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Climate change is disrupting the semi-arid agricultural systems in Southern Africa,
where livestock is crucial to food security and livelihoods. This review evaluates the
bioenergetic and agroecological scope for climate-adaptive livestock nutrition in
the region. An analysis of the literature on climate change implications on livestock
nutrition and thermal welfare in the regional agroecological context was conducted.
The information gathered was systematically synthesized into tabular summaries of
the fundamentals of climate-smart bioenergetics, thermoregulation, livestock heat
stress defence mechanisms, the thermo-bioactive feed components, and potentially
climate-smart feed resources in the region. The analysis supports the adoption
of climate-smart livestock nutrition when conceptualized as precision feeding
combined with dietary strategies that enhance thermal resilience in livestock, and
the adaptation of production systems to the decline in availability of conventional
feedstuffs by incorporating climate-smart alternatives. The keystone potential
climate-smart alternative feedstuffs are identified to be the small cereal grains, such
as sorghum (Sorghum bicolor) and pearl millet (Pennisetum glaucum) as dietary
energy sources, the native legumes, such as the cowpea (Vigna unguiculata) and
the marama bean (Tylosema esculentum) as protein sources, wild browse Fabaceae
trees such as Vachellia spp. and Colophospermum mopane, which provide dry
season and drought supplementary protein, minerals, and antioxidants, the non-
fabaceous tree species such as the marula tree (Sclerocarya birrea), from which
animals consume the energy and electrolyte-rich fresh fruit or processed pulp.
Feedstuffs for potential circular feeding systems include the oilseed cakes from
the macadamia (Macadamia integrifolia) nut, the castor (Ricinus communis), and
Jatropha (Jatropha curcas) beans, which are rich in protein and energy, insect
feed protein and energy, primarily the black soldier fly larvae (Hermetia illucens),
and microbial protein from phototrophic algae (Spirulina, Chlorella), and yeasts
(Saccharomyces cerevisiae). Additives for thermo-functionally enhanced diets
include synthetic and natural anti-oxidants, phytogenics, biotic agents (prebiotics,
probiotics, synbiotics, postbiotics), and electrolytes. The review presents a conceptual
framework for climate-smart feeding strategies that enhance system resilience
across the livestock-energy-water-food nexus, to inform broader, in-depth research,
promote climate-smart farm practices and support governmental policies which
are tailored to the agroecology of the region.

KEYWORDS

climate-smart agriculture, climate-smart feeding, climate-smart feedstuffs, circular
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1 Introduction

Climate-smart agriculture (CSA) promotes agricultural practices
which enhance food security and livelihoods while mitigating and
adapting agro-systems to the challenges posed by climate change. This
broad climate smart approach seeks to build climate resilience into
agricultural systems, to ensure they are equipped to withstand extreme
climate-related disruptions (I, 2). It integrates climate-adaptation
strategies, and mitigation of the causal factors (3, 4). Maluleke and
Mokwena (5), Maluleke and Mokwena (6) indicated that semi-arid
Southern Africa faces uniquely adverse climate impacts due to its
highly climate-dependent livestock systems. This is compounded by
extreme temperatures, prolonged droughts, and erratic rainfall which
are common in the region (7). These adverse climatic shifts exacerbate
the inherent water scarcity, heat stress on livestock, and reduce forage
and food crop yields, significantly compromising established precision
livestock nutrition, and may offset the genetic progress in the
productivity of livestock and food crops (8, 9). The shortage of high-
quality feeds in turn increases producer reliance on less efficient
alternatives (10). In the animal body, energy efficiency, and inversely,
the heat increment of feeding, and the cellular defences against heat-
induced oxidative damage are all strongly influenced by feed quality
(11). As stated by Sammad et al. (12), understanding the dietary
influences on the animal’s thermoregulation, and the impact of heat
stress on its health and productivity is crucial to climate-smart
feeding. Therefore, addressing climate change impacts on the
production of high-quality feedstuffs is crucial to supporting livestock
thermal welfare, sustenance of high productivity, reducing greenhouse
gas (GHG) emissions, and enhancing systems’ sustainability (13).

Millions of people in Southern Africa depend heavily on livestock
production for their livelihoods, supporting jobs, economic stability,
and food security. The livestock systems in the area are varied and
include commercial operations, pastoral systems, and smallholder
mixed crop-livestock systems (14). However, the negative
consequences of climate change, characterized by extended droughts,
unpredictable rainfall patterns, and rising temperatures, pose a
growing threat to these systems. The productivity and resilience of
livestock are weakened by these climate stressors, which also increase
competition for water resources, decrease pasture productivity, and
worsen feed shortages (15). Due to their reliance on massive grazing
systems and rain-fed agriculture, Southern Africas semi-arid
landscapes are especially susceptible to these effects. For instance,
extended droughts in nations such as Zimbabwe, Namibia, and
Botswana have resulted in a sharp decline in the productivity of the
rangelands, making different ruminant feeding techniques necessary
to sustain the livestock. In smallholder systems, the lack of reasonably
priced, high-quality feeds during dry seasons frequently leads to
decreased output and poor animal health, which fuels poverty cycles.

These difficulties highlight how urgently climate-smart feeding
methods adapted to Southern African environments are needed. To
address these questions, this review introduces the concept of climate-
smart livestock nutrition (CSLN). This involves the selection of
feedstuffs based on both nutrient content and thermo-functional
properties, and the climate change implications of their production
and utilization, to formulate diets that promote thermal regulation,
reduce oxidative stress, and minimize GHG emissions, to ensure
viable and sustainable feed resources. Climate-smart livestock feeding
incorporates novel techniques and feed materials to improve
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sustainability, resilience, and production (16). Utilizing locally
accessible feed resources, such as crop wastes, agro-industrial
byproducts, drought-tolerant forage species, and cutting-edge feed
technologies such as insect-based proteins and biofortified feedstuffs
are possible options to enhance CSLN through climate mitigation by
circular feed utilization (17, 18).

To succeed, CSLN requires evidence-driven policies to support
research, promote best practices, including the enforcement of
regulations on livestock-linked GHG emissions, land, water, and
energy use (1). This review explores the biophysical basis and scope
for CSLN and outlines a conceptual framework for its implementation
in semi-arid Southern Africa, to guide research, farm practices, and
policy development.

2 Livestock production,
climate change, and climate-smart
agriculture

The Earth’s atmosphere is primarily composed of nitrogen (78%),
oxygen (21%), and trace (1%) quantities of other gases, including argon,
carbon dioxide (CO,), methane (CH,), and water vapour (19). The
phenomenon of rising global average temperatures, or global warming is
attributed to the green-house effect of water vapour, carbon dioxide,
methane, nitrous oxide and ozone, the greenhouse gases (GHG) which
trap heat from the sun, leading to an increase in the earth’s surface
temperature, to influence the earths weather patterns (rainfall,
temperature droughts), a phenomenon described as climate change (20).
Climate-smart agriculture is a concept that is contiguous to the older
notion of sustainable agriculture, which emerged in the context of adverse
climate change. It provides an over-arching conceptual framework for
transforming contemporary agriculture to sustain food security despite
climate change (2). The FAO (1) defined CSA as multifaced, to encompass
a sustainable increase in agricultural productivity, reduction of climate
change vulnerability (adaptation) and GHG emissions (mitigation), while
enhancing food security and livelihoods.

Livestock production plays an important role in providing
livelihoods and supporting economies at the household, local,
national and global scales. Therefore, the sector sits at the center of
climate-smart agriculture, for food security (21). The debate on the
contribution of livestock production to climate change remains
controversial (22). Estimates suggest a contribution of as much as
18% of the GHG emissions into the earth’s atmosphere, mostly
through enteric fermentation, manure degradation and feed
production (10). The GHG emissions depend on the livestock
species, systems and practices in relation to inefficiencies, and
intensification. Thornton and Herrero (10) reported that
approximately one third of the emissions are agronomic (land use
and feed production), one-third from manure (nitrous oxide,
methane) management, a quarter from enteric methane, and the rest
from other livestock-related functions. Herrero et al. (23) estimated
that two-thirds of the global emissions come from ruminant systems
in the developing world. There is scant data on African livestock
systems. However, in sub-Saharan Africa, Graham et al. (24)
indicated that typically high emissions per unit product are
attributed to low animal productivity, poor animal health, and
low-quality feeds. This scenario presents scope to mitigate climate
change through efficient feed production and feeding, instead of
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scaling down production and consumption of the much-needed
animal products.

3 Agroecological scope of semi-arid
Southern Africa

Climate-Smart Livestock Nutrition (CSLN) is novel in its
emphasis on the role of livestock nutrition in mitigating adverse
climate change impacts on livestock and the production systems. It
seeks to enhance thermal tolerance in livestock, and to reduce
greenhouse gas emissions (GHG) from enteric or rumen fermentation,
from upstream inputs into feed production such as such fertilizers and
irrigation, and from downstream (manure decomposition) emissions.
The climate-smart livestock production guidelines of the Food and
Agricultural Organization (25) effectively support three primary
objectives to anchor the CSLN approach:

o Adapting to declining feed availability and quality: Identification
of climate resilient crops and varieties, and efficient utilization of
feed resources, to address the increasing scarcity and cost of
conventional feeds, while maintaining dietary quality.

Enhancing livestock resilience to heat stress: Utilization of dietary
ingredients which contain natural mitigants to thermal stress
such as antioxidants and electrolytes, to augment body
mechanisms for coping with extreme temperatures, and reduce
oxidative stress. Additional nutritional interventions include, for
example, changing the roughage-concentrate ratio (ruminants)
and supplementary dietary fats to ensure adequate energy intake
by all livestock despite heat stress.

Minimizing the environmental impact: Develop sustainable feed
production, processing and utilization technologies, and increase
reliance on circular feed systems, to reduce the ecological
footprint of livestock production.

To achieve its objectives in the semi-arid Southern African
ecosystems, CSLN demands agro-ecological zone-specific strategies
which are tailored to the unique challenges. The agro-ecology is
characterized by low and highly variable rainfall (300-600 mm
annually), and a mix of soil and vegetation conditions which impose
significant constraints to productive, sustainable agriculture. The region
increasingly experiences extended dry seasons, with the rain seasons
and unpredictable rain, which exacerbates water stress, with high
temperatures exceeding 40°C, which further intensify evapotranspiration
(26, 27). Climate models project that temperatures will rise faster than
the global average, particularly in the low-altitude semi-arid to arid
zones, with mean surface warming surpassing global trends in all
seasons (28-30). Regions such as the northwest South Africa, Botswana,
and Namibia are particularly vulnerable to this accelerated warming (31).

Smallholder farmers in these areas rely on mixed crop-livestock
systems, where sheep, goats, and cattle play critical roles in cultural,
economic, and food security needs. However, natural rangelands and
supplementary crop byproducts, the primary feed resources, are often
inadequate during prolonged dry periods. To address these challenges,
innovative strategies such as water-saving techniques, forage
diversification, and drought-resilient crops are increasingly adopted,
which provide potential climate-smart animal nutrition solutions to
these harsh conditions.
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Livestock systems in semi-arid Southern Africa are particularly
vulnerable to the disruptive effects of climate change, particularly
rising temperatures, prolonged droughts, and erratic rainfall patterns
(5, 7). These changes exacerbate water scarcity, heat stress, and
declines in forage and crop yields, negatively impacting livestock
nutrition and thermal welfare. The retrogressive effects on precision
livestock nutrition compel producers to turn to unconventional feed
resources, often inefficient, to sustain or intensify production. This
practice, however, risks increasing livestock-generated greenhouse gas
(GHG) emissions (32), which demands urgency in adopting strategic
interventions such as those advocated by CSLN.

Heat stress poses a particularly significant challenge, with ambient
temperatures frequently exceeding the thermal comfort zones of
livestock species. For instance, poultry experience stress above 26°C,
while cattle are affected when temperatures rise beyond 25-30°C (33—
35). Heat stress reduces feed intake, metabolic efficiency, and overall
productivity, resulting in financial losses and animal welfare concerns.
The CSLN approach addresses these issues by incorporating heat-
mitigating strategies, such as diets enriched with antioxidants,
electrolytes, and essential nutrients, to enhancelivestock thermotolerance.

Beyond thermal resilience, CSLN contributes to broader climate
adaptation by ensuring livestock remain productive in sustainable
systems despite extreme climatic conditions to support food security
and economic stability in vulnerable regions. Effective promotion of
CSLN practices requires targeted investments, including funding for
the development of heat-mitigating feed additives, integrating them
into smallholder and commercial feeding systems, and providing
financial incentives to encourage adoption. Additionally, robust
support for farmer training programs and extension services is crucial
to scaling up CSLN interventions and achieving widespread impact.

4 Conceptual framework for
implementing climate-smart livestock
nutrition in Southern Africa

A framework for the implementation of effective CSLN should
integrate the underpinning principles of nutritional bioenergetics,
thermoregulation, oxidative stress, and sustainable feed systems to
address the three core objectives: adapting to declining feed
availability, enhancing livestock resilience to heat stress, and
minimizing environmental impact. A possible conceptual framework
is outlined in Table 1.

4.1 Bioenergetics of climate-smart
livestock nutrition

Effective climate-smart livestock nutrition solutions require
adequate understanding and application of the fundamental
bioenergetics. Depending on the species, the thermal homeostasis and
nutritional bioenergetics of livestock are profoundly influenced by
dietary factors. Diet influences the animal’s thermal regulation, including
modulation of heat stress as well as defence mechanisms at the molecular,
cellular and higher-levels (36). Bioenergetics is therefore, fundamental
to the optimum dietary management of the thermal welfare of livestock
(37). An array of complex dietary factors is known to influence energy
extraction from feeds through both the quantum, and profile of energy
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TABLE 1 A conceptual framework for climate-smart livestock nutrition interventions in Southern Africa.

Principles Concepts Mechanistic pathways Climate-smart interventions Indicators References
. . L Heat stress from inefficient . . .
. Dietary inefficiencies increase heat . Formulate energy-efficient diets with low-
. . Energy efficiency & heat o o energy use increases the . o Serum glucose, lactate, rectal
Bioenergetics . production, intensifying heat stress and . heat increment feedstuffs, feedings in cooler (10, 13)
production i . environmental heat load to temperature.
reducing productivity. o parts of the day.
limit performance,
. . . Heat stress alters hormone levels, Imbalance in energy .
Metabolic & hormonal Endocrine balance during heat K . o Manage adverse responses though dietary . .
o reducing feed intake and energy availability reduces growth o Insulin, cortisol, T3, and T4 levels. (8,12)
acclimation stress . modifications
balance. and reproduction.
Heat stress disrupts neuroendocrine Altered signaling reduces . . . .
. o . . . . Manage adverse responses though dietary Dopamine, norepinephrine,
Thermoregulation Neuroendocrine signaling signals affecting metabolism and feed intake and changes o . (7, 10)
. . modifications cortisol levels.
behavior. metabolic responses.
. . . Oxidative damage decreases | Supplement diets with antioxidants (vitamin
o Reactive oxygen species (ROS) Heat stress elevates ROS levels, causing i . .
Oxidative stress L immune responses and E, curcumin) to neutralize ROS and reduce ROS levels. (9,13)
control cellular oxidative damage. o o
overall productivity. oxidative stress.
. Reduced HSPs increase Nutritional approaches to support HSP
. HSPs protect cells from heat-induced o . ) .
Heat shock response Heat shock proteins (HSPs) o . susceptibility to cellular regulation using supplements to enhance HSP70 levels, HSF-1 activity. (11, 18)
damage by stabilizing protein structure. .
damage and stress. resilience to heat stress.
. . . . . Use epigenetic markers in selective breeding
. . o Heat triggers DNA methylation and Epigenetic alterations can . .
. . Epigenetic modifications for . . o . for thermal tolerance; methyl donors such as | DNA methylation patterns, histone
Epigenetics histone protein modifications to either enhance or reduce . L i (1, 10)
thermal tolerance . . - choline, folate, betaine in diets to modulate acetylation levels.
influence gene expression. stress resilience. )
gene expression.
. Nutrients regulate genes which control Improves feed efficiency, Supplement with selenium, omega-3 fatty Gene expression levels (HSPBS,
. . Nutrient effects on gene . o . . L L
Nutrigenomics . stress tolerance, metabolism, and heat resilience, and immune | acids, and antioxidants to modulate stress- SERPINH1), antioxidant enzyme (7, 8)
expression
P immunity. function. related gene expression. activity.
Inefficient nutrient
. o . . . . absorption or metabolism Tailor diets to match genetic profiles . . .
. . Genetic variation & dietary Genetic polymorphisms affect nutrient . L . . ) . Nutrigenetic markers for nutrient
Nutrigenetics . due to genetic variation can | (precision feeding) to improve nutrient . o (10, 12)
responses metabolism and thermal tolerance . . o metabolism and heat resilience.
reduce performance in heat  efficiency and stress resilience.
stress.
. . Decreased feed availability Use insect feed, climate-resilient forage crops,
Climate change reduces conventional . . . .
. . o . leads to reduced and alternative protein sources to lower Feed quality (protein, fiber
Sustainable feeds Climate-smart feedstuffs feed availability, increasing the use of B . . . (1,17)
. . productivity and higher greenhouse gas (GHG) emissions and content), methane emissions.
alternative, sustainable feed sources. o ) o
methane emissions. improve resilience.
o Elevated oxidative stress
Bioactive dietary compounds reduce . - -
o o o reduces animal health, Use of supplements to enhance antioxidant Plasma antioxidant levels,
Antioxidant defence Exogenous antioxidants oxidative stress and enhance cellular . . o . (9,13)
. productivity, and immune defences. oxidative stress biomarkers.
protection. i
function.
. . Dehydration and Plasma osmolality, Na+, K+,
Water-electrolyte Hydration & electrolyte Heat stress accelerates fluid loss and . Supplement electrolytes (Na, K, CI) to .
X . imbalances lead to reduced o . Cl — levels, feed intake, body (3,12)
balance homeostasis causes electrolyte imbalances o maintain hydration and heat tolerance. . .
productivity and health. weight and feed efficiency
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substrates, and the intermediates, as they flow into central metabolism,
to determine the overall dietary energy efficiency, and inversely, heat
production (38). These bioenergetic interactions are summarized in
Table 2. Therefore, climate-smart feed characterization and diet
formulation should prioritize the influences on energy consumption and
efficiency, and the associated heat production, in relation to heat stress,
and its effect on the animal’s biochemical and physiological functions
which determine productivity. In semi-arid Southern Africa, livestock
are frequently subjected to environmental stresses such as heat and feed
scarcity, factors which can drastically change their energy needs and
utilization (15). For example, increased thermoregulation due to heat
stress can increase maintenance energy demands, reducing the energy
available for growth, reproduction, or milk production.

4.2 Metabolic and hormonal acclimation to
a hot environment

Reduced feed intake is the direct mechanism through which heat
stress affects production and reproduction, coupled with altered
endocrine status, increased maintenance requirements, decreased
rumination and or nutrient absorption (39). These mechanisms
contribute to a net decrease in nutrient/energy assimilation. For
example, lactating heifers lose body weight during periods of extreme
heat stress, which is at least partially explained by a drop in energy
intake, coupled with an increase in energy expenditure for
maintenance (40).

Hormones are linked to the body’s acclimatory reaction to heat
stress (39). These include growth hormone, prolactin, thyroid
hormones, glucocorticoids, and mineralocorticoids. The thyroid
hormones, T4 and T3, have drawn the most interest because they
constitute a key acclimatization mechanism. Mammals that have
evolved to warmer temperatures are known to follow the pattern of
decreased endogenous thyroid hormone levels during heat acclimation
as a means of reducing endogenous heat generation (41). Research

TABLE 2 Bioenergetics, heat stress, and thermoregulation in livestock.

Bioenergetic factors

affects livestock welfare and productivity.

Thermal responses and mechanisms

Climate-induced heat stress: Increased frequency of extreme temperatures in prolonged heatwaves negatively

10.3389/fvets.2025.1507152

shows that insulin is also involved in acclimation with animals under
heat stress showing greater insulin levels, even if they consume less
feed. The function of insulin in inducing heat shock proteins may
partially explain this conundrum (42). For example, HSP70 expression
is positively correlated to circulating insulin levels (43), and adaptation
to hypoxia requires both HSP90 and insulin responses (44).

