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Summary

One of the biggest challenges of this century is to develop strategies that satisfy the
increasing demand for animal protein resulting from the rapidly growing world
population. Such strategies must focus on producing more protein-rich food while
using fewer inputs and minimizing environmental impact. Feed efficiency is a crucial
phenotype to address this challenge since food expenses represent the most

significant proportion of the total costs in the meat rabbit industry.

The articles included in the present thesis have generated knowledge about the
meat rabbit intestinal microbiota: a new phenotype related to individual variation in
feed efficiency. The study of the influence of different environmental factors and the
genetic determinism of this phenotype has allowed investigating its role in the host’s
feed efficiency, unraveling its underlying biological processes, and exploring the

possibility of predicting and improving such a complex phenotype.

In the first study, an assessment of the microbial populations inhabiting the rabbit
cecum and hard feces of 21 young specimens subjected to two different feeding
regimes was performed through sequencing of 16S rRNA gene amplicons. The
results of such analysis revealed a predominant presence of bacterial phyla
Firmicutes (76%), Tenericutes (8%), and Bacteroidetes (7%). Although no variations
in terms of microbial richness and diversity were found between both sampling
origins, compositional differences for the relative abundance of a large number of

taxa were revealed.

The second study evaluated the influence of the environment offered by two
different facilities, the administration of antibiotics and the level of feeding on the
cecal microbial diversity and composition of 425 kits. Although results determined
that the farm environment exerted the largest impact, the other analyzed factors
shaped the relative abundances of certain microorganisms. This study highlights the
importance of offering a controlled breeding environment that minimizes cecal

microbiota alterations that could potentially affect animal performance.
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Summary

In the third study, original approaches based on the traditional animal mixed model
and alternative definitions and expansions of the microbial relationship matrix were
proposed. Such approaches enabled us to determine that an important proportion
of the phenotypic variance of traits related to feed efficiency is attributable to cecal
microbiota. Moreover, the inclusion of microbial information significantly increased
the predictive capacity of the models, even for cage-average phenotypes on which
cecal microbiota had not been characterized in all the individuals involved in the
record.

In the fourth study, the use of the Bayes factor as a measure of statistical relevance
demonstrated that rabbit cecal microbiota is under host genetic control. The
evidence of such control was decisive for genera Bacteroides, Parabacteroides,
Dehalobacterium, and Butyricimonas for which heritability estimates were 0.27-
0.35.

In the last study, a simulation highlighted the limited statistical power of the available
data (412 kits) to detect genomic regions responsible for the variation of rabbit cecal
microbiota through genome-wide association studies. Despite these limitations,
more than 300 variants spread across 10 chromosomes were cautiously declared
to be associated with the variation of 19 microbial traits. Given their implication in
metabolic and immunological processes, 44 genes within these regions were

proposed as candidates for the modulation of cecal microbiota.
These findings demonstrate the contribution of the holobiont system (host-gut

microbiota-environment) to rabbit feed efficiency and lay the foundations for a new

line of research of scientific and practical interest for the meat rabbit industry.

18



Resumen

Uno de los mayores desafios del presente siglo es el desarrollo de estrategias que
permitan satisfacer la creciente demanda de proteina animal derivada del acelerado
crecimiento de la poblacion mundial. Dichas estrategias deben enfocarse en la
produccién de mayor cantidad de proteina minimizando los insumos y el impacto
ambiental. La eficiencia alimentaria es un fenotipo fundamental para abordar este
desafio dado que los gastos de alimentacion suponen el porcentaje mas importante

de los costos totales de la produccion cunicola.

Los trabajos incluidos en la presente tesis han generado conocimiento sobre la
microbiota intestinal del conejo de carne: un nuevo fenotipo relacionado con la
variacion individual de la eficiencia alimentaria. El estudio de la influencia de
diferentes factores ambientales y de la base genética de este fenotipo ha permitido,
ademas de explorar su papel en la eficiencia alimentaria del hospedador, ahondar
en la comprensién de sus mecanismos biolégicos subyacentes y explorar la

posibilidad de predecir y/o mejorar este fenotipo tan complejo.

En el primer trabajo, mediante la amplificacién y secuenciacion del gen 16S rRNA,
se caracterizaron las comunidades microbianas presentes en el ciego y las heces
de 21 gazapos sometidos a dos regimenes alimentarios diferentes. Dicho andlisis
revelo la predominancia de los filos bacterianos Firmicutes (76%), Tenericutes (8%)
y Bacteroidetes (7%). Aunque no se hallaron variaciones en términos de riqueza ni
diversidad microbianas entre ambos origenes muestrales, si se encontraron

diferencias composicionales en un elevado nimero de taxones microbianos.

En el segundo trabajo se evalué la influencia del ambiente ofrecido por dos granjas
distintas, la administracion de antibidticos y el nivel de ingesta sobre la composicion
y diversidad de las comunidades microbianas cecales de 425 gazapos. Aunque los
resultados determinaron que el mayor impacto es ejercido por el entorno ambiental,
se evidenciaron diferencias composicionales en la abundancia de ciertos
microorganismos debidas al efecto de los otros factores estudiados. Este estudio
destaca la importancia de ofrecer un ambiente controlado que minimice
alteraciones en la microbiota cecal que potencialmente pudieran afectar el

rendimiento productivo.

19



Resumen

En el tercer trabajo se plantearon nuevos enfoques basados en el modelo animal y
definiciones originales de la matriz de parecido basada en relaciones microbianas
que permitieron determinar que una proporcién importante de la varianza fenotipica
de distintos caracteres relacionados con la eficiencia alimentaria es atribuible a la
microbiota cecal. Ademas, considerar la informacion microbiana supuso una mejora
significativa de la capacidad predictiva de los modelos, incluso para fenotipos
colectivos en los que la microbiota cecal no habia sido caracterizada en todos los

individuos implicados en el registro.

En el cuarto trabajo se evidencio, usando el factor de Bayes como una medida de
relevancia estadistica, que la microbiota cecal del conejo esta bajo control genético
del hospedador. La evidencia de dicho control fue decisiva para los géneros
Bacteroides, Parabacteroides, Dehalobacterium y Butyricimonas para los que se
estimaron heredabilidades de 0,27-0,35.

En el dltimo trabajo se recurrié a un estudio de simulacion que evidencio el limitado
poder estadistico de los datos disponibles (412 gazapos) para la deteccién de
regiones gendmicas implicadas en la variacion de la microbiota cecal del conejo
usando estudios de asociaciéon de genoma completo. Pese a estas limitaciones,
cautamente se declararon mas de 300 variantes distribuidas a lo largo de 10
cromosomas como asociadas con la variacion de 19 caracteres microbianos. Se
propusieron, dada su implicacién en procesos metabdlicos e inmunoldgicos, 44
genes dentro de estas regiones como candidatos en la modulacion de la microbiota

cecal.
Estos hallazgos demuestran la contribucion del sistema hospedador-microbiota-

ambiente sobre la eficiencia alimentaria y sientan las bases de una novedosa linea

de investigacion de interés cientifico y practico para la industria cunicola.

20



Resum

Un dels majors reptes del segle present és el desenvolupament d’estrategies que
permetin satisfer la creixent demanda de proteina animal derivada de I'accelerat
creixement de la poblaci6 mundial. Aquestes estratégies han d’enfocar-se en la
producci6 de major quantitat de proteina minimitzant els inputs i l'impacte
ambiental. L’eficiéncia alimentaria és un fenotip fonamental per abordar aquest
repte donat que les despeses de l'alimentacié suposen el percentatge més

important dels costos totals de la producci6 cunicola.

Els treballs inclosos en la present tesi han generat coneixement sobre la microbiota
intestinal del conill de carn: un nou fenotip relacionat amb la variacié individual de
I'eficiencia alimentaria. L’estudi de la influéncia de diferents factors ambientals i de
la base genética d’aquest fenotip ha permés, a més d’explorar el paper de
I'eficiencia alimentaria de I'hoste, aprofundir en la compressido dels seus
mecanismes biologics subjacents i explorar la possibilitat de predir i/0 millorar

aguest fenotip tan complex.

En el primer treball, mitjangant 'amplificacié i sequenciacié del gen 16S rRNA, es
van caracteritzar les comunitats microbianes presents en el cec i les femtes de 21
llorigons sotmesos a dos régims alimentaris diferents. Aquesta analisi va revelar la
predominanca dels filums bacterians Firmicutes (76%), Tenericutes (8%) i
Bacteroidetes (7%). Malgrat no es van trobar variacions en termes de riquesa ni
diversitat microbiana entre ambdos origens mostrals, si es van trobar diferéncies

composicionals en un elevat nombre de taxons microbians.

