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Abstract. Biological processes underlie all livestock traits, including post-mortem meat quality traits. Biomark-
ers are molecular components of the biological processes showing differential expression associated with the
phenotype of the trait. The phenotypes of the meat quality traits are determined by the animal’s genotype inter-
acting with the environment affecting the expression of the genome. The “omics” technologies enable measur-
ing the expression of the genome at all levels: transcriptome, proteome, and metabolome. Associations between
the phenotype of the traits and expressions measured with the omics techniques are a first step in developing
biomarkers. Biomarkers enable the monitoring, diagnosis, and prediction of changes in meat quality related to
external (environmental, e.g. feed and animal management conditions) stimuli and interactions with the geno-
type. In this paper we review the development of biomarkers for meat quality of pigs in diverse pig breeds,

environments, and pork production chains.

1 Introduction

The aim of this paper is to review results of research aiming
to develop biomarkers for meat quality. Specific emphasis
will be given to biomarkers of fresh pork and processed pork
products, even though provision of biomarkers for meat qual-
ity management is a current topic of high interest in all live-
stock species, including fish (Picard et al., 2012, 2015). We
will describe the use of omics technologies, bioinformatics,
and systems biology for biomarker development. Meat qual-
ity is among the most important characteristics of meat for
consumers. Sensory quality traits, including meat appearance
(colour, marbling, etc.) and texture (taste, tenderness, juici-
ness, and chewiness), as well as flavour and taste, are most
appreciated. Suitability for different preparatory methods by
the processing industry and shelf life (storability, colour, and
stability) are accompanying meat quality components (Le-
bret and Picard, 2015). Since muscle tissue becomes meat
after slaughtering, the composition and metabolic properties
of muscle tissue are among the most important factors in-

fluencing meat quality, together with the animal’s manage-
ment before slaughtering and post-mortem carcass manage-
ment (Warriss, 2010).

Muscle is a complex tissue composed of several cell or
tissue types, including muscle fibres of different types, adi-
pose cells, neural cells, endothelial cells, and connective
tissue (Bailey and Light, 1989; Gandemer, 2002; Purslow,
2005; Listrat et al., 2016). Muscle fibre types include type
I, IIA, IIB, and IIX (Lefaucheur, 2010). These types dif-
fer in metabolic and contractile properties: type I exhibits
oxidative metabolism and slow contraction speed, whereas
type II fibres are fast fibres and exhibit oxydo-glycolytic (ITA
and IIX) or glycolytic metabolism (IIB). Myofibre typing di-
rectly determines not only the meat quality trait colour but
also the in vivo and post-mortem muscle energy metabolism,
which has a major impact on technological and sensory qual-
ity traits (Henckel et al., 2000; Listrat et al., 2016). Among
other things, the energy content of the muscle fibres — e.g.
the glycogen content stored in the muscle fibres (Milan et al.,
2000; Ciobanu et al., 2001; Rosenvold et al., 2001) — greatly
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influences the post-mortem processes important for the de-
velopment of meat quality. Furthermore, type IIB fibres are
generally thicker than type I fibres. The cross-sectional area
(CSA) of type IIB is 2-fold larger than type I and type IIA.
The CSA of the latter two is similar; this histological prop-
erty is related to drip loss, an important meat quality determi-
nant (Lefaucheur, 2010). Adipose tissue, both from intermus-
cular fat and intramuscular fat, is an important factor for meat
taste (Cameron and Enser, 1991; Fernandez et al., 1999), but
too much of it is not appreciated by consumers: generally
2.5-3 % intramuscular fat is considered optimal (Listrat et
al., 2016). Thus, meat quality is a complex trait affected by
multiple components and moreover can be fully determined
only a few days after slaughter when the ageing processes
have occurred. Predicting the potential of meat for a certain
quality shortly after, or even before, slaughter of the animal
is therefore a challenging task. Biomarkers are tools that can
be helpful for this.

At present meat quality is determined after ripening of the
meat either by a trained taste panel or by measuring objective
technical parameters (Hovenier et al., 1993; Honikel, 1998).
While a sensory-trained panel “measures” “sensory” meat
quality traits such as appearance, texture, and taste, techno-
logical meat quality traits relate to the ability of the fresh
meat to be processed and includes technological or cooking
yields such as colour, drip loss, and fat content. Of particular
note, sensory and technological meat quality traits are inter-
twined and depend on the same post-mortem processes. All
of these quality dimensions are determined by interactions
between animal genetic background, rearing, and slaughter-
ing conditions and meat processing factors and are related
to the biological processes underlying the post-mortem pro-
cesses of transformation of muscle into meat. Knowing the
biological processes involved in the development of meat
quality potentially opens the possibility to monitor, predict,
and interfere with the final meat quality. Biomarkers often
are molecules involved in one or more of the biological pro-
cesses underlying a specific meat quality trait (discussed in
te Pas et al., 2011a, and te Pas and Hoekman, 2012). Be-
cause they are related to or participate in the biological pro-
cesses, they can be used to monitor these processes. More
importantly, based upon pre-existing knowledge of the re-
lation between the biomarker and the biological processes,
biomarkers can also predict the outcome of the post-mortem
processes — and therefore predict the final meat quality be-
fore it has fully developed, or even before slaughter. This
opens the potential to manage the final meat quality and the
(global) meat quality in the chain, e.g. select carcasses or cuts
for specific uses such as dry-cured ham or sausage produc-
tion according to their intrinsic characteristics and potential
quality value, and thereby improve added value for the pork
industry.

