067 | 028 o072 | 04 075 033 o067 o 1 Jo33z os7]l 0 1| o 1| oosa o2 | 0 1 |om om
Pramenka PRAM sg| 033 067 | 034 066 | 04 072 |033 067|016 084|031 o0s9]oie 084 0 1 | 005 095 |0us 084|028 072
Rasa Aragonesa RA 84| 021 o7e | 027 o7 | o1 o8 |02 o8 |01l osv|oi7 os3]|oul ose|oo0s 095| 02 08 |ou ose|oi4 ose
Sakiz sz s2| 023 077 | 038 082 0 1 |o023 077|006 094)|015 085|006 094 0 1 0 1 |oo4 06| o
Valle del Belice VdB sa| 041 059 | 019 08 | 009 088 038 o062] 0 1 |oz9 o7 |oo2 o8| o 1 | 0u9 08 |002 098|044 086
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Phylogenetic relationships between sheep breeds

Population pairwise Fgr,, p-values and significances and the Reynolds’s distance
matrix among the 3| sheep breeds studied were obtained. Average, median, maximum
and minimum distances across populations were 0.0952, 0.0628, 0.6159 and 0.0000,
respectively. Quartile distributions of Reynold’s distances were 0.0158, 0.0579, 0.1249
and 0.6159 for the 1%, 2™, 3™ and 4™ quartiles, respectively. Among AW, SZ, AS, Cl,
LX, KAR, DGL, KARM and EDIL breeds distances higher than 0.25 were observed.
Distance values lower than 0.0l (even 0.00) were found among ARME, Ch, KRY,
MNCH, AKA, CAUC, BNI, BOUJ] and BOZ breeds.

Figure | shows NeighborNet graph based on Reynold’s distance constructed
with the ClusterNetwork splits transformation method for the 31| sheep breeds
studied. The graph contains 31 taxa and 35 splits and consists of 68 vertices and 81
edges. The Fit (which is the sum of all pairwise distances in the graph divided by the
sum of all pairwise distances in the given matrix, 100 times) and the LSFit (which is the
least squares fit between the pairwise distances in the graph and the pairwise distances

in the matrix) of the NeighborNet were 69.40 and 92.26, respectively.

The group constituted by EDIL, KARM, KAR, DGL, KRC, KRB, BA] and BOZ
breeds is outside the reticulations of the NeigborNet graph, indicating a certain degree
of separation of this set from the remaining breeds. All these breeds have in common
that belong to regions of West Asia and East Europe with high thermal width (arid and
semiarid climates). Average, minimum and maximum distances among these breeds
were 0.040, 0.000 and 0.167, respectively. The remaining breeds are included in a
complex system of reticulations which indicates the existence of a genetic admixture
among them (Kijas et al. 2012). Breeds from all continents are included in this complex
reticulated network. AS and AW breeds are joined in the same branch, as it should be
expected due to their high genetic linkage (Assaf is a synthetic breed from a cross
between Awasi and Milkchaff milk breeds). From the same node come up LX, MAN
and IV breeds, all of them pertaining to very different locations. KVR, SZ, ME and ClI
breeds come from the same node. All these breeds belong to Mediterranean regions
with low thermal width and semi-dry climates. Average, minimum and maximum
distances among these breeds were 0.040, 0.000 and 0.080, respectively. Also L
(Finland) and OL (Poland) breeds come up from the same node of the graph
constituting a certain isolated group. The central area of the NeigborNet is constituted

by breeds belonging to different continents, locations and climatic areas.
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Figure 2 shows the histogram of the number of significant different populations
(p<0.05) for each of the sheep breeds studied using the Exact Test of population
differentiation. The number of significant different populations ranged from 12 to 30

and the average was 22.2.

Figure 1. NeighborNet graph based on Reynold’s distance
constructed with the ClusterNetwork splits transformation method
for the 31 sheep breeds studied.

CAUC MNCH
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f\ ANT=16.38
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Tests to detect association of loci frequencies with environmental

parameters

PLSR. PLSR analysis was conducted including the MAF of six polymorphisms as
response variables and 14 environmental variables as predictors (CTY was not included in
analyses due to its discrete nature). Polymorphisms considered were g.667_668insC,
g.522A>G, g516_517insG and one polymorphism of each LD block common to most
breeds: g.666_667insC, g.660G>C and g.601A>C. For all polymorphisms analyzed, the
allele at lower frequency was the same in all breeds (l¢g | Agor Asyy and L)
However, the G, allele of the g.660G>C SNP was the MAF in 25 from the 3| breeds

studied.
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Figure 2. Histogram of the number of significant different populations

(p<0.05).
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sheep breeds

Dark grey = breeds differing from 27 to 30 populations; Medium grey = breeds differing from 20 to 25 populations; Light grey =
breeds differing from 12 to 19 populations.

Basic statistics and Pearson and Spearman correlations among MAF and
environmental variables were carried out. High negative Pearson (-0.68) and Spearman
(-0.70) correlation coefficients were found between MAF of g.667_ 668insC and
g.660G>C (p<0.0001). Regarding correlations among environmental predictors high
(20.70) negative correlations (Pearson and Spearman) were found between LAT-
MINaT, LAT-ANT, LON-MINaT, MINaT-TW and ANT-TW; and positive between
LON-TW, MINaT-ANT and TAR-MxR. Only significant correlations among MAF and
environmental predictors were found for g.667_ 668insC, g.666_667insC, g.660G>C
and g.515_516insG. Similar magnitude but opposite sign had the correlations found
between g.667 668insC and g.660G>C polymorphisms and the weather parameters
MINaT, ANT, TW, TAR and MxR.

Table 4 shows VIP and percentage of variance explained by the top two PLSR
(VT2) components for each environmental variable. Those variables showing VIP
values greater than 0.83 and which VT2 was at least 40%, were retained for posterior

analyses. With these criteria, MAXaT, HrMx, HrMi and THI variables were discarded.

142



Chapter 3: An adaptive role gene

A second PLSR analysis including six polymorphisms and ten environmental
variables were developed. PRESS values of the complete (14 predictor variables) and
reduced model (10 predictor variables) were 0.9726 and 0.9589, respectively, which
indicates that the elimination of 4 useless environmental variables improve the
prediction model. Reducing the number of predictors, R* was also improved from 0.82

(14 predictors) to 0.85 (10 predictors).

Three components were retained using the optimal model determination by
the leave-one-out cross validation procedure and the minimum PRESS criteria (van der
Voet’s test). The 72.47% of the predictor variation is already explained by just two, but
only 24.50% of the response variation is achieved. Figure 3 shows Variable Importance
in Projection values (VIP) and percentage of variance explained by the top two PLSR
components (VT2) for each of the ten environmental predictors included in the model.
Taking into account for both statistics, MINaT, ANT, TW, TAR and MiR were the
predictors with the best combination of VIP and VT2 values. Their VIP values ranged
from 0.90 to 1.10 and all of them accounts for more than 75% of the variance
explained. However, environmental variables, as LON and MxR despite having high VIP

values showed percentages of the variance explained below 50%.

Q’ values obtained were calculated for the MAF of the six polymorphisms
included in the PLSR model. Q? values were 0.46, 0.47, 0.53, 0.20, 0.10 and 0.33 for |
s Vosrr Guosor Aorr Asyy and L, respectively. Only for |, |, and G, Q* values

exceed the acceptable threshold (0.4).
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Table 4. VIP values and cumulative variance (VT2) explained by the top two
factors. Variables discarded for posterior analysis are indicated in bold.

Variable VIP VT2
LAT 0.8412 87.389
LON 1.3123 40.001
MINaT 1.0642 94.862
MAXaT 0.7268 84.903
MThm 0.9071 54.214
ANT 0.9467 94.576
™ 1.1786 87.605
TAR 1.0767 76.934
MxR 1.5335 42.358
MiR 1.0205 66.793
HrA 0.8146 72517
HrMx 0.6934 71.635
HrMi 0.7508 67.205
THI 0.7357 82.224

LAT=latitude; LON=longitude; MAXaT=maximum average temperature; MThm=maximum
temperature of the hottest month; MINaT=minimum average temperature; ANT=average
annual temperature; TW (MAXaT-MINaT)=thermal width; TAR = total annual rainfall; MxR =
maximum rainfall; MiR = minimum rainfall; HrA = relative average annual humidity (%);HrMx =
maximum relative humidity (%);HrMi = minimum relative humidity (%);THI=Temperature
Humidity Index (Marai et al. 2007).

Regression coefficients for responses with Q* values higher than 0.4, are shown
in Figure 4. Absolute values of regression coefficients ranged from 0.02 to 0.28.
Interestingly, regression coefficients of |, and G, have opposite sign for all
environmental predictors, except for MiR, indicating that the MAF at these
polymorphisms depends on opposite environmental and geographical circumstances.
Thus, the frequency of the |, and G, alleles increases and decreases respectively,
for higher values of MINaT, ANT, TAR and HrA. Otherwise, high values of LAT, LON

and TW are linked to low and high frequencies of the | ., and G, alleles, respectively.
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Figure 3. Variable Importance in Projection values (VIP) and percentage of
variance explained by the top two PLSR components (VT2) for each of the

ten environmental predictors included in the model.
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SAM. MATSAM was run for six polymorphisms (12 alleles), g.667_668insC,
g.522A>G, g.516_517insG and one polymorphism of each LD block common to most
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breeds, g.666_667insC, g.660G>C and g.601A>C, and |4 geographic and climatic
variables (LAT, LON, MINaT, MAXaT, MThm, ANT, TW, TAR, MxR, MiR, HrA,
HrMx, HrMi and THI). Seven alleles at 5 loci were detected as significantly associated
with at least one environmental variable with a confidence level of 99.99% (significant
threshold ST=5.952-E05) based on cumulated results from W and G tests (Table 5).

These alleles are involved in 168 significant models according to these criteria.

No association with environmental variables was found for g.522A>G alleles.
MAF alleles of the remaining polymorphisms were associated with more environmental
variables than those with maximum frequency, which in some cases (D, C,, and D.
s1¢) did not show any association. MAF alleles |, |, and G, were associated with
the highest number of environmental variables, 5, 8 and 8 respectively. The
environmental variables related with more number of loci were MxR, ANT, LON,
MINaT, TAR and TW (4, 3, 3, 3, 3 and 3, respectively).

Supplemental Figure 2 shows correlograms of significant associations between
markers and environmental variables, which differences in probability of presence of
the allele between the extremes of the distribution were higher than 37%. MINaT is
the environmental variable for which greatest changes was shown in the probability to
find the G, allele. A decrease in this probability from 0.9 to near 0.3 (60%) was found
for G, when MINaT increases from -22°C to 17°C. An opposite trend was observed
for | 4. In this case, the likeliness to find de | . allele increases from 0.15 to near 0.60
(42.8%) for the same rank of MINaT change. For ANT and MxR the same pattern
above described was found. Thus the probability to find the G, allele decreases from
0.85 to 0.30 (54%) and the probability to find the | allele increases from 0.2 to 0.5
(37.2%) when ANT increases from -2°C to 22.7°C. For MxR the probability of the G.
o allele decreases from 0.70 to 0.35 (37.6%) and the probability of the | allele
increases from 0.2 to 0.7 (45.7%) when MxR increases from -5.6 to 166.4. Finally, for
TW an opposite pattern from the above described was found. So the probability of the
G allele increases from 0.3 to 0.9 (58%) for 28 units of increment in TW (11 to
38.8), and the probability of the |, allele decreases from 0.6 to 0.1 (44.1%) for the

same rank of TW variation.

For LON, LAT and HrMx the probability to find the G, allele increases a
45.9%, 44.5% and 38.8%, respectively, when these variables change from -18.4 to 118.8,
27.2 to 65.5 and 61.3 to 93.7, respectively.
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Table 5 — SAM cumulated test for molecular sheep data and environmental
variables with a significant threshold level of 5.952-E05 (including Bonferroni
correction). Grey cells with ‘I’ indicate that for this model, the null
hypothesis is rejected with both the W and G test.

