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ABSTRACT

Differential gene expression and enrichment analysis in Longissimus Dorsi tissue of
Nelore cattle with divergent water loss by cooking using RNA-Seq

Meat cooking treatments are a major problem due to the shrinkage of the products resulting
of the loss in water content and having a great impact on the quality attributes of the meat, such as
juiciness and tenderness of the final product. Beef is characterized by a high and uncontrolled
variability on its quality, which is one of the reasons for consumer’s dissatisfaction.

Brazil is the second meat consumer country and the second world meat exporter, improving
the quality of its meat could open new international markets to satisfy consumers and with the
economic implications which this entails. One of the factors that most influences the loss of water is
the genotype of the animal, which is the reason why studies have focused on improving the quality
of Nelore races, because they are the most used breed in this country and also because they contain
Zebu genes that reduce their meat quality with the Taurine breeds. The measurement of this
characteristic can only be done after the sacrifice of the animal which hinders its improvement.
Thanks to the development of genomics and new technological tools such as RNA -seq the beef
industry is calling for muscle biomarkers to predict the ability of animals to produce high-quality beef.

The objective of this work was to identify differentially expressed genes related to the loss of
water from meat, after cooking, in Nelore cattle and therefore to find possible biomarkers to improve
meat quality through RNA-Seq.

In the UNESP the mRNA of 20 samples of Longissimus dorsi muscle of bovine Nelore was
sequenced. After the cooking procedure of 132 samples of Longissimus dorsi muscle from Nelore
cattle, 10 samples wich had little loss of water were selected, as well as other 10 samples with much
loss of water after cooking. All the animals belonged to the same management group and were
slaughtered the same day. 32 differentially expressed genes were found related to the loss of water
by cooked meat, being 28 of these genes with described functions. From the differentially expressed
genes, 25 were downregulated and 7 of them were upregulated.

Genes were found related to biological processes such as response to glucocorticoid,
regulation of cell growth, JAK-STAT cascade involved in growth hormone signaling pathway,
response to food, as well as master regulators such as cytokines and MAPK, and cell processes
such as the increase of adipogenesis, water retention and immune system.

The results of this work will allow the generation of genetic biomarkers in Nelore cattle, for
the selection of loss of water in the meat, to produce better quality meat for the consumption and will
also bring economic benefits to the Nelore cattle farms.

Keywords: Production, Bovine, RNA-Seq, Transcriptome, Meat quality, Logissimus Dorsi,
Nelore



RESUMO

Expressdo génica diferencial e andlise de enriquecimento no tecido Longissimus
Dorsi de bovinos Nelore divergentes para perda de agua por cozimento usando RNA-Seq

O cozimento da carne é um problema importante, ja que provoca o encolhimento da fibra
muscular, devido a perda de conteudo de 4gua. O que causa grande impacto sobre caracteristicas
de qualidade na carne, como marmdreo e maciez do produto final. A carne de bovino tem uma
variabilidade elevada e descontrolada de sua qualidade, que é uma das razfes da insatisfacdo do
consumidor.

O Brasil é o0 segundo pais consumidor de carne e o segundo exportador mundial, e melhorar
a qualidade da carneproduzida, pode abrir novos mercados internacionais que satisfagam os
consumidores mais exigentes. Um dos fatores que mais influenciam a perda de agua é o genotipo
do animal, razéo pela qual os estudos se concentraram na melhoria da qualidade da raca Nelore,
j& que essa raca € a mais utilizada neste pais e, por ser de origemZebuina apresenta reduzida
gualidade de carne quando comparadaas racas Taurinas.

A avaliacdo das perdas de agua por cozimento da carne sé pode ser feita apéds o sacrificio
do animal, que dificulta sua melhora. Gracas ao desenvolvimento da gendmica e de novas
ferramentas tecnoldgicas, como 0 RNA-seq, tornou-se possivel a busca por biomarcadores que
estimem a capacidade dos animais de produzir carne de bovino de alta qualidade, sem a
necessidade de abate.

O objetivo deste trabalho foi identificar genes diferencialmente expressos relacionados a
perda de agua da carne porcozinhimentoem gado Nelore e, por tanto, encontrar possiveis
biomarcadores para melhorar a qualidade da carne através de RNA-Seq.

Na UNESP, o mRNA de 20 amostras do musculo Longissimus Dorsi do bovino Nelore foi
sequenciado. Apos o procedimento de cozimento de 132 amostras do musculo Longissimus dorsi
do gado Nelore, foram selecionadas 10 amostras que tinham baixa perda de dgua e 10 amostras
de alta perda de agua apdés o cozimento. Todos 0s animais pertenciam ao mesmo grupo de
contemporaneos e foram abatidos no mesmo dia. Foram encontrados 32 genes diferencialmente
expressos relacionados a perda de 4gua por cozimento, sendo 28 genes com fungfes descritas.
Dos genes expressos diferencialmente, 25 foram induzidos e 7 reprimidos com relacéo ao grupo de
altas perdas de agua por cozimento.

Foram encontrandos genes relacionados com processos bioldégicos como: resposta ao
glucocorticoide, regulacdo do crescimento celular, cascata JAK-STAT envolvido na via de
sinalizacdo do hormonio do crescimento, resposta a alimentos, assim como reguladores principais
como as citoquinas e MAPK, e processos celulares como o aumento da adipogénesis, retencéo de
agua e sistema imune.

Os resultados deste trabalho revelaram possiveis biomarcadores genéticospara a selecéo
para perda de agua na carne em bovinos Nelore, com o intuito deproduzir carne de melhor qualidade
para consumo e trazer beneficios econémicos para as fazendas brasileiras.

Palavras-chave: Producdo, Bovino, RNA-Seq, Transcriptoma, Qualidade da carne,
Logissimus Dorsi, Nelore.



RESUMEN

Estudio de expresién diferencial y andlisis de enriquecimiento en tejido Longissimus
Dorsi para evaluar la pérdida de agua por cocinado en la calidad de la carne de bovino
Nelore divergentes mediante uso de RNA-Seq

Los tratamientos de cocinado de la carne es un problema mayor debido al encogimiento de
los productos por la pérdida en el contenido de agua teniendo gran impacto sobre atributos de
calidad en la carne como jugosidad y ternura del producto final. La carne de vacuno se caracteriza
por una alta e incontrolada variabilidad de su calidad que es una de las razones de la insatisfaccion
de los consumidores.

Brasil es el segundo pais consumidor de carne y el segundo exportador mundial de carne,
la mejorar de la calidad de su carne podria abrir nuevos mercados internacionales que satisfaga a
los consumidores con las implicaciones econémicas que conlleva. Uno de los factores que mas
influye en la perdida de agua es el genotipo del animal por eso los estudios se han concentrado en
mejorar la calidad de las canales en razas Nelore por ser raza mas utilizada en este pais y por
contener genes de origen cebu que reducen su calidad de la carne en relacién con las razas
taurinas. Para la medida de esta caracteristica solo se puede realizar después del sacrificio del
animal lo que dificulta su mejoramiento. Gracias al desarrollo de la genémica y nuevas herramientas
tecnologicas como RNA —seq la industria de la carne de vacuno estd pidiendo biomarcadores
musculares para predecir la capacidad de los animales para producir carne de vacuno de alta
calidad.

El objetivo de este trabajo fue identificar genes diferencialmente expresados relacionados
con la perdida de agua de la carne tras su cocinado en bovinos raza Nelore y por tanto encontrar
posibles biomarcadores para mejorar calidad de carne mediante RNA-Seq.

En la UNESP fue secuenciado el mRNA de 20 muestras de musculo Longissimus Dorsi de
bovino Nelore. Después del procedimiento de cocinado de 132 muestras de musculo Longissimus
Dorsi de bovinos Nelore fueron elegidas 10 muestras que contuvieron poca perdida agua y 10
muestras de mucha perdida agua tras su cocinado. Todos los animales pertenecian al mismo grupo
de manejo y fueron sacrificados el mismo dia. Fueron encontrados 32 genes diferencialmente
expresados relacionados con la perdida de agua por cocinado de la carne, siendo 28 genes con
funciones descritas. De los genes diferencialmente expresados 25 fueron infraexpresados y 7
sobreexpresados.

Se encontraron genes relacionados con procesos biolégicos como; respuesta al
glucocorticoide, regulacion del crecimiento celular, cascada JAK-STAT involucrada en la via de
sefializaciéon de la hormona del crecimiento, respuesta a los alimentos, asi como reguladores
principals como las citoquinas y MAPK, y procesos celulares como el aumento de la adipogénesis,
retencion de agua y sistema inmune.

Los resultados de este trabajo permitiran generar biomarcadores genéticos en bovino Nelore
para la seleccion de perdida de agua en la carne para produccir carne de mejor calidad para el
consumo Y traer beneficios econdémicos a las explotaciones de bovino Nelore.

Palabras clave: Produccion, Bovino, RNA-Seq, Transcriptoma, Calidad de la carne,
Logissimus Dorsi, Nelore.



RESUM

Estudi d'expressi6 diferencial i analisi d'enriquiment en teixit Longissimus Dorsi per
a avaluar la pérdua d'aigua per cuinat en la qualitat de la carn de bovi Nelore divergentes
per mitja d'us de RNA-Seq

Els tractaments de cuinat de la carn és un problema major a causa de I'encolliment dels
productes per la pérdua en el contingut d'aigua tenint gran impacte sobre atributs de qualitat en la
carn com a suculéncia i tendresa del producte final. La carn de vaqui es caracteritza per una alta i
incontrolada variabilitat de la seua qualitat que és una de les raons de la insatisfaccié dels
consumidors.

Brasil és el segon pais consumidor de carn i el segon exportador mundial de carn, la millorar
de la qualitat de la seua carn podria obrir nous mercats internacionals que satisfaca els consumidors
amb les implicacions economiques que comporta. Un dels factors que més influix en la perduda
d'aigua és el genotip de I'animal per aixo els estudis s'han concentrat a millorar la qualitat de les
canals en races Nelore per ser raca més utilitzada en este pais i per contindre gens d'origen zebu
gue reduixen la seua qualitat de la carn en relacié com les races taurines. Para la mesura d'esta
caracteristica només es pot realitzar després del sacrifici de I'animal el que dificulta el seu
millorament. Gracies al desenrotllament de la gendmica i noves ferramentes tecnoldgiques com
RNA -seq la industria de la carn de vaqui esta demanant biomarcadores musculars per a predir la
capacitat dels animals per a produir carn de vaqui d'alta qualitat.

L'objectiu d'este treball va ser identificar gens diferencialment expressats relacionats amb la
perduda d'aigua de la carn després del seu cuinat en bovins raca Nelore i per tant de trobar possibles
biomarcadores per a millorar qualitat de carn per mitja de RNA-Seq.

En la UNESP va ser seqlienciat el mMRNA de 20 mostres de muscul Longissimus Dorsi de
bovi Nelore. Després del procediment de cuinat de 132 mostres de muscul Longissimus Dorsi de
bovins Nelore van ser triades 10 mostres que van contindre poca perduda aigua i 10 mostres de
molta perduda aigua després del seu cuinat. Tots els animals pertanyien al mateix grup de maneig
i van ser sacrificats el mateix dia. Van ser trobats 32 gens diferencialment expressats relacionats
amb la perduda d'aigua per cuinat de la carn, sent 28 gens amb funcions descrites. Dels gens
diferencialment expressats 25 fueron infraexpressats i 7 sobre expressats.

Es van trobar gens relacionats amb processos biologics como; resposta al glucocorticoide,
regulacié del creixement cel-lular, cascada JAK-STAT involucrada en la via de senyalitzacié de
I'hnormona del creixement, resposta als aliments, aixi com reguladors principals com les citoquinas i
MAPK, i processos cel-lulars com l'augment de l'adipogénesi, retencié d'aigua i sistema immune."

Els resultats d'este treball permetran generar biomarcadores genétics en bovi Nelore per a
la seleccié de perduda d'aigua en la carn per a produccir carn de millor qualitat per al consum i
portar beneficis economics a les explotacions de bovi Nelore.

Paraules clau: Produccio, Bovi, RNA-Seq, Transcriptoma, Qualitat de la carn, Logissimus
Dorsi, Nelore.



General index

L INtrOdUCTION oo, 1
1. Beef cattle production in Brazil...............oeeeiiiiiiiiiii e 1

2. Genetic improvement of meat qUAality ... 3
2.1. Race Nelore (BOS taurus iNAICUS) ......ccueeaiiiuiiiiieeie ettt e e eeaa e 4

2.2. The texture Of the MEAL........ccoui e a e 5

2.3. Factors that influence the tenderness of the meat..........cccccovcveiiici i, 5

3. Role of water in the quality of Meat ..o e 7

4. Importance of the loss of water by cooking for the quality of the meat................ 10

5. Transcriptomic analysis by the RNA-SEq.........ccoeiiiiiiiiiiiiici i 11
5.1. RNA-SEQ tECHNIQUE ... . e e e e s e e e e e e s nnnreaeees 12

5.2. Analysis Of RNA-SEQ ALA .....cccceeiiiiiiiiiieie e e e e e e e e e snnreaee s 15

| TR @ T o T [= o Y= 19
[Il. Material and MethodsS ......cooe i 23
1. Collection of biological material...........c.cccocoiiiiiiiiie e 25
1.1. Universidade Estadual Paulista (UNESP-FCVA) ......ccooieiieiiiiiicieeeee e 26

2. Method of COOKING SAMPIES.......iiiiicee e 27

G TN o v LI NNV o] = o] o 30

4. Quality control of the total RNA obtained ..............ccoovviiiiiiiicee e, 31
4.1, Integrity Of SAMPIES ..o 31

4.2. Concentration and purity of SAMPIES.......c.cceiiiiiiiiiiiie e 32

5. RNA Sequencing of NEW gENEratioN ........ccoooeiieiiiiiiiee e e 33

6. Analysis Of RNA-SEQ alal.....ccccoiieiiiiiiicce e 34
6.1. Quality analysis and data filtering..........cccceviviiiiiieiie e 34

6.2. Alignment of the SeqUENCES (FEAUS)........uueiii i 35

7. Transcriptional ANAlYSIS.. .......uuiiiiiiieiiiiiiiie e 36
7.1. Visualization of differentially express data. ........c..ocveeeiiiieeiiiiieee e 36

8. ENrichment ANAIYSIS......cooiiiiiiiiiiiee e 37
IV RESUILS ..ttt ettt e e e e e s s bbb e e e e e e e e e e bbb e e e e e e e e e aanne 39
1. Integrity Of total RNA ... e e 41

2. Purity and quantification of total RNA.........ccooriiiii e 42

3. Analysis Of RNA-SEeQ data.........cccoevuiiuiiiii et e e e e e e eeaes 43



3.1. Quality analysis and data filtering...........cooiiiiiiiiiiii e 43

3,11, BASIC SEALISTICS ..vvveeiireieeiieie et e st e ettt 44

3.1.2. Per Base Sequence QUANLY .........cuiiiiiiiiiiee et 44

3.1.3. Per Sequence QUAIILY SCOTES .....ccoiriiiiiiiiieiiiee ettt 45

3.1.4. Per Base SequeNCe CONLENT.........oouiiiiiiiiiiee et e e e e e 46

3.1.5. Per SequenCe GC CONENL......ccoe i 47

3.1.6. Per base N CONMENT.......ccuiiiiiiiiie ittt 48

3.1.7. Sequence Length DiIStriBULION ..........cooiiiiiiiiii e 49

.18 KMEI CONENT ... e e e e e e 50

3.1.9. FastQC SUMMArY/ REPOI .....cuuiiiiiiee ettt e ettt e e e st e e e s st e e e e e e s etaraaeeaeeaaan 51

3.2. Sequencing AlIGNMENE (TEAUS). ......ivuriee ittt e e e e 51

3.3. TranscriptioNal ANGIYSIS .......eiiiiieiiiiiii e e e 53

3.3.1. ANAIYSIS BOXPIOL ...ttt e e e e et e e e e e 53

3.3.2. Principal component analysis (PCA) .......uuuviiie ittt e s e e 54

3.3.3. Differential ANAIYSIS......ccoiuiiiiiiieie e 55

4. ENrichment ANAIYSIS.......oooiiiiiiiiee e 57
DISCUSSION ...ttt ettt e e e e et e e e e e e e e e e e e e e e e e e s 62

V. CONCIUSIONS .o 67
VI, REfEIENCES .o, 70
VI ANNEXES ..ottt e e et e e s e et e e e e et s e e e et e e e ean e aae 86



INDEX OF FIGURES

Figure 1: Production of Cattle: top 10 producers of the WOrld..............cccoviiieiiiiiiiinie e 1
Figure 2: Production of Cattle in Brazil..............eeoiiiiiiiiiii et 1
Figure 3: Cattle profile Of BrazZil...........cooi i e e e 2
Figure 4: Main destinations of Brazilian beef eXported ...........ccccocvviiieiie i 3
Figure 5: Images of the Nelore Bre€d ..........c.uuvieiiiiii ittt e e e e et raee e e e e s 4
Figure 6: Samples of beef tissue Longissimus Dorsi after COOKING ..........ccccoevviireiiniieiiniiieeene 10
Figure 7: Tools that allow the analysis of gene expreSSion ........ccccoveveiiiiiee e 11
Figure 8: RNA Sequencing and ANAIYSIS .......coicuiiiiiiiiiieiiiee et 13
Figure 9: Construction of lllumina protocol libraries. ... 14
Figure 10: Fine mapping and identification of funcional candidates’ genes ............ccccueeeveeennnne 16
Figure 11: Gene Ontology (GO) ANGIYSIS ......uuuiiiiiiiiiiiiiiiiee et e e e e e 16
Figure 12: LICENSEA PrOGgIraMS. .. ...uuuiiieieeeiiiiiieeeeeteeesesittteaeeeeeessasssteeeeaaeessaassateeeeaaesssnsssnneeeeaeesesnnns 17
Figure 13: Fazenda Capivara, ABS Pecplan,20009. .........ccccceeiiiiiiiiiiiiee et e e e 25
Figure 14: Campus of UNESP-FCAYV, Jaboticabal, Brazil ............cccccceeeeiiiiiiiiiiiiee e 26
Figure 15: The interior of the Campus 0f UNESP-FCAV .......coccociiiiiiiiiiiieeie e 26
Figure 16: Members of the Department of Animal Genetic Improvement............cccoeceveeinieeeenne 27
Figure 17: Samples of LD of beef Nelore weighed before cooking...........cccccoviiiiniinninecen 28
Figure 18: Samples of LT of beef Nelore with the probes.............cci 28
Figure 19: Samples of Nelore beef Longissimus Dorsi COOKed ..o 29
Figure 20: Example electropherograms of RNA SamMPIeS.........ccccvveeieeeiiiiiiiiiiicee e 32