The neurotransmitters dopamine and norepinephrine are involved
in modulating thermoregulation during heat stress (45). They influence
the physiological and behavioral responses to thermal stress, which
makes them relevant to the overall stress management in livestock.
Understanding neuroendocrine pathways is therefore essential for
developing effective climate-smart feeding strategies. By targeting these
pathways, it is possible to optimize feeding practices to enhance animals’
resilience to heat stress (34). The central nervous system plays a major
role in hormone regulation. The hypothalamic—pituitary-thyroid axis,
the sympathetic-adreno-medullary axis, the hypothalamic-pituitary-
adrenal axis (HPA), and the hypothalamic-pituitary-gonadal axis can
all be affected by heat stress. The primary neurosecretory systems
triggered by stress include the HPA and sympathetic-adrenal-medullary
(SAM) system, among others (46, 47). As reported by Beede and Collier
(48), when animals are thermally challenged, the endocrine system, a
vital component in the coordination of metabolism, undergoes
significant modifications. Collier et al. (39) stated that the
hypothalamic-pituitary—adrenal axis represents a crucial element of the
body’s acclimatory reaction to heat stress while the thyroid hormones,
specifically T3 and T4, are essential for animals’ proper growth,
differentiation, and metabolism. They are essential for controlling body
temperature, energy intake, and thermal metabolic adaptability (49).
Elevated ambient temperature dramatically diminishes T3 secretion
while augmenting T4 synthesis in chickens (50). Yousef and Johnson
(51) identified a synergistic impact between the decrease in thyroid
hormones and the decreased level of growth hormone in plasma which
aids the body’s urge to minimize heat production. Thyroid atrophy and
diminished secretory function, and other thyroid-related conditions
may be direct impacts of heat stress (52).

References

(39, 40)

Thermal stress

Oxidative stress: Heat stress enhances reactive oxygen species (ROS) production, leading to cellular lipid

peroxidation and protein denaturation, which impair growth; mitochondria are primary ROS sources.

(61, 63)

Altered energy metabolism: Elevated maintenance energy demands coupled with decreased feed intake and

nutrient absorption compromise growth under heat stress.

Neuroendocrine responses: Dopamine and norepinephrine modulate stress responses via the hypothalamic—

pituitary—adrenal (HPA) axis and sympathetic-adrenal-medullary (SAM) systems.

Neuro-endocrine regulation

Endocrine responses: Reduced levels of T3 and T4 hormones lower heat production; increased insulin promotes

heat shock protein (HSP) expression, enhancing stress adaptation.

Heat Shock Proteins (HSPs): HSPs act as molecular chaperones to facilitate proper protein folding and prevent

aggregation during thermal stress; HSF-1 regulates HSP expression and serves as a biomarker for resilience.

Antioxidant defense systems:

Molecular defences

protecting cells from oxidative damage.

Enzymatic: Key enzymes (SOD, catalase, glutathione peroxidase) convert ROS into less harmful molecules, (78)

Non-Enzymatic: Plant-derived and synthetic bioactive dietary compounds such as glutathione, vitamin E,

polyphenols, and flavonoids neutralize ROS and support cellular repair, mitigating oxidative stress.

(74,76, 87, 205)
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One of the primary hormones involved in the stress response is
cortisol which primarily supports gluconeogenesis by promoting
protein metabolism (53), which turns proteins into amino acids.
Sejian and Srivastava (54) pointed out that in the liver, muscle, and
adipose tissue, the cortisol produced by the adrenal cortex promotes
the breakdown and release of glucose, amino acids, and fat. Almost
every biological function that is impacted by stress is regulated by
cortisol, including behavior, metabolism, immunological response,
and reproduction. The goal of these hormonal reactions is to increase
the capacity to withstand stress. Elevated blood cortisol levels due to
high temperatures have been reported to slow down the rate at which
heat is produced metabolically (54, 55).

Somatostatin is stimulated by corticotropin-releasing hormone,
which may be a major mechanism explaining heat-stressed animals’
decreased thyroid and growth hormone levels (56). Glucocorticoids in
dairy cattle fall during acclimatization at high temperatures and were
lower in animals that had been thermally acclimated than in controls (57,
58). Heat stress stimulates the hypothalamic axis, which reduces animal
feed intake by upregulating the production of adiponectin and leptin as
well as the expression of their receptors (59). The receptor and expression
of the Neuritin B gene could be enhanced by the thermal challenge (60).

4.3 Oxidative stress and cell damage

A biological system constantly produces free radicals, some of
which are necessary for physiological functions. The mitochondria are
the primary location of aerobic cellular reactive oxygen species (ROS)
generation and use more than 90% of the cellular oxygen in
undisturbed cells (61, 62). Enzymatic oxidase reactions and the
endoplasmic reticulum’s microsomal systems produce ROS (63).
When the body produces excessive ROS, lipid peroxidation occurs,
which negatively impacts organelles and cell membranes. Superoxide
anions, hydrogen peroxide, and hydroxyl radicals are examples of
reactive oxygen species that are produced in the mitochondria and
function as signaling intermediaries (64).

4.3.1 Heat shock proteins (HSPs)

Heat shock proteins (HSPs) are molecular chaperones which
protect cells from heat-induced damage by aiding in protein folding
and preventing aggregation (65). These proteins are upregulated in
response to various forms of stress, including heat stress, and play a
critical role in cellular protection and recovery (66). Heat Shock
Factor-1 (HSF-1) is a key regulator of the heat shock response. It
orchestrates the transcription of heat shock proteins by binding to heat
shock elements (HSEs) in the DNA, thus initiating the cellular stress
response (67). In climate-smart feeding, monitoring HSP levels and
analyzing HSF-1 activity or its binding to HSEs can serve as indicators
of an animal’s capacity to activate protective mechanisms against
thermal stress (68).

4.3.2 Antioxidant enzyme defence systems

Under normal conditions, antioxidant enzymes such as catalase,
glutathione peroxidases, peroxiredoxins, and superoxide dismutases
constantly remove produced ROS (64). When reactive oxygen species
are overproduced under stressful situations, hydrogen peroxide is
released, creating oxidative stress. This can overload the antioxidant
defense system and lead to an imbalance in the redox system (62,
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69-71). In addition to increasing plasma corticosterone levels in
chickens, stress activates the hypothalamic pituitary adrenal axis (72).

Exogenous and endogenous antioxidants in biological antioxidant
defense systems are divided into enzymatic and non-enzymatic
categories, which include ROS/RNS scavengers, transition metal
chelators, oxidative enzyme inhibitors, and antioxidant enzyme
cofactors (73). Low molecular weight antioxidants and antioxidant
enzymes are the two main categories of antioxidants. Glutathione
peroxidase, catalase and superoxide dismutases and other enzymes are
among the most significant antioxidants. Glutathione, flavonoids,
carotenoids, vitamin E, vitamin C and other antioxidants are among
the most significant low molecular weight antioxidants. These two
primary antioxidant systems are crucial in preserving the equilibrium
between antioxidant and pro-oxidant agents while reducing oxidative
stress (74). Antioxidants work by directly scavenging oxidizing
radicals and allowing organisms to repair their damaged biomolecules.
Under extreme stress, their activities are restricted (71, 75, 76). A class
of proteins called antioxidant enzymes, also known as metalloproteins,
catalyze the conversion of reactive oxygen species (ROS) and/or their
metabolites into more stable, generally less dangerous species.
Antioxidant enzymes are a crucial defensive mechanism against
oxidative stress caused by reactive oxygen species (ROS), which
damages cell components (77).

While
decomposers, oxidative enzyme inhibitors, metal chelators, singlet

non-enzymatic antioxidants include peroxide
oxygen quenchers, and/or ultraviolet radiation absorbers and
enzymatic antioxidants play a protective role by breaking chains of
free radicals and scavenging them (73). Superoxide dismutase was
the first line of defense against free radicals and maintained cellular
redox equilibrium among the potential reactive oxygen species
scavengers (78). The SOD is therefore essential for the early stages
of defense against ROS-mediated oxidative damage. By facilitating
the transformation of superoxide into oxygen and hydrogen
peroxide, SOD is an essential component of the defense against
free radicals.

Because aerobic organisms produce this enzyme broadly, it is an
essential part of the first line of defense against oxidative stress (78).
There are three different isoforms of SOD: extracellular SOD3,
mitochondrial SOD2, and cytoplasmic SOD1. Most eukaryotic cells
have SOD2 and SOD3, with SOD3 being the main isoform identified
in the cardiovascular system (79). Nuclear genes encode manganese
superoxide dismutase, or SOD2, an antioxidant enzyme. Mutations or
disruptions in SOD2 function have been linked to changes in the
structure of the mitochondria seen in diseases such as heart failure
(80). Reduced SOD2 levels cause ROS to build up and then excessive
4-hydroxynonenal synthesis in the mitochondria (64).

4.3.3 Superoxide dismutase activity and gene
expression

Seasonally appropriate feeding, providing feeds high in fiber and
fats, supplementing with vitamins and minerals, and offering cold
drinking water are some of the dietary changes that promote
activities of superoxide dismutase enzyme (68). The orange-yellow
lipophilic polyphenolic compound curcumin is extracted from the
rhizome of herbs. Its antioxidant and anti-inflammatory qualities
have led to its recognition for its important role in the treatment and
prevention of cardiovascular diseases (81). Through a variety of
methods, the

bioactive substance curcumin protects the
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cardiovascular system from OS. In order to attenuate OS, lower ROS
levels, and restore cardiac SOD levels, two important processes
implicated are the activation of the PI3K-Akt survival pathway and
the SIRT1-FoxOl pathway (82). Owing mainly to its antioxidant
qualities, salvianolic acid, a naturally occurring polyphenolic
molecule obtained from Salvia miltiorrhiza, demonstrated
noteworthy preventive actions against cardiovascular diseases.
Salvianolic acid has been shown in numerous studies to be able to
postpone the onset of ischemia in animal models of MI by increasing
angiogenesis, decreasing infarct size, and enhancing post-infarction
contractile performance (83).

In order to coordinate cellular and whole-animal metabolism,
gene networks both inside and across cells and tissues react to
external heat loads exceeding the thermoneutral zone by sending
out intra-and extracellular signals. In Vrindavani cattle (B. indicus
X B. taurus), heat stress response genes (SERPINH1, DNAJ4, FKB4,
HSPB8 and HSPH1) were up-regulated at a greater fold change
(244). High ambient temperature modulates heat shock protein
genes to shield the cells and proteins from a changed metabolism.
Induced heat stress causes such changes in physiologic parameters
that modify the neuroendocrine system (84). Elayadeth-Meethal
et al. (85) investigated the differential expression and molecular
mechanism of the HSPA1A gene in dwarf Vechur cattle, Kasaragod
cattle, and crossbred cattle in an experimental field context. They
concluded that HSPA1A is a possible candidate gene for heat
tolerance. The potential for improving thermotolerance through
manipulation of the genes regulating HSF1 expression and
evaporative heat loss in cattle is suggested by the variation in
evaporative heat loss among animals and the crucial role that (heat
shock transcription factor 1) HSF1 plays in coordinating thermal
tolerance (86).

4.3.4 Exogenous, non-enzymatic antioxidants

Exogenous antioxidants are abundantly found in natural plants
and primarily consist of polyphenols and natural flavonoids.
Supplementation with exogenous antioxidants exerts potent
antioxidant effects by engaging various signaling pathways. These
pathways include augmenting the antioxidant capacity of endogenous
antioxidant systems, thereby reducing OS, inhibiting ROS production,
consequently restraining OS, and activating antioxidant signaling
pathways that counteract OS (87).

5 Functional compounds in
climate-smart feedstuffs

The functional compounds in feeds are the bioactive molecules
that have specific physiological or health effects beyond nutrition (88).
In the context of thermal stress and oxidative cell damage, there are
compounds that help animals cope with heat stress, in support of the
internal antioxidant defences, immune responses, and overall
biochemical and physiologic resilience to heat stress (245). Climate-
smart feeds may contain an array of functional compounds. The
natural functional compounds which may be present in climate-smart
feedstuffs are indicated in Table 3. To operationalize these solutions to
enhance livestocK’s health, productivity, and resilience in the face of
climate stress, feeding plans need to be modified to fit the resource
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limitations and production systems of semi-arid Southern Africa.
Examples of specific or targeted interventions include the following;

 Antioxidant supplementation: Supplementing with natural
antioxidant-rich feedstuffs, such as sorghum bran and sunflower
meal, can help reduce the oxidative stress brought on by exposure
to heat. These dietary components can be added to concentrates
designed to meet animal demands or utilized in silage.

« Phytogenic supplements: To improve gut health and lower
oxidative stress, livestock diets can include locally accessible
plants with multifunctional bioactive components as feed
additions. The phytogenic additives can be combined with crop
residues or tree fodder after being processed into meal or
extract form.

« Probiotics and prebiotics: Smallholder farmers can use fermented
feed technology to add healthy microorganisms to livestock diets,
to enhance gut health and nutrient absorption. Fermenting waste
grains or grain crop byproducts with supplementary molasses
can be an inexpensive way to distribute probiotics.

« Integrated feeding systems: In smallholder systems, functional
compounds can be incorporated into domestic feed formulations
by employing locally accessible resources. For example, cattle
could be supported during the dry season by combining crop
residues enriched with neem leaf powder and treated with
antioxidants. To target high-value production systems such as
dairy or poultry farms, feed manufacturers could create
pre-mixed functional ingredient supplements. To cut farmers’
expenses, these might be provided via cooperatives.

« Policy and capacity building: Funding for farmer education
programs on processing methods and the advantages of
functional compounds is necessary for  successful

implementation. The feed industry and extension agencies must

work together to guarantee that these compounds are affordable
and available for a variety of farming methods.

6 Climate-smart feed resources in
semi-arid Southern African
ecosystems

In the semi-arid regions of Southern Africa, developing
sustainable, climate-smart livestock feeding systems is imperative to
mitigate severe environmental constraints such as drought, heat
stress, and low soil fertility. Climate-smart feedstuffs are those which
are cultivated or exploited from the wild, which meet the climate-
smart definition, they comply with the agroecological principles of
sustainability, productivity and nutritional quality, with least energy,
chemicals, and water input (246). The cultivation or wild exploitation
of such feed resources should minimize upstream (irrigation,
pesticides, fertilizer) greenhouse gasses (mitigation), and promote
the most productive, ecologically adapted, climate resilient or
drought-tolerant species and varieties (adaptation) (247). Though
research on climate-smart feed resources is still limited and
fragmented, several promising candidates are emerging, which can
be produced or exploited on a large-scale for viable value chains.
Strategic incorporation of these feeds, ranging from the drought-
tolerant native grain cereals and legumes to biofuel or pharmaceutical
oilseed cakes, the wild or cultivated browse trees and the fruit
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TABLE 3 Dietary chemical defences against thermal stress and oxidative cell damage.

Functional Examples

Role and application

References

Compound

Vitamin E Selenium Polyphenols
Antioxidants from damage.

Flavonoids

« Neutralize free radicals generated during oxidative stress, protecting cells

« Can be naturally present in feeds, or as synthetic supplements.

(74, 76)

Sodium Potassium Magnesium
Electrolytes

Chloride Bicarbonate Trace minerals nerve function.

« Maintain fluid balance and prevent dehydration under heat stress.
« Regulate the acid-base balance of the internal environment. Which can

be disrupted during thermal stress, ensuring proper muscle and

« Supplementing electrolytes in feed or water helps animals maintain

homeostasis during periods of high heat.

(39, 233)

Fatty acids Omega-3 fatty acids

« Anti-inflammatory properties that reduce cellular damage and inflammation
caused by oxidative stress during heat exposure.
« Modulate the immune response and improve overall health and productivity

under thermal stress.

234)

Amino acids

« Higher requirement for essential amino acids, primarily methionine, to
compensate for the increased protein synthesis during cellular repair after heat

related oxidative damage.

oxidative damage caused by heat stress.
« Taurine is particularly important in maintaining cellular integrity and

hydration under stress.

Methionine, Taurine Glutamine « Precursors for antioxidant molecules (e.g., glutathione) that protect cells from (42)

Carotenoids Beta-carotene Astaxanthin Lutein

« Beta-carotene helps in removing ROS, protecting cells from oxidative damage.
« Astaxanthin, found in microalgae, is a potent natural antioxidant, protecting
cell membranes from peroxidation under heat stress.

« Lutein supports eye and skin health, to improve thermal resilience.

(61)

Vitamins Vitamin C Vitamin A

« Vitamin C is a potent antioxidant that removes ROS in tissues exposed to
high temperatures.
« Vitamin A supports the immune system and protects against oxidative damage

in epithelial tissues, improving overall animal health under stress conditions.

(76)

Catalytic minerals

in cells.

« Trace minerals - co-factors for enzymes involved in antioxidant
defense systems.
Zinc, Copper, Manganese « Zincis a co-factor for superoxide dismutase.

« Manganese supports mitochondrial function, reducing oxidative damage

(78,233)

byproducts, and single cell (microbial) protein presents ample
opportunity for CSLN (89). A selection of the feed resources which
have attracted research attention for potential integration into
climate-smart livestock nutrition in semi-arid Southern Africa are
profiled in Table 4. The challenges in research are to expand the
existing matrix of (conventional) feedstuffs by identifying, and
characterizing (nutrients, bioactive compounds) climate-smart
alternatives, to facilitate least cost, climate-smart formulation of
diets for different livestock (90).

6.1 Local production and applicability of
climate-smart livestock feeds in semi-arid
Southern Africa

6.1.1 Small cereal grains

In the advent of climate change, the traditional small cereal grains
may become dietary energy options, despite their previous
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displacement as staple food crops by improved, maize hybrids. Of the
small grains, sorghum (Sorghum bicolor) and Pearl millet (Pennisetum
glaucum) seem to be the most suitable candidates. They are tolerant to
heat, drought and low soil fertility, and yield reasonably well under
such adverse conditions. Apart from the organic and mineral
nutrients, the small grains contain many functional nutrients.
Sorghum contains the flavonoids luteolin, kaempferol, quercetin,
catechin and the phenolic acids such as ferulic acid, caffeic acid,
vanillic acid, p-coumaric acid (91, 92), compounds which help reduce
oxidative stress in heat-stressed livestock (78). Pearl millet is rich in
the flavonoids tricin and acacetin, as well as phenolic acids such as
vanillic and salicylic acids (93).

6.1.2 Grain legumes

In the context of CSLN, two native grain legumes seem to be the
most eligible alternative dietary plant protein sources to complement
the small cereal grains for livestock feeding in semi-arid Southern
Africa. The Cowpea (Vigna Unguiculata) is widely cultivated, highly
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TABLE 4 Profile of representative potential climate-smart in semi-arid Southern African.