Marker Freq. | 0.400| 0.949| 0.151 | 0.962 | 0.565 | 0.878| 0.256 | 0.980 | 0.037 | 1.000| 0.187 | 0.984
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LAT=latitude; LON=longitude; MAXaT=maximum average temperature; MThm=maximum
temperature of the hottest month; MINaT=minimum average temperature; ANT=average
annual temperature; TW (MAXaT-MINaT)=thermal width; TAR = total annual rainfall; MxR =
maximum rainfall; MiR = minimum rainfall; HrA = relative average annual humidity (%);HrMx =
maximum relative humidity (%);HrMi = minimum relative humidity (%);THI=Temperature
Humidity Index (Marai et al. 2007).

Test to detect loci under selection

Bayesian Test of Beaumont and Balding. Table 6 shows expected heterozygosities
(H.) and Fg; values obtained after 100,000 simulation runs of the LOSITAN and FDIST
software using 3| sheep breeds and 6 unlinked polymorphisms at the HSP90AAI

promoter. Estimated neutral F;; was 0.072512. Two outlier loci were identified after
100,000 simulations and a 95% confidence interval: g.522A>G with a significant
(p=0.02) low F value (0.02) candidate for balancing selection processes, and the
g.703_704insAA with a significant (p=0.99) high Fi; value (0.14) candidate for
directional selection. Expected heterozygosities (H,) ranged between 0.04 (g.522G>A)
and 0.48 (g.703_704insAA).

For the LD block constituted by polymorphisms g.703_704insAA, g.660G>C
and g.528A>G, only when the first of them was used in the analysis, a sign of
directional selection was detected. With the frequentist approach of FDIST, only sign

of balancing selection was found for the g.522A>G SNP.
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Table 6 — Expected heterozygosities (He) and Fsr values obtained after
100,000 simulation runs of the LOSITAN and FDIST software for six
unlinked polymorphisms at the HSP90AA| gene promoter (* indicates
significant values).

LOSITAN FDIST

Locus Het Fst | P(Simul Fst<sample Fst) Het Fst | P(Simul Fst<sample Fst)
g.703_704in 0.48 0.14 0.9957* directional 0.48 0.14 0.938

g.667_668in 0.34 0.09 0.7658 0.34 0.09 0.475

g.666_667in 0.17 0.07 0.5154 0.17 0.07 0.2534

g.60lA>C 0.25 0.06 0.3443 0.25 0.06 0.1145

g.522A>G 0.04 0.02 0.0203* balancing 0.04 0.02 0.0174% balancing
g.516_517in 0.16 0.09 0.7049 0.16 0.09 04718

Characterization of the HSP90AAI promoter in species of the Caprinae and

Bovinae subfamilies

Aligned sequences of a 410 pb amplicon from the HSP90AA| gene promoter of
a total of || species belonging to the Caprinae and Bovinae subfamilies are shown in
Supplemental Figure |. Table 7 shows haplotype frequencies in each species studied. In
O. aries, 36 different haplotypes were found. From them only the first four (HI to H4)
had a frequency higher than 10%. In O. musimon 7 haplotypes were found, all of them
shared with O. aries. Since we have only one animal from the O. vignei and O. ammon
species, only | and 2 haplotypes were detected in these taxa. O. canadiensis had no
polymorphisms in the sequence analyzed and therefore a unique haplotype for this
species was assessed. In C. hircus 24 different haplotypes were found but only one in C.
pyrenaica. In O. moschatus 8 polymorphic positions were found being one of them
species exclusive. Eight different haplotypes were found in this species. Finally, in A.
lervia 3 different haplotypes were found having this species three exclusive

polymorphisms.

The Tamura 3-parameter model (T92) with evolutionary rates among sites
modeled by using a discrete Gamma distribution (+G) with 5 rate categories had the
highest fit (lowest BIC value) among the 24 different nucleotide substitution models
tested by maximum likelihood. This model was fitted to estimate Evolutionary
Divergence between species sequences, to conduct the Tajima’s Neutrality Test and to

construct the ML tree.
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Table 8 shows estimates of evolutionary divergence over sequence pairs
between species. Within the Caprinae subfamily, the R. pyrenaica showed the highest
percentage of sequence divergence with the remaining species (4.4% with species from
the Ovis and Ovibos genus, 7% with species from the Capra genus and 7.6% with A.
lervia. Interestingly O. moschatus was much closer to species of the Ovis genus (0.8 to
%) than to those of Capra, Ammotragus and Rupicapra. As expected, very low
evolutionary divergences among species of the genus ovis and among the species of the

genus Capra were observed.

Table 9 shows polymorphisms detected and their frequencies in the species
studied. Within the Caprinae subfamily, the species with more number of
polymorphisms, SNPs or INDELs, were C. hircus and O. aries, with 14 and ||
polymorphic sites, respectively, from which only 6 were shared between them. Also,
0. moschatus and O. musimon showed high number of polymorphisms in the HSP90AA |
promoter, 8 and 7, respectively. Those species which shared more number of
polymorphisms with O. aries (Reference species in our work) were O. musimon (7), O.
moschatus (7) and C. hircus (6). In general, within this subfamily, polymorphisms shared
among the different species had the same pattern of allele frequency, except for
g.528A>G in O. moschatus where the A, allele showed the highest frequency (0.93)
and for g.703_704insAA in R. pyrenaica where the D, allele was the most frequent
(0.75). Exclusive polymorphisms were found in C. hircus (8), A. lervia (3), O. aries (2) and
O. moschatus (1). The two outgroup species from the Bovis genus (B. mutus and B.
taurus) showed very few polymorphisms and did not share any mutations with the

remaining species.
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Haplotype

0. canadiensis |2M | H1 H2 H3 H4 H5 HE H7 HE H9 H10 HI11 H12 H13 H1s H1S H16 H17 H12 HI19 H20 H21 H22 H23 H24 HIS H26 H27 H2E H29 H30 H31 H32 H33 H34 H35 H36

BIG 16 - - = = = - -1 - - = - - - = = - = - - - = = - = - - - = = - = - - - =
Haplotype

@, musimon 2N|H1 H2 H3 R4 HS HE H7 HE HI H10 H11 H12 H13 H14 H15 H16 H17 H1Z HI19 H20 H21 H22 H23 H24 H2S H26 H27 H2E H29 H30 H31 H32 H33 H34 H35 H36

MUE 62|12z 22 2 - 7 317 - - - - - - - - 1 - - - - - - - . - - - - - - . - - - - -
Haplotype

0. vignei IN|HL H2Z H3 H4 HS HE H7 HE HS H10 HI11 H12 H13 H14 H15 H16 HI1T7 H1Z H19 H20 H21 H22 H23 H24 H25 H26 H27 H2B H29 H30 H31 H32 H33 H34 H35 H36
Haplotype

0. ammon 2ZM | H1 H2 H3 H4 HS H6 HT HE H9 H10 H11 H12 H13 H14 H15 H16 H17 H1E H19 H20 H21 H22 H23 H24 H25 H26 H2T H2E H29 H30 H31 H32 H3I3 H3IL H3I5 H3I6

ARG ] - -1 - - -1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Haplotype

C. hircus 2N ] Hh1l Hh2 Hh3 Hh4 HhS HhE& Hh7 Hh& Hh% Hh1D Hhll Hh12 Hh13 Hh14 Hh1S Hhle Hh17 Hh18 Hh1% Hh20 Hh21 Hh22 Hh23 Hh24

GUA 44 - - - - - - 34 - - - - 2 & 1 1 - - - - - - - - -

GIR 22 - - - - - - 17 2 1 1 1 - - - - - - - - - - - - -

MAL 1z - - - - - - 7 2 - - - 3 - - - - - - - - - - - -

ANG 2 1 - - - - - - - - - - - - - - - - - - - - - - 1

Do 2 1 - - - - - - - - - - - - - - - - 1 - - - - - -

CRO 16 1 - - - - - 5 - - - - - - - - 1 1 2 1 1 1 2 1 -

BCE 16 3 3 1 1 1 1 - - - - - - - - - - - - - - - - - - ﬁ
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Haplotypes
0. moschatus | 2N Hml Hm2 Hm3 Hm4 HmS Hm& Hm7 Hma
oMo 30 11 5 1 8 1 1 2 1
Haplotypes
A lervia | 2N HI1 HI2 HIZ
ALE 28 22 5 1
Haplotypes
B. mutus | 2N Hml Hma2
YAK 26 24 2
Haplotypes
B. taurus | 2N Htl Ht2
HOL 24 20 4
AWl 20 15 5
SET 10 10 -
PAR 14 13 1
FIR 12 15 3
Table 8 - Estimates of evolutionary divergence between species
(below diagonal) and their standard errors (above diagonal). Analyses
were conducted using the Tamura 3-parameter model (T92+G).
A lervia | C. hircus | C. pyrenaica |R. rupicapra | Q. moschatus | O. aries | O. canadiensis | O. vigner | O. ammon | O. musimon |B, taurus |B. mutus
Aldervia | 000 )6 008 08
C. hircus 0.021
C. pyrenaica 0.022 0.008
R rupicapra 0076  0.069 0.070
O. moschatus | 0.036  0.031 0.032 0.045
O. aries 0.031  0.026 0.027 0.046 0.010 0.00
O. canadiensis 0.028 0.024 0.025 0.043 0.008 0.003
O, vignei 0.031 0.026 0.027 0.043 0.009 0.005 0.002
O, ammon 0030  0.025 0.026 0.043 0.008 0.004 0.001 0.001
O. musimon 0029  0.025 0.026 0.044 0.008 0.004 0.001 0.003 0.002
B taurus 0074 0073 0.073 0.107 0.070 0.065 0.062 0.062 0.062 0.063
B. mutus 0.076 0.075 0.075 0.110 0.073 0.067 0.066 0.066 0.066 0.066 0.006
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Table 9 - Polymorphisms and its frequencies in the wild species
analyzed. In dark shadow are polymorphisms shared with the Ovis aries
species. In light shadow are sequences of the Bos genus.

£.703_T04 insAA | 2667 _668insC | 2.666_68T7 insC | 2.660G>C | g.65TA>G | g.653C>A | g.601A>C | g.5T1G>C g.551A>G £.529G>C £.528AT>G £.525A>G | 2.524G>T

Species - AA = - c - G c G A c A A = G = A G G c AT G A G G T
Owis Aries 0.42 0.58 0.28 072 0.1 0.5 0.37 0.83| O 1 o 1 0.16 0.84]| O 1 o 1 0 1 0.32 0.68 0 1 0.15 0.85
Owis ammon 0.5 0.5 0 1 o I 0.5 05 o 1 o 1 o 1 o 1 o 1 0 1 0 1 0 1 0 1
Ovis canadiensis o 1 o 1 o 1 o 1 o 1 o 1 o 1 o 1 0 1 o 1 o 1 o 1 o 1
Ovis musimon 0.53 0.47 0.47 0.53 0.05 0.95 | 0.47 0.353| © 1 o 1 o 1 o 1 0 1 0 1 AL 0.81 0 1 0 1
Ovis vignei o 1 0 1 o 1 1 0 o 1 o 1 o 1 o 1 0 1 0 1 0 1 0 1 0 1
Capra hircus o 1 Q.18 0.82 4] 1 0.04 0.96| o 1 1 0 |o.01 0.9%] 0.01 0.9 0 1 0.03 0.57| 0.13 0.88 |0.07 0.93| O 1
Capra pyrengica o 1 0 1 o 1 o 1 o 1 1 0 o 1 o 1 0 1 0 1 0 1 0 1 0 1
Ovibos moschatus 0.14 0.86 0.43 0.57 0.4 0.6 0.1 0% o 1 I 0 o 1 o 1 0.3 0.7 0 1 0.93 0.07 0 1 0 1
Rupicapra pyrenaj  0.75 0.25 0 1 o I 0.25 075 O 1 o 1 o 1 o 1 o 1 0 1 0 1 0 1 0 1
Ammotragus lervia) o I 0 1 o I o 1 0.82 0.18]| 0.04 0.96| 0O 1 o 1 o 1 0 1 0 1 0 1 0 1
Bos mutus o I 0 1 o I o 1 I 0 o 1 o 1 o 1 0 1 0 1 0 1 0 1
Bos taurus o I 0 1 o I o 1 I 0 o 1 o 1 o 1 0 1 0.15 0.85 0 1 0 1

g522A>G 2516 517 insG g498G>C | g.482T>C | g.468G>T | 2.463G>A | 2.456A>G | g.444A>G | g406A>G | g.395A>G 2.384T>G g320c>G