Figure 21: Graph of the absorbance in nm of nucleic acids and proteins using

SPECITOPNOIOMELNE . ...ttt e ettt e e e sabe e e e e snbe e e e e sabbeeeesbeeeeeans 33
Figure 22: Example of a sample with extension (“. timmed)..........cccceiiiiiinnii 35
Figure 23: Example of a sample with extension (. bam").........ccccciiiiiiniin e 36
Figure 24: Flowchart used in the analysis of differential ..., 37
Figure 25: BASIC STALISHICS ...coiioiiiiiiiiiiie ettt e e e e e st e e e e e e e s nnbeaeeeeaaeeeannns 44
Figure 26: Per Base Sequence QUANILY ..........uuuiiiieeiiiiiiiiiee et e e e e s st e e e e e e e e s snannee e e e e e e e ennns 45



Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figura 36:
Figura 37:
Figura 38:
Figura 39:

Figura 40:

Per Sequence QUAIILY SCOIES.......c..uuiiiiiieeiiie et e e 46
Per Base SeqUENCE CONENT ......iii ittt r e s e e e 46
Per Sequence GC CONENT ..........ceviiiiiiieeececee ettt 47
Per Dase N CONENT........cuiiiiii i enee e 48
Sequence Length DiStriDULION ........c.uuiiiiiii e 49
KM CONENT ...t e e e e r e e e e e e s e e e eeee s 50
SUMMATY OF PrOCESSES ....eeiieiiiiiie ittt ettt ettt s bt e s e e e asb e e e e anb e e e e e eees 51
2707 o] (o] AP P PP UPPPRPPPPPRPI 53
Principal component analysiS (PCA) .......oiuuiiiiieieee ettt 54
Differential eXpression fOr CL ..... ... e e 56
Graph subnetworks of our differential genes filtered by overlap. ........cccccceveveeiiinnnee, 58
(1= e[ )Y = ] ] T PSSR 59
Cell processes of the three genes that are candidates for biomarkers....................... 60
Common cell processes of the OXT,SOCS3 and SERPINET..........ccccovveveveeiiiiinnnen, 61



Table Index

Table 1:

Table 2:

Table 3:

Table 4:

Table 5:

Table 6:

Loss of water in the tWo STUAY GrOUPS .....couveeieiiiiiieiiiie ettt 30
RIN values Of the SAMPIES ... 41
Concentration and purity values of the SAmMPIES ... 42
Alignment of the SEQUENCES .......uvviiiie e a e 52
Differentially expressed genes found in the samples for CL.........ccccceeeeeiiiiciiiieecec e, 55
Top 10 biological process and master regulators for p-value............cccccceeveeeievcciiinnnnnn. 57



Annex Index

Annex 1: "Annotation Clusters" of differentially expressed genes for CL by David Software ...... 83

Annex 2: “Funcional annotation table” of differentially expressed genes for CL by David
0] 117> PP O PP PPPPPTPPPPRPN 89

Abbreviations

Vi



CL Cooking Loss

DAVID Database for Annotation, Visualization, and Integrated Discovery
DE Differentially Expressed

FPKM Reads Per Kilobase of exon per million reads Mapped
GC Guanine-Cytosine

LD Longissimus Dorsi

NGS Next-Generation Sequencing

PCA Principal Component Analysis

RNA-Seq RNA-Sequencing

SD Standard Deviation

TEC Tonelada Equivalente Carcaca

WHC Water-Holding Capacity

VI



VI



. Introduction

1. Beef cattle production in Brazil

The cattle population in Brazil consists of 218.22 million heads, being the second

country with the largest amount of catlle heads (Figure 1) and the first for human
consumption in the world (FAO, 2018).
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Figure 1: Production of Cattle: top 10 producers of the world.FAO 2018.

The growth trend experienced by Brazil in the number of cattle heads over the last
few years has resulted in becoming the leader in word production (Figure 2) fighting with

India for the first places (Figure 1). The 218.22 million heads are distributed in 196 million
hectares, being 1.11 heads per hectare. (FAO, 2018).
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Figure 2: Production of Cattle in Brazil. FAO 2018.



According to the "Associacdo Brasileira das Industrias Exportadoras de Carnes"”
(ABIEC), the Brazilian production of bovine meat (Equivalent Tonnes of Carcass (TEC))
was 9.56 million tons, of a total of 39.16 million head slaughtered beef cattle. Only 13% of
the slaughtered animals were finished in confinement, this is due to the fact that given the

extension of Brazil, it has a mostly extensive management of cattle (Figure 3).
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Figure 3: Cattle profile of Brazil, ABIEC 2016.

The export was of 1.88 million TEC representing the 19.63% of the total production
of meat in Brazil, the internal market was responsible for the consumption of the 81% of the

meat produced (Figure 3).

Eventhough Brazil only exports 19.63% of its meat production, Brazil is the second
world exporter after India and followed by Australia and the USA (ABIEC, 2016). Brazil
exports to the whole world, although the largest export is fresh meat, which is the 74% of
its exports of beef (Figure 3). Hong Kong is the country that receives the most volume of
beef, that is the 21% of the final volume of meat exported by Brazil (Figure 4).



Hong Kong - 21% B Venezuela-7%
4 B Egypt-14% B chile-4%
M Russia-13% [ United States of America- 2%
- [ European Union - 9% B Algeria-1%
| China-7% Others - 15%
B Iran-7%

Fonte: MDIC / SECEX - Elaboragdo ABIEC

Figure 4: Main destinations of Brazilian beef exported in 2015 by volume, ABIEC 2016.

Brazil is the second largest world beef consumer, after the US and followed by China
and Argentina. In addition, Brazil is the third largest beef world consumer per capita, with
38.6 kg / year after Australia and Argentina (88.3 kg / year and 64.6 kg / year respectively)
(ABIEC, 20186).

2. Genetic improvement of meat quality

The need to produce meat to satisfy consumers, has made markets more and more
demanding. This has generated a growing concern from the productive meat chain
members, and it is also generating new researches dedicated to study factors related to the
improvement of meat desirable characteristics. (Koohmaraie, M. et al., 2003). The studies
have focused on identifying animals to improve the quality of specialized breeds meat with
ideal standards for the consumer (Berg, R. and Walters, L. 1983; Kempster, A. 1989;
Renand, G. et al., 2001; Vanek, J. et al., 2008) as well as in the improvement on the

consumers” health (Luciano, F. 2009).



In Brazil the Nelore breed is the most commonly used, about 72% of the total cattle
and more than 150 million heads of this breed are destined to meat consumption
(ABIEC,2016). Therefore many breeding studies are using Nelore.

2.1 Race Nelore (Bos taurus indicus)

The Nelore breed (Figure 5) arrived in Brazil in the middle of the 19t century brought
from India. It is characterized by its excellent adaptation to tropical conditions and its rapid
weight gain. Its resistance to heat makes it very suitable for handling in an extensive system,
which is the predominating in Brazil. They are also resistant to skin parasites (Bianchini, E.
etal., 2006, Canavez, F. et al., 2012) and have excellent maternal abilities (Cundiff, L. 2004,
Bianchini, E. et al., 2006).

Figure 5: Images of the Nelore Breed. A) Profile image of a beef cattle of the Nelore breed.
(Associacao dos Criadores de Nelore do Brasil, 2018). B) Image of a group of beef cattle of the
Nelore breed. (Apoio Genetica, 2018).

The genetic improvement for the consumption of meat is essential in this breed,
since it frecuently shows genes of Zebu origin which reduce the tenderness of the meat
when compared with others breeds. An example is the intramuscular fat, that is observed
specifically in the Nelore breed, wich has a lower rate compared with animals of the Bos
taurus breed (Crouse, J. et al., 1993; Leal, J. 1994; Shackelford, S. et al., 1994; Sherbeck,
J. et al., 1995; Gesualdi, A. et al., 2000; Restle, J. et al., 2003; Cundiff, L. 2004). This
intramuscular fat isn’t also heterogeneous, which is a problem for the meat quality of this
breed, as well as for a greater hardness and little juiciness (Shackelford, S. et al., 1994;
Restle, J. et al., 2003; Cundiff, L. 2004).



2.2 The texture of the meat

Texture is a sensorial property (Szczenesniak, A. 1963) and tenderness is the
most valued and desired attribute by consumers. Therefore it is a factor that determines the
meat quality, and there are countless factors that can influence it (Koohmaraie, M. et al.,
2002).

Specifically, the tenderness lack in beef as the biggest problem encountered by
the meat industry (Savell, J. and Shackelford, S., 1992). There is a positive relationship
between the meat cuts and their tenderness with their respective prices in the market, and
the inconsistency in its prediction is a relevant problem for the meat industry, and it is
considered a highly variable and complex feature to take into account within the animal

genetic improvement programs (Torres, J. and Botero, M., 2012).

In a study among cattle breeds, it was observed that approximately 46% of the
tenderness variations of the beef are due to animal genetics. (Koohmaraie, M. et al., 2003).
Genetic factors may explain the biological characteristics of skeletal muscle in meat, as well
as its tenderness and general taste (Bernard, C. et al., 2007; Renand, G. et al., 2001). Beef
is characterized by a high and uncontrolled variability on its quality, which is one of the

reasons for customers” dissatisfaction.

Therefore, the beef industry is asking for muscular markers to predict the ability of
animals to produce high quality beef. Due to the development of genomics and new
technological tools, some recent researches allowed the identification of a great number of
these markers simultaneously, to evaluate the tenderness of the meat (Hocquette, J. et al.,
2009). Brazil plays a very important role as it is the second world meat exporter, and
improving the quality of its meat could open new markets, because at national level,
producers are not remunerated for any meat improvements, but the international market

considers it essential for the product determination. (Paz, P. and Lucchiari Filho, A., 2000).

2.3 Factors that influence the tenderness of the meat

The most determinating and important factors that affect the tenderness of the

meat are the genotype, the age and the sex of the animal.



During the post-mortem meat there are two things taking place: softening and
quality improves. That myofibrillar degradation is carried out due to the proteolytic enzymes
such as calpains. It has been observed that the more calpastatin, which is a calpain inhibitor,
the meat will be harder and the higher the cutting force (Geesink, G. et al., 2005). Some
studies observed differences in the amount of calpastatins and calpains found post-mortem,
among bull and cebuina breeds. Which there is greater expression of calpastatin than in
European breeds, it results indicates less degradation of the myofibrillar proteins and
therefore in a greater hardness of the meat (Shackelford, S. et al., 1994; Wulf, D. et al.,
1996; Pringle, D. et al., 1997; Pringle, D. et al., 1999).

Other decisive factors the influence the tenderness of the meat are the length of
the sarcomeres, the connective tissue, and others such as the number and diameter of the

fibers, the intramuscular fat, the pH and water holding capacity and the cooking treatments.

The length of the sarcomeres influences the initial tenderness, but it is not so
important during the post-mortem period. It has been observed that when the muscles go
into rigor mortem in relaxation, the length of the sarcomeres is greater and the meat is more
tender (Wheeler, T. and Koohmaraide, M., 1999).

The connective tissue is also an important factor, due the collagen amount and
the cross-linking degree of the collagen molecules; the more cross-linking the harder the
meat is. It is also determining metabolism muscular state in relation with the number and

diameter of the muscular fibers.

The existence of intramuscular fat correlates directly with the tenderness of the
meat, that is because, the more intramuscular fat, the more tender the meat. It has been
observed that more juiciness the less hardness exists (Hernandez, P. et al., 2000). It has
also been observed that the values of shear strength and water retention capacity in the
meat are important to determine the range between beef hardness and tenderness (Miller,
M. et al., 2001). When treating zebu origin animals, the deposition of intramuscular fat needs
to be improved since it has a low index in these breeds. (Fernandez, X. et al., 1999;
Magolski, J. et al., 2013). A scale from 0 to 10 is used in order to measure the intramuscular
fat. In this scale, 0 wil mean total absence of intramuscular fat and 10 will mean abundant
existence of intramuscular fat. (USDA — Quality and Yield Grade, 2000) In Brazil, this scale
only goes up to 6, due to the low rate of muscle fat that Brasilian cattle have. Silva-vignato,

B. et al.,, 2017 and some other coworkers illustrate some of the involved molecular



processes in the fat and muscle deposition. In their transcriptomic study and functional
enrichment analysis, it was observed how important was the MAPK (Mitogen-Activated
Protein Kinase) pathway, responsible for processes such as growth, differentiation and

hypertrophy in cattle Nelore.

The pH, is generally also considered, as a key factor to control the ability of the
meat to contain water, which was revised by Bendall, J. and Swatland, H. (1988). When the
pH is higher in post-mortem, the calpains activity is better and it favors the softening and
therefore the ability to contain water making the meat more tender. The casing cooling and
the speed of the pH decrease, will influence the quality of the product. (Felicio, P. 1997;
White, A. et al., 2006).

Finally, cooking treatments are very important mainly because of the reached
temperatures that directly affect the proteins and connective tissue and therefore the

capacity of water retention will be greater and the meat will also be more tender.

3. Role of water in the quality of meat

Meat cooking processing is a main problem since the water content of meat
products is one of the quality parameters, and this is because the shrinkage of the products
also has a great impact on the attributes of the texture, as well as the juiciness and
tenderness (Bertram, H. et al., 2000; Lawrie, R. 1998; Oeckel, M. et al., 1999; Toscas, P.
et al., 1999), and its relation with the final product yield (Bertram, H. et al., 2003; Rosenvold,
K. and Andersen, H. 2003) and the involved economic implications. This is often expressed
as loss of drip, loss during the cooking and loss during the cooling, depending on the stage
of the process in which it was measured. The meat ability to retain inherent water is defined
as water retention capacity (WHC) and the loss of water during different cooking processes
(CL) (Grau, R. and Hamm, R., 1956).

Several methods have been developed for the determination of the WHC of meat,
including the gravimetric bag method (Honikel, K. 1998), the NMR (nuclear magnetic
resonance), the relaxation measurement (Bertram, H. et al., 2001), the filter paper press
(Kauffman, R. et al., 1986), and other methods based on centrifugation (Honikel, K. 1998).



Lean meat may contain up to 75% water, with the remaining 20% of protein, and
approximately 2% of fat and about 3% of secondary components (Pedersen, D. et al., 2003).
The water is maintained in the spaces between the thick and thin filaments of the post-
mortem muscle cell, while a small proportion of water in the muscle is also maintained

because of the electrostatic attraction between proteins (Bond, J. et al., 2004).

This loss of drip arises predominantly from the longitudinal channels through the
flesh between the fiber bundles, that is, through the capillaries of the largest pores. (Offer,
G. et al., 1989). Consequently, severe water loss will reduce the product, the consumers’
acceptability and the sales value, consequently, the meat industry has a great interest in
improving the WHC and the CL on the meat products (Maribo, H. et al. 1998).

Many factors affect the loss of meat water during the growth and development of
animals. The genotype affects the losses of water in the meat (Uytterhaegen, L. et al.,
1994), and together the animal diet, have a direct influence on the muscle characteristics.
The same can be applied to the stress of the animal, the fasting, or the different methods

of stunning.

On the other hand, the livestock feeding, is considered as one of the most
important factors affecting the WHC and LC. Vitamin E supplementation improves the WHC
and therefore reduces the drip loss in meat, other measures such as magnesium
supplementation, vitamin D3, expanded sunflower seed, conjugated linoleic acid (CLA), or
decreasing the amounts of digestible carbohydrates, can also reduce the WHC and LC.
(Cheng, Q. and Sun, DW., 2008).

The meat is cooked before eating, during this process, some structural changes
that affect the quality of the product take place. These aspects have been summarized

mainly in the review of (Tornberg, E. 2005).

Davey, C. and Gilbert, K., 1974 defined cooking as heating the meat to a high
temperature in order to denature or alter the proteins. The main part of cooking the meat is
the water loss that is produced (Heymann, H. et al., 1990). Water is lost due to the
denaturation of the protein induced by the heat during the cooking process, which causes

that less water is trapped inside the proteins retained by the capillary forces.



It was seen that the losses due to cooking in bulls with the DM (double-muscled)
gene, were superior to those bulls with normal conformation. In the work of (De Smet, S. et
al., 2000), it is also reported higher drip losses in DM. To further investigate the meat with
the effect of the presence of the homozygous (mh / mh) or heterozygous DM gene (mh / +)
(Olivan, M. et al., 2004) it was also reported that the retention of raw meat was significantly
lower in mh / mh (homozygous) animals, which showed higher losses. However, no
differences were found in cooking losses between genotypes in these study. Several factors
could explain the previous results. Since the losses in meat decrease with the amount of
connective tissue (Gariepy, C. et al., 1999) a reduction in tissue content could partly explain
the meat of mh / mh animals. The lower amount of intramuscular fat could be another factor
that leads to higher losses from dripping of meat (Olivan, M. et al., 2004). In addition,
metabolism of the glycolytic muscle more in mh / mh (homozygous) could also contribute
to higher drip losses (Uytterhaegen, L. et al., 1994; Gagniere, H. et al., 1999). Another
author says that DM animals are more susceptible to diseases, they are very thin and their
intramuscular fat content is lower. The collagen content of the meat is lower, so the meat of
animals with double musculature is mostly tender. However, the tenderness of the meat,
the color and its juiciness may not always improve because of different glycolytic myofibers
(Fiems, L. 2012).

According to a transcriptomic study (Hyun-Jung, K. et al., 2007) it was determined
that protein metabolism, specifically mitochondrial energy, could be the key to the increase
of the WHC and therefore to reduce of the CL in order to obtain more tender meat. It was
identified that protein metabolism was the only dominant biological factor category among
the WHC markers, detecting some ubiquitin-specific protease (USP) genes. And
Eventhough a functional analysis of the genes correlated with CL was performed, no

dominant functional category was detected between the gene markers.

