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ARTICLE INFO ABSTRACT

Keywords: Despite their growing popularity as alternatives to antibiotic growth promoters (AGPs), the individual effects of
Gut function nucleotides and probiotics on poultry gut functionality remain poorly understood. In addition, inconsistent
PrObiOFiC outcomes are quite common in studies where these two additives have been used separately to modify gut
:{g’zeﬁ{:ﬁy function and related parameters in birds. These inconsistencies, which have limited the potential of probiotics

and nucleotides as AGP replacements, stem from various factors and need to be addressed. Combining probiotics
and nucleotides could potentially enhance their effectiveness and lead to more consistent outcomes in layer
chickens. Since their mechanisms of action complement each other, some level of synergy is expected when used
together. Both additives have been shown to support gut health, boost immune function, and improve perfor-
mance in chickens when used individually. However, no studies have investigated the possible synergistic effects
of nucleotides and probiotics in poultry. This review makes the case for combined use of probiotics and nucle-
otides in layer chickens by providing phenomenological and mechanistic insights into hypothetical synergistic
effects. This paper highlights the need for AGP alternatives and reviews studies on the effects and mechanisms of
probiotics and nucleotides in layer chickens when used individually. We then propose potential mechanisms for
their synergistic effects on gut health, performance, and egg quality based on logical deductions from observed
biological responses. These proposed mechanisms are hypothetical and require experimental validation. Finally,
the review explores how this synergy could lead to more consistent outcomes and enhance the feasibility of AGP-
free egg production.

Dietary nucleotide

Introduction

The chicken’s gastrointestinal tract plays key roles in digestion, ab-
sorption, metabolism, immunity, and endocrinology (Svihus, 2014).
Disruptions to its function can negatively impact bird health, welfare,
production efficiency, product quality, and environmental health.
Traditionally, antibiotic growth promoters (AGPs) have been widely
used to counteract stress-induced gut disruptions. However, their
indiscriminate use is recognized as a major driver of antimicrobial
resistance in pathogens affecting both humans and animals (Phillips
et al.,, 2004). Additionally, the presence of AGP residues in poultry
products can negatively affect consumer health. As a result, consumers
often perceive antibiotic-free poultry as superior to conventionally
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raised poultry (Cervantes, 2015), making it more socially acceptable.
The ban or restriction of antimicrobial growth promoters, along with
efforts to reduce therapeutic antibiotic use in some countries, has led to
significant issues of gut dysbiosis in farmed animals, including chickens
(Onrust et al., 2015). However, since the infectious disease burden in the
Global South is high, banning or restricting the use of AGP without
effective alternatives would impair bird health, bird welfare, food and
nutrition security, and human health (Thema et al, 2019).
Antibiotic-free broiler production has been linked to negative impacts
on bird health, welfare, production efficiency, product quality, and costs
(Cervantes, 2015). To maintain consumer acceptance, researchers and
producers must identify and assess AGP alternatives that promote gut
eubiosis for optimal growth and product quality. These alternatives
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should also support economically, environmentally, and socially sus-
tainable poultry production. In this regard, nucleotides and probiotics
have gained attention as potential AGP replacements, including in layer
chickens. For many years, probiotics and nucleotides have been sepa-
rately touted as potential AGP alternatives that can support eubiosis in
the gut of intensively reared chickens. However, there are several pa-
rameters that need to be optimized and challenges that need to be
addressed for them to effectively replace AGPs (Popova, 2017) and
generate consistent results. The popularity of nucleotides and probiotics
as alternatives to AGPs is based on evidence of their individual effec-
tiveness in a range of animal models. Probiotics can reduce the abun-
dance of harmful bacteria while increasing beneficial bacteria such as
Lactobacilli and Bifidobacteria, leading to improved digestion and
nutrient absorption (Patterson and Burkholder, 2003). Probiotics can
also directly interact with the host immune system, stimulating the
production of immunoglobulins and enhancing the activity of immune
cells (Yazhini et al., 2018). By comparison, nucleotides play a critical
role in cell growth, development, and repair, including gut and micro-
bial cells (Sauer et al., 2011). During periods of rapid growth, stress, or
immune system challenges, animals may require higher levels of nu-
cleotides, as endogenous synthesis may be insufficient to meet their
metabolic demands (Maldonado et al., 2001). Under such conditions,
nucleotides can become conditionally essential nutrients (Stein and Kil,
2006). Supplementing such animals with nucleotides can improve
growth, immune function, and disease resistance. This approach could
be important in intensively reared poultry because maize-soybean diets
are typically nucleotide deficient (Mateo and Stein, 2004).

Given that the mechanisms of action for probiotics and nucleotides in
chickens appear to complement each other, it is logical to anticipate a
synergistic effect when the two additives are used simultaneously.
However, this supplementation strategy has not been investigated in
poultry including layer chickens, possibly because the synergistic
mechanisms have neither been proposed nor validated. Accordingly,
this review proposes hypothetical synergistic mechanisms of nucleotide-
probiotic blends, explaining how these could lead to consistent out-
comes and enhance the value of these additives as AGP replacements.

Layer chicken production

Globally, layer chicken production is one of the most important
agricultural sectors due to its role in human nutrition, economics, and
livelihoods. The industry contributes significantly towards the economic
growth and food and nutrition security of many countries (Borda-Molina
et al., 2021). Despite, the positive contributions to human livelihoods,
health, and nutrition, layer chicken production still faces diverse pro-
duction, management, economic, and health challenges. Gautron et al.
(2021) identified welfare and sustainability issues; the fate of culled
male day-old chicks; increased financial cost and logistics due to in ovo
sexing; and increased cost of eggs due to adoption of cage-free produc-
tion systems, as the major issues facing the table egg industry. A study by
Castellini et al. (2012) classified these challenges into environmental (e.
g., increased recourse to natural resources, pollution, etc); economic (e.
g., higher costs of conventional inputs); and social sustainability (poor
product quality and safety, suboptimal bird welfare, etc) problems. Most
of the identified challenges arise due to the pressure that producers face
to meet the rapidly rising demand for eggs (Tarawali et al., 2011; Rav-
indran, 2013; Yitbarek and Berhane, 2014).

Intensive production systems have become the main source of eggs
despite the attendant disease risks (Zaheer, 2015; Andam et al., 2017).
Intensification of layer chicken production systems has reduced the
acceptability of eggs by consumers concerned about suboptimal bird
welfare and compromised product quality. In these egg production
systems, layers are kept in cages that limit their freedom of movement
and ability to express natural behaviours (Hartcher et al.,, 2017). Such
highly stressful production systems result in feather pecking, keel bone
damage, foot pad lesions, high mortality, and compromised hen health
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(Meseret et al., 2016; Singh and Grooves, 2020). Traditionally, the ef-
fects of stress in these systems have been managed through the use of
AGPs (Zaheer, 2015). However, the use of AGPs in poultry production
systems has been identified as one of the drivers of antimicrobial resis-
tance in human and animal pathogens (Harper and Makatouni, 2002;
Zaheer, 2015; Tenrisanna and Rahman, 2023). Cage-free production
systems have also been used to reduce housing-induced stress in layer
chickens. However, production outputs have been reported to be poor
(Harper and Makatouni, 2002) while cage-free eggs command a pre-
mium price in the market, with some studies suggesting that they cost
twice the price of conventional eggs (Pelletier et al., 2018). The high cost
of cage-free eggs may negatively affect the viability and profitability of
this production system.