En el segon treball es va avaluar la influéncia de 'ambient ofert per dues granges
diferents, I'administracid d’antibiotics i el nivell d’'ingesta sobre la composicio i
diversitat de les comunitats microbianes cecals de 425 llorigons. Tot i que els
resultats van determinar que el major impacte és exercit per I'entorn ambiental, es
van evidenciar diferencies composicionals en [I'abundancia de certs
microorganismes degut a l'efecte dels altres factors estudiats. Aquest estudi
destaca la importancia d’oferir un ambient controlat que minimitzi alteracions en la

microbiota cecal que potencialment poguessin afectar el rendiment productiu.
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Resum

En el tercer treball es van plantejar nous enfocaments basats en el model animal i
definicions originals de la matriu de semblanca basada en relacions microbianes
que van permetre determinar que una proporcio important de la variancia fenotipica
de diferents caracters relacionats amb [l'eficiencia alimentaria és atribuible a la
microbiota cecal. A més a més, considerar la informacié microbiana va suposar una
millora significativa de la capacitat predictiva dels models, inclius per a fenotips
col-lectius en els que la microbiota cecal no havia estat caracteritzada en tots els

individus implicats en el registre.

En el quart treball es va evidenciar, utilitzant el factor de Bayes com a mesura de
rellevancia estadistica, que la microbiota cecal del conill esta sota control genétic
de I'hoste. L’'evidencia d’aquest control fou decisiva pels géneres Bacteroides,
Parabacteroides, Dehalobacterium i Butyricimonas per als que es van estimar
heretabilitats de 0,27-0,35.

En I'tltim treball es va recorrer a un estudi de simulacié que va evidenciar el limitat
poder estadistic de les dades disponibles (412 llorigons) per a la detecci6 de regions
genomiques implicades en la variacid de la microbiota cecal del conill emprant
estudis d’associacio de genoma complet. Malgrat aquestes limitacions, cautament
es van declarar més de 300 variants distribuides al llarg de 10 cromosomes com
associades a la variacié de 19 caracters microbians. Es van proposar, donada la
seva implicacié en processos metabolics i immunoldgics, 44 gens dins d’aquestes

regions com a candidats en la modulaci6 de la microbiota cecal.
Aquestes troballes demostren la contribucié del sistema hoste-microbiota-ambient

sobre I'eficiencia alimentaria i estableixen les bases d’'una nova linia d’investigacio

d’interés cientific i practic per a la industria cunicola.
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Chapter 1: General introduction

1.1. Evolution of rabbit meat production and consumption

Cuniculture can be defined as the agricultural practice of domestic rabbits breeding
for their meat, fur, or wool. In Europe, this practice dates back to at least the 5%
century A.D., when complete domestication of the wild Oryctolagus cuniculus
probably took place in the French medieval monasteries (Sandford, 1992). Rabbits
were typically kept as part of the household livestock and husbandry fell to the
children. They were principally bred for their meat, but their fur also added an
important economic value. European sailors took domestic rabbits to different ports
around the world and brought new varieties back to Europe with them. Their
international commercial use started in the late 18™ century together with the rise of
scientific animal breeding (Dunlop and Williams, 1996). These principles were also
applied in rabbits whose reproductive cycle allowed for fast selection progress in a
short period of time. Thus, individuals, cooperatives, and national breeding centers
developed different rabbit breeds.

The New Zealand and the Californian, along with crossbreds, are the meat breeds
more frequently used for commercial purposes that have given rise to specialized
lines. A three-line crossbreeding system is widely used: two lines are selected for
litter size obtaining crossbred does, and another line is selected for growth rate. The
crossbred females, which have a good reproduction ability, are mated with a male
of the third line. Therefore, their offspring will have a high growth rate transmitted by
the sire line (Baselga and Blasco, 1989). Rabbits have been raised for their meat in
a wide range of places around the world, but their large-scale commercialization has

been focused on Asia and Europe over the last three decades (Figure 1.1).

Africa
/ 7.8 %
Europe i Americas
31.6 % \"/ 1.8 %

Asia
58.7 %
@® Africa @ Americas Asia @ Europe

Figure 1.1| Average worldwide production of rabbit meat by region from 1993 to 2019 (FAOSTAT, 2021).
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Genetic determinism of meat rabbit cecal microbiota and its role in the host's feed efficiency

Intensive rabbit breeding for meat production was developed in Europe during the
1970s (Lebas et al., 1997). Together with Italy and France, Spain is one of the
European Union’s leading rabbit meat producers (Figure 1.2). Spanish cuniculture
has experienced significant economic and productive changes in recent years. A
decline in local production, a fall in the number of farms, and the professionalization
of rabbit breeding have conditioned the productive evolution of the sector. The
difficulties the rabbit industry is facing are compounded by a progressive reduction

in consumption, and raising criticism related to animal welfare and ethical concerns.
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Figure 1.2| Evolution of production of rabbit meat by European leading rabbit meat producers from 1961 to
2017 (FAOSTAT, 2021).

Rabbit meat is not popular worldwide; however, it is considered a traditional meat
species in Mediterranean countries like Spain. Although rabbit meat is the fifth type
of meat most popular in Spain, its consumption has been reduced by 28% over the
last five years (Montero-De Vicente and Lopez-Navarro, 2020). The number of meat
rabbits has also been reduced by 12% during that period except in some
autonomous communities like Pais Vasco and Castilla y Leén whose number of
meat rabbits increased by 49% and 29%, respectively (Montero-De Vicente and

Lépez-Navarro, 2020).
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Castilla y Leon, followed by Catalufia, is the current leader in the Spanish market
concerning the concentration of production. But in these regions, and also at the
national level, the number of farms and the production of rabbit meat have both

experienced a significant reduction.

There is no denying that cuniculture is facing a challenging period characterized by
a reduction in production and consumption in Spain and the rest of Europe. It will
therefore be necessary to develop sustainable and welfare production systems to
ensure the survival of the industry. Keeping concerns of traditional consumers in
mind together with the development of new rabbit meat products and commercial

strategies to attract new potential consumers.

1.2. Feed efficiency in rabbit as a monogastric livestock species

Feed conversion ratio (FCR) is a measure of the efficiency with which the body
transforms feed into the desired animal output (e.g., eggs or meat). Depending on
the investment costs, food expenses can represent up to 70% of the total cost of
main monogastric livestock production species (e.g., poultry, pork, or rabbit) in
current intensive systems (Cartuche et al., 2014; Whittemore and Kyriazakis, 2006).
For this reason, feed efficiency (FE) is a key trait in the rabbit meat industry that
breeders have always been trying to improve to enhance profitability and the

environmental sustainability of the farm.

In this context, a reduction of the feeding costs is of vital importance to optimize FE.
In rabbit meat production, FCR is the measure most often used to study FE and can
be defined as the ratio between the kilograms of feed consumed and the kilograms
of weight gain. From a productive perspective, this ratio is defined at the farm level
for given periods of time (e.g., years). The current European intensive production
systems have a farm FCR of 3.63 in Spain (Rosell and Gonzalez, 2009), 3.60 in
France (Lebas, 2007), and 3.82 in Italy (Xiccato et al., 2007). These studies highlight
a large variation in FCR among farms in the three countries, but a clear improvement

tendency of this ratio over the past few years.
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In rabbit farms, depending on weaning date and slaughter weight, about 50-60% of
the feed is consumed in the fattening unit and 40-50% in the reproduction unit
(Maertens, 2009). Both units may strongly influence the overall farm FCR, so
appropriate actions to reduce FCR must be taken for both does and fatteners. Farm
FCR is influenced by several factors on which actions are possible to reduce such
ratio. These factors are discussed below and can be classified into three main

pillars: farm management, nutrition, and genetics.

The number of rabbits weaned per doe and the FCR of the reproduction unit are
highly influenced by fertility rate, litter size, and pre-weaning mortality. Gidenne et
al. (2017) reported farm FCR variations according to productivity rate and slaughter
weights. At a slaughter weight of 2.50 kg, they calculated a farm FCR > 4.00 when
the number of rabbits weaned per doe in a year is lower than 40. However, with 50
rabbits weaned per doe, the farm FCR decreased 0.64 points. On the other hand,
at smaller slaughter weight, they estimated a farm FCR drop of 0.39 points with 40
rabbits weaned per doe at a slaughter weight of 2.00 kg in comparison with the
same number of rabbits weaned per doe but at a slaughter weight of 2.50 kg. This
is because maintenance requirements raise gradually with age and a rapid increase
in the FCR of fatteners is observed above 2.00 kg of live weight. With regard to the
sex, Trocino et al. (2015) did not report significant differences in FCR between
males and females before reaching the common slaughter weight. However, after

this age, a higher adipose tissue deposition in females results in a worse FCR.

