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Abstract

:

Ecosystem functioning depends on complex interactions between microorganisms, hosts, and the environment. Changes in environmental conditions (e.g., ocean acidification) in combination with anthropogenic pollution have been shown to affect the composition and function of free-living microbial communities, but little is known about the effects these stressors on host-associated communities. This study aims to characterize the response of host-associated bacterial communities of the bottom-dwelling polychaete Hediste diversicolor and the epibenthic gastropod Peringia ulvae to oil contamination and reduced seawater pH. The independent and interactive effects of both stressors were simulated under controlled conditions. The response of host-associated bacterial communities was assessed using the high-throughput sequencing of the 16S rRNA gene and several biochemical markers related to host metabolic pathways, e.g., neurotransmission, anaerobic metabolism, biotransformation, oxidative stress, and energy consumption. In H. diversicolor, reduced seawater pH was associated with a high relative abundance of Cyanobacteria, while in P. ulvae oil contamination was associated with a reduction in the relative abundance of Chitinophagales. In P. ulvae, enrichment with oil hydrocarbon-degrading bacteria suggests a possible role of these organisms in the dispersion of oil hydrocarbon degraders. Furthermore, oil supplementation shifted some specific biochemical markers of gastropods related to oxidative stress and energy consumption, which suggests host stress. In general, the bacterial communities and biochemical markers of the gastropod were more affected by stressors than those of the polychaete. Overall, this study contributes to a better understanding of the response of host-associated bacterial communities of benthic macrofauna to anthropogenic contamination and environmental change.
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1. Introduction


In recent decades, advances in DNA sequencing technologies have revealed the importance of host microbial communities on animal development, immunity, stress response, and overall health [1]. It is well known that changes in the associated microbiomes of animal hosts can produce effects that go beyond the host’s health: they can influence biogeochemical cycling, biodiversity, and, even, ecosystem processes [2]. One prime example of this is the microbiome–host–environment interaction that occurs in marine sponges: some of these organisms harbour among the densest microbial communities in the marine realm [3]. Sponges rely on this community for essential nutrients and defence, and, in return, their high cellular-turnover rates provide heterotrophic bacteria with a constant flow of nutrients and organic matter [4]. Altogether, this mutual exchange foments a highly diverse ecosystem in an otherwise oligotrophic and barren environment [4].



Currently, marine microbiome research seeks to understand the role that the interaction between host, microbiome, and environment has on the overall holobiont resilience [5]. Microorganisms can respond rapidly to environmental changes, suggesting that they may play a significant part in helping their hosts adapt to future climatic conditions and anthropogenic stressors [5,6]. Yet, few studies have until now analysed the combined effects of changing environmental conditions (e.g., reduced seawater pH and high temperatures) and pollution on both host health and their associated microbiomes. Previous studies have instead focused on characterizing the response of microbial communities from the surrounding environment (e.g., estuarine sediment and bacterioplankton) to these interactive effects [7,8,9,10].



Most current estimates indicate that atmospheric carbon dioxide partial pressure (pCO2) is more than 50 % higher in 2021 than in the pre-industrial era [11]. Although the rise has been attenuated by the ocean’s capacity to absorb about 30% of emitted CO2, it is not without a drawback. In seawater, absorbed CO2 alters the equilibrium of inorganic carbon ions, which reduces seawater pH [12]. Ocean pH has declined 0.017–0.027 units per decade since the late 1980s in >95% of the near-surface ocean [13], and some estimates expect it to further decline 0.3–0.4 units by 2100 [14]. Meanwhile, oil hydrocarbon detoxification in estuarine sediment has been shown to be affected by changes in seawater pH [7,9]. Specifically, it has been observed that reduced seawater pH conditions lower the abundance of certain sulphate-reducing bacteria, and this is associated with changes in xenobiotic toxicity and increased stress in benthic organisms, as, e.g., Hediste diversicolor and Peringia ulvae [9]. Changes in microbial communities were later found to be coupled with a reduction in specific archaeal groups and an increase in putative hydrocarbonoclastic fungi [7]. However, the impact of reduced seawater pH and oil contamination on the health of benthic macrofauna and associated microbial communities has yet to be fully investigated. Furthermore, the potentially deleterious effects of both factors (i.e., reduced seawater pH and oil contamination) at the biochemical level in the benthic macrofauna are seldom addressed in these types of studies, thus justifying their inclusion herein as a complementary (and therefore integrative) approach to gain a more comprehensive insight of the additional metabolic pathways triggered by the contemplated stressors.



Specifically, this study aims to investigate the independent and interactive effects of reduced seawater pH and oil contamination on both the associated bacterial communities and representative biochemical markers of two benthic organisms—the polychaete H. diversicolor and the gastropod P. ulvae—collected from an estuarine port sediment habitat. These species were chosen because they (1) are typically abundant in temperate coastal environments, including at the sampling site of this study; (2) are well-studied organisms in the Ria de Aveiro ecosystems having a vast publication record; and (3) represent individuals with two distinct benthic lifestyles, viz., sediment-dwelling (H. diversicolor) and epibenthic grazing (P. ulvae). These two organisms have different modes of life and distinct roles in the sediment. The polychaete H. diversicolor is a sediment-dwelling nereid polychaete from shallow marine and brackish ecosystems that creates and inhabits burrows; it is omnivorous and can act as a predator or deposit-feeder [15]. Its bioturbation activities are known to increase sediment oxygenation and promote the activity of aerobic hydrocarbonoclastic bacteria, thus influencing both qualitatively and quantitatively hydrocarbon biodegradation in sediments [15,16]. Furthermore, the transit of sediment through the digestive tracts of polychaetes can modulate sediment microbial assemblages and regulate biogeochemical cycling [17]. The gastropod P. ulvae grazes on microphytobenthos and periphyton in estuarine sediments [18]. Its activity primarily impacts superficial sediment through surface browsing and disruption, thus originating small sub-surface burrows [19]. As does H diversicolor, P. ulvae feeding behaviour can also modulate microbial assemblages and bacterial dispersion [20].