Stress in intensive layer chicken production systems

Stress negatively influences the performance, health, welfare and
product quality in layer chickens. Stress caused by high stocking density
has been shown to compromise feed intake, productivity, welfare, and
product quality in poultry birds. Hedlund and Jensen (2022) found that
overly stocked White Leghorn layer chickens experienced more feather
pecking damage, lower hatch weight, and produced smaller eggs
compared to birds raised under optimal conditions. The lower hatch
weight could be triggered by increased competition for nutritional re-
sources. Feather pecking occurs when hens redirect feeding behaviour to
removing the feathers of other hens (Newberry et al., 2007). Extensive
and persistent feather pecking can cause loss of animal stock through
cannibalism and death, which results in significant economic losses
(Cronin and Glatz, 2020). Some studies have suggested that high
stocking densities reduce eggshell thickness and strength in laying ducks
(Xiong et al., 2020) and quail (Aro et al., 2021). The reduction in
eggshell thickness and strength may be due to reduced absorption and
utilization of calcium in the gut. Furthermore, eggs in birds reared under
high stocking density tend to be smaller in size and weight compared to
eggs from birds reared under optimal conditions. High stocking densities
also cause radiant heat to increase between birds and causes the tem-
perature to increase (Wasti et al., 2020). As a result, birds may fail to
efficiently dissipate their body heat due to high metabolic rates and
reduced airflow (Wasti et al., 2020).

In hot environments, densely stocked layer chickens tend to consume
less feed because their priority is to dissipate as much heat as possible
from their body (Oluwagbenga et al., 2023). Feed avoidance is also
designed to prevent overheating due to heat increment of nutrient
digestion and metabolism (Oluwagbenga et al., 2023). The reduction in
production performance-related parameters could, therefore, be attrib-
uted to reduced feed consumption triggered by these thermoregulatory
mechanisms. He et al. (2018) proposed that the effects of heat stress in
poultry birds are mediated through the activation of the
hypothalamic-pituitary-adrenal axis, elevated corticosterone concen-
trations and mitochondrial activity, and stimulation of central nervous
system, which reduces daily gain, feed intake, and feed conversion ratio
(FCR) in poultry. Indeed, Deng et al. (2012) demonstrated that layer
chickens reared at 34 °C had lower feed intake, depressed egg produc-
tion, elevated corticosterone levels, and compromised immune function.
Furthermore, heat stress has been reported to compromise the number
and size of follicles, particularly the yellow and hierarchal follicles (Li
etal., 2020; Ghoname et al., 2022) resulting in compromised egg quality
(internal, external and reproductive capacity). The size and number of
follicles serve as an indication of the reproductive/fertilization capacity
of an egg. In addition, the decrease in egg quality is also caused by
changes in the blood chemistry of the layer chicken and low calcium
absorption rates in the small intestines (Barrett et al., 2019).
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Antibiotics as mitigators of stress in layer chickens
Applications

To meet the rising demand for eggs from a growing human popula-
tion, the layer chicken industry employs large-scale, industrialized
chicken farms. These production systems impose a wide range of
stressors on chickens resulting in gut dysbiosis, poor immune function,
and proliferation of pathogenic microorganisms. To mitigate against the
negative impact of stress in intensive layer chicken farms and avert
production losses, subtherapeutic in-feed antibiotics have been tradi-
tionally used (Lima et al, 2023). Indeed, Engberg et al. (2000)
confirmed the efficacy of in-feed prophylactic antibiotics in reducing
stress-induced disease outbreaks and improving feed utilization effi-
ciency in intensive poultry production systems.

Bird performance, health, welfare, and egg quality outcomes

Although several studies have reported positive performance out-
comes of broilers when antibiotic growth promoters have been used
(Engberg et al., 2000; Dumonceaux et al., 2006; Miles et al., 2006), there
are very few such reports on layer chickens. To complicate matters,
studies on layers have yielded inconsistent results. For instance, Dipeolu
et al. (2005) found that adding tetracycline and the enzyme Avizyme
1500® at 200 mg/kg to the basic diet improved FCR, final body weight,
and weight gain in Nera pullets. In contrast, Wu et al. (2008) reported
that supplementing the diets of Bovans White and Dekalb White layer
hens with 33.7 g/ton of the antibiotic tylosin had no effect on feed
intake, feed conversion efficiency, or body weight. These discordances
can be attributed to factors such as the specific antibiotics used, diet
composition, bird species, and environmental conditions.

Antibiotics possess antimicrobial activity that prevent infectious
bacterial diseases, resulting in better bird health (Khalifeh et al., 2009).
Jankowski et al. (2022) reported that adding 10 % enrofloxacin at a dose
of 0.5 mL/L of drinking water enhanced the bursa of Fabricius and bursa
of Fabricius index of the broilers compared to the control. In birds, the
spleen, thymus, and bursa of Fabricius are vital organs for humoral and
cellular immunity. The bursa of Fabricius is the primary lymphoid organ
where B cell proliferation and differentiation occur (Glick et al., 1994;
Jankowski et al., 2022). Bursa of Fabricius index, on the other hand,
measures the effect of various infectious and non-infectious factors on
the function of the bird’s immune system (Ellakany et al., 2008). So, in
the presence of immunosuppressive factors, the growth bursa of Fab-
ricius will be inhibited (Yin et al., 2015), and bird health might suffer.
Dumonceaux et al. (2006) noted that the addition of virginiamycin (20
g/ton) as a growth promoter in broiler’s diets enhanced the abundance
of Lactobacillus species in the duodenal loop at proximal ileum compared
to control-fed birds. Lactobacillus species produce bacteriostatic
bacteriocin-like compounds and lactic acid, which play a major role in
lowering the gut pH. Additionally, antagonism and competitive exclu-
sion have been proposed as processes by which lactobacilli species
inhibit the multiplication of pathogenic bacteria and regulate the gut
flora (Servin, 2004). Accordingly, an increase in Lactobacillus species in
the gut is associated with improved gut health of the birds. However,
Engberg et al. (2000) reported that when salinomycin (0.06 g/kg feed),
zinc bacitracin (0.02 g/kg feed) or their combination were added in
broiler diets, the population of Clostridium perfringens and Lactobacillus
species in the intestinal contents of broilers were lowered compared to
antibiotic-free feed. It is worth noting that there is no reported evidence
on the impact of antibiotics on the immunity of layer chickens, hence
inferences in this review have been drawn from broiler chickens.