Feed category

Keystone candidate
climate-smart feedstuffs

Climate-smart attributes

Drought-tolerant, comparatively high yield

Bioactive compounds

Limitations

Recommended
processing

Soaking, sprouting, cooking,

Sources

peels of raw tubers)

cooking

Sorghum (Sorghum bicolor), grain | potential, suitable for low-input agriculture; high | Flavonoids, phenolic acids Low lysine, tannins fermentation (91, 235)
Small cereal grains energy

gP::;ll Millet (Pennisetum glaucum), Adapted to dry conditions, high energy, minerals | Phenolic acids Phytates Phytase (93)
Cultivated grai Tolerant to drought, high protein, enh: il ) . Trypsin inhibitors, lecti d ) ) )

witivated grain Cowpea (Vigna unguiculata), grain © eran © drought, high protein, enhiances sot Flavonoids, phenolic compounds ypsin i ors, fectins an Cooking, soaking, sprouting (94-96)

legumes fertility other antinutrients
Wild grain legumes Marama Bean (Tylosema A'dapted to arid environments, high protein, high Phenoli.c acids, phytosterols, Try.psin .inhibitors and other Heat treatment ©7)

esculentum), grain oil (energy) content flavonoids antinutrients

. . . . Cyanogenic glycosides (leaves, Peeling, sun drying, fermentation,

Roots and tubers Cassava (Manihot esculenta) roots Drought tolerant, high energy Cyanogenic glycosides (99, 100)

Drought-resistant, legume, dry season and

Polyphenols, flavonoids, terpenoids,

Soaking, chemical treatments (lime,

li s , twigs, 1 A . . R Tanni X K 101, 102,
Vachelia spp., pods, twigs, leaves drought feed, protein-rich, minerals glucosinolates, carotenoids annins sodium bicarbonate) ( )
Wild trees Colophospermum mopane, pods, Drought-tolerant, dry season and drought feed, Polyphenols Tannins Soaking, chemical treatments (lime, (101, 102)
young twigs, leaves legume, protein-rich, minerals polyethylene glycol, fermentation) ’
Marula (Scl bii , Drought-resistant, high i bohydrates, Vitamin C, phenoli d; ) )
arula (Sclerocarya birrea afra) drought-resistant, high in carbohydrates itamin C, phenolic compounds Drying, fermentation 236)
fruit pulp vitamins, and antioxidants tocopherols (Vitamin E)
Macadamia (Macadami M turated fats, antioxidant
Food nut oilseed cakes | aca X an"na ( aca. amia High protein, essential fatty acids, high energy 'onot?nsa urated fats, antioxidants High fiber for mnogastrics (109, 110)
integrifolia), seed oil cake (vitamin E, polyphenols)
Castor} Bean (Ricinus communis) Dr.ough.t-tolerant, high protein, essential fatty Ricin Heat treatment, fermentation a1
Pharmaceutical oilseed | Seed oil cake acids, high energy
cakes . . o . . . . .
P P - , A 1 ) Drying, 8 leaching,
rlckl)-r ear (Opuntia ficus-indica) Drought-tolerant, protein and energy rich -ntlo?udants (betalain pigments Oxalates rying soaking, wate-r eaching, (237, 238)
seed oil cake vitamin C), electrolytes chemical treatment (lime)
Biofuel oilseed cakes I;tli‘:pha Uatropha curcas) seed oil E:t(;ufzgstolerant, high protein content, essential Phorbol esters Fermentation, heat treatment (112)
Forages - grass Napier Grass (Pennisetum High yield'ing, drought-tolerant, suitable for Drying, fermentation 239
purpureum) various soil types
Forages-xerophytes Spineless Prickly Pear (Opuntia Drought-tolerant, high-water content, vitamins, | Antioxidants (betalain pigments), Oxalates Drying, soaking, water leaching, (10)
ficus-indica) cladodes & waste fruit | minerals electrolytes chemical treatment (lime)
Black Soldier Fly L H i High in, high full-fat), E ial ami ids, f , . )
Insect feed : ack Soldier Fly Larvae (Hermetia igh protein, high energy (full-fat), waste ss.ent'la ar.nmo ac‘lds at (energy) Drying, defatting (120-122)
illucens) management antimicrobial peptides
Microbial derived feeds | Phototrophic algae (e.g., Spirulina, | High protein source, rich in carotenoids and Carotenoids, polyphenols, DHA, EPA | High production cost, scalability Drvin (124-126)
Chlorella) polyphenols, omega-3 fatty acids vitamins (B12) challenge, Allergenicity ying !
High protein, antioxidants, beta-glucans, Beta-glucans, ergosterol, mannan- Strain-specific responses, high
Yeasts (e.g., Saccharomyces S . . - . . - . .
cerevisiae) ergosterol, reduces methane emissions in oligosaccharides, antioxidants, production cost, Risk of digestive | Fermentation (127-129)
ruminants, B-vitamins B-vitamins (B1, B2, B6, B12) upset if used in excess
B-vitamins, pol fi
Brewers’ spent grains Circular feed use fntamlns p.o yun satura.ted. atty Mycotoxins (130-132)
. . acids, phenolic acids, antioxidants
Cereal grain processing
byproducts Maize milling byproducts Circular feed use Mycotoxins, variable quality (133)
Distillers” dried grains Circular feed use Mycotoxins, variable quality (134-136)

‘leya leysny
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climate and edaphically adaptable, rich in protein, starch, minerals,
and the B-group vitamins (94-96). The Marama bean (Tylosema
esculentum) is a wild, and widely endemic in the region, is protein-
rich, drought-resistant, but largely neglected perennial legume (97).
In addition to the high protein content, the marama bean is rich in
phytochemicals such as phenolic acids, phytosterols, flavonoids,
behenic acid and griffonilide, with carbohydrate content in the tubers
(97). However, typical of the genus among other undesirable attributes,
these leguminous feedstuffs contain high levels of trypsin inhibitors
and other toxic antinutrients, which necessitate processing to optimize
their nutritional benefits (94).

6.1.3 Roots and tubers

There are a range of climate-resilient indigenous root/tuber crops,
many of which are excluded due to the feed-food competition. In this
regard, Cassava (Manihot esculenta) is an outstanding climate-smart
alternative to maize for livestock feeding in semi-arid Southern Africa.
Yet to find a firm footing in the region’s agriculture and the food
chains, Cassava is drought and heat-tolerant and grows well in poor
soils (98). Compared to maize grain, cassava has a higher root biomass
and yields more starch at a lower input cost (99, 100). However, along
with the leaves, the root periderm contains cyanogenic glycosides,
particularly linamarin and lotaustralin, which remain toxic if not
properly processed (99).

6.1.4 Browse trees and byproducts

Ruminants in Southern African rangelands browse on many
leguminous tree species such as, among others, Piliostigma thonningii,
Dichrostachys cinerea, Colophospermum mopane, and Vachellia karroo,
from which they consume the high-protein pods, twigs, and leaves,
mostly during the dry season. These components can alternatively
be harvested and processed into bush meal, and similarly for
dry-season or drought feeding (101, 102). Bush meal also contains a
range of bioactive compounds, including phenolics and flavonoids,
with high tannin levels that inhibit protein digestibility. The tannins
can be neutralized by supplementary polyethylene glycol (PEG) or can
be reduced through soaking and ensiling (103, 104). With proper
treatment, bush meal can be a sustainable, climate-smart feed.

A wild, non-legume fabaceous tree feed resource which is
abundant in the ecosystem is the Marula (Sclerocarya birrea subsp.
Caffra). Endemic to much of sub-Saharan Africa, the Marula tree
produces fruits which are rich in vitamins, amino acids, carbohydrates,
organic acids, and polyphenols (105). Livestock consume the fresh
fruit’s pulp or its processed byproducts from traditional brewing, such
as ensiled or dried pulp. The Marula fruit has a high sugar content
which provides dietary energy. The dried pulp preserves most of the
essential nutrients, while fermentation enhances the digestibility and
introduces beneficial probiotics (106). Climate models suggest
increased Marula abundance, which reinforces its potential role as a
significant climate-smart feed (107).

6.1.5 Oilseed cakes from climate-resilient plant
species

Oil extraction byproducts from a range of wild or cultivated
climate-resilient plant species which are common in semi-arid
regions, where they have attracted attention as alternative protein and
energy options for livestock feeding. Oil cake from the Macadamia
integrifolia nut contains as much as 19.5% crude protein and is a
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cost-effective source of dietary energy (108, 109). However, its high
fiber content (up to 25%) limits its inclusion in monogastric livestock
diets to avoid depressed feed intake and nutrient digestibility (110).

The pharmaceutical oil cake from the castor bean (Ricinus
communis) is rich in protein and energy, but contains toxins, primarily
ricin. Ricin and its poisonous derivatives can be destroyed by moist
heat treatment or low pH fermentation (111). The biofuel byproduct
from Jatropha (Jatropha curcas) beans is high in protein and energy
but contains toxic phorbol esters. The phorbol esters can be detoxified
by heat treatment or fermentation (112).

6.1.6 Forage crops

Two species stand out as potential climate-smart forage resources
in the region. One of these is Napier grass (Pennisetum purpureum), a
high-yielding, drought-tolerant forage crop suitable for semi-arid
regions (113). The other one is the Prickly pear (Opuntia ficus-indica),
which, despite classification as an invasive plant, plays a significant
role in supporting rural livelihoods (114). Endemic to arid regions,
the Prickly pear is increasingly cultivated for its fruit or forage. The
water-rich leaves (cladodes) are the primary livestock forage, which
along with the byproducts, namely waste fruit and seed oil extraction
cake can be used as feed for livestock (115, 116). Prickly pear feed
products are rich in energy, protein, antioxidant flavonoids and
phenolic acids, and betalain pigments (betacyanins and betaxanthins)
that express antioxidant and anti-inflammatory properties (115, 117).
However, the products contain tannins and phytate, which may
require processing (118, 119).

6.1.7 Insect feed

The use of alternative, comparatively inferior protein sources such
as native legumes for livestock feeding could undermine the
formulation of precision diets, and increase the need for expensive
supplementary animal protein, such as fishmeal. However, fishmeal is
also threatened by climate change and overfishing. Insect feed,
particularly the Black Soldier Fly larvae (Hermetia illucens), is
emerging as a viable alternative (120-122). Black Soldier Fly larvae
contain high levels (40-44%) of crude protein, with advantage of
efficient, eco-friendly production (120, 123).

6.1.8 Microbial feedstuffs

Phototrophic algae (124-126) and yeasts (127-129) are potential
climate-smart feed resources. Subject to the cost, microbial feedstuffs
carry the advantage of efficient production of protein in controlled
environments, with minimal land and water input, and low
environmental impact. In addition to protein, microalgae are rich in
carotenoids and polyphenols, which neutralize ROS and mitigate
oxidative damage (124, 125). Yeasts produce antioxidants and beta-
glucans and ergosterol, which support immune functions and reduce
oxidative cell damage (128).

6.1.9 Cereal grain processing by-products

Brewers’ spent grains contain 20-30% crude protein and are rich
in B-vitamins such as thiamine and riboflavin (130). They also contain
high levels of phenolic acids (130, 131). However, they may
be contaminated with mycotoxins (132). Maize milling byproducts
(bran, germ meal, gluten feed or meal, hominy chop) contain variable
(8-23%) crude protein, are noted for their phenolic compounds such
as ferulic acid, which offers antioxidant benefits (133). However, these

frontiersin.org


https://doi.org/10.3389/fvets.2025.1507152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Fushai et al.

byproducts may also contain mycotoxins, necessitating careful
management to ensure feed quality. Distillers’ dried grains are a
byproduct of ethanol production with a high (25-35%) crude protein
content and are rich in diversely bioactive compounds (134-136).

6.1.10 Circular feed systems

Similar to circular food systems (137), circular feed systems are
more sustainable and reduce the environmental footprint. Examples
of the climate-smart feedstuffs in such circular systems include the
oilseed cakes, cereal grain processing byproducts and insect feeds
efficiency (138).

Circular feed systems emphasize recycling and reusing locally
accessible feedstuffs to cut waste and boost system resilience for
sustainable feeding of livestock. This strategy fits into CSLN, especially
in semi-arid areas where resource limitations and feed scarcity are
most intense (139). For example, brewers’ spent grains, oilseed cakes,
and fruit pulp are agricultural and agro-industrial by-products that
can be recycled into nutritionally balanced livestock meals. While
technologies such as composting organic waste or raising insects such
as Black Soldier Fly larvae turn waste streams into high-quality
protein feeds, dual-purpose crops such as maise and sorghum supply
grain for human use and leftovers for livestock feeding (140).
Furthermore, livestock dung can improve soil quality, promoting the
development of fodder crops and maintaining a closed-loop nutrient
cycling system.

Crop residues, by-products, and organic waste are examples of
locally accessible resources used as major inputs in this system. To
increase feed value and reduce spoilage, these resources are processed
using technologies such as fermentation, urea treatment, and silage
production. While feedback loops ensure that animal waste, including
manure, is returned to the land to increase forage production and
promote sustainable agriculture, the outputs are nutrient-dense,
inexpensive feeds that satisfy cattle’s energy and protein needs.

7 Feed additives and supplements

Where the novel diets lack adequate biofunctional compounds to
achieve the climate-smart objectives, a range of synthetic or microbial
or plant-derived products can be used. There is a range of feed
additives and supplements that enhance animal well-being and
performance. These can be natural plant extracts, or synthetics (141).
Candidates for adoption in CSLN are described in Table 5.

7.1 Methane suppressors

The livestock gut fermentation process produces significant
greenhouse gasses, particularly methane, which plays a major role in
climate change. A range of additives which include probiotics,

exogenous enzymes, plant metabolites and fodder trees, organic acids,
and other microbes reduce methane emission (142).

7.2 Heat stress modifiers

Heat stress modifiers are a variety of tactics used to lessen the
negative impacts of high temperatures on the well-being and output
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of animals. Animals can escape direct sunshine by being given shade
and cover, and they can avoid dehydration by having access to clean,
cold water (33, 143). An environment can be made more comfortable
by using ventilation systems and airflow control to disperse heat and
humidity, as well as cooling equipment such as fans and misters (144).
Resilience to high temperatures is further increased by behavioral
management techniques and genetic selection for heat tolerance
features. During times of heat stress, nutritional modifications are
essential, such as changing the content of the feed or increasing the
amount of electrolyte supplementation (34, 145). Betaine is an amino
acid derivative with advantageous biological characteristics that
support its use as a useful supplement during heat exposure (146).

Betaine is one example of an additive that has been shown to
be effective in decreasing metabolic heat, improving heat dissipation,
and increasing nutrient use in order to mitigate heat stress. It functions
as a methyl donor, a chemical prebiotic involved in the methyl transfer
reaction in cells, and a micronutrient for microbial cells that increases
uptake during osmotic stress (146). Moeckel et al. (147) and
DiGiacomo et al. (148) reported betaine’s potential to mitigate heat
stress by decreasing energy used and therefore metabolic heat
production, while also acting to maintain osmotic balance during
thermal challenge. Additionally, it stabilizes the intracellular protein
structure by increasing hydrogen bonding between aqueous proteins
in the folded state, acting similarly to molecular chaperones (149).
When oxidative stress is present, betaine has been demonstrated to
decrease the mRNA expression of HSP70 (150). However, utilizing an
animal model (151), showed that goats supplemented with betaine
and exposed to extended heat stress (42°C, 36 + 2% RH, 6 h per day,
for 16 days) generated noticeably lower amounts of HSP60, HSP70,
and HSP90 than goats not supplemented with betaine (151).
Additionally, through changes in blood chemistry and cellular
metabolism, betaine supplementation may help manage heat stress
indirectly. The findings of Hall et al. (152) revealed that there was an
improvement in the thermotolerance of cattle-fed betaine during the
thermal challenge.

The body typically shows a taurine shortage when under stress
(153). For this reason, adding taurine to the diet is crucial. Taurine has
positive effects on reducing stress, which may lower the amount of
reactive oxygen species and shield mitochondria from oxidative
damage (153). As an animal’s cell-mediated immune response
weakens in summer, glutamine strengthens it (154). Additionally,
glutamine promotes the development of intestinal mucosa, shielding
the intestine from harm under a variety of stressful circumstances
(155). Broilers subjected to cyclic heat stress showed enhanced
immunological response and performance attributes when
supplemented with 100 mg/kg GABA (156).

7.3 Biotic agents

By producing different metabolites to activate the neurological,
endocrine, and immunological systems of hosts, the gut microbiota
plays a crucial role in maintaining host health (157). By suppressing
pathogens, releasing immunomodulatory and bioactive factors and
encouraging the growth of beneficial bacteria, probiotics can restore
the ecological stability of the gut microbiota. This can also improve the
function of the hypothalamic-pituitary-adrenal axis, one of the main
stress  response and through  the

systems, immunity
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TABLE 5 Climate-smart feed additives and supplements.

Climate-smart attributes

Additive/supplement

Bioactive compounds

10.3389/fvets.2025.1507152

Limitations References

Sustainable protein source, rich in
antioxidants (carotenoids, polyphenols)
High production costs: scaling
that neutralize reactive oxygen species Carotenoids, polyphenols, EPA,
Phototrophic algae challenges for large-scale (124-126)
(ROS) and mitigate oxidative damage. DHA
livestock use
Enhances livestock thermal resilience
and reduces environmental impact
Source of antioxidants, beta-glucans,
and ergosterol, supports immune Beta-glucans, ergosterol, Strain-specific responses;
Yeast derivatives (128, 129)
function, reduces oxidative cell damage, antioxidants variable bioavailability
and contributes to better stress resilience
Modulate gut microbiota, improve Strain-specific efficacy, affected
Lactic acid bacteria, Pediococcus, -
Probiotics digestion and immunity, enhance stress Bal by storage and environmental (158, 159)
acillus
resistance and nutrient use factors
Promote beneficial gut microbes,
Galactooligosaccharides (GOS), Limited by diet composition and
Prebiotics enhance gut integrity, improve nutrient (161, 164)
Mannanoligosaccharides environmental factors
absorption
Improve nutrient digestibility and Sensitive to storage and pH
Exogenous enzymes absorption, reduce environmental Phytase, xylanase, cellulase variations; requires careful (241)
nitrogen and phosphorus excretion formulation
Enhance gut health, reduce harmful Reduced efficacy with improper
Organic acids Propionate, acetate, lactate (193)
bacteria, improve feed efficiency application or dosage
Antioxidant, anti-inflammatory,
Effectiveness depends on plant
Phytogenic extracts methane suppression, heat stress Flavonoids, polyphenols, tannins (200, 204)
source and dose
reduction
Enhance gut barrier, modulate immune Emerging research: effects not
Postbiotics SCFAs, polyamines, bacteriocins (181, 185, 242)
response, reduce stress effects fully understood
Maintain water and electrolyte balance
High inclusion rates can disrupt
Electrolytes during heat stress, reduce impact of Sodium, potassium, chloride ions (243)
acid-base balance
climate extremes

microbiota-gut-brain axis or the microbiota-gut-immune axis (158).
The use of probiotics, prebiotics, and synbiotics to modify the gut
microbiota has emerged as a promising biotherapy approach for the
prevention and treatment of a wide range of illnesses, including stress-
related conditions (159).

7.4 Prebiotics

The gut microbiota is crucial for energy control and the stress
response (160). Prebiotics are substances that the host cannot digest,
but can be used to ferment and aid in the reproduction and
metabolism of intestinal probiotics for the benefit of the host’s health
(161). Research has demonstrated that adding dietary GOS
supplements to broiler chickens’ jejunum can reduce the disturbance
of intestinal integrity by averting changes in TJs and AJs (162).
Furthermore, by upregulating occluding mRNA and protein
expression, GOS increase intestinal bifidobacteria in rats and is
important in preventing disturbance of intestinal integrity (163).
Fructooligosaccharide dietary supplements also reduce E. coli and
C. perfringens while increasing the diversity of Lactobacillus in
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chickens’ gut. Mannanoligosaccharides inhibit the attachment or
colonization of harmful bacteria by preventing their binding to
mannan receptors on the mucosal surface, most notably Salmonella
typhimurium (164). Additionally, mannan-oligosaccharides improve
intestinal integrity by raising villus height, goblet cell count,
lactobacilli and bifidobacteria populations, and lowering the amount
of E. coli in chicken ceca (165). In Caco-2 and HT-29 cells, HMO
treated with B. longum infantis enhanced IL-10 expression and
transcription of ZO-1, occludin, and junctional adhesion molecule
(JAM)-A mRNA (166). In vivo studies on hens exposed to heat stress
revealed that adding mannan-oligosaccharides and cello-
oligosaccharides (COS) to the diet helped to lessen the effects of heat
on intestinal morphology and intestinal barrier function (167). By
reducing HS-induced increases in pro-inflammatory cytokines and
decreases in intraepithelial lymphocytes, IgA-secreting plasma cells,
and mucin formation, the probiotic B. licheniformis promotes the GIT
mucosal immunity in broilers subjected to thermal challenge (168).
By boosting mRNA expression, an IgA secretion of the anti-
inflammatory cytokine IL-10, B. subtilis B10 promotes the
development of mucosal immunity in broiler chickens (169). During
a 42-day heat stress phase, oral supplementation of L. acidophilus and
S. cerevisiae probiotics with and without selenium supplementation
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reduced markers of oxidative stress and hepatic inflammation in
rats (170).

7.5 Probiotics

Probiotics have been described as “live microorganisms that are
beneficial to the health of the host at an adequate intake dose” (171).
Probiotics have the ability to modify the composition of intestinal
microbes and prevent harmful bacteria from colonizing the intestines.
They have been shown to have the capacity to aid in the development
of a robust intestinal mucosa protective layer, hence boosting
immunity and strengthening the intestinal barrier (172).

Lactic acid bacteria (LAB), such as Lactobacillus bulgaricus,
Lactobacillus acidophilus, Lactobacillus lactis, Lactobacillus salivarius,
Lactobacillus plantarum, Streptococcus thermophilus, Enterococcus
faecium, E. faecalis, and Bifidobacterium sp., are the bacterial species
now utilized in probiotics (173). Probiotics can also include yeast
(Saccharomyces cerevisiae) and fungus (Aspergillus oryzae) (173).
Multiple mechanisms are involved in their action, including
neutralizing enterotoxins, promoting gut integrity and maturation,
improving growth, preventing inflammation, and modulating the
immune system, metabolism, and oxidative stability in fresh meat
(174). Probiotics have been shown to enhance gut microbial diversity.
To be more precise, Pediococcus pentosaceus had a greater average
SCFA level and Bacillus sp. increased body weight (175).

Heat tolerance is causally correlated with the microbial
community, which includes the microbiota’s population, composition,
and function (176). Heat-stressed mice showed reduced levels of
several probiotics, including L. murinus and segmented filamentous
bacteria (177). It was reported that Bacteroides were greatly decreased,
and Akkermansia was dramatically increased in mice when fecal
microbiota from heat-stressed pigs was transplanted (178). These
findings suggested that a therapeutically beneficial microbiota may
have been added to the heat-stressed animals. Probiotics, prebiotics,
and synbiotics have been utilized to prevent or lessen the deleterious
effects of stress on physiological equilibrium (179). Under hot
temperatures, the gut microbiota can be modulated by probiotic or
postbiotic supplementation. Supplementing with probiotics (Bospro,
Lacto-Sacc)  improved  physiological  state, particularly
thermoregulation, in the summertime (23 to 34°C, relative humidity
65 to 89%) (180). Dietary supplementation with Bacillus subtilis
reduced heat-induced inflammatory reactions via controlling
immunity (78).

7.6 Postbiotics

Postbiotics are soluble metabolic products or byproducts secreted
by living bacteria or released following bacterial lysis. They are widely
used because they contain a variety of signaling molecules that may
have antioxidant, immunomodulatory, and anti-inflammatory
properties (181). Such as probiotics and prebiotics, postbiotics work
in a number of ways to have positive benefits. By preventing the
growth of harmful bacteria and promoting the growth of good
bacteria, they can alter the makeup of the gut microbiota, improve the
operation of the gut barrier, have anti-inflammatory and antioxidant
qualities, and influence the immune system (182). Various constituents
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are present in them, including vitamins, bacteriocins, functional
proteins, peptides, SCFAs, polyamines, inactivated microbial cells, and
other bioactive metabolites (181).

The addition of 0.3% postbiotics, which are made by Lactobacillus
lantarum, improves the gut microbiota by increasing the populations
of Lactobacillus and caecum total bacteria and decreasing those of
Enterobacteriaceae, Salmonella and Escherichia coli (183). It has been
shown that epithelial colorectal adenocarcinoma cells were partially
protected against heat-induced damage to their monolayer integrity
by pretreatment with galacto-oligosaccharides prior to heat stress
exposure (40 to 42°C) for 24 h (184). Furthermore, by increasing
gut-beneficial bacteria, primarily butyrate-producing bacteria, oral
therapy with fermented Saccharomyces cerevisiae prebiotic for fourteen
days prior to heat stress exposure mitigates the negative effects of heat
stress (185). The postbiotic Aspergillus oryzae enhanced energy-use
efficiency, water absorption, and intestinal permeability (186).

7.7 Other biogenic additives

The GIT taxa distribution is significantly altered by early insults
to the microbiota, which have detrimental effects on the host due to
the disruption of stable, selective forces that preserve a homeostatic
equilibrium (187). With overlapping metabolic capacities, the
reticulo-rumen and hindgut contain enormous species-and strain-
level variety (188, 189). The ecological characteristics of the microbiota
are critical to the stability of the reticulo-rumen and hindgut
ecosystems (188).

The functionality and capacity of gut microbiota to use various
substrate groups varies (190). Therefore, greater diversity and richness
of these microbiota promote stability and allow for more effective
utilization of food resources, making them generally advantageous
(191). Therefore, the gut microbiota may be changed into a less
desirable and functional condition due to the losses in richness and
diversity that occur after a high-grain diet and SARA (189).

Organic acids from animal and plant tissues have been
incorporated into livestock feed to improve their performance. It
contains propionate, acetate, lactate, butyrate, fumaric, tannic, and
caprylic acids. These acids are advantageous to birds” gastrointestinal
health and functionality (192). To improve immunity, nutritional
digestibility, growth performance, and avoidance of GIT disorders in
broiler chickens, organic acids have been added to feeds or water (193).

7.8 Phytogenic plant extracts and essential
oils

There are different compounds derived from plants that possess
thermally beneficial functional compounds including antioxidant and
anti-inflammatory properties that help maintain livestock well-being
when facing heat stress. In recent times, there has been an increasing
curiosity about the application of phytogenic feed additives (PFA) (71,
194-199). Plant polyphenols, which comprise phenolic acids,
flavonoids, 1,2-stilbene compounds, and lignins, are polyhydroxy
chemicals that are mostly present in plants’ roots, bark, and leaves
(200). Plant flavonoids are naturally occurring antioxidants that
enhance cellular viability by releasing hydrogen ions and scavenging
oxygen-free radicals by their binding to reactive oxygen species (201).
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Plant polyphenols can boost endogenous antioxidants, including
SOD, CAT, and GSH, in addition to decreasing ROS (202, 203). Plant
extracts, including flavonoids and polyphenols, are commonly utilized
in cattle to improve product quality, boost immunity, reduce heat
stress, and increase feed intake (200). Proanthocyanidins, a polyphenol
found in bearberries and green tea, can donate electrons or hydrogen
atoms and act as an antioxidant (204). Medicinal plants can improve
the pathways leading to mitochondrial activity (205), which can
reduce the synthesis of oxidative stress and boost synthesis and supply
more energy resources (206). Plant extracts primarily use four
mechanisms of action to regulate oxidative stress. First, plant extracts’
antioxidant components can limit pro-oxidative activity by giving
metals hydrogen atoms (207). It is well known that phenols are potent
antioxidants, with some researchers even arguing that their
effectiveness surpasses that of vitamins E and C (208). Second, because
plant extracts such as flavonoids have more hydroxyl groups in their
skeletons, they may be able to deliver more electrons, which could
increase their antioxidant ability (209). Third, by lowering oxygen
concentrations and quenching oxygen, plant extracts can increase the
antioxidant capacity in animal tissues. This prevents the generation of
peroxide while activating antioxidant enzymes (210).

Additional mechanisms of action have been investigated to
address the antioxidant capacity of plant extracts. These mechanisms
include the modification of key proteins’ expression and activity,
interactions with particular proteins essential to intracellular signaling
cascades, effects on epigenetic mechanisms, and alteration of the gut
microbiota (211, 212).

The addition of plant polyphenol extracts from fenugreek,
capsicum and green tea enhanced the intake of dry matter, milk, and
milk with 4% fat-corrected milk; it also decreased vaginal temperature,
enhanced welfare indices, and enhanced the AT with proteins from
the acute phase response and Nrf2-oxidative stress response in dairy
cows under heat stress (213). Phenolic PFAs appears to improve
performance in primiparous sows and lessen oxidative damage
brought on by heat stress (214). Plant flavones, which originate from
the phenylpropane metabolic pathway and are secondary metabolites
of plants, have been shown to alleviate hypertrophic symptoms in
dairy cows (215). Because quercetin has hydroxyl groups and a B-ring
twisting angle, it is a flavonoid with a high capacity for
antioxidants (216).

7.9 Exogenous enzymes

Proteases, phytases and non-starch polysaccharide degrading
enzyme (NSPases) improve digestion, to enhance nutrient utilization
in livestock exposed to heat stress. Animal diets frequently include
supplementation of enzymes, and the physiological effects of these
substances are well established. In order to improve nutrient digestion
and support livestock growth, feed enzymes have been incorporated
into diets on a large scale. It has been shown that the best way for the
livestock industry to lower phosphate excretion in animal waste is to
incorporate microbial phytase into animal feeds. Additionally, it
increases the amino acids availability (217). It has been demonstrated
that adding proteases, phytase, and xylanase to the diets of broiler
chickens and pigs increases their nutritional value by enhancing
nutrient digestibility and growth (217). Furthermore, by lowering the
oxidative stress response and possibly affecting the makeup of the
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mucosal microbiota in the small intestine, these enzymes have shown
a functional advantage (217). Research is currently ongoing to
determine the exact processes underlying their activities.

Catalysts such as protease, xylanase, and phytase aid in the
digestion of proteins, f3-1,4-xylan linkages, and phytic acid. They may
also have benefits for the digestive health and microbiota of chickens
and pigs (217). Based on their intended use, commercial enzymes fall
into three primary categories: Phytase breaks down fiber into smaller
components by targeting phytate molecules, which are generated from
phosphorus (218). Cellulases and beta-glucanases, on the other hand,
target cellulose polysaccharides and NSPs, respectively. Proteases, on
the other hand, work on proteins to improve digestion. In conclusion,
alpha-amylase enzymes function as starch and enhance nutrient
digestion (219). Depending on specific needs, an animal’s diet may
contain a single enzyme or an enzyme cocktail (220). For example,
regular digestive tract enzymes can also be used in conjunction with
the traditional use of xylanase, glucanase, phytase, and, more recently,
multi-carbohydrase preparations (217).

In addition to advantages in the lipid and oxidative profile of meat,
a blend of exogenous enzymes (amylase, protease, cellulase, xylanase,
and beta glucanase) in the individual and combination form in the
feedlot steers diet positively altered nutritional indicators (221). Dairy
cows and beef cattle operate more productively when given exogenous
fibrolytic enzymes; nevertheless, the right combination of cellulases
and xylanases relies on the content of the feed in ruminant diets (222).
It is believed that feeding yeast cultures (YC; Saccharomyces cerevisiae)
and fibrolytic enzymes (cellulases and hemicellulases) made by
bacteria and fungi will improve fiber digestion, raise post rumen
nutrient flow, and stabilize rumen pH (223). This could be beneficial
to cows during heat stress. When xylanase is added to a diet of wheat
co-products from flour milling that include high levels of arabinoxylan
and NSP, it has been shown to increase energy digestibility in pigs
(224). Studies on adding xylanase to broiler chicks have continuously
shown benefits, including decreased digesta viscosity and increased
nutritional digestibility (225). Energy use has been reported to
be enhanced by the phytase enzymes obtained from Aspergillus niger,
Peniophoralycii, Schizosaccharomyces pombe, and Escherichia coli (226).

8 On-farm feed production

By utilizing the socioeconomic and agro-ecological conditions of
the region, semi-arid Southern Africa offers exceptional prospects for
the domestic production of climate-smart animal feeds. Among the
main feed sources are:

o Crop residues: There are abundant drought-tolerant crop residues
in the area, including sorghum, millet, and cowpea, which can
be turned into inexpensive animal feed. Their nutritional value
can be increased by processing techniques as chopping, urea
treatment, or ensiling.

« Forage crops: Because of their high feed quality and resistance to
drought, species such as Leucaena leucocephala, Stylosanthes
spp.» and Cenchrus ciliaris (buffel grass) are suited for cultivation.

o Agro-industrial by-products: These excellent feed materials,
which are in line with the circular economy principles, include
brewer’s spent grains, sunflower meal, cottonseed cake, molasses,
among other by-products from nearby agricultural sectors.
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o Insects and algae: Because of their low resource requirements and
capacity to adapt to local conditions, emerging feed sources such
as spirulina and larvae of Black Soldier Flies hold promise for
scaled production.

The capacity for various farming systems to incorporate different
feed interventions varies:

Smallholder mixed crop-livestock systems: Utilizing crop wastes
and forage crops can help these systems, which are prevalent in
semi-arid areas. Simple technologies such as hay baling and
silage-making can be used by small-scale farmers to preserve
food for dry seasons.

« Commercial livestock operations: To increase feed efficiency and
lower input costs, larger-scale commercial systems can use
hydroponic fodder systems, high-protein concentrates, or
processed by-products.

Pastoral systems: To reduce overgrazing and soil damage,
pastoralists in arid regions can use energy-rich feed blocks or
supplements to keep livestock alive during times when grass
is sparse.

o Agro-pastoral systems: By combining crops that may be used for
both food and feed (such as sorghum and maize), these systems
can optimize resources.

9 Animal genetics and climate-smart
livestock nutrition

Climate change threatens livestock productivity through heat
extremes which overwhelm artificial climate controls and disrupt
animal homeostasis. Heat stress alters the expression of genes which
are involved in the control of metabolism and immune responses,
which may compromise animal performance (227). As heatwaves
increase and intensify, the genetic gains achieved in livestock are
therefore at risk. Epigenetics, nutrigenomics and nutrigenetics present
different solutions which target the genes for stress tolerance
and productivity.

Epigenetics describes heritable changes in gene expression which
occur without altering the DNA sequence, which are triggered by
environmental factors such as temperature and nutrition. It involves
molecular modifications such as DNA methylation and histone

10.3389/fvets.2025.1507152

protein changes which alter how genes are expressed (68). By
identifying specific epigenetic markers, breeders can select animals
which are most equipped to cope with heat stress (228). Nutritional
epigenomics targets these epigenetic mechanisms through the diet.
For example, choline, folate, and betaine can act as methyl donors in
epigenetic medications which alter gene expression to mitigate the
effects of heat stress (228, 229).

Nutrigenomics is about how dietary nutrients influence the
expression of genes which control stress tolerance, metabolism, and
productivity. For example, antioxidants and amino acids such as
methionine are known to regulate genes involved in stress resistance
and metabolic efficiency (230). Additionally, dietary components such
as selenium and omega-3 fatty acids have been shown to boost the
expression of heat shock proteins and antioxidant enzymes. By
targeting specific metabolic pathways, nutrigenomics can be used to
enhance thermal tolerance while maintaining productivity and feed
efficiency (78).

10 Policy interventions

Investments in infrastructure for feed processing and storage,
such as silos and pelletisers, are crucial for a successful integration.
Climate-smart feed solutions should be adopted by farmer
cooperatives and local production should be encouraged by policy
initiatives. In order to increase the ability of smallholder farmers and
pastoralists, extension services are essential.

A supportive policy is therefore crucial for the success of
CSLN. Climate-smart policies should be sensitive to the large
variability in the availability and use of land resources between
regions, countries and land management systems and in socio-
economic conditions, such as wealth, degree of industrialization,
institutions and governance, which affect the capacity to respond to
climate change (231). Being integral to broader CSA interventions,
CSLN may benefit from climate responses such as crop
diversification, yield and nutrient improvements, planted area
expansion and intensification, which, in risking GHG emissions,
conflict with climate change mitigation (232). Therefore, a complex,
livestock nutrition focused, land-energy-water-food-livestock-
environment nexus approach remains critical to managing the
peculiar synergies and trade-offs associated with CSLN interventions
(Table 6).

TABLE 6 A policy framework to support climate-smart livestock nutrition practices.

Policy Action Deliverables References
Provide insurance and financial support to farmers adopting
Financial incentives Adoption of climate-smart feeding practices (1, 10)
climate-smart feeding practices.
Invest in research and development for climate-smart feeding Innovations and continuous improvement in
Research funding (7, 8)
technologies. CSLN
Develop and implement guidelines and rules to reduce GHG Climate-smart livestock practices to meet legal
Regulations on GHG emissions (1,232)
emissions from livestock production systems. emission targets.
Conduct educational programs to inform farmers about the
Awareness campaigns Knowledge and wide-scale behavior change. (10, 13)
benefits of adopting climate-smart livestock nutrition.
Develop climate-smart value chains and
Establish premium markets for sustainably produced livestock
Market incentives economic benefits derived from adopting (10, 25)
products.
sustainable practices.
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11 Conclusion and recommendations

Southern Africas livestock production systems are increasingly
challenged by adverse climate change which exacerbates feed scarcity,
reduces feed quality, and exposes livestock to thermal stress. The
concept of CSLN is a potential solution, whose objectives include
adapting to declining feed availability, enhancing livestock resilience
to heat stress, and minimizing the environmental footprint of livestock
production. The concept of CSLN advocates for alternative, climate-
resilient feed sources. To enhance livestock resilience to heat stress,
CSLN emphasizes dietary strategies that incorporate natural
antioxidants, electrolytes, and polyphenols, which reduce oxidative
stress and improve thermoregulation in animals, minimizing the need
for synthetic additives, which are an option. For environmental
sustainability, precision feeding and the use of circular feed systems
are recommended to reduce greenhouse gas emissions and optimize
the use of land, water, and energy resources.

Sustainability and feed-food competition must be carefully
considered when adopting climate-smart alternative feedstuffs. A
workable alternative is provided by dual-purpose crops and tree
shrubs, which act as ecological enhancers and feed resources. Their
incorporation into agricultural systems could guarantee feed
availability while reducing land degradation and deforestation. To
improve their production and use at scale, further research is
necessary, backed by investments and regulations that serve larger
objectives for environmental preservation and food security.

Analyses of the scope for CSLN supported the following key
recommendations for its success;

Developing climate-resilient feed systems: Investment in research
and development of a broad range of alternative, sustainable feed
sources that are locally adapted to Southern Africa’s semi-arid
conditions is critical. This includes insect meal, climate resilient,
cultivated and wild forage and food crops, agro and other
by-product feedtuffs.

Improving livestock resilience to thermal stress: Feed
formulations which utilize different biotics and phytogenic
additives and incorporate synthetic bioactive compounds such as
antioxidants and electrolytes that enhance the animals’ ability to
cope with heat stress. These strategies should be complemented
by selective feed plant and animal breeding for heat tolerance.

o Promoting environmental sustainability: Policies which
encourage circular feed systems that reduce resource wastage,
lower GHG emissions, and make efficient use of land, water and

energy resources through agro-ecological practices.

Policy and financial incentives: Governments and development
organizations to provide financial incentives and insurance
schemes to encourage farmers to adopt climate-smart feeding

References

1. FAO. (2010). Climate-smart agriculture: Policies, practices and financing for food
security, Adaptation and Mitigation. FAO. Available online at: https://www.fao.org/3/
i1881e/i1881e00.htm

2. Germer LA, Van Middelaar CE, Oosting SJ], Gerber P]. When and where are
livestock climate-smart? A spatial-temporal framework for comparing the climate
change and food security synergies and tradeoffs of sub-Saharan African livestock
systems. Agric Syst. (2023) 210:103717. doi: 10.1016/j.agsy.2023.103717

3. Field CB, Barros V, Stocker TE, Dahe Q, Dokken DJ, Ebi KL, et al. IPCC, 2012:
summary for policymakers. In: S Bhadwal, W Leal and J-P Ypersele. editors. Planning

Frontiers in Veterinary Science

10.3389/fvets.2025.1507152

practices and promote the development of climate-smart feed
and animal product supply chains.

o Research funding: Research directed toward climate-smart
technologies to ensure continuous improvement.

Author contributions

FF: Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review & editing,
Conceptualization. TC: Formal analysis, Funding acquisition,
Investigation, Methodology, Project administration, Resources,
Software, Supervision, Validation, Visualization, Writing - original
draft, Writing - review & editing, Conceptualization. OO:
Conceptualization, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted without any
commercial or financial relationships that could be construed as a
potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

for climate change: A reader in green infrastructure and sustainable Design for Resilient
Cities. London: Routledge (2018). 111-28.

4. Field C. B, Barros V,, Stocker T. E, Dahe Q., Dokken D. J., Ebi K. L And Midgley P.
M. (2018). IPCC, 2012: summary for policymakers: managing the risks of extreme
events and disasters to advance climate change adaptation. In Planning for climate
change (pp. 111-128). London: Routledge.

5. Maluleke JG, Mokwena TG. The impact of climate change on livestock
production in semi-arid southern Africa. J Clim Res. (2017) 44:211-25. doi:
10.3354/cr00891

frontiersin.org


https://doi.org/10.3389/fvets.2025.1507152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.fao.org/3/i1881e/i1881e00.htm
https://www.fao.org/3/i1881e/i1881e00.htm
https://doi.org/10.1016/j.agsy.2023.103717
https://doi.org/10.3354/cr00891

Fushai et al.

6. Maluleke W, Mokwena RJ. The effect of climate change on rural livestock farming:
case study of Giyani policing area, Republic of South Africa. South African ] Agric Exten.
(2017) 45:26-40. doi: 10.17159/2413-3221/2017/v45n1a404

7. Mbow C, Rosenzweig CE, Barioni LG, Benton TG, Herrero M, Krishnapillai M,
et al. Food security (no. GSFC-E-DAA-TN78913). Geneva: IPCC (2020).

8. Henry BK, Eckard RJ, Beauchemin KA. Adaptation of ruminant livestock
production systems to climate changes. Animal. (2018) 12:5445-56. doi: 10.1017/
$1751731118001301

9. Laible G, Wei ], Wagner S. Improving livestock for agriculture-technological
progress from random transgenesis to precision genome editing heralds a new era.
Biotechnol J. (2015) 10:109-20. doi: 10.1002/biot.201400193

10. Thornton P,, Herrero M. (2009). Development and climate change. International
Livestock Research Institute (ILRI) Nairboi, Kenya.

11. Emami NK, Jung U, Voy B, Dridi S. Radical response: effects of heat stress-induced
oxidative stress on lipid metabolism in the avian liver. Antioxidants. (2020) 10:35. doi:
10.3390/antiox10010035

12. Sammad A, Wang Y], Umer S, Lirong H, Khan I, Khan A, et al. Nutritional
physiology and biochemistry of dairy cattle under the influence of heat stress:
consequences and opportunities. Animals. (2020) 10:793. doi: 10.3390/ani10050793

13. Prasad, CS, and Sejian, V. (2015). Climate change impact on livestock sector:
visioning 2025. In: V Sejian, ] Gaughan, L Baumgard and C Prasad. editors. Climate
Change Impact on Livestock: Adaptation and Mitigation. New Delhi: Springer.

14. Mapiye O, Chikwanha OC, Makombe G, Dzama K, Mapiye C. Livelihood, food
and nutrition security in southern Africa: what role do indigenous cattle genetic
resources play? Diversity. (2020) 12:74. doi: 10.3390/d12020074

15. Godde C, Mason-D’Croz D, Mayberry D, Thornton P, Herrero M. Impacts of
climate change on the livestock food supply chain; a review of the evidence. Glob Food
Sec. (2021) 28:100488. doi: 10.1016/.gfs.2020.100488

16. Erekalo KT, Pedersen SM, Christensen T, Denver S, Gemtou M, Fountas S, et al.
Review on the contribution of farming practices and technologies towards climate-smart
agricultural outcomes in a European context. Smart Agric Technol. (2024) 7:100413. doi:
10.1016/j.atech.2024.100413

17. Huis A. V., Itterbeeck J. V., Klunder H., Mertens E., Halloran A., Muir G., et al.
(2013). Edible insects: Future prospects for food and feed security. Food and Agriculture
Organization of the United nations (FAO).

18. Makkar HP, Tran G, Heuzé V, Ankers P. State-of-the-art on use of insects as animal
feed. Anim Feed Sci Technol. (2014) 197:1-33. doi: 10.1016/j.anifeedsci.2014.07.008

19. Pinti DL. Composition of the Earth's Atmosphere. Encyclopedia of Geology.
(2020):187-97. doi: 10.1016/B978-0-08-102908-4.00054-0

20. An I Special report on the impacts of global warming of 1.5 C above pre-industrial
levels and related global greenhouse gas emission pathways, in the context of
strengthening the global response to the threat of climate change. Sustain Dev Efforts
Eradicate Poverty. (2018) 32

21. Sekaran U, Lai L, Ussiri DA, Kumar S, Clay S. Role of integrated crop-livestock
systems in improving agriculture production and addressing food security-a review. J
Agric Food Res. (2021) 5:100190. doi: 10.1016/j.jafr.2021.100190

22. Wolf ], Woolf D, Bricheno L. Impacts of climate change on storms and waves
relevant to the coastal and marine environment around the UK. MCCIP Sci Rev.
(2020):132-57. doi: 10.14465/2020.arc07.saw

23. Herrero M, Henderson B, Havlik P, Thornton PK, Conant RT, Smith P, et al.
Greenhouse gas mitigation potentials in the livestock sector. Nat Clim Chang. (2016)
6:452-61. doi: 10.1038/nclimate2925

24. Graham MW, Butterbach-Bahl K, Du Toit CL, Korir D, Leitner S, Merbold L, et al.
Research progress on greenhouse gas emissions from livestock in sub-Saharan Africa
falls short of national inventory ambitions. Front Soil Sci. (2022) 2:927452. doi: 10.3389/
£50il.2022.927452

25. FAO. Climate-smart livestock production. A Practical Guide for Asia and the
Pacific Region. Bangkok: FAO (2021).

26.Bugan R, Garcia C, Luis J, Nebo T, Ingrid TM, Dzikiti S. Estimating
evapotranspiration in a semi-arid catchment: a comparison of hydrological modelling
and remote-sensing approaches. Water SA. (2020) 46:158-70. doi: 10.17159/wsa/2020.
v46.i2.8231

27.Vohland K, Barry B. A review of in situ rainwater harvesting (RWH) practices
modifying landscape functions in African drylands. Agric Ecosyst Environ. (2009)
131:119-27. doi: 10.1016/j.agee.2009.01.010

28. Fazel-Rastgar F, Sivakumar VA. Case study on more recent heat wave occurred in
South Africa, based on background weather synoptic and dynamic characteristics
analysis. Bull Atmos Sci Technol. (2024) 5:5. doi: 10.1007/s42865-024-00068-9

29.James R, Washington R. Changes in African temperature and precipitation
associated with degrees of global warming. Climate Change. (2012) 117:859-72. doi:
10.1007/s10584-012-0581-7

30. Uyanga VA, Musa TH, Oke OE, Zhao ], Wang X, Jiao H, et al. Global trends and
research frontiers on heat stress in poultry from 2000 to 2021: a bibliometric analysis.
Front Physiol. (2023) 14:1123582. doi: 10.3389/fphys.2023.1123582

Frontiers in Veterinary Science

17

10.3389/fvets.2025.1507152

31. Shongwe ME, Van Oldenborgh GJ, Van den Hurk B, Van Aalst M. Projected
changes in mean and extreme precipitation in Africa under global warming. Part II: East
Africa. ] Climatol. (2011) 24:3718-33. doi: 10.1175/2010jcli2883.1

32. Garnett T. Livestock-related greenhouse gas emissions: Impacts and options for
policy makers. Environ Sci Policy. (2009) 12:491-503. doi: 10.1016/j.envsci.2009.01.006

33.0ke O, Uyanga V, Iyasere O, Oke F, Majekodunmi B, Logunleko M, et al.
Environmental stress and livestock productivity in hot-humid tropics: alleviation and
future perspectives. ] Therm Biol. (2021) 100:103077. doi: 10.1016/j.jtherbio.2021.103077

34. Onagbesan OM, Uyanga VA, Oso O, Tona K, Oke OE. Alleviating heat stress
effects in poultry: updates on methods and mechanisms of actions. Front Vet Sci. (2023)
10:1255520. doi: 10.3389/fvets.2023.1255520

35. West J. Effects of heat-stress on production in dairy cattle. ] Dairy Sci. (2003)
86:2131-44. doi: 10.3168/jds.S0022-0302(03)73803-X

36. Chauhan SS, Rashamol VP, Bagath M, Sejian V, Dunshea FR. Impacts of heat stress
on immune responses and oxidative stress in farm animals and nutritional strategies for
amelioration. Int ] Biometeorol. (2021) 65:1231-44. doi: 10.1007/s00484-021-02083-3

37. Villalba JJ, Manteca X, Vercoe PE, Maloney SK, Blache D. Integrating nutrition
and animal welfare in extensive systems. Nutr Welfare Farm Anim. (2016) 16:135-63.
doi: 10.1007/978-3-319-27356-3_7

38. Barzegar S, Wu B, Choct M, Swick RA. Factors affecting energy metabolism and
evaluating net energy of poultry feed. Poultry Science. (2019) 99:487. doi: 10.3382/
ps/pez554

39. Collier RJ, Baumgard LH, Lock AL, Bauman DE. Physiological limitations,
nutrient partitioning In: R Sylvester-Bradley and ] Wiseman, editors. Yield of farmed
species. Constraints and opportunities in the 21st century. Nottingham, UK: Nottingham
University Press, (2005) 351-77.

40. Shwartz G, Rhoads ML, Vanbaale MJ, Rhoads RP, Baumgard LH. Wartz. J Dairy
Sci. (2009) 92:935-42. doi: 10.3168/jds.2008-1496

41. Horowitz M. Heat acclimation: phenotypic plasticity and cues to the underlying
molecular mechanisms. | Therm Biol. (2001) 26:357-63. doi: 10.1016/
S0306-4565(01)00044-4

42.1i G, Ali IS, Currie RW. Insulin induces myocardial protection and Hsp70
localization to plasma membranes in rat hearts. Am J Phys Heart Circ Phys. (2006)
291:H1709-21.

43, Pearce S, Gabler N, Ross ], Escobar ], Patience ], Rhoads R, et al. The effects of heat
stress and plane of nutrition on metabolism in growing pigs. ] Anim Sci. (2013)
91:2108-18. doi: 10.2527/jas.2012-5738

44. Sanz Fernandez MV, Stoakes SK, Abuajamieh M, Seibert JT, Johnson JS, Horst EA,
et al. Heat stress increases insulin sensitivity in pigs. Physiol Rep. (2015) 3:¢12478. doi:
10.14814/phy2.12478

45. Stephens MAC, Wand G. Stress and the HPA axis: role of glucocorticoids in
alcohol dependence. Alcohol Res. (2012) 34:468-83.

46. Godoy LD, Rossignoli MT, Delfino-Pereira P, Garcia-Cairasco N, De Lima
Umeoka EH. A comprehensive overview on stress neurobiology: basic concepts and
clinical implications. Front Behay Neurosci. (2018) 12:127. doi: 10.3389/fnbeh.2018.00127

47.James KA, Stromin JI, Steenkamp N, Combrinck MI. Understanding the
relationships between physiological and psychosocial stress, cortisol and cognition.
Front Endocrinol. (2023) 14:1085950. doi: 10.3389/fendo.2023.1085950

48. Beede D, Collier R. Potential nutritional strategies for intensively managed cattle
during thermal stress. ] Anim Sci. (1986) 62:543-54. doi: 10.2527/jas1986.622543x

49. Weitzel JM, Viergutz T, Albrecht D, Bruckmaier R, Schmicke M, Tuchscherer A,
et al. Hepatic thyroid signaling of heat-stressed late pregnant and early lactating cows. J
Endocrinol. (2017) 234:129-41. doi: 10.1530/JOE-17-0066

50. Lin H, Decuypere E, Buyse J. Acute heat stress induces oxidative stress in broiler
chickens. Comp Biochem Physiol A Mol Integr Physiol. (2006) 144:11-7. doi: 10.1016/j.
cbpa.2006.01.032

51. Yousef MK, Johnson HD. Blood thyroxine degradation rate of cattle as influenced
by temperature and feed intake. Life Sci. (1966) 5:1349-63. doi:
10.1016/0024-3205(66)90110-X

52.Farag MR, Alagawany M. Physiological alterations of poultry to the high
environmental temperature. | Therm Biol. (2018) 76:101-6. doi: 10.1016/j.
jtherbio.2018.07.012

53. Alvarez B, Johnson HD. Effects of environmental temperature on the plasma
cortisol concentration in the dairy cow. J Dairy Sci. (1973) 56:805-11. doi: 10.3168/jds.
$0022-0302(73)85253-1

54. Sejian V, Srivastava RS. Effects of melatonin on adrenal cortical functions of Indian
goats under thermal stress. Vet Med Int. (2010) 2010:348919

55.Rashamol VP, Sejian V, Bagath M, Krishnan G, Archana PR, Bhatta R.
Physiological adaptability of livestock to heat stress: an updated review. ] Anim Behav
Biometeorol. (2020) 6:62-71. doi: 10.31893/2318-1265jabb.v6n3p62-71

56. Riedel, W, and Maulik, G. (1999). Fever: An integrated response of the central
nervous system to oxidative stress. In: DK Das. editors. Stress Adaptation, Prophylaxis
and Treatment. Boston, MA: Molecular and Cellular Biochemistry, Springer. 32.

frontiersin.org


https://doi.org/10.3389/fvets.2025.1507152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.17159/2413-3221/2017/v45n1a404
https://doi.org/10.1017/S1751731118001301
https://doi.org/10.1017/S1751731118001301
https://doi.org/10.1002/biot.201400193
https://doi.org/10.3390/antiox10010035
https://doi.org/10.3390/ani10050793
https://doi.org/10.3390/d12020074
https://doi.org/10.1016/j.gfs.2020.100488
https://doi.org/10.1016/j.atech.2024.100413
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1016/B978-0-08-102908-4.00054-0
https://doi.org/10.1016/j.jafr.2021.100190
https://doi.org/10.14465/2020.arc07.saw
https://doi.org/10.1038/nclimate2925
https://doi.org/10.3389/fsoil.2022.927452
https://doi.org/10.3389/fsoil.2022.927452
https://doi.org/10.17159/wsa/2020.v46.i2.8231
https://doi.org/10.17159/wsa/2020.v46.i2.8231
https://doi.org/10.1016/j.agee.2009.01.010
https://doi.org/10.1007/s42865-024-00068-9
https://doi.org/10.1007/s10584-012-0581-7
https://doi.org/10.3389/fphys.2023.1123582
https://doi.org/10.1175/2010jcli2883.1
https://doi.org/10.1016/j.envsci.2009.01.006
https://doi.org/10.1016/j.jtherbio.2021.103077
https://doi.org/10.3389/fvets.2023.1255520
https://doi.org/10.3168/jds.S0022-0302(03)73803-X
https://doi.org/10.1007/s00484-021-02083-3
https://doi.org/10.1007/978-3-319-27356-3_7
https://doi.org/10.3382/ps/pez554
https://doi.org/10.3382/ps/pez554
https://doi.org/10.3168/jds.2008-1496
https://doi.org/10.1016/S0306-4565(01)00044-4
https://doi.org/10.1016/S0306-4565(01)00044-4
https://doi.org/10.2527/jas.2012-5738
https://doi.org/10.14814/phy2.12478
https://doi.org/10.3389/fnbeh.2018.00127
https://doi.org/10.3389/fendo.2023.1085950
https://doi.org/10.2527/jas1986.622543x
https://doi.org/10.1530/JOE-17-0066
https://doi.org/10.1016/j.cbpa.2006.01.032
https://doi.org/10.1016/j.cbpa.2006.01.032
https://doi.org/10.1016/0024-3205(66)90110-X
https://doi.org/10.1016/j.jtherbio.2018.07.012
https://doi.org/10.1016/j.jtherbio.2018.07.012
https://doi.org/10.3168/jds.S0022-0302(73)85253-1
https://doi.org/10.3168/jds.S0022-0302(73)85253-1
https://doi.org/10.31893/2318-1265jabb.v6n3p62-71

Fushai et al.

57. Alvarez M, Johnson H. Environmental heat exposure on cattle plasma
catecholamine and glucocorticoids. J Dairy Sci. (1973) 56:189-94. doi: 10.3168/jds.
$0022-0302(73)85145-8

58. Ronchi B, Stradaioli G, Supplizi AV, Bernabucci U, Lacetera N, Accorsi P, et al.
Influence of heat stress or feed restriction on plasma progesterone, oestradiol-17, LH,
FSH, prolactin and cortisol in Holstein heifers. Livest Prod Sci. (2001) 68:231-41. doi:
10.1016/S0301-6226(00)00232-3

59. Belhadj Slimen I, Najar T, Ghram A, Abdrrabba M. Heat stress effects on livestock:
molecular, cellular and metabolic aspects, a review. ] Anim Physiol Anim Nutr. (2016)
100:401-12. doi: 10.1111/jpn.12379

60. Pritchett EM, Van Goor A, Schneider BK, Young M, Lamont SJ, Schmidt CJ.
Chicken pituitary transcriptomic responses to acute heat stress. Mol Biol Rep. (2023)
50:5233-46. doi: 10.1007/s11033-023-08464-8

61. Han D, Williams E, Cadenas E. Mitochondrial respiratory chain-dependent
generation of superoxide anion and its release into the intermembrane space. Biochem
J.(2001) 353:411-6. doi: 10.1042/bj3530411

62. Oke OE, Akosile OA, Oni AI, Opowoye IO, Ishola CA, Adebiyi JO, et al. Oxidative
stress in poultry production. Poult Sci. (2024) 103:104003. doi: 10.1016/j.psj.2024.104003

63. Winston GW, Moore MN, Kirchin MA, Soverchia C. Production of reactive
oxygen species by hemocytes from the marine mussel, Mytilus edulis: lysosomal
localization and effect of xenobiotics. Comp Biochem Physiol C: Pharmacol Toxicol
Endocrinol. (1996) 113:221-9.

64. Indo HP, Yen H-C, Nakanishi I, Matsumoto K-I, Tamura M, Nagano Y, et al. A
mitochondrial superoxide theory for oxidative stress diseases and aging. J Clin Biochem
Nutr. (2015) 56:1-7. doi: 10.3164/jcbn.14-42

65. Gething M-]J, Sambrook J. Protein folding in the cell. Nature. (1992) 355:33-45.
doi: 10.1038/355033a0

66. Kregel KC. Heat shock proteins: modifying factors in physiological stress responses
and acquired thermotolerance. J Appl Physiol. (2002) 92:2177-86. doi: 10.1152/
japplphysiol.01267.2001

67. Morimoto R. I. The heat shock response: Systems biology of proteotoxic stress in
aging and disease. Cold Spring Harbor symposia on quantitative biology. (2011). Long
Island, NY: Cold Spring Harbor Laboratory Press, 91-99.

68. Sejian V, Bhatta R, Gaughan J, Dunshea F, Lacetera N. Adaptation of animals to
heat stress. Animal. (2018) 12:5431-44. doi: 10.1017/S1751731118001945

69. Daramola J, Abioja M, Iyasere O, Oke O, Majekodunmi B, Logunleko M, et al. The
resilience of dwarf goats to environmental stress: a review. Small Rumin Res. (2021)
205:106534. doi: 10.1016/j.smallrumres.2021.106534

70. Oke O. Evaluation of physiological response and performance by supplementation
of Curcuma longa in broiler feed under hot humid tropical climate. Trop Anim Health
Prod. (2018) 50:1071-7. doi: 10.1007/s11250-018-1532-8

71. Oni Al Abiona JA, Fafiolu AO, Oke OE. Early-age thermal manipulation and
supplemental antioxidants on physiological, biochemical and productive performance
of broiler chickens in hot-tropical environments. Stress. (2024) 27:2319803. doi:
10.1080/10253890.2024.2319803

72.Soleimani A, Zulkifli I, Omar A, Raha A. Physiological responses of 3 chicken
breeds to acute heat stress. Poult Sci. (2011) 90:1435-40. doi: 10.3382/ps.2011-01381

73. Pisoschi AM, Pop A. The role of antioxidants in the chemistry of oxidative stress:
a review. Eur ] Med Chem. (2015) 97:55-74. doi: 10.1016/j.ejmech.2015.04.040

74.Jiang T, Sun Q, Chen S. Oxidative stress: a major pathogenesis and potential
therapeutic target of antioxidative agents in Parkinson’s disease and Alzheimer’s disease.
Prog Neurobiol. (2016) 147:1-19. doi: 10.1016/j.pneurobio.2016.07.005

75.0ni Al, Adeleye OO, Adebowale TO, Oke OE. The role of phytogenic feed
additives in stress mitigation in broiler chickens. J Anim Physiol Anim Nutr. (2024)
108:81-98. doi: 10.1111/jpn.13869

76. Zhao X, Yang Z, Yang W, Wang Y, Jiang S, Zhang G. Effects of ginger root (Zingiber

officinale) on laying performance and antioxidant status of laying hens and on dietary
oxidation stability. Poult Sci. (2011) 90:1720-7. doi: 10.3382/ps.2010-01280

77. Mates J. Effects of antioxidant enzymes in the molecular control of reactive oxygen
species toxicology. Toxicology. (2000) 153:83-104. doi: 10.1016/S0300-483X(00)00306- 1

78. Wang Y, Branicky R, Noé A, Hekimi S. Superoxide dismutases: dual roles in

controlling ROS damage and regulating ROS signaling. J Cell Biol. (2018) 217:1915-28.
doi: 10.1083/jcb.201708007

79. Hernandez-Saavedra, D, Swain, K, Tuder, R, Petersen, SV, and Nozik-Grayck, E.
Redox Regulation of the Superoxide Dismutases SOD3 and SOD?2 in the Pulmonary
Circulation. Adv Exp Med Biol. (2017) 967:57-70. doi: 10.1007/978-3-319-63245-2_5

80.Sharma H, Singh D, Mahant A, Sohal SK, Kesavan AK. Development of
mitochondrial replacement therapy: A review. Heliyon. (2020) 6:e04643. doi: 10.1016/j.
heliyon.2020.e04643

81. Pourbagher-Shahri AM, Farkhondeh T, Ashrafizadeh M, Talebi M, Samargahndian
S. Curcumin and cardiovascular diseases: focus on cellular targets and cascades. Biomed
Pharmacother. (2021) 136:111214. doi: 10.1016/j.biopha.2020.111214

82.Ren BC, Zhang YE, Liu SS, Cheng XJ, Yang X, Cui XG, et al. Curcumin alleviates
oxidative stress and inhibits apoptosis in diabetic cardiomyopathy via Sirt1-Foxol and

Frontiers in Veterinary Science

10.3389/fvets.2025.1507152

PI3K-Akt signalling pathways. J Cell Mol Med. (2020) 24:12355-67. doi: 10.1111/
jemm.15725

83.Yu L-J, Zhang K-J], Zhu J-Z, Zheng Q, Bao X-Y, Thapa S, et al. Salvianolic acid
exerts cardioprotection through promoting angiogenesis in animal models of acute
myocardial infarction: preclinical evidence. Oxidative Med Cell Longev. (2017)
2017:8192383. doi: 10.1155/2017/8192383

84.Kim H, Kim H, Seong P, Arora D, Shin D, Park W; et al. Transcriptomic response
under heat stress in chickens revealed the regulation of genes and alteration of
metabolism to maintain homeostasis. Animals. (2021) 11:2241. doi: 10.3390/
anil1082241

85. Elayadeth-Meethal M, Tiambo CK, Naseef PP, Kuruniyan MS, Maloney SK. The
profile of HSPA1A gene expression and its association with heat tolerance in crossbred
cattle and the tropically adapted dwarf Vechur and Kasaragod. ] Therm Biol. (2023)
111:103426. doi: 10.1016/j.jtherbio.2022.103426

86. Collier R, Collier J, Rhoads R, Baumgard L. Invited review: genes involved in the
bovine heat stress response. J Dairy Sci. (2008) 91:445-54. doi: 10.3168/jds.2007-0540

87.Yan Q, Liu S, Sun Y, Chen C, Yang S, Lin M, et al. Targeting oxidative stress as a
preventive and therapeutic approach for cardiovascular disease. J Transl Med. (2023)
21:519. doi: 10.1186/512967-023-04361-7

88. Vlaicu PA, Panaite TD, Turcu RP. Enriching laying hens eggs by feeding diets with
different fatty acid composition and antioxidants. Sci. Rep. (2021) 11:20707.

89. Kumar, N, Kumar, A, Jeena, N, Singh, R, and Singh, H. (2020). Factors Influencing
Soil Ecosystem and Agricultural Productivity at Higher Altitudes. In: R Goel, R Soni and
D Suyal. editors. Microbiological Advancements for Higher Altitude Agro-Ecosystems and
Sustainability. Springer, Singapore: Rhizosphere Biology.

90. Cakmakg1 S, Polatoglu B, Cakmak¢1 R. Foods of the Future: Challenges,
Opportunities, Trends, and Expectations. Foods. (2023) 13:2663. doi: 10.3390/
foods13172663

91. Rezaee N, Fernando WB, Hone E, Sohrabi HR, Johnson SK, Gunzburg S, et al.
Potential of Sorghum polyphenols to prevent and treat Alzheimer’s disease: a review
article. Front Aging Neurosci. (2021) 13:729949. doi: 10.3389/fnagi.2021.729949

92.Lee S, Choi Y, Shin M, Yoon H, Wang X, Lee Y, et al. Exploring the potentials of
sorghum genotypes: A comprehensive study on nutritional qualities, functional
metabolites, and antioxidant capacities. Front Nutr. (2023) 10:1238729. doi: 10.3389/
fnut.2023.1238729

93. Nambiar VS, Sareen N, Daniel M, Gallego EB. Flavonoids and phenolic acids from
pearl millet (Pennisetum glaucum) based foods and their functional implications. Funct
Foods Health Dis. (2012) 2:251-64. doi: 10.31989/fthd.v2i7.85

94. Boukar O, Amao JA, Fatokun CA. Cowpea (Vigna unguiculata) as an alternative
protein source for livestock. Afr J Agric Res. (2015) 10:2662-7. doi: 10.5897/
AJAR2015.9522

95. Frota KDMG, Lopes LAR, Silva ICV, Aréas JAG. Nutritional quality of the protein
of Vigna unguiculata L. Walp and its protein isolate. Rev Ciénc Agron. (2017) 48:792-8.
doi: 10.5935/1806-6690.20170092

96. Gongalves A, Goufo P, Barros A, Dominguez-Perles R, Trindade H, Rosa EA, et al.
Cowpea (Vigna unguiculata L. Walp), a renewed multipurpose crop for a more
sustainable Agri-food system: nutritional advantages and constraints. J Sci Food Agric.
(2016) 96:2941-51. doi: 10.1002/jsfa.7644

97.Omotayo AO, Aremu AO. Marama bean [Tylosema esculentum (Burch.) a.
Schreib.]: an indigenous plant with potential for food, nutrition, and economic
sustainability. Food Funct. (2021) 12:2389-403. doi: 10.1039/DOFO01937B

98. Morgan NK, Choct M. Cassava: nutrient composition and nutritive value in
poultry diets. Anim Nutr. (2016) 2:253-61. doi: 10.1016/j.aninu.2016.08.010

99. Changa EP, Abdallh ME, Ahiwe EU, Mbaga S, Zhu ZY, Fru-Nji E et al. Replacement
value of cassava for maize in broiler chicken diets supplemented with enzymes. Asian
Australas ] Anim Sci. (2020) 33:1126. doi: 10.5713/ajas.19.0263

100. Nsa E, Ukoha O, Agida C. Bio-economics of feeding cassava root meal based
diets to broiler finisher chickens. Niger ] Anim Prod. (2019) 46:110-6.

101. Dzowela B, Hove L, Maasdorp B, Mafongoya P. Recent work on the establishment,
production and utilization of multipurpose trees as a feed resource in Zimbabwe. Anim
Feed Sci Technol. (1997) 69:1-15. doi: 10.1016/S0377-8401(97)81618-5

102. Mupangwa, J, Lutaaya, E, Shipandeni, MNT, Kahumba, A, Charamba, V, and
Shiningavamwe, KL. (2023). Utilising Encroacher Bush in Animal Feeding. In: M
Fanadzo, N Dunjana, HA Mupambwa and E Dube. editors. Towards Sustainable Food
Production in Africa. Sustainability Sciences in Asia and Africa. Singapore: Springer.

103. Makkar HP. Effects and fate of tannins in ruminant animals, adaptation to
tannins, and strategies to overcome detrimental effects of feeding tannin-rich feeds.
Small Rumin Res. (2003) 49:241-56. doi: 10.1016/S0921-4488(03)00142-1

104. Min B, Barry T, Attwood G, Mcnabb W. The effect of condensed tannins on the
nutrition and health of ruminants fed fresh temperate forages: a review. Anim Feed Sci
Technol. (2003) 106:3-19. doi: 10.1016/S0377-8401(03)00041-5

105. Hlongwani E, Hal PHV, Moganedi KL, Dlamini BC. The future of African wild
fruits—a drive towards responsible production and consumption of the Marula fruit.
Front Sustain Food Syst. (2023) 7:1294437. doi: 10.3389/fsufs.2023.1294437

frontiersin.org


https://doi.org/10.3389/fvets.2025.1507152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3168/jds.S0022-0302(73)85145-8
https://doi.org/10.3168/jds.S0022-0302(73)85145-8
https://doi.org/10.1016/S0301-6226(00)00232-3
https://doi.org/10.1111/jpn.12379
https://doi.org/10.1007/s11033-023-08464-8
https://doi.org/10.1042/bj3530411
https://doi.org/10.1016/j.psj.2024.104003
https://doi.org/10.3164/jcbn.14-42
https://doi.org/10.1038/355033a0
https://doi.org/10.1152/japplphysiol.01267.2001
https://doi.org/10.1152/japplphysiol.01267.2001
https://doi.org/10.1017/S1751731118001945
https://doi.org/10.1016/j.smallrumres.2021.106534
https://doi.org/10.1007/s11250-018-1532-8
https://doi.org/10.1080/10253890.2024.2319803
https://doi.org/10.3382/ps.2011-01381
https://doi.org/10.1016/j.ejmech.2015.04.040
https://doi.org/10.1016/j.pneurobio.2016.07.005
https://doi.org/10.1111/jpn.13869
https://doi.org/10.3382/ps.2010-01280
https://doi.org/10.1016/S0300-483X(00)00306-1
https://doi.org/10.1083/jcb.201708007
https://doi.org/10.1007/978-3-319-63245-2_5
https://doi.org/10.1016/j.heliyon.2020.e04643
https://doi.org/10.1016/j.heliyon.2020.e04643
https://doi.org/10.1016/j.biopha.2020.111214
https://doi.org/10.1111/jcmm.15725
https://doi.org/10.1111/jcmm.15725
https://doi.org/10.1155/2017/8192383
https://doi.org/10.3390/ani11082241
https://doi.org/10.3390/ani11082241
https://doi.org/10.1016/j.jtherbio.2022.103426
https://doi.org/10.3168/jds.2007-0540
https://doi.org/10.1186/s12967-023-04361-7
https://doi.org/10.3390/foods13172663
https://doi.org/10.3390/foods13172663
https://doi.org/10.3389/fnagi.2021.729949
https://doi.org/10.3389/fnut.2023.1238729
https://doi.org/10.3389/fnut.2023.1238729
https://doi.org/10.31989/ffhd.v2i7.85
https://doi.org/10.5897/AJAR2015.9522
https://doi.org/10.5897/AJAR2015.9522
https://doi.org/10.5935/1806-6690.20170092
https://doi.org/10.1002/jsfa.7644
https://doi.org/10.1039/D0FO01937B
https://doi.org/10.1016/j.aninu.2016.08.010
https://doi.org/10.5713/ajas.19.0263
https://doi.org/10.1016/S0377-8401(97)81618-5
https://doi.org/10.1016/S0921-4488(03)00142-1
https://doi.org/10.1016/S0377-8401(03)00041-5
https://doi.org/10.3389/fsufs.2023.1294437

Fushai et al.

106. Oude Elferink SJ, Krooneman J, Gottschal JC, Spoelstra SE, Faber F, Driehuis F.
Anaerobic conversion of lactic acid to acetic acid and 1, 2-propanediol by Lactobacillus
buchneri.  Appl  Environ  Microbiol. ~ (2001)  67:125-32.  doi:  10.1128/
AEM.67.1.125-132.2001

107. Jinga P, Zingoni E, Bobo ED, Munosiyei P. Marula (Sclerocarya birrea subsp.
caffra, Anacardiaceae) thrives under climate change in sub-Saharan Africa. Afr J Ecol.
(2022) 60:736-49. doi: 10.1111/aje.12943

108. Acheampong-Boateng O, Bakare AG, Nkosi DB, Mbatha KR. Effects of different
dietary inclusion levels of macadamia oil cake on growth performance and carcass
characteristics in South African mutton merino lambs. Trop Anim Health Prod. (2017)
49:733-8. doi: 10.1007/s11250-017-1250-7

109. Acheampong-Boateng O, Mikasi M, Benyi K, Amey A. Growth performance and
carcass characteristics of feedlot cattle fed different levels of macadamia oil cake. Trop
Anim Health Prod. (2008) 40:175-9. doi: 10.1007/s11250-007-9076-3

110. Jha R, Fouhse JM, Tiwari UP, Li L, Willing BP. Dietary fiber and intestinal health
of monogastric animals. Front Vet Sci. (2019) 6:48. doi: 10.3389/fvets.2019.00048

111. Akande T, Odunsi A, Akinfala E. A review of nutritional and toxicological
implications of castor bean (Ricinus communis L.) meal in animal feeding systems. J
Anim Physiol Anim Nutr. (2016) 100:201-10. doi: 10.1111/jpn.12360

112. De Barros CR, Ferreira LMM, Fraga I, Mourdo JL, Rodrigues MAM.
Detoxification methods of Jatropha curcas seed cake and its potential utilization as
animal feed. Fermentation. (2024) 10:256. doi: 10.3390/fermentation10050256

113. Rambau M, Fushai F, Baloyi J. Productivity, chemical composition and ruminal
degradability of irrigated Napier grass leaves harvested at three stages of maturity. South
African ] Anim Sci. (2016) 46:398-408. doi: 10.4314/sajas.v46i4.8

114. Moshobane MC, Olowoyo JO, Middleton L. The influence of Opuntia ficus-indica
on human livelihoods in southern Africa. Plants People Planet. (2022) 4:451-62. doi:
10.1002/ppp3.10278

115. Borchani M, Yaich H, Abbés F, Blecker C, Besbes S, Attia H, et al. Physicochemical,
functional and antioxidant properties of the major protein fractions extracted from
prickly pear (Opuntia ficus indica L.) seed cake. Waste Biomass Valorizat. (2021)
12:1749-60. doi: 10.1007/s12649-020-01111-4

116. Todaro M, Alabiso M, Di Grigoli A, Scatassa ML, Cardamone C, Mancuso I, et al.
Prickly pear by-product in the feeding of livestock ruminants: preliminary investigation.
Animals. (2020) 10:949. doi: 10.3390/ani10060949

117. Maniaci G, Ponte M, Giosu¢ C, Gannuscio R, Pipi M, Gaglio R, et al. Cladodes
of Opuntia ficus-indica (L.) as a source of bioactive compounds in dairy products. J
Dairy Sci. (2024) 107:1887-902. doi: 10.3168/jds.2023-23847

118. El-Safy FS, Salem RH, Abd El-Ghany M. Chemical and nutritional evaluation of
different seed flours as novel sources of protein. World J Dairy Food Sci. (2012) 7:59-65.
doi: 10.5829/idosi.wjdfs.2012.7.1.61215

119. Reda TH, Atsbha MK. Nutritional composition, antinutritional factors,
antioxidant activities, functional properties, and sensory evaluation of cactus pear
(Opuntia ficus-indica) seeds grown in Tigray region. Ethiopia Int ] Food Sci. (2019)
2019:5697052. doi: 10.1155/2019/5697052

120. Patterson P, Acar N, Ferguson A, Trimble L, Sciubba H, Koutsos E. The impact
of dietary black soldier Fly larvae oil and meal on laying hen performance and egg
quality. Poult Sci. (2021) 100:101272. doi: 10.1016/j.psj.2021.101272

121. Van Huis A, Oonincx DG. The environmental sustainability of insects as
food and feed. A review. Agron Sustain Dev. (2017) 37:1-14. doi: 10.1007/s13593-
017-0452-8

122. Makkar H. Feed demand landscape and implications of food-not feed strategy
for food security and climate change. Animal. (2018) 27:1744-54.

123. Lee J, Kim Y-M, Park Y-K, Yang Y-C, Jung B-G, Lee B-]. Black soldier fly
(Hermetia illucens) larvae enhances immune activities and increases survivability of
broiler chicks against experimental infection of Salmonella Gallinarum. J Vet Med Sci.
(2018) 80:736-40. doi: 10.1292/jvms.17-0236

124. Bature A, Melville L, Rahman KM, Aulak P. Microalgae as feed ingredients and
a potential source of competitive advantage in livestock production: a review. Livest Sci.
(2022) 259:104907. doi: 10.1016/j.livsci.2022.104907

125. Mavrommatis A, Tsiplakou E, Zerva A, Pantiora PD, Georgakis ND, Tsintzou GP,
et al. Microalgae as a sustainable source of antioxidants in animal nutrition, health and
livestock development. Antioxidants. (2023) 12:1882. doi: 10.3390/antiox12101882

126. Valente L. M., Cabrita A. R, Maia M. R,, Valente I. M., Engrola S., Fonseca A. J.,
etal. (2021). Microalgae. Amsterdam: Elsevier. 239-312.

127. Ogbuewu I, Okoro V, Mbajiorgu E, Mbajiorgu C. Yeast (Saccharomyces cerevisiae)
and its effect on production indices of livestock and poultry—a review. Comp Clin
Pathol. (2019) 28:669-77. doi: 10.1007/s00580-018-2862-7

128. Patterson R, Rogiewicz A, Kiarie EG, Slominski BA. Yeast derivatives as a source
of bioactive components in animal nutrition: a brief review. Front Vet Sci. (2023)
9:1067383. doi: 10.3389/fvets.2022.1067383

129. Schlabitz C, Lehn DN, De Souza CFV. A review of Saccharomyces cerevisiae and
the applications of its byproducts in dairy cattle feed: trends in the use of residual
brewer's yeast. J Clean Prod. (2022) 332:130059. doi: 10.1016/j.jclepro.2021.130059

Frontiers in Veterinary Science

10.3389/fvets.2025.1507152

130. Ikram S, Huang L, Zhang H, Wang J, Yin M. Composition and nutrient value
proposition of brewers spent grain. J Food Sci. (2017) 82:2232-42. doi:
10.1111/1750-3841.13794

131. da Rosa Almeida A, Geraldo MRE, Ribeiro LE Silva MV, Maciel MVDOB,
Haminiuk CWI. Bioactive compounds from brewer’s spent grain: phenolic compounds,
fatty acids and in vitro antioxidant capacity. Acta Scientiarum Technol. (2017) 39:269-77.
doi: 10.4025/actascitechnol.v39i3.28435

132. Mastanjevi¢ K, Lukinac J, Juki¢ M, Sarkanj B, Krstanovi¢ V, Mastanjevi¢ K. Multi-
(myco) toxins in malting and brewing by-products. Toxins. (2019) 11:30. doi: 10.3390/
toxins11010030

133. Li M, Hassan E, Tang Z, Peng L, Liang X, Li L, et al. Mulberry leaf flavonoids
improve Milk production, antioxidant, and metabolic status of water buffaloes. Front
Vet Sci. (2020) 7:563644. doi: 10.3389/fvets.2020.00599

134. Hatew B, Cone JW, Pellikaan WE, Podesta SC, Bannink A, Hendriks WH, et al.
Relationship between in vitro and in vivo methane production measured simultaneously
with different dietary starch sources and starch levels in dairy cattle. Anim Feed Sci
Technol. (2015) 202:20-31. doi: 10.1016/j.anifeedsci.2015.01.012

135. He R, Yang Y, Li Y, Yang M, Kong L, Yang F. Recent Progress in Distiller’s grains:
chemical compositions and biological activities. Molecules. (2023) 28:7492. doi: 10.3390/
molecules28227492

136. Lu Q, Luo Q, Li J, Wang X, Ban C, Qin J, et al. Evaluation of the chemical
composition, bioactive substance, gas production, and rumen fermentation parameters
of four types of distiller’s grains. Molecules. (2022) 27:6134. doi: 10.3390/
molecules27186134

137. Hamam M, Chinnici G, Di Vita G, Pappalardo G, Pecorino B, Maesano G, et al.
Circular economy models in agro-food systems: a review. Sustain For. (2021) 13:3453.
doi: 10.3390/su13063453

138. Colombo SM, Roy K, Mraz ], Wan AH, Davies SJ, Tibbetts SM, et al. Towards
achieving circularity and sustainability in feeds for farmed blue foods. Rev Aquac. (2023)
15:1115-41. doi: 10.1111/raq.12766

139. Chisoro P, Jaja IF, Assan N. Incorporation of local novel feed resources in
livestock feed for sustainable food security and circular economy in Africa. Front
Sustain. (2023) 4:1251179. doi: 10.3389/frsus.2023.1251179

140. Beesigamukama D, Mochoge B, Korir NK, Fiaboe K, Nakimbugwe D, Khamis
FM, et al. Low-cost technology for recycling agro-industrial waste into nutrient-rich
organic fertilizer using black soldier fly. Waste Manag. (2021) 119:183-94. doi: 10.1016/j.
wasman.2020.09.043

141. Wani FE, Asimi OA, Khan IA. Use of Feed Additives in Animal Nutrition. J Sci
Res Rep. (2023) 29:82-7.

142. Khusro A., Aarti C., Elghandour M. M., Adegbeye M., Mellado M., Barbabosa-
Pliego A., et al. (2022). Handbook of climate change mitigation and adaptation. Cham:
Springer. 2537-2575.

143. Johnson JS. Heat stress: impact on livestock well-being and productivity and
mitigation strategies to alleviate the negative effects. Anim Prod Sci. (2018) 58:1404-13.
doi: 10.1071/AN17725

144. Fournel S, Ouellet V, Charbonneau E. Practices for alleviating heat stress of dairy
cows in humid continental climates: a literature review. Animals. (2017) 7:37. doi:
10.3390/ani7050037

145. Kpomasse CC, Oke OE, Houndonougbo FM, Tona K. Broiler production
challenges in the tropics: a review. Vet Med Sci. (2021) 7:831-42. doi: 10.1002/vms3.435

146. Uyanga VA, Oke EO, Amevor FK, Zhao J, Wang X, Jiao H, et al. Functional roles
of taurine, L-theanine, L-citrulline, and betaine during heat stress in poultry. J Anim Sci
Biotechnol. (2022) 13:23. doi: 10.1186/s40104-022-00675-6

147. Moeckel GW, Shadman R, Fogel JM, Sadrzadeh SM. Organic osmolytes betaine,
sorbitol and inositol are potent inhibitors of erythrocyte membrane ATPases. Life Sci.
(2002) 71:2413-24. doi: 10.1016/S0024-3205(02)02035-0

148. Digiacomo K, Simpson S, Leury BJ, Dunshea FR. Dietary betaine impacts the
physiological responses to moderate heat conditions in a dose dependent manner in
sheep. Animals. (2016) 6:51. doi: 10.3390/ani6090051

149. Street TO, Krukenberg KA, Rosgen ], Bolen DW, Agard DA. Osmolyte-induced
conformational changes in the Hsp90 molecular chaperone. Protein Sci. (2010) 19:57-65.
doi: 10.1002/pro.282

150. Oliva J, Bardag-Gorce E, Tillman B, French SW. Protective effect of quercetin,
EGCG, catechin and betaine against oxidative stress induced by ethanol in vitro. Exp
Mol Pathol. (2011) 90:295-9. doi: 10.1016/j.yexmp.2011.02.006

151. Dangi SS, Dangi SK, Chouhan V, Verma M, Kumar P, Singh G, et al. Modulatory
effect of betaine on expression dynamics of HSPs during heat stress acclimation in goat
(Capra hircus). Gene. (2016) 575:543-50. doi: 10.1016/j.gene.2015.09.031

152. Hall L, Dunshea F, Allen ], Rungruang S, Collier J, Long N, et al. Evaluation of
dietary betaine in lactating Holstein cows subjected to heat stress. J Dairy Sci. (2016)
99:9745-53. doi: 10.3168/jds.2015-10514

153. Wen C, Li E Zhang L, Duan Y, Guo Q, Wang W, et al. Taurine is involved in
energy metabolism in muscles, adipose tissue, and the liver. Mol Nutr Food Res. (2019)
63:€1800536. doi: 10.1002/mnfr.201800536

frontiersin.org


https://doi.org/10.3389/fvets.2025.1507152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1128/AEM.67.1.125-132.2001
https://doi.org/10.1128/AEM.67.1.125-132.2001
https://doi.org/10.1111/aje.12943
https://doi.org/10.1007/s11250-017-1250-7
https://doi.org/10.1007/s11250-007-9076-3
https://doi.org/10.3389/fvets.2019.00048
https://doi.org/10.1111/jpn.12360
https://doi.org/10.3390/fermentation10050256
https://doi.org/10.4314/sajas.v46i4.8
https://doi.org/10.1002/ppp3.10278
https://doi.org/10.1007/s12649-020-01111-4
https://doi.org/10.3390/ani10060949
https://doi.org/10.3168/jds.2023-23847
https://doi.org/10.5829/idosi.wjdfs.2012.7.1.61215
https://doi.org/10.1155/2019/5697052
https://doi.org/10.1016/j.psj.2021.101272
https://doi.org/10.1007/s13593-017-0452-8
https://doi.org/10.1007/s13593-017-0452-8
https://doi.org/10.1292/jvms.17-0236
https://doi.org/10.1016/j.livsci.2022.104907
https://doi.org/10.3390/antiox12101882
https://doi.org/10.1007/s00580-018-2862-7
https://doi.org/10.3389/fvets.2022.1067383
https://doi.org/10.1016/j.jclepro.2021.130059
https://doi.org/10.1111/1750-3841.13794
https://doi.org/10.4025/actascitechnol.v39i3.28435
https://doi.org/10.3390/toxins11010030
https://doi.org/10.3390/toxins11010030
https://doi.org/10.3389/fvets.2020.00599
https://doi.org/10.1016/j.anifeedsci.2015.01.012
https://doi.org/10.3390/molecules28227492
https://doi.org/10.3390/molecules28227492
https://doi.org/10.3390/molecules27186134
https://doi.org/10.3390/molecules27186134
https://doi.org/10.3390/su13063453
https://doi.org/10.1111/raq.12766
https://doi.org/10.3389/frsus.2023.1251179
https://doi.org/10.1016/j.wasman.2020.09.043
https://doi.org/10.1016/j.wasman.2020.09.043
https://doi.org/10.1071/AN17725
https://doi.org/10.3390/ani7050037
https://doi.org/10.1002/vms3.435
https://doi.org/10.1186/s40104-022-00675-6
https://doi.org/10.1016/S0024-3205(02)02035-0
https://doi.org/10.3390/ani6090051
https://doi.org/10.1002/pro.282
https://doi.org/10.1016/j.yexmp.2011.02.006
https://doi.org/10.1016/j.gene.2015.09.031
https://doi.org/10.3168/jds.2015-10514
https://doi.org/10.1002/mnfr.201800536

Fushai et al.

154. Caroprese M, Albenzio M, Marino R, Santillo A, Sevi A. Dietary glutamine
enhances immune responses of dairy cows under high ambient temperature. ] Dairy Sci.
(2013) 96:3002-11. doi: 10.3168/jds.2012-6306

155. Wang B, Wu G, Zhou Z, Dai Z, Sun Y, Ji Y, et al. Glutamine and intestinal barrier
function. Amino Acids. (2015) 47:2143-54. doi: 10.1007/s00726-014-1773-4

156. Chand N, Muhammad S, Khan RU, Alhidary IA, Rehman ZU. Ameliorative effect
of synthetic y-aminobutyric acid (GABA) on performance traits, antioxidant status and
immune response in broiler exposed to cyclic heat stress. Environ Sci Pollut Res. (2016)
23:23930-5. doi: 10.1007/s11356-016-7604-2

157. Guzman-Bautista ER, Suzuki K, Asami S, Fagarasan S. Bacteria-immune cells
dialog and the homeostasis of the systems. Curr Opin Immunol. (2020) 66:82-9. doi:
10.1016/j.¢0i.2020.05.010

158. Bermudez-Humarén LG, Salinas E, Ortiz GG, Ramirez-Jirano L], Morales JA,
Bitzer-Quintero OK. From probiotics to psychobiotics: live beneficial bacteria which act
on the brain-gut axis. Nutrients. (2019) 11:890. doi: 10.3390/nu11040890

159. Shaik L, Kashyap R, Thotamgari SR, Singh R, Khanna S. Gut-brain axis and its
neuro-psychiatric effects: a narrative review. Cureus. (2020) 12:11131. doi: 10.7759/
cureus.11131

160. Chevalier C, Stojanovi¢ O, Colin DJ, Suarez-Zamorano N, Tarallo V, Veyrat-
Durebex C, et al. Gut microbiota orchestrates energy homeostasis during cold. Cell.
(2015) 163:1360-74. doi: 10.1016/j.cell.2015.11.004

161. You S, Ma Y, Yan B, Pei W, Wu Q, Ding C, et al. The promotion mechanism of
prebiotics for probiotics: a review. Front Nutr. (2022) 9:1000517. doi: 10.3389/
fnut.2022.1000517

162. Varasteh S, Braber S, Akbari P, Garssen J, Fink-Gremmels J. Differences in
susceptibility to heat stress along the chicken intestine and the protective effects of
galacto-oligosaccharides. PLoS Omne. (2015) 10:e0138975. doi: 10.1371/journal.
pone.0138975

163. Zhong Y, Cai D, Cai W, Geng S, Chen L, Han T. Protective effect of
galactooligosaccharide-supplemented enteral nutrition on intestinal barrier function in
rats with severe acute pancreatitis. Clin Nutr. (2009) 28:575-80. doi: 10.1016/j.
clnu.2009.04.026

164. Huyghebaert G, Ducatelle R, Van Immerseel F. An update on alternatives to
antimicrobial growth promoters for broilers. Vet J. (2011) 187:182-8. doi: 10.1016/j.
tvjl.2010.03.003

165. Baurhoo B, Phillip L, Ruiz-Feria C. Effects of purified lignin and mannan
oligosaccharides on intestinal integrity and microbial populations in the ceca and litter
of broiler chickens. Poult Sci. (2007) 86:1070-8. doi: 10.1093/ps/86.6.1070

166. Chichlowski M, De Lartigue G, German JB, Raybould HE, Mills DA.
Bifidobacteria isolated from infants and cultured on human milk oligosaccharides affect
intestinal epithelial function. J Pediatr Gastroenterol Nutr. (2012) 55:321-7. doi: 10.1097/
MPG.0b013e31824fb899

167. Song J, Jiao L, Xiao K, Luan Z, Hu C, Shi B, et al. Cello-oligosaccharide
ameliorates heat stress-induced impairment of intestinal microflora, morphology and
barrier integrity in broilers. Anim Feed Sci Technol. (2013) 185:175-81. doi: 10.1016/j.
anifeedsci.2013.08.001

168. Deng W, Dong X, Tong J, Zhang Q. The probiotic Bacillus licheniformis
ameliorates heat stress-induced impairment of egg production, gut morphology, and
intestinal mucosal immunity in laying hens. Poult Sci. (2012) 91:575-82. doi: 10.3382/
ps.2010-01293

169. Rajput I, Li L, Xin X, Wu B, Juan Z, Cui Z, et al. Effect of Saccharomyces boulardii
and Bacillus subtilis B10 on intestinal ultrastructure modulation and mucosal immunity
development mechanism in broiler chickens. Poult Sci. (2013) 92:956-65. doi: 10.3382/
Ps.2012-02845

170. Malyar RM, Naseri E, Li H, Ali I, Farid RA, Liu D, et al. Hepatoprotective effects
of selenium-enriched probiotics supplementation on heat-stressed wistar rat through
anti-inflammatory and antioxidant effects. Biol Trace Elem Res. (2021) 199:3445-56. doi:
10.1007/s12011-020-02475-3

171. Sanders ME, Merenstein DJ, Reid G, Gibson GR, Rastall RA. Probiotics and
prebiotics in intestinal health and disease: from biology to the clinic. Nat Rev
Gastroenterol Hepatol. (2019) 16:605-16. doi: 10.1038/s41575-019-0173-3

172. Wang X, Zhang P, Zhang X. Probiotics regulate gut microbiota: an effective
method to improve immunity. Molecules. (2021) 26:6076. doi: 10.3390/
molecules26196076

173. Huang M, Choi Y, Houde R, Lee J-W, Lee B, Zhao X. Effects of lactobacilli and
an acidophilic fungus on the production performance and immune responses in broiler
chickens. Poult Sci. (2004) 83:788-95. doi: 10.1093/ps/83.5.788

174. Hossain ME, Kim GM, Lee SK, Yang CJ. Growth performance, meat yield,
oxidative stability, and fatty acid composition of meat from broilers fed diets
supplemented with a medicinal plant and probiotics. Asian Australas ] Anim Sci. (2012)
25:1159-68. doi: 10.5713/ajas.2012.12090

175. Wang Y, Sun J, Zhong H, Li N, Xu H, Zhu Q, et al. Effect of probiotics on the meat
flavour and gut microbiota of chicken. Sci Rep. (2017) 7:6400. doi: 10.1038/
$41598-017-06677-z

Frontiers in Veterinary Science

10.3389/fvets.2025.1507152

176. Ziegler M, Seneca FO, Yum LK, Palumbi SR, Voolstra CR. Bacterial community
dynamics are linked to patterns of coral heat tolerance. Nat Commun. (2017) 8:14213.
doi: 10.1038/ncomms14213

177. Wen C, Li S, Wang J, Zhu Y, Zong X, Wang Y, et al. Heat stress alters the intestinal
microbiota and metabolomic profiles in mice. Front Microbiol. (2021) 12:706772. doi:
10.3389/fmicb.2021.706772

178. Hu C,, Yadnyavalkya P, Gong D., Yu T, Li J., Wu L., et al. (2020). Heat stress
induced gut microbiota changes activate TLR4/NF-kB signaling pathway contributing
to inflammatory bowel disease in pigs. Research Square. (2020). doi: 10.21203/
1s.2.21626/v1

179. Jiang S, Yan F-E, Hu J-Y, Mohammed A, Cheng H-W. Bacillus subtilis-based
probiotic improves skeletal health and immunity in broiler chickens exposed to heat
stress. Animals. (2021) 11:1494. doi: 10.3390/ani11061494

180. Abdel-Samee A. Using some antibiotics and probiotics for alleviating heat stress
on growing and doe rabbits in Egypt. World Rabbit Sci. (1995) 3:107-11.

181. Aguilar-Toald J, Garcia-Varela R, Garcia H, Mata-Haro V, Gonzalez-Cérdova A,
Vallejo-Cordoba B, et al. Postbiotics: An evolving term within the functional foods field.
Trends Food Sci Technol. (2018) 75:105-14. doi: 10.1016/j.tifs.2018.03.009

182. Zblkiewicz J, Marzec A, Ruszczynski M, Feleszko W. Postbiotics—a step beyond
pre-and probiotics. Nutrients. (2020) 12:2189. doi: 10.3390/nu12082189

183. Humam AM, Loh TC, Foo HL, Samsudin AA, Mustapha NM, Zulkifli I, et al.
Effects of feeding different postbiotics produced by Lactobacillus plantarum on growth
performance, carcass yield, intestinal morphology, gut microbiota composition, immune
status, and growth gene expression in broilers under heat stress. Animals. (2019) 9:644.
doi: 10.3390/ani9090644

184. Varasteh S, Braber S, Garssen J, Fink-Gremmels J. Galacto-oligosaccharides exert
a protective effect against heat stress in a Caco-2 cell model. J Funct Foods. (2015)
16:265-77. doi: 10.1016/j.j.2015.04.045

185. Ducray HAG, Globa L, Pustovyy O, Morrison E, Vodyanoy V, Sorokulova I. Yeast
fermentate prebiotic improves intestinal barrier integrity during heat stress by
modulation of the gut microbiota in rats. ] Appl Microbiol. (2019) 127:1192-206. doi:
10.1111/jam.14361

186. Rius A, Kaufman J, Li M, Hanigan MD, Ipharraguerre I. Physiological responses
of Holstein calves to heat stress and dietary supplementation with a postbiotic from
aspergillus oryzae. Sci Rep. (2022) 12:1587. doi: 10.1038/541598-022-05505-3

187. Cullen CM, Aneja KK, Beyhan S, Cho CE, Woloszynek S, Convertino M, et al.
Emerging priorities for microbiome research. Front Microbiol. (2020) 11:491374. doi:
10.3389/fmicb.2020.00136

188. Khafipour E, Li S, Tun H, Derakhshani H, Moossavi S, Plaizier J. Effects of grain
feeding on microbiota in the digestive tract of cattle. Anim Front. (2016) 6:13-9. doi:
10.2527/af.2016-0018

189. Plaizier JC, Li S, Danscher AM, Derakshani H, Andersen PH, Khafipour E.
Changes in microbiota in rumen digesta and feces due to a grain-based subacute
ruminal acidosis (SARA) challenge. Microb Ecol. (2017) 74:485-95. doi: 10.1007/
500248-017-0940-z

190. Henderson G, Cox F, Ganesh S, Jonker A, Young W, Janssen PH. Rumen
microbial community composition varies with diet and host, but a core microbiome is
found across a wide geographical range. Sci Rep. (2015) 5:14567. doi: 10.1038/srep14567

191. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Human gut microbes associated with
obesity. Nature. (2006) 444:1022-3. doi: 10.1038/4441022a

192. Saki AA, Harcini RN, Rahmatnejad E, Salary J. Herbal additives and organic
acids as antibiotic alternatives in broiler chickens diet for organic production. Afr J
Biotechnol. (2012) 11:2139-45.

193. Yadav S, Jha R. Strategies to modulate the intestinal microbiota and their effects
on nutrient utilization, performance, and health of poultry. J Anim Sci Biotechnol. (2019)
10:1-11.

194. Akosile OA, Kehinde FO, Oni Al Oke OE. Potential implication of in ovo feeding
of Phytogenics in poultry production. Transla Anim Sci. (2023) 7:txad094.

195. Akosile OA, Sogunle OM, Majekodunmi B, Oke OE. In ovo injection of
cinnamon or clove alters the physiology and growth of broilers in a hot tropical
environment. Transl Anim Sci. (2023) 7:txad036.

196. Akosile O, Majekodunmi B, Sogunle O, Baloyi J, Fushai F Bhebhe E, et al.
Research note: responses of broiler chickens to in ovo feeding with clove and cinnamon
extract under hot-humid environments. Poult Sci. (2023) 102:102391. doi: 10.1016/j.
Psj.2022.102391

197. Tokofai BM, Idoh K, Oke OE, Agbonon A. Hepatoprotective effects of Vernonia
amygdalina (Astereaceae) extract on CCl4-induced liver injury in broiler chickens.
Animals. (2021) 11:3371. doi: 10.3390/ani11123371

198. Tokofai B, Orounladji B, Idoh K, Oke O, Agbonon A. Effect of Vernonia
amygdalina on intestinal mucosa's digestive enzymes, absorption capacity, and
immunity in broiler chickens. J Appl Anim Nutr. (2023)

199. Tokofai M, Idoh K, Oke O, Agbonon A. Growth performance, haematological
and biochemical parameters changes in broilers chickens feed varying levels of Vernonia
Amygdalina leaf meal. European Poultry Sci. (2020) 84:1-12.

frontiersin.org


https://doi.org/10.3389/fvets.2025.1507152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3168/jds.2012-6306
https://doi.org/10.1007/s00726-014-1773-4
https://doi.org/10.1007/s11356-016-7604-2
https://doi.org/10.1016/j.coi.2020.05.010
https://doi.org/10.3390/nu11040890
https://doi.org/10.7759/cureus.11131
https://doi.org/10.7759/cureus.11131
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.1371/journal.pone.0138975
https://doi.org/10.1371/journal.pone.0138975
https://doi.org/10.1016/j.clnu.2009.04.026
https://doi.org/10.1016/j.clnu.2009.04.026
https://doi.org/10.1016/j.tvjl.2010.03.003
https://doi.org/10.1016/j.tvjl.2010.03.003
https://doi.org/10.1093/ps/86.6.1070
https://doi.org/10.1097/MPG.0b013e31824fb899
https://doi.org/10.1097/MPG.0b013e31824fb899
https://doi.org/10.1016/j.anifeedsci.2013.08.001
https://doi.org/10.1016/j.anifeedsci.2013.08.001
https://doi.org/10.3382/ps.2010-01293
https://doi.org/10.3382/ps.2010-01293
https://doi.org/10.3382/ps.2012-02845
https://doi.org/10.3382/ps.2012-02845
https://doi.org/10.1007/s12011-020-02475-3
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.3390/molecules26196076
https://doi.org/10.3390/molecules26196076
https://doi.org/10.1093/ps/83.5.788
https://doi.org/10.5713/ajas.2012.12090
https://doi.org/10.1038/s41598-017-06677-z
https://doi.org/10.1038/s41598-017-06677-z
https://doi.org/10.1038/ncomms14213
https://doi.org/10.3389/fmicb.2021.706772
https://doi.org/10.21203/rs.2.21626/v1
https://doi.org/10.21203/rs.2.21626/v1
https://doi.org/10.3390/ani11061494
https://doi.org/10.1016/j.tifs.2018.03.009
https://doi.org/10.3390/nu12082189
https://doi.org/10.3390/ani9090644
https://doi.org/10.1016/j.jff.2015.04.045
https://doi.org/10.1111/jam.14361
https://doi.org/10.1038/s41598-022-05505-3
https://doi.org/10.3389/fmicb.2020.00136
https://doi.org/10.2527/af.2016-0018
https://doi.org/10.1007/s00248-017-0940-z
https://doi.org/10.1007/s00248-017-0940-z
https://doi.org/10.1038/srep14567
https://doi.org/10.1038/4441022a
https://doi.org/10.1016/j.psj.2022.102391
https://doi.org/10.1016/j.psj.2022.102391
https://doi.org/10.3390/ani11123371

Fushai et al.

200. Guo Y, Li L, Yan S, Shi B. Plant extracts to alleviating heat stress in dairy cows.
Animals. (2023) 13:2831. doi: 10.3390/ani13182831

201. Kalindemirtas FD, Birman H, Candoken E, Bilgis GS, Melikoglu G, Kuruca S.
Cytotoxic effects of some flavonoids and imatinib on the K562 chronic myeloid leukemia
cell line: data analysis using the combination index method. Balkan Med ]. (2019)
36:96-105. doi: 10.4274/balkanmedj.galenos.2018.2017.1244

202. Amorati R, Foti MC, ValgimiglI L. Antioxidant activity of essential oils. ] Agric
Food Chem. (2013) 61:10835-47. doi: 10.1021/jf403496k

203. Masella R, Di Benedetto R, Vari R, Filesi C, Giovannini C. Novel mechanisms of
natural antioxidant compounds in biological systems: involvement of glutathione and
glutathione-related enzymes. | Nutr Biochem. (2005) 16:577-86. doi: 10.1016/j.
jnutbio.2005.05.013

204. Mohd Azman NA, Gallego MG, Segovia F, Abdullah S, Shaarani SM, Almajano
Pablos MP. Study of the properties of bearberry leaf extract as a natural antioxidant in
model foods. Antioxidants. (2016) 5:11. doi: 10.3390/antiox5020011

205. Wang J, Si W, Du Z, Zhang ], Xue M. Antioxidants. MDPI. (2022) 11:1760. doi:
10.3390/antiox11091760

206. Chen S, Liu H, Zhang ], Zhou B, He X, Wang T, et al. Dietary rutin improves
breast meat quality in heat-stressed broilers and protects mitochondria from oxidative
attack via the AMPK/PINK1-Parkin pathway. J Sci Food Agric. (2023) 103:2367-77. doi:
10.1002/jsfa.12431

207. Fernandez-Panchon M, Villano D, Troncoso A, Garcia-Parrilla M. Antioxidant
activity of phenolic compounds: from in vitro results to in vivo evidence. Crit Rev Food
Sci Nutr. (2008) 48:649-71. doi: 10.1080/10408390701761845

208. Rice-Evans CA, Miller NJ, Paganga G. Structure-antioxidant activity relationships
of flavonoids and phenolic acids. Free Radic Biol Med. (1996) 20:933-56. doi:
10.1016/0891-5849(95)02227-9

209. Manuelian CL, Pitino R, Simoni M, Mavrommatis A, De Marchi M, Righi F, et al.
Plant feed additives as natural alternatives to the use of synthetic antioxidant vitamins
on livestock mammals’ performances, health, and oxidative status: a review of the
literature in the last 20 years. Antioxidants. (2021) 10:1461. doi: 10.3390/antiox10091461

210. Piao M, Tu Y, Zhang N, Diao Q, Bi Y. Advances in the application of phytogenic
extracts as antioxidants and their potential mechanisms in ruminants. Antioxidants.
(2023) 12:879. doi: 10.3390/antiox12040879

211. Izzo S, Naponelli V, Bettuzzi S. Flavonoids as epigenetic modulators for prostate
cancer prevention. Nutrients. (2020) 12:1010. doi: 10.3390/nu12041010

212. Khan MS, Tkram M, Park JS, Park TJ, Kim MO. Gut microbiota, its role in
induction of Alzheimer’s disease pathology, and possible therapeutic interventions:
special focus on anthocyanins. Cells. (2020) 9:853. doi: 10.3390/cells9040853

213. Daddam J, Daniel D, Kra G, Pelech I, Portnick Y, Moallem U, et al. Plant
polyphenol extract supplementation affects performance, welfare, and the Nrf2-
oxidative stress response in adipose tissue of heat-stressed dairy cows. ] Dairy Sci. (2023)
106:9807-21. doi: 10.3168/jds.2023-23549

214. Papatsiros VG, Katsogiannou EG, Papakonstantinou GI, Michel A, Petrotos K,
Athanasiou LV. Effects of phenolic phytogenic feed additives on certain oxidative
damage biomarkers and the performance of primiparous sows exposed to heat stress
under field conditions. Antioxidants. (2022) 11:593. doi: 10.3390/antiox11030593

215. Geng R, Ma L, Liu L, Xie Y. Influence of bovine serum albumin-flavonoid
interaction on the antioxidant activity of dietary flavonoids: new evidence from
electrochemical quantification. Molecules. (2018) 24:70. doi: 10.3390/molecules24010070

216. Veiko AG, Lapshina EA, Zavodnik IB. Comparative analysis of molecular
properties and reactions with oxidants for quercetin, catechin, and naringenin. Mol Cell
Biochem. (2021) 476:4287. doi: 10.1007/s11010-021-04243-w

217. Sureshkumar S, Song J, Sampath V, Kim I. Exogenous enzymes as Zootechnical
additives in Monogastric animal feed: a review. Agriculture. (2023) 13:2195. doi: 10.3390/
agriculture13122195

218. Jain J, Singh B. Characteristics and biotechnological applications of bacterial
phytases. Process Biochem. (2016) 51:159-69. doi: 10.1016/j.procbio.2015.12.004

219. Dersjant-Li Y, Awati A, Schulze H, PartridgE G. Phytase in non-ruminant animal
nutrition: a critical review on phytase activities in the gastrointestinal tract and
influencing factors. J Sci Food Agric. (2015) 95:878-96. doi: 10.1002/jsfa.6998

220. Balasubramanian B, Park JH, Shanmugam S, Kim IH. Influences of enzyme
blend supplementation on growth performance, nutrient digestibility, fecal microbiota
and meat-quality in grower-finisher pigs. Animals. (2020) 10:386. doi: 10.3390/
anil0030386

221. Simon AL, Copetti PM, Lago RV, Vitt MG, Nascimento AL, Silva E, et al.
Inclusion of exogenous enzymes in feedlot cattle diets: impacts on physiology, rumen
fermentation, digestibility and fatty acid profile in rumen and meat. Biotechnol Rep.
(2024) 41:¢00824. doi: 10.1016/j.btre.2023.e00824

222. Tirado-Gonzalez DN, Miranda-Romero LA, Ruiz-Flores A, Medina-Cuéllar SE,
Ramirez-Valverde R, Tirado-Estrada G. Meta-analysis: effects of exogenous fibrolytic
enzymes in ruminant diets. ] Appl Anim Res. (2018) 46:771-83. doi: 10.1080/09712119.
2017.1399135

223. Beauchemin K, Colombatto D, Morgavi D, Yang W. Use of exogenous fibrolytic
enzymes to improve feed utilization by ruminants. J Anim Sci. (2003) 81:E37-47. doi:
10.2527/2003.8114_suppl_2E37x

224. Nortey T, Patience ], Sands J, Trottier N, Zijlstra R. Effects of xylanase
supplementation on the apparent digestibility and digestible content of energy, amino

Frontiers in Veterinary Science

21

10.3389/fvets.2025.1507152

acids, phosphorus, and calcium in wheat and wheat by-products from dry milling fed
to grower pigs. J Anim Sci. (2008) 86:3450-64. doi: 10.2527/jas.2007-0472

225. Cowieson A, Hruby M, Faurschou Isaksen M. The effect of conditioning
temperature and exogenous xylanase addition on the viscosity of wheat-based diets and
the performance of broiler chickens. Br Poult Sci. (2005) 46:717-24. doi:
10.1080/00071660500392506

226. Debnath D, Pal AK, Sahu NP, Jain KK, Yengkokpam S, Mukherjee SC. Effect of
dietary microbial phytase supplementation on growth and nutrient digestibility of
Pangasius pangasius (Hamilton) fingerlings. Aquac Res. (2005) 36:180-7. doi: 10.1111/j.
1365-2109.2004.01203.x

227. Del Corvo M, Lazzari B, Capra E, Zavarez L, Milanesi M, Utsunomiya YT, et al.
Methylome patterns of cattle adaptation to heat stress. Front Genet. (2021) 12:633132.
doi: 10.3389/fgene.2021.633132

228. Zheng H, Zhuang Z, Chen C, Liao H, Chen H, Hsueh H, et al. Effects of acute
heat stress on protein expression and histone modification in the adrenal gland of male
layer-type country chickens. Sci Rep. (2021) 11:1-13. doi: 10.1038/s41598-021-85868-1

229. Cronje P. Essential role of methyl donors in animal productivity. Anim Prod Sci.
(2016) 58:655-65. doi: 10.1071/AN15729

230. Nayeri S, Stothard P. The promise of nutrigenomics in livestock. Front Genet.
(2016) 7:313. doi: 10.3389/fgene.2016.00313

231. Malhi GS, Kaur M, Kaushik P. Impact of Climate Change on Agriculture and Its
Mitigation Strategies: A Review. Sustainability. (2020) 13:1318. doi: 10.3390/su13031318

232. Jennings S, Challinor A, Smith P, Macdiarmid JI, Pope E, Chapman S, et al.
Stakeholder-driven transformative adaptation is needed for climate-smart nutrition
security in sub-Saharan Africa. Nature food. (2024) 5:37-47. doi: 10.1038/
543016-023-00901-y

233. Sejian V., Devaraj C., Shashank C., Madhusoodan A., Silpa M., Devapriya A.,
et al. (2024). Feed additives and supplements for ruminants. Singapore. Springer,
367-398.

234. Mohtashami B, Khalilvandi-Behroozyar H, Pirmohammadi R, Dehghan-
Banadaky M, Kazemi-Bonchenari M, Dirandeh E, et al. The effect of supplemental
bioactive fatty acids on growth performance and immune function of milk-fed Holstein
dairy calves during heat stress. British ] Nutr. (2022):1-14. doi: 10.1017/
S0007114521000908

235. Rashwan AK, Yones HA, Karim N, Taha EM, Chen W. Potential processing
technologies for developing sorghum-based food products: An update and
comprehensive review. Trends Food Sci Technol. (2021) 110:168-82. doi: 10.1016/j.
tifs.2021.01.087

236. Motlhanka M, Makhabu SW. Medicinal and edible wild fruit plants of Botswana
as emerging new crop opportunities. ] Med Plants Res. (2011) 5:1836-42.

237. Masmoudi M, Baccouche A, Borchani M, Besbes S, Blecker C, Attia H. Physico-
chemical and antioxidant properties of oils and by-products obtained by cold press-
extraction of Tunisian Opuntia spp. seeds. Appl Food Res. (2021) 1:100024. doi:
10.1016/j.afres.2021.100024

238. Silva JON, Aratjo GN Jr, Jardim AMRE, Alves CP, Pinheiro AG, Santos JPAS,
et al. Cultivo de gendtipos de palma forrageira sob agricultura biossalina como
alternativa para incremento do aporte forrageiro do semidrido brasileiro: uma revisao.
Res Soc Dev. (2021) 10:e16510514773. doi: 10.33448/rsdv10i5.14773

239. Islam T, Ali L, Nawchoo IA, et al. Diversity and utilization patterns of fodder
resources in a Himalayan protected area. Environ Monit Assess. (2023) 195:1117. doi:
10.1007/s10661-023-11739-z

240. Igbal, S, Basra, SMA, Saddig, MS, Yang, A, Akhtar, SS, and Jacobsen, SE. (2020). The
Extraordinary Salt Tolerance of Quinoa. In: A Hirich, R Choukr-Allah and R Ragab. editors.
Emerging Research in Alternative Crops. Environment and Policy, 58. Cham: Springer.

241. Khusro A, Aarti C, Elghandour M, Adegbeye M, Mellado M, Barbabosa-Pliego
A, et al. Dietary manipulation to mitigate greenhouse gas emission from livestock In: M
Lackner, B Sajjadi and WY Chen, editors. Handbook of climate change mitigation and
adaptation. New York, NY: Springer (2021). 1-38.

242. Adjei-Mensah B, Oso O, Oke E, Kuka T, Sasu P, Agbehadzi R, et al
Hypocholesterolemic potentials of garlic on the lipid profile of poultry birds and poultry
products: a review. ] Appl Poult Res. (2024) 34:100509. doi: 10.1016/j.japr.2024.100509

243. Olanrewaju H, Thaxton J, Dozier Iii W, Branton S. Electrolyte diets, stress, and acid-
base balance in broiler chickens. Poult Sci. (2007) 86:1363-71. doi: 10.1093/ps/86.7.1363

244. Sajjanar, B, Aalam, MT, Khan, O, Tanuj, GN, Sahoo, AP, Manjunathareddy, GB,
et al Genome-wide expression analysis reveals different heat shock responses in
indigenous (Bos indicus) and crossbred (Bos indicus X Bos taurus) cattle. Genes
Environ. (2023). 45:17. doi: 10.1186/541021-023-00271-8

245. Ponnampalam, EN, McCaskill, M, Giri, K, Muir, SK, Cameron, F, Jacobs,
JLet al (2022). Temperature and Temperature Humidity Index Changes during Summer
to Autumn in a Temperate Zone May Affect Liveweight Gain and Feed Efficiency in
Sheep. Rumin. 2, 390-406. doi: 10.3390/ruminants2040027

246. Adekoya, EA, Adenikinju, FA, Ogunbayo, EI, Oyelami, OB, Olutegbe, SN,
Osadebamwen, GU, et al (2023). Climate-Smart Agricultural Practices for sustainable

food system in Nigeria: An Agroecology-specific Analysis. FARA Res. 7, 858-883. doi:
10.59101/frr072368

247. Alawa, D, Asogwa, V, and Ikelusi, C. (2014) Measures for Mitigating the Effects
of Climate Change on Crop Production in Nigeria. American J. Climate Change, 3,
161-168. doi: 10.4236/ajcc.2014.32015

frontiersin.org


https://doi.org/10.3389/fvets.2025.1507152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/ani13182831
https://doi.org/10.4274/balkanmedj.galenos.2018.2017.1244
https://doi.org/10.1021/jf403496k
https://doi.org/10.1016/j.jnutbio.2005.05.013
https://doi.org/10.1016/j.jnutbio.2005.05.013
https://doi.org/10.3390/antiox5020011
https://doi.org/10.3390/antiox11091760
https://doi.org/10.1002/jsfa.12431
https://doi.org/10.1080/10408390701761845
https://doi.org/10.1016/0891-5849(95)02227-9
https://doi.org/10.3390/antiox10091461
https://doi.org/10.3390/antiox12040879
https://doi.org/10.3390/nu12041010
https://doi.org/10.3390/cells9040853
https://doi.org/10.3168/jds.2023-23549
https://doi.org/10.3390/antiox11030593
https://doi.org/10.3390/molecules24010070
https://doi.org/10.1007/s11010-021-04243-w
https://doi.org/10.3390/agriculture13122195
https://doi.org/10.3390/agriculture13122195
https://doi.org/10.1016/j.procbio.2015.12.004
https://doi.org/10.1002/jsfa.6998
https://doi.org/10.3390/ani10030386
https://doi.org/10.3390/ani10030386
https://doi.org/10.1016/j.btre.2023.e00824
https://doi.org/10.1080/09712119.2017.1399135
https://doi.org/10.1080/09712119.2017.1399135
https://doi.org/10.2527/2003.8114_suppl_2E37x
https://doi.org/10.2527/jas.2007-0472
https://doi.org/10.1080/00071660500392506
https://doi.org/10.1111/j.1365-2109.2004.01203.x
https://doi.org/10.1111/j.1365-2109.2004.01203.x
https://doi.org/10.3389/fgene.2021.633132
https://doi.org/10.1038/s41598-021-85868-1
https://doi.org/10.1071/AN15729
https://doi.org/10.3389/fgene.2016.00313
https://doi.org/10.3390/su13031318
https://doi.org/10.1038/s43016-023-00901-y
https://doi.org/10.1038/s43016-023-00901-y
https://doi.org/10.1017/S0007114521000908
https://doi.org/10.1017/S0007114521000908
https://doi.org/10.1016/j.tifs.2021.01.087
https://doi.org/10.1016/j.tifs.2021.01.087
https://doi.org/10.1016/j.afres.2021.100024
https://doi.org/10.33448/rsdv10i5.14773
https://doi.org/10.1007/s10661-023-11739-z
https://doi.org/10.1016/j.japr.2024.100509
https://doi.org/10.1093/ps/86.7.1363
https://doi.org/10.1186/s41021-023-00271-8
https://doi.org/10.3390/ruminants2040027
https://doi.org/10.59101/frr072368
https://doi.org/10.4236/ajcc.2014.32015

	Climate-smart livestock nutrition in semi-arid Southern African agricultural systems
	1 Introduction
	2 Livestock production, climate change, and climate-smart agriculture
	3 Agroecological scope of semi-arid Southern Africa
	4 Conceptual framework for implementing climate-smart livestock nutrition in Southern Africa
	4.1 Bioenergetics of climate-smart livestock nutrition
	4.2 Metabolic and hormonal acclimation to a hot environment
	4.3 Oxidative stress and cell damage
	4.3.1 Heat shock proteins (HSPs)
	4.3.2 Antioxidant enzyme defence systems
	4.3.3 Superoxide dismutase activity and gene expression
	4.3.4 Exogenous, non-enzymatic antioxidants

	5 Functional compounds in climate-smart feedstuffs
	6 Climate-smart feed resources in semi-arid Southern African ecosystems
	6.1 Local production and applicability of climate-smart livestock feeds in semi-arid Southern Africa
	6.1.1 Small cereal grains
	6.1.2 Grain legumes
	6.1.3 Roots and tubers
	6.1.4 Browse trees and byproducts
	6.1.5 Oilseed cakes from climate-resilient plant species
	6.1.6 Forage crops
	6.1.7 Insect feed
	6.1.8 Microbial feedstuffs
	6.1.9 Cereal grain processing by-products
	6.1.10 Circular feed systems

	7 Feed additives and supplements
	7.1 Methane suppressors
	7.2 Heat stress modifiers
	7.3 Biotic agents
	7.4 Prebiotics
	7.5 Probiotics
	7.6 Postbiotics
	7.7 Other biogenic additives
	7.8 Phytogenic plant extracts and essential oils
	7.9 Exogenous enzymes

	8 On-farm feed production
	9 Animal genetics and climate-smart livestock nutrition
	10 Policy interventions
	11 Conclusion and recommendations

	References