Under controlled microcosm conditions, numerous studies consistently demonstrated the sensitivity of H. diversicolor to changes in seawater pH [21,22,23,24]. Specifically, lower seawater pH values were observed to impact the osmotic regulation of the polychaete, augment its metabolic activity, and elevate oxidative stress biomarkers, thereby inducing cellular damage [24,25,26,27]. Furthermore, reduced seawater pH was also found to enhance the toxicity of certain xenobiotics, such as pharmaceuticals [22,24]. Although the impact of reduced seawater pH on P. ulvae remains unexplored, ocean acidification alters the marine carbonate chemistry, potentially diminishing calcification rates in shelled organisms. Notably, seawater pH has been demonstrated to exert a mild impact on the food consumption and survival of the marine gastropod Gibbula umbilicalis [28]. Despite their crucial roles in remediating polluted environments, both H. diversicolor and P. ulvae have exhibited susceptibility to the deleterious effects of oil hydrocarbon pollution, as documented in previous studies [28,29].




2. Materials and Methods


2.1. Microcosm Experiment


A microcosm experiment was carried out between May and July 2016 in an experimental life support system (ELSS). The ELSS maintains individual microcosms at a controlled temperature, by submersion in a water bath, while allowing for the simulation of a diurnal light and tidal cycle and the manipulation of seawater pH. The ELSS supports up to 32 microcosms in four independent modules, which allows for the testing of a total of eight different treatments (assuming four replicates each). More information regarding the architecture of the microcosm system can be found in Coelho et al., 2013 [21]



Sediment cores were collected at low neap tide on the 23 May 2016 at the Ílhavo channel of the Ria de Aveiro (40°38′42.5″ N 8°41′53.6″ W). The sampling site was a barren intertidal mudflat, briefly exposed during the low neap tide, and it was located in between various shipping harbours and adjacent to a fuel storage facility [22]. Sediment cores (≈13 cm high) were collected intact [following previously published guidelines [23]] and transferred to the ELSS. Photoperiod (14 h), salinity (32.6 ± 1.5 ppt), and temperature (19 ± 1.5 °C) were defined to simulate conditions recorded at the sampling location and kept constant. A factorial experiment was designed using sixteen microcosms (distributed throughout the four modules; see above) with four experimental treatments (Table S1): “Cont” (i.e., ‘control’; without oil and with normal pH), “OnpH” (i.e., ‘only pH’; without oil and with reduced seawater pH), “OnOi” (i.e., ‘only oil’; with oil and normal pH) and “pHOi” (i.e., ‘pH and oil’; with oil and reduced seawater pH). Each treatment had four replicates, one in each of the four ELSS modules. A stabilization period (with reduced and normal pH conditions in respective treatments) of 19 days was performed before oil contamination. This enabled the biological communities in the sediment cores to acclimatize to microcosm conditions. During this period, water pH in one of the two reservoirs was gradually decreased by 0.05 units daily, until it reached 7.16; this corresponded to a pH of ≈7.5 in the water columns of the individual microcosms. Water pH in reduced seawater pH reservoir was manipulated by bubbling CO2 [24]. This reservoir provided water to the microcosms with the reduced water pH treatments, while in the other reservoir, seawater pH was not manipulated and was the source of water to the microcosms with the normal pH treatments. Average seawater pH in tanks during the experimental period was 7.89 ± 0.13 for Cont, 7.52 ± 0.15 for OnpH, 7.91 ± 0.15 for OnOi, and 7.51 ± 0.18 for pHOi (average of all measurements of all replicates of each treatment during experimental period, i.e., after the acclimatization period). The difference between normal and reduced seawater pH microcosms (0.3–0.4) falls within the pH reduction predicted for the global sea surface in 2100 [14]. The experimental period began when the surface waters of the respective microcosms were contaminated with weathered Arabian Light Crude oil (provided by PETROGAL refinery; Matosinhos, Portugal). Oil (7.5 mL) was added to microcosms at 0.5% (Voil/Vwater) immediately following a simulated high tide (1500 mL), during five consecutive high tides. Previously, oil was allowed to evaporate in an aluminium tray, in a fume hood at ambient temperature, for 24 h to simulate atmospheric weathering. This weathering process reduced oil weight by 12.53% (w/w). The pH was monitored daily at the end of each low tide with a calibrated pH meter (Orion StarTM portable pH meter, Thermo Fisher Scientific Inc., Waltham, MA, USA). Detailed information regarding the microcosm experimental parameters and functioning can be found in the Supplementary Material and Methods section of the Supporting Information file.



This study focused on two aquatic organisms: the polychaete H. diversicolor and the gastropod P. ulvae. Seven and twenty organisms of H. diversicolor and P. ulvae, respectively, were collected at the same sampling site a day later and introduced in each microcosm. Details about organism collection can be found in the Supporting Information file. At the end of the experiment (i.e., 21 days after oil contamination), surviving individuals and sediment were collected for microbiological (organisms and sediment) and biochemical markers (only organisms) analyses. The organisms for DNA extraction were directly stored in absolute ethanol at −80 °C, whereas those for biochemical analyses were immediately frozen in liquid nitrogen and stored at −80 °C until processing. Sediment samples were collected by pooling the top centimetre of four mini-cores (ø 1.0 cm), creating one composite and homogeneous sample per microcosm. Sediment samples were stored at −80 °C until processing.



The experiment was designed to retrieve four independent replicates per treatment, with each microcosm module corresponding to a single replicate. However, due to high mortality caused by oil contamination in some treatments (OnOi and pHOi), the number of retrieved organisms (both H. diversicolor and P. ulvae) was few or none in some microcosms. Therefore, the number of microcosm replicates for DNA extraction was reduced to three for all combinations of treatments and organisms. Even then, P. ulvae individuals were only obtained in two out of the four replicates (tanks) of the pHOi treatment. Therefore, since this treatment lacked a minimum of three replicates, it was removed from the analysis (only for P. ulvae).




2.2. DNA Extraction


Samples for DNA extraction consisted of pools of 1–4 and 4–10 organisms per replicate for H. diversicolor and P. ulvae, respectively. Organisms were previously washed twice with a sterile saline solution to remove non-adherent bacteria before DNA extraction. A sediment subsample (0.5 g) was randomly weighed from the composite sample and used for the extraction. For all samples, DNA extraction was performed using FastDNATM Spin kit (MP Biomedicals, Santa Ana, California, USA) following the manufacturer’s instructions, except for P. ulvae samples, where bead-beating velocity was adjusted to 8 ms−1. A blank negative control with no sample was included.