Currently, the poultry sector needs to transition towards antibiotic-
free production, both to combat the development of antibiotic resis-
tance and to meet market demands for antibiotic-free poultry products.
However, without suitable alternatives, this strategy could be detri-
mental to the health and welfare of birds (lannetti et al., 2021) as well as
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product quality and safety. Indeed, Karavolias et al. (2018) noted that
eliminating antibiotics can lead to a higher risk of specific diseases,
contradicting widely held beliefs that the elimination of antibiotics
supports good animal welfare. Similarly, a study by Li et al. (2020)
observed a growing trend of rearing chickens without antibiotics might
severely impact the health and welfare of the animals, especially
increasing disease incidence and mortality. Further research is needed to
identify and standardize a set of managerial approaches to improve the
health of poultry birds reared without antibiotics. This review proposes
the use of probiotics and nucleotides to aid the transition to AGP-free
layer chicken production.

Over the past few decades, the use of antibiotics as growth promoters
in layer diets has been discouraged in several countries, with the Eu-
ropean Union (EU) banning their inclusion in animal feed (Dipeolu
et al., 2005). This prohibition stems from concerns about antibiotic
residues in poultry products, such as eggs, which pose potential health
risks to consumers (Kiimmerer, 2009; Ronquillo and Hernandez, 2017).
Indeed, Dipeolu et al. (2005) reported that supplementing a diet with
tetracycline resulted in residues in the eggs of laying birds. Several
scholars have also reported the presence of trace antibiotics in com-
mercial eggs (Ben et al., 2022; Ma et al., 2022). However, no effects of
antibiotics were recorded on egg quality parameters such as egg shape
index, yolk colour, egg composition values and blood spots. Similarly,
Wu et al. (2008) discovered that tylosin supplementation had no effects
on egg solids but reduced the proportion of dirty eggs, resulting in
improved egg quality of Bovan White and Dekalb White hens.

Contemporary challenges of antibiotic use

Antibiotic use in layer chickens threatens the safety of eggs (via
antimicrobial residues) while driving the development and spread of
microbial resistance (Agyare et al., 2018). Owusu-Doubreh et al. (2023)
reported that in-feed antibiotics that are used mitigate stress effects can
remain in poultry products including eggs, compromising food safety
and posing a risk to human health. Indeed, Velazquez-Meza et al. (2022)
reported that antibiotic residues in food can result in allergic reactions
and even contribute to the development and spread of antimicrobial
resistance. In chickens, antibiotics can be transferred from parents to
chicks by vertical transmission (Jansen et al., 2020). As the chick grows,
the concentration of antibiotics in the body progressively declines as
they are eliminated through faeces, a common source of trace antibiotic
contamination on feeders, drinkers and walls (Lima et al., 2023). To
prevent product contamination and the spread of antimicrobial resis-
tance, researchers have been searching for functional alternatives to
antibiotics, such as nucleotides and probiotics.

Alternative mitigators of stress

Consumer pressure and concerns about the harmful effects of anti-
biotic use, as well as the antibiotic ban by some countries, have
prompted researchers to consider alternatives to antibiotics (Diarra and
Malouin, 2014). These alternatives should be able to enhance growth
metrices, health and egg output, as well as reduce the incidence of
stress-induced diseases in layer chickens while preserving environ-
mental and consumer health. Current research focuses on natural al-
ternatives with benefits comparable to those of antibiotics (Mehdi et al.,
2018). Nucleotides and probiotics are some of the candidates that have
garnered interest as antibiotic alternatives due to their potential to
optimize the gut environment, reduce oxidative stress, and boost im-
munity and growth performance in chickens.

Nucleotides as feed additives in layer chicken production
Definition and applications

Nucleotides are low molecular weight compounds that are derived
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from nucleic acid hydrolysis and comprise of a nitrogenous base (py-
rimidine or purine), which is linked by a pentose sugar (ribose and
deoxyribose) and a two or three phosphate group (Sauer et al., 2011;
Preller and Manstein, 2017; Lawrence, 2022). Nucleotides are found in
many food sources in the form of nucleoproteins and nucleic acids
(Dancey et al., 2006). However, soy, vegetables, and dairy products
have a lower concentration of nucleotides compared to mushroom,
fishmeal, legumes, animal protein soluble and yeast extracts (Ding et al.,
2021). In theory, animals may require higher nucleotide levels during
periods of rapid growth, stress, or immune system compromise (Stein
and Kil, 2006), when endogenous synthesis is insufficient (Maldonado
et al., 2001). Accordingly, it may be cost-effective to supplement nu-
cleotides only during the periods when the bird has a higher require-
ment such as during the transition between growing/production stages
when diets are changed. Studies suggest that nucleotide supplementa-
tion can improve animal performance under stressful conditions by
modulating local immune response and reducing inflammation (Onrust
et al., 2015; Valini et al., 2021). Reduction of disease incidences in
nucleotide supplemented chickens is linked to the predominance of
Lactobacilli in the gut microflora (Carrey et al., 2013) and maintenance
of the T receptor cells in the gut (Ding et al., 2021). Furthermore, nu-
cleotides also improve immunity of animals by altering intestinal
structure and innate and adaptive immune responses, thus increasing
stress tolerance (Baines and Brown, 2016). There is evidence that nu-
cleotides result in the transfer of desirable gut microbiota to products,
thus could improve the quality and safety of foods for consumers in layer
chickens (Tapingkae et al., 2018; Liu et al., 2021). The influence of di-
etary nucleotides on bird health, welfare, gut health, and product
quality as well as the associated mechanisms are summarized in Table 1.

Mechanisms of action

Modification of gut microbiota and local environment

Nucleotide supplementation has been shown to improve bird pro-
ductivity and welfare and product quality by modifying the gut micro-
biota, suppressing inflammation, and improving immune responses (Wu
etal., 2018; Mohamed et al., 2020; Liu et al., 2021). It has been reported
that poultry birds offered diets fortified with nucleotides have a more
diverse gut microbiota compared to those on conventional diets (Kruger
and Werf, 2018). A diverse and rich gut microflora is desirable because it
plays a critical role in enhancing intestinal barrier function (Mindus
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et al., 2021). Several studies have demonstrated that chickens supple-
mented with nucleotides have a higher concentration of gram-positive
bacteria (Bacilli, Lactobacillales, and Enterobacteriales) compared to
gram-negative bacteria (Blautia, Ruminoclostriduium, Sellimonas, Eisen-
bergiella, Escherichia-Shigella) (Wu et al., 2018; Liu et al., 2021; Zhen
et al., 2021). Gram-positive bacteria such as Lactobacillus lower the in-
testinal pH by producing organic acids such as lactic and propionic
acids, creating a favourable environment for the proliferation of bene-
ficial microbiota and reducing harmful microbiota (Wang et al., 2023).
Therefore, nucleotides indirectly modify the host’s local environment by
reducing the intestinal pH (Kreuz et al., 2020).