Species A G G G c T c G T G A A G A G A G G A G T = G
Owis Aries 0.02 0.98 0.12 0.88 o 1 o 1 0.17 0.83| O 1 o 1 0.15 0.85 o 1 0 1 0 1 0 1
Ovis ammon o 1 0 1 o 1 o 1 o 1 o 1 o 1 o 1 0 1 0 1 0 1 0 1
Ovis canadiensis o I I 0 1 o I o 1 o 1 o 1 o 1 o 1 0 1 0 1 0 1 0 1
Owis musimon o I 013 0.87 o I o 1 o 1 o 1 o 1 0.05 0.95 o 1 0 1 0 1 0 1
Owis vignei o I 0 1 o I o 1 o 1 o 1 o 1 o 1 o 1 0 1 0 1 0 1
Capra hircus o I o 1 o I o 1 o 1 o 1 0.05 0.75]|0.01 0.99| 0.23 Q.77 | Q.16 0.84 0.64 0.36 0.08 0.2
Capra pyrengica Q.13 0.87 0 1 o 1 o 1 o 1 o 1 o 1 o 1 1 0 0 1 0 1 0 1
Ovibos moschatus | 0.03 0.57 0 1 o 1 o 1 o 1 o 1 o I | 047 0.53 0 1 0 1 0 1 0 1
Rupicapra rupica] 0 I 0 ] [ I o 1o 1o 1]loe 1o 0 ] o 1 0 ] o 1
Ammotragus lervial o I 0 1 0.18 0.82 o 1 o 1 o 1 o 1 o 1 o 1 0 1 0 1 0 1
Bos mutus T T 0 1 o I 0.2 0.08| 0 1 o 1 o 1 o 1 o 1 0 1 0 1 0 1
Bos taurus T T 0 1 o I o 1 o 1 0.85 0.15| 0 1 o 1 o 1 0 1 0 1 0 1

The three INDELs g.703_704insAA, g.667_668insC and g.666_667insC existed
simultaneously only in O. moschatus, O. musimon and O. aries. C. hircus had the two
adjacent g.667_668insC and g.666_667insC INDELs, and O. ammon and R. pyrenaica
the g.703_704insAA. The highest frequency of the | ., allele, related with heat stress
resistance, was found in O. musimon (0.47) and O. moschatus (0.43) followed by O. aries
(0.28) and C. hircus (0.18). The SNP g.660G>C seems to be exclusive to the Caprinae
subfamily. Unfortunately, this region is a sequence of several consecutive cytosines and
therefore it is difficult to know if in bos there is absence of cytosine at position g.660
before TSS or if the C,,, allele is fixed, as bos species only have 6 consecutive
cytosines instead of the minimum 7 present in the rest of species here sequenced. In

any case, C,, appears to be the wild allele of the g.660G>C SNP.

Tajima’s Neutrality Test (Tajima 1989) conducted for the sequences of the
HSP90AA| promoter yields a negative D value lower than -2 (-2.56) which means an
excess of low frequency polymorphisms relative to expectation. This fact could

indicate a purifying selection removing alleles that diminish animal’s biological fitness
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but also the presence of “young” beneficial mutations going to higher frequencies, as

could be the case of the |, cytosine insertion.

Figure 6 shows Maximum Likelihood bootstrap original and condensed trees
based on the Tamura 3-parameter model and inferred from 5000 replicates. The
analysis involved 33 nucleotide sequences. There were a total of 410 positions in the
final dataset. Outgroup species (B. taurus and B. mutus) were located in a separate
branch with a high bootstrap percentage (99). One branch were constituted by species
of the Capra and Ammotragus genus (97) and other branch by Ovis, Rupicapra and Ovibos
(86). In the ML consensus tree, O. moschatus was located as a sister species of R.
pyrenaica. Species from the Ovis genus (O. aries; O. musimon, O. vignei, O. ammon and O.
canadiensis) appear mixed since many haplotypes are shared among them and

promoter sequences showed a high degree of similarity (Supplemental Figure 2).

DISCUSSION

Previous studies from our group (Marcos-Carcavilla et al. 2010b), including
those summarized in Chapter |, pointed out the existence of different expression
profiles in sheep carrying alternative genotypes of some polymorphisms located at the
HSP90AA| gene promoter depending on environmental temperatures. Animals carrying
the Il ,,CC,,, genotype showed higher expression rate (FC = 3.| to 3.5) of the
HSP90AAI gene than those with DD ,CC ., DD CG,,, and DD GG, under
heat stress environmental conditions (27°C average daily temperature and 34°C

maximum daily temperature)
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Figure 6 - Molecular Phylogenetic analysis by Maximum Likelihood
method (based on bootstrap, which is shown in the nod of each branch)
developed with MEGAG6. Original and condensed ML trees are shown,

where numbers correspond to the haplotype identification.
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Relationship between polymorphism frequency in 31 sheep breeds and

climatic variables

The results above described may contribute to clarify the phylogeographic

relationship of some sheep breeds and the opposite correlations observed between

the frequency of the |, and G, alleles and some climatic and geographic variables

from the locations where they

are reared. Since the |, allele is responsible of the
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upregulation of the transcription of the gene under heat stress conditions (Chapter |
and 2), high frequency of this allele is expected to be found in climates with high
minimum (MINaT) and average annual (ANT) temperatures (positive regression
coefficients, 0.11 and 0.13) and therefore with low thermal width (negative regression
coefficient, -0.14). Despite no significant correlation was found among Total Annual
Rainfall (TAR) and Maximum Rainfall (MxR) with MINaT and ANT, the frequency of
the | allele seems to be associated with changes in these last variables. Thus the |
allele frequency is high in climates with high TAR and MxR values. Looking at climatic
variables of countries where sheep breeds analyzed are reared (Table |) we can
observe that Semi Arid (SA) regions showed greater average TW (24.87) and average
ANT (13.70) and lower average MINaT (-1.15) than Semi Damp (SD) locations
(average TW=18.69, ANT=11.04 and MINaT=4.47). Also in SD locations TAR and
MxR values (626 and 103, respectively) are much higher than those of SA regions (372
and 58, respectively). Therefore, as SD are heater and damper than SA regions, it is
possible to hypothesize that heat events accompanied with high rainfall in SD regions
could be more stressful since thermal stress increases when high temperatures and

high relative air humidity go together (Lally 1960).

Regarding the G, allele in the gene promoter, opposite results to those of the
| s Were observed, which agree with the transcription results above mentioned. The
G allele is linked to the lowest expression rates of the HSP90AA| gene under both
heat stress and mild temperature conditions. Therefore high frequencies of such allele
are only expected in breeds reared in regions with low MINaT and ANT temperatures
and high TW, in which heat is not a critical source of stress. Therefore, the negative
association of the G, frequency with MINaT (-0.16) and ANT (-0.13) and positive
with TW (0.18) agree with such expectations. However, high frequencies of the C
allele were found in all kind of locations but predominating in breeds reared in hot
climates. This could be due to the genetic exchange that occurred during the
development of modern breeds more than to adaptation processes. LD between
g.667_668insC and g.660G>C is little than 0.20 in whole breeds altogether and range
between 0.001 and 0.540 across breeds, however D (, and G, alleles are completely

linked in the 836 animals genotyped, constituting the most thermo sensible haplotype.
Phylogenetic relationship between sheep breeds

In the basis of Reynold’s distances, two groups of breeds showing the minimum

distances within group and maximum distances between groups can be established.
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The first group was constituted by KRC, KRB, KAR, DGL, KARM and EDIL breeds.
The second group was constituted by ME, PRAM, SZ, AS, KVR and CI breeds. Among
breeds of these two groups, average, minimum and maximum distances were 0.267,
0.064 and 0.604, respectively. In these two groups of breeds, opposite frequencies of
the two polymorphisms most related with gene expression differences (g.667_668insC
and g.660G>C) were observed. Thus, in the first group of breeds the average
frequencies of the |, and G, alleles were 0.08 and 0.61, respectively. In all these
breeds the G, allele was the one with the maximum frequency and the | . allele had
a frequency <13%. In the second group of breeds, average frequencies of | ,;and G,
alleles were 0.41 and 0.23, respectively. In all these breeds the | . allele frequency was
>30% and the G, allele had a frequency <33%. Interestingly, all breeds from group 1,
except KARM, are reared in SA or A climates, mainly from Asian regions. On the
contrary, all breeds from group 2, except ME, are reared in SD Mediterranean
climates. Average MINaT, ANT, TW, TAR and MxR were -6.57, 8.02, 28.52, 367.63
and 52.30, respectively, in group | and 7.87, 16.38, 17.47, 617 and |14.67, respectively,
in group 2.

Q? values higher than 0.4 were only found for |, |, and G, suggesting the
action of natural selection in driving the differential allele frequency distribution of
these polymorphisms among sheep populations. Therefore, a correlation between
genetic (allele frequencies) and environmental (climatic parameters) variables among
some sheep breeds have been established which demonstrates that despite the great
admixture existing among them and its domestication status, some footprints of the
natural selection action can be glimpsed. This fact may be due to the general low
artificial selection exerted over breeds of this species and their semi-extensive or
extensive management conditions which may have retained some genes related with
adaptation to environmental conditions existing in nature. Thus, breeds reared in SD
climates, in which high temperatures and humidity are sources of physiological stress,
have high frequency of alleles (I, and C,,) related to higher expression rates of the
HSP90AA| gene as response to heat stress (Chapter | and 2) . However, low
frequencies of these alleles were only found in those breeds reared in climates in
which heat and humidity levels are not enough to induce a heat stress response.
However, frequencies of A ;,, A,, and |, alleles (Q* values < 0.4) are not influenced
by climatic conditions and therefore its presence in the HS90AA| gene promoter seem
to have no impact in the adaptation to environment of the ovine species. This finding

was already suggested in Chapter | and 2 where these polymorphisms did not show
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expression differences among genotypes when comparing samples collected under heat

stress and thermo-neutral conditions.

In a large study where 49,034 SNPs were genotyped in 74 sheep breeds, Kijas
and colleagues, (Kijas et al. 2012) found signs of directional selection in two candidate
genes located at chromosome 18 (F;;=0.428), in which also the HSP90AA| gene is
located. One of them was ABHD2 (abhydrolase domain containing 2) which has, among
other functions, a role in the response to wounding. This protein that interacts with
UBC (polyubiquitin C) has a high expression rate in testicle (BioGPS) and correlates
with HSPAIL (Heat shock protein 70 kD like). Hsp70 is a well known protein involved
in the heat shock response which is part of the Hsp90 complex. Therefore, although
authors (Kijas et al. 2012) recognize that the identification of adaptative alleles has not
been achieved, some footprints of directional selection over genes more or less

directly related with adaptative traits can be found.

When assessing evidence for an ecocline, it is crucial to control population
history and structure, for accurately assessing whether a correlation between a genetic
variant and geographic or climate variables is due to natural selection (Endler 1977).
For example, if migration patterns correspond closely with variation in a particular
climate variable, the correlations between neutral alleles and that climate variable may
be high even if selection has not acted on the locus. Conversely, if selection effects are
lower to that of population structure on allele frequencies, correlations may be
underestimated if population history is not taken into account (Hancock et al. 201 1).
This is the reason why PLSR and SAM approaches cannot be used independently,
without comparing results with specialized statistic methods based on population
genetics theories, and focus on the analysis of genetic data as the Bayesian Test of
Beaumont and Balding (LOSITAN). Thus, among all loci-environment associations
detected by PLSR and SAM methods, only the frequency of two polymorphisms, the
g.703_704insAA and the g.522A>G, seem to be under the action of some selective
processes. The g.703_704insAA showed a high F; outlier which makes it a candidate
to directional selective processes. The low Fg; outlier of the g.522A>G SNP reveals the
possibility of balancing selection acting over its frequency. The g.703_704insAA is
highly linked with the g.660G>C SNP (r’=0.86 in the whole data) ranging r? values in
most breeds from 0.84 to |. Thus, directional selection predicted for the
g.703_704insAA could be extended to the SNP g.660G>C for which differential
expression of the HSP90AAI gene has previously been assessed depending on

genotype, but not with the g.667_668insC. The high degree of conservation in LD
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phase found in this short sequence in all almost breeds, independently of their
geographic origin, could indicate that high levels of gene flow have occurred between
populations following domestication, as it is suggested by Kijas and coworkers (Kijas et

al. 2012), but also, a selection pressure over this DNA region (Nielsen et al. 2005).