Specific meat products such as local products or products
as dry-cured hams may require specifically selected livestock
or animal management (Bonneau and Lebret, 2010). This
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may affect the above-mentioned biological processes. There-
fore, biomarkers may be specific for production systems. In
this review we will focus on fresh pork production from com-
mercial lines (a German and a Danish production chain),
local production lines (a local breed production chain from
France), and specific products (a dry-cured ham production
chain from Spain). We will also focus on specific aspects
(e.g. prenatal muscle fibre development, and pre-slaughter
transport stress) of meat quality. In the discussion we will in-
tegrate the knowledge and discuss the possibilities for (com-
mercial) use of the biomarkers.

2 The concept of biomarkers for meat quality

The concept of biomarkers for meat quality has been dis-
cussed before (te Pas et al., 2011a; te Pas and Hoekman,
2012) and here we refer to this discussion briefly. The breed-
ing industry is increasingly using genetic markers to improve
the genetic potential of livestock through genomic selection
(Calus and Veerkamp, 2007). While this is important for the
production chain as a whole, meat quality is a phenotype.
The other industries in the pork production chain focus on
producing the best phenotype related to the genotype pro-
duced by the breeding industry. Due to the influence of the
environment of animals on the determination of production
traits (phenotype) the use of genetic markers is not sufficient.
Biomarkers also take these environmental effects into consid-
eration by detecting the expression of the genome, which is
the combination of genetic potential and environmental mod-
ulation (Goodsaid and Frueh, 2007).

Biomarkers are molecular components of biological pro-
cesses regulating phenotypes of animals, including meat
quality. Different phenotypes may be regulated by differ-
ences in (part of) the biological processes underlying the
phenotype. Biomarkers are derived from improved knowl-
edge of the biological mechanism underlying economically
interesting and complex phenotypic traits such as meat qual-
ity. Biomarkers are frequently but not necessarily part of the
biological mechanism, and often they refer to molecules or
the level (concentration) of molecules. Biomarkers may be
molecules of any type (e.g. RNA, proteins, metabolites) or
may consist of a profile of several molecules (te Pas et al.,
2011a; te Pas and Hoekman, 2012; Picard et al., 2015). Fre-
quently, the level of the biomarker is associated with quan-
titative aspects of the trait (Wilson and De la Vega, 2005; te
Pas et al., 2010).

To explain the concept of biomarkers we use a well-known
example: blood glucose level as a biomarker for diabetes type
2. Blood glucose level can be used by a physician to deter-
mine whether a patient has (diagnosis), or is developing (pre-
diction), diabetes and by the patient to determine how much
insulin to use (monitoring). The causal factor for the diabetes
is a lack of insulin or insulin resistance (for a review see
Tisch and McDevitt, 1996). It is possible to detect insulin
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hormone levels in blood (Phillips et al., 1994) and to mea-
sure functional hormone binding to its receptor (Gammeltoft,
1984), but these tools require skilled laboratory technicians
and are therefore time-consuming and costly. Knowing the
biological mechanism of insulin shows that the biological
action of insulin is to import glucose from the blood into
cells, as a consequence regulating the blood glucose level.
It is easy, fast, and inexpensive to measure blood glucose
level. Furthermore, automation makes it possible for diabetes
patients to measure blood glucose themselves at low cost.
Thus, blood glucose level measurement is the biomarker of
choice for predicting and diagnosing diabetes. Furthermore,
the measured glucose level can be used for intervention: in-
jection of insulin when blood glucose is too high, or glu-
cose intake if blood glucose is too low. This example shows
how knowledge of the biological process leads to an effec-
tive biomarker. Another example may be biomarkers related
to gestation. During gestation, rapid changes in gene expres-
sion as well as hormone profiles occur. This illustrates that
biomarkers can change rapidly throughout life. This is in
contrast with genetic markers that are stable in the genome
throughout life.

From this it may be concluded that once the biological
mechanism underlying a trait is known, there are many po-
tential biomarkers available (although biomarkers with un-
known functionality do exist). The question is how to choose
between them. Characteristics of good biomarkers are as
follows: (1) a high predictive value for the trait, (2) easy
and cheap detection (i.e. lower than the economic value of
the trait) (Goodsaid and Frueh, 2007) and (3) measurability
during the production phase using non-invasive or easy and
cheap sampling methods of tissues such as blood or excreted
body fluids. Even when variability in the trait between an-
imals is low, the biomarker should remain specific for the
trait and preferably constant over a certain time period. For
large-scale testing, automation of testing combined with in-
formation technology may speed up the industrial procedures
and thereby reduce the costs of production in industries.

