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Most biofilms within the food industry are formed by multiple bacterial species which co-exist on surfaces as a result of interspecies interactions. These ecological interactions often make these communities tolerant against antimicrobials. Our previous work led to the identification of a large number (327) of highly diverse bacterial species on food contact surfaces of the dairy, meat, and egg industries after routine cleaning and disinfection (C&D) regimes. In the current study, biofilm-forming ability of 92 bacterial strains belonging to 26 genera and 42 species was assessed and synergistic interactions in biofilm formation were investigated by coculturing species in all possible four-species combinations. Out of the total 455 four-species biofilm combinations, greater biofilm mass production, compared to the sum of biofilm masses of individual species in monoculture, was observed in 34 combinations. Around half of the combinations showed synergy in biofilm mass > 1.5-fold and most of the combinations belonged to dairy strains. The highest synergy (3.13-fold) was shown by a combination of dairy strains comprising Stenotrophomonas rhizophila, Bacillus licheniformis, Microbacterium lacticum, and Calidifontibacter indicus. The observed synergy in mixed biofilms turned out to be strain-specific rather than species-dependent. All biofilm combinations showing remarkable synergy appeared to have certain common species in all combinations which shows there are keystone industry-specific bacterial species which stimulate synergy or antagonism and this may have implication for biofilm control in the concerned food industries.
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Introduction

Biofilms are multicellular surface-associated microbial communities embedded in a self-produced or shared matrix containing a wide array of extracellular polymeric substances (EPS) (Karygianni et al., 2020). Microbial biofilms are abundantly present as the prevalent form of microbial life in almost all industrial, clinical, and natural systems with substantial impact on human and animal health, agriculture, food processing, water security, marine sector, and many other industrial processes.

Biofilms on food and non-food contact surfaces pose food safety and quality challenges in food industries and the control of microbial biofilms in the food industry from farm-to-fork costs 324 billion USD globally (Highmore et al., 2022). Microorganisms comprising biofilms in the food production facility include both spoilage and pathogenic bacteria (Nan et al., 2022) which often co-exist as a result of intricate interactions, mainly due to metabolic dependencies (i.e., auxotrophies) and community-level benefits, including protection from antimicrobials (Sadiq et al., 2021a; Wit et al., 2022) and predator evasion (Goh et al., 2023). Surfaces in the food industry are routinely subjected to cleaning and disinfection (C&D) processes since the presence of biofilms is constantly detected on surfaces. Bacteria in mixed biofilm communites can survive C&D treatments on food contact surfaces either due to protective effects of the biofilm matrix (self-produced or shared) or due to inter-species interactions among the community members in which resistant strains often provide high levels of antibiotic protection to otherwise sensitive strains by inducing genetic or environmental changes in their favor (Parijs and Steenackers, 2018; Bottery et al., 2022). Biofilms are also an important concern for the food industry because the microenvironments created within the biofilm structure may be conducive to higher production of spoilage enzymes compared to the planktonic state of bacteria (Teh et al., 2014).

Different species co-existing in a biofilm microenvironment influence the growth, abundance, and physiological characteristics of other species through several interactions including positive (mutualism, cooperation, syntrophy, synergism, and altruism) as well as exploitative and antagonistic interactions (Nadell et al., 2016). Microbial species secrete numerous enzymes, signaling and scavenging molecules that can affect the growth and survival of other microbial cells in their vicinity (Liu et al., 2017). Sometimes there are keystone species in a biofilm community which – regardless of their proportion – are often involved in promoting biofilm formation in other species as well as protecting other community members from external stressors (Parijs and Steenackers, 2018; Karki et al., 2021).