The farm FCR is also highly influenced by the health status of the animals. Both
mortality and morbidity impact on FCR of fatteners, either by feed consumption
without a final meat production output or by a deterioration of the animal
performance. The effect of increasing mortality and the stage in which the loss
occurs was studied by Maertens (2010). As would be expected, mortalities in late
fattening stages have the worst effect on the farm FCR. For example, a mortality
rate of 20% was estimated to increase the FCR at the end of the growing period by
26%, while a mortality rate of 10% would increase FCR by 11%. It is important to
note that mortalities during the fattening period also impact the FCR of the

reproduction unit since these animals consumed feed before weaning and the

42



Chapter 1: General introduction

consumption of the mother is consequently divided over less weaned Kits.
Fortunately, several actions related to management or nutrition can be carried out
to curb mortality in rabbits. These strategies are discussed in detail in section 1.3.
of this general introduction.

Nutrition is another major pillar for FE of the growing rabbit closely linked to the
dietary digestible energy (DE) content of the feed (Lebas, 1975). Animals regulate
the amount of food consumed to control their DE intake. Blood sugar levels are
fundamental to the regulation of feed intake (FI) in monogastric species. Given that
rabbits are monogastric herbivores, Gidenne and Lebas (2006) hypothesized that
the blood glucose level is probably the principal blood component that regulates the
FI. However, FCR is more correlated with the acid detergent fiber (ADF) than with
the DE. Energy-dense diets can improve FCR, but the rabbit cannot ingest enough
DE to keep an optimal growth rate above 25% dietary ADF. The energy content of
rabbit diets is lower than that for pigs or chickens because of fiber requirements
(Gidenne, 2003). Low fiber rabbit diets, although maintain or improve FCR, increase
the risk of digestive disorders and diarrheas (Gidenne et al., 2000; Bennegadi et al.,
2001). De Blas et al. (1995) pointed that a dietary concentration of 16 to 17% of

non-digestible fibers led to an optimal FCR.

Furthermore, high-energy diets can be an interesting alternative since a
replacement of starch by lipids in the feed, which contain more than twice DE,
suppose an increase of the rabbits’ DE intake to the same FI. The administration of
such diets could be especially beneficial during the finishing phase, when most of
the feed is consumed and the risk of the emergence of enteric disorders has fallen
(Corrent et al., 2007). After weaning, feed restriction or high-fiber diets are often
administrated to curb mortality caused by digestive diseases. In this regard, the
application of feed restriction for two or three weeks after weaning followed by a
period of ad libitum FI reduces the risk of enteric disorders at the same time as FCR
improves (Gidenne et al., 2009; Romero et al., 2010; Gidenne et al., 2012).

Genetics is another major pillar on which actions can be taken to improve FE. This

action is particularly focused on the growing kits’ FCR (i.e., the efficiency of the
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transforming energy and nutrients in the feed into meat in the slaughter animals). It
was first indirectly improved by selection for growth rate (Larzul and De
Rochambeau, 2004; Orengo et al., 2009). Unfortunately, however, such indirect
selection is sub-optimal since Piles et al. (2004) demonstrated that the genetic
correlation between FE and rabbits’ growth is lower than initially expected. Another
criterion that allows an improvement of FE is the residual FI (RFI) that represents
the fraction of total FI that is not explained by maintenance requirements or growth.
RFI is computed as the residual of multiple regression of the FI on metabolic weight

and on the average daily gain (ADG).

Some recent studies have reported heritability estimates for growth and FE traits.
Heritability estimates for ADG recorded in animals fed ad libitum (ADGaL) were
moderate and ranged from 0.21 (Piles and Sanchez, 2019) to 0.31 (Piles and
Blasco, 2003). However, Piles and Sanchez (2019) reported a lower heritability
estimate for ADG recorded in animals fed under restriction (ADGRr), which implies
difficulties in achieving a response to selection for growth or indirectly for FE.
Heritability estimate for RFI was 0.16 (Drouilhet et al., 2013), and ranged from 0.19
(Drouilhet et al., 2013) to 0.48 (Moura et al., 1997) for FCR.

At present, selection of rabbits for FE improvements is being conducted in France
(Drouilhet et al., 2013) and Spain (Piles and Sanchez, 2019). Two principal selection
strategies are followed to improve FCR. The first strategy aims at increasing ADG
for the same amount of FI, thus, selecting those animals that express the highest
growth capacity. The application of feed restriction is necessary to ensure that all
the animals have the same Fl and guarantee that the difference in growth is a
consequence of a difference in FE. The second strategy aims at reducing the FI for
the same body weight, thus, selecting animals based on their RFI. Selection for ADG
would lead to heavier animals without a decrease in food expenses, while selection

for RFI would lead to lower feed costs (Drouilhet et al., 2016).
It is worth stressing that improving FE is essential to increase the competitiveness

of the rabbit industry but also to reduce animal excretion and decrease the
environmental impact of the production. In this regard, Gidenne et al. (2017)
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reported that selection for FE reduced by 13% nitrogen excretion. Therefore,
selecting for FE through a lower FI seems an appropriate strategy to reduce the
environmental impact. Nevertheless, private breeding companies only select for
growth rate because the measurement of individual FI is difficult, especially when

animals are group-raised.

In summary, although literature is still scarce, rabbit production has a large potential
to improve FE and reduce the environmental impact. The Feed-a-Gene European

project enabled the exploration of this potential.

1.2.1. Rabbit within the Feed-a-Gene project

The development of the present thesis has been framed within the Feed-a-Gene
European project (Horizon 2020, grant agreement no: 633531, https://www.feed-a-
gene.eu/). The global and main objective of the project was to better adapt different
components of monogastric livestock species (i.e., rabbit, pig, and chicken) to
improve the overall FE and reduce the environmental impact. It involved the
development of new and alternative feed resources and feed technologies, the
identification and selection of robust animals that are better adapted to fluctuating
conditions, and the development of feeding techniques that allow optimizing the
potential of the feed and the animal. The search for these new solutions is hecessary
to increase the efficiency and sustainability of livestock production systems, but also
to face new challenges related to animal health and welfare, product quality and

security, or environmental impact.

This project worked with the three main species used in monogastric livestock
production, which are responsible for about 13% of nitrogen excretion and 18% of
phosphate excretion from livestock in Europe (Velthof et al., 2015). Moreover, the
production of these species is highly concentrated, and major concentrations of
such excretions in water are found in main monogastric livestock production areas
(the North-West of France, Denmark, the Netherlands, or the North-East of Spain).
The existing diversity in the current livestock production systems, together with the

emerging new real-time phenotyping of animals (i.e., precision feeding and high-
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throughput molecular technologies), offer a high potential for an efficiency
improvement through a better adaptation of the nutrient supply to the individual or

group animal requirements.

The Feed-a-Gene project had a duration of 60 months and was composed of eight
work packages that shared common experiments and facilities among project
partners allowing to limit animal experimentation. Rabbit trials have mainly involved

different tasks encompassed by work packages one, two, and five.

The aim of work package one was to develop novel high-quality European-based
feed protein ingredients and develop methodologies for characterization of chemical
and nutritional properties of feed in real-time. The objective of one task of this work
package that involved growing rabbits was to study the impact of residual biomass
pulp obtained after the extraction of protein from green biomass on the nutritional
value of conventional and upgraded rapeseed meals for growth performance, Fl,
FCR, and digestibility. This trial revealed a strong affection in nutrient digestibility by
the type and the level of inclusion, but no effect on rabbit growth and FE

performances (from Deliverable D1.5 of Feed-a-Gene project, 2019).

Work package two aimed at exploring and identifying new traits related to individual
animal’s response variation to FE under different environmental conditions. One of
the tasks encompassed by this work package was focused on the individual FI and
feeding behavior in rabbits as new phenotypes to improve FE. To this aim, a feeding
device (Figure 1.3) for the control of individual FI of rabbits raised in collective cages
was developed by the Institute of Agrifood Research and Technology (IRTA) in
collaboration with the technology-driven company CLAITEC. The development of
this device was inspired by the necessity of having individual measurements of Fl
in rabbits raised in groups on commercial farms. Such records are of vital
importance for selection strategies using individual information since the genetic

correlation between FE and rabbits’ growth is relatively low (Piles et al., 2004).
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Figure 1.3| Feeding devices installed in the rabbit experimental farm at Torre Marimon, Caldes de Montbui
(from Juan Pablo Sanchez Serrano, 2020).

These feeding devices work as scanners that send the status of all the sensors to a
server each second. Thus, an internal software and a website interface that allow
the interaction with the device were developed for appropriate management and
records storage. Apart from this software, a second one was created for the daily
automatic processing of Fl records (from Deliverable D2.2 of Feed-a-Gene project,
2019).

The use of feeding devices is a promising strategy to improve animal nutrition,
management, FE, and the overall sustainability of rabbit production. Moreover, their
use allowed the definition of new phenotypes (i.e., daily FI, feeding rate, daily
feeding duration, number of visits to the feeder, or the duration of the visits) whose
potential as new selection criteria was investigated in work package 5 of the project
(from Deliverable 2.3 of Feed-a-Gene project, 2019).