Characterization of the HSP90AA | promoter in species of the Caprinae and

Bovinae subfamilies

The Bovidae family includes more species than any other extant family of large
mammals, but their phylogenetic relationships remain largely unresolved in part
because it appears to represent a rapid, early radiation into many forms without clear
connections among them (Hernandez Fernandez et al. 2005). Furthermore, certain
morphological traits have evolved several times within the family to create evolutive
convergences that obscures true relationships (Gentry 1992). The Caprinae subfamily
includes bovids adapted to extreme climates and difficult terrains. Fossil records are
poorly documented but the group first appeared during the upper Miocene (Gentry
1994). In a recent work, a complete estimate of the phylogenetic relationships in
Ruminantia has been proposed combining morphological, ethological and molecular
information (Hernandez Fernandez et al. 2005). The resolution of the supertree varies
among groups and some component clades, particularly Caprinae (67.7%), are much
less well resolved than others (e.g. Bovinae, 95.7%). In particular, the position of the
genera Budorcas and Ovibos has been controversial, having sometimes constituted the
tribe Ovibovini, and others been separated and located in different tribes. In general,
the genus Ovis is split into a "New World" clade represented by O. dalli and O.
Canadensis, and an "Old World" clade including the two sister species O. vignei and O.
Aries in the same branch and O. ammon in a sister branch (Hassanin et al. 1998,
Hernandez Fernandez et al. 2005). In our work, haplotypes from O. vignei, O.
canadiensis and O. musimon appeared mixed with those from O. aries. O. aries and O.
musimon share many polymorphic sites (7) as expected from the past hybridization

between both species.

Ropiquet and Hassanin (Hassanin et al. 2004) using mitochondrial and nuclear
DNA sequences located A. lervia closer to goats (Capra) and O. moschatus closer to R.
pyrenaica. However, in recent works (Bibi 2013, Hassanin et al. 2013) A. lervia was
close to Rupicapra genus within the Caprina tribe and O. moschatus was distant from
them within the Ovibovina tribe. Our tree located A. lervia as a sister species of C.

hircus and C. pyrenaica (boosttrap proportion = 97) and R. pyrenaica closer to O.
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moschatus (bootstrap proportion = 60). In the work of Matthee and Davis (Matthee et
al. 2001) using data from nuclear DNA, a politomy for C. hircus, O. moschatus and O.
aries was found. However, when analyzing nuclear DNA joined to mtDNA data, C.
hircus and O. aries appear as sister species separated from O. moschatus. In our work
we have observed a relative high similarity between O. moschatus, O. aries and O.

musimon species regarding polymorphism sharing among them.

Although O. moschatus is currently restricted to Greenland and the Arctic
Archipelago (Campos et al. 2010b), the highest frequencies of alleles related with the
heat stress response (I, = 0.43; C,,, = 0.90) were found for the individuals analyzed
in this species. Fossils of this species have occasionally been found in southwest
Europe. It seems that Ovibos did not inhabit exclusively cold tundra during the
Pleistocene (Campos et al. 2010b). Praeovibos, an older morphotype of O. moschatus,
does not appear to have been restricted to inhabiting cold climates as its remains have
also been identified in temperate and Mediterranean forest (Cregut-Bonnoure 1984,
Rivals et al. 2009). In contrast to modern Ovibos, Praeovibos was distributed over much
more southern latitudes, samples have been found as far south as France and Spain
(Cregut-Bonnoure 1984, McDonald 1991, Rivals et al. 2009), which indicates that
Praeovibos was less restricted to a specific ecological niche than O. moschatus (Campos
et al. 2010b). Could these high frequencies of alleles related with the heat stress
response found in O. moschatus came from its Praeovibos ancestor? Lent (Lent 1988)
indicates that O. moschatus is sensitive to both climate warming and fluctuations, that is
why Campos and colleagues (Campos et al. 2010b) hold these factors responsible of
actual confinement of the O. moschatus to Greenland and the Arctic Archipelago but
not a human impact. Our results regarding the polymorphisms of the HSP90AA| gene
in this species seems to indicate that the actual O. moschatus is genetically well
prepared to tolerate warm climates. Therefore, which could be the reasons to its
actual geographic limitations? Climate change is known to affect not only animal’s
thermo sensitivity but also by triggering vegetation change (Barnosky et al. 2004, Rivals
et al. 2009). Increasing temperature pushed the adaptive vegetation balance firmly
towards bogs, shrub tundra, forest and low-nutrient acidic soils, which resulted in
communities of conservative plants highly defended against herbivore and supporting a
small biomass of large mammals (Guthrie 2006). Palmqvist and coworkers (Paul
Palmqvist 2008) in an ecomorphological analysis of the early Pleistocene fauna of Venta

Micena (Orce, Guadix-Baza basin, SE Spain), provide interesting clues on the
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physiology, dietary regimes, habitat preferences, and ecological interactions of large

mammals.

Regarding those polymorphisms for which our group has detected relationship
with hot climates adaptation by its association with the expression rate of the
HSP90AA| gene under heat stress conditions (g.667_668insC and g.660G>C), it is
noteworthy that they were only segregating in C. hircus, O. moschatus, O. musimon and
O. aries .Since we have only one sample from O. vignei and two samples from O.
ammon, we cannot extract any conclusion from these two species. It seems reasonable
to hypothesize that these polymorphisms could come from an ancestral species
common to the Ovis, Ovibos and Capra genera but not to Ammotragus. However, also it
is possible that the evolvability of this gene may be due to its physical susceptibility to
mutagenesis and therefore that the similitude/difference found in the species analyzed

does not be related with their phylogenetic relations.

We have assessed that despite the domestication process occurred |1,000
years BP, sheep breeds showed some genetic footprints related to climatic variables
existing in the regions where they are reared. Thus artificial selection carried out by
humans to improve productive traits in this species seems to occur concurrently with
natural selective forces for traits related with the adaptation to environmental
conditions. Adaptation of breeds to hot climates can suppose a selective advantage to
cope with global warming caused by climatic change. Polymorphisms of the HSP90AA|
gene detected in the Ovis aries species can be used in selection programs to improve
animals resistance to hot environments. Mutations of the ovine HSP90AAI gene
promoter are also been found in wild species from the Caprinae subfamily, indicating a
great antiquity of these mutations which can help us to elucidate how climatic

conditions have evolved in the past.
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INTRODUCTION

Among others, climate factors can have diverse and often strong effects on
reproduction efficiency, with obvious consequences in animal’s fitness (Grazer et al.
2012) which can result ultimately, in high economic losses for breeders (Groen AF
1997, Legarra et al. 2007). Exposure to adverse conditions of high temperature and
humidity may led to a reduction of the number of spermatozoa (Jannes et al. 1998,
Perez-Crespo et al. 2008) and also to an impairment of their functionality (Yaeram et
al. 2006, Perez-Crespo et al. 2008), which will be accompanied by a transient period of
partial or complete infertility. After heat stress, viability of the spermatozoa may not
be compromised but some of them will appear with DNA damage. A reduction in
sperm DNA integrity has been described in human (Paul et al. 2008), mice (Banks S
2005, Pérez-Crespo M 2008) and rams (Fleming JS 2004) as well as alterations in DNA,
RNA and protein synthesis, and abnormal chromatin packing in mice (Sailer BL 1997,
Banks S 2005, Pérez-Crespo M 2008) under heat stress conditions. Proper compaction
and structure of DNA has been reported to have important functional roles, being

essential for DNA replication and embryonic development (Ward 2010, Dominguez et
al. 2011).

Two singular characteristics differentiate sperm from somatic cells:
protamination and absence of DNA repair mechanisms. During spermiogenesis,
protamines replace the majority of histones (Conwell et al. 2003). This dense
compacting gives protection against exogenous assault to the sperm DNA (Barratt et
al. 2010). DNA repair in sperm is terminated as transcription and translation stop at
post-spermiogenesis, so these cells have no mechanism to repair the damage occurred
during their transit through the epididymis and post-ejaculation (Gonzalez-Marin et al.
2012). Therefore, assessing levels of DNA fragmentation can be a useful tool for
evaluating the effects of heat stress on sperm and its consequences on male fertility.
Sperm DNA fragmentation is considered a non compensable trait which implies that
the pregnancy ratio does not change when the number of sperm inseminated increases
(Evenson et al. 2006, Amann et al. 2012).

The relationship between sperm DNA fragmentation index (DFl) and male
fertility has been studied in humans (Evenson et al. 1999, Spano et al. 2000, Bungum et
al. 2004), bulls (Ballachey et al. 1987) and boars (Didion et al. 2009) Thresholds for sub

fertility were much lower for boars (6%) and bulls (14.2%) than that for humans (30%).
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Recently, in rams Nordstoga et al. (Nordstoga et al. 2013) showed an association
between sperm DNA integrity and the non returned rate in Norwegian cross-bred

rams.

A role for Hsp90 in spermatogenesis was first described in Drosophila
melanogaster, were males with certain transheterozygous combinations of mutant
Hsp90 alleles are sterile and display a disrupted meiosis (Yue et al. 1999). In mice, a
requirement of the Hsp90a for spermatogenesis has been shown (Grad et al. 2010).
Authors pointed out that Hsp90a must be necessary at least during the first wave of
spermatogenesis. In the absence of Hsp90a meiosis arrests very specifically towards
the end of the pachytene stage, disassembling of homologous chromosomes fail and
normal diplotene spermatocytes are totally absent. Also, an absence of a comparable
phenotype in Hsp90a mutant females was observed (Grad et al. 2010). Also in mice
(Alekseev et al. 2005) a chaperoning function of the Hsp90 protein to assess the
proper folding of tNASP (testis histone binding protein) to bind linker histones, have
been observed. Expression of Hsp90 and tNASP precede the expression of HIt
(histone subtype | restricted to the testis) in pachytene spermatocytes (Meistrich et al.
1985, Drabent et al. 1998). Alekseev and coworkers (2005) pointed out that after the
synthesis of linker histones in the cytoplasm they are bound to a complex containing
NASP and Hsp90. NASP-HI is subsequently released from the complex and
translocated to the nucleus where the HI is released to DNA binding (Alekseev et al.
2003).

In previous chapters, the effect of g.660G>C and g.667_668insC in HSP90AA|
expression has been deeply proved. The present study try to connect differences in
the transcription rate of the HSP90AA| gene depending on genotype by environmental
circumstances with those observed in a male’s reproductive trait. Specifically, we
aimed to know more about the correlation between the expression patterns of the
gene and the consequences in sperm DNA fragmentation levels derived from an
exposure to a heat stress environment. To address these questions we have examined:
I) if heat stress has an effect on chromatin stability of ram’s sperm, and 2) if a
differential response to heat stress occurs based on male’s g.660G>C and
g.667_668insC genotypes. For that, semen samples from males with alternative
genotypes for both mutations were collected and exposed to heat during 48 h. Daily

temperature and relative humidity for the 60 days prior to semen collection were
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recorded and their effect on spermatozoa resistance/susceptibility to heat stress were
assessed. Finally, it was examined whether there was a sperm differential response to

heat stress depending on the genotype of those males analyzed.