So, the low cooking temperature, the rate of heating, and the final temperature
point in the center of the beef, will result in less loss of food and its quality. However, we
are eager to challenge the proper cooking methods, to mitigate the loss of food, have a

good quality and safety, being efficient and economical (Qiaofen, C. and Da-Wen, S., 2008).



4. Importance of the loss of water by cooking for the quality

of the meat

In the study we focused on water losses and more specifically on the loss of water
by cooking, these procedures of cooking (Figure 6). The way final meat products are cooked
can also affect the WHC and LC of the product, the rate of heating and cooling, cooking
temperature and endpoint temperature (Qiaofen, C. and Da-Wen, S. 2008). The
Longissimus Dorsi (LD) is generally the muscle region is generally chosen for the study
method, this is because it has a high economic value in the market, and many efforts are
therefore ongoing to improve their taste-related tenderness, juiciness and taste of this
muscle (Moloney, A. et al., 2001).

Figure 6: Samples of beef tissue Longissimus Dorsi after cooking in the oven at UNESP.
To measure the loss of water by cooking we have to take into account that the
measurement is done post-mortem, as well as the meat tenderness measurement. This
makes it difficult and expensive for the improvement programs, as well as an increase in

the interval of generations.

The use of new technologies for the study of the gene expression at a global level,
called high throughput, which promotes the mRNAs sequencing in platforms, and is capable
of generating information about millions of base pairs in a single reading, such as RNA-
Seq, bring us the possibility of understanding the molecular mechanisms involved in
complex characteristics and the possible identification of potential markers (Tizioto, P. et
al., 2015).
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5. Transcriptomic analysis by the RNA-Seq

We currently distinguish the genetic studies in two eras (Figure 7): the pre-
genomic era, in which the gene is studied individually, by in situ hybridization techniques,
Northern blotting (gel-based methods) or RT-PCR (real-time polymerase chain reaction),
used for the quantification of small-scale genes in meat studies of economic interest
characteristics (Kelly, A. et al., 2011; Fonseca, L.F.S. et al., 2015) and / or for validation of
the genes found by means of the global gene expression technique (Driver, A. et al., 2012;
He, H. and Liu,X., 2013; Piorkowska, K. et al., 2015, Fonseca, L.F.S. et al., 2017).
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Figure 7: Tools that allow the analysis of gene expression.

The second era, the so-called post-genomic, allows to study simultaneous the whole
genome. The technologies allow us to analyze expression global profiles in a single test to
obtain information about all the genes from the organism, under specific conditions. We can
distinguish two techniques that analyze the global gene expression (Figure 6): the massive
sequencing and the microarrays. The latter are more widely used, but they have the
disadvantage of having a limited identification of express transcripts in small quantities and
can not detect splicing or other new genes that are not present in the microarray (Tang, F.
etal., 2011). In addition, the comparison of expression levels between different experiments
is very laborious and requires a complex standardization methodology. (Wang, Z. et al.,
2008).
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The introduction of high-performance last-generation sequencing (NGS)
technologies revolutionized the transcriptomics. This technological development eliminated
many challenges set out the microrrays based on hybridization and on the approaches on
Sanger sequencing which had been previously used to measure gene expression. The
increase of the knowledge about the action mechanisms of the genes linked to economic
characteristics of interest, allow the complementation of the improvement quantitative
methods (Ledur, M. 2001; Cassar-Malek, I. et al., 2008).

In this work we used the RNA-Seq technology, which consists of isolating RNA, to
convert it into complementary DNA (cDNA), preparing the sequencing library and

sequencing it on an NGS platform.

5.1 RNA-Seq tecnique

The RNA-seq allows to quantitatively measure the gene expression, with the
identification of differentially express genes and isoforms. It is an efficient method for the
identification of SNPs and, also to identify sites of splicing, which is the most important
source of phenotypic diversity in eukaryotes (Malone, J. and Oliver, B., 2011), as well as
being able to identify unknown genes. (Wang, Z. et al., 2008). The search for genes
differentially expressed by means of this technique has been used to understand the
biological mechanisms related to economic interest characteristics, in several species
included in cattle. (Ramayo-Caldas, Y. et al., 2012; Jin, W. et al., 2012; De Jager, N. et al.,
2011; Ramayo-Caldas, Y. et al., 2014; Tizioto, P. et al., 2015; Cesar, A. et al., 2015;
Goncgalves, T. 2015; Piorkowska, K. et al., 2015; Fonseca, L.F.S. et al., 2017).

RNA sequencing (RNA-Seq) uses the capabilities of high-throughput sequencing
methods to provide information about the genome transcriptome. In comparison with
Sanger's previous methods of sequencing and microarrays, RNA-Seq offers a much greater
coverage and a higher resolution of the dynamic nature of the transcriptome. Due the fact
that it allows direct access to messenger RNA sequences, avoids variations due to
hybridizations and allows the sequencing as well as the quantification of transcripts

independently of their size, it also requires a smaller amount of RNA.

Recent advances in the RNA-Seq workflow, from sample preparation to library

construction and data analysis, have allowed researchers to further elucidate the functional
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complexity of transcription. In addition to the polyadenylated messenger RNA (mRNA)
transcripts, RNA-Seq can also be applied to investigate different RNA populations, including

total RNA, previous mRNA and non-coding RNA, such as mRNA and long ncRNA.

The general mechanism of RNA-Seq is summarized in Figure 8. First, the RNA is
extracted from the biological material chosen (e.g., cells, tissues). Second, subsets of RNA
molecules are isolated using a specific protocol, such as the poly-A selection protocol to
enrich the polyadenylated transcripts or a ribo-deletion protocol to eliminate ribosomal RNA.
The RNA is then converted into complementary DNA (cDNA) by reverse transcription and
the sequencing adapters are ligated to the ends of the cDNA fragments. After PCR
amplification, the RNA-Seq library is ready for sequencing.
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Figure 8: RNA Sequencing and Analysis. (Kukurba, KR. and Montgomery, SB., 2015).

The Solexa Illumina platform is a second generation sequencing platform in which
sequencing is performed by synthesis, through the DNA polymerase enzyme and terminator
nucleotides labeled with different fluorophores (Carvalho, M. and Silva, D., 2010). After the
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[llumina libraries (Figure 9) are mounted with adapters on the extremities, the fragments are
cloned in vitro on a solid platform (flow cell). Each flow cell has eight channels (lanes), in
the first 7 lanes, samples are deposited and the eighth channel is used for the control that
comes in the kit and it is essential for the calibration and normalization of the sequencing.
Readings of up to 300 bp of bases can be obtained (Carvalho, M. and Silva, D., 2010;
lllumina ,2017).
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Figure 9: Construction of lllumina protocol libraries.
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5.2 Analysis of RNA-Seq data

Using the Solexa lllumina Platform and after the sequencing, we obtain small
nucleotide sequences, called reads, corresponding to each fragment belonging to the library
of cDNA fragments obtained. The number of reads varies depending on the expression of
a particular gene, that is, if a gene is more expressed, it will have more cDNA and, therefore,
it is more likely to have a greater number of reads. These reads are collected in files fastq,
which include, mainly an identifier, the size, the quality for each nucleotide and the
sequence it self.

The first step in the RNA-Seq data analysis is the quality analysis of the reads
through the fastq files. Once the corresponding quality study has been carried out, these
sequences are aligned and mapped against the reference genome. If there are some

samples with low quality, other programs to filter data, can also be used.

Then next step is the alignment of the transcripts. There are different tools for the
alignment of the data: TopHat, TopHat2, HPG Aligner, HitSat2 ...and so on. These
programs generate bam extension files. In each of these files, there is the position of each
read in the reference genome, indicating the chromosome, the gene and the corresponding

transcript, as well as the sequence and quality.

Once the alignment is done, we proceed to count the number of reads per gene or
transcript for our sample. There are numerous tools to proceed with their respective
analysis, within them, the methodology of the program Cuffdiff2 uses the T test to calculate
the value of p for differentially express genes, between the two interest groups. The method

assumes that the data present normal distribution (Rapaport, F. et al., 2013).

After that some files must haven been generated, from which we can extract the
information of differentially expressed genes, isoforms, splicing etc. And if they exist in our
study samples, we would proceed to analyze the results of the transcripts, perform analysis
and general tables and figures of interest for the study as for example: vulcans, boxplot,
PCA, ...and so on, for this, there are different programs available, one quite used is

CummeRbund (Trapnell, C. et al., 2012), which is a package of the program R.
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Finally, enrichment analyzes are carried out, for which we have at our disposal
countless free and licensed programs. They are used to identify the molecular function and
the biological significance of lists of genes and / or proteins from the gene expression study

performed. These programs work with biological databases and analytical tools.

In Figure 10 we highlight the different free programs used today.
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Figure 10: Fine mapping and identification of funcional candidates’ genes (Prepared by the
Dra Angela Canovas, University of Guelph, Canada.Course systems biology: how to integrate

tructural and functional genomic data, UNESP,2018).

Out of the free programs, we can highlight Blast2go as the most robust in the

analysis of the data (Figure 11)
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Figure 11: Gene Ontology (GO) Analysis. (Prepared by the Dra Angela Canovas, University
of Guelph, Canada.Course systems biology: how to integrate tructural and functional genomic data,
UNESP,2018).
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There are many types of licensed programs, each institution or platform can work with
one or more. Among those | know | would recommend the Ingenuity Pathways Analysis
mapping software (IPA, Ingenuity Systems, Redwood City, CA, www.ingenuity.com), and

the Pathway Studio (Ariadne Genomics software, Elsevier Inc, Rockville, MD). (Figure 12)
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Figure 12: Licensed programs. A) Ingenuity Pathways Analysis.B) Pathway Studio.
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Objectives

Transcriptomic analysis in muscle tissue (Longissimus Dorsi) of Nelore
bovine to evaluate the water loss at cooking through the use of RNA-Seq (RNA

sequencing).
Analysis of the enrichment of the relevant genes and to obtain information on

the biological mechanisms related to the loss of water at cooking in the Nelore

beef meat.
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1. Material and methods

1. Collection of biological material

Meat samples were collected from 132 whole cattle of the Nelore breed, belonging
to Fazenda Capivara (Piacatu, S&o Paulo) (Figure 13), participant of the genetic
improvement program "Nelore Qualitas". We have been used 20 samples from Nelore

bonives for this analysis.

Figure 13: Fazenda Capivara, ABS Pecplan,2009.

These animals belong to the same group of contemporaries, that is, the animals
have experienced a similar environment regarding to the expression of a trait, from birth to
death. Therefore, the results depend only on its functional genetic component.

All animals were finished in confinement for 90 days, slaughtered the same day,
and in the same conditions, aged approximately 24 months and an average weight of 277

kg warm carcass.

Immediately after the sacrifice, samples were collected for the RNA extraction
muscle tissue (Longissimus Dorsi) from the region 12th and 13th ribs of each half left
carcass. The material was stored in a 15 mL falcon tube containing 5 mL of RNA holder
(BioAgencia, Sao Paulo, SP, Brazil), conditioned in isopor with ice and transported to the
Animal Science Department of the Faculty of Agricultural and Veterinary Sciences of the
Sao Paulo State University (UNESP-FCVA) (Figure 2), Campus of Jaboticabal -SP, Brazil.

The samples were frozen at -80 ° C until the moment of total RNA extraction.
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1.1 Universidade Estadual Paulista (UNESP-FCVA)

The UNESP-FCAV was created in 1966. It offers five undergraduate courses in
Administration, Agronomy, Biological Sciences, Veterinary Medicine and Animal Science,
9 post-graduate programs, with master's and doctoral degrees, in 12 concentration areas
(Figure 14).

Figure 14: Campus of UNESP-FCAV, Jaboticabal, Brazil 2018. A) panoramic view B) Main
entrance.

The campus of Jaboticabal city is located in one of the richest regions of Brazil in
the S&o Paulo State, mainly of agricultural production. The campus has an area of 828.9
hectares from which approximately 13 hectares are occupied by the physical structure, 680
hectares by agricultural activities (vegetable production 340 hectares, animal production
220 hectares, field research 120 hectares). It is surrounded by 34 hectares of parks and

gardens (Figure 15).

Figure 15: The interior of the Campus of UNESP-FCAV, Jaboticabal, Brazil 2018. A) Road
between buildings. B) Unesp Aquaculture Center.
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Academically it is distributed in 13 departments, among which the Department of
Animal Genetic Improvement stands out. The cooking processes of the samples were
carried out in it and the results were subsequently analyzed (Figure 16).

Figure 16: Members of the Department of Animal Genetic Improvement, 2018.

2. Method of cooking samples

The protocol used for the cooking the samples was proposed by Wheeler, TL. et
al.,1995.

The tissue samples of Longissimus Dorsi have 2.54 cm thickness, they were
obtained between from the 12th and 13th ribs of the left half carcasses of the animals, which

were first refrigerated for two days.

Before starting the cooking procedure, the room temperature was left at 16h and the

samples were weighed (Figure 17).
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Figure 17: Samples of LD of beef Nelore weighed before cooking.

The oven of the animal genetic improvement unit of the UNESP was preheated to a
temperature of 250 ° C, and the samples were introduced with probes (Figure 18) until they

reached an internal temperature of 71 ° C.

Figure 18: Samples of LD of beef Nelore with the probes. A) the oven of the UNESP with the
samples of LD in its interior. B) Samples of LD of beef Nelore in individual trays with the probes to

measure the temperature.
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After cooking the samples, we proceeded to weigh the Longissimus Dorsi samples of
beef Nelore cooked to 71 degrees (Figura 19). We proceeded to calculate the percentage

of losses of water by cooking the meat (CL).

Figure 19: Samples of Nelore beef Longissimus Dorsi cooked at an internal temperature of
71°C.

To obtain the Cooking Loss (CL) data as a percentage, the evaporation losses and

the drip losses were added. For this, empty trays and trays with uncooked samples were

weighed. After the cooking process the trays were weighed with the cooked samples and

the trays with the water requests resulting from the cooking.

Therefore, to calculate the evaporation losses, the difference between the weight of
the trays with the samples before and after the cooking was made. For the calculation of
drip losses, the difference between the weight of the trays with the samples cooked and

without samples was made.

From this analysis, 20 samples from extreme animals were selected for Cooking
Loss (CL) (10 with Low CL and 10 with High CL).and used for the analysis of RNA-Seq.
The Student's T test was applied using software R environment (Table 1) to verify the

difference between groups.
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Table 1: Loss of water in the two study groups. Number of animals (N), Mean, Standard

Deviations, Minimums and Maximums of 20 samples selected for CL.

Standard Minimum Maximum
N Mean (%) o p-value
Deviations (%) (%)
Low
10 23.07 1.39 20.16 24.46
CL
9.3E-10
High 10 33.51 1.76 31.88 37.62
CL

3. Total RNA isolation

From the samples selected, total RNA was extracted at Laboratory of Biochemistry
and Molecular Biology of the Department of Technology of the Faculty of Agrarian and
Veterinary Sciences of UNESP, Jaboticabal-SP.

For this purpose, an average of 50 mg of muscle tissue previously stored in RNA
holder (BioAgency, S&o Paulo, SP, Brazil) was used. The samples were removed from a -

80 ° C freezer and transported on ice to perform the extraction.

The protocol used for total RNA extraction, is based on the method described by the
QIAzol Lysis Reagent, which is based on the phenol-chloroform (Chomczynski and Sacchi
,1987). The kit used for the extraction was RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia,
CA, EUA)

The tissue breakage and the homogenization were performed with 1 mL of the
QIAzol Lysis Reagent solution, in the Turrax tissue homogenizer. 200 ul of chloroform were
added to the samples and they were incubated for 15 minutes at room temperature. Soon
after, the samples were centrifuged at 12,000 x g for 15 minutes at 4 ° C. The agueous
phase was withdrawn and transferred to another microtube, where 600 pl of 70% ethanol
were added and vortex homogenized. This solution was transferred to a column and
centrifuged at 8,000 x g for 15 seconds, for the elimination of the residues. In this step, the
mix containing 10 yL of DNase | (1500 Kunitz units) and 70 yL of RDD buffer, components
of the RNase-Free DNase Set Kit (Qiagen, Valencia, CA, USA) was added to the membrane
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and the samples were incubated at room temperature for 15 minutes. To conclude, 350 yL
of RW1 buffer were added and the samples were centrifuged again at 8000 x g for 15
seconds. The column was washed with 500 pl of the RPE buffer twice and the column-
bound RNA was eluted in 30 yl of RNase-free water by centrifugation at 8000 x g for one

minute. The total RNA samples were then stored in a freezer at -80 ° C.

4. Quality control of the total RNA obtained

4.1 Integrity of samples

The integrity of the total extracted RNA is determined with the Agilent 2100
Bioanalyzer (Agilent Technologies), which offers a wide range of analysis kits. Agilent RNA
6000 Nano Chips kit (Agilent, Santa Clara, CA, USA) was used appropriate for the analysis
of RNA samples. Each chip contains interconnected microchannels that are used for the
electrophoretic separation of the nucleic acids according to the size. Chip-based analyzes
offer different advantages over the existing technologies, including the reduced amount of
necessary sample and hazardous materials, as well as the increase in the speed of the
analysis and the accuracy of the data. The preparation of this type of chips is done

according to the manufacturer's instructions.

For the determination of the integrity of the total RNA, the bioanalyzer uses
fluorescence between 670 nm and 700 nm. For each sample, the software calculates the
integrity value RIN (RNA Integrity Number) by means of an algorithm that evaluates different
integrity parameters in the electrophoretic measurements of RNA (Agilent Technologies,
2005). The integrity of the RNA is a parameter of great importance in the studies of gene
expression. Traditionally it has been evaluated by calculating the 28S / 18S ratio of
ribosomal RNA (rRNA), since the RNA degradation causes a decrease in the band ratio
between 28S and 18S ribosomes. However, a large number of studies have shown the
inconsistency of this method. The RIN algorithm takes values between 1 (highly degraded
sample) and 10 (integrated full sample), and allows direct comparison of the RNA samples
and guarantees the reproducibility of the experiments (Figure 20). Values of RIN, equal to

or greater than 6, are considered optimal for an analysis of the whole transcriptome.
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Figure 20: Example of electropherograms of RNA samples with different integrities and
therefore with different RIN values. It can be observed from a sample with a total integrity (RIN = 10)

to a sample with a great degradation (RIN = 2) (Mueller, Lightfoot, & Schroeder, 2004).