Despite the development of a large number of chemical, physical, and biological approaches to control biofilms in the food industry (Coughlan et al., 2016; Mevo et al., 2021), still in several cases no clear solution seems to exist to deal with the risk biofilms pose. An important aspect that is yet less explored in biofilms in the food industry is interspecies interactions. There is convincing evidence that interspecies social behavior of bacteria, especially metabolic cross-feeding, influence resistance development against antimicrobials (Adamowicz et al., 2018). Thus, cataloging community composition on food contact surfaces and exploring overall interactions between community members are vital to further develop biofilm monitoring and controlling strategies. Many studies on microbiota of food contact surfaces have only focused on microbial ecology of surfaces with less focus on underlying biological interactions (Bridier et al., 2019; Wagner et al., 2020; Fagerlund et al., 2021). Existing studies on bacterial interactions in mixed-species biofilms are mainly on bacterial species originated from oral biofilms (Kommerein et al., 2018; Wang et al., 2020), soil (Ren et al., 2015) or the human gut (Sadiq et al., 2021b). There is some evidence that interactions among the co-localized bacterial species on food contact surfaces in mixed biofilms influence biofilm production which has high relevance for food production facilities (Røder et al., 2015; Langsrud et al., 2016; Wang et al., 2021; Yang et al., 2023).

Our group reported a large diversity of bacteria including pathogens and spoilage organisms on food contact surfaces in the dairy, egg, and meat processing facilities after routine C&D (Maes et al., 2019). Microbacterium and Stenotrophomonas species were identified as the prevalent contaminants in all industries. The aim of this work was to characterize the biofilm-forming potential of the isolates that survive C&D and to find out bacterial species that likely co-exist and persist on food contact surfaces after C&D as a result of synergistic interactions in mixed-species biofilms.



Materials and methods


Bacterial strains used in this study

A total of 92 bacterial strains were used in the study which were a part of the previously isolated bacterial strains from food contact surfaces of three food processing industries (dairy, meat, and egg) after routine C&D (Maes et al., 2019). The strains were highly diverse and belonged to 26 genera and 42 different species. Figure 1 shows further details related to the number and identification of these strains with their origin. All strains were grown in a general-purpose medium (Brain-Heart-Infusion, BHI: Merck, Darmstadt, Germany) at 30 or 37°C, depending on the strain and stored at –70°C until this trial. Only two temperatures (30°C and 37°C) were used to determine bacterial optimum growth temperatures. Supplementary Table S1 in Supplementary Material File 1 (sheet 17) contains details of growth temperatures for each bacterial species that were used in biofilm combinations.
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FIGURE 1
 Details concerning number, identification and origin of 92 bacterial strains that were studied for their biofilm forming ability and synergistic interactions in multispecies biofilms. The strains were originated from three food processing industries: dairy, meat, and egg processing industries after routine cleaning and disinfection regimes.




Biofilm quantification using crystal violet staining

Biofilm formation was assayed and quantified as previously described by Ren et al., 2015 using 96-well microtiter plates (Coster 3,596, Corning Inc., Corning, NY, United States). Bacterial strains were incubated overnight for 16–18 h in BHI at their optimum growth temperature (30 or 37°C) followed by appropriate dilution in BHI to the OD595 value of 0.05 for all strains. A total of 160 μL was used as the inoculum volume for monospecies biofilms whereas 40 μL for each species was pooled together for four-species biofilm combinations. After 24-h incubation at 30°C or 37°C without shaking, biofilm formation was quantified by measuring the absorbance at 595 nm (Abs595) crystal violet (CV) straining. Selection of the temperature of incubation was based on the optimum growth temperature of each species based on preliminary trials of bacterial growth at different temperatures. Strains were classified as non-biofilm formers, weak biofilm formers, moderate biofilm formers and strong biofilm formers based on their OD values. The cutoff OD (ODc) was defined as three SDs above the mean OD of the negative control (Abs595: 0.17). Biofilm forming potential was determined as follows: OD ≤ ODc = non-biofilm former, ODc < OD ≤ 2 × ODc = weak biofilm former, 2 × ODc < OD ≤ 4 × ODc = moderate biofilm former and 4 × ODc < OD = strong biofilm former. In the best biofilm combination, some species were also replaced with their other strains to see if the observed synergy is strain-dependent or species-specific. The strains were already well-characterized using pulsed-field gel electrophoresis.



Grouping of bacterial strains

The 92 strains were divided into 13 different groups with each containing seven different species and all strains in one group were permutated in all possible four-species combinations (35 combinations in each group, 455 in total) to determine synergy in multispecies biofilms. The details concerning species in each group are given in Supplementary File 1 (sheet 4 to 16).

