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GENERAL ABSTRACT

This study aimed to evaluate the effect of single and extra vitamin C (VC) supplementation
on water-stressed Xhosa goats during the summer by evaluating their growth performance,
blood biochemical profile, nutrient balance, carcass characteristics and meat qualities. The
objectives were to assess the effect of water restriction and vitamin C supplementation by
evaluating: firstly, growth performance, heat tolerance responses, and blood metabolites;
secondly, intake, nutrient digestibility, nitrogen and mineral balance; thirdly, stress indices,
carcass characteristics and meat qualities parameters and lastly, fatty acid profile, oxidative
stability of lipids and sensory attributes were evaluated. To achieve these objectives, forty-
two (42) goats were divided equally into seven treatments (75-day trial); without water
restriction (WO, control); water restriction of 70% of ad libitum water intake W1 (W70); water
restriction of 50% ad libitum WI (W50); water restriction of 70% of ad libitum WI plus 3g
VC daily (W70%); water restriction 50% of ad libitum WI plus 3g VC daily (W50%); water
restriction of 70% of ad libitum WI plus 3g VC and extra 5gVVC given every eight-day (70™);
water restriction of 50% of ad libitum WI plus 3g VC and extra 5gVC given every eight-day
(W50%). In the first objective, growth performance parameters, body condition scores, rectal
temperature, respiratory rate, heat tolerance response parameters and blood metabolites were
measured. Weight loss due to water restriction was,reduced by VVC supplementation in treated
groups. The attenuation effect of VC was significant (P<0.05) in responses to respiratory rate
(RR), Na*, K*, Mg?*, CI', Ca?* and urea. Supplementation of \VC (either single or multiple)
did not (P>0.05) improve the effect of water restriction on body condition scores (BCs),
FAMACHA®, glucose, globulin, alanine aminotransferase (ALT) and high-density
lipoprotein (HDL). In the second objective, intake, nutrient digestibility, nitrogen and mineral
balance were evaluated. The reduced nutrient intake was similar (P>0.05) irrespective of
water restrictions and VC supplementations. Water-restriction levels did not affect nutrient
intake/metabolic weight. Retained nitrogen increased with water-restriction levels but not
influenced by VC. NHs-N decreased with the levels of water restriction while the pH was
similar across the water restricted groups. Supplementation of VC had no effect (P>0.05) on
apparent digestibility and digestible nutrients induced by water restriction levels. The amount
of Ca, K, Mg retained increased (P<0.05) with water-restriction levels. In the third objective,
stress indices, carcass characteristics and meat quality parameters were evaluated. The level
of plasma cortisol concentration due to water stress was lessened (P<0.05) by VC. Follicle

stimulating hormone (FSH), Luteinizing hormone (LH) and insulin were not affected

XiX



(P>0.05) by levels of water restriction. The hot and carcass weights were lower (P<0.05) in
W?70* and W50* compared to W70 and W50 respectively. Vitamin C treated goats had higher
redness (a*) compared to W70, W50 and WO. The shear force and cooking loss increased
(P<0.05) with water restriction levels, while thaw loss, pHasmin and pH24n were not affected
by water restriction levels. In the final objective, the treatments did not affect (P>0.05) the
oxidative stability of lipids (TBARS). The moisture and fat content in the water restricted
groups were lower (P<0.05) than WO. The consumer meat sensory appearance decreased
(P<0.05) with levels of water restrictions. Regardless of VC concentration and
supplementation, vaccenic, and docosahexaenoic acid increased (P<0.05) while linolenic
acid decreased as the water restriction levels increased. Nonetheless, treatment did not affect
(P>0.05) the saturated and unsaturated fatty acids. These studies showed that suboptimal
water intake negatively affects the growth performance and nutrient intake of Xhosa goats.
However, the reduction in body weight loss and decreased plasma cortisol (chief stress
hormone) concentration following vitamin C supplementation (especially at a daily single
dose [3g/d]) may well reduce the effect of water stress in goats.

Keywords: water restriction, vitamin C, Xhosa goats, digestibility, performance, meat

quality.
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Chapter One

Introduction




1.1  Background of the study

Global demand for meat and animal products is highly expected to increase in the following
decades. This supposed increase in the livestock market is attributed to increased population
growth, increasing urbanization and rising income (FAO, 2016). Therefore, the growing
populaces future concern will be centered on food security, among other things. Developing
the livestock production sector (among other sectors) to cope with the world population
growth, projected to grow by 34% from over 6.8 billion to 9.1 billion in the year 2050, is
highly essential (United Nation, 2017). However, changes in the global climate in the form
of global warming are expected to impact general agriculture either directly or indirectly
(Nardone et al., 2010). Based on the intergovernmental panel on climate change (IPCC,
2007), the earth’s surface temperature is expected to increase from 2.4 to as high as 6.4 °C
with frequent heat waves, warm spells, windstorms, and water scarcity, among other things.
Such alteration in climatic variables over a long period is bound to affect the productivity of

crop and livestock systems'(Rojas-Downing et al.; 2017).

Small ruminants’ contributions, especially goats, to the livestock industry’s development
have been emphasized (Kosgey et al., 2008). This is because goats are imbued with good
attributes such as hardiness, adaptability to harsh climates, good foraging abilities, quick
reproduction and low production cost (Ngambi et al., 2012). They are also critical to
developing sustainable and environmentally sound production (Ben Salem, 2010) system,
given the socio-economic role they play in communities living in arid and semi-arid regions.
Goats are hardy and well-adapted to harsh climates. However, the challenge of water and
poor quality feed are problems that affect the production of small ruminant production in the

arid and semi-arid regions (Akinmoladun et al., 2019).



Like many animal species, goat productivity is maximally expressed when reared in an
environment that equates with their thermo-comfort or neutral zones [range; 38.7-40.7 °C]
(Bengtsson and Whitaker, 1988). However, the climatic conditions in the long summer
season of the Eastern Cape, South Africa, is plagued by unusually high ambient temperature,
humidity, water scarcity, and highly lignified/fibrous fodders (Hashem et al., 2015). In
general, South Africa experiences limited water availability as it receives mean annual
precipitation of about 500mm, where only 9% of this being converted to river run-off (Dennis
and Dennis, 2012). In the Eastern Cape Province, the climate is arid to semi-arid, receiving
350-550mm rainfall per annum (Palmer, 2004). The region has a mean annual temperature
of 17.6 °C (mean monthly range of 12.3-22.4 °C) with daily maximum temperatures in
summer regularly reaching 40 °C (Mills et al., 2005). These harsh conditions induce stress
and portend a major constraint to animal agriculture and productivity (Rojas-Downing et al.,
2017). Under conditions of heat stress, performance indices of animals such as feed intake,
fertility and conception 'rate, milk- production are affected negatively. Johnson (2018)
affirmed the interruption of normal internal milieu/homeostasis resulting from imbalances in
water metabolism, hormonal secretion, blood metabolites, energy, nitrogen, and reduced
production in heat-stressed animals. During summer, adaptable breeds of sheep are forced to
stay up for several days, trekking long distances with little or no water (Chedid et al., 2014).
The thermoregulatory demand for water is further exacerbated due to increased fermentative
heat from fibrous forage (Nardone et al., 2010) in ruminants. Despite the adaptability of
indigenous breeds to water scarcity in hot arid and semi-arid regions, insufficient water intake
affects animals’ physiological homeostasis, resulting in lower feed intake, reduced body
weight, decreased fertility, and immunity to diseases (Beede, 2012).

Several stress alleviations approaches have been worked upon by several researchers. Such

approaches could be in the form of feed type and feed composition manipulation (Abdel-
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Samee et al., 2008), housing pattern, ventilation and cooling system (Lin et al.,1998;
Armstrong et al.,1999) to selection for drought-resistant breeds, among others (Morrison et
al.,1983). However, their availability and sustainability depend on the overall price or cost
incurred, the amount of energy and water to be consumed, and the farming system adopted
(Thorne, 2007; Renaudeau et al., 2012). Besides, several drugs and antioxidant supplements
for stress alleviation in domestic animals have been tested. Such drugs include xylazine and
sodium betaine administered to sheep and goats (Ali et al., 2005), electrolyte therapy in cattle
(Schaefer et al., 1997) and aspirin (Acetyl-salicylic acid) in layers, pigs and rats (Galil, 2004;
Fields et al., 2001; Drew et al., 2005). Attention is currently focused on ascorbic acid
(vitamin C) or its salts in ruminants’ stress management. Studies have documented its use in
stress management in Red Sokoto goats undergoing road transportation (Minka and Ayo,

2012) and water-restricted Awassi sheep (Ghanem et al., 2008)

L-ascorbic acid or vitamin C is an essential water-soluble antioxidant (Pehlivan, 2017). It is
regarded as the most critical extracellular antioxidants, acting as the first line of defence
against free radicals. Under normal conditions, ruminants, including goats, can synthesize
vitamin C endogenously within their bodies by bio-synthesizing L-ascorbic acid from
glucose through the glucuronic acid pathway in the liver and kidney. However, a decrease in
vitamin C levels in the blood is commonly observed, especially during stress and disease
conditions (Ranjan et al., 2005; Rejeb et al., 2016). Unlike vitamin C, small ruminants’
requirements were defined only for A, D and E (NRC, 2007). Supplementation of ascorbic
acid to ewes orally, increases their ability to withstand water stress (Ghanem et al., 2008) and
with notable improvements in fertility and weight of pregnant ewes and their lambs (Halilo™
and Serpek, 2000). During periods of harsh environmental conditions, animal productivity

also improves when fed diets supplemented with vitamins (Marai et al., 2008). However,



supplementation of these nutritional supplements, especially vitamin C on small ruminants
during stress management, have been very short (Ghanem et al., 2008; Minka and Ayo,
2012), and the results obtained are sometimes conflicting (Ghanem et al., 2008; Hashem et

al., 2016).

The Xhosa lob-eared is an indigenous and adaptable breed, raised primarily for meat and
milk. It is mainly distributed in the Eastern Cape’s arid region, the Southern part of South
Africa. It is a well-muscled, medium to large-framed goat breed and usually spotted by
various coat colours patterns (Saymore et al., 2010). Being an ecotype of the indigenous Veld
goats, they are resilient to local diseases, parasites and climatic changes with an ability to
live in a ‘free range’ natural environment. Although water insufficiency has been a persistent
and challenging problem in arid and semi-arid regions, studies on quantitative data for

adaptable breeds during long periods of water scarcity or deprivation are very few.

Several studies have been conducted on water stress in livestock (Chedid et al., 2014,
Casamassima et al., 2016). However, the capability to withstand intermittent watering and
the coping mechanisms may vary between breeds, and these will determine their worthiness
for selection and improvement. Jaber et al. (2013) reported that different breeds responded
differently to water stress. This necessitates investigations on indigenous breeds’ ability to
regulate their intake and body fluid homeostasis during the period of water restriction.
Besides, no research has documented the use of vitamin C in water stress management of
indigenous Xhosa goats in the Eastern Cape of South Africa. With the above research gap,
the study is conducted to evaluate the effect of supplementation of vitamin C to the diet of
water restricted Xhosa goats during the summer season by assessing their performance, blood

metabolites and meat quality.



1.2 Statement of Research Problem

The continuous shortfall in rainfall patterns as a result of climate change has reduced the
amount of fresh water available to a major part of the earth surface. This threat to water
availability has not only affected humans but also livestock production. The implication of
this scarcity could be enormous for the arid and water limited regions of the world. Although
small ruminants seem to have the capacity to tolerate limited water intake compared to other
specie of livestock, suboptimum water intake compromises the integrity of the animal’s total
wellbeing and makes livestock production increasingly challenging. Small ruminants
respond to water stress by decreasing their feed intake, resulting in weight reduction due to
water and body mass loss. Also, the stress effect in ruminants induced by suboptimal water
intake and elevated temperature, has the potential to compromise blood metabolites as well
as the meat quality parameters if sustained for a long period of time. Given the growing
concern of future global water scarcity, including competition between humans and livestock,
new research plans in the form of management strategies need to be formulated in semi-arid
and arid environments for rural farmers.

Studies examining the effect of water stress in small ruminants, especially goats, have not
gained much attention. This is because goats are assumed to be more adaptable and contribute
minimally to meat or milk production. The Xhosa ear-loped goats are very predominant
among resource-limited farmers in the Eastern Cape of South Africa as a source of income
and livelihood, and knowledge of their water tolerance capacities and vitamin C’s role in
stress management will help to sustain production.

Vitamins play an essential role in the diets of livestock species as their supplementation
during the period of stress have shown to have positive effects on dry matter intake,

reproduction, immune status, and disease resistance. The research will help farmers ensure



efficient feed utilization and improved production performance using vitamin C in water

stress management.

1.3  Aims and Objectives

1.3.1 Research Aim

This study aims to evaluate the effects of vitamin C supplementation in water-restricted
Xhosa ear-loped goats on the growth performance, blood biochemical profile, nutrient

utilization, carcass characteristics and meat quality in the summer period.

1.3.2 Research Objectives

The specific objectives are to determine the effects of water restriction and vitamin C
supplementation on:

1. the growth performance (total feed intake, total weight gain), heat tolerance response
(temperature-humidity ' ‘index, ' rectal ‘temperature, “respiration rate) and blood
metabolites (osmolality, AST, ALT, Total protein, Total glucose, creatinine, urea) of
Xhosa goats.

2. the nutrient intake, nutrient digestibility, nitrogen and mineral balance of Xhosa goats

3. on stress indices (cortisol, Tri-iodothyronine T3z, Thyroxine Ta), carcass traits and
meat quality of Xhosa goats.

4. the fatty acid composition, lipid oxidation and consumer sensory attributes of Xhosa

goats.

1.4  Hypothesis
This study is premised on the null hypothesis that water restriction and vitamin C

supplementations to Xhosa goats during summer will not affect their;



1. growth performance (total feed intake, total weight gain), heat tolerance
response (temperature-humidity index, rectal temperature, respiration rate) and blood
metabolites (osmolality, AST, ALT, Total protein, Total glucose, creatinine, urea)

2. intake, nutrient digestibility, nitrogen and mineral balance.

3. stress indices (cortisol, Tri-iodothyronine T3, Thyroxine T4), carcass traits
and meat quality

4. fatty acid composition, lipid oxidation and consumer sensory attributes
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Abstract: Availability and sustainability of portable drinking water is a global concern.
Such uncertainties threaten livestock production with an attendant ripple effect on food
security. Small ruminants, including sheep and goats, appear promising to smallholder
farmers in solving this problem because of their ability to survive in water-limited areas and
harsh environments compared with large ruminants. Their small body size is also seen as
an advantage because less water will be required for proper digestion and feed utilization.
Therefore, this review will provide information on the adaptive responses of small
ruminants on thermoregulation, blood biochemical profile, immune status, drug
pharmacokinetics, reproduction, and hormonal indices during the period of water stress.
Adaptable and indigenous ruminant breeds are known to be more tolerant to water stress
than selected breeds. However, decreased feed intake and weight, reduced respiratory rate,
and increased concentration of blood metabolites are the general effects and observations
encountered by small ruminants during the period of water stress. The concept of water
tolerance, either as deprivation-and/or. restriction-of indigenous and adaptable breeds of
small ruminants, is gaining ground in research studies worldwide. However, more research
seeking to explore adaptable breeds’ water tolerance capacity, especially in arid and water
limiting areas, is still needed.

Keywords: sheep, goat, water restriction, adaptation, thermoregulation, water scarcity.

2.1 Introduction

Over 40 per cent of the people on the earth’s surface is already affected by the scarcity of
freshwater, and more than 1.7 billion people are currently living in a highly water-limited
basin (United Nation, 2015). Water demand will continue to rise across the globe due to
climate change, increased demand from the growing population, polluted supplies, land use

and economic change (Naqvi et al., 2015). The Fourth Assessment Report, which emanates
14



from the Intergovernmental Panel on Climate Change (IPCC, 2007), affirms that stress on
future water resources will continue to increase if mitigating strategies are not implemented.
Areas most vulnerable and with very limited freshwater resources are North Africa, Northeast
China, Pakistan, India, North America, and Middle East (Schlosser et al., 2014; Damerau et
al., 2015). Presently, the inability to satisfy the demand for good quality water has reached a
critical stage in many areas. Such an imbalance creates concern in meeting up with the water-

requirements for food production for the world’s growing population

Water is an essential nutrient and should be readily available for animals in the required
amounts (Nejad, 2014). However, livestock is the worst hit, with suitable drinking water
unavailability becoming an enormous concern for farmers. In addition to being worst hit is
the transhumance conflict often generated when livestock are moved seasonally across
geographical regions in search of feed and water. Low rainfall affects drinking water and
reduces feeds’ availability for small ruminants, especially for those grazing in semi-arid
zones (Abdelatif et al., 2010). Insufficient amount of drinking water for livestock negatively
impacts all performance indices and may result in food insecurity, especially for smallholder

farmers in developing countries.

The way forward under this shifting condition is probably to decide the animal species (non-
ruminants, large or small ruminants) to rear and produce. In this regard, small ruminants
appear more promising because of their low production cost, short generation interval,
suitability to small-holdings, multipurpose (meat, milk and fibre) use, ability to utilize crop
residues effectively and most importantly, their tolerance to harsh climatic variables (such as
low rainfall and heat stress) than cattle and other monogastric. The shifting trend of keeping
more small ruminants than cattle by pastoralists (the Samburu) in Maasai, Kenya and Afar,

Ethiopia was partly because of their drought-tolerant ability (Peacock, 2005). Peacock (2005)
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argued that increased frequencies of drought have resulted in pastoral families’ inability to
re-establish larger stock because of the constant struggle to ‘recover’ from the last drought.
For this reason, they increasingly depend on small ruminants, particularly goats. In addition,
the preponderance of small ruminants, mainly sheep and goats, over cattle and other animal
species in Asia and the Middle East (low rainfall areas) currently faced with desertification
and high temperature (Ben Salem and Smith, 2008) is indicative of their drought-tolerant
abilities. In a graphical illustration on the choice of livestock species with respect to drought-
induced temperature, Seo and Mendelsohn (2006) estimated that the probability of choosing
beef and dairy cattle decreases rapidly at elevated temperature as compared to a higher
likelihood of selecting goats and sheep. However, the choice of raising chicken is estimated
to assume a normal distribution curve (bell-shaped) with a maximum peak at a mean

temperature of 22°C.

Many research studies have shown goats” capability (Silanikove, 2000) and sheep (Jaber et
al., 2004; Casamassima et al., 2008) to tolerate dehydration. Small ruminants are imbued
with water-saving mechanisms (e.g. reduced panting and respiration rate) that help them
minimize water loss and enhance their ability to withstand water shortage (Doreau et al.,
2012; Jaber et al., 2013). They have evolved an efficient water economy, which has enabled
them to maintain their dry matter and production intake during times of water shortfall or
scarcity, even at elevated temperature. This is because, during dehydration, dry matter
digestibility is improved and coupled with a reduced metabolic rate. In addition, the rumen
also performs the function of a water reservoir (15% of animal body weight) for use when
water is scarce (Silanikove, 2000). Such adaptation ensures that they continue to live despite
extended periods of water scarcity while grazing several kilometres away from points of

water and exploiting the sparsely distributed pastures efficiently. During water stress, small
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ruminants respond by reducing their feed intake culminating in weight reduction because of
body mass and water loss (Chedid et al., 2014). Water losses amounting to 18% of body
weight can be tolerated by cattle; sheep and goat, 20%; camel, 25% and even more than 40%
in some desert Bedouin and Barmer goats because the fore-stomach can accumulate water to
be used when supply is low. However, a body mass loss of 15% and above due to reduced
water intake in other animals is harmful and can be fatal (Shkolnik et al., 1980). Though such
an imbalance in water and energy metabolism negatively impacts general health and
productivity, small ruminants, including sheep and goat, have evolved adaptive mechanisms
that enable them to thrive and breed successfully in water-limited and arid lands. Therefore,
the present review seeks to discuss water resources and use in a future perspective, current
small ruminants’ distribution, the impact of water scarcity on these animals, and the adaptive

mechanisms evolved by them.

2.2 Global water resources and use

The percentage of freshwater from the total water volume on Earth is estimated to be about
2.50%. However, about two-thirds of this is locked in glaciers and ice caps (Shiklomanov et
al., 1993). Just 0.77% of all water (~10,665,000km?®) is held in aquifers, soil pores, lakes,
swamps, rivers, plant life, and the atmosphere (Shiklomanov et al., 1993). The mean annual
surface and subsurface (groundwater/shallow aquifer) runoff accumulated as river discharge
is assumed to constitute the sustainable water supply accessible to local human populations
(Postel et al., 1996). According to Kundzewicz and D6l (2009), about 3 billion people source
their drinking water from groundwater. Unfortunately, most of the fresh and groundwater
resources accessible to the population have been largely depleted, resulting in a sharp drop
in agricultural production and inflated prices. In arid and water-limited regions, the expected

precipitation over the next century will decrease by 20% or more, and the situation may be
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even worse with an unprecedented increase in population. Unfortunately, these regions (Asia,
Arab, Middle East, Northeast China, India, and some Africa countries) largely depend on
natural resources and climate-driven activities (Misra et al., 2014). Fresh water-limited areas
will experience the largest percentage and absolute increase in demand-driven water stress,
with agriculture remaining the most prominent user. This is based on the conventionally
developed scenario (CDS) of projected water use developed from conjectures about probable
alterations in demand components (Schlosser et al., 2014; Damerau et al., 2015). It was
estimated that by the year 2025, over 30 countries would be found to be water-stressed as
compared to seven countries in 1955, and by the year 2050, two-thirds of the world
population may be already water-stressed simply due to a rise in population, industrialization,
global climate change and water use (Gossain et al., 2006). Future water resource use will be
influenced by climatic changes, population growth and clustering, irrigation expansion,
revolutionary industrial changes, water use efficiency, and demand management (Fujimori

etal., 2017). Fig. 2.1 is a projection of global future water, resource use (1999-2050).

As estimated recently (Schlink, 2010), animal agriculture utilizes about 8% of the available
global water supply. About 1% is available for animals’ nourishment, servicing on-farm
activities and processing animal products into food. The remaining 7% is used in irrigating
feed crops in the intensive production of livestock in developed countries. Given the above
projections of high-water demand and use in agriculture, all livestock sector procedures
involving water use during production and management must be reviewed. Information about
distribution patterns and feeding habits, adaptation to climatic changes, especially to limited
water, must be critically reviewed and updated for their proper management and

sustainability of the livestock industry.
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Figure 2. 1 Global water resource withdrawals, 1990-2050. The thick lines show total
withrawals, under the mid-range, low and high (to 2025 only) Conventional Development
Projections. The thin line shows the total population. By 2025, global water use would have
increased under the mid-range scenario by 35% over 1995 and by 67% by 2050. The mid-
range, high and low case projections were based on the assumption that countries will have
the same rate of population but operates at different economic growth rate and technological
improvements. Withrawals means fresh water use channels (i.e. irrigation, industrial uses
etc.)

Source: Arnell, (1999)
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2.3 Small ruminant distribution

Small ruminant agriculture plays a vital role in social and economic development, especially
for developing countries. They contribute to the management and development of landscapes,
ecosystems maintenance, biodiversity conservation, and job opportunities from their
products (meat, skin, milk, etc.) and by-products in the market (Marino et al., 2016). The
sector is so important such that 56 % of the world ruminant domestic populations (3,872
million heads) are sheep (1178 million) and goats (1000 million) (FAOSTAT, 2013; FAO,
2016) and are distributed all over different types of ecology. Over 56 % of the world’s small
ruminants is located in water-limiting and dry zones in developing countries (Table 2.1),
whereas temperate and humid zones account for 27 % and 21 %, respectively (FAOSTAT,
2013; Marino et al., 2016). As earlier affirmed, this high small ruminant population in the
dry zones is largely as a result of their preference, owing to their efficient water use abilities,
and continuous breeding by dwellers of that area. Though less than sheep and cattle, the goat
population of the world has constantly increased since the 60s, especially in the countries of
low income or less-favoured regions of the world (Skapetas and Bampidis, 2016), and a 60%
increase in global sheep number is expected by 2050 (Foresight, 2011). According to the
working document submitted to the Food and Agricultural Organization (FAO) on domestic
animal biodiversity (Scherf 2000), sheep and goats, clustered in 1314 and 570 breeds, are
distributed across various geographical and agro-ecological zones around the world. The
population size and distribution of buffalo, cattle, sheep, and goat worldwide, excluding
extinct breed, are shown in Table 2.1. Market demand and shifting to more profitable
agricultural activities seem to be the main determinants for changes in the small ruminant
population (Iniguez, 2011). More than 28 million tons of milk and 13 million tons of meat
are produced from sheep and goats worldwide, respectively. This represents a 1.3 and 1.7 per

cent increase per year, respectively, during the past two decades (FAOSTAT, 2013).
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Table 2. 1 Population size and distribution of buffalo, cattle, sheep, and goat

Ruminant Population Breed  Populationshare Breed share  Breeds per

type/distribution  size (x 10%)  number (%) (%) million

Buffalo
Africa 0 3 0 3 0
Asia+Pacific 152404 61 96 71 0.4
Europe 412 3 0 3 7.3
LatinAmerica+ 1711 9 1 10 5.3
Carribean
Near East 3998 10 1 12 2.5
NorthAmerica 0 0 0 0 0
Total 158525 86

Cattle
Africa 174556 251 13 21 1.4
Asia+Pacific 461197 236 35 19 0.5
Europe 162119 482 12 39 3.0
LatinAmerica+ 356069 107 27 9 0.3
Carribean
Near East 71913 86 5 7 1.2
NorthAmerica 111481 62 8 5 0.6
Total 1337335 1224

Goat
Africa 137104 89 19 16 0.6
Asia+Pacific 390433 146 55 26 0.4
Europe 26092 187 4 33 7.2
LatinAmerica+ 40752 34 6 6 0.8
Carribean
Near East 114572 94 16 16 0.8
NorthAmerica 1428 20 0 4 14.0
Total 710381 570

Sheep
Africa 127440 147 12 11 1.2
Asia+Pacific 408098 233 39 18 0.6
Europe 185035 629 18 48 3.4
LatinAmerica+ 89372 42 8 3 0.5
Carribean
Near East 242770 201 23 15 0.8
NorthAmerica 7891 62 1 5 7.9
Total 1060606 1314

NB: Population share is the contribution of each region for a particular type of ruminant to
the total world population; Breed share is the total number of breeds per fraction of world
total breeds of a given ruminant inhabitants of a particular region in a particular region; Breed
per million is the average number of breeds in one million population number of a particular

ruminant type in a given geographical area.
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Most of the grazing lands worldwide are found in seasonal environments with marked
variations in resource abundance, the arid and semi-arid zones of the tropical belt being
characteristics examples. Small ruminants’ socio-economic importance (mainly sheep and
goat) to smallholder and commercial farmers in the entire world cannot be overemphasized.
This is because the demand for their product and by-product’ keeps increasing with
population increase. Therefore, there is a need to continue investigating different methods of
sustaining the increase in demand with limited population resources. With the limitation of
freshwater, as observed in the previous section, there is a need to understand these animals’

water requirements so that their production can be sustained and effectively managed.

2.4 Water requirements and metabolism

The amount of water required by small ruminants is a function of their body metabolism,
ambient temperature, body size and ‘weight, restriction patterns, dry matter intake, feed
composition and energy consumed, water quality, species, physiological status, production
stages, breed and wool covering (NRC, 2007). The amount of water consumed by ruminants
voluntarily is two times that of dry matter consumption. Water consumption tends to increase
when diets rich in protein or salt are fed to animals. However, the expression of water
requirement per animal is usually the total of the needed amount for all physiological stages
(i.e. maintenance, growth, pregnancy, and lactation) (Meyer et al., 2004; NRC, 2007).
According to Beede (2012), satisfying the daily requirement is fulfilled when net water intake
to water loss is zero [i.e. (free drinking water + water in or on feeds consumed) = (water
excreted in urine and faeces + water secreted in milk, sweat and respiratory pore)]. In the
view of Esminger et al. (1990), the actual total water required by ruminants is a complex
process, and a balance must be struck to ensure that total water intake (TWI) equals water

loss (WL) and water retained (WR). TWI accessible to animals includes water sources from
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metabolic (nutrient catabolism), drinking and feed water. Nutrient catabolism often generates
some metabolic water as part of the end product, which is also available as a water source to
the animal. Based on that assumption, 1g of metabolized carbohydrates, fat and protein will

yield 0.56, 1.07 and 0.42 g of water, respectively (Maynard et al., 1981).

However, higher water losses by the lungs due to an increase in breathing in the case of fat
oxidation usually result in the production of less metabolic water during fat hydrolysis when
compared to carbohydrate hydrolysis (Esminger et al., 1990). In addition, water
concentrations in succulent feeds like fresh legumes, grasses and silage are usually very high,
constituting an essential source of water for sheep and goats reared in arid and water-limited
areas (Araujo et al., 2010). Water intake per animal depends on the degree of dehydration or
restriction, drinking time allowances; and the number of animals drinking together at a
watering point (Beede, 2012). Mammals were therefore grouped based on their ability to

replenish lost water rapidly or gradually.

Sheep and goat can drink and adequately replace 18-40% of their body mass within 3-10
minutes at first drinking (Silanikove, 2000). During heat stress, water intake increases while
feed consumed decreases and weight gain decline, a situation that is parallel to feed
consumption and nutrient balance (Ratnakaran et al., 2017). In addition, the attempt to
balance body temperature by an animal during elevated temperature often results in raising
their energy (Kerr, 2015). The way drinking troughs are arranged and the ease of accessibility
of animals to water supply points also affect water intake (Araujo et al., 2010). This is a
common observation during the dry season, especially in arid and water-limited areas when
water supply points get limited and accessibility decreases. As pointed out, more than half of

the small ruminant population in the world is found in water limiting and arid regions. There
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exist, therefore, a possibility of an adaptive response that favours their survival, growth, and

reproduction.

2.5  Adaptive responses of small ruminants to water shortages and deprivation

Severe water shortages for herds are widespread in the arid and semi-arid regions around the
world. This is further compounded by the poor forage quality and low humidity level that
usually accompany the dry season. An animal’s water intake is generally restricted to once
per day during access to a water source (Doreau et al., 2012). Research studies on small
ruminants simulating water scarcity conditions or limitation in arid or water limiting areas in
the form of water deprivation or restriction to assess their adaptive responses or changes at

all levels of production and physiology are gaining global attention.