Despite the aforementioned advantages offered by feeding devices, their use
modified animal performances compared to conventional feeders. A large number
of animals per feeder or the presence of a tunnel to access the food could be
responsible for these modifications (Sanchez et al.,, 2018). Further research is
needed to disentangle the nature of the interaction of the rabbits with the electronic
feeding device and to improve its use.
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Finally, work package five benefited from the knowledge and data generated in other
work packages to explore new traits and models for estimating breeding values for
FE. Its main aim was to identify new strategies to select animals within breeding
programs without impairing product quality, welfare, and robustness by considering
the diversity of production environments and feed resources in the European Union
and anticipating the effects of climate change on production systems. One of the
tasks encompassed by this work package was focused on new traits to select for
FE. Itis driven by concern over FE recording and its associated costs and difficulties
of FI measuring in rabbit farms that still rely on measurements made in individual
cages. The problem is that this type of measurement is questioned in terms of
welfare, but even more importantly, it is not representative of the performance of
animals raised in groups. Thus, direct measurements of FI and FE recorded with
electronic feeders developed in work package two were tested for genetic designs.
These records were used to compute heritability estimates for individual average
daily feed intake (ADFI; h? = 0.29) and ADG (h? = 0.47), which open the doors to a
breeding program directly considering both traits to improve FE (from Deliverable
2.3 of Feed-a-Gene project, 2019).

A further aim of this task was to identify biological markers associated with FE that
can be potentially measured on a large number of individuals at production farms
and improve selection accuracy. Hence, genome-wide association studies (GWAS)
were conducted with the Affymetrix Axiom Orcun SNP Array (Thermo Fisher
Scientific), which includes 199,692 variants, to find single nucleotide polymorphisms
(SNPs) associated with phenotypes related to FE in rabbits. Such GWAS are the
first association studies reported in this species, and they were performed with two
experimental designs. The first experimental design was performed at the French
National Institute for Agricultural Research (INRA) and involved about 300 animals
from a line selected for low RFI and 300 more from a non-selected line. A linear
mixed model including the SNP effect as a regression on the allelic dose was applied
to different traits related to FE. Some significant signals were found at a
chromosome-wide level for all the traits analyzed (Table 1.1). However, no clear
candidate gene was encompassed by quantitative trait locus (QTL) regions, so that

further research will be necessary to identify causative variants.
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Table 1.1] QTL regions and candidate genes detected for ADG, FI, RFI and FCR.

Trait Chromosome N of SNPs Candidate genes

PLA2G15, SLC7A6, PRMT7, SMPD3, ZFP90,
ADG 5 17 CDHS3, DH1, HAS3, UTP4, SNTB2, IP7,
NFAT5NQO1, NOB1, WP2, PSMD7

CCDC192, SLC12A, FBN2, SLC27A6, ISOC1,
ADAMTS19, MINAR2

FCR 18 1 -

FCR 7 3

OTX2, ZP3, SSC4D, YWHAG, MDHZ,
STYXL1, POlow, RFIRHBDD2, EPHB4, ZAN,
EPO, GNB2, GIGYF1, FBXO24,

POP7, ACTL6B, TFR2, SAP25, LRCHA4,
AGFG2, NYAP1, TSC22D4, PPPR35, MEPCE,
ZCWPW1, STAG3

Fl 6 2

HPSEZ2, CNNM1, GOT1, ABCC2, ANTPD7,
COX15, PKD2L1, DNMPB, CPN1, ERLIN1,
CHUK, BLOC1S2, WINT8B, SEC31B, 1F1AN,
PAX2

RFI 18 20

(Adapted from Deliverable 2.3 of Feed-a-Gene project, 2019).

The second experimental design was performed at the Institute of Agrifood
Research and Technology (IRTA) by Sanchez et al. (2020) and involved 438
animals from the Caldes line (Gémez et al., 2002) under two feeding regimes. An
animal model including the SNP effect as a regression on the allelic dose was
applied for ADGaL and ADGRr, and a two-trait animal model that jointly fitted the
performance trait and the SNP allele content was implemented for FE traits collected
from cage groups. One hundred and eighty-nine significant signals were found at
the chromosome-wide level for all the traits analyzed. Twenty candidate genes
located in twelve different QTL regions were proposed to explain the variation of the
analyzed growth and FE traits (Table 1.2). FTO, NDUFAF6, and CEBPA genes
were previously reported as associated with the phenotypes of interest in

monogastric species.
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Table 1.2| QTL regions and candidate genes detected for ADG, FI, RFI and FCR.

Chromosom

Trait e N of SNPs Candidate genes
ADGaL 3 3 CA2

ADGaL 3 11 -

ADGaL 3 1 -

ADGaL 3 111 NDUFAF6, TP53INP1
ADGaL 3 -

ADGaL 5 FTO, AKTIP
ADGaL 5 -

ADGaL, RFI 21 96 ATXN2, ACAD10, TRAFD1, PTPN11
ADGRr 9 66 FEZF2, PTPRG
ADGRr 12 0 -

ADGRr 13 90 RC3H1, TNFSF18
ADGRr 17 29 LGALS3, TMEM260
FCR 6 16 SIK1B

FCR 16 16 PLA2G4A

FI 5 13 CEBPA, KCTD15
RFI 21 26 SELENOM

(Adapted from Sanchez et al., 2020).

No QTL regions were found in common between GWAS conducted with the two
different experimental designs. This is a clear indication of the lack of statistical
power of both experiments. Indeed, the sample sizes used for these studies only
allow for the proper detection of strong effects (see Chapter seven). Nevertheless,
these are the first GWAS for growth and FE traits performed in rabbits with a dense
SNP chip panel. In addition, Sanchez et al. (2020) proposed a new modeling
approach that allows GWAS for the traits recorded as group averages and even

when genotypes are not available for all the individuals.

Another task of this work package was largely conducted to develop statistical
models and procedures for selection on FE that account for indirect genetic and
social interaction effects. Such effects are the ones that an individual exerts on the
phenotype of its group mates on animal welfare, productivity, and health. Response
to selection depends on the genetic parameter for both direct and social genetic
effects, so ignoring these latter for traits that could be affected by the interactions
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between cage mates could lead to wrong estimates. The importance of social effects
in rabbits was evaluated within the Feed-a-Gene project with the development and
implementation of models for estimating genetic and environmental parameters of
direct and social effects. Piles et al. (2017) suggested that the selection of rabbits
for ADGaL might fail to improve ADGr in rabbits that are fed under restriction since
the contribution of social effects to the estimation of total breeding values of rabbits
under restriction is important, but not for that estimation of rabbits fed ad libitum.
Moreover, the genetic correlation between direct and social genetic effects for
animals is negative and moderate on restricted feeding but null on ad libitum
feeding. It is, therefore, of great importance that selection for ADG is performed
under production conditions regarding the feeding regime and accounting for social
effects when feed restriction is applied. Besides these aspects, David et al. (2018)
investigated the variation of social effects for ADGr over time with structured
antedependence models. The main conclusion of this research was that social
effects are larger after mixing animals at weaning than later in the growing period,
probably because of the establishment of social hierarchy that is generally observed
at that time. Therefore, accounting for social effects in the selection criterion

maximizes genetic progress.

Finally, the key task as concerns the present thesis was the one which aimed at
evaluating the effect of genetics and different environmental factors (i.e., maternal
transmission, feeding regime, breeding farm, or administration of antibiotics) on
rabbit gut microbiota and at proposing new methodologies to explode gut microbial
variability as a heritable phenotype affecting growth and FE. Microbial diversity and
composition of rabbits from experiments above described were characterized
through lllumina sequencing of 16S rRNA gene amplicons in a MiSeq platform. No
more details about the results of this task are presented in this section since they all

were objectives of the present thesis and will be developed in the following chapters.
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1.3. Management strategies to curb mortality in rabbits

The implementation of appropriate management strategies is vital to curb mortality
and morbidity in rabbits since, as previously mentioned in section 1.2. of this general
introduction, the health status of the animals is of great relevance for the farm FE
from a productive and economic point of view (Rosell and Gonzélez, 2009). The
emergence of different diseases that affect meat rabbits is handled with progress
and knowledge in the fields of nutrition, genetics but also animal management
(Morton et al., 2005).

Mortality may depend on the genotype of the animal and aspects related to the
mother’s performance like litter size, birth weight, order of parturition (Harris et al.,
1982), but also on the farm management and environmental factors. Therefore, it is
crucial to know about and study those external factors affecting mortality to enhance
prevention and reduce it through adequate management strategies. Comprehensive
published compilations on rabbit diagnostic cases are scarce, but Rosell and de la
Fuente (2016) described the principal causes of mortality in breeding rabbits on
Spanish commercial farms, which were respiratory diseases and digestive
disorders. A more recent study carried out in 2019 indicates that parasitic diseases,
particularly those causing digestive disorders and affecting young animals, were the
principal cause of rabbit mortality in northern Spain between 2000 and 2018
(Espinosa et al., 2020). The prevalence of digestive diseases such as coccidiosis or
encephalitozoonosis was higher in animals raised in traditionally managed farms
with poor hygienic-sanitary conditions, inadequate management systems, and poor
health prophylactic protocols. These inadequate farm conditions together with
immature immune systems of young rabbits may easily promote digestive disease
outbreaks (Gomez-Bautista et al., 1987; Pakandl, 2013). Early detection of
encephalitozoonosis outbreaks is vital from a clinical and public health point of view

because of its zoonotic potential (Mathis et al., 2005).
Epizootic rabbit enteropathy (ERE) is a severe digestive disorder that appeared in

France in 1996 and spread very rapidly to the rest of Europe, becoming the main

cause of mortality in rabbit breeding. This pathology mainly affects young rabbits
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after weaning and can be responsible for very high mortality rates up to 80%. It is
characterized by a distended abdomen, emissions of small quantities of watery
diarrhea, and a decrease in FI (Licois et al., 2005). The etiology of ERE is still
unknown, but a pathogenic agent is thought to be involved since it is contagious and
the administration of antimicrobials prevents its emergence (Maertens et al., 2005).
At present, management strategies that guarantee proper environmental hygiene
minimizing the proliferation of pathogens, feed restriction, or the administration of
antibiotics are employed to prevent the emergence of ERE and other pathologies.

Therefore, management strategies related to housing, feeding, and the use of
antimicrobials to improve breeding rabbit health are presented in the following sub-

sections.

1.3.1. Biosecurity of the breeding farm

The term biosecurity refers to those management strategies and measures that aim
at preventing the introduction and/or spread in the farm of harmful microorganisms
to minimize the risk of transmission of infectious diseases (World Health
Organization, 2006). In a rabbit facility, attention to biosecurity is the most effective
tool to reduce and prevent the introduction of diseases since an incident from just
one animal could have adverse effects on the entire farm. Failure to implement
biosecurity strategies and practices involves a greater risk of disease introduction

and the consequent facing the accompanying economic losses.

Potential sources of health threats to a rabbit farm are physical transference from
visitors, mechanical transference from equipment or supplies brought and, what is
thought to be the major cause of biosecurity problems on farms, biological
transference from the introduction of new and sick animals into the facility (Waage
and Mumford, 2008). The best way to prevent these health threats is to implement
a health management program based on three key management principles (i.e.,
farm visitors access, animal health, and operation) discussed below (Kylie et al.,
2017).
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Access management refers to farm visitors as well as their movement between
areas and access to other animal species. External visitors can potentially harbor
pathogens on or under their shoes, hands, clothing, or hair. Thus, it is important to
ensure visitors wear protective clothing and foot and hair covering. It is also highly
recommended to limit traffic near rabbit facilities and keep visitor vehicles out of the
areas accessible to the animals. Vehicles used for animal transportations between

farms and/or the slaughterhouse must always be clean and corrected disinfected.

Animal health management implies the monitoring and treatment of diseases and
the establishment of protocols for animal movement and quarantines. New animals
introduced into the farm should be kept in a separate area during a quarantine period
to facilitate the monitoring of their health status and prevent the spread of potential
diseases, especially those without the exhibition of clinical signs, to the other
animals. The facility must always meet the minimum standards for animal cages and
dispose of an isolation area for sick animals. Cared should be provided for the
guarantined animals after having handled the rest, and workers should never wear
clothing that has been used in the isolation facility. Animals should be monitored
every day for signs of illness to isolate those displaying disease symptoms.
Regarding viral diseases (i.e., rabbit hemorrhagic disease and myxomatosis), the
establishment of vaccination programs is extremely effective against the emergence
and spread of these pathologies on the farm (Dalton et al., 2012; Bertagnoli and
Marchandeau, 2015).

Finally, operation management includes measures to correctly store and process
food and water and keep facilities clean and in good repair. It includes the practice
of routine cleaning, disinfection, and preventative maintenance of nests, cages,
watering, and feeding devices. It is important to encourage employees to wash their
hands before and after working with the animals, to frequently wash the farm tools
and equipment, and to take special care of young animals which are more
susceptible to diseases because of the immaturity of their immune system. On the
other hand, the facility should be maintained under good ventilation conditions and

ensure that other animal species which can be carriers of diseases never enter the
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farm and remove any standing water that could turn into a breeding ground for

mosquitoes.

A biosecurity program can be accomplished in all rabbit farms if common sense and
science are employed. An effective biosecurity protocol can prevent significant

economic losses and ensure that final products are safe for human consumption.

1.3.2. Feed restriction

The reduction of the quantity of food administrated to the animal (i.e., feed
restriction) decreases the incidence of digestive disorders affecting rabbits
described above (Gidenne et al., 2012). Moreover, Gidenne et al. (2009) showed
that the application of feed restriction improves rabbit FE during the whole growing
period if, after a restricted period, animals are fed ad libitum. Other studies (Boisot
et al., 2003; Bovera et al., 2013) also observed a reduction in mortality and morbidity
without impacting the slaughter weight when growing rabbits received a restricted
diet (Meo et al., 2007). This latter faster growth observed when rabbits are fed again
ad libitum does not occur at the expense of food overconsumption, so a positive
impact on FE is reached. Such compensatory growth after a period of feed
restriction has been reported by Ledin (1984) and Romero et al. (2010). Feed
restriction is a widely applied commercial practice (Tudela, 2008) to improve FE
while reducing mortality due to enteric diseases. This practice is common in France
since their larger commercial weight allows a longer fattening period so that there is
room for both phases: restricted feeding until 63-70 days of age and one extra week

under full feeding before slaughtering.

The underlying mechanisms of the benefits (i.e., mortality reduction and FE
improvement) achieved with feed restriction are still unclear. Gidenne (2003)
reported a lower mortality rate and a higher transit speed of particles and liquids in
rabbits fed with diets rich in fiber. It has been hypothesized that the speed of transit
of food could affect the digestive health of young rabbits, but this theory was
discarded because the mean retention time increases in restricted rabbits. However,

this greater retention of food in the gastrointestinal tract (GIT) of restricted animals
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could be responsible for a greater nutrient digestibility reported by Ledin (1984) and
Xicatto et al. (1992). This fact could explain the FE improvement also sometimes
observed during the restriction period, although it is also highly dependent on the
diet (Gidenne et al., 2012).

Regarding disease tolerance, Gidenne and Feugier (2009) demonstrated that feed
restriction modifies ingestion and food fermentation patterns producing an acidity
peak in the cecum that could confer protection to the animal against digestive
diseases by impairing the growth of pathogenic microorganisms (Boisot et al.,
2003). This peak of acidity disappears when the animals are fed again ad libitum,
which would imply the loss of the protective effect against enteropathies (Gidenne
et al., 2009; Birolo et al., 2020).

Another hypothesis is that feed restriction could reduce mortality rate and improve
FE by shaping the gut microbial composition and fermentative activity. This
assumption would be supported by the major role that microbial communities that
inhabit the GIT have on the host’s immunity (Belkaid and Hand, 2014; Mazmanian
et al., 2008) and nutrient absorption (Hooper et al., 2001). Drouilhet et al. (2016)
found different fermentation patterns and microbial phylotypes between rabbits
selected for RFI and non-selected animals, suggesting a key role of intestinal
microorganisms in FE. The fast development of sequencing techniques and the
reduction of their costs allow studying the contribution of gastrointestinal microbiota

to rabbit FE, which is one of the main objectives of the present thesis.

1.3.3. Administration of antimicrobials

An antimicrobial is an agent that kills microorganisms or impairs their growth. These
agents can be grouped according to the microorganisms they act primarily against
(e.g., antibiotics and antifungals are used against bacteria and fungi, respectively)
or according to their function (e.g., microbicides kill microorganisms while

bacteriostatic only inhibit the growth of bacteria).
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Different antimicrobial molecules have been widely administered in rabbit meat
production, especially after weaning, to curb mortality peaks caused by the onset of
gastrointestinal symptoms (Gidenne et al., 2010). It has raised a global concern for
the emergence of antibiotic-resistant bacteria, and European Union needed to ban
the use of antibiotics in animal feeds as growth promoters in 2006 (EC 1831/2003).
At the time the experiments for the present thesis were conducted, from 2014 to
2016, the administration of a mix of up to four antibiotics was permitted to prevent
or treat the emergence of potential infectious diseases on farms. Nonetheless,
nowadays, only one antibiotic molecule can be administered, and substantial efforts
are being conducted towards searching for efficient alternatives which allow for a
complete withdrawal of antimicrobials in animal feeds. Furthermore, a withdrawal
period is required from the time antibiotics are administered until slaughter allowing,

time for removing residues from the animal's system.