2.1 How to develop biomarkers: the use of “omics”
methods and analysis tools

Biological processes are regulated at diverse levels. Muta-
tions at the genomic DNA level may affect the functional-
ity of proteins, or affect the expression of the genes. The
expression of the genes is also regulated by differences in
methylation of the DNA, the activity of non-coding small
RNA molecules such as miRNAs, the activities of diverse
transcription factors, and the activity of the translation com-
ponents of the cell (Kadonaga, 1998; Li et al., 2013). Fur-
thermore, the activity of the proteins is further regulated by
post-translational modifications regulating the flux through
biological mechanisms, potentially differentially regulating
metabolite concentrations in the cell.
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High-throughput omics techniques can measure all of
these biological levels: genomics measures single nucleotide
polymorphisms (SNPs) related to genetic variation, lead-
ing to the development of genetic markers; transcriptomics
measures RNA and miRNA levels related to the activity of
the genome; proteomics measures protein levels and post-
translational modifications related to the biological function-
ality of the genome; and metabolomics measures metabolite
levels related to the biological processes themselves, leading
to the development of biomarkers. Together these tools make
a full description of all the biological mechanisms underly-
ing a trait. Bioinformatics is necessary to decipher the un-
derlying networks and pathways (i.e. how genes cooperate)
and the functional biological processes (te Pas et al., 2006,
2007a, b). Systems biology integrates the knowledge of all
levels in complex biological models (Woelders et al., 2011; te
Pas et al., 2011b). Ideally, knowledge of all these underlying
mechanisms should be available, but usually biomarkers are
developed on the knowledge of only one or two of the omics
methods. This may be the cause of different biomarkers using
the same samples. Since traits like meat quality characteris-
tics are multi-gene complex traits, this can be expected.

Often a very important prerequisite for developing
biomarkers is overlooked: the availability of (highly) con-
trasting phenotypes including also large datasets with grad-
ual but great variability in meat quality parameters. These
quality phenotypes should be measured with conventional
methods such as Minolta (colour) and pH at 1 and 24 h (re-
lated to many meat quality traits such as the water-holding
capacity and the lightness of the meat) and determined, for
example, by muscle energy metabolism and buffering power,
glycogen content at time of slaughter, drip loss, intramuscu-
lar fat content (IMF) (the last two both related to tenderness
and juiciness), shear force, sensory tenderness, juiciness, and
flavour by a trained panel (Honikel, 1998). Combining the
information from omics studies and phenotype information
using bioinformatics and statistics (a so-called association
study) can highlight the relationship between the two. From
this information, biomarkers can be identified. Below we will
provide several examples of this from a variety of pork pro-
duction chains and using various omics methodologies.

3 Description of existing biomarkers

In this section we summarize published results of investiga-
tions aiming to develop biomarkers for pork quality. We will
show how different pork production chains were investigated
with different omics methods, highlighting the biology un-
derlying the traits leading to different biomarkers. The results
originate from various projects including industry and pub-
licly funded projects. Most of these projects were in cooper-
ation with the breeding industry, where there is widespread
interest in genetic and biomarkers (Wilson and De la Vega,
2005). This seems logical since the breeding industry also
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recognizes the effect of the interactions between genotype
and environment in the determination of phenotypic traits
such as meat quality. Furthermore, the increased use of the
SNP chip and the positive results may pave the way for the
use of expressional biomarkers by other industries in the pork
production chain.

3.1 Biomarkers for high-quality fresh pork production

While a major part of the world pork market is comprised of
fresh meat, a wide variety of processed products (either cured
or cooked, and prepared from entire cuts or minced/mixed
pieces) are consumed. For example, in France, more than
75 % of pork is consumed as processed products. Therefore
the requirements of the pork and the expectations of the con-
sumers vary widely according to the final product considered
and also to the geographical origin of the consumers, not only
throughout the world but also in closely related areas such as
the EU. Therefore, a large variety of pig breeds and pork pro-
duction chains exist. We used a German high-quality fresh
pork production chain based on Pietrain pigs. This breed is
known for high dressing percentage and high meat percent-
age but is also known to suffer from porcine stress syndrome
(PSS), leading to sudden death and pale-coloured meat with
a high initial rate of pH decrease, leading to high drip loss
(Kukoyi et al., 1981). Because of its high dressing percent-
age and very lean meat, the breed is popular for fresh pork
production in certain areas of Europe.

We used a German selection line for high fresh meat qual-
ity measured as low drip loss, non-pale meat colour (even
redder meat than usual for the Pietrain breed), and a related
relative slow drop of (initial) pH post-mortem, and we sam-
pled carcasses derived from the offspring of Pietrain boars
deemed either high fresh meat quality or average meat qual-
ity (te Pas et al., 2010). The contrast in transcriptomic pro-
files between the two types of carcasses was studied. Because
the focus of the study was directed to the general biological
differences between the two groups of animals rather than to
the individual differences within a group, the samples from
each group were pooled. Because the meat quality measure-
ments were on the longissimus dorsi, this muscle was also
used to study the transcriptome with microarray technology.

The results show that the genes differentially expressed
between the two groups carcasses were related to muscle-
specific processes such as contraction and contractile fibre
type, oxygen transport, and intracellular processes. The as-
sociation study highlighted the importance of muscle colour,
drip loss, and rate of pH decrease ultimate pH (i.e. the end
pH of the meat, usually measured at 24 h after slaughtering;
see Honikel, 1998) together with carcass traits (te Pas et al.,
2010, summarized in Table 1). The results suggest that in this
Pietrain line high-quality pork relates to the redness of the
meat, reduced drip loss, and the rate of pH decrease and ul-
timate pH. These meat quality changes also relate to carcass
traits. Due to the specific characteristics of the Pietrain pigs,
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Table 1. Number of biomarkers found per trait in a German high-
quality fresh pork Pietrain selection line.

