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The marine waters of Kuwait are highly dynamic and strongly influenced by extreme environmental conditions and high levels of anthropogenic activities. This study explored the bacterioplankton community composition and diversity in Kuwait Bay and at four offshore sites close to urbanized coastal areas during two seasons, autumn (October) and spring (April). 16S rRNA amplicon sequencing detected higher bacterial diversity and richness in spring than in autumn. Also, bacterial community beta diversity revealed a significant seasonal partitioning between the two sampling periods but no clear spatial variation could be depicted. Alphaproteobacteria, Gammaproteobacteria, Cyanobacteria, Flavobacteriia, and Acidimicrobiia dominated the seasonal samples, and SARII clade Ia, SARII clade II, Synechococcus, and SUP05 cluster were among the most abundant taxa in the seasonal samples. However, the strong temporal shift in bacterial community composition was related to Synechococcus abundance. The prevailing physicochemical parameters displayed a significant influence on the bacterioplankton community composition, which was mainly driven by shifts in temperature and nutrient inputs. Furthermore, functional prediction by PICRUSt analysis revealed a relatively stable conserved functional profile in Kuwait’s waters. However, functional genes related to membrane transport were enriched in eutrophic spring waters, while photosynthetic genes were enriched in autumn. Our results provide in-depth insights into the temporal and spatial variations of bacterioplankton dynamics in Kuwait waters and highlight the strong seasonal influence of natural and anthropogenic stressors on their composition and predicted functional capabilities.
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Introduction

Bacterioplankton is the keystone of the structure and function of marine ecosystems (Gilbert et al., 2009; Richa et al., 2017). Marine bacterioplankton include phototrophic cyanobacteria and chemotrophic primary producers in addition to secondary heterotrophic producers (Azam and Worden, 2004; Fuhrman et al., 2015). Marine bacterioplankton play a major role in biogeochemical processes and drive the global carbon flux and marine food web (Azam et al., 1983; Kirchman et al., 2010). Cyanobacteria are responsible for global primary productivity (Waterbury et al., 1986; Field et al., 1998; Partensky et al., 1999), while heterotrophic bacteria are important for the recycling of dissolved organic carbon and nutrients (Azam et al., 1983; Fuhrman et al., 2015).

Culture-based techniques were originally employed to determine the bacterioplankton community composition in aquatic habitats; however, owing to the limitations of these techniques, culture-independent approaches have been extensively exploited to gain a deeper understanding of marine biodiversity. High-throughput targeting of phylogenetic marker genes, such as the small subunit of the ribosomal RNA gene (16S rRNA) (Amann et al., 1995; Cottrell and Kirchman, 2000) is employed to directly explore the abundance and diversity of marine microbiomes from their natural aquatic environments. Metagenomic community 16S rRNA gene sequence analysis has expanded our knowledge of the spatial and temporal microbial abundance patterns and phylogenetic diversity present in oceanic (DeLong et al., 2006; Rusch et al., 2007; Campbell et al., 2011; Sunagawa et al., 2015), freshwater (Jones et al., 2009; Sommaruga and Casamayor, 2009; Arora-Williams et al., 2018), coastal (Ferrera et al., 2011; Bertrand et al., 2015; Teeling et al., 2016; Bryson et al., 2017; Chafee et al., 2018), and deep-sea environments (Sogin et al., 2006; Salazar et al., 2015).

Moreover, 16S rRNA gene survey studies have also been used to predict the metabolic activity and functional capabilities of bacterial communities as an alternative approach to shotgun metagenomics by mapping 16S rRNA data to a reference genome database (Langille et al., 2013). Although such an approach has many limitations, it is useful to roughly detect and correlate changes in the abundance of certain bacterial members with functional changes.

Metagenomic studies have also investigated the influence of environmental variables, such as temperature, the salinity gradient, dissolved oxygen, nutrient availability, and physical mixing, on bacterioplankton community structure (Bouvier and Del Giorgio, 2002; Fuhrman et al., 2015; Sunagawa et al., 2015). Metagenomic analysis has also revealed the global distribution patterns of marine bacterioplankton (Pommier et al., 2007), and time-series studies in various marine habitats have revealed that the composition of surface-water bacterial communities varies with recurrent temporal patterns and exhibits nonrandom spatial variation (Fuhrman et al., 2006; Sogin et al., 2006; Gilbert et al., 2009; Gilbert et al., 2012; Fuhrman et al., 2015). Taxonomic surveys have also revealed shifts in bacterioplankton communities in response to biotic and abiotic factors (Gilbert et al., 2012; Chow et al., 2013).

Kuwait’s coastal waters are located in the northernmost corner of the Arabian/Persian Gulf (hereinafter the Gulf) with a shoreline of approximately 500 km (Al-Yamani et al., 2004; Nicolaus et al., 2017). The Gulf is a unique shallow semi-enclosed hypersaline sea surrounded by arid-region countries (Sheppard et al., 2010). The temperature and salinity in the Gulf, including Kuwait’s marine waters, are extremely variable (Nasrallah et al., 2004; Al-Abdulghani et al., 2013). The seawater temperature in the gulf, including the coast of Kuwait, ranges from 10°C in winter to 36°C in summer (Al-Yamani et al., 2004; Nasrallah et al., 2004), while the salinity ranges from 36 ppt to 42 ppt (Al-Abdulghani et al., 2013; Al-Yamani et al., 2004). However, salinity usually fluctuates owing to freshwater input from the Shatt Al-Arab River at the northwest end, which creates a diluting factor along the Kuwait coast (Al-Yamani et al., 2004). Under pristine conditions, the gulf marine environment was originally oligotrophic; however, as a result of riverine nutrient inflow, the gulf waters are nutrient-rich (Al-Yamani et al., 2004). Also, anthropogenic activities have severely impacted the marine environment of the Gulf’s waters (Sheppard et al., 2010)

The subtropical waters of Kuwait are generally well-mixed, with a maximum depth of 30 m (Al-Yamani et al., 2004). However, water is subjected to several stressful factors, such as oil-based activities, industrialization, desalination plants, maricultural operations, and, more importantly, sewage discharge (Al-Ghadban et al., 2002). The general population in Kuwait is served by five main Sewage Treatment Plants (STP) and three smaller facilities (Devlin et al., 2015; Lyons et al., 2015). To date, the capacities of these plants have not been able to manage the rapid urbanization of Kuwait. Therefore, wastewater with various states of treatment is regularly discharged into the marine environment (Devlin et al., 2015; Al-Said et al., 2019) and is considered a major source of anthropogenic contamination in Kuwait’s waters, specifically in Kuwait Bay (Devlin et al., 2015). The semi-enclosed Kuwait Bay is influenced by the Shat Al-Arab River discharge and receives large amounts of contaminants from point sources of pollution near its coast. Furthermore, owing to the prevalent counterclockwise water circulation in the Gulf, Kuwait waters are contaminated with various pollutants, such as anthropogenic contaminants, trace metals, and petroleum hydrocarbons (Al-Ghadban et al., 2002; Al-Yamani et al., 2004; Sheppard et al., 2010; Devlin et al., 2015).

Extreme environmental variables and anthropogenic pollutants can control and modulate the Kuwaiti marine ecosystem. However, bacterioplankton community composition and diversity patterns in the Kuwaiti marine environment and the effect of physicochemical variables on bacterioplankton community structure in Kuwaiti waters have not been extensively characterized. Exploring the microbial community composition and distribution in Kuwaiti waters is key to understanding and predicting marine ecosystem function responses to changing environmental conditions. Very few studies have explored bacterioplankton communities in the Kuwaiti marine environment. Most of these studies were specifically focusing on the isolation of indigenous hydrocarbon-degrading bacteria from Kuwait waters (Radwan et al., 2005; Al-Awadhi et al., 2007; Mahmoud et al., 2009; Al-Mailem et al., 2010; Mahmoud et al., 2010; Al-Awadhi et al., 2012) and only one study explored the spatial and temporal variations in the bacterioplankton composition of the coastal waters of Kuwait (Almutairi, 2015). However, in this study, low-throughput 16S rRNA gene clones were used, which unfortunately did not cover the full bacterioplankton diversity present. In the current study, we aimed to address this knowledge gap by using 16S rRNA high-throughput amplicon sequencing to determine seasonal changes in the bacterioplankton assemblage composition, diversity, and function in Kuwaiti waters.

In this study, we selected Kuwait Bay and four offshore sites in close proximity to highly urbanized coastal areas. Surface water samples were collected from these sites in autumn (October) and spring (April). 16S rRNA amplicon sequencing was employed to explore bacterioplankton community profiles in the heavily anthropogenically impacted Kuwait Bay and offshore samples both spatially and temporally. Physicochemical variables were also measured during sampling to link the bacterioplankton composition with these variables. The results obtained from this study generated extensive 16S rRNA amplicon sequence foundational datasets indigenous to the Kuwaiti marine environment. Furthermore, they provide a comprehensive understanding of bacterioplankton community structure, spatiotemporal dynamics, and potential metabolic activities in the Kuwaiti marine ecosystem, and provide indications for the physicochemical variables that may modulate them.



Materials and Methods


Sampling and Filtration

Surface water samples at 1 m depth were collected from five sites twice, in October 2018 and April 2019 (Figure 1). The first site was located in the center of the highly urbanized and anthropogenically disturbed Kuwait Bay (KB) (47°57′272′′ E, 29°26′185′′ N, depth 12 m). Four offshore sites in close proximity to urbanized coastal areas and human activities were selected. These were the Messila (M) (48°20′6072′′ E, 29°29′5392′′ N, depth 15 m), Fintas (F) (48°32′3806′′ E, 29°15′1261′′ N, depth 15 m), Khiran (KH) (48°45′172′′ E, 28°68′131′′ N, depth 15 m), and Shuaiba (SH) (48°23′3611′′ E, 28°99′7722′′ N, depth 15 m) sites. The distances between sampling sites were 29 km (between KB and M sites), 8 km (between M and F sites), 20 km (between F and SH sites), and 34.7 km (between SH and KH sites). One liter of surface water samples was collected from each site in quadruplicate using a peristaltic pump. The water samples were kept in polyethylene bottles on ice and processed on the same day. In the laboratory, the water samples from each site were pooled and thoroughly mixed, and 1 L of water was filtered through a sterile 0.22 µm bottle top filter (Filtermax rapid; TPP Techno Plastic Products AG, Trasadingen, Switzerland). The filter was aseptically removed, placed in a sterile container, and stored at −80°C until further analysis.




Figure 1 | Kuwait map showing the locations of the five sampling sites: Kuwait Bay (KB), Messila (M), Fintas (F), Shuaibah (SH) and Khiran (KH). The map shows the predominant surface water circulation patterns in the Arabian Gulf.





Seawater Quality and Chemical Analysis

At each sampling site, environmental parameters such as turbidity, pH, dissolved oxygen (DO), conductivity, temperature, and salinity were measured using a water quality checker (Horiba LTD, Japan).

Fifty milliliters of the unfiltered water samples were used for nitrate and phosphate analysis using an ion chromatography meter. One liter of the unfiltered water sample was used for total petroleum hydrocarbon (TPH) analysis. The water samples were first extracted following the US-EPA 3510C (Update III, June 1997) method, and the extracted samples were analyzed by trace gas chromatography with FID (Thermo Finnigan) using the US-EPA 8015C (Rev. February 3, 2007) method.



Extraction of Environmental DNA and 16S rRNA Sequencing and Analysis

Total genomic DNA was extracted from the stored filters using a DNeasy PowerWater kit (Qiagen), following the manufacturer’s instructions. Each filter was cut in half and treated separately, and after environmental DNA elution, the DNA samples from the two parts of the same filter were combined. The quantity and quality of the extracted environmental DNA were checked using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific). Purified DNA extracts were then stored at -80°C until further analysis.

The 16S rRNA gene was amplified with universal primers 27f (5’-AGAGTTTGATCTGGCTCAG-3’) and 1492r (5’-TACGGYTACCTTGTTACGACTT-3’) (Lane, 1991) using ready-to-go PCR beads (GE Healthcare, UK). PCR was performed in 25 μL reaction mixtures (2.5 μM of each primer, ~2.5 μM of environmental DNA). The PCR conditions were as follows: initial denaturation at 95°C for 5 min, followed by 30 cycles of denaturation at 94°C (30 s), annealing at 52°C (30 s), and extension at 72°C (1 min), followed by a final extension at 72°C (10 min) (Lane, 1991). The PCR products were visualized using 1% gel electrophoresis. PCR was performed thrice for each sample, and the PCR products were pooled and purified using a PCR purification kit (Qiagen). The quantity and purity of the cleaned amplified DNA products were measured using a Qubit 2.0 fluorometer (Thermo Fisher Scientific) and the Qubit ds DNA High sensitivity assay kit (Thermo Fisher Scientific) following the manufacturer’s protocol.

The primers 27F (AGRGTTTGATCMTGGCTCAG; Vergin et al., 1998) and 519Rmod (GTNTTACNGCGGCKGCTG; Andreotti et al., 2011) targeting the V1-V3 variable region of the amplified products were used for amplicon sequencing using the bTEFAP® (MR DNA www.mrdnalab.com) method. Each sample was subjected to a single-step 30 cycle PCR using HotStarTaq Plus. A Master Mix kit (Qiagen, Valencia, CA) was used under the following conditions: 94°C for 3 min, followed by 30 cycles at 94°C for 30 s, 53°C for 40 s, and 72°C for 1 min, after which a final elongation step at 72°C for 5 min was performed. After PCR, all amplicon products from different samples were mixed in equal concentrations and purified using Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA). The samples were sequenced using Illumina MiSeq chemistry, following the manufacturer’s protocols at Mr. DNA (USA). Raw sequencing reads were deposited in NCBI under Bioproject number PRJNA783270.

The obtained sequence data were processed using the QIIME 2 (Quantitative Insights into Microbial Ecology) software package (v2-2019.10) (Bolyen et al., 2019). Briefly, paired-end sequences imported into QIIME 2 were first demultiplexed using the qiime2 demux function. Barcodes, primers, and low-quality bases at the ends of both the forward and reverse primers were trimmed using the qiime2-dada2 plugin. The sequences were then quality filtered, dereplicated, merged, and chimera-checked to generate amplicon sequence variants (ASVs) using the qiime2-dada2 plugin. The taxonomic assignment of the ASVs was carried out using the qiime2 naive Bayes classifier trained on the Greengenes (v13_8) database with a 99% OTUs identity threshold. Following taxonomic classification, ASVs comprising singletons or those classified as chloroplasts or mitochondria were excluded from the downstream analysis. Individual abundant representative ASVs lacking taxonomic assignment at the genus level in the Greengenes database were further checked using the SILVA database.



Functional Predictions

The 16S rRNA sequence data were used for functional predictions using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) (Langille et al., 2013). The sequences were clustered against the Greengenes database v.13.5 using the closed-reference clustering approach in QIIME 2 (Version 2019.10) according to the online protocol. Functional predictions were performed in PICRUSt (Galaxy version 1.0.0) using the Kyoto Encyclopedia of Genes and Genomes (KEGG). The analyses were performed at three KEGG pathway hierarchical levels. The obtained data were statistically analyzed using STAMP (Statistical Analysis of Taxonomic and Functional Profiles, v.2.1.3) (Parks et al., 2014).



Statistical Analysis

One-way analysis of variance (ANOVA) was performed to check the dissimilarity in environmental parameters between samples and seasons using Excel.

Alpha and beta diversity analyses were performed in Qiime 2 and rarified to an even sampling depth of 12,682. Alpha diversity was estimated by determining Shannon’s diversity index (Shannon’s DI), Faith’s phylogenetic diversity (Faith’s PD), and the observed features of ASVs. The evenness was calculated using Pielou’s evenness (Pielou’s E). Beta diversity between samples was estimated based on Bray-Curtis dissimilarity distances and visualized via principal coordinate analysis (PCoA).

A linear discriminant analysis (LDA) effect size pipeline (LEFSe) (Segata et al., 2011; available at http://huttenhower.sph.harvard.edu/galaxy/), was used to identify significantly differentially distributed ASVs and also significantly differentially distributed pathways among groups. A threshold of 3.0 on the logarithmic LDA score was selected for discriminative features.

All statistical analyses were run in the statistical program R (version 3.1.2). Pairwise analysis of similarity (ANOSIM) based on Bray-Curtis dissimilarity between seasonal community groups was performed. Principal component analysis (PCA) was carried out to investigate the relationship between the physicochemical parameters and the distribution of the sampling sites in an ordination plot. Indicator species indicative of a particular group were identified using the indispecies package in R. Venn diagrams constructed using the VennDiagram package were performed to display ASVs shared between samples.

The associations between bacterial communities and physicochemical variables were explored by canonical correspondence analysis (CCA) using the ‘vegan’ package in R and the envfit parameter. The data were log (x+1) transformed prior to statistical analysis. Spearman’s correlation analysis was conducted to check the correlations of the top abundant taxa and environmental variables and the correlation of the abundant metabolic pathways and top abundant taxa and visualized in a heatmap using the pheatmap package in R.




Results


Overview of Hydro-Physicochemical Conditions

The physicochemical parameters measured from seasonal samples at the five sites are presented in Table 1. The recorded temperature had significant variations between the two seasons (P < 6.98 × 10-8), with higher temperatures in autumn. The average temperature in autumn was 30.3°C, while in spring it was 23.6°C. The overall temperature varied from 23.21°C (F-APR) to 30.59°C (M-OCT) with a mean of 26.9°C (± 3.5). In all samples, the pH varied from 8.17 to 8.49 with a mean of 8.36 (± 0.11) and was slightly higher in autumn than in spring. The overall water salinity of all samples ranged between 3.8% and 3.9%, while it varied slightly seasonally, with higher salinity in spring. Dissolved oxygen values ranged between 5.52 mg/mL and 10.13 mg/mL with a mean value of 8.47 (± 1.49) and higher values in autumn than in spring. The turbidity levels ranged between 0.42 NTU and 2.0 NTU and turbidity varied seasonally with slightly higher average turbidity in autumn. The nitrate concentration revealed significant seasonal variations (P < 2.6 × 10-8). Higher nitrate levels were observed in spring than in autumn, and the average nitrate concentrations were 1.15 mg/L and 10.87 mg/L in autumn and spring, respectively. The phosphate concentration also exhibited significant seasonal variation (P < 1.27 × 10-9), with higher concentrations in spring and below the detection limits for all autumn samples. The phosphate concentration in the spring season ranged between 8,582.99 mg/L (F-APR) and 9,788.95 mg/L (SH-APR), with an average of 8,971.4 mg/L. The TPH concentration also exhibited significant seasonal variation (P < 0.05), with higher concentrations in early autumn than in spring.


Table 1 | Physicochemical properties of water samples.



Principal component analysis (PCA) was performed to explore the influence of measured physicochemical parameters at the sampling sites on the distribution of the seasonal samples (Figure 2). The PCA biplot showed a clear seasonal separation between the samples. All spring samples clustered separately from autumn samples and PCA explained 78.9% of the total variance along the first two axes. The first axis (PC1) explained 56.5% of the variability and was positively correlated with salinity, nitrate, and phosphate levels, but negatively correlated with temperature, pH, TPH, DO, and turbidity. The second axis explained 22.4% of the variability and was positively correlated with turbidity, TPH, salinity, and temperature, but negatively correlated with pH, DO, nitrate, and phosphate levels.




Figure 2 | Principal Component Analysis (PCA) of the physicochemical variables measured at the sampling sites. The percentage of variability explained by axes is shown.





Overview of the Sequencing Data

A total of 230,725 high-quality reads were obtained for all the samples and clustered into 991 ASVs. The Shannon rarefaction curves for all samples plateaued, suggesting a sufficient representation of the overall bacterial diversity of the samples (Supplementary Figure 1). The number of ASVs, Shannon, and Pielou diversity indices, as well as the phylogenetic diversity (Faith’s PD) richness index per sample are summarized in Supplementary Table 1. The number of ASVs per site varied between 209 and 252 in autumn, and between 173 and 222 in spring. A Venn diagram was constructed to show the distribution of the total number of ASVs detected across all samples (Figure 3A). The analysis revealed that only 173 of the 991 ASVs were shared among the seasonal samples. In addition, 482 and 336 unique ASVs were identified in the autumn and spring samples, respectively, accounting for 73.5% and 66.0% of the total ASVs, respectively. The bacterial taxa shared among the sites (core microbiome) were represented by 55 ASVs in autumn as well as by 55 ASVs in spring (Supplementary Figure 2).




Figure 3 | (A) Venn diagram showing the number of shared and unique ASVs between the seasonal samples. (B) PCoA analysis of sample beta diversity using Bray Curtis distance. Clustering of samples by month of sampling is observed.



In autumn, the Shannon and Pielou diversity measures were lower in Kuwait Bay and higher at Fintas and Shuaiba. However, in spring, the Shannon and Pielou diversity measures were higher in Kuwait Bay and lower at Khiran. Faith’s PD richness index was higher at Khiran and lower at Shuaiba in autumn, while the opposite was true in spring. All alpha diversity estimates exhibited a significant seasonal diversity (Supplementary Figure 3). The number of ASVs was significantly higher in autumn than in spring (P < 0.05). The alpha-diversity measures (Shannon and Pielou) were significantly higher in spring than that for autumn (P < 0.05), while Faith’s PD richness index was significantly higher (P < 0.05) in autumn. The beta diversity based on the Bray–Curtis distance between samples revealed a significant seasonal dissimilarity (P < 0.05) and clear separate clustering of autumn and spring samples (Figure 3B), along with the primary principal coordinate explaining 56.41% of the total variability. The autumn samples were grouped together, and higher variability was observed in the bacterial composition of spring samples. The ANOSIM R statistic also confirmed significant differences in the bacterial community composition of the seasonal samples (R =1; P < 0.01).



Bacterial Community Composition

The taxonomic classification identified 19 phyla, 37 classes, 73 orders, 101 families, and 132 taxa. The four most dominant phyla accounted for >87.9 of the ASVs in all samples, and the major phyla were Proteobacteria (49%), Cyanobacteria (16%), Bacteroidetes (16%), and Actinobacteria (7%) (Figure 4A). The relative abundance of Proteobacteria increased in spring, while that of Cyanobacteria increased considerably in autumn. Further classification at the class level revealed that the samples were dominated by five classes: Alphaproteobacteria (30%), Synechococcophycideae (16%), Gammaproteobacteria (14%), Flavobacteriia (13%), and Acidimicrobiia (6%).




Figure 4 | (A) The relative abundances of the bacterial community composition from the 10 samples at phylum and (B) The relative abundances of the top 10 abundant taxa from the 10 samples. Bacterial phylotypes with a relative abundance of < 1% were labeled as “others”.



Over 94% of the shared ASVs among autumn samples and 96% of the shared ASVs among spring samples belonged to the top 10 most abundant taxa. In addition, the top 10 abundant taxa with ASVs collapsed to the genus rank were present in all samples, but in different proportions (Figure 4B). To identify the differentially abundant bacterial groups indicative of seasonal samples, we performed indicator species analysis using taxa with at least 1% relative abundance in any sample. This analysis (Supplemental Table 2) identified 21 indicator species that were significantly associated with one of the seasons. Six indicator taxa were differentially abundant in autumn, and 15 indicator taxa were differentially abundant in spring. The majority were lower abundance taxa, and four of the top 10 abundant taxa were recognized as indicator taxa. Synechococcus was significantly differentially abundant in autumn, and the SAR11 clade Ia, SUP05 cluster, and SAR116 clade were significantly differentially abundant in spring. We also performed linear discriminant analysis effect size analysis (LEFSe), and the results showed that 22 taxa were differentially abundant between the seasonal samples (LDA >3.0) (Supplementary Figure 4). Similar to the indicator species results, most of the enriched taxa had low abundance, and three of the top 10 abundant taxa were considered differentially abundant. Synechococcus and NS4 marine group were enriched in autumn, while the SUP05 cluster was enriched in spring.



Association of the Bacterioplankton Community Composition With Physicochemical Variables

Canonical correspondence analysis (CCA) was performed to detect the specific environmental variables that could influence the bacterial community composition in the seasonal samples (Figure 5A). The CCA explained 52.11% of the variance. Based on the envfit parameter, Monte Carlo permutations (999 permutations) revealed that only TPH (P > 0.001), nitrate (P > 0.009), phosphate (P > 0.007), and temperature (P > 0.008) were significant determinants of the bacterial community composition (Supplementary Table 3). Nitrate and phosphates were determinants at all sites in spring, and the bacterial community was largely explained by temperature at all sites in autumn, except for Khiran.




Figure 5 | The association between physicochemical parameters and the bacterial community structure. (A) CCA ordination plot depicting the relationship between physicochemical parameters and bacterial community composition. (B) Heatmap of Spearman’s correlations between physicochemical variables and the top 10 abundant taxa. The color legend shows correlation coefficients.



Spearman’s correlation analysis was also used to examine the association between the bacterial community composition represented by the top 10 abundant taxa and the physicochemical parameters (Figure 5B). The analysis revealed contrasting correlation patterns with all tested parameters, except for turbidity. Furthermore, the taxa were grouped by their correlation coefficients with physicochemical variables into two clusters. Cluster I was associated with taxa that exhibited higher abundance in spring, while Cluster II taxa had higher abundance in autumn.

Within Cluster I, SAR11 subclade 1a, SUP05 cluster, and SAR116 clade exhibited strong significant positive correlations with nutrients and negative correlations with temperature, dissolved oxygen, and TPH. However, they displayed different correlations with salinity, except for SAR116 clade taxa, which displayed a strong positive correlation with salinity. Flaviicola, another member of Cluster I, exhibited positive correlations with salinity and nutrient levels and negative correlations with other variables.

Within Cluster II, Synechococcus spp. displayed strong and significant positive correlations with temperature and TPH as well as a good positive correlation with dissolved oxygen and a weak correlation with pH. However, Synechococcus was negatively correlated with salinity and had a significantly negative correlation with nutrients. Furthermore, the SAR86 clade and NS4 marine group taxa both exhibited positive correlations with temperature and TPH; however, the NS4 marine group taxa showed more positive correlations with pH and dissolved oxygen. In Cluster II, the AEGEAN-169 marine group taxa and Candidatus Actinomarina exhibited weak positive correlations with all physicochemical variables.



Functional Predictions of the Bacterioplankton Communities

To check the effect of seasonal differences in taxonomic composition on the metabolic functions across samples, we used 16S rRNA sequences and PICRUSt to explore the functional capacity of the bacterial communities inhabiting the different samples. At the first level of KEGG functional categories, PICRUSt analysis predicted basic physiological activities including metabolism, cellular processes, genetic information processing, and environmental information processing (Supplementary Figure 5). The PCA profiles of the functional pathways at the first level of KEGG functional categories showed grouping of same season samples and a slight separation between autumn and spring samples (Figure 6A). However, the differences in the mean proportions of the predicted pathways between the two seasons were less than 1% (Supplementary Figure 6) suggesting functional redundancy. In the second-tier KEGG functional category hierarchy, 27 pathways were identified; in the third-tier KEGG functional category hierarchy 223 functional orthologs were predicted. The LEFSe analysis of the predicted third-tier KEGG pathways identified two pathways, “transporters” and “ABC transporters,” which were enriched in spring samples, while the “photosynthesis proteins” pathway was enriched in autumn samples (Figure 6B).




Figure 6 | PICRUST prediction of functional profiling of the bacterioplankton communities based on 16S rRNA sequences for all samples. (A) Principal component analysis plot of distances between the seasonal sample pathway profiles. PC1 accounted for 87.3% and PC2 8.6% of the variation in the PICRUST predicted pathways between autumn and spring samples. (B) LEfSe analysis of the significantly differential abundant predicted KEGG categories at Level 3 between autumn and spring samples. Spring-enriched pathways are indicated with a positive LDA score (green), and pathways enriched in autumn with a negative score (red).



Spearman’s correlation analysis was performed to explore the association between the highly abundant third-tier KEGG functional category pathways and the top 10 abundant taxa (Supplementary Figure 7). The results showed that photosynthetic proteins displayed a significantly positive correlation with Synechococcus and SAR11 clade II and a negative correlation with the remaining taxa. On the other hand, transporters and ABC transporters revealed a significantly positive correlation with SAR11 subclade Ia, a positive correlation with the SUP05 cluster, and a negative correlation with Synechococcus.




Discussion

In this study, we used 16S rRNA amplicon sequencing to research the seasonal diversity of bacterioplankton community dynamics in Kuwait Bay and four sites along the Kuwait coastal shoreline. This allowed us to explore the spatiotemporal and functional diversity of bacterioplankton communities in the context of variable physicochemical parameters. Our results provide the first detailed insight into the microbial ecology of Kuwait’s waters and reveal strong temporal bacterioplankton patterns and differences in the microbial diversity of bacterioplankton. The general bacterioplankton community composition detected in Kuwait littoral waters and the most dominant ASVs that constituted the core microbiome in the surface waters of all examined sites were Proteobacteria, Cyanobacteria, Bacteroidetes, and Actinomycetes. This bacterioplankton composition is similar to those found in several marine and coastal environments (Giovannoni and Rappé, 2000; Gilbert et al., 2009; Gilbert et al., 2012; Sunagawa et al., 2015). However, the observed spatial distribution patterns of the bacterioplankton community among sites could be, as suggested by other studies, related to the environmental heterogeneity between sites (Quero and Luna, 2014; Liu et al., 2015).

Studies have shown that bacterioplankton communities at any specific space or time are frequently dominated by a few abundant taxa, while the majority of the remaining taxa are rare (Rappé et al., 2000; Sogin et al., 2006; Campbell et al., 2011; Gilbert et al., 2012). A large number of unique or rare ASVs with relatively low abundances (< 1%) were detected in the seasonal samples, thereby suggesting that these rare ASVs represent rare microbial diversity and thus account for most of the observed seasonal diversity between the autumn and spring samples. These rare ASVs could also be important for community dynamics and can be used as indicators of changes in the ecosystem status (Kirchman et al., 2010).

The bacterial alpha diversity and abundance of all major phyla, except cyanobacteria, increased in spring, when the conditions were highly eutrophic. The alpha diversity of bacterioplankton communities in coastal waters usually responds positively to increasing eutrophication levels (Dai et al., 2017). All of the most abundant taxa in this study have frequently been detected in the microbial communities of various marine (Morris et al., 2002; Cram et al., 2015) and coastal (Campbell et al., 2011; Gifford et al., 2014; Campbell et al., 2015) water environments and have been recently detected in heavily impacted polluted shoreline waters (Zimmer-Faust et al., 2021). The top 10 abundant taxa were present at all sites, but in various ratios, which is similar to the identified global patterns of bacterial diversity in surface waters (Pommier et al., 2007; Zinger et al., 2011). Our results showed that four of the top 10 abundant taxa could be recognized as indicator taxa for seasonal samples. Additionally, our results revealed contrasting correlation patterns with temperature, nutrient levels, and TPH, thereby suggesting a coherent response to the surrounding conditions. The patterns obtained mirrored the clear partitioning observed between the seasonal samples in both the PCA and CCA plots (Figures 2, 5A). This also confirms the beta-diversity measures and ANOSIM analysis results, which revealed significant compositional differences between seasonal samples.

Seasonal microbial succession and community dissimilarity in open water are usually linked to temperature and nutrient levels, mainly phosphorus and nitrogen (Treusch et al., 2009). Nutrient availability and resource partitioning can also influence niche structure (Church, 2009). Furthermore, several studies have shown that the partitioning of bacterioplankton communities and the observed shifts in relative abundance are potentially linked to the surrounding physicochemical environment and increased anthropogenic nutrient inputs (Perryman et al., 2011; Jeffries et al., 2016). Significant differences were observed in the nutrient concentrations of the seasonal samples. Several studies have indicated the influence of nutrients on the diversity, structure, and composition of bacterioplankton communities in marine ecosystems (Gilbert et al., 2009; Andersson et al., 2010; Gilbert et al., 2012; Bunse and Pinhassi, 2017). Freshwater input from the Shatt Al-Arab River, which usually occurs in spring, increases the nutrient levels (Al-Yamani et al., 2004). Additionally, temperature changes can also alter nutrient levels and freshwater inputs (Statham, 2012). Our results showed high nitrate and phosphate levels in spring and minimal levels in autumn. Similarly, Al-Said et al. (2019) also reported a temporal decrease in phosphate in Kuwaiti waters from winter-spring to summer-autumn. The high level of nutrients in spring could also be related to human-related activities, such as the release of industrial effluent and contaminants from desalination and power plants, and the discharge of domestic sewage into the sea (Al-Sarawi et al., 2015; Devlin et al., 2015). Historically, the discharge of large quantities of raw sewage into the sea through emergency outlets during the malfunction of the Mishref sewage station in 2009 caused a drastic reduction in water quality parameters, leading to a large increase in ammonia and phosphate levels and anthropogenic eutrophication in coastal waters (Al-Sarawi et al., 2015; Devlin et al., 2015; Al-Said et al., 2019).

The cosmopolitan SAR11 clade was consistently the most abundant in the dataset. The SAR11 clade comprises aerobic chemoheterotrophic free-living bacteria that usually favor oligotrophic conditions, but are also found in nutrient and organic matter-rich coastal waters (Rappé and Giovannoni, 2003; Wilhelm et al., 2007; Lami et al., 2009). The SAR11 clade normally exhibits higher abundance in spring following phytoplankton blooms (Treusch et al., 2009; Delpech et al., 2021). Owing to the high nutrient input and eutrophication, phytoplankton blooms, including macroalgae and harmful blooms, occur frequently in Kuwaiti waters, mostly during spring and autumn (Al-Yamani et al., 2012; Polikarpov et al., 2020). The abundance of the SAR11 clade increases in the presence of increased inorganic nutrient concentrations (Gilbert et al., 2012). Nutrient availability can also promote the growth of distinctive SAR11 ecotypes (Pinhassi and Berman, 2003), such as the observed higher abundance of SAR11 subclade Ia in spring in the presence of high nutrient levels. In contrast, the abundance of SAR11 clade II in autumn displayed a negative correlation with nutrients, suggesting the autumn phylotype’s differential preference to inhabit niches with lower nutrient levels. Consistent inverse abundance patterns for these two SAR11 clades have been previously observed (Salter et al., 2015) and seasonal variations in the abundance and diversity of SAR11 clades have been detected in tropical, subtropical, temperate, and freshwater environments (Logares et al., 2010; Chow et al., 2013; Heinrich et al., 2013; Vergin et al., 2013; Salter et al., 2015). Several studies have shown that temperature changes can alter bacterial metabolic activities and influence the structure and composition of bacterial communities (Gilbert et al., 2009; Kirchman et al., 2009; Gilbert et al., 2012). In addition, temporal variability in SAR11 clade abundance is mostly driven by temperature (Brown et al., 2012; Salter et al., 2015). SAR11 clades often exhibit higher abundance with increasing temperatures (Lefort and Gasol, 2013). However, our results showed that the two abundant SAR11 clades displayed contrasting correlations with temperature, suggesting their partitioning into different environmental niches.

Cyanobacteria was the second most abundant phylum in this study, and the overall patterns in the bacterial composition detected in this study were mostly related to the temporal shift in Cyanobacteria abundance in autumn. Synechococcus is globally dispersed throughout shallow temperate and tropical waters (Palenik et al., 2003; Flombaum et al., 2013). Our results are also in agreement with those of other studies that considered gulf surface water to be one of the world’s richest water bodies in terms of Picocyanobacteria, specifically Synechococcus (Al-Hasan et al., 2001; Radwan et al., 2005; Al-Bader et al., 2011). In this study, Synechococcus displayed a strong positive correlation with temperature. A previous study on Kuwait coastal waters confirmed that cyanobacteria abundance, mainly Synechococcus, increased with elevated temperature and that Synechococcus can still grow at 34°C (Al-Bader et al., 2011). In contrast, Synechococcus exhibited a significantly strong negative correlation with nutrients. Synechococcus generally consists of many distinctive lineages, each with a different niche preference. Studies have shown that some of these Synechococcus lineages are more abundant in coastal waters with a wide range of nitrate and phosphate levels (Scanlan et al., 2009). The high abundance of Synechococcus in autumn, despite the phosphate limitation, confirms earlier findings that N/P levels are not a limiting factor for Synechococcus growth in local waters (Al-Bader et al., 2011).

A higher abundance of Gammaproteobacteria is usually detected in anthropogenically disturbed regions (Cabral et al., 2016). The abundant member of this class, the SUP05 clade, exhibited a higher abundance in spring when the conditions were eutrophic. The SUP05 clade consists of abundant, cosmopolitan chemoautotrophic bacteria (Walsh et al., 2009; Wright et al, 2012; Shah et al., 2017) with an important role in carbon fixation, sulfur oxidation, and denitrification (Walsh et al., 2009; Mattes et al., 2013; Hawley et al., 2014). A recent study considered this clade a strong indicator of eutrophication in anthropogenically impacted bays on the coast of Vietnam (Kopprio et al., 2021). The SUP05 clade displayed a negative correlation with temperature and usually prefers lower temperatures for growth (Shah et al., 2017). The SUP05 clade displayed strong positive correlations with nitrate and phosphate levels. This clade is usually more abundant at the nitrite maxima of the oxygen minimum zones (Shah and Morris, 2015; Shah et al., 2017) and the euphotic zone of the gulf usually accumulates high levels of nitrite (Al-Yamani and Naqvi, 2019). In addition, the activities of this clade and the increase in organic matter remineralization can cause an increase in phosphate concentration (Lomnitz et al., 2016).

The Gulf is home to most of the world’s oil reserves; and most of the oil is marine-transported from shallow Gulf waters (Radwan et al., 2005; Al-Sarawi et al., 2015). Oil pollution is a persistent problem in the entire Gulf region, affecting both the biotic and abiotic features of the Gulf (Sheppard et al., 2010). Several studies have shown that oil contamination in Gulf water stimulates the growth of specialized hydrocarbon-degrading bacteria (Radwan et al., 2005; Mahmoud et al., 2009; Al-Mailem et al., 2013). Alphaproteobacteria and Gammaproteobacteria play major roles in oil degradation (Coulon et al., 2007; Mason et al., 2012). Although the CCA plot (Figure 5A) identified TPH as a major determinant of the bacterial communities in the seasonal samples, none of the samples revealed an association with TPH. In addition, all abundant taxa in spring exhibited negative correlations with TPH. A recent study showed that although the SUP05 clade was abundant in plume-derived hydrocarbon-degrading consortia, the purified isolate failed to degrade any of the tested hydrocarbons (Wang et al., 2020). Previous studies have found that picocyanobacterial isolates from the Gulf, including Synechococcus, can accumulate hydrocarbons and make them available to associated hydrocarbon-utilizing bacteria (Al-Hasan et al., 2001: Radwan et al., 2005). These studies concluded that these associated hydrocarbonoclastic bacteria are also important for enhancing Synechococcus growth (Radwan et al., 2005). Interestingly, the SAR86 clade, Synechococcus, and Flavobacteriaceae, which correlated positively with TPH, were recently detected in the microbial community along the oil pollution continuum in the Gulf (Rezaei Somee et al., 2021). Flavobacteriaceae are chemoorganotrophic bacteria, many of which degrade hydrocarbons (Kwon et al., 2006; Gutierrez et al., 2014; Hazen et al., 2016). The Flavobacteriaceae NS4 marine group displayed a negative correlation with nutrients, and the abundance of Flavobacteriaceae decreases in nutrient-enriched sites (Fodelianakis et al., 2014); this is in agreement with our findings. Also, a previous study showed that Flavobacteriaceae recovered from anthropogenically impacted estuaries exhibit a negative correlation with nutrients (Jeffries et al., 2016).

Salinity and dissolved oxygen are key factors shaping the structure and composition of microbial assemblages (Herlemann et al., 2011; Kirchman et al., 2017; Aldunate et al., 2018). However, the masked effect of these variables and the remaining environmental variables such as turbidity and pH, indicates, as suggested by many studies, that the local distribution of bacterial communities is regulated by a combination of several environmental variables (Quero and Luna, 2014; Liu et al., 2015; Richa et al., 2017); it also suggests that other unmeasured environmental factors and top-down pressures, such as grazing or viral lysis, influenced the structure of bacterial communities in the seasonal samples.

Investigating the metabolic potentials of the bacterial communities of the seasonal samples based on 16S rRNA sequences revealed that, although significant seasonal differences in the bacterial community composition existed between the samples, the distribution of the functional categories and variations in their metabolic potentials were similar. This suggests that many of the metabolic functions are shared between the bacterial communities of the seasonal samples and that these functional pathways are present throughout the water column, regardless of the season. Such functional redundancy or richness between seasonal samples could imply the presence of varied species diversity adjusted to a variety of niches (Sunagawa et al., 2015). Therefore, the absence of one member of the community does not eliminate the function provided by that member, as other members can also provide the function, suggesting the stability of the system. Furthermore, the LEfSe results suggested the enrichment of membrane transport genes, specifically ABC transporters, in the spring season. Transporters are ubiquitous in marine and coastal environments (Sowell et al., 2009; Poretsky et al., 2010) and their primary function in bacteria is to import carbon and energy sources, as well as the release of metabolites (Davidson and Chen, 2004). ABC transporters are essential for carbon and nutrient cycling in marine environments (Sowell et al., 2009) and are usually used to detect bacterial dissolved organic matter consumption patterns (Jiao and Zheng, 2011; Tang et al., 2012). In addition, the correlation analysis revealed a positive correlation of transporters and ABC transporters with the indicator taxa of the spring SAR11 subclade Ia and SUP05 cluster. In autumn, the LEfSe results showed the differential abundance of photosynthetic proteins, and the correlation analysis showed a strong positive correlation of photosynthetic proteins with indicator taxa of autumn Synechococcus. However, more in-depth studies are required to provide insight into the specific bacterial groups associated with the prevalent functional pathways and their role in the biogeochemical cycles in Kuwaiti waters. Overall, it should be noted that the PICRUSt analysis represents natural environmental 16S rRNA sequence data, where the predicted functions reflect environmental heterogeneity and ecosystem functioning (Staley et al., 2014; Yang et al., 2018). However, we are aware of the fact that the PICRUSt results could be skewed depending on primer bias, and the identified functions are limited by the availability of complete sequence genomes in the database. Nevertheless, the PICRUSt results highlight the bacterioplankton functional potential of an ecosystem, which should be verified with gene expression studies to link the functional genes of uncultured organisms to taxonomic identity.

In conclusion, herein we investigated for the first time the spatial, temporal, and functional potential of bacterioplankton communities in Kuwaiti waters. Our results identified a core bacterioplankton community and a significant seasonal shift in the bacterioplankton community structure. We also found that temperature, nutrient levels, and TPH were the major environmental drivers of the bacterial community structure. Our results also highlight the importance of niche specialization and resource partitioning in the surrounding habitat in stimulating the presence and prevalence of distinct phylotypes in local waters.

The absence of a major spatial distinction between Kuwait Bay and the offshore sites in the seasonal samples reflects the similarity of site habitats and suggests the dispersal of the bacterioplankton communities in local waters, which could be related to the prevalent anticlockwise circulation pattern in Kuwait waters. The movement of water masses, water mixing, and passive dispersal may promote the ubiquitous distribution of similar bacterioplankton taxa between sites. Furthermore, functional predictions indicated relatively stable seasonal functional profiles that maintained the functional consistency of the Kuwaiti water ecosystem. Overall, these baseline data provide the foundation for future microbial observatories and highlight the need for interannual studies to identify recurrent microbial community patterns and functional responses to eutrophication.
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Sample Sampling date Temperature (°C) pH Salinity (%) DO (mg/ml) TURB (NTU) NO,~ (mg/L) PO, (mg/L) TPH (mg/L)

KB- 21.10.2018 30.12 8.47 3.88 9.70 1.0 1.05 <DL 0.274
oCcT
M-OCT 21.10.2018 30.59 8.38 3.83 9.92 1:2 1.06 <DL 0.371
F-OCT 23.10.2018 30.24 8.33 3.84 10.13 0.42 1.38 <DL 0.326
SH- 23.10.2018 30.19 8.43 3.88 8.38 12 1.16 <DL 0.286
ocT
KH- 23.10.2018 30.4 8.38 3.85 8.51 20 112 <DL 0.683
ocT
KB- 21.04.2019 23.29 8.43 3.87 9.67 1.19 11.28 9521.42 0.193
APR
M-APR 21.04.2019 23.48 8.17 3.92 6.79 1.34 10.21 8672.04 0.199
F-APR 21.04.2019 23.21 8.18 3.85 5.52 0.57 10.19 8582.99 0.190
SH- 21.04.2019 2391 8.49 3.98 8.06 1.02 12.51 9788.95 0.265
APR
KH- 21.04.2019 24.15 8.40 3.91 8.01 1.2 10.22 8291.94 0.181
APR

DO, dissolved oxygen; TURB, turbidity; NO3, nitrate, PO}, phosphate; TPH, total petroleum hydrocarbon; DL, detection limit.
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