MATERIAL AND METHODS

Animals

To develop the actual experiment, a total of 61 adult rams of Manchega breed
were selected from the group of 120 previously used in the expression studies from
Chapter |. All males were kept in the Regional Centre of Animal Selection and
Reproduction (CERSYRA) in Valdepenas (Spain) in the same environmental conditions.
Rams were trained for semen collection by artificial vagina maintaining a regimen of

regular collection.
Weather data

Castilla-La Mancha is a region located in the south of Spain which is
characterized by an arid environment with low rainfall and high temperatures.
Meteorological data was provided by the Irrigation Advisory Service for Farmers
(SIAR) in Castilla-La Mancha. The meteorological data set consisted of hourly
measures of temperature ("C) and relative humidity (%) on 245 days from March to
October 2010. Daily average temperature (Tave, °‘C), daily maximum temperature
(Tmax, “C) and daily average relative humidity (RH, %) were calculated from these
hourly records. A temperature-humidity index (THI) was also calculated as proposed
by Marai et al. (Marai et al. 2007) by combining daily average temperature (Tave) in ‘C
with daily average relative humidity (RH) % 0.01:

THI = Tave —[(0.31—0.31- RH) - (Tave — 14.4)]

To better understand THI values, Marai et al. (Marai et al. 2007) proposed a
scale of the effect of THI values over heat stress. Thus, values of THI < 22.2 assume
absence of heat stress; 22.2 = THI < 23.3 means moderate heat stress; 23.3 < THI <

25.6, severe heat stress; and THI = 25.6 indicates extreme severe heat stress.
Semen Samples collection

Semen collection was made by artificial vagina. A total of 8 collections per male

were carried out, from March to October as a way to ensure that sperm analyses
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were conducted in different weather conditions of temperature and humidity (Table
). After collection, sperm samples were diluted in phosphate-buffered saline (PBS; pH
7.5, 310 mOsm/kg) with 0.5% bovine serum albumin and then incubated in a saline
medium at 37 °C during 48 hours. The sperm chromatin stability was assessed after
collection (Oh) and after 24 and 48 h. Sperm incubation at 37°C has the aim to mimic

the environmental circumstances existing at ewe reproductive track.

Table I. Climate parameters at days of sperm samples collection.

Data from: Manzanares (Ciudad Real) Meteorological Station, coordinates 654m-38° 59°47N-
03° 22°23W (http://crea.uclm.es/siar)

AvT = average temperature (°C)

MaT = maximum temperature (°C)

MiT = minimum temperature (°C)

Rh = average relative humidity (%)

Rhmax = maximum relative humidity (%)

Rhmin = minimum relative humidity (%)

THIavr = THI calculated with the average temperature and relative humidity

sperm collection date AvT MaT MiT Rh Rhmax Rhmin THiavr THimax
01/03/2010 78 11.9 4.8 79.5 90.3 58.5 8.22 11.98
19/05/2010 18.4 26.6 8.1 46.1 82.8 24.1 17.73 25.95
29/06/2010 237 328 16.9 587 91.6 24.4 2251 3232
14/07/2010 249 326 17.7 422 67.6 20.1 23.02 3077
27/07/2010 26.2 36.4 15.4 45.6 87.8 13.8 2421 35.57
10/08/2010 27.5 36.6 19.1 48.6 77 243 2541 35.02
24/08/2010 23 31.5 15.9 52.2 86.4 23.6 21.73 3078
05/10/:2010 14.4 227 5.6 67 96.3 3.8 14.4 226

THImax = THI calculated with the maximum temperature and the maximum relative humidity
Temperature humidity index (THI) calculated as THI=T-[0.31(I-RH)(T-14.4)], T = temperature in °C;
RH = relative humidity/100 (Marai et al. 2007).

DFI assessment

Chromatin stability was assessed by using the Sperm Chromatin Structure
Assay (SCSA) technique (SCSA Diagnostics, Inc., Brookings, SD, USA) (Evenson et al.
2000, Evenson et al. 2002). This technique is based on the susceptibility of the sperm
DNA to acid-induced denaturation in situ and in the Acridine Orange (AO)
metachromatic acid nucleic staining. This stain fluoresces green when combined with
double stranded DNA and red when combined with single stranded DNA (denatured).
This technique has been used in rams with good results (Garcia-Macias et al. 2006,
Garcia-Alvarez et al. 2010). Garcia-Alvarez et al. (Garcia-Alvarez et al. 2010) provides

a more in depth explanation of the procedure used to assess the sperm chromatin
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stability in Manchega rams. Briefly, sperm samples were diluted with TNE (0.15 M
NaCl, 0.0l M Tris HCI, | mM EDTA; pH 7.4) buffer at a final sperm concentration of
2x10° cells/ml and flash frozen in LN2 and stored at -80 °C until analysis. For the
analysis, the samples were thawed on crushed ice, and 200 pl were put on a cytometry
tube. Immediately, 400 pl of an acid-detergent solution (0.08 N HCI, 0.5 M NacCl,
0.1% Triton x 100; pH 1.4) were added to the tube. After exactly 30 s, 1.20 ml of
Acridine Orange (AO)-staining solution (0.037 M citric acid, 0.126 M Na,HPO,, 0.001 |
M dissodium EDTA, 0.15 M NaCl; pH 6.0, 4 °C) containing 6 mg/ml electrophoretically
purified AO was added. Stained samples were analyzed just after 3 minutes by flow
cytometry, being the excited AO used as the fluorophore. AO was excited by using an
argon laser providing 488 um light. A total of 5000 events were accumulated for each
sample. We have expressed the extent of DNA denaturation in terms of DNA
Fragmentation Index (DFIl), which is the ratio of red to total (red plus green)
fluorescence intensity, i.e. the level of denatured DNA over the total DNA (Evenson
et al. 2002). The DFIl value was calculated for each sperm cell in a sample, and the
resulting DFl frequency profile was obtained (Figure 1). Each sperm sample was
characterized by a mean (xDFIl) and a standard deviation (sdDFl). Total DNA
fragmentation index (tDFl) was defined as the percentage of spermatozoa with a DFI

value over 25.

Figure 1. Sperm chromatin structure assay (SCSA) process.
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The 61 adult rams of Manchega breed used in this study were selected on the
basis of its g.660G>C genotype. Genotypes of rams were previously assessed for the
expression studies (Chapter 1). Thus, sperm DNA fragmentation were characterized
for twenty males of each genotype CC ,,, CG_,, and GG . Table 2 showed genotype

and allele frequencies of polymorphisms in this group of rams.

Table 2. Genotype and allele frequencies of the g.667_668insC and g.660G>C
located at the HSP90AAl promoter in 61 rams used in sperm DNA

fragmentation assays (| = insertion; D = deletion).

rst' postion at DQ983231.1 Genotype N Frequency
I 2 0.033
rs397514115.2 8.667_668insC ID 13 0.213

DD 46 0.754
GG 21 0.344

rs397514116 2660 G>C CG 20 0.328
CcC 20 0.328

rs#' postion at DQ983231.1 Genotype 2N Frequency
| 17 0.139
rs397514115.2 g667_668insC D 105  0.86l
G 62 0.508
rs397514116 8660 G>C C 60 0492

I rstt= referente SNP ID number

Association analyses among HSP90AAI genotypes and sperm DNA

fragmentation

To assess the effect of heat load on sperm DNA integrity of animals carrying
alternative genotypes for the polymorphisms of interest, we have examined the
relationship among sperm DNA fragmentation indicators and average THI, since this
climatic parameter summarized the effect of both temperature and humidity. We
compared the degree of sperm DNA fragmentation between genotypes in response to
weather conditions from the day 60 previous to semen collection to the day of
collection. The aim was to identify those stages of the spermatogenesis in which
certain genotypes are more susceptible to heat stress and to identify which

polymorphisms play a more important role. For this, a linear mixed-effects model

170



Chapter 4: From Genotype to Phenotype

including genotype, sperm incubation time (Oh, 24h and 48h), THI (Temperature
Humidity Index) and its interactions as fixed effects and male as random effect were

conducted. The model was as follow:

Vi =+ 1T; +1(T), +Gxf(T), +a; +ey,

where: Y- sperm DNA fragmentation measure
u: global mean
IT: sperm incubation time (3 levels: 0, 24 and 48 h)
f(T),: effect of THI for each of the 60 days prior sperm collection
Gxf(T),: effect of the interaction genotype-THI
a: male (61 levels)

e;: heterogeneous random residual error ~ N(0, oei2)

Since it was expected that the effect of temperature on sperm DNA
fragmentation measure values was revealed from a threshold, the following function

was used to model the temperature effect:

7). = 0,if THI <k
“7 1b(THI = k), otherwise

where, k is the selected threshold. A threshold value of 22 was used, based on
the THI heat stress categories reported by Marai and colleagues (Marai et al. 2007). As
genotype (G)), two polymorphisms located at the promoter of the HSP90AAI gene
were considered and three independent mixed models analyses were conducted based
on the genotype included in the model: (i) the g.660G>C SNP; (ii) the INDEL
g.667_668insC; and (iii) both polymorphisms combined genotypes. Heterogeneous
residual variance for the effect of sperm incubation time was also considered. Multiple
comparisons among genotypes were conducted for each day, from the day 60 prior to
semen collection to date of collection (N=61). Two scenarios were considered: Non
Heat Stress (NHS) (sperm collections from March and May 2010) and Heat Stress (HS)

(sperm collections from June, July, August and October) conditions.

Statistical analysis was performed using the R 3.0.3 statistical language (Team

2013). For multiple comparisons analyses, Bonferroni correction was considered.
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RESULTS

Weather data

Figure 2 shows the evolution of average (Tave) and maximum (Tmax) daily
temperatures, average daily relative humidity (RH) and average of the Temperature
Humidity Index (THI) along the period when sperm samples were collected. Average
daily temperatures higher than 25°C and maximum daily temperatures higher than
30°C were observed from June to August. For the same period, minimum daily
temperatures never dropped from 10°C. The highest values of RH were found from
January to March (79 to 94%). However, RH higher than 70% was observed in some
points of the summer season (June, July and August), probably coinciding with summer
storms. There were also maximum values of RH greater than 90% in June and August.
From June to August THI, ranges from 22.4 to 27.0, which include the three THI heat
stress categories, moderate (22.2 to 23.3), severe (23.3 to 25.6) and extreme (25.6
and over) (Marai et al. 2007). If maximum daily THI is considered, we found days from

May to August in which this parameter was in the range of extreme heat stress.

Figure 2. Trends of daily average (Tave, °C) and maximun (Tmax, °C)
temperatures, relative humidity (RH, %) and average (THI) and maximum
(THImax) temperature humidity index along the year 2010 (Data from SIAR

http://crea.uclm.es/siar/datmeteo/). Dotted lines are days of semen collection.
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Figure 3 shows the evolution of xDFl, sdDFlI and tDFl values with the

incubation time (Oh, 24h and 48h) along the period of the year from which sperm
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samples were collected. There were measures at 48h of incubation time only for
sperm samples collected from the end of May to October. The xDFl values for the
three incubation times did not show significant changes in sperm samples collected
between March and the beginning of August (xDFI around 20-21). However, their
values increased to 26 in August, dropping again to values of 20-2| in October. The
sdDFI values did not experiment significant changes along the year for any incubation
time, showing a very stable value close to 2.6. However, for tDFI values, differences
along the year among alternative incubation times were observed. Thus, tDFI values
did not show important changes along the period studied (1.9) for Oh of incubation
time (after semen collection), except a certain decrease observed in July (0.3). After
24h of incubation, an average tDFl value of of 2.3 was found for samples collected from
March to June. tDFI value decreased to 0.7 in July, and increased to 6.8 in August,
dropping to 3.0 in October. Finally, for 48h of incubation, an increase of tDFl from 4.4
to 6.4 was found for measures taken in June and July, and decreased to 2.l for samples
collected at the end of July. A clear increase of tDFI values was observed for samples
collected in August, 13.7. In samples collected in October tDFl values dropped to | 1.5.
Incubation times of 24 and 48 h lead to same trend on tDFI values but with different
magnitude, being greater when sperm samples were incubated during more time. As
tDFI values showed the greatest changes depending on climatic variables existing at
sperm collection dates, this was the only sperm DNA fragmentation indicator used in

the association analyses.

Figure 3. Changes in XDFl, sdDFI and tDFl values with the incubation time (Oh,

24h and 48h) along the period of the year from which sperm samples were

collected.
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Sperm DNA fragmentation as a function of environmental conditions and
HSP90AAI genotypes.