2.5.1 Effect on metabolic, rectal temperature, respiratory and pulse rate

Evidence abounds that metabolic rate in animal decreases during water restriction, a process
that is suggestive of an energy’conservation response (Choshniak et al., 1995). Such
imbalance in water intake can precipitate an increase in body heat and rectal temperature
(Rahardja et al., 2011; Ghassemi et al., 2017). According to Davis and DeNardo (2007),
adjustment to a lower metabolic rate and slower water loss during dehydration enhanced an
animal’s survival value because the duration that an animal can survive without eating under
dehydration is extended. Evaporative cooling via sweating which constitutes a primary
cooling avenue during heat stress for goats adapted to hot arid zone (Ratnakaran et al., 2017),
is usually reduced in dehydrated animals (Mckinley et al., 2007). Dehydration-induced
hyperthermia may be adaptive in conserving water as it increases the temperature at which
animals switch from thermoregulation via convection and radiation to evaporative cooling

Mitchell et al., 2002). The rectal temperature (RT) of Nubian goats increased significantly in
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the third day of water deprivation, despite the marked decrease in feed intake that could have
influenced the energy budget. The daily average rectal temperature in dehydrated goats was
0.5°C to 0.9°C higher than hydrated ones, a pointer to reduce evaporative heat loss (Jessen et
al., 1998). RT increases as water deprivation continues in the three local Saudi Arabia goat
breeds. However, in lactating and dry Awassi ewes watered once every three days or daily,
no changes were observed in their RT (Hamadeh et al., 2006). A similar result was observed
in water restricted (W80 and W60% of ad lib water), Lacauna ewes (Casamassima et al.,
2016) and Aardi goat (Alamer, 2010). Sheep are noted to be thermo-stable even during
periods of dehydration (Fuller et al., 2007). When water-deprived, there is a rise in small
ruminants’ body temperature because of reduced thermoregulatory evaporation (Alamer,
2009). This depression of cutaneous evaporation presumably triggers the water conservation
mechanism (Mckinley et al., 2007) with an attendant rise in RT during the water deprivation
period. Respiratory activity was noted to be reduced during water deprivation periods in goats
(Alamer, 2006) and sheep (Ismail et.al.; 1996). Outcomes from some experimental studies
on changes in rectal temperature following intermittent watering regimen are summarized in
Table 2.2. Changes in respiratory rate (RR) may sometimes seem undetectable in goats (Das
et al., 1994) due to the combined effect of heat stress and water deprivation. Water restricted
Lacauna ewes (W80 and W60% of ad lib water) had their respiratory acts per minute reduced
from Day 0 to Day 14. As a defence mechanism, small ruminants reduce respiratory activities
during water deprivation to prevent water loss and dehydration via pulmonary evaporation
(Casamassima et al., 2016). The water conservation mechanism in small ruminants ensures
that water losses via respiration are managed effectively during shortages.

Panting rate (breathe/min) decrease in water restricted and dehydrated sheep at elevated

temperature (Ghassemi et al., 2017).
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Table 2. 2 Effect of water restriction regimen on rectal temperature in small ruminants

Average RT (°C)

Water Specie Water Control  Age Ambient RH Ref
restriction restriction (yrs) temp(°C) (%)
3 days Nubian 37.90 39.90°  2-3 34.8 25.5  (Abdelatif et
goat al., 2010)
4 days Sheep 38.86 38.99™  Mature 24.8 NG (Li et al,
2000)
4 days Sheep 39.78 39.37™  Mature 0.4 NG (Li et al,
(2000)
20%, 40% Malpura 38.68, 38.80™ 2-4 39.86 26.03 (Kumar et
less ad lib ewes 38.80 and al., 2016)
and alternate 38.74
day respectively
20%, 40% Malpura 38.55, 38.53%  2-4 32.37 36.67 (Kumar et
less ad lib ewes 38.46, and al., 2016
and alternate 38.47
day ad lib respectively
Once every  Lactating 39.53 39.51™  Mature 27-31 61-85 (Hamadeh et
3 days Awassi al., 2006)
ewes
Once every  Dry 39.47 39.67™  Mature 27-31 61-85 (Hamadeh et
3 days Awassi al., 2006)
ewes
3-15h per German 38.7 39.0™ 1.8 12.7 735  (Al-
day black-head Ramamneh
mutton etal., 2012)
sheep
3h per day German 38.6 387 1.8 12.7 735  (Al-
black-head Ramamneh
mutton etal., 2012)
sheep
6h on the German 38.3 38.8™ 1.8 12.7 735  (Al-
second day  black-head Ramamneh
mutton etal., 2012)
sheep
3-15h per Boer goats  37.8 38.1™ 4.3 8.9 71.0 Al-
day Ramamneh
etal., 2012)
3h per day Boer goats  37.8 38.1™ 4.3 8.9 71.0 Al-
Ramamneh
etal., 2012)
6h on the Boer goats  37.3 37.7™ 4.3 8.9 71.0 Al-
second day Ramamneh
etal., 2012)
50% of ad Baladi goat 38.98 38.93% 15-2 NG NG (El' Khashab
lib et al., 2018)

ns=not significant; s=significant; RH=relative humidity; RT=rectal temperature; NG= not

given; ref=reference; temp=temperature
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Table 2. 3 Effect of water restriction regimen on respiratory rate in small ruminants

Average RR
(breath/min)
Water Specie Water Control  Age Ambient RH Ref
restriction restriction (yrs) Temp (°C) (%)
3-15h per German 35.9 36.7° 1.8 12.7 735 Al-
day black-head Ramamneh et
mutton al., 2012)
sheep
3h per German 34.1 36.1° 1.8 12.7 735 Al-
day black-head Ramamneh et
mutton al., 2012)
sheep
6h onthe German 32.0 25.1° 1.8 12.7 735 Al-
second black-head Ramamneh et
day mutton al., 2012)
sheep
3-15h per Boer Goats  20.5 20.1° 4.3 8.9 71.0  (El-hadi,
day 1986)
3h per Boer Goats  19.1 18.4° 4.3 8.9 71.0 Al-
day Ramamneh et
al., 2012)
6honthe Boer Goats 18.7 17.6° 4.3 8.9 71.0 Al-
second Ramamneh et
day al., 2012)
50% of Baladi goat  34.77 36.97° 1.5-2 NG NG (El-hadi, 1986
ad lib
80% and  Lacauna 22.60 and 26.20° Mature NG NG (Casamassima
60% ad ewes 2020 et al., 2016)
lib respectively,
20%and  Malpura 38.23,40.40 46.23° 2-4 32.37 36.67 (Kumar et al.,
40% ad ewes and 37.03 2016)
lib and respectively
alternate
day
20%, Malpura 59.43,62.87 67.26™  2-4 39.86 26.03 (Kumar et al.,
40% ad ewes and 60.69 2016)
lib and
alternate
day ad lib

ns=not significant; s=significant; NG=not given; RR=respiratory rate; Temp = temperature;

RH = relative humidity; Ref = reference
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However, RR could increase during periods of water shortages and high temperature. The
outcome of the different experiments following intermittent watering on the respiratory rate

is shown in Table 2.3.

2.5.2 Drinking behaviour, body weight and feed intake

Tolerance to water scarcity or dehydration can be judged based on body weight changes
during water deprivation. Giving the close relationship between body water and body weight,
water-tolerant animals are those who possess the ability to conserve water more (Ismail et
al., 1996). Small ruminants tend to recoup as much water as possible in the rumen during
rehydration, an adaptation mechanism that allows them to endure severe dehydration. This
high rumen volume usually exceeds the extracellular fluid volume causing a sudden drop in
rumen osmolality and a huge osmotic gradient (200-300mOsm/kg) between the rumen and
systemic fluid (Silanikove, 2000). Ethiopian Somali water-restricted goats drank 1.34
(watered every second day), 2.01 (watered every third day) and 2.51 (watered every fourth
day) times as much as the water ad lib group (Mengistu et al., 2007). During rehydration,
Bedouin goats were also reported to consume large water volumes (Choshniak et al., 1984).
However, average daily water intake decreases when water deprivation exceeds 48 h. Rams
watered at an interval of 24, 48, and 72 h had reduced water intake compared with those with
free access to water (Abdelatif and Ahmed, 1994). When Tswana goats were water-deprived
for 48 and 72 h, their free water intake dropped as compared to goats watered every 24 h
(Adogla-Bessa and Aganga, 2000). Water deprivation usually results in reduced body weight
and becomes more pronounced when the ambient temperature is high, especially during
summer (Silanikove, 2000). Sheep watered only in the evening (20:00) had their body weight
reduced by 7.00% (winter) and 11.00% (summer) (Li et al., 2000). In a study conducted by

Alamer and Al-hozab (2004) on the effect of water deprivation and season on body weight
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changes in Awassi and Najdi sheep, it was recorded that in spring, body weight decreased by
13.30% and 15.00% in Awassi and Nadji sheep, respectively, whereas 18.00% and 21.50%
decreases were observed during summer. In a 3-days water deprivation study at elevated
temperature using three local Saudi Arabia goat breeds (Hipsi, Aardi and Zimri), their body
weights were reduced by 21.00% (Alamer, 2006), as opposed to Sudanese male goats, that
under the same period of water deprivation showed 18.00% of body weight loss at a lower
ambient temperature (El-hadi, 1986). Such higher body loss at elevated temperatures is
attributed to water losses via respiratory and cutaneous routes. Loss of body weight connected
with water shortages, can be attributed to feed and water intake reductions, coupled with

body water loss (Parker et al., 2003).

The need to compensate for a decrease in dietary intake, leading to the mobilization of fat
(and possibly muscle) for energy metabolism (Jaber et al., 2004), produces weight loss.
However, such weight loss is quickly regained at the next watering point. A 16.30% loss in
body weights of Dorper sheep was replenished.in just a few minutes of water availability
(Degen and Kam, 1992). Replenishment of all water losses by the black Bedouin goats was
accomplished in a couple of rehydration minutes (Choshniak and Shkolnik, 1997). However,
the speed with which body weight can be replenished is affected by breed, species, rumen
capacity, and weight loss immensity. Marked responses to feed intake during water
deficiency under various water restriction regimens were detected in Yankasa sheep and
native goats (lkhatua et al., 1992; Abdelatif and Ahmed, 1994). In a water restriction
experiments conducted at an ambient temperature of 22°C, Maloiy et al. (2008) reported an
increasing and significant reduction in feed intake from Turkana goats (-58.30%) to fat-tailed
sheep (-48.00%) and Zebu (-50.00%). Some studies, however, reported that feed intake is not

significantly affected by water restriction (Mengistu et al., 2004) because ruminants can store
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up water for use during scarcity or shortfalls. According to Hadjigeorgiou et al. (2000), dry
matter voluntary intake in sheep water-restricted for one hour per day or given 65 % of the
ad libitum intake of water was not affected. In contrast, others have observed a significant
decline in feed intake following water deprivation. For example, when sheep was water-
deprived for 3-days, their feed intake was significantly reduced (Alamer and Al-hozab,
2004), and Nubian goats reduced their feed intake by about 60.00% during the first day of
water deprivation and consumed only 5.00% of the control intake by the third day of water
deprivation (Abdelatif et al., 2010). After 3 days of water deprivation, Egyptian Baladi goats
maintained only about 35.00% of the control feed intake (Hassan, 1989), while Aardi goats
deprived of water for 2-days almost stopped eating altogether (EI Nouty et al., 1990).
However, a comparative study between camels and goats revealed a higher and significant
decrease in roughage feed intake for camel (-54.60%) compared with goats (-27.80%)
following a 72 h of water deprivation (Ayoub and Saleh, 1998). In a similar comparative
study, Mousa et al. (1983) observed that.water restriction in-sheep, goats and camels for five
days caused a decrease in dry matter intake in the three species, but the reduction was higher
in camels than in the other two species. This further explains their preference for rearing

sheep and goats over other animal types during periods of drought and water scarcity.

The type of feed offered to an animal during water restriction also affects feed intake. Goat
fed legume hay had its feed intake reduced by 18.80% compared to a reduction of 21.20%
when a low protein content diet (meadow hay) was fed (Muna and Ammar, 2001). Similarly,
Osman and Fadlalla (1974) used eight adult water-restricted rams in five successive trials
that were provided different feeds (Medicago sativa hay, Doclichos lablab hay, Zea mais
hay, concentrate mixture and a mixture of dry desert grasses) and observed that animals fed

the desert grass mixture had significantly lower dry matter intake (34.17%) than those
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provided Lucerne hays (8.00%). It has also been shown that Bedouin goats consumed more

lucerne hay than wheat straw during dehydration (Silanikove, 1994).

Drinking is shown to be positively correlated with feed intake in ruminants, and therefore,
the adaptive mechanism during the period of water shortage, which leads to reduced dry
matter intake would help to reduce further the water loss linked with feed metabolism and
heat dissipation (Thang et al., 2012). Small ruminants seem to be more resilient to
dehydration than cattle. In fact, sheep acclimatized to arid tropical weather conditions may
be expected to survive for 6-10 days without drinking water, while cattle under range
management in desert areas died following 3-5 days without water (Macfarlane and Howard,
1972). Compared with sheep, cattle had a shorter survival time during water deprivation,
which was linked to a greater water loss rate than sheep. In addition, the ability to effectively
concentrate urine by sheep and goats makes them superior to cattle in terms of adaptability
to water-limited areas and arid environments (Chedid et al., 2014). Reduction in feed intake
during water restriction could be induced by .decreased ruminal fluid’s postprandial
hyperosmolality (Langharns et al., 1991). The decrease in the volume of the circulating blood
(hypovolemia) and high blood solute concentration (hyperosmolality) may occur after feed
intake in the animal because of the secretion of saliva and gastric juices, a mechanism forcing
them to drink while eating, or on the other hand reduce feed intake during water restriction

(Jaber et al., 2013).

2.5.3 Effect on nitrogen balance and digestibility

Water restriction improves the digestibility of nutrients by increasing digesta retention time
to allow more time for degradation by microbes and microbial synthesis (Osman and Fadlalla,
1974; Casamassima et al., 2008). Corriedale ewes that were water restricted for 2 and 3h

after feeding had greater digestibility than those with access to water ad libitum after feeding
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(Nejad, 2014). Although both rumination and digestion require water, the rumen’s digestive
capacity is enhanced during water restriction, resulting in improved feed digestibility.
Positive nitrogen retention in water-restricted sheep increased crude protein digestibility
compared with the negative nitrogen retention in sheep with access to ad libitum water after
feeding (Nejad, 2014). A decrease in urine output and nitrogen losses is associated with water
deprivation or restriction, and this could probably be the result of reduced filtration in the

kidney glomeruli produced by water deprivation (Wittemberg et al., 1986; Nejad, 2014).

2.5.4 Effect on blood metabolites

Kumar et al. (2016) restricted the water of Malpura ewes at alternate day, 20% and 40% of
ad libitum water and reported that the 40% treatment group had higher haemoglobin (Hb)
and Packed cell volume (PCV), with the ‘alternate day’ group being significantly lower. A
similar result of high haemoglobin concentration was reported in sheep that were water
restricted for four days (Li et al., 2000). Increased Hb and PCV values following water
restriction have been attributed to severe haemoconcentration due to reduced water intake.
However, local goats were less affected, as shown in three days comparative study with water
deprivation, as reflected in their low PCV (19.33%) and Hb (7.43%) compared to 34.00%
and 15.97% in camel’s PCV and Hb, respectively (Ayoub and Saleh, 1998). Due to low feed
intake following water restriction, plasma glucose in sheep dropped (li et al., 2000) below
the normal range of 48-75mg/dL (Kramer, 2000). Plasma glucose concentration in response
to water restriction in goats remains unchanged, as reported by some authors (Alamer, 2006).
However, other studies reported a decline of 13.00% in plasma glucose level in Sudanese
desert sheep watered every 72 h (Abdelatif and Ahmed, 1994). Insufficient water intake
increases creatinine, cholesterol, total protein and plasma glucose concentrations in Yankasa

and Awassi sheep (Igbokwe, 1993; Jaber et al., 2004). There were changes in cholesterol,

32



creatinine, total protein, albumin, urea, sodium, chloride and triglycerides, in Comisana ewes
restricted of water at 60% and 80% of ad libitum water intake for 40 days (Casamassima et
al., 2008) as a result of haemoconcentration phenomena caused by lower blood water level.
The increase in the concentration of blood metabolites (cholesterol, urea, creatinine, total
proteins and electrolytes) was also confirmed in several studies in different sheep (Jaber et
al., 2004; Nejad, 2014) and goat (Alamer, 2006) breeds subjected to water restriction. High
blood urea concentration following water restriction resulted from the kidney recycling much
water and reduced blood flow towards the urinary apparatus (Casamassima et al., 2016),
while elevated creatinine was attributed to changes in the clearance rate of endogenous
creatinine (Baxmann et al., 2008). An increase in sodium concentration in water restricted
animal is due to a greater aldosterone activity that increases the kidney’s electrolyte level and
gradually declines (Ashour and Benlemilh, 2000). Chloride ion concentration follows the
same pattern as Na* since CI is distributed passively according to electrical gradients
established by the active jtransport ‘of (Na*(Tasker,:11971). Studies are divided on
concentrations of Ca™ and K* under water restriction. Some reported increasing levels
(Casamassimacet al., 2008, 2016), while others said no difference in blood K* following water
deprivation (Igbokwe, 1993; Hamadeh et al., 2006). Plasma potassium concentration in
water restricted Awassi sheep (watered once every four days) was reported to decrease (Jaber
etal., 2004). However, pregnant Yankassa sheep watered once every 48 or 72 h had increased
potassium concentration, but the concentration remains unchanged in non-pregnant Yankasa
sheep (Igbokwe, 1993). Plasma osmolality generally increases with an increase in plasma
sodium concentration following water deprivation and drops to low values the day after
drinking. This is because sodium and its associated ions determine osmolality and

extracellular fluid volume (Mengistu et al., 2007) majorly.
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2.5.5 Effect on physiological status

2.5.5.1 Effect on reproductive traits and hormones

Adequate supply and availability of sufficient water resources are required both for survival
and reproduction. Hence, any imbalance or shortfall of water resources below the optimal
level can compromise an animal's health and general vigour (Moeller et al., 2013).
Dehydration at elevated ambient temperature decreases plasma volume because of the uptake
of water by the tissue, and an attempt by the animal to maintain fluid balance usually results
in an increased secretion of aldosterone and cortisol (Schneider, 1990). Usually, the
endocrine glands are stimulated following water restriction with the sole purpose of
modifying metabolic activities depending on the ambient temperature (Afsal et al., 2008).
Alteration in follicular growth and reduced oestrus cycle have been linked to negative energy
balance and reduced feed intake resulting from water deprivation (Naqvi et al., 2011).
Oestrus duration in Kivircik sheep in the semi-arid region was reduced when feed intake
drops (30.00% of ad libitum intake) (Koyuncu and Canbolat, 2009). However, when Malpura
ewes treated with progesterone impregnated with intravaginal sponges for estrus
synchronization were water restricted (20%, 40% less ad libitum water and alternate day),
the oestrus per cent and oestrus duration were not affected (Kumar et al., 2016). Nutritional
insufficiency in small ruminants is usually implicated during water scarcity periods,
evidently by their reduced feed intake and body weight. The effect is a decreased estrus
response and estrus duration attributed to the delayed ovarian follicular maturation and
impaired reproductive endocrinology (Liker et al., 2010; Sejian et al., 2011). Ovarian
follicular development diminished during periods of stress because of repressed peripheral
gonadotropins levels (Roth et al., 2000). This became very noticeable in water restricted
groups of Malpura ewes (Kumar et al., 2016) and undernourished ewes (Kiyma et al., 2004),

having decreased plasma estradiol levels. Generally, and during stress, productive functions
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such as growth and reproduction are suppressed by endocrine hormones favouring survival
and maintenance (Narayan and Parisella, 2017). During periods of water scarcity or
deprivation, hormones are mobilized, giving their critical roles to ensure that energy needs
are satisfied, and water losses minimized. Due to a decrease in feed intake in sheep, fat
mobilization is conjoined and modulated by reducing insulin levels (Deck et al., 2017).
Likewise, leptin levels are decreased to guard against excessive mobilization in underfed
ruminants, which, if not curtailed, could result in a high build-up of harmful circulating fatty
acids (Chilliard et al., 2000). This is because severe dehydration leads to reduced tissue
perfusion and can predispose animals to increased lactic acid production and the development
of lactic acid acidosis (Kraut and Madias, 2014). However, feed intake and plasma
progesterone level are inversely related, and this might be due to differences in progesterone’s
metabolic clearance rate rather than differences in secretion levels (Lozano et al., 1998).
When ewes were water restricted, their plasma progesterone levels reportedly increase, a
condition linked to reducedfeed intake (Kumar, et al.,;2016). Plasma vasopressin (anti-
diuretic hormone) concentration in water restricted animals usually increases above the
maximum concentration and decrease following rehydration (Mengistu et al., 2007). Kaliber
et al. (2015) water restricted (56, 73 and 87% of ad lib) 20 cross-bred and 3-year-old female
goats and reported an increasing vasopressin trend with increasing restriction. Such higher
vasopressin levels during reduced body fluids balance help maintain body water alongside

extracellular fluid concentrations of sodium ion (Roumelioti et al., 2018).

2.5.5.2 Lactation

When lactating sheep and goat are water-deprived for 72h, milk production is affected in
50% of the sheep, while that of goat remain unaffected, leading to an increase in the viscidity

of milk as well as lactose, fat, protein, fat and mineral salts (Aganga, 1992). On the contrary,
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Casamassima et al. (2008) water restricted Comisana ewes (100%, 80% and 60% of ad
libitum water intake) for 40 days and reported that the quantity of milk was not affected. The
author observed that the low water requirement precipitated by the low ambient temperature
(6.1°C) was the cause of the loss in milk production generally. At low temperature (5°C),
blood flow towards the udder decreases, leading to a decrease in prolactin secretion and milk
production (Alamer, 2011). The black Bedouin goat is a desert-adapted breed and has
developed a high resistance to water scarcity, as evidenced by its ability to sustain milk
production for 2-d without water (Choshniak and Shkolnik, 1997). When water-deprived for
four days followed by two days of rehydration, total milk yield and milk solids were about
70.00% of normal yields, and the progeny's normal growth was not compromised (Hossaini-
Hilali et al., 1994). In the water restriction study of Alamer (2009), the rate of drop in milk
yield with 25% restriction was slightly higher than that with 50% restriction (20.00% vs
18.00%). This indicates that water was effectively used in the group with 50% water
restriction. The author attributed the: drop (in daily hay intake as the cause for the reported
decrease in milk solid and fat in goats with a 25% restriction (compared to a 50% restriction).
A decline in feed intake following water deprivation/restriction is partly responsible for a
decline in milk yield. During stressful conditions (e.g. water deprivation), milk production
was proposed to be downregulated due to a reduction in mammary blood flow following a
sustained period of dehydration (Alamer, 2011). Increased plasmin activity (milk synthesis
inhibitor) during water restriction is correlated with the fall in milk production. This
modification in milk production enhances the survival potential in response to intense heat
or water stress, and the drop in yield is recovered following rehydration at the next watering
point (Silanikove, 2000). The osmo-active milk component (urea, sodium, and chloride) also
rises with water deprivation intensity (Jaber et al., 2013). During a sustained period of water

deprivation, lactating animals readjust to minimize losses in weight. In a 6-d water
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deprivation study (50 and 25% water intake), live weight losses of lactating Aardi goats were
stabilized not until after 4-d of water deprivation and thereafter (Alamer, 2009). This
adjustment to sustained water restriction has been linked to the activation of and continuous
increase in vasopressin (a water-saving mechanism), which reduces renal water secretion
following a prolonged period of water dehydration in lactating goats (Mengistu et al., 2007).
When lactating Moroccan goats were water-deprived for 2-d, feed consumption dropped by
10.00% (Hossaini-Hilali et al., 1994). However, feed consumption in Black Bedouin goats
was maintained unchanged for 48 h during complete water deprivation (Maltz and Shklonik,
1984). The feed intake of lactating sheep receiving 60 % of their normal water intake was
also not affected during lower ambient temperature periods (Casamassima et al., 2016). This
ability to maintain feed intake during the period of water shortages during lactation has been
reported to be an adaptive mechanism to sustain an adequate supply of milk to nourish the

newly born animals (Alamer 2009).

Unlike the usual haemoconcentration of blood. metabolites in dry animals following water
deprivation or restriction (Li et al., 2000; Kumar et al., 2016), lactating ewes had significantly
reduced PCV and Hb concentration (Hamadeh et al., 2006). Similarly, haemoglobin
formation was reduced in Barki ewes lactating for four weeks (El-Sherif and Assad, 2001).
This is not surprising since the higher body water content and plasma volumes of lactating
ewes due to increased water mobilization to the mammary glands could be responsible for
the haemodilution (Abdelrahman and Aljumaah, 2012). A similar result was obtained for
total protein concentration, globulin, creatinine, and urea in lactating ewes by others (El-

Sherif and Assad, 2001; Hamadeh et al., 2006).

2.5.6 Immune response and drug pharmacokinetics
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When an animal is deprived access to sufficient drinking water with respect to time, various
biological functions are affected. Water imbalance (restriction/deprivation) imposes stressful
conditions on animal and negatively impact on their productivity, blood metabolites
(Hamadeh et al., 2006) including perturbations in behaviour and physiology (Dupoue et al.,
2014). Despite the negative correlations between stress and immunity, a detailed analysis of
the inter-relationship of deprivation, immune function, and stress is yet to be conducted
within a single species. Water imbalance is a physiological stressor capable of eliciting
various endocrine responses (Maresh et al., 2004). During dehydration, plasma
glucocorticoids level, the principal hormone involved in stress response, is raised (Busch and
Hayward, 2009). Such elevations may initially be beneficial on immunity, but if prolonged,
they have more depressing effects, although the response may also depend on stress hormone
concentration. This is due to its depressive effect on the synthesis or release of immune-
promoting molecules and its potential to stimulate or depress B- and T-cells' proliferation,
depending on physiological conditions(Sapolsky | and--Munck, 2000). However, a
glucocorticoid response to water deprivation and dehydration is lacking in Awassi sheep
(Jaber et al., 2004; Hamadeh et al., 2006). Similar stressors, either environmental or
temperature-related, have the potential to alter immune parameters. Immunoglobulins (e.g.
IgG), white blood cells, including the differential counts, are often used as indices of immune
status and animals' stress levels. A high ratio of heterophils or neutrophils to lymphocytes in
blood samples indicates high-stress levels (Davis et al., 2008). However, plasma
immunoglobulin G (IgG) levels and white blood cells of Corriedale ewes deprived of water
2 and 3h after feeding were not altered. The humoral antibody response of Awassi ewes to
Salmonella enteritidis following water restriction was found to be significantly lower and

decreased by 38.50% than the control watered ad libitum (Nejad, 2014).
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Administrations of veterinary drugs or antimicrobials (e.g. gentamicin) to treat several gram-
negative and gram-positive bacteria infections are common in animal production. Water
deprivation of small ruminants found in water-limited areas could result in dehydration, or
conditions can also occur when animals are sick and are off feed and water, thereby requiring
treatment. However, changes in water compartments, kidney, and liver functions (Roumelioti
et al.,, 2018) following water deprivation and restriction can predispose animals to
modifications in the disposition Kinetics or alter the processes determining the fate of drugs
in the animal. For example, gentamicin, a broad-spectrum aminoglycoside veterinary
antibiotic, accumulates in renal proximal tubular cells following administration, and its
uptake is concentration-dependent (Ramirez and Tolmasky, 2010). In water-deprived
animals, there is a possibility that uptake is enhanced by increasing the time/concentration of
the drug in the plasma, thus leading to proximal tubular necrosis or nephrotoxicity (Sastrasinh
et al., 1982). Six water-deprived young male Nubian goats (12-14months) and weighing 10-
12kg were used to studythe pharmacokinetics-iof ampicillin trihydrate administered
intravenously (Elsheikh and Intisar, 1998). Intravenous administration (10mg/kg body
weight) in the goats was studied in four stages and conditions; when (i) watered ad lib (ii)
body weight loss averaged 7.50% following 2-days water deprivation (iii) body weight loss
averaged 9.80% following 3-days water deprivation and (iv) body weight loss averaged
12.60% following 4-days water deprivation. Each of these stages was interspersed by
washout periods of free access to feed and drinking water for 2, 3 and 4 weeks in stages ii,
iii and iv, respectively. At 7.50 % body weight loss, the pharmacokinetics of the drugs (i.e.
elimination half-life, volume disappearance of steady-state) had a minimal effect when
compared to the period of hydration. However, the drug's total body clearance was slower
and progressed significantly as the body weight loss increases. At 12.60 % body weight loss,

the central compartment (\Vc) volume and volume of distribution at steady state (Vdss)
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significantly dropped. However, the author reported that the ‘elimination half-life time’ of
the drug (ti2s) across the different water deprivation periods was not significant. This
describes the water-deprived goats' ability to effectively cope by ensuring that the drugs
progressively ‘decay’ and are eliminated during water deprivation. In another study in which
gentamicin was administered intravenously (3mg/kg body weight) to water-deprived Nubian
goats (Elsheikh et al., 1999) and with watering regime and body weight loss during injections
similar to the study of (Elsheikh and Intisar, 1998), the half-life of distribution (ti.2.) and
elimination (ti,2p) was not significantly affected at 7.20, 10.40 and 12.80% body weight loss.
The mean plasma concentrations significantly increase as body weight continues to drop.
However, total body clearance (Cl ) and volume of distribution of steady state (\Vdss)
significantly decrease as body weight loss increases. Oukessou and Toutain (1992) reported
limited effects on the distribution and elimination kinetics of ampicillin following a period
of 72 h water deprivation. These small ruminants' abilities might account for adaptive
clearance mechanisms in animals; though to a certain dehydration level. During dehydration,
body water loss is mainly from the extracellular fluid, especially the blood (Hooper et al.,
2016). Therefore, it is expected that water compartments changes could influence the
elimination of drugs, especially those with a small volume of distribution. In addition,
haemoconcentration leading to a reduction in the blood flow to the kidney in dehydrated
animals and the reduction of renal filtration could reduce the rate of body clearance and
elimination of drugs. Impairment of renal function leading to reduced renal filtration and
renal plasma flow has been confirmed in dehydrated sheep (Singh et al., 2017). There is a
need for more studies on adaptable breeds both in sheep and goats on the pharmacokinetics

of drugs at different levels of water restriction and ambient temperature.
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2.6 Modulating genes in small ruminants found in dry areas and future research gap

Drinking behaviour, maintenance of fluid, electrolyte, and homeostasis in dehydrated animal
are partly controlled by several cascades of activities and hormonal interplay with known
water balance effects. Among them are the water-retaining hormone systems, including the
renin-angiotensin system, aldosterone, and anti-diuretic hormone. Blocking of angiotensin
Il AT1 receptors with losartan during a 20 days’ water deprivation study with camels
significantly enhanced the effect of dehydration on body weight reduction and increased
serum metabolites (Ali et al., 2012). This substantiates the role of the renin-angiotensin
system during deprivation. Adaptation of animals to dry and water-limited areas is mediated
by a complex network of genes (Mwacharo et al., 2016). Selection for these genes using
appropriate genomic tools could be the way to select livestock to be adapted to water stress
and still reach an adequate level of production to support agricultural industries, especially
in arid and water-limited areas. Unfortunately, selection using conventional breeding
strategies is ineffective as adaptation-traits are usually of fow heritability (h?<0.25), difficult
and expensive to measure accurately. In the study of Elbeltagy et al. (2016), several genetic
approaches, including signature of selection (SS) analyses (identifying long conserved
stretches of chromosomal regions associated with stress tolerance traits), genome-wide
association (GWAS) analysis (detect genomic regions associated with stress affected
physiological parameters) and 50k Illumina SNP Beadchips were deployed to identify genes
involved in desert stress tolerance and also investigate and compare tolerance to grazing
stress [GS] (poor pasture and limited water intake) in the Egyptian desert and non-desert
sheep and goats. According to the authors, the genes in goat’s chromosome 7 were identified
to influence respiration rate as well as heat generation, detection of temperature stimulus and
homesotasis. In sheep, however, genes present on chromosome 25 regulate cellular amide

metabolic process, playing a role in single organism cell adhesion and small nuclear RNA,
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as well as changes in rectal temperature. Yang et al. (2016) sequence the whole-genome of
native sheep and identified four pathways and the associated genes responsible for the
successful adaptation of Taklimakan desert sheep; arachidonic acid metabolism pathway
[ANXAG] (Annexin V1), GPX3 (Glutathione Peroxidase 3), GPX7 (Glutathione Peroxidase
7), and PTGS2 (Prostaglandin-endoperoxide synthase)), renin-angiotensin system pathway
[CPA3] (Carboxypeptidase A3), CPVL (Carboxypeptidase Vitellogenic Like), and ECE1
(Endothelial Converting Enzyme 1)), oxytocin signalling pathway (CALM2 (Calmodulin 2),
CACNAZ2D1 (Calcium Voltage-Gated Channel Auxiliary Subunit Alpha2deltal), KCNJ5
(Potassium voltage-gated channel subfamily J member 5), and COX2 (cyclooxygenase?2))
and pancreatic secretion pathway (RAP1A (member of RAS Oncogene Family), SLC4A4
(solute carrier family 4 member 4)). The three systems regulate water retention and re-
absorption in renal cells and blood vessels in the kidney, while the last one is responsible for
protein and carbohydrate digestion “and--absorption functions. Other desert-adaptation
functions mediated by the pathway: genes include renal vasodilation, salt-water metabolism,

ion trans-membrane transport and bicarbonate absorption.

