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Abstract

New Zealand has an untapped goat meat industry that has yet to be developed as a
significant source of healthier red meat. However, this meat is known for being tough and
requiring longer cooking times to achieve tenderness- preferred for household and industrial
use. Currently, there are no pertinent data describing the quality of goat meat produced in
New Zealand (NZ). Furthermore, processing conditions significantly affect meat quality in
terms of protein digestibility and, consequently, nutritional value. This thesis investigated the
quality of NZ goat meat and the impact of sous vide and microwave processing on its quality
and 7n vitro protein digestibility.

The goat meat produced in NZ are mainly coming from wild goats known as feral
goats. In this study, the differences between the quality characteristics of goat meat from NZ
teral goats and Boer crosses a popular meat breed were investigated. Our data show that
tenderness is highly affected by meat pH, collagen content, and muscle type. Meat from
different breeds can be differentiated by colour and feral goat meat had higher collagen content
but with lower solubility compared to Boer crosses. Further evaluation of goat meat
ultrastructure revealed that the current practice in handling goat meat carcasses results in
supercontracted muscle. Regardless of breed, the challenge for goat meat quality includes its
inherently high pH and susceptibility to cold shortening, which affect its technological
properties.

This project also highlights the impact of processing on goat meat structure and
protein digestibility. Using a static zn vitro digestion system, the protein digestibility of sous
vide (SV) cooked goat meat was initially investigated between different breeds. Meat from

Boer crossbreeds had higher digestibility than meat from feral goats in terms of the degree



of hydrolysis. The level of collagen significantly affected the variability in meat digestion rate,
specifically during the gastric phase. Further investigation of the effects of thermal processing
on goat meat was also explored by comparing the impacts of sous vide and microwave
processing. The sous vide and microwave processed goat meat varied in meat quality and
protein structure. However, the difference in the vitro protein digestibility of goat meat as
influenced by the processing method was observed in gastric phase. Moreover, peptidomics
revealed that sous vide and microwave processing significantly affected the hydrolysis of major
proteins in goat meat, but this variation was only apparent in the gastric phase complimenting,
the initial protein hydrolysis data.

Overall, this research provided new information on the physicochemical
properties, muscle structure, and protein digestibility of goat meat as affected by breed,
muscle type, and processing conditions. The outcomes provide significant knowledge about
New Zealand goat meat quality and highlight the role of muscle structure and pH for its
quality improvement. Protein digestibility studies also revealed that the eftect of different

processing conditions on meat protein digestibility was evident only in the gastric phase.
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1.2 Research background

In an era of alternative proteins, this research is about meat. People blame the livestock
industry for our rapidly changing world. But we cannot deny that meat is still a significant
commodity in our diet. However, science has no black-and-white answer regarding the best
diet that will not harm the earth. The knowledge built from the beginning of time through
the collective efforts of scientists helped us gain an understanding of how things work in food
processing, nutrition, and health. Currently, many studies aim to replace meat or find
alternatives for it, but there are still a lot of questions left unanswered in meat science, and
this paper sought to answer some of them. “Stand on the shoulders of giants,” they say, so this
work is built upon the great ideas of the past and aims to contribute to more understanding
of red meat quality and processing, in particular, the research on goat meat and the eftect of
processing on its protein digestibility.

Goat meat, also known as chevon, is meat from adult goat (Capra hircus) and is
considered a healthier red meat option as it is lean and low in cholesterol (Madruga & Bressan,
2011; Mazhangara et al., 2019). Goat meat production has several advantages considering our
changing environment and evolving consumer preferences. The high adaptability of goats
makes them ideal as another source of red meat (Alexandre & Maghoub, 2011; Devendra &
Burns, 1983; Laczo et al., 2007; Menendez-Buxadera, 2006). In New Zealand, goat meat is a
less known red meat than lamb and beef and is consumed in a limited amount. However, the
increasing number of immigrants from Middle Eastern and Asian countries has increased the
demand for this meat (Scholtens et al., 2017). Moreover, there is a strong demand for goat

meat globally (Mazhangara et al., 2019).



Despite the positive demand for goat meat, its production in New Zealand is still small
and poorly established compared to the beet and lamb industries. Currently, the goat meat
produced in New Zealand is mainly sourced from feral goats (wild goats), followed by dairy
breeds and the popular meat breed Boer (Scholtens et al., 2017). Meat from feral goats is often
discriminated against the meat from Boer goats and is tagged as inferior goat meat. However,
the published information regarding the quality characteristics and nutritional value of the
important New Zealand goat meat sources is minimal. Additionally, the lack of facilities to
slaughter and process goat carcasses is a significant constraint for goat meat production
(Scholtens et al., 2017). Goats are slaughtered the same way as lambs (Scholtens et al., 2017),
which might result in undesirable qualities for goat carcasses. Therefore, it is vital to
determine the attributes of goat meat processed under current slaughtering conditions. The
examination of goat meat muscle structure can also give a further explanation regarding goat
meat qualities. Hence, regardless of the role of goat meat in fulfilling the demand for domestic
and overseas markets, a study on the quality, muscle structure, and nutritional value of
commercially important goat meat in New Zealand would be valuable.

Goat meat has been reported to be tough and to have a poor response to aging (Kannan
et al., 2014; Shija et al., 2013). The toughness of goat meat is a challenge for its acceptability
since meat tenderness is one of the most important quality characteristics for meat
consumption (Destefanis et al., 2008). The toughness of goat meat has been linked to its high
collagen content, low collagen solubility, muscle fiber characteristics, and low intramuscular
fat, all of which vary among breeds and muscle cuts (Hwang et al., 2019; Shija et al., 2013).
Moreover, unsuitable pre- and post-slaughter handling procedures further affect the quality

of meat (Pophiwa et al., 2020). In terms of meat processing, tough meat requires a longer time



to cook and specific interventions to achieve acceptable tenderness (Ertbjerg & Puolanne,
2017; Tornberg, 2005). In fact, sous vide goat has been found to be tougher than beef cooked
using the same method (Ismail et al., 2019a). Among the technologies that can improve the
cooked quality of goat meat, exploring difterent time-temperature conditions is an area that
still needs investigation.

Multidisciplinary research is currently being carried out to link processing methods
to the nutritional quality of meat proteins in terms of protein digestibility. The most common
approach in carrying out these studies is using an iz vitro system, which is useful in predicting
digestion outcomes in vivo (Bohn et al,, 2018). Studies on meat protein digestibility have
demonstrated that various processing conditions can affect meat iz vitro protein digestibility
(Mitra et al., 2022; Orlien et al.,, 2021; Yin, Zhou, et al., 2020). Meat undergoes several
manufacturing processes to suit consumer demand. The factors affecting meat protein
digestibility in terms of processing can be grouped into two categories: 1) The preparation or
condition of meat (e.g. breed, post-mortem condition, whole vs minced meat, etc.) and 2)
Cooking methods used (e.g., pan frying, sous vide, microwave, etc.). While the effect of the
preparation or condition of meat before cooking has been investigated, results remain
contradictory, and no definitive conclusions have been reached. This area remains unclear
and is less studied. On the other hand, the effect of temperature or cooking conditions has
been vastly explored over the past decade. This is probably because thermal processing
temperature is identified to be the primary determinant of the overall digestibility of meat
protein (Bax et al., 2012; Mitra et al., 2022), and this effect been reported in beef (Bhat et al.,

2020; Oberli et al., 2015), pork (He et al., 2018; L. Li et al., 2017; Mitra et al., 2022) and in rhea



meat (Filgueras et al., 2011). Generally, high-temperature cooking heating tends to result in
lower meat protein digestibility compared to low-temperature processing (Bhat et al., 2020).

Sous vide, which uses low-temperature processing, is often idealized as a better
processing method that improves meat protein digestibility (Bhat et al., 2020; Mitra et al.,
2017; Yin, Zhou, et al., 2020). Its mechanism is related to the mild oxidation effect of low-
temperature processing on muscle proteins; mild oxidation allows protein structures to unfold
exposing more peptides for enzyme action (Zhang et al., 2020; Zhang et al., 2013). Conversely,
high-temperature processing induces higher protein aggregation (Deb-Choudhury et al.,
2014) and significant myofibrillar proteins can form heat-induced modifications inhibiting
easy access to proteolytic enzymes (Liu & Xiong, 2000). Despite the positive effects of sous
vide (low-temperature processing) on meat protein digestibility, this method can also
potentially result in lower meat protein digestibility. Some sous vide processes use a very long
processing time, and prolonged heating has been reported to result in further aggregation of
proteins (Cai et al., 2018; Mitra et al., 2017). These more aggregated protein structures can
rebury exposed structures, limiting enzyme activity and leading to longer digestion times.
Ultimately, the effect of thermal processing conditions on the digestibility of meat proteins is
related to the resulting meat protein molecular structure, which depends on the time and
temperature conditions used.

In goat meat processing, achieving the desired texture through thermal processing is
essential. As demonstrated in the literature, sous vide is a good option for cooking goat meat
(Ismail et al., 2019a, 2019b). However, the use of long-time cooking is not always practical for
household or industry applications due to the length of the process. Hence, a fast-cooking

method that involves high-temperature processing is sometimes used to achieve the desired



meat texture, and its use in goat meat processing can be investigated. In this aspect, the
applicability of microwave processing on goat meat processing can be evaluated. Currently,
evaluating the eftect of using low-temperature cooking in comparison to high-temperature
processing on goat meat protein digestibility has not been explored. Advances in scientific
techniques can be used for fundamental research to elucidate the precise mechanisms of
muscle protein structural modification and the implications the technological and nutritional

quality of meat.

1.3 Overall goal and research questions

1.3.1 Overall goal

This research generally aims to determine the quality characteristics of goat meat
produced in New Zealand and determine the effect of sous vide and microwave processing

on its structure and protein digestibility.
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Figure 1. 1 The overall illustration of the PhD project. Created with biorender.com.

1.2.1 Research questions (RQs)

RQ1: What is the quality of meat from Boer and feral goats produced in New Zealand?
Do breed, sex, and muscle type influence its properties regarding physicochemical
characteristics such as pH, colour, cooking loss, collagen content, and collagen

solubility?

RQ2: Is there a difference in the protein digestibility of goat meat between breeds and

muscle types with varying textures?

RQ3: What is the quality of goat meat in terms of tenderness, cooking loss and colour
when cooked under sous vide and microwave methods? Then how does goat meat
respond to these cooking processes in comparison to other red meats?

RQ4: How can sous vide and microwave processing methods modify goat meat's

ultrastructure and protein molecular structure?

RQs5: Is there a difference in overall protein digestibility of goat meat when processed

using sous vide versus microwave methods?



1.3 Research Approach

This thesis has five experimental parts to answer the identified research questions. The
experiments in Chapter 3 were done to determine the characteristics of goat meat produced
in New Zealand. This chapter explored the meat quality differences in terms of
physicochemical properties and cooked meat quality among commercially significant goat
breeds in New Zealand, and the effect of breed, sex, and muscle type on its quality was
evaluated. Meat quality is described in terms of goat meat's physicochemical and cooking
properties (colour, texture, and cooking loss). Additionally, Chapter 3 examined the muscle

ultrastructure of goat meat before and after sous vide processing.

Chapter 4 extends the investigation in Chapter 3 by evaluating the zn vitro protein
digestibility of the selected breeds and two muscle types. The samples chosen in Chapter 4
are the meat having significant variability in cooked texture to determine if these affect the
meat protein digestibility. Throughout the study, digestion was carried out using a static
digestion system using jacketed glass reactors. The simplicity and usefulness of in witro
gastrointestinal digestion models in predicting the outcomes of digestion in vivo were the

reason for choosing the model for this experiment.

The succeeding experimental chapters (Chapters 5-7) focus on the effect of thermal
processing on goat meat quality, muscle structure, protein structure, and digestibility. The

experiments were done using two modes of heating: low-temperature, slow-cooking using



sous vide, and high-temperature, fast-heating involving dielectric heating via microwave

processing.

The resulting meat texture was a significant parameter used to determine the
processing conditions in these chapters. Chapter 5 explores the impact of using microwave
compared to sous vide cooking on goat meat quality and ultrastructure. Chapter 6 was set up
to examine the modification of meat protein molecular structure by microwave and sous vide
and how these changes influence the in vitro gastrointestinal digestion of meat proteins in
terms of the free amino nitrogen release and the protein profile of the digest. Chapter 5 and
Chapter 6 were conducted, where experiments on goat meat were carried in comparison to
lamb as another meat source to understand if goat meat behaves differently from more
commonly consumed red meat. Finally, Chapter 7 focuses on quantifying and characterizing
goat meat-derived peptides released during in vitro digestion of microwave and sous vide
cooked goat meat using a peptidomic approach. An overview of the thesis structure is

presented in Figure 1.1
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This literature review aims to provide an overview of the status of goat meat
production in New Zealand and a comprehensive summary of the existing literature on goat
meat quality and processing. This review also includes the implications of processing on

protein structure and the fundamentals of meat protein digestibility.

2.1 Goat meat

Goat meat is a general term for meat produced from a goat (Capra hircus). A goat is a
multifunctional animal and an untapped meat source suitable for sustainable red meat
production. Goats are highly adaptive to extreme environments, considering production,
reproduction, and disease resistance (Alexandre & Mandonnet, 2005; Devendra & Burns,
1983; Laczo et al., 2007; Menendez-Buxadera, 2006). For example, goats can survive heat
stress, prolonged water deprivation, and require little land space (Aziz, 2010; Eisler et al., 2014;
Rosa Garcfa et al., 2012) (Eisler et al.,, 2014). Goats are both grazers and browsers and eat
some grasses and shrubby plants, which other ruminants will not; this makes them efficient
when raised with other ruminants for diversification (Van Niekerk & Casey, 1988). Generally,
goats can be farmed with low inputs (no vitamins and antibiotics), which is essential to satisty
the emerging and growing consumer group seeking free-range and antibiotic-free meat for
“the lifestyle" markets. With the changing environment and evolving consumer preferences,
goats will play a vital role as an alternative red meat option, sustaining the meat demand
worldwide.

There are approximately 300 breeds and types of goats, primarily found in the tropics
and subtropics (Devendra & Burns, 1983). Goats are commonly reared without a specific

product goal and with less breeding control, specifically for meat production (Paim et al.,
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2019). Thus, compared to the other popular red meats, such as lamb and beef, there is a less
tormal structure for goat meat production regarding breed selection strategies. However,
some breeds are considered superior in meat production and are used as breeding stocks for
countries that farm goats for meat.

For meat production, goats are sold based on their live weight and its relationship to
their carcass yield (Kadim & Maghoub, 2011). The carcass characteristic determines the meat
quality and value of the animal before it reaches the consumer, and a breed that can produce
high carcass yield and saleable meat is more valuable. Among goat breeds, South African Boer
or Boer, Spanish, Kalahari, and Savannah are the known meat breeds. Boer is the most popular
among the meat breed goats known to have the size, body weight, bone structure, and growth
rate that fulfill all the market requirements (Malan, 2000; Pratiwi et al., 2004; Van Niekerk &
Casey, 1988). Culled dairy goats comprise a large portion of the goat meat market since culled
dairy goats are sold as meat (Scholtens et al., 2017). Dairy goats have the advantage of large
body sizes suitable for meat production. The popular dairy breeds are Saanen, British Saanen,
Sable, Alpine, and Anglo-Nubian. On the other hand, the known fibre breeds are unsuitable
for meat production because of their low carcass yield (Devendra & Burns, 1983; Oman et al.,
2000; Paim et al., 2019). In Australia and New Zealand, feral goats play a significant role as a
primary source of meat for export because of their availability. Feral goats are wild goats from
the dairy or fibre breed goats that escaped or were freed and established their habitat in islands
and mountainous areas (Rolls, 1977).

Generally, goats’ phenotypic characteristics and production potential vary greatly,
affecting carcass and meat quality. Research shows contrasting reports on dressing out

percentage values among breeds (Dhanda, Taylor, Murray, et al., 2003; Tahir et al., 1994
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Tshabalala et al., 2003). But, when different goat breeds have the same frame size (small vs.
large framed goats), their carcass’ quality is often highly influenced by their size more than
by breed type (Dhanda, Taylor, & Murray, 2003; Johnson et al., 1995). At present, there is an
increase in the popularity of goat meat as an alternative red meat option. The exploration of
indigenous breeds of a country is becoming in demand because of their adaptability. The idea
of food production driven by sustainability and environmental concerns gives goat meat

production an advantage as a less explored red meat.

2.2 Types of goat meat in the market

The export and domestic markets generally classify goat meat into two types, the
Capretto/Cabrito and Chevon, differentiated mainly by age and carcass weight (Dhanda,
Taylor, & Murray, 2003). Table 2.1 presents the description and use of the two main types of
goat meat in the market. Cabrito or Capretto is the meat from suckling kids popular in various
European regions. Cabrito meat is a significant goat meat product in Portugal and is part of
their culinary tradition. It is also popular in the Mediterranean lifestyle (Santos et al., 2007b;
Teixeira et al., 2011). Together with lamb, goat meat is a popular source of meat for traditional
Mediterranean dishes that typically use lean meat. On the other hand, Capretto is the term
used in Italy, France, many parts of Latin America, and the Caribbean (Borgogno et al., 2015;
Vincent, 2018). This meat’s distinct flavour and texture make it a premium goat meat product,
and its light carcass makes it ideal to be consumed entirely by a family on significant occasions.

Chevon is the popular term for goat meat around the world, and it is the general term
used to describe goat meat from adult or mature goats. It is a standard meat product traded

for export and consumed in various developing countries and a popular choice of meat in India
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(Naude & Hofmeyr, 1981; Vincent, 2018). In European countries, most of this meat is used for
processed products, which makes it more appealing to a broader range of consumers. Chevon
is often discriminated against capretto/cabrito since fresh suckling-kid meat is regarded to
have higher edible quality (Santos et al., 2007b). Moreover, chevon is also known to be a tough
meat characterized by its “goaty aroma/ sweaty aroma” (Wong et al., 1975), a flavour that

resembles that of mutton or lamb (Sheridan et al., 2003).

In this thesis, goat meat is generally used to refer to meat from goats regardless of the

classification of goat meat in the market unless explicitly stated in the discussion.

Table 2. 1 Goat meat types, their description, and their use.

Types of meat Description Uses

Capretto/Cabrito  Meat from milk-fed kids, up to 12 weeks, Roasted like a lamb
and a carcass weight of 4-12 kg. The or, in the form of
meat is described to be light/ pale in chops, may be broiled

colour and has a fine texture, tender, and or fried.
lean.

Chevon Meat from young (1-2 years old) to adult In curries, braises,
goat (2-6 years old). Typical carcass  and stews, use moist,
weight ranges from 14-22 kg. long, slow-cooking

methods.

Sources: (Dhanda, Taylor, Murray, et al., 2003; Murray et al., 1997; Santos et al., 2007a; Teixeira et al., 2011;
Vincent, 2018).

2.3 Status of goat meat production in New Zealand

New Zealand is known for its meat production and is among the world's top exporters
of lamb and beef. Although New Zealand also exports goat meat, its production is not popular

in the country. Figures for goat meat show that it has a tiny share of the export revenues of
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the New Zealand meat industry. On average, from 2012-2017, goats contributed only 0.4% of
the total slaughtered animals in New Zealand, which supplied 983 Tons of exported goat
meat, with an export value of 5.08 million USD (Statistics New Zealand, 2020).

Scholtens et al. (2017) estimated the volume of slaughtered goat meat based on the
existing populations of feral, Boer goats, dairy, and Angora around the country (Table 2.2).
The relatively low volume of goat meat mostly comes from domesticated feral goats (wild
goats), farmed together with sheep and cattle as weed control (Gillingham, 2008; Lopez-
Lozano et al., 2017). The feral goat meat is produced in high volume (60%) because it is readily
available and a cheap source for slaughter and breeding stock (Vincent, 2018). Other sources
of goat meat were dairy goats; approximately 85% of these were Saanen breeds (Scholtens et
al., 2017). Also, some fibre goats, specifically Angora, contribute to the production of goat meat
(Lopez-Lozano et al., 2017). New Zealand also has two meat breed goats, Kiko and Kikonui,
known as an improved Kiko, but these goats are not commonly bred in the country.

Most of the goat meat produced in the country is exported and these were mainly
sourced from feral goats (Lopez-Lozano et al., 2017). On the other hand, in the domestic
market, the goat meat sold is primarily from Boer. Among the sources of goat meat, carcasses
trom Boer had the highest value at an average of 4.5 NZD per kg of carcass weight (CW)
since Boer meat is considered the premium goat meat, while feral meat is priced the lowest.
The values suggest that the breed type significantly dictates the value of goat meat. However,
no current study proves that meat from Boer is superior to New Zealand feral goats. The
research done for the quality evaluation of NZ feral goat meat was in the 1970s (A. Kirton,
1970) and the qualities of commercial goat meat in the country were reported by Hogg et al.

(1992), where they used Saanen x Angora crosses. This area needs to be understood further
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to establish information regarding the quality characteristics of goat meat produced in New

Zealand.

Table 2. 2 Estimate of New Zealand goat meat production and value (Scholtens et al., 2017)

Average Total Average Total

Number carcass Carcass Value Value

Source slaughtered weight (kg)  weight (kg) ($/kgCW) ($/yr)
Feral (60.2%) 91,200 9 821,000 2.5 2,052,000
Boer (11.7%) 6,380 25 160,000 4.5 718,000
Dairy (24.0%) 8,180 40 327,000 3 982,000
Angora (4.1%) 2,240 25 55,900 3 168,000
Total 108,000 1,400,000 3,920,000

Although goat meat in produced New Zealand is mainly exported, the local
consumption of goat meat in the country is increasing (Statistics New Zealand, 2020); this can
be explained by the increasing number of immigrants with ethnic preferences for goat meat.
The pattern is similar to that in Australia, where immigrants from Middle Eastern and Asian
origins have driven the increase in goat meat consumption domestically (Dhanda, Taylor, &
Murray, 2003; Vincent, 2018). Even with the increased demand, the goat meat industry in the
country is still small and not well established compared to the beef and lamb industries. The
lack of facilities to slaughter and process goat carcasses is a significant constraint for goat
meat production (Scholtens et al., 2017). Moreover, the current information regarding the
quality characteristics of the important NZ goat meat sources is minimal. Also, based on
personal communication from the Ministry for Primary Industries of New Zealand, there are
no regulated classification schemes for goat meat; this means there is no standardized
definition of goat carcass in the country. If NZ wants to exploit its capabilities for goat meat

production, there’s a lot of work and opportunities for its improvement.
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2.4 The uniqueness of goat meat

Goat meat is widely distributed around the world. In Western countries, goat meat is
not as popular as lamb and beef, is considered exotic meat, commonly consumed by migrants,
and not widely farmed (Dhanda, Taylor, Murray, et al., 2003; Webb et al., 2005). But in Africa,
Asia, and Arab countries, goat meat is favoured mainly because of cultural traditions and its
availability. But what are the composition and characteristics ot goat meat that make it unique

from other red meat?

2.4.1 Chemical composition

Among the popular meat sources, goat meat is a source of lean meat with ~18-25 %
protein content for raw meat (A. Kirton, 1970; Tshabalala et al., 2003; Webb et al., 2005)
(Table 2.3). It has a favourable protein-to-fat ratio due to lower intramuscular fat (IMF)
content (Tshabalala et al., 2003). The fat content of goat meat is comparable to poultry meat
and significantly less than beef and lamb (Babiker et al., 1990; Johnson et al., 1995;
Okuskhanova et al., 2017; Sheridan et al., 2003). However, in a study by Tshabalala et al.
(2003), Boer contained a comparable amount of fat to lamb, and this is consistent with various
studies (Solaiman et al., 2011; Van Niekerk & Casey, 1988), confirming that among goat breeds,
Boer tends to have high-fat content (Table 2.4). Aside from Boer, dairy breed goats had the
highest fat content. On the other hand, the feral goat was identified to be a very lean meat
with fat content ranging from 0.9 to 1.5 % (Colomer-Rocher et al., 1987; N. M. Werdi Pratiwi

et al., 2007).
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Table 2. 3 Comparison of the composition of goat meat with meat from other species.

Tune af Meat Moisture Protein Fat (%) Ash
Deer Meat 74.15 24.76 0.41 0.68
Lamb 67.20 19.12 12.79 0.89
Goat meat 75.34 22.07 1.13 1.45
Turkey Meat 67.66 24.95 5.02 2.87
Turkey meat 70.45 25.84 2.06 1.65
Beef 70.1 22.3 7.3 1.12

Sources: Okuskhanova et al., 2017; Smith et al., 2011

Goats having very low IMF (below 2 %) could be related to the maturation rate in

combination with their grass diet. As frequently reported for cattle, late-maturing breeds

raised on pastures had lower IMF (Bessa et al., 2015). Moreover, goats develop poor

subcutaneous fat at a slow rate (Mahgoub et al., 2011; Warmington & Kirton, 1990); they tend

to deposit more fat in the viscera rather than in the subcutaneous region (Gaili & Ali, 1985;

Sen et al., 2004). Generally, the proximate composition of goat meat was significantly affected

by genotype (Cameron et al., 2001; Dhanda, Taylor, & Murray, 2003; Peiia et al., 2009; Todaro

et al., 2004). Although the low IMF values for goat meat are ideal from a nutrition perspective,

there are consequences when it comes to the technological properties of the meat.

Table 2. 4 Reported proximate composition of raw goat meat from various breeds.

Muscle Moisture Protein  Fat Ash Source
Breeds Breed Age and sex o o o o
type (%) %) (%) (%)
African Boer Castrated  males Tshabalala et al.
without any  Soft tissue 69.4 22.8 10.5 0.95 2003
Meat permanent incisors
breeds Boer Bucks, 9-12 ) Van Wyk et al.
loin 76.3 20.0 2.2 0.9 2020
months
Dairy Alpine Gluteus Ivanovi¢ et al.
Four years L. 74.6 19.52 3.9 1.0 2020
breeds superficialis
Saanen F Gluteus . 19.89 i o Ivanovi¢ et al.
our years L. . . . .
4 superficialis 2020
Guanzhong dair; Longissimus Ding et al. 2010
g y 6-10 mos (sex, 8 . J
breed . thoracts 75.5 19.58 4.82 1.0
unspecified)
Indi Balkan goat Four years old, Longissimus s 20.6 59 o Ivanovi¢ et al.
ndaigenous ~ . 74.5 . £ .
g female dorst ! 2014
Serbian  white Four years old, Longissimus Ivanovi¢ et al
. 75.4 20.0 3.6 1.1 5
goat female dorsi 2014
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East African Longussimus Shija et al. 2013
1.5-2 years old, .
. thoracis et 70.6 28.45 2.5 4.4
L male and female
indigenous goats lumborum
Sarda goats

Tanzania

. Longissimus Vacca et al. 2014
Kids (42 days ? 21.9-
( yS) dorsi 75.6-75.9 1.0 1.2

male and female 22.2

Indigenous Veld Van Wyk et al.

Male and female, 19.6- 1.6- 1.0-

goat Loin 75.6-76.8 2020
9-12 mos 20.1 2.7 1.1
Australian feral — Unspecified age, Lonissi Werdi  Pratiwi
. Ongissimus -
Feral Goat  goat slaughter  weight 0 51 75.9 20.7 1.25 1.1 etal. 2007
oracis
5-70 kg

2.4.2 Physicochemical properties
2.4.2.1 Meat pH

The inherent ultimate pH (pHu) is a critical quality determinant influencing the
processing and sensory attributes of meat (Farouk et al., 2019; Pulford et al., 2009b). The
ultimate pH level can be grouped into three: high (pH > 6.3), intermediate (pH > 5.7 to pH <
6.3), and low (pH < 5.7) (Pulford et al., 2009b). The typical ultimate pH for red meat ranges
from 5.4 to 5.9 (Astruc, 2014a). Goat meat, on the other hand, is extensively reported to have
an intermediate pH with an optimal pH ranging from 5.5 to 6.2. The relatively high pH of
goat meat has been attributed to the tendency of goats to be prone to perimortem stress (Webb
et al., 2005), supported by the perimortem concentrations of glycolytic metabolites in goat
muscles with low glycogen concentration (Kannan et al., 20145 Simela & Frylinck, 2004b;
Vincent, 2018). The normal pH of goat meat (intermediate pH, ~5.7-6.3) plays a significant
role in the biochemical processing taking place post-mortem, and it is not an ideal pH for red
meat. With an intermediate pH level, lysosomes are stable throughout the meat aging process
(Lomiwes, Hurst, et al., 2014, thus lysosomal enzymes cannot exert their proteolytic activity
on meat muscles. It is possible lysosomal enzymes in goat meat had a very low its tenderizing

effect during aging. In goat meat studies, there are only limited studies conducted to
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determine the pH temperature window for post-mortem storage, which is critical in

optimizing goat meat production and processing systems.

2.4.2.2 Water holding capacity (WHC) and cooking loss

Water holding capacity (WHC) is the property of meat to retain its naturally occurring
water when applied with external force. It is primarily influenced by the ability of the
myofibrillar system to immobilize tissue water (Kadim & Maghoub, 2011). Goat meat has been
reported to have superior water-holding capacity and less cooking losses compared to lamb
(Babiker et al., 1990; Okuskhanova et al., 2017; Sen et al., 2004; Swan et al., 1998) and poultry
(Okuskhanova et al., 2017), which can be explained by the influence of meat pH on WHC. As
the pH declines, proteins have a reduced capacity to retain water and a subsequent increase of
water intracellularly (Hughes et al., 2020; Warriss, 2010). Thus, meat with a higher pH

exhibits significantly higher WHC.

2.4.2.3 Collagen content and solubility

Proteins from meat are also rich in collagen, the main composition of muscle
intramuscular connective tissue (MICT), which plays a significant role in the "background
toughness" of meat (Purslow, 2014; Veiseth et al., 2004). The amount and extent to which
collagen crosslinks depends on muscle type, species, genotype, age, sex, and level of physical
exercise (Warriss, 2010). Generally, the higher the insoluble collagen content, the tougher the
meat (T'shabalala et al., 2003). Goat meat has been reported to have lower collagen solubility
compared to mutton (Hocquette et al., 2012; Schonfeldt et al., 1993; Tshabalala et al., 2003)

and beef (Ismail et al., 2019a).
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Goat meat has been reported to contain significantly higher collagen levels than sheep
meat (Schonfeldt et al., 1993; Teixeira et al., 2017). The high collagen content in goat muscles
can be explained by how goats forage for food; they are both grazers and browsers, and getting
more woody vegetation requires their muscles to be used more, leading to more developed
tissue. Among breeds, mountain goats such as the white Carpathian goats in Poland, generally
have higher collagen content than the Saanen (Migdat et al., 2021). When it comes to meat
toughness, both the collagen content and its solubility are vital. The high level of collagen
with low solubility would render goat meat tough. Hence, goat meat would highly benefit
from a process that can solubilize collagen during cooking or the application of a process or
enzyme that targets significant structural weakening of connective tissues to achieve

acceptable tenderness.

2.4.3 Sensory properties

2.4.8.1 Meat Colour

Colour is considered an essential intrinsic parameter for meat and indicates freshness,
taste, and texture (Henchion et al., 2014). It is primarily affected by the level and state of
myoglobin and meat composition (Du & McCormick, 2009). Additionally, it is also highly
influenced by meat pH. In fact, muscle pH is linked to the quality grades of meat for USDA
standards (Page et al., 2001). High pH prevents the decrease of mitochondrial activity, and
higher concentration of hydrogen competes with myoglobin in binding with oxygen,
consequently limiting the increase of oxymyoglobin levels post-mortem (McKeith et al., 2016;

Zhang et al., 2018). Additionally, the amount and distribution of intramuscular fat (IMF) in a
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muscle also affect its colour. High IMF tends to have high lightness (L*) values due to the
light-scattering eftect of lipids (Hughes et al., 2020; Listrat et al., 2016a).

Goat meat tends to be a darker red than pork or lamb (Casey et al., 2003; Kadim et al.,
2010; Schonfeldt et al., 1993), which can be explained by its high pH and low IMF. The effect
of genotype on the colour properties of goat meat is still debatable. Although, there are
authors that reported no observed differences in meat colour between breeds such as between
Kiko and Boer (Solaiman et al., 2012; Solaiman et al., 2011) and among Batina, Dhotari, and
Jabal Akdha breeds (Kadim et al., 2004), many studies have also presented the effects of breed
on meat colour (Dhanda, Taylor, Murray, et al.,, 2003; Santos et al., 2007a). The colour
differences are mainly observed for the redness values that correlate to the amount of haem
pigment in a muscle (Pefia et al., 2009). Haem concentration is directly influenced by many
tactors, such as species, age, type of muscle, and physical activity (Dhanda et al., 1999; Dhanda,

Taylor, Murray, et al., 2003; Santos et al., 2007a).

2.4.8.2 Instrumental tenderness

The instrumental measurement of tenderness is expressed in terms of peak shear force
(PSF), measured in Newtons (N) or kilograms (Kg). The higher the shear force values, the
tougher the meat. Although there is a high correlation in using shear force for describing the
toughness of meat, direct comparisons between reported values in the literature are difficult
due to differences in the methods used. Table 2.5 shows some reported values for the
instrumental tenderness of goat meat, assessed using Warner-Bratzler shear force (WBSF).
WBSF has been a widely used method for evaluating meat texture, and its values are highly
correlated to meat sensorial tenderness (Battaglia et al., 2020; Huffman et al., 1996; Purslow,

2014). PSF values of 40 N or 4.1 Kg are used as the threshold for acceptable tenderness
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(Huffman et al.,, 1996). Goat meat is widely reported to have WBSF values higher than 5 Kg,
so it is mainly described as tough.

The high shear force values of goat meat have been linked to high collagen content,
low collagen solubility, muscle fibre characteristics, and low intramuscular fat (Shija et al.,
2013). Kadim & Maghoub (2011) explained that goat meat is tough because most of the goat
meat sold is from slaughtered adult goats with decreased collagen solubility. In addition, goats
have a thin subcutaneous fat layer that predisposes it to cold shortening during rapid chilling
(Abhijith et al., 2021; Kannan et al., 2014), which happens due to a small goat carcass with less
fat cover, facilitating a fast decrease in temperature that induces cold shortening (Abhijith et
al., 2021; Webb et al., 2005). Furthermore, the inherent intermediate pH of goat meat can also

hinder the endogenous proteolytic enzymes that could exert a tenderizing effect during aging.

Table 2. 5 Reported shear force values of goat meat chilled for 24 h and cooked at an internal

temperature ranging from 70-85 °C.

Shear Source
Breed Age and Sex Muscle Cooking method Force
(kg/cm?)
Guanzhong dairy  6-10 mos, LT Water bath to an internal 4.9-6.3 Ding et al.
breed and its unspecified sex temperature of 70 °C 2010
crosses
Serrana Male and female longissimus Water bath to 70 °C internal ~ 6.95 Teixeira et al.
Transmontana kids temperature 2011
Australian feral Kids to adult entire LTL Water bath at 85 °C for 45 7.48 Werdi Pratiwi
and castrated male min et al. 2004
Omani goats One year male LD Water bath 70 °C for 90 min ~ 7.2-7.7 Kadim et al.
2004
South African Castrated and roasted to 72 °C internal 7.6 Simela &
L SM .
indigenous goats  female, young to temperature Frylinck et al.
adult 20042
Crossbreeds Male and female LTL Water bath at 70 to 75 °C 7.8 Dhanda et al.
Kids internal temperature 2003
Male and female GB Water bath at 70 to 75 °C 10.2 Dhanda et al.
Kids internal temperature 2003
Boer SM Roasted to 72 °C internal 11.1-14.3 Sheridan et al.

Kids

temperature

2003

SM- M. semimembranosus, BF-M. biceps femoris, LD-M. longissimus dorsz, GB- Gluteobiceps, LTL- longissimus thoracis
et lumborum, L'T- longissimus thoracis, QF- quadriceps femoris, and GB- gluteobiceps, kids: 8-20 kg live weight, young:
1-2 years old goat; adult 2 to 6 years old.
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Upon examining the breed type, differences are apparent when comparing animals
trom different groups, such as dairy breed, fibre breed, and meat breed. However, the effect of
genotype on goat meat tenderness is not apparent, and it is also because meat tenderness is a
complex trait resulting from multiple factors that include pre- and post-mortem handling;,
genetics, and rearing conditions. Additionally, tenderness depends on the structural proteins
in intramuscular connective tissue and myofibrillar proteins, which vary among breeds
(Hwang et al., 2019; Purslow, 2017). Boer goats, having elevated levels of IMF compared to
other goat breeds, have an advantage when it comes to having more tender meat due to the
effect of IMF on the perceived texture of the meat. While Boer is widely studied among goat
breeds, there is no information about the comparability of New Zealand feral goats regarding

texture. This area needs to be investigated.

2.4.3.3 Juiciness

Juiciness greatly contributes to the acceptability of meat, and it is directly related to
meat intramuscular lipids and moisture content (Smith et al., 1974). There is a high consensus
in the literature that goat meat and its products tend to be less juicy than mutton and mutton
products (Gaili & Ali, 1985b; Griftin et al., 1992; Schonfeldt, Naude, Bok, Van Heerden,
Sowden, et al., 1993; R Sheridan et al., 2003; R. Sheridan et al., 2003). Less juicy goat meat
can be explained by its low intramuscular fat content compared to sheep. Kirton (1970), on
the other hand, did not find any significant difference in juiciness between meat from sheep
and New Zealand feral goats; this result is surprising given that feral goats are lean compared

to some domestic goat breeds. The juiciness of goat meat may vary with genotype. For
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example, Tshabalala et al. (2003) reported that indigenous goat meat patties were the least
juicy and greasy and differed significantly from meat from Boer goats. Meat from crossbred
goats (Boer x French Alpine) got higher tenderness and juiciness scores than meat from pure

French Alpine goats (Brzostowski et al., 2008).

2.4.83.4 Flavour

The flavour of goat meat resembles that of mutton or lamb (Sheridan et al., 2003b),
with flavour acceptability values ranging from medium to high (Madruga et al., 2008; Pefia et
al., 2009), comparable to acceptability values for lamb (Babiker et al., 1990; Griffin et al., 1992;
Swan et al., 1998). Although goat meat is always compared to lamb, Schoenfeld et al. (1991)
clearly stated that the flavour of goat meat is unique and not interchangeable with meat from
sheep. However, goat species-specific flavour is described to be weaker (less perceptible)
compared to lamb or mutton (Babiker et al., 1990; Brand et al., 2018; Madruga et al., 2009);
explained by its low fat content since fat greatly contributes to the flavour development in
meat (Arshad et al., 2018).

The effects of sex, age, and breed are evident in many studies. The effect of breed on
goat meat flavour is contrasting. Swan et al. (1998) and Tshabalala et al. (2003) reported that
the breed type affects the sensory scores for aroma intensity. While for young goats, Pefia et
al. (2009) showed that breed type did not affect flavour. Slaughter age is a significant factor
tor flavour; young goats have less flavour intensity and lower acceptability than adult goats
(Griffin et al., 1992; Sheridan et al., 2003; Smith et al., 1974). Castration, age, and slaughter
weights also affect the flavour of goat meat. Castrated males are more acceptable than intact
males (Dhanda et al. 2003; Pratiwi et al., 2004), and the intensity of goat meat flavour is

inversely proportional to slaughter weight (Werdi Pratiwi et al., 2004, 2007). Hence,
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Devendra and Burns (1983) suggest that the most appropriate age for slaughtering a goat is
young (1-2 years). Therefore, goats should be slaughtered at an ideal age (1-2 years old) and

should be castrated males or females to have an acceptable flavour profile.

2.5 General characteristics of goat meat

Taste closely

: Prone to cold shortening
associated to lamb

High collagen content

______________________ Tough Low collagen solubility
Darker meat
compared to pork Low intramuscular fat
ok lambx Unresponsive to ageing
Very lean
General characteristics of goat meat Reason for its toughness

Figure 2. 1 The general characteristics of goat meat and the underlying mechanisms of its

toughness.

Figure 2.1 summarizes the general characteristics of goat meat. From a technological
perspective, the toughness of goat meat appears to be a challenge, especially because
tenderness is a critical meat quality attribute assessed by consumers (Listrat et al., 2016b).
Among the major sources of goat meat in New Zealand, it is valuable to determine the factors
that contribute to the toughness of a muscle and potentially address the cause. There are pre-
slaughter, slaughter, and post-slaughter conditions that can be designed to improve the quality
of goat meat, which is well presented in the review paper by Pophiwa et al. (2020). Regarding
cooking conditions, processing goat meat might require intensive techniques to achieve the
desired tenderness. Tough goat meat is mainly processed for curries, braises, and stews that

use moist, long, slow-cooking methods. However, the intensity of these processes could alter
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muscle structural characteristics and have consequences on the nutritional quality of meat

proteins.

2.6 The effects of thermal processing conditions on goat meat quality and

muscle structure

In this section, the various studies on cooking methods and innovative processing
technologies on goat meat have been reviewed, highlighting their impact on meat quality and
muscle structure.

Liu et al. (2013) evaluated the effect of retorting the semimembranosus muscle at various
endpoint temperatures for 30 min. A significant increase in tenderness was attributed to the
increased solubility of collagen, which significantly increases when heated between 50 and
60 °C. This trend follows the tenderizing effect of cooking meat at low temperatures where
toughness decreases between 50 °C and 60 °C in beef muscles (L. Christensen et al., 2011;
Christensen et al., 2000). On the contrary, goat meat cooked at higher temperatures (75-80 °C)
became tough. The increase in toughness at higher temperatures has been attributed to the
increased strength of single muscle fibres and further denaturation of proteins at
temperatures 60-80 °C (Chinzorig & Hwang, 2018; Christensen et al., 2000; Combes et al.,
2004). Significant increases in the cooking loss were observed during high-temperature
processing, and the meat became paler with increasing cooking temperature. The effect of
heating on goat meat ultrastructure was examined under a scanning electron microscope
(SEM). The SEM revealed that gaps between the fibres and the surrounding endomysium
widened when the meat was heated to 50—70 °C (Liu et al., 2013). At 90 °C, significant

breakage of the sarcomere was observed. Structural examination showed that heating at 60—
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65 °C can result in significant transverse and longitudinal shrinkage of meat fibres; this result
is in agreement with findings in the literature for other red meat (Astruc et al., 2010; Supaphon
et al., 2021; Tornberg, 2005).

Cooking goat meat at low temperatures for prolonged duration has been investigated by
Ishmael et al. (2019) using the sous vide process. Sous vide is a popular process of cooking
vacuum-packed food in controlled heating conditions (Baldwin, 2012). The long cooking time
during sous vide makes this process popular for tough meat cuts (Karki et al., 2022; Uttaro et
al., 2019). Ismail et al. (2019a) introduced a 2-step sous vide treatment (two-temperature and
two-time combinations) that improved water-holding capacity and reduced cooking loss for
goat semitendinosus muscle. Also, a significant reduction of toughness was successfully
achieved using 2-step cooking temperatures (6 hrs at 45 and 60 °C) compared with sous vide
using single temperatures (60, 65, and 70 °C). Among the single-stage sous vide processes,
cooking at 60 °C resulted in the lowest shear force for goat semitendinosus muscle. Ismail,
Hwang, & Joo (2019b) further investigated the effect of 2-step sous vide cooking on
goat gluteus medius and bicep femoris muscles; again, the lowest shear force values were
achieved at a combined temperature of 45 °C and 60 °C for 6 hrs of cooking. The tenderizing
effect of low-temperature processing on goat meat is attributed to some types of collagen that
solubilize during prolonged cooking (Purslow, 2014). Additionally, at low temperatures,
collagen fibres will have a decreased breaking strength due to partial denaturation and
shrinkage of collagen fibres (Christensen et al., 2000; Tornberg, 2005), and endogenous
enzymes such as cathepsins B and L and serine proteases still have an eftect in degrading
muscle proteins (L. Christensen et al., 2011; Purslow, 2014; Zielbauer et al., 2016). Hence, based

on these findings, sous vide would be a good option for cooking goat meat, and the optimal
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cooking temperature should be around 50-60 °C. The eftect of high collagen content and low
solubility that contribute to goat meat toughness can be overcome by this process. However,
the safety concerns regarding the use of low temperature processing should also be considered
when using sous vide.

Unlike the slow cooking in sous vide, microwave processing uses a dielectric heating
that is a fast-heating process (Abea et al., 2023; Soni et al., 2020). Microwave frequencies
ranges from 300 MHz to 300 GHz and the frequencies for industrial and domestic
applications are typically assigned at 915 to 2450 MHz. In food applications, microwave
heating has been around since 1949, and it is now a common domestic application (Jiang et
al., 2018). The advantage of microwave heating is its volumetric heating eftect that allows for
efficient and fast heating (Abea et al., 2023). Current trends in food processing have also
explored the application of microwave processing in sterilization.

The effects of microwave heating on goat meat have been studied. Yarmand &
Homayouni (2009) compared microwave cooking to conventional oven heating. The frequency
used for microwave heating was 2450 MHz with two wattage levels of 700 W (domestic
microwave) and 12000 W (industrial microwave), and the meat was heated to an internal
temperature of 70 °C. Microwave heating induced a higher expulsion of fat globules, resulting
in higher fat loss. Between the processing methods, goat semimembranosus showed a 26.61 %
cooking loss for conventional cooking, which increased to 29.29 % (700 W) and 30.70 % (1200
W) at two power levels for microwave cooking, respectively. This study showed the negative
effect of microwaving on the moisture content of cooked meat due to increased fat and water
loss. The higher wattage used in the study resulted in higher electromagnetic wave

penetration efficiency, that resulted in more intense processing. When chevon leg chop was
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microwave-processed at a power level of 900 W for 3-4 min and compared to broiled sample
cooked at 232 °C for 25 min (James & Berry, 1997), the microwave (MW) was a faster method
of producing cooked meat, but both processes resulted in no difference in tenderness. However,
the broiled chevon was darker, had lower tfat content, and had higher moisture content than
the MW-cooked sample. Hence, MW treatment offers a fast method of cooking but can result
in higher cooking loss, which is a typical observation for meat cooked at high temperatures
(Bax et al., 2012; Dominguez-Hernandez et al., 2018; Roldé4n et al., 2013).

Yarmand & Homayouni (2010) also evaluated the effect of microwave and conventional
cooking on goat meat semimembranosus muscle. Electron micrographs revealed that
microwave heating caused more structural damage, including shrinkage and breakdown oof
connective tissue and myofibrillar elements, in the semimembranosus muscle. The use of SEM
in both studies by Liu et al. (2013) and Yarmand & Homayouni (2010) revealed the structural
changes in muscle after cooking. However, the result is only limited to the meat structural
changes seen from the surface of the meat. Their images do not reveal the breakage of the M-
line or Z-disk, which have been cited as significant changes in meat structure after processing
shown in beef muscle ultrastructure (Astruc, 2014b; Chian et al., 2019). The SEM mainly
shows surface damage, such as granulation and separation of the meat structure.

High pressure processing (HPP) is an innovative technology identified as a green
technology and a non-thermal process. It is often applied with elevated temperature
processing to improve meat tenderness (Sikes & Tume, 2014). Jalarama-Reddy (2015)
evaluated the effect of HPP on goat meat; pre-packed meat pieces were subjected to HPP at
selected pressures of 300 and 600 MPa for 5 and 10 min at 28 °C. The result showed an

increase in meat hardness with the application of HPP. Although they used an elevated
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temperature of 28 °C, this temperature is not the optimal condition to induce significant shear
torce reduction. The optimum temperature for tenderizing meat using a pressure-heat process
was reported to be 55—60 °C (Sikes et al., 2010). When high pressure is applied at temperatures
below 60 °C, a hardening eftect occurs (Ma & Ledward, 2004), which was observed in HPP-
treated goat meat. What has been achieved in this study is the positive eftect of HPP in
controlling the microbial profile in processing goat meat, resulting in an increased shelf-life
of pre-packed meat due to HPP.

Jiao et al. (2020) investigated the effects of different processes (steaming, braising,
boiling, pan frying, deep-frying, roasting, and drying) and studied the quality of goat meat
cooked using a common thermal processing method. The direct comparison of the effect of
cooking on meat quality is challenging to point out since all the processes are very varied in
terms of the heating mode; nonetheless, all these processes can be classified under high-
temperature processing (100-228 °C). Steaming, boiling, and braising resulted in a noticeable
increase in lightness and a decrease in redness. The redness values reported in this paper can
be likened to goat meat at a temperature higher than 70 °C (Liu et al., 2013). For texture, the
dried sample with the least moisture content was the hardest. Although the study was
intended to provide information regarding the effect of processing, there are a lot of questions
that their findings can’t answer, and the study also did not give a definitive explanation for
the observed variations.

The eftects of steaming, boiling, and roasting on goat meat tenderness were investigated
using a proteomics approach (Jia et al., 2022). Their results showed that moist heat cooking
(boiling and steaming) is a better option than roasting in improving the texture of goat meat's

longissimus muscle. The proteomics data correlated improved goat meat tenderness to the
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relative abundance of troponin T, a significant structural protein. The use of proteomics in
understanding the effect of processing on goat meat was valuable in visualizing the muscle
structural changes when exposed to thermal treatment. With the available data, it can be
inferred that moist heat cooking is a better option for cooking goat meat.

This section has presented the eftects of thermal processing on goat meat. However,
many innovative technologies have been used for meat processing (Bhat et al., 2018; Gong et
al., 2022) with a focus on improving the quality of beef or lamb. So far, goat meat has not been
tested using these technologies to address its toughness. There is an extensive research gap
in this area. A comparative study on the use of goat meat and other types of meat would be
critical in understanding the effect of a process on goat meat. As for the literature reporting
the eftect of thermal processing in achieving acceptable meat quality, it appears that sous vide
cooking would be an appropriate method for tough goat meat. However, this process requires
a long cooking time impractical for many homes and industrial applications; some
interventions using exogenous enzymes are another option to speed the process (Christensen
et al., 2009; Maqsood et al., 2018). The use of sous vide processing in cooking various muscle
cuts from specific breeds can be further explored to understand its applicability in goat meat
processing. Furthermore, the structural examination of goat meat has been mainly done using
SEM. It would be necessary to use other techniques, such as transmission electron microscopy
(TEM), to reveal muscle structural changes.

Various thermal processing conditions are essential to make the meat palatable and safe
for consumption. But the choice of a process can also modify meat structure, affecting not
only the meat’s technological properties but also its nutritional quality, particularly its protein

quality. Further understanding the eftect of processing on goat meat protein quality would be
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relevant, particularly for a process-specific condition required for the unique goat meat. The
next part of this review will focus on the relationship between processing methods and the

meat protein nutritional quality.
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2.7 Meat protein digestibility

2.7.1 The gastrointestinal digestion of dietary proteins

Dietary proteins from difterent food sources must first be transformed into single
amino acids or very short peptides (di- and tripeptides) before the body can efficiently utilize
them; this is achieved through the process of gastrointestinal (GI) digestion, which is precisely
controlled and coordinated by the gut endocrine and enteric nervous systems (Stipanuk &
Caudill, 2012).

Food digestion starts in the mouth, where food is mechanically broken down and
incorporated with saliva through a process called mastication. The interaction between saliva
and food forms new food complexes and structures due to the mechanical and biochemical
processes (Humphrey & Williamson, 2001). Food breakdown and bolus formation depend
largely on the sensory characteristics of the food as well as the physiological condition of the
individual. For example, the hardness of meat, can affect the number of chewing cycles and
the degree of fragmentation before ingestion (Peyron et al., 2004). During the oral phase, the
break down of protein foods is mainly physical since proteins have not yet been acted upon by
hydrolysing enzymes. Hence, proteins may exist intact biological molecules with a stable
conformation.

Gastric digestion is compartmentalized in the stomach, and the interplay of stomach
acid, enzymes, and temperature facilitates protein hydrolysis. The mechanical breakdown of
dietary proteins in the stomach is facilitated by gastric motility (Bornhorst & Singh, 2012).
Pepsin is the enzyme responsible for the hydrolysis of proteins in the stomach. It is highly
active and stable in an acidic environment around pH 1.8-3.5 and is inactivated irreversibly at

pH levels above 7.2 (Binder & Mansbach, 2016; Zhirong Fu et al, 2021). The acidic
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environment in the stomach denatures proteins and enhances pepsin activity, resulting in the
tormation of oligopeptides. The varying protein structures in food result in different rates of
pepsin hydrolysis. For example, pepsin has high activity on denatured collagen, thus
tacilitating the gastric digestion of meat more effectively than plant-based proteins (Chang &
Leung, 2014). Some proteins in food are stable at a very low pH, which makes them more
resistant to pepsin activity (Zhirong Fu et al., 2021). Moreover, a polypeptide with
intramolecular disulfide bonds has also been found to resist pepsin activity (Momma, 2006).
Despite the varying efficiency of pepsin in hydrolysing dietary protein, it performs a
significant role in breaking down bulky protein molecules into shorter peptide chains in
preparation for small intestinal digestion.

The long peptides from the stomach are further digested in the small intestine into
their absorbable forms by the pancreatic enzymes and enterocyte peptidases. The pancreatic
enzymes are endopeptidases (trypsin, chymotrypsin, elastase) and exopeptidase
carboxypeptidase which are initially produced as zymogens (inactive enzyme precursors).
Trypsin is important in stimulating the digestion of proteins in the small intestine. Trypsin
activates the conversion of trypsinogen to trypsin. Consequently, trypsin converts
chymotrypsinogen to chymotrypsin, procarboxypeptidase to carboxypeptidase, and
proelastase to elastase. Each enzyme has a particular specificity, and their combined action
results in a very efficient breakdown of proteins in the small intestine, producing free amino
acids and oligopeptides bioavailable for multiple body functions (Binder & Reuben, 2009).
However, proline-containing peptides mainly resist pancreatic enzyme hydrolysis primarily
because of their structure. Proline has a distinctive cyclic structure that makes it rigid,

inhibiting the access of proteolytic enzymes. Furthermore, the presence of proline in a peptide
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can disrupt the typical sequence and structure that enzymes recognize, making the peptide
less susceptible to hydrolysis.

The enterocyte peptidases are peptidases within the apical surface of the enterocyte
plasma membrane where they further break down small peptides resulting from pancreatic
hydrolysis. Enterocyte peptidases are protein-specific and can be aminopeptidases,
carboxypeptidases, endopeptidases, and dipeptidases. Unlike pancreatic enzymes, these
enzymes can cleave proline-containing peptides, complementing the action of pancreatic
proteases. Hence these peptidases are vital in the hydrolysis of proteins from a wide variety
of foods. In addition, the protein breakdown by brush-border enzymes is necessary to prepare
the luminal digestion products to enter the circulation inside the enterocytes. For protein
digestion and absorption, the coordinated action of the gastrointestinal system is very
efficient; approximately only <4% of ingested nitrogen is excreted in the faeces (Binder &

Mansbach, 2016).
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Figure 2. 2 Main mechanical and biochemical processes during gastrointestinal digestion of

dietary protein. Adapted from: Gawat et al. (2023).

2.7.2 The nutritional quality of meat protein

Meat derived from animal skeletal muscle is an excellent source of protein. For this
review, the discussion on meat will mainly focus on the skeletal muscle from livestock and
significant papers on this aspect. Highly ordered lean muscle contains 17-23 % protein,
primarily composed of myofibrillar, sarcoplasmic, and stromal proteins in varying levels (Kaur
et al., 2022). Proteins in meat are approximately 40-45 % indispensable amino acids (IAA)—

the nutrients needed to synthesize bodily proteins (Astruc, 2014b). Since the quality of dietary
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proteins is determined by the extent to which their constituent amino acids match the amino-
acid requirements of the consumer (Marinangeli & House, 2017), the presence of a high
amount of IAA in meat makes it a very valuable protein source that is superior to plant-derived
proteins.

In the past 100 years, many methods have been developed for assessing the quality of
dietary proteins and protein quality is currently best described using the Digestible
Indispensable Amino Acid Score (DIAAS) (Moughan, 2021; Wolfe et al., 2016), a scoring
system where the protein quality is calculated based on the essential amino acid composition
of food and the extent of digestion of these proteins at the ileum terminal (Leroy et al., 2023).
Protein sources with a DIAAS > 100 have excellent quality protein, and a DIAAS of 75 — 99
contains high-quality protein. Compared to other protein sources, meat has a higher DIAAS
than plant-based proteins, with some exceptions, such as soy protein and potato protein (Kaur
et al.,, 2022). In general, the (DIAAS) systems position meat proteins as good to excellent
protein sources.

Aside from the amino acid composition, protein quality can also be assessed by the
rate of protein digestion and absorption that affect postprandial protein synthesis and muscle
protein turnover (Bax et al,, 2012; Dangin et al., 2001; Pereira & Vicente, 2013). Protein
digestibility describes the extent of digestion and the availability of circulating amino acids
(Bohn et al., 2018; Dangin et al., 2001; Fuller & Tomé, 2005). The concept of slow and fast
proteins related to protein digestibility was established by Boirie et al. (1997). Fast protein
provides readily available amino acids for protein synthesis, which is significant in preventing

sarcopenia in elderly individuals (Dangin et al., 2001).
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In terms of protein digestibility, Remond et al. (2007) reported that meat proteins
could be categorized as fast proteins since their digestion rates are closer to those observed
with whey proteins (fast proteins) than with casein (slow proteins). Bax et al. (2013) also
reported very high digestibility (about 95%) of meat proteins in an in vivo experiment, and
meat was highly digestible under 7z vitro conditions (Farouk et al., 2014). It can be concluded
that with its high protein content, the rapid digestion of meat makes it a good source of
protein. With its nutritional value, high density, and highly bioavailable nutrients, meat has a
critical dietary role in securing the health of a population. However, the rate of meat protein
digestion is not an intrinsic factor, and the eftects of processing and other treatments can

affect its digestibility (Farouk et al., 2019).

2.7.8 The evaluation of meat protein digestibility

Over the past decade, extensive research has been conducted on the impact of
processing on the digestive characteristics of meat, and advances in evaluating protein
digestibility have led to significant knowledge about the various factors affecting protein
digestibility. In food digestion research, the fate of protein in the gastrointestinal tract has
been investigated using both in vivo and iz vitro methods. Each method has advantages or

disadvantages over the other.

2.7.3.1 In vivo system

The in vivo system is ideal for conducting a digestion study because it generally
includes all stages and biochemical interactions during digestion (Astruc, 2014b). Even
though studying human digestion is the most accurate way, ethical issues and the complexity
of involving human subjects complicate an in vivo digestion study (Montoya et al., 2019). Thus,

other species like growing pigs and rats, are commonly used as animal models instead of
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humans (Gan et al.,, 2018; Xu, Shrestha, Pre at, & Beloqui, 2021). A pig model is ideal among
other species since its stomach and small intestine are more comparable to the human GI tract
and pigs consume meals similarly to humans, unlike grazers (Roura et al., 2016). However,
there are also disadvantages to animal trials, such as high costs, subject variability, sampling
restrictions, lengthy experimental duration, and ethical concerns (Astruc, 2014b; Bohn et al,,
2018; Montoya et al., 2019). When using in vivo studies, the protein digestibility is measured
indirectly by quantitying residual nitrogen at the extremity of the digestive tract. However,
the measurement of residual nitrogen is quite challenging due to the presence of endogenous
nitrogen (Fuller & Tomé, 2005). Hence, the determination of the true digestibility of a specific
protein source can be more complicated for in vivo experiments. However, the relevance of
conducting in vivo experiments, primarily if the experiment's goal is geared towards the

specific effect on human health, should be valuable.

2.7.3.2 In vitro system

Simple in vitro digestion models mimicking the GI'T system have been widely used as
an alternative to in vivo experiments (Bohn et al, 2018). The i wvitro method is a
straightforward method of assessing protein digestibility that allows the separate set-up for
gastric and small-intestinal phases by having individual reactors for each stage (Gatellier &
Santé-Lhoutellier, 2009; Kaur et al., 2010). The setup ranges from simple enzyme reactions,
such as the hydrolysis of proteins by pepsin in controlled conditions in a beaker, to the
complex sophistication of the TNO Gastro-Intestinal Model (TIM) and other similar dynamic
models (Verhoeckx et al., 2015). In vitro systems have been a significant tool for understanding
the mechanisms of how food structure and composition can affect human health (Bordoni et

al., 2014, they are widely applied in assessing food digestion profiles such as peptides, fatty
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acids, and simple sugars, and evaluating release of micronutrients from the food matrix
(Brodkorb et al., 2019). Despite the simplicity of iz vitro models, they are often instrumental
in predicting outcomes of digestion in vivo (Bohn et al., 2018; Sousa et al., 2023). In assessing
protein digestibility, an advantage of using iz witro models over in vivo is the absence of
endogenous protein secretion, and the values obtained from data generated should be
comparable to true digestibility (Bohn et al., 2018; Brodkorb et al., 2019). Hence, when it comes
to understanding the impact of food structure on digestibility and release ot food components
during digestion, an n vitro system is a good option.

The INFOGEST network of interdisciplinary specialists has established n wvitro
digestive protocols to obtain standard n vitro conditions based on physiological data (Sousa
et al., 2020). In vitro systems use static or dynamic models. Dynamic models can mimic GI
motility, allowing sequential secretion of digestive fluids, gradual changes in pH, gastric
emptying, and the inoculation of luminal microbiota (Dupont et al., 2019). Static n wvitro
digestion set-up is relatively more straightforward and uses a fixed temperature, enzyme
concentration, pH, reaction time, and agitation speed (mimicking gastric motility) to
distinguish between oral and GI tract digestion conditions (Alegria et al., 2015). Although
static iz vitro models are simple, they are often very useful in predicting the outcomes of in
vivo digestion.

In meat protein digestibility, recent studies have used n vitro systems to examine
the effects of processing, structure, and post-mortem treatment on the digestibility of various
meat sources (Bhat et al., 2020; Chian et al., 2019; Farouk et al., 2019; Kaur et al., 2023b; Mitra
et al., 2022; Wang et al., 2022). A quantitative estimation of amino or carboxyl groups using

spectrophotometric methods can determine the degree of hydrolysis of meat proteins. These
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assays can be performed using ninhydrin, o-phthalaldehyde (OPA), 2,4.6-
trinitrobenzenesulphonic acid (TNBS), or fluorescamine (Chalabi et al., 2014; Ruthertfurd,
2019). The degree of hydrolysis of significant muscle proteins is also monitored using sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). For low molecular weight
proteins generated during digestion, Tricine SDS-PAGE is efficient for its separation with
high resolution (Haider et al., 2012). However, the interpretation of SDS-PAGE data is often
descriptive, and care should be taken during sample preparation and loading, and destaining,
since these steps affect protein band intensity. In most studies, the SDS-PAGE technique and

quantification of free-amino nitrogen release are often used at the same time.

2.7.3.3 Peptidomics for assessing protein digestion

Profiles of meat digests from in vitro systems can be further analysed using an
advanced omics approach such as peptidomics. In fact, “digestomic” was coined as an analysis
involving the quantitative mapping of peptides and amino acids (Bingeman et al., 2017).
Peptide characterization is carried out using highly advanced mass spectrometry (MS)
analysis coupled with liquid chromatography (L.C) for protein separation; hence, the whole
set-up is known as LC-MS. Some have used mass spectrometry with other ionization
techniques, such as electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) that can also provide comprehensive peptidomics data
(Nadler et al., 2017). Currently, peptidomics has been extensively used to monitor the
proteolysis of major proteins from food in the gastrointestinal tract during digestion (He et
al., 2018; L. Li et al., 2017; Portmann et al., 2023). It identifies protein domains that are easily
cleaved or sequences that resist digestion (Dupont, 2017). The efficiency of the peptidomics

approach is best suited for tracking the evolution of digestive processes in both in vivo and 7z

43



vitro systems; this is demonstrated by monitoring peptide digestion protiles for muscle
protein, dairy, and plant proteins in multiple laboratories (Portmann et al., 2023). With
peptidomics, it is possible to characterize peptides and to track if they are resistant to
hydrolysis. Using an zn vitro set-up, the peptide profiles of meat digests have been investigated
using different cooking methods. This was carried out for beef (Yin, Pereira, et al., 2020; Zhao
et al.,, 2020), pork (L. Li et al,, 2017; Zou et al., 2018), chicken and fish (Martini et al., 2019;
Wen, Zhou, Song; et al., 2015).

Despite the usefulness of peptidomics, this method has limitations in giving the
overall picture of peptide release during digestion. Very small peptides (1-4 amino acid
length), the typical end product of small-intestinal digestion, are difficult to recover during
the protein separation stage, and peptide profiles of the digest can be underestimated (De
Cicco et al., 2019). Only dietary peptides with a molecular weight of 500—-8500 Da (>5 amino
acids in length) can be unambiguously identified using LC-MS-MS. Nonetheless, using
peptidomics plus quantifying free-amino nitrogen release and muscle protein profiling is a
powertul tool when investigating protein digestibility.

When conducting digestibility experiments, one should be specific about the type of
analysis to be carried out and the target substance to be determined. In the case of meat
protein digestibility, the significant enzyme involved, and the phase and conditions of the GI
tract being investigated should be highly considered (Verhoeckx et al., 2015). More
importantly, the complexity of n wvitro models should be tuned toward answering specific
questions related to human digestion physiology. Furthermore, the type of analysis carried
out after digestion is essential to get a comprehensive understanding of the whole process,

and this can be achieved through complementary methods.
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2.8 Factors affecting meat protein digestibility

The mechanism of dietary protein digestion is complex, and the protein digestion rate
is influenced by many factors (Pennings et al., 2013; Stipanuk & Caudill, 2012). Although it
is recognized that an individual’s physiology plays a significant role in protein digestion, this
thesis will only focus on the influence of meat preparation or processing used before meat
consumption. Meat undergoes several manufacturing processes to suit consumer demands.
All these processes can potentially aftect the nutritional quality of meat. Figure 2.3 shows an
overview of the meat digestion concept, highlighting the areas in which processing
interventions occur before consumption. The factors affecting meat protein digestibility in
terms of processing can be grouped into two categories: 1. The preparation or condition of
meat (e.g., rearing condition, breed, aging, whole vs minced meat) and 2. Cooking conditions
used (e.g., pan frying, sous vide, microwave, etc.). This section presents the relevant findings
on the effects of meat preparation or background and thermal processing on meat protein

digestibility.

N
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Figure 2. 3 Preparation and meat cooking conditions before consumption that affect protein

digestion.
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2.8.1 The eftects of meat preparation method and post-mortem conditions on meat protein

digestibility

The eftect of aging meat on its digestibility has been investigated. Bax et al. (2012)
initially reported that the impact of aging is low, while Farouk et al. (2014) reported a
significant effect of aged beet (high pH) in protein digestibility. It is possible that the impact
of aging was more apparent in Farouk et al.’s study, which investigated a more extended aging
period compared to Bax et al.’s set-up, which was held only for 4 days. The findings of Lee et
al. (2020, 2021) also supported the results of Farouk et al. (2014) that aging can improve the
digestibility of red meat. However, in the zn vitro system used by Lee et al. (2023), the digestion
was carried out using an infant GI iz vitro model, with reduced pepsin secretion and increased
gastric pH compared to the normal or adult 7z vitro set-up. It can be inferred that if aging is
done for a prolonged period (> 4 days), it will significantly impact meat protein digestibility
due to the endogenous breakdown of muscle proteins, highlighting the importance of muscle
structural integrity before exposure to digestive enzymes. Moreover, the structural changes
during prolonged aging, such as breakage of transverse muscle fibres, would likely facilitate
the access of digestive enzymes to myofibrillar proteins and consequently enhance their
hydrolysis (Astruc, 2014b). However, the muscle structure changes before heat treatment of
processing must be significant enough for its effect to be significant during digestion.
Furthermore, the impact of aging will be apparent for less efficient GI conditions, such as
those in infants or older people. Still, these areas need to be investigated further, mainly when

aging is linked to meat pH, tenderness, and the use ot different muscle types.
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Table 2. 6 The eftect of meat condition before processing on the protein digestibility of meat.

Meat

preparation Meat DEZ:}?;); Results Reference
condition

Aging Pork In vitro Slightly slowed pepsin digestion rate but Bax et al., 2012
no impact on maximal degradation at the
end of digestion.

Aging beef In vitro Improvement in overall iz vitro protein Lee et al., 2020
digestibility

Aging Lamb In vitro No significant effect Santé-Lhoutellier

myofibrils et al. 2008
Mincing Pork In vitro No significant effect Bax et al., 2013
myofibrils
Mincing beef In vivo Improved digestibility Pennings et al,
2013

Mincing beef In vitro Mild effect Farouk 2019

pH beef In vitro Digestibility increased with increasing Farouk et al. 2014
pHu

Freezing Beef puree Freezing at -50 improved protein Lee et al. 2023
digestibility compared to -20 and -70 °C

Addition of Beef In vitro Improved digestibility Zhu et al., 2018

exogenous
enzyme
Muscle type Pork In vitro In vitro, protein digestion of pork cuts Zou et al. 2018

differs with muscle type (2018)

Mincing, a very common step in preparing meat, was reported not to significantly
affect protein digestibility iz vitro (M. L. Bax, C. Buffiere, et al., 2013). Farouk et al. (2019)
reported a minor effect of ground meat in gastric protein digestibility. However, in an in vivo
study, minced beef was more rapidly digested and absorbed than beef steak, resulting in
increased amino acid availability and greater postprandial protein retention (Pennings et al.,
2013). Potentially, the effect of mincing on meat protein digestibility is due to the mastication
efficiency of the individual; Pennings et al. (2013) designed the study for older men, where
mastication efficiency is compromised. The effect of mincing could be mild, but with altered
physiological conditions, this factor can significantly modulate protein digestion rate. In most
meat protein digestibility studies, the oral part is usually done by grinding meat samples

(Chian et al., 2019; Mitra et al., 2022); hence, the meat samples appear to be ground samples
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before digestion. However, it should be considered that the resulting meat structure after
mastication or before the gastric phase is the starting structure of protein digestion that can
consequently affect the succeeding digestion process (Guo et al., 2020). There is a significant
gap in research considering the link between meat particle size before gastric digestion and
its impact on overall protein digestibility.

Regarding the animal's background, such as collagen content, slaughter age, and meat
cut, minimal data is available to get a conclusive result. Meat composition only slightly affects
digestion (Bax et al., 2013). Farouk et al. (2019) reported that beef from older cattle is more
digestible than beet from younger cattle. This finding is surprising and lacks support from
other studies. They explained that this is probably due to the protein solubility difterences
that affected the assay used. The digestibility of beef was not substantially affected by the
muscle state of rigor or the type of cut (Farouk et al. 2019). However, in an n vitro study by
Zou et al. (2018), the proteomics approach showed that the digestion of pork cuts difters with
muscle type. The difference in digestibility between muscle cuts is possible since different cuts
could vary in composition with varying levels of muscle proteins with different thermal
properties (Liu et al., 2019; Zhang et al., 2013). Differentiating the effects of breeds and muscle
type on protein digestibility might only be evident if the proteomics approach is used to
visualize the pattern of protein hydrolysis for a specific group of muscle proteins.

In most iz vitro digestion models, the effects of meat preparation or condition before
processing are primarily relevant to gastric phase. The method of meat preparation can
significantly modulate the rate of pepsin activity during the gastric phase but may not aftect
the behaviour of enzymes in the small intestine. However, the available data are insufficient

to support this conclusion.
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2.8.2 Effect of thermal treatment on meat protein digestibility

The history of habitual fire use began approximately 350,000—-320,000 years ago, and
this is also the time when early humans are thought to have been involved in heating and
preparing food (Shimelmitz et al., 2014). The use of heating in meat processing, not just
through fire, has come a long way. Meat can be grilled, steamed, microwaved, boiled, sous
vide, etc. Each of these thermal processes has different cooking conditions, such as time,
temperature, and cooking medium, which can induce varying effects on meat proteins and
have nutritional implications.

Many studies have been conducted to determine the eftect of heating on muscle protein
digestibility. Bax et al. (2012) reported that cooking temperature greatly affects the n vitro
meat protein digestion rate, and this has been the finding of many studies on beef (Bhat et al.,
2020; Oberli et al., 2015), pork (He et al., 2018; Mitra et al., 2022), and on rhea meat (Filgueras
et al., 2011). Generally, high-temperature heating resulted in lower digestibility compared to
low-temperature processing; this is mainly explained by the denaturation and aggregation of
proteins at varying temperatures that influence the accessibility of protein cleavage sites for
hydrolysis. Promeyrat et al. (2010) demonstrated that at high-temperature processing (>80
°C), there is a rolling up of myofibrillar proteins into aggregates confirmed by a significant
decrease in the aggregate size. Furthermore, higher temperatures induced more rapid
aggregation rates and larger cluster sizes (Brenner et al., 2009; Cai et al.,, 2018). At higher
temperatures, significant oxidation also contributes to the aggregation of meat proteins (Bax
et al., 2012). At lower temperatures, meat proteins are partially denatured or unfolded, and

proteolytic enzymes can quickly attack the initially unexposed peptide bonds. Moreover, at
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lower temperatures, there is a lesser aggregation of proteins. Hence, many cleavage sites are
available for enzymatic hydrolysis by gastric or small intestinal enzymes (Zhang et al., 2013).

Proteomic evaluation of meat digest from thermally treated meat has shown that
varying temperatures can affect the hydrolysis of major muscle proteins (He et al., 2018; L. Li
et al., 2017; Sayd et al., 2016). Sayd et al. (2016) reported that sarcoplasmic proteins were more
hydrolyzed when processed at 50 °C than high-temperature processing at 70 °C and 90 °C. Li
et al. (2017) reported that myofibrillar proteins from stewed pork cooked at 100 °C for 150
min were less digested than myofibrillar proteins from steamed pork cooked at 72 °C, in peptic
digestion. Based on the limited studies using proteomics, the effect of thermal treatment is
dependent on the type of muscle protein. The resistance of major myofibrillar proteins to
high-temperature processing may be associated with the ability of certain muscle proteins to
undergo heat-induced modifications, which can make them resistant to pepsin (Deb-
Choudhury et al., 2014). Myosin, in particular, has ~ 42 sulthydryl groups, and most of them
are highly susceptible to oxidative agents. Myosin can be oxidized to form disulfide bonds and
aggregates more resistant to pepsin (Liu & Xiong, 2000).

The digestibility of thermally processed meat also depends on the duration of heating,.
Using a controlled temperature, Kaur et al. (2014) demonstrated that beet cooked at 100 °C
for 10 min had higher digestibility than beef cooked for 80 min. The results agree with those
of Santé-Lhoutellier et al. (2008), who reported a decrease in protein digestibility (in terms
of TCA-soluble peptides) with an increase in cooking time at 100 °C. However, in the results
of Bhat (2020), varying heating duration at 60 °C for 4.5 or 10 h did not show different overall
protein digestibility. It is possible that with a prolonged cooking using relatively low

temperatures (<80 °C,) no further aggregation can occur since the heat denaturation of
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proteins is usually irreversible at temperatures higher than 80 °C; under these conditions,
proteins generally aggregate after heat denaturation (Matsuura et al., 2015). It shows that the
effect of cooking duration on digestibility would be significant for high-temperature heating.

Although sous vide was reported and claimed to improve meat protein digestibility
(Baldwin, 2012; Bhat et al., 2020), one should also consider using lower temperatures (< 80°C)
and the cooking duration to avoid the adverse effects of protein aggregation in prolonged
cooking. Moreover, even at very low temperatures, cooking duration is still potentially critical
in preserving the digestibility of proteins. However, the negative eftect of sous vide processing
on meat protein digestibility concerning the cooking duration has not been demonstrated.
Current studies are mainly conducted on the impact of different time-temperature conditions
on myofibrillar modifications (Cao et al., 2019; Mitra, Lametsch, Greco, et al., 2018). Contrary
to sous vide cooking, microwaving involves volumetric heating that rapidly heats food; hence,
microwave heating uses a high-temperature, short-time process (Soni et al., 2020). However,
the effect of microwaving on protein digestibility has been explored mainly in colloidal food
systems (Xiang et al., 2020) and food (Dong et al., 2021) while the digestibility of intact muscle
tood under microwave has not been studied.

Overall, protein digestibility is affected by the intensity of heat treatment, and meat
protein digestibility decreases as heating temperature and time increase (Bax et al., 2012; Kaur
et al., 20145 Oberli et al., 2015). As the temperature further increases, the degree of protein
denaturation increases. Additionally, as the length of cooking time increases, even at low
temperatures, proteins tend to form larger aggregates. Table 2.7 summarizes the effect of

various heating conditions on protein structure and digestibility.
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Although n vitro studies have shown that thermal processing can affect meat protein

digestion, some findings in in vivo studies show that cooking temperature did not aftect the

overall protein digestibility but only the protein digestibility rate in vivo. Bax et al. (2013)

reported that the rate of meat protein digestion can vary, but it does not affect the overall

digestibility of meat. Furthermore, Prodhan et al. (2020) reported that different cooking

temperatures and times did not affect the postprandial plasma amino acid concentrations in

healthy adults. However, the findings of Hodgkinson et al. (2018) show that cooking

conditions can affect the DIAAS of beef using the pig model, but these differences are minor.

Nevertheless, current meat protein digestibility findings proved that meat protein is highly

digestible.

Table 2. 7 The mechanisms of how various time-temperature conditions affect muscle protein

structure and digestibility.

Cooking method hydrophobicity aggregation  oxidation Overa.ll
Protein
digestibility
Low temperature low low low high
and shorter time
(<80 °C, <20 min)
low temperature initially low but will be low but will low low-
long time (sous higher as the duration Increase moderate
vide) increases; can reach a point  with further
(<80 °C, >20 min) of no further increase heating
high temperature high moderate high low-
but shorter aggregation moderate
(>80 °C, < 20 min)
High temperature Initially high and can high high low
and long time decrease due to protein
(>80 °C, >20 min) aggregation over time

References: (Bai et al., 2016; Bax et al., 2012; Bhat et al., 2020; He et al., 2018; Kaur et al., 2014; Mitra et al.,
2022). The low and high-protein digestibility columns refer to the susceptibility of the resulting cooked meat

protein to be hydrolysed by proteolytic enzymes during digestion and are not a definitive unit of measure.
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The proteomics approach in the analysis of meat digestion shows that as a consequence
of thermal processing, some muscle proteins are resistant to pepsin, affecting the rate of
gastric digestion, but these proteins are efficiently hydrolyzed in the small intestinal phase (L.
Li et al,, 2017; Sayd et al., 2016). Hence, the thermal processing of meat can significantly affect
the protein digestibility rate, mainly seen during the gastric phase. But the efficiency of the
proteolytic enzymes in the small intestine can convert most meat proteins to amino acids and
tri- and di-peptides at the end of digestion. But this needs to be elucidated further. Research
on the digestibility of meat proteins affected by processing conditions is still relevant. The
rate of meat protein hydrolysis is significant in the concept of fast and slow proteins, as
established by Boirie (1997). Fast proteins are essential in improving postprandial protein
anabolism for elderly individuals (Dangin et al., 2003). However, it should be recognized that
the body's postprandial utilization of dietary amino acids varies according to the speed of
protein digestion and the physiology of the consumer (M.-L. Bax et al.,, 2013; Stipanuk &

Caudill, 2012).
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2.9 Gaps in literature

The feral goat population is a significant source of goat meat in New Zealand, and it is
often identified as an inferior meat compared to a Boer, a known meat breed. However,
currently, there is no data about the quality characteristics of feral goat meat produced in New
Zealand, and specifically for feral goats slaughtered for export. Furthermore, the main quality
issue for goat meat is its toughness. Many authors have argued that this was mainly due to its
low intramuscular fat content, leading to cold shortening, and high collagen content with low
solubility, but these factors would potentially differ among breeds. Currently, there are no
pertinent data describing the quality of goat meat produced in New Zealand. Hence, the
evaluation of the quality of New Zealand feral goats compared to other breeds would be
relevant in determining if there is a significant difference between these breeds and in
understanding variation in their quality, if there is any.

Processing intervention would be the best tool to enhance the quality issues of goat
meat, specifically its toughness. However, very limited studies have been done to explore
innovative processing technologies such as sous vide, ultrasound, pulsed electric field, etc., to
improve the quality of goat meat. The current literature regarding goat meat processing
shows that sous vide might be an appropriate process for tough meat such as goat. However,
there is a large research gap in understanding how sous vide, or any innovative processing
technology can enhance the quality of tough goat meat. Appropriate time-temperature
combinations applicable for certain muscle cuts of a certain breed can be evaluated. Moreover,
the evaluation of the physicochemical properties and chemical compositions of goat meat can
be done to understand the changes occurring in goat meat during processing. A lot of research

can be done to fully understand how goat meat can be processed or handled and make it more
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acceptable without sacrificing its nutritional composition. The effect of these processes on
goat meat quality can also be further evaluated by analysing meat ultrastructure.

As reported, most studies describing the biochemical mechanisms of meat protein
structural modifications in response to processing are based on beef, chicken, or pork, leaving
this significant information unexplored for goat meat. However, several potential mechanisms
must be understood between goat meat structural modification, processing, and digestion.
More importantly, tough goat meat requires more intense processing to achieve acceptable
tenderness. This can be explored using prolonged cooking or high-temperature processing.
However, the implications of these processes on goat meat protein digestibility have not been
evaluated. Although sous vide is reported to enhance meat protein digestibility, the effect of
prolonged cooking was reported to result in further aggregation of meat proteins even at low
temperature. Hence, it is still possible that the use of sous vide conditions can lead to
significant molecular changes that would also decrease meat digestibility. This condition can
be explored further in comparison to cooking meat using high temperature.

Although generally, meat proteins are highly digestible, processing can influence the
rate of meat protein hydrolysis, and the rate of protein digestion is more relevant when looking
into postprandial protein anabolism for elderly individuals. Hence, a study on the link between
goat meat, processing, and digestion is essential to understand the implications of processing

on the nutritional aspect of cooking goat meat.
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3.1 Introduction

New Zealand has a small goat meat industry that contributes to its meat product
revenue. However, goat meat production in the country is less specialized, making it
challenging for goat meat to compete with the established beet and lamb supply. Most of the
goat meat produced in the country comes from feral goats (New Zealand wild goats) and Boer
goats. Of the total goat meat produced, about 60 % are being exported that are mainly sourced
trom feral goats (Rotorua Land Use Directory, 2019). In contrast, meat from Boer goats and
some from dairy goats are sold domestically (Gillingham, 2008; Lopez-Lozano et al., 2017).

The teral goat population in New Zealand initially came from goats introduced into
Arapawa Island in the Marlborough Sounds during the voyage of Captain Cook in the 1770s
(Gillingham, 2008). These goats were thought to be descendants of the Old English breed, a
common all-purpose goat breed in Britain in the 1770s (Sutherland & Staft, 2016). The early
feral herd was joined by the goats brought by whalers, sealers, and mariners, and later the
domesticated fibre goats such as Angora escaped from farms (Alley, 1991; Parkes, 1990). At
present, there is still a large population of feral goats, thriving in about 14% of the country's
land area (Department of Conservation, 2020). The domesticated feral goats are farmed with
sheep and cattle for weed control and goat meat production. Since feral goats are readily
available, they have the advantage of being produced in high volume as a cheap source for both
slaughter and breeding stock.

The Boer goat meat supplied in the New Zealand market comes from Boer crosses
with dairy or fibre goat genetics. Meat from Boer goat is considered a premium goat meat; in
tact, Boer or South African Boer is the most popular imported goat breed for meat production

(Luginbuhl, 2015). On the other hand, meat from feral goats has been tagged as inferior meat.
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The average value per Kg of Carcass Weight (CW) from feral is usually priced lower than
carcasses from Boer and dairy goats (Scholtens et al., 2017).

While data on goat meat quality characteristics from popular goat breeds have been
reported, there are no data available describing the meat quality differences between New
Zealand feral goats and Boer crossbred goats. Moreover, the information about the attributes
of New Zealand goat meat is very limited. Hence, this study was designed to provide valuable
information regarding the meat quality characteristics of feral goats and Boer crossbred goats.
Additionally, this study seeks to evaluate goat meat's chemical and physicochemical properties
to explain their meat quality differences.

The main concern about goat meat is its toughness and this is mainly attributed to its
low-fat content linked to the susceptibility of goat muscles to undergo cold shortening
(Kannan et al., 2014; Shija et al., 2013). At present, there is no recorded data on goat muscle
structure supporting the occurrence of cold shortening in goat meat carcasses. Likewise, the
severity of muscle contraction due to cold shortening caused by the current commercial
processing conditions has not been examined. Thus, this chapter also sought to investigate
the ultrastructural characteristics of goat meat from various breeds processed under a typical
commercial processing condition in New Zealand. The results of this study will be significant
in understanding the intrinsic structural features of goat meat that might be important for

improving the goat meat production system in the country.

3.2 Materials and methods
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3.2.1 Animals and carcass selection

The Boer cross and New Zealand feral goats were supplied by New Zealand Premium
Goat Meat (Central Otago, New Zealand) between November 2020 and April 2021. The
animals aged 12-24 months were categorized as young goats that produce chevon. Boer goats
were sourced from North and South Island farms and the feral goats were specifically sourced
from the Manawatu region. The background of the animals was confirmed from the supplier,
where Boer crossbreed goats were at least 75% South African Boer with a small Saanen and
Cashmere percentage. The feral goats were farmed from feral bloodstock originally from New
Zealand highlands. The diet of the goats was described by the supplier as being mainly grass,
rosehip, broom, and weeds.

The animals were slaughtered at Venison Packers Feilding Ltd. (Feilding, Manawatu,
New Zealand), following the New Zealand Code of Welfare: Commercial slaughter (MPI,
2018). The goats were allowed to rest in lairage overnight between transport and slaughter.
Goats were electrically stunned (8 amps for 3 sec), exsanguinated, weighed hot, suspended by
the Achilles tendon, and dry-aged at 4 = 1 °C overnight. The carcass selection was done
randomly from a slaughter line and screened based on the average empty body weight (15.37
+ 1.5 kg) and girth rib (GR) fat score of 3 to 4. The fat score was measured using the actual
soft tissue depth at the GR site (110mm from the midline over the 12th rib). A total of twenty-
three goats: 7 castrated male Boer crossbreed (BM), 8 female Boer crossbreed (BF), and 8

temale feral (FF) goats were selected.
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Figure 3. 1 Goat meat carcass within 24 hr post-mortem.

Table 3. 1 The carcass characteristics of goat meat samples.

Trai Feral Boer XF Boer XM

rait

Breed New Zealand feral Boer cross Boer cross

Sex Female Female Male

Age 1-2 years old 1-2 years old 1-2 years old

Average empty weight  13.74 16.37 16.0

Fat score 3,4,5 3,4 3

Source Manawatu Hakataramea Hakataramea
Region/North Island ~ Valley/South Island Valley/South Island

Diet Grass, Rosehip, Grass, Rosehip, Grass, Rosehip,
broom, and weeds broom, and weeds broom, and weeds

3.2.2 Muscle sampling procedures

After chilling overnight (~16 hrs) at 4 £ 1°C, the carcasses were transported to a
butchering facility, and Longissimus thoracis et lumborum (LTL) and semimembranosus (SM)
muscles were excised, and vacuum packaged. These samples were aged (wet aging) for
another 24 h at 4 °C. After 48 h postmortem, each muscle was removed from the vacuum bag,

and visible fat and epimysia sheaths were uniformly removed. Figure 3.2 shows the sampling
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procedure for each muscle. For longissimus thoracis et lumborum (LTL), only the cranial M.
longissimus thoracts (LT) portion was utilized; hence all samples from LTL will be referred to
as longisstmus thoracis (LT) in this paper. Only muscles from the left side were used for colour
and pH evaluation for each carcass. The left and right muscles were utilized for proximate
composition (section A), sous vide cooking, and measurement of collagen content (section C).
Samples from section C were also used to analyse various meat quality parameters for cooked
samples. Sections B and C were processed immediately, while samples from section A were

vacuum-packed and stored at -20 °C until use.

cranial

Longissimus thoracis et lumborum (LTL)

proximal

Semimembranosus (SM) muscle

Figure 3. 2 Sampling procedure on longissimus thoracis et lumborum (LTL) and

semimembranosus (SM) muscle.

A) Proximate composition. (B) Colour, pH, and microstructure/ultrastructure. (C) Sous vide and collagen
p p g
content.

3.2.3 Sous vide cooking

The sous vide cooking conditions were chosen after preliminary sous vide treatments
over a range of cooking times using goat meat from the supermarket. The chosen treatments

consisted of 1) 60 °C for 3, 6, 12 and 14 h and 2) two-stage sous vide cooking at 45 °C for 3 h

65



and a second temperature at 60 °C for 38 h (45+60 °C in total 6 h) (Ismail et al., 2019b; Xiaojie
Zhu et al., 2018) (Supplementary material 3.1). The time-temperature combination of 60 °C
tor 6 h for both LT and SM muscles showed acceptable tenderness values (Peak shear force
value < 40 N) (Warner et al., 2017) and was chosen as the cooking condition. Cooking red
meat for more than 4 h at 60 °C is an acceptable cooking condition for sous vide cooking in
New Zealand from microbial safety aspects (MPI, 2015). Additionally, this process can be more
easily and practically applied in household or commercial cooking instead of the double-
step sous vide process. Six samples with a dimension of 5 x 4 x 1.5 cm (28 £ 2 g/slice) were
used, totalling six sous vide bags for each muscle type per carcass. The measurements used
were based on the maximum steak size that can be achieved for a given goat meat sample.
After cooking, the bags were immediately placed in ice-cold water for at least 15 min.
Representative cooked meat samples (~5 g and without the cooking liquid) from each bag
were taken for proximate composition analysis. Additionally, the cooking liquid was also
collected from each bag for collagen content determination. The meat and cooking liquid

samples were stored at -20 °C until use.

3.2.4 Meat quality measurements

3.2.4.1 pH

The pH of raw and cooked samples was determined using a pH meter (Orion 3 Star,
Thermo Electron Corporation, Waltham, MA, USA) equipped with an insertion glass
electrode (Sensorex, Garden Grove, CA, USA) and a thermocouple that were inserted into

the center part of the meat. Before use, the pH meter was calibrated using buffers of pH 4 and
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7 at room temperature (17-20 °C). The probe was rinsed using reverse osmosis (RO) water

between samples.

3.2.4.2 Colour

Colour measurement was done following the recommended guidelines for
instrumental meat colour measurements (Hunt et al., 2012). The sample was cut to a thickness
of 12—15 mm, then allowed to bloom on a tray at 4 °C for 30 min. The cutting was done across
the length of the muscle. After blooming, six different locations along the cut surface of the
meat were selected and served as the six measurement points. The colour values lightness
(L*), redness (a*), and yellowness (b*) were measured using a handheld Minolta Chroma
Meter CR- 400 (aperture size of 3.18 cm, Konica Minolta Sensing, Inc., Japan) with D65
[luminant and at 10° observer angle. Additionally, Chroma (colour intensity, C = [a*2 +

b*271/2) and hue angle (discolouration, HA = tan—1 [b*/a*7) were computed.

3.2.4.3 Cooking loss (%)

Samples subjected to sous vide cooking were used for cooking loss measurement.
After cooling for approximately 20 min in an ice bath, the samples were taken from the bags,
blotted with filter paper, and weighed. Cooking loss (%) was the percentage loss related to the

initial sample weight.

. raw weight - cooked weight
Cooking loss (%) = - X 100
raw weight

3.2.4.4 Meat texture

The texture of cooked SM and LT muscles was determined using TA.XT plus
texture analyser (Stable Microsystems, Godalming, UK). The cooked meat was chilled

overnight at 4 °C to obtain firm samples, then a section, 1x1 x 2 cm (1cm”® shear area) with a
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tibre direction parallel to the length of the sample was cut. The cuts were collected randomly,
and 6 subsamples were obtained per muscle type, per animal. Samples were sheared
perpendicularly to the muscle fibre direction using a V-notched cutting blade, with a peak
force obtained using a 50 N load cell at a crosshead speed of 250 mm/min (Ismail et al.,
2019b). The meat texture was reported as the peak shear force (PSF) value in Newtons (N).

The values reported are the average of the 6 subsamples.

3.2.5 Chemical properties measurement

3.2.5.1 Proximate composition analysis

Before analysis, the meat was trimmed to remove connective tissues and visible fat and
was minced finely. The moisture content was determined using an air-oven method 950.46
(AOAC, 2006) set at 105 + 1 °C for 3 h. The ash content was determined using a dry ashing
method at 550 °C for 5 h in a muffle furnace (Thiex et al., 2012). The total crude protein
content of the raw and cooked meat samples was determined using the Kjeldahl method 984.13
(AOAC, 1990) using FOSS KjeltecTM 8200. The factor used for converting nitrogen to total
crude protein was 6.25. The intramuscular fat (IMF) content analysis was done using the

Soxtec method 991.36 (AOAC, 2000).

3.2.5.2 Total collagen content of raw meat and heat soluble collagen in cooking loss

The determination of the total collagen content in raw meat and the soluble collagen
in the cook loss liquid sample after cooking was done using the methods of Kolar (1990). The
colour development and absorbance measurements were carried out as outlined by their

method, while the hydrolysis steps for the meat and cook loss samples were modified.
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For the hydrolysis of fresh meat samples, 4 g of homogenized meat were treated with
30 mL of H2SO4 (3.5 M) at 105 £ 1 °C for 16 h. After hydrolysis, the hot hydrolysate was
tiltered using a qualitative filter paper (Whatman® qualitative filter paper, Grade 1) and
diluted to 500 mL in a volumetric flask. Then, 5 mL of the filtrate was diluted with Milli-Q
water to 100 mL as the final solution.

For the hydrolysis of cook loss liquid, samples were thawed and centrifuged at 3000 x
g at 4 °C for 30 min (Ismail et al., 2019¢). Then 5 mL of the supernatant was hydrolyzed using
30 mL of Ho,SO. (8.5 M) at 105 £ 1 °C for 16 h and diluted with Milli-Q water to 100 mL.

Then, 10 mL of this solution was diluted further to 50 mL as the final solution.
3.2.6 Meat ultrastructure

The changes in goat meat ultrastructure were examined using Transmission Electron
Microscopy (TEM) analysis. The raw meat at 48 hrs postmortem and sous vide samples were
cut into 10 X 8 X 8 mm using a carbon steel surgical blade. The cut samples were fixed
immediately using a modified Karnovsky fixative and stored at room temperature (20 £ 2 °C)
before processing. The method from post-fixing to ultra-thin section staining was carried out
using the protocol established by the Massey Manawatu Imaging Centre (MMIC) (Sample
Processing for TEM, unpublished) as described by Chian et al. (2019). Post-fixing was done
in 1% osmium tetroxide, followed by washing and dehydration through a graded acetone
series. After the pre-treatment, a 100 nm ultra-thin section was cut from the treated tissue
and was stained with lead citrate for 4 min, then washed with Milli-Q water. These stained

sections were stored at room temperature until used for TEM examination.

The stained ultra-thin sections were viewed under the FEI Tecnai G Spirit

BioTWIN transmission electron microscope (FEI Corp., Brno-Cernovice, Czech Republic).
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The sarcomere length for raw tissues was measured on TEM images (at x8,200 and x11,500
magnification) using the ImageJ software version 1.53a (National Institute of Health,
Bethesda, MD, USA). Three images were examined for each sample, and sarcomere length

trom 10 muscle fibres per image was measured (Supaphon et al., 2021).

8.2.7 Statistical Analysis

Throughout the paper, the term animal group will be referred to as the group of breed
X sex to avoid confounding since male feral goat samples were not available. The comparisons
done were between animal groups (BE, BM, and FF), between female Boer cross and female
teral goats (BF and FF) for the effects of breed, and between female and male Boer crosses
(BF and BM) for the effects of sex. The determinations of each parameter were done in
triplicate unless otherwise stated. Normality test was performed before analysis using the
Shapiro-Wilk test, and outliers (computed using Dixon's test) were removed where applicable.
Statistical evaluation was performed using the Mixed-effects model of Minitab Version
19.2020.2.0 (Minitab Inc., State College, PA, USA). The model includes animal group as fixed
factor and individual animals as random factors. The estimation method for the variance
component used was restricted maximum likelihood (REML) and Kenward-Roger's
approximation for fixed effects analysis (Starkey et al., 2015). The statistical analyses were
performed separately for each muscle type. To classify the level effects into groups when at
least one group was statistically different, multiple comparisons analysis was done using the
Tukey test at a 95 % confidence interval. The significance level between muscle types was
assessed at p < 0.05.

To explain the variation in shear force, one prediction model using both muscle groups

was fitted. The fitted covariate terms were pH, cook loss, total collagen, collagen solubility;
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tixed terms were an animal group and muscle type, and the random term was the individual
animal (Model 1). In addition, the cross-factor animal group X muscle type was added to the
model. Values reported were based on the best-fitted mixed-effects model with the given
sample size. Principal component analysis (PCA) was used to determine the association of the
colour properties of raw meat. PCA was run using prcomp in R (Rstudio Version 1.4.1103),

and PCA biplots were presented using two principal components.

3.3 Results and discussion

3.3.1 Meat composition

The summary of meat composition for raw and sous vide cooked meat is presented in
Table 3.2 Additional information for the interaction eftect of muscle and animal group on
meat composition and other parameters is presented in the supplementary document
(Supplementary Tables 1-3). The total protein and ash contents did not vary (p >0.05)
between genotype and sex. The obtained values are within the range reported in the literature
for various goat breeds (A. H. Kirton, 1970; Ripoll et al., 2012; Tshabalala et al., 2003).
Significant variation was recorded between FI and BF for moisture. BF had higher moisture
than FF for both LT (p < 0.01) and SM (p < 0.05); while no difterence (p < 0.05) was seen for
BF and BM.

The intramuscular fat (IMF) values obtained for feral goats and Boer crossbreed goats
were comparable to values reported for Boer and Australian feral goats (Werdi Pratiwi et al.,
2006). These values (0.6 -1.5 %) correspond to a very low IMF (< 2%) for meat (Bessa et al.,
2015) and agree with the reported low IMF for goat meat which is comparable to poultry

meat and significantly less than beef and lamb (Johnson et al., 1995; Okuskhanova et al., 2017;
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Sheridan & Ferreira, 2003). The IMF contents differed significantly (p < 0.05) between breeds
or LT muscle but was similar for SM muscle. The effect of genotype on goat meat IMF also
varies in the literature. Many authors have reported that IMF is a common parameter that
varies between breeds in goat meat composition studies (Dhanda, Taylor, & Murray, 2003;
Ripoll et al., 2012). On the other hand, a study by Van Wyk et al. (2022) showed that meat
trom Boer goats and Indigenous Veld goats did not differ in IMF content. The significant
differences in IMF values were also apparent between sexes, where BM had lower IMF than
BF for both muscles. This observation is consistent with the reports that meat from male
goats contains less fat than meat from female goats (A. H. Kirton, 1970; Tshabalala et al.,
2003). The variations between muscle types and animal groups can be explained by the fact
that meat composition varies considerably with the breed, age, sex, weight, and the plane of
nutrition (Webb et al., 2005). Our data show that meat from feral goats is not always be leaner
than meat from Boer cross goats and that IMF content can vary between breeds depending
on the muscle or cuts.

After cooking, both LT and SM from feral goats were consistent in having lower
moisture content than those from the Boer goats. The LT muscle of FF had lower moisture
(p < 0.05) than BE. The LT muscle of FI had higher IMF than BF and BM. Furthermore, the
LT muscle of BF had higher IMF (p < 0.01) compared to the LT of BM for cooked samples.
Hence, our results show that fat content and moisture can differentiate the samples for cooked
teral goat and Boer cross meat samples. These parameters also distinguished the raw samples
between breeds. Since cooking methods can affect the chemical composition of meat (Lopes
et al., 2015), meat composition changes after cooking are inevitable. Sous vide cooking at 60

°C for 6 hrs showed different eftects on the LT and SM muscles. The difference in cooking
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losses between the SM and LT muscles can explain the differences between the moisture

content of the cooked samples.
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Table 3. 2 The proximate composition for raw and sous vide cooked longissimus thoracis (LT) and semimembranosus (SM) muscles.

Animal group p-value’
Parameters Muscle FF BF BM Animal Breeds Sex
group (FF x BF) (BFxBM)
Raw

Moisture (%) LT 71.7+0.32% 73.6 £0.34% 74.8 £ 0.839"% ns ok ns
SM  73.6+0.25" 78.7 £ 0.42% 74.4 £ 0.49% ns * ns
Ash (%) LT 1.16+0.02% 1.16 £ 0.02 X 1.10 £ 0.04™* ns ns ns
SM  1.17 £0.02** 1.16 £ 0.02** 1.20 + 0.02°% ns ns ns
Total protein (%) LT 2s31z0.21% 23.5 +0.56 X 22.1 +0.23% ns ns ns
SM  23.1 £0.20™ 22.5 +0.29 X 22.4 + 0.20™% ns ns ns
Intramuscular Fat (%) LT 5.12+0.29% 2.54+0.45 "X 3.81£0.61% *k * ok
SM  3.26 £0.33"Y 8.62 +0.22 "% 3,02 £0.16™% ok ns ok

Sous vide
Moisture (%) LT 66.6+0.30% 67.56 £ 0.52" 67.9 £ 0.66" * * ns
SM  68.0£0.32% 69.3 £ 0.50 68.9 £ 0.58" ns ns ns
Ash (%) LT 1.13+£0.02"% 1.06 £ 0.0 1.10 £ 0.01*% ns ns ns
SM  1.12 £0.02** 1.21 £0.01% 1.17 £ 0.01" ns ns ns
Total protein (%) LT 26.8+0.29% 27.1 £ 0.24* 27.7+0.38%% ns ns ns
SM  28.1 £0.41" 26.7 + 0.66™ 27.9 + 0.63™ ns ns ns
Intramuscular Fat (%) LT 6551037 5.30 £ 0.53" 4.40 £ 0.54*% ok * ok
SM 348 £0.38% 8.95 +0.95 X 8.61+0.72°% ns ns ns

Animal group- FF- feral female, N=8; BFF- Boer cross female, N=8; BM- Boer cross male, N=7.

FF x BF- difference between female Boer cross and female Feral (Genotype effect), BF X BM — difference between female and male Boer crosses (Sex effect).

** Means * SEM within a row with the same superscript letter are not different (p > 0.05) between animal group.1ns = p > 0.05, ¥= p < 0.05, and ** = p < 0.01.

¥¥Means = SEM within a column with the same superscript letter are not different between muscle types (p > 0.05).

SEM- Standard error of the mean.
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For all the animal groups, moisture content decreased due to cooking loss, and
consequently, protein and fat content increased. The increase in protein and fat is expected due
to moisture loss during the process, increasing the relative proportions of other components.
Furthermore, the stable ash content for all muscles showed that the sous vide process only led to
no or low leaching of minerals. Although there are reports in the literature that sous vide cooking
can significantly reduce the mineral content in meat (Bhat et al., 2020; Dominguez-Hernandez et
al., 2018), our results indicate that the sous vide conditions used did not cause significant mineral

leaching.

3.8.2 Meat quality measures

8.8.2.1 Meat pH

Regardless of breed, the average pH values of raw goat meat ranged from 5.76 to 5.98
(Table 3.3) and fell under the intermediate pH category (5.7 — 6.3). This agrees with the reported
optimum pH range for goat meat, which is between 5.5 and 6.2 (Herold et al., 2007; Kadim et al,,
2014; Werdi Pratiwi et al., 2006). Furthermore, this supports the observation that goat meat
typically has a higheer pH compared to the normal optimum pH (5.4 — 5.7) for most animals
(Astruc, 2014b; Pulford et al., 2009a; Webb et al., 2005). Among Boer cross and feral goats, no
significant differences (p> 0.05) were observed for pH. Between muscle types within a group, the
pH of LT and SM muscles for FF and BF differed (p < 0.05). The observed variation in pH
between muscles is common for fresh meat as influenced by muscle fibre composition (glycolytic

and oxidative fibres) (Listrat et al., 2016b).
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The high pH obtained from all samples indicates that even at 48 h postmortem, goat meat
does not readily achieve the lower pH (< 5.7), which is desirable for optimum technological and
organoleptic characteristics (Young et al., 2004). Additionally, goats are prone to perimortem
stresses that exacerbate glycogen depletion (Pophiwa et al., 2020; Webb, 2014/). Possibly, feral and
Boer cross goats had low glycogen content. A high pH for goat meat, resulting from a glycogen
store below the critical threshold, has been reported by Abhijith et al. (2021) and Simela &
Frylinck (2004a). However, it should be noted that a low glycogen level is not always the limiting
tactor for glycolysis, the absence of adenosine monophosphate and the inactivation of glycolytic

enzymes can also limit further glycolysis (Gagaoua et al., 2015).

3.8.2.2 Cooking loss

Sous vide cooking at 60 °C for 6 h resulted in some cook losses, supported by the changes
in moisture content values of meat after sous vide cooking. Cooking loss values were not
significantly different between genotypes (p > 0.05), suggesting that meat from female feral and
temale Boer goats responded equally to the sous vide treatments used. However, cooking loss was
observed to vary (p < 0.05) only for SM muscle of BF and BM. Across animal groups, the variation
in the cooking loss was mainly influenced by muscle types, with a significant main effect of p =
0.006 (data not shown). The LT muscle had significantly (p < 0.05) higher cooking loss than SM,
consistent for each animal group. Higher cooking loss values for LT muscle from all samples were
consistent with the low moisture content of LT after sous vide cooking. Higher cooking loss for
LT agrees with those reported in literature where L'T muscle had higher cooking loss than other

muscle types for Lingqiu Greyback goats (Pan et al., 2021) and Australian feral goats (N. M.

76



Werdi Pratiwi et al., 2007), but in contrast to the results for Omani goats (Kadim et al., 2004)
and Spanish does (Kannan et al., 2001). It is generally accepted that water loss during cooking is
related to thermal denaturation and subsequent changes in the protein conformation of a specific
protein type (Zielbauer et al., 2016). Hence, the specific differences in muscle composition for each
muscle type can also explain such difterences.

Compared to other muscle types that were sous vide cooked in the same conditions, the
cooking loss for SM and LT differed from some values reported values in the literature. For
example, compared to Korean native black goats, SM and LT in this study had higher cooking
loss than bicep femoris (BF) (19.43 %) and gluteus medius (GM) (19.57 %) (Ismail et al., 2019b)
and lower than semitendinosus (~25 %) (Ismail et al., 2019a). Cooking loss differences between
muscles show that muscle types affect the ability of meat to retain moisture. Individual muscles
from different anatomical positions have different myofibrillar and connective tissue profiles
(Hwang et al., 2019), which undergo physical changes such as shrinkage (Ofter, 1989) and swelling
(Baldwin, 2012). These changes are crucial factors for cooking loss, primarily influenced by meat
pH, muscle fibre composition, sarcomere length, and cooking conditions (M. Christensen et al.,

2011; Listrat et al., 2016b).
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Table 3. 3 Meat quality measures for raw and sous vide cooked longissimus thoracis (LT) and semimembranosus (SM) muscles.

Animal group
Parameters Muscle FF BF BM Animal Breed Sex
group (FF x BF) (BF x BM)
pH (48 h) LT 5.79 £0.21°% 5.87 £ 0.04% 5.80 £ 0.06"" ns ns Ns
SM 5.98 + 0.02Y 5.83 £ 0.48™ 5.76 £ 0.06™ ns ns ns
Cooking loss (%) LT 24.6 £ 0.51" 28.5 + 0.40" 25.2 +0.63" ns ns ns
SM 22.7 +0.33%% 20.7 £ 0.41% 24.2 + 0.54 * ns *
Collagen content (mg/g) LT 16.2 £2.75 "% 6.9+0.61 " 7.6 £0.92°% K ok ns
SM 12.0 + 1.72% 10.2 + 2.88% 7.8 £ 0.68% ns ns ns
Collagen solubility (%) LT 0.8£0.11" 0.9 £0.18"Y 1.6 £ 0.25" * ns ns
SM 0.8 £0.19° 0.8 £0.15 1.4 +0.19% ** ns ns
Peak Shear force (N) LT 87.8 +4.78% 71.4 + 4.29% 76.1 £ 7.59% ns * ns
SM 66.7 £ 1.70° 62.1% 4.66™% 71.5 + 7.38°% ns ns ns

Animal group- FF- feral female, N=8; BF- Boer cross female, N=8; BM- Boer cross male, N=17.

FF x BF- difference between female Boer cross and female Feral (Genotype effect), BF X BM — difference between female and male Boer crosses (Sex effect).

**Means + SEM within a row with the same superscript letter are not different (p > 0.05) between animal group.'ns = p > 0.05, ¥= p < 0.05, and ** = p < 0.01.

¥Y Means = SEM  within a column with the same superscript letter are not different between muscle types (p > 0.05).

SEM- Standard error of the mean.
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3.83.2.8 Collagen content and collagen solubility

Meat from feral goats consistently had a higher collagen content than meat from Boer
crosses, although significant variation was observed only for LT muscles (p < 0.05). The LT from
FF had significantly higher (p < 0.01) collagen content than BF. The higher collagen from feral
goats could be an acquired trait as a result of how they forage for food in hilly slopes and
mountainous regions, leading to more developed collagen. Surprisingly, even though SM was
reported to have the highest collagen content among goat muscles (Bakhsh et al., 2019; Hwang
et al., 2019) it was not evident in our results. Within animal groups, the LT muscle of FF had
higher (p < 0.05) collagen than SM, while SM of BF had higher (p < 0.05) collagen content than
LT. Since the level of connective tissue in a muscle is dictated by its functional requirements
(Purslow, 2014, possibly, the cranial end of the longissimus muscle used was the portion with
developed connective tissues when goats forage for shrubs and trees as their preferred diet (Chebli
et al., 2020).

Collagen solubility varied significantly between LT (p < 0.05) and SM (p < 0.01) across
animal groups. Notably, the muscles from feral goats were consistent with having the lowest
collagen solubility across animal groups. Although statistically, variation was not significant
when examining female feral and female Boer, the differences in value across the three animal
groups is worth noting. Low collagen solubility of meat from feral is possibly due to higher
collagen crosslinking. The effects of breed on collagen characteristics is a common observation
reported in the literature (Purslow, 2014). The differences in collagen content and solubility

among genotypes can be explained partly by the growth characteristics of each breed, where
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early-maturing breeds tend to have higher collagen content with less solubility (Campo et al,,
2000; M. Christensen et al., 2011). Unfortunately, growth characteristic data for Boer crosses and
teral goats are not available to link collagen characteristics to their stage of maturity.

The collagen solubility values obtained for SM and L'T muscles from feral goats and Boer
crossbreed goats were comparatively lower than those of goat meat from Korean native black
goats cooked under the same conditions (Ismail et al., 2019b), with collagen solubility around 2.0-
6.3 % for semitendinosus, gluteus medius, and biceps femoris. Although the level of collagen
solubility is highly dependent on cooking conditions (Rold4n et al., 2013; Tornberg, 2005), the
degree of collagen cross-linking and the organization of the endomysium and perimysium also
play significant role in the process of solubilizing collagen, which are highly influenced by
genotype, muscle type, age, and diet (Lepetit, 2008; Listrat et al., 2016b). While collagen
denaturation occurs between 56 °C and 62 °C (Martens et al., 1982), the collagen from SM and
LT muscles from Boer crosses and feral goats possibly had little physical changes. The shrinking,
swelling, and softening of collagen could be less due to more heat-stable bonds that retain

intermolecular linkages even during cooking (Tornberg, 2005).

3.8.2.4 Meat texture

The peak shear force (PSF) values from all animal groups for both LT and SM muscles
were high (62-87 N), showing that sous vide cooking at 60 °C for 6 h was not enough to achieve
even a moderately acceptable PSF value of < 40-60 N (Warner et al., 2017; Webb et al., 2005).

Meat texture after cooking depends on the extent of heat-induced modifications to meat structure
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(Dominguez-Hernandez et al., 2018). Although muscle protein modifications have been reported
to occur below 60 °C (Sun et al., 2006), significant structural changes for myofibril and collagen
happen at temperatures higher than 60 °C (Bertola et al., 1994; Briiggemann et al., 2010;
Tornberg, 2005). In this study, sous vide cooking at 60 °C resulted in fewer structural alterations,
insufficient for a significant tenderizing effect. Furthermore, the high PSF values can also be
attributed to lower desmin degradation at 60 °C sous vide cooking process, reported by Ismail et
al. (2019b) for Korean native black goat.

Among animal groups, The LT and SM muscles of BF consistently recorded the lowest
PSF value. The effect of genotype was observed for LT muscle only, where I had a higher (p <
0.05) PSF value than BF. The inconsistent trend for the differences in PSF values cannot give
conclusive results for the differences in texture profile of Boer cross and feral goat meat.
Published results on goat meat texture as influenced by genotype also shows a varying trend. No
significant differences among genotypes were reported (Kadim et al., 2004; Santos et al., 2007a;
Van Wyk et al., 2022) while significant difterences were observed by some authors (Gadiyaram et
al., 2008; Pena et al., 2009; Simela & Frylinck, 2004a).

Muscle type significantly affected tenderness, where PSF values for LT muscle were
consistently higher than SM for all samples. However, it is not statistically higher (p < 0.05) for
BM. It appears that LT muscles of goat meat tend to have higher PSF values, similar to what has
been reported by Werdi Pratiwi et al. (2007) for Australian feral goats. The PSF value for LT
muscle was significantly higher compared to triceps (shoulder) and wvastus (thigh) muscles.
Additionally, Van Wyk et al. (2022) reported that LT had the highest shear force value among six

muscle types. In our results, at higher PSF value for LT can be explained by its collagen content
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and higher cook loss for LT muscle. Moreover, the sensitivity of the loin muscle to cold shorten

compared to other muscles might have contributed to its toughness.

3.8.2.5 Variations in meat texture

Since the texture is a significant determinant of meat quality, a model predicting the
variation of meat texture was generated using the meat quality characteristics (Table 3.4). From
the generated Model 1 (R* = 79 %) using both muscles, the meat quality measures that
significantly affected texture were pH (p < 0.01) and collagen content (p < 0.05). Neither cooking
loss nor collagen solubility had a significant effect on the predictability of texture. The effect of
pH was demonstrated in our results. A scatter plot showing the relationship of pH with texture

trom both muscle types across the animal groups is shown in Figure 3.3.

Table 3. 4 Meat quality measures (covariates) and animal group and muscle type effects (tixed)
that explains the variation in shear force for LT and SM muscles (Model 1, R2=79.15).

P-value

Intercept 0.000
Meat quality measures (covariates)

pH 0.002

Total collagen 0.042

Cook loss 0.165

Collagen solubility 0.759
Fixed Effect

Animal group (FF, BF, BM) 0.248

Muscle (LT and SM) 0.002

Animal group*Muscle 0.443
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The samples followed the typical relationship of pH and PSF values for meat, where
the toughness of red meat tends to be higher from 5.5 - 6 and will decrease beyond pH 6 (Ertbjerg
& Puolanne, 2017). It can be inferred that the reported toughness of goat meat can be explained
by its pH level. The pH of goat meat (intermediate pH, ~5.7-6.3) plays a significant role in the
biochemical processing taking place postmortem. Meat toughness in the intermediate pH range
can be explained by less proteolytic activity of lysosomal enzymes (cathepsins) and lesser
degradation of myofibrillar proteins as exhibited by some intermediate pH meat (Lomiwes,
Hurst, et al.,, 2014). The intermediate pH of the goat meat samples possibly led to the up-
regulation of small heat shock proteins (sHSP), inhibiting apoptosis and the action of calpain in
cleaving myofibrillar proteins (Lomiwes, Hurst, et al., 2014). The up-regulation of sHSP at
intermediate pH would mean that myofibrillar proteins of goat meat samples are more stable to
proteolytic degradation as observed in beet (Balan et al, 2014). Hence, even after 48-h
postmortem, there may be minimal proteolytic activity for SM and LT muscles, leading to tough

goat meat.

83



120 A

|
= 110 ~
S 100 7 A, m mFF
o BF
= . A
. 30 o Am ABM
() i . .
a4
© 70 A A . . A
(a1 AN | [
60 - [
A A
50 - A
40 T T T T
5.5 5.7 5.9 6.1 6.3
pH

Figure 3. 3 Scatter plots showing the relationship between peak shear force (N) and pH (48 h).

Values are from the longissimus thoracis et lumborum (LT) and semimembranosus (SM) muscles of three animal groups
(FE, BE; BM). From the generated Model 1, pH is a highly significant (p <0.01) covariate that explains the variation
of shear force in the studied goat meat samples regardless of genotype. High shear force values cluster within the
intermediate pH zone.

The collagen content was positively correlated to texture and had a significant effect (p <
0.05) on texture variability. The higher PSF values for LT muscle for both Boer crossbreed goats
and feral goats can be explained by the higher collagen content of LT than SM. On the other
hand, collagen solubility showed no significant effect (p > 0.05) on the variation of shear force.
This observation was not surprising since the tenderness of sous vide cooked meat is often
associated with a higher degree of collagen solubility (L. Christensen et al., 2011; Ismail et al,,
2019¢). In this study, the collagen solubility values were low, and even if they varied among animal

groups, their effect was not enough to affect the variation in tenderness. The sous vide conditions
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applied only resulted in minimal collagen solubility for all samples. Furthermore, our results
agree with the findings of Ismail et al. (2019b), who concluded that 6 hr sous vide cooking over
a range of temperatures (60-80 °C), collagen solubility had less or no role in tenderizing sous
vide goat muscles.

Muscle type had a significant (p < 0.01) main effect on the texture variability, in agreement
with the reports that muscle type significantly affects texture due to the variability of muscle
tibre types and degree of collagen crosslinking for each muscle (Chriki et al., 2013; Listrat et al.,
2016b). Although the predictability of meat tenderness is complex and can be explained in various
perspectives (sarcomere length, degree of protein degradation, muscle fibre types) in this study,
it is limited only based on known meat quality parameters that generated an R* = 79 %. To
enhance the predictability of the model, other predictors can be added, such as desmin
degradation (Starkey et al., 2015) and protein solubility (Starkey et al., 2017). Further validation
using other parameters reported to significantly affect goat meat tenderness can be done in future

studies.

3.3.3 Meat colour

The colour values for fresh meat were within the acceptable range for redness (a*) from
9.5-19 and lightness (L*) >34 (Holloway & Wu, 2019) (Table 3). Meat from Boer crosses and
teral goats differ in a*for both LT (p < 0.01) and SM (p < 0.01) muscles. The results demonstrated
the significant effect of genotype for a* values, and that meat from feral goats and Boer crosses

can be differentiated by its redness. This finding agrees with the reported higher a* for Australian
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teral goats than Boer crosses (Dhanda, Taylor, & Murray, 2003). Varying values for a*
consequently affected the value of chroma (colour intensity), which differed for LT (p < 0.05) and
SM (p < 0.01) across animal groups.

PCA biplots for raw muscles are presented in Figure 3.4 (A and B) to visualize the
association of individual colour properties for each animal group. Raw LT and SM are well-
approximated by a two-dimensional set of principal components, explaining 94 % variation for
LT and 93 % for SM. For both muscles, the most important component is in PC1, in which the
variability is explained mainly by a* 6% chroma, and hue (discolouration). Additionally, the
variability in PC2 is primarily explained by L*. For LT muscle in PC1, FF clusters in the direction
of a* and chroma and separate itself from BF and BM. Data for BM and BF sat close on the plane
because no significant differences (p > 0.05) exist for colour parameters between Boer
crossbreeds. The lower L* and higher a* show a darker red colour for feral goat LT muscle
compared to Boer crosses. For SM muscle, in PC1, FF SM can be distinguished as having a lower
a* compared to BF that positively correlated with a* and chroma. A significant effect of genotype
on a* was reported in published papers and correlated the difference with the levels of heme
pigment content (Dhanda, Taylor, & Murray, 2003; Dhanda et al., 1999; Santos et al., 2007a).
Additionally, varying levels of redness can be explained by the differences in muscle fibre
composition between breeds. Redness values in goat meat were reported to increase with a high
number of type I fibres and a low number of type IIB fibres (Bakhsh et al., 2019; Hwang et al.,
2010). Likewise, the difterences in colour properties between LT and SM can be explained by the
muscle fibre composition, responsible for the varying rates of myoglobin oxidation that is also

pH-dependent (Bakhsh et al., 2019; Hughes et al., 2020; Hwang et al., 2017; Hwang et al., 2010).
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Higher pH results in lower redness values for LT BF and SM FF muscles because in high pH
conditions, there is an increased activity for mitochondria, and it competes with myoglobin
oxidation (McKeith et al., 2016; Zhang et al., 2018).

For the sous vide cooked muscles, the L* and a* values indicate to a dominant red-pink
pigment, a typical colour for meat sous vide at 60 °C (Bhat et al., 2018; Ismail et al., 2019b).
Cooked meat from feral goats had higher L* values (p < 0.01) than Boer crossbred goats, showing
that feral and Boer cross meat samples differ in lightness. The colour profiles for sous vide meat
trom male and female Boer crosses are similar (p > 0.05), indicating that sex had no significant
eftect on colour. The PCA biplots for the colour profiles of cooked samples are also shown in
Figure 3.4 (C and D). The variability among cooked LT samples is explained primarily by PC1
(566%) and PC2 (385 %). In PC1, cooked L'T muscles from feral goats can be differentiated from
cooked LT muscles of BF and BM since it clusters towards L* and hue values. For cooked SM
muscles, meat from feral goats is positively correlated to 6% while BM samples are more
negatively correlated. BIF samples are negatively correlated to chroma. Both PCA biplots of
cooked SM and LT muscles from feral goats showed a high correlation to L* and can be
distinguished to have lighter cooked meat colour compared to BF and BM muscles. After cooking,
all samples increased in L* values, which is linked to the increased free water on the meat surface
after sous vide cooking (Sinchez del Pulgar, Gazquez, & Ruiz-Carrascal, 2012). However, L*
varied between genotypes and can be explained by the differences in their composition since the
light scattering property of meat is influenced by its structure (Hughes et al., 2020). The colour
profile of meat is a result of a complex interplay between its meat structure and the biochemical

aspect of myoglobin (Purslow et al., 2020). For our cooked samples, colour differences are mainly
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attributed to the achromatic properties of meat (variations in lightness). The higher L* from

cooked feral goat muscles can be attributed to its higher collagen content. Tissues with higher

collagen content have been reported to have a higher light scattering coefficient (Jacques, 2013).

Moreover, varying levels of IMF between breeds might have contributed to colour differences

since lipid exhibits light scattering properties (Hughes et al., 2020).
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Figure 3. 4 Principal component analysis (PCA) plots showing the multivariate variation among

the three animal groups (FE, BF, BM) in terms of its colour properties.
Lightness (L*), redness (a*), yellowness (6*) Individual biplots are shown for (A) raw longissimus thoracis (L'T), (B)
raw semimembranosus (SM) muscles, (C) sous vide longissimus thoracis (L'T) and (D) sous vide semimembranosus (SM)

muscles. The vectors indicate the direction and strength of each trait to the overall distribution.
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Table 3. 5 Colour properties of raw and sous vide cooked longissimus thoracis (LT) and semimembranosus (SM) muscles of Boer

cross and feral goats.

Animal group p-value'
Parameters Muscle FF BF BM Animal Breed Sex
group (FF x BF)  (BF x BM)
Raw
L* LT 387.26 £ 0.87X 48.08 £ 0.64Y 41.36 £ 0.41 %Y * ns ns
SM 38.19+0.32 &Y 34.70 + 0.74% 37.94+0.58 % ns ns ns
a* LT 14.08 £ 0.21°Y 12.98 + 0.89°% 13.20 £ 0.81%X ok ok ns
SM 12.82 £ 0.20%% 16.5 £ 0.240Y 15.16 £ 0.29°Y ok *k ns
b* LT 3.94 t 0.22% 2.31 £ 0.27% 3.55 £ 0.31%% ns ns ns
SM 3.81 £ 0.28%X 5.99 +0.25% 5.17 £ 0.30%Y ns * ns
Chroma LT 14.67 + 0.25%Y 11.49 £ 0.51% 18.84 + 0.87% * Hk ns
SM 13.48 £+ 0.24%% 17.6 £ 0.29"Y 16.07 £ 0.38>Y *x *ok ns
Hue LT 15.30 £ 0.74"% 10.08 £ 0.46%% 13.42 + 1.03%% ns ns ns
SM 16.10 £ 0.79*% 19.69% 0.65 Y 18.81 £ 0.76% ns ns ns
Sous vide
L* LT 65.10 £ 0.19"Y 60.10 £ 0.85*Y 62.15 £ 0.86*Y ok ok ns
SM 62.93 + 0.29% 57.67 +0.88% 59.57+0.85 % ok Hox ns
a* LT 12.95 + 0.22X 14.87 + 0.88% 13.99 + 0.49X ns ns ns
SM 15.02 £0.19%Y 15.65 £ 0.42Y 14.10 £ 0.87% ns ns ns
b* LT 11.85 £ 0.07% 10.82 + 0.21% 11.85+0.81% ns ns ns
SM 12.96 £ 0.19"Y 11.86 £ 0.17% 11.76 £ 0.15% * * ns
Chroma LT 17.24 + 0.20%% 18.08 + 0.84% 18.01 £ 0.52*% ns ns ns
SM 19.87+0.21% 19.69 + 0.40%Y 18.44 + 0.830°% ns ns ns
Hue LT 41.438 t 0.42*X 37.38 +0.91% 39.44 + 0.85% ns ns ns
SM 40.79 £ 0.47% 37.63 + 0.68% 40.25 £ 0.85% ns ns ns

L*-lightness, a*-redness, b*~yellowness, Chroma (intensity, C = [a*2 + b*2] v/ 2), and Hue (discolouration, H* = tan™1 [b*/a*7).
Animal group- FF- feral female, N=8; BF- Boer cross female, N=8; BM- Boer cross male, N=7.

FF x BF- difference between female Boer cross and female Feral (Genotype effect), BF x BM — difference between female and male Boer crosses (Sex effect).

“*Means = SEM within a row with the same superscript letter are not different (p > 0.05) between animal group.'ns = p > 0.05, *= p < 0.05, and ** = p < 0.01.
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XYMeans £ SEM within a column with the same superscript letter are not different between muscle types (p > 0.05).
SEM- Standard error of the mean
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3.3.4 Meat ultrastructure

Longissimus thoracis Semimembranosus
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Figure 3. 5 Ultrastructural images of raw longissimus thoracis (LT) and semimembranosus

(SM) muscles.

Transmission electron microscopy (TEM) images were acquired on longitudinal sections of the three animal
groups: (A) FE, (B) BE and (C) BM, after 48 h postmortem.

Images are shown in 2 magnifications.

SL: sarcomere length in pm.

Figure 3.5 shows the ultrastructure of goat meat, showing myofibrils that appeared
aligned, with visible sarcomeres and intact mitochondria as observed for raw meat (Astruc et

al., 2010; Supaphon et al., 2021). Additionally, a fractured z-disk along some myofibrils was
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observed from BF tissues, which might be caused by some proteolytic activity since the meat
was aged for 48 h. Endogenous enzymes can degrade cytoskeletal structures such as those in
the Z-disk or M line (Taylor et al,, 1995). The overall sarcomere length (SL) of goat meat
measured from the TEM micrographs, regardless of muscle type ranged from 1.5-1.8 um.
Unfortunately, we can't present any ultrastructure of BM LT muscle because