Table 3 showed raw tDFl data from three incubation times for the non-heat
stress (NHS) and heat stress (HS) semen collection periods. We have observed that as
temperature rises, levels of sperm DNA fragmentation also increase with clear
differences between non-heat stress semen collections and those conducted under

heat stress conditions.

Figure 4 shows estimates of tDFl differences values between genotypes of
g.660G>C, g.667_668insC and the combined genotype of both mutations depending
on THI at each day of the period comprised between days 0 to 60 bsc (before sperm
collection) for NHS and HS scenarios. Stages of the spermatogenesis process are

marked. Bonferroni correction was applied to take into account for multiple tests.

When thermoneutral conditions occurred along the spermatogenesis process,
no differences were shown among tDFl values and alternative genotypes of the
g.660G>C SNP. However, significant differences in tDF| values among genotypes were
detected when heat stress events occur at some stages of the spermatogenesis. Thus,
the GG, genotype showed higher tDFI values than those observed for CC ., when
heat stress events occurs at periods comprised between days 29 to 34 bsc (.14 to
[.35 folds per THI unit) and 10 to 12 bsc (1.72 folds). Only for the period 10 to 12
days bsc the GG, genotype showed higher tDFl values than the CG_, one (1.31
folds). No difference in tDFl values were detected between CC,, and CG,,

genotypes.

Table 3. Sperm DNA fragmentation levels (tDFl) from three incubation times
for the non-heat stress (NHS) and heat stress (HS) semen collection periods.
Data are mean * standard errors.

Semen collection

. Oh 24 h 48 h

period
NHS 436+0.12 464%0.152 6.67+0.77=
HS 5.03 £ 0.31 6.75 + 0.38> 12.27 £ 0.81®

tDFI = total DNA fragmentation index (percentage of spermatozoa with a DNA Fragmentation Index
(DFI) value over 25 %.)

NHS = non-heat stress period (semen collections from March to May)

HS = heat stress period (semen collections from June to October)

*b: different superscript letters within column indicate significant differences between semen collection
periods.
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Under NHS conditions the genotype ID ,,, showed higher tDFI values than the
Il ;s at some periods along the spermatogenesis process (days |5-17 bsc (0.22 folds);
days 32-33 bsc (0.19 folds) and days 49-52 bsc (0.25 folds) but the magnitude of such
difference was small. There were two peaks around days 46 and 56 bsc in which the II.
«cs genotype showed higher tDFI values than the DD, but even with lower magnitude
than in the previous case (0.18 to 0.21 folds). When HS conditions took place, more
convincing results were obtained. In this way, the ID_, and DD ., genotypes showed
very high tDFI values than the Il ,,; (more noticeable for the ID ,, genotype than for
the DD, one) in the period comprised between days 37-49 bsc and 29-32 bsc. Thus,
for the period 37-49 days bsc ID , and DD, genotypes showed tDFI values 1.33 to
2.15 folds and 1.20 to 1.31 folds higher than the Il ., respectively. For the period
comprised between days 29 to 32 bsc differences among genotypes were smaller than
those previously described (0.82 to 0.85 folds for ID,, and DD, genotypes
comparing with Il ). These differences decreased along the spermatogenesis process

disappearing around day 27 bsc.

When the combined genotypes for the polymorphisms g.667 668insC and
g.660G>C were considered, a mixed pattern but mainly controlled by the INDEL
mutation was found. Under NHS conditions, the genotype ID ,,-CG_,,, was the worst
in terms of tDFl values compared with the remaining genotypes in the periods
comprised between days 48 to 52 bsc (0.30 to 0.48 folds), 32 to 33 bsc (0.24 to 0.37
folds) and 14 to 17 bsc (0.27 to 0.43 folds). These differences had lower magnitudes
(0.13 to 0.27 folds) in the central stages of the spermatogenesis process (days 21| to 30
bsc). For the HS case (only significant contrasts are shown) much higher magnitude of
differences among genotypes were found for the initial period of the spermatogenesis
which comprises the period between 36 to 49 days bsc. Again the ID ,CG,,
genotype was the one with the highest tDFl values (2.47 to 3.56 folds) when
comparing with 1l ,CC ., DD ,CC ., DD (GG, and ID,CC,,, genotypes.
Differences among genotypes were decreasing from day 36 bsc to the end of the
spermiogenesis stage (1.24 to 1.92 folds). The genotype showing the lowest tDFI

values was Il ,,CC .
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Figure 4. Estimates of the differences of tDFI values between genotypes of the
g.660G>C, g. 667 668insC and the combined genotype of both mutations
depending on THI at each day of the period comprised between days 0 to 60
bsc for non heat stress (NHS) and heat stress (HS) collections. Stages of the
spermatogenesis process are marked. Contrasts in the first column of the
bottom legend apply to g.660G>C genotypes. Contrasts in the second column
of the bottom legend apply to g.667_668insC genotypes. Contrasts in the third
to fifth columns of the bottom legend apply to combined genotypes. For
reference values of tDFI under NHS and HS, see Table 2.
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DISCUSSION

The heat shock response is one of the main prosurvival activities of cells. In
particular, the sensitivity of mammalian germ cells to environmental heat stress has
been extensively studied (Hansen P] 2009, Kim B 2013). Among others, cellular
consequences of this stressor are protein miss-folding, DNA damaging, inhibition of
DNA repair systems (Stecklein et al. 2012), and the inhibition of multiple processes
associated with DNA replication (de Carcer 2004, McClellan et al. 2007, Velichko et
al. 2013) and the maturation of chromatin (Zhao et al. 2005, Ruden et al. 2008). To
cope with these effects, cells increase the expression of heat shock proteins (HSPs).
This confers a transient protection, leading to a state that is known as
thermotolerance, whereby cells become more resistant to various toxic insults,
including otherwise lethal temperature elevations. Moreover, HSPs are expressed,
though at lower levels, under normal conditions. This observation can be explained by
the fact that HSPs are molecular chaperones for protein folding that play a central role
in protein homeostasis (Freeman BC 2000, Diller KR 2006).

Whatever the mechanism of the gene transcription regulation is, it seems to be
clear that genotype x environment dependent transcription rate of the HSP90AA| gene
observed affects ram’s sperm DNA fragmentation in such a way that both events can

be linked. Differences in ram’s sperm DNA fragmentation have been found.

By analyzing separately tDFI values of sperm samples which have been subjected
or not to heat stress along the spermatogenesis process and the combined genotypes
of both polymorphisms (g.660G>C and g.667 668insC) concluding results, regarding
the linkage between gene expression and sperm DNA fragmentation, have been found.
Thus, when thermoneutral conditions surround the spermatogenesis process (sperm
collected in March and May), differences of alternative genotypes of the g.667_668insC
and g.660G>C mutations analyzed separately were not enough to produce significant
differences in sperm DNA fragmentation and only very light when the combined
genotypes g.667_668insC _g.660G>C (Figure 4) were considered (less than 0.5 tDFI
units). However, when heat stress conditions were present along or at some stages of
the spermatogenesis process (sperm collected in June, July, August and October)
different results were observed when considering the g.667_668insC and g.660G>C
genotypes separately or combined, not only in the magnitude of the differences in tDFI

values observed among genotypes but also in the spermatogenesis stage where heat
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stress has greater effect over sperm DNA fragmentation measured after 48h of 37°C

heating after ejaculate collection.

Our results confirmed that both polymorphisms are involved in the effect that
climatic conditions has over sperm DNA fragmentation. However, the critical stage in
terms of heat stress effect over sperm DNA fragmentation differences moved to the
spermatocytogenesis stage in where the maximum tDFI differences between genotypes
were observed. These differences ranged from 1.27 to 1.32 folds for the DD GG,
vs. llCCp and from 1.92 to 3.56 folds for the ID ;CG,,, vs. Il ;CC .
Differences in the gene expression rate for these same genotypes were also high
(FC=1.6 to 3.1) when heat stress conditions (Chapter I, August 2 and August | time
points) were present. Therefore, it seems reasonable to consider that both events are

correlated, but in what way?

It is well known that there are differences in the genes transcription rate in the
stages (cell types) of the spermatogenesis process (Aguilar-Mahecha et al. 2001, Paul C
2008, Vibranovski et al. 2010) and also in the heat stress sensitivity of the different cell
types involved (Rockett et al. 2001, Paul C 2008, Pérez-Crespo M 2008). In the
spermatocytogenesis stage (mitosis), spermatogonia and primary spermatocytes have
high transcription levels as occurs in other undifferentiated cells. However, these levels
decay in meiotic cells (secondary spermatocytes and spermatids) and in mature
spermatozoa. Moreover, cell-specific genes are transcribed at each stage of the
spermatogenesis process (Aguilar-Mahecha et al. 2001). In rats, the expression levels of
the HSP90AA| gene decrease drastically (80%) during the early phases of the
spermatogenesis reaching undetectable levels in the more mature germ cells (Aguilar-
Mahecha et al. 2001) as it has been observed for our group in sheep spermatozoa (data
not shown). During germ cell development, different spermatogenic cell types showed
remarkable variation in their susceptibility to heat stress being spermatogonia and
spermatozoa the most thermotolerant cells while pachytene spermatocytes and early

spermatids are more susceptible to heat (Setchell BP 2006, Grad et al. 2010).

Taking this background into account, we can make some hypothesis around the
results here obtained regarding the expression levels observed for the HSP90AA| gene
in animals carrying alternative combined genotypes of the g.667_668insC-g.660G>C
mutations and the variation of the tDFl values observed in the spermatozoa of these
animals depending on heat stress events occurring along the spermatogenesis process.
The highest differences in tDFl values among g.667_668insC-g.660G>C combined
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genotypes were observed when the THI threshold was exceeded during the
spermatocytogenesis stage, independently of the heat stress events occurring in
posterior phases of the spermatogenesis process. Heat stress at this stage may induce
the expression of the HSP90AA| gene. Thus, unfavorable genotypes in terms of gene
expression induction (ID_,GC ., DD GG, do not produce enough mRNA
(mRNAs are stored as messenger ribonucleoprotein particles (Hecht 1998)) and
Hsp90a protein to cope with future thermal stress which might occur in posterior
stages in which transcriptional activity is reduced and cell types and molecular
processes are more sensible to heat (spermatocytes in pachytene and spermatids
protamination). When THI threshold was exceeded in the meiosis and spermiogenesis
stages differences in tDF| values of alternative combined genotypes of g.667 _668insC-
g.660G>C are much lower than those observed in the previous case described maybe
due to the limited transcriptional activity of the cellular types here involved. Two
peaks of higher differences corresponding to meiosis and protamination could indicate
the importance of past (selective translation of stored mRNAs (Rathke et al. 2014))
and present (limited) expression rates of the HSP90AA| gene to protect the meiotic
process and produce an optimal exchange of histones by protamines (Campos et al.

2010a, Rathke et al. 2014) to achieve an optimal spermatozoa DNA packaging.

Therefore, optimal expression rates of favorable genotypes of the HSP90AAI
gene induced by heat stress events seem to be related with a higher ability of mature
spermatozoa to cope with the effects that high temperatures exert over their DNA
fragmentation when they are subjected to 37°C during 48h. This ability must consist
essentially in a better packaging of the sperm DNA (efficient protamination) during the
spermiogenesis process which would be favored by higher amounts of Hsp90q,
translated at this moment or stored in the past. In bulls, the DNA fragmentation index
(DFI), has been positively correlated with the percentage of spermatozoa that showed
low protamine content (Fortes et al. 2014). However, other roles of the Hsp90a
related with the cellular defense against other sources of stress (i.e. oxidative stress)
and proteostasis maintenance (Erlejman et al. 2014) must not be discarded to preserve

spermatozoa DNA from injuries.

Results here obtained lead us to question if heat stress events occurring at
initial stages of the spermatogenesis process would be selectively advantageous to
protect cell types of subsequent stages, which have worse heat stress response in
terms of transcription ability, from injuries caused by heat or other sources of stress.

Relative to this idea, it is important to remark that sheep is a short day breeder whose
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favorable reproductive period begins when the days shorten (fewer hours of light).
This period comes after the hottest months, and so, we could expect that those

animals with a favorable genotype in terms of heat resistance were more fertile.
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The present thesis was initially designed based on the results Marcos-Carcavilla
and coworkers published in 2010 (Marcos-Carcavilla et al. 2010b). They showed
evidences of the role of a particular polymorphism located at the HSP90AA| promoter
region in gene expression rate differences under heat stress. However, their study was
performed with a limited number of animals and only focused on a single

polymorphism.