Multiple studies have shown alterations caused in rabbit gut microbiota by the
administration of antibiotics in the feed (Abecia et al., 2007; Eshar and Weese, 2014,
Zou et al., 2016). Some antibiotics can adversely affect the intestinal microbiota of
growing rabbits, killing beneficial bacteria, and allowing pathogens to grow. Thus, it
is important to restrict its use to avoid altering the normal development of the animal

gut microbiota.

1.4. Microbial communities inhabiting the gastrointestinal tract

The field of microbiome research has experienced rapid growth over the past two
decades becoming a topic of great scientific and public interest. So much so that
the mammal microbiome is considered to be the “last organ” (Baquero and
Nombela, 2012). The fast development of next-generation sequencing (NGS)
technologies (Rogers and Venter, 2005) has significantly reduced the time and cost
of studying the microbiome. Nevertheless, despite the rapid growth in microbiome
research interest from a wide range of research fields, there is a lack of consensus
on the definition of the term microbiome (Marchesi and Ravel, 2015) and on other
related terms employed to describe different aspects of microbial communities and

the environments they inhabit. In this editorial article published in the journal
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Microbiome, Marchesi and Ravel proposed clear definitions of each of these terms

to avoid misunderstanding of results provided by the scientific community.

Konopka (2009) defined microbial communities as multi-species assemblages in
which organisms live together in a contiguous environment and interact between
them. The word microbiome is of Ancient Greek origin: “micro” (Mikpog) means small
and “biome” is derived from the Greek word “bios” (B10g, life). The first definition for
this term was proposed by Whipps et al., (1988), who described it as a characteristic
microbial community in a reasonably well-defined habitat that has distinct
physicochemical properties as their “theatre of activity” (i.e., the whole spectrum of
molecules produced by the microorganisms) (Figure 1.4). But during the last few
decades, many other definitions for the term microbiome have been published
(Lederberg and McCray, 2001; Prosser et al., 2007). Nevertheless, some of these
definitions only describe the terms as encompassing the genomes of
microorganisms. Thus, the complexity of the diverse hierarchies of interactions
established between microorganisms with one another and with their host biotic and
abiotic environments is not completely captured (Berg et al., 2020). This variety of
definitions for the term microbiome were discussed by a panel of international
experts from diverse microbiome fields within the European MicrobiomeSupport
project (www.microbiomesupport.eu/), concluding that the first definition (Whipps et
al., 1988) is nowadays still the most comprehensive one.

The term microbiota is also of Ancient Greek origin. It is the combination of the words
“micro” (pikpog, small) and “biota” (BloTa, the living organisms of an ecosystem).
The first definition for this term was proposed in a study that emphasized the
importance of the microorganisms inhabiting the human body in healthy and sick
individuals (Lederberg and McCray, 2001). The microbiota encompasses all living
members forming the microbiome (i.e., bacteria, archaea, fungi, algae, and small
protists). The inclusion of phages, viruses, plasmids, and mobile genetic elements
is controversial. And so is relic DNA (i.e., extracellular DNA derived from dead cells),
which can comprise up to 40% of the sequenced microbial DNA in soil (Carini et al.,
2016). Interestingly enough, despite the abundance of relic DNA, it has a minimal

effect on taxonomic and phylogenetic diversity estimates (Lennon et al., 2018).
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Microbiome

Microbiota <= “Theatre of activity”

Bacteria Archaea Microbial structural elements
) . Proteins/ Lipid Poly-
Fungi Protists peptides AACS sacharides
Algae Nucleic acids

structural DNA/RNA

mobile genetic elements

Internal/external structural elements . . .
incl. viruses/phages relic DNA

Microbial metabolites

Environmental Signalling — (An)organic
2 oxins
conditions molecules molecules

Biome: a reasonably well defined habitat which has distinct bio-physio-chemical properties

Figure 1.4| Scheme of the term microbiome containing the microbiota (community of microorganisms) and their
structural elements, metabolites, and the surrounding environment (Berg et al., 2020).

As mentioned in the previous paragraph, the term microbiota is defined as the
assemblage of living microorganisms inhabiting a specific environment. Given that
phages, viruses, plasmids, mobile genetic elements, and free DNA are usually not
considered living organisms (Dupré and O’Malley, 2013), they would not form part
of the microbiota. Nevertheless, the term microbiome proposed by Whipps et al.,
(1988) encompassed the community of the microorganisms (i.e., microbiota), but
also their “theatre of activity” that involves all the molecules generated by the
microorganisms, their host and structured by the surrounding environment (Figure
1.4). This is the reason why all mobile genetic elements and relic DNA should be

encompassed by the term microbiome but not by the microbiota.

It is noteworthy to mention that the term microbiome is frequently confused with the
term metagenome, which is the collection of genomes and genes from the members
of a microbiota (Marchesi and Ravel, 2015). Such collection is obtained and

characterized through shotgun sequencing of DNA (i.e., metagenomics).
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The microbes that inhabit a specific niche interact between them affecting fitness,
functional capacities, and dynamics of the microbiome (Banerjee et al., 2018). The
stability of the ecosystem relies on these interactions that can be positive, negative,
or neutral (Figure 1.5). Mutualism is the best-studied interaction in the microbiology
field in which all members of the community benefit from the others’ activity. The
host-mammals gut microbiome interaction is a good example of beneficial
mutualism in which the host obtains energy from short-chain fatty acids produced
by bacteria through fermentation of the glycans provided by the host (Backhed et
al., 2005).

Mutualism Predator—prey
l Community
®
Commensalism ., Amensalism

* = o

==
=
Neutralism I& Competition

Figure 1.5| Interactions between microorganisms (Zufiiga et al., 2017).

Commensalism is another positive type of interaction in which only one member
benefits without affecting the rest, such as happens in nitrification or
methanogenesis processes (Allison et al., 1993). Neutralism occurs when
microorganisms have no significant effect on each other. In an interaction of
amensalism, one member is negatively affected while the rest neither benefit nor

are harmed. However, the interaction that occurs when one member is
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disadvantaged and another obtains benefits is named parasitism. Finally,
competition is the interaction in which all members are negatively affected by the
presence of the rest. An example of this type of interaction is the one established
between autotrophic and heterotrophic bacterial populations competing for the

oxygen of the environment (Tsuno et al., 2002).

In the following sub-section, the reader will find a historical overview of the evolution
experienced by the microbiome research field from its microbiology origins until its

establishment as a discipline itself.

1.4.1. Evolution of microbial profiling technologies

The study of microbial communities has largely evolved along with the development
of new technologies and inventions that boosted their research (Figure 1.6). The
first report of microorganisms by Antonie Leeuwenhoek dates back to 1676. Thanks
to the development of the first microscopes, he investigated unknown bacteria,
fungi, and protozoa from water, mud, and oral samples (Hamarneh, 1960). Antonie
Leeuwenhoek is considered the “Father of Microbiology” and he also described the
first interaction between microorganisms within complex communities with the

discovery of biofilms (Hgiby, 2017).

Paradigm shifts Method Innovations Important Discoveries
| 1670 Microscopy 1670 discovery of microorganisms (Anthony van Leuwenhook “Father of Microbiology”)
| 1729 classification of plants and fungi (Pier Antonio Micheli)
= Y - | 1796 first vaccination (Edward Jenner)
| | 1837 yeast in alcoholic fermentation (Charles C. de la Tour, Friedrich T. Kiitzung and Theodor Schwann)
s | 1857 cultivation based approaches ||| 1857-1855 Pasterisation, fermentation, vaccine against rabies (Louis Pasteur)
1875 for bacteriological (Ferdinand Cohn)
single-acting, unsocial organisms causing diseases | 1884 RobertKochs’ postulates
| 1888-begin of microbial ecology by Sergei Winogradsky (nitrification, nitrogen-f , soil microbiology,
| 1911 fluorescence microscopy cycle-of-life)
1911 mass spectrometry 1892 tobacco-mosaik-virus extraction from leafs (Dmitri l. Ivanovski and Martinus Beijerinck)
1922 df phy (Sergei )
v 1904 the rhizosphere concept (Lorenz Hiltner)
“_.{- 1928 transformation of the genetic informationto their offsprings (Frederick Griffith)
1931-38 electron & scanning- 1928 discovery of antibiotics (Alexander Fleming)

|
|
|
| transmission microscopy ||| 1944 DNA as carrier of genetic information (Oswald Avery, Colin MacLeod, Maclyn McCarty)
strongly interacting microbes that built up stable networkstructures & | | 1946 ‘sexual reproduction’ of bacteria (Joshua Lederberg and Edward Tatum)
interact with host/environmentin a variety of ways 1953 3D-double-helixstructure (James Watson and Francis Crick )
| 1969 in situ Hybridization
| 1970s HPLC ||| 1970 central dogma of molecular biology (Francis Crick)
| 1975 DNA array/colony hybridization
1977 Sanger sequencing 1977 discovery of Archaea (Carl Woese and George E. Fox) and first full genome sequence of a virus
| and molecular fingerprinting |]| 1982 discovery of prions (Stanley B. Prusiner)
1983 PCR technique

