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Estuarine sediments are increasingly contaminated by heavy metals as a result of urbanization and human activities. Continuous multi-heavy metal accumulation in the ecosystem can provoke new effects on top of the complex environmental interactions already present in estuarine ecosystems. It is important to study their integrated influence on imperative microbial communities to reflect on the environmental and ecological risks they may impose. Inductively coupled plasma optical emission spectroscopy analysis for five metals Cd, Cr, Cu, Pb, and Zn showed that Cr and Cu concentrations in intertidal sediments of the urbanized Yangtze River estuary in China have consistently exceeded respective threshold effect concentration (TEC) levels. The geo-accumulation and potential ecological risk index results of the five metals showed that all sampling sites were weakly to moderately polluted, and at considerable to high ecological risk, respectively. Redundancy and correlation analyses showed that Zn followed by Cr in the ecosystem were explanatory of the shifts in recorded microbial community structures. However, the spatial variation in metal concentrations did not correspond to the selection of metal resistance genes (MRGs). Unlike many other dominant bacterial taxa, most of the sulfate-reducing bacteria (SRB) and associated sulfate respiration as the dominant microbially contributed ecological function were found to negatively correlate with Zn and total heavy metal pollution. Zn concentration was proposed to be a potent indicator for heavy metal pollution-associated microbial community compositional shifts under urbanized estuarine conditions. The associations between heavy metals and estuarine microbial communities in this study demonstrate the influence of heavy metals on microbial community structure and adaptations that is often overshadowed by environmental factors (i.e., salinity and nutrients).
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INTRODUCTION

Estuarine ecosystems are some of the most economically and ecologically important ecosystems on Earth. However, most estuaries face environmental pollution problems resulting from human industrial activities and urbanization, through routes such as urban runoff and industrial waste discharge. As the intersection between terrestrial and marine ecosystems, urbanized estuarine sediments are often found to be sinks for wide range of pollutants from land (Barletta et al., 2019). Heavy metal pollution in the estuarine environment is an increasing concern as most metals beyond threshold concentrations are capable of exerting toxicity to organisms (Prabhakaran et al., 2016). Metals in the environment can find their ways to enter the food chain. The toxicity and associated risks of individual metals are relatively well studied with established baselines. However, the joint toxicity and risks imposed by multi-heavy metal mixtures that currently co-exist in the environment have proven to be a challenge. Furthermore, estuarine environments are naturally dynamic systems that are often coupled with seawater dilution effects and various anthropogenic input. All environmental variables can then further exert knock-on effects on the interactions between heavy metal pollutants and the aquatic biota. Thus, the integrated impact of heavy metal pollution in estuarine environments cannot be easily understood in full. Currently, most existing assessments and studies cannot fully consider all major contributing factors such as different environmental variables, multi-heavy metal mixtures and their speciation, and aquatic biota as receivers (Gu and Gao, 2021), when attempting to investigate underlying relationships and mechanisms between heavy metals and the biota. Nevertheless, the need for a better understanding remains fundamental to address the joint toxicity and associated risks of multiple heavy metal-pollution issues.

The microbial communities that inhabit estuarine sediments are both highly diverse and susceptible to environmental changes (Wang et al., 2012). Shifts in microbial community structures, in response to changing environmental conditions, can be sensitive indicators to reflect and assess environmental pollution levels and risks. Previous microbial ecology studies have largely focused on investigating the impact of changing environmental factors such as salinity, pH, and nutrient concentration gradients. Yi et al. (2020) showed that sedimentary microbial communities can well reflect changes in important physicochemical properties such as pH and nutrient concentrations along spatiotemporal scale. In contrast, our current understanding of the interactions between microbial communities and other anthropogenic pollutants in the environment, such as heavy metals, is limited in comparison, but the field is rapidly advancing. Previous study by Yin H. et al. (2015) found that increasing heavy metal contamination in sediments can lead to decrease in relative abundance of major bacterial phyla such as Proteobacteria and Actinobacteria. In wetland sediments, elements Cr, Pb, and Zn were reported to associate negatively with the relative abundance of bacterial phyla Nitrospirae, Bacteroidetes, and Verrucomicrobia (Li et al., 2020). Variations in bacterial community structures in heavy metal polluted conditions have been partially attributed to the selective enrichment of metal-resistant bacteria and archaea (Sheeba et al., 2017); and metal resistance can be co-selected with antibiotic resistance genes (Zhao et al., 2019). In all cases, shifts in bacterial community structure resulting from either natural or anthropogenically induced environmental changes can have knock-on effects on their associated metabolic functions (Echavarri-Bravo et al., 2015).