4.2 Concentration and purity of samples

The quantification of the concentration of RNA extracted and contamination by
genomic DNA was measured by the Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA,
USA, 2010) using specific kits.

Nucleic acids efficiently absorb ultraviolet light due to the presence in their chains of
nitrogenous aromatic bases. The absorption of ultraviolet radiation from DNA and RNA is a
specific characteristic of these molecules, and is therefore used efficiently to determine their

concentration.

The Qubit® 2.0 Fluorometer is a benchtop fluorometer for the quantification of DNA,
RNA, and protein, using the highly sensitive and accurate fluorescence-based Qubit™
gquantification assays. Use of the state-of-the-art dyes selective for dsDNA, RNA, and
protein minimizes the effects of contaminants in your sample that affect the quantitation.

Furthermore, the very latest illumination and detection technologies used in the Qubit® 2.0

Fluorometer for attaining the highest sensitivity, allow to use as little as 1 pL of sample and

they still achieve high levels of accuracy, even with very dilute samples.
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A determination of purity of RNA was carried out by spectrophotometer absorbance
NanoDrop 1000 Spectrophotomether (Thermo Fisher Scientific, Santa Clara, CA, USA,
2007). The absorbance is measured spectrophotometrically at 260 nm (A260) and at 280
nm (A280), since while the nucleic acids have their maximum absorption at 260 nm, the
proteins have it at 280 nm. In this way, observing the relationship between both absorbance
values (A260 / A280) we can know if our total RNA extracted has a high purity or, if, on the
contrary, it is contaminated with protein residues. An A260 / A280 ratio close to 2.0 indicates

a high purity sample (Figure 21).
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Figure 21: Graph of the absorbance in nm of nucleic acids and proteins using

Spectrophotomether.

5. RNA Sequencing of new generation

The sequencing (RNA-Seq) was used to methodology "High output Run" of HiSeq
2500 System platform (lllumina) at the Biotechnology Laboratories of ESALQ / USP,
Piracicaba, SP.

This methodology used flowcell wiht eight lanes. A single channel is used for the
application of a check control (PHYX) which is a kit that is essential for calibrating and

normalizing the run of the sequence.

From the total RNA of each sample obtained or RNA message, is used for the
formation of libraries, enriched with oligo (dT) adapters linked to the extremities. Each
molecule was sequenced in both extremities (paired end), with a 63X sequencing coverage.

Obtain fragments of 100 base pairs (2x100).
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6. Analysis of RNA-Seq data

6.1 Quality analysis and data filtering

The sequencing data generated by the HiSeq.System lllumina platform were
concerned with the FastQ format and separated by libraries through the Casava software

(www.support.illumina.com/sequencing/sequencing_sotfware/casava/documentation.ilmn)

The computational analyzes were performed through the Cyverse platform (Goof,
SA. et al., 2011).

The first step of our RNA-Seq data analysis is the quality analysis of our reads. For
this, the FastQC program is used, a new generation of sequencing data quality control tool.

The main objective of FastQC is to provide a simple way to do some quality control
checks of the reads obtained through the massive sequencing technologies (NGS). This
tool provides a set of analyzes that allow us to obtain, mainly through graphics and tables,
a first impression of possible problems in the reads, to be taken into account before

continuing with our analysis, allowing their purification in case of being necessary.

Finally, the low quality sequenced fragments (reads) were filtered (trimmed) through

the Sickle program (Figure 22) (github.com/najoshi/sickle).

= yVerse Discovery Environment

= Analyses
G Data: Sickle_Sample_106_C-2017-12-06-11-05-15.6

Upload » File~ Edit~ Download~ Share~ Metadata~ . Refresh
Navigation * Sickle_Sample_106_C-2017-12-06-11-05-15.6
4 (| maseq_gma Viewing: /iplant/home/maseq_gma/analyses/Sickle/Sample_106_C/Sickle_Sample_106_C-201
(] Sequendias Name Last Modified Size
4 () analyses logs 2017 Dec 6 09:11:19
() Concatenate ple106._C_R1 trimmed
7 Sample1 1_trimm 2017 Dec 6 09:13:06 6.85 GB
(] Cuffdiff - =
Cufflinks2 Sample106_C_R2_trimmed 2017 Dec 6 09:16:09 6.85 GB
(] FastQC_beforetrim Sample106_C_single_trimmed 2017 Dec 6 09:11:37 276.86 MB

HISAT2-index-alia

Figure 22. Example of a sample with extensiéon (“. trimmed").
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6.2 Alignment of the sequences (reads)

Later the HiSat program v2.0.9 (Trapnell, C. et al., 2009) was used to map the
fragments, aligning with the reference genome (Bos Taurus UMD3.1), available in the NCBI
data bank (http: // www. ncbi.nlm.nih.gov/genome/? term = bos + taurus). A file with
extension “.bam” was generated for each library, containing the alignment of the fragments

in relation to the reference genome.

Once the quality analysis of the reads was carried out, together with its respective
depuration, comes the alignment and mapping of the reads against a reference genome.
The fundamental objective of this step is to know the location of the corresponding reads
regarding the all read mentioned reference.

The HiSat2 is a tool that allows to map reads by transcripts, among other functions,
giving the possibility of discovering alternative splicing with this data. However, it may
happen that in this alignment, some reads do not align / map to any sequence belonging to
the reference genome, this can be either due to contamination problems of the reads or
when we start from highly altered samples. TopHat tries to align these unaligned reads by

means of a more precise algorithm that allows the existence of gaps in the alignment.

These tools generate extension files (“. bam") (Figure 23). These are files that
contain alignments data separated by tabulation. Each one of them presents the following
structure by rows: name / identifier of the read, position of the mentioned read in the
reference genome, indicating the chromosome in which it is located, the initial and final
point of the place it occupies within the reference genome, allowing to identify the

corresponding gene and transcripts; the sequence and the quality of the sequence.
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CyVerse Discovery Environment

& Analyses
& Data: output

Upload v+ Filev Edit~ Download v Share v Metadata~ i Refresh

Navigation *+ output

4 () maseq_gma Viewing: /iplant/home/rnaseq_gma/analyses/HITSAT2/Sample_101/HISAT2_Sample_10
() Sequencias Name Last Modified Size

[
4 () analyses Sample101_R1_trimmed.sorted.bam 2017 Dec 7 16:20:54 3.7GB H

(| Concatenate ‘
Cuffdiff Sample101_R1_trimmed.sorted.bam.bai 2017 Dec 7 16:20:10 4.35M8B

¢ Cuffiinks2

Figure 23: Example of a sample with extension (“. bam").

7. Transcriptional Analysis

The Cuffdiff2 v 2.1.1 program (Trapnell, C. et al., 2012; Trapnell, C. et al., 2013),
was used to assemble the aligned fragments with extension (“. bam"), of each of the
samples contained in a single file separated into two groups (high loss of water and low loss

of water per cooking process) in beef Nelore.

The Cuffdiff2 program uses the statistical Student’s T-test to calculate the p-value.
The corrections for false positive rates (FDR) were made by means of Benjamini-Hochberg

methodology. A FDR less than 5% was considered.

7.1 Visualization of differentially express data

The CummeRbund package (Trapnell, C. et al., 2012), implemented in program R,
was used for the exploration and visualization of the data obtained.

The flowchart of the data analysis performed for the samples can be visualized in
figure 24.
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Figure 24: Flowchart used in the analysis of differential gene expression for the

characteristic of cooking loss (CL).

8. Enrichment Analysis

Finally, the genes differentially expressed visualized with the Pathway Studio

to determine main master regulators.

Some genes and biological pathways involved were checked using the DAVID v6.8

Sickle

HiSat2

Cuffdiff2

CummeRbund

version 10, database resnet 11. (Ariadne Genomics software, Elsevier Inc, Rockville, MD)

were used to identify the main biological processes between Low CL versus High LC and

database (Database for Annotation, Visualization, and Integrated Discovery).

An enrichment p-value < 0.05 from biological analysis was used.
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V. Results

1. Integrity of total RNA

Once the 20 samples of Nelore bovine LD tissue were collected, and the total RNA
extraction of each of them was performed, the integrity of the samples was analysed by

Agilent 2100 bioanalyzer (Agilent Technologies) to check their quality.

The electropherogram allows a visual inspection of the RNA integrity where the
peaks observed corresponding to 5S, 18S and 28S. The RIN value is the parameter that
integrates the area of the whole electropherogram in scales of 0-10, with values close to 10
those of greater integrity. The values obtained for the 28S / 18S ratio of each sample
analyzed, confirmed that all the samples were integrated and free of contaminants, resulting
in RIN values above 7.2 on average and 0.38 SD for the High CL group, for the Low CL
group they were 7.5 on average and 0.40 SD. When purchasing the RIN values present in
the two groups, similar and optimal patterns are observed for the study of the transcriptome
(Table 3).

Table 2: RIN values of the samples. RIN (RNA Integrity Number) values obtained for the
analyzed LD tissue samples belonging to Low CL and High CL.

N Sample RIN
1 High CL 7.3
2 High CL 6.3
3 High CL 7.5
4 High CL 7.0
5 High CL 7.1
6 High CL 7.4
7 High CL 7.5
8 High CL 7.5
9 High CL 7.1
10 High CL 7.5
Mean High CL 7.2

SD High CL 0.38

11 Low CL 7.9
12 Low CL 7.4
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Continuation

13 Low CL 7.0
14 Low CL 7.8
15 Low CL 7.7
16 Low CL 7.8
17 Low CL 8.1
18 Low CL 7.3
19 Low CL 7.0
20 Low CL 8.1
Mean Low CL 7.5

SD Low CL 0.40

2. Purity and quantification of total RNA

The total RNA quantification of the 20 samples was performed using the Qubit® 2.0
fluorometer (Invitrogen, Carlsbad, CA, USA, 2010). The control of purity was performed by

Nanodrop spectophotomer.

The values of the ratio A260 / A280 nm and 260/230 nm for all the samples are close
to 2.00, indicating that the preparations have an optimum purity. The concentration of total
RNA in the samples is similar, attributing it to a very homogeneous extraction process
performance. When purchasing the values of purity and concentration of RNA present in
two groups, similar and optimal patterns are observed for the whole study of the

transcriptome (Table 3).

Tabla 3: Concentration and purity values of the samples. Concentration and purity values
(A260 / A280 ratio) for the analyzed LD tissue samples belonging to Low CL and High CL.

N Sample Concentration (ng/ul)  Ratio A260/A280
1 High CL 178.6 2.08
2 High CL 158.0 2.07
3 High CL 550.0 2.12
4 High CL 93.0 2.03
5 High CL 56.0 2.09
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Continuation

6 High CL 484.0 2.06
7 High CL 185.4 2.04
8 High CL 417.0 2.03
9 High CL 267.0 2.11
10 High CL 85.2 2.00
Mean High CL 192.2 2.06

SD High CL 176.4 0.04

11 Low CL 132.8 2.02
12 Low CL 360.0 2.05
13 Low CL 790.0 2.04
14 Low CL 620.0 2.06
15 Low CL 1000.0 2.04
16 Low CL 423.0 2.02
17 Low CL 652.0 2.02
18 Low CL 222.0 2.05
19 Low CL 110.0 2.11
20 Low CL 21.0 2,00
Mean Low CL 356.5 2.04

SD Low CL 302.3 0.03

3. Analysis of RNA-Seq data

3.1. Quality analysis and data filtering

We proceed to describe each of the quality checks of the study samples. As a global
result, we obtained a good quality of the data, but we also decided to filter the data to ensure
the quality and homogeneity of them. Ultimately, a procedure to follow is to cut the reads

from those bases where we get very bad quality.
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3.1.1. Basic Statistics

Figure 25 provides the name of the file. fastq, the number of reads processed, the
length of those reads (they may have different size) and the percentage of GC (the content

of the nucleotides GC from all the bases in all the sequences).

T T

Filename 186_C_R1

File type Conventional base calls
Encoding Sanger / Illumina 1.9
Total Sequences 38560144

Filtered Sequences @
Sequence length 181

%aC 52

Figure 25: Basic Statistics.Table of one of samples analyzed by the FastQC software.

This percentage of GC is considered acceptable when it exceeds 45%. In addition,
it is advisable that the length of the reads is the same, to avoid difficulties in the rest of the
quality checks. As we can see, our length is 101 nucleotides in all our samples, in addition
the percentages of GC of the samples in our study are between 50 and 53%, with an

average of 51.5%, therefore, they all exceed the acceptable percentages of 45%,

3.1.2. Per Base Sequence Quality

Figure 26 allows us to obtain an overview of the quality per base (nucleotide) on our
reads. This is the most important quality check graph. This graphic presents a Box-Plot for
each base. The red lines correspond to the median and the blue line to the average quality
of the bases. The axis Y represents the quality of each base. The higher the value in axis
Y, the better the quality of that base will be. The background of the graphic appears divided
into three colors: in green, the zone of very good quality; in orange, the zone of reasonable

quality; and in red, the area of poor quality.
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Quality scores across all bases (Sanger / lllumina 1.9 encading)
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Figure 26: Per Base Sequence Quality. Vision of the quality by base (nucleotide) of a sample

analyzed by the FastQC program.

We did not get a signal from the FastQC program for warning or failure for the

samples.

The bases present high levels of quality, we can also observe that the smallest
quartile of each level is in the green zone and they are never less than 10, and the medium
ones do not take values lower than 20, therefore the program did not give a warning signal

or failure.

It is common that as the sequencing progresses along the size of the read, it will
make more mistakes. This is because the sequencing technology used by the Illlumina
platform, when incorporating nucleotides into the read, increases the possibility of error; As

the process of sequencing goes on, it is more likely to fail.

3.1.3. Per Sequence Quality Scores

Figure 27 allows us to check the quality in subsets of reads. FastQC did not give a

warning or failure signal.
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Figure 27: Per Sequence Quality Scores. Distribution of the average qualities of the set

of reads.

The average quality observed more frequently was above 27, (the samples that were
below this value would be equivalent to an error rate of 0.2%.) We also had no sign of failure
taking into account that the given average quality most frequently observed was always

above 20 (the samples that were below this value would be equivalent to an error rate of

1%).

Mean Sequence Quality [Phred Score)

3.1.4. Per Base Sequence Content

Figure 28 shows the proportion of DNA nucleotides (G, A, T, C) in each reads.
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Figure 28: Per Base Sequence Content.Proportion of each base of the DNA nucleotides (G,

AT,C)
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The recommendation is that the lines should be parallel. The amounts related to
each base in each position of the reads should not be very unbalanced, since these

quantities should reflect, in a certain way, the proportion of their bases in the genome.

FastQC gave a signal of failure since the difference exceeded 20% in every position.
It is not very relevant because the filtering and correcting of the data is carried out right
after. If the program had detected that it was greater than 10% in any position, it would give

a warning signal.

3.1.5. Per Sequence GC Content

Figure 29 represents the average content of GC in the reads and compares that
content with the normal distribution.

GC distribution over all sequences

GC count per read
Theoretical Distribution
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Figure 29: Per Sequence GC Content. Distribution of GC content in the reads.

We did not obtain a warning or failure signal from the FastQC program for the
samples, since it is optimal to observe a practically normal distribution of GC content, with

the central peak corresponding to the GC content of the genome.

The program will give a warning signal if the sum of the deviations from the normal
distribution represents more than 15% of the reads, and will indicate a failure if the sum

represents more than 30% of the reads.
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3.1.6. Per base N Content

Figure 30 shows the proportion of N (unknown nucleotide) that is observed in each

position of the reads.
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Figure 30: Per base N Content.Proportion of N in each reads.

When the sequencing tools fail to incorporate with certainty one of the bases of DNA

nucleotides, they are forced to add an N in that position.
It is more likely that the appearance of Ns happens when we are advancing in the
positions of the reads. This is because, as any sequencing tool advances in the procedure,

there is a decrease in the quality of sequencing.

The program did not give a signal of failure or warning, as the percentage of N was

less than 5% (the program warns when the percentage of N is superior to 20%).
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3.1.7. Sequence Length Distribution

Figure 31 represents the size distribution of the reads.
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Figure 31: Sequence Length Distribution. Size distribution of the reads.

It is advisable to have reads of the same length. However, this graphic does not
present special relevance because the fact of having reads of different sizes does not mean

any problem for the later use of different tools.

The program did not give warning signal or failure, since all reads had the same

length.
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3.1.8. Kmer Content

The Figure 32 is composed of a set of sequences between 5 and 7 nucleotides that
appear a greater number of times in the total of reads. In this analysis, once the mentioned
sequences are determined, we can see the position that they occupy in relation to all the

reads.
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Figure 32: Kmer Content

The fact that a certain sequence appears repeated, for example, after an adapter in
the majority of reads, can help us to detect possible problems in the sequencing, since the

same nucleotides are being introduced in the reads after the adapter.

FastQC did not give a signal of failure, taking into account that any of the sequences
that make up the graph does not appear repeated more than 5% over the length of the
reads in a certain position. It didn’t give any warning signal because it also exceeded the
3%.
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3.1.9. FastQC summary/ Report

We finally want to mention that in order to have a summary of the results of the
quality of the samples, we must observe the summary and report (Figure 33) provided by

the program to obtain an overview of the status of our data.