Intestinal barrier function

Nucleotides have been shown to enhance the epithelial barrier
function by proliferating enterocytes, mucosal protein, DNA, and
increasing villi height (Kreuz et al., 2020; Mohamed et al., 2020; Aziz
et al., 2024). Furthermore, nucleotides also code for genes that are used
for synthesis of protein and protection of cell structures (Mohamed et al.,
2020). They also upregulate the production of immunoglobins, which
bind antigens and hinder them from passing through the intestinal
mucosal membrane (Aziz et al., 2024). Components of nucleotides, py-
rimidines, adenosine, uridine, and cystine improve the digestive ca-
pacity of the proliferating enterocytes and lymphocytes as well as the
synthesis of RNA in the jejunum crypts (Aziz et al., 2024). This is crucial
for enhancing immune response, glutathione metabolism, vitamin
transport and metabolism, lipid metabolism, as well as neuronal and
cardiac development, maturation, and growth (Sinpru et al., 2021).

Larger villi increase the amount of nutrients that an animal can
digest and absorb within a given timeframe (Kamel et al., 2021). Hence,
some studies have reported that chickens supplemented with nucleo-
tides had a higher feed intake and digestibility compared to control birds
(Kamel et al., 2021). In turn, higher feed intake translates into improved
egg production (Qiu et al., 2024). The increased feed intake could also
be attributed to enhanced microbial function, which promotes the pro-
duction of SCFAs, upregulates digestive enzymes, increases mucosal
development, enlarges villi size and crypt depth, and boosts goblet cell
production (Wu et al., 2018; Mohamed et al., 2020; Kamel et al., 2021,).
Increased feed intake and bird productivity could also be attributed to
inherent components of the nucleotide mix such as oligosaccharides,
peptides, and amino acids, which can increase appetite and stimulate
GIT development.

Table 1
The effects of dietary nucleotides on health, welfare, productivity, and product quality in layer chickens and their associated mechanisms of action.
Nucleotide Strain Outcomes Possible mechanisms of Action Refs.
Type
Yeast culture Hy-line brown e Improved egg quality, hatching rate, ileum fat e Increase in relative proportions of Lactobacillus and Bacilli. ~ Liu et al.
Layers digestibility, antioxidant capacity, serum lysozyme e Enhanced lipopolysaccharide biosynthesis, glutathione (2021)
e Reduced aspartate aminotransferase activity metabolism, and ubiquinone metabolism
Yeast culture Hy-line brown e Improved villus height, egg production and egg quality. =~ e Higher population of Bacteroidetes Qiu et al.
Layers e Enhanced serum antioxidant capacity and glutathione e Lower population of Proteobacteria (2024)
peroxidase activity
Brewer’s yeast Hy-line brown e Improved egg production, internal egg quality, and e Enhanced digestibility of fibrous feeds by breaking them Park et al.
hydrolysate Layers eggshell thickness down into their smaller constituents. (2020)
e Decreased Lactobacillus and E. coli strains e Hydrolysate contains proteins, nucleotides, mannan-
oligosaccharide and B-glucan. Prevented pathogens from
attaching and binding to the villi
Dietary red yeast  Esa brown e Increased feed efficiency, egg yolk colour score and e Bright egg yolk colour due to pigments in red yeast Tapingkae
Layers caecal short chain fatty acids e Low cholesterol and triglycerides due to elevated levels of et al. (2018)
e Reduced yolk cholesterol and triglyceride Saccharomyces, which remove cholesterol from the gut
e Reduced hepatic hydroxymethylglutaryl-coenzyme A e Increase in caecal short chain fatty acids due to mannan-
reductase activity oligosaccharides mechanism and elevated nutrient
utilization
Yeast p-glucan Hy-line brown e Increased the relative abundance of Bacilli, e Mechanism unknown Zhen et al.
layers Lactobacillales, and Enterobacteriales and metabolic (2021)
profiles of the laying birds.
Enzyme-treated Lohmann LSL e Reduced number of damaged and cracked eggs e Modified amino acids metabolism De Cloet et al.
yeast Lite layers e Increased eggshell quality, egg weight and plasma e Increased dietary calcium absorption, hence improved (2023)

protein and albumin

eggshell quality.
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Inflammation and immune responses

Nucleotides also modulate bird health and welfare through cell-
mediated immunity (Mohamed et al., 2020). Nucleotides increase the
relative proportion of immunoglobins to protect the host against path-
ogens (Kreuz et al., 2020; Mohamed et al., 2020). Furthermore, nucle-
otides modulate bird welfare by regulating the expression of
anti-inflammatory and pro-inflammatory biomarkers (Kreuz et al.,
2020; Aziz et al., 2024). Aziz et al. (2024) found that nucleotides
upregulated antioxidant biomarkers by promoting synthesis of mRNA,
resulting in the production of enzymes that combat oxidative stress. In
addition, nucleotides conserve glutamine, aspartate, and glycine for de
novo synthesis, resulting in the use of these amino acids for growth
(Kreuz et al.,, 2020). Increased glutamine availability is especially
crucial for high-glutamine-demand processes and organs, such as the
pectoralis major muscle, which contains 0.06 g of glutamine per gram
(Hu et al., 2023).

The enhanced immunity and intestinal mucosal functions of layer
chickens fed nucleotides is also associated with regulation of inflam-
matory biomarkers and genes (Wu et al., 2018). Nucleotides have been
demonstrated to increase the expression of anti-inflammatory genes
(INF-y, IGF Insulin growth factors, IL-1p, IL-2, IL-6, IL-10, mucin
(MUC2), and TTF2) and reduce the expression of pro-inflammatory
genes (IL-17A, IL-22 and IFN-a genes (Wu et al.,, 2018; Mohamed
et al., 2020; Kamel et al., 2021; Rady et al., 2023; Ismail et al., 2024).
Mucin (MUC2) can reduce the expression of pro-inflammatory genes or
incidences of inflammation (Mohamed et al., 2020). Interleukin-6 pro-
vides short-term protection against infection or damage by alerting the
immune system to the source of inflammation, whilst IL-1p plays a
critical role in regulating expression of inflammatory responses (Ismail
et al., 2024). Interleukin-10 and IGF prevent tissue damages by reducing
inflammatory and autoimmune pathologies (Rady et al., 2023). How-
ever, some studies report that dietary nucleotides could not modulate
the expression of IL-1p, a pro-inflammatory cytokine, and IL-10, an
anti-inflammatory cytokine in broiler chickens (Leung et al., 2019),
suggesting that influence of nucleotides on inflammation may be
gene-dependent or could be modulated by experimental conditions.
Mucin is a key component of the protective mucus layer, which safe-
guards the intestines from pathogen invasion, thereby preserving in-
testinal integrity (Liévin-Le Moal and Servin, 2006; Cornick et al., 2015).