Microbes play an important role in regulating almost all redox reactions and hence the biogeochemical processes of the ecosystem (Falkowski et al., 2008). In aquatic environments, the diverse group of sulfate-reducing bacteria (SRB) is a dominant and important component of the sulfur cycle (Niu et al., 2018). A shift in SRB composition due to environmental stress from heavy metals may result in ecological functional consequences. Furthermore, from a geomicrobiology perspective, microbes can facilitate the cycling of heavy metals through means such as biosorption (Jin et al., 2018). This cycling process depends on physiochemical factors including pH, metal concentration present, redox potential and chemistry of metal ions within the system (Shamim, 2018). SRB-generated sulfide can interact with many heavy metals to form low solubility metal sulfides, such as copper sulfide, zinc sulfide, and lead sulfide, which are less bio-available (Bao et al., 2018). This has implications in heavy metal removal and reduces the environmental pressure exerted by heavy metal pollution (Kiran et al., 2018). Thus, investigating the interactions and interconnected relationship between microbial functional groups and heavy metals can have great potential and implication in managing ecological health and functioning of ecosystems.

Previous studies have reported that the Yangtze River estuary in China was heavily and increasingly polluted by different heavy metals including As, Cd, Cr, Cu, Hg, Pb, and Zn (Liu et al., 2015; Fan et al., 2020). This can be largely attributed to the rapid growth in industrial activities and input over the past decades. In the Yangtze River delta, accumulating Cu, Cr, and Zn are primarily contributed by natural sources with added input from industries such as anti-fouling paints in shipping activities, agricultural fertilizers, metal mining and refinery; Cd and Pb are trace metals more commonly derived from atmospheric emission and deposition, and industrial discharges from electroplating plants (Yin S. et al., 2015; Liu et al., 2019; Hu et al., 2021). Together, excessive concentrations of these heavy metals pose a multitude of environmental health risks that destabilize an ecosystem through toxic impact on the biota, which can subsequently lead to human health risks. In Guo et al. (2019) revealed high average concentrations for four of the heavy metals Cr, Cu, Pb, and Zn (41.28, 80.54, 56.82, and 364.08mg/kg, respectively) in the intertidal surface sediments of Yangtze River estuary. The toxicity and risk of exposure to such heavy metal mixtures at increasing concentrations must be constantly examined. While monitoring programs of heavy metal pollution have seen global efforts, relatively few field studies have attempted to disentangle the potential integrated impact of multiple metals and the roles that microbial community may play.

The Yangtze estuary is bifurcated by the Chongming Island into a less disturbed northern branch of salt marshes, and a more anthropogenically disturbed southern branch of mudflats. The two branches receive similar freshwater input but differ in environmental conditions and anticipated heavy metal pollution status. Potential difference in environmental heavy metal compositions and their influence on inhabiting bacterial communities have yet to be explored. The Yangtze River estuary serves as a representative dynamic, heavy metal-contaminated study site with great ecological and economic significance. It is anticipated that the estuarine environment will be increasingly heavy metal-polluted. Comprehensive studies will be required to elucidate potential patterns and responses in estuarine microbial communities. Here in this study, environmental intensity, contamination status, and ecological risks imposed by heavy metals Cd, Cr, Cu, Pb, and Zn in sediments were first analyzed and assessed. The geo-accumulation index (Igeo) was used to evaluate the pollution risk of heavy metals in sediments, accounting for human influence and geological processes on the background value. The potential ecological risk index (RI) was then used to assess the heavy metal pollution in sediments with respect to both the toxicity of heavy metals and the response of the environment (Liu et al., 2021). We then used 16S rRNA metabarcoding data from sediment samples to analyze the diversity, relative abundance, and ecological functions of microbial communities, allowing potential influence of heavy metal pollution on estuarine microbial communities to be revealed. The reproducibility of metal-microbial interactions and potential abundance of metal resistance genes (MRGs) in sedimentary bacterial communities were also experimentally investigated. This study can help understand the role of heavy metals and the responses and potential adaptations of microbial communities to various heavy metal-polluted environments. This will improve current knowledge on the ecological risks imposed by multiple heavy metal accumulation in estuarine ecosystems and will be a beneficial reference for future metal-microbial interaction studies.