2.7  Conclusions

As a result of the continuous shortfall in rainfall patterns arising from climate change, small
ruminants have gained attention from scientists and communal farmers because of their
ability to tolerate intermittent watering during periods of water scarcity without seriously
compromising production indices. There exist, however, differences in the level of adaptation
to intermittent watering across different breeds of sheep and goats. Isolation of such candidate
genes using appropriate genetic tools or approaches, especially among adaptable breeds that
have undergone natural selection for breeding and selection purposes, is a key research gap.

Given the high number of sheep and goat breeds globally, studies investigating the potential
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of adaptable breed to low water intake are still few. There is a need to fully explore water
tolerance capacity in adaptable breeds in the form of water restriction or deprivation and

across all physiological stages.
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Abstract: Ruminants, as well as other livestock, can synthesize vitamin C (VC) in their
liver and therefore, dietary requirements from exogenous supplementation are often
ignored. However, metabolic demand may be exceeded, leading to a decreased endogenous
synthetic capacity of VC following exposure to stressful conditions. This includes high
thermal load, drought or limited water intake, physiological status, and infectious diseases.
The attendant effect resulting from such stressful exposure are decreased performance,
susceptibility to infections and increased mortality. This review discusses the potential role
of vitamin C in ruminants' stress management and summarizes the in vitro and in vivo
research to date. The different administration routes, comparative advantages and
supplementation outcomes on growth, production parameters and physiological status were
also identified. In addition, areas where there were lack of evidence or controversial,
including important literature research gaps, were identified while the mechanism of VC's
actions on significant outcomes explained.

Keywords: vitamin C; stress; ruminant; bioavailability; immunomodulation

2.9 Introduction

The livestock sector, especially ruminants, is a pillar of the global food system and a
contributor to poverty reduction, food security and agricultural development (Reynold et al.,
2015). According to FAO (2020), ruminants (buffalo, cattle, goat, and sheep) play a dominant
role in food security by supplying 51% of all protein from the livestock, of which 67% and
33% are from milk and meat, respectively. Apart from meeting the food needs, animal
agriculture, in general, provides job opportunities either directly or indirectly to a vast
majority of the human populace. Thornton (2010) evinced an estimated population number
of about 1.3 billion people globally that are directly employed by the livestock sector in a

long-organized market chain. Apart from the continuous rise in the demand for meat and its
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product due to a surge in human population and increasing urbanization and income, the high
unemployment rate around the globe means that more will be expected from the animal
agriculture industry. Since the United Nation (2017) projected that human populations could
reach 9.8 billion in 2050, it means that to meet their meat needs, the livestock production
activities, including their welfare, must be effectively improved for sustainable food

production, livelihood, and employment opportunities.

Domestic animals have been continuously exposed to various unfavourable physical and/or
psychological stressors, and the welfare of domestic animals during such periods is of
significant interest (Kumar et al., 2012). This continuous exposure to such stressful
conditions, including heat, cold, handling, transportation, diseases and introduction to a new
flock, disrupt the normal homeostasis; leading to a new adaptation that is perceived to be
damaging to the animal. Stress is responsible for various physiological alterations in the body
that indirectly alter the immune system through the generation of metabolic radicals (reactive
oxygen species [ROS]), which impair productivity, fertility as well as low immunity and
economic losses to the farmer (Kumar et al., 2012). It is believed that during stress, the body’s
natural antioxidants are overwhelmed, and their capacity to cope with the elimination of
excess free radicals or ROS reduces, thus exposing the cell to harmful effects of ROS

(Kurutas, 2016).

Animals undergo various kinds of stressors; environmental (extreme heat and cold), physical
(handling or transportation), nutritional (feed or water shortages), chemical (toxin, pathogen
or disease), psychological (fear or restrain) and physiological (pregnancy or lactation). Heat
stress, when combined with limited water intake (water stress) in livestock, appears to be an
essential stressor, especially in the tropical, subtropical (Nardone et al., 2010), arid and

semiarid (Al-Dawood, 2015, Akinmoladun et al., 2019) regions of the world. The coping
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mechanisms to stressors vary with animal species, nature of stressful stimuli, the genotype in
the same species, duration and time of exposure, and the animal's physiological stage
(Koolhaas et al., 2007; Novais et al., 2017). Increased respiration rate, sweating,
vasodilatation, reduced metabolic rate, decreased feed intake and utilization and alteration of
water balance are some of the observed responses in livestock under stress (Akinmoladun et
al., 2019). Stress compromises the ovarian function and development of an embryo and
redistributes body resources, including energy and protein, thus decreasing fertility,
performance, and animals' wellbeing (Gupta et al., 2013; Kandemir et al., 2013). Given the
preceding, what is most required is an antioxidant therapy that may retard cortisol production
(the primary stress hormone), detoxify ROS, and enhance the animal's immunity. Such
antioxidant may be incorporated as a reliable management practice option for mitigating the

adverse effects of stress in animals (Balz, 2003; Urban-Chmiel et al., 2009).

L-ascorbic acid or vitamin C (VC) (compounds showing the biological activity of ascorbic
acid) are essential nutrients for only a few: species-(e.g. humans and guinea pigs) without a
synthetic ability for the vitamin due to an enzyme deficiency. This enzyme (L-gluconolactone
oxidase) is responsible and necessary for transforming the glucose into vitamin C during the
last metabolic phase. However, mammals (ruminants, swine, dogs, horses, cats), including
marsupials, can synthesize AA from glucose in the liver or the kidney (Comb, 2008).
Supplementation of VC was, therefore, not a dietary requirement in animals that can
synthesize it. Unfortunately, plasma ascorbic acid concentration reportedly decreases during
stress and disease conditions in animals (Sivakumar et al., 2010; Kim et al., 2012). In such
situations, it is possible that the endogenous synthesis of the vitamin has ended or could be

due to increased demand or a combination of both. The significant improvements usually
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recorded following supplementations suggest VC deficiency during episodes of stress and

compromised health status.

The ameliorative potentials of ascorbic acid on stressful stimuli are considered to be non-
depressive, safer, more practicable and devoid of the inherent shortcomings that preclude the
use of central nervous system (CNS) depressant drugs (e.g. Xylazine, morphine, propionyl
and pentobarbitone) in food animals (Reinheim et al., 2000; Ali et al., 2001; Ali and Al-
Qarawi, 2002). In addition to being depressive and counterproductive, the accessibility and
the manner of applying these drugs by farmers (e.g. underdosing) are somewhat tricky, while
the effects produced are not consistent and less effective (Ali et al., 2006; Ferguson and
Warner, 2008). VVC is cheap, readily available, non-toxic, administered and absorbed quickly,
devoid of the withdrawal period and without consequential effect at very high doses in vivo
(Seifi et al., 2010). This stress alleviating potential of VC owes its mechanism of action not
only to the scavenging of ROS and other oxidative radicals but also its ability to potentiate
a-aminobutyric acid (GABA) (Brikas,1994), which-helps to retard the release of prolactin
and cortisol usually implicated in splenic contraction and cellular damage (Power and
Jackson, 2008; Minka and Ayo, 2010). Some studies on stress-simulated oxidative damage
with respect to vitamin C have been shrouded with controversy and sometimes inconclusive.
However, there is reasonable evidence and body of knowledge supporting VC’s use as an
anti-stress (Minka and Ayo, 2007; Power and Jackson, 2008; Akinmoladun et al., 2020a,b).
This review discusses the various physiological and performance indices in stressed
ruminants modulated by vitamin C, route of administration differences, its mechanism of

action, and future research gap.

2.10 Antioxidant potentials of vitamin C
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L-ascorbic acid is a non-enzymatic and water-soluble antioxidant in plasma and tissues.
Coupled with reduced glutathione, tocopherols and other antioxidants, VC protects cells,
supports the sparing of vitamin E, recycles a-tocopherol, and promotes non-heme iron
utilization (Chambial et al., 2013). It also ensures that appropriate oxidation states of enzyme-
bound metals are maintained in the enzymatic biosynthesis of carnitine, collagen, and non-
epinephrine (Tauler et al., 2003). Through its antioxidant ability to donate free electrons
(molecules of hydrogen), VC ensures membrane integrity stability, thus limiting its
susceptibility to lipid peroxidation (Bernabucci et al., 2002). In heat-stressed animals, VC
regulates oxygen consumption by increasing loss through a more efficient thermal exchange
between the environment and the body or reducing heat load generated from metabolic
activities within the body (Minka and Ayo, 2010). L-ascorbic acid is thought to improve the
humoral and cellular immunity and thus, increase resistance to infection, defense mechanism
and antioxidant status of the animal and reduce the detrimental effects of certain eicosanoids

(Chambial et al., 2013). Figure 2.2-is:a summary of the antioxidant potentials of vitamin C.

Ruminants, especially young ones, are more vulnerable to cold stress and require increased
plasma ascorbic acid concentration to confer immunity and protection (Carr and Maggini,
2017). Sivakumar et al. (2010) reported that ascorbic acid prevents neonatal calve diarrhoea
and scours. In addition to cortisol-inhibition activities, VC is reported to actively participate
in the restriction and prevention of free radical propagation, leading to the protection of blood
cells (lymphocytes and monocytes) from oxidative damage (Powers and Jackson, 2008; Carr
and Maggini, 2017). The antioxidant potentials of AA in the management of stressful stimuli
in ruminants (Ghanem et al., 2008; Minka and Ayo, 2012; Akinmoladun et al., 2020a,b),
monogastric (Minka and Ayo, 2010; Lechowski et al., 2015) and even humans (Tauler et al.,

2003) are well documented.
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Figure 2. 2 Summary of antioxidant potentials of ascorbic acid
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2.11 Biopotency, uptake and tissue distribution

Compounds showing the biological activity of ascorbic acid are also described as vitamin C.
It is a six-carbon ketolactone structure whose biological activity depends on this 6-carbon
lactone having a 2,3-enediol structure. Thus, it is an effective quencher of free radicals such
as singlet oxygen (O). It reduces ferric (Fe**) to ferrous (Fe?*) iron (and other metals
analogously). As a strong reducing agent, ascorbic acid is oxidized to dehydroascorbic acid
via the radical intermediate semi-hydroascorbic acid in a reversible redox system (Tu et al.,
2017). Although there are several synthetic analogues of vitamin C, their relative
biopotencies and biological activity differ. For example, 6-deoxy-L-ascorbic acid and several
esters of ascorbic acid (e.g. 6-deoxy-6chloro-L-ascorbic acid, ascorbyl-6-palmitate) have
good biological activity, whereas (e.g. L-glucoascorbic acid) have little or no activity (Combs

Jr. and McClung 2017).

Higher animals can synthesize vitamin C via the glucuronic pathway (Fig. 2.3). In lower
animal groups, including egg-laying’mammals; ‘reptiles and amphibians, the pathway's
enzyme is found in the kidney. In contrast, in higher animal groups (mammals and passerine
birds), the enzyme is located in the liver (Chaterjee et al., 1975). The enzyme (gluconolactone
oxidase) is absent (evolutionary loss) in primates, humans, bat and some species of fish and
birds and therefore requires exogenous VC supplementation to meet dietary needs (Banhegyi
et al., 1997). For vitamin C (ascorbic acid, ascorbate) to function as a vitamin, its entry into
cells is essential (Padayatty and Levine, 2016). Simple diffusion across membranes cannot
distribute VC across cells because it is a large polar molecule, charged at physiological pH,

requiring transporters for cell entry (Li and Schellhorn, 2007).
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Two distinct transport channels have been characterized; sodium-dependent vitamin C
transporters (SVCT1 and SCVCT2) (Daruwala et al., 1999) and hexose (glucose)
transporters (GLUTS) (Corpe et al., 2013). The GLUTSs channel first oxidizes ascorbates to
dehydroascorbic acid (DHA) and gets reduced back to ascorbate within the cell as a form of
ascorbate recycling (May et al., 1995). The adrenal, pituitary, liver, thymus, brain, and
pancreas glands are very rich in VC within the body, and the concentration decrease in that
order (Rucker et al., 2008). In the adrenals, ascorbate concentration could be as high as 168
mg/100g in a cow. About one-third of the vitamin is found at the site of catecholamine
formation, from where it is mobilized together with synthesized corticosteroids in response
to stressful stimuli (Combs and McClung, 2017). The brain tissue concentration of ascorbate,
especially catecholamine rich regions, tends to be high (5-28 mg/100g) and are the last to
show deficiency symptoms following dietary deprivation in species that cannot bio-
synthesize the vitamin. At vitamin C doses of 2 g/day, the ascorbate levels of white blood
cells reach plateaus, while ‘the ascorbate level of their differentials, lymphocytes, platelets,

monocytes, and neutrophils decreases in that order (Combs Jr. and McClung, 2017).

Although there is no stable reserve of vitamin C as excesses are quickly excreted, the
leukocyte ascorbate concentration provides an accurate measure of the vitamin's tissue levels
(Mitmesser et al., 2016). Ruminants, due to their biosynthetic ability, may not require dietary
AA supplementation. However, the liver’s synthetic capacity may not accommodate VC's
increased requirements in stressful situations, such as road transportation, exposure to high
ambient temperature, sub-optimum water intake, diseases, and exercise (Sivarkumar, 2010).
Therefore, supplementation of VC to ruminants under conditions perceived to be stressful
may provide a potentially important, cheap, non-toxic alternative treatment. The range of

plasma ascorbate concentrations in ruminants is shown in Table 2.4.
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Table 2. 4 Plasma ascorbate concentrations range of healthy ruminants

Ruminant type Range of plasma ascorbate References
concentrations (pg/L)

Cattle 2400-4700 Smith et al. (2009)
1500-3300 Haiying et al. (2003)
2670-4080 Padilla et al. (2007)

Buffalo 5300-5500 Chanda (1958)

Sheep 4670-4770 Mohamed et al. (2004)
1288-1438 Kassab and Mohammed

(2014)
Goat 1750-1920 Sivakumar et al. (2010)
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2.12 Forms and routes of VC administration in ruminants and their comparative
advantage

Several means of exogenous supplementation of VC for ruminants have been worked upon
in experimental trials. A major challenge limiting the bioavailability of VC in tissues is the
rapid destruction by ruminal microflora and urinary excretion losses (Padilla et al., 2007).
However, during low VC status, the amount excreted may be limited (McDowell, 2000). VC
administration could be routed through the mouth (per os or oral) or parenteral (non-oral).
Forms of oral administration could be through drinking water (after dissolving the powder in
water) (Ghanem et al., 2008; Akinmoladun et al., 2020a,b), through feed as rumen-protected
VC (coating of VC with ethylcellulose or hydrogenated soybean oil) (Hidiroglou, 1999;
Padilla et al., 2007) or fed directly (uncoated) as a dietary mixture (Kim et al., 2012).
Parenteral administration could either be intravenous (Liu et al., 1994), intramuscular
(Sonmez and Demirci, 2003), or subcutaneous (Fazeli et al., 2010). Assessment of VC's
bioavailability in ruminant is primarily determined by the change in plasma ascorbic acid
concentrations after supplementation. Studies conducted have shown plasma ascorbic acid
concentration to be higher in ruminants receiving coated VC or administered parenterally
than ordinary powdered VC in drinking water or as a dietary mixture (Hidiroglou, 1999).
Comparing the potency of different VC preparations such as powdered VC, VC coated with
ethyl cellulose or silicon and ascorbyl-2-polyphosphate, Hidiroglou et al. (1997) observed a
much-increased plasma VC concentration in the VC-silicon-coated preparation compared to
others. Also, direct supplementation via the abomasum or intra-duodenum increased plasma
VC compared to oral (mouth) (Hidiroglou, 1999). While study comparing the effectiveness
of different routes and/forms of vitamin C supplementation in ruminants have been scanty,
higher plasma ascorbate with respect to administration routes does not seem to translate into

much-improved stress management. In a comparative study on the effectiveness of route of

69



VC administration, Biobaku et al. (2018) observed that, despite higher plasma ascorbic acid
concentration, the responses (cortisol, anti-oxidants and erythrocyte biomarkers) of 2 h
transportation-stressed Kalahari goats administered with VC (200 mg/kg) intramuscularly
was similar to oral supplementation. There is a need for more studies on the safest and

efficient route of administration that will produce the highest level of stress management.

2.13  Modulatory role of vitamin C in ruminants

2.13.1 Effect on vital signs and behavioural kinetics

The vital signs, especially rectal temperature (RT) and respiratory rate (RR), provides a quick
measure of the degree of stress imposed on animals. Under high thermal load, RR can be
used to assess heat stress, and the result is reported to correlate with corticoid concentration
while pulse rate (PR) indicates the homeostasis of the animal body along with the general
metabolic status (Kassab and Mohammed, 2014). Usually, these physiological variables or
vitals are usually raised when ruminants are exposed to unfavourable stressors and may
impair the animal's performance  (Akinmoladun:et al., 2019). An elevation in the
physiological variables (RT and PR) observed during road transportation decreased in goats
(Minka and Ayo, 2012; Nwunuji et al., 2014) and sheep (Kassab and Mohammed, 2014)
following the administration of VVC. During transportation, stress is usually imposed on the
animal during handling, loading and the entire road transportation process, which include;
the movement of vehicle, vibration, noise, water and food deprivation, change of
environment and confinement (Minka and Ayo, 2012). There was an improvement in RR in
water restricted Awassi ewes (Ghanem et al., 2008) and Xhosa goats (Akinmoladun et al.,
2020a) with VC treatment. Based on documented reports, it is suggestive that vitamin C
alleviates stress by decreasing prostaglandin output (which is usually elevated during stress)

by directly altering thermal set points. This effect on prostaglandin output by these vitamins
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directly modulates the hypothalamic thermoregulatory activity and may explain the observed
outcome in stressed ruminants (Sivakumar et al., 2010). Small ruminants' adaptive nature
and tolerance to stressful stimuli (e.g. heat stress) may sometimes cloud the VC
supplementation impact. In the report of Hashem et al. (2016), the effect of VC
supplementation on summer heat-stressed Rahmani ewes was not significant in the various
heat tolerance parameters measured. Following prolonged exposure, small ruminants develop
specific heat tolerance mechanisms to reduce metabolic heat production through feed intake

reduction as well as stretching out the body to lose heat (Akinmoladun et al., 2019).

Skin thickness, an important assessor of severe dehydration, especially in calves (Atkinson,
1992), could decrease following sustained exposure to stressors. This could result from the
high thermal load, suboptimal water intake during water scarcity or when animals are
deprived of water during transportation from one location to another. Also, the thickness of
the skin is affected by cellular substances, the number of collagen fibres and interstitial fluid
content. These intrinsic features significantly influence the skin’s biophysical properties
including, elasticity, turgor and distensibility (Weller et al., 2008). Normal skin contains high
concentrations of vitamin C, and an excessively oxidized environment, either from thermal
load or otherwise, can deplete levels of VC below the threshold, thereby affecting its
supporting functions like the stimulation of collagen synthesis, free radicals scavenging
activities and modulation of cell signalling and epigenetic pathways (Pullar et al., 2017).
However, there is a possibility that the skin thickness will be improved with exogenous VC
supplementation. According to Minka and Ayo (2012), the skin thickness of goats
undergoing 12 hr transportation stress was raised from 1.8 mm in control to 2.1 mm in the
vitamin C treated groups. In an in vitro study, the cell signalling pathway attributes of vitamin

C are reported to enhance the differentiation of epidermal keratinocytes cells with the
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markedly improved ultrastructural organization of the stratum corneum (Pasonen-Seppanen
et al., 2001; Marks, 2004). This stratum corneum is one of the four major components (other
three; stratum spinosum, stratum granulosum and stratum lucidum) of the upper layer of the
epidermis responsible for skin thickness (Marks, 2004).

When ruminants are exposed to stressful stimuli, the frequency of urination and the egestion
of gut content increases. This stress-induced bowel movement is attributed to increased
intestinal motility and cortisol-induced diuresis (Karl et al., 2018). Nwe et al. (1996) alluded
to the increased elimination of urine and faeces from transportation stress to nervousness or
excitation. This stressful condition can further be heightened by suboptimal water intake and
adverse climatic conditions, leading to dehydration (Popkin et al., 2010). Under elevated
temperature, Nejad and Sung (2017) reported increased sitting duration and decreased
standing time when sheep were water-deprived for 2 or 3 hrs after feeding. Minka and Ayo
(2012) reported that the faecal water cantent and elimination behaviour, in general, were less
in transported goats treated with VC:; This indicates-that VVC can reduce the excitation of the
nervous system associated with road transportation stressors. However, the behavioural
dispositions during vehicular movements of goats, including fall, slip, kick aggression, jump
and baulk, were not affected by vitamin C (Minka et al., 2009). The impact of VC on the
behavioural kinetics of ruminants undergoing heat and/or water stress is unavailable as at the

time of writing this review.

2.13.2 Effect on body weight and feed intake

During stress, anabolic activity decreases while tissue catabolism increase, and both combine
to affect growth performance. Decreased anabolism is a response to decreased voluntary feed
intake and essential nutrients, including vitamins and minerals, consequently leading to a loss

in the production per unit of feed (Akinmoladun et al., 2019). In addition to reduced feed
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intake, attempts to sustain the increased demand for energy results in high induction of free
fatty acids and cholesterol from body fat reserves. The mobilized body fats are usually the
cause of weight loss due to the loss of body solids. The severity of the stress-induced
depression on body weight and feed intake in ruminants is further heightened in regions
where intense climatic stresses (high amibient temperature and humidity) is combined with
feed limitations and insufficient water supply. Decreased performance and production
efficiency during stress in an animal are the results of metabolic acclimatization. Temperature
stress (largest single stressor) seemingly changes the metabolic and endocrine status of
animals. Osmanabadi goats had their feed intake and body weight reduced when exposed to
either restricted feed intake or heat stress plus restricted feed (Chaidanya et al., 2017). Feed
intake depression is a physiological response in animal during stress (Akinmoladun et al.,
2019). For example when an animal is exposed to heat stress, the nerve impulses to the
appetite centre in the hypothalamus are suppressed following stimulation by the peripheral
thermal receptors, thereby causing; feed-intake depression (Marai et al., 2007). In addition,
there is a heat stress-induced upregulation of leptin and adiponectin secretions as well as their
receptors (Morera et al., 2012). While adiponectin modulates feed intake behaviour by acting
as starvation signal, leptin reduces feed intake by stimulating the hypothalamus axis (Hoyda

etal., 2012).

Stress, in general, usually result in the excessive generation of free radicals and
proinflammatory molecules. Such induced oxidative injury and infalmmation are the bedrock
of various metabolic disturbances, maldjustment, and even death that commonly reflect in
livestock (Srivastava and Kumar 2015). A depleted VC level often accompanies increased
concentration of markers of oxidative stress (e.g. lipid hydroperoxide) in ruminants. In an

attempt to simulate water stress conditions usually experienced during the period of water
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scarcity and extreme drought, a 12-d water restriction study was conducted by Ghanem et al.
(2008) on Awassi ewes, and they reported a drop in final weight from 70.25 kg (ad libitum
control) to 48.75 kg (restricted group). According to the authors, supplementation of VC (2.5
g/d, dissolved in 12.5 mL of water) to each ewe raised the final weight to 55.5 kg. A similar
reduction of weight loss in a 75-d water restriction study on Xhosa goats was reported
following VC (3 g/d) supplementation (Akinmoladun et al., 2020a). Though the difference
was not significant, supplementation of VC (125 mg/kg) to Farafra sheep before
transportation reduced the weight loss from 1.22 kg to 0.47 kg. Similarly, the final body
weight and total feed intake of heat-stressed ram lambs increased by 19.5% and 15.7%,
respectively, following a daily dose of vitamin C [45 mg/kg body weight] (Abd-Allah and
Zanouny, 2014). Deters and Hansen (2020) intramuscularly injected ascorbic acid (69
sodium ascorbate per steer) to some steers shortly before an 18 h (1675 km) transit drive.
According to the authors, after 75-d post transit, the final body weight, average daily gain
and dry matter intake increased from429 ~ 436 kg; 1:67-1.84 kg and 9.0-9.5 kg, respectively.
The stress-mediating mechanism of VC in animal leading to improved performance, is an
indirect one. Apart from its antioxidant role, VC is involved in collagen biosynthesis and
remodelling and these are processes that support skeletal muscle hypertrophy by facilitating
the migration of satellite cells (Archile-Contreras, 2011). Another potential explanation of
growth response to supplemental VVC, though subject to further research, may be due to its
role as a cofactor in the enzymes involved in carnitine biosynthesis. During stress, there is
increased lipolysis due to feed intake reduction and cortisol elevation. Carnitine, however, is
essential for transporting fatty acids into the mitochondria for catabolism. Hence a possibility
exists of an increased need for carnitine to utilize the much-released fatty acid for growth and

energy production (Deters and Hansen, 2020).
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2.13.3 Physiological response

2.13.3.1 Blood metabolites and immunomodulatory effect of vitamin C

Empirical observations have suggested an alteration in the host resistance following sustained
exposure to stressful conditions. The consequence of prolonged exposure to stress is a decline
in immune cells’ reactivity as well as a higher incidence of infections, especially during
summer (Dahl et al., 2020). According to Brown and Vosloo (2017), the elevated plasma
concentrations of cortisol usually induced during heat stress may have an immunosuppressant
effect followed by a reduced response of lymphocytes to mitogens. The impact of stressors,
including physiological status (pregnancy/lactation), thermal load or otherwise, usually

results in superoxide radicals' production above threshold concentrations.

Interestingly, such poor immune status is usually co-related with a depleted plasma VC
concentration. Rejeb et al. (2016) reported-a compromised immune system in dairy cows
alongside a considerable_reduction in plasma VC concentration when exposed to a high
environmental temperature for a ‘long time. However, supplementation effects of VC on
immune response and blood metabolites have not been consistent. Administration of ascorbic
acid (2 g/h/d) to heat-stressed ram lambs during the summer season did not affect plasma
total protein (TP), albumin (Alb), total cholesterol (TC) and calcium (Ca) concentrations.
However, the significant increase in TP of water restricted Awassi ewes was lowered
following VC (2.5 g/d) supplementation (Ghanem et al., 2008). Similarly, concentrations of
the liver enzymes (aspartate aminotransferase, AST and alanine aminotransferase, ALT)
were lowered following VC supplementation (Abd-Allah and Zanouny, 2014). In addition,
elevated serum electrolytes (chloride, sodium, potassium, calcium, and magnesium) in goats
transported by road for 12 hrs (Ayo et al., 2009) or subjected to water restrictions

(Akinmoladun et al., 2020a) were reduced following administration of VC. Despite these
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significant outcomes, Kim et al. (2012) reported increased levels of albumin, creatinine and
glucose in heat-stressed growing calves supplemented with VC. Aside from the elevated
plasma cholesterol, VC failed to induce any significant change in biochemical blood indices
in the summer heat-stressed Rahmani ewes [(Hashem et al., 2016). The role of VVC in energy
balance, particularly during water stress, is still shrouded in controversy. Due to its role in
norepinephrine and carnitine formations, VC is reported to increase free fatty acid
concentration and its transport across the mitochondrial membrane (Steffens and de Boer,
1999; Mahan et al., 2004). However, other authors have reported ascorbic acid to have a

hypocholesterolemic effect when supplemented (Sahin et al., 2002; Yousef, 2004).