Given the positive effects of nucleotides on the bird’s immune sys-
tem, it is not surprising that their dietary supplementation would result
in lower mortality rates. Indeed, Hassanein et al. (2023) found that
incorporation of nucleotides into the soybean meal diet reduced the
mortality of broiler chickens. Similarly, Rutz et al. (2007) found that
nucleotides reduced the mortality rate of stressed chickens by 30 %. It
has been suggested that nucleotides boost the survival rates of chickens
by enhancing energy storage and immune responses during growth and
development (Rutz et al., 2007; Kamel et al., 2021; Hassanein et al.,
2023). The improved survival rates of the poultry birds has also been
attributed to mechanisms such as cell-mediated immunity and resistance
to bacterial infections (Mohamed et al., 2020). The reduction in mor-
tality in birds supplemented with nucleotides is also thought to be
mediated through reduction in stress hormones (Kamel et al., 2021;
Hassanein et al., 2023).

Probiotics as additives in layer chicken production
Definition and applications

Gadde et al. (2017) reported that probiotics include a diverse range
of species categorized as Lactobacillus, Bacillus, Bifidobacterium, Lacto-
coccus species, Gram-positive cocci, Streptococcus, and yeast (Saccharo-
myces) genera, with growth-promoting potential, non-toxic side effects,
health benefits, and other characteristics. Indeed, several authors have
reported improved performance parameters, including feed conversion
ratio, egg quality, egg production, disease resistance, and overall animal
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welfare when layer chicken were supplemented with probiotics (Sjofjan
et al., 2021; Bindari and Gerber, 2022; Jiang et al., 2022). This suggests
that probiotics can be a viable alternative to antibiotics because they do
not contribute to AMR or unsafe poultry products. Their diverse func-
tions in enhancing animal, human and environmental health stem from
their ability to control and suppress pathogens, reduce toxins and pol-
lutants, and increase nutrient bioavailability (Oelschlaeger, 2010)
through three primary mechanisms of action. According to Kouhounde
et al. (2022), these mechanisms of action include competition with
pathogens for surface attachment and nutrients, facilitated by macro-
molecular structures in the cell wall (e.g., exopolysaccharides and
S-proteins) and secreted amphiphilic compounds (e.g., biosurfactants);
antimicrobial production (e.g., antioxidant compounds bacteriocins,
enzymes and antiviral agents); and immunomodulation activity on im-
mune cells. These mechanisms of action are discussed next.

Mechanisms of action

Whereas several milestones have been achieved in the study of
probiotics, their modes of action still require further elucidation (Latif
et al., 2023). Their numerous beneficial effects on poultry production
and health have been attributed to several underlying interconnected
mechanisms of action that are summarized in Table 2. Probiotics pro-
duce antimicrobial substances such as acidophillin, organic acids, lac-
tocidin, bacteriocins, and hydrogen peroxide resulting in the reduction
of viable counts of pathogenic bacteria in the gut (Fantinato et al., 2019;
Ahire et al., 2021). Volatile fatty acids and organic acids are produced
from the natural breakdown and metabolism of feed components by
probiotics in the gastrointestinal tract. This results in a reduction in gut
pH to a level that is unsuitable for the survival of pathogenic bacteria
such as Escherichia coli and Salmonella species (Khan and Naz, 2013).
Furthermore, probiotics enhance the intestinal barrier function by
stimulating the synthesis of mucin proteins (Zhao et al., 2021), influ-
encing the expression of tight junction proteins such as claudin-1 and
occludin, and modulating the gut immune response. Gou et al. (2022)
stated that the intestinal barrier function consists of the physical,
chemical, immune, and microbial barriers, which play a significant role
in the defense against infections, toxins, antigens, and other harmful
substances. Physical and chemical barriers are important in regulating
intestinal permeability and preventing intestinal epithelial cell damage
as well as bacterial translocation. The intestinal microbial barrier
comprises of symbiotic microorganisms in the gut that help inhibit
pathogens proliferation by competing for limited nutrients and releasing
antimicrobial substances. The immune barrier plays a crucial role in
preventing pathogen invasion. Additionally, these microorganisms
support the host with various physiological processes (Takiishi et al.,
2017).

Another mechanism of action is through competitive exclusion Chi-
chlowski et al. (2007), where probiotics colonize adhesion sites on the
intestinal epithelium, preventing pathogenic bacteria from forming
colonies. Probiotics also enhance digestion by increasing the activity of
digestive enzymes as well as nutrient absorption while decreasing the
activity of pathogenic bacterial enzymes (glucuronidase, azoreductase,
and nitroreductase) (Chowdhury et al., 2020). Probiotics can also
regulate both the innate and adaptive immune systems by modulating
dendritic cells, T lymphocytes, and macrophage B, as well as enhancing
the production of y-interferon (Latif et al., 2023). This probiotic action
enhances the host immune system’s ability to respond effectively, thus
preventing the colonization of gut by harmful microbes (Ayana and
Kamutambuko, 2024). Probiotics also stimulate the production of
anti-inflammatory cytokines, interact with intestinal epithelial cells, and
attract mononuclear cells and macrophages (Yang et al., 2009; Pet-
ruzziello et al., 2023). These actions maintain a balanced immune
response by preventing excessive inflammation, which would otherwise
compromise gut health. Furthermore, probiotics positively modify in-
testinal morphology by increasing villus height, goblet cell population,
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Table 2

Effects of probiotics on health, welfare, productivity and product quality in

chickens and their associated mechanisms of action.

Probiotic type Outcomes Mechanisms of Refs.
action
Commercial Enhanced both egg e Increased retention  Balevi
probiotic weight and egg of nutrients, et al.
(Protexin™) mass of Hisex including calcium, (2001)
containing Brown layers. nitrogen, fat, and
Lactobacillus phosphorus.
plantarum,
Lactobacillus
delbruecki subsp.
bulgaricus,
Lactobacillus
acidophilus,
Lactobacillus
rhamnosus,
Bifidobacterium
bifidum,
Streptococcus
salivarus subsp.
thermophiles,
Enterococcus
faecium, Aspergillus
oryza and Candida
pintolopesii
Metabolites from Enhanced feed e The metabolites Thanh
Lactobacillus utilization have bacteriostatic et al.
plantarum efficiency, body and bactericidal (2009)
weight and weight effects, which
gain of broilers. reduced pathogenic
bacterial load in
the gut microflora.
Clostridium butyricum  Quadratic increase e Production of large ~ Zhanetal.
in Bifidobacterium amount of SCFA by  (2019)
and reduction in Clostridium
Escherichia coli butyricum.
counts in e Probiotic also
Jinghong-1 strain competed with
laying hens. pathogens for
attachment sites on
the gut surface.
Bacillus licheniformis Enhanced egg e Beneficial Pan et al.
DSM5749 production rate metabolites by (2022)
and average daily B. licheniformis,
egg yield of Hy- such as
Line Brown laying extracellular
hens. digestive enzymes,
lysozyme, various
antibiotics, and
antifungal proteins.
o Increased lipase
activity resulted in
improved laying
performance
observed.
Multi-strain Improved albumen e Higher protein Carvalho
probiotic weight, yolk deposition in the et al.
height, yolk length, eggs. (2022)
and yolk index e Beneficial
during storage of modulation of the
eggs from Hyline intestinal

W36 lineage hens.

microbiota, which
offered better
health and, as a
result, improved
digestion and
absorption of
nutrients.