The initial objective of the study here presented was to verify the role of that
candidate polymorphism described by Marcos-Carcavilla et al. (Marcos-Carcavilla et al.
2010b) and to investigate the potential effect of all the polymorphisms detected at the
promoter region of these gene. Based on the results obtained new objectives were

developed.

As a summary, in this work, it has been carried out a thorough study of the
HSP90AAI ovine gene: the structure, regulation motifs, polymorphisms and epigenetic
marks of its promoter region; the role of several polymorphisms in the gene
expression pattern under variable environmental conditions; the correlation of those
polymorphism frequencies with the adaptation of several sheep breeds to the regions
where they are reared; the mutations evolution history across different species
pertaining to the Caprinae subfamily; and finally their effect over a male reproductive

trait, the rams sperm DNA fragmentation.

To a large extent, this study was carried out and focused in the Manchega
sheep breed. This breed is located in Castilla-La Mancha where summer temperatures
exceed 33°C (www.aemet.es). Therefore, this breed constitutes a good animal model
to study environmental adaptation to heat stress conditions. The animals available for
the experiments were all rams belonging to an artificial insemination centre. The fact
that these are commercial animals led some limitations in the time where samples
could be collected across the different experiments and in the type of samples
collected. Rams were not always available because of their own insemination calendar,
which in few occasions coincided with the hottest day. For instance, to accomplish the
experiment described in Chapter | the sampling day was critical. Also, only samples

from blood and sperm were available for the study.

In Chapter |, we accomplished the main objective of the thesis which was to
investigate if polymorphisms at the HSP90AA| gene promoter region affect the
expression rate of the gene depending on environmental circumstances. One

important constraint that we have found when selecting housekeeping genes to
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normalize expression results of our target (HSP90AAl) was the fact that only one
candidate (HSP90ABI) among the |6 studied was more stable than the target (Serrano
et al. 2011). As mentioned in the introduction, under heat stress events, the HSR
mechanism alters the expression of many genes including those not directly related
with heat stress (Weber et al. 2006) (See Fig. 5 from Introduction). Therefore, the
normalization of the expression data of the HSP90AA| gene was made exclusively with

one housekeeping, the HSP90AB| gene.

The first result related to this objective was that the linkage disequilibrium
block constituted by the g.703_704insAA, g.660G>C and g.528A>T polymorphisms
has some effect in the expression profile of the gene (FC (Fold Change) = 1.3)
independently of climatic conditions under which samples were collected. Due to the
high LD existent among these polumorphisms, we could not determine which of them
was the causal mutation. For the isolated SNPs g.522A>G and g.444A>G only subtle
significant effects on expression were detected under thermoneutral and heat stress

conditions, respectively.

In a second study one INDEL, g.667_668insC, moderately linked (r* = 0.23)
with the LD block constituted by g.703_704insAA, g.660G>C and g.528A>T showed
the highest effect over the gene expression rate (FC=3.4) but only for samples
collected under heat stress conditions. However, we could not determine if the effect
was due exclusively to this mutation or to polymorphisms constituting the LD block

mentioned above.

Our main hypotheses about how these polymorphisms could affect the
transcription differences observed in the HSP90AAI gene were |) polymorphisms
affect transcription factor binding sites; 2) some epigenetic modifications (i.e. the
methylation of a CpG produced in the DNA sequence when the G, allele is present)
could block the bind of a transcription factor or promote the bind of a repressor; 3)

polymorphisms may be implied in some structural DNA features i.e G-quadruplex.

In order to deal with the two first questions (i.e. to isolate the causal mutation
and determine the way of action), we carried out two studies that are described in
Chapter 2: i) an Electrophoretic mobility shift assay (EMSA) and Luciferase reporter
assay; ii) a study of the methylation pattern of the HSP90AA| gene promoter.

The EMSA assay, but mainly the luciferase assay, let us conclude that the

combined genotype constituted by g.667 668insC and g.660G>C seems to be the
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main responsible of the differences in HSP90AA| transcription induction by heat stress.
EMSA assay did not reveal any clear effect of the methylation effect regarding its
influence over transcription factor binding differences. Unfortunately, we could not
develop a luciferase assay to determine with accuracy if the G, allele which creates a
cis-regulated ASM has any influence over gene expression levels. Although with these
type of techniques we cannot determine which transcription factor binds the sequence
affected by these two mutations, in silico predictions indicates that a transcription
factor of the SP family, probably Spl, binds DNA with more affinity when animals

carrying the Il ,,,CC ,,, genotype are subjected to hot environments.

Despite all these experiments provide us a high level of certainty about the
HSP90AA| expression regulation, we cannot discard the existence of other
polymorphisms or genes affecting the transcription rate of this gene. We are aware
this gene is part of a complex interaction network that is involved not only in the
stress response but also in numerous cellular processes such as the cell cycle, signal
transduction, protein modification and folding, etc. In addition, the eukaryotic Hsp90 is
a complex molecular chaperone machine associated with a large cohort of co-
chaperones and therefore the appropriate working depends on the optimum

equilibrium among all those components.

All these experiments provide us with a high level of certainty the mechanisms
implied in the HSP90AA| expression regulation. However, regarding the third question,
i.e. the presence of a group of adjacent cytosines promoting a structural change in the
DNA conformation could not be addressed. In fact, the reverse chain was predicted to
form a G-quadruplex. The G-quadruplex is an alternative DNA structural motif that is
considered to be functionally important in the transcriptional regulation in the
mammalian genome (Henderson et al. 2014). Most published studies have detected
these structures by crystallography (Campbell et al. 2007), circular dichroism
(Henderson et al. 2014), nuclear magnetic resonance (Adrian et al. 2012), X-ray crystal
diffraction spectrometer (Phillips et al. 1997) and in vivo detection of G-quadruplex
DNA, mainly based on the highly selective fluorescent (Lipps et al. 2009). Those
probes need a complex operation procedure and sample preparation. Unfortunately,

those requirements were not available in our case.

HSP90AAI has a complex and highly regulated promoter organization. lts
structure is considered hybrid because it has a double mechanism for transcription

regulation. Maybe because it is a highly induced gene, its transcription regulation has to
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be specific to prevent much of the expression when it is not really required, but a basal
regulated expression remains active by the CpG island to maintain cellular
homeostasis. During Chapter 2, the whole promoter structure was deeply studied
discovering a regulatory CpG island. Interesting differences in the methylation pattern
between tissues were observed. Moreover, comparisons between the same tissue
across different ages has also been studied. Sexual organs have different expression
patterns depending on their sexual maturation stage (Laiho et al. 2013). In testes a
specific splicing is produced yielding a much smaller isoform of the protein (Fig. Il
from Chapter 2), than in any other tissue studied in this work. Moreover, epigenetic
marks existing in the HSP90AA| promoter in many tissues analyzed have been erased
in the spermatozoa gene promoter. Epigenetic marks at the promoter region have
disappeared in sperm, why is this reason? Transcription in sperm is low, thus the
regulatory CGIl would not have a real function. Why epigenetic marks exist in the body
gene of the mature spermatozoa and do not in the body gene of other tissues
analyzed? This fact could be to achieve a specific splicing pattern to obtain a smaller

protein isoform exclusive to spermatozoa.

Finally, there were no differences in the methylation pattern between samples
collected under heat stress and non-heat stress conditions, so environmental changes
do not seem to be the reason why these methylations occur. However, the last reason
why these epigenetic modifications exist has not been found. There are still some
epigenetic changes that appear to happen without any known cause (Aguilera et al.
2010).

The experiments that constitute Chapters | and 2 were carried out almost
exclusively with animals of the Spanish Manchega sheep breed. We then extend these
experiments to other breeds of the ovine species and to related species that belong to

the same taxa; i.e., the Caprinae subfamily.

Chapter 3 deals with the characterization of the HSP90AA| gene promoter in
3| sheep breeds distributed across different climatic regions of the world and in 9
species from the Caprinae subfamily. The main aims of this work were to: |) assess the
impact of the domestication process (artificial selection) and the environmental
conditions (natural selection) over the frequencies of the HSP90AA| polymorphisms in
the sheep breeds analyzed; 2) look for some footprint of these mutations in wild

species of the Caprinae subfamily to which the Ovis aries belongs.
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For the first aim addressed, the analysis of sheep breeds data revealed that the
wild alleles of the g.667_668insC and g.660G>C are D, (72%) and C,,, (63%),
respectively. For g.667_668insC, the favourable allele is that with the lowest frequency,
indicating that its origin would be recent. For g.660G>C, the most frequent allele was
the favourable one, suggesting a more ancient presence of this mutation in the genome

of the ovine species.

Also, we found a highly significant association between the frequencies of these
two polymorphisms with some climatic variables (minimum temperature, average
annual temperature, thermal width, maximum annual rainfall, etc) from regions where
sheep breeds are reared. The domestication process leads to manage and to select
animals based on their productive performances. Domesticated animals do not live in
completely free environments such as those where their wild counterparts live. By this
way, livestock have different environmental selective pressure than wild animals.
However, as mentioned above in the Introduction section, sheep is a livestock species
that is managed under more extensive systems than others. Therefore, some
footprints of natural selection over the gene investigated could be detected in this
species. In fact, 35.5% of the sheep breeds studied are reared in hot climates and
showed high frequencies of the alleles conferring an efficient heat stress response.
Also, 19.4% of breeds reared in cold climates have low frequencies of heat stress
favourable alleles. Thus, we can hypothesize that natural selection is acting over the
HSP90AA| sheep gene despite the domestication that has been performed for this
breed. But also, we found a group of breeds (25.8%) reared in cold climates with high
frequencies of heat stress alleles and a group of breeds (19.3%) that came from hot
climates with low frequencies of hot favourable alleles. This may reflect the well known
phenomenon of genetic exchange that has occurred during the development of
modern sheep breeds. In the first group, the biological fitness may not be
compromised by hot environments, but in the second group unadaptation of animals
to cope the climatic conditions of their places of origin is expected. We do not know
the history of most of these breeds in terms of how and where they were originated
or the migrations to which they were subjected. Some of these breeds are local and
not subjected to artificial selection and some are even endangered. Despite this
constraint, some evidence of the genetic adaptation of this species to the
environmental conditions prevailing in the regions of the world where they live has

been achieved.
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For the second aim addressed in Chapter 3, we have confirmed that 9 of the | |
polymorphisms detected in the ovine HSP90AA| promoter are not exclusive of this
species but they are present in several species of the Caprinae subfamily. However,
any of them exist in the Bos species. We have assessed that the wild allele of the SNP
g.660G>C is C since is the one with the highest frequency in all species studied. For
the g.667_668indC INDEL, results are more confuse since in O. aries the most
frequent allele is D, however intermediate frequencies of alleles D (, and | ., were
found in O. moschatus and O. musimon. This led us to wonder if this mutation is not as
new as we expected from the results obtained in the ovine species and to consider a
new hypothesis. The |, allele of the g.667_668insC polymorphism could be more
frequent in wild species of the Caprinae subfamily than in its domestic counterparts O.
aries and C. hircus, because of the relaxation of natural selection resulting in the

domestication process over this gene.

Surprisingly, we have found that within the Ovis genus, O. moschatus is the
species sharing the highest number of polymorphisms with O. aries (7/11). For O.
moschatus, which is currently restricted to Greenland and the Arctic Archipelago, very
high frequencies of alleles related with the heat stress response (|, = 0.43; C,, =
0.90) were found. These results seem to indicate that the actual O. moschatus is
genetically well prepared to tolerate warm climates. Could the high frequencies of
alleles related with the heat stress response found in O. moschatus be inherited from an
extinct ancestor of this species? Praeovibos, an older morphotype of O. moschatus, does
not appear to have been restricted to inhabiting cold climates as its remains have also
been found in temperate and Mediterranean forests of France and Spain which
indicates that Praeovibos was less restricted to a specific ecological niche than O.
moschatus (Campos et al. 2010b). Furthermore, an opposite situation was found in A.
lervia. This species came from the Sahara and the Magreb rocky areas and is well
adapted to high temperatures and dehydration. However, the unfavourable allele (D.

