


Probiotics as a Strategic Intervention to Mitigate Heat Stress-Induced Gut Dysbiosis and Enhance Productivity in Poultry
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[bookmark: _GoBack]Climate changes because of global warming are increasing the intensity of heat stress (HS) for poultry species, with associated implications for overall bird health, intestinal function and productivity. It is important to understand the impact of heat stress on the gut microbiota of birds and evaluate probiotics as a feasible, non-pharmacological approach that can mitigate these effects from a gut microbiota perspective.Many research has shown that heat stress has adversative effects on good bacteria such as Lactobacillus and Bifidobacterium. Also, creates an environment for the opportunistic pathogens like Clostridium sp. and Escherichia sp. and result in leaky gut, hormonal disruptions, systemic inflammation and reduce productivity. Many available probiotic supplements such as single strains (Lactobacillus spp., and Bacillus spp.,and Saccharomyces cerevisiae) and multi-strain preparations are ideal therapy for these harmful effects. They can help to restore the balance of the microbiota, enhance mucosal barriers (goblet cell functions, villus-crypt structure, mucin expression and tight-junctions), decrease inflammation, enhance feed efficiency, improve egg quality and increase survival rates under heat-stress conditions.The production of bioactive metabolites, food consumption stimulation, the host immunological and neuroendocrine axes induction, competitive exclusion and other potential mechanisms illustrate strain-specific effects from experimental and field trials. In addition to the current limitations and challenges, practical uses are formulation, dosage and integration with housing and feeding systems. Finally, we propose research objectives to develop tailored probiotic products that suit individual production systems and environment in strains specific manner. It is thus indicated that probiotics provide a potential complementary method to protect chickens from high HS-induced hazards.	Comment by Rajan Singh: Aims, Study design,  Place and Duration of Study, Methodology, Result and Conclusion.
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INTRODUCTION 
High ambient temperatures as a consequence of climate change has emerged as a major global problem (Abbasi and Nawaz, 2020) and it has a negative effect on the productivity and health of poultry(Farran et al., 2025). Heat stress results from the interplay of high ambient temperature, air speed, radiant heat and humidity, of these, high ambient temperature has a significant impact. In tropical and arid areas of the planet, environmental heat stress represents a menace to the environment and can lead to significant economic losses in poultry production (Kpomasse et al., 2023; Kpomasse et al., 2021; Lara et al., 2013). It greatly reduces chicken viability, immunity and growth performance (Azad et al., 2010), which results in about $128 to $165 million lost revenue for the US poultry industry (St-Pierre et al., 2003).There are two types of heat stress can be distinguished: Acute heat stress (AHS), characterized by periods of short exposure to high temperatures and Chronic heat stress (CHS) with long duration of exposure to high temperatures(Lara and Rostagno, 2013; Pawar et al., 2016). CHS can induce muscle degradation and fat accumulation (Song & King 2015; Adu-Asiamah et al., 2021).Elevating body temperature above a critical temperature in a living organism disturbs physiological function and causes tissue damage (Mack et al., 2013; Kennedy et al., 2022). Heat stress losses due to the rupture of intestinal epithelium and deterioration in intestinal health, lost mucosal shape and integrity, and mal-absorption of nutrients (Quinteiro-Filho et al., 2012; Alhenaky et al., 2017). 	Comment by Rajan Singh: Arial, normal, 10 font, justified
Accordingly, an effective strategy that can help restore gut health as well as mucosal integrity would be favorable for mitigating the economic losses caused by heat stress. Recent research efforts focus on the use of non-pharmaceutical feed additives (Kamboh, 2018; Mohammed et al., 2018; Wang et al., 2018). Probiotics are known as beneficial bioactive Probiotics are referred to as live bacteria that, when consumed in adequate amounts, confer health benefits while modulating gut microbiota and enhancing immune responses (Jha et al., 2020; Leach, 2024). The modulation of the gut microbiota by probiotic supplementation has emerged as a biotherapeutic method for the prevention and treatment of various disorders such as, stress-related irritable bowel syndrome and neuropsychiatric diseases (Shaik et al., 2020; Mars et al., 2021; Settanni et al., 2021).Probiotics (direct-fed microbials) may help restore the balance of ecosystem for gut microbiota by inhibiting pathogens, promoting beneficial bacteria expansion and secreting bioactive and immunomodulatory compounds to modulate the functionality of hypothalamic–pituitary–adrenal axis (HPAA) (a major stress response system) and immunity via microbiota–gut–brain axis or microbiota–gut–immune axis (Bermúdez-Humarán et al., 2019; Del Toro-Barbosa et al., 2020).
The use of alternative resources, such as nutritional fortification with probiotics, improves health (Wu et al., 2019) and performance in broilers (Amerah et al., 2012; Reis et al., 2017). The addition of Bacillus subtilis effectively improved the performance, welfare and ability against heat stress ability in broiler (Wang et al., 2018). Probiotic containing diet increased production performance of broiler under heat stress by improving gut health, physiological state and immune response (Sugiharto et al., 2017). The microbes inhabiting the gut are important for promoting the health status and productivity of chickens. Gut microbial diversity varies by site; the highest diversity is found in the cecum (Yan et al., 2017).
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Fig-1: PRISMA flow diagram of the literature search and selection process for the study.
Literature Search Strategy
This systematic review was conducted to evaluate the role of probiotics to mitigate heat stress and temperature changes caused by climate change in poultry with special focus on gut microbiota. The review followed the guidelines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement ensuring transparency, accuracy and that the review is reproducible. The PRISMA flowchart was drawn with the PRISMA2020 Shiny app (Haddaway et al., 2022) to indicate how study selection in practice functioned.	Comment by Rajan Singh: Arial, normal, 10 font, justified
We searched the peer-reviewed literature between January 2000 and December 2025 from several electronic databases, including PubMed/MEDLINE, Scopus, Web of Science and Google Scholar. The search strategy combined relevant terms with the appropriate use of Boolean operators. Key search terms were “probiotics” OR “gut microbiome” AND: “heat stress” OR “climate change” AND “poultry” OR “chickens” and “gut health” OR “microbial balance” AND ”stress mitigation”.
Study Selection and Eligibility Criteria
The process of selecting studies followed the structure of PRISMA with four steps: identifying, screening, eligibility assessment, and inclusion. This review encompasses studies that met the following criteria: (i) Original research papers or systematic reviews, (ii) studies with poultry species (in vivo and/or in vitro), (iii) reports focusing on probiotics or gut microbiota interventions to mitigate heat stress or climate changes effects, and report quantifiable outcomes for gut health, and stress reduction. Publications focusing entirely on non-probiotic interventions, non-poultry avian species or without quantitative results were excluded.
Screening Process
A total of 388 records were found after the systematic search of databases. There were no additional records identified from other sources. After 55 duplicate publications were removed, a total of 333 records were screened for eligibility. From the retrieved records, 66 records were excluded for non-relevance after screening. We requested 322 articles for retrieval. Of these, 43 were unavailable and thus, there were 279 reports available for full review. Forty-five studies were excluded at this point for not being related to g Another 22 studies were removed for not defining an explicit association between probiotics or heat stress and 15 reports did not provide clear outcome measurements. The total number of studies included was 197 for the review.

Data Synthesis and Analysis
The extracted data from the selected study, were categorized by type of probiotic intervention, experimental models, effects of probiotics on heat stress and involved microbionetwork pathways. Because study design and result has been variable, a narrative synthesis approach was employed to summarize the data. The review sought to determine common trends, patterns between probiotic strains, and the manipulation of poultry gut health and stress response and correlate that with respective impacts of these interventions on poultry production particularly related to addressing climate change.
Mechanism of heat stress on poultry:
Different biological reactions occur in birds following heat stress, depending on the severity and duration of exposure. The neuroendocrine (NE) system is critical for regulating normal physiological processes in all organisms (Olayiwola et al., 2025). High ambient temperature alters the neuroendocrine system by stimulating the sympathetic-adrenal medullary (SAM) and HPA axes (Shini et al., 2008), which are the major pathways mediating immune response modifications (Nawab et al., 2018). This activation increases glucose production, which is essential for a hen's survival during times of stress (Katarzyna et al., 2012).The SAM, by recognizing triggers and transmitting the signal from hypothalamus to adrenal gland regulates the defense against cell infiltration (Smith et al., 2006). The SAM releases catecholamines, including norepinephrine and epinephrine (adrenaline), as a fast response in stress, which brings about an increase of heart rate and glucose synthesis (Dickens et al., 2010). The two principal glucocorticoids, cortisol and corticosterone, exist across species. Ruminants, pigs and fish show more cortisol whereas birds and rodents show more corticosterone (Mormede et al., 2007).Adrenocorticotropic hormone (ACTH2) induces corticosterone release by the pituitary gland and HPA axis (Romero et al., 2015). As a result, corticosterone is secreted more slowly than adrenaline and has sustained effect on physiology (Mormede et al., 2007), making it an efficient stress biomarker as suggested in other studies (Nawab et al., 2018). Persisted corticosterone secretion in chickens is associated with depression, immunodeficiency, cardiovascular issues and reduction of muscles due to gluconeogenesis and slowed cognitive defense metamorphosis (Romero et al., 2015).(Figure-2)











Impact of heat stress on poultry industry
Increase mortality rate: 
Chickens would haveelevated their breathing rate biologically after exposure to HS. These reactions are termed thermal tachypnoea, polypnea or panting, resulting in thermal hyperpnoea. This response also facilitates evaporative cooling from loss of water from the respiratory tract which serves to release heat (Teeter et al., 1985; Brugaletta et al., 2022). Marked hyperventilation and loss of carbon dioxide in blooddue to continued stimulation of respiration.We call it respiratory alkalosis. Low blood calcium concentration, which is commonly accompanied with this state, may prevent eggshell mineralization and growth (Quinteiro-Filho et al., 2010; Beckford et al., 2020). According to some reports, we can assume that HS can raise laying hen mortality rate by inhibiting the immunological function through reducing the total WBC numbers (Mashaly et al., 2004).

Growth performance: 
As the temperature exceeds a thermoneutral range, feed intake, body activity, and water drinking of broiler chicks and laying hens generally decline. Symptoms such as fatigue, sluggishness and depression are generally caused by these changes; over time internal heat generation increases (Bahry et al., 2018; Xing et al., 2019). There are two important effects of heat-stress-(HS)-induced reduction in feed intake on the basic physiological metabolism of chicken, namely a reduced body weight gain (BWG) and flock uniformity (Kim et al., 2025).To ensure food ingestion and energy balance homeostasis, several hormones such as ghrelin or cholecystokinin (CCK) have crucial neuro-hypothalamic axis activity. The expression of Ghrelin and CCK genes increased in HS-exposed 14 days at 32 °C broilers. Therefore, under HS conditions, the health status of chickens is impaired due to decreased feeding intake and appetite (He et al., 2018).
Digestive disturbance:
Broilers under heat stress often show selective feeding preference for larger particles of feed or coarse grains such as corn. This may result in nutrient imbalance and excessive abdominal adipose accumulation (Yan et al., 2022). Heat stress can induce an increase in water consumption as a compensatory mechanism of thermoregulation. Therefore, increased water intake might lead to an increased purge of the excretion and elevating diarrhea rate and deterioration of exogenous bacterial nutrients absorption in intestinal lumen (Ahmad et al., 2022). Reduced feed consumption under heat stress conditions can reduce rate of gut passage, limiting nutrient digestion and absorption and increasing faecal output (de Souza et al., 2016). These changes result in depletion of nutrients, dehydration and imbalance of electrolytes in chicken. It leads to malodorous and pest proliferation in the agro environment as well (de Souza et al., 2016).
Hormonal imbalance/changes: 
Raised blood glucose, respiration rate, muscle tone and nerve sensitivity in poultry under heat stress (Kumari et al., 2018; Wasti et al., 2020). Many investigation indicated that HS adversely affects the secretion of reproductive hormones. Exposure to heat stress in chickens results in a decrease in the levels of gonadotropin-releasing hormone, follicle-stimulating hormone and luteinizing hormone and consequently reduces reproduction (Donoghue et al., 1989; Ayo et al., 2011). Plasma concentrations of progesterone and testosterone are significantly decreased after 2 days warm treatment, reflecting the function of ovary might be disturbed (Elnagar et al., 2010). These hormonal reductions may interfere with ovarian activity, leading to a reduced production and quality of eggs (Vandana et al., 2021). (Figure-3)

Production and reproduction performance: 
Modern chickens are more sensitive to HS because of improved production performance and feed efficiency (Lin et al., 2006). Continuous thermal stress of broilers causes a marked reduction in feed intake, a decline in body weight and increase in feed conversion ratio (Sohail et al., 2012). Detriments of heat stress start from decreased feed intake and thus reduced dietary digestibility, followed by reduction of plasma protein and calcium levels, which severely affect egg production and quality (Mahmoud et al., 1996; Zhou et al., 1998; Mashaly et al., 2004; Lin et al., 2006).In layers, heat stress reduces eggshell thickness and increases egg breaking with resultant changes in egg weight and percentage (Ebeid et al., 2012). HS has been shown to reduce both productive performance and reproductive efficiency with a decrease in the circulating levels of reproductive hormones and their functions due to deviated status of these hormonal combinations at the hypothalamus and ovary (Donoghue et al., 1989; Novero et al., 1991). HS in males lead to decreased semen volume, sperm concentration, viable sperm count and motility resulting in poor fertility (Joshi et al., 1980; McDaniel et al., 1995).(Figure-3)
Gut microbiota: 
The poultry gut is colonized with bacteria, most of which are involved in degrading complex feed substance into much simpler forms for proper digestion and absorption (Kogut, M. H., 2019; Yadav et al., 2019). Heat stress has a great impact on the composition of gut microbiota in chicks. The impact of heat stress on gut microbiota may not only occur directly through alteration in body’s temperature, but also indirectly through gradual or acute change in the animal's intestinal barrier, health status, rewarded activities and immune function (Cao et al., 2021).Additionally, high temperatures could be the "dysbiogenic stressor", which interferes with host-microbiota interaction and gut performance (Brugaletta et al., 2022). Heat stress reduced the beneficial bacteria population (Bifidobacterium and Lactobacillus) in colon, but at the same time harmful bacteria (Escherichia coli, Salmonella sp., Clostridium sp. and Coliforms) dominated. Dysbiosis of gut microbiota could disturb the homeostasis of epithelial restitution, integrated regulation of epithelial cell renewal and tight junction reorganization (Yu et al., 2012).(Figure-3)

Immune system: 
Heat stress can cause metabolic and physiological imbalance in birds (Rhoads et al., 2013), leading to ill health and high rate of mortality (Lara & Rostagno, 2013). HS decreased blood sodium, potassium and pCO2 which might disturb the acid-base balance and led to respiratory alkalosis, respectively (Borges et al., 2004). It has also been reported that heat stress impairs the immunological systems of chickens, thereby increasing susceptibility to infections and leading to an increased mortality and morbidity (Habibian et al., 2014; Akhavan-Salamat and Ghasemi, 2015; Hosseini-Vashan et al., 2015).Variations in the synthesis of corticosterone (Sohail et al., 2012; Deng et al., 2012) and antioxidant enzymes (Sahin et al., 2009; Hosseini-Vashan et al., 2015) have been associated with decreased immunological functioning in heat-stressed birds. Lower levels of antioxidant enzymes can also be associated with a poor protection of immune cells against oxidative stress increase during HS (Sahin et al., 2009).(Figure-3)
Behavioral changes: 
The laying response may be explained by several factors such as age and temperature exposure (Li et al. 2015). Indeed, with increasing bird age, the duration of laying declined and walking time due to HS was lower (Mack et al., 2013).Duration of standing was influenced by the amount of HS in birds. The standing time of broilers was shorter in birds that suffered from heat stress than older chickens. However, avians of all ages remained in a lying position longer than in standing after prolonged heat stress (Li et al., 2015).According to Chowdhury et al. (2012), consumption of water increased with high environmental temperature. This greater consumption of drinking water under heat stress was once usually considered as a homeostatic response to compensate for the higher rate of evaporative water loss (Gowe and Fairfull, 2008). Chickens may also express more aggressive behavior attending HS, such as increased pecking on feeders and drinkers; cage walls; and other birds (Mack et al., 2013). Birds become restless, peck more frequently, exhibit tonic immobility and wing flapping and dogs unceasingly scratch with their feet on the ground, when challenged by HS (Li et al., 2015).(Figure-3)

Heat-stress induced changes in gut microbiota of poultry: 
The physiology of poultry is influenced by the host's genome, as well as by the gut microbiome (Koutsos and Arias, 2006). The gastrointestinal tract (GIT) of chickens comprises an extremely complex microbial community, composed of bacteria, archaea, protozoa, fungus and viruses (Yeoman et al., 2012). The intestinal microflora not only exert immunogenic and immuno- regulatory effects, but also has important impact on the growth, morphological structure as well as functions of gut in chickens (Dibner et al., 2008; Pan and Yu, 2014). The GI microbiome The gastrointestinal (GI) microenvironment is subject to a wide range of host and environmental variables that shape the gut microbiota (Kers et al., 2018).
Reports from several research showed the GI microbiota was dramatically modified by high ambient temperatures of broiler (Wang et al., 2020; He et al., 2021; Liu et al., 2022). The microflora in heat-stressed hens were connected with increased susceptibility to intestinal colonization of Salmonella enteritidis (Burkholder et al., 2008). HS can also favour the multiplication of Clostridium. perfringens in the chicken intestinal tract and is therefore considered a risk factor for necrotic enteritis recurrence in flocks reared under high temperatures (Tsiouris et al., 2018; Awad et al., 2017).Clostridium perfringens may also secrete enterotoxins that can disturb tight junctions (TJs) and gut barrier integrity via other harmful bacterial agents (Awad et al., 2017). It causes the leaking/dripping of chemicals in the circulation system. Such a disease, which is named ‘leaky gut’, promotes constant systemic inflammation and brings down the performance of poultry (Tellez et al., 2017).
Heat stress disrupts the intestinal microbial composition in the Ross 308 broiler chicken. From 21 to 42 days of age, the birds were exposed to repeated cycles of high ambient temperature (10h/day), cycling between 33 °C during the light period and 28 °C during the dark period. Heat stress can increase pathogenic bacteria such as Escherichia coli and reduce beneficial bacteria (Lactobacillus) in poultry gastrointestinal tract (Song et al., 2013). Another research reports that the intestinal microbiome of Broilers (Arbor Acres broilers) in heat stress condition exposed to long-term heat stress (32 °C for 10 h per day), starting from 22 to 35 days, was significantly altered.Reduced abundance of Anaerofustis,Pseudonocardia, Rikenella, Tyzzerella and increased level of Parabacteroides Saccharimonas,Romboutsia,Weissella in ceca are also found to be correlative with the impaired gut morphology (Liu et al., 2020). It has been reported that HS impairs food digestion and absorptionand increases the susceptibility of intestine to infections (Ma et al., 2014; Cheng et al., 2015). 
The intestinal epithelium as the first line of host defense may be unable to effectively perform this function when challenged by pathogenic bacteria, ultimately resulting in severe damage to enterocytes and tight junctions. Escherichia coli is one of the most frequently studied pathogens that exhibits strong interactions with HS (Simoneit et al., 2015). The increase in good bacteria may be suppressed due to limited availability of nutrients, this becomes an addendum in the destruction of pathogens and system diseases often observed in chickens flock reared under high ambient temperatures (Ncho et al., 2025).


Different strategies to mitigate heat stress of poultry:











1. Genetic strategies: 
Heritability affects the thermal stress response (Monson et al., 2018). Genetic selection is an effective approach for develops heat-resistant breeds. Many high standard material genotypes are selected in a temperate environment; however, these genotypes may have different responses to heat when compared with a similar performance at thermoneutrality. Fast growing broiler generate more heat and has a higher heat load (the effect of the heat stress is relatively greater) whereas for the slow growing or natural breed are less susceptible to HS (Cahaner and Leenstra, 1992; Eberhart & Washburn, 1993: Cahaner et al., 1995; Yunis &Cahaner., 1999). When exposed to heat, slow growth broiler genotypes have lower mortality and body temperature compared with fast growing ones (Yalçin et al., 2001). In fast growing broiler chicks, relatively little inheritance of heat tolerance was observed (ElGendy and Washburn 1995). Selecting under hot environment can improve heat tolerance in broilers (Mathur and Horst, 1994).The Naked neck (Na) gene which is the only dominant autosomal major gene reduces feather number in the region of the neck of birds generating convenience for heat loss from this part. In broilers, the linked gene for naked neck is associated with higher pectoralis major muscle weight and body weight (Azoulay et al., 2011), lower body temperature (Yalcin et al., 1997) and heterophile to lymphocyte ratio in hot season (Rajkumar et al., 2011). The Frizzle (F) gene reduces the insulation rate of plumage feathers by curling the edge of feathers and decreasing feather size. The favorable effect of the frizzle (F) gene to broiler growth under high temperature is lower than for the naked necked (Na) allele, with its significance observed only in the slow-growing line (Yunis and Cahaner, 1999).The Dwarf (dw) gene does not appear to have major effect on HS in poultry (Deeb and Cahaner, 2001b). To maintain the growth momentum of poultry production, improving heat tolerance and disease resistance is necessary. Previous studies have shown that genetic variations affect the responses of birds to heat stress, but this field has not yet been fully explored and we need further studies in order to make it possible (Felver-Gant et al., 2012; Lara & Rostagno, 2013).(Figure-4)
1. Nutritional supplementation: 
Dietary manipulation is a useful technique for alleviating the effect of heat stress in chicken that can be used in combination with other management, environmental and genetic strategies (Rhoads et al., 2013). The mechanism involves diet manipulation such as inclusion of feed additives, vitamins, minerals, nutritive compounds phytochemicals and other nutraceuticals for beneficial biological effects to alleviate the effect of heat stress (Abd El-Hack et al., 2020; Mujahid, A. 2011). Vitamins (A, B, D, E and C), electrolytes and antioxidants are also used to increase the immunocompetence and antioxidant responses during heat stress in chicken (Shojadoost et al., 2021).For laying hens, Vitamin A supplementation could increase feed intake and lay rate of hen, egg weight, increase peripheral T lymphocyte ratio and enhance laying performance and immune ability of heat-stressed chickens (Lin et al., 2002). Supplementation of Vitamin C (Ascrobic acid) may well indeed be the most beneficial among vitamins, many nutritionists recommended that a single dose of 1g ascorbic acid/litre drinking water in heat stress period (Cier et al., 1992). Vitamin E supplementation at a dose of 200–500 mg/kg body weight offers the protective effects against heat stress and attenuates the deleterious effects on growth performance, productive performance, nutrient digestibility, immunity and antioxidative status in chicken (Khan et al., 2011; Niu et al., 2009).The combination of vitamins is judged better than single administration of one vitamin in alleviating HS in poultry; for example, VC and VE ameliorated the egg quality traits of heat-stressed hens, feed efficiency, growth performance and immunity responses in heat stressed chickens (Attia et al., 2013).
Due to HS excretion of mineral is increased in birds as part of the stress response, which could result in an acid–base imbalance, supplementation with minerals through the laying period can normalize these effects. Salt supplementation (potassium chloride-KCl) in drinking water was also shown to enhance body weight gain, diminish body temperature and lower blood pH (potential of hydrogen) when administered a cold challenge, indicating it could enable physiological adaptation functions in broilers under various stressors (Li et al., 2021). Supplementation of Se improves production performance, egg production, and egg quality, as well as immune response and antioxidant activity in heat-stressed poultry (Habibian et al., 2015). Supplementing diets of heat-stressed Japanese quail with dietary chromium (Cr) is reported to improve feed intake, haemoglobin (Hb) level, packed cell volume (PCV), carcass traits, nutrient digestibility, immunological response and oxidative stability of blood biochemical constituents (El-Kholy et al., 2017).(Figure-4)
1. Feeding strategies: 
Feed consumption and nutrient consumption decrease in chicken under heat stress, which has notorious consequences on the performance and productivity of birds. Feed alternatives for maximum feed intake, thermal stress and antagonistic effects of heat stress on chicken (Oke et al., 2021). Feed withdrawal, which is commonly applied for 6–8 h per d in the hottest period of a day, may decrease heat gain and alleviate heat stress-induced impairments on chickens (Farghly et al., 2018). Wet feed has a lot more benefits than offering normal dry mash or pellet meal where chicken might not actually consume the dried out food in high tension environments.Feeding schedule is an important factor in minimizing the heat stress effect on feed intake and utilization (Farghly et al., 2018; Kennedy et al., 2022). Accordingly, at times when the temperature readings are low (e.g. in the early morning and late in the evening) a considerable proportion of the feed can be given to poultry for ingestion with remaining portion being made available ad libitum. Another important factor is the type of feed provided to the birds; in warm conditions, poultry, particularly broilers prefer larger particle size (Ranjan et al., 2019; Massuquetto et al., 2020). Feeding schedule is an important factor in minimizing the heat stress effect on feed intake and utilization (Farghly et al., 2018; Kennedy et al., 2022). Accordingly, at times when the temperature readings are low (e.g. in the early morning and late in the evening) a considerable proportion of the feed can be given to poultry for ingestion with remaining portion being made available ad libitum. Another important factor is the type of feed provided to the birds; in warm conditions, poultry, particularly broilers prefer larger particle size (Ranjan et al., 2019; Massuquetto et al., 2020).Pelleted feed of broilers reduces activity cost by 67% compared with powder feeding and the saved energy can be utilized for growth (Smalling et al., 2019). Khalil et al. (2021) reported that air temperature exceeded 30 °C with mash feeding and the provision of pellets in laying hens increased feed efficiency, egg production, and water intake than birds fed on mash.(Figure-4)
1. Housing management:
Poultry houses should have an east-west alignment to enable cooling wind from the north during the day and south at night to blow across chickens which can shield them from direct sunlight (Oloyo and Ojerinde, 2019). It is important to create a good insulation among the walls of poultry houses for temperature control (Scanes, 2015). Building dimensions, orientation of the roof, color and reflectivity of the roof tile are impact on thermal gain or lost from building through the roof (Wang et al., 2018). Water spraying will keep the roof cool in high temperature situations (Saeed et al., 2019). Reflective roofing options include using aluminum for the roof or a metallic (and reflective) zinc coating for the exterior of buildings (Saleeva et al., 2019). The space between the sidewall and roof gable is closed with 25 mm chicken wire mesh (Alchalabi, 2013).
Stocking density is also one of the factors affecting HS. The recommended stocking density for open-sided poultry barns in the summer season was 10–12 birds/m². In hot and arid climate, four different stocking densities (10, 15, 17, and 20 birds/m²) were tested on broilers and it was indicated that the highest density (17 or 20 birds/m²) could not perform as efficiently as lower density (10 birds/m²) in terms of FCR, body weight, WG, FI (Gholami et al., 2020). However, due to technological progress the use of closed housing systems for intensified managed agricultural production significantly increased (Donald, 2018). Climate-controlled accommodations including exhaust fans, air cooling system, cooling pads and cool perches are helpful in supporting chickens to combat heat stress (Bhadauria, 2017).(Figure-4)

Role of probiotics in mitigating the adverse effects of heat stress on poultry: 
Today, there is a heavy emphasis on the use of probiotics as feed additives by poultry nutritionists with claims to improve physiological conditions, gut morphology and structure, immune responses; thus, performance and welfare of heat-stressed bird (Jahromi et al., 2015). Probiotics are live bacteria or yeast which have been investigated for over a century as food components to help regulate the microflora and improve gut health (AFRC, R.F., 1989; Tuohy et al., 2003).Probiotics are defined as live microorganisms which, when consumed in adequate amounts, confer a health benefit on the host through improvements to intestinal balance of commensal microbiota (Sánchez et al., 2017). In addition, by shielding the intestinal barrier and decreasing the possibility of invasion by harmful microorganism the probiotics supplement enhanced the mucosal immunity (Wang et al., 2017). In a bid to drive productivity and cushion the adverse effect on chicken health, probiotics are commonly included in poultry feed (Grant et al., 2018).
Many investigations in chicken have confirmed the protective and beneficial effects of probiotic administration in restoring microbial balance which plays a controlling role towards managing gut microbiota structure and content to preclude abnormalities originating from heat stress. Heat-stressed broilers had damaged villus-crypt structure, and probiotics could ameliorate this (Sohail et al., 2012YLei et al.,2013). According to Deng et al. (2012), probiotics control the level of corticosterone and release excessive amounts of proinflammatory chemicals which result in damage of intestinal tissues and increase of intestine magnitude.Lactobacillus probiotics increased the number of goblet cells in the duodenum and jejunum of broilers subjected to heat stress (Ashraf et al., 2013). A soy-based diet with a probiotic mix of Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus bulgaricus, Lactobacillus rhamnosus, B. bifidum, S. thermophilus, E. faecium, A. oryzae and C. pintolopesii reduced the serum levels of the total oxidants in heat stressed broilers (Sohail et al., 2012).Goblet cell population in the ileum and cecum of heat-stressed chickens can be maintained at a level similar to that of thermoneutral birds through probiotic B. licheniformis inoculation (Deng et al., 2012). In a 20-day experiment, probiotic reduced HS-related decrease in egg production, average daily feed intake, average egg mass and improved the quality of eggs like shell thickness, shell strength and albumen height suggesting an improvement in gut health as well as the overall performance of eggs (Zhang et al., 2017).
Mechanism of probiotic on gut health of poultry for mitigation of heat stress: 
Probiotics are defined as feed supplemented with live beneficial microorganisms that includes Bifidobacterium, Lactobacillus and Streptococci culture and yeast cultures like Candida, Saccharomyces sp., while other fungi such as Aspergillus awamori, A. niger and A. oryza have also been reported to improve poultry performance, gut health, microbial balance and immune response (Abd El-Hack et al., 2020) (El-Moneim et al., 2020) (Lei et al., 2013). Interest on probiotics has recently been growing for their application in reducing oxidative damage caused by heat stress in chickens (Ahmad et al., 2022). (Table-1)

Practical application of Strain-specific probiotic and their role in mitigating heat stress
Most widely used industrial scale probiotic isolates of Bacillus are B. subtilis, B. licheniformis, B. cereus,B. clausii and B. amyloliquefaciens(Jiang et al., 2021). Due to its marked safety profile, fast growth rate that leads to brief fermentation cycles and capability to release protein into the extracellular environment, bacillus sustains notable relevance of industry (Benitez et al., 2010). Particular stressful conditions like HS which results elevated levels of MDA (malondialdehyde), a commonly used biomarker that well known for its ability to stimulate cellular oxidative damage, including peroxidation of lipid (Das et al., 2023; Wang et al., 2022).Bacillus strains has the ability to reduce MDA content (Bai et al., 2017; Gong et al., 2018). Bacillus subtilis (BS) as a sporulating probiotic bacteria has been recognized for its beneficial impact on gut health, namely serving as an aid in the modulation and composition of gastrointestinal microbiota (Giorgi et al., 2023), nutrient digestibility improvement (Usman et al., 2024), enhancement of host immunity response. With its strong exogenous digestive enzyme production ability, B. subtilis can promote intestinal growth and improve immune function (El-Moneim et al., 2020).Supplementation with B. subtilis has been shown to improve the egg internal quality and decrease the levels of cholesterol presence in the egg yolk (Abd El-Moneim et al., 2019; Fathi et al., 2018). Moreover, B. subtilis increases villus height and crypt depth of the intestine which further barrier nutrient absorption supporting repress malabsorption due to HS (Mushtaq et al., 2025).A report showed that B. subtilis probiotics greatly increased breast muscle weight. In thermoneutrality, breast muscle weight was 188.6 g, compared with the 168.8 g in HS birds. Proliferative muscles The breast muscle weight of the probiotic supplemented group weighed 195.5 g, that was significantly higher than the weight of regular control diet group weighing 161.9 g (Cramer et al., 2018). Peptides of bacillus have antifungal, antibacterial, anticancer, antiviral, anti-amoebic and anti-mycoplasmic activities (Chen et al., 2008).
The facultative anaerobic bacterium, Bacillus licheniformis, is an effective one to promote bowel functions and improve poultry diet by increasing the absorption surface area of intestine and stimulating the proliferation of probiotics such as Lactobacillus, Bifidobacterium and Aspergillus awamori (Deng et al., 2012; Abdelqader et al., 2020). A study has shown that the goblet cell population in the ileum and caecum of heat stressed hens was maintained by B. licheniformis (Deng et al., 2012).Deng et al. (2012) also suggested that feeding the probiotic B. licheniformis (0, 106 and 107 CFU), to laying hens under heat stress (34°C temperature), improved production of eggs and feed, rehabilitated intestinal health by improving deteriorated villus architecture and alleviated their negative effects of heat stress. Additional research revealed that supplementing the feed with 1.5 g/kg of a probiotic mixture (Bacillus licheniformis, 1.0 × 10^7 CFU/g; Bacillus subtilis, 1.0 × 10^7 CFU/g and Lactobacillus plantarum, 1.0 × 10^8 CFU/g) could increase intestinal barrier function of heat-stressed avian birds (Song et al.,2014).
According to Sohail et al. (2013) have reported that the population of Clostridium perfringens, total coliforms and Escherichia coli in jejunum and cecum was not influenced by probiotic mixture (L. plantarum, L. acidophilus, L. bulgaricus, L. rhamnosus, B.bifidum, S. thermophillus, E faecium A. oryzae and C. pintolopesii), used in heat-stressed broilers. The mixture of probiotics (L. plantarum, L. acidophilus, L. bulgaricus, L. rhamnosus, B. bifidum,S.thermophillusand E. fecium)combinations had no effect on the content of favorable bacteria in the tracheal and ceca of HS broilers (Sohail et al., 2015).Similarly, the small intestinal villus height of broilers was longer in a test group (8.32 μm) fed with a probiotic mixture than in control group which were 7.23 μm (Song et al., 2013). It has been demonstrated by some authors that B. subtilis or other commercial probiotics or symbiotics containing this species can have a generally positive effect (Wang et al., 2018; Abdelqader et al., 2020; Du et al. 2023). Nonetheless, in contrast to our observations other authors did not report any favorable effects on bird performance (Song et al., 2014; Kazemi et al. These differences may be attributed to variations in the age of birds, the source and strain of probiotic used, viability, and its concentration in the diet (Jha et al., 2020). The particular situation of individual farms has to be considered for maximizing the benefits of probiotic supplementation.
Although the health impairing effects of HS might not be completely blunted by administration of probiotics. An exercise demonstrated that inclusion of three strains of Lactobacillus (Lactobacillus acidophilus_42701, Lactobacillus plantarum_70810, and Enterococcus faecalis) in broiler diet improved intestinal anatomy and integrity as well as barrier function while decreasing inflammation though providing no advantage to the growth performance under cyclical heat stress challenge (Li et al., 2020).Prebiotics have also been employed to alleviate the deleterious consequences of HS. For example, the supplementation of a mixture of chicory root, seaweed and Enterococcus faecium in broilers exposed to HS enhanced their body weight gain, feed conversion ratio, carcass yield and ileum villus length as well as crypt depth (Awad et al., 2008). Inoculation of in ovo probiotics were demonstrated by many studies to improve health and production performance, concurrently with HS reduction (Abdel-Moneim et al., 2021).
Role of strain-specific probiotics: (Table-2)





Limitations & Challenges: 
Need for farm-specific approach in setting the ideal supplemental dose To calculate which strains are of real benefit to help the birds out, it is important that particular attention be given to each individual case based on supplementary ideal dose applicable at this time in their own farms (Hernández-Coronado 2025). However, more studies are still needed on the molecular changes induced by probiotics and their mechanisms of action with regard to interactions among probiotics, infections and epithelial cells. Metagenomic, proteomics and metabolomics studies will necessarily have to be included in this. Scientists will also have more knowledge about how chicken growth and health are modulated by probiotics if these unknowns are revealed (Ahmad et al., 2022).
The supplementation with B. subtilis or other commercial probiotics or symbiotics containing this species was reported to be in general beneficial by the authors (Wang et al., 2018; Abdelqader et al., 2020; Du et al. 2023). Nevertheless, other authors did not found any positive effect on the avian performance (Song et al., 2014; Kazemi et al., 2019). Differences in the birds’ age, probiotics strains and sources applied, their viability, and dosages used in the diet may be responsible for these conflicting results (Jha et al., 2020). The different specificities of individual farms have to be considered in optimize the benefits from probiotic addition (Hernández-Coronado et al., 2025).Different probiotics can have different effects on broiler performance (Sugiharto et al., 2017) therefore, new strains with potential applications in broiler nutrition should be tested for efficacy in poultry trials. It is still unclear how probiotics improve performance of heat-stressed fowl (Sugiharto et al., 2017). One of the main challenges is the application are directed to specific microbial functional pathways that are critical for understanding the intricate interplay between HS physiology and the gut microbiota.
Research Gap and Future directions for poultry production and climate change
The effectiveness of probiotics is greatly dependent on the species and strains used, as well as dose and delivery mode. Therefore, more research is needed to identify the best strains and the ideal conditions in which such strains can be used for poultry under HS (Naeem & Bourassa, 2025) (Ahmad et al., 2022). Exact mechanisms by which they are beneficial in HS are still not elucidated. Further investigations are needed to elucidate such pathways particularly at the molecular and cellular levels (Rakngam et al., 2024) (Shini & Bryden, 2021). The long-term effects of probiotic supplementation on the health and productivity of poultry, in particular under various environmental conditions are not well studied. The effectiveness of probiotics under high temperature conditions that is otherwise quoted in HS situations also needs to be investigated further (Rakngam et al., 2024) (Istiteh et al., 2025).
The development of precision probiotics and synbiotics (probiotics combined with prebiotics) may improve the ability to modulate the avian gut microbiome allowing for greater gut health during heat stress and thus, resilience (Naeem & Bourassa, 2025) (Sayed et al., 2023). Application of contemporary “omics” technologies, such as genomics and metabolomics, can provide deep understandings about the interaction network between probiotics, gut microbiota and host physiology under HS. This can then help to pinpoint the biomarkers for heat stress resilience and provide avenues for targeted probiotic therapies (Ncho, 2025) (He et al., 2021). Combining probiotics and postbiotics (non-viable microbial products) in synergy-therapy could have more benefits. Postbiotics might provide a more stable and readily applied substitute for probiotic, potentially improving gut health and stress resistance (Rakngam et al., 2024). Performing large-scale field trials and meta-analyses would be able to prove the effectiveness of probiotics in practical situations, and provide valuable information on potential application strategies in the poultry industry (Ncho, 2025) (Ahmad et al., 2022).
Conclusion:
Heat stress (HS) is an increasing threat to the poultry industry, compromising intestinal health, reproductive performance, production performance, immunological functions and growth. The gut microbiota has been reported to play a mediating role in coping with the influence of ambient high temperatures, which can cause intestinal architecture disruption and microbial dysbiosis. Probiotics, as an important natural intervention in these conditions recoup microbiome homeostasis, gut-microbiome function improvement, immunological response and antioxidant response modulation. Strain-specific multiple strains such as Lactobacillus, Bacillus, Bifidobacterium, and yeast cultures have also revealed a potential for alleviating physiological and microbial alterations caused by heat stress and enhancing productivity of both broilers and layers with improved animal health and welfare.The effectiveness of probiotics depends on several factors: the strain selected, the dose used, ambient conditions and the body's physiology. In the future, such studies will be needed to decipher the complicated mechanisms, promote probiotic cooperation and adopt augmenting control measures to improve poultry species adaption under climate-induced heat stress. Overall, deployment of probiotics as a gut microbiome-driven measure offers an environmentally friendly and sustainable solution to safeguard health and improve performance of chickens in the context of large increases in global temperature.
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	Stage
	Event
	Effect/Action of Probiotics
	Outcome

	1. Heat Stress Onset
	Heat Stress (HS)
	Preliminary effects lead to changes in the morphology of intestine and disruptions in the barriers of intestine (Mazzoni et al., 2022).

	Causes leaky gut syndrome, which changes the pH of the gut, causes oxidative stress, and leads to inflammation (Mishra et al., 2019).

	2. Structural Gut Damage & Imbalance

	Leaky Gut Syndrome
	Improvement in microbial diversity of intestine, increment in the response of immune system under HS conditions (Song et al., 2014).
	Probiotic supplementation improved gut structure and health made the gut less permeable, and made the mucosal health better (Sandikci et al., 2004; Jiang et al., 2021).


	
	Villus–Crypt Damage
	Probiotics reverse damaged villus-crypt structures by controlling corticosterone concentrations (Sohail et al., 2012) and reducing pro-inflammatory agents leading to intestinal tissue damage and increased permeability (Deng et al., 2012).
	

	3. Hormonal Regulation
	Altered Thyroid Hormones
	Probiotic supplementation such as Lactobacillusincreases serum T3 and T4 concentrations in heat-stressed broilers (Sohail et al., 2010).
	Enhanced synthesis and stimulation of structural proteins, enzymes, and hormones lead to improved digestion and metabolism (Aluwong et al., 2013).

	5. Mucosal Enhancement
	Reduced Goblet Cells
	Lactobacillus-based probiotics increase the number of goblet cells in the duodenum and jejunum by controlling the expression of mucin mRNA and speeding up the growth of goblet cells (Ashraf et al., 2013; Smirnov et al., 2005).

	Enhanced mucin production and strengthened intestinal mucosal defense (Lea et al.,2012).

	6. Performance Improvement
	Reduced Productivity
	Modulate gut microbiota composition, enhance digestibility of intestine and increase immune response (El-Hack et al., 2021).
	Better physical performance, better absorption of nutrients, better egg weight, quantity, and quality, and better disease resistance in poultry that are stressed by heat (Abdelqader et al., 2013).



Table 01. Stage-wise effects and underlying mechanisms of probiotics on gut integrity, endocrine regulation, and productive performance in heat-stressed poultry (Line num 489-493)




Role of strain-specific probiotics: 
	Probiotic Strain
Specificity
	Mechanistic
Pathways
	Formulation
and Delivery
	Health and
Performance
Outcomes
	References:

	Bacillus spp. and
Lactobacillus spp.
	Antioxidant
capacity, immune
organ weight, gut
histomorphology
	Administration of drinking water, combined and single strains
	Improved
growth,
antioxidant
indices,
intestinal
integrity
	(Hashemitabar
& Hosseinian,
2024)

	Lactobacillus
rhamnosus

	Wnt/β-catenin
signaling, tight
junction protein
upregulation,
anti-apoptosis
	Oral supplementation with feed
	Enhanced gut
barrier, reduced
inflammation,
improved villus
height
	(Zhang et al.,
2024)

	Lactobacillus
plantarum 4-2
	Keap1-Nrf2
antioxidant
pathway, cytokine
modulation
	Supplementation of feed 
at ≥1×10⁹
CFU/day
	Improved
antioxidant
status, reduced
ileum damage,
better growth
	(Xu et al., n.d.)

	Bacillus subtilis
with garlic
	Oxidative stress
reduction,
immune
modulation
	Feed
supplementation
with garlic
powder
	Improved feed
intake, weight
gain, immune
cell profiles
	(Al-Khalaifah
et al., 2025)

	Lactiplantibacillus
plantarum RS5
	Gut health
modulation,
immune response
enhancement
	Feed
supplementation
over 5 months
	Improved blood
profile,
intestinal
lesions, humoral
immunity
	(Farran et al.,
2025)

	Bacillus
licheniformis
	Tight junction
gene
upregulation,
inflammatory
cytokine
reduction
	Feed
supplementation
at 0.1-0.3%
	Improved gut
morphology,
reduced
inflammation,
better egg
quality
	(Ahmad et al.,
2024)

	Bacillus subtilis 

	Behavioral
modulation,
inflammatory
cytokines, HSP70
expression
	Feed
supplementation
at 1×10⁶ CFU/g
	Reduced heat
stressed behaviors,
improved
immunity
	(Wang et al.,
2018)

	Bacillus subtilis 

	Skeletal health,
immune
modulation under
HS
	Dietary
supplementation
	Improved
skeletal health
and immune
function
	(Jiang et al.,
2021)

	Bacillus subtilis
HDRaBS1
	Tight junction
gene expression,
inflammatory
markers
	Supplementation of feed 
	Improved egg
production,
reduced gut
inflammation
	(Panwang et
al., n.d.)

	Lactobacillus
agilis and L.
salivarius 

	Microbiota
diversity,
microbial balance
	Feed
supplementation
	Increased
Lactobacillus
prevalence,
restored
microbiota
	(Lan et al.,
2004)

	Bacillus subtilis
and B. pumilus

	Thermoregulation,
intestinal
morphology
	Drinking water
supplementation
	Reduced rectal
temperature,
improved gut
morphology
	(Istiteh et al.,
2025)

	Lactobacillus
pentosus and L.
acidophilus 

	Nutrient
absorption gene
expression, VFA
production
	Feed
supplementation
	Improved
growth, gut
microbiota,
meat fatty acid
profile
	(Jahromi et al.,
2016)

	Lactobacillus
plantarum RS5 probiotic and
postbiotics 

	Egg production,
feed intake, organ
development
	Feed
supplementation
	Increased egg
production, feed
intake, gut
health
	(Farran et al.,
n.d.)

	Saccharomyces
cerevisiae and
ascorbic acid
	Thermoregulation,
oxidative stress
biomarkers
	Feed
supplementation
	Reduced cloacal
and body
surface
temperatures
	(Sumanu et al.,
2024)

	Aspergillus
awamori 

	Gut microbiota,
immunity,
antioxidant status
	Feed
supplementation
with olive pulp
diet
	Improved
growth, immune
response,
oxidative status
	(Abdel Moneim et al.,
2024)



Table 02. Probiotic strain specificity, molecular mechanisms of action, and productive performance responses in poultry under heat stress (Line num 556-561)
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Fig-2: Neuroendocrine regulation and physiological responses to heat stress in birds(Line 173-184)
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Fig-3: Adverse effects of heat stress in birds (Line 284-296)
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Fig-4: Integrated strategies for mitigating heat stress in poultry production systems (Line339-349)	Comment by Rajan Singh: Not:  Limited page within 25 
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Figure: Several impact of heat stress on poultry health
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