= summary.txt tr FastQl Report
Tabular View: summary.txt summary.txt ummary
. ” — s B Basic Statistics
Save i Refresh $ X [ Line ' R
PASS) S00090C0 U
106 C M1
P Por base sequence
PASS Basic Statistics 107_R1 1A Porbe oo Sonow// A1 tmine’a
0560144
PASS Per base sequen... 107_R1 : " t :
PASS Per sequence qu... 107_R1 1 PASS] Sequence Lot ‘“ “1“
FAIL Per base sequen... 107_R1 1 FAU- Sequence Dupication |
1 PASS] Overrepresentod sequence
FAIL Per base GC con 107_R1 B G ,“ o : B o
Kmer Loaton! Per base sequence quality
FAIL Per sequence GC... 107_R1 I Por Sone quelty grogh
PASS Per base N conte... 107_R1
PASS Sequence Lengt 107_R1 ‘ B per sequence quality scores
FAIL Sequence Duplic... 107_R1 B O hemmeeh
PASS Overrepresented... 107_R1
WARN Kmer Content 107_R1 A B AU per base sequence content B

Figure 33: Summary of processes. A). Report of a sample. B) FastQC summary

3.2. Sequencing Alignment (reads).

Once the quality analysis of the reads was performed, along with the low quality
sequenced fragments (reads), filtered with the Sickle program, the reads were aligned and
mapped to a Bovine genome with the HitSat2 program.

In Table 4, we can see: the loss of water after the cooking of the samples, the
number of aligned transcripts and the percentage of aliquoted transcripts. A total of 2.1
million reads (2x100 bp) were obtained, the coverage of the sequencing was 63X (coverage
for all transcripts of all samples). The average was almost 1.6 million reads per sample, and

96.1% of the reads were mapped. A total of 24,616 genes were found. Therefore, we
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obtained a good alignment of the transcripts of the study groups, giving robustness to the

results.

Table 4: Alignment of the sequences. Number of sample (N), Sample classification, Cooking
Loss (CL), Number of transcripts allotted in pairs (N Reads) and Percentage of transcripts allotted to

pairs (% of reads).

N Sample Cooking Loss % N Reads % de reads
1 High CL 31.88 1815012 96.5
2 High CL 31.94 992569 95.4
3 High CL 32.13 4176228 95.6
4 High CL 32.30 1001703 95.7
5 High CL 33.13 755970 96.2
6 High CL 33.31 2023027 96.3
7 High CL 33.31 1640340 96.6
8 High CL 33.64 1571963 96.2
9 High CL 35.84 957113 96.2
10 High CL 37.62 1599460 97.0
Mean High CL 33.47 1464867 96.2
11 Low CL 20.16 1833125 96.7
12 Low CL 21.63 2633029 95.4
13 Low CL 22.09 1831447 96.0
14 Low CL 22.17 805926 96.3
15 Low CL 23.66 1773799 96.4
16 Low CL 23.82 1948455 96.0
17 Low CL 23.97 1618227 96.7
18 Low CL 24.35 909486 96.1
19 Low CL 24.43 2026885 95.4
20 Low CL 24.46 1738743 96.4
Mean Low CL 23.03 1624139 96.1
Total Mean 27.76 1542449 96.1
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3.3 Transcriptional Analysis

3.3.1 Analysis Boxplot

The Boxplot was generated by means of the cummerRbund package for the R
program (Figure 34). It was observed that the distribution of the quartiles between the
groups was consistent, which shows the high quality of the data, in addition, the medians
between the groups were similar and close to -1 indicating that the level of sequentially
coverage allowed the identification of genes with low expression (Chapple, RH. et al., 2013.,
Tizioto, P. et al., 2015). Therefore, the values for the two groups studied are comparable to

each other and of optimum quality.
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Figure 34: Boxplot of the log10 of FPKM (fragments per kilobase of exon model per million

reads mapped) is a normalised estimation of the expression values for the groups studied groups,

Low CL (red) and High CL (blue).
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3.3.2 Principal Components Analysis (PCA)

Principal components analysis (PCA) graph was generated by means of the

cummerRbund package for the program R (Figure 35).

The principal component analysis (PCA) was used to determine the significant
sources of variability in the datasets. PCA reduces the complexity of high-dimensional data
and simplifies the task of identifying expression patterns and sources of variability in a large

dataset in a dimensional fashion.

The distance between any pair of points (represents independent variables in this
case defined as groups of High CL and Low CL) is related to the similarity between the 2
samples in the high-dimensional space, that is, if the points are separated. They differ in a
large number of variables and if they are close to each other, they are similar in a large
number of variables. The analysis is orthogonal (perpendicular and not correlated) among

themselves, avoiding redundant information (Ringnér, M, 2008).

In our analysis, we observe the space distribution from all the genes in the analyzed
samples, indicating that there was a difference in the expression of some genes, between

the low and high water loss groups, since the variables in both groups differed in the space.
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Figure 35: Principal component analysis (PCA) of the transcripts found in the Low CL (red) and

High CL (blue) groups.
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3.3.3 Differential Analysis

For the analysis of differentially expressed genes between Low Cooking Loss vs
High Cooking Low, we used the Cuffdiff2 (Trapnell, C. et al., 2013) that robustly identified

transcripts and differentially expressed genes and revealed differential changes between

the Low CL and High CL population by means of the Student's t-test.

The number of differentially expressed genes obtained was 32 induced by CL

beetwen them. The Table 5 represents the genes with different expression (p-value <0.05)

for each of the samples studied.

Of these 32 differentially expressed genes 28 are genes well-annotated but 4 are

potential new genes not annotated yet.

Table 5: Differentially expressed genes found in the samples for CL. Symbol of differentially

expressed genes (Gene), location of genes in the Bos taurus genome, FPKM values obtained for

High CL and Low CL, relative expression fold change, p-value and FDR.

Gene Locus CL High  CL low log2 p value FDR<0.05
(fold_change)
NF-M 8:73147852-73152844  0.137289 187.316 377 0,0001 0.0183769
POSTN 12:24241936-24276486 12.684  430.808 176 0,0001 0.0183769
OXT 13:52575277-52576188  37.364  107.027 152 0,0001 0.0183769
ALCAM 1:50332271-50558841  340.891 868.186 135 0,0001 0.0183769
CISH 22:50320204-50325617 111.005 226.453 103 0,0001 0.0183769
CCDC3 13:11543627-11636251  253.355 503.957 0,992141 0,0001 0.0183769
MLLT11 3:19762895-19767967 119.757 231.916 0,953491 0.0001 0.0434364
FGD5 22:58037232-58148743  366.205 220.131 -0,734289 0.0001 0.0434364
BOLA-DRB3  23:25458593-25476944  348.724  19.935 -0,806783 0,0001 0.0183769
- 23:28330538-28334072  298.626 168.895 -0,822214 0.0001 0.0434364
PPM1K 6:37876469-37898522  996.245 553.112 -0,848929 0,0001 0.0183769
TUBB6 24:43249499-43250564  235.426  12.917 -0,866001 0.0001 0.0329517
SGK1 9:73305312-73310869 152.168 834.765 -0,866219 0,0001 0.0183769
CILP 10:12099599-12114284  339.511 185.751 -0,87009 0,0001 0.0183769
MICAL2 15:41003242-41107850  132.243 692.906 -0,932464 0,0001 0.0183769
BEST3 5:43995904-44048333 81.338  416.534 -0,965497 0,0001 0.0183769
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Continuation

SERPINE1 25:36198559-36206859  192.785 922.343 -106 0,0001 0.0183769
HCLS1 1:66720536-66754184 220.758 101.114 -113 0,0001 0.0183769
OTuD1 13:24655213-24656659  143.548 611.835 -123 0,0001 0.0183769

- 6:87555287-87556157 175.005 716.585 -129 0,0001 0.0183769

KIAA0226 1:70996326-71044754 368.289 134.262 -146 0,0001 0.0183769
SPP1 6:38120577-38127577 353.441 128.806 -146 0.0001 0.0329517
SOCS3 19:54458855-54459555  987.305 348.577 -150 0,0001 0.0183769

- X:94701433-94701912 174.432 578.835 -159 0,0001 0.0183769
IF127 21:59330562-59336752  178.284 546.978 -170 0.0001 0.0434364
GIPC2 3:66795566-66895377 46.086  134.079 -178 0,0001 0.0183769
IFI6 2:126246560-126250182 303.041 81.738 -189 0,0001 0.0183769
GEM 14:72386750-72399660  938.251 248.904 -191 0,0001 0.0183769
HBB 15:49022977-49024619  395.886 993.693 -199 0,0001 0.0183769
CCL1 19:16110979-16114069  859.592 210.378 -203 0.0001 0.0329517
FAIM2 5:30155762-30185025 232.214 0.376181 -263 0,0001 0.0183769
- 1:105171798-105172518 6.688  0.933634 -284 0,0001 0.0183769

The log2 (fold change), referring to the relative expression, was used to characterize
the genes underexpressed and overexpressed, from the 32 genes, 7 were overexpressed

genes 21.88%) and 25 genes (78.12%), were underexpressed. (Figure 36).
Percentage of expression
genes

W Overexpressed genes M Underexpressed genes

21.88%

78.12%

Figure 36: Differential expression for CL. Blue represents the underexpressed genes and red
the overexpressed genes, obtained 25 of the 32 DE genes were underexpressed (78.12%) and 7 of

the 32 DE genes were overexpressed (21.88%) for the CL.
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4. Enrichment Analysis

To understand the biological meaning of the 32 significant genes among the Low CL
group, compared with the High CL group, to identify the most relevant biological processes
and the master regulators, we used Pathway Studio software version 10 (Elsevier Inc,
Rockville, MD) with database resnet 11. The table 6 shows the 10 main biological processes
and the 10 main regulators filtered in terms of p-value of enrichment.

Table 6: Top 10 biological process and master regulators in Terms of Enrichment p-value
derived from the 32 significant genes using Pathway Studio v10. Genes represents the number of
genes involved in each regulator or signaling pathway, belonging to the list of the 32 significant
genes: NR4A3 : Nuclear Receptor Subfamily 4 Group A Member 3,IL3: Interleukin 3,LEF1 : Lymphoid
Enhancer Binding Factor 1,PRKGL1: Protein Kinase, CGMP-Dependent, Type |,Cytokine :small
proteins important in cell signalling,GDF2 :Growth differentiation factor 2,SLC39A1: Solute Carrier
Family 39 Member 1,EDNL1 : Endothelin 1, MAPK3: mitogen-activated protein kinase 3,ROCK1: Rho

Associated Coiled-Coil Containing Protein Kinase 1.

Low CL Versus High CL No. Of Genes p-value
Genes?
Biological Process
4 CCL1,0XT,SOCS3,SERPINE1 3.1E-06

Response to glucocorticoid
Regulation of cell growth 3 SOCS3,CISH,SGK1 4.2E-05
JAK-STAT cascade involved in growth 2 SOCS3,CISH 1.3E-04
hormone signaling pathway
Response to food 2 OXT,SOCS3 1.7E-04
Response to progesterone 2 OXT,SOCS3 6.6E-04
Positive regulation of leukotriene 1 7.1E-04
production involved in inflammatory SERPINE1
response
Positive regulation of hindgut 1 OXT 7.1E-04
contraction
Negative regulation of vascular wound 1 SERPINE1 7.1E-04
healing
Negative regulation of collateral 1 SPP1 7,.E-04
sprouting of intact axon in response to
injury
Cell response to gravity 1 SERPINE1 7.1E-04

Master Regulators®
NR4A3 4 CCL1,SPP1,0XT,SGK1 3.8E-06
IL3 6 POSTN,SPP1,SOCS3,CISH,SERPINE1,ALCAM 4.1E-06
LEF1 5 HCLS1,POSTN,SPP1,SGK1,FAIM2 4.3E-06
PRKG1 3 SPP1,SOCS3,SERPINE1 5.4E-06
Cytokine 1 HCLS1, POSTN, NEFM, CCL1, SPP1, OXT, SOCS3, CISH, 1.3E-05

SGK1,SERPINE1,ALCAM

GDF2 4 POSTN,NEFM,SPP1,SERPINE1 2.0E-05
SLC39A1 2 POSTN,SPP1 2.4E-05
EDN1 6 SPP1,S0CS3,SGK1,PPM1K,SERPINE1,ALCAM 2,.E-05
MAPK3 7 POSTN,BEST3,SPP1,SOCS3,SGK1,SERPINE1,ALCAM 4.1E-05
ROCK1 4 POSTN,SPP1,SOCS3,SERPINE1 4.7E-05

a The number of genes that belong to each gene list that are involved in each signaling or network.

b Expression Targets of Master Regulators
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In figure 37 we show the subnetworks of the differentially expressed genes filtered
by the amount of genes involved. Therefore, it is observed, in the first and third place, that
the majority of the differentially expressed genes are integrated in the Cytokine signaling
pathways, and in the second and fifth place, differential genes are observed in the MAPK
signaling pathways. Both the Cytokine signaling pathways and the MAPK signaling
pathways emerge as relevant in the enrichment analysis filtered by the amount of differential
genes involved, filtered by enrichment p-value (Table 6) and filtered by the quantity of

differential genes (Figure 37).
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Figure 37: Graph subnetworks of our differential genes filtered by overlap.

We used Software David v6.8 (Database for Annotation, Visualization, and
Integrated Discovery) using Bos Taurus as a reference, to compare different databases in

the enrichment analysis, with the results obtained by the software Pathway Studio v.10.
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Using the David v.6.8 software, a functional annotation analysis was performed,
using all differentially expressed genes scored for the studied CL characteristic. We found
3 functional groups ("Annotation clusters" -Annex 1). These genes were classified according
to their function. The differentially expressed genes involved in the biological pathways were
also analyzed ("Functional annotation table" - Annex 2). The results of software David v6.8

were similar in term of biological processes as Pathway Studio v.10 were similar.

In Figure 38 we can observe the differentially expressed genes involved in the 10
main biological processes and in the 10 main master regulators filtered by the enriched p-
value. Seven genes differentially expressed in common were found: CCL1 (Chemokine
ligand 1), OXT (Oxytocin), SOCS3 (Suppressor of cytokine signaling 3), SERPINE1
(Plasminogen activator inhibitor-1), SGK1 (Serine/threonine-protein kinase), SPP1
(phosphoprotein 1), CISH (Cytokine-inducible SH2-containing protein) of them, three
genes: OXT, SOCS3, SERPINE1 are directly involved in 9 of the 10 main biological
processes and 8 of the 10 main regulatory masters. Therefore, we emphasize the
importance of deepening in the study of these genes, as potential biomarkers candidates

for the water loss in Nelore bovine LD as an improvement in the meat quality.

Biological Process Master Regulators
Common Genes
o ot ALCAM POSTN
SOCS3 SOCS3 PPM1K SOCS3 FAIM2
SPP1 SPP1 CISH
OXT mmmm) OXT mmmm  OXT cCLl
Cish sGK1 SGK1 BEST3 con
SERPINE1 SERPINE1 SERPINE1
ccl1 CISH NEFM IFI6
HCLS1

Figure 38: Genes overlapping. The sphere on the right, represents the genes differentially
expressed in the 10 main master regularos and 10 main biological processes filtered by the

enrichment p-value. The common genes are represented in the centre.
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In Figure 39, we show the cell processes of the three differentially expressed genes
for the CL study characteristic. We observed that the three genes (OXT, SOCS3 and
SERPINEL1) are related to the immune system and to the regeneration of cell damage. We
highlight that the OXT is directly involved in the increase of water retention and

development of muscle fibers, by stimulating the recruitment of glucose in the skeletal
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Figure 39: Cell processes of the three genes that are candidates for biomarkers. The red
sphere represents overexpression and the blue sphere underexpression of the differentially

expressed genes in the study of the Low CL vs High CL groups.
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In Figure 40, we represente the cell processes in common to the three
differential genes of interest. We observed that the three genes are involved in important
cell processes in the deposition of fat in the muscle, such as the adipogenesis and protein

synthesis, as well as in the amount of glucose, immune system and protein synthesis.
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Figure 40: Common cell processes among the three genes which are candidates for
biomarkers. The red sphere represents over expression and the blue colored sphere under

expression of differentially expressed genes, in the study of the Low CL vs. High CL groups.
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5. Discussion

There are numerous factors affecting the loss of water from the Nelore beef , during
the growth and development of the animals, the one that has an importance of 46% its
genetic value for meat quality .traitsThis fact makes the search for genetic improvement of
beef in cattle very relevant , besides the Nelore breed, since is the most used in Brazil for
the human consumption of meat and it presents a greater variability in its meat quality, being
a problem for the consumer and the cattle production. All this makes the search of
biomarkers a very important fact to characterize and improve the skeletal muscle obtaining

a higher quality of the Nelore beef.

One of our hypotheses was to show that the group with the least water losses could
be the interest group, since the greater retention of water after cooking, would give better
quality to the meat, satisfying the consumer and increasing the economy of the bovine

sector from the Nelore breed in Brazil.

According to the differential and enrichment study, we found 32 differentially
expressed genes found, were involved in 10 relevant biological processes as:response to
glucocorticoid,regulation of cell growth,JAK-STAT cascade involved in growth hormone
signaling pathway,response to food,response to progesterone,positive regulation of
leukotriene production involved in inflammatory response,positive regulation of hindgut
contraction,negative regulation of vascular wound healing,negative regulation of collateral
sprouting of intact axon in response to injury,cell response to gravity. And the 10 most
important master regulators were: NR4A3, IL3, LEF1, PRKGL1, cytokine, GDF2, SLC39A1,
EDN1, MAPK3.

From the 32 differential genes, we found that 3 genes (OXT, SOCS3 and
SERPINE1) involved in all biological processes and more relevant master regulators
studied.

OXT

The gene OXT (Oxytocin-Neurophysin |, Preproprotein), is synthesized in the
hypothalamus and stored in the back apophysis, it is water-soluble and that is why it is freely
transported through the blood. This gene was the third one that most overexpressed in our

differential study when in contrasted the group Low CL vs High CL.

It has been observed that the increase in water retention due to the OXT is much

greater when other hormones are compared (Goldenberg, S. et al., 1983) as well as the
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sodium secretion (Chae, HE. et al.,1998; Hatanaka, K. et al., 2006; Rinaman, L. et al., 1997,
Stier, CT. et al., 1980). Therefore, it is a good regulator for the hydro-corporal balance
(Chou, CL. et al., 1995; Hussy, N. et al., 2001; Murphy, D. et al., 1998) and it also
participates in the osseous density and the appetite (Evans, SL. et al., 2014).

The oxytocine is also involved in some lipid response biological processes (Carbon,
S. et al., 2009), taking part in the adipogenesis. It also participates in the storage system
and in the lipids and water energy consumption in processes such as the lipolysis, excretory

activity and plasticity (Fonseca — Alaniz, MH. et al., 2006).