Higher yolk index
linked to
hepatocytes
synthesizing
vitellogenin, a
protein that
transports lipids
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Table 2 (continued)

Mechanisms of Refs.

action

Probiotic type Outcomes

from the liver to the
developing oocytes
that produce the
yolk.

and decreasing crypt depth, resulting in a favorable environment for the
gut microbiota and overall host health. Indeed, Ding et al. (2021) re-
ported that probiotics improve digestion, nutrient absorption, gut
health, and immune response and inhibit pathogenic intestinal bacteria
in chickens.

Potential nucleotide-probiotic synergism

Given that the discussed mechanisms of action for probiotics and
nucleotides in chickens are related and appear to complement each
other (Fig. 1), it is logical to anticipate synergistic effects (Table 3)
should the two additives be fed together. Both additives have been
shown to support gut health and boost immune function in chickens
when used individually (Fig. 1). In combination, probiotics and nucle-
otides could better modulate gut microbiota, as nucleotides have been
shown to promote the growth of beneficial bacteria such as Lactobacilli
(Sauer et al., 2011), while probiotics have been reported to reduce the
abundance of potentially harmful bacteria (Yazhini et al., 2018). The
nucleotide-probiotic blend is likely to promote a healthy gut microbiota,
resulting in improved digestion, nutrient absorption, and immune
function (Fig. 2). In addition, both additives demonstrate complemen-
tary anti-inflammatory properties, which could better reduce the
negative effects of stress on the gut and immune system. By reducing
inflammation, these additives can help to improve gut health and im-
mune function, leading to better performance in chickens. Furthermore,
nucleotides are important building blocks for DNA and RNA (Sauer
etal., 2011), while probiotics have been shown to promote balanced gut
microbiota and enhance the activity of immune cells, specifically T cells
(Popova, 2017). This combined effect can help to support cell growth,
development, and repair, as well as improve the bird’s ability to fight off
infections.

Overall, the potential for synergistic outcomes when feeding pro-
biotics and nucleotides to chickens is high, as both additives have
complementary effects on gut health, immune function, and perfor-
mance (Figs. 1 and 2). In combination, these additives can provide a
more comprehensive and effective approach to improve the health and
productivity of chickens reared under highly stressful intensive pro-
duction systems. By understanding the interactions between dietary
nucleotides, probiotics, and the gut microbiome, it may be possible to
develop more effective supplementation strategies for improved gut
health, growth performance, and egg quality in chickens. The mecha-
nisms that could be involved in these potential synergistic effects on gut
function, bird health, and bird productivity are summarized in Figs. 1
and 2 and discussed below.

Gut function

Modification of gut microbiota

The mechanisms of action of both dietary nucleotides and probiotics
in poultry are closely linked to their effects on composition of gut
microbiota (Wu et al., 2018; Kamel et al., 2021). Studies have shown
that layers exhibiting favorable production and egg quality traits possess
a diverse microbiota, rich in gram-positive bacteria (Rutz et al., 2007;
Kamel et al., 2021; Obianwuna et al., 2022; Hassanein et al., 2023).
Beneficial gut microbiota triggers secondary metabolic and physiolog-
ical processes essential for the bird’s well-being and contributes to the
production of high-quality eggs (Kamel et al., 2021; Liu et al., 2021;
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COMPETITIVE SUPPORT FOR RAPID
EXCLUSION CELL PROLIFERATION
ENHANCED
PRODUCTION OF OUNRHEALIH MODULATION OF
ANTIMICROBIAL IMPROVED IMMUNE RESPONSE
COMPOUNDS IMMUNE
FUNCTION
ENHANCEMENT OF GUT R ERENCED ENERGY SUPPLY FOR
BARRIER INTEGRITY GROWTH CELLULAR FUNCTIONS
PERFORMANCE
STIMULATION OF GUT IMPROVED EGG PROMOTION OF
DEVELOPMENT
PRODUCTION OF RE:AL"I'(:I:)Z:NOF
DIGESTIVE ENZYMES LOAD REDUCTION OF

MODULATION OF
GUT MICROBIOTA

PHYSIOLOGICAL
STRESS

Fig. 1. Distinct and shared mechanisms through which nucleotides and probiotics enhance bird performance and product quality.

Niyishama et al., 2021; Xu et al., 2023; Qui et al., 2024). Nucleotides
could modulate gut microbiota by promoting growth of gram-positive
bacteria (Wu et al., 2018; Ismail et al., 2024), whilst probiotics reduce
the relative abundance of gram-negative bacteria (Khan et al., 2020; Xu
et al., 2023). Since both nucleotides and probiotics can modulate gut
microbiota, it can be suggested that their combined use may have a
synergistic effect, significantly enhancing hen productivity and product
quality. The augmentation of gut microbiota will result in improved egg
quality, bird welfare, gut health and production performance.

Structure and epithelial barrier function

A well-developed and functional intestinal environment is essential
for the optimal growth and performance of birds, given its critical role in
metabolic and physiological processes (Tang et al., 2020). High stocking
densities can lead to underdeveloped intestines due to reduced feed
intake, chemical imbalances, and decreased mucosal production
(Mashaly et al., 2004; Deng et al., 2012; Li et al., 2020). Nucleotides and
probiotics have both been shown to enhance the structure and func-
tionality of the gastrointestinal tract in poultry by modulating the gut
microbiota and increasing villus height (Qui et al., 2024). Nucleotides
improve the GIT barrier function by promoting the proliferation of
enterocytes, mucosal proteins, and DNA (Kamel et al., 2021; Moham-
med et al.,, 2020), while probiotics modulate and protect the gut
microbiome (Odenwald and Turner et al., 2017). The production of a
thicker mucosal layer and the proliferation of enterocytes help prevent
pathogen infiltration into the intestines (Li et al., 2020). Additionally,
nucleotides and probiotics improve epithelial function by increasing the
population of Lactobacillus, which helps to scavenge pathogens attached
to the epithelial surface (Mohammed et al., 2020; Thanh et al., 2009).
Therefore, a nucleotide-probiotic composite in poultry could enhance
epithelial barrier function through these complementary actions.

Bird health

The modulation of the gut microbiota significantly impacts immune
health and the expression of specific cells and genes. Incorporating nu-
cleotides and probiotics into poultry diets has been shown to reduce the
H:L ratio and the expression of pro-inflammatory and stress-related
biomarkers in poultry birds. Nucleotides exert their effects by

modulating the expression of these genes and biomarkers through cell-
mediated immunity (acting as immunomodulators) and increasing
synthesis of mRNA (Mohammed et al., 2020; Aziz et al., 2024), while
probiotics could complement nucleotides by restoring the equilibrium of
the gut microbiota, mainly Lactobacillus, and enhance intestinal anti-
oxidant activities (Thanh et al., 2009). Indeed, probiotics enhance the
activities of T-SOD, GSH-Px, CAT, and glutathione transferase enzymes,
thereby reducing malondialdehyde levels in poultry birds (Wang et al.,
2022). These enzymes play a pivotal role in the gut as antioxidants,
safeguarding the intestines from reactive oxygen species (ROS)
(Bhattacharyya et al., 2014). Malondialdehyde, on the other hand, di-
minishes the activities of digestive, absorption, and antioxidant en-
zymes, impairing gastric and intestinal mucosa, which are essential for
optimal nutrient absorption and utilization in the gastrointestinal tract
(GIT) (Fan et al., 2023). This reduces the quantities of nutrients that the
birds can access to meet their biological, metabolic, and physiological
processes (Fan et al, 2023). Furthermore, the types of
anti-inflammatory biomarkers/genes expressed by the additives have
been shown to vary and could complement each other. Nucleotides
enhance the expression of INF-y, insulin growth factors, IL-1p, IL-2, IL-6,
IL-10, mucin (MUC2) and TTF2 whilst probiotic upregulates the
expression of ovarian tissue (toll-like receptor-4) (Wu et al., 2018;
Mohammed et al., 2020; Kamel et al., 2021; Rady et al., 2023). In terms
of animal welfare, nucleotides reduce incidents of feather pecking by
increasing the population of Lactobacillus in the gut, increasing expres-
sion of T-cells, and reducing caecal microbiota whilst probiotics regu-
lates/modulates the expression of regulatory T cells (Mindus et al.,
2021).

Bird productivity

Both probiotics and nucleotides enhance poultry productivity by up-
regulating digestive enzymes resulting in increased feed utilization and
intake as well as bird survival rates. Probiotics improve nutrient diges-
tion (Xu et al.,, 2003) while nucleotides play a critical role in tissue
(including intestinal) growth and repair (Aziz et al., 2024; Kreuz et al.,
2020). Therefore, it is conceivable that combining probiotics and nu-
cleotides in poultry diets can significantly boost chicken productivity by
enhancing digestive enzyme activity, nutrient absorption and utilization
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Table 3
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Potential synergy between nucleotides and probiotics as derived from their reported individual effects and mechanisms of action.

Outcomes and mechanisms

Parameter Nucleotides Probiotics Potential synergistic action
Growth e Reduction of mortality of chickens and e Reduced mortality rates in chickens, thus Probiotics and nucleotides increase feed intake,
performance increasing survival rates. improving their survival rates. survival rates, feed utilization efficiency, and
e Improved feed intake by increasing size of the o Improved weight gain by secreting digestive growth of birds. Probiotics increase the digestion of
villi, augmenting gut microbiota, increased enzymes that might improve the digestion rate of ~ nutrients whilst nucleotides play a critical role in
SCFA production and upregulating digestive nutrients. the growth and repair of gut and general body cells.
systems. These actions can complement each other to
e Increased the strength of the eggshell by produce better responses in layer chickens.
increasing the utilization and absorption of
calcium in the GIT
Bird health e Reduced H:L ratio and corticosterone. e Enhanced T-SOD, GSH-Px, CAT, and glutathione Both probiotics and nucleotides have been shown to

Gut function

External egg
quality

Internal egg
quality

Egg functional .
properties

Upregulate anti-inflammatory biomarkers (INF-
¥, IGF Insulin growth factors, IL-1, IL-2, IL-6,
IL-10, mucin (MUC2) and TTF2) and reduce the
expression of pro-inflammatory biomarkers (IL-
17A, IL-22 and IFN-a genes).

Enhanced bird health by increasing cell-
mediated immunity and resistance to bacterial
infections.

Upregulate antioxidant biomarkers by
increasing the synthesis of mRNA.

Increase the relative proportion of beneficial
markers such as immunoglobins to protect the
host against invasion of pathogens into its body.
Upregulated antioxidant biomarkers by
promoting synthesis of mRNA, which produces
enzymes that combat oxidative stress.
Increases the relative population of beneficial
microbiota in the gut, mainly Lactobacillus.
Enhance the epithelia barrier function by
proliferating the concentration of enterocytes,
mucosal protein, DNA, and increasing villi
height.

Prevent transcellular pathogenic invasion by
attaching and binding to the villi.

Upregulate the production of immunoglobins,
which bind antigens and hinders them from
passing through the intestinal mucosal
membrane

Increased strength of the eggshell and reduced
proportion of damaged eggs by increasing the
utilization and absorption of calcium in the GIT

Enhanced albumen height and Haugh units.
Improved nutrient digestion and egg formation.
Enhanced bio-accessibility of nutrients and in-
creases the concentration of carotenoids absor-
bed and deposited in the egg yolk.

Increased relative population of Bacteroidetes
compared to Proteobacteria.

Reduced egg pH through the vertical transfer
mechanism.

Preserved albumen viscosity of the eggs by
converting sugars to gluconic acid and prevents
escape of CO, from the eggshell.

Reduced emulsion stability of the eggs

transferase activities, while reducing the malon-
dialdehyde content.

Reduced the H:L ratio in chickens, indicating
successful stress mitigation.

Improved ovarian immune function by improving
the expression of the ovarian tissue (toll-like
receptor-4) while reducing pro-inflammatory cy-
tokines (mRNA levels).

Improved bird immune response by modulating
the regulatory T cells, which help reduce severe
feather pecking and plumage damage: enhanced
bird health and welfare.

Reduced diamine oxidase activity and p-lactate
level by modulating the gastrointestinal tract.
Improved intestinal structure by enhancing the
villus height and reduces crypt depth by
modulating the host intestinal microbial
environment.

Increases the population of beneficial caecal
microbiota such as Synergistota, Bacteroidota, and
Firmicutes in the gut.

Enhanced eggshell thickness, strength, and
eggshell percentage by increasing the blood
serum calcium absorption and retention levels.

Enhanced albumen parameters such albumen
height, Haugh unit, and thick-to-thin ratio by
increasing nutrient digestion and absorption
through development of healthier intestinal
structure.

Reduced egg yolk pH through the deposition of
antioxidants, which then delay peroxidation.
Lower TBARS by improving the antioxidant status
of the bird.

reduce the H:L ratio and pro-inflammatory
biomarkers, using them together could boost overall
bird health. Probiotics restore the balance of gut
microbiota, while nucleotides act as
immunomodulators by providing materials required
for the replication of immune cells. The restoration
of beneficial gut microbiota coupled with better
overall immune responses should boost gut health
and related outcomes in birds.

Probiotics increase height of villi and maintain the
integrity of the intestinal mucosa. They also restore
the balance of the gut microbiota in stressed birds.
Nucleotides, on the other hand, enhance the
structural integrity of the gut and provide protection
to the gut microbiome by initiating cellular repair of
the gut, thereby reducing intestinal permeability
and enhancing nutrient absorption. These are
complementary actions whose combined effect
should be positive for intestinal integrity and
digestive efficiency.

Both probiotics and nucleotides enhance strength
and thickness of eggshells by promoting absorption
and retention of calcium in gastrointestinal tract.
Both additives optimize gut health, leading to
improved calcium absorption. In addition,
nucleotides can complement probiotics by
facilitating the efficient transportation and
retention of calcium in the egg.

Probiotics enhance nutrient absorption and create a
healthier intestinal structure, while nucleotides
deposit bioactive substances and increase the bio-
accessibility of nutrients for egg formation.
Together, probiotics and nucleotides could better
enhance albumen height, Haugh units, and thick-to-
thin ratio of eggs.

Probiotics and nucleotides reduce egg pH.
Probiotics accomplish this by depositing
antioxidants in the egg yolk, while nucleotides
convert sugars into gluconic acid in the
gastrointestinal tract. These two actions are
complementary.

as well as accelerating tissue growth and repair (Wu et al., 2018; Xu
et al., 2003; Liu et al., 2020; Mohamed et al., 2020; Kamel et al., 2021),
which would maintain gut integrity and function. Higher feed intake
leads to higher egg production and improved external egg quality due to
enhanced nutrient sequestration that results in stronger eggshells
(Elkaiaty et al., 2019; Attia et al., 2022). A robust eggshell reduces the
likelihood of pathogens invading the egg yolk, thereby improving yolk
fertility and reducing microbial load (Xu et al., 2003; Elkaiaty et al.,
2019; Qiu et al., 2024). In addition, both nucleotides and probiotics
have been shown to improve internal egg quality by enhancing albumen
height, Haugh units, and the thick-to-thin albumen ratio (Obianwuna

et al., 2022; Liu et al., 2021; Qiu et al., 2024). Nucleotides deposit
bioactive substances and increase nutrient bioavailability while pro-
biotics enhance nutrient absorption by promoting a balanced gut mi-
crobial structure (Tapingkae et al., 2018). Regarding external egg
quality, probiotics and nucleotides strengthen the eggshell by improving
calcium absorption and retention in the gastrointestinal tract
(Tapingkae et al., 2018; Elkaiaty et al., 2019). Probiotics optimize gut
health, leading to enhanced calcium absorption, while nucleotides
facilitate the efficient transport and retention of calcium in the eggshell
(Elkaiaty et al., 2019; Attia et al., 2022). Additionally, probiotics and
nucleotides can combine to reduce egg pH (Nahariah et al., 2024).
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Fig. 2. Potential synergistic interaction between nucleotides and probiotics in
layer chickens — A conceptual illustration of how their complementary mech-
anisms of action could enhance gut health, immune response, and overall
performance in layer chickens.

Probiotics achieve this by depositing antioxidants in the egg yolk
(Carvalho et al., 2022) while nucleotides convert sugars into gluconic
acid in the gut, transferring it to the egg via vertical transfer mechanisms
(Tapingkae et al., 2018). These actions can complement each other
resulting in greater effects that are also consistent.

Potential limitations for nucleotide-probiotic blends

Although the use of nucleotides and probiotics has been shown to
improve bird health and product quality in chicken layers, these addi-
tives may present certain limitations when combined. For instance, most
studies on nucleotide supplementation have focused on yeast-based
nucleotides, which contain additional compounds like amino acids.
These compounds may directly contribute to improved bird health and
product quality, making it challenging to attribute these benefits solely
to nucleotides. Therefore, it is essential to evaluate the effectiveness of
pure nucleotides (with >80 % nucleotide content) as mitigators of
stress-induced maladies in intensively reared poultry. However, pure
nucleotides are costly and have competing industrial applications,
which can limit their availability and use in poultry production. On the
other hand, the efficacy of both nucleotides and probiotics is influenced
by several factors, including the composition of the gastrointestinal tract
(GIT) microbiota, storage conditions, and methods of administration.
Inconsistent outcomes for both additives have been reported, often due
to variations in bird genetics, diet, environmental conditions, and po-
tential interactions with other feed components. When combining pro-
biotics and nucleotides, there is potential for antagonistic effects, such as
competition for absorption in the gut. Understanding these interactions
is essential for optimizing their synergistic use. Additionally, the effec-
tive dosages for both probiotics and nucleotides must be carefully
determined through dose-response studies to identify the most benefi-
cial combinations and avoid any adverse interactions.

Conclusion and future research prospects

This review highlights the potential of probiotics and nucleotides as
alternatives to antibiotic growth promoters in poultry, particularly layer
chickens. Both additives independently enhance gut health, boost im-
munity, and improve performance, though outcomes are often incon-
sistent. Exploring their combined use offers a promising solution,
leveraging complementary mechanisms: probiotics modulate gut
microbiota, while nucleotides support cellular growth and repair.
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Together, they could improve nutrient absorption, feed efficiency, and
gut health more consistently than when used alone, thus optimizing bird
performance, egg production, and quality. To fully realize this potential,
detailed research is needed to clarify the biochemical and physiological
pathways behind their synergistic effects. Future studies should explore
a range of probiotic strains and nucleotides from various sources and
purities. Dose-response experiments are essential to determine the
optimal inclusion levels for both additives, as the ideal combination will
depend on these factors. The selection of probiotics and nucleotides for
testing will be guided by their availability, cost, and other practical
considerations. Research should encompass different stages of poultry
development, from in ovo to adult laying hens, to identify the most
effective timing for administering these additives to achieve maximum
benefit. In these studies, biomarkers such as intestinal and pancreatic
digestive enzymes, histomorphological development, intestinal perme-
ability, gut microbiome composition, intestinal gene expression, and
effective immunity should be measured to assess gut health and immune
status. Other proposed biomarkers for gut health include mucin-2, TLR-
4, occludin, serum fluorescein isothiocyanate dextran (FITC-d), and
ovotransferrin (Mantzios et al., 2024). For immune function, biomarkers
such as interferon gamma (INF-y), insulin-like growth factor (IGF), in-
terleukins (IL-1p, IL-2, IL-6, IL-10), mucin (MUC2), and TTF2 (Tran-
scription Termination Factor 2) have been used in chickens (Wu et al.,
2018; Mohamed et al., 2020; Kamel et al., 2021; Rady et al., 2023; Ismail
et al, 2024). Inflammatory markers like interleukin-17 (IL-17A),
interleukin-22 (IL-22), and interferon (IFN-a) have also been used to
assess immune function (Wu et al., 2018; Mohamed et al., 2020; Kamel
et al., 2021; Rady et al., 2023; Ismail et al., 2024).
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