«s) for heat stress response is fixed in this species.

Genetic divergence measures estimated locate A. lervia closer to species of the
Capra genus (C. hircus and C. pyrenaica) and more distant to Rupicapra pyrenaica than
that pointed out in a recent reconstructions of the Caprinae phylogenies (Hassanin et
al. 2012; Bibi et al. 2013). O. moschatus was located closer to species from the Ovis
genus and to R. pyrenaica. This reveals the complexity of the interpretation of the

evolution of the species belonging to the Caprinae subfamily.
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Finally, we investigated the effect of the HSP90AA| genotypes of those
polymorphisms related with the heat stress response on the phenotypic variability
observed depending on climatic conditions of a ram’s reproductive trait, the sperm
DNA fragmentation (Chapter 4). The testes of many species of mammals descend
either during fetal or shortly after birth into a scrotum, where the temperature is
appreciably lower than in the abdomen. The body-scrotal temperature difference is
greater in an environment of 6°C and less at 40°C. This special protection of male
gametes is due to the fact that Pachytene spermatocytes and early spermatids are the
most susceptible cells to heat stress in the testis. The effects of heat stress over sperm
cells are, among others, apoptosis and DNA damage. In addition, RNAseq studies of
the HSP90AA| expression levels in different ovine tissues have revealed that testis and

brain are the tissues with the highest transcriptional activity of the HSP90AA| gene.

All these arguments lead us to choose the sperm DNA fragmentation as the
target phenotype to be associated with genotype x temperature transcription
differences observed in the HSP90AA| gene. To mimic the conditions that sperm cells
find during its transit along the ewes oviduct, ejaculates of rams, collected under
different environmental temperatures were incubated at 37°C during 24 and 48 hours.
Sperm DNA fragmentation was assessed through the Sperm Chromatin Structure

Assay (SCSA) method by flow cytometry.

Our results confirmed the relationship between the combined genotype of
g.667_668insC and g.660G>C with sperm DNA fragmentation differences. The critical
stage in terms of heat stress effect over sperm DNA fragmentation seems to be the
spermatocytogenesis stage (35 to 50 days bsc) in where the highest differences
between genotypes were observed. At this stage, spermatogonia and primary
spermatocytes have high transcription levels as occur in other undifferentiated cells.
However these levels decay in meiotic cells (secondary spermatocytes and spermatids)
and in mature spermatozoa. The expression levels of the HSP90AA| gene decrease
drastically (80%) during the early phases of the spermatogenesis reaching undetectable

levels in the more mature germ cells.

Therefore, we can argue that spermatocytogenesis is the most heat-susceptible
stage of the spermatogenesis process in terms of sperm DNA fragmentation, not due
to thermosensitivity of cells at this phase but because the effect of the differences in
the transcriptional activity of the gene have over subsequent stages of the

spermatogenesis process. Thus, unfavourable genotypes in terms of gene expression
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induction do not produce enough mRNA (mRNAs are stored as messenger
ribonucleoprotein particles) and Hsp90a protein to cope with future thermal stress
which might occur in posterior stages in which transcriptional activity is reduced and
cell types and molecular processes are more sensible to heat (spermatocytes in
pachytene and spermatids protamination). This ability must consist essentially in an
optimal development of the meiotic process and a better packaging of sperm DNA
(efficient protamination) during the spermiogenesis process which would be favoured
by higher amounts of translated Hsp90a at this moment or stored in the past

(spermatocytognesis).

After globally analyzing the results obtained along the present thesis, we can
conclude that the approaches here used have been useful to better understand the
molecular mechanisms that undergo some aspects of the heat stress response and the
consequences that sub optimal genotypes have over a phenotypic trait. In fact, new
possible approaches have been opened, which this work could not still give answer

but, sometimes, that's the beauty of science.

FUTURE PERSPECTIVES

I. New technologies

Whole genome sequencing and SNP chips genotyping have opened new
possibilities in obtaining rich data base to continue studying these kind of processes.
Increasing the number of animals and markers analyzed will provide to the scientific
community a great amount of information: the so-called 'omics' revolution. For instance
performing association studies to identify functional polymorphisms, insertions, long
non-coding RNAs or CNVs in the whole genome is now possible with an affordable
estimate. The bioinformatics area has achieved great importance, as they have turned

an essential tool to decipher the great amount of information obtained.
2. Climate change

Large emissions of greenhouse gases has led to global warming and climate
change (Lal 2013). Along this thesis we have studied some aspects of the ovine species
adaptation mechanism to cope with increase temperatures, as an example of a good
species to cope with climate change consequences. At the same time, ruminant

livestock such as cattle, buffalo, sheep and goats contributes the major proportion of
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total agricultural emission of methane, even though, cattle are the largest contributing
species to enteric fermentation (Figure 1) increasing green house gases (GHG) and

contributing to global warming .

However, comparing the global estimates from livestock production by species,
small ruminants produce lower greenhouse emissions than even monogastric species.
It is true, that global small ruminant production is smaller than any other livestock
species (Figure 2), however in those regions where small ruminants production is high,
as South Asia, East and Southeast Asia and Near East and North Africa regions, GHG

(greenhouse gas) emissions continue being lower (Figure 2).

Increasing sustainable small ruminant production, where sheep is included,
could be a good approach for obtaining high quality products with less GHG emissions
and better adapted to worse environmental conditions. For developing countries
investing in small ruminant production could lead to cheaper food and clothes
resources. The greatest advantage of small ruminants relative to large ruminants is
their low cost, small size, their suitability to small holdings and its efficient conversion
of forage feeds even they are farmed in temperate, arid or semi-tropical conditions. In
fact, one of FAO's active commitments is related with small ruminants in developing

countries (Timon 1985).

"In view of the very significant contribution of small ruminants to the
economy and livelihood of peoples in almost every country around the
world, and particularly in the developing countries, the Consultation
strongly recommends that much greater priority and much larger
investment should be made by national and international institutions in

R&D and the promotion of small ruminant production.”
3. New approaches

One of the most important results achieved in this work has been the
correlation established between differences in HSP90AA| expression levels depending
on genotype and climatic variables existent when samples were collected with the rate
of sperm DNA fragmentation of males from which these samples were obtained. In the
near future our aim is to determine the impact of such variations in sperm DNA
fragmentation observed over male’s fertility. However this is not an easy question
since the trait fertility measured as pregnancy or lambing rate is responsibility of both

the dam and the sire.
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4 '

Figure 1. Global estimates of emissions by species, including emissions attributed to
edible products and to other goods and services, such as draught power and wool.
Source: FAQ's data (Gerber 2013)
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In livestock, the success of a gestation or birth has been usually related with the
dam. Male's effect over pregnancy rate is not easily measurable, because the small
period of time from mating in which pregnancy can be assigned to the male and the
lack of accuracy technologies to make early gestation diagnosis. The availability of new
approaches to measure pregnancy in sheep such as near-infrared reflectance
spectroscopy (NIRS), opens up the possibility to find the way to measure the male’s
effect on the pregnancy rate (Andueza et al. 2014) and therefore to associate levels of
sperm DNA fragmentation depending on genotype and climatic variables with males

fertility.

Sperm possess a remarkable set of long-lived messenger RNAs that have been
hypothesized to be required for embryogenesis. At least in human, the sperm
transmits not only nuclear DNA to the oocyte but also activation factors,
centrosomes, and a host of mMRNAs and microRNAs during fertilization. It has been
observed that several of these spermatozoal mRNAs are also found in the zygote,
indicating that these transcripts may be functionally critical during embryonic
development (Ostermeier et al. 2004). Thus, the health of the sperm genome and
epigenome is critical for improving assisted conception rates and the birth of healthy
offspring (Kumar et al. 2013). The delivery of certain sperm transcripts to the oocyte,

which could translate to proteins, may be critical for the early stages of embryogenesis
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and/or implantation. Moreover, some transcripts are present in spermatozoa, and not
detected in the oocyte, and these should be contributed exclusively by the sperm to

the egg (Kumar et al. 2012).

Finally, we do not discard that HSP90AA| genotype from the ewe would also
have effect in pregnancy and birth success It is however known that the expression

patterns of the HSP90AA| gene in oocytes is not as relevant as in testes (Chapter 2).

{ N
Figure 2. Global livestock production (in Tonnes of proteins) and GHG emissions from

livestock by regions. Source: FAO's data (Gerber 2013)
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La region promotora del gen ovino HSP90AA| es altamente polimérfica. Los
polimorfismos presentes en dicha region afectan a la regulacion de la expresion

génica del gen.

El promotor del gen HSP90AA| ovino es de tipo hibrido, con presencia de caja
TATA e isla CpG reguladora. Este hecho, le confiere mayor plasticidad en la
expresion génica y dota de mayor importancia a aquellos polimorfismos

situados en la region 5' del promotor.

La transversion g.660G>C (rs397514116) tiene un efecto de igual magnitud
sobre la tasa de expresion del gen en condiciones termoneutras y de estrés
térmico. Los animales que portan el alelo G tienen una menor expresion de la
chaperona inducible HSP90AAI.

La presencia de una insercion de citosina g.667_668insC (rs397514115) en la
region 5' del promotor de la chaperona HSP90AA| aumenta hasta tres veces la

expresion del gen bajo condiciones de estrés térmico.

Las frecuencias de los alelos de aquellas mutaciones beneficiosas frente al estrés
térmico (g.660G>C y g.667_668insC) presentan una elevada correlacion con
variables climaticas de las regiones de origen de algunas de las razas ovinas

estudiadas.

El alelo C en la transversion g.660G>C resulta ser al alelo salvaje, justificada por
la metilacion alelo-especifica que se produce en este polimorfismo y por la
frecuencia de este alelo en otras razas ovinas y otras especies rumiantes

estudiadas en este trabajo.

El alelo salvaje de la insercion g.667 668insC podria ser la deleccién de una
citosina en base a los resultados obtenidos en la especie ovina. Sin embargo, el

analisis de otras especies de la subfamilia Caprinae no apoyan dicha hipotesis.
La presencia de una insercion de citosina, g.667_668insC, aumenta la

proteccion del ADN espermatico contra la fragmentacion por efecto de la

temperatura.
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9. La fragmentacion de ADN espermatico depende de la etapa de
espermatogénesis en la que la célula ha estado expuesta a estrés térmico.

Siendo la fase de espermatocitogénesis la mas sensible a temperaturas elevadas.
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Conclusions

. The promoter region of the ovine gene HSP90AA| is highly polymorphic. The

polymorphisms present at this region have effect in the gene expression.

. The ovine HSP90AA| gene promoter is a hybrid promoter. It presents TATA-
box and a regulatory CpG island. This fact confers more plasticity in the gene
expression profile and it provides more relevance to the polymorphisms

located at the 5' promoter region.

. The g.660G>C transversion (rs397514116) has effect in gene expression both
under thermoneutral and heat stress conditions. Animals carrying the G allele

have less expression of the HSP90AA| inducible chaperone gene.

. The presence of one cytosine insertion, g.667_668insC (rs397514115.2)
located at the 5' HSP90AA| promoter region increases up to three times the

expression under heat stress conditions.

. The frequency of both beneficial mutations agains heat stress (g.660G>C y
g.667_668insC) are related with hotter climatic latitudes where most of the

ovine breeds studied are reared.

. The C allele in the g.660 G>C transversion results to be the wild type allele. It
has been proved by the allele-specific methylation pattern produced in this
polymorphism and the frequency and presence of both alleles in different ovine

breeds and ruminant species studied in this work.

. The wild allele of the cytosine insertion g.667_668insC can be the deletion
allele, based on the frequencies observed in the sheep breeds studied.
However, not conclusive results can be obtained based on the analysis of more

species from the Caprinae subfamily.

. The presence of the g.667_668insC cytosine insertion increases the sperm

DNA protection against heat stress effects.

. Sperm DNA fragmentation depends on the spermatogenesis stage where the
cell has been exposed to heat. The most sensitive stage to high temperatures

exposition is during spermacytogenesis.
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