Most of the species in each group were those that were initially recovered from the same food contact surface after C&D (Maes et al., 2019). In addition, species which are known to be prevalent in food industries and are either pathogenic or spoilage in nature were mandatorily included so that their interactions with other species could be identified. For the assessment of synergy, average absorbance of the four-species biofilm (Abs595 FS) combination with the sum of absorbances of individual species (Abs595 SIS): Abs595 FS > Abs595 SIS = synergy.



Scanning electron microscopy

One four-species biofilm combination that showed the highest synergy was developed on stainless steel (SS) coupons (AISI 304 grade: 30 ×15 mm dimension) using 6-well microtiter plates (Coster 3,516, Corning Inc., Corning, NY, USA) by placing the coupons horizontally in each well containing 5 ml BHI followed by incubation at 24 h at the required temperature. All single strains as a part of the combination were also allowed to form biofilm on SS coupon. The coupons were subjected to scanning electron microscopy (SEM) to confirm the presence of all species in the respective combination and to observe any apparent changes in the biofilm morphology. SEM was used to observe biofilms developed on SS coupons for only one combination that showed the highest synergy in a four-species biofilm. Briefly, the coupons were first rinsed with sterile double distilled water and then double fixed with 2.5% glutaraldehyde (Sigma-Aldrich, Saint Louis, Missouri, United States) in 0.1 M sodium cacodylate (Sigma-Aldrich, Saint Louis, Missouri, United States) (pH 7.4) for more than 8 h. The coupons were then post fixed with 1% osmium tetroxide (Sigma-Aldrich, Saint Louis, Missouri, United States) in 0.1 M cacodylate for 1–2 h followed by 3 consecutive washings (5 min each) with 0.1 M cacodylate. Dehydration was performed in graded alcohol solution (30–100% v/v solutions). Finally, the SS coupons were dehydrated with liquid CO2 in a Hitachi Model HCP-2 critical point dryer. Hitachi Model E-1010 ion sputter was used to coat the dehydrated samples with gold–palladium for 4–5 min and biofilms were observed in Zeiss Crossbeam 540 FIB-SEM.



Statistical analysis

Each experiment (mono-species as well as four-species biofilm-forming trials) was repeated three times on different occasions with three replicates. The optical density per strain or four-species combination was measured from 4 wells of each of the three microtiter plates in each trial. Statistical calculations were based on Duncan’s post hoc analysis to determine significant differences that were performed using SPSS (SPSS Statistics 23.0) and GraphPad Prism 9. Values of p ≤ 0.05 were considered statistically significant.




Results


Commonly reported species in three food industries after C&D

Members of some bacterial genera were common among survivors of C&D in all three industries, for instance, bacterial strains belonging to the genera Bacillus, Pseudomonas, and Stenotrophomonas were reported in all industries (Figure 1). Stenotrophomonas turned out to be the most prevalent genus among all isolates as 13% of all strains belonged to either S. rhizophila or Stenotrophomonas maltophilia. Pseudomonas was the second most prevalent genus representing 10 strains belonging to 8 different species. Bacterial genera that were commonly present on food contact surfaces of 2/3 industries included Kocuria, Microbacterium, Staphylococcus, and Solibacillus in dairy and meat processing, and Staphylococcus and Streptococcus in dairy and egg processing (Figure 1). Strains collected from the egg processing industries represented more unique species that were not present in other two industries, for example, Buttiauxella sp., Lelliottia amnigena, Serratia glossinae, Paenibacillus validus, and Raoultella ornithinolytica.



Biofilm forming ability of the strains and their prevalence

A total of 92 bacterial strains, previously recovered from food contact surfaces of three food processing industries after routine C&D, were tested for their ability to form biofilms in single culture on polystyrene surfaces. The strains were classified into four groups: non-biofilm formers, weak biofilm-formers, moderate and strong biofilm formers (Figure 2). Most of the isolates (~ 65%) proved to be either non-biofilm formers, weak or moderate biofilm formers. A total of 33 strains (~ 35%) from all three food industries turned out to be high biofilm formers, and out of which 5 belonged to dairy strains, 8 belonged to the strains collected from the meat processing industry, and 18 strain had originated from the egg processing facility (Figure 3A). The approximate percentage of strong biofilm-formers among the isolates of dairy, meat, and egg processing industries was as follows: 16, 31, and 53%, respectively. Phenotypic variation in the biofilm forming ability between strains of the same species (e.g., Microbacterium lacticum strain S1 and S2 and S. rhizophila S2 and S4 among the dairy strains) was also noticed as shown in Figure 3B. Results of biofilm-forming ability of all strains from the three industries are given in Supplementary material File 1 (sheet 1–3).