MATERIALS AND METHODS


Sampling Sites and Sample Collection

Sediment samples were collected from five sampling sites at the Yangtze River estuary in October 2015 and April 2016. Sampling sites include Beibayao (BBY, 31°40′ N, 121°41′ E), Dongwangsha (DWS, 31°23′ N, 121°30′ E), Wusongkou (WSK, 31°24′ N, 121°30′ E), Shidongkou (SDK, 31°28′ N, 121°23′ E) and Liuhekou (LHK, 31°31′ N, 121°17′ E). BBY and DWS sites were salt marshes to the east of Chongming Island. WSK, SDK, and LHK sites were estuarine mudflats along the south branch of the Yangtze River estuary (Figure 1). All sediment samples were collected during the low tide period.
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FIGURE 1. Map of the locations of the five sampling sites at the Yangtze River estuary. LHK, SDK, and WSK sample sites are estuarine mudflats; BBY and DWS sample sites are salt marshes. Black arrows indicate the direction of incoming saltwater; white arrows indicate the direction of downstream freshwater. Numbered black lines indicate salinity gradients.


At each sampling site, the surface sediments were sampled using a stainless-steel shovel and sealed in separate sterile plastic bags in an icebox. Triplicate samples were collected. Samples were immediately transported back to laboratory on the same day and then stored at 4°C. At the laboratory, samples were separated into two portions. One portion included 100 g of each sediment sample to be used for heavy metal characterization, stored at room temperature in sterile plastic bags. The remaining portion was stored at −80°C for DNA extraction and subsequent sequencing analysis. All samples were prepared and handled within 7 days after collection.



Characterization of Physicochemical Properties and Heavy Metals in Sediments

The physicochemical properties of sediment samples were measured in situ or in the laboratory. The salinity and pH of pore water in the sediment samples were measured in situ using a portable salinity meter (Model 30, YSI Incorporated, United States) and pH meter (Five-Go, Mettler-Toledo Instruments, Shanghai, China). Triplicate readings were taken to ensure accuracy of measurements. After transporting the samples to the laboratory, the sediments were dried at 50°C for further characterization. The sediment grain size was measured using a laser granulometer (LS13320, Beckman Coulter Corporation, CA, United States).

Five important heavy metals, copper (Cu), zinc (Zn), lead (Pb), chromium (Cr), and cadmium (Cd), were selected for analysis in this study. First, sediment samples were grinded into fine particles and sieved through a 0.15 mm sieve. Then, sediment samples were digested with 10 mL of acid solution containing HNO3: HClO4: HF at a ratio of 5:3:2 and heated on a hot plate at 120°C for 2 h then at 180°C until fully digested. After digestion, samples were filtered through a 0.45 μm filter membrane. Filtrates were prepared for detection and subjected to inductively coupled plasma optical emission spectroscopy (ICP-OES) using an iCAP 7000 Optical Emission Spectrometer (Thermo Fisher Scientific, United States) to test for Zn and Cr, and atomic absorption spectroscopy (AAS) using an AAnalyst 800 atomic absorption spectrometer (PerkinElmer, United States) to test for Cu, Pb, and Cd. Quality assurance and quality control were implemented through the use of triplicate samples, analytical blanks and standard reference materials (Yangtze River standard stream sediment sample GSD-9), subjected to the same procedure to validate the method and data. The recovery rates for the heavy metals were between 74.8 and 105.7%. The relative standard deviation between replicate samples were generally less than 5%.



Risk Assessment Methods


Geo-Accumulation Index (Igeo)

The Igeo originally defined by Muller (1969) was calculated using the following equation (Zhang et al., 2017):
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Where Ci is the measured concentration of heavy metal i, and Bi is the geological background concentration of heavy metal i. The constant factor of 1.5 is used to account for variation in background values for metals. The geological background concentrations of Zn, Cu, Cr, Pb, and Cd in sediments from Yangtze River intertidal mudflats were 48.79, 17.43, 28.27, 20.14, and 0.09 mg/kg, respectively, according to an earlier study based on intertidal sediments supposedly formed between 70 and 100 years ago, before any impact imposed by human activities (Xu et al., 1997). The China National Environmental Monitoring Center (Wei et al., 1991) have also previously reported similar geological background concentrations of Zn, Cu, Cr, Pb, and Cd in soils from Shanghai to be 81.3, 27.2, 70.2, 25.0, and 0.138 mg/kg, respectively. The Igeo values of heavy metals can be classified into seven grades as follows: Igeo < 0, class 0, unpolluted; 0 < Igeo < 1, class I, weakly polluted; 1 < Igeo < 2, class II, moderately polluted; 2 < Igeo < 3, class III, moderately to heavily polluted; 3 < Igeo < 4, class IV, heavily polluted; 4 < Igeo < 5, class V, heavily to extremely polluted; and Igeo > 5, class VI, extremely polluted.