Psychological and physiological stress in ruminants constitutes a serious welfare concern.
Usually, catecholamines are released during the alarm phase of stress, and this is presumed
to be the primary cause of lymphopenia and neutrophilia (Stanger et al., 2005). The combined
effects of high relative humidity and ambient temperature, together with the presumed release
of elevated corticosteroids, decrease cytokines IL.-2.and reduce lymphocytes' proliferation.
Besides, lymphocytes cells become more vulnerable to apoptosis, contributing further to
neutrophilia and lymphopenia (Dahl et al., 2020). Dietary supplementation of AA to heat-
stressed swampy buffaloes significantly increased the mean concentration values of packed
cell volume (PCV), haemoglobin (Hb) and lymphocytes while the neutrophil remained the
same compared to the control (Konwar et al., 2017). The administration of VC (100 mg/kg
body weight) ameliorated the impact of stress from loading and transportation on the
neutrophil, lymphocyte counts and neutrophil/lymphocyte ratio in goats (Minka and Ayo,
2011). Similar enhancement of hematopoiesis in heat-stressed Rahmani ewes (Hashem et al.,
2016) and Brown Swiss bulls (Ecu et al., 2000) with VC have been reported. This significant

outcome is attributable to VC's ability to facilitate increased iron absorption and enhance the
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immune system. The combined effect of physical and emotional stress can elicit eosinopenia,
and it is attributable to an increased surge of plasma adrenaline and cortisol. The mechanism
of decrease (where applicable) is unclear, but it is suspected to be caused by decreased release
from bone marrow, intravascular lysis (steroid-induced apoptosis of eosinophils), organs
(spleen and liver), secludedness and increased tissue migration (Carter, 2018). The
depression in the eosinophils values in goats undergoing transportation stress remains

unaffected in groups treated with VC (Minka and Ayo, 2011).

2.13.3.2 Effect on plasma hormones and oxidative metabolites

Exposure to stress before slaughter may induce an excessive oxidative environment, with
significant effects on feedlot performance, thus translating to producers' losses (Duff and
Galyean, 2007; Akinmoladun et al., 2020b). The magnitude of the stressors and the oxidizing
environment in vivo are a function of the type, intensity and duration of stressors and the
animal's vulnerability to them (Ferguson et al., 2001). The pre-slaughter phase includes all
activities and management practices that apply-during growth until the animal is transported
to the abattoir. During this period, there is a tendency to expose the animals to a range of
challenging stimuli, including transportation stress and changing climatic variables (Minka
and Ayo, 2007; Ibironke et al., 2010). Chirase et al. (2004) reported decreased serum
antioxidant capacity, increased serum malondialdehyde (MOD) and higher susceptibility to
bovine respiratory disease as well as mortality in beef calves transported (over 3,500 km) to
the feedlot. However, the administration of VC (100 mg/kg, i.m) to goats transported for 3.5
h reduced the MOD and superoxide dismutase (SOD) activities (Nwunuji et al., 2014). Also,
supplementation of VC (10 g/animal/d) to pregnant and heat-stressed buffaloes during
thermal stress reduced the mean superoxide dismutase (SOD) and catalase (CAT) activities

(Kumar et al., 2010; Ganaie et al., 2012). VC protects the body defence system and stabilizes
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animals' health status by scavenging the excessive production of free radicals generated
during stress (Sivakumar et al., 2010). According to Belge et al. (2003), VC modulates the
decrease in MDA concentration by removing the singlet oxygen, hydroperoxyl, superoxide,
lipid peroxyl and lipid-free radicals in animals subjected to stress.

During stress, ascorbic acid exerts its inhibitory effect on cortisol. In addition, it plays an
essential role in thermoregulation by its activities as an inhibitory vitaminergic
neurotransmitter in the hypothalamus (Karanth et al., 2000). Also, the high induction of
serum prolactin concentration during heat stress is attributed to hypothalamic-inhibitory
stress response on peptides, which control prolactin secretion (Bernard et al., 2019).
According to Civen et al. (1980), an increase of 1% in the rate of ascorbic acid intake would
result in a 27% and 22% decrease of both plasma corticosterone and adrenal, respectively.
Studies indicated that the cortisol levels decreased significantly while the thyroid hormones
(thyroxine (T4) and triiodothyronine' (T3)) increased in heat-stressed swampy buffaloes
(Konwar et al., 2017) and; goats(Sivakumar et al., 2010, Akinmoladun et al., 2020b)
following supplementation with VC. Contrarily, reported studies in water-stressed animals
did not indicate a significant change in cortisol concentrations with VC supplementation
(Ghanem et al., 2008; Parker et al., 2003). Also, VC failed to induce any significant change
in the cortisol of summer heat-stressed growing calves (Kim et al., 2012). The variations in
the response of plasma cortisol content have been attributed to possible differences in the
amount of VC supplemented (Kim et al., 2012). Free radicals (H202) generated during stress
inhibit the catalytic synthesis of thyroid hormones through its scavenging role on the
enzymes, thyroperoxidase and 5’ mono-deiodinase, mediating the synthesis and conversion
of T4 to T3 (Mancini et al., 2016). However, VC modulates the stress-induced reduction of

these hormones by protecting the above enzymes from free radicals.
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Table 2. 5 Studies investigating the effect of vitamin C supplementation on plasma cortisol response in stressed animal

Factor Treatment condition Species Route  Rate Response References
Summer heat  150-day exposure to heat ~ Swamp Diet 0, 10 and 15 g/d S Konwar et al. (2017)
stress stress (av. THI, 78) buffaloes (mixed with 100 g of
feed)
Heat stress 21-day exposure to heat Black Oral 2mg/d (dissolvedin10 S Sivakumar et al.
stress (40°C, 30%) Bengal ml of water) (2010)
goats
Water stress 12-day water restriction Awassi Oral 2.5 g/d (dissolved in Ns Ghanem et al. (2008)
(1L of water per ewe on ewes 12.5 ml of water)
the 4" day and 3L of
water per ewe on the 8"
day
Water stress 75-d water restriction Xhosa Oral 3.g/d/ or 3 g/d + extra S Akinmoladun et al.
(70% and 50% of ad goats 59 every 8" day (2020Db)
libitum WI) (dissolved in 50 mL of
water)
Heat stress 60-day exposure to Growing Diet 20-g/d.(mixed with Ns Kim et al. (2012)
summer heat stress (THI, calves concentrate)
>70)
Transportation 3 h (225 km) Farafra Oral 125 mg/kg BW S Kassab and
stress transportation Sheep (dissolved in 10 mL of Mohammed (2014)
sterile water)
Transportation 10 h transportation Crossbred  Oral 180 mg/kg (dissolved Return to Mir et al. (2019)
stress (Alpine x in water) normal value
Beetle) after 6 h post
goats transportation

compared to
10hin
control

ns: non-significant; s: significant



Table 2.5 describes studies investigating the effect of vitamin C supplementation on plasma cortisol

response in stressed animals.

2.13.3.3 Effect on reproduction

Due to its presence in ovaries, corpus luteum (CL) and follicular fluid (Das et al., 1993), AA hinders
the apoptosis in murine cumulus-oocyte and bovine granulosa cells (Eppig et al., 2000; Murray et al.,
2001), reduce heat shock protein 70 (HSPA1A) and the levels of reactive oxygen species
intracellularly (Castillo-Martin et al., 2014). However, plasma concentrations of antioxidants,
especially VC, in ruminants are reported to decrease during stressful periods and at the beginning of
ovarian cyclic activity and gestation (Salinas et al., 2017). This may explain the increased oxidative
stress, usually resulting in gestation disorders, embryopathies, abortions, pre-eclampsia and low birth
weights (Al-Gubory et al., 2010; Rong-Zhen and Dao-Wei, 2013) that are sometimes encountered in
ruminants. The induced oxidative stress implicated by the depletion of antioxidant vitamins is
explained by the vigorous steroidogenesis and cyclic activities of the ovaries. These findings have
suggested that in vivo production of ascorbic acid alone in ruminants may not be sufficient to sustain

and effectively modulate the various physiological processes.

Giving the established correlation between VC concentrations in the corpus luteum and plasma
progesterone levels as well as weights/diameters of corpora lutea (Serpek et al., 2001), it suffices to
say VC affects reproduction functions and steroid hormone synthesis rate. Supplementation of VC to
summer heat-stressed Rahmani ewes (Hashem et al., 2016) and hypoxic pregnant sheep (Parraguez
et al., 2011) increased the number of ovulatory follicles lambing rate, lamb weight and fecundity.
Also, the quality of bovine follicles and their survival in vitro improves with ascorbic acid

supplementation (Thomas et al., 2001). Pernes et al. (2016) demonstrated that VC supplementation
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could enhance nuclear maturation and the developmental competence of oocytes matured in vitro.
Supplementation of ascorbic acid (100 puM) to heat-stressed caprine cumulus oocytes complexes
(incubated, 41 °C) for 24 hrs in vitro had an increased cumulus expansion (42.98% to 66.67%) and
nuclear maturation (metaphase Il stage; 40% to 60%) (Khanday et al., 2019). Similar improvement
in nuclear maturation status and expansion of cumulus cells with VC inducing increased meiotic
resumption of oocytes and higher proportions of oocytes reached at metaphase | and 1l stages have
been reported in camel (Elsayed et al., 2015) and other caprines (Hammami et al., 2013). Though the
number of does, retention rate, oestrous response and duration were not affected, intramuscular
administration of ascorbic acid (50 mg) enhanced conception rate in Red Sokoto goats (Omontese et
al., 2014). This improvement in reproductive efficiency with VC, especially in vivo, has been
attributed to increased survival and quality of the embryo by mechanisms such as: (i) increased
production of progesterone during the early stage of gestation; (ii) enhanced function and maturation
of the placenta, uterus and oviduct; (iii).improved blastocyte development; and (iv) circumvention of
fetal resorption (Clagett-Dame and Deluca, 2002; Hashem 2015). However, the concentration of
ascorbic acid that is of physiological significance during supplementation is a crucial research area.
This is because higher concentrations of ascorbic acid in vitro can inhibit physiological processes in
the ovary, resulting in follicular degeneration (Murray et al., 2001). In a study conducted by Andrade
et al. (2012) on dose-dependent ascorbic acid supplementation to an in vitro culture of bovine
preantral follicles, granulosa cells' proliferation was stimulated following ascorbic acid
supplementation and reached a maximum (63.4 % granulosa cells) at 50 pg/ml of ascorbic acid.
According to the authors, the maintenance of follicular viability during in vitro culture was not

effective at higher (>100 pg/ml) or lower doses (<10 pg/ml) of ascorbic acid.
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Apart from lacking significant cytoplasmic antioxidant’s component, sperm cells have an abundance
of polyunsaturated fatty acids in their membranes and are therefore susceptible to lipid peroxidation
from O and H2O, (Bansal and Bilaspuri, 2011). Ascorbic acid plays a role in protecting sperm from
ROS and maintaining the genetic integrity of sperm cells by protecting sperm DNA from oxidative
damage (Eidan, 2016). Because of these vital functions, deficient or reduced ascorbate level in male
animals have been correlated with an increased number of abnormal sperm, low sperm counts,
agglutination, and reduced fertility (Dawson et al., 1990). Administration of ascorbic acid (20 mg/kg;
i.m) for 30 days reportedly increases sperm concentration, semen volume and motility in rams
(Sonmez and Demirci, 2003). Also, subcutaneous injection of VC (20 mg and 40 mg/live weight) in
Makhoz goats for 90 days linearly increased total sperm ejaculate and sperm volume (Fazeli et al.,
2010). Modulation of ascorbic acid in ruminants’ reproductive efficiency is hinged on maintaining
lipids, DNA, proteins, enzymes, and other antioxidants at the required physiological range and
homeostasis sufficient for optimum reproductive interactions (Sonmez and Demirci 2003; Minka et
al., 2009). However, the level of response and/or improvements recorded varies with concentrations
of ascorbic acid used. The optimum concentration of VVC required for maximum improvement is still

a research gap.

2.14 Conclusion

While ruminants possess the ability to synthesize VC in the liver, the decreased plasma ascorbate
concentration during stressful periods may compromise their immune system as well as production
and performance indices. Unlike vitamins A, D and E, daily vitamin C requirements are not
documented in the literature for ruminants. Research evaluating vitamin C requirements in ruminants
and the attendant responses during periods deemed stressful and the amount that will be supplemented
to produce maximum improvement is currently advocated. Differences in ruminant types, breed,

81



nature of stressful stimuli, physiological status, route, and form of VC administration may influence
and cause variations in response following supplementation. There is, therefore, a need to explore

these areas to establish the most effective supplementation rate of VC as well as route and/or form.
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Chapter Three

Growth performance, heat tolerance response and blood biochemical profile of water
restricted Xhosa goats supplemented with vitamin C

(Published in Translational Animal Science Journal)
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Abstract: Water restriction in small ruminants is usually accompanied by a drop in feed intake, body
weight and disturbances in the normal internal milieu. However, attempts to lessen the burden of
water stress with vitamin C supplementation have been greeted with conflicting reports. Therefore,
this experiment was conducted to evaluate the effect of single and multiple vitamin C (VC)
supplementations in water restricted Xhosa goats by assessing their performance, heat tolerance and
blood metabolites. In total, 42 does, 12 months old and with an average weight of 15.92+2.12 kg,
were evaluated for 75 days. The does were distributed into seven groups of six comparable animals:
without water restriction (control, WO0); water restriction of 70% of ad libitum water intake W1 (W70);
water restriction of 50% ad libitum W1 (W50); water restriction of 70% of ad libitum WI plus 3g VC
daily (W70%); water restriction 50% of ad libitum WI plus 3g VVC daily (W50%); water restriction of
70% of ad libitum WI plus 3g VC and extra 5gVC given every eight-day (W70**); water restriction
of 50% of ad libitum WI plus 3g VC and extra 5gVC given every eight-day (W50**). Regardless of
VVC supplementation, the body :condition. scores (BCs) idecreased (P<0.05) with levels of water
restriction. Weight loss due to water restriction was reduced by VC supplementation in treated groups.
Changes in body thermal gradient, rectal temperature (RcT), cholesterol and bilirubin were similar
(P>0.05) across the various experimental groups. The attenuation effect of VC was significant
(P<0.05) in responses to respiratory rate (RR), Na*, K*, Mg?*, CI', Ca?* and urea. Supplementation
of VC (either single or multiple) did not (P>0.05) improve the effect of water restriction on body
condition scores (BCs), FAMACHA®, glucose, globulin, alanine aminotransferase (ALT) and high-
density lipoprotein (HDL). The additive effect of multiple VC influenced (P<0.05) Na* and Mg?*.
Limited water intake affects growth and other physiological parameters in Xhosa goats. However,
supplementation of vitamin C may be beneficial at modulating the stressful stimuli imposed by water

stress.
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3.1 Introduction

Small livestock such as goats contributes immensely to reducing poverty and improving livelihoods,
especially for resource-limited rural communities and marginalized families in dry and water-limited
regions of the world. The pivotal role they play ranges from animal protein provision, income
generation from sales either as live animals or their primal cuts in the markets, to religious and cultural
purposes. However, the sustainable productions of livestock are under threat due to increasing water
scarcity and fluctuating precipitation. Irregularities in rainfall patterns caused by global warming and
vagaries in weather conditions have limited the amount of fresh water available to most regions
worldwide (Kurylyk and MacQuarrie, 2013). South Africa is considered a water-scarce country
(Donnenfeld et al., 2018) and goat production systems in the Eastern Cape Province's semi-arid
region range from nomadic to semi-sedentary. oriexclusive scavenging type. Under this traditional
pastoral farming system, animals are forced to walk a long distance, searching for water and feed
throughout the year. Usually, the watering points accessible to these animals cannot be relied upon
because they quickly dry up during the dry summer season. Animals in the field are therefore faced
with dehydration while grazing far from widely spread watering points to meet their nutrient

requirements.

Goats, especially the indigenous ones, are more adaptable to harsh environmental conditions of
drought and heat (Silanikove, 2000). They can efficiently utilize limited forage and are less
susceptible to endemic diseases than exotic or non-adaptable breeds. The Xhosa ear-lobe breed,
indigenous to the Eastern Cape region, is well adapted to the semi-arid environment characterized by
temperature extremes and limited water availability, a trait acquired through natural selection over
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the years. However, thermo-tolerance and the ability to withstand sub-optimal water intake vary with
animal types, breed, and extent of adaptability. Although adaptation can be enhanced following
prolonged exposure by livestock, studies have documented considerable differences in response in
the different breeds (Habibu et al., 2017). For example, desert goats raised under traditional systems
may be watered once every 3-6 days during water scarcity. In contrast, the Black Bedouin and Barmer
goats, an adapted breed, can live on a once every four-day watering regime (Silanikove, 1994). A
comprehensive review of the adaptability and tolerance of small ruminants and their breeds to
different water deprivation levels or restriction has been documented (Akinmoladun et al., 2019).
Despite this efficient water use in adaptable breeds, water balance disturbances portend a stressful
stimulus and have been shown to hamper feed intake and body weight, influence the body heat

balance and the composition of the body fluids (Akinmoladun et al., 2019).

Supplementation of vitamin C (VC) to ruminants' diets is not common because they can bio-
synthesize L-ascorbic acid through, the glucuronic acid pathway in the liver (McDowell, 2000).
However, plasma vitamin C is usually depleted during stress and disease conditions (Ranjan et al.,
2005), hence a possibility of improvement if supplemented. In addition, the endogenous metabolic
process leading to the production of L-ascorbic acid takes too long. Hence, the need for exogenous
supplementation. Despite the positive outcome following VC supplementation, others have reported
a non-significant effect. For example, oral vitamin C (ascorbic acid) supplementation lessens body
weight loss in goats exposed to heat and transportation stress (Minka and Ayo, 2012). Also, ewes'
ability to withstand limited water intake (Ghanem et al., 2008), reproductive traits of pregnant ewes,
and their newborn lambs' weight were enhanced following VC supplementation (Haliloglu and
Serpek, 2000). However, VC supplementation was found to have little or no effect on summer heat-
induced stress in Rahmani ewes (Hashem et al., 2016).

101



The mechanisms that allow indigenous goat breed to thrive, despite the harsh and unfavourable
environmental conditions, are yet to be investigated. Furthermore, information about Xhosa ear-lobe
goats' response, following supplementation of different vitamin C doses, to the combined effect of
water stress and high ambient temperature is scarce. It was hypothesized that vitamin C's
bioavailability would be boosted following multiple vitamin C supplementations and ultimately
reduce the burden of water stress imposed on the animals. Therefore, this study focused on growth
performance, heat tolerance, and blood metabolites of water restricted Xhosa ear-lobe supplemented

with vitamin C

3.2  Materials and Methods
All experimental procedures complied with the guidelines of the Research Ethics Committee of the

University of Fort Hare, South Africa (Ref. No: MUCO011SAKIO01).

3.2.1 Study site description

The experiment was conducted at the Honeydale farm, University of Fort Hare. It is located 5km east
of Alice, Eastern Cape, South Africa, and 520 m above sea level. It is situated in the False Thornveld
of the Eastern Cape with geographical coordinates, 32° 46'S, 26° 52°E, and receives 480-490 mm

annual rainfall. The study was conducted during the summer season.

3.2.2 Experimental animals and management

Forty-two female goats (Xhosa breed) with an average age of 12 months and body weight 15.92+2.12
kg were used for the 75-days trials. The goats were de-wormed using ivermectin and vaccinated
against the foot-and-mouth disease before the experiment. They were kept in individual metabolic

cages (1.33 x 0.58 m), provided with a feeder and a water trough. The animals were weighed at the
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beginning of the trial, and feed was offered as total mixed ration (TMR) based on 4% of their body
weights in the ratio of 70:30 of Lucerne hay and concentrate on DM basis, respectively. The

ingredient and nutrient composition of the experimental diet is shown in Table 3.1.

3.2.3 Dietary treatments and design

The animals were balanced for body weight and randomly assigned to the seven dietary treatment
groups: WO, without water restriction (control); W70, water restriction of 70% of ad libitum water
intake; W50, water restriction of 50% ad libitum water intake; W70", water restriction of 70% of ad
libitum water intake plus 3 gVC daily; W50*, water restriction 50% of ad libitum water intake plus
3 gVC daily; W70**, water restriction of 70% of ad libitum water intake plus 3 gVC and extra 5 gVC
given every eight-day; W50**, water restriction of 50% of ad libitum water intake plus 3 gVC and
extra 5 gVC given every eight-day. It was assumed that the control group (WO) would not be stressed
due to its unhindered access to ad libitum water intake and thus exempted from VC supplementation.
The L-ascorbic acid (VC) used as a supplement was sourced from Minema Chemical Stores, Gauteng,
South Africa. All animals receiving VC supplementation were subjected to a 6-day preparation period
(coinciding with the last 6-day during the adaptation period), during which they were orally
supplemented with 10 g vitamin C/50 ml water/animal. This was based on Ghanem et al. (2008) 's
previous work to make sure the animals were at the same vitamin C status. The 3 g/d vitamin C dose
was selected based on earlier findings on the effectiveness and higher bioavailability at lower doses
(Tyler and Cummins, 2003). A multiple dose of VC was supplemented as against single dose as
recommended by Hidiroglou et al. (1997). The experimental trial started in January and lasted for 89

consecutive days. The trial was preceded by a 14-day preliminary period.
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3.2.4 Feed and growth measurements

Feed was offered two times a day, at 9:00 and 16:00 in equal proportions. The weight of the total
mixed ration offered and refused was recorded daily to derive feed intake. Animals were weighed
every 7 days before morning feeding, and the average daily gain (ADG) calculated by dividing final
body weight gain with days of trial. Water restriction percentages for experimental groups were
calculated based on the daily ad libitum intake of the control (WO0) group. Water was supplied in
containers of known volume and was topped-up once a day. In the control (WO) group, does receive
ad libitum water daily at two different times of the day, at 8:00 and 15:00 h, to determine the quantity
of water ingested. Total water intake (WI) was calculated as the difference between the amounts
offered and leftovers, rebating water loss due to evaporation. Water loss due to evaporation was
calculated by putting buckets filled with water at focal points in the pen so that loss due to evaporation
can be inputted when calculating for total water intake. W70 and W50 groups did receive drinking
water daily at 70% and 50% of the total water intake recorded in the control group. The efficiency of

water use was determined by finding the ratio of water intake to dry matter intake (WI: DMI).

3.25 FAMACHA and body condition scores

Body condition score (BCs) was determined by palpating the spinous processes of the lumbar
vertebrae and assigning a score as follow: 1 (very lean, sharp prominent backbone and spinal
processes, little flesh coverage); 2 (lean); 3 (medium, slight rounding of flesh over the spine); 4 (fat);
5 (very fat, cannot detect any backbone or spinal processes), at 0.5 increments (McGregor, 2011).
Goats were also monitored for evidence of anaemia by checking the colour of the ocular mucous

membranes using the FAMACHA eye chart and score assigned as follow: 1 (optimal; red colour non-
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anaemic); 2 (acceptable; red-pink colour non-anaemic); 3 (borderline; pink mildly anaemic); 4

(Dangerous; pink-white anaemic); 5 (fatal; porcelain-white; severely anaemic) (Kaplan et al. 2004).

3.2.6 Meteorological parameters and heat tolerance measurements

Ambient temperature and relative humidity were recorded hourly in the experimental station with a
portable data logger (Model: MT669, Major Tech, South Africa) during the 75-day trial. The
temperature-humidity index (THI) was calculated for the whole 75-days of the treatment. The 75 days
was divided into 5 intervals of 15 days each, and temperature-humidity index (THI) was similarly
calculated for each of these intervals. The equation described by Marai et al. (2007) in which; THI
=db °C - [(0.31-0.31 RH %) (db °C-14.4)]. Where db °C = dry bulb thermometer in Celsius and RH
= relative humidity (%) was used. The extent of heat stress was determined based on the THI values
(i.e. THI <22.2= absence of heat stress; 22.2 to < 23.3 = moderate heat stress; 23.3 to <25.6 = severe
heat stress and 25.6> =extreme severe heat stress) (Marai et al., 2007). Rectal temperature (RcT, °C)
and respiration rate (RR, breathes/min) were recorded between the hours of 0900 h and 1400 h on
days 15, 30, 45, 60 and 75 of the treatment periods. Rectal temperature ("C) was measured after
inserting a clinical digital thermometer about 5 cm deep into the animals' rectum and making contact
with the mucous membrane for 2 minutes. Respiration rate (breathes/min) was obtained by counting
flank movements during 1 min, with each inward-outward flank movements counted as one complete
respiration. Skin temperatures on the neck, belly and thurl regions were measured using an infrared
thermometer (Nubee NUB8380 Temperature Gun, California, USA). The infrared thermometer was
held at a 15 cm distance away from the animal without direct contact (Zhang et al., 2019). Each goat's
average skin temperature in the current study was calculated by averaging the neck, belly, and thurl

region's temperature. According to Richards (1973), body thermal gradients were calculated using
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the formulas; Internal gradient = rectal temperature — skin temperature; External gradient = rectal

temperature — ambient temperature; Total thermal gradient = skin temperature—ambient temperature.

3.2.7 Blood sampling

Blood samples were collected from the jugular vein of each goat (three animals per treatment) into
EDTA_ coated and heparinized vacutainer tubes with BD hemogard™ on days 30, 60 and 75. Blood
samples in heparinized tubes were centrifuged for 10 min at 3500 rpm using a Model 5403 centrifuge
(Geratebay Eppendorf GmbH, Engelsdorp, Germany). Thereafter, the centrifuged samples were
stored at -20°C until analysis was conducted. The obtained plasma samples were analysed using a
Checks machine (Next/Vetex Alfa Wasserman Analyser) and commercially purchased Kits
(Siemens). The concentration of blood serum total protein, albumin, creatinine, and alkaline
phosphate was spectrophotometrically analysed using colourimetric procedures. Globulin
concentration was calculated by subtracting albumin values from the corresponding total protein
values. Glucose, total cholesterol, and urea were analysed using enzymatic methods, while aspartate
transaminase and alanine transaminase were determined using ultraviolet techniques (Soul et al.,

2019).

3.2.8 Statistical analysis
Analysis of variance was performed based on averages per treatment groups using the GLM
procedure of SAS (2013) to determine the fixed effect of treatment, experimental period and

interactions.

Models;
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Yik = + Ti + Dj + (TD)jj + &ij and Yij = + Ti + &ijfor non- repeated measures, in which Yijk is the
value of the dependent variable determined from an observation taken from each animal, u is the

overall mean, T; is the fixed effect of the iw treatment (i=1:7), D; is the fixed effect of the ji day of
observation (j=1:5), (TD)jj is the interaction between treatment and day of observation and eijk is the

residual error of animals. Analyzed data were considered significant at P<0.05.

3.3 Results

3.3.1 Temperature humidity index, dry matter intake and body weight changes

Diurnal temperature (°C) and humidity (RH %) pattern in the housing units and body weight changes
are shown in Fig.3.1 and Table 3.2, respectively. The average THI in the experimental room was
25.57+0.15 throughout the experiment. After 75 days of water restriction across the various treatment
groups, the final body weight did not differ (P>0.05). However, values recorded for animals subjected
to water restriction in groups W70 and.W50 were low compared to the control (WO) group. This
decrease in final weight was attenuated in the treated groups (W70%, W50, W70"" and W50*"). The
extra dose of VC given to the animals on the eight-day (W70** and W50*") did not further lessen the
weight loss compared to those on single dose (W70* and W50%) groups. The final weight (FW)
decreased [W0O>W70>WH50] (P>0.05) with levels of water restriction. The body weight gain and
average daily gain (ADG) decreased (P<0.05) with levels of water restriction. Multiple VC increased
(P<0.05) the ADG and body weight gain of W50* when compared to W50. DM intake was
significantly higher (P<0.05) in control (WO0) group compared to the entire water restricted groups.
The water intake (WI) followed the watering regimen adopted and decreased (P<0.05) as the

percentage of ad libitum water given decreased.
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3.3.2 Body thermal gradient and physiological response
The effect of water restriction with or without VC on body thermal gradient and physiological

responses (respiratory rate [RR], rectal temperature [RcT]) are shown in Tables 3.3 and 3.4.
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Figure 3. 1 Diurnal temperature and humidity pattern in the housing unit
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Table 3. 1 Performance of water restricted Xhosa goats supplemented with VC

Parameter WO W70 W50 W70* W50* w70*™ W50  SEM P-value

IW,kg 1570 1563 1617 1617 1583 1590 1610 224 0423
FW, kg 1793 1393 1370 1490 1453 1430 1437 207  0.072
Gain kg 223 -1.70°  -247°  -127° -130°  -160* -173° 037 0021

ADG,g/d 2978  -2267*  -32.89° -16.89° -17.33° -21.33* -23.11" 487  0.015
BWA0.75 867  7.16 708 756 743 734 737 078 0124
DMI, g/d  614.91* 369.09° 32454° 37621° 33227° 376.03° 33060° 7.76  0.017

DMI, Kg/d 062 037°  0.33° 0.38° 034® 039" 0357 0008 <0.001

WI, kg 92.47% 62.40° 45.61° 62.40°  45.61° 62.40° 45.61° 412 <0.0001
WI:DMI 2.31° 2.25% 1.87° 2.20° 1.83° 2.21% 1.84° 0.09 0.012

ADG= average daily gain; BW"0.75= metabolic weight; DMI= total dry matter intake; SEM=standard error of mean; WI
= water intake; **“means with different superscripts across the row are significantly different (P<0.05); * 3gVC daily; **
3gVC daily+extra 5gVVC every 8" days; W=water restriction
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Water restriction levels did not significantly affect (P>0.05) the skin temperature, internal gradient,
external gradient, and total thermal gradient. The effect of water restriction levels with or without VC
supplementation was not significant on the RcT (P>0.05). All the water restricted groups had
significantly lower RR (P<0.05) compared to the control (WO) group. The slight increase in the values
recorded for RR in the VC supplemented groups (W70%, W50%, W70** and W50*) did not follow a

consistent pattern compared to the untreated groups (W70 and W50).

3.3.3 FAMACHA® and body condition scores (BCs)

The FAMACHA and BCs outputs are shown in Table 3.5. Levels of water restriction, with or without
vitamin C, did not significantly (P>0.05) affect the FAMACHA scores. However, the BCs were
significantly affected (P<0.05) by levels of water restriction. VC treated groups (W70*, W50*, W70**
and W50*") were not statistically different (P>0.05) from the untreated groups (W70 and W50) in
their BCs. The BCs of goats under W50 were the most affected (P<0.05) compared to other water

restricted groups. All water restricted groups had lower BCs compared to the water ad libitum groups.

3.3.4 Blood biochemical profile

The plasma osmolality and blood chemistry are shown in Tables 3.6 and 3.7. The effect of water
restriction levels was significant in plasma osmolality. Plasma osmolality tends to increase (P<0.05)
with water restriction levels. However, the high plasma osmolality (Na, K, Mg, CI, and Ca) due to
water restriction levels were lowered following VC administration. The effect of extra VC dosing
(W70 and W50™) did not (P>0.05) additively influence the plasma osmolality compared to single
dosing (W70" and W50"). Supplementation of \VC at both single and multiple doses had no significant

effect (P>0.05) on bilirubin, cholesterol, high and low-density lipoprotein (HDL and LDL).
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Table 3. 2 Body thermal gradients of water-restricted Xhosa goats supplemented with VC

Variable Day Treatment Probability
WO w70 W50 W70° W50* W70 W50 SEM T D  TxD
Skin Temperature (°C) 0.322 Ns *** ns

15 3207 3227 3227 3201 3227 3228 31.68
30 30.88 31.04 31.04 30.98 3123 3139 3101
45 25.08 23.87 2387 2511 2515 2411 23.97
60 29.30 28.78 28.78 28.67 2898 28.73 28.88
75 2636 26.53 26.53 2648 26.17 26.56 26.33
Internal gradient 0418 Ns *** ns
15 633 6.17 657 699 620 6.45 6.79
30 776 711 730 719 720 744 756
45 1243 1416 1352 12.08 1285 13.66 14.17
60 820 965 930 973 952 834 939
75 1181 1153 11.43 1209 1125 1144 11.87
External gradient 0.272 Ns *** ns
15 16.61 16.64 17.04 1721 16.67 16.94 16.67
30 16.13 1543 16.06 1567 1593 16.33 16.07
45 1586 16.39 1599 1556 16.36 '15.93 16.49
60 16.44 1737 1771 1734 1744 1731 17.20
75 1948 19.38 1941 19.88 19.74 19.31 19.51
Total gradient 0322 * *** ng
15 10.28 10.47 1047 10.22 1047 1049 9.89
30 838 854 876 848 873 889 8.51
45 342 222 247 347 350 246 2.33
60 824 772 841 761 792 8097 7.82
75 7.67 784 798 779 849 7.6 7.64

ns, P>0.05; * P<0.05; **P<0.001; ***P<0.0001; * 3gVC daily; ** 3gVC daily+extra 5gVC every 8" days;
W=water restriction; SEM= standard error of mean; T=treatment effect; D=Day effect; TxD=interaction
between treatment and day.
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Table 3. 3 RcT and RR of water restricted Xhosa goats supplemented with VC

Parameter Day Probability
Treatments
W0 W70 W50 W70* W50" W70 W50 SEM T D TxD
Rectal Temperature (RcT) (°C) 027 ns ** ns

15 38.40 38.43 38.83 3848 3867 3873 3847
30 38.63 38.93 3857 3847 3843 3883 3857
45 3950 38.03 3793 3820 38.00 37.97 38.13
60 3850 38.43 38.77 3840 3850 3837 38.27
75 38.17 38.07 38.10 3847 3843 38.00 3820
Respiratory rate (RR) (breathe/min) 134 ** *x  *
15 38.67% 31.33® 30.53° 32.67° 31.17° 33.05° 31.05°
30 39.00° 32.33°d 30.67°° 33.67°° 30.89% 34.67° 30.79
45 44.00*° 3533° 31.33°; 3543°  32.00° 36.67° 31.59°
60 42.67° 35.39° 33.33° 3567° 33.67° 35.00° 33.52°
75 41.33* 3451° 31.34° 36.67° 31.67° 35.67° 32.03°

abc means with different superscript-across the row are significantly different (P<0.05); ns, P>0.05; * P<0.05;
**P<(0.001; ***P<0.0001; * 3gVC daily; ** 3g\VC daily+extra 5gVVC every 8" days; W=water restriction; SEM
= Standard error of mean; T=treatment effect; D=Day effect; TxD=interaction between treatment and day.
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Table 3. 4 FAMACHA and BCs of water restricted Xhosa goats supplemented with VC

Day Treatments Probability
Parameter WO W70 W50  W70° W50 W70 W50 SEM T D TxD
FAMACHA 0.293 * **ns

15 267 233° 233" 267 267® 3000 233"
30 233" 233" 200° 233° 233" 233 300°
45  3.00® 267° 3.00 267° 3.00* 3.00% 3.33°
60 300 300 333 333 300 333 3.33
75 267 267 300 300 300 300 @267
BCs 0252 *** * pg
15 300 233 233 267 267 233 267
30 333 233 200 233 200 267 233
45  2.67° 233 133 2330 2330 233% 200
60  3.00° 2.00° 2.00° 200° 2.00° 267% 2.00°
75  3.00° 267* 2.00° 2.00° 2.00° 233 2.00°

abc means with different superscript across the row are significantly different (P<0.05); ns, P>0.05; * P<0.05;
**P<(0.001; ***P<0.0001; * 3 gVC daily; ** 3 gVC daily+extra 5 gVC every 8" days; W=water restriction;
SEM-= standard error of mean; T=treatment effect; D=Day effect; TxD=interaction between treatment and day
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Table 3. 5 Plasma osmolality of water-restricted Xhosa goats supplemented with VC

Parameter Day Probability
Treatment
W0 W70 W50 W70* W50*  W70** W50 SEM T D TxD
Na (mmol/L) 121 ** *** pg
30 135.33" 138.00° 139.00® 135.00°  137.00° 133.00°  134.67°
60  136.67°° 136.00° 138.67®® 136.67°° 139.67% 137.67*¢ 137.00
75 136.65¢ 138.00% 142.00° 140.33°  143.67° 137.67¢  140.33"
K (mmol/L) 0.16 ** kkxk kkk
30 5.40° 5.70° 6.102 5.43¢ 4.80° 5.13¢ 5.23%
60  4.70° 5.00° 4.60° 5.00P 5.00° 5.13% 5.332
75  4.52° 5.06° 5.13P 5.06" 4.70° 4.47° 5.60°
Mg(mmol/L) 0.05 ** KRk xx
30 0.95° 0.872 0.65° 0.86° 0.74° 0.87° 0.66°
60  1.00° 0.78° 0.65° 0.90° 0.71° 0.93? 0.79°
75 1.19° 1.13% 1.03% 1.01¢ 1.05"  0.96% 0.94¢
Cl (mmol/L) 1.42 *  Rxx o x
30 100.67°° 103.33% 105.00° 96.67% = 95.33°  97.67%®  100.33%®
60  100.00° 101.67° 104.67*° 100.67°  96.00°  100.00°  95.00°
75 101.67° 105.00° 105.67* 101.27°  102.00® 102.67®® 101.52°
Ca (mmol/L) 0.05 ** kkk kkk
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30 2.05° 1.952 1.62¢ 1.86° 1.84¢ 1.94abe 1.86°
60 2.10° 1.85° 1.73¢ 1.86° 2.08? 2.08? 2.028
75 212 2.10 2.02 2.07 2.11 2.12 2.05

¢ means with different superscript across the row are significantly different (P<0.05); ns, P>0.05; * P<0.05; **P<0.001; ***P<0.0001; * 3gVC
daily; ** 3gVC daily+extra 5gVC every 8" days; W=water restriction; SEM= standard error of mean; T=treatment effect; D=Day
effect; TxD=interaction between treatment and day
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Table 3. 6 Blood chemistry of water restricted Xhosa goats supplemented with VC

Parameter  Day Probability
Treatment

WO W70 W50  W70*  W50"  W70"" W50 SEM T D Tx

D

Urea (mmol/L) 0.48 ** Fx x*
30 5109 7.07° 863  6.85°  7.80® 7.10°  8.25%
60 8.60°  8.73¢ 10.33% 7507 973" 8.55¢ 11.002
75  857° 11.27¢  11.77%  9.30% 1143  9.80° 11.732

Creatinine (mmol/L) 326 ** Ax %
30 53.67 54.00 55.67  56.00 55,33 54.00  56.67
60 40.00° 4333  49.33% 4833%® 50.00° 40.00° 45.00%°
75 43.00  45.00 48,67 . 44.00 . 48.00 43.00 1 .. 46.67

Glucose (mmol/L) 0.12 ** *x  x*
30 323  2.80° 237¢ 297" 2.33° 2.40°  2.30°
60 2.47%  2.37%® 2.20¢  2.40%  1.97¢ 2.422 2.00%
75 3.000  2.90%® 2.70bd 2970 2530 2.37%  2.45°

Total Protein (g/L) 2.20 ** Rk k%
30 51.00"0 60.67¢Y 70.00° 56.67% 65.67% 53.67%" 63.33
60 52.00° 5433  73.67%° 54.00° 63.33° 53.00° 65.00°
75 50.67° 68.00* 68.00® 65.67° 69.67® 66.33" 71.67°

Albumin (g/L) 071 * ** ns

117



30 13.00°

60  12.00°

75 14.67¢
Globulin (g/L)

30 38.00¢

60  40.00°

75  36.00¢
Bilirubin (umol/L)

30 6.67

60 5.33

75 533
ALT (U/L)

30 17.00

60  16.00°

75 18.33°
ALP (U/L)

30 30.67™

60  38.00

75  44.33°
Cholesterol (mmol/L)

30 1.30

60 1.38

14.002¢
12.67
14.67

46.67
41.66°
53.33"

7.00
6.67
7.33

18.00
16.33°
22.002

33.67%
38.332
46.00%

1.56
1.39

15.332
13.00°
15.33¢

48.66"°
50.33°
55.00P

7.67
7.00
7.33

18.67
21.33%
22.26°

23.00¢
28.33¢
37.67°

1.55
1.55

13.67"¢
12.00P
16.002

45.00°
42.00°
49.65°

7.00
6.00
6.33

19.00
16.33°
20.002%

32.00¢
39.33?
47.672

1.36
1.39

14.0030¢
14.672
15.00%

51.67%
48.66°
54.67°

oo
6.33
7.67

18.00
20.33%
21.50°

29.00°
32.00°
40.67¢

1.35
1.47

11.67¢
12.33P
15.67°¢

40.00¢
40.67°
50.66°

7.00
7.00
6.33

17.00
19.00?
21.00%

36.002
40.00?
45.00%

1.34
1.34

14,672
14.762
16.672

56.00%
61.01%
63.33?

7.33
7.00
6.00

19.00
20.672
22.072

25.00¢
30.00"
44.67°

1.47
1.30

2.45

0.68

1.27

1.54

0.15

**

ns

**

**

ns

**

ns

**

**

**

ns

ns

**

ns
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75  0.95°  1.11%® 1.34% 118  1.16%® 1.20°  1.09%
High Density Lipoprotein (mmol/L) 008 * * ns
30 0.80°  1.08 0.95% 103 095 083  1.07®
60 0.83 0.99 1.08 1.05 1.01 0.88 0.98
75 0.75 0.93 0.80 0.83 0.97 0.87 0.87
Low Density Lipoprotein (mmol/L) 0.06 ** Fx x*
30 0.30° 0.42®  047° 032°> 037  0.30° 0.38®
60 0.23°  0.37° 0.35%  0.32% (.35 0.34%  0.36%
75  0.12 0.13 0.20 0.16 0.25 0.14 0.23
Triglyceride (mmol/L) 004 ** * ns
30 0.18°d (Q.24%® 0.16%  0.25% '0.12¢ 0.26®  0.13¢
60 0.17% 0.25® 0.7 028 018 026® 0.12¢
75  0.16°  0.29% DA 7o PET 7y APYR A PRIET o Oiis”

abed means with different superscript across the row are significantly different (P<0.05); ns, P>0.05; * P<0.05; **P<0.001; ***P<0.0001
*3gVC daily; **3gVC daily+extra 5gVC every 8" days; W=water restriction; SEM= standard error of mean; T=treatment effect; D=Day effect

TxD=interaction between treatment and day
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However, increased (P<0.05) concentrations of urea, total protein, alanine aminotransferase
(ALT), alanine phosphate (ALP) following water restriction levels were slightly attenuated in the
VC supplemented groups. Both single and extra VC doses significantly influenced (P<0.05)
creatinine and glucose concentrations. Plasma triglyceride was significantly affected (P<0.05) by
water restriction levels and VC dosing. The values obtained reduced considerably with increasing

levels of water restriction.

3.4 Discussion

The THI experienced by the Xhosa ear-lobe goats was above the threshold values, resulting in
severe stress, especially in the afternoon. This connotes that more heat was gained by the animal
from the environment. When body thermal gradients (internal and external) are under the thermo-
neutral zone, heat is dissipated to the external environment. However, animals' exposure to
extreme heat stress results in heat flow. from the external environment to the animal’s body (Ames,
1980). The similarity in response observed in the animals' skin's temperature following water
restriction suggests that the Xhosa ear-lobe goats can maintain their thermal balance load even at
a water restriction level of 50% ad libitum intake and during severe heat stress. Despite the
combined stress of suboptimal water intake and high thermal load, the total body thermal gradients
across the experimental groups were similar. Recently, studies have suggested that ruminants
exposed to extreme heat stress and under high thermal load adapt by constricting their thermal
gradients between the environment and bodies. This is made possible by the increased blood flow
to the skin surface resulting from the elevated vasolidation of the skin capillaries induced by
increased skin temperature (Katiyatiya et al., 2017). Limited water intake resulted in body weight

loss in this study. Similar results of weight loss resulting from water restriction levels have also
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been reported in other studies (Ghanem et al., 2008). Also, Alamer and Al-hozab (2004) reported
18% weight loss in Awassi sheep following three days of water deprivation during summer.
Reduction in total body water and body solid loss during water deprivation is attributed to the
usually observed body weight loss and can be exacerbated when the ambient temperature is very
high. Also, the animal falls back to its body reserves due to reduced feed intake induced by
suboptimal water intake. As observed in this study, a drop in the dry matter intake agrees with
other studies (Casamassima et al., 2016). This adaptive nature to reduce feed intake following
water restriction discourages the digestive system's packing of feed. This may be due to the need
to optimize food digestion with minimal water that is below the required amount. All vitamin C
treated groups tended to lessen weight loss compared to the untreated water-restricted groups. A
similar result of improved growth rate in weaned pigs, following ascorbic acid supplementation,
has been reported (de Rodas et al., 1998). The WI. DMI ratio decreased as the level of water
restriction increases. However,, de, Santos et al: (2019) reported, an increase in WI:DMI ratio in
animals that underwent water restriction for 24 h, 48 h and 72 h. The observed differences could
be because the animals had ad libitum access to water every 24 h at the end of each water
restrictions’ duration. The animals under the present study had their water restricted for the entire
duration of the trial. According to NRC (2007), 2.87 | of water will be consumed for each kilogram
(kg) of dry matter ingested in animals. This might explain the progressive decrease in the WI:DMI

ratio as the water restriction increases.

In this study, the RcT range lies within the 1.1°C reported (Degen, 1977). This tendency of RcT to
remain within a particular range has been reported for different environmental conditions (Lucena
et al., 2013). Generally, an increase in RcT is often attributed to heat and water stress. However,
the water restriction effect was not significant on the RcT in this study, and this agrees with other
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reports (Hamadeh et al., 2006). This implies that the Xhosa ear-lobe goat breed can adapt to the
stressful conditions of limited water intake. The mechanism by which VC reduces rectal
temperature is yet to be elucidated. This study's RR values decreased as the water restriction levels
increase, especially in the water restricted untreated groups. The RR of Lacauna ewes dropped
when water restricted at both W80% and W60% of ad libitum water from day O to day 14
(Casamassima et al., 2016). During the period of water scarcity and suboptimal water intake, small
ruminants adapt by reducing their respiratory activities in an attempt to curb the excessive loss of
water and dehydration through pulmonary evaporation (Casamassima et al., 2016). Contrary to
this study, Nejad et al. (2017) indicated an increase in the RR of Corriedale ewes, water-deprived

for 2 h and 3 h compared to the control.

All the water-deprived experimental groups had small body condition scores compared to the water
ad libitum group. Suboptimal water intake affects feed intake, leading to a loss in body condition
(Sejian et al., 2010). The similarity, in the BCs among the water restricted groups indicates the
goats' ability to maintain their body fat reserves. Supplementation of VC did not improve the BCs
as compared to the water restricted untreated groups. The FAMACHA® system helps identify
anaemic goats and sheep by checking the ocular mucosa and comparing it with a standard chat.
By this assessment, anaemic animals requiring urgent anti-helminthic treatment can easily be
identified (Van Wyk and Bath, 2002). Accordingly, scores of 3, 4 and 5 in goats indicate anaemia
and require selective treatment (Van Wyk and Bath, 2002). The FAMACHA® scores recorded in
this study were < 3.33, representing a very minimal gastrointestinal nematode load. Despite the
reduced feed intake and weight loss in the water restricted groups, the low FAMACHA® scores

obtained, coupled with good housing care and management, indicate the goats' ability to maintain
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a good nutritional level still. Supplementation of VC at single or multiple doses did not

significantly reduce the FAMACAHA © scores.

The increased plasma concentrations of urea, total protein, and alanine transaminase (ALT) in
response to water restriction levels observed in this study were lowered following VC treatment.
A similar outcome was observed in vitamin C treated, water-deprived Awassi ewes (Ghanem et
al., 2008). The welfare of animals can be assessed by serum concentration levels of ALT (together
with aspartate transaminase). A higher concentration of this enzyme in stressed goats indicates
haemoconcentration and adaptive capability (Banerjee et al., 2015). Values obtained for alkaline
phosphatase (ALP) in this study decreased with increasing levels of water restriction, with the
W50 untreated group the most affected. The serum.enzyme ALP in an animal is often associated
with metabolic activities. Chaidanya (2015) attributed the generally low enzyme levels in heat-
stressed animals to a metabolic shift. Other studies, however, have reported that stress has no
significant effect on the plasma ALP, concentration (Pragna et al., 2018). The values obtained for
serum concentration of albumin and protein decreases in water restricted group following vitamin
C supplementation and further decreases at multiple dosages. Contrarily, serum levels of albumin
and protein in heat-stressed Japanese quails was reported to increase following vitamin C
supplementation (Sahin et al., 2003). The plasma glucose level in this study decreases as the water
restriction levels increase, which could be attributed to the reduced availability of nutrients due to
low feed intake. When Sudanese desert sheep were watered, every 72 h, a 13% decline in plasma
glucose level was reported (Hadjigeorgiou et al., 2000). However, some authors have reported that
plasma glucose concentration remains unchanged in small ruminants following water restriction
(Hamadeh et al., 2006). Supplementation of single and/or multiple doses of VVC to the animals in
this study had no significant influence on the plasma glucose. Contrarily, the serum glucose in
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male rabbit was reported to decrease following VC supplementations (Yousef, 2004). The
concentrations of cholesterol, HDL and LDL in this study increased with water restriction levels,
and their levels were not reduced in the vitamin C treated groups. Similar reports have been
documented in water restricted Yankasa ewes and Sudanese desert sheep (Hamadeh et al., 2006).
Supplementation of vitamin C to animals has been reported to lower cholesterol (Yousef, 2004).
However, the supposed hypocholesterolemic effect of vitamin C contravenes the documented
report in this study. The need to meet the shortfall in dietary energy supply, an indication of fat

mobilization, has been linked to the supposed increase in cholesterol following water restriction.

The increased sodium (Na*) concentration in this study agrees with the finding of Ghanem et al.
(2008). An increase in aldosterone and-vasopressin levels following water restriction usually
results in increased renal retention and elevated Na* concentrations (Ashour and Benlemlih, 2001).
A similar trend is expected for chloride concentrations (CI°), giving its passive distribution along
the electrical gradients established by the active Na+ transport (Tasker, 1971). A sustained increase
in the concentration of Na+ and CI" following limited water intake may predispose an animal to
salt poisoning as a result of increased accumulation of salt in the nervous tissue (Tasker, 1971).
Both single and/or multiple doses of vitamin C lowered the concentration of Na* and CI- compared
to the water restricted untreated group. The increased blood potassium concentration following
water restriction levels reported in this study contradicts Ghanem et al. (2008). Studies have also
found that dehydration could either decrease blood K* levels or not affect it (Hamadeh et al., 2006).
A decrease in calcium and magnesium concentration following water restriction levels in this study
may be attributed to the reduced dietary intake. Vitamin C supplementation, both at single and

multiple doses, did not attenuate this decrease in concentration. The modulatory role of vitamin on
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electrolyte balance is not clear yet. Other studies on electrolyte balance following vitamin C

supplementation on Japanese quail and pigs have also been inconclusive (Avci et al., 2005).

3.5  Conclusion

Limited water intake in Xhosa goats under high ambient temperature revealed some significant
effects. Goats had reduced body weight, dry matter intake, respiratory rate, body condition scores
and increased blood metabolites. However, the body thermal gradients were not affected.
Following VVC supplementation, body weight loss, dry matter intake, depression and higher blood
concentrations were lessened. Contrary to our expectation, multiple VC dosing did not additively
improve on the parameters where single daily dosing was positive. Although body weight loss and
dry matter intake depression were lessened, there was a need to investigate the effect of water
restriction levels with or without vitamin C supplementations on nutrient digestibility, nitrogen

and mineral balance to further account for the weight loss observed during water restriction.
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Chapter Four

Intake, nutrient digestibility, nitrogen and mineral balance of water restricted Xhosa
goats supplemented with vitamin C

(Published in Open Agriculture [De Gruypter] Journal)
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Abstract: The study objective was to evaluate the effects of single and/or extra doses of vitamin
C (VC) on water-restricted (WR) Xhosa goats by evaluating their intake, digestibility, nitrogen
and mineral balance during summer. Goats (42) were randomly divided into seven groups; forty-
two (42) goats were divided equally into seven treatments (75-day trial); without water restriction
(WO, control), water restriction of 70% of ad libitum water intake WI (W70), water restriction of
50% ad libitum WI (W50), water restriction of 70% of ad libitum WI plus 3g VC daily (W70%),
water restriction 50% of ad libitum WI plus 3g VC daily (W50%), water restriction of 70% of ad
libitum WI plus 3g VC and extra 5gVC given every eight-day (70**), water restriction of 50% of
ad libitum WI plus 3g VC and extra 5gVC given every eight-day (W50**). The experiment was a
complete randomized design. Similar (P>0.05) decrease in dry matter, organic matter, and crude
protein intakes were observed regardless of water restriction levels and VVC supplementation. The
Water-restriction effect was not significant (P>0.05) on nutrients intake/metabolic weight.
Retained nitrogen increased (P<0.05), with water-restriction levels but not influenced by VC. The
urinary and faecal output decreased (P<0.05) with levels of water restrictions. NH3z-N decreased
(P<0.05) as the level of water restriction increases while the pH was similar (P>0.05) across the
water restricted groups. Supplementation of VC failed to additively influence the increased
(P<0.05) apparent digestibility and digestible nutrients induced by water restriction levels.
Regardless of VC supplementations, similar decrease (P>0.05) in macro minerals (Ca, P, Mg, Na
and K) intake was observed in the water restricted groups. The amount of Ca, Mg and K retained
increased (P<0.05) with water-restriction levels. Under the burden of limited water intake,
nutrients and mineral uptake decreased while nutrient digestibility increased.

Keywords: water-restriction; Xhosa goats; nutrient digestibility; mineral balance, ascorbic acid
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4.1 Introduction

The multiplicity role of livestock in supporting livelihood, especially to developing nations, ranges
from household income generation, food security, and employment opportunities to many
socioeconomic attributes (Moyo et al., 2010). These immense attributes and contributions require
that their productions be increasingly sustained to meet the ever-growing human population’s need.
Unfortunately, a considerable percentage of the livestock population, especially ruminants, widely
distributed in water-limiting and dry zones of the world, are faced with the challenge of water
scarcity and seasonal draught (Marino et al., 2016). This water stress burden is further heightened
by fluctuations in weather and rainfall patterns (global warming), consequently limiting water

resources volume in most areas (IPCC, 2007).

Drinking water is essential in livestock nutrition, and suboptimal intake can critically impact
physiology and productivity. This is due to its role in maintaining body heat balance, efficient
digestion, absorption of food and as the primary solvents for both intra and extracellular fluids
(Alamer, 2010). In a review on livestock adaptation to water scarcity, small ruminants seem to be
more resilient to limited water intake than other livestock species (Akinmoladun et al., 2019).
However, the extent to which species can effectively utilize limited water differs with respect to
breed and animal type. Desert adaptable breeds in arid regions have evolved survival mechanisms
in terms of efficient water-use and body reserves during the period of water shortfalls (Alemneh
and Akeberegn, 2019). Unlike monogastric, where body water loss above 15% can be detrimental,
water losses of 18%, 20% and 25% of body weight can be tolerated by cattle, sheep and goat and
camel, respectively. Such resilience by ruminants to dehydration effects is due to improved feed
intake digestibility, lower energy deficiency induced by dry matter intake reduction and the rumen

capacity to conserve water up to 15% body weight for use during scarcity (Al-Ramamneh et al.,
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2012). Despite this adaptive mechanism, ruminants' exposure to limited water intake portends a
stressful condition, negatively impacting body weight and production performances in animals

(Akinmoladun et al., 2019).

In ruminant nutrition, the administration of vitamin C is a practice that is not common. This is
because VC is usually biosynthesized in ruminants and may require no exogenous
supplementation. However, stress and disease conditions can quickly deplete plasma VC in
livestock (Chambail et al., 2013). As an antioxidant, VC helps in scavenging free oxidative
radicals induced by oxidative stress and plays an active role in immunomodulation (Tan et al.,
2018). Studies have shown improvements in body weight loss, depression in feed intake, and other
physiological variables in water and/transportation-stressed sheep and goats following VC

supplementation (Ghanem et al., 2008; Kassab and Mohammed, 2014; Akinmoladun et al., 2020).

Xhosa goat is an indigenous breed, adaptable to the Eastern.Cape Province. The summer months
in South Africa (December-March) are characterized by hot and dry temperature extremes and
water scarcity. It is always difficult for ruminants to maintain their body weights during this period
because most water points are dried up. The goats are forced to trek long distances searching for
water while grazing the sparsely distributed grasses and browse plants. Variations among species
of ruminants to digestibility, water use abilities and feed utilization have been documented (Jaber
et al., 2013). It is hypothesized that adaptable breeds may have evolved a different digestive
mechanism to water scarcity and marginal feeding circumstances and a possible improvement
when vitamin C is supplemented. This might likely result in differences in the efficiency of nutrient
utilization. In addition, the limitation of VC bioavailability due to urinary excretion losses may

reduce when boosted with extra VVC doses. Therefore, this research was undertaken to evaluate the
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intake, digestibility, rumen products, nitrogen, and mineral balance in water restricted Xhosa goats

supplemented with single or extra doses of VC.

4.2 Materials and Methods
4.2.1 Study site and description

The location is as described in 3.2.1.

4.2.2 Experimental animals and management

The management of animals is as described in 3.2.2

4.2.3 Dietary treatments and design

The dietary treatments and design are as/described in 3.2.3

4.2.4 Meteorological parameters
The meteorological data is as described in'3.2.6. Diurnal temperature and humidity pattern in the

housing units are presented in Figure 1 as average values.

4.2.5 Nutrient intake, digestibility and urine collection

In the last seven days leading to the end of the trial, four goats from each treatment group were
randomly sampled and moved to the metabolic cages for digestibility trial. Each goat was housed
individually. Feed offered and feed refused for each goat were collected and weighed every
morning to estimate feed intake. Total urine and faecal output from each animal were collected
daily and weighed. Out of the total faeces collect, 10% was taken and dried in an oven at 70°C for
48 h. Faecal DM and DM intake were calculated as appropriate. The dried samples of faeces and

feed were screened through a 1 mm mesh size, sieved, and stored before analysis. Urine samples

135



were collected in plastic containers that have been previously washed with 10% HCL for 4 h,
rinsed with de-ionized water and allowed to dry before use. Total urine output was collected daily
into 10 L plastic containers containing 6N H2SO4 and de-ionized water to prevent the urine N from
volatilization. Ten per cent of daily urine aliquot was transferred into a 3 L plastic container during

the 7-d collection period and frozen at -20°C until further analysis.

4.2.6 Rumen content sampling for pH and NHs-N

Rumen contents were sampled from goats for experimental meat studies following slaughtering at
a registered abattoir (Adelaide abattoir, South Africa). Goats were electrically stunned for 5 s at
200V to render them unconscious before exsanguinations and evisceration, after which rumen
samples were obtained from the reticulo-rumen and squeezed through two layers of cheesecloth.
The ruminal pH was determined from fresh rumen fluid before transferring 5 mL into a bottle

containing 1 mL of 1% H>SO, and stored at -20 °C until NH3-N analysis.

4.2.7 Chemical analysis

Triplicates of feed, refusals and faecal samples were used to determine DM, OM, EE, Ash and CP
according to the procedure of AOAC (2000). Approximately 1.0g of each sample was measured
in a glass beaker and dried for 48 h at 70°C. Samples were thereafter cooled in a desiccator for 2
h, and the weights of the dried samples were recorded. The dried samples were ashed in a muffle
furnace (630 °C for 6 h), cooled for 2 h in a desiccator and weights recorded. Organic matter intake
(OM=100-ash content) was calculated by multiplying the per cent OM of the feed sample with the
amount consumed for each goat. A similar thing was done to calculate for faecal OM. Nitrogen

(N) was determined using the Kjeldahl method (AOAC, 2000), and crude protein calculated as N
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X 6.25. Nitrogen retained (NR) was calculated from the amounts of N (g/d) consumed and excreted

in the faeces, and the urine as follows: NR(g/d) = Nconsumed — Nfaeces-Nurine.

A dilution rate of 1:60 and 1:9 in 1% nitric acid for urine and faecal samples respectively were
used in the analysis of Na, Ca, K and Mg (Richter et al., 2012) with the aid of the optical emission
spectrophotometry (ICP; Optima 7000 DV; PerkinElmer, Waltham, MA). Samples were analyzed
in triplicate, and the mean values recorded. The mineral content of individual components of feed
offered, refusals, total faeces and urine were calculated by multiplying respective values of
minerals determined by their total quantities. The daily mineral content of mineral intake, refusals,
faecal output and urine output were determined by dividing the total mineral content of the
respective components by the number of days of collection. Apparent mineral absorption was
calculated by subtracting faecal mineral from consumed mineral and multiplying by 100. The
frozen rumen samples were thawed at 4°C. The NHs-N concentration in rumen fluid was analyzed
by the alkaline phenol-hypochlorite colorimetric method (Broderick and Kang, 1980). The
coefficient of digestibility (%), digestible nutrient and total digestible nutrient (TDN) were
calculated as follows:

Coefficient of digestibility

Nutrient consumed—Nutrient in faeces
= x 100

(Givens et al., 2000)

Nutrient consumed

Digestible nutrient

_% Nutrient amount in feed x % of nutrient digestibility
100

(Banerjee, 1998)

TDN = %DCP + %DCF + %DNFE + (%DEE x 2.25); where DCP, digestible crude protein; DCF,
digestible crude fibre; DNFE, digestible nitrogen free extract; DEE, digestible ether extract (NRC,

2001).
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4.2.8 Statistical analysis

Data for intake, apparent digestibility of dietary constituents, digestible nutrients, nitrogen balance,
mineral absorption and rumen products were subjected to PROC GLM procedure of SAS 8.0
(SAS, 2001). Mean treatment differences were determined by Duncan’s Multiple Range Test at a
probability level of 0.05. The model used was; Yij = p + Ti+ Eij, Where Yjj = values of observation;

M = general mean; T; = effect of water treatments; €ij=residual error.

4.3  Results

The diurnal temperature (°C) and humidity (RH %) in the housing unit is shown in Figure 2.1. The
average temperature-humidity index (THI) in the experimental room was 25.57 + 0.15 throughout
the experiment. DMI (g/d), OMI (g/d),;and CP (g/d) intake were similar (P>0.05) in the entire
water-restricted groups but lower (P<0.05) than the control (WO0) (Table 4.1). The EE and nutrients
intake per metabolic weight for both the water restricted groups and control were similar (P>0.05).
The TDN was significantly higher (P<0.05) in the water-restricted treated groups (W70-W70*")
than in WO (Fig. 4.1). Vitamin C supplementation (single and/or extra) did not influence (P>0.05)
the TDN values. The faecal and urine output decreased (P<0.05) with water restriction levels. As
expected, the faecal and urine outputs in WO were significantly higher (P<0.05) than all the water
restricted groups. Regardless of VVC supplementation, similar water restricted groups (W70, W70*,
W70** and W50, W50, W50**) did not differ (P>0.05) in their feacal and urine outputs. The total
N intake decreased (P<0.05) with water restriction levels and linearly increased in the VVC treated
groups. Faecal N, faecal N/N%, urinary N and urinary N/N% decreased (P<0.05) with water
restriction levels. The %N retained increases (P<0.05) with levels of water restriction but was not
affected (P>0.05) by VC supplementation. The pH was similar (P>0.05) in the water restricted

groups, and values obtained were higher (P<0.05) than the control (GI). The NH3-N decreased
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(P<0.05) as the water restriction levels increase and was not influenced (P>0.05) by VC

supplementation at various doses.

The coefficient of digestibility and digestible nutrients percentages (CP, CF, NFE, EE, DM and
OM) among the differently watered groups (with or without VVC treatment) are shown in Table
4.2. In the water-restriction groups (W70-W707"), the digestibility of DM, OM, CF, CP and NFE
increased (P<0.05) with water restriction levels and were higher than the WO. The digestibility of
EE was similar (P>0.05) for treatments W70-W70** but lower (P<0.05) than in WO. Unlike the
EE, the digestible nutrients (CP, CF, NFE, DM and OM) in the water restricted groups were
significantly higher (P<0.05) than the WO0. Supplementation of VVC either at 3g or 3g plus extra 5g

to the water restricted groups did not improve (P>0.05) the digestible nutrients.

Macro mineral intake, excretion, absorption, and retention are reported in Tables 4.3. The macro-
minerals (Ca, P, Mg, Na and P) intake significantly decreased, (P<0.05) due to water- restriction in
W70-W70*" compared to WO. A similar amount (P>0.05) of the macro minerals was consumed
regardless of water restriction and vitamin C dosage levels. Compared to other mineral elements,
a greater amount of Ca (g/d) and K (g/d) (P<0.05) was excreted via urine than faecal.
Supplementation of vitamin C either at 3g or 3g plus extra 5g did not create a pattern of influence
on the minerals excreted via faces or urine. The apparent absorption of Ca was highest in W50
(P<0.05) while W50 had the highest absorption (P<0.05) of Mg and K. The retained Ca (%) was
highest (P<0.05) in W50 and lowest in WO. The retained K (%) increased (P<0.05) with water
restriction levels. A similar amount of P (%) and Na (%) were retained in WO, W50, W50 and
W50%. The retained Mg (%) increased (P<0.05) with levels of water restriction. Ca, Mg, and K's

retentions increased (P<0.05) with water restriction levels.
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Figure 4. 1 Total digestible nutrients of water restricted Xhosa goats supplemented with
single or multiple vitamin C.

Error bars with different alphabet are significantly different (P<0.05); * 3gVC daily; ** 3gVC
daily+extra 5gVC every 8" day; W=water restriction; SEM = Standard error of mean
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Table 4. 1 Nutrient intake, output, nitrogen metabolism and rumen product of water
restricted Xhosa goats supplemented with vitamin C
Variables WO W70 W50  W70*  W50* W70™*  W50™*  SEM P-
value
Does (n) 4 4 4 4 4 4
Nutrient intake
DMI, g/d 633.37% 546.94° 536.22° 552.08° 538.68° 551.86° 538.32° 7.18 0.045
DMIg/BW"0.75 7441 78.88 78.02 7392 7342 7595 7381 16.72 0.996
OMI, g/d 524.62% 453.03° 444.15° 457.29° 446.19° 457.10° 44589° 595 0.036
OMIg/BW"0.75 61.14 6534 6463 6123 6081 6291 61.14 437 0.895
CP, g/d 137.25% 118.52° 116.20° 119.64° 116.73° 119.59° 116.65° 1.56 0.035
CPg/BW"0.75 1612 17.09 1691 1601 1591 16.46 1599 035 0.766
EE, g/d 11.08  9.57 9.38 9.66 9.42 9.66 9.42 0.13  0.045
EE g/ BW20.75  1.30 1.38 1,37 1.29 1.28 1.33 1.29 0.13  0.906
Output
F. output, g/d 199.59% 144.39° 124.23° 143.98° 126.07° 144.10° 123.56° 5.28 <0.001
U.output, ml/d  383.33% 233.95° 156.67° 223.33° 157.38° 226.43° 153.81° 14.94 <0.001
Nitrogen metabolism
N intake, g/d 21.96° 18.96° 1859° 19.14> 18.68° 19.13"  18.66° 0.12 0.033
N Faeces, g/d A477% 225> 2.02¢4 242° 217¢  2.19° 1.90¢ 0.09 0.003
Digest. N, g/d 19.30*  16.95° 16.43" 16.44° 1591° 16.48> 16.77° 054 0.041
N Urine, g/d 155  1.00°  0.31¢ 0.80° 0.34¢ 0.92° 0.37¢ 0.05 0.004
N retentiong/d  15.63°  15.71° 16.26® 1592°¢ 16.18° 16.02°° 16.43*  0.15 0.021
Faecal N/N, %  21.70°  11.85° 10.87¢ 12.62° 11.63° 11.44° 10.17°¢ 0.23 0.003
Urine N/N, % 7.04%  528P 1.689  4.17¢ 1.83¢ 4.80™ 1.98¢ 0.49  0.022
RetainedN/N,%  71.16° 82.86° 87.45° 83.18" 86.60° 83.75° 88.04*® 1.05 0.012
Rumen parameters
pH 6.78° 7.09%  7.02* 7.03* 7.05° 7.10° 7.088  0.08 0.001
NH3-N 27.06°  25.02° 22.44° 24.90° 21.42¢ 27.16° 21.68° 0.18 <0.001

abc:means with different superscript across the row are significantly different (P<0.05); *3gVC daily; **
3gVC daily+extra 5gVC every 8" days; W=water restriction; SEM = Standard error of mean; DMI: dry
matter intake; OMI: organic matter intake; F: Faecal; U: Urinary.
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Table 4. 2 Digestibility coefficients (%) and digestible nutrients (%) of different nutrients in
water-restricted Xhosa goats supplemented with vitamin C

Parameters WO W70 W50  W70°  W50" W70 W50"" SEM P-value
Does (n) 4 4 4 4 4 4 4

Digestibility coefficients %

CP 85.219 86.00¢ 88.13% 8593¢ 87.07*° 8595 88.99° 0.73  0.023
CF 56.65° 63.31° 68.55° 63.85° 68.14° 64.17° 68.52*% 156  0.001
EE 76.19° 65.62° 63.62° 66.66° 64.32° 66.11° 63.85° 2.63  0.055
NFE 64.92° 70.05° 75.29* 71.87° 7552 71.66° 75.25*° 1.32  0.001
DM 68.39° 73.37° 76.85° 73.87° 76.60° 73.89" 77.05° 1.13  0.001
OM 65.82¢ 70.59° 74.94* 71.67° 7457° 71.64° 75.46% 1.25 0.001
Digestible nutrients %

CP 18.47¢  18.64% 19.09% 18.62% 18.87° 18.63° 19.28% 0.16  0.023
CF 12.19°  13.63° 14.76% 13.75° 14.67° 13.82° 14.75% 0.34  0.001
EE 133 115 111° o 117®  1.13° 116 1.12°  0.05 0.055
NFE 28.57° 30.82° 33.13% 31.62° 33.23* 31.53" 33.11* 058 0.001
DM 45219  48.49° 50.79®° 48.82° 50.63* 48.83° 50.93* 0.75 0.001
oM 58.54° 62.79® 66.66% - 63.75° , 66.33% 63.73" 67.13% 1.15 0.001

ac:means with different superscript across the row are significantly different * 3gVC daily; ** 3gVC
daily+extra 5gVC every 8" days; W=water restriction; SEM = Standard error of mean
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Table 4. 3 Daily macro mineral intake, faecal, urine excretion and apparent absorption and
retention in water restricted Xhosa goats supplemented with vitamin C

Variables WO W70 W50 W70t W50 W70  W50* SEM P-value

Does (n) 4 4 4 4 4 4 4

Mineral intake (g/d)

Ca 9.94° 858  842° 867" 846° 866> 845° 032  0.033
P 2418  2.08° 2.04> 210° 206> 209° 204> 0.08  0.047
Mg 3.802 3.28° 322° 331" 323" 330° 322° 012 0.048
Na 1.432 124>  1.21° 125 122° 124> 121 005  0.021
K 5.26° 454° 445> 458> 447° 458° 446 017  0.017
Faecal excretion (g/d)

Ca 2.112 1.83  1.36% 247 108" 1.82® 150% 0.28  0.051
P 1.36° 0.63¢  1.00°  1.14 1.05* 1.19° 078  0.08  <0.001
Mg 0.942 0.72>  057% 052%  0.68* 0.60° 0.36° 0.06  <0.001
Na 0.41*  0.37® 0.30* 0.35® 0.33*® 016 020 0.05  0.048
K 1.33% 090  1.11° 148 = 1.06° 076 069 011  0.002
Urinary excretion (g/d)

Ca 7.29° 3.77°% 277 .- 4.00° 398 341 368 059  0.003
P 0.49°  0.28°  0.22*° 050° 0.20° 0.12¢ 0.07% 0.05 <0.001
Mg 0.782 053>  0.24 042 0.30¢ 0.35¢¢ 0.39°® 0.07  0.003
Na 0.69% 053 072® 030 0.36*° 076* 081*° 011  0.044
K 3.71° 225° 135 285" 208 225 217° 039  0.023
Apparent absorption (%)

Ca 78.82°  7850° 83.88° 70.75° 87.30® 78.97° 82.26® 370 0.135
P 43.18° 68.67% 50.98° 4542° 4849 4335° 61.82° 423  0.004
Mg 75.32¢  78.06% 82.24° 8439 78.98% 81.74® 89.00° 1.52  0.001
Na 72.41°  7052° 7502 71.84> 72.82° 87.08% 83.84°® 336  0.019
K 75.03°  80.14* 75.10° 67.33° 76.22° 83.32® 84.66° 224  0.001
Mineral retention (%)

Ca 5.601 33.87°° 50.65° 24.79° 40.13% 39.60%° 38.73%¢ 7.72  0.025
P 23.09° 5452% 40.13* 21.35° 38.66° 37.56° 58.31° 6.25  0.006
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Mg 55.33¢9  61.87¢ 74.64® 71.70° 69.78° 71.20° 77.09° 259  0.001
Na 24.25°¢  28.618¢ 14.77° 47.64% 43.45% 2650%¢ 17.60° 11.28 0.036
K 5.35P 29.292 44.73* 570° 29.61° 34.25° 36.04° 7.68 0.017

abc:means with different superscript across the row are significantly different * 3gVC daily; ** 3gVC
daily+extra 5gVC every 8" days; W=water restriction; SEM = Standard error of mean
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4.4  Discussion

The average THI recorded in the experimental house was above the threshold values (Marai et al.,
2007), resulting in severe stress on the goats. This implies a negative heat balance as more heat
will be gained by the animal from the environment. Efficient digestion and absorption require a
water medium for the physical softening of feed (Doreau et al., 2012). When water supply is
adequate, the breakdown of feed is enhanced, thus facilitating fermentative and digestive
processes. Giving the correlation between feed intake and water consumption (Thang et al., 2012),
the reduced nutrients intake in the water-restricted groups could result from limited water intake.
Usually, the amount of feed consumed by ruminants is affected by the osmolality of body fluids.
This is because gastric juices and saliva secretion in response to feed intake usually results in
hyperosmolality and hypovolemia, urging animals to drink while eating or stop when dehydrated
(Langhans et al., 1991). Severe reactions to feed intake under various water restriction regimen
has been reported in Turkana goats, fat-tailed;sheep.and Zebu (Maloiy et al., 2008). Other studies

have also reported a drop in DM intake following water restriction (Casamassima et al., 2016).

Regardless of VC supplementation, the reduced urine and faecal output in the water restricted
groups could be attributed to suboptimum water intake. During water scarcity, ruminants reduce
water loss by reducing faecal water and urine volume, thereby resulting in higher urine osmolality
(Naqvi et al., 2015). This drop in urine volume could be attributed to the reduced filtration rate of
the glomerulus and renal plasma flow in the water- restricted groups (Schwartz and Furth, 2007).
This tendency of generating hyperosmotic urine is attributed to the length of the loops of Henle,
which is longer compared to non-adaptable breeds (McNab, 2002). This greater urine
concentration and reduced urine output are the adaptive mechanisms that enhance their chances of

survival. The decrease in nitrogen consumption could be attributed to reduced voluntary dry matter
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intake by the water restricted groups. Similarly, there was a decrease in the amount of nitrogen
excreted due to the animal's limited water intake. When expressed as a percentage of N-intake,
high nitrogen losses were recorded through faeces compared to urine across the treatment groups.
Compared to the water restricted groups, the control group's high faecal nitrogen loss mirrors the
high feed consumed and faecal output in the control group. The increased nitrogen retention
obtained by the water restricted group in this study was facilitated by low nitrogen excretion.
Contrarily, the control group had a negative nitrogen balance, but the water-restricted groups were
able to keep hold of a significant amount of the consumed nitrogen. The higher digestible and
retained N and CP digestibility in the water restricted groups reflect the low nitrogen excretion in
faeces and urine, resulting in positive N retention. This may indicate N recycling via the rumen
and saliva wall for microbial synthesis (Nejad et al., 2014). Due to suboptimal water intake, the
rumen's degradation process is slowed down, facilitating protein escape. The escaped protein may
be digested in the abomasum and small: intestine; leading to, increased nitrogen uptake from the
small intestine. Thus, protein metabolism in the liver is increased, with enhanced nitrogen
recycling into the rumen from possible amino acid deamination for non-essential protein synthesis

or energy utilization.

The decreased urinary N loss following water-restriction in this study could be attributed to
reduced kidney glomeruli's filtration. The decreased urine excretion and urinary N loss in the water
restricted groups agrees with Nejad et al. (2014), who conducted a study on water restricted
Corriedale ewes. The decline in urea output and urinary nitrogen following water restriction in this
study was similar to what was reported in a water deprivation study involving sheep and goats
(Abdelatiff et al., 2010). Ammonia-N decreased with decreased water intake in this study.

According to Mathew et al. (2019), when intake is below optimum, rumen ammonia production
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drops due to a low degradation rate. The increased rumen pH in the water-restricted groups could
be due to the combined effect of heat and water stress. Restricted water under high ambient
temperature implies lower feed intake, hence fewer solubles being supplied, which means that
there will be less volatile fatty acids (propionate). High volatile fatty acids are responsible for a
drop in pH (Zenobi et al., 2015). Hence, the higher pH observed in the water restricted animals.
Lactating dairy cattle undergoing heat stress had their ruminal pH increased from 5.82 to 6.03
(Hall, 2009) and was slightly different from the 6.78 to 7.10 recorded in this study. In a similar
study on growing heat-stressed Korean cattle steers fed rumen-protected fat, the rumen pH was
found to slightly increase from 6.88 to 7.02 and 6.74 to 7.10 in July and August, respectively (Kang

etal., 2019).

Water restriction of any form would generally enhance the digestibility of nutrients by improving
feed utilization by allowing sufficient time for digesta. Increased retention of digesta implies that
rumen microbes will have enough time for degradation and synthesis (Casamassima et al., 2016).
In this study, the digestibility of nutrients significantly increases as water intake decreases. This is
similar to the increased total tract digestibility of DM and OM in water restricted St. Croix sheep
(Hussein et al., 2018). However, the findings of Nejad et al. (2014) showed no differences in
nutrient digestibility between 2 hrs and 3 hrs water restrictions after feeding in Corriedale ewes.
This non-significant effect may result from the limited time of exposure to reduced water intake,
compared to the 75-days of prolonged exposure in this study where the restricted passage bought
more time for nutrients to be properly harvested. In the control group, where the passage rate is
higher in this study, only the solubles are extracted, hence the lower digestibility and higher content
in faeces. Single and/or extra dosing with vitamin C did not improve nutrient digestibility, as

values obtained between treated and untreated water-restricted groups were similar.
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The amount of minerals in dietary constituents is minute compared to the animal’s protein,
carbohydrates, or fat requirement. This does not undermine their importance, as an absence or
imbalance may elicit deficiencies and consequently impair performance (Suttle, 2010). In addition,
the mineral nutrition of goats is yet to be fully worked out, as recommended mineral consumption
values are still based on extrapolations from intermediate values between sheep and cattle
(Meschy, 2000). The low mineral intake in the water-restricted groups may be due to reduced feed
intake, given the fact that nutrients ingested by livestock are positively correlated with feed intake.
As an adaptive mechanism coupled with the role of water for proper digestion, a reduction in feed
intake usually accompanies limited water intake in small ruminants (Akinmoladun et al., 2019),
consequently impairing the amount of nutrients ingested. However, a marginal improvement in
DMI intake following vitamin C supplementation in the water-restricted groups did not
significantly translate to higher mineral intake. In this study, the control group ingested higher
minerals but excreted more of these minerals, especially Ca, Mg, P and K, in faeces and urine
compared to the water restriction groups. The affirmation of Boswald et al. (2017) on higher
excretion of P in herbivores through faeces agrees with this study's report. However, Ca's excretion
in this study is more elevated in urine but decreased with water restriction levels. When
dehydrated, animals adapt by reducing faecal water and urine output. This might explain Ca, K, P
and Mg's higher retention among the water restricted groups compared to the control. However, a
minimum threshold of 45% in apparent Ca absorption is recommended for ruminants (McDowell,
1992). Ca's apparent absorption was higher than the threshold recommended in the current study,
regardless of water restriction levels. The increase in Na and K's apparent absorption in the water-
restricted groups following multiple vitamin C supplementations could probably facilitate Na flux

in the fibroblast cells (Morla et al., 2016) due to the increased bioavailability of this vitamin
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(Hidiroglou et al., 1997). The more significant result of Na and K retention than absorption is
similar to what was reported by Salles et al. (2008). The reason is that urine is the main excretion
path for these minerals, and it is usually factored in the calculation for retention. The improvement
in the amount of K and Na retained following water stress is very important in the mineral balance.
This is due to their role in transporting substrates into and out of the cells and osmotic pressure
regulation. A similar improvement in K retention was reported in heat-stressed steers fed diets
supplemented with monensin (Salles et al., 2008). Water restriction levels and multiple vitamin C
supplementations significantly improve the absorption and retention of Mg. This may be linked to

decreased excretion through the urine.

45  Conclusions

Exposure of small ruminants to limited water affects nutrients intake and digestibility and can be
more pronounced under high thermal load. Supplementation of VC at various doses failed to
significantly improve the depression in -digestibility and nutrients intake induced by water
restriction. The mineral balance was affected by water restriction levels, with higher losses of Ca
and K observed in the urine than faeces, compared to other minerals. Limited water intake portends
major stressful stimuli, affecting growth performance and nutrients intake. Such stressor may
further impair carcass characteristics and meat quality as well cause perturbations on plasma
hormonal indices. Hence, the need to further investigate the effect of limited water intake and VC
supplementations on hormonal stress indicators, carcass characteristics and meat quality of Xhosa

goats.
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Chapter Five

Stress indicators, carcass characteristics and meat quality of Xhosa goat meat subjected
to different watering regimen and vitamin C supplementation

(Published in Livestock Science Journal)
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Abstract: Limited water intake in small ruminants induced by water scarcity may result in pre-
slaughter stress. A possible management practice could be the supplementation of exogenous
antioxidant during the period of water stress. The effect of water restriction (W) levels with or
without single and/or multiple vitamin C (VC) supplementations were evaluated on plasma
hormones (cortisol, B-estradiol, thyroxine (T4), tri-iodothyronine (T3), prolactin, FSH, LH, insulin)
carcass and non-carcass components and physicochemical characteristics of the longissimus
thoracis et lumborum (LTL) muscle of Xhosa ear lobe goats. Forty-two goats were divided equally
and randomly assigned into seven treatments; without water restriction (WO, control); water
restriction of 70% of ad libitum water intake (W70), water restriction of 50% ad libitum water
intake (W50), water restriction of 70% of ad libitum water intake plus 3g VC daily (W70%), water
restriction 50% of ad libitum water intake plus 3g VC daily (W50%), water restriction of 70% of
ad libitum water intake plus 3g VC and extra 5g\VVC given every eight-day (70**), water restriction
of 50% of ad libitum water intake plus.3g V.C and extra 5gV.C.given every eight-day (W507"). At
the end of the 75-day experimental trial, the goats were humanely slaughtered and dressed.
Increased plasma cortisol concentration due to water stress was lessened (P<0.05) by VC. FSH,
LH and insulin were not affected (P>0.05) by levels of water restriction. Compared to the control,
the W70+ and W50+ increased but the W70 and W50 decrease. The head and spleen weights were
not affected by water restriction levels while that of the liver, skin, and kidney decreased
significantly (P<0.05) with increased water restriction levels. VVC treated goats had higher redness
(a*) than the untreated (W70 and W50) and control groups (WO0). The shear force and cooking loss
increased with water restriction levels while thaw loss, pHasmin and pHasn Were not affected by
water restriction levels.

Keywords: water stress, vitamin C, shear force, carcass compactness, meat colour
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5.1 Introduction

Goat meat is highly preferred in regions such as Asia and Africa (FAOSTAT, 2016) and is
gradually gaining wider acceptance as well as enjoying increasing popularity among consumers in
other geographical regions. This excellent market potential and preponderance, especially in the
dry and water-scarce zones of the world, compared to other species of livestock, are linked to their
browsing habits, adaptation to harsh environmental conditions and general acceptance of the meat

as a good protein source across religion diversities (Webb, 2014; Akinmoladun et al., 2019).

Water is an essential nutrient to livestock and regarded as second to oxygen in importance to
sustain life (Wakchaure et al., 2015). This is attributed to its multiplicity role in body heat balance,
efficient digestion of food, solvents for both intra and extracellular fluids, and its requirements by
other nutrients for proper functioning (Alamer, 2010). However, its availability in a sufficient
amount is now being threatened by increasing water use due to rising population and climate
change (IPCC, 2007). Livestock is the most affected, especially in the arid and dry zones of the
globe (Akinmoladun et al., 2019). Water scarcity is a perennial problem in South Africa

(Donnenfeld et al., 2018)

Goat production and management in the Eastern Cape Province are mainly under the communal
householders. Under this setting, animals search for feed and water by walking long distances
through the sparsely distributed pastures and browse plants throughout the year. Animals in the
field are therefore faced with dehydration while grazing far from widely spread watering points to
meet their nutrient requirements. As reviewed by Akinmoladun et al. (2019), small ruminants (as
water conservation and adaptive mechanisms) respond to insufficient water intake by reducing

feed intake for a lowered metabolic rate.
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Despite the efficient water usage abilities of small ruminants (Barbour et al., 2005), inadequate
supply of this nutrient in the right amount and quantity induces stress and may impair body weight,
normal internal milieu, hormonal secretions, blood metabolites, reproductive physiology and meat
quality parameters. As observed, the dehydration effect accompanying water restriction and heat
stress may darken the colour of meat due to myofibrils shrinkages (Jacob et al., 2006). Under
extreme heatwaves or high thermal load, the severity of limited water intake in animals could be
heightened due to the increased adrenaline production. Being a stress hormone, adrenalin
stimulates peripheral vasolidation and muscle glycogenolysis (Watt et al., 2001; Wang et al.,
2015). When exposure to preslaughter stress is sustained for long, meat from such animals may

have higher pH and darker colourations (Lowe et al., 2002).

Vitamin C (VC) or ascorbic acid plays a significant role in cellular metabolism, especially in redox
reactions, collagen synthesis and enzyme cofactor (Mandi et al., 2009). However, vitamin
requirements for small ruminants have only been specified for A, D and E (NRC, 2007). This is
because ruminants can naturally bio-synthesize ascorbate from glucose. However, studies have
documented that these antioxidants can be quickly depleted during stressful periods and disease
conditions (Ranjan et al., 2005), hence a possibility of an improvement if supplemented. A trial
conducted on water-stressed Awassi ewes with ascorbic acid supplementation resulted in improved
feed intake and body weight (Ghanem et al., 2008). This improvement may be due to ascorbic
acid's ability to effectively scavenge free radicals and reactive oxygen species generated following
increased lipid mobilization and metabolic stress induced by negative energy balance in water-
limited animals. Data on daily VC requirements for small ruminants as a management procedure,
especially during water shortages and high thermal load, are still very scanty. Also, the combined

effect of water restriction and vitamin C supplementation on meat quality at pre-mortem is
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unknown. It is hypothesized that supplementation of vitamin C will improve meat quality
parameters as affected by water restriction. This study, therefore, is focused on the effect of water
restriction levels with single and/or multiple vitamin C supplementations on stress indicators,
carcass and non-carcass components, physical and chemical characteristics of the longissimus

thoracis et lumborum (LTL) muscle of the Xhosa ear lobe goats.

5.2 Materials and methods

5.2.1 Study area and ethical clearance

The study area and ethical clearance is the same as described in 3.2.1.

5.2.2 Experimental design

The experimental design is the same as described in 3.2.3.

5.2.3 Animal management and diet

The animal management and diet are the:same. as.described in 3.2.3.

5.2.4 Feeding and watering activities

The feeding and watering activities are the same as described in 3.2.4. The efficiency of water use
was determined by finding the ratio of water intake to dry matter intake (WI: DMI). Water intake
per kg of carcass produced (WI: kg carcass) was estimated as the total water intake ratio (WI) to

hot carcass weight.

5.2.,5 Stress indices and hormonal assay
On the last day of the experiment (75-d) and at 7:00 h early in the morning, blood was collected

from the jugular vein using an 18-gauge needle in anti-coagulant free tubes. The blood was allowed
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to coagulate after it has settled for 30 minutes at room temperature before centrifuging at 1000 x
g for 10 min. The serum samples obtained were stored in propylene tubes and kept at -20°C
pending analysis. The concentration of estradiol (Ez2) and progesterone (P4) were determined in
serum samples. All hormonal assessments were carried out using the ELISA technique (DiaMetra,
Italy). Serum Triiodothyronine (Ts3) and Thyroxin (Ta4), cortisol and insulin were quantified using
a radioimmunoassay kit (Diagnostic Product Cooperation, Los Angeles, CA, US). Sensitivities of
the methods were 0.38pg/ml, 0.05ng/ml and below 0.07, 0.25 and 1.1 ng/dL for Ez, P4, T3, T4 and
cortisol respectively. The corresponding intra and inter-assay coefficients of variations were 6.3-

9.2%, 4.0-9.3%, 2.4-7.8%, 1.5-5.2% and 4.55-6.36% for E, P4, T3, T4 and cortisol respectively.

5.2.6 Slaughter and carcass traits

Three goats were randomly selected per treatment for carcass traits. The final body weight (BW)
was taken at the end of the trial by weighing the goats and then subjected to solid fasting overnight,
a day before slaughter and reweighed to,obtain the shrunk body weight (SBW). After that, the
goats were transported to Adelaide, a small through-put commercial abattoir under Nxuba Local
Municipality, 63.1 km from the university. The goats were stunned electrically (200 V applied for
4 s), slaughtered, and dressed following standard procedures. The dressed carcass were comprised
of the body after removing the skin, head at the occipital-atlantal joint, the fore-feet at the carpal-
metacarpal joint, the hind feet at the tarsal-metatarsal joint and the viscera. The weights of the
digestive tracts (full and empty), liver, skin, heart, head, respiratory apparatus (lung + trachea),
spleen and feet (fore and hind) were also recorded. After dressing, the carcasses' weights were
immediately taken to obtain hot carcass weights (HCW) and hot carcass yield (HCY) determined.
Thereafter, the cold carcass weight (CCW) was obtained and cold carcass yield (CCY) determined

by cooling the carcasses at 4 °C for 24 h and reweighed. Also, the shrinkage loss of the carcass
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(SLC) and biological yield (BY) were determined as described by Cartaxo et al. (2009). The empty
body weight (EBW) was calculated as SBW- digestive content. After cooling, the carcass
compactness indices (CCI (kg/cm)) = CCW/internal carcass length was determined (Souza et al.,
2013). The ratio of water intake to carcass weight (Figure 5.1) was calculated by dividing the total
water intake by the cold carcass weight. The pH (Crison pH 25, Crison Instruments, S.A., Allela,
Spain) was measured in the longissimus thoracis et lumborum (LTL) muscle between the 12" and
13" ribs 45 min and 24 h post-slaughter. Before use, the pH meter was calibrated with pH4 and

pH- standard solutions at room temperature.

5.2.7 Meat quality and physicochemical assessment

Four pieces (2 cm thick) were carefully cut from the LTL muscle of each dressed goat (three per
group) at the caudal end of the carcass and randomly assigned for colour, thaw loss, cooking loss
and Warner-Bratzler Shear Force (WBSF) determinations. All determinations were done in

triplicate, and the mean value was reported.

5.2.7.1 Colour measurement

After blooming for 30 min, colour measurements were carried out on the meat surface at ambient
temperature (22.5 £ 1.2 °C). The direction of muscle fibres was rectus (parallel) to the meat surface.
Meat instrumental colour (lightness, L*; redness, a*; yellowness, b*) was measured after 24 hours
of slaughter from the longissimus muscle using a Minolta colour-guide 45/0 BYK-Gardener
GmbH machine, with a 20 mm diameter measurement area and illuminant D65-daylight, 10°
observation angle. To obtain a representative average value of the colour, three readings were

taken by rotating and replacing the Colour Guide by 90° between each measurement. Colour
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saturation (Chroma (C*)), (a*? + b*?)%% and the proportion of redness to yellowness (hue angle

(H*)), [tant (b*/a*)] were also calculated.

5.2.7.2 Thaw and cooking loss determination

Samples for thaw loss were weighed using a portable weighing scale (LBK 12) and subsequently
frozen at -20 °C for 24 h, after which the frozen samples were reweighed and thawed at 4 °C for
12 h. The representative samples for cooking loss were thawed and weighed (8 g + 0.05), placed
in airtight plastic bags and immersed in a water bath at 80 °C for 60 min to reach an internal
temperature of 80 °C. The internal temperature was monitored using a handheld digital temperature
monitor (Hanna Instruments, Bellville, South Africa). The bags were cooled to + 4 °C, and LTL
slices removed and blotted dry with paper towels, without any added pressure and re-weighed.
Thaw and cooking loss were calculated as follows;

Thaw loss = [(weight before thaw — weight after thaw) + weight before thaw] x 100.

Cooking loss = [(weight of raw LTL. slices after thawing- weight of cooked LTL slices) + weight

of raw LTL slices after thawing] x 100

5.2.7.3 Warner Bratzler shear force determination

The representative cooked samples for shear force (about 50 g) were chilled at 4 °C for 6 h for the
determination of Warner-Bratzler shear force (WBS) values. Three sub-samples measuring 10 mm
core diameter were cored parallel to the grain of the meat. The samples were sheared perpendicular
to the fibre direction using a Warner Bratzler (WB) shear device (speed; 400 mm/min) mounted
on an Instron (model, 3344; Universal) and equipped with a 500 N load cell to determine the shear

force in Newtons.
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5.2.8 Statistical analysis

Data obtained were analyzed using the mixed model of the SAS (2013) procedure. For all traits,
the model included the fixed effect of treatments and the random effect of animals.

The model used was:

Yijk = i + Ai + Cj + &k

Where Yijkx = slaughter weight, carcass traits or meat quality; p = overall mean common to all
observations; A; = effect of water restriction levels with or without vitamin C; C; = the random

effect of animals; &ijk = residual error

53  Results

5.3.1 Stress and hormonal indices

Table 5.1 shows the plasma hormonal iindices of Xhosa goats subjected to different watering
treatments. The follicle-stimulating hormone (FSH) and insulin were not affected (P>0.05) by
water restriction levels. Amylase and.lipase decreased (P<0.05) with levels of water restriction.
Tri-iodothyronine (Ts3) and thyroxine (T4) decreased as the water restriction levels increased.
Plasma cortisol concentrations increased (P<0.05) in W70 and W50 and decreased in the VC

treated groups.

5.3.2 Carcass traits and yield

The carcass traits and yield of Xhosa goats subjected to different watering treatments are shown
in Table 5.2. The shrunk body weight (SBW) and empty body weight (EBW) progressively
decreased (P<0.05) with the levels of water restriction. However, the SBW and EBW of animals
under group W50 were significantly higher compared to W50. There was a significant decrease

(P<0.05) in the hot carcass (HCY) and cold carcass yield (CCY) due to levels of water restriction.
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Table 5. 1 Hormonal indices and digestive enzymes of Xhosa goats subjected to different

Watering treatments

Variable WO W70 W50 W70 W50*  W70"" W50 SEM P-value
T4 pmol/L 7500 7.50° 490° 7.57° 6.23% 6.83% 560% 071 0.011
Ts, pmol/IL 343  3.09% 232 3.00® 241° 2.68™ 269 0.18 0.001
Prolactin,ug/L  0.52° 0.54° 1.54*  0.46° 0.92®® 0.79®® 0.99% 0.28 0.013
FSH, IU/L 023 020 023 023 0.20 020 023 0.02 0.658
LH, IU/L 023 020 023 023 0.30 033 033 0.08 0.110
17B. pmol/L 67.00* 56.00° 55.33° 5533 5633 55.33° 5533 2.7 0.032
Cortisol,nmol/L  42.66° 85.67% 143.33® 84.33% 132.00° 79.33¢ 117.33° 3.62 0.042
Insulin, ulu/ml 1.57 143  1.27 157  1.23 157 133 0.18 0.073
Lipase, IU/L 46.00° 39.33% 31.67% 38.00® 28.33* 30.67% 27.33*° 244 <0.001
Amylase, IU/L  15.67° 15.33° 14.00®° 14.00® 14.00® 13.33* 12.33* 1.16 0.023

*3gVC daily; **3gVC daily+extra 5gVVC every 8" days; *®means with different superscript across the row
are significantly different (P<0.05); SEM=standard error of mean; LH=luteinizing hormone; FSH=follicle
stimulating hormone; Ts=thyroxine; Ts=tri-iodothyronine; 17 f W=water restriction; VC=vitamin C;

W=water restriction.
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Table 5. 2 Carcass traits and yield of Xhosa goats subjected to different watering treatments

Variable WO W70 W50  W70*  W50"  W70"™*  W50** SEM  P-value
SBW, kg  22.23% 19.09° 15537 1973 17509 19.50° 17.01® 0.14 <0.001
EBW, kg 16.55° 14.94° 11.39® 1548° 13.33¢% 14.93° 13.13% 0.11 <0.001
HCW,kg 9.05% 750° 5809 7.90° 6.90°  7.30¢ 6.50° 0.03 <0.001
HCY,%  40.71% 39.29° 37.34% 40.04% 30.43® 37.44% 3822° 024 <0.001
CCW,kg 870° 7.30° 5609 750° 6.60° 7.000 6200 0.03 <0.001
CCY,%  39.14* 38.25% 36.05¢ 38.01° 37.71° 36.90° 36.46° 0.26 <0.001
SLC, % 386 367 344 406 3.35 4.10 361 061 0.199
TBY,%  54.70° 50.19% 48.89¢ 51.03" 4950 51.76° 50.95* 0.40 <0.001
CClkg/lcm 0.17% 0.15° 0.12¢ 0.15°  0.14° 0.14° 0.13¢  0.002 <0.001

*3gVC daily; **3gVC daily+extra 5gVC every 8" days; ®*®means with different superscript across the row are
significantly different (P<0.05); SEM=standard error of mean; VC=vitamin C; W=water restriction; SBW: shrunk
body weight; EBW: empty body weight; HCW: hot carcass weight; HCY: hot carcass yield; CCW: cold carcass
weight; CCY: cold carcass yield; SLC: shrinkage loss to cooling; TBY: true biological yield; CCI; carcass

compactness index.
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However, the HCY and CCY significantly increased higher in animals under group W50*
compared to W50. The true biological yield (TBY) and carcass compactness index (CCI) were
influenced considerably (P<0.05) by levels of water restriction. The water intake per kg of carcass
weight (WI/kgCars) decreased (P<0.05) with levels of water restriction for treatments without VC
(Figure 5.1). However, animals under groups W70%™ and W50** had higher WI/kgCars

compared to W70%" and W50", and W70 and W50.

5.3.4 Non-carcass components

The non-carcass component is shown in Table 5.3. Regardless of vitamin C supplementation and
concentration, the head weight was not affected (P>0.05) by water restriction levels. The heart,
liver and skin significantly decreased (P<0.05) in weight with increased water restriction levels.
The weights of the heart in W70 and W50" were higher (P<0.05) compared to W70 and W50
groups, respectively. The spleen was not affected (P>0.05) by water restriction levels. The kidney's
weights were higher (P<0.001) in W50, W50 and W50 compared to WO, W70, W70* and
W70**. All respiratory apparatus were smaller (P>0.05) than that of the control. The full and empty
digestive tract and gastrointestinal content progressively decreased (P<0.05) with increased water

restriction levels.

5.3.5 Physicochemical properties

Regardless of VC concentrations or supplementation, the water-restricted groups had decreased
(P<0.05) L* (lightness), b* (yellowness), and increased (P<0.05) a* (redness) values compared to
the control (Table 5.4). The colour saturation index, thaw loss, pHasmin and pH2sn Were not affected

(P>0.05) by water restriction and vitamin C supplementation levels.
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SEM=0.46; P-value=<0.001; *3gVC daily; **3gVC daily plus extra 5gVVC every eight day

Figure 5. 1 Ratio of water intake to kg of carcass weight (WI/KgCars) of Xhosa goats subjected
to different watering treatments.
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Table 5. 3 Non-carcass components of Xhosa goats subjected to different watering treatments

Variable WO W70 W50 W70* W50* W70™* W50** SEM  P-value
Head, ¢ 1427.33  1438.33  1368.33  1398.33 1348.00  1380.00 1355.00 42.55 0.146

Heart,g  84.00° 71.00° 65.00° 81.00% 71.00° 69.67° 63.30° 140 <0.001
Liver, g 310.00? 280.00°  266.67° 307.00° 274.00°  304.007 277.00° 3.06 <0.001
Spleen,g  45.00 42.00 41.93 44.33 42.00 43.00 43.33 154  0.528

L+T, g 201.00% 149.00° 145.67° 142.00° 147.67° 148.32° 139.00"° 6.40 <0.001
Skin, g 1476.67¢  1376.67° 1226.67% 1448.33* 1211.67% 1303.33* 1195.00° 46.02 <0.001
Kidney,g 65.00° 64.00° 75.00? 63.00° 70.00° 65.00° 70.00° 0.735 0.001

Feet, g 645.00° 615.00®  545,00° 555.00° 540.00° 555.00° 575.00° 20.88 <0.001
FDT,kg 7.16° 5.61¢ 5.46¢ 5.73¢ 5.59¢ 5.94° 5.52 0.01 <0.001
EDT, kg 1.48 1.46% 1.31¢ 1.48? 1.42°¢ 1472 1.44P¢ 0.01 <0.001
GIC,kg  5.68° 4.15% 4.14° 4.24¢ 4,17¢ 4.27° 4,18¢ 0.01 <0.001

*3gVC daily; **3gVC daily+extra 5gVC every 8" days; ®°means with different superscript across the row are
significantly different (P<0.05); SEM=standard error of mean; L+T=lung+trachea; FDT=full digestive tract;
EDT=empty digestive tract; GIC= gastro-intestinal content; feet (both fore and hind feet); W=water restriction;
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Table 5. 4 Physico-chemical properties of Xhosa goats subjected to different watering
treatment

Variable WO W70 W50 W70"  W50* W70  W50""  SEM P-value

*

L 38.94% 37.09° 34.60° 32.29° 31.76° 34.48 31.86% 0.83 <0.001
a* 13.31° 13.98% 13.51° 14.67% 14.27® 14.10® 14.27% 056 0.005
b* 797 7.21% 686" 7.45%  7.35% 750 7.19%® 042 0.005
c* 1535 1573 1569 1647 1550 1597 15.83 0.59  0.450
H 27.29" 30.57% 31.10° 27.08* 26.96° 28.01° 30.99° 0.43 0.013

pHssmn 701 695  6.97 6.98 7.02 6.99 6.98 0.05 0.337
pH24 1 587 589 589 5.90 5.90 589  5.90 0.01 0.088
TL% 9.88 958  8.68 9.77 8.79 9.90 898 0.43 0.066
CL% 32.53° 3434 37.55% 31.04° 36.72% 33.42° 3429 193 0.014
WBSF  25.03¢ 26.40% 31.43%* 28.87° 33.31* 27.13% 33.19® 1.67 0.015

*3gVC daily; **3gVC daily+extra 5gVC every 8" days; ®°means with different superscript across the row are
significantly different (P<0.05); SEM=standard error of mean; CL=cookoing loss; TL= Thaw loss; WBSF= Warner
Bratzler shear force. WR=water restriction; VC=vitamin C; \W=water restriction.
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The effect of water restriction levels was significant (P<0.05) on cooking loss and shear force.
Changes in cooking loss and shear force under the vitamin C treated groups did not follow a

consistent pattern.

54 Discussion

This study showed cortisol concentrations increased with water restriction levels and were reduced
following single or extra VC dosing. This contradicts what was reported about the non-significant
change in cortisol in water-stressed sheep (Parker et al., 2003). A 1% increase in ascorbic acid
intake will usually result in a 22% and 27% decrease in adrenal and plasma corticosterone,
respectively (Civen et al., 1980). The variability in cortisol response to VC supplementation has
been partly linked to handling and blood collection processes and elevated ambient temperature
(Wingfield and Romero, 2001). The values recorded for T4 in this study did not seem to differ
under water restriction. However, both T4 and Tz had lower values in response to increased levels
of water restriction. According to Mullur-et al. (2014), the basal metabolic rates are primarily
determined by T3 and T4, and these positively correlate to tissue production and weight gain. The
response of Tz and T4 to stress may sometimes be prolonged and can take several days to arrive at
a steady-state (Silanikove et al., 2000). The decrease in thyroid activity in ruminants undergoing
thermal stress is an attempt to reduce heat production and restoring homeothermy (Kahl et al.,
2015). A similar trend was reported in vitamin C treated-water-restricted Awassi ewes (Jaber et
al., 2011). The non-significant effect of water restriction on prolactin in this study could be an
adaptive mechanism employed by the goats during limited water intake. The increase in prolactin
following stressful conditions has been described in different species of animals such as donkey,
camel, sheep, and cattle (Kataria and Kataria, 2010; Yayou et al., 2010; Kataria and Kataria, 2011).

The modulatory role of prolactin during water balance in an animal undergoing heat stress is
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conflicting. The inconsistencies can be attributed to thermal load's graveness, concealing any
damaging effects on water intake induced by prolactin suppression (Alamer, 2011). Lipase and
amylase values in this study were reduced with increasing levels of water restriction. Changes in
digestive physiology in response to particular physiological needs have been demonstrated in birds
and mammals concerning nutrient absorption and organ structure (Karasov and McWilliam, 2005).
Decreased feed intake induced either by feed restriction or suboptimal water intake can lower
digestive enzymes' activities. Such digestive adaptation to reduced feed intake has been reported
in broiler chickens (Pinheiro et al., 2004). All the water restricted groups had a reduced level of
oestrogen compared to the control group. The survival instinct of adapting to the demand for an
unfavourable environment in animals requires that endocrine hormones suppress growth and
reproductive functions. During periods of stress, the ovarian follicular development was reported
to diminish due to repression in peripheral gonadotropins levels (Roth et al., 2000). In other
reports, there was a depression.of plasma estradiol levels in water. restricted Malpura ewes (Kumar

et al., 2016) and undernourished ewes (Kiyma et al., 2004).

The notable changes in DMI, final weight and body weight gain of goats subjected to different
watering treatments were reflected and consistent in their hot and cold carcass weights and yields.
With higher DMI, final live weight and body weight gain in animals, it is expected that the
deposition of muscle will be greater, and ultimately the weight at slaughter will be higher,
including heavier carcasses (Mapiye et al., 2009). With lower DMI and weight gain in animals,
the same cannot be said. Because of suboptimal water intake in ruminants, it has been shown that
body water loss and feed intake reduction are partly responsible for body weight reduction
(Hamadeh, 2006; Alamer, 2009). Besides, energy needs require that fat be mobilized from adipose

tissues to compensate for the reduced feed and nutrient intake in animals following water
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restriction. Regardless of VC supplementation, the non-significant effect of the different watering
treatments on the shrinkage loss to cooling (SLC) agrees with dos Santos et al. (2019). In lambs,
cooling losses usually vary from 3.0 to 4.0 %, depending on sex, chilling temperature, fat cover
and weight (Reis et al., 2001). The range of values for SLC in this study is 3.44 to 4.10. The SLC
indicates sufficient fat cover and can also act as a shock absorber to the refrigeration chamber's
cooling effect, thus preventing cold shortening and excessive water loss from meat (Safari et al.,
2001). Though there was a slight depression in the true biological yield (TBY), especially for
animals grouped under W50, the range of values for all the goats subjected to different watering
treatments was not outside the 40 to 60 % range, based on reported studies (Sanudo and Sierra,
1986). There was a decrease in the carcass compactness indices (CCI) and was not influenced by
vitamin C supplementation. The CCI provides a measure of the amount of meat stored in the
carcass and leg. This study, however, showed that the storage capacity decreased with increasing
water restriction and did not improve :following: vitamin .C.supplementation. The intake per
kilogram carcass (WI/kgCars) estimates the amount of water ingested per kg of the carcass. With
a similar amount of consumed water, animals under W50 produced 7.86 kg of the carcass,
compared to 7.52 kg in W50. This improvement in the kilograms of carcass produced could be

attributed to an improved feed intake following VC supplementation.

The non-significant effect of water restriction levels on the head weight suggests that the body's
different parts have different growth patterns (Rosa et al., 2002). In the allometry growth pattern,
the head is usually formed at the early or initial phase of growth, and the effect due to diet may be
very minimal. This result agrees with dos Santos et al. (2019), who subjected feedlot lamb to
different water restriction periods. The skin, heart and liver decreased with an increase in water

restriction level. The skin is regarded as one of the essential non-carcass components, and it is
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estimated to be about 10 % of the total animal value. The skin's growth rate is expected to follow
a similar body weight pattern (isogonic growth). This might explain the decrease in skin weight
with respect to water restriction levels. Depression in the heart's weight in W70 and W50 was
reduced by 14 % and 6.15 % in W70" and W50, respectively. The liver, as an organ, is very
instrumental in the various metabolic activities of the body. The reduced liver weight with respect
to an increase in water restriction levels could result from the reduction in metabolic rate usually
induced by limited water intake (Camilo et al., 2012). Also, ruminants' adaptive response to reduce
feed intake during water stress might result in gradual liver atrophy when the received feed intake
is below the maintenance requirements. As observed, with more water ingested, the weight of the
liver increased. The supposed higher liver weights in the treated groups compared to the untreated
groups may be attributed to higher feed intake. The reported higher weight values in the kidney of
goats subjected to more increased watering restriction levels (W50, W50* and W50**) might result
from the kidney's increased activity. to.reabsorbed more water. from the renal collecting tubules
under the stimulation of the anti-diuretic hormone (ADH). This thirst activity centre or mechanism
may result in growth stimulation and weight gain (Naves et al., 2003). As Alamer (2009)
described, to reduce water loss in ruminants, several physiological mechanisms are activated in
response to water shortages, including lowering the respiratory apparatus's weights. The decrease
in the weight of respiratory apparatus (lung+trachea) in the water restricted groups compared to

the control may be due to an attempt to reduce water loss by respiration and save some nutrients.

The colour of meat is regarded as an essential selection criterion when meat products are purchased
because meat colour and freshness seem to be intricately connected (Rani et al., 2013). Based on
studies, an induced oxidative environment in stressed animals before slaughter can decrease lipids

and colour stability (Rowe et al., 2004; Miranda-de la Lama et al., 2011). Supplementation of
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antioxidants (e.g. VC) pre-mortem can improve meat colour and lipid stability by prolonging the
reducing environment through limiting the activities of reactive oxygen species (Harris et al.,
2001). The values obtained for b* and L* significantly decreased while a* increased in the water
restricted groups compared to the control. During stress, catecholamines and adrenocortical steroid
are released, and their activities may result in dark-cutting meat (Miranda-de la Lama et al., 2011).
In addition, the observed low L* values (darker meat) in the water restriction groups may be
attributed to an increase in myoglobin content and a sharp decline in muscle glycogen. The lack
of difference in a* values across the treated-water- restricted groups may result from a similarity
in the muscle's VC content. The hue-angle value linearly increased with respect to water restriction
levels, while the chroma values were not significantly affected. The quality of meat is partly
affected by the pH of muscles, as darker meat usually results from an increased pHzs or ultimate
pH (pHu). Other meat quality attributes influenced by pHu include water-holding capacity,
tenderness, and collagen (Kadim, et.al.;.2006; EKiz,et al.,.2012). Regardless of vitamin C
supplementation, the effect of water restriction levels in this study did not affect the pHaa.
However, Nikbin et al. (2016) reported an increase in pH24 of Boer goats subjected to high stocking
density transportation compared to the un-transported control. According to Muchenje et al.
(2008), increased meat pH values, and consequently, darker meat are usually the outcomes of
depleted glycogen levels resulting from pre-slaughter stress. An oxidative environment induced
by pre-slaughter stress usually decreases protein degradation and increases WBSF (Green and
Price, 1974). In this study, tenderness decreased as the water restriction level increase. Other
studies have also affirmed that less stressed animals have more tendered meat than those from
highly stressed animals (Ferguson and Warner 2008). Besides, the depression in feed intake

induced by suboptimal water intake may reduce glycogen storage in the muscle. This muscle
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glycogen depletion enhanced rapid protein denaturation, glycolytic activity and rigour mortis
process, consequently toughening the meat (Carragher and Mathews, 1996). According to the
tenderness scale suggested by Cezar and Sousa (2007), medium-tender meat has a shear force
range of 22.4 to 35.6N/cm?, while hard meat ranges from 35.7 to 53.4 N/cm?. In this study, the
entire water restricted group's meat could still be classified under medium tenderness, as the values
obtained ranged from 26.40 to 33.31 N/cm?. This is not surprising since the ultimate pHu across
the entire treatment groups were low (<6.0) and sufficient to produce a more tendered meat with

lower shear force and better colourimetric values (Simela et al., 2004).

The increase in cooking loss values to water restriction levels resonates with other studies' report
(Kadim et al., 2006; Nikbin et al., 2016)..However, some studies have reported lower cooking loss
(Apple et al., 1995) or a non-significant effect (Kannan et al., 2003; dos Santos et al., 2019) of
pre-slaughter stress on cooking loss. Such differences in the cooking loss from various reports may
be due to stress and ambient temperature. Water restriction levels did not influence the thaw loss
values. In a similar study on feedlot lambs subjected to 24 h, 48 h and 72 h water restriction periods,
dos Santos et al. (2019) found out that thaw loss was not affected. On the contrary, Boer goats
subjected to pre-slaughter transportation and high stocking density stress had higher values
compared to the control (Nikbin et al., 2016). Apart from contributing to juiciness, the shelf life
and storage quality of meat depends on its ability to retain a significant amount of water (Henchion
et al., 2014). As observed in this study, this ability of goats to still maintain a similar amount of
water even at a water intake level of W50% of ad libitum intake may probably indicate that the
muscle pH and the isoelectric protein point at postmortem were not affected (Munasinghe and

Sakai, 2004).
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55  Conclusion

The increased plasma cortisol concentration induced by water stress was lowered with VC
supplementation. The hot and cold carcass weights were reduced at both water restriction levels
but improved with a single VC dose. Unlike the heart and liver, the kidney's weight rose with water
restriction levels, with the highest value recorded at W50. With a single dose of VVC, the depression
in the liver and heart weights was reduced but failed to modulate the kidney's weight even at
multiple dosages. The pHasmin, pH24n and saturation index and thaw loss were not affected by the
watering treatments. All VC treated groups had improved redness. Regardless of VC
supplementation, the shear force and cooking loss increased with levels of water restriction.
Limited water intake induced pre-slaughter stress in animals. However, a single dose of VC
promoted the highest significance, where improvements were observed and may be considered a
management practice during water stress. Further experimentation on fatty acids, lipids oxidation
and sensory attributes of Langissimus fumborum muscles of Xhosa goats will add more value to

the carcass characteristics that have been observed in this chapter.
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Chapter Six

Fatty acid profile, oxidative stability of lipids and sensory attributes of water restricted
Xhosa goat meat supplemented with vitamin C

(Published in Animal Production Science Journal)
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Abstract: Water scarcity, often accompanied by limited water intake in livestock, may result in
pre-slaughter stress, thereby affecting meat quality parameters. This study was conducted to
determine the effect of vitamin C (VC) supplementations of Xhosa goats subjected to different
watering regimes on fatty acid, lipids oxidation and sensory attributes of Longissimus lumborum
muscles. A total of forty-two goats were randomly assigned into seven treatments; without water
restriction (WO, control), water restriction of 70% of ad libitum water intake W1 (W70), water
restriction of 50% ad libitum WI (W50), water restriction of 70% of ad libitum WI plus 3g VC
daily (W70%), water restriction 50% of ad libitum WI intake plus 3g VC daily (W50%), water
restriction of 70% of ad libitum WI plus 3g VC and extra 5gVC given every eight-day (W70™);
water restriction of 50% of ad libitum WI plus 3g VC and extra 5gVC given every eight-day
(W50*). The goats were fed for 75 days and slaughtered following standard procedures, and the
LD samples obtained were subjected to a 24 h chill storage (4+1°C). Thiobarbituric acid reactive
substance (TBARS), moisture and fat content, sensory. attributes and fatty profile of the meat were
evaluated. The treatment effect was not significant (P>0.05) on TBARS values. The moisture and
fat content in the water restricted groups were lower (P<0.05) than WO0. The meat sensory
appearance was affected (P<0.05) by water restrictions. Regardless of VC concentration or
supplementation, vaccenic and docosahexaenoic acid increased (P<0.05) while linolenic acid
decreased as the water restriction levels increased. Nonetheless, treatment did not affect (P>0.05)
the saturated and unsaturated fatty acids. Compared with WO, there were no difference in the
meat’s lipid oxidation and fatty acid profile under restricted water of 70% and 50% of ad libitum
W1 and with or without VC.

Keywords: Lipid peroxidation, oxidative stress, water scarcity, pre-slaughter stress, antioxidants
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6.1 Introduction

Climate change and increasing water use due to rising populations have limited the amount of
fresh-water available to the populace, with a far-reaching effect in water-scarce and dry zones of
the world (IPCC, 2007; Akinmoladun et al., 2019). Livestock is the most affected as animal
agriculture is known to be water-intensive (Gerbens-Leenes et al., 2013), and the availability of
drinking water in sufficient amount is now a concern to farmers. Drinking water is limiting.
Therefore, it is not surprising for livestock, especially ruminants in arid and water-limited or
drought-hit regions, to trek long distances in search of water and pasture that are potentially richer

in moisture content and nutritional value.

Small ruminants adaptively respond to limited water intake by reducing their feed intake to allow
for low metabolic rate and less heat during the digestive process. This enables them to minimise
dissipation due to evapotranspiration when the ambient temperature is high (Akinmoladun et al.,
2019). Compared to other livestock species, they. tend.to be more resilient to suboptimal water
intake as losses >20% of body water can be tolerated due to rumen capacity to store water for later
use (Jaber et al., 2004). Despite this water use efficiency, suboptimal water intake in small
ruminant affects animal performance and homeostasis, especially average daily intake and body
weight, while promoting oxidative stress (Akinmoladun et al., 2019). The excessive free radicals
precipitated by oxidative stress not only affect productivity and overall performance of livestock
but also impair cellular biomacromolecules (e.g. DNA, lipids and proteins) and mitochondrial
integrity, thus accelerating lipid and protein peroxidation during ageing of meat and in processed
meat products (Bekhit et al., 2013; Estevez, 2015). Besides, there is a tendency for the quality of
meat to be impaired by changing meat colour from red to dark red due to myofibres shrinkage,

thus enhancing shrinkage loss and meat dryness (Jacob et al., 2006).
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Acceptance of meat products by consumers depends primarily on meat flavour and tenderness
(O’Quinn et al., 2018), and these characteristics may easily be affected by pre-slaughter stress.
Antioxidants additives, such as vitamin C (VC), could be instrumental, when supplemented to live
animals or added during meat processing, in combating the development of an oxidative

environment, thus extending colour, lipid stability and prolonging shelf life (Rowe et al., 2004).

Though the NRC (1981, 2007) did not describe clearly daily VVC requirements for small ruminants
because they have the potential to biosynthesize VC from glucose in the liver, plasma ascorbate
concentrations were found to decrease following stressful and disease conditions (Ranjan et al.,
2005). Positive outcomes have been reported in improved feed efficiency and less bodyweight
reduction following vitamin C supplementations.in heat-stressed poultry and swine (de Rodas et
al., 1998; Sahin et al., 2003) and water-stressed Awassi ewes (Ghanem et al., 2008), respectively.
It was hypothesized that supplemental VC would enhance a reducing environment by limiting
lipids' oxidation within the postmortem. muscle and improving the meat's sensory attributes.
Therefore, this study evaluated the effect of vitamin C supplementation to water restricted Xhosa

goats by evaluating its meat fatty acid profile, lipid oxidation and sensory attributes.

6.2 Materials and methods

6.2.1 Study site and ethical approval

This is the same as described in 3.2.1

6.2.2 Animal management and treatment designs

This is the same as described in 3.2.2.
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6.2.3 Feeding and watering activities

This is the same as described in 3.2.4.

6.2.4 Slaughter procedures

At the end of the trial, three goats per treatment group were randomly selected for slaughtering.
Slaughtering and dressing of the animals were carried out at a small through-put abattoir in
Adelaide (63.1 km from the University of Fort Hare), under Nxuba Local Municipality, following
standard procedures. Carcasses were split, weighed, and then chilled (0-4 °C) before being
processed the day after slaughter. Thereafter, samples (100 mm thick piece) of m. longissimus
thoracis et lumborum (LTL) of the right side were collected from 10" rib in the right direction of
the rump and the right LTL's posterior side. Subsequently, the connective tissue and subcutaneous
fat were removed and vacuum-packaged at 0-4 °C for chemical composition, lipid oxidation and

fatty acid analysis.

6.2.5 Determination of Lipid Oxidation (TBARS)

The acid-precipitation technique of TBARS (with slight modification) was used to determine
lipids' oxidation in the meat samples. Briefly, 2 g of sample was weighed (in triplicate) into 50 mL
tubes and homogenised (Ultraturax) for 20 sec after the addition of 6.25 ml each of trichloroacetic
acid (TCA, 0.001M) and distilled water (dH20). The homogenate was filtered using a Whatman
nol filter paper. A standard curve was constructed (in triplicate) using 0, 5, 10 and 20 pL TMP
(1,1,3,3-Tetramethoxypropane (TMP), 0.001 M) in 1 mL of dH.O. There were three tubes
allocated for each sample, and 1 ml of the filtrate was added to each tube. To each prepared
standard and two tubes of filtrate samples, 1 mL of Thiobarbituric acid (TBA) was added, while 1
mL of dH.O was added to the third filtrate sample tube to act as a turbidity blank at 70 °C for 1 h.
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Thereafter, samples were allowed to cool, and the absorbance was read at 530 nm (Spectrostar
Nano, BMG Labtech, Ortenberg, Germany). TBARS, expressed as mg of malondialdehyde
(MDA)/kg meat, was calculated as;

TBARS (mg MDA/Kg meat) =

absorbancexmolar mass of MDAxvolume of extractxdilution factor

sample massx*slope of standard curve

6.2.6 Sensory characteristics

To assess the meat sensory attributes, some pieces (approximately 3 cm®) were cut (per treatment
group) from the LTL muscle, wrapped with aluminium foil and cooked in an oven ( pre-heated to
200°C) using a baking pan. Cooking was deemed complete when the geometric centre of the
samples reached 75 °C. Thereafter, samples were labelled and the sequence of serving randomized.
Sensory attributes like colour, texture, taste-odour and acceptability were considered when
evaluating the samples. Each sample was evaluated by twelve panellists using a 9-point hedonic
scale. The nine-point descriptive scales used in the evaluation were designed as follows: colour (1
= extremely light red to 9 =dark brown), taste-aroma (1 = extremely bland to 9 = extremely
intense); appearance (1 = dislike extremely to 9 = like extremely), texture (1 = extremely soft to 9
= extremely hard) and acceptability (1 = dislike extremely to 9 = like extremely) (Pena et al.,

2009). The panellist used had over five years of experience in sensory evaluation.

6.2.7 Determination of fatty acid profile
Quantitative extraction of total muscle lipid from LTL samples (Folch et al., 1957) was done using
a mixture of methanol and chloroform (ratio of 1:2), followed by the addition of butylated

hydroxytoluene (concentration of 0.001 %). The fat extract was dried overnight with the aid of a
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rotary evaporator and phosphorous pentoxide (moisture adsorbent) under a vacuum oven (50 °C).
The extracted fat was used to quantify the total extractable intramuscular (expressed as per cent
fat (w/w) per 100 g tissue). To determine fat-free dry matter (FFDM) content, the residue was
weighed on a pre-weighed filter paper after drying and expressed as % FFDM (w/w) per 100 g
tissue after calculating weight differences. To determine the moisture content (expressed as %
moisture (w/w) per 100 g tissue), per cent FFDM and lipid were both subtracted from 100. The
extracted fat was kept in a polytop (glass vial, with push-in top) beneath nitrogen blanket and
frozen (-20°C) pending fatty acid analyses. To avoid CLA isomerisation, muscle lipid aliquot (£30
mg) was converted to methyl esters by base-catalysed transesterification for 2 h at 30 °C with
sodium methoxide (0.5 M solution in anhydrous methanol) (Park et al., 2001; Kramer et al., 2002;
Alfaia et al., 2007). Thereafter, the fatty acid methyl esters (FAMEs) from the muscle were
quantified using a Varian 430 flame ‘lonization GC, with a fused silica capillary column,
Chrompack CPSIL 88 (100 m length, 0.25 mm ID, 0.2 pm film thicknesses). The analysis was
performed using an initial isothermic period (40 °C for 2 minutes) while the temperature increased
to 230 °C at a rate of 4 °C/minute and was maintained at this temperature for 10 minutes. FAMES
in n-hexane (1pl) were injected into the column using a Varian CP 8400 Autosampler. The
injection port and detector were maintained at 250 °C with hydrogen (45 psi) and nitrogen
functioning as the carrier and makeup gas. Galaxy Chromatography Data System Software
recorded chromatograms reading. Retention times of FAME peaks from samples were compared
to standards obtained from Supelco (Supelco 37 Component Fame Mix 47885-U, Sigma-Aldrich
Aston Manor, Pretoria, South Africa) to identify fatty acid methyl ester samples. Conjugated
linoleic acid (CLA) standards were obtained from Matreya Inc. (Pleasant Gap, Unites States).

These standards included cis-9, trans-1land trans-10, cis-12-18:2 isomers. Fatty acids were
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expressed as the proportion of each fatty acid to all the sample's fatty acids. Fatty acid data were
used to calculate the following ratios of FAs: total SFAs; total MUFAS; total PUFAS; PUFA/SFA,;
A° desaturase index (C18:1¢9/C18:0); total omega-6 (n-6); total omega-3 (n-3); the ratio of omega-
6 to omega-3 (n-6)/(n-3) FAs. Atherogenicity index (Al) was calculated as: Al = (C12:0 + 4 X

C14:0 + C16:0) / (MUFA + PUFA) (Chilliard et al. 2003).

6.2.8 Statistical analysis

Data obtained was analyzed using the GLM procedure of SAS (2013). The sensory scores were
transformed using the arcsine transformation to achieve normality and reported as back-
transformed means.The linear model was:

Yij = 1 + Bi + &jj

Where Yij = dependent variables; p = overall mean; B; = effect of diet; ij = residual error. Where
differences exist, the means were separated using Fishers’ least significance difference (LSD)

method of SAS, with a significance level of P<0.05.

6.3 Results

6.3.1 Oxidative stability of lipids and proximate analysis

The lipid oxidation values (as determined by TBARS), free-fat dry matter, fat and moisture content
are shown in Table 6.1. The effect of water restriction levels and vitamin C supplementation were
not significant (P>0.05) on TBARS (mg/kg). The moisture and fat content of the entire water

restricted groups were lower (P<0.05) than the control.

6.3.2 Sensory attributes
The effect of different watering treatments on the sensory attributes of the Longissimus lumborum

of Xhosa goat is shown in Table 6.2.
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Table 6. 1 Effect of different watering treatment on malonaldehyde content, ultimate pH,
thaw loss and proximate of the longissimus lumborum of Xhosa goats

Variable WO W70 W50 W70" W50  W70** W50** SEM  P-value
TBARS, 066 079 077 0.69 0.71 0.70 0.77 0.08 0.101
mg/kg

Moisture, %  79.12% 76.37° 75.43° 77.87® 7593° 78.10® 77.66® 1.23 0.023
Fat, % 2.14%  136° 134> 141> 142° 150° 151° 0.16 <0.001

FFDM, % 18.73° 22.26% 23.24% 20.71° 22.64% 20.41° 20.83° 058 0.042

SEM-= standard error of mean; FFDM= fat-free dry matter; W= water restriction; DMI=dry matter intake;
WI=water intake; * 3gVC daily; **3gVC daily+extra 5g\VVC every 8" days
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Table 6. 2 Average points for the effect of different watering treatments on the sensory
characteristics of the longissimus lumborum of Xhosa goats

Variable WO W70 W50 W70 W50 W70 W50 SEM P-value

Colour 640 660 680 660 680  7.00 6.40 049 0.157
Tastetaroma 6.60 680 6.80 6.80 6.40  6.40 6.60 0.34 0.105
Appearance  6.60°  6.00%° 5.60° 6.40* 5.80° 6.00%¢ 6.00° 0.38 0.009
Texture 540 550 560 540 560  5.60 560 050 0.116
Acceptability 640 600 560 580 560  5.80 560 0.46 0.075

SEM=standard error of mean; ®means with different superscript across the row are significantly different
(P<0.05); *3gVC daily; **3gVC daily+extra 5gVVC every 8" days; W=water restriction
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Table 6. 3 Fatty acid composition in Longissimus lumborum muscle (% of total fatty acid)
of Xhosa goats subjected to different watering treatments

Variable WO W70 W50 W70" W50*  W70"" W50 SEM P-value

Saturated (SFA)

Myristic (C14:0) 220 184 199 230 175 181 1.38  0.505 0.163
Pentadecylic 040 038 040 042 035 035 032 0.050 0.268
(15:0)

Palmitic (C16:0) 26,58 2554 2541 27.23 2557 2563 2544 1.187 0.068
Margaric (C17:0) 1.45%  1.39°  1.33¢ 1.41* 1219 1.46* 1.15° 0.023 <0.001
Stearic (C18:0)  19.83 20.06 19.45 1939 2098 20.08 20.89 0.556 0.101
Nonoadecanoic ~ 0.06  0.08 007 006 008 008 008 0.012 0.184

(C19:0)

Arachidic 008 009 008 008 0.08 0.09 0.08  0.010 0.070
(C20:0)

Monounsaturated (MUFA)

Palmitoleic 0.82° 0.75° 0.79° 1.62* 127° 0.86° 0.84° 0.149 0.002
(C16:1c9)

Heptadecenoic 0.16 0.18 0.18 .. 016 0.17 0.17 0.16 0.016 0.071
(C17:1c1)

Oleic (C18:1c9)  33.32. 3298 32.07 -33.84 3260 3567 3574 1709 0.557
Vaccenic 155 ~ 1.77° 213" 155¢ 1.72° 170 1.61°° 0.088 0.002
(C18:1t11)

Polyunsaturated (PUFA)
Linoleic (C18:2n- 7.00 7.58 699 6.64 6.45 6.64 6.56 0.859 0.078

6)

Linolenic 1.90° 1.65° 157° 155 1.49° 2.00* 1.49° 0.085 0.003
(C18:3n-3)

CLA? 008 008 007 009 0.08 0.08 0.06  0.023 0.018
EDAP 006 006 005 005 0.05 0.05 0.05  0.007 0.707
Arachidonic 700  8.96 855 756  7.20 8.01 7.97 1.876 0.103
(C20:4n-6)

EPAC (C20:5n-3) 2.70 3.31 3.70 213 265 2.88 3.12 0.393 0.198
DPAY (C22:4n-6) 2.71 2.72 264 210 229 2.50 254 0339 0.118
DHA® (C22:6n-3) 0.62° 0.74° 093 057° 058 096* 1.06* 0.087 0.001
Sums and ratios

YSFA 4815 4892 50.69 4861 4863 49.05 4942 1725 0.268
SMUFA 26.93%¢ 26.97¢¢ 25609 32.822 31.09%® 29.08° 28.84°° 1.690 0.005
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2PUFA 22.38

2n-6 14.09
2n-3 8.29
PUFA/SFA 0.47
PUFA/MUFA 0.82
2n-6/=n-3 1.67
Alf 0.70
DI¢ 1.18

22.88
14.71
8.18
0.46
0.85
1.80
0.63
0.94

25.48
13.75
7.73
0.50
0.98
1.79
0.68
1.14

23.57
12.79
7.17
0.48
0.72
1.78
0.71
1.14

24.86
11.38
7.07
0.50
0.81
1.60
0.62
1.17

23.32
14.81
8.51
0.47
0.80
1.74
0.61
1.31

21.74
13.65
8.08
0.44
0.75
1.69
0.61
1.22

3.366
2.610
0.880
0.087
0.199
0.179
0.089
0.190

0.092
0.091
0.127
0.094
0.057
0.164
0.205
0.770

SEM=Standard error of mean; ®*means with different superscript acroos the row are significantly different (P<0.05);

* 3gVC daily; ** 3gVC daily+extra 5gVC every 8™ days; W=water restriction;  Conjugated linolenic acid
(C18:2¢9,t11(n-6); PEicosadienoic acid (C20:2¢11,14(n-6);
¢Docosahexanoic acid; fAtherogenecity index; ¢ Desaturase index
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Regardless of VC supplementation, the colour, odour and texture were not affected (P>0.05) by
water restriction levels. However, regardless of vitamin C supplementation, the sensory meat

appearance decreased (P<0.05) with water restriction levels.

6.3.3 Fatty acids

The fatty acid composition in the Longissimus lumborum muscle of Xhosa goats subjected to
different watering treatments is shown in Table 6.3. The water restriction levels and vitamin C
supplementation had no effect (P>0.05) on myristic (C14:0), pentadecylic (15:0), palmitic (C16:0),
heptadecenoic (C17:1cl), stearic (C18:0), oleic (C18:1c9) and linoleic (C18:2td,12(n-6)).
Regardless of vitamin C supplementation and/or concentration, proportions of vaccenic
(C18:1t11), docosahexaenoic (C22:6¢4,7,10,13,16,19(n-3)) increased (P<0.05) while palmitoleic
(C16:1¢9), a-Linolenic (C18:3c9,12,15(n-3), conjugated linoleic acid (C18:2c9,t11(n-6)) and
docosahexaenoic (C22:6¢4,7,10,13,16,19 (n-3) decreased with increasing levels of water
restriction. The total FA, sums and ratios of, fatty acids, n-6, n-3, atherogenicity index and
desaturase indices were not affected (P>0.05) by water restriction and vitamin C. Vitamin C
supplementation, regardless of dose, increased (P<0.05) the sum of monounsaturated fatty acid in

the water restricted treated groups.

6.4  Discussion

Non-microbial quality degradation in meat or its products, specifically under pro-oxidative
conditions, is mainly due to lipid oxidation (Behkit et al., 2013). However, the TBARS values
have now been widely accepted as an indicator of oxidation of muscle lipids at the biochemical
level (Lorenzo and Gomez, 2012). Regardless of vitamin C concentrations or supplementation, the

TBARS values were not affected by water restriction levels. These values were consistent with the

199



results for PUFA in the longissimus lumborum muscle in this study, thus justifying the similarity
in the TBARS values. The oxidative stability of lipid in meat is dependent on the equilibrium
between pro-oxidants (including the concentrations of ROS, PUFA and heme pigment) and
antioxidants (e.g. some carotenoids and a-tocopherol) (Bekhit et al., 2013). The higher the level
of unsaturated lipids in meat compared to saturated, the more prone is the meat to lipid oxidation.
In a similar study, the oxidative stability of lipids of grass-fed ground beef treated with vitamin C
was not affected (Realini et al., 2004). Also, studies have reported lipid oxidation to be unaffected
by stress induced by slaughtering methods in rabbits (Nakyinsige et al., 2014) and lambs (Linares
et al., 2007). The water content of meat is essential in food analysis due to its influence on carcass
dressing, storage, packaging and processing (Jimenez Colmenero, 1996). The similarity in the
meat's moisture content between those watered with W50 and W70 (treated and untreated) evinced
goats' adaptive nature during water scarcity, an- attribute linked to the rumen and its ability to
conserve water during shortfalls (Silanikove,, 2000)., Nonetheless, the mean (moisture content)
value of 76.89% in all the water restricted groups in this study exceed 75% and 73% in sheep
(Madruga et al., 2008) and water restricted Brazilian goats (dos Santos et al., 2019), respectively.
The low crude fat in the water restricted groups compared to the control could be attributed to fat
mobilization from adipose tissues in response to reduced feed intake induced by limited water
intake. According to Jaber et al. (2011), fat is mobilized during suboptimum water intake to meet

the animal's energy requirements in response to decreased feed intake and weight loss.

One of the meat quality parameters that interest consumers and producers, and retailers are the
meat sensory attributes. Aroma or flavour (aroma+taste) is usually affected by the age of the
animal and the type and nature of feed offered, and those differences may influence consumer

acceptability (Font et al., 2009; Watkins et al., 2013). However, most sensorial parameters
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assessed (colour, odour, acceptability and texture) in this study were not affected by the pre-
slaughter stress and dry matter intake differentials induced by limited water intake. This lends
credence to the report of Miranda-de la Lama et al. (2012) that a much higher stress level than the
one that can affect physicochemical and meat quality parameters is required to induce significant
sensory changes attributes. The effect of water restriction levels induced significant changes in the
appearance of the meat. The panelist observed that the appearance scores for all the water restricted
groups oscillated between 'like slightly' (score 6) to 'neither like nor dislike' (score 5) and with a
progressive tendency to dislike meat from an animal with higher water limitations. This may
probably be attributed to the water intake differences and, consequently, the meat's water content.
Moisture retention of fresh meat is arguably an essential quality characteristic of raw products.
Though the effect of water restriction levels was not significant on thaw loss, the values obtained
linearly decreased as the water restriction level increase. Water is usually held in myofibrils in the
space between filaments,; bounding.. small . protein; proportions by electrostatic attraction
(Ponnampalam et al., 2017). Meat with low moisture, probably due to limited water intake,

affected the appearance and dislikes consumers.

The fatty acid (FA) profile of goat meat, compared to other types of red meat, reveals the existence
of essential fatty acids (low saturated fatty acids), high concentrations of oleic acid, low
concentrations of myristic, lauric and palmitic acids (Lopes et al., 2014). This is seen to be highly
beneficial to human health if consumed. Regardless of water restriction levels and VC
supplementation, the most abundant FA were the oleic (18:1c9), palmitic (C16:0) and stearic
(C18:0) in that order, and their concentrations were not affected by the quantity of water ingested.
Similar studies have reported Oleic (C18:1¢c9) concentrations to be the most abundant in the

muscle of sheep, goats and cattle (Oliveira et al., 2012; Roy et al., 2013; Ferreira et al. 2014).
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Regardless of VC supplementation, the observed similar concentrations of oleic acid in the water
restricted and control groups is suggestive that the conversion (de novo) of C18:0 to C18:1c9 by
A 9 desaturase enzyme (Adeyemi et al., 2015) was not compromised by limited water intake. Oleic
acid, the most abundant (about 30-43%) of the mono-unsaturated fatty acids (MUFA), is
hypocholesterolemic in its cis form and can be influenced by the dietary type and the amount of
voluntary feed intake (Melton et al., 1982; Adeyemi et al., 2015). In this study, the percentage of

oleic acid was the highest of all the MUFASs and with a similar range (32.07-35.74%).

The non-significant effect of the medium-chain fatty acids (myristic and palmitic acids) in
response to water restriction levels could be that their synthesis or incorporation from adipose
tissue or diet by lipogenic enzymes were.not.inhibited (Kim et al., 2007). A similar outcome was
reported by dos Santos et al. (2019) in feedlot lamb subjected to a different watering period of 24,
48 and 72 h. Myristic and palmitic acids are considered hypercholesterolemic, capable of raising
the concentration of low-density lipoprotein (LDL), while stearic acid (long-chain fatty acids) are

neutral for plasma cholesterol (Scollan et al., 2001).

The concentration of vaccenic acid (C18:1t11) increased with increased water restriction levels,
especially at the W50 (untreated). Both vaccenic acid and CLA are intermediate products of
ruminal biohydrogenation of unsaturated fatty acids to saturated fatty acids from the diet (Kim et
al., 2007). The reduction in dry matter intake induced by suboptimal water intake may affect the
bacteria population responsible for the complete conversion to saturated fatty acids, thereby
accumulating higher concentrations of vaccenic acid with water restriction levels. Vaccenic acid
(C18:1t11) is subsequently absorbed from the small intestine and deposited in muscle tissue

(Adeyemi et al., 2015). Based on studies, CLA is produced from A 9 desaturations of vaccenic
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acid (C18:1t11) in adipose tissue (Adeyemi et al., 2015). The progressive increase in vaccenic acid
with respect to water restriction levels was expected to increase CLA. However, the CLA values
obtained in this study were not affected by water restriction levels or vitamin C supplementation.
Contrarily, dos Santos et al. (2019) reported a decreasing trend in CLA of Longissimus lumborum
of feedlot lambs subjected to water restriction. The observed differences may be due to an
imbalance in the mMRNA synthesis of A-9 desaturase enzyme (Baumgard et al., 2001), induced by
the reduced intake of water and feed, thereby affecting CLA concentrations in the muscle of

animals with less water.

Both eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are essential precursors of
eicosanoids, modulating several cellular functions.and integrity of the cardiovascular system. DHA
increased with increased water restriction levels while EPA remains unaffected. EPA is formed by
desaturation and stretching of a-linolenic acid (Calder, 2013). Hence, the non-significant effect on
water restriction levels may be that the synthesis of A6 desaturase and elongases enzymes required
for converting a-linolenic acid into its long derivates was not compromised (Pawlosky et al.,
2003). While on the other hand, the water and feed intake differentials may have induced linolenic
acid conversion into DHA by increasing the required enzymes' synthesis. DHA is vital for the
proper functioning of the cell membrane and is also involved in retina and brain development

(Ramakrishnan et al., 2010).

The effect of water intake differentials with or without VVC supplementation was not significant on
YSFA, XPUFA and also XPUFA:XSFA ratio. The content and composition of fatty acids in the
muscles, especially PUFA, are partly influenced by dietary fatty acids, which can easily be affected

by rumen microorganisms. Based on their location in cell membranes and role as a precursor of
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different eicosanoids, PUFA is an essential metabolic regulator, a messenger of the cell, and is
usually implicated in cardiovascular diseases (Parodi, 2016). Recently studies have indicated that
higher consumption of omega 3 fatty acids and less SFA can lower the chances of developing
cardiovascular diseases (Ramakrishnan et al., 2010). Supplementation of VVC and water restriction
levels in the present study did not influence the ratio of omega 6-to-omega 3 fatty acids. The ratio
of £n-6:Xn-3 fatty acids is one of the three criteria for assessing the quality of fat, with values less
than 4.0 regarded as the recommended range or limit (Parodi, 2016). The ratios (Xn-6:Xn-3)
recorded in this study was found to be <4. The other two criteria include; total lipid content, the
ratio of unsaturated to saturated fatty acid, which should be greater than 4 (Wood et al., 2003). The
ratio of XPUFA: XSFA in this study were not significantly affected by water restriction or VC
supplementation. However, values recorded across the experimental groups were >4, indicating
that the meat is nutritionally good despite limited water intake. The atherogenicity and desaturase
indexes were not affected by, levels, of, water restriction and. VC supplementation. Al usually
assesses the capacity of the blood vessels to form plaque. Lower Al values imply higher anti-
atherogenic FA in the lipids, thereby resulting in a better chance of preventing cardiovascular
disease (Woutersen et al., 1999). The lower Al values recorded in this study indicated that meat
from water restricted animals would not compromise consumers' health integrity. This implies that
Xhosa goats at 50% water restriction can survive and produce meat, good enough for consumption,

especially to the rural poor and small farm holders’ farmers of the Eastern Cape.

6.5  Conclusion
This study demonstrated that water restriction levels of 70% and 50%, with or without single VC
supplementation, did not impact negatively on the meat quality parameters like oxidative

instability of lipids. This implies that the Xhosa goats can be recommended for farming by the
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rural poor of South Africa as a breed that can withstand water restriction periods, especially with
the recent droughts that have hit the country, and still produce meat that is healthy for human

consumption.
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Chapter Seven

General discussion, conclusion and recommendation
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Livestock production, among other things, depends on the quantity and quality of water, with the
extensive system of animal husbandry requiring more water per animal (Bezabih and Berhane,
2014). Because most ruminants, especially small ruminants, are ‘extensively’ managed under
smallholder and resource-limited farms, water scarcity can be a burden to farmers due to the
economic losses emanating from stress-induced (heat and water scarcity) mortalities. Some small
ruminants are more resilient to limited water intake, and thus their preference to other livestock in
drought-prone and water-scarce areas (Akinmoladun et al., 2019). However, this vital nutrient's
suboptimum consumption impairs homeostasis, productivity and immunity (Alamer, 2010).
Therefore, to reduce the stress induced by suboptimum water intake in small ruminants, exogenous

supplementation of vitamin C could be a potential and viable option.

This study showed that induced water scarcity (W70 and W50) reduced weight gain and feed
matter intake in Xhosa goats but was lessened with VVC supplementation. Depression in body
weight has been attributed to body water loss and increased fat mobilization (Jaber et al., 2011,
Akinmoladun et al., 2019). These animals’ adaptive nature is reflected in their heat tolerance and
rectal temperature, as values obtained were not affected by water stress and vitamin C
supplementation. Most of the blood metabolites assayed in this study significantly increased in
response to limited water intake. Usually, higher blood metabolites' concentrations indicate
haemoconcentration and their adaptive capability (Banerjee et al., 2015). However, VC treated
groups had their urea, total protein and ALT lowered, similar to Ghanem et al. (2008). Although
there was haemoconcentration of blood metabolites (due to water scarcity), there was a need to

investigate intake and nutrient digestibility.
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The decreased nutrients intake in the goats subjected to water restrictions (W70, W50, W70+,
W50, W70"" and W50*) further confirmed the decrease in weight gain and the final body weight
observed in chapter 3. Regardless of VC supplementation or concentration, nutrients intake
decreased in proportion to the amount of water consumed. Effective digestion and absorption of
feed require a water medium, which was disadvantaged in the water scarcity induced groups. A
similar reduction in urine and faecal output were observed with water-restriction levels. This
reduction in output and the attendant urinary osmolality have been attributed to ruminants' adaptive
mechanism during water shortfalls (Naqgvi et al., 2015). Similarly, water restriction levels resulted
in increased nitrogen retention and nutrient digestibility and were not influenced by vitamin C
supplementations. Similar outcomes following water-restriction in sheep and goats have been
reported (Abdelatiff et al., 2010; Nejad et al., 2014). Mineral intake in the water restricted groups
decreased due to reduced feed intake. However, more minerals (Ca, Mg, P and K) were excreted
(from urine and faeces) in control compared to the water restricted groups. The increased retention

of Mg, Na and K with water restriction levels was influenced by VC supplementation.

The dehydration effect, coupled with heat stress during the post-mortem, may cause perturbations
of plasma hormones, darken the colour of meat and increase meat pH following prolonged
exposure. The result from this study showed that the increased cortisol (chief stress hormone) due
to water restriction levels were lowered with VC. According to Karanth et al. (2000), ascorbic acid
plays an inhibitory role in cortisol synthesis and thermoregulation. This is attributed to its activities
as an inhibitory vitaminergic neurotransmitter in the hypothalamus. The depression in feed intake
and body weight in the water restricted groups reflected in their carcass yields and weights. Mapiye
et al. (2009) affirmed that final live weight, weight gains and carcass weight after slaughter are

co-related. Unlike the head (was not affected) and kidney (increased), the other non-carcass
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parameters (skin, liver and heart) decreased with water restriction levels and were not influenced
by vitamin C. A similar response of non-carcass parameters to water restriction levels was reported
in feedlot lambs (dos Santos et al., 2019). The kidney's increased activities to reabsorb more water
from the renal tubules in the water restricted groups could explain the increased weight (Naves et
al., 2003). The shear force and cooking loss increased with water restriction levels and were not
significantly influenced by vitamin C supplementation. Glycogen depletion due to reduced feed
intake induced by water restriction may enhance glycolytic activity and rigour mortis process,
consequently toughening the meat (Carragher and Mathews, 1996). Meat redness (a*) increased

with vitamin C supplementation.

The TBARS (an index of lipid oxidation) values.from this study were not affected by water
restriction and VC supplementation. Similarly, the oxidative stability of lipids of grass-fed ground
beef treated with VC was not affected (Realini et al., 2004). Stress-induced by slaughtering
methods on lambs did not affect lipid oxidation (Linares et al., 2007). The meat moisture content
and crude fat in the water restricted groups decreased compared to the control. The increased
energy needs (induced by feed intake reduction) require that fat be mobilized from adipose tissues
(Jaber et al., 2011). This might explain the reduced crude fat content in the water-restricted groups.
Regardless of VC, only the sensory appearance of the meat was affected by water intake
differentials. Panellist seems to progressively dislike meat with higher water limitation or reduced
meat water content. Regardless of VC supplementation, the saturated fatty acids (excluding
margaric acid) were not affected by water restriction levels. However, vaccenic acid (mono-
unsaturated fatty acids) increased while conjugated linolenic acid remains unaffected with water
restriction levels. As an intermediate product of ruminal hydrogenation of unsaturated to saturated

fatty acids, the increased concentrations of vaccenic acid could result from changes in the rumen
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bacteria community (affected by reduced feed intake) which are responsible for the complete
conversion (Adeyemi et al., 2015). The ratio of n-6: Xn-3 fatty acids obtained in this study were
less than 4. This shows that the water restriction effect with or without VC supplementation did
not affect the fat quality. According to Parodi (2016), the recommended range for quality animal

fat must be less than 4.

The results of the present investigation confirm the capability of Xhosa goats to withstand
intermittent watering usually occasioned by water shortages. This tolerance to water restriction
allows them to maximize feeds as evidenced by the increased digestibility. The use of
supplemental vitamin C at a daily dose of 3g/d to the water restricted goats was resourceful at

minimizing the body weight loss and increased cortisol concentrations, induced by water scacrcity.

7.5  Conclusion

Vitamin C supplementation reduced. body weight loss inywater restricted goats. Regardless of
vitamin C supplementation, th nutrient intake decreased, while the apparent and nutrient
digestibility increased with water restriction levels. As a consequence of reduced body weight due
water restriction (reduced body water and nutrient intake), carcass parameters were reduced in
Xhosa goats. Due to reduced water intake in the water restricted group, meat sensory appearance
was disliked by panelist. Xhosa goats seem to be a good choice of goat breed for farmers in dry
and water limiting zones, giving their water tolerance potentials. However, oral supplementation
of vitamin C at 3g per day during water scarcity could offer a safe and cost- effective practice in

amanaging body weight depressions.
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7.6 Recommendation

Given the differences in small ruminants' adaptability to limited water intake, there is a need to
continue exploring indigenous goats' water tolerance capacity. Behavioural responses and direct
observation using cameras could further assist in studying small ruminants undergoing water
stress. This study was conducted during the summer season. Future studies might want to consider
the effect of water stress with or without vitamin C during the winter season. Due to this study's
limitation, weekly evaluation of plasma ascorbic acid concentration following supplementation in
the goats is now suggested for future research. This is intended to give a clue to the extent of
bioavailability. Other routes of VC administration for increased bioavailability and probably

improved stress management are recommended for future research.
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