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AbstractTo our knowledge, this study provides the first comprehensive investigation in Tunisia of thecombined influence of region and season on the microbiological quality of raw milk collected fromthe governorates of Jendouba, Béja, and Kef in northwestern Tunisia. A total of 1224 samples(102/month) were analyzed over a 12-month period from March 2023 to February 2024. Significantregional and seasonal variations were observed. Total aerobic mesophilic count ranged from 10⁶ to10⁷ CFU/mL in winter, autumn, and spring, reaching 8 log CFU/mL in summer. Psychrotrophicbacteria and Pseudomonas spp. counts were lowest in winter (5-6 log CFU/mL) but increasedmarkedly during warmer months. Heat-resistant spore (HRS) counts ranged approximately from 0.5to 1.47 log CFU/mL across seasons, with the highest levels observed in spring. The proportion ofspore-contaminated samples increased from 58% in April to 100% in August before declining to 87%in March. Psychrotrophic flora were largely dominated by Pseudomonas spp. (77-86% of isolates),with the highest prevalence in autumn. Regionally, psychrotrophic loads remained high across allgovernorates (7.1-7.3 log CFU/mL), while Pseudomonas counts were significantly higher inJendouba. HRS contamination remained relatively low (1 log CFU/mL) and consistent across regions.Correlation analysis revealed strong associations between psychrotrophs, total aerobic mesophiliccount, and Pseudomonas, confirming their central role in raw milk spoilage. Overall, these findingshighlight the pronounced impact of environmental, hygienic, and seasonal factors on raw milkquality. Improved hygiene practices, rapid cooling, and reinforcement of the cold chain, particularlyduring high-risk seasons, are essential strategies to enhance milk safety and extend shelf life inTunisia’s dairy sector.
IntroductionMilk quality is a critical concern for both dairy producers and consumers, as it directly impacts thesafety, nutritional value, and overall quality of dairy products (Haldar et al., 2022). Themicrobiological quality of raw milk is particularly important because it can harbor variousmicroorganisms, some of which can lead to spoilage, foodborne illnesses, or pose risks to publichealth (Fusco et al., 2020).Several factors influence the microbiological quality of raw milk, including environmentalconditions, animal health, farming practices, and handling procedures (Fusco et al., 2020; Deddefoet al., 2023). Environmental factors such as temperature, humidity, and seasonal variations have beenshown to significantly affect microbial populations in milk, influencing both the types and numbersof microorganisms present (Toghdory et al., 2022; Li et al., 2018). The health of dairy animals alsoplays a crucial role in shaping the microbial profile of milk, as infected animals or those with poorhealth may harbor pathogens that can be transferred to milk (Batool et al., 2025). Additionally, poorhandling practices, such as inadequate hygiene during milking, transportation, or storage, canintroduce or promote the growth of microorganisms in milk (Bekuma and Galmessa, 2018).In Tunisia, the quality of raw milk can exhibit significant variations due to differences in geographicregions and seasonal fluctuations. These factors are influenced by the country's diverse climate,agricultural practices, and regional differences in milk production (Attia et al., 2021). For instance,the northwestern region of Tunisia, characterized by a Mediterranean climate, experiences distinctseasonal changes that can affect milk quality in terms of microbial load and composition. Despite theclear potential for regional and seasonal differences to influence raw milk microbiota, few studieshave explored how these variations impact the microbiological profile of raw milk in Tunisia. This isparticularly important in the northwestern region, which has its own unique environmental andagricultural characteristics that may influence milk quality.The key microbial indicators considered in this study were total aerobic mesophilic counts,psychrotrophic bacteria, Pseudomonas spp., and heat-resistant spores across different seasons innorthwestern Tunisia. Understanding these variations is crucial for improving milk safety, as themicrobial load in raw milk is directly linked to the potential for spoilage, reduced shelf life, and therisk of foodborne diseases (Aouadhi et al., 2014; Aouadhi et al., 2025). Psychrotrophic bacteria,which are capable of growing at low temperatures, are of particular concern in raw milk, as they can



thrive in refrigerated conditions and cause spoilage (Aouadhi et al., 2025). Pseudomonas species,known for their ability to degrade milk proteins and fats, are also common spoilage agents that cansignificantly impact milk quality (Ávila et al., 2025). Furthermore, the presence of heat-resistantspores, which are resilient to pasteurization, poses a unique challenge in ensuring the microbiologicalsafety of dairy products (Aouadhi et al., 2014; Kmiha et al., 2017). These spores can survivepasteurization and, depending on their heat resistance, may subsequently germinate and contribute topost-processing spoilage (Aouadhi et al., 2022).The present study aims to investigate the impact of seasonal and regional variability on key microbialparameters of raw milk collected from different areas in Tunisia. The objective is to provide ascientific foundation for improving hygiene practices, optimizing dairy production processes, andreinforcing national safety standards to ensure the delivery of safe, high-quality dairy products toconsumers.Materials and MethodsSample of raw milkTo evaluate the influence of region and season on the microbiological quality of raw cow’s milk, atotal of 1224 samples were collected over a 12-month period (from March 2023 to February 2024)from 34 collection centers located in the northwest of Tunisia, specifically within the governoratesof Béja, Kef, and Jendouba. Each month, 102 samples were obtained, with three samples collectedfrom each center. In total, 17 centers were located in Jendouba, 15 in Béja, and 2 in Kef. Raw milksamples were aseptically collected in sterile bottles using sterile scoops directly from the herders’tanks, immediately upon delivery to the collection centers, ensuring that the samples wererepresentative of the milk supplied to processing facilities. The microbiological quality of the sampleswas assessed by enumerating total mesophilic aerobic flora, aerobic spore-forming bacteria,psychrotrophic bacteria, and Pseudomonas spp.
Quantification of total aerobic mesophilic count and psychrotrophic bacteriaBacterial enumeration was performed on the same day as sample collection to prevent any changesin microbial load. Samples were serially diluted in quarter-strength Ringer’s solution, and 1 mLaliquots of appropriate dilutions were plated on Plate Count Agar (PCA) to enumerate total viablebacterial counts and psychrotrophic bacteria. Plates were incubated at two different temperatures:7±1°C for 10 days for the enumeration of psychrotrophic bacteria and 30 °C for 72 h for theenumeration of mesophilic bacteria (Aouadhi et al., 2025). These incubation conditions were selectedaccording to the optimal growth requirements of psychrotrophic and mesophilic microorganisms,respectively.
Quantification of Pseudomonas spp.The enumeration of Pseudomonas spp. was carried out using Pseudomonas Agar Base. A 0.1 mLaliquot of the appropriate dilution was spread onto the surface of the medium and incubated at 21 °Cfor 24 h, a temperature favorable for the growth of Pseudomonas spp. After incubation, colonies werecounted and the results were expressed as log₁₀ CFU/mL of raw milk.
Enumeration of heat-resistant sporesHeat-resistant spores, particularly Bacillus species, were enumerated following a heat treatmentdesigned to eliminate vegetative cells and isolate surviving spores. Samples were heated at 100 °Cfor 30 min, following protocols from Aouadhi et al. (2014), which are effective for inactivatingvegetative bacteria while allowing spores to survive. After the heat treatment, 0.1 mL of the samplewas spread onto Brain-Heart Infusion Agar (BHI-Agar, Biokar Diagnostics), supplemented with 1mg/L of vitamin B12 (Sigma-Aldrich, St. Louis, MO, USA) to promote the growth of Bacillusspecies. The plates were incubated at 37°C for 48 hours, after which spore-forming colonies werecounted.



Statistical analysisAll experiments were conducted in triplicate, and the results are expressed as mean valuesaccompanied by standard deviations. Statistical analysis was performed using one-way ANOVA toevaluate the impact of each independent variable, employing STATGRAPHICS Centurion XVsoftware (version 19.6.05). Mean comparisons were carried out using Fisher’s least significantdifference (LSD) test at a 5% significance threshold.
Results and DiscussionImpact of the region on the quality of raw milkTotal aerobic mesophilic countTotal aerobic mesophilic count (TAMC) is a key indicator of the microbiological quality of raw milkand reflects hygiene during milking, equipment cleanliness, and storage conditions (Quigley et al.,2013; O’Connell et al., 2016). In this study, TAMC values in milk samples collected over a 12-monthperiod from the Jendouba, Béja, and Kef governorates ranged between 7 log (CFU/mL) and 8 log(CFU/mL), exceeding the maximum limit of 5.4 log (CFU/mL) established by both the USPHS/FDAand the European Commission for raw milk intended for processing (USPHS/FDA, 2019; EuropeanParliament and Council of the European Union, 2004).As shown in Figure 1a, mean TAMC values (log CFU/mL) did not differ significantly among thethree regions (p > 0.05). Although Jendouba showed slightly higher counts and Béja slightly lowercounts, these differences were not statistically significant.The absence of significant regional variation suggests that similar factors affecting milk hygiene andhandling may operate across the surveyed areas. Comparable findings have been reported in ruraldairy production systems where limitations in sanitation practices and cold chain managementcontribute to elevated microbial loads (Kiambi et al., 2022; Ntuli et al., 2023).
Psychrotrophic floraThe psychrotrophic bacterial load in raw milk samples collected over a 12-month period from theBéja, Jendouba, and Kef governorates is presented in Figure 1b. Mean counts ranged from 7.1 to 7.3log CFU/mL, with no significant differences among regions (p > 0.05). These results indicate aconsistently high prevalence of psychrotrophic bacteria across all sampling areas.Psychrotrophic bacteria are able to grow under refrigeration conditions and are recognized as majorspoilage microorganisms in raw milk (Quigley et al., 2013). The absence of significant regionaldifferences suggests that similar milk collection, handling, and storage practices are applied acrossthe surveyed regions. However, the elevated psychrotrophic counts observed in all areas indicateconditions favorable to their proliferation during milk storage and transport.These findings are consistent with previous studies reporting high psychrotrophic contamination inraw milk when cooling efficiency and cold chain management are suboptimal (O’Connell et al.,2016; Yalew et al., 2024). The predominance of psychrotrophic bacteria is of technological concernbecause many species, particularly Pseudomonas spp., produce heat-stable proteases and lipases thatmay compromise the quality and shelf life of dairy products (Sachan et al., 2018; Ávila et al., 2025).
Pseudomonas spp. countThe Pseudomonas spp. counts (log CFU/mL) measured across the three surveyed regions (Béja,Jendouba, and Kef) are presented in Figure 1c. A statistically significant difference was observedamong regions (p < 0.05). The highest mean count was recorded in Jendouba, whereas the lowest wasobserved in Béja. Kef exhibited intermediate values. Multiple comparison analysis indicated thatJendouba (group B) differed significantly from Béja (group A), while Kef (group A, B) was notsignificantly different from either region.The higher Pseudomonas counts observed in Jendouba may be associated with environmentalconditions and management practices favoring bacterial proliferation. In contrast, the lower countsrecorded in Béja may reflect more favorable hygiene conditions during milk production, collection,



and storage. The intermediate values observed in Kef suggest a transitional situation between the tworegions.The regional variation observed in this study is consistent with previous reports showing thatmicrobial contamination of raw milk can be influenced by environmental factors and handlingpractices (Beuchat, 2002; Yap et al., 2024). Given the predominance of Pseudomonas spp. amongpsychrotrophic bacteria, these findings highlight their importance as indicators of raw milkmicrobiological quality (Du et al., 2022).
Heat-resistant sporesThe mean counts of heat-resistant spores (HRS) across the three sampled governorates (Béja,Jendouba, and Kef) are presented in Figure 1d. The values ranged from approximately 1.0 to 1.3 logCFU/mL. No statistically significant differences were observed among the regions (p > 0.05), asindicated by the shared grouping letter “A” attributed to all three locations. These results indicate arelatively uniform distribution of HRS across the surveyed areas.HRS are mainly represented by spore-forming bacteria belonging to the genera Bacillus andClostridium, which are able to survive adverse environmental conditions, including heat treatment,desiccation, and exposure to sanitizing agents (Setlow, 2014; Den Besten et al., 2018). The absenceof significant regional variation suggests that contamination sources and management practicesinfluencing spore occurrence may be relatively similar across the investigated regions.Although HRS counts remained low throughout the study, their presence is relevant because bacterialspores can survive thermal processing and subsequently affect the quality and stability of dairyproducts (Sadiq et al., 2016; Aouadhi et al., 2022).
Impact of the season on the microbiological quality of milkSeasonal variation in total aerobic mesophilic countTAMC (log CFU/mL) measured in raw milk samples across the four seasons is presented in Figure2a. Values ranged from approximately 7.55 to 7.85 log CFU/mL. Significant differences wereobserved among seasons (p < 0.05). The highest mean counts were recorded in autumn and spring(group B), whereas the lowest counts were observed in winter (group A). Summer belonged to groupA,B, indicating intermediate levels that did not differ significantly from either extreme. These resultsdemonstrate a significant seasonal effect on TAMC in raw milk. Higher bacterial counts wereobserved during spring and autumn, whereas winter samples exhibited the lowest contaminationlevels. Similar seasonal variations in raw milk microbiological quality have been reported previouslyand are generally associated with changes in environmental conditions and milk production practicesthroughout the year (Beuchat, 2002; Kazeminia et al., 2019; Celano et al., 2022).
Seasonal variation in psychrotrophic bacterial countPsychrotrophic bacterial count in raw milk varied significantly among seasons (p < 0.05), ranging fromapproximately 7.0 to 7.5 log CFU/mL (Figure 2b). The lowest counts were recorded in winter (group A),whereas the highest values were observed in summer (group C). Autumn and spring showed intermediatevalues and did not differ significantly from either extreme. These results indicate a marked seasonal influenceon psychrotrophic bacterial populations in raw milk. Higher counts were observed during the warmer months,whereas lower levels were detected during winter. Similar seasonal trends have been reported in previousstudies investigating psychrotrophic contamination in dairy systems (Boubendir et al., 2015). Given theirability to produce heat-stable enzymes, psychrotrophic bacteria are considered important contributors to milkspoilage and reduced shelf life of dairy products (Aouadhi et al., 2025).
Seasonal variation in Pseudomonas prevalenceThe seasonal distribution of Pseudomonas spp. is presented in Figure 2c, with percentages ranging from 82%to 86%. The highest proportion was observed during autumn (approximately 85.5%), which was significantlyhigher (p < 0.05) than those recorded in spring, summer, and winter. No significant differences were detectedamong the latter seasons, as indicated by the shared grouping letter “A”.



These results indicate that Pseudomonas spp. constituted the dominant fraction of the psychrotrophicmicrobiota throughout the year, with only limited seasonal variation. The predominance ofPseudomonas spp. in raw milk is consistent with previous studies reporting this genus as one of themajor psychrotrophic spoilage bacteria in refrigerated milk and dairy environments (Quigley et al.,2013; Yuan et al., 2019; Ávila et al., 2025). The higher proportion observed during autumn suggestsa seasonal effect on the relative abundance of Pseudomonas spp. in raw milk.
Seasonal variation in heat-resistant sporesThe seasonal distribution of HRS (log CFU/mL) in raw milk is presented in Figure 2d. The resultsreveal statistically significant differences (p < 0.05) among the seasons, with clear groupingsindicated by different letters above the bars. The lowest count was observed in autumn, with a meanvalue of around 0.5 log CFU/mL and classified as group A. Spring showed the highest valuesfollowed by summer (groups C and B, respectively), while winter fell within the B, C group,indicating no significant difference from either summer or spring.These results suggest a heterogeneous seasonal distribution of thermoresistant spore-formingbacteria, which could be influenced by a variety of environmental and management factors, includingsoil contamination, feeding practices, hygiene levels, and climatic variations (Scheldeman et al.,2005; Setlow, 2014). The elevated counts observed in some samples may be due to increased sporecontamination from soil and bedding material during wetter conditions, or the use of silage-basedfeeding, which has been previously associated with spore contamination in dairy systems (Borreaniet al., 2019; Den Besten et al., 2018).HRS are of particular concern due to their resistance to heat treatments such as pasteurization andeven UHT treatment. Their survival and subsequent germination can lead to milk spoilage, biofilmformation, and reduced shelf life, as well as posing a risk to consumer health if pathogenic speciesare present (Velázquez-Ordoñez et al., 2019; Sadiq et al., 2016). The findings underline theimportance of implementing season-specific control strategies, including improved cleaningprotocols, udder hygiene, and raw milk screening, especially during high-risk periods.
Monthly variation in the microbiological quality of milkThe monthly evolution of microbial contamination in raw milk was evaluated using multiple rangetests based on the 95% LSD method. The results revealed clear and statistically significant monthlyvariations across all microbial groups (Figure 3).The total aerobic mesophilic count ranged from 7.49 log₁₀ CFU/mL (January) to 7.77 log₁₀ CFU/mL(March), with most values from late spring to autumn forming a statistically homogeneous group(group B). January, November, and February exhibited relatively lower values (groups A and AB),suggesting better microbiological quality in winter. These results are consistent with previous studiesreporting that lower temperatures, reduced transportation times, and improved cold chain efficiencyduring winter can limit bacterial proliferation in raw milk (Vithanage et al., 2016; Celano et al.,2022).HRS, representing heat-resistant spore-forming bacteria, showed the most pronounced monthlyvariability. The lowest levels (0.387 log₁₀ CFU/mL) were observed in April-June (group A), whilethe highest value (1.47 log₁₀ CFU/mL) occurred in October (group E), indicating a marked seasonalincrease. This pattern may reflect environmental spore accumulation, increased soil contamination,and enhanced biofilm persistence in dairy equipment under suboptimal sanitation conditions (Gopalet al., 2015; Lopez‐Brea et al., 2017; Setlow, 2014). These organisms are of particular concern forUHT and long shelf-life dairy products due to their resistance to thermal processing.Psychrotrophic counts ranged from 6.93 log₁₀ CFU/mL in January (group A) to 7.47 log₁₀ CFU/mLin September (group E), with a gradual increase from winter to late summer. Intermediate valueswere observed during spring (April-June; Group BCD). As cold-adapted microorganisms,psychrotrophs can proliferate even under refrigeration, particularly when cooling is delayed orinsufficient. Their seasonal increase is likely associated with prolonged storage time and inadequate



initial chilling (D’Amico and Donnelly, 2010; Quigley et al., 2013). Their enzymatic activity,particularly proteases and lipases, contributes significantly to milk spoilage.Pseudomonas spp. followed a similar trend, with the lowest counts recorded in January (5.60 log₁₀CFU/mL; group A) and increasing up to 6.13 log₁₀ CFU/mL during April-June (group D). Thesebacteria are of major technological concern due to their ability to produce heat-stable enzymes andform biofilms that enhance persistence in dairy environments (Martin et al., 2016; Zhang et al., 2019).Despite being psychrotrophic, their prevalence increases during warmer months, likely due to higherenvironmental exposure and reduced cold chain efficiency. Notably, Pseudomonas constituted thedominant fraction of the psychrotrophic population (77-84%), with peaks observed in early summerand late autumn, confirming their central role in raw milk spoilage (Figure 4).Winter months consistently showed the lowest microbial contamination, whereas late summer andautumn exhibited the highest levels. These findings confirm that ambient temperature fluctuations,storage duration, and cold chain reliability are key determinants of microbial proliferation in rawmilk. Furthermore, both psychrotrophic and spore-forming bacteria, due to their resistance toprocessing and sanitation stresses, require targeted control strategies in dairy production systemsintended for long shelf-life products.
Correlation analysis of microbiological parametersThe Pearson correlation coefficients among the different microbiological parameters are presentedin Figure 5. Moderate to strong positive correlations were observed between psychrotrophs and totalaerobic mesophilic count (r=0.65), psychrotrophs and Pseudomonas spp. (r=0.65), Pseudomonasspp. and the percentage of Pseudomonas (r=0.55), and total count and Pseudomonas spp. (r=0.51).These correlations indicate that higher Pseudomonas counts were associated with higher total aerobicmesophilic and psychrotrophic counts. The co-occurrence of elevated psychrotrophic andPseudomonas levels indicates that these groups may share similar ecological niches or be influencedby common environmental factors, particularly temperature, moisture, and hygiene conditions duringmilk handling and storage (Chiellini et al., 2019; Quigley et al., 2013).In contrast, weak or negative correlations were observed between heat-resistant spore-formingbacteria and the other microbial groups, with correlation coefficients ranging from −0.02 to −0.13.This likely reflects the distinct ecological behavior of spore-forming bacteria, which are capable ofsurviving under adverse conditions rather than actively proliferating, and therefore responddifferently to environmental fluctuations compared to vegetative cells (Gauvry et al., 2017; Setlow,2014). The absence of strong correlations between spore-formers and total or psychrotrophic countssuggests that their presence is more stochastic and related to specific contamination sources such assoil, feed, and equipment rather than overall microbial growth dynamics.These findings highlight important microbial interrelationships that can help guide monitoring andcontrol strategies in dairy safety programs. In particular, Pseudomonas spp. may serve as a usefulindicator organism, given its consistent association with both total viable counts and psychrotrophicpopulations.
Recommendations for milk quality improvementBased on the findings of this study, several practical measures can be proposed to improve themicrobiological quality of raw milk and reduce spoilage-related risks along the dairy chain. First,strengthening milking hygiene at the farm level is essential. This includes proper udder cleaning anddrying before milking, regular disinfection of milking equipment, and training of farm workers ingood hygienic practices. Given the consistently high total viable counts and psychrotrophic bacteriaobserved, these basic measures represent a critical control point in raw milk production.Second, rapid cooling of raw milk immediately after milking should be prioritized. Psychrotrophicbacteria, particularly Pseudomonas spp., are capable of proliferating even under refrigeration whencooling is delayed. Therefore, maintaining milk at ≤4°C and minimizing the time between milkingand cooling are essential to limit bacterial growth.



Third, improving the efficiency and reliability of the cold chain during collection and transport isnecessary. The observed seasonal patterns, with higher microbial loads during warmer months,highlight the need for strengthened temperature control, particularly during summer and transitionalperiods.Fourth, targeted control of spore-forming bacteria should be considered. Although present at lowerlevels, heat-resistant spores remain a concern for UHT and long shelf-life dairy products. Theimplementation of spore-targeted sanitation strategies, improved cleaning-in-place (CIP) systems,and, where applicable, advanced technologies such as high-pressure processing may help reducecontamination.Finally, routine microbiological monitoring programs should be implemented, focusing on keyindicator organisms such as total viable counts and Pseudomonas spp. This would allow earlydetection of hygiene failures and better management of variability in raw milk quality across regionsand seasons.Overall, an integrated approach combining improved hygiene practices, cold chain optimization, andtargeted microbial control strategies is required to improve the microbiological quality of raw milk,extend shelf life, and improve the technological quality of dairy products.
ConclusionsThis study highlights the significant influence of both region and season on the microbiologicalquality of raw milk in northwestern Tunisia. Elevated total viable counts and psychrotrophic bacteriaacross all regions underline persistent challenges related to hygiene and cold chain management,while regional differences in Pseudomonas spp. may be associated with variations in environmentalconditions and farm-level practices. Seasonal patterns, characterized by higher microbial loads inautumn and spring and lower levels in winter, confirm the strong effect of climatic conditions on milkmicrobiology. Correlation analysis further identified Pseudomonas spp. as a key indicator ofmicrobial quality and spoilage risk. Overall, these findings emphasize the need to strengthen milkinghygiene practices, improve rapid cooling and refrigeration systems, and enhance farmer training,particularly in regions and during periods associated with higher microbiological risks. Such targetedinterventions are essential to improve the safety, technological quality, and market value of raw milkin Tunisia.
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Figure 1. Effect of region on the microbiological quality of raw milk, a) Total aerobicmesophilic count; b) psychrotrophic bacterial count; c) Pseudomonas spp. count; (d) heat-resistant spores. Means with different letters are different (p < 0.05).



Figure 2. Effect of sampling season on the microbiological quality of raw milk. a) Totalaerobic mesophilic count; b) Psychrotrophic count; c) Pseudomonas spp. percentage; d)heat-resistant spores. Means with different letters are different (p < 0.05).

Figure 3. Monthly variation in microbial indicators in raw milk.
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Figure 4. Effect of sampling month on the percentage of Pseudomonas spp. in raw milk.Means with different letters are different (p < 0.05).

Figure 5. Pearson correlation matrix among microbial indicators in raw milk.
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	Sample of raw milk


	To evaluate the influence of region and season on the microbiological quality of raw cow’s milk, a total of 1224 samples were collected over a 12-month period (from March 2023 to February 2024) from 34 collection centers located in the northwest of Tunisia, specifically within the governorates of Béja, Kef, and Jendouba. Each month, 102 samples were obtained, with three samples collected from each center. In total, 17 centers were located in Jendouba, 15 in Béja, and 2 in Kef. Raw milk samples were aseptically collected in sterile bottles using sterile scoops directly from the herders’ tanks, immediately upon delivery to the collection centers, ensuring that the samples were representative of the milk supplied to processing facilities. The microbiological quality of the samples was assessed by enumerating total mesophilic aerobic flora, aerobic spore-forming bacteria, psychrotrophic bacteria, and Pseudomonas spp.


	


	Quantification of total aerobic mesophilic count and psychrotrophic bacteria


	Bacterial enumeration was performed on the same day as sample collection to prevent any changes in microbial load. Samples were serially diluted in quarter-strength Ringer’s solution, and 1 mL aliquots of appropriate dilutions were plated on Plate Count Agar (PCA) to enumerate total viable bacterial counts and psychrotrophic bacteria. Plates were incubated at two different temperatures: 7±1°C for 10 days for the enumeration of psychrotrophic bacteria and 30 °C for 72 h for the enumeration of mesophilic bacteria (Aouadhi et al., 2025). These incubation conditions were selected according to the optimal growth requirements of psychrotrophic and mesophilic microorganisms, respectively.


	


	Quantification of Pseudomonas spp.


	The enumeration of Pseudomonas spp. was carried out using Pseudomonas Agar Base. A 0.1 mL aliquot of the appropriate dilution was spread onto the surface of the medium and incubated at 21 °C for 24 h, a temperature favorable for the growth of Pseudomonas spp. After incubation, colonies were counted and the results were expressed as log₁₀ CFU/mL of raw milk.


	


	Enumeration of heat-resistant spores


	Heat-resistant spores, particularly Bacillus species, were enumerated following a heat treatment designed to eliminate vegetative cells and isolate surviving spores. Samples were heated at 100 °C for 30 min, following protocols from Aouadhi et al. (2014), which are effective for inactivating vegetative bacteria while allowing spores to survive. After the heat treatment, 0.1 mL of the sample was spread onto Brain-Heart Infusion Agar (BHI-Agar, Biokar Diagnostics), supplemented with 1 mg/L of vitamin B12 (Sigma-Aldrich, St. Louis, MO, USA) to promote the growth of Bacillus species. The plates were incubated at 37°C for 48 hours, after which spore-forming colonies were counted.


	


	


	Statistical analysis


	All experiments were conducted in triplicate, and the results are expressed as mean values accompanied by standard deviations. Statistical analysis was performed using one-way ANOVA to evaluate the impact of each independent variable, employing STATGRAPHICS Centurion XV software (version 19.6.05). Mean comparisons were carried out using Fisher’s least significant difference (LSD) test at a 5% significance threshold. 


	These results indicate that Pseudomonas spp. constituted the dominant fraction of the psychrotrophic microbiota throughout the year, with only limited seasonal variation. The predominance of Pseudomonas spp. in raw milk is consistent with previous studies reporting this genus as one of the major psychrotrophic spoilage bacteria in refrigerated milk and dairy environments (Quigley et al., 2013; Yuan et al., 2019; Ávila et al., 2025). The higher proportion observed during autumn suggests a seasonal effect on the relative abundance of Pseudomonas spp. in raw milk.


	


	Seasonal variation in heat-resistant spores


	Correlation analysis of microbiological parameters