[image: Figure 2]

FIGURE 2
 Classification of the biofilm-forming ability of the total strains at the genus level from food contact surfaces of three food industries (dairy, meat, and egg processing) after cleaning and disinfection into non-biofilm formers, weak biofilm formers, moderate biofilm formers, and strong biofilm formers based on their OD values. The cutoff OD (ODc) was defined as three SDs above the mean OD of the negative control (Abs590: 0.17). Biofilm forming potential was determined as follows: OD ≤ ODc = non-biofilm former, ODc < OD ≤ (2 × ODc) = weak biofilm former, 2 × ODc < OD ≤ 4 × ODc = moderate biofilm former and 4 × ODc < OD = strong biofilm former.
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FIGURE 3
 (A) High biofilm-forming bacterial strains among 92 isolates collected from food contact surfaces of three industries: dairy, meat, and egg processing industries after routine cleaning and disinfection. (B) shows strain-level variation in the biofilm-forming ability of the strains from each industry. The horizontal dotted line in both parts of the figure indicates the OD cut-off value for strong biofilm formation.




Synergistic interactions in four-species biofilms

Bacterial strains from each industry were divided into different groups, each containing 7 different species. This led to the formation of 13 different groups which included 4, 4, and 5 groups of strains belonging to dairy, meat, and egg processing environments, respectively. Bacteria within each group were mixed in all possible combinations of four species and a total of 455 four-species combinations (35 combinations in each group) were developed to find bacterial combinations that show synergy in biofilm mass. About 90% of the four-species combinations had biomass mass lower than the sum of biofilm masses of individual strains within the combination. Eight combinations showed no significant difference (p > 0.05) in biofilm mass compared to the sum of biofilm masses of corresponding mono-species biofilms. Only 34 four-species combinations showed synergy as indicated by enhanced biomass production (p < 0.05) when compared with sum of biofilm masses of all single-species cultures. Out of these 34 combinations, 16 combinations showed higher than 1.5-fold increase in biofilm mass and interestingly 11 combinations belonged to two groups of dairy strains (Figure 4). Four combinations showing synergy were composed of bacterial strains of the meat processing environment; whereas, only one four-species combination out of 175 four-species combinations comprising strains of the egg processing facility showed synergy where biofilm mass was increased by only 1.57-fold (Figure 5). The presence of Bacillus cereus as the fourth species in any combination resulted in reduced biofilm mass that would otherwise be formed with another species in the same combination (sheet 4 and 6–7 in Supplementary Material File 1). For instance, co-culturing of B. cereus with three species (S. rhizophila, B. licheniformis, and M. lacticum) resulted in the lowest quantity of biofilm mass compared to the addition of C. indicus, B. simplex, and Solibacillus isronensis as the fourth species (Supplementary Figure S1 derived from groups 3 of dairy strains).
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FIGURE 4
 Synergistic interactions in four-species biofilm combinations of dairy strains. All four-species combinations showing pronounced synergistic interactions (at least 1.5-fold increase in biofilm mass compared with sum of biofilm masses of all strains in isolation) are shown. These 11 groups belong to two groups of the dairy strains (2 and 3). In each four-species combination, comparisons were made among the biofilm masses of single species and the mixed-species biofilm using one-way ANOVA with Duncan’s post hoc test (p < 0.05 for significance).
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FIGURE 5
 Synergistic interactions in four-species biofilm combinations of meat and egg processing strains. All four-species combinations showing pronounced synergistic interactions (at least 1.5-fold increase in biofilm mass compared with sum of biofilm masses of all strains in isolation) are shown. Only one four-species strain combination from food contact surfaces of egg processing industries showed synergy in biofilms (diagram with the gray bars). In each four-species combination, comparisons were made among the biofilm masses of single species and the mixed-species biofilm using one-way ANOVA with Duncan’s post hoc test (p < 0.05 for significance).




Specific bacteria involved in synergistic multispecies biofilms

Highest synergy (3.13-fold increase in biofilm mass) in four-species biofilms was observed in combination 1–2–4-7 (S. rhizophila (S1), M. lacticum (S1), C. indicus (S1), and B. licheniformis, respectively) of dairy group 2 (Figure 6), where only M. lacticum was capable of forming abundant biofilm in mono-species. Interestingly all 11 synergistic biofilm combinations of dairy strains contained S. rhizophila, 9 contained B. licheniformis, and 7 contained M. lacticum (Figure 4). This implies significance of these three species in synergistic biofilms on food contact surfaces in the dairy industry. When strains of S. rhizophila (S2), M. lacticum (S1), and C. indicus (S1) in the combination 1–2–4-7 were replaced, one by one, by other strains of the same species, the observed synergy dramatically changed and turned out to be strain-specific (Figure 7). There was only one strain of B. licheniformis in the collection, so strain-specific effect of this species on the overall synergy could not be determined.
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FIGURE 6
 Group No. 2 comprising 7 species isolated from a milk processing industry following cleaning and disinfection. These 7 species were permutated in all possible four-species biofilm combinations (35) to find synergy in four-species biofilms. Out of 35 combinations, 8 combinations turned out to be synergistic in which biofilm mass of the four-species community was higher (p < 0.05) than sum of biofilm masses of all four species.
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FIGURE 7
 Role of different strains of members of a four-species biofilm community in the overall synergy. (A) shows differential influence of three strains of Stenotrophomonas rhizophila (S2, S4, and S5) on the synergy observed in the mixed-species biofilm community. (B) shows the influence of different strains (S1, S2, and S3) of Microbacterium lacticum on the synergy observed in the four-species biofilm. (C) shows the influence of two strains (S1, S2) of Calidifontibacter indicus on the synergy observed in the four-species biofilm. Lower case letters above bars indicate significant differences among biofilm mass of single and mixed species biofilms that were calculated using one-way ANOVA with Duncan’s post hoc test (p < 0.05 for significance).


SEM image (Figure 8) of single and the four-species biofilm combination (1–2–4-7) confirms congruence in results related to the biofilm-forming ability of these bacteria on polystyrene and SS. Results of biofilm formation on microtiter plates showed that S. rhizophila, B. licheniformis, and C. indicus are weak biofilm formers and using SEM we could only observe a few cells on the surface for these species, except the image of C. indicus where no cells could be seen. Only M. lacticum appeared to be a strong biofilm former and SEM images also showed a large number of cells of this species on stainless steel surfaces. SEM images also confirm the presence of all species in the four-species combination – apparently in different proportions – where S. rhizophila appears to be dominant.
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FIGURE 8
 Scanning electron microscopy images of the synergistic biofilm formed by four species of the dairy origin: Stenotrophomonas rhizophila (S2), Microbacterium lacticum (S1), Calidifontibacter indicus (S1), and Bacillus licheniformis. The presence of all these four species was confirmed in SEM images and they are highlighted with circles of white, green, yellow, and red colors, respectively. B. licheniformis spores are also shown in dotted circle of red color. The first part of the figure shows monospecies biofilms of all species that were present in this selected four-species biofilm combination.


For the four-species combinations that contained isolates from food contact surfaces of meat processing plants, highest biofilm biomass production was observed in the combination containing Rahnella woolbedingensis, Carnobacterium mobile, Pseudomonas azotoformans, and Psychrobacter faecalis. Interestingly, P. azotoformans and P. faecalis were present in all four combinations; whereas, R. woolbedingensis and Brochothrix thermosphacta were present in 3/4 four-species combinations that showed synergy (≥ 1.5-fold increase in biofilm mass) (Figure 5). Isolates recovered from food contact surfaces of egg processing industries showed synergy only in one four-species combination that included S. maltophilia, Rothia marina, L. amnigena, and Bacillus firmus.




Discussion

A few studies have explored bacterial diversity on food contact surfaces after routine C&D in an effort to find bacterial contaminants that possibly have a potential role in food contamination and spoilage (Røder et al., 2015; Fagerlund et al., 2017; Bridier et al., 2019; Maes et al., 2019; Wagner et al., 2020). In our previous trial, 87% of the bacterial isolates that were recovered from diverse food processing industries after C&D showed spoilage potential under laboratory conditions (Maes et al., 2019). Biofilm-forming ability of bacterial contaminants is intrinsically linked to their ability to adapt to conditions on food processing surfaces or to interact with other bacteria within food processing facilities and their resistance against antimicrobials (e.g., C&D) (Sadiq et al., 2017a; Yuan et al., 2020). The focus of the current study was to determine the biofilm-forming potential of some of those isolates and identify synergistic interactions among the isolates in multispecies biofilm combinations. Similar approaches to monitor synergy among bacterial four-species biofilms have been used on bacteria recovered from soil (Ren et al., 2015) or human fecal samples (Sadiq et al., 2021b).

The use of bacterial strains collected at the same time from the same food contact surfaces, rather than using laboratory collections of model microorganisms is of importance when interactions in mixed species biofilms are to be assessed because of differences in bacterial strains. Many previous studies have also reported the biofilm-forming ability of many isolates recovered from dairy (Cherif-Antar et al., 2016; Sadiq et al., 2017b) and meat (Stanford et al., 2021; Wagner et al., 2021) processing industries. Different food processing surfaces have unique microbial profiles influenced by the processing environment, processing techniques, and type and quality of raw materials. Thus, the outcomes of many trials mapping microbial abundance and determining the biofilm-forming capacities of recovered bacterial isolates provide new knowledge and confirm the prevalence of most problematic species or common key microbial contaminants of food industries in different parts of the world (Maes et al., 2019; Wagner et al., 2020, 2021). The ability of many bacteria to form biofilms is influenced by other species on surfaces due to many ecological interactions. A number of recent studies cataloging bacterial diversity on food contact surfaces and studying bacterial interspecies interactions have concluded that biofilms in the food industry are often comprised of multiple species that interact with each other mainly due to metabolic and physiological needs (Wagner et al., 2021; Nan et al., 2022; Voglauer et al., 2022). In our trial, 35% of the isolates turned out to be strong biofilm formers which shows that many species probably co-existed on surfaces with other resident microbiota as a result of positive or negative associations. In a positive interaction, one species promotes growth of another species usually through nutrient availability and by creating new niches, whereas in a negative interaction species inhibit growth of other species through nutrient exploitation or by producing antagonistic chemicals (Kehe et al., 2021).

Many recent studies have shown how the presence of certain bacterial species in a community profoundly affects the biofilm-forming potential or often growth of other species either through cooperative or competitive interactions. For instance, the presence of antagonistic substances produced by dairy strains of B. cereus were shown to negatively affect the growth of Listeria monocytogenes in dual-species biofilms (Alonso et al., 2020). Bacillus safensis, from a meat processing plant, was reported to inhibit the growth of L. monocytogenes by 4 log CFU/cm2 in a dual species biofilm comprising L. monocytogenes and Salmonella enterica (Ripolles-Avila et al., 2022). Pseudomonas putida, a resident bacterial species in drinking water systems of broiler houses, was reported to inhibit growth and biofilm formation by Salmonella Java in mixed culture (Maes et al., 2020). On the other hand, many species induce biofilm formation in other species by producing signaling molecules like H2O2 (Duan et al., 2016), autoinducer 2 (AI-2) (Laganenka and Sourjik, 2018) or through physical contact (Xu et al., 2017).


Prevalence of negative interactions in four-species biofilms

About 90% of our four-species biofilm interactions of turned out to be negative or neutral (1.8%) which is not surprising. Contrary to this, a similar trial on 7 soil isolates that were randomly mixed into 35 four-species combinations showed synergy in 63% combinations (Ren et al., 2015). The use of a limited number of species (7) and a different definition of synergy where combined biofilm mass was compared with the biofilm mass of the single best biofilm former renders comparison of the two studies difficult.

There is a lot of controversy about the importance of negative interactions in microbial communities. One of the opinions is bacterial species rarely work together and negative interactions prevail in microbial communities, and cooperation, where two strains both benefit, is typically rare. Foster and Bell (2012) studied fitness interactions among bacterial strains, collected from water-filled tree holes, in a randomly chosen pairwise mixtures as well as higher-order interactions, by comparing the productivity of single-species and mixed-species cultures of 72 bacterial species in planktonic cultures and concluded that the majority of pairwise species combinations were net negative. In addition, net positive interactions in higher-order interactions were rare too. On the other hand, a study on 180,408 pair-wise interactions, under 40 carbon sources, among 20 different bacteria of soil origin reported 24% interactions being cooperative in which the total coculture yield was higher than the sum of yields from monoculture, and these interactions depended on strain pair and carbon source. It was concluded that positive interactions are highly abundant, but the conditions under which they emerge are difficult to predict (Kehe et al., 2021). Bacteria opt to compete in nutrient-rich conditions and cooperate in nutrient-limited conditions (Hoek et al., 2016), thus the use of BHI (a highly nutrient liquid medium) in four-species biofilm forming trials may have led to competitive interactions.

In our trial, positive interactions (synergy in biofilms) were focused as these growth-promoting interactions greatly affect the productivity and diversity of natural and industrial microbial communities (Burmølle et al., 2006; Ren et al., 2015). Competitive interactions on the one hand are vital for the maintenance of ecological diversity and evolution, and on the other hand, they act as an ecological force that play an important role in microbial metabolism and ecological and evolutionary diversity (Day and Young, 2004). Any net negative interaction seen in a laboratory four-species co-cultivation model can possibly be equilibrated into a competitive balance in a natural setting where numerous other species coexist (Kehe et al., 2021; Lyng and Kovács, 2023). Nevertheless, natural interactions are often far more complex than cultivations in the laboratory so sometimes it is difficult to predict bacterial behavior in a natural setting from laboratory trials.

Most of the biofilm forming strains belonged to the egg processing industry, whereas least synergy was observed among its four-species biofilm combinations and the opposite was the case for the dairy strains. One explanation is egg isolates were collected from diverse sampling points, whereas most of the bacterial contaminants of the dairy industry after C&D were originated from the surface of pasteurizers (Maes et al., 2019).



Synergy in specific biofilm combinations of strains isolated from the dairy industry

Among the dairy strains, highest synergy was found among all combinations containing S. rhizophila, B. licheniformis and M. lacticum. These three species are known as problematic species in the dairy industry due to their spoilage potential and prevalence. Stenotrophomonas species are one of the widely reported bacterial contaminants in milk and dairy products (Boubendir et al., 2016; Zeinhom et al., 2021). B. licheniformis is one of the biggest concerns for the dairy industry throughout the world, especially for milk powder production (Sadiq et al., 2016), as it is the predominant bacterial species found in raw milk and at all stages of dairy processing (Banykó and Vyletělová, 2009; Gopal et al., 2015; Sadiq et al., 2016, 2018). B. licheniformis and M. lacticum have been reported co-existing in whey protein concentrate (Walsh et al., 2012) and raw milk (Ribeiro-Júnior et al., 2020). These three species were shown to form synergistic biofilms in many combinations with other species like B. simplex, Kocuria salsicia, and opportunistic pathogens like Staphylococcus warneri. Interestingly, all these species have been reported to co-exist in biofilm samples of milking machines in dairy farms too (Weber et al., 2019). SEM images show that after 24 h no exclusion of species took place and all species appeared to form a stable community. Apparent dominance of S. rhizophila and B. licheniformis show that these species not only form biofilms, but dominate in the community when co-existing with other species. In addition, EPS formation for these strains seems to be a community-specific characteristic as no EPS was seen in any of the mono-species biofilms, however from these findings it remained unclear which species produced EPS in the community. The strain-specific nature of synergy in mixed-species biofilms on the one hand emphasizes the significance of strains, rather than species, in studying bacterial interactions and on the one hand, it has implications for the development of synthetic bacterial communities. The role of inter-strain phenotypic diversity in modulating interactions in mixed species biofilms has been reported, mainly in dual-species biofilm settings (Gomes-Fernandes et al., 2022). L. monocytogenes strains of food origin have been reported to show large variations in competitive growth in different mixed-species biofilm settings (Heir et al., 2018). Our findings show that synergistic interactions in multispecies biofilms are strain-dependent.

The observed antagonistic behavior of B. cereus may be related to the production of inhibitory compounds by B. cereus as previously reported (Alonso et al., 2020). The prevalence of competition due to the presence of certain species gives hope for potential strategies related to bacterial community engineering that seek to expel or kill certain species without the need for antimicrobials. This approach of community coalescence can be used to identify potentially “facilitating” and “inhibiting” strains in different environmental settings.



Synergy in specific biofilm combinations of strains isolated from the meat and egg industries

When examining the multispecies biofilms formed by meat processing isolates, certain isolates (e.g., P. azotoformans and P. faecalis) appeared to promote synergistic biofilm formation more frequently than others as they were a part of all four-species biofilm combinations showing higher synergies. These species appeared to form synergistic biofilms with other species like S. maltophilia and Br. thermosphacta. Interestingly, P. azotoformans and P. faecalis are also among the bacterial strains which are considered as important contaminants affecting the quality of meat products throughout the world (Røder et al., 2015; Circella et al., 2020). Br. thermosphacta was present in 3 out of 4 four-species biofilm combinations indicating its importance in the observed synergy. This species is one of main microbial quality issues and associated with spoilage of meat and seafood (Nowak et al., 2012; Patange et al., 2017; Gaillac et al., 2022). Duthoo et al. (2021) reported highly diverse bacteria on the surface of chicken and ham slicer in a meat processing industry; interestingly, 70% of those isolates were later recovered from cooked chicken and ham products too and included Br. thermosphacta, Carnobacterium and Psychrobacter species, among others. Pseudomonas sp. (> 50%), Psychrobacter sp. and Br. thermosphacta were also found to be the dominant bacterial communities associated with the spoilage of beef (De Filippis et al., 2013). Wagner et al. (2020) evaluated 47 food contact and 61 non-food contact surfaces, during processing and after C&D, within a meat processing industry in Austria and reported that the most prevalent bacteria belonged to the genera Brochothrix (present in 80% of biofilms), Psychrobacter (present in 70% of biofilms) and Pseudomonas.

Only one four-species combination among the isolates from an egg processing industry appeared to have synergy despite a large diversity of bacteria present on egg processing surfaces following C&D. This indicates that bacterial co-existence does not necessarily require synergistic interactions. Species facing competition in microbial communities might evolve diverse mechanisms that promote coexistence and do not necessarily lead to exclusion (Hibbing et al., 2010).




Concluding remarks

Data generated from this trial provide insights into the ability of co-localized bacterial isolates from diverse food industries to form synergistic biofilms with high relevance for food production facilities. Our findings indicate that the capability of a bacterial strain to engage in a biofilm community and thereby persist in processing facilities cannot be assessed merely based on its capability of monoculture surface attachment and biofilm formation. Some simplified experimental models of interacting bacterial communities are reported in this work that likely co-exist in biofilms on food contact surfaces and survive C&D regimes as a result of some unknown interactions. Interestingly, almost all bacterial species in the reported synergistic four-species combinations are widely recognized as key problematic species in respective food industries. The generated knowledge on species’ co-occurrence can be used by ecologists to discern the forces that dictate community structure on food contact surfaces in different industries. Our work has demonstrated strain-specific synergistic interactions in multispecies biofilms recovered from food contact surfaces. This implies that strain variations play a role in the modulation of microbial community dynamics which have implications for the development of biofilm control strategies.

The nature of underlying interactions (i.e., metabolic dependencies or physical interactions) among these bacterial species remains unknown; however, the role of these interactions in bacterial resilience on surfaces and antimicrobial tolerance is highly anticipated. A number of different interspecies ecological interactions – cooperative (mutually beneficial) to antagonistic (detrimental to one or both species) – within each four-species biofilm community may be involved in governing the fate of individual entities in the community. Understanding of these interactions is vital to develop strategies to prevent and reduce bacterial biofilms in the food production facility.
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