2.3. Illumina MiSeq Sequencing and Sequence Analysis


The DNA extracted from organisms was analysed using high-throughput sequencing of the 16S rRNA gene. The V4/V5 region of the 16S rRNA gene was amplified by PCR using the primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 926R (5′-CCGYCAATTYMTTTRAGTTT-3′), with the barcode on forward primer, and HotStarTaq Plus Master Mix Kit (Qiagen, Hilden, Germany). The PCR products were checked on a 2% agarose gel. Pooled samples were purified using calibrated Ampure XP beads. Library preparation and sequencing were performed at Molecular Research LP (Shallowater, TX, USA) on a MiSeq sequencing platform following standard Illumina protocols (Illumina, San Diego, CA, USA). The 16S rRNA gene amplicon libraries were analysed using QIIME2 [version 2020.8; [25]]. In most samples, it was not possible to join most forward and reverse reads and, since forward-read data (originating from the 515F end of the amplicon) had better quality, we carried out the analysis with forward-read data only. The DADA2 plugin [26] in QIIME2 was used to trim sequences (final length of approximately 250 nt), demultiplex samples, remove chimeras, and generate an amplicon sequence variant (ASV) abundance table.



Taxonomy was assigned to ASVs using a scikit-learn Naïve Bayes classifier based on the SILVA database of the 16S rRNA gene reference sequences at 99% similarity (version 138, released December 2019). The classifier was trained using the qiime feature-classifier algorithm in QIIME2 (version 2020.8) using reference sequences trimmed and truncated at the 515F and 926R regions. A unique number was assigned to each ASV. The ASVs that also occurred in the negative control were excluded from the table. Non-bacterial, mitochondrial, and chloroplast sequences were also removed. A list of removed sequences and their representative sequence are listed in the Supplementary Dataset S2 made available in Supplementary Materials.




2.4. Biochemical Markers Assay


A battery of biochemical markers related to neurotransmission (acetylcholinesterase, AChE), anaerobic metabolism (lactate dehydrogenase, LDH), biotransformation (glutathione S-transferase, GST), oxidative stress (catalase, CAT; lipid peroxidation, LPO) and energy consumption (total lipids, total carbohydrates, and total proteins, energy available—Ea, energy consumption—Ec, and cellular energy allocation—CEA) were determined. These biochemical markers were selected based on previous studies which showed that abiotic and/or chemical stressors induced significant effects, at the biochemical level, on either H. diversicolor [9,27] or P. ulvae [9]. For the biochemical markers assay, 3–8 and 5–20 organisms were used for each replicate of H. diversicolor and P. ulvae, respectively. In H. diversicolor, and because of oil, it was only possible to obtain one replicate for the OnOi and pHOi treatments. The biochemical markers’ analyses were performed in the whole-body (soft tissues) homogenates of both organisms.



After thawing on ice, all samples were homogenized with an ultrasonic homogenizer (Sonifier 250A, Branson Ultrasonics, Danbury, CT, USA) in specific homogenization buffers. Subsequently, an aliquot of 150 µL of the resulting homogenate was transferred to a microtube with 4 µL 2,6-Di-tert-butyl-4-methylphenol for LPO determination. The remaining homogenate was centrifuged at 10,000× g for 20 min at 4 °C to separate the post-mitochondrial supernatant. Then, this fraction was divided into aliquots and further diluted in each specific homogenization buffer whenever necessary for the subsequent quantification of each biochemical marker. All reactions were performed in 96-well microplates at 25 °C and determined spectrophotometrically in a microplate reader (Multiskan Spectrum, Thermo Fisher Scientific, Waltham, USA). The reagents for the determination of biochemical markers were of the highest available analytical grade quality (≥99%) and were purchased from Merck KGaA (Darmstadt, Germany), except the Bradford reagent (Bio-Rad, Munich, Germany). A detailed description of the methodologies used for the biochemical markers assay can be consulted in the Materials and Methods section i the Supplementary Materials file.




2.5. Data Analysis


A table containing the ASV counts per sample (Supplementary Dataset S1 in Supplementary Materials) was imported into R (version 4.1.0) and used to compare community diversity and composition, and assess the relative abundance of selected higher taxa. Richness, evenness (Pielou’s J), Fisher’s alpha, and Shannon’s H’ diversity indices were obtained using the rarefy() and diversity() functions in ‘vegan’ [28]. Diversity parameters and relative abundances of selected bacterial higher taxa, as well as the most abundant ASVs (50 most abundant) were tested for significant variation among categorical factors ‘oil’ and ‘pH’ and their interaction (‘oil’ * ’pH’) through a two-way ANOVA f-test. The anova() function in R was applied to generalized linear models (GLM) created using the glm() function in R [29]. Wilcoxon rank-sum test was used for pairwise comparison of diversity indexes between treatments through the pairwise.wilcox.test() algorithm in the ‘stats’ package in R with p-value correction using the less conservative false-discovery rate. Principal Coordinates Analysis (PCoA) ordinations, which were created for the full dataset and separately for each species, using Bray–Curtis dissimilarities of ASV composition and using the ordinate() function in ‘phyloseq’. Biplot ordinations were produced to visualize differences in community composition according to treatment using previous ordinations by using the plot_ordination() function with the type of argument set to ‘biplot’. Significant differences among factors and their interaction (’oil’ * ‘pH’) were determined using the adonis() function for permutational multivariate analysis of variance (PERMANOVA) in ‘vegan’ [28]. The BLAST search tool (http://www.ncbi.nlm.nih.gov/, assessed on 7 July 2021) was used to compare representative sequences of the top 50 most abundant ASVs of each organism with sequences in the NCBI nucleotide collection (nr/nt) database using standard parameter settings [30]. Sequences that exhibited the highest levels of similarity to our data were considered closely related organisms. A PERMANOVA was used to test for significant differences among factors for each biochemical marker using the adonis() function in the ‘vegan’ package [28]. Each biochemical marker was log (x + 1) transformed and a distance matrix was constructed using the Euclidean distance with the vegdist() function in the ‘vegan’ package. In the PERMANOVA, the Euclidean distance matrix was used as the response variable. A detailed description of the methodologies used for data analysis can be consulted in the Supplementary Materials and Methods section in Supplementary Materials. The ASV abundance table with taxonomic classification can be consulted in Supplementary Dataset S1 in Supplementary Materials.




2.6. Predictive Functional Profiles


Functional profiles based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs were predicted for all samples using PICRUSt2 software (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States version 2.3.0) [31]. The ASV table and representative sequences were used as inputs in the picrust2.pipeline.py algorithm with default arguments. The obtained KEGG ortholog abundance table was summarized into a 3-tier KEGG pathway abundance table based on KEGG pathway maps (https://www.genome.jp/kegg/pathway.html, assessed on 28 July 2020) in R and was analysed with default arguments using the LDA Effect Size (LEfSe) algorithm [32] made available at https://huttenhower.sph.harvard.edu/galaxy/ (assessed on 7 July 2021).




2.7. Denaturing Gradient Gel Electrophoresis (DGGE)


The bacterial communities from sediment and host-associated samples were analysed using DGGE. The 16S rRNA gene was amplified using a nested PCR approach. In the first PCR, the universal bacterial primers F-27 and R-1492 were used to amplify the c.1450 bp amplicon of the 16S rRNA gene [33]. The amplicons obtained from the first PCR were used as a template for a second PCR with bacterial DGGE primers F984-GC and R1378, and PCR was performed according to published guidelines [34], with the exception that only 25 cycles were carried out. The DGGE of the c. 473 bp-amplified rRNA gene sequences was performed using the Dcode System (Universal Mutation Detection System, Bio-Rad, Hercules, California, USA). Amplified bacterial 16S rRNA gene fragments were loaded onto a 40 to 60% denaturing gradient polyacrylamide gel. The run was performed in 1 × Tris-acetate-EDTA buffer at 60 °C, at a constant voltage of 80 V for 960 min. The DGGE gels were silver-stained according to published guidelines [34]. Silver-stained gels were digitalized using an EPSON Pro Scanner (Epson, Nagano, Japan).



The analysis of DGGE bacterial community profiles was performed using the software program BioNumerics version 7.6 (Applied Maths, Sint-Martens-Latem, Belgium) as previously described [35]. The background was subtracted using a rolling disk method with an intensity of 8 (relative units), and the lanes were normalized. Data was exported into R and differences among sediment and organisms associated with bacterial communities were assessed using a PCoA generated by the cmdscale() function in ‘stats’, with a Bray–Curtis distance matrix generated with the vegdist() function from ‘vegan’ [28] as input. A PERMANOVA was used to test for compositional differences between sediment- and organism-associated bacterial communities in R using the adonis() function from vegan [28].





3. Results and Discussion


3.1. Diversity and Composition of H. diversicolor- and P. ulvae-Associated Bacterial Communities


After quality control, our dataset consisted of 844,190 sequences and 5734 ASVs. The factor ‘oil’ proved to be a significant predictor of variation in Shannon’s H’ diversity index of the gastropod P. ulvae (Figure 1c, Table S2). Samples exposed to oil contamination (OnOi) had higher values of Shannon’s diversity index than samples not exposed to oil contamination (Cont and OnpH). There were no other significant differences among factors in the diversity indices of both species (Figure 1; Tables S2 and S3). A pairwise comparison of diversity indexes among treatments revealed no significant differences between treatments (WILCOXON: p > 0.05). The PCoA ordination of the ASV composition clearly showed a separation between host-associated communities of the polychaete H. diversicolor and the gastropod P. ulvae along the first axis, with each organism forming a distinct cluster (Figure 2A). This separation was further confirmed by PERMANOVA (F1,19 = 9.5383, R2 = 0.33423, p = 0.001), indicating that the host is a major driver of community composition. A DGGE fingerprint analysis using sediment and host DNA samples was executed to determine the efficiency of the protocol in removing sediment-bound microbes from the host samples. The DGGE results revealed a clear separation between the bacterial communities from the sediment and both hosts (Figures S1 and S2), indicating that each benthic host possesses a unique bacterial signature that differs from their sediment habitat.



To understand the differences between treatments, separate PCoAs were conducted for each host. In the PCoA for the polychaete, only the OnpH samples appear to cluster together in the bottom half of the plot, yet PERMANOVA revealed that neither factor nor their interaction were significant predictors of dissimilarities between treatments (Figure 2C; Table S4). In contrast, the gastropod’s bacterial communities revealed clear separation based on the treatments. The first axis separated the Cont and OnpH samples from the OnOi samples while the second axis separated Cont and OnOi samples from those from the OnpH treatments (Figure 2B). The factor ‘oil’ proved to be a significant predictor of variation in ASV composition in the gastropod associated bacterial communities (PERMANOVA: F1,6 = 2.459, R2 = 0.244, p = 0.001; Table S4). For the polychaete, a greater variation in ASV composition was observed within treatments compared to the gastropod (Figure 2A,C). This could be attributed to the unique characteristics of the individual worm’s bacterial community. This feature appears to be supported by a previous study, which found a higher variation in the overall bacterial communities of the gut tracts of the polychaete H. diversicolor compared to individual burrow systems [17]. Hochstein et al., 2019, also found a similar trend in the polychaete Capitella teleta, with 66% of the identified OTUs from the gut being unique to the worm but displaying a high inter-individual variability [36]. Interestingly, in another study, when analysing the response of the bacterial community of C. teleta to fluoranthene (a polycyclic aromatic hydrocarbon; PAH), the authors could not find a significant effect in the associated bacterial community upon exposure to this xenobiotic [37]. Probably, the associated microbiome of C. teleta could play an important role in the metabolism and transformation of PAHs [36].




3.2. Taxonomic Composition of H. diversicolor- and P. ulvae-Associated Bacterial Communities


In our study, a taxonomic analysis of the bacterial composition of both invertebrates showed that Proteobacteria, Cyanobacteria, Planctomycetota, and Bacteroidota were the four most abundant phyla in the whole dataset (Figure 3; Table S5). At the order level, Rhodobacterales, Cyanobacteriales, Pirellulales, and Chitinophagales were the most abundant taxa overall (Figure 4). The taxonomic profiles evidence clear distinctions between the bacterial communities associated with both hosts. Despite both having similar abundances of proteobacterial ASV, cyanobacterial taxa were predominant in polychaete samples (mostly in the OnpH treatment), whereas Bacteroidota ASVs were predominant in the gastropod samples. As explained in the PCoA and in the alpha-diversity, the taxonomic composition of the polychaete bacterial community exhibited a higher variability among treatment replicates than that of the gastropod, and this is in line with previous studies [17,36,37,38].



A multiparametric statistical analysis revealed significant differences in relative abundances of relevant phyla and orders. For the polychaetes, both factors ‘pH’ and ‘oil’ were significant predictors of Cyanobacteria abundance (Figure 3b; Table S6). This phylum had a higher relative abundance in the OnpH treatment than all other treatments. At the order rank, both ‘oil’ and ‘pH’ were significant predictors of the relative abundances of Rhodobacterales and Cyanobacteriales (Figure 4a,b; Table S8), whereas the factor ‘oil’ was a significant sole predictor of Pirellulales abundance (Figure 4c; Table S8). Rhodobacterales’ abundance was lower in treatments with reduced seawater pH and higher when oil was present. Pirellulales had a higher relative abundance in oil-contaminated samples compared to those from uncontaminated treatments (Figure 4a).



In the bacterial community associated with the gastropod P. ulvae, the factor ‘oil’ was a significant predictor of the relative abundances of both the Proteobacteria and Bacteroidota phyla (Figure 3a and 3d; Table S7). The ASVs affiliated with the phylum Proteobacteria were more abundant in gastropods from the oil-contaminated treatments (OnOi) than in non-contaminated treatments (OnpH and Cont), while ASVs affiliated to the phylum Bacteroidota had an inverse trend, i.e., these were less abundant in oil-contaminated treatments than in non-contaminated ones. At the order level, the factor ‘oil’ was a significant predictor of variation in the relative abundance of Chitinophagales (Figure 4d; Table S9), with a lower relative abundance in the OnOi treatment than in the uncontaminated treatments (Cont and OnpH). Lower relative abundances of several ASVs classified within the Saprospiraceae family contributed to this result. Members of this family are known to degrade complex organic matter [39] and therefore constitute the core community of environments with high organic matter, such as wastewater-treatment plants [40]. These aerobe heterotrophs contain a variability of genes putatively involved in (i) the extracellular degradation of biological polymers (e.g., polysaccharides, proteins, and lipids) and (ii) the synthesis (and intracellular storage) of polymers as energy reserves (e.g., glycogen, polyphosphate, and polyhydroxyalkanoates). In the natural environment, these bacteria have been frequently found to be associated with algal abundance and are probably involved in the degradation of the polymeric carbon compounds produced by these algae [39,41,42].




3.3. ASV Compositional Analysis


An in-depth analysis of the 50 most abundant ASVs in the associated bacterial community of the polychaete H. diversicolor (Figure 5; Table S10) and the gastropod P. ulvae (Figure 6; Table S11) was performed by comparing the representative sequences from each dataset to the NCBI’s nucleotide database. Although representative sequences had a length (≈250 nucleotides) in line with most studies in the field, it is worth noting that sometimes a precise taxonomic affiliation cannot be obtained from such short sequences. Notwithstanding, these 50 ASVs represented 53.89% and 46.69% of the total sequence reads retrieved for the polychaete and gastropod, respectively. In both organisms, several of the most abundant ASVs were linked to putative symbionts. This included ASVs classified to the Endozoicomonas genus (ASVs 2, 21, and 23) in the associated bacterial community of the polychaete H. diversicolor [43]. Members of the Endozoicomonas genus are known to live in association with a variety of marine hosts such as corals, sponges, and fish, but also worms, including the polychaete Hydroides elegans [44,45]. The gastropod P. ulvae harboured many ASVs with the highest similarity to organisms associated with marine algae (Table S11—e.g., ASVs 8, 16, 18, 36, and 49), corals (e.g., ASV 6), sponges (e.g., ASV 30), plants (e.g., ASV 29), and other invertebrates (e.g., ASV 10, 20, and 15). The predominance of algal symbionts in the gastropod P. ulvae is consistent with previous reports that indicate microphytobenthos as a preferred source of nutrition for P. ulvae [18]. In addition to putative symbionts, several of the most abundant detected ASVs were linked to hydrocarbon contamination. Many had the highest similarity to sequences from environments potentially contaminated with oil or other organic contaminants (e.g., ASV 1, 4, 12, 13, 28, 39, 42, 45, 48, 57, and 61), while others were affiliated with taxa previously found to be linked to oil-contaminated environments. For example, the ASVs 44 and 77 were classified into the genus Methyloceanibacter, a taxon that includes methylotrophic bacteria from oil-contaminated environments [46], ASV 45 to the Filomicrobium genus, previously detected in oil-contaminated environments [47], ASV 55 to Sulfitobacter, a genus that includes sulphite-oxidizing bacteria found in oil-contaminated environments [48], and ASV 33 to a hydrocarbon-degrading bacteria of the genus Alcanivorax [49]. Many ASVs related to the phylum Desulfobacterota (e.g., ASVs 11, 19, 31,39, and 46), involved in the anaerobic reduction of sulphate [50], were also detected in the bacterial community associated with the polychaete H. diversicolor, which is consistent with a burrowing lifestyle.



Overall, the most notable change detected among the most dominant ASVs of the studied polychaete was a significant and higher abundance of ASV 1 under reduced seawater pH conditions. This ASV was assigned to the family Cyanobacteriaceae (Figure 5; Table S12). Although some cyanobacteria are unicellular and free-living organisms from the photic zone, many members of this family are known to form symbioses with other marine organisms [51] and inhabit dark environments [52]. A well-described example of this type of symbiosis is the sponge–Cyanobacteria association, in which the marine sponge host provides nutrients and shelter, and the symbiont fixed carbon, nitrogen, and secondary metabolites [53]. Cyanobacteria have also been found to occur in association with echiuroid worms, but little is known about the nature of this association [54]. However, for nereid worms, no such association has yet been discovered. A recent study on the polychaete Nereis succinea (phylogenetically related to H. diversicolor) found that the gut bacterial community of this worm is dominated by a proteobacterial taxonomic unit, but no Cyanobacteria were significantly abundant [55]. The ASV 1 was by large the most abundant cyanobacterial ASV found in our dataset. A similarity search on an unfiltered NCBI nucleotide database revealed the highest similarity with uncultured sequences from obscured or low-light environments (Table S10), yet it had a very low similarity (<91%) with curated isolates of the same database, indicating that its functional role in the system is speculative. Nonetheless, the responses of planktonic cyanobacteria to changes in pCO2 and pH have been extensively studied under ocean acidification scenarios, and such responses varied according to the species [56]. However, within the context of host–symbiont associations, there is currently limited information. Interestingly, in natural volcanic CO2 seeps, the cyanobacterial genus Synechococcus was significantly more abundant in marine sponges collected from sites near the vents, as compared to sponges from control sites [57]. Based on these findings, it was speculated that cyanobacterial symbionts could confer low pH or high pCO2 tolerance to their hosts [57]. This could also be the case of the polychaete H. diversicolor, with an increase in Cyanobacteria conferring a higher tolerance to reduced seawater pH (Figure 5). Notwithstanding, the increase in Cyanobacteria under reduced seawater pH in the polychaete was not detected when oil was present; this could indicate that oil contamination reduced the tolerance of the polychaete to reduced seawater pH.



In addition to the cyanobacterial ASV, the polychaete microbiome contained several ASV related to sulphate-reducing bacteria of the family Desulfosarcinaceae (e.g., ASV 19, 110, and 116) that responded to the interaction between oil and pH (Table S12). One ASV in particular, ASV 110, had 100% similarity to the sulphate-reducing bacteria Desulfosarcina variabilis. These ASVs were less abundant in the reduced-pH treatment (OnpH) than in all other treatments (Figure 5). On the other hand, ASVs 13, 61, and 80, which had the highest similarity to sequences from organisms detected in contaminated environments, did not respond to oil contamination. The ASVs 61 and 80 were inclusively found to be most similar to organisms retrieved from an experiment that studied the effect of bioturbation by H. diversicolor on the bacterial communities of oil-contaminated sediment (Table S10; [58])



In the gastropod P. ulvae, most of the significant deviations reported here were related to the factor ‘oil’ and ASVs associated with sequences detected in contaminated environments (ASV 33 and 57; Figure 2B). The ASV 33 only occurred in the OnOi treatment and had a 100% similarity to the oil hydrocarbon-degrader Alcanivorax borkumensis, strain SK2 [59], while ASV 57 was most similar to an uncultured sequence from an oil-contaminated in vitro experiment (Tables S12 and S13). Alcanivorax borkumensis is a known hydrocarbonoclastic bacteria with a wide distribution in marine environments [59]. Furthermore, many bacteria from the Alcanivorax genus are considered to be obligate alkane-degraders [60], yet recent studies have found evidence of a possible symbiotic relationship between microalgae and some specific strains of Alcanivorax [61,62]. Here, in addition to the high similarity with the Alcanivorax borkumensis strain SK2, ASV 33 had a 100% similarity to an epiphytic organism retrieved from the marine macroalga Lessonia trabeculate growing in a non-contaminated environment. Some studies have suggested that marine algae are the natural niche of hydrocarbonoclastic bacteria in the absence of oil hydrocarbons [63,64]. This may indicate that this ASV was present in the gastropod’s microbiome due to its feeding behaviour and was enriched when exposed to oil contamination. Furthermore, hydrocarbonoclastic bacteria associated with animal hosts have been found to confer in hosts an improved resistance to oil contamination [65]. Nonetheless, ASV 33 was not detected in non-contaminated samples of this gastropod. Therefore, it is also reasonable to assume that the gastropod acquired this alkane-degrading bacteria from contaminated sediments during feeding. Notwithstanding, bacterial communities from the hosts had distinct bacterial profiles, which differed significantly from the sediment (Figure S2). Either way, it is plausible to speculate that the gastropod P. ulvae may be a seedbank and/or a vector of dispersion for these hydrocarbonoclastic bacteria in contaminated sediments.



Our results also revealed that several ASVs detected in the gastropod and assigned to the Saprospiraceae family (Chitinophagales order) either only occurred or were more abundant in treatments without oil contamination (Figure 6; Table S13). These included ASVs 6, 63, and 68, all related to coral, shrimp, or dinoflagellate symbionts (Table S11). Again, this effect could also be related to the feeding behaviour of the gastropod with oil hydrocarbon contamination, thus affecting its primary source of food, i.e., the microphytobenthos. No major results from the interaction effect between oil contamination and reduced seawater pH were observed for the gastropod P. ulvae due to the lack of replicates.




3.4. Predicted Functional Profiles


Differential features in the predicted functional metagenomes of the bacterial communities associated with the polychaete and gastropod are plotted in Figures S3 and S4. In the polychaete, the OnpH treatment was enriched in pathways related to photosynthesis and DNA repair in comparison to all other treatments (Figure S3). This was presumably related to the higher abundance of cyanobacterial ASVs detected in this treatment (Figure 3). As expected, the pathway directly related to xenobiotics degradation, i.e., “Benzoate degradation”, was enriched in the polychaete samples from oil-contaminated microcosms. There was also an increase in pathways related to the membrane transport system (e.g., “Transporters” and “ABC transporters”) in polychaetes from the OnOi treatment (Figure S3). Genes related to membrane transporter systems have been previously found to be enriched in the genome of hydrocarbon-degrading bacteria [66], and ABC transporter systems are associated with hydrocarbon metabolism [67]. In the gastropod P. ulvae, pathways related to xenobiotic degradation (i.e., “Toluene degradation”), motility (i.e., “Flagellar assembly”), and lipid and glycan biosynthesis (i.e., “Lipid biosynthesis metabolism”, “N-glycan biosynthesis”, and “Various types of N-glycan biosynthesis”) were enriched in the OnOi treatment (Figure S4), whereas the Cont treatment was only enriched with pathways related to carbohydrate metabolism. This last result was likely due to the high abundance of bacteria associated with algae, such as members of the Saprospiraceae and Rhodobacteraceae families in the Cont treatment.




3.5. Biochemical Markers in the Polychaete Hediste diversicolor


A comprehensive set of biochemical markers were measured as indicators of host function at the biochemical level. At the individual level, oil contamination had a severe effect on polychaete survival, and this limited our ability to obtain living organisms for biochemical analyses in all oil-contaminated treatments. Therefore, the following discussion of data concerning the effects of oil-containing treatments on the polychaete should be interpreted with caution due to the lack of replicates of oil-exposed organisms. Taking this limitation into account, it was, nevertheless, possible to observe some trends in several biochemical parameters of animals with and without oil exposure. The activity of AChE was lower in polychaetes exposed to oil-contaminated sediments than those from uncontaminated sediments (Figure 7), and this is in line with a previous experiment in which H. diversicolor organisms were also exposed to oil contamination [9]. Oil hydrocarbons have been shown to reduce the activity of AChE in several aquatic species, including polychaetes [9,68], crustaceans [69], and fish [70]. Other biomarkers, such as the enzymatic activities of CAT and GST, energy reserves (total lipids, carbohydrates, and proteins), Ea, and Ec, were detected to be higher in polychaetes from oil-contaminated treatments, comparatively to treatments without oil (Figure 7; Table S14). The production of reactive oxygen species because of hydrocarbon biotransformation processes is well documented in the scientific literature for several aquatic species [71,72]. Therefore, the observed higher activities of CAT and GST in polychaetes exposed to oil was expected, since these enzymes participate in the antioxidant defence mechanisms and in the biotransformation processes of xenobiotics. This increased triggering of CAT and GST activities has already been reported for H. diversicolor exposed to sediments contaminated with these types of organic chemicals [9,73,74]. No significant effect of pH was detected in the biochemical parameters of the polychaete biochemical parameters, in line with other previous studies (Figure 7; Table S14, [72]).




3.6. Biochemical Markers in the Gastropod Peringia ulvae


In the gastropod, oil contamination had a significant effect on some of the analysed biochemical markers (Figure 7; Table S15): (i) LPO levels (lower relative to non-contaminated treatments); (ii) LDH activity (higher relative to non-contaminated treatments); (iii) total lipids (higher relative to non-contaminated treatments); and (iv) CEA (higher relative to non-contaminated treatments) (Figure 7; Table S15). Although oxidative stress is widely associated with a higher level of LPO in oil-exposed invertebrates, our results showed an opposite trend for the gastropod P. ulvae. The reduced levels of LPO in oil-exposed mudsnails compared to non-exposed organisms are indicative of an absence and/or reduction of lipid peroxidation. It is well known that oil hydrocarbons can alter the content of fatty acids in invertebrates [75], thus contributing to a reduction in the levels of highly polyunsaturated fatty acids, which are very prone to oxidative stress and damage [76,77]. Accordingly, the low levels of LPO in oil-exposed gastropods compared to non-exposed organisms might be explained by a reduction in the polyunsaturated fatty acid content. Still, additional studies are needed to ascertain this hypothesis.



The higher LDH activity detected in gastropods exposed to oil implies that oil exposure diverted the glycolytic pathway to compensate for the increase in the metabolic rate associated with other pathways (e.g., lipid biosynthesis). Coherently, the content of lipids measured in this organism was also significantly higher in the OnOi treatment (Figure 7). This significant increase in total lipids in oil-exposed gastropods could be a compensatory response to the stress inflicted by oil hydrocarbons. It is well known that the effect of oil spills on aquatic organisms is essentially caused by their exposure to organic hydrocarbons, which can be accumulated in the lipid-rich tissues of marine animals [75]. Interestingly, the predicted functional profiles of the associated bacterial community of P. ulvae also revealed a higher abundance of pathways related to both lipid and glycan biosynthesis in OnOi (Figure 7; Table S15). Significantly higher LDH activities compared to controls have previously been detected in the endobenthic bivalve Scrobicularia plana collected from an oil-contaminated estuary one month after a small oil spill [78]. Overall, these findings suggest that the observed increases in LDH activity as an effect of oil contamination may be related to the interference of these chemicals with energy production pathways and to an increase in the anaerobic metabolism.



Compared to normal pH samples, gastropods exposed to reduced seawater pH (OnpH) had significant and higher CAT activities (PERMANOVA: F1,9 = 6.441, R2 = 0.390, p = 0.025) and significant and higher contents of total carbohydrates (PERMANOVA: F1,9 = 8.34, R2 = 0.459, p = 0.034; Figure 7; Table S15). Given that CAT decomposes hydrogen peroxide (H2O2) into oxygen and water [9,79], a significant increase in the activity of this antioxidant enzyme may be indicative of an increase in produced hydrogen peroxide (H2O2), and this is probably due to the stress caused by the reduced seawater pH. Similar increases in CAT activity have been observed in brine shrimp (Artemia franciscana) exposed to reduced-pH conditions [80]. Yet, despite the increase in CAT activity, seawater pH had no significant effect on GST activity or lipid peroxidation in the gastropod (Figure 7; Table S15). The absence of significant levels of LPO could suggest that, despite the occurrence of alterations in some antioxidant biochemical markers (i.e., only CAT), gastropods were not prone to oxidative damage, thus reinforcing the effectiveness of suitable antioxidant defence mechanisms that were activated against the stress induced by the reduced seawater pH.



The significantly higher levels of total carbohydrates in gastropods exposed to reduced seawater pH might suggest a shift in the gastropod’s overall metabolism, with the exposed organisms presenting an increase in carbohydrate reserves through a higher energy intake, as a means of coping with stress caused by lower seawater pH. This contrasts with other studies with different species of marine invertebrates that pointed to a metabolic depression and/or a reduction of energy reserves under high seawater pCO2 levels (with the concomitant reduction of seawater pH), thus suggesting that the uncompensated extracellular pH might cause this metabolic impairment [81,82,83,84,85]. An increase in the levels of carbohydrates may result in larger animals, and therefore it can be hypothesized that organisms exposed to reduced-pH conditions might feed more compared to other treatments as a response to this stress [86]. Nonetheless, this hypothesis can only be applied to carbohydrate reserves, since in the results obtained herein, gastropods exposed to reduced seawater pH showed no changes in total lipids and protein reserves (Figure 7; Table S15). Identical results were obtained in a 56 d experiment with the bivalve Limecola balthica [87]. These authors observed lower carbohydrate and glycogen contents in the soft tissue of bivalves in the treatment with pH 7.0 compared to bivalves maintained at seawater pH of 6.3 and 7.7 [87].





4. Conclusions


Overall, the analysis of the independent effects of each stressor on the gastropod P. ulvae showed that oil contamination caused a reduction in the relative abundance of Chitinophagales and an increase in potential oil hydrocarbon-degrading bacteria. Members of the Chitinophagales are often associated with algae, suggesting a direct effect of oil in P. ulvae food resources that affects its associated bacterial communities. Interestingly, the enrichment in oil hydrocarbon-degrading bacteria suggests a possible role for this gastropod in influencing both the degradation of oil hydrocarbons and the dispersion of oil hydrocarbon-degrading bacteria in the superficial layers of the sediment. Even though the gastropod’s antioxidative stress enzymes (e.g., CAT, GST) were practically unaffected by oil during the exposure period, some relevant effects (e.g., on LPO levels, LDH activity, total lipids, and CEA) were observed. The higher CAT activity and higher content of total carbohydrates in the gastropods exposed to reduced seawater pH are indicative of increased levels of H2O2 in the host’s cells and a high energy demand by this organism to cope with this environmental stressor, respectively. In general, P. ulvae was more affected by oil contamination than H. diversicolor as accessed by both the microbiome analysis and biochemical markers. On the other side, for the polychaete H. diversicolor, the associated bacterial communities did not show significant structural changes in response to either the independent or interactive effects of reduced seawater pH and oil contamination. Interestingly, a similar response pattern or trend was also confirmed at the biochemical level, since it was shown that both stressors had no significant effects on the studied biomarkers. Notwithstanding, a more in-depth taxonomic analysis of the polychaetes revealed a significant response of cyanobacterial ASVs to reduced seawater pH and oil, but not to the interaction of both conditions. Furthermore, in these organisms, there was an enrichment of Cyanobacteria under reduced seawater pH, whereas a drastic reduction in cyanobacterial relative abundance occurred in oil-exposure conditions. Remarkably, Cyanobacteria were previously found to establish symbiotic relationships with other polychaetes [54] and to confer tolerance to low pH/high pCO2 in other marine invertebrates [57]. This finding is intriguing and raises the hypothesis of a similar mechanism in the polychaete H. diversicolor. If this hypothesis is correct, the lower abundance of Cyanobacteria due to oil contamination could potentially compromise the ability of H. diversicolor to thrive in oil-contaminated sediment in an ocean acidification scenario. Accordingly, future studies should address the potential symbiotic association of C. yanobacteria with H. diversicolor and the respective roles of each organism in the mechanistic responses of this type of symbiotic relationship in the presence of environmental stressors and/or contaminants.
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Figure 1. Boxplots of (a) evenness (Pielou’s J), (b) richness, (c) Shannon’s H’ and (d) Fisher’s alpha diversity indices for each bacterial host (gastropod and polychaete). The following treatments are represented in the X-axis: Cont—control; OnpH—reduced seawater pH; OnOi—oil-contaminated; pHOi—reduced seawater pH and oil-contaminated. 
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Figure 2. Ordination showing the first two axes of the principal coordinates analysis (PCoA) of ASV composition of (A) both polychaete Hediste diversicolor and gastropod Peringia ulvae; (B) only the polychaete; and (C) only the gastropod. Symbols are color-coded and represent samples from the different treatments as shown in the legend on the right side of the plots: Cont—control; OnpH—reduced seawater pH; OnOi—oil-contaminated; pHOi—reduced seawater pH and oil-contaminated. Grey symbols represent weighted average scores for ASVs. The symbol size is proportional to abundance (number of sequences reads). 
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Figure 3. Boxplots of the relative abundances of (a) Proteobacteria, (b) Cyanobacteria, (c) Planctomycetota, and (d) Bacteroidota for each host (gastropod Peringia ulvae and polychaete Hediste diversicolor). The following treatments are represented in the X-axis: Cont—control; OnpH—reduced seawater pH; OnOi—oil-contaminated; pHOi—reduced seawater pH and oil-contaminated. 
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Figure 4. Boxplots of the relative abundances of (a) Rhodobacterales, (b) Cyanobacteriales, (c) Pirellulales, and (d) Chitinophagales for the gastropod Peringia ulvae- and the polychaete Hediste diversicolor-associated bacterial communities. The following treatments are represented in the X-axis: Cont—control; OnpH—reduced seawater pHreduced seawater pH; OnOi—oil-contaminated; pHOi—reduced seawater pH and oil-contaminated. 
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Figure 5. Relative abundance of the most abundant ASVs in the associated bacterial communities of the polychaete Hediste diversicolor. Circles arecolor-coded according to prokaryotic phylum and their size is proportional to the mean percentage (perc) of sequences per sample, as indicated by the symbol legend in the upper right corner of the figure below the phylum assignment legend. The following treatments are represented in the X-axis: CONT—control; OnpH—reduced seawater pH; OnOi—oil-contaminated; pHOi—reduced seawater pH and oil-contaminated. 
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Figure 6. Relative abundance of the most abundant ASVs in the gastropod Peringia ulvae-associated bacterial communities and color-coded according to prokaryotic phylum. The circle size of the ASV is proportional to the mean percentage (perc) of sequences per treatment as indicated by the symbol legend in the upper right corner of the figure below the phylum assignment legend. The following treatments are represented in the X-axis: CONT—control; OnpH—reduced seawater pH; OnOi—oil-contaminated; pHOi—reduced seawater pH and oil-contaminated. 
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Figure 7. Effect of the four experimental treatments (Cont—control; OnpH—reduced seawater pH; OnOi—oil-contaminated; pHOi—reduced seawater pH and oil-contaminated) on the enzymatic activities of acetylcholinesterase (AChE), lactate dehydrogenase (LDH), catalase (CAT), and glutathione S-transferase (GST), lipid peroxidation (LPO), and energy-related parameters (total lipids, total carbohydrates, total proteins, Ea—energy available; Ec—energy consumption; and CEA—cellular energy allocation) in the whole body (soft tissues) of the polychaete Hediste diversicolor (top panels) and the gastropod Peringia ulvae (bottom panels) after 21 d of exposure. TBARS—thiobarbituric acid-reactive substances; FW—fresh weight. Bars represent means ± SE. Note the lack of replicates in OnOi and pHOi treatments in H. diversicolor. 
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