Trait Number of biomarkers

a* value? 14
Reflection 10
Drip loss (%)

leb

pH?Jb

pH6b

pH24b

Back fat thickness (mm)
Carcass weight (kg)
Meat thickness (mm)
Lean meat (%)

[\S}

WP~ ==

2 Minolta a* value is a measure for the redness of the meat;
b pH measured in a muscle (usually the longissimus dorsi) of the
carcass at 1, 3, 6, and 24 h post-mortem.

i.e. high stress susceptibility related to pale and exudative
meat, it is interesting that high-quality meat carcasses seem
to be selected especially for colour redness and reduced drip
loss and related pH traits.

Ten of these genes were studied in a validation study us-
ing a PCR test for the genes (Pierzchala et al., 2014). In this
validation study, 100 Danish commercial Large White pigs
with all phenotypic data available were used. It is always
important to validate the results in an independent group of
samples, if possible with a different genetic background. One
difficulty in such studies may be that technical meat qual-
ity traits are measured differently. This may cause variation
in the data. The PCR results were used to build a model to
explain the contribution of each of the genes to each of the
traits. The results confirmed the Pietrain microarray data and
found in addition associations for other quality traits such
as colour and IMF as well. The modelling showed that the
highest explanation of the phenotypic variance of a given
quality trait in a best fit model was found for ultimate pH at
55 %, followed by the meat colour traits. Since this validation
study did not include all genes of the microarray study, the
biomarker composed of all genes reported in the first study
would probably have a higher explanation of the variation in
the traits.

3.2 Biomarkers for resources for high-quality dry-cured
ham production

Dry-cured ham is a high-value pork product. During produc-
tion the hams are prepared using a special procedure (de-
pending upon the region where the hams are produced), after
which the hams are dried for between a few months and sev-
eral years (Callow, 1947; Meats and Sausages, 2017; Wier-
bicki et al., 1976; Zhou and Zhao, 2007). The aroma of dry-
cured ham originates mostly from proteolysis and lipolysis,
and while lipolysis is affected primarily by manufacturing
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temperature, proteolysis is inhibited by salt (Toldra et al.,
1997; Toldra and Flores, 1998). Since the preparation proce-
dure requires a ham with minimum subcutaneous fat, a ter-
minal Duroc boar is used and the average slaughter weight
of the pigs is 120-140kg. Thus, additional animal manage-
ment and slaughter costs appear. Only after finishing the pre-
mortem and post-mortem procedures can the quality of the
dry-cured ham be determined. It is clear that a low-quality
final product has high costs for the whole production chain
without related income raised from the product. Thus, the use
of high-quality green hams is important. Biomarkers can be
used to recognize the best-quality green hams to avoid fur-
ther quality problems and high costs without revenues. But
the quality of the green ham needs to be determined using
non-invasive methods to avoid any damages to the product.
Since the muscles in an animal relate to each other to a cer-
tain degree, the meat quality characteristics can be studied in
the longissimus dorsi muscle and extrapolated to the ham.

The aim of the study was to find biomarkers for dry-cured
ham quality. We used proteomics because we expected that
the cytosolic protein levels in the different muscles may be
more related to each other than the transcriptomics expres-
sion profiles: indeed, Herault et al. (2014) showed great dif-
ferences between semimembranosus and longissimus gene
expression profiles. Proteomics was studied using two meth-
ods and in two independent batches of animals originat-
ing from two different farms. Although these animals were
genetically related we used them as comparisons for each
other without further validation using different breeds. Pre-
vious studies with different breeds showed that breed and
muscle type did not affect the number of peaks per spec-
trum in SELDI-TOF experiments, while a few of these peaks
indicated muscle fibre type-specific proteins (Mach et al.,
2010). Marcos et al. (2013a, b), comparing four different
pure breeds (Duroc, Large White, Landrace, and Pietrain)
using the same technique, showed associations between pro-
tein peaks and meat quality traits, mainly water-holding ca-
pacity and texture. Although explaining a limited propor-
tion of the variability, the authors concluded that the re-
sults showed interesting relationships between protein ex-
pression and longissimus meat quality traits. Furthermore,
using the same four breeds the ham quality for dry-cured
ham production was studied by these authors. Surprisingly,
they concluded that even if differences in the quality traits
(colour, water activity, texture, composition, IMF, and mar-
bling) of dry-cured hams were observed among the studied
breeds, only small differences in the sensory attributes were
detected. However, associations between protein peaks and
meat quality traits, mainly colour (Minolta b*, meat yellow-
ness) and texture (for details see Marcos et al., 2013a, b),
were observed. Candidate protein markers for the quality
of processed dry-cured hams were identified (Marcos et al.,
2013b).

