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Introduction

Tilapia (Oreochromis spp.) are among the most widely cultivated freshwater finfish species worldwide. The industry increasingly relies on tilapia strains selected for improved growth and other traits, particularly the Genetically Improved Farmed Tilapia (GIFT) strain. Despite the industry’s reliance on tilapia, knowledge of microbiome dynamics in reared tilapia remains limited. Understanding normal successional patterns in the microbiome of farmed tilapia is essential for identifying the characteristics that constitute a healthy microbial community.





Methods

In this study, we assessed the microbiomes of tank and pond-reared GIFT tilapia by analyzing 568 samples, including water, gut, skin, and gill microbiomes of tilapia, from tank systems housing the source GIFT populations in Malaysia. We compared them to those reared in earthen ponds on another farm in Malaysia.





Results

A total of 2,307 amplicon sequence variants (ASVs) were identified, encompassing a broad taxonomic diversity of 39 phyla, 86 classes, 180 orders, 299 families, 501 genera, and 399 species. Our findings elucidated distinct microbial community structures between rearing environments and across fish tissues, shedding light on intricate host-microbe interactions shaped by environmental conditions and management practices. The gut microbiome of tank-reared tilapia was dominated by Fusobacteriota (71.14%), in contrast to pond-reared fish (22%). At the same time, other taxa, such as Bacteroidota, Firmicutes_A, and Cyanobacteria, also varied markedly between environments and sampling periods. Skin and gill samples exhibited notable variability in the relative abundances of Fusobacteriota and Deinococcota between the two rearing sites. Principal Coordinates Analysis (PCoA) highlighted the distinct clustering of samples by rearing environment, particularly within gut microbiomes. Biomarkers such as Cyanobiaceae (pond water) and Sphingomonadaceae (tank water) underscored the impact of rearing conditions on microbial composition.





Discussion

These results establish valuable baseline information on the types of bacteria associated with healthy, genetically defined (GIFT) tilapia strains. This foundational information will help identify specific microbial taxa associated with beneficial or detrimental effects on tilapia health and productivity across varying rearing conditions. Such insights can guide the development of practical microbiome monitoring strategies, such as early-warning tools for farm health, and inform targeted interventions to improve aquaculture performance.
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Introduction

Aquaculture is a vital solution to meet the escalating global demand for seafood commodities amidst declining wild fish stock populations and mounting food security challenges of an ever-expanding global population (FAO, 2024; Tacon and Shumway, 2024). Among the diverse array of species cultivated in aquaculture systems, tilapia (Oreochromis spp.) is the most widely farmed freshwater finfish, being produced in over 140 countries (Dong et al., 2023). Many species of tilapia are produced globally, dominated by Nile tilapia (Oreochromis niloticus L.), cultured mainly in lower-middle-income countries (LMICs) across the Southeast Asian, African, and South American continents (Debnath et al., 2023). Tilapia stands out for its adaptability to diverse farming conditions, rapid growth, resistance against disease, and widespread consumer acceptance, making it a cornerstone of worldwide aquaculture production.

The Genetically Improved Farmed Tilapia (GIFT) strain represents a significant advancement in tilapia aquaculture, characterized by its rapid growth, high productivity, and adaptability to various geographies and farming environments (Hamzah et al., 2014; Ponzoni et al., 2011). Developed through selective breeding programs, the GIFT strain is renowned for its superior performance traits, making it a preferred choice among aquaculturists worldwide. Originating from internationally collaborative efforts coordinated by the International Center for Living Aquatic Resources Management (ICLARM, now the WorldFish center) in cooperation with Norwegian and Philippine partners, the GIFT strain was first established in the 1980s through systematic selection for growth rate, survival, and other economically important traits (Ponzoni et al., 2011). Over the years, continuous breeding and selection have refined the GIFT strain, resulting in improved genetic lines capable of outperforming conventional tilapia strains in terms of growth efficiency and disease resistance (Barria et al., 2020; Hamzah et al., 2014). With the recent publication of the GIFT tilapia genome (Etherington et al., 2022), the characterization of the microbial systems (microbiomes) of both the host-farmed species and their aquatic environments becomes even more imperative. Characterizing the gills, skin outer mucosal surface, and gut microbiomes and their relationship to the host’s genetics can provide insights into the mechanisms underlying host-microbe interactions and their contributions to key performance traits such as growth rate, fish health, disease resistance, nutrient metabolism, and overall host physiology. Furthermore, targeted interventions can be developed to modulate the microbiome and enhance aquaculture performance by identifying specific microbial taxa associated with beneficial or detrimental effects on GIFT health and productivity.

Several investigations have been undertaken to elucidate the microbiome dynamics of Nile tilapia. Wu et al., (2021) conducted a study examining alterations in the gut microbiota of GIFT strains cultivated in a commercial fish farm (cement ponds) located in Hubei Province, China, following inoculation with an inactivated bivalent Aeromonas hydrophilia/Aeromonas veronii vaccine. Their findings revealed a significant reduction in the relative abundance of fish pathogens within the gut post-vaccination. Meanwhile, Zhu et al., (2022) explored disparities in the gut microbiota in tilapia reared in both pond culture and in-pond raceway systems, highlighting a progressive divergence in gut microbiota as the specimens mature. Additionally, Parata et al., (2020) investigated the influence of diet on the gut microbiome of GIFT strains reared in earthen ponds in Papua New Guinea. Their study demonstrated that dietary composition influences the proliferation of specific bacteria, particularly those associated with the breakdown and digestion of consumed carbohydrates. Moreover, fish fed a consistent diet tended to exhibit a more stable microbiome. In addition to investigations into the gut microbiome, recent studies have ventured into the skin microbiome of Nile tilapia cultivated in Malawi, aiming to establish connections between the skin microbiome and the microbiome of the rearing water (McMurtrie et al., 2022). These investigations underscored compositional distinctions between fish skin and water microbial communities yet revealed shared taxa. Notably, pond locations strongly influenced the water microbiome compared to the fish skin microbiome. Furthermore, the skin microbiome holds promise as a potential indicator for monitoring disease in fish populations. Further expanding on microbiome research, Elsheshtawy et al., (2021) investigated the microbiomes of the gills, skin, and pond water of Nile tilapia co-cultured with grey mullet (Mugil capito) in semi-intensive polyculture fish farms in Egypt. This study showed distinct gills bacterial communities from those of the skin in both species. Gill microbial communities were species-specific, while skin communities showed some overlap between both species, with the rearing water exhibiting the highest abundance and richness.

Despite the growing interest in microbiome research worldwide, studies specifically targeting the microbiome of Malaysia-derived GIFT tilapia strains distributed worldwide are lacking. This knowledge gap is particularly noteworthy considering the unique environmental conditions and microbial diversity inherent to tropical ecosystems, which can significantly impact aquaculture dynamics and fish health. Consequently, this gap poses a significant obstacle to developing tailored aquaculture management strategies adapted to the region’s distinctive environmental and microbial landscapes. The composition and dynamics of the tilapia microbiomes can vary significantly due to differences in farming and breeding practices and environmental factors such as water quality, nutrient availability, and sunlight exposure. Notably, in earthen ponds, which are expansive bodies of water, these ecosystems allow for the proliferation of microbial and algal communities with minimal water exchange. In addition, the abundance of sunlight throughout the year in tropical countries will foster the growth of algae and other phototrophic and eukaryotic organisms in these ponds, serving as an alternative nutrient source for tilapia. In contrast, tank water cultivation systems, characterized by their smaller scale and controlled environment, necessitate frequent water changes and rigorous management practices. These systems afford greater control over water quality parameters such as temperature, dissolved oxygen levels, and nutrient concentrations.

In this study, we conducted a large-scale microbiome investigation of GIFT strains cultured under Malaysian climatic conditions in two distinct rearing systems: tank systems and earthen pond water, characterizing and comparing their roles on microbial communities’ structure, diversity, and variance using different biological samples. Our sampling strategy encompassed water samples from the aquatic environment where the fish were raised and all major mucosal organs, including the gut, gills, and skin. Our results reveal significant differences in microbial community structure between tank and pond water samples, reflecting each system’s contrasting environmental conditions and management practices. Furthermore, we observed distinct microbial signatures in different organ samples, indicating the presence of specialized microbial communities associated with specific anatomical niches. These findings highlight the importance of considering both host-associated and environmental factors in shaping the microbiome of aquaculture-reared fish and provide valuable insights into potential functional roles and ecological interactions within the tilapia microbiome.





Materials and methods




Study population and sites

The Nile tilapia (Oreochromis niloticus) population used in this study was from a selective breeding program established in Malaysia and managed by WorldFish since 2000. The population originated from the GIFT strain, which was initially selected for improved growth rate. To retain pedigree information, each individual was tagged with a Passive Integrated Transponder (PIT) tag at an average weight of 5 to 7g. All fish were humanely euthanized, and their body weight, standard length, total length, depth, width, sex, and PIT tag were recorded (Figure 1A). The fish originated from earthen ponds at Jitra Aquaculture Research Center, Kedah state (Figure 1B), and in Batu Maung, Penang, WorldFish headquarters site in a non-recirculating tank-based system (Figure 1C). Fish represented different age and size classes (Table 1). All fish were assessed for the presence of ectoparasites as part of routine health assessments (Supplementary File 1). As described in the quick wet mount sampling guide for ectoparasites (https://hdl.handle.net/20.500.12348/4837), the fish were then processed for microbiome sampling (Figure 1D).

[image: Experimental design for tilapia microbiome study. Panel A shows fish measurement after euthanasia, including sex, length, weight determination, and PIT tag reading. Panel B depicts the Jitra earthen pond system in Kedah with satellite inset and pond view with hapas. Panel C shows the Penang non-recirculating tank system at WorldFish, with roof-covered hatchery tanks (top) and outdoor tanks (bottom). Panel D illustrates microbiome sampling of skin, gills, gut, and water, with details on sampling times, units, and methods from both pond and tank systems.]
Figure 1 | Experimental design used in this study. (A) All fish were euthanized by an overdose of clove oil, and their length, weight, sex, and PIT tag were measured; (B) A typical earthen pond system with hapas is located at the Jitra Aquaculture Extension Center in Kedah State (inset of a satellite picture with pond layout); (C) Typical non-recirculating tank-based system used at WorldFish headquarters site located in Batu Maung in Penang state (upper picture: tanks in hatchery covered by roof (later referred as indoor tanks); lower picture: tanks in open air located in block L (later referred as outdoor tanks); (D) Detailed microbiome sampling information (i.e., time, number of system units sampled, sample type) for tilapia skin, gills, gut and their water samples collected at both Jitra and Penang sites.


Table 1 | Details of sample collections.
	Date
	Location
	System
	Sampling
	Total #fish
	Sample type/#
	Mean fish
	Mean fish
	Mean fish
	Mean fish
	Mean fish


        	#units
	#fish/unit
	Skin
	Gill
	Gut
	Water
	weight (g)
	s_length (cm)
	t_length (cm)
	depth (cm)
	width (cm)



	Sep-2020
	Jitra
	Pond
	4
	10
	40
	40
	40
	40
	12
	561.14
	25.84
	30.08
	10.57
	2.86


	Oct-2020
	Penang
	Tank
	20
	3
	60
	60
	60
	60
	16
	30.84
	9.35
	11.97
	3.72
	1.74


	Nov-2020
	Jitra
	Pond
	4
	20
	80
	80
	80
	80
	0
	490.12
	24.71
	29.96
	10.22
	3.90





# (number), s_length (standard length), t_length (total_length).







Feed inputs and environmental conditions

Fish in tank systems were fed twice daily with a commercial floating pellet (Uni-President, 30% protein, 5% lipid). Pond-reared fish were fed the same commercial feed but had access to naturally occurring algae and organic matter, likely contributing to microbiome variability.

Water quality data were not recorded daily; the pond temperature ranged from 28–30°C, and the dissolved oxygen was 5.0–7.0 mg/L, with paddle wheels. Tank systems’ temperature typically ranged from 27–32°C, with constant aeration and weekly water changes of 100% volume. Other water quality parameters (e.g., ammonia, nitrite, nitrate, pH, etc.) were not recorded and are noted as a limitation.





Microbiome sample collection

Skin mucus, gills mucus, and gut samples were collected individually from all the tilapia used in this study (Figure 1D). Animals from Jitra were collected from four ponds on two occasions—September and November 2020—to capture potential seasonal variability within the pond environment. In contrast, animals from Penang were collected from 20 tanks once, in October 2020. This was due to logistical and operational constraints, including the requirement that fish be a minimum size for sample collection (Table 1; Supplementary Data Sheet 2). Briefly, for skin samples, two sterile cotton swabs (1 swab/body side) were collected and placed in 1.5 mL screw cap tubes filled with 95% molecular grade ethanol. For the gill samples, we followed a similar procedure in a separate tube, where two sterile cotton swabs were used to collect the mucus from between the gill racks and filaments of at least 3 gill racks per swab for each fish (Figure 1D). For the gut, small pieces of fore-, mid-, and hindgut were dissected out and placed in a separate tube filled with ethanol. Water samples were collected only on two occasions, once at Jitra (September 2020) and once in Penang (October 2020) (Table 1; Supplementary Data Sheet 2). At Jitra, water samples were collected from four ponds at three different depths (surface, 50 cm, and 150 cm) at each pond’s corners. Each sample was collected in 50 mL Falcon tubes (four for each depth), kept on ice, and sent immediately to the lab for processing as described in the Quick Microbiome Sampling Guide (https://hdl.handle.net/20.500.12348/4838).





DNA extraction

Gut samples preserved in ethanol underwent centrifugation at 10,000 × g for 5 minutes, followed by removal of the ethanol supernatant. Subsequently, 0.1 mm acid-washed silica beads were introduced into the tube containing the dissected gut sample, and homogenization was performed using a Taco Prep Bead Beater (GeneReach, Taiwan). The resulting homogenate underwent a second centrifugation at 10,000 × g for 10 minutes, with the supernatant used for automated nucleic acid extraction using the Taco™ Nucleic Acid Automatic Extraction System (GeneReach, Taiwan) following the manufacturer’s instructions. For skin and gill samples collected on cotton swabs and preserved in ethanol, an initial centrifugation at 10,000 x g for 5 minutes was conducted to collect any unbound or dislodged biological matter. Following the removal of the ethanol supernatant, the tubes were heated at 50°C for 30 minutes to eliminate residual ethanol on the cotton swabs. Subsequently, 200 µL of lysis buffer (1% Triton-X 100, 50 mM Tris-HCL pH 8, 5 mM EDTA, and 150 mM NaCl) was added to each swab, and the mixture was incubated at 95°C for 10 minutes (Sung et al., 2003). Then, the lysate was combined with 600 µL of chloroform and centrifuged at 10,000 x g for 5 minutes to facilitate phase separation. The upper aqueous layer was transferred to a new tube containing 1x volume Solid-phase reversible immobilization (SPRI) beads and 0.5x volume isopropanol (Oberacker et al., 2019). After incubation at room temperature for 15 minutes, the bead-bound DNA was separated on a magnetic rack, washed once with 70% ethanol, and eluted with 50 µL TE buffer. A similar methodology was applied to water samples. Briefly, 50 mL tubes containing pond or tank water were centrifuged at 4,000 rpm for 15 minutes. After removing the supernatant, the pellet was resuspended in a lysis buffer, and the same boiling lysis-based DNA extraction protocol described above was then followed.





Metabarcoding: 16S V4 rRNA amplicon sequencing

The amplification of the 16S rRNA V4 hypervariable region was performed using a modified set of primers incorporating a partial Illumina-adapter (underlined). The forward primer used was 519F (Lanzén et al., 2016), 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCMGCCGCGGTAA-3’, and the 806R reverse primer, 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGGGTWTCTAAT-3’. Initially, the standard 515F primer was used (Caporaso et al., 2012; Walters et al., 2016), but it resulted in substantial co-amplification of host mitochondrial 12S rRNA, especially in host-rich samples such as skin (data not shown). The slightly shorter 519F primer reduces mismatch tolerance with host mitochondrial sequences, minimizing non-target amplification. The PCR reaction utilized NEB OneTaq 2X Mastermix (NEB, Ipswich, MA) and followed a profile comprising an initial denaturation at 94°C for 2 minutes, followed by 30 cycles of 95°C for 15 seconds, 47°C for 30 seconds, and 68°C for 30 seconds (Walters et al., 2016). The initial PCR product underwent purification using 0.8 times the volume of SPRI beads. The cleaned PCR product was used as the template for the subsequent index PCR reaction to incorporate a dual-index Nextera barcode and the remaining Illumina adapter sequence. The resulting index PCR products were pooled and separated on a 2% agarose gel. PCR band corresponding to the microbial amplicon (~420 bp) was excised and gel-extracted using the WizBio gel purification kit (Wizbio, Korea). Negative controls (no-template PCR controls) were included to monitor potential contamination. Positive controls (mock microbial communities) were not included due to logistical constraints and costs. However, stringent aseptic procedures and sterile reagents were used throughout.

Library quantification of the pooled library was performed using the Denovix high-sensitivity fluorescence quantification kit (Denovix, Delaware, USA). Subsequently, the library was sequenced on an ISeq100 (Illumina, San Diego, CA) with a run configuration of 1 x 300 bp, following the recommended protocol for 16S V4 sequencing on this system (https://help.ezbiocloud.net/16s-mtp-protocol-for-illumina-iseq-100/).





Data analysis

Raw single-end reads were trimmed with cutadapt to remove the forward primer sequence followed by truncation of the primer-trimmed reads to a uniform length of 250 bp. Then, the reads were denoised using dada2 v1.22 (Callahan et al., 2016) as implemented within the QIIME2 pipeline (Bolyen et al., 2019). Taxonomic classification of the generated ASV used sklearn v0.22.1 (Bokulich et al., 2018) that has been trained on the recently published GreenGenes2 database (McDonald et al., 2023). The generated amplicon sequence variants (ASVs) count table and taxonomy table were subsequently exported from QIIME2 and formatted manually so that the table format is compatible with analysis using MicrobiomeAnalyst (Chong et al., 2020). During data preprocessing within MicrobiomeAnalyst, data were normalized at the ASV level with no ASVs filtered based on prevalence and variance. All ASVs were retained for analysis to improve sensitivity across diverse sample types, and a total sum scaling normalization was performed.

Subsequent calculations and visualizations of microbial relative abundance, beta diversity, alpha diversity, and LefSE analyses were performed (Segata et al., 2011) on the MicrobiomeAnalyst web server (Chong et al., 2020) using normalized data. For the assessment of both alpha and beta diversity, statistical significance between the different groups was evaluated using permutation-based ANOVA (PerMANOVA) with 999 permutations. Linear discriminant analysis Effect Size (LefSE) analysis employed a corrected p-value cutoff of 0.05 and LDA score cutoff of 5 to identify biomarkers significantly correlated with the categories of interest.





Associations between descriptive variables and microbiomes

To determine whether the samples from various origins (sex, pond, site, tissues) exhibited markedly different microbiome profiles, we used Principal Coordinates Analysis (PCoA). PCoA is a multivariate statistical technique used to visualize similarities or differences in the microbiome abundance data by projecting distance matrices into a lower-dimensional space. In our case, the Jensen Shannon Divergence distance method was used. However, PCoA does not allow the addition of illustrative quantitative variables, i.e., all quantitative variables are necessarily used to construct the analysis. Besides, PCoA, due to its construction based on a distance matrix, cannot account for potential qualitative variables. However, variables such as fish sex, body weight, or age might partly explain their microbiome and parasite profiles. Thus, before constructing the PCoA, we used a PCA (R package FactoMineR v. 2.11) to assess the influence of these variables. Similarly to the PCoA, microbiome and parasite abundance data were used to construct the dimensions of the PCA. However, fish body weight and age were still projected as illustrative quantitative variables on those dimensions. Moreover, once the individuals were projected on the dimensions, the barycenters of each combination of qualitative variables (location, sampled tissue, sampling date, sex) were projected.






Results




Tilapia microbiome is shaped by environmental origins and isolation sources

A total of 568 samples were sequenced and analyzed in this study (Table 1). Following initial data processing, these samples underwent denoising procedures, resulting in the identification of 2,307 amplicon sequence variants (ASVs). These ASVs represented a diverse taxonomic array, spanning 39 phyla, 86 classes, 180 orders, 299 families, 501 genera, and 399 species (Supplementary Data Sheet 1). A total of 4,305,794 reads were generated, with an average count per sample of 7,580, a maximum of 37,796 counts per sample, and a minimum of 25 counts per sample. A total of 11 experimental factors with replicates were included (9 categoricals: sample type, location, pond, batch, loc_organ, loc_organ_pond, loc_org_month, loc_organ_month_pond, loc_month_pond; and 2 continuous, dactylogyrus and trichodina) (Supplementary Data Sheet 2).

When examining the Earthen pond water environment, we found that the alpha diversity of the rearing water was the highest, closely followed by the fish gill samples. In contrast, the fish gut and skin samples exhibited relatively similar average alpha diversity metrics (Figure 2A). Conversely, within the context of the tank water environment, the fish gill samples displayed the highest alpha diversity, followed by the tank water itself. In contrast, the gut samples exhibited the lowest alpha diversity. When categorizing based on isolation sources, including pond water, tank water, gill, gut, and skin (Figure 2A), both the Mann-Whitney and ANOVA tests indicated significant differences in alpha-diversity values among the groups, with p-values of 2.9374e-58 and 1.2783e-94, respectively.

[image: Panel A shows Shannon alpha-diversity indices for tilapia microbiomes (gill, gut, skin, and water) from Jitra and Penang. Box plots display medians and quartiles, with dots representing individual samples. Panel B presents a PCoA plot of beta-diversity, where gut samples cluster separately, while gill, skin, and water communities overlap. Colored ellipses outline categories (Gill, Gut, Pond Water, Skin, Tank Water), with axes showing variation explained.]
Figure 2 | Analysis overview (A) Alpha diversity index: Shannon for each main group (sample type) at both Jitra and Penang locations and different time points. Statistical methods: [Mann-Whitney/Kruskal-Wallis]: p-value: 2.9374e-58; [Kruskal-Wallis] statistic: 298.69; [T-test/ANOVA]: p-value: 1.2783e-94; [ANOVA] F-value: 73.033; (B) PCoA plot, beta-diversity that shows every sample from Jitra and Penang combined, establishing similarity between the gills, skin and water microbiomes, with gut clustering separately on the plot [ANOSIM, R: 0.3766, p-value < 0.001].

A Principal Coordinates Analysis (PCoA) plot utilizing the Jensen Shannon Divergence distance method showed a clear separation of gut samples from the remaining samples (Figure 2B). Specifically, the fish gut samples occupied a distinct area, spanning from the lower right quadrant of the plot to the upper middle region. The separation among isolation sources was significant, as indicated by an ANOSIM value of R = 0.3766 with a p-value <0.001. In contrast, samples derived from water, skin, and gill sources coalesced into a relatively expansive cluster, horizontally spanning along Axis 1, with noticeable overlap among these categories. Further stratification of the samples based on their environmental origins, specifically distinguishing between water from earthen ponds and fish tanks, revealed additional clustering patterns (Figure 3A). Notably, a distinctive clustering pattern emerged within the gut samples, with fish gut samples from earthen pond water forming a discernible cluster separate from gut samples originating from fish reared in tank water (Figure 4C). This separation based on the rearing environment also extended to gill and skin samples. In these instances, gill and skin samples from fish reared in tank water clustered predominantly along the middle-lower right horizontal axis, while earthen pond gill and skin samples from fish reared in earthen ponds exhibited a more scattered distribution, notably concentrated in the lower left quadrant of the analysis. The separation among isolation sources was deemed significant, as indicated by an ANOSIM value of R = 0.67861 with a p-value of less than 0.001.

[image: Differentiation of microbial composition in tank and pond water samples. Panel A shows a PCoA plot separating pond and tank water microbial communities. Panel B presents LEfSe biomarkers distinguishing the two environments. Panel C displays a PCoA of tank water, showing separation between indoor hatchery (h) and outdoor (bl) tanks, with Panel D highlighting corresponding biomarkers. Panel E shows a PCoA of pond water, where samples cluster by pond and depth. Panel F provides a Google Maps view of the Jitra earthen pond layout, indicating pond zones and sampling locations.]
Figure 3 | Differentiation of microbial composition in tank and pond water samples. (A) Principal Coordinate Analysis (PCoA) of microbial communities in tank and pond water samples [ANOSIM]: 0.96, p-value < 0.001; (B) LEfSe analysis identified biomarkers distinguishing microbial communities between tank and pond environments; (C) PCoA of tank water samples, annotated by indoor tanks (hatchery, h) vs. outdoor tanks (block L, bl) [ANOSIM]: 0.767, p-value < 0.001; (D) LEfSe analysis identified biomarkers specific to indoor tanks (hatchery, h) and outdoor tanks (block L, bl); (E) PCoA of pond water samples annotated by pond and sampling depth [ANOSIM]: 0.65, p-value < 0.001; (F) Google Mapview of the earthen pond.

[image: PCoA plots and LEfSe analyses comparing microbiomes from Jitra and Penang. Panel A shows skin, Panel B gill, Panel C gut, and Panel D water samples. Left plots display PCoA clustering of microbial communities, with colored ellipses indicating separation between locations. Right plots present LEfSe results, highlighting bacterial families enriched in each site for the respective microbiome type. Families are color coded to distinguish shared taxa from those unique to skin, gill, gut, or water samples.]
Figure 4 | PcOA plots and LEfSe (Linear discriminant analysis Effect Size) for Jitra versus Penang skin (A), gill (B), gut (C), and water (D). Distance method: Jensen_Shannon_Divergence; Taxonomic Level: Feature level for PcOA and family level for LEfSe; Statistical method: [ANOSIM]; Skin ANOSIM, R: 0.60735, p-value < 0.001; Gill ANOSIM, R: 0.6524, p-value < 0.001; Gut ANOSIM, R: 0.50382, p-value < 0.001; Water ANOSIM: 0.96, p-value < 0.001. Taxa in the LEfSe graphs were colored and highlighted based on family groups to facilitate the visualization of shared and unique taxa across different sample types.

In the PCA, any given combination (location, sampled tissue, sampling date) was projected separately for males and females, but it always resulted in two closely barycentric points (Supplementary Data Sheet 3). Thus, we concluded that sex had a negligible influence on the fish microbiome and parasite profiles. Once the variables were projected on the dimensions, the cos² value of the fish age and body weight illustrative variables were extracted from the PCA. It appeared that fish age cos² ranged between 2.25*10–6 and 0.177 on the first five dimensions, while fish body weight cos² ranged between 5.92*10–8 and 0.115 on the first five dimensions. These very low (< 0.2) values of cos² indicate a poor projection of fish age and body weight variables on the first five dimensions. Thus, it was concluded that these two variables also have a negligible influence on the fish microbiome and parasite profiles.





Sample clustering at a glance: insights from phyla-level composition

The microbial composition at the phyla level revealed clear distinctions among sample groups (Figure 5). Specifically, tilapia gut samples demonstrated the highest average relative abundance of reads classified under Fusobacteria. Notably, Fusobacteriota made up a greater percentage (71.14%) of reads in gut samples from fish reared in tank water (Penang) compared to those from Earthen ponds (Jitra) (22%). Unlike Fusobacteriota, which remained relatively consistent throughout both sampling periods (September and November 2022) in Earthen pond samples, the phylum Bacteroidota experienced a substantial decrease from an average of 31.58% in September gut samples to 8.98% after two months (Figure 5). Furthermore, the gut samples of tilapia reared in tank water exhibited a notable absence of prominent relative abundance of reads assigned to Firmicutes_A and Cyanobacteria compared to the Earthen pond samples. While reads assigned to Firmicutes_A remained relatively consistent over the two months in Earthen pond gut samples, there was a substantial increase in Cyanobacteria in Jitra from September to November (3.63% to 11.49%). In contrast, it was nearly absent in Penang (0.03%).

[image: Stacked bar chart showing the average relative abundance of bacterial phyla across tilapia microbiome samples. Sample groups (gill, gut, pond water, skin, and tank water) from Jitra and Penang at different time points are listed on the y-axis. Each bar represents a microbial community, with colored segments indicating the contribution of individual phyla. Segment width reflects the relative abundance of each phylum, including Proteobacteria, Fusobacteriota, Bacteroidota, Firmicutes, Cyanobacteria, Actinobacteriota, and others, as defined in the legend on the right.]
Figure 5 | Average relative abundance of microbial phyla. Sample groups are shown along the y-axis, while phylum contributions are displayed as horizontally stacked bars, with each color representing a different phylum. The width of each segment reflects the relative abundance of that phylum within the microbial community.

Both skin and gill samples exhibited relatively similar phyla composition, reflecting the overlap observed in the PCoA plot (Figure 2B). There was a striking disparity in Fusobacteriota levels between the two locations (Figure 5). In Jitra, Fusobacteriota constituted only 2.25% and 5.50% of the gill microbiome in September and November, respectively, whereas it represented the largest portion in Penang at 32.45%. This trend was mirrored in the skin microbiome, with an average of 18.60% of reads classified as Fusobacteriota in Penang skin samples, compared to only 6.01% and 4.44% in Jitra for September and November, respectively. On the contrary, there was a noticeable uptick in the percentage of reads classified under the phylum Deinococcota in Jitra from September (11.77% skin, 12.47% gill) to November (29.49% skin, 23.80% gill). In contrast, Deinococcota was significantly less represented by sequencing reads in Penang skin and gill samples, with only 0.57% and 0.23%, respectively.

Interestingly, Jitra’s Earthen Pond water samples exhibited a very diverse and evenly distributed composition of phyla, a feature distinct from other samples. Notably, there was a substantial abundance of reads classified as Cyanobacteria and Planctomycetota in the Earthen pond water samples (7.00% and 5.76%, respectively), contrasting with the Penang tank water samples (0.02% and 1.23%, respectively).





Significant variation in host microbiota between culture conditions and their key drivers

A more apparent pattern emerged after narrowing the microbiome analysis to focus on comparing samples from the same tissue source (e.g., skin, gut, gill). Analysis of the subsampled dataset using PCoA plots revealed significant differentiation among sample groups, highlighting the impact of the rearing environment on the host microbiome. Across all PCoA plots, ANOSIM values exceeded 0.5, with p-values less than 0.001, indicating strong statistical significance (Skin: R = 0.60735, p < 0.001; Gill: R = 0.6524, p < 0.001; Gut: R = 0.50382, p < 0.001; Water: R = 0.96102, p < 0.001). Although the distinction between Jitra’s September and November samples was less apparent, particularly with substantial overlap observed for the skin and gill samples, a more pronounced difference was evident in the gut samples. Notably, over the two-month period, the fish gut microbiota from Jitra underwent significant changes, as reflected by a shift from the middle bottom part of the PCoA plot (September 2022 samples) to a more widely dispersed distribution in the upper right quadrant (November 2022 samples). Based on LEfSe analyses, the family Deinococcocea emerged with one of the highest Linear Discriminant Analysis (LDA) scores, indicating a significantly elevated representation of reads in the skin and gill samples of fish reared in earthen ponds (Figures 4A, B, right). Conversely, the family Bacillacea_H, with an LDA score nearly on par with Deinococcacea, was notably more represented in the skin samples of fish raised in tank water (Figure 4A, right). Moreover, among the skin, gill, gut and water samples, there was a noticeable increase in the representation of reads from the family Fusobactericeae in all four types of microbiome from the Penang tank water system (Figures 4A–D, right). The family Sphingomonadaceae was found to be the most significant biomarker in the Penang tank water microbiome, displaying the highest LDA score (Figure 4D, right).





Comparative analysis of microbial communities in tank and pond environment

Principal Coordinates Analysis (PCoA) of water samples obtained from tanks and ponds revealed significant and distinct clustering patterns (ANOSIM: R = 0.96102, p-value < 0.001), indicative of microbial community variation between the two aquatic environments (Figure 3A). Notably, the dispersion patterns observed in the PCoA plot differed markedly between tank and pond water samples. While pond water samples formed a remarkably tight cluster in the middle-left quadrant, presumably indicating a homogeneous microbial community within ponds, tank water samples exhibited a notable dispersion, occupying both the upper and lower right quadrants. Subsequent LEfSe analysis unveiled notable differences in the abundance of microbial families between pond and tank water samples (Figure 3B). Specifically, Cyanobiaceae exhibited the most pronounced enrichment in pond water, supported by a logarithmic Linear Discriminant Analysis (LDA) score approaching 6, while Oligoflexacea also demonstrated significant enrichment. Conversely, Sphingomonadaceae and Fusobacteriaceae were significantly enriched in tank water samples (Figure 3B). By focusing the analysis solely on the microbial composition of tank water samples, a distinct clustering pattern emerged between water samples collected from indoor and outdoor tanks (Figure 3C). Notably, LefSE analysis showed that Sphingomonadaceae exhibited enrichment in samples from outside tanks, whereas Spiromaceae displayed higher abundance in inside tanks (Figure 3D). Interestingly, despite forming a very tight cluster among the Pond water samples (Figure 3A), subsequent PCOA analysis, refined to only the pond water samples, revealed discrete clusters by pond origin (Figures 3E, F). This observation underscores the importance of targeted analyses to uncover subtle variations within seemingly homogeneous sample groups. In addition, we observed clear separations among different pond water samples but not so much when comparing the depth. This suggests that the microbiome can be a relatively “stable” indicator of pond water despite different depths.





Potential pathogen load assessment in tilapia amid limited taxonomic resolution

Given the highly conserved nature of the 16S V4 hypervariable region, we could not identify ASVs that were classified as potential fish pathogen species, such as Aeromonas veronii, Edwardsiella tarda, Flavobacterium columnaris, and S. agalactiae. Consequently, this poses challenges for accurately analyzing pathogen load based on 16S V4 amplicon data. However, through BLAST searches of the selected ASVs from potentially pathogenic genera against the NCBI 16S rRNA refseq targeted loci database, we identified ASV15 (Aeromonas spp.) and ASV80 (Edwardsiella spp.) as potential indicators of pathogen load, as they displayed 100% nucleotide identity to multiple pathogenic species within their respective genera. For instance, ASV15 exhibited numerous identical matches to A. media, A. jandaei, A. veronii, A. ichthiosmia and A. caviae, all previously documented as opportunistic fish pathogens. Similarly, BLAST searches of ASV80 revealed identical matches to E. tarda. However, it is essential to note that such assumptions cannot be generalized to other genera, such as Flavobacterium and Streptococcus, as some of their members are non-pathogenic environmental or probiotic strains. The skin samples, particularly from apparently healthy Jitra fish, exhibit a higher relative abundance (~4%) of ASV15. This is followed by gill samples, with comparatively lower relative abundances observed in gut samples. A similar trend was observed in the Penang samples, albeit with even lower relative abundance across all sample types (Figure 6).

[image: Dot plot showing the relative abundance of ASV15 classified as Aeromonas across tilapia organs and aquaculture environments. Sample groups include skin, gill, and gut from Jitra and Penang (hatchery and Block L), as well as pond and tank water (hatchery and Block L). Each dot represents the mean abundance for a sample group, with horizontal lines indicating error margins. The x-axis shows relative abundance percentages from 0% to 6%, allowing comparison of Aeromonas presence across fish tissues and water environments.]
Figure 6 | Relative abundance of ASV15 classified as Aeromonas in different tilapia organs and aquaculture environments.






Discussions

We present a comprehensive analysis of the microbiome associated with GIFT tilapia raised in two aquaculture settings, encompassing three primary anatomical sites: gills, gut, and skin, as well as the microbiome of their rearing water. This study provides valuable insights into the differentiation and overlap of microbiomes among fish and their immediate growth environment. Our findings indicate that pond water microbiomes consistently exhibited the highest alpha diversity, suggesting a rich diversity of bacterial taxa within this environment. This phenomenon can be attributed partly to the widespread use of earthen ponds for tilapia cultivation in Malaysia, which is favored for its cost-effectiveness compared to tank-based systems. Moreover, the sourcing of pond water from rivers introduces a diverse array of natural microbes (Tang et al., 2020), complemented by additional microbial contributions from the soil due to continuous water-soil interaction at pond bottoms, known reservoirs of microbial diversity (Colette et al., 2023; Liu et al., 2020; Wolińska et al., 2022). This heightened diversity may facilitate efficient nutrient cycling, enhancing waste conversion within the pond ecosystem. Furthermore, the daily exposure of pond water to long hours of sunlight that is naturally prevalent in Malaysia results in a notable enrichment of cyanobacteria (Panwar et al., 2022; Zhou et al., 2014) and other aquatic plant species that serve as an additional nutritional source for fish and other pond organisms, thereby diversifying nutrient availability beyond traditional commercial fish feed. In contrast, tank water microbiomes exhibited significantly lower alpha diversity, likely attributed to factors such as pre-chlorination of town water sources before use and weekly water exchanges, which disrupt microbial communities before they can stabilize, thereby limiting diversity (Bertelli et al., 2018; Zhang et al., 2022; Zhou et al., 2021). While this may mitigate the accumulation and spread of pathogens, it also reduces overall microbiome diversity. This suggests that there may be trade-offs between health and growth in these different aquaculture systems.

Despite continuous exposure and interaction with the water microbiome, the microbiomes of the tilapia tissue types sampled exhibited distinct gut microbial compositions, indicative of host-driven microbial selection. The gut microbiome consistently exhibits lower diversity compared to other organs, a well-established observation in the scientific literature (Abdelhafiz, 2022; Parata et al., 2020; Wu et al., 2021). However, it is intriguing to note that the gut microbiome diversity in Jitra samples was generally higher than that of tank-reared counterparts, likely influenced by dietary factors (Do Vale Pereira et al., 2024; Escalas et al., 2022; Soh et al., 2024). While tank-reared fish adhere to controlled feeding regimes, fish reared in earthen ponds take water by limited drinking and benefit from a diet supplemented by naturally available materials within the pond environment, such as algae, detritus, aquatic plants, and associated microbial communities. This is supported by the increased abundance of Firmicutes_A in Jitra fish guts, reported for their role in plant carbohydrate degradation (Berry, 2016; Do Vale Pereira et al., 2024; Flint et al., 2012). Nevertheless, although our analysis showed that fish age and body weight had a negligible influence on microbiomes based on low cos2 values in the PCA, the disparity in fish size and age among both sites remains a limitation of this study, and we cannot entirely discount their potential influence on microbiome differences (Zhao et al., 2020). As expected, a high number of reads were assigned to Fusobacteria, particularly the genus Cetobacterium, in the fish gut from both systems. Cetobacterium, a dominant genus in the gut microbiota of freshwater fish, plays key roles in gut fermentation processes and vitamin B12 synthesis for the host (Colorado Gómez et al., 2023; Ofek et al., 2021; Qi et al., 2023; Yajima et al., 2023). In addition, Fusobacteriota is recognized for its capacity to produce butyrate, a short-chain fatty acid well-known for its many benefits to the host. Butyrate serves as an anti-inflammatory agent, promoting mucus secretion and providing energy to host cells (Larsen et al., 2014; Von Engelhardt et al., 1998). Moreover, butyric acid has been reported to inhibit freshwater fish pathogens such as Aeromonas sp., Flavobacterium sp., Yersinia sp., and Vibrio sp.) (Larsen et al., 2014). That said, the increased abundance of Fusobacteria in gill and water samples from tank-reared fish is unlikely to be biologically driven but rather reflects tank operation, such as the circulation of fecal material within the tank environment driven by aeration in the absence of a physical filtration system. Gill structures, crucial for respiratory water passage, occasionally trap and sample these fecal materials, contributing to the observed microbial composition.

The prevalence of Deinoccota in the skin and gill microbiome of fish in Jitra ponds over two distinct time points spaced 60 days apart is intriguing, given that Deinoccota is not commonly reported to be present in high abundance on the skin or gill microbiome of tilapia (Berggren et al., 2022; Debnath et al., 2023; McMurtrie et al., 2022). Members of the phylum Deinoccocata, particularly within the family Deinoccocacea, are known for their exceptional resistance to extreme radiation, including UV radiation (Liu et al., 2023; Zhang et al., 2007), and are commonly found in soil microbiomes (Lang et al., 2023; Luo et al., 2021; Rainey et al., 2005). Therefore, the direct interaction of pond water with underlying soil in Jitra may provide a continuous reservoir of Deinoccota, facilitating their colonization of the fish skin microbiome. The presence of Deinoccota on the fish’s skin may serve two functional roles. Firstly, their resistance to UV radiation suggests a potential protective mechanism for the fish against sunlight exposure (Farci et al., 2016), particularly relevant in environments with continuous sunlight exposure, such as Jitra ponds. Secondly, Deinoccota may contribute to the establishment and maintenance of a stable microbiome on the fish skin, potentially through niche occupation and competitive interactions with other microorganisms, thereby aiding in the prevention of pathogen colonization and promoting a balanced microbial community (Cabillon and Lazado, 2019; Larsen et al., 2013; Takeuchi et al., 2021). The skin and gills of fish originating from either an earthen pond or a tank system had similar bacterial composition as reflected by their overlapping beta-diversity profiles and relative abundance. Those similarities could be explained by the fact that these two mucosal organs are in constant contact with their external water environment. Other studies have reported similar observations in tilapia co-cultivated with grey-mullet (Elsheshtawy et al., 2021) and in many other fish species, such as Atlantic salmon (Lorgen-Ritchie et al., 2022) and yellowtail kingfish (Legrand et al., 2018).

While our findings suggest associations between microbial composition and rearing conditions, direct functional inferences or links to host performance remain hypothetical at this stage. Although the present study focused on taxonomic composition and diversity, future investigations using shotgun metagenomic sequencing are warranted to elucidate the functional potential of the microbiomes associated with different rearing environments.

Belonging to the Proteobacteria phylum, Aeromonas encompasses several species recognized as potential opportunistic pathogens of tilapia, including A. hydrophila, jandaei, and veronii (Basri et al., 2020; Dong et al., 2017). However, Aeromonas has also been identified in the healthy intestinal mucosa of tilapia, suggesting its potential role in maintaining and stimulating mucosal immunity (Elsheshtawy et al., 2021; Nayak, 2010; Pakingking et al., 2015; Wu et al., 2021). In our study, we observed the presence of Aeromonas in healthy tilapia, albeit in low relative abundance. Predominantly, reads assigned to Aeromonas were found in the skin tissues, followed by gill samples, and to a lesser extent in the gut of fish within earthen-pond environments, with minimal occurrences in fish from tank systems, except for isolated instances in specific tanks. In farm settings, effective management of Aeromonas is crucial for maintaining levels below a critical threshold, particularly considering various stressors such as poor water quality, which can disrupt the delicate balance of the microbiome, rendering the animals more susceptible to Aeromonas and other potential opportunistic pathogens. Traditional molecular techniques for detecting Aeromonas spp, such as standard PCR, often lack quantitative data, potentially leading to false alarms for producers.

While 16S rRNA amplicon sequencing provides broad taxonomic profiling and insights into relative abundance, it lacks the quantitative precision of targeted methods such as qPCR. Therefore, it should be considered complementary rather than a replacement for established diagnostic tools when monitoring pathogen load.

Although our study offers one of the most comprehensive snapshots to date of the microbiomes associated with tank- and pond-reared GIFT tilapia, we acknowledge a key limitation: the sampling schedules differed between sites. The Jitra (pond) site was sampled at two time points (September and November 2020), whereas the Penang (tank) site was sampled only once (October 2020). This asymmetry in sampling frequency—driven by logistical and operational constraints, as well as fish availability related to ongoing breeding program activities—introduces a potential source of temporal bias.

To mitigate confounding effects, we structured our microbiome analyses to examine temporal and spatial variations. For instance, we visualized changes in Jitra samples over time and observed that the gill and skin microbiomes were relatively stable during the 60-day interval, while the gut microbiomes exhibited more pronounced temporal shifts. Nevertheless, microbiome profiles from the Penang (tank) and Jitra (pond) sites remained consistently distinct across all tissue types, suggesting that the rearing environment had a stronger influence on community composition than sampling time. This conclusion was supported by robust clustering in PCoA plots (Figures 2B, 4) and high ANOSIM R values (e.g., water: R = 0.96; Figure 3).

We recognize, however, that temporal dynamics—particularly in complex pond ecosystems—can influence microbial communities. To address this in future studies, we recommend (i) synchronizing sampling schedules across sites with repeated sampling at all locations, and (ii) employing time-series statistical approaches (e.g., mixed-effects models) to explicitly account for time as a variable. These strategies will enhance our ability to distinguish between temporal variation and site- or system-level effects. Moreover, integrating additional ‘omics approaches, such as shotgun metagenomics or transcriptomics, would offer functional insights to determine whether observed taxonomic shifts correspond to biologically meaningful changes.

Additionally, there were differences in fish size and age between systems, which, although assessed through PCA (Supplementary Data Sheet 3), remain potential confounders, requiring more tightly controlled cohort designs in future work. We also recognize that 16S rRNA amplicon sequencing—particularly when restricted to the V4 region—generally limits taxonomic resolution to the genus level and is often insufficient for confident species-level identification, although species-level resolution may be achieved in certain taxa. Additionally, this approach offers only limited capacity for functional prediction. Future studies incorporating full-length 16S rRNA gene sequencing —using platforms such as Nanopore—as well as shotgun metagenomics, are expected to enable more accurate and comprehensive characterization of microbial taxonomy and functional potential, thereby overcoming the inherent limitations of V4-based predictive approaches. Although our findings are primarily observational, they provide a valuable foundation for developing practical microbiome-based tools to support aquaculture productivity and health management.

These include microbiome-based health benchmarking, development of bioindicators for water quality, and early detection of microbial imbalances for routine health monitoring in breeding programs. Incorporating microbiome analysis into routine farm diagnostics could support more sustainable and data-driven health management strategies.

In conclusion, our study sheds light on the intricate dynamics of the microbiomes associated with GIFT tilapia in two different aquaculture settings. By examining microbial communities across various fish organs and water environments, we unveiled significant differences in microbial diversity and structure between pond and tank systems, highlighting the influence of environmental factors such as water source and management practices. Microbiome profiling holds significant promise for enhancing routine decision-making in pond management and bolstering aquaculture sustainability. However, its full potential can only be realized if it is readily accessible to farmers in a timely manner. Therefore, streamlining sampling, library preparation, sequencing, and analytical workflows is paramount. Encouragingly, rapid advancements in portable nanopore sequencing platforms offer promising opportunities for transformative change in microbiome profiling within aquaculture. By enabling faster and more cost-effective analysis, these innovations have the potential to enhance “real-time” monitoring of fish and water health, support early detection of disease or dysbiosis, and inform timely management interventions. Ultimately, such improvements could lead to increased productivity, better animal welfare, and more sustainable aquaculture practices.
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