:.‘..m&\) 1988 fluorescence-insitu-hybridization ||| 1991 theoryof the holobiont (Eugene Rosenbergand llana Zilber-Rosenberg)
-
4

1993 discovery of the complex structures of biofilms (Hans-Curt Flemming)
1993 quantitative real-time PCR 1995 first Genome of Haemophilus influenzae (John C. Venter and colleagues)
1995 full-cyle rRNA approach

|
|
| 2005 next-generation sequencing |[| 2005 HMP: Human Microbiome Project
|

advances in microbiome research leadingto the One Health conceptthat ||  2008/9 third-generation sequencing ||| 2008 TerraGenome: Reference Soil Metagenome Project
implies interconnection of all areas of life through their respective |

microbiota 2010 EarthMicrobiome Project

Figure 1.6| The evolution of microbiome research from the 17th and 21st centuries (Berg et al., 2020).
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In 1884, Robert Kochs’ postulates of the origin of animal diseases caused by
microbial infections laid the foundation for the pathogenicity concept. This also
shifted the focus of the microbiology research on the role of microorganisms as
pathogenic agents that should be eliminated (Evans, 1976). However, posterior
research demonstrated that only some microorganisms are responsible for animal
disease while the presence and role of most microbes are necessary for ecosystem

homeostasis.

The new field of microbial ecology emerged with the study by Sergei Winogradsky
on bacterial nitrification in 1888, who is considered the founder of modern
microbiology (Dworkin and Gutnick, 2012). Winogradsky isolated the first pure
cultures of nitrifying bacteria and confirmed these bacteria carry out the steps of
conversion of ammonia to nitrite and of nitrite to nitrate. This discovery led to the
concept of the cycles of sulfur and nitrogen in nature, resulting in another paradigm
shift: microbiologists became aware of the microorganisms’ ubiquity in all natural
environments (Podolsky, 2012), and that their interactions with hosts are vital for

population dynamics (Bassler, 2002).

During the 17t and 19" centuries, the study of microorganisms was limited to the
study of their morphological characteristics (i.e., those which were visible through a
microscope) and cultivation-based approaches. But large and rapid advances
started with the discovery of DNA as the hereditary material (Avery et al., 1944), the
development of PCR (Mullis et al., 1986), and sequencing technologies that made
possible the investigation of microbial communities with cultivation-independent
approaches. Another significant milestone for the analysis of microbial communities
was the use of phylogenetic markers (e.g., 16S and 18S rRNA genes, or internal
transcribed spacer regions) introduced by Woese and Fox in 1977 (Woese and Fox,
1977) that allow to barcode bacteria, archaea, fungi, algae, and protists. At this
historical turning point, it is meaningful to introduce the 16S ribosomal gene, in the
analysis of which has been based on the study of microbial communities inhabiting

the cecum of rabbits involved in this thesis.
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National Institutes of Health (NIH) defines ribosomes as cellular particles made of
RNA and protein that serve as the site for protein synthesis in the cell. The ribosome
reads the sequence of the messenger RNA (mMRNA) and, using the genetic code,
translates the sequence of RNA bases into a sequence of amino acids. In bacteria,
ribosomes are scattered throughout the cytoplasm, and their sedimentation velocity
in an ultracentrifuge is 70S. These structures can dissociate into big (50S) and small
(30S) subunits. In turn, the 50S subunit is primarily compound by 31 different
proteins and two small molecules of ribosomal RNA (rRNA 23S and rRNA 5S), while
the 30S subunit is primarily compound by 21 different proteins and the 16S rRNA
(Figure 1.7). These molecules of rRNA are ubiquitous and easy to detect since they

are present in a high number of copies.

Ribosome

]» 308 subunit

:|» 508 subunit

16S ribosomal RNA
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Bacterial genome /,"" | 168 || 230 | J |'/
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Figure 1.7| Schema of a ribosome and the 16S rRNA gene. The white and grey boxes indicate conserved
regions and hypervariable regions (V1-V9), respectively (Fukuda et al., 2016).

The 16S rRNA gene encodes a rRNA molecule of the 30S ribosomal subunit present
in all prokaryotic cells, including bacteria and archaea. This gene is commonly used
for identifying bacteria and is preferable over 5S and 23S genes for several reasons
(Clarridge, 2004; Rajendhran and Gunasekaran, 2011). The first is that it is a
relatively short gene of approximately 1,500 base pairs (bp). The second reason is
that the 16S rRNA is composed of ten regions that are common among most
bacteria (conserved regions) and are combined with nine hypervariable regions
(Figure 1.7). This combination of conserved and hypervariable regions is optimal
for the design of primers for the conserved regions (Lane, 1991) while the diversity
of the hypervariable ones allows for phylogenetic assignment (Gray et al., 1984).
Thus, due to its extensive usage, the number of 16S rRNA gene sequences stored
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in public databases is constantly increasing, facilitating the identification and

classification of microorganisms.

The principal molecular approaches targeting the 16S rRNA gene can be grouped
in quantitative PCR (qPCR), hybridization of probes, fingerprinting, and sequencing.

A brief overview of them is presented below (Figure 1.8).

| Sample (including microbial community) |

I U p——

. extraction
FISH : DNA extract :
* I ' | |

. |
Fixation } |
: Q-PCR H -
— |
Hybridization * : 1
Specific Probe Specific 1 1
v Primer & Probe 1 :
- |

Detection under an i 1
epifluorescence microscope Real-time PCR | |
1 1
1 I
1
[ I - !
- STal® Clone library 1Q analveic 11
T-RFLP DGGE : analysis NGS analysis -
| | — I
I PCR (using universal primers of 168 rRNA gene ) | I
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- L _ = L ] |
Treatment with Denaturing gradient 1 | Clone library DNA sequencing |
restriction enzyme gel electrophoresis I | construction (non-Sanger-based :
: | high-throughput I
3 1| DNA sequencing methods) 1
| HPLC | 1| (Sanger method) |
1 1
1 l Y |
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Figure 1.8] Workflow of molecular methods targeting 16S rRNA gene (Fukuda et al., 2016).

The qPCR allows measuring the abundance of the 16S rRNA genes of a target
bacteria (Bustin et al., 2005). The accumulation of amplicons is measured in real-
time during each cycle of the PCR by using fluorescent dyes (e.g., SYBR Green) or
fluorescent probes. Methods based on the hybridization probes use short
monocatenary sequences of oligonucleotides that are complementary to specific
sequences of microbial DNA, thus allowing the phylogenetic identification and
guantification of specific microbial species present in a sample (Amann et al., 1995).

Fluorescence in situ hybridization (FISH) enables phylogenetic identification by the

64



Chapter 1: General introduction

hybridization of fluorescence-labeled oligonucleotide probes. FISH requires neither
a previous PCR process nor the extraction of DNA, thus avoiding the bias
associated with the amplification of DNA. However, this approach does not allow
the identification of unknown species, and it has a low resolution to identify different

phylogenetic groups present in a sample.

Fingerprinting techniques allow separating mixed 16S rRNA genes even though
they have the same size. This is possible because the differences between their
sequences lead to different molecular weights that will generate different patterns in
a gel subjected to electrophoresis. Terminal restriction fragment length
polymorphism (T-RFLP) is based on variations present in the sequence of
amplicons of 16S rRNA genes (Kitts, 2001). In T-RFLP, amplicons labeled with a
fluorescent primer in their terminal region are fragmented using restriction enzymes
that are separated into different fragment patterns whose size and peak height are
analyzed by high-performance liquid chromatography (HPLC) or a DNA sequencer.
Thus, T-RFLP is useful to quickly measure the microbial diversity of a sample, but
it does not allow for phylogenetic identification. Another fingerprinting approach is
denaturing-gradient gel electrophoresis (DGGE), in which PCR amplicons of 16S
rRNA gene are loaded in a polyacrylamide gel containing a linear gradient of DNA
denaturant and subjected to electrophoresis (Muyzer et al., 1993). The melting
behavior is determined by variations present in the sequence of amplicons that end
their migration in the gel at different positions. DGGE is a rapid semi-quantitative
approach, but like T-RFLP, it has the bias associated with the PCR process and the
impossibility of direct phylogenetic identification.

The clone library analysis involves the cloning of PCR amplicons of the 16S rRNA
gene into Escherichia coli using a plasmid vector. Then, the transformed clones are
sequenced using the Sanger method (Sanger et al., 1977), and the sequences are
compared to 16S rRNA gene sequences stored in databases by the basic local
alignment search tool (BLAST) algorithm. Given the high quality of the sequences
achieved with these methods, clone libraries of 16S rRNA genes are appropriate for
the identification of unknown species. Sanger sequencing method was widely used

until the 1990s when rapid development of NGS began.
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NGS technologies filled the Sanger method’s gaps providing their high-throughput,
low-cost, and rapid DNA sequencing (Metzker, 2010). The principal sequencers are
454 GS FLX (Roche), MiSeq/HiSeq (lllumina), and lon PGM (lon Torrent), which
can sequence millions of DNA fragments in a few days. Like the clone library
analysis, NGS technologies also require the previous amplification of the 16S rRNA
gene but not the construction of a clone library using Escherichia coli. Moreover, the
number of reads obtained with any of the NGS technologies is much larger than the
achieved with the Sanger sequencing method. These technologies are powerful and
have allowed the discovery of novel microbes and the exploration of new
environments. In the 454 GS FLX technology, after individually fixing each amplicon
to a microbead, the DNA fragments are amplified in an emulsion PCR. The resulting
beads are put into a microwell that is filled with a sequencing reaction mixture. This
technology is based on pyrosequencing chemistry. Therefore, when an
oligonucleotide is added during PCR, pyrophosphate is released and a burst of light
is detected by the system, and this information is translated to nucleotide sequences
with an associated base quality value (Ronaghi et al., 1998). This technology
provides a higher yield than Sanger sequencing at a lower cost but with shorter read

lengths.

The lon PGM is a small potentiometer that detects the changes in hydrogen
potential generated by the release of a proton when a nucleotide is added in a
sequencing reaction (Rothberg et al., 2011). The yield and cost of this technology
outperform the 454 GS FLX technology, although reads generated by lon PGM are
shorter (Whiteley et al., 2012). Nonetheless, this reduction of length reads implies
higher sequencing error rates making it necessary to sequence with higher
coverage. In this regard, MiSeq and HiSeq Illumina platforms have become very
popular technologies due to their high yield at low cost. The foundation of lllumina
technologies is the reversible termination sequencing by synthesis with nucleotides
fluorescently labeled. When these nucleotides are incorporated in the sequencing
reaction, the fluorescence is registered, and the fluorophore is removed and allows

the incorporation of the next nucleotide (Bentley et al., 2008).

66



Chapter 1: General introduction

These technologies are currently the most used for microbiome research, but new
sequencing approaches (e.g., PacBio RS from Pacific Bioscience or Oxford
Nanopore) are being developed to reduce costs, fill the gaps, and improve the yield
of the existing ones. Reads obtained from NGS technologies have demanding
computational requirements for their storage and bioinformatics analysis. Finally, to
taxonomically annotate the reads generated with these approaches, they must be
compared against a database such as The Ribosomal Database Project (Wang et
al., 2014), Silva (Quast et al., 2012), or Greengenes (DeSantis et al., 2006), that
store sequences specific of different ribosomal genes belonging to a growing

number of microorganisms.

It is also worth mentioning that the metabolic potential of a microbial community can
be deciphered by a whole metagenome approach where the total DNA from all
microorganisms is extracted to prepare and sequence whole shotgun libraries
(Tyson et al., 2004; Venter et al., 2004). This approach is the most advanced
technology to describe microbial variability of samples as well as its physiological
potential. The sequencing is performed from little fragments of DNA, randomly
obtained with restriction enzymes, that will finally be assembled to reconstruct the
original sequence using a reference. A first reference gene catalog of the rabbit gut
microbiome through a whole metagenome shotgun sequencing approach is being
constructed (Achard et al., 2016).

The rapid development of the sequencing technologies described in this sub-section
and the increasing number of microbial ecology studies during this century have
revolutionized the field and highlighted the ubiquity of microbial communities in
association with a higher organism and their fundamental role in mammals
physiological and immunological processes (Belkaid and Hand, 2014). The analysis
of genomes and metagenomes in a high-throughput way opens the doors to
characterize and unravel the functional potential of individual microorganisms and
the whole community within their host. The present thesis, which aims at describing
the microbial communities inhabiting the meat rabbit cecum and their potential role

in FE, is a practical example of this.
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1.4.2. Anatomy and functions of the rabbit gastrointestinal tract

It is important to make a brief overview of the anatomy and the particularities of the
rabbit GIT that make it an ideal setting for the growth of certain microorganisms. As
a monogastric herbivore, the rabbit GIT is adapted to process large amounts of fiber-
rich feed, including specific adaptations, from teeth to an enlarged hindgut for
fermentation, and the separation of cecal digesta particles allowing for cecotrophy
(Fortun-Lamothe and Gidenne, 2006).

The total length of the adult rabbit GIT is 4.5-5 m (Lebas et al., 1997). The
organization and principal characteristics of the different segments that comprise
the rabbit GIT are shown in Figure 1.9. Rabbits have 28 teeth (2/1 0/0 3/2 3/3) that
grow continuously during their whole life. Salivary glands produce saliva with low
amylase concentration, and the esophagus is short merely to transport food from
the mouth to the stomach. Thus, feed eaten by the rabbit quickly reaches the
stomach that, contrary to other mammals, is characterized by a very acid (1.5 to 2.0)
pH that varies along the day mainly in the fundus (i.e., the blind part) in relation to
the storage of soft feces (Lebas et al., 1997). The glands included in the stomach
wall secrete hydrochloric acid, pepsin, and some minerals (Ca, K, Mg, and Na). The
feed remains in the rabbit's stomach for 2-4 hours, and then it is gradually moved

through the pylorus into the small intestine (Lebas et al., 1997).

The length of rabbit's small intestine is about 3 m and 0.8-1 cm in diameter, and it
is divided into three parts: duodenum, jejunum, and ileum. As the contents reach
the upper part, whose pH is slightly basic (7.2-7.5), they are diluted by the flow of
bile and the first intestinal secretions. The pH of the rabbit ileum is more acidic (6.2-
6.5) at the end of the small intestine, where enzymes of the pancreatic juice break
down the feed contents and, as occur in other monogastric species, pass through
the intestinal wall to be transported to the cells through the blood (Lebas et al.,
1997).
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Figure 1.9| The gastrointestinal tract of a rabbit. Numerical values are those observed in the New Zealand breed
fed ad libitum with a pelleted feed at twelve weeks of age (adapted from Lebas et al., 1997).

The cecum starts in the ileocaecal valve (sacculus rotundus), and it stores about
40% of the whole digestive content. Its length is about 40-45 cm and its diameter of
3-4 cm. The pH of this segment of the rabbit GIT varies, depending on microbial
activity and feeding pattern, around 6.0. The feed particles that are not broken down
enter the cecum, where they remain for 2 to 18 h under the action of bacterial
enzymes (Lebas et al., 1997). During this period, cecal bacteria break down the
remaining particles that are freed and pass through the GIT walls into the
bloodstream. Finally, the cecal content is evacuated into the colon.

The cecal appendix is located at the end of the cecum, and its walls are composed
of lymphoid tissues. The colon begins at the base of the cecum and lengths 1.5 m.
This segment is divided into two parts: proximal (50 cm long, 2-3 cm of diameter)
and distal colon (1 m, 1 cm of diameter) that end with the rectum and the anus

(Lebas et al., 1997). The peculiarities of rabbits, and the rest of Lagomorpha, rely
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on the dual function of the proximal colon. If the cecal content reaches the colon in
the early morning, it undergoes a few biochemical changes: its wall secretes mucus
that envelops the soft pellets (i.e., cecotrophes) generated by the wall contractions.
However, if the cecal content enters the colon at any other time of the day, the
proximal colon activity is completely different: successive waves of contractions in
alternating directions begin. The first wave acts to evacuate the content while the
second one pushes it back into the cecum. Under the varying pressure and rhythm
of these contractions, the contents are squeezed. Most of the liquid part, containing
soluble products and small particles of less than 0.1 mm, is forced back into the
cecum (Bjornhag, 1972). The solid part, containing mainly large particles over 0.3
mm, forms hard feces that are then expelled through the anus. Therefore, this dual
action results in the generation of two types of excrement by the colon: the hard

feces and the cecotrophes.

Cecotrophy is a particular herbivorous nutritional strategy to benefit from the
microbial protein and to obtain vitamins necessary for the rabbit. Rabbit cecotrophes
are rich in protein (half of bacterial origin and half of imperfectly broken-down feed
particles and intestinal secretions) and water-soluble vitamins B and C. As opposed
to the hard feces that are excreted, the cecotrophes are ingested back by the rabbit
directly after being expelled through the anus. Then, these soft pellets stay in the
stomach for 4-6 h, where their envelope structure is broken, and follow the same

digestive process as normal feed.

The rabbit GIT is not only involved in nutrient digestion but protects against
pathogens. After birth, it experiences a gradual maturation influenced by ontogenic
factors (i.e., related to the age and the growth of the individual), diet, and interactions
between microorganisms. The fi