Peak profile proteomics analysis revealed that most peaks
were shared by all carcasses (te Pas et al., 2013). This is of
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importance because the samples were taken after hanging the
carcasses overnight, and previous results have shown differ-
ences between proteins in post-mortem protein degradation
profiles and therefore a potential influence of sampling time
on proteomic profile (te Pas et al., 2009). Statistical asso-
ciation studies revealed biomarkers for a number of traits,
including drip loss, ultimate pH, colour, and fatness traits.
Biomarker profiles for ultimate pH and drip loss showed the
highest predictive capacity, with a maximum of over 80 %.
The number of proteins included in the biomarker differed
per trait. For IMF only a single protein was included, similar
to previous studies (Gerbens et al., 1997, 1998, 1999, 2000,
2001; Damon et al., 2006) reporting a large effect of the fatty
acid binding protein (FABP) genes and the abundance of pro-
tein FABP4 on IMF depot regulation. For drip loss 5 proteins
were included and up to 20 proteins included for ultimate
pH (te Pas et al., 2013). It is important to note that a good
biomarker can be composed of a combination of (different
types of) molecules. Further proteomics analysis identified
the important proteins in the profiles and biological analy-
ses of the important traits drip loss and ultimate pH showed
that several of the proteins found simultaneously were in-
volved in the determination of both traits, in agreement with
the high correlation generally found between these two qual-
ity traits. This illustrates the complexity of quality traits and
shows why the optimal number of proteins in the biomarkers
may be high for several traits.

The results are also suggestive of the underlying biological
mechanisms of muscle transformation into meat and devel-
opment of quality traits: therefore, knowing the biomarkers
bring understanding of why the traits are complex and re-
lated to each other. A suggestive biological mechanism may
be that, after slaughtering, protein degradation occurs. As a
result the cells become leaky, leading to a loss of water from
the tissue: drip loss. The amount of protein degradation may
relate to the amount of energy stored in the muscle affecting
both the ultimate pH and the amount of drip loss. However,
Of particular note is that the real biochemical post-mortem
processes may be much more complex than this.

3.3 Biomarkers for high-quality meat from a local breed

As mentioned above, eating and technological qualities of
pork result from interactions between genetic and environ-
mental factors; even though many factors influencing pork
quality have been identified, its variability remains high and
the muscle properties underlying high eating quality are still
unclear (Ngapo and Gariépy, 2008). In order to decipher
the biological mechanisms leading to high-sensory pork and
identify biomarkers of high-quality meat, we took advan-
tage of the development of genomic studies to analyse the
transcriptomic profile of two contrasting breeds, the Large
White (LW), considered as conventional with satisfactory
quality pork, and the French local Basque (B) breed, lead-
ing to high sensory and technological quality of fresh pork
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and processed products (Bonneau and Lebret, 2010). Tran-
scriptome analysis of the longissimus muscle of 20 LW and
20 B pigs was undertaken using a custom 15K microar-
ray, corresponding to around 9000 unique genes. This study
highlighted 1233 genes differentially expressed between
breeds (multiple-test adjusted P value <0.05; Benjamini and
Hochberg, 1995), out of which 635 were highly expressed in
the B and 598 highly expressed in the LW pigs. Functional
annotation clustering emphasized four main clusters asso-
ciated with transcriptome breed differences: metabolic pro-
cesses, skeletal muscle structure and organization, extracel-
lular matrix, lysosome, and proteolysis, thereby highlighting
many genes involved in muscle physiology and meat quality
development (Damon et al., 2012).

In order to get a progressive and high variability in pork
quality within our data set, these two contrasted breeds were
produced in different production systems, themselves influ-
encing pork quality: conventional, alternative (litter bedding
and outdoor access), and extensive system of the Basque
pork chain (B pigs only) (Lebret et al., 2015). Within both
B and LW pigs, the alternative system did not influence the
transcriptomic profile and the quality traits of fresh pork.
However, within the B breed, the extensive system led to
higher pH 30 min post-mortem (slower post-mortem pH fall)
and ultimate pH, darker meat and better water-holding ca-
pacity (lower drip loss) but slightly higher shear force (Le-
bret et al., 2015). These quality differences between produc-
tion systems were associated with differences in the longis-
simus transcriptome profile: using the same microarray as
described above, we highlighted up-regulation of 117 genes
in the longissimus muscle of B pigs reared in the extensive
system and 150 genes up-regulated in B pigs from the con-
ventional or alternative production systems. Functional anno-
tation clustering of biological processes associated with these
transcriptome differences emphasized eight main clusters, in
particular genes involved in the control of muscle structure
and thermal response (small heart shock proteins (HSPs)) in
pigs reared in the extensive compared with the alternative or
conventional systems (Lebret et al., 2013a). In addition to the
analysis of the influence of breed and of pig production sys-
tem on the muscle transcriptome profile by contrasted anal-
ysis, the wide range and progressive variability in techno-
logical and sensory quality of pork as well as of muscle ex-
pression patterns obtained in our experimental design were
exploited to identify biomarkers for pork quality (ultimate
pH; colour: lightness, redness, hue angle; drip loss; IMF con-
tent; shear force; sensory tenderness; juiciness; and flavour)
(Fig. 1). Combining meat quality and transcriptomic data ob-
tained on 50 animals, we established thousands of correla-
tions between microarray gene expression and meat quality
traits (140 for Minolta a* (meat redness) up to 2892 for ten-
derness, adjusted Benjamini and Hochberg P value <0.10)
(Damon et al., 2013). Then, considering 40 genes selected
for high correlation coefficient values or relevant biological
process terms for meat quality development, these associa-
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tions were confirmed on the same samples using RT-PCR
technique, which is more accurate for the further develop-
ment of molecular tools. Thus, 113 transcript-trait associ-
ations were confirmed (P <0.05, R? < 0.52), out of which
60 were validated (P <0.05, R? < 0.46) on complementary
data from the same experiment (n = 50) (Table 2). In other
words, this means that the expression level of one gene could
explain up to 46 % of the variation of one quality trait, in
the present case expression of ANKRD! (Ankyrin repeat do-
main 1) as a biomarker of ultimate pH. These correlations
involved a total of 26 genes and 8 meat quality traits. More-
over, multiple regression models including three to five genes
explained up to 59 % of the phenotypic variability in meat
quality, with best models (highest R?) found for meat colour
(hue angle), ultimate pH, drip loss, and IMF (Damon et al.,
2013). Finally, an external validation was undertaken using
pigs from different genetic origin produced in a commercial
chain (n =100 commercial Duroc x Landrace x Yorkshire
pigs) and allowed validating 19 transcript-trait associations
(R? <0.24, P <0.05), i.e. biomarkers for ultimate pH (6),
drip loss (4), Minolta L* (meat lightness) (5), hue angle (h°)
(2), IMF content (1), and tenderness (1) (Table 2) (Lebret et
al., 2013b).

Altogether, these results show that biomarkers of pork eat-
ing and sensory quality have been identified and validated,
but further work is needed to improve their predictive ca-
pacity in order to predict the development of control tools
for pork industry. Therefore, another approach based on the
identification and validation of transcriptomic biomarkers of
sensory and technological meat quality grades (e.g. low, ac-
ceptable, or extra pork quality levels) has been recently de-
veloped (Lebret et al., 2014). The final aim is to propose
molecular tools allowing discrimination of carcasses or pri-
mary cuts early after slaughter according to their predicted
sensory or technological quality level.

3.4 Biomarkers for detection of meat quality in relation
to transport stress and recovery from transport
stress

Pre-slaughter stress, for example transport exercise, is an
important factor influencing meat quality. Exercise changes
muscle metabolism and related muscle composition, espe-
cially in untrained muscles. Pre-slaughter pig transportation
can be regarded as exercise of untrained muscles. However,
rest after the exercise may reverse (most of) the effects of ex-
ercise on meat quality. Pre-slaughter exercise and time of rest
between exercise and slaughter may affect meat quality traits
differently (Grandin, 1980; Van der Wal et al., 1999; Stgier
et al., 2001; Kuchenmeister et al., 2002, 2005; Schifer et al.,
2002) because the underlying molecular mechanisms differ
between traits. In a model study for transportation exercise
and stress, pigs were placed on a treadmill for 30 min. The
pigs were slaughtered either immediately after the exercise
or after 1 or 3 h of resting time (Young et al., 2009).
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Longissimus muscle samples of
pork exhibiting wide and gradual
variability in meat quality

30 min post-morteE/

1 to 4 days post-
mortem (invasive)

,/ Muscle / meat \\

=y

—_——— -

Transcriptomics

Simultaneous expression level of
~ 9000 unique genes

Meat quality

pH, colour, intramuscular fat, drip,
shear force, tenderness, juiciness

Transcript-traits associations

Figure 1. Identification of biomarkers of meat quality by transcriptomic analysis of longissimus muscle: association between gene expression
level on muscle 15K microarray and individual meat quality traits (ultimate pH; colour: lightness, redness, hue angle; drip loss; intramuscular
fat content; shear force of cooked meat; sensory tenderness; and juiciness).

Table 2. Identification, confirmation and validation of biomarkers of pork quality. Significant correlations (P < 0.05) between meat quality
traits and the expression level of 40 genes at steps of identification (microarray, n = 50 pigs), confirmation (RT-PCR, n = 50 same pigs as
identification step), internal validation (n = 50 different animals from same experimental design as confirmation step), and external validation
(RT-PCR, n = 100 pigs genetically different from previous steps, commercial chain). Adapted from Lebret et al. (2013b).

Quality trait Identification®  Confirmation®  Internal validation®  External validation®
Ultimate pH 15 (0.65) 12 (0.60) 10 (0.68) 6 (0.49)
Drip loss (%) 24 (0.72) 23 (0.58) 14 (0.51) 4(0.34)
Meat lightness (L*) 18 (0.56) 16 (0.50) 11 (0.55) 5(0.28)
Meat redness (a*) 7 (0.63) 7 (0.59) 4 (0.39) 0
Hue angle (h°) 18 (0.59) 16 (0.61) 10 (0.62) 2(0.24)
IMEP 17 (0.72) 14 (0.60) 6 (0.47) 1(0.24)
Shear force (N cm_2) 9 (0.69) 7 (0.46) 1(0.29) Nd°
Tenderness 20 (0.80) 18 (0.73) 4(0.37) 1(0.22)

2 Number of significant correlations and, in brackets, maximum absolute value of correlation coefficient (|r|). b IMF: intramuscular fat

content. © Not determined.

Exercise increased the muscle temperature by about 1°C
in the longissimus dorsi and 2°C in the biceps femoris,
which was reversed within 1 h. This showed the (high) inten-
sity level of the exercise and the functional differences of the
muscles (respectively static and active during the exercise).
In both muscles, creatine phosphate, ATP, and glycogen con-
tent were reduced, and 1 h of resting also reverses these bio-
chemical effects. These biochemical changes affected techni-
cal meat quality traits (reduced the rate of early post-mortem
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pH decrease and increased drip loss). The authors reported
overshooting effects for the 3 h resting period for pH and
drip loss in the biceps femoris muscle and the primary energy
sources (creatine phosphate and ATP). Furthermore, exercise
increased the toughness of the meat, which was not reversed
by resting for 1 or 3h (Young et al., 2009). Because the bio-
chemical parameters were reversed by resting this toughness
seems not to be related to drip loss.
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The resulting biochemical changes affect proteome mus-
cle composition and biochemical processes related to energy
metabolism, which also affect post-mortem processes affect-
ing meat quality. We studied the proteome changes in pig
longissimus dorsi and biceps femoris muscle tissue of the
same animals (te Pas et al., 2011c). The results show that the
expression levels of many proteins in the muscle proteome
are affected by both exercise and resting, and the muscle pro-
teome of both muscles reacted differently to the applied ex-
ercise stress, probably due to the fact that the biceps femoris
is directly involved in running while the longissimus dorsi
muscle is not. Many of the observed associations relate to
muscle energy metabolism and storage traits (i.e. levels of
ATP, ADP, IMP, creatine phosphate, glycogen content, pH,
and drip loss). Resting reverses the expression changes in-
duced by exercise. Interestingly, overreaction of the reversal
was observed for several proteins. The expression levels of
several proteins both react to exercise and resting, and they
are also associated with meat quality traits. This makes them
very interesting biomarkers to determine and predict the op-
timal length of the resting time at the slaughterhouse after
transport to the slaughterhouse, especially since resting too
short shows reduced meat quality due to the transport stress,
and resting too long may affect meat quality due to overreac-
tion of the proteome to resting. The results also suggest that
the optimal resting time varies according to the meat quality
traits considered. Using these biomarkers may direct the car-
casses to different market segments with different consumer
expectations or processing industry requirements.

3.5 Prenatal muscle tissue development related to
post-mortem meat quality

Muscle fibre numbers are important for meat quality charac-
teristics. High muscularity can be achieved by muscle fibre
hypertrophy or by muscle fibre hyperplasia. High muscle fi-
bre hypertrophy like in Pietrain pigs often results in whiter
meat (because type II fibres are thicker and require less vas-
cularization than type I fibres) with higher drip loss and less
IMF (Reviewed in Joo et al., 2013). High muscle fibre hy-
perplasia like in double-muscled cattle often results in more
red meat with better organoleptic meat quality characteristics
(Wegner et al., 2000). Mammalian muscle fibre formation is
an exclusive prenatal process under strict genetic regulation
(Wegner et al., 2000; te Pas and Soumillion, 2001; Rehfeldt
et al., 2004; Stickland et al., 2004). Thus, muscle fibre for-
mation is a prenatal process that regulates post-mortem meat
quality. A major difference may be that the double-muscled
cattle phenotype is caused by a mutation in the myostatin
gene — a major (negative) muscle growth regulatory gene
(McPherron et al., 1997; Grobet et al., 1998; Karim et al.,
2000), while muscle fibre hypertrophy may be the result of
the cooperation between many regulatory genes. A different
mutation creating a regulatory miRNA site was found in the
sheep myostatin gene generating an miRNA binding site in
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the myostatin mRNA, leading to down-regulation of the ex-
pression of the myostatin gene in the high-meatiness Texel
sheep breed (Clop et al., 2006). However, no evidence exists
for a mutation in the porcine myostatin gene (Stinckens et al.,
2008). Therefore, we focused on the mechanism of muscle
development and growth during prenatal pig development.

We studied the transcriptome expression in porcine longis-
simus dorsi muscles of Duroc pigs. The results showed that
especially the primary wave of prenatal muscle fibre forma-
tion is strongly genetically regulated, while the secondary
muscle fibre formation is associated with much less differ-
ential gene expression (te Pas et al., 2005; Cagnazzo et al.,
2006). This is in agreement with the fact that the secondary
muscle fibre formation can be regulated with feed, while the
primary muscle fibre formation cannot be affected (Rehfeldt
et al., 2004; Stickland et al., 2004; reviewed in Rehfeldt et
al., 2011a, b). Interestingly, the number of differently ex-
pressed genes for energy metabolism suggest that prolifer-
ation of myoblasts prior to differentiation is accompanied by
oxidative phosphorylation, while during differentiation (i.e.
fusion into multinucleated muscle fibres) glycolysis seems
to be of main importance (te Pas et al., 2005).

Interestingly, comparing Duroc and Pietrain data reveals
that the expression of the myogenesis-related genes was
greater in early Duroc embryos than in early Pietrain em-
bryos, whereas the opposite was found in late embryos.
These findings suggest that the primary myogenesis process
is more intense in Duroc than in Pietrain embryos but that
the secondary myogenesis that occurs later during gestation
is more intense in Pietrain foetuses than in Duroc foetuses
(Cagnazzo et al., 2006). These results were confirmed by
Davoli et al. (2011) using PCR tests. Furthermore, the energy
metabolism genes were expressed at a higher level in prena-
tal Pietrain pigs than in prenatal Duroc pigs, except at day
35 of gestation, when the opposite situation was found. Fatty
acid metabolism genes were expressed at a higher level at
early physiological stages in Duroc embryos than in Pietrain
embryos. These results suggest that decades of breeding for
high growth rate and lean muscularity in pigs (Merks, 2000)
induced changes in the genetic regulation of the underlying
biological processes that already are evident in the early em-
bryo, including mechanisms that regulate post-mortem pro-
cesses.

The next polymorphisms in the loci of 10 of the
prenatal differentially expressed genes were studied
for genetic association with meat quality traits (Wim-
mers et al.,, 2007) in 1700 performance-tested fattening
pigs of commercial purebred and crossbred herds of
Duroc, Pietrain, Pietrain x (Landrace x Large White), and
Duroc x (Landrace x Large White) as well as in an experi-
mental F2 population based on a reciprocal cross of Duroc
and Pietrain. This also served as a validation of the results in
genetically different populations. Nine of the genes showed
association with meat-quality and carcass traits, including
meat colour, pH, and conductivity of loin 24 h post-mortem.
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However, none of the genes showed significant associations
for a particular trait across all populations indicating the
breed-specific aspects of the results.

4 Integration of knowledge and potential uses of the
biomarkers

These examples show that there is overwhelming evidence
for the concept of biomarkers detecting and predicting meat
quality traits in diverse pork production chains. While indeed
breed-specific effects were reported, validation studies in dif-
ferent breeds also indicated evidence for biomarkers over
breeds and production systems. This shows the commercial
potential for biomarkers.

Different omics technologies may identify different
biomarkers. However, biological mechanisms underlying
the observed biomarkers may identify even more po-
tential biomarkers. The underlying reason for the dif-
ferences between the analyses may be related to the
complex nature of the traits under investigation. For
high reliability of the results it may be important to
measure many genes/proteins/metabolites at the same
time and conclude about the predictive capacity of
the biomarker on the combined analysis of all mea-
sured genes/proteins/metabolites together. This will bring
the biomarker research into the systems biology discipline
(Woelders et al., 2011; te Pas et al., 2011b). A complexing
factor is that all omics and phenotype data need to be mea-
sured in the same animals at the same moment in life (or after
slaughter). This requires both high financial and technical re-
sources. At present no example of this in livestock science
exists. Orozco et al. (2015) provide a good example compar-
ing 90 laboratory strains of mice, investigating genome-wide
genotype (genetics), genome-wide methylation patterns (epi-
genetics), transcriptomics, proteomics, and metabolomic pat-
terns. The analysis integrates all data together, clearly show-
ing that genetic analysis using GWAS (genome-wide associ-
ation study) provides only part of the genomic effect. A clear
bidirectional interaction is shown for epigenetic effects. The
resulting phenotypes of the 90 mouse strains also strongly
relates to regulation at the transcriptomic, proteomic, and
metabolomic levels. This study shows both the power and the
necessity of integrated analysis to understand complex traits
such as meat quality. Therefore, we argue that the future di-
rection to understand meat quality and develop meaningful
biomarkers needs to aim in this direction.

Automation will be required to reduce the costs until it
is economically feasible to measure and use the biomark-
ers. The SNP-chip methods available now for genotyping of
commercial herds are a good example of this. While measur-
ing all SNPs was in the past too time-consuming and costly
for commercial applications, genomic selection now applies
SNP-chip data to whole cattle breeding herds, reducing gen-
eration time and reducing costs of testing herds (Calus and

www.arch-anim-breed.net/60/271/2017/

Veerkamp, 2007). Robotized carcass direction systems exist,
but the software interface between biomarker detection ap-
paratus and the robotized slaughterhouse system still needs
to be written. In the end, automated detection systems will
reduce the costs of biomarker measurements because they do
not require a specialized laboratory and specialized skilled
laboratory personnel.

Biomarkers may also be important for research aiming
to change traits. Intervention studies changing, for example,
the environment of the animal (differing from feed compo-
sition to animal management at the farm and the transporta-
tion periods of piglets to the fattener and slaughter pigs to
the slaughterhouse) can use biomarkers to predict the poten-
tial reaction of the animal to the intervention and to monitor
changes during the intervention, aiming to reduce or reverse
the adverse effects. Before the study starts, the biomarkers
need to be well chosen and the method of detection de-
termined. Breed-specific effects may be important for the
choice, including the period of life of the intervention.

4.1 Commercialization of biomarkers

Pork is produced in chains integrating the activity of many
industries: from breeders and producers with interaction with
the feed producers to transporters and slaughterhouses, and
either directly from the slaughterhouse to the retail sector
or via the processing industry, and, finally, the consumers,
which are not only the end users but also the ones who decide
what quality really is. All industries in the chain should rec-
ognize that the consumers in the end judge the overall contri-
butions that determine quality of the final product. Therefore,
each industry should optimize its process in conjunction with
all the other participants in the production chain. A combina-
tion of well-chosen biomarkers may help the industries to
coordinate all production processes and to inform the other
industries in the chain about their contributions to high meat
quality. This will form an integrated production chain from
which all participating actors will profit (te Pas et al., 2011a).
This requires that all industries participating in the meat pro-
duction chain accept the concept of biomarkers and cooper-
ate in sharing of data among all partners, enabling integrated
analysis of the data with only one goal in mind: producing
meat with the highest possible quality for consumers.
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