Potential Ecological Risk Index

The risk index (RI) defined by Hakanson (1980) was calculated using the following equations:
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where [image: image] is the contamination factor of heavy metal i and [image: image] and [image: image] are the measured concentration and background reference concentration of heavy metal i, respectively. [image: image] is the potential ecological risk factor and [image: image] is the toxic response factor of heavy metal i. The toxic response factor accounts for the threat to humans and to aquatic ecological system; the values for of Cd, Cr, Cu, Pb, and Zn are 30, 2, 5, 5, and 1, respectively (Hakanson, 1980). The RI then represents potential ecological risk considering the overall contamination. The resulting [image: image] and RI values are classified into five and four modified grades (Ma and Han, 2019) as shown in Supplementary Table 1.



DNA Extraction and 16S rRNA Gene Sequencing

The total DNA was extracted and purified from each sediment sample, using the E.Z.N.A.TM Soil DNA Kit (Omega Bio-Tek, Inc., United States). The bacterial 16S rRNA gene was selected for amplification with primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′GACTACHVGGGTATCTAATCC-3′) targeting the V3–V4 hypervariable regions (Herlemann et al., 2011). PCR was conducted following methods detailed in a previous study (Yi et al., 2020). The PCR products were paired-end sequenced using the IlluminaTM MiSeq sequencing platform (Illumina, United States), conducted at Sangon Biotech (Shanghai, China). The sequence reads generated are deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive under the following accession numbers: SRX3855667 (BBY), SRX3855668 (DWS), SRX3855669 (WSK), SRX3855670 (SDK) and SRX3855671 (LHK) for October 2015 samples; SRX12453355 (BBY), SRX12453356 (DWS), SRX12453359 (WSK), SRX12453358 (SDK) and SRX12453357 (LHK) for April 2016 samples.



Data Analysis


Taxonomic Assignment and Functional Annotation

The Quantitative Insights Into Bacterial Ecology 2 (QIIME2; Bolyen et al., 2019) platform was used to process sequencing data and conduct subsequent analysis. In brief, raw sequencing data from samples were imported into QIIME2 and demultiplexed according to the barcode sequences. The bacterial paired-end reads were then merged using the VSEARCH pipeline (Rognes et al., 2016). After filtering chimeric and short sequences, reads were clustered into OTUs with a 97% similarity cutoff (Edgar et al., 2011; Rognes et al., 2016). The Ribosomal Database Project classifier (Wang et al., 2007) was then used to classify OTUs to taxonomy according to the Greengenes database (DeSantis et al., 2006; McDonald et al., 2012). At each taxonomic level (phylum, class, order, family), taxa were considered dominant if their average relative abundance was above 1%. The Functional Annotation of Prokaryotic Taxa (FAPROTAX) tool was then used to annotate the ecological functions of bacterial communities (Louca et al., 2016) through reference to microbial database based on cultured microorganisms and past literature.



Metal Resistance Gene Analysis

Sequencing reads were also aligned against the 16S Ribosomal RNA database at NCBI GenBank using BLAST+ 2.12.0 (Camacho et al., 2009). The taxonomic affiliations according to NCBI taxonomy database were recorded for identical hits. Candidate genomes were compiled and aligned against the BacMet 2.0 reference database of genes with experimentally confirmed metal resistance functions (Pal et al., 2014). The search was conducted using the BLASTx option of DIAMOND sequence aligner 2.0.11 (Buchfink et al., 2015) under the following criteria: e-value 10–5, amino acid identity ≥ 90%, and alignment length > 25 amino acids (Gupta et al., 2018). The relative abundance of MRGs associated to our studied metals (Cd, Cr, Cu, Pb, Zn, and multimetal-resistant) were then calculated.



Statistical Analysis

Differences in physicochemical properties and heavy metal concentrations between estuarine mudflat (WSK, SDK, and LHK) and salt marsh (BBY and DWS) sediment samples were analyzed using independent-samples t-test. Differences in microbial relative abundance were analyzed using Welch’s t-test (White et al., 2009). Spearman’s correlation was used to investigate the relationship between heavy metal concentrations, bacterial community structure and ecological functions. The SPSS Statistics Professional Version 22.0 (IBM Corp., United States) software was used to carry out the statistical analyses unless otherwise specified. Differences were considered significant when P < 0.05.

Redundancy analysis (RDA) was used to study bacterial communities in relation to the concentrations and geo-accumulation indices of heavy metals (Zhang et al., 2016), which can help to disclose the overall impact on microbial communities. For RDA, all explanatory variables were log (x + 1) transformed prior to analysis. Permutation test parameters were set to 999 permutations in each test. All RDA were conducted using Canoco5 (ter Braak and Šmilauer, 2002).



RESULTS


Physicochemical Characteristics of Sediments

The major physicochemical characteristics of sediments at studied sampling sites are summarized in Table 1. Salinity was significantly higher in the salt marsh sediments (BBY and DWS) compared to the estuarine mudflat sediments (WSK, SDK, and LHK) (P < 0.05). The pH values of pore water in both the studied salt marsh and estuarine mudflat sediment samples were mostly slightly alkaline. But in October 2015, the pH value of pore water was significantly lower in estuarine mudflat sediments (pH values at WSK, SDK, and LHK were below 7) compared to that of the salt marsh sediments (P < 0.05). Sediment samples from most of the sampling sites were mainly composed of silt and clay (amounted to over 90% of total) with small amounts (below 10%) of sand, with the exception of WSK and SDK sediments sampled in April 2016.


TABLE 1. Summary of environmental variables of salt marsh and estuarine mudflat sediment samples.
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Risk Assessment of Heavy Metal Concentrations in Sediments

Heavy metal concentrations in intertidal sediments sampled during October 2015 and April 2016 across the five sampling sites were examined and summarized in Supplementary Table 2. Samples from the salt marshes (BBY and DWS) had slightly lower heavy metal concentrations compared to samples from the estuarine mudflats (WSK, SDK, and LHK). The concentration values were compared with known threshold effect concentration (TEC) values from a previous study (MacDonald et al., 2000), as presented in Figure 2. Results showed that Cr and Cu concentrations in intertidal sediments across all sampling sites exceeded respective TEC levels. In contrast, the concentrations of Cd were consistently below the TEC level. A notable difference was observed for Zn concentrations, as it was recorded to be below the TEC level in the salt marsh sampling sites (BBY and DWS), and above the TEC level in estuarine mudflat sampling sites (WSK, SDK, and LHK). Similar pattern was observed but to a lesser extent after 6 months in April 2016. Pb concentrations recorded were consistently, albeit barely, under the TEC level in estuarine mudflat sampling sites, and occasionally above the TEC level in brackish marsh sites.
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FIGURE 2. Concentrations of heavy metals (A) Zn, (B) Cu, (C) Cr, (D) Pb, and (E) Cd in the intertidal sediments from estuarine mudflats (WSK, SDK, and LHK) and Chongming salt marshes (BBY and DWS) collected during October 2015 and April 2016 at the Yangtze River estuary. The threshold effect concentrations (TEC) of respective heavy metals are indicated (MacDonald et al., 2000).



Geo-Accumulation Indices of Heavy Metals in Sediments

The geo-accumulation indices (Igeo) of heavy metals in the sediment samples are summarized in Figure 3. In October 2015, Zn, Cr and Cd were recorded at moderate levels in estuarine mudflat sediments; in the Chongming salt marsh sediments, only Cd was recorded at a moderate level, with Cr being very close to the moderate level at an Igeo of 0.985. In April 2016, Igeo values for Zn and Cd were classified as weakly polluted in estuarine mudflats following the decrease in Zn and Cd concentrations measured. In contrast, the Igeo Cr results for salt marsh sediments showed increase and was classified as moderately polluted. While Cd concentrations recorded were below the established TEC levels for all sites consistently over two periods of time, Igeo Cd suggested that the studied sediments in estuarine areas could be considered moderately polluted by Cd. Based on the Igeo of the five heavy metals studied, the cumulative Igeo total of heavy metals in the estuarine mudflat and salt marsh sediments was calculated to provide an overview of total heavy metal pollution. In 2015, at an Igeo total of 5.25 and 3.544 for estuarine mudflat and salt marsh sediments, respectively, the estuarine mudflats can be considered moderately polluted by heavy metals, while the Chongming salt marsh sediments were weakly polluted by heavy metals. In 2016 April, both salt marsh and estuarine mudflat sediments were considered weakly polluted by total heavy metals (Igeo total of 3.216 and 3.894).
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FIGURE 3. Geo-accumulation indices (Igeo) of heavy metals (A) Zn, (B) Cu, (C) Cr, (D) Pb, (E) Cd and their (F) Igeo total of measured heavy metals in the estuarine mudflat (WSK, SDK, and LHK) and Chongming salt marsh (BBY and DWS) sediments from the Yangtze River estuary, collected during October 2015 and April 2016. An Igeo total of less than 5 represents Class I, weakly polluted; an Igeo total between 5 and 10 represents Class II, moderately polluted.




Potential Ecological Risk Indices of Heavy Metals in Sediments

The potential ecological risk indices (RI) and risk levels of heavy metals at different sampling sites are summarized in Figure 4. As shown in Table 2, Cr, Cu, Pb, and Zn had relatively low toxicity coefficients and hence relatively low ecological risk factor contributed toward the corrected RI. The observation was consistent across all sampling sites. In contrast, the ecological risk factors for Cd were much higher for its high toxicity, ranging from considerable risk in salt marsh sites (BBY and DWS) to high risk in the estuarine mudflat sites (SDK and LHK). The presence of Cd at high concentrations above background across all sites primarily contributed to the RI and risk levels recorded, defined as the total of the potential ecological risk factors of individual heavy metals considered. As a result, almost all studied sample sites could be considered consistently exposed to at least considerable levels of ecological risk from heavy metals from October 2015 to April 2016.
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FIGURE 4. Potential ecological risk indices (RI) of heavy metals in intertidal sediments from various sites at the Yangtze River estuary sampled during October 2015 and April 2016. WSK, SDK, and LHK were estuarine mudflats, BBY and DWS were salt marshes. The potential ecological risk levels represented by the RI values are indicated by dotted lines.



TABLE 2. Potential ecological risk factor ([image: image]), risk indices (RI), and risk levels of heavy metals in the intertidal sediments at Yangtze River estuary.
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Relative Abundance of Bacterial Taxa in Sediment Communities

The microbial community profiles of the more heavily polluted 2015 sediment samples were first analyzed and compared. The relative abundances of dominant bacterial phyla recorded from representative microbial communities sampled are summarized in Figure 5A. Bacterial phyla Proteobacteria and Actinobacteria had higher relative abundance at salt marsh (BBY) sampling site than at estuarine mudflat (SDK) sampling site, while Firmicutes, Bacteroidetes, and Acidobacteria showed the opposite. At the class level, Deltaproteobacteria, and Gammaproteobacteria, which are major subtaxa of Proteobacteria, also showed higher relative abundances in salt marsh sediments than in estuarine mudflat sediments, as shown in Figure 5B. The opposite was recorded for Betaproteobacteria. Acidimicrobiia is a major class of Actinobacteria and both the phylum and the class showed similar significant changes in relative abundance with spatial variation. The class Deltaproteobacteria, which is largely responsible for regulating the sulfur cycle, was selected to further study the impact of heavy metal pollution on bacterial functional groups. The relative abundance of genera associated with respiration of sulfur compound was examined and Desulfococcus, Desulfosarcina, and Desulfomicrobium were found to significantly differ between estuarine mudflat and salt marsh sediments, as shown in Figure 5C.
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FIGURE 5. The difference in proportions of recorded bacterial OTUs classified by dominant (A) phyla, (B) classes, and (C) sulfur-reducing bacteria in sediment samples from representative estuarine mudflat (SDK) and the Chongming salt marsh (BBY) sites, collected in October 2015. Significant difference between proportions were analyzed using Welch’s t-test.




The Influence of Heavy Metals on Microbial Community Composition

Dominant bacteria at each taxonomic rank (relative abundance > 1%) were subjected to RDA to investigate the relationship between bacterial community structure and heavy metal concentration in the environment. Results first revealed that Cr (Explains = 40.0%, F = 2.0, P = 0.018) and Zn (Explains = 36.9%, F = 2.0, P = 0.036) were significant factors influencing microbial community composition and relative abundance at the phylum level. At lower taxonomic levels including class, order, and family, RDA revealed that only Zn remained to be a significant factor (Supplementary Tables 3–6). The concentrations of Zn were above TEC in estuarine mudflat sediments and below TEC in salt marsh sediments, supporting the spatial variation in microbial community composition being linked to Zn concentration. Zn concentration should be considered a useful indicator to be monitored to identify future community shifts. A similar set of RDA analysis was performed using Igeo indices instead of heavy metal concentrations, as summarized in Figure 6. The influence on microbial communities were overall similar. Results revealed that the IgeoCr had significant impact (Conditional Term Effects) on the dominant bacterial phyla in the communities (P = 0.022), while IgeoZn had significant impact on the dominant bacterial classes (P = 0.048), orders (P = 0.046) and families (P = 0.001) in the communities. At the genus level, variation in heavy metals had no significant impact on the dominant genera in communities.
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FIGURE 6. RDA ordination plots of the composition and abundances of dominant bacterial (A) phyla, (B) classes, (C) orders, and (D) families from sediment samples collected in October 2015 in relation to heavy metals and their Igeo indices.


Spearman’s correlation was used to further investigate how heavy metal pollution may correspond and map with the relative abundance of bacterial taxa. Significant correlations were identified for various bacterial taxa across different taxonomic ranks. Among the 10 recorded dominant phyla (relative abundance > 1%), 4 phyla showed a significant positive correlation with the various heavy metals studied. Similarly, among the 17 dominant classes, 28 dominant orders, 25 dominant families, and 16 dominant genera, results reported 5 classes, 11 orders, 9 families, and 5 genera to show significant correlation with the different heavy metals, as summarized in Figure 7A. To better understand the environmental implications of pollution, a similar analysis was conducted with Igeo indices instead, as summarized in Figure 7B. Overall, the results of the two analyses complement each other. For most of these dominant taxa, a positive correlation was identified between their relative abundance and either heavy metal concentrations or respective Igeo indices. This may be indicative of the tolerance for various heavy metals within bacterial communities if the environmental conditions are otherwise favorable. In contrast, the relative abundances of order Desulfobacterales and its subset family Desulfobulbaceae, as well as order Rhodobacterales and its subset family Rhodobacteraceae, showed significant negative correlations with heavy metals and Igeo indices. These bacterial groups may be relatively susceptible to heavy metal pollution. Subsequently, only the dominant bacterial phylum Acidobacteria, order Burkholderiales, Nitrosomonadales and family Comamonadaceae had positive correlation with combined heavy metal pollution (Igeo total).
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FIGURE 7. Spearman’s correlation between (A) heavy metal concentration or (B) heavy metal Igeo index and relative abundances of dominant bacterial taxa in microbial communities from sediment samples collected in October 2015. Red and blue colors indicate positive and negative correlations, respectively. Scale represents the numeric data of Spearman coefficients. Significant correlations (P < 0.05) are indicated by a black circular border.




The Influence of Heavy Metals on Relative Functional Contributions by Microbial Communities

Bacterial communities were functionally annotated with FAPROTAX; the relationship between heavy metals and the relative contributions to ecological functions by bacterial functional groups were subjected to analysis using Spearman’s correlation. A total of 50 annotated ecological functions was contributed by sampled microbial communities, of which 11 showed significant correlations with either Cu, Zn, Cd, and/or Cr, as summarized in Figure 8A. Among the 11, sulfate respiration was the most dominant function contributed by microbial functional groups. Similarly, the analysis was repeated with Igeo indices to indicate the relationship between heavy metal pollution and microbial community ecological functions; there were 6 ecological functions which showed significant correlations with heavy metal pollution, as summarized in Figure 8B. The Igeo of heavy metals yielded more specific results.
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FIGURE 8. Spearman’s correlations between (A) heavy metal concentrations or (B) heavy metal Igeo indices and relative contributions toward ecological functions by microbial communities from sediment samples collected in October 2015. Red and blue colors indicate positive and negative correlations, respectively. Scale represents the numeric data of Spearman’s coefficients. Significant correlations (P < 0.05) are indicated by a black circular border.


Notably, sulfate respiration and methanol oxidation have significant negative correlations with total heavy metal pollution, while aromatic compound degradation and iron oxidation have significant positive correlations with heavy metal pollution. The order Desulfobacterales was largely responsible for the contributions in sulfate respiration. Based on the results from the previous section, for Desulfobacterales, both bacterial abundance and its contribution in regulating sulfate respiration showed similar negative correlations with the studied heavy metal (Zn, Cu, Cr, Pb, and Cd) and their respective Igeo indices. This consistency suggested a spatial pattern in microbial sulfate respiration processes which is linked to heavy metal pollution. Throughout the analysis, Pb was found to have negligible influence on the ecological functions of microbial communities, which is likely due to Pb having the lowest Igeo value among the five heavy metals recorded in the intertidal sediments. Microbial communities may have adapted to the gradual accumulation of Pb.



The Potential Abundance of Metal Resistance Genes in Recovered Microbial Communities

The relative abundance of MRGs corresponding to studied metals (Cd, Cr, Cu, Pb, and Zn) in microbial communities were calculated and summarized in Figure 9. Results showed that, out of the five studied heavy metals, Cu and Cr resistance genes were common among most study sites in Yangtze River estuary. Cd resistance genes were rare and only recorded in three samples at 3.69–5.53 × 10–5 copies per 16S rRNA. There are no records of Pb resistance genes. Overall, bacterial communities from the salt marshes sites (DWS and BBY) displayed a higher diversity and relative abundance in MRG types harbored for the October 2015 samples, while the opposite was recorded for April 2016.
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FIGURE 9. Relative abundance of metal resistance genes (MRGs) in bacterial community at various sites of the Yangtze River estuary sampled during October 2015 and April 2016. WSK, SDK, and LHK were estuarine mudflats; BBY and DWS were salt marshes.




The Interactions Between Heavy Metals and Microbial Communities Over Time

A similar data analysis pipeline was applied for sediment samples collected in April 2016 to investigate the identified correlation between metal concentration and estuarine microbial communities. A special focus was placed onto the dominant bacterial taxa (relative abundance > 1%) previously shown to be significantly correlated with heavy metal pollution. The change in relative abundance of identified bacterial is summarized in Figure 10. Temporal variation was observed for several bacterial taxa. Notably, at the phylum level, Verrucomicrobia and Acidobacteria significantly increased in relative abundance among all sites, whereas Nitrospirae and its subtaxa showed corresponding decrease in relative abundance (Welch’s t-test, P < 0.05). A redundant analysis was repeated to investigate the impact of heavy metal concentration and associated pollution index (Igeo) on microbial community composition at different taxonomic levels from phylum to family. Results showed that no significant impact on community composition can be linked with the minor shifts in heavy metal concentration (Supplementary Tables 7–10).
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FIGURE 10. Relative abundances of heavy metal-associated bacterial taxa in sediments from various sites of the Yangtze River estuary (Red = October 2015, Blue = April 2016). Asterisks represent a significant difference between the 2 months according to Welch’s t-test (P < 0.05).




DISCUSSION

Urbanized coastal estuarine ecosystems worldwide have received increasing anthropogenic input over time. Discharged multi-heavy metal pollutants accumulating in aquatic environments are indisputable environmental threats. From the present study, the urbanized Yangtze intertidal sediments were shown to contain various heavy metals at total concentrations that exceeds established individual threshold levels. Among the five studied heavy metals, four (Zn, Cu, Cr, and Pb) are of confirmed concern as they have been found to exceed the TEC by similar if not a greater margin when compared to previous literature (Wang et al., 2014; Xu et al., 2014; Liu et al., 2015). In 2015, Zn, Cu and Cr concentrations were found to be consistently higher in the estuarine mudflat sediment samples. The concentration difference shrunk in April 2016 as the average heavy metal concentrations in estuarine sediments showed uniform reduction, while those of the salt marsh remained similar. This observed fluctuation, however, could be due to seasonal variations. Precipitation may subject surface sediments in the Yangtze River estuary to constant washing effect that is difficult to consider and account for properly. There was a spatial difference in heavy metal distribution, which was anticipated with the difference in environmental conditions and potentially anthropogenic disturbance. While both southern and northern channels of the Yangtze River receive similar upstream freshwater input, the sampling sites on the southern branch may receive more local anthropogenic input such as urban runoff. Sampling sites to the east of Chongming Island are relatively distant from direct human impact and more frequently contacted by seawater and dilution effects. The current results indicated that variations in estuarine mudflat heavy metal concentration could be more associated with local impact instead of upstream input. Nevertheless, further pollution source tracking will be required to convincingly determine the nature of heavy metal distribution in the Yangtze River.

According to the Igeo and RI results, Cd and Zn were major contributors to recorded pollution levels that should be considered an environmental and ecological risk. Despite relatively low Cd concentration, Cd poses considerable to high risks for its high toxic response factor, and the ability for Cd exposure to impact microbial community structure, heavy metal (Salam et al., 2020) and antibiotic resistome (Zhao et al., 2019). Within the Yangtze River estuary, the estuarine mudflat sediments were found to be more polluted (Class II, moderately polluted) and up to high ecological risk compared to the salt marsh sediments. The ability for heavy metal concentration and pollution levels to explain and predict the response of microbial community composition was subsequently tested on the October 2015 samples. This subset was selected for downstream analysis to minimize the impact of unaccountable factors such as rainfall dilution. October samples serve as sediments representative of the dry season with low monthly precipitation and could be considered a better subset to reflect the impact of heavy metal pollution exposure on sedimentary bacterial communities. RDA results revealed Zn to be the only consistent significant factor indicative of shifts in dominant microