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ABSTRACT
Elucidating how environmental gradients structure bacterial communities remains fundamental to microbial ecology. We in-
vestigated Vibrio population dynamics across contrasting subtropical marine environments in Hong Kong over a year period. 
Using an integrated approach combining cultivation techniques with molecular analyses of Hsp60 and 16S rRNA genes, we 
characterised the population structure between a coastal site (Clear Water Bay) and an estuarine site (Deep Bay). The estuarine 
environment consistently harboured higher Vibrio abundances (104–107 copies/mL) compared to coastal waters (102–104 copies/
mL), with significantly greater phylogenetic diversity. Multivariate analyses revealed salinity as the primary driver of com-
munity differentiation between sites, while temperature governed seasonal succession patterns. Phylogenetic analysis of 1521 
Vibrio isolates identified three distinct ecological groups corresponding to specific temperature-salinity niches, with evidence 
of habitat-specific thermal adaptations among closely related strains. Experimental characterisation of thermal performance 
curves confirmed physiological differentiation between warm- and cool-temperature adapted strains despite high genetic sim-
ilarity (> 97% Hsp60 gene sequence identity). Several abundant species detected via amplicon sequencing (including V. navar-
rensis and V. mimicus) displayed site-specific ecotypes but remained uncultivated, highlighting methodological constraints in 
community characterisation. Our findings demonstrate how environmental heterogeneity drives fine-scale ecological differenti-
ation in Vibrio populations, providing insights into mechanisms of bacterial adaptation in dynamic marine environments.

1   |   Introduction

The genus Vibrio comprises diverse Gram-negative bacte-
ria widely distributed in estuarine and coastal environments. 
These bacteria demonstrate remarkable adaptability through 
rapid growth, high environmental responsiveness, and distinc-
tive morphological features including curved rod shapes and 
polar flagella that enhance their motility (Khan et  al.  2010). 
Despite their relatively low proportional abundance (typically 
1%–5% of bacterioplankton), Vibrio species are ecologically 
significant, with population densities often comparable to 

other major bacterial groups in coastal ecosystems, such as the 
Roseobacteraceae (Buchan et al. 2005). Their ecological signifi-
cance extends beyond their relatively low abundance, as Vibrio 
species occupy diverse niches ranging from free-living bacterio-
plankton to symbionts of marine organisms, including corals, 
sponges, and commercially important shellfish (Nyholm and 
McFall-Ngai  2004; Yildiz and Visick  2009; Main et  al.  2015; 
Greenfield et al. 2017).

Temperature emerges as a critical factor governing Vibrio popula-
tion dynamics, as evidenced by clear seasonal patterns with peak 
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abundances during summer months when water temperatures 
exceed 20°C (Baker-Austin et al. 2013; Yung et al. 2015; Jesser 
and Noble 2018). Species-specific responses to temperature are 
notable: while V. parahaemolyticus maintains year-round pres-
ence, V. vulnificus and V. cholerae show predominantly summer 
occurrence (Whitesides and Oliver  1997). This seasonal varia-
tion is partly explained by their ability to enter a viable but non-
culturable (VBNC) state—a survival strategy characterised by 
metabolic dormancy while maintaining cellular integrity and 
virulence potential (Pinto et al. 2015). During unfavourable con-
ditions, Vibrio cells enter the VBNC state through morphological 
and physiological changes, later resuscitating when conditions 
improve (Xu et al. 1982). This adaptation, combined with their 
rapid growth rates under optimal conditions, enables Vibrio 
populations to respond swiftly to environmental changes (Baker-
Austin et al. 2013; Yung et al. 2015).

Vibrio species exhibit remarkable functional diversity in marine 
ecosystems, from pathogenic relationships to biogeochemical cy-
cling. As pathogens, V. parahaemolyticus, V. vulnificus, and V. chol-
erae pose significant public health concerns through waterborne 
and seafood-associated diseases, with infection rates increasing 
alongside rising ocean temperatures (Baker-Austin et  al.  2013; 
Kokashvili et  al.  2015; Garrido-Maestu et  al.  2016). In tropical 
and subtropical regions, Vibrio infections account for a significant 
proportion of seafood-borne illnesses (Gao et  al.  2022), with V. 
parahaemolyticus being the leading cause of seafood-associated 
gastroenteritis (McLaughlin et  al.  2005; Ndraha et  al.  2020). 
Additionally, species like V. alginolyticus and V. coralliilyticus 
threaten marine aquaculture, causing substantial economic im-
pacts through diseases in farmed shrimp, fish, and molluscs 
(Gradoville et al. 2018; de Souza Valente and Wan 2021). Beyond 
pathogenicity, Vibrio species contribute significantly to marine 
nutrient cycling through their metabolic versatility, particularly in 
breaking down complex biopolymers like chitin, which they can 
utilise as both carbon and nitrogen sources (Meibom et al. 2004; 
Pruzzo et al. 2008; Sampaio et al. 2022).

Recent advances in molecular techniques, particularly 16S 
rRNA and Hsp60 amplicon sequencing, have enhanced our 
understanding of Vibrio ecology beyond the limitations of 
traditional culture-based methods (Hofer  2018; Jesser and 
Noble 2018). The Hsp60 gene, encoding a highly conserved heat 
shock protein, provides finer taxonomic resolution than the 16S 
rRNA gene for Vibrio species identification and has become an 
important tool for studying Vibrio diversity and evolution (Hunt 
et al. 2008; Yung et al. 2015). While this study focuses on molec-
ular and culture-based approaches to investigate Vibrio commu-
nity dynamics, it is important to acknowledge the growing role 
of genome-based taxonomy in Vibrio research. Whole-genome 
sequencing (Janecko et al. 2021; Brumfield et al. 2023) and mul-
tilocus sequence typing (MLST) (Sawabe et al. 2013) have been 
instrumental in delineating new species, refining genus bound-
aries, and identifying ecologically significant variants, which 
are increasingly recognised as critical for understanding Vibrio 
diversity and their ecological roles.

This study combines both molecular and culture-based ap-
proaches to investigate Vibrio community dynamics across two 
contrasting coastal environments in Hong Kong: Clear Water 
Bay (CWB), characterised by mesotrophic conditions and high 

salinity (> 30 ppt), and Deep Bay (DB), a eutrophic estuarine 
system with variable salinity (15–30 ppt). Through intensive 
sampling over a 1-year period (June 2020–June 2021), we anal-
yse how Vibrio population structure responds to environmental 
heterogeneity by measuring key parameters including tempera-
ture, salinity, dissolved oxygen, chlorophyll-a, and nutrient con-
centrations. This comprehensive approach aims to elucidate the 
environmental drivers of Vibrio diversity and abundance, pro-
viding insights into their potential responses to climate change 
in tropical coastal systems.

2   |   Materials and Methods

2.1   |   Study Site and Sampling

Monthly seawater sampling was conducted from June 2020 to 
June 2021 at two coastal locations in Hong Kong: Deep Bay (DB) 
in the northwest and CWB Pier (CWB) in the east (Figure 1A). 
Surface water samples (15 L) were collected at 2 m depth. 
Environmental parameters were measured in  situ using a YSI 
ProDSS Multiparameter Digital Water Quality Meter. Parameters 
included temperature, dissolved oxygen, salinity, pH, and tur-
bidity. Nutrient analyses (ammonium, nitrites, nitrates, silicates, 
orthophosphate, and total phosphorus) were performed in trip-
licate according to APHA standard methods (detailed protocols 
in Table S1). For chlorophyll analysis, duplicate 25 mL seawater 
samples were filtered through 0.22 μm polycarbonate membranes 
(Whatman) and stored at −80°C until processing.

2.2   |   DNA Extraction

Microbial biomass from 500 mL seawater samples was collected 
on 0.22 μm Supor-200 membrane filters (Pall Corporation) and 
flash-frozen in liquid nitrogen. DNA was extracted using a mod-
ified DNeasy Plant Minikit protocol (Qiagen). Modifications in-
cluded: (i) mechanical lysis using a mixture of 0.1 and 0.5 mm 
glass beads with 2-min bead beating, (ii) three freeze–thaw cy-
cles alternating between 65°C and liquid nitrogen in Buffer AP1, 
(iii) Proteinase K digestion (45 μL, 55°C, 1 h), and (iv) RNase A 
treatment (4 μL, 65°C, 10 min). DNA quality and concentration 
were determined using a Biodrop spectrophotometer prior to 
storage at −80°C.

2.3   |   Quantitative PCR Analysis

The abundance of total Vibrio bacteria and bacterial community 
was assessed using quantitative PCR (qPCR) with SYBR Green 
detection on the CFX96 Touch Real-Time PCR Detection System 
(Bio-Rad, USA). For Vibrio-specific amplification, the 16S rRNA 
gene oligonucleotide primers V567F and V680R were employed 
(Thompson et al. 2004), while primers B967F and B1046R were 
used to quantify total bacterial abundance (Sogin et al. 2006). 
Standard curves were generated using synthetic 16S rRNA gene 
fragments following established protocols (Han et al. 2023). All 
reactions were performed in triplicate, including negative con-
trols. The amplification efficiency for all assays ranged between 
95% and 105% with R2 values exceeding 0.99, confirming the re-
liability of the quantification.



3 of 18

2.4   |   Amplicon Library Preparation 
and Sequencing

Bacterial community composition was analysed using two 
marker genes: 16S rRNA and Hsp60 gene. The V4-V5 region 
of the 16S rRNA gene was amplified using barcoded universal 

primers 515F-Y and 926R (Parada et al. 2016), while the Hsp60 
gene was amplified using barcoded primers Vib-hspF3-23 and 
Vib-hspR401-422 (King et  al.  2019) (Table  S2). PCR reactions 
(50 μL) contained NEBNext Ultra II Q5 Master Mix (25 μL), 
forward and reverse primers (2 μL each, 10 μM), DNA template 
(2 μL), and PCR-grade water. The 16S rRNA gene amplification 

FIGURE 1    |    Sample locations and environmental parameters in the Pearl River Estuary over a 1-year monitoring period (June 2020–June 2021) 
(A) Map of the Pearl River Estuary in South China showing the two sampling stations: Deep Bay (DB) and Clear Water Bay (CWB). (B) Seasonal 
variation of physicochemical parameters at both sampling sites, including temperature (°C), salinity (ppt), nitrate (mg/L), pH, dissolved oxygen 
(mg/L), and turbidity. (C) Temporal dynamics of microbial abundance over the sampling period, showing log10-transformed counts of total bacteria 
and Vibrio spp. at both sampling locations.
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consisted of initial denaturation (98°C, 3 min), 30 cycles of dena-
turation (98°C, 45 s), annealing (50°C, 60 s), and extension (72°C, 
90 s), followed by final extension (72°C, 10 min). The Hsp60 
gene amplification protocol included initial denaturation (98°C, 
2 min), 30 cycles of denaturation (98°C, 30 s), annealing (50°C, 
30 s), and extension (72°C, 30 s), with final extension (72°C, 
10 min). Amplicon libraries were sequenced using Novaseq 
PE250 (Novogene, China).

2.5   |   Sequence Data Processing

Raw sequence data from both markers underwent quality 
control and processing using standardised bioinformatic pipe-
lines. For 16S rRNA gene sequences, quality trimming was 
performed using Sickle (Q25 threshold, 10 nt window) (Joshi 
and Fass  2011), followed by merging and quality-filtering of 
paired-end reads using USEARCH v11.0.667 (≥ 95% identity, 
≥ 20 nt overlap, ≥ 200 nt length, maximum expected error 
< 0.005) (Edgar 2013). Primer sequences were removed using 
Cutadapt v3.7 (Martin  2011). After filtering Illumina arte-
facts and sequences with ambiguous bases, 2,875,894 reads 
were retained and processed into amplicon sequence variants 
(ASVs) through dereplication and denoising using UNOISE3 
(Edgar and Flyvbjerg  2015). Taxonomic assignment using 
Qiime2 with the SILVA 138 SSU database (0.8 confidence 
threshold) (Quast et al. 2013; Bolyen et al. 2019) yielded 4830 
ASVs after removing chloroplast, mitochondrial, and eukary-
otic sequences. The Hsp60 gene sequences underwent simi-
lar processing, with modified primer trimming parameters in 
Cutadapt v3.7 (zero errors for forward primer, maximum two 
errors for reverse primer) (Martin 2011), resulting in 3,617,372 
quality-filtered reads that were processed into ASVs and taxo-
nomically classified using BLAST searches against GenBank 
through Geneious Prime software (Kearse et al. 2012). After 
removing eukaryotic and viral sequences, 13,285 ASVs 
remained.

2.6   |   Bacterial Community Analysis

Bacterial and Vibrio community compositions were analysed 
using Bray–Curtis dissimilarity matrices and visualised through 
non-metric multidimensional scaling (NMDS) with 95% con-
fidence ellipses using R packages ‘vegan’ (Dixon  2003) and 
‘ggplot2’ (Wickham  2011). Analysis of similarities (ANOSIM) 
tested for community differences between sites and seasons. 
Environmental drivers of community variation were identi-
fied through stepwise selection (‘ordistep’ function) and anal-
ysed using Canonical Correspondence Analysis (CCA), with 
individual variable significance assessed through marginal 
effects. For Vibrio-specific analysis, ASVs were grouped by 
species and the top 10% most abundant ASVs were correlated 
with environmental parameters using Pearson coefficients 
(‘corrplot’ package). These dominant ASVs were aligned using 
MUSCLE (Edgar  2004), trimmed with trimAl (gap threshold 
0.5) (Capella-Gutiérrez et al. 2009), and used to construct a max-
imum likelihood phylogenetic tree. ASV distribution patterns 
across samples were visualised using heatmaps, and correla-
tions between the top ~5% abundant species from each location 

and environmental factors were determined using Pearson's cor-
relation coefficients.

2.7   |   Vibrio Strain Isolation and Characterisation

Vibrio strains were isolated from size-fractionated seawa-
ter samples (> 50 μm, 50–5 μm, 5–1 μm, and 1–0.22 μm) col-
lected monthly at both study sites following Hunt et al. (2008). 
Samples were plated on TCBS Agar (1% NaCl) and incubated at 
room temperature for 18–24 h. Colonies were purified through 
three alternating streaks on LB Agar (2% NaCl) and TCBS Agar 
(Thompson et al. 2004), then stored in 20% glycerol at −80°C 
after growth in LB broth (20 g L −1 NaCl). DNA was extracted 
by heat treatment (98°C, 10 min). Isolates were characterised 
by Hsp60 gene sequencing using degenerate primers H279 
and H280 (Goh et  al.  1996). PCR reactions (25 μL) contained 
0.2 mM dNTPs, 3.75 mM MgCl2, 0.5 μM each primer, 1X PCR 
buffer, 0.75 U Taq DNA polymerase (Takara), and DNA tem-
plate. Amplification consisted of initial denaturation (94°C, 
3 min), 30 cycles of denaturation (94°C, 1 min), annealing 
(37°C, 1 min), and extension (72°C, 1 min), followed by final 
extension (72°C, 10 min). PCR products (~600 bp) were ver-
ified by gel electrophoresis, purified using PureLink Quick 
Gel Extraction Kit (Invitrogen), and sequenced at TechDragon 
Limited (Hong Kong).

2.8   |   Phylogenetic Analysis

Vibrio isolate Hsp60 gene sequences were processed in 
Geneious Prime 2021.1.1 (Kearse et  al.  2012), including 
trimming, manual quality checks, and de novo assembly 
into 400–600 bp consensus sequences. Multiple sequence 
alignment was performed using MAFFT (Katoh et al. 2005), 
followed by the removal of poorly aligned regions using tri-
mAl (gap threshold 0.5) (Capella-Gutiérrez et  al.  2009). A 
Maximum Likelihood tree was constructed using IQTree 
(Minh et al. 2020) employing the LG + F + R4, and visualised 
with isolation temperatures in Interactive Tree of Life (iTOL) 
(Letunic and Bork 2021). Isolates were partitioned into ecolog-
ically cohesive clades according to genetic and ecological sim-
ilarity using AdaptML (Hunt et al. 2008) and visualised using 
the Interactive Tree of Life tool (Letunic and Bork 2021). For 
comparison of culture-dependent and culture-independent 
methods, Hsp60 gene sequences from ASVs and isolates were 
trimmed to the same gene region and analysed using identical 
phylogenetic methods. Species identification was conducted 
using NCBI BLAST.

2.9   |   Growth Rate Determination

Vibrio strains with high Hsp60 gene sequence similarity but iso-
lated from different water temperatures were selected for ther-
mal growth characterisation. Overnight precultures grown in 
LB medium at room temperature were used to inoculate fresh 
LB medium in 96-well plates (100 μL/well). Growth curves 
were generated by monitoring optical density (600 nm) using 
a CLARIOstar Plus microplate reader (BMG Labtech) across a 
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temperature gradient from 8° to 52°C at 4°C intervals until cul-
tures reached stationary phase.

3   |   Results and Discussion

3.1   |   Distinct Physicochemical Characteristics 
of Coastal and Estuarine Sampling Sites

The comparative environmental analysis revealed distinct 
physicochemical profiles between Clear Water Bay (CWB, 
coastal water) and Deep Bay (DB, estuarine water near the 
Pearl River mouth) (Figures 1B and S1). CWB exhibited sta-
ble marine conditions with typical salinity (26.33‰–33.57‰), 
while DB demonstrated variable, lower salinity (4.67‰–
25.38‰), consistent with previous Pearl River Estuary studies 
(Harrison et  al.  2008). Although temperature patterns were 
similar between sites, their environmental characteristics dif-
fered markedly in other parameters. DB showed elevated tur-
bidity (32.58–483.44 NTU) and nutrient concentrations (NH4: 
0.18–1.42 mg/L, TP: 0.12–1.01 mg/L) due to riverine inputs 
(Yin et al. 2004), resulting in higher chlorophyll a levels char-
acteristic of nutrient-enriched estuaries (Paerl et al. 2006). The 
site also showed fluctuating pH values (7.41–8.33), reflecting 
variable riverine influences (Duarte et al. 2013). In contrast, 
CWB maintained lower turbidity (0.58–126.23 NTU), reduced 
nutrient levels (NH4;: 0–0.02 mg/L, TP: 0–0.52 mg/L) typical 
of coastal waters (Cloern et al. 2014), and more stable pH con-
ditions (7.86–8.35). These environmental distinctions likely 
drive the development of site-specific microbial communities: 
DB's dynamic, nutrient-rich conditions potentially support-
ing a diverse microbiome adapted to rapid physicochemical 
fluctuations, while CWB's stable, oligotrophic environment 
possibly harbours a more specialised microbial community 
adapted to consistent marine conditions.

3.2   |   Site-Specific Variation in Bacterial and Vibrio 
Abundances

Quantitative PCR analysis revealed striking differences in mi-
crobial population dynamics between the two sites (Figure 1C). 
The oligotrophic CWB maintained relatively modest micro-
bial populations (bacterial abundances: 1.03 × 104 to 3.54 × 106 
copies/mL; Vibrio: below detection limit to 3.17 × 104 copies/
mL), consistent with observations in other oligotrophic coastal 
waters (Shi et  al.  2018; Wang et  al.  2020). In contrast, the 
nutrient-enriched DB exhibited substantially higher and more 
variable densities (bacterial counts: 1.02 × 107 to 1.30 × 109 
copies/mL; Vibrio: 1.49 × 105 to 5.04 × 107 copies/mL), align-
ing with patterns observed in nutrient-rich estuarine systems 
(Zhou et  al.  2017; Gradoville et  al.  2018). This pronounced 
disparity in population sizes, spanning several orders of mag-
nitude, reflects the influence of environmental conditions, 
particularly the Pearl River's nutrient-rich freshwater inputs 
at DB, in shaping microbial community structures (Wang 
et  al.  2020). The observed Vibrio abundance patterns paral-
lel findings from both the South China region (Xu et al. 2020) 
and other major estuarine systems (Baker-Austin et al. 2013), 
where Vibrio populations typically increase with temperature 
and nutrient availability.

3.3   |   Spatial and Temporal Differences in Bacterial 
Community Composition and Their Environmental 
Drivers

Canonical Correspondence Analysis (CCA) revealed that com-
munity patterns correlated with environmental variability, 
which was markedly greater at DB where annual temperature 
and salinity fluctuations (19.6°C and 20.71‰) substantially ex-
ceeded those at CWB (13.2°C and 7.24‰). While DB exhibited 
pronounced seasonal community differences, CWB main-
tained a relatively stable community composition throughout 
the year (Figure  2A), consistent with observations of com-
munity stability in constant marine environments (Fuhrman 
et al. 2015).

Forward selection identified multiple significant drivers of 
community structure (p < 0.001), with salinity emerging 
as the primary factor (marginal effects of terms, p = 0.001) 
(Figure  2A). This reflects the distinct geographic character-
istics of the sampling locations: DB, influenced by the Pearl 
River, experiences significant seasonal changes with 80% 
of annual discharge occurring in summer, leading to pro-
nounced salinity fluctuations and elevated nutrient levels typ-
ical of estuarine systems (Xu et  al.  2010). In contrast, CWB 
maintains stable, oligotrophic oceanic conditions with min-
imal river influence and consistent salinity, characteristic of 
marine environments in Hong Kong's eastern waters (Zong 
et al. 2010). The community shifts observed along this salinity 
gradient align with patterns reported in similar estuarine–
marine transitions worldwide (Tee et al. 2021).

Temperature was another significant factor (marginal effects 
of terms, p = 0.002) (Figure 2A), showing primarily seasonal 
effects. Both sites displaying similar monthly patterns except 
during winter extremes (CWB: 17.2°C, DB: 10.9°C; Figure 1B). 
Historical data (2010–2020) from the Marine Water Quality 
Monitoring Program confirmed these long-term environmen-
tal differences, with Deep Bay Station DM3 showing annual 
salinity variations of 19.5‰ compared to Port Shelter Station 
PM7's 6.5‰ (Figure  S2). These findings parallel previous 
demonstrations of how riverine inputs significantly alter es-
tuarine microbial dynamics through salinity fluctuations 
(Crump et al. 2004). The enhanced environmental variability 
at DB corresponded with significantly higher microbial diver-
sity (Shannon index, Wilcoxon Signed-Rank Test, p = 0.04) 
(Figure S3), aligning with previous observations of how sea-
sonal fluctuations shape microbial community structure in 
coastal and estuarine ecosystems (Gilbert et  al.  2012; Ward 
et al. 2017; Wang et al. 2021).

We assessed multicollinearity among environmental predic-
tors using Variance Inflation Factors (VIFs). The analysis 
revealed varying degrees of interdependence among environ-
mental variables (Salinity: 1.89; Turbidity: 3.50; NH4: 4.51; 
Temperature: 1.23; Chlorophyll: 1.16). While all VIFs re-
mained below the critical threshold of 5, NH4 exhibited mod-
erate multicollinearity (4.51), likely reflecting its relationship 
with river discharge patterns that also influence turbidity 
(3.50). Temperature and salinity, the two most significant 
drivers, showed low VIF values, confirming their indepen-
dent influences on community structure rather than being 
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confounded variables. These results strengthen our interpre-
tation that temperature and salinity independently drive com-
munity structure across the contrasting environments of DB 
and CWB.

3.4   |   Seasonal Dynamics in Total Bacterial 
Communities

Analysis of 16S rRNA gene sequences identified Pseudomonadota 
(54.7%), Bacteroidota (17.0%), and Cyanobacteriota (12.5%) as the 

dominant phyla across both sites (Figure  2B), reflecting typical 
marine bacterioplankton assemblages driven by their diverse 
metabolic capabilities (Sunagawa et al.  2015; Ward et al.  2017). 
Despite these similarities, several key taxa showed distinct spa-
tial and temporal distribution patterns. The archaeal phylum 
Methanobacteriota showed distinct spatial variation, reaching 
24.2% abundance in CWB (January 2021) while remaining below 
1% in DB, suggesting niche-specific adaptations to local organic 
matter and water chemistry gradients. Cyanobacterial abun-
dances displayed clear seasonal cycles driven by temperature and 
light availability (Paerl et al. 2011; Xu et al. 2024), with summer 

FIGURE 2    |    Microbial community composition and environmental drivers based on 16S rRNA amplicon sequencing. (A) Canonical correspon-
dence analysis (CCA) showing microbial community distribution in relation to environmental variables. Red highlighted text represents significant 
environmental drivers (p < 0.05) through marginal effects testing. (B) Monthly relative abundance of top 10 bacterial phyla in DB and CWB. (C) 
Monthly relative abundance of top 20 bacterial families in DB and CWB. (D) Monthly relative abundance of Vibrio populations in CWB and DB.
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peaks (CWB: 7%–30%; DB: 9%–34%) that declined to winter lows 
(CWB: < 3%; DB: < 6%).

At the family level, Paracoccaceae (16.1%), Synechococcaceae 
(12.5%), and Flavobacteriaceae (10.3%) dominated both commu-
nities but followed distinct seasonal patterns (Figure 2C). While 
Cyanobciaceae showed expected summer peaks corresponding 
to increased temperature and solar radiation, Rhodobacteraceae 
and Flavobacteriaceae showed winter dominance. This seasonal 
pattern contrasts with their typical spring–summer peaks in 
temperate waters (Gilbert et al. 2012; Bunse and Pinhassi 2017), 
but aligns with subtropical winter characteristics: moderate 
temperatures combined with enhanced vertical mixing increase 
nutrient availability (Xu et al. 2024) and winter monsoons fur-
ther amplify this effect by introducing nutrient-rich waters 
(Needham and Fuhrman  2016). These conditions favour het-
erotrophic bacteria like Paracoccaceae and Flavobacteriaceae, 
which excel at utilising dissolved organic matter through diverse 
metabolic pathways (Teeling et al. 2016; Francis et al. 2019).

DB additionally experienced episodic blooms of typically rare 
bacterial families, including Vibrionaceae (37.0%, October), 
Oceanospirillaceae (29.9%), and Arcobacteraceae (15.6%, 
November) (Figure 2C). These blooms align with previous stud-
ies where Vibrionaceae proliferated during periods of high dis-
solved organic carbon and phosphate in estuarine waters (Orsi 
et al. 2016; Liang et al. 2019). These opportunistic taxa possess 
specialised metabolic strategies that enable rapid response to 
transient nutrient pulses: Oceanospirillaceae exploit nitrate in-
fluxes through dissimilatory nitrate reduction to ammonium 
(Avendaño et al. 2024), while Arcobacteraceae couple sulfur oxi-
dation with nitrate reduction in nutrient-enriched, micro-anoxic 
zones (Callbeck et al. 2019).

3.5   |   Vibrio Community Composition

Initial analysis of Vibrio communities through 16S rRNA gene 
ASV filtering revealed significant differences between sampling 
sites, with consistently higher relative abundances in DB com-
pared to CWB (Wilcoxon signed-rank test, p = 0.01) (Figure 2D). 
While Vibrio typically constituted approximately 1% of the bac-
terial community, a notable bloom event in DB during October 
2020 reached 21.6% relative abundance. However, 16S rRNA 
gene analysis provided limited taxonomic resolution, success-
fully differentiating only V. xiamenensis (representing < 1% of 
total Vibrio population) due to high sequence similarity among 
Vibrio species (Links et al. 2012).

To achieve finer taxonomic resolution, we employed partial 
Hsp60 gene sequence (~487 bp) analysis (Jesser and Noble 2018), 
which revealed substantially greater diversity within coastal 
Vibrio communities. This approach identified 1001 Vibrio ASVs 
categorised into 37 distinct species and 202 environmental 
clones. The environmental clone group, comprising 444 different 
ASVs, demonstrated remarkable diversity that would have re-
mained undetected using 16S rRNA gene sequencing alone. The 
superior resolution of Hsp60 gene sequences in distinguishing 
closely related bacterial species made it our preferred method for 
subsequent community analyses.

3.6   |   Spatiotemporal Distribution 
of Major Pathogenic Vibrio Species

The Vibrio community exhibited complex spatiotemporal 
patterns, with most species individually comprising less 
than  10% of the total population (Figure  3A). Major human 
pathogens showed consistent presence throughout the study 
period but with distinct spatial and seasonal preferences. V. 
cholerae in CWB maintained predominantly low levels (< 7%) 
except for an unusual winter bloom (23.2%, January 2021), 
contrasting with documented summer peaks typically ob-
served in tropical regions (Vezzulli et al. 2016). In DB, both 
V. parahaemolyticus and V. vulnificus showed higher abun-
dance (up to 26.2% and 20.7%, respectively), consistent with 
their preference for nutrient-rich coastal waters (Johnson 
et  al.  2010). These two DB-dominant pathogens exhibited 
distinct seasonal patterns. V. parahaemolyticus displayed bi-
modal peaks during late summer 2020 (26.2%, 16.4%) and early 
spring 2021 (11.5%, 18.1%), following temperature-driven pat-
terns observed globally (Martinez-Urtaza et al. 2010). V. vul-
nificus demonstrated clear summer prevalence, with peaks 
in June–September (up to 20.7%), aligning with temperature-
dependent patterns (> 20°C) reported in oyster-growing re-
gions worldwide (Motes et al. 1998). Their elevated presence 
in DB, an active oyster farming area, raises concerns about 
shellfish safety under projected climate change scenarios 
(Baker-Austin et al. 2013).

Beyond these well-known pathogens, emerging Vibrio species 
also displayed distinct temporal dynamics. V. mimicus in DB ex-
hibited pronounced summer dominance with peak abundances 
of 47.1%–38.6% (June–July 2020) and 70.6%–26.1% (May–June 
2021), dropping below 4% in winter. This species serves as a res-
ervoir of virulence genes in marine environments (Guardiola-
Avila et  al.  2016), making its significant presence noteworthy. 
In contrast, V. navarrensis maintained consistently high abun-
dance (> 10%) at both sites during October–December 2020 and 
May–June 2021 in CWB, and June–November 2020 and April 
2021 in DB. Originally isolated from sewage, its widespread pres-
ence suggests adaptation to diverse environments (Gladney and 
Tarr 2020).

Location specificity was particularly evident among several 
other Vibrio species, reflecting specialised ecological niches. 
DB exclusively harboured V. breoganii, V. maritimus, and V. 
panuliri, while V. paracholerae and V. rarus were restricted 
to CWB. These distinct spatial distributions align with 
documented ecological preferences. V. breoganii is strongly 
associated with macroalgal substrates (Corzett et  al.  2018), 
V. maritimus forms mutualistic relationships with diatoms 
(Zhu et  al.  2022), and V. panuliri and V. rarus demonstrate 
host specificity with marine animals including lobster, 
abalone,  and coral (Sawabe et  al.  2007; Kumari et  al.  2014; 
Rubio-Portillo et  al.  2014). The restriction of certain species 
to CWB likely relates to its higher salinity and lower nutrient 
levels typical of oceanic waters. These habitat-specific distri-
butions reflect the complex interplay between Vibrio species 
and their environmental niches, supporting previous findings 
on niche partitioning in coastal Vibrio communities (Hunt 
et al. 2008).

https://lpsn.dsmz.de/family/oceanospirillaceae
https://lpsn.dsmz.de/family/oceanospirillaceae
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FIGURE 3    |    Temporal and spatial dynamics of Vibrio species in coastal waters. (A) Heatmap showing monthly relative abundance (log2-
transformed) of Vibrio species in CWB and DB. Colour intensity indicates abundance levels, with darker colours representing higher relative abun-
dance. Vibrio species are arranged from highest to lowest overall abundance. (B) Canonical Correspondence Analysis (CCA) of Vibrio community 
composition in relation to environmental variables. Red highlighted text represents significant environmental drivers (p < 0.05) through marginal 
effects testing.
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3.7   |   Distinct Community Composition 
and Seasonal Dynamics of Vibrio Species

The Vibrio communities in DB and CWB exhibited marked dif-
ferences in composition, dominance patterns, and community 
structure. only ASV-level analysis revealed location-specific 
distributions, with only 22 of the top 50 abundant ASVs (repre-
senting ~5% of total abundance) shared between sites, primar-
ily belonging to V. navarrensis and V. natriegens. Community 
evenness analysis demonstrated significantly higher Pielou's 
evenness in CWB compared to DB (Wilcoxon signed-rank test, 
p < 0.01) (Figure S3), indicating more balanced communities in 
CWB versus oligarchic assemblages in DB. The estuarine DB 
site was characterised by pronounced dominance of several spe-
cies: V. diabolicus (max 34.0%), V. mimicus (max 45.9%), V. na-
varrensis cluster (max 44.6%), V. cyclitrophicus-like cluster (max 
29.9%), and V. coralliilyticus-like cluster (max 19.4%). The high 
abundance of known oyster pathogens (V. mimicus, V. crassost-
reae, V. cyclitrophicus) corresponds with local oyster farming 
activities (Bruto et al. 2017). In contrast, the oceanic CWB site 
typically maintained lower relative abundances for most species 
(< 15%), with exceptions during bloom events of V. campbellii 
(42.1%, July 2020), V. navarrensis (40.4%, October 2020), and V. 
cholerae (23.0%, January 2021), which coincided with signifi-
cant decreases in community evenness (Figure S4).

Distinct seasonal succession patterns emerged at each site, re-
flecting Vibrio's ability to respond to specific environmental 
triggers (Ceccarelli and Colwell  2014). In CWB, V. campbellii 
cluster dominated during summer months (June–September 
2020, March–June 2021), while V. navarrensis and V. natrie-
gens peaked in winter (October–December 2020), and V. chol-
erae showed winter dominance (December 2020–January 2021) 
(Figure 3A). V. aquimaris and V. navarrensis demonstrated year-
round presence, suggesting broader environmental tolerance. 
DB showed stronger seasonal patterns with V. mimicus domi-
nating in summer (> 45.9% in June–July 2020, May–June 2021) 
and V. vulnificus showing summer-specific presence (June–
August 2020). Winter dominance in DB shifted to V. diabolicus, 
V. crassostreae-like, V. cyclitrophicus-like, and V. coralliilyticus-
like clusters. While these patterns reflect DNA-based detection, 
our metabarcoding approach cannot distinguish between active 
cells and those in the viable but non-culturable (VBNC) state, 
which Vibrio species often enter during unfavourable conditions 
(Whitesides and Oliver 1997).

Phylogenetic analysis revealed ecological differentiation 
through distinct V. mimicus ecotypes between the two locations 
(Figure 4). Despite its presence at both sites, V. mimicus strains 
dominating DB formed a clade more closely related to V. dia-
bolicus, while those from CWB clustered with V. cholerae. This 
phylogenetic divergence suggests niche-specific adaptation of V. 
mimicus populations to contrasting environments with differ-
ent ecological pressures. The ability of Hsp60 gene sequences 
to resolve such fine-scale population structure demonstrates 
its value for understanding ecological differentiation among 
closely related strains. This observation contributes to growing 
evidence that seemingly identical Vibrio species can comprise 
distinct ecotypes adapted to specific environmental conditions, 
challenging traditional species-level understanding of Vibrio 
ecology and evolution (Shapiro et al. 2012; Yung et al. 2015).

3.8   |   Environmental Drivers Shaping Vibrio 
Dynamics: From Species to Community Level

Pearson correlation analysis revealed specific relationships be-
tween environmental parameters and Vibrio species abundance 
patterns, providing valuable insights into their ecological pref-
erences. V. mimicus and V. vulnificus ASVs, which dominated 
summer communities in DB, showed moderate to strong neg-
ative correlations with salinity (Figure  4), aligning with their 
documented preference for low-salinity conditions (Chowdhury 
et  al.  1989; Matteucci et  al.  2015). V. vulnificus additionally 
exhibited positive correlations with nutrient concentrations 
(phosphorus, nitrates, and silicates), highlighting its potential 
as a bioindicator for nutrient-enriched waters from terrestrial 
runoff or anthropogenic inputs (Westrich et  al.  2016; Kopprio 
et al. 2020). The V. cyclitrophicus-like cluster, prevalent during 
winter months in DB, demonstrated a negative correlation with 
temperature, while V. coralliilyticus-like strains showed positive 
correlations with ammonium, turbidity, and chlorophyll levels, 
suggesting potential associations with phytoplankton dynamics 
or post-bloom conditions.

Our comprehensive analysis of all 78 Vibrio ASVs unveiled the 
intricate nature of environmental influences on Vibrio pop-
ulations. While specific species showed clear environmental 
preferences, less than half of ASVs displayed statistically sig-
nificant correlations with environmental variables (p < 0.05) 
(Figure 4). These moderate correlations (Pearson's r < 0.5) sug-
gest that Vibrio ecology is shaped not only by abiotic factors 
but also by unmeasured variables and biotic interactions. For 
instance, dissolved organic carbon (DOC) and particulate or-
ganic matter (POM)—key drivers of microbial growth—were 
not quantified in this study but likely influence Vibrio dynamics 
through substrate availability and biofilm formation (Takemura 
et al. 2014). Beyond abiotic factors, Vibrio species engage in di-
verse biological relationships, including beneficial associations 
with plankton (Erken et  al.  2015), dynamic interactions with 
bacteriophages (Kalatzis et al. 2016; Yang et al. 2020), and com-
plex ecological relationships with marine invertebrates and fish 
(Thompson et  al.  2003). Future research should explore these 
additional factors that could enhance our understanding of how 
microbial competition, nutrient availability, and organic matter 
cycling interact to influence Vibrio dynamics.

Canonical Correspondence Analysis (CCA) of the entire Vibrio 
community revealed a hierarchical organisation of environ-
mental influences on Vibrio ecology. Temperature emerged as 
the primary driver of community composition, with both tem-
perature (p = 0.002) and salinity (p = 0.001) showing statistical 
significance based on marginal effects analysis (Figure  3C). 
Multicollinearity among environmental predictors was as-
sessed using Variance Inflation Factors (VIFs). The VIF val-
ues (Salinity: 1.56; Turbidity: 1.71; NH4: 1.97; Temperature: 
1.50; Chlorophyll: 1.12) were all well below the threshold of 
3, indicating minimal correlation among the environmental 
variables. These low VIF values confirm that each parameter 
contributes unique explanatory power to the model, strength-
ening the reliability of the identified temperature and salinity 
effects on the Vibrio community. This finding bridges the gap 
between species-specific responses and community-level pat-
terns, demonstrating how broad physicochemical parameters 
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FIGURE 4    |     Legend on next page.
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orchestrate overall community structure while allowing for 
species-specific adaptations through biological interactions. 
This hierarchical organisation provides a framework for under-
standing how Vibrio communities maintain both stability and 
adaptability in response to environmental changes, offering 
valuable insights for predicting community responses to envi-
ronmental variations in coastal ecosystems.

3.9   |   Population Structure and Environmental 
Adaptation Patterns

Our culture-independent studies consistently demonstrated dis-
tinct bacterial and Vibrio communities between CWB and DB, 
prompting a detailed investigation into strain-level diversity 
through culturing methods. From June 2020 to June 2021, We 
successfully isolated 1521 Vibrio strains (828 from CWB, 693 
from DB) over the 1-year sampling period, providing a robust 
foundation for examining fine-scale population structure and 
environmental adaptation patterns. To quantitatively assess 
environmental specialisation patterns, we employed AdaptML 
analysis on a Maximum Likelihood phylogenetic tree con-
structed from partial Hsp60 gene sequences. This approach 
identified statistically supported ecological habitats without 
making a priori assumptions about environmental or phyloge-
netic boundaries. After assigning isolate sequences to discrete 
environmental bins (5°C temperature intervals from < 15.1° to 
> 30°C and 5‰ salinity intervals from < 10.1‰ to > 30‰) based 
on isolation conditions, the AdaptML algorithm robustly iden-
tified three distinct habitats (HA, HB, and HC) corresponding to 
different combinations of temperature and salinity preferences 
(p < 0.0001), revealing complex patterns of environmental spe-
cialisation across the Vibrio phylogeny (Figure 5).

3.10   |   Temperature and Salinity Shape Distinct 
Vibrio Ecological Strategies

The primary division between CWB and DB populations ap-
pears driven by salinity preferences. Habitat HA, predominantly 
comprising CWB strains (clades C1-C6) (Figure  5B), exhib-
ited adaptation to higher salinity conditions (mostly > 25‰) 
(Figure 5C). This stenohaline adaptation distinguishes HA from 
other habitats, as these clades showed similar temperature dis-
tributions to HB strains but restricted salinity ranges. This sug-
gests HA strains may lack physiological mechanisms necessary 
for adapting to lower salinity, constraining their distribution 
to marine environments despite their broad temperature toler-
ance. In contrast, Habitat HB, mainly represented by DB strains 
(clades C7-C10) (Figure 5B), thrived in moderate to lower salin-
ity conditions (10.1‰–20‰) (Figure 5C). While sharing similar 
temperature ranges with HA strains, these populations exhibited 

greater euryhalinity, enabling them to persist in the variable sa-
linity conditions typical of estuarine environments.

Habitat HC (clades C11-C13) revealed a distinct ecological strat-
egy characterised by strong association with cooler tempera-
tures (< 20°C), while maintaining broad tolerance across the 
salinity gradient (10.1‰–30‰) (Figure 5C). This temperature-
specialised but salinity-generalist strategy indicates specialised 
winter populations that can persist across both marine and estu-
arine conditions. The clear temporal separation of these strains 
suggests temperature acts as the primary selective force struc-
turing these populations, while their broad salinity tolerance 
enables them to occupy diverse coastal environments during 
cooler seasons.

3.11   |   Thermal Adaptation Mechanisms 
and Physiological Trade-Offs

To understand how Vibrio community composition responds 
to temperature fluctuations in natural environments, we inves-
tigated the thermal niche distribution among phylogenetically 
distinct strains. We selected 14 representative isolates based on 
their ecological and phylogenetic significance. These strains 
were strategically chosen to represent the three major habitat 
types identified in our AdaptML analysis: 4 strains from hab-
itat HA (HA1-4, representing clade 13), which showed adapta-
tion to higher salinity marine conditions; 4 strains from habitat 
HB (HB1-4, representing clade 12), which demonstrated a pref-
erence for estuarine conditions; and 6 strains from habitat HC 
(HC1-6, representing clade 10), which exhibited distinct cool-
temperature adaptations (Table  S2). This selection enabled a 
direct comparison of thermal performance across ecologically 
differentiated populations while controlling for phylogenetic re-
lationships. Growth rates were measured across temperatures 
from 8° to 52°C at 4°C intervals.

The thermal performance curves revealed distinct physiologi-
cal adaptations among the clades (Figure 6). HC strains demon-
strated a narrower temperature range but exhibited measurable 
growth at 8°C, suggesting even lower temperature tolerance 
limits beyond our experimental range. In contrast, HA and HB 
strains showed no growth at 8°C but thrived at temperatures be-
tween 32° and 36°C—conditions lethal to HC strains, reflecting 
thermal niche partitioning previously observed in Vibrionaceae 
(Yung et al. 2015). This clear thermal partitioning, marked by 
an 8°C difference in Topt between HA/HB and HC strains, aligned 
with their distribution patterns in natural environments (Baker-
Austin et al. 2013).

While HA and HB strains displayed optimal growth at 36°–
40°C, consistent with mesophilic Vibrio physiology, these 

FIGURE 4    |    Phylogenetic distribution, site preference, and environmental correlations of Vibrio ASVs. The figure presents 79 Vibrio ASVs (am-
plicon sequence variants) identified across two sampling sites (DB and CWB) during a year-long monitoring period (June 2020–June 2021). Left 
panel: Phylogenetic tree with bootstrap values indicated by coloured circles at key nodes (tree scale: 0.1). Middle panel: Site preference for each ASV 
expressed as the ratio DB/(DB + CWB), where values approaching 1 (red) indicate DB dominance, 0.5 (white) indicate equal distribution, and 0 (blue) 
indicate CWB dominance. Statistical significance is denoted by circle size according to p-value thresholds. Right panel: Pearson correlation analysis 
between ASVs and ten environmental parameters, with red/blue indicating positive/negative correlations (circle size represents significance level).
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FIGURE 5    |    Environmental distributions and habitat analysis of Vibrio populations across contrasting coastal environments based on Hsp60 
gene phylogeny. (A) Maximum likelihood phylogenetic tree employing the LG + F + R4 model showing the relationship between Vibrio isolates. The 
innermost ring (purple) indicates sampling sites (CWB and DB), followed by a ring showing salinity distributions (blue, ranging from < 10.1‰ to 
> 30‰), and an outermost ring displaying temperature distributions (red, ranging from < 15.1° to > 30°C). Grey dots indicate nodes with bootstrap 
support values greater than 0.9. The tree scale bar represents 0.1 nucleotide substitutions per site. (B) Distribution profiles of identified clades (C1-
C13) across different temperature (red) and salinity (blue) ranges. The distributions are plotted in 5°C temperature bins (< 15.1° to > 30°C) and 5‰ 
salinity bins (< 10.1‰ to > 30‰), with relative abundance normalised on a scale from 0.0 to 1.0 to account for sampling effort. (C) Distribution pro-
files of AdaptML-predicted habitats (HA, HB, HC) showing the relative abundance of each habitat type across temperature and salinity gradients. 
Values are normalised on a scale from 0.0 to 1.0 to account for sampling effort, revealing distinct ecological preferences among the three predicted 
habitat types.
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temperatures exceed typical marine conditions, suggesting po-
tential adaptation to warm-blooded hosts. This thermal toler-
ance pattern indicates that HA and HB strains, particularly V. 
parahaemolyticus (HB1-2) and V. harveyi (HA1-2), might include 
potential human pathogens (Baker-Austin et al. 2013). In con-
trast, HC strains, including V. crassostreae (HC3-6), were unable 
to survive at 36°C, suggesting better adaptation as pathogens of 
marine organisms such as oysters and fish.

A particularly significant finding emerged from our analysis of 
V. alginolyticus strains (HB3-4 and HC1-2), which shared > 97% 
sequence similarity in their Hsp60 genes yet exhibited markedly 
different thermal adaptations. Despite belonging to the same 
species by conventional molecular taxonomy, these strains were 
distributed across distinct phylogenetic clades (12 and 10) and 
displayed contrasting physiological characteristics.

HB3-4 showed a higher temperature optima characteristic of 
habitat HB, while HC1-2 exhibited the lower temperature prefer-
ences typical of habitat HC strains.

This observation represents a compelling example of fine-scale 
adaptive divergence within a single species, where temperature-
driven selection has promoted rapid physiological differentiation 
while conserved molecular markers remain largely unchanged. 
The maintenance of distinct thermal ecotypes within V. algi-
nolyticus suggests that environmental adaptation can precede 
substantial genetic divergence in housekeeping genes, likely 
representing an early stage in bacterial speciation, where pop-
ulations begin occupying distinct environmental niches while 
maintaining genetic cohesion across most of their genome. 
Such findings challenge traditional species concepts in bacteria 
and highlight the importance of considering ecological adap-
tation alongside molecular markers when examining bacterial 
diversity.

The hierarchical organisation of environmental influences 
revealed by our analysis suggests salinity acts as the primary 
driver of population differentiation between HA and HB popu-
lations, while temperature plays a crucial role in defining HC 

strains regardless of salinity conditions. This pattern indicates 
a complex interaction between these environmental parameters 
in structuring Vibrio communities, where different populations 
employ distinct strategies for environmental adaptation. Our 
findings demonstrate that Vibrio populations employ diverse en-
vironmental adaptation strategies in coastal ecosystems: some 
populations show strict salinity preferences (HA—stenohaline 
marine, HB—lower salinity estuarine), while others maintain 
broad salinity tolerance while specialising in temperature ranges 
(HC—psychrophilic generalist). The clear habitat partitioning 
identified through AdaptML provides strong evidence for the 
coexistence of these different adaptive strategies, suggesting 
that both temperature and salinity act as selective forces but can 
operate independently in structuring Vibrio populations.

3.12   |   Comparative Analysis of Culture-Dependent 
and Culture-Independent Methods in 
Characterising Vibrio Communities

Our dual methodological approach revealed complementary yet 
distinct patterns in the recovery and representation of Vibrio 
populations across the sampling sites. Phylogenetic analysis of 
partial Hsp60 gene sequences from both ASVs and isolates iden-
tified 28 major species clusters, highlighting both the overlaps 
and gaps between methods. Culture-dependent methods suc-
cessfully recovered numerous species, including V. campbellii, 
V. owensii, V. alginolyticus, V. parahaemolyticus, and V. fortis 
(Figure 7). However, they notably failed to recover several abun-
dant species detected through amplicon sequencing, particu-
larly V. navarrensis, V. natriegens, and V. mimicus.

While TCBS agar provided selective isolation of Vibrio species, 
we acknowledge this introduces biases affecting our ecological 
differentiation interpretation. TCBS selective agents may inhibit 
environmentally stressed or metabolically specialised Vibrio 
strains, including those in viable but non-culturable states or 
with slower growth rates (Alam et al. 2001). Media-based com-
petition may also suppress species with lower competitive fitness 
under laboratory conditions (Weichart and Kjelleberg  1996). 
This cultivation bias likely explains why several Vibrio popu-
lations detected in our amplicon sequencing analysis remained 
uncultured, potentially underrepresenting their ecological 
niches in our differentiation analysis.

A particularly significant finding emerged from our phyloge-
netic analysis: uncultivated Vibrio species showed closer genetic 
relationships to each other (Figure 7). This pattern, exemplified 
by V. navarrensis and its relatives, suggests that cultivability 
on TCBS may be influenced by shared genetic determinants. 
Previous studies characterising V. cidicii found that V. navar-
rensis was its closest relative, forming a distinct lineage within 
the Vibrio phylogeny (Orata et al. 2016). This clustering of un-
cultivable strains suggests common genetic factors may influ-
ence adaptability to selective agents or competitive ability under 
culture conditions. Our analysis also revealed complexity in 
Vibrio molecular taxonomy through the presence of multiple 
copies of the Hsp60 gene. Several species, including V. algino-
lyticus, V. parahaemolyticus, and V. natriegens, showed two dis-
tinct clades with low Hsp60 gene sequence similarity (< 90%). 
These differences corresponded to distinct Hsp60 gene copies 

FIGURE 6    |    Maximum growth rates of 14 Vibrio strains across a 
temperature gradient. The figure shows the maximum growth rates 
(h−1) of 14 distinct Vibrio strains (HA1–HA4, HB1–HB4, HC1–HC6) mea-
sured at different temperatures (0°–50°C).
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located on chromosomes 1 and 2 of the Vibrio genome, confirm-
ing previous findings (King et al. 2019). Chromosome 2 copies 
were exclusively detected through ASV methods, likely due to 
primer differences (Table S3), highlighting how methodological 
choices can influence taxonomic identification and diversity 
assessments.

The bias introduced by TCBS agar has important implications 
for interpreting ecological differentiation among Vibrio species. 

While culture-dependent methods provide valuable insights 
into the physiology and functional traits of isolated species, their 
selective nature likely underrepresents the diversity and ecolog-
ical roles of uncultured taxa. Amplicon sequencing, in contrast, 
captures a broader spectrum of Vibrio diversity, including spe-
cies that may play critical roles in their native environments 
but are excluded from culture-based analyses. Together, these 
findings emphasise the need for an integrative approach that 
combines culture-dependent and culture-independent methods 

FIGURE 7    |    Phylogenetic distribution of Vibrio species identified based on Hsp60 gene sequences. A Maximum Likelihood tree was constructed 
using IQTree employing the LG + F + R4 model and visualised with isolation temperatures in iTOL. The tree shows the taxonomic diversity of Vibrio 
species detected in the Pearl River Estuary, with a scale bar representing 0.1 nucleotide substitutions per site. The outer ring indicates the source of 
detection, distinguishing between cultured Vibrio isolates and Vibrio ASVs (amplicon sequence variants).
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to achieve a more comprehensive understanding of Vibrio com-
munity structure and ecological differentiation.

4   |   Conclusions

Our comprehensive analysis of Vibrio populations in contrast-
ing coastal environments reveals a complex interplay between 
environmental factors and bacterial adaptation at multiple eco-
logical scales. By integrating culture-dependent and molecular 
approaches, we demonstrate that salinity acts as the primary 
driver of community differentiation between estuarine and 
coastal waters, while temperature orchestrates seasonal succes-
sion patterns.

The estuarine environment of Deep Bay exhibited higher bacte-
rial abundance and diversity, with more pronounced seasonal 
community shifts compared to the relatively stable coastal wa-
ters of Clear Water Bay, illustrating how environmental het-
erogeneity shapes microbial community structure and drives 
ecological diversification. The distinct physicochemical pro-
files of each site—DB's dynamic, nutrient-rich conditions ver-
sus CWB's stable, oligotrophic environment—created selective 
pressures that fostered different adaptive strategies among 
Vibrio populations.

A key finding emerged from our phylogenetic analysis of Vibrio 
isolates, which revealed three distinct ecological habitats de-
fined by specific combinations of temperature and salinity 
preferences. Habitat HA (predominantly CWB strains) showed 
stenohaline adaptation to higher salinity conditions, while 
Habitat HB (mainly DB strains) displayed greater euryhalinity 
in moderate to lower salinity environments. Habitat HC revealed 
a specialised adaptation to cooler temperatures while main-
taining broad salinity tolerance—a distinct ecological strategy 
allowing these strains to persist across diverse coastal environ-
ments during winter months.

Particularly significant was our discovery of distinct thermal 
adaptations among V. alginolyticus strains sharing high genetic 
similarity (> 97% Hsp60 gene sequence identity). This finding 
demonstrates that ecological specialisation can precede sub-
stantial genetic divergence in housekeeping genes, challeng-
ing traditional species concepts in bacterial taxonomy and 
suggesting rapid adaptive responses to environmental condi-
tions. The maintenance of distinct thermal ecotypes within the 
same species represents an early stage in bacterial speciation, 
where populations begin occupying different environmental 
niches while maintaining genetic cohesion across most of their 
genome.

Our dual methodological approach uncovered important tech-
nical biases, with several abundant species detected through 
amplicon sequencing (particularly V. navarrensis, V. natrie-
gens, and V. mimicus) remaining uncultivable using standard 
methods. The clustering of these uncultivated species in dis-
tinct phylogenetic clades suggests shared genetic determinants 
influencing cultivability and highlights the importance of 
combining multiple approaches for comprehensive community 
characterisation.

These findings advance our understanding of how environ-
mental heterogeneity drives fine-scale population differentia-
tion in marine bacteria and provide a framework for predicting 
Vibrio population responses to environmental change. The 
clear thermal specialisation patterns observed have particular 
relevance for anticipating shifts in pathogenic Vibrio distribu-
tions under climate change scenarios, especially in subtropi-
cal coastal systems where warming trends may favour certain 
ecotypes over others. This work establishes a foundation for 
improved monitoring strategies in coastal environments and 
highlights the importance of considering both broad commu-
nity patterns and strain-level adaptations in microbial ecology 
studies.
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