The role of the oxytocine in the proteolysis is because of the calpain, which causes
it to release oxytocine (Puliyanda, DP. et al., 2005). Orwig, KE., 1994 and his coworkers
show that when the oxytocine increases, the calpains and the calpastatins action also
increases. Nevertheless, it has been observed that the oxytocine mostly increases the
proteins synthesis (Devost, D. et al., 2005; Devost, D. et al., 2008; Ma, D. et al., 2002;
Petersson, M. et al., 2002) This has a direct implication in the actin organization (Wang, YF.
And Hatton, Gl., 2007) a protein which together with the myosin are determinants for the
formation of the miofilaments which take part in the muscle contraction presenting between
a 52% and a 56 % of the muscle proteins (Sgarbieri, VC. 1996).

The oxytocine influences the development of the muscle fibers, stimulating the
glucose up-take in the skeletal muscle cells (Alizadeh, AM. And Mirzabeglo, P., 2012;
Altszuler, N. et al., 1992; Noiseux, N. et al., 2012) and it stimulates the myoblasts blending
and the myotubes formation (Gajdosechova, L. et al., 2014). De Jager, N., 2011 and his
coworkers also relate the OXT with the formation of skeletal muscle and the muscle

contraction.

The oxytocine participates helping the T cells, as well as, to the regeneration of the
DNA damage from the gastric mucosa (Iseri, SO. et al., 2008) and the DNA replication
(Gavrilenko, VG. et al., 2000).

It was also observed as the most overexpressed gene in the differential study related
with the meat tendernes of the LD tissue in the Nelore beef cattle (Fonseca, L.F.S. et
al.,2017 and it appears differentially expressed in another beef study (De Jager, N. et al.,
2011).
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SOCS3

The gene SOCS3 (Suppressor of cytokine signaling 3), also known as the

suppressive of cytokines markers. This gene is underexpressed in the group low CL.

SOCS 3 plays an important role in the regulation of the fatty acids oxidation, (Luo,
B. et al., 2011). The fall of the Socs3 can increase the fatty acids oxidation, and therefore
the decrease of the lipogenesis (Gu, H. et al., 2009; Ye, J. et al., 2012). That means that
the SOCS-3 causes adipogenesis and overweight (Ullah, M. et al., 2013; Zheng, RD. et al.,
2013). It has been seen that besides the rise of the adipogenesis, the osteogenesis
decreases (Li, J. etal., 2012). Ye, Y., 2014 and cooperators showed that if the gene SOCS3
was taken away, this influenced on the insulin resistance and on account of this, the
adipogenesis was reduced. The overexpression of the SOCS3 on the fat cells (adipocytes)
decreases the glucose absorption stimulated by the insulin in the adipocytes and damages
the lipogenesis, which results in obesity resistance, as well as in resistance to the insulin
adipocyte caused by a high fat diet (Singhal, NS. et al., 2007).

It was demonstrated that the expression of SOCS-3 affects the answer of the T cells
(Kinjyo, I. et al., 2006; Knosp, CA. et al., 2011) prevents the arthritis development induced
by the collagen in rats (Kuppan, G. et al., 2009). It has also been showed that the expression
of SOCS-3 has a beneficial role in the reduction of the inflammatory answers in several
illnesses (Hovsepian, E. et al., 2013; Nasreen, N. et al., 2013). as well as the decrease of
the oxidative stress (Hilberath, JN. et al., 2011) and the promotion of the DNA repair (Sitko,
JC. et al., 2008).

SERPINE1

The transcribed SERPINE1 (plasminogen-1 activator inhibitor), main inhibitor from
the Plasmin (t-PA) tissue activator and the urokinase (UPA). This gene was infraexpressed

in the group low CL.

In the study from Huang, W., 2017 and cooperators, it was observed that the
SERPINE1 gene contributed directly in the adipogenesis and the lipometabolism. It was
determined that a PAI-1 increased worsens the differentiation of the osteoblasts, the
mineralization and the bone resorption, and it also promotes the adipogenesis in the bone

tissues (Tamura, Y. et al., 2013).
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The PAI-1 controls the physiological and pathological proteolysis (Jankun, J. et al.,
2006). Therefore, the PAI-1 is a primary and negative regulator of the proteolysis powered
by plasminogen (Kindzelskii, AL. et al., 2004; Matgorzewicz, S. et al., 2013) The PAI-1
expression as itself, is a direct influence on the proteolysis, the invasion and the
accumulation of the extracellular matrix (Cho, HJ. et al., 2012) As there was no PAI-1, the
angiogenesis was completely annulled, this demonstrates its importance on the proteolysis
control mediated by plasmin (Devy, L. et al., 2002). The PAI-1 inhibits the tissue
plasminogene activator as well as the uroquinase type plasminogen activator, which results
in a reduced plasminogen activity and an attenuated fibrinolysis and proteolysis (Meyer,
MW. et al., 2002).

The PAI-1 can alter the glucose uptake, especially in adipocytes (Liang, X. et al.,
2006), its direct participation in the development of resistance to insulin has been
questioned (Bernot, D. et al., 2004) The deficit in PAI-1 also improved the basal glucose
uptake in the in vitro fat cells (Ma, LJ. et al., 2004).

The PAI-1 can regulate the natural or innate response, it enables the leucocytes
adherence, it regulates the cell migration and the phagocytosis (Jeon, H. et al., 2012) it
plays its role regulating the cell cycle and repairing injurie (Qi, L. et al., 2008) and it also
regulates the inflammatory responses (Hua, F. et al., 2011). It could also be speculated that
the lack of PAI-1 would avoid the collagen deposition, as it inhibits the leucocytes and the
collagen productive cells migration to the respiratory tract, challenged with ovalbumin, which

would result in a lower inflammatory response (Oh, CK. et al., 2002).

Therefore, in the differential expression of the Low CL vs High CL group, biological
differences of interest between the two groups were observed, such as water retention,
protein synthesis and the adipogenesis, which may directly influence on the quality of the

meat after cooking, being of greater interest for the consumer.

The results of the cellular process were surprising: innate immunity and DNA
damage repair, this could indicate that their immune system was different between the two
study groups, and for that reason a biological process that has been seen as differential, is
the answer to the cytokines, being the main messengers of the immune system to the brain
and responsible for the organization of the cells responsible in the immune system
response. Therefore, it might appear that meats with a low water loss could belong to
animals with different immune systems with a possible tendency to a greater immune

response than the group of higher losses of water, at the time of slaughter, what makes it
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necessary to do more studies on this differential change in Nelore cattle immune system

expression in Brazil.

According to our differential study, the differentially expressed genes between the
two groups were involved in the MAPK pathways, according to Silva-vignato, B., 2017 and
cooperators, it has been illustrated that some of the molecular processes involved in muscle
and fat deposition are those marked by those pathways. Thus, our differential genes could
be involved in muscle and fat depositions. In addition, Elabd, C., 2014 and his coworkers
even speak about an improvement in the age of the cell activation/proliferation tissues

through the activation of the MAPK pathways through oxytocin.

For the first time, it has been shown that, the differential genes of the group of less
water loss after cooking could be directly involved in the tenderness of the meat and thus
they could help to improve the quality of the meat. The differential genes are directly
involved in cellular processes such as water retention and can demonstrate that meats with
lower water losses after cooking treatments, can have a greater tenderness. Also, the
differential genes obtained, can contribute in the fact that the skeletal muscle has
intramuscular fat, due to its implication in the cell process of adipogenesis and thus being
able to directly influence the quality of the meat by giving it more tenderness. Therefore, it
is possible to conclude with the hypothesis that the group that had less water loss after
cooking, could contain a possible fat disposal in the Longissimus Dorsi Nelore bovine tissue,
being this a fact of interest for the quality of the meat and its production in Brazil. The same
way that a difference in the immune system between the two study groups opens a possible

door for future research.

66



67

Conclusions



68



V. Conclusions

e Longissimus Dorsi tissue from Nelore bovine grouped into two groups;
high and low water loss after cooking, show a different transcriptional
profile through the analysis using RNA-Seq.

e We have detected 32 differentially expressed genes for water loss by
cooking the Longissimus Dorsi tissue from Nelore bovine, from which 28

genes are well annotated and 4 are new sequences.

e The candidate genes for biomarkers for water loss by cooking are
Oxytocin (OXT), Suppressor of cytokine signaling 3 (SOCS3) and
plasminogen-1 activator inhibitor (SERPINE1) involved in the
upregulation of cell processes such as adipogenesis, water retention and

immune system.

e Thegroup that have less water loss after cooking could have better quality
of meat.

69



VI. References

Altszuler, N., Winkler, B., Rosenberg, CR., Pi-Sunyer, FX., Fuchs, AR. (1992).Role of
insulin and glucagon in oxytocin effects on glucose metabolism. Experimental
Biology and Medicine.199,236-242.

Apoio Genetica. Available in < www. http://www.apoiogenetica.com.br>. access in 1
January 2018.

Associagdo dos Criadores de Nelore do Brasil. Available in <http://www.

http://www.nelore.org.br>. access in 2 January 2018.

Bendall, JR. and Swatland, HJ. (1988). A review of the relationships of ph with
physicalaspects of pork quality. Meat Science.24,85-126.

Berg, RT. And Walters, LE. (1983). The meat animal: Changes and challenges. Journal of
Animal Science. 57,133-146.

Bernard, C., Cassar-Malek, I., Le Cunff, M., Dubroeucq, H., Renand, G., Hocquette, JF.
(2007). New indicators of beef sensory quality revealed by expression of specific

genes. Journal of Agricultural and Food Chemistry.55, 5229-5237

Bernot, D., Stalin, J., Stocker, P., Bonardo, B., Scroyen, I., Alessi, MC., Peiretti, F.(2011).
Plasminogen activator inhibitor 1 is an intracellular inhibitor of furin proprotein
convertase.124,1224-1230.

Bertram, HC., Andersen, HJ., Karlsson, AH. (2001). Comparative study of low-field NMR
relaxation measurements and two traditional methods in the determination of water

holding capacity of pork. Meat Science.57,125-132.

Bertram, HC., Karlsson, AH., Andersen, HJ. (2003). The significance of cooling rate on
water dynamics in porcine muscle from heterozygote carriers and non-carriers of
the halothane gene—a low-field NMR relaxation study. Meat Science. 65,1281—
1291.

Bertram, HC., Petersen, JS., Andersen, HJ. (2000). Relationship betweeRN- genotype and

drip loss in meat from Danish pigs. Meat Science.56, 49-55.

70



Bianchini, E., MCmanus, C., Lucci, CM., Fernandes, MCB., Prescott, E., Mariante, AS.,
Egito, AA.(2006). Caracteristicas corporais associadas com a adaptagéo ao calor
em bovinos naturalizados brasileiros. Pesquisa Agropecuéaria Brasileira,
Brasilia.41,9.

Bond, JJ., Can, LA., Warner, RD. (2004). The effect of exercise stress, adrenaline injection
and electrical stimulation on changes in quality attributes and proteins in
Semimembranosus muscle of lamb. Meat Science.68,469— 477.

Canavez, FC., Luche, DD., Stothard, P., Leite, KR., Sousa-Canavez, JM., Plastow, G.,
Meidanis, J., Souza, MA., Feijao, P., Moore, SS., Camara-Lopes, LH. (2012).

Genome sequence and assembly of Bos indicus.Journal of Heredity.3,342-348.

Carbon, S., Ireland, A., Mungall, CJ., Shu, S.; Marshall, B., Lewis, S.(2009). AmiGO: online

access to ontology and annotation data. Bioinformatics.25, 288—289.

Carvalho, MCCG. And Silva, DCG. Sequenciamento de DNA de nova geracdo e suas

aplicacBes na gendmica de plantas. Ciéncia Rural.40, 2010.

Cassar-Malek, 1., Picard, B., Bernard, C., Hocquette, J. (2008).Application of gene
expression studies in livestock production systems: a European perspective.

Australian Journal of Experimental Agriculture.48,701-710.

Cesar, ASM., Regitano, LCA., Koltes, JE., Fritz-Waters, ER., Lanna, DPD., Gasparin, G.,
Mouréo, GB., Oliveira, PSN., Reecy. JM., Coutinho, LL. (2015).Putative Regulatory

Factors Associated with Intramuscular Fat Content. Plos One.10,6.

Chae, HE. And Heindeman, PD. (1998). Water-deprived white-footed mice express c-fos
on a day/night cycle graded according to the duration of deprivation. Brain
Research. 791,1-10.

Chapple, RH., Tizioto, P.C., Wells, KD. (2013).Characterization of the rat developmental

liver transcriptome. Physiological Genomics. 45,301-311.

Cheng, Q. and Sun, DW. (2008). Factors Affecting the Water Holding Capacity of Red Meat
Products: A Review of Recent Research Advances. Journal Critical Reviews in Food
Science and Nutrition.48,137-159.

Cho, HJ., Kang, JH., Jeong, JH., Jeong, YJ., Park, KK., Park, YY., Moon, YS., Kim, HT.,
Chung, IK., Kim, CH., Chang, HW., Chang, YC.(2012). Ascochlorin suppresses

71



TGF-B1-induced PAI-1 expression through the inhibition of phospho-EGFR in rat

kidney fibroblast cells. Molecular Biology Reports.39,4597-4603.

Chomczynski, P. and Sacchi, N. (1987). Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol- chloroform extraction. Analytical
Biochemistry.162,156-159.

Chou, CL., DiGiovanni, SR., Mejia, R., Nielsen, S., Knepper, MA. (1995). Oxytocin as an
antidiuretic hormone. I. Concentration dependence of action. American Journal of
Physiology. 269,70-77.

Crouse, JD., Cundiff, LV., Koch, RM., Koohmaraie, M.,Seideman, SC. (1993). Comparisons
of Bos indicus and Bos taurus inheritancefor carcass beef characteristics and meat

palatability. Beef Research, Progress Report .4,125-127.

Cundiff, LV. (2004). Breeds and Genedintics. In: Pond, WG., Bell, AW. (Ed.) Encyclopedia
of Animal Science. Ithaca: Cornell. 800 .

Davey, CL. and Gilbert, KV. (1974). Temperature-dependent cooking toughness in beef.
Journal of the Science of Food and Agriculture.25,931-938.

De Jager, N., Hudson, NJ., Reverter, A., Wang, H., Nagaraj, SH., Cafe, LM., Greenwood,
PL., Barnard, RT., Kongsuwan, KP., Dalrymple, BP. (2011). Chronic exposure to
anabolic steroids induces the muscle expression of oxytocin and a more than
fiftyfold increase in circulating oxytocin in cattle. Physiological Genomics.43, 467-
478.

De Smet, S., Claeys, E., Balcaen, A., Van den Brink, D., Seynaeve, M., Demeyer, D. (2000).
Effect of the double-muscling genotype on carcass and meat quality in Belgian Blue
slaughter bulls. In Proceedings of the 46th International Congress of Meat Science
and Technology (ICOMST) .70- 71.

Devost, D., Carrier, ME., Zingg, HH. (2008). Oxytocin-induced activation of eukaryotic
elongation factor 2 in myometrial cells is mediated by protein kinase C.
Endocrinology.149,131-8.

Devost, D., Girotti, M., Carrier, ME., Russo, C., Zingg, HH. (2005). Oxytocin induces
dephosphorylation of eukaryotic elongation factor 2 in human myometrial cells.
Endocrinology.146,2265-70.

72



Devy, L., Blacher, S., Grignet-Debrus, C., Bajou, K., Masson, V., Gerard, RD., Gils, A,
Carmeliet, G., Carmeliet, P., Declerck, PJ., Noel, A., Foidart, JM.(2002). The pro- or
antiangiogenic effect of plasminogen activator inhibitor 1 is dose dependent. FASEB
JOURNAL.16,147-154.

Driver, AM., Pefagaricano, F., Huang, W., Ahmad, KR., Hackbart, KS., Wiltbank, MC.,
Khatib, H.(2012). RNA-Seq analysis uncovers transcriptomic variations between
morphologically similar in vivo- and in vitro-derived bovine blastocysts. BMC

Genomics.12,1-9.

Elabd, C., Cousin, W., Upadhyayula, P., Chen, RY., Chooljian, MS., Li, J., Kung, S., Jiang,
KP.,Conboy, IM. (2014). Oxytocin is an age-specific circulating hormone that is
necessary for muscle maintenance and regeneration.Nature

communications.5,4082.

Evans, SL., Dal Monte, O., Noble, P., Averbeck, BB.(2014). Intranasal oxytocin effects on

social cognition: a critique. Brain Research.1580,69-77.

Felicio, PE. (1997). Fatores ante e post mortem que influenciam na qualidade da carne
bovina. In: Peixoto, AM., Moura, JC., Faria, VP. (Eds.) Producéo do novilho de corte.

Piracicaba: Fundacao de Estudos agrarios “Luis de Queiroz”.79-97.

Fernandez, X., Monin, G., Talmant, A., Mourot, J., Lebret, B. (1999). Influence of
intramuscular fat content on the quality of pig meat - 2. Consumer acceptability of

m. Longissimus lumborum. Meat Science, 53,67-72.

Fiems, LO. (2012). Double Muscling in Cattle: Genes, Husbandry, Carcasses and Meat.
Animals.2,472-506.

Fonseca, L.F.S., Jovino Gimenez, DF., Beraldo dos Santos Silva, D., Barthelson, R., Baldi,
F., Aparecido Ferro, J., Galvdo Albuquerque,L. (2017). Differences in global gene
expression in muscle tissue of Nellore cattle with divergent meat tenderness.BMC
Genomics.18,945.

Fonseca, L.F.S., Gimenez, DF., Mercadante, ME., Bonilha, SF., Ferro, JA., Baldi, F.,
Souza, FRP., Albuquerque, LG.(2015). Expression of genes related to mitochondrial
function in Nellore cattle divergently ranked on residual feed intake. Molecular
Biology Reports.42,559-565.

73



Fonseca-Alanis, MH., Takada, J., Alonso-Vale, MIC.(2006). The adipose tissue as a
regulatory center of the metabolismo. Arquivo Brasileiro de endocrinologia e
metabolismo.50, 216-219.

Food and Agriculture Organization of the United Nations. Available in <

http://www.fao.org/home/en/>. access in 2 F 2018.

Gagniére, H., Picard, B., Geay, Y.(1999). Contractile differentiation of foetal cattle muscles:

intermuscular variability. Reproduction,Nutrition ,Development.39,637-655.

Gagniere, H., Picard, B., Jurie, C., and Geay, Y. (1997). Comparative study of metabolic
differentiation of foetal muscle in normal and double-muscled cattle .Meat Science.
45,145-152.

Gajdosechova, L., Krskova, K., Segarra, AB., Spolcova, A., Suski, M., Olszanecki, R.,
Zorad, S. (2014). Hypooxytocinaemia in obese Zucker rats relates to oxytocin

degradation in liver and adipose tissue. Journal Endocrinologia. 220,333-343.

Gariepy, C., Seoane, JR., Cloteau, C., Martin, JF., Roy, GL. (1999). The use of double-
muscled cattle breeds in terminal crosses: Meat quality. Journal of Animal
Science.79,301-308.

Gavrilenko, VG., Stadnikov, AA., Esipov, VK., Mit'kin, AF. (2000). The use of oxytocin in the
combined treatment of suppurative-necrotic lesions of the feet in diabetic patients].
Vestn Khir Im | | Grek. 159,59-62.

Geesink, GH., Van der Palen, JG., Kent, MP., Veiseth, E., Hemke, G., Koohmaraie,
M.(2005). Quantification of calpastatin using an optical surface plasmon resonance

biosensor. Meat Science.71,537.

Gesualdi JR, A., Paulino, MF., Valadares Filho, SC.(2000). Niveis de concentrado na dieta
de novilhos F1 Limousin x Nelore: caracteristicas de carcaca. Revista Brasileira de
Zootecnia.29,5,1467-1473.

Goff, SA., Vaughn, M., McKay, S. (2011). The iPlant collaborative: cyberinfrastructure for

plant biology. Frontiers in Plant Science. 2,34.

Goncalves, TM. (2015). Differential expression of genes related with meat tenderness in
Nellore Cattle. Dissertacdo, ESALQ, USP.97.

74



Grau, R. and Hamm, R. (1956). Die Bestimmung der Wasserbindung des Fleisches mittels
der Pre-Bmethode. Fleischwirtsch.8,733-734.

Gu, H.,, Liu, L., Ma, S, Liu, Y., Ren, Y., Zhai, L., Yu, F., An, L., Yang, J. (2009). Inhibition of
SOCS-3 in adipocytes of rats with diet-induced obesity increases leptin-mediated
fatty acid oxidation. Endocrine. 36,546-554.

Hatanaka,K., Ilkegami, K.,Takagi, H., Setou, M.(2006). Hypo-osmotic shock induces nuclear
export and proteasome-dependent decrease of UBL5. Biochemical and Biophysical

Research Communications ..350,610-615.

He, H. and Lio , X. (2013). Characterization of Transcriptional Complexity during
Longissimus Muscle Development in Bovines Using High-Throughput Sequencing.
Plos One.8,1 - 8.

Hernandez, P., Pla, M., Oliver, MA., Blasco, A. (2000). Relationships between meat quality
measurements in rabbits fed with three diets of different fat type and content.Meat
Science.55,379-384.

Heymann, H., Hedrick, HB., Karrasch, MA., Eggeman, MK., Ellersieck, MR. (1990). Sensory
and chemical characteristics of fresh pork roasts cooked to different centre
temperatures. J. Food Sci., 55:613-617

Hilberath, JN., Carlo, T., Pfeffer, MA., Croze, RH., Hastrup, F., Levy, BD.(2011). Resolution
of Toll-like receptor 4-mediated acute lung injury is linked to eicosanoids and
suppressor of cytokine signaling 3. The FASEB Journal. 25,1827-1835.

Hocquette, J., Cassar-Malek, I., Bernard-Capel, C., Picard, B. (2009). Functional genomics
and new markers for beef production — minireviewl. Animal Science Papers and
Reports. 27,273-280.

Honikel, KO. (1998). Reference methods for the assessment of physical characteristics of
meat. Meat Science.49,447-457.

Hovsepian, E., Penas, F., Siffo, S., Mirkin, GA., Goren ,NB. (2013).1L-10 inhibits the NF-kB
and ERK/MAPK-mediated production of pro-inflammatory mediators by up-
regulation of SOCS-3 in Trypanosoma cruzi-infected cardiomyocytes. PLOS ONE.
8,79445.,

75



Hua, F., Ren, W., Zhu, L.(2011). Plasminogen activator inhibitor type-1 deficiency
exaggerates LPS-induced acute lung injury through enhancing Toll-like receptor 4

signaling pathway. Blood Coagulation & Fibrinolysis.22,480-486.

Huang, W., Guo, Y., Du, W., Zhang, X., Li, A., Miao, X.(2017). Global transcriptome analysis
identifies differentially expressedgenes related to lipid metabolism in Wagyu and
Holstein cattleScientific Reports.7,5278.

Hussy, N., Brés, V., Rochette, M., Duvoid, A., Alonso, G., Dayanithi, G., Moos, FC.(2001).
Osmoregulation of vasopressin secretion via activation of neurohypophysial nerve

terminals glycine receptors by glial taurine. Journal of Neuroscience. 21,7110-7116.

lllumina, Sequencing power for every scale. Available in

<http://www.illumina.com/systems/sequencing.html>. access in 2 December 2017.

Iseri, SO., Gedik, IE., Erzik, C., Uslu, B., Arbak, S., Gedik, N., Yegen, BC. (2008). Oxytocin
ameliorates skin damage and oxidant gastric injury in rats with thermal trauma.
Burns. 34,361-369.

Jankun, J., Specht, Z., Szkudlarek, M., Greenfield, R., Gaikwad, B., Trifonov, L., Vaugeais,
J., Aleem, AM., Basrur, V., Selman, SH., Zavodszky, MI., Skrzypczak-Jankun, E.
(2006). Plasminogen activator inhibitor-1 is locked in active conformation and
polymerizes upon binding ligands neutralizing its activity. International Journal of
Molecular Medicine. 17,437-447.

Jeon, H., Kim ,JH., Kim, JH., Lee, WH., Lee, MS., Suk, K.(2012). Plasminogen activator
inhibitor type 1 regulates microglial motility and phagocytic activity. Journal of

Neuroinflammation.9,149.

Jin, W., Olson, EN., Moore, SS., Basarab, JA., Basu, U., Guan, LL.(2012). Transcriptome
analysis of subcutaneous adipose tissues in beef cattle using 3' digital gene

expression-tag profiling. Journal of Animal Science.90,171-183.

Kauffman, RG., Eikelenboom, G., Van der Wal, PG., Merkus, GSM., Zaar, M. (1986). The
use of filter paper to estimate drip loss of porcine musculature. Meat
Science.18,191-200.

Kee, HJ.,Park, EW., Lee,CK. (2008). Characterization of Beef Transcripts Correlated with
Tenderness and Moisture. Molecules & Cells (Springer Science & Business Media
B.V.).25,428-437

76



Kelly, AK., Waters, SM., Mcgee, M., Fonseca, RG., Carberry, C., Kenny, DA.(2011). mRNA
expression of genes regulating oxidative phosphorylation in the muscle of beef cattle

divergently ranked on residual feed intake. Physiological Genomics.43,12-23.

Kempster, AJ. (1989).Carcass and meat quality research to meet market needs. Animal
Production. 48,483-496.

Kindzelskii, AL., Amhad, I., Keller, D., Zhou, MJ., Haugland, RP., Garni-Wagner, BA.,
Gyetko MR., Todd, RF., Petty, HR.(2004). Pericellular proteolysis by leukocytes and
tumor cells on substrates: focal activation and the role of urokinase-type

plasminogen activator. Histochemistry and Cell Biology.121,299-310.

Kinjyo, I., Inoue, H., Hamano, S., Fukuyama, S., Yoshimura, T., Koga, K., Takaki, H.,
Himeno, K., Takaesu, G.,Kobayashi, T., Yoshimura, A.(2006). Loss of SOCS3in T
helper cells resulted in reduced immune responses and hyperproduction of
interleukin 10 and transforming growth factor-betal. The Journal of Experimental
Medicine.203,362-371.

Knosp, CA., Carroll, HP., Elliott, J., Saunders, SP., Nel, HJ., Amu, S., Pratt, JC., Spence,
S., Doran, E., Cooke, N., Jackson, R., Swift, J., Fitzgerald, DC., Heaney, LG., Fallon,
PG., Kissenpfennig, A., Johnston, JA.(2011).SOCS2 regulates T helper type 2
differentiation and the generation of type 2 allergic responses. The Journal of
Experimental Medicine. 208,1523-1531.

Koohmaraie, M., Matthew P., KentSteven D., Shackelford EV., Wheeler, TL. (2002). Meat
tenderness and muscle growth: is there any relationship?.Meat Science.62,345-
352.

Koohmaraie, M., Veiseth, E., Kent, MP., Shackelford, SD. (2003). Understanding and
managing variation inmeat tenderness. Anais da 402 Reunido Anual da Sociedade

Brasiliera de Zootecnica, SBZ, Santa Maria.513.

Kukurba, KR. and Montgomery, SB. (2015). RNA Sequencing and Analysis. Cold Spring
Harbor protocols.10,951-969.

Kuppan, G., Balasubramanyam, J., Monickaraj, F., Srinivasan, G., Mohan, V.,
Balasubramanyam, M. (2009). Transcriptional regulation of cytokines and oxidative

stress by gallic acid in human THP-1 monocytes. Cytokine. 49,229-234.

Lawrie, R. (1998). Meat Science, 6th ed., Cambridge: Woodhead Publishing Ltd.

77



Leal, JJB. (1994). Cruzamento sistematico e uso de racas sintéticas.Associa¢do Nacional

de Criadores “Herd Book Collares”. Jornal dos Criadores, Ano 11.15,14-15.

Ledur, MC. (2001). O uso de marcadores moleculares na producéo de aves. In: REUNIAO
ANUAL DA SBZ, 38., 2001, Piracicaba.620-633.

Li, J., Yang, S., Lu, S., Zhao ,H., Feng, J., Li ,W., Ma, F., Ren, Q., Liu, B., Zhang, L., Zheng,
Y., Han, ZC.(2012). Differential gene expression profile associated with the
abnormality of bone marrow mesenchymal stem cells in aplastic anemia. PLOS
ONE. 7,47764.

Liang, X., Kanjanabuch, T., Mao, S., Jun Ma, L.(2006). Plasminogen activator inhibitor-1
modulates adipocyte differentiation. Endocrinology and Metabolism. 290,103-113.

Luciano, FB. (2009). The impacts of lean red meat consumption on human health: A review.
The Journal of Functional Foods.7, 143-151.

Luo, B., Zou, T., Lu, N., Chai, F., Ye, X., Wang, Y., Qi, Y. (2011). Role of suppressor of
cytokine signaling 3 in lipid metabolism: analysis based on a phage-display human
liver cDNA library. Biochemical and Biophysical Research Communications. 416,39-
44,

Ma, LJ., Mao, SL., Taylor KL., Kanjanabuch, T., Guan, Y., Zhang, Y., Brown, NJ., Swift, LL.,
McGuinness, OP., Wasserman, DH., Vaughan, DE., Fogo, AB.(2004). Prevention
of obesity and insulin resistance in mice lacking plasminogen activator inhibitor 1.
Diabetes. 53,336-346.

Magolski, JD., Buchanan, DS., Maddock-Carlin, KR., Anderson, VL., Newman, DJ., Berg,
EP. (2013). Relationship between commercially available DNA analysis and

phenotypic observations on beef quality and tenderness. Meat Science. 95,480-485.

Matgorzewicz, S., Skrzypczak-Jankun, E., Jankun, J.(2013). Plasminogen activator
inhibitor-1 in kidney pathology (Review). International Journal of Molecular
Medicine.31,503-510.

Malone, JH. and Oliver, B. (2011). Microarrays, deep sequencing and the true measure of

the transcriptome. BMC biology.9,34.

Maribo, H., Olsen, EV., Barton-Gade, P., Mgller, A., Karlsson, A. (1998). Effect of early
post-mortem cooling on temperature, pH fall and meat quality in pigs. Meat
Science.59,115-129.

78



Meyer, MW., von Depka, M., Wilhelm, C., Schroder, A., Erb, C.(2002). Plasminogen
activator inhibitor-1 mRNA expression in cultured pigmented ciliary epithelial cells
of the porcine eye. Graefe's Archive for Clinical and Experimental
Ophthalmology.240,679-686.

Miller, MF., Carr, MA., Ramsey, CB., Crockett, KL., Hoover, LC. (2001). Consumer
thresholds for establishing the value of beef tenderness. Journal of Animal
Science.79, 3062—-3068.

Moloney, AP., Mooney, MT., Kerry, JP., Troy, DJ. (2001). Producing tender and
flavoursome beef with enhanced nutritional characteristics. Proc. Nutr. Soc. 60,
221-229.

Murphy, D., Si-Hoe, SL., Brenner, S., Venkatesh, B. (1998). Something fishy in the rat brain:
molecular genetics of the hypothalamo-neurohypophysial system.
Bioessays.20,741-9.

Nasreen, N., Gonzalves, L., Peruvemba, S., Mohammed, KA.(2013). Fluticasone furoate is
more effective than mometasone furoate in restoring tobacco smoke inhibited
SOCS-3 expression in airway epithelial cells. International Immunopharmacology.
19,153-160.

Noiseux, N., Borie, M., Desnoyers, A., Menaouar, A., Stevens, LM., Mansour, S,
Danalache, BA., Roy, DC., Jankowski, M., Gutkowska, J. (2012). Preconditioning of
stem cells by oxytocin to improve their therapeutic potential. Endocrinology.
153,5361-5372.

Oeckel, MJ., Warnants, N., Boucque, CV. (1999). Comparison of differentmethods for
measuring water holding capacity and juiciness of pork versus on-line screening
methods. Meat Science.51,313-320.

Offer, G., Knight, P., Jeacocke, R., Almond, R., Cousins, T., Elsey, J., Parsons, N., Sharp,
A., Starr, R., Purslow, P. (1989). The structural basis of the water-holding,

appearance and toughness of meat and meat products. Food Microstructure.8, 151.

Oh, CK., Ariue, B., Alban, RF., Shaw, B., Cho, SH.(2002). PAI-1 promotes extracellular
matrix deposition in the airways of a murine asthma model. Biochemical and

Biophysical Research Communications.294,1155-110.

79



Olivan, M., Martinez, A., Osoro, K., Safiudo, C., Panea, B., Olleta, JL., Campo, MM., Oliver,
MA., Serra, X., Gil, M., Piedrafita, J.(2004). Effect of muscular hypertrophy on
physico-chemical, biochemical and texture traits of meat from yearling bulls.Meat
Sciencie.68,567-575.

Oliver, MA., Serra, X., Gil, M., Piedrafita, J. (2004). Effect of muscular hypertrophy
onphysico-chemical, biochemical and texture traits of meat from yearling bulls. Meat
Science.68,567-575.

Orwig, KE., Bertrand, JE., Ou, BR., Forsberg, NE., Stormshak, F.(1994).Involvement of
protein kinase-C, calpains,and calpastatin in prostaglandin F2 alpha-induced

oxytocin secretion from the bovine corpus luteum. Endocrinology.134,78-83.

Paz, CCP. and Luchiari Filho, A. (2000).Melhoramento genético e diferencas de ragas com

relacdo a qualidade da carne bovina. Pecuaria de corte, 101,58-63.

Pedersen, D.K., Morel, S., Andersen, HJ., Engelsen, SB. (2003). Early prediction of water-
holding capacity in meat by multivariate vibrational spectroscopy. Meat
Science.65,581-592.

Petersson, M., Lagumdzija, A., Stark, A., Bucht E. (2002) .Oxytocin stimulates proliferation
of human osteoblast-like cells. Peptides. 23,1121-6.

Piorkowska, K., Zukowski, K., Nowak, J., Pottowicz, K., Ropka-Molik, K., Gurgul, A.
(2015).Genome-wide RNA-Seq analysis of breast muscles of two broiler chicken

groups differing in shear force. Animal Genetics.47, 68-80.

Pringle, TD., Harrelson, JM., West, RL., Williams, SE, Johnson, DD. (1999). Calcium-
activated tenderization of strip loin, top sirloin, and top round steaks in diverse

genotypes of cattle. Journal of Animal Science.77,3230-3237.

Pringle, TD., Williams, SE., Lamb, BS., Johnson, DD., West, RL. (1997).Carcass
characteristics, the calpain proteinase system, and aged tenderness of Angus and

Brahman crossbred steers. Journal of Animal Science.75,2955-2961.

Puliyanda, DP., Ward, DT., Baum, MA., Hammond, TG., Harris, HW Jr. (2003). Calpain-
mediated AQP2 proteolysis in inner medullary collecting duct. Biochemical and

Biophysical Research Communications.303,52-58.

Qi, L., Higgins, SP., Lu, Q., Samarakoon, R., Wilkins-Port, CE., Ye, Q., Higgins, CE.,
Staiano-Coico, L., Higgins, PJ.(2008). SERPINEL1 (PAI-1) is a prominent member of

80



the early GO --> G1 transition "wound repair" transcriptome in p53 mutant human

keratinocytes. Journal of Investigative Dermatology.128,749-753.

Ramayo-Caldas, Y., Fortes, MR., Hudson, NJ., Porto-Neto, LR., Bolormaa, S. (2014). A
marker-derived gene network reveals the regulatory role of PPARGC1A, HNF4G,
and FOXP3 in intramuscular fat deposition of beef cattle. Journal of Animal
Science.92,2832-2845.

Ramayo-Caldas, Y., Mach, N., Esteve-Codina, A., Corominas, J., Castello, A., Ballester, M.
(2012).Liver transcriptome profile in pigs with extreme phenotypes of intramuscular

fatty acid composition. BMC Genomics.13,547.

Rapaport, F., Khanin, R., Liang, Y., Krek, A., Zumbo., P., Mason, CE., Socci, ND., Betel, D.
(2013). Comprehensive evaluation of differential gene expression analysis methods
for RNA-Seq data. Genome Biology.14, 95.

Renand, G., Picar, C., Touraille, P., Berge, J., Lepetit, C. (2001). Relationship between
muscle characteristics and meat quality traits of young Charolais bulls. Meat
Science.59,49-60.

Restle, J., Vaz, FN., Bernardes, RALC. (2003). Caracteristicas de carcaca e da carne de
vacas de descarte de diferentes genétipos Charolés x Nelore, terminadas em

confinamento. Ciéncia Rural.33,2,345-350.

Rinaman, L., Stricker, EM., Hoffman, GE., Verbalis, JG. (1997). Central c-Fos expression
in neonatal and adult rats after subcutaneous injection of hypertonic saline.
Neuroscience.79,1165-1175.

Ringnér, M. (2008). What is principal component analysis?. Nature Biotechnology. 26,303—
304.

Rosenvold, K. and Andersen, HJ. (2003). Factors of significance for pork quality—a review.
Meat Science.64,219-237.

Savell, J. and Shackelford, SD.(1992). Significance of tenderness to the meatindustry.

Proceedings Rec. Meat Conference.45,43-46.
Sgarbierl, V.C. (1996). Proteinas em alimentos protéicos. Sdo Paulo, SP: Varela.517.

Shackelford, SD., Koohmaraie, M., Cundiff, LV., Gregory, KE., Rohrer, GA., Savell, JW.

(1994).Heritabilities and phenotypic andgenetic correlations for bovine post rigor

81



calpastatin activity, intramuscular fat content, Warner Bratzler shear force, retail

product yield and growth rate. Journal of Animal Science, v. 72, p. 857-863.

Sherbeck, JA., Tatum, JD., Field, TG., Morgan, JBL., Smith, GC. (1995). Feedlot
performance, carcass traits and palatability traits of Hereford and Hereford x

Brahman steers. Journal of Animal Science.73,3613-3620.

Silva-Vignato, B., Coutinho,L., Cesar, ASM., Poleti, MD., Regitano, LCA., Balieiro, JCC.
(2017).Comparative muscle transcriptome associated with carcass traits of Nellore
cattle.BMC Genomics.18,506.

Singhal, NS., Lazar, MA., Ahima, RS. (2007). Central resistin induces hepatic insulin

resistance via neuropeptide Y. Journal of Neuroscience. 27,12924-12932.

Sitko, JC., Yeh, B., Kim M., Zhou, H., Takaesu, G., Yoshimura, A., McBride, WH., Jewett,
A., Jamieson, CA., Cacalano, NA.(2008). SOCS3 regulates p21 expression and cell
cycle arrest in response to DNA damage. Cell Signal. 20,2221-2230

Stier, CT., Manning, M.,Sawyer, WH.(1980). Natriuretic effect of [7-glycine]oxytocin in the
presence of diuretic agents in conscious rats. Journal of Pharmacology and
Experimental Therapeutics. 212,412-417.

Szczenesniak, AS. (1963). Objective measurements of food texture. Journal of Animal
Science.28,410.

Tamura, Y., Kawao, N., Okada, K., Yano, M., Okumoto, K., Matsuo, O., Kaji, H.(2013).
Plasminogen activator inhibitor-1 is involved in streptozotocin-induced bone loss in
female mice. 62,3170-3179

Tang, F., Lao, K., Surani, MA. (2011). Development and applications of single-cell

transcriptome analysis. Nature methods. 8,6-11.

Tizioto, PC., Coutinho, LL., Decker, JE., Schnabel, RD., Rosa, KO., Oliveira, PSN., Souza,
MM., Mourdo, GB., Tullio, RR., Chaves, AS., Lanna DPD., Zerlotini-Neto, A.,
Mudadu, MA., Taylor, JF., Regitano, LCA. (2015). Global liver gene expression
differences in Nelore steers with divergent residual feed intake phenotypes. BMC
Genomics.16, 242.

Torres, JO., Botero, MFA. (2012). El mecanismo de muerte celular programada y su
importancia en el proceso de maduracion de la carne bovina. Revista de Medicina
Veterinaria.23,83-96.

82



Toscas, PJ., Shaw, FD., Beilken, SL. (1999). Partial least squares (PLS)regression for the
analysis of intrument measurements and sensory meat qualitydata. Meat
Science.52,73-178.

Trapnell, C., Roberts, A., Goff, L,, Pertea, G., Kim, D., Kelley, DR. (2012).Differential gene
and transcript expression analysis of RNA-Seq experiments with TopHat and
Cufflinks. Nature Protocols.7,562—-78.

Ullah, M., Stich, S., Haupl, T., Eucker, J., Sittinger, M., Ringe, J.(2013). Reverse
differentiation as a gene filtering tool in genome expression profiling of adipogenesis

for fat marker gene selection and their analysis. PLOS ONE.8,69754.

USDA - UNITED STATES DEPARTAMENT OF AGRICULTURE. U.S.(2000). Standards for
Grades of Feeder Cattle. Washington: USDA 4.

Uytterhaegen, L., Claeys, E., Demeyer, D., Lippens, M., Fiems, L. O., Boucqué, CC., Van
deVoorde, G., Bastiaens, A. (1994). Effects of double-muscling on carcass quality,
beef tenderness and myofibrillarprotein degradation in Belgian Blue White bulls.
Meat Science.38,255-267.

Vanek, JK., Watts, MJ., Brester, GW.(2008). Carcass quality and genetic selection in the

beef industry. Journal of Agricultural and Resource Economics.33, 349-363.

Wang, YF. And Hatton, GI.(2007). Interaction of extracellular signal-regulated protein
kinase 1/2 with actin cytoskeleton in supraoptic oxytocin neurons and astrocytes:

role in burst firing. Journal of Neuroscience. 27,13822-11834.

Wang, Z.,Gerstein, M., Snyder, M. (2008). RNA-Seq: a revolutionary tool for

transcriptomics. Nature Reviews Genetics.10,57-63.

Wheeler, TL., Koohmaraie, M., Shackelford, SD. (1995). Standardized Warner-Bratzler
shear force procedures for meat tenderness measurement [Online]. Available URL.:
http://192.133.74.26/MRU_WWW/protocol/WBS.html.

Wheeler, TL.and Koohmaraie, M. (1999). The extent of proteolysis is independent of
sarcomere length in lamb longissimus and psoas major. Journal of Animal
Science.77,2444-2451.

White, A., O’sullivan, A., Troy, D.J. (2006). Manipulation of the pre-rigor glycolytic behavior
of bovine M. longissimus dorsi in order to indentify causes of inconsistencies in
tenderness. Meat Science.73,151-156.

83



Wulf, DM., Tatum, JD., Green, RD., Morgan, JB., Golden, BL.,Smith, GC. (1996). Genetic
influences on beef longissimus palatability in Charolais- and Limousin-sired steers
and heifers. Journal of Animal Science.74,2394-2405.

Ye, J., Zheng, R., Wang, Q., Liao, L., Ying, Y., Lu, H., Cianflone, K., Ning, Q., Luo, X.(2012).
Downregulating SOCS3 with siRNA ameliorates insulin signaling and glucose
metabolism in hepatocytes of IUGR rats with catch-up growth. Pediatric Research.
72,550-559.

Zheng, RD., Liao, LH., Ye, J., Wang, CB., Gao, JZ., Ying, YQ., Ning, Q., Luo, XP. (2013).
Effects of SOCS 1/3 gene silencing on the expression of C/EBPa and PPARYy during

differentiation and maturation of rat preadipocytes. Pediatric Research. 73,263-267.

84



85



VII. ANNEXES

Annex 1: Functional Categories ("Annotation Clusters") of differentially expressed genes for CL
by David Software.

Annotation Enrichment
Cluster 1 Score:
0.9191887049
001116
Category Term Co | % | PV Genes Li Po | Po Fold Bonfer | Benja F
unt alu st p p Enrich | roni mini
e To | Hit | Tot | ment R
tal | s al
UP_KEYWO Signal 9 3 (00 CCL1,ALCAM,CCDC3, | 27 28 17 2,111 0,957 0,793 4
RDS 1|42 | IFI6BOLA- 17 | 80 51906 | 89095
DRB3,0XT,POSTN,S 8
PP1,SERPINE1
UP_SEQ_FE | signal peptide 6 2 | 0,1 | ALCAM,IFI6,BOLA- 17 | 10 | 62 2,190 | 0,997 0,997 7
ATURE 1|01 | DRB3,0OXT,SPPLSER 10 | 67 68774 | 68774
PINE1
GOTERM_C GO0:0005615~ 4 0,1 CCL1,0XT,SPP1,SER 22 | 95 | 15 2,959 0,997 0,945 7
C_DIRECT extracellular 413 | PINEL 0 |46 00478 | 27144
space 1
UP_KEYWO Secreted 3 1103 OXT,SPP1,SERPINE1 27 86 17 2,280 1 0,999 10
RDS 0| 64 8 | 80 74081
8
Annotation Enrichment
Cluster 2 Score:
0.6229390886
277377
Category Term Co | % | PV Genes Li Po | Po Fold Bonfer | Benja F
unt alu st p p Enrich | roni mini
e To | Hit | Tot | ment R
tal | s al
UP_KEYWO | Glycoprotein 5 1|00 | FAIM2ALCAMNEFM, | 27 | 11 | 17 2,850 | 0,998 | 0,884 | 6
RDS 7| 85 SPP1,SERPINE1 57 | 80 44726 20241
8
GOTERM_C | GO:0070062~ | 5 1|03 | GIPC2ALCAM,SPP1, 22 |21 |15 1,625 | 0,999 0,995 10
C DIRECT extracellular 7 | 37 | SERPINE1,TUBB6 62 | 46 99993 | 82771
exosome 1
UP_SEQ_FE glycosylation 4 0,4 FAIM2,ALCAM,SPP1, 17 98 | 62 1,492 1 0,999 10
ATURE site:N-linked 4 | 73 SERPINE1 8 67 99999
(GIcNAc...)

86




Continuation
Annotation Enrichment
Cluster 3 Score:
0.0293814419
446749
Category Term Co | % | PV | Genes Li Po | Po | Fold Bonfer | Benja | F
unt alu st p p Enrich | roni mini
e To | Hit | Tot | ment R
tal | s al
UP_SEQ_FE transmembran 3 1108 FAIM2,ALCAM,IFI6 17 12 62 0,872 1 1 10
ATURE e region 065 69 | 67
UP_KEYWO Membrane 6 2|09 FAIM2,ALCAM,BEST3 27 56 17 0,700 1 0,999 10
RDS 1|49 | IFI6,BOLA- 50 | 80 99999
DRB3,SGK1 8
GOTERM_C G0:0016021~i | 4 1109 FAIM2,ALCAM,IFI6,B 22 41 15 0,672 1 1 10
C_DIRECT ntegral 4 | 50 OLA-DRB3 85 | 46
component of !
membrane
UP_KEYWO Transmembra 5 1109 FAIM2,ALCAM,BEST3 27 49 17 0,668 1 0,999 10
RDS ne helix 7 | 56 | ,IFI6,BOLA-DRB3 35 | 80 99997
8
UP_KEYWO Transmembra 5 1109 FAIM2,ALCAM,BEST3 27 49 17 0,666 1 0,999 10
RDS ne 7 | 57 | ,IFI6,BOLA-DRB3 53 | 80 99992
8

Annex 2: Biological Process ("Functional annotation table™) of differentially expressed genes
for CL by David Software.

Gene Name GOTERM_BP_DIRECT

40S ribosomal
protein S23(LOC787803)

C-C motif chemokine monocyte chemotaxis,inflammatory response,protein coupled
ligand 1(CCL1) receptor signaling pathway,neutrophil chemotaxis,positive regulation
of GTPase activity,lymphocyte chemotaxis,positive regulation of
inflammatory response,chemokine-mediated signaling
pathway,positive regulation of ERK1 and ERK2 cascade,cellular
response to interferon-gamma,cellular response to interleukin-

1,cellular response to tumor necrosis factor,
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CONTINUATION

FYVE, RhoGEF and

regulation of Rho protein signal transduction

PH domain containing
5(FGD5)

Fas apoptotic response to ischemia,apoptotic process,cerebellum
inhibitory molecule | development,cerebellar Purkinje cell layer development,cerebellar
2(FAIM2) granular layer development,cerebellar Purkinje cell

differentiation,regulation of neuron apoptotic process,negative
regulation of neuron apoptotic process,negative regulation of

apoptotic signaling pathway,

GIPC PDZ domain
containing family member
2(GIPC2)

GTP binding protein mitotic nuclear division,small GTPase mediated signal
overexpressed in skeletal | transduction,chromosome organization,metaphase plate
muscle(GEM) congression,

OTU deubiquitinase protein K63-linked deubiquitination,
1(OTUD1)

RUN and cysteine negative  regulation of phosphatidylinositol  3-kinase

rich domain containing

activity,negative regulation of endocytosis,negative regulation of

beclin 1 interacting | autophagosome maturation,
protein(RUBCN)

activated leukocyte adaptive immune response,cell adhesion,heterophilic cell-cell
cell adhesion | adhesion via plasma membrane cell adhesion molecules,motor

molecule(ALCAM)

neuron axon guidance,retinal cell axon

guidance,G0O:0048846~axon

guidance,neuron projection extension,

ganglion

extension involved in axon

bestrophin 3(BEST3)

negative regulation of ion transport,chloride transmembrane

transport,

coiled-coil domain

containing 3(CCDC3)
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cytokine  inducible
SH2

protein(CISH)

containing

negative regulation of protein kinase activity,protein kinase C-
activating G-protein coupled receptor signaling pathway,protein
ubiquitination,cytokine-mediated  signaling  pathway,intracellular
signal transduction,regulation of growth,negative regulation of JAK-
STAT cascade,negative regulation of insulin receptor signaling

pathway,

family with sequence

similarity 127, member

A(FAM127C)
hematopoietic cell- negative regulation of transcription from RNA polymerase I
specific Lyn substrate | promoter,positive regulation of cell proliferation,response to
1(HCLS1) hormone,positive  regulation of phosphatidylinositol 3-kinase
signaling,actin filament polymerization,erythrocyte
differentiation,regulation of actin filament polymerization,positive
regulation of granulocyte differentiation,positive regulation of
peptidyl-serine phosphorylation,positive  regulation of tyrosine
phosphorylation of STAT protein,positive regulation of transcription
factor import into nucleus,positive regulation of macrophage
differentiation,positive  regulation of transcription from RNA
polymerase |l promoter,positive regulation of protein kinase B
signaling,cellular response to cytokine stimulus,negative regulation
of leukocyte apoptotic process,
hemoglobin, oxygen transport,
beta(HBB)
interferon alpha release of cytochrome c from mitochondria,negative regulation

inducible protein 6(IFI16)

of cysteine-type endopeptidase activity involved in apoptotic

process,~negative regulation of mitochondrial
depolarization,negative regulation of extrinsic apoptotic signaling

pathway in absence of ligand,

major

histocompatibility

antigen processing and presentation of peptide or

polysaccharide antigen via MHC class Il,immune response,
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complex, class I,

DRB3(BOLA-DRB3)

microtubule
associated
monooxygenase,
calponin and LIM domain
containing 2(MICAL2)

heart looping,cytoskeleton organization,heart

development,positive regulation of transcription via serum response
element filament

binding,sulfur oxidation,actin

depolymerization,oxidation-reduction process,

myeloid/lymphoid or
mixed-lineage leukemia;
translocated to,

11(MLLT11)

positive regulation of apoptotic process,positive regulation of
transcription, DNA-templated,positive regulation of mitochondrial
depolarization,positive regulation of release of cytochrome ¢ from
mitochondria,extrinsic  apoptotic

signaling  pathway,~intrinsic

apoptotic signaling pathway,

neurofilament,
medium
polypeptide(NEFM)

axon development,mitophagy in response to mitochondrial

depolarization,

oxytocin/neurophysi

n | prepropeptide(OXT)

response to mechanical stimulus,response to food,response to

external biotic stimulus,response to estrogen,

periostin(POSTN)

protein phosphatase,
Mg2+/Mn2+
1K(PPM1K)

dependent

protein dephosphorylation,

secreted
phosphoprotein 1(SPP1)

ossification,osteoblast differentiation,cell adhesion,biomineral
tissue development,response to vitamin D,positive regulation of bone

resorption,

serpin
member 1(SERPINE1)

family E

chronological cell aging,angiogenesis,regulation of receptor

activity,negative regulation of plasminogen activation,negative

regulation of endopeptidase activity,negative regulation of smooth

muscle cell migration,positive  regulation of interleukin-8

production,negative regulation of cell adhesion mediated by
integrin,positive regulation of leukotriene production involved in

inflammatory response,positive regulation of angiogenesis,positive
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regulation of receptor-mediated endocytosis,efense response to
Gram-negative bacterium,negative regulation of fibrinolysis,negative
regulation of vascular wound healing,cellular response to
lipopolysaccharide,positive regulation of monocyte
chemotaxis,negative regulation of extrinsic apoptotic signaling
pathway via death domain receptorsnegative regulation of smooth
muscle cell-matrix adhesion,negative regulation of endothelial cell

apoptotic process,

serum/glucocorticoid
regulated kinase 1(SGK1)

regulation of cell growth,cellular sodium ion
homeostasis,apoptotic process,cellular response to DNA damage
stimulus,positive regulation of sodium ion transport,peptidyl-serine
phosphorylation,positive regulation of transporter activity,intracellular
signal transduction,egulation of cell proliferation,regulation of

apoptotic process,neuron projection morphogenesis,

suppressor of
cytokine signaling
3(S0OCS3)

negative regulation of protein kinase activity,JAK-STAT
cascade,protein ubiquitination,cytokine-mediated signaling
pathway,regulation of growth,negative regulation of tyrosine

phosphorylation of Statl protein,negative regulation of tyrosine
phosphorylation of Stat3 protein,negative regulation of apoptotic
process,positive regulation of cell differentiation,negative regulation
of JAK-STAT cascade,negative regulation of insulin receptor
signaling pathway,negative regulation of inflammatory
response,branching involved in labyrinthine layer
morphogenesis,placenta blood vessel development,trophoblast giant
cell differentiation,spongiotrophoblast differentiation,

tubulin beta 6 class
V(TUBBG)

cytoskeleton organization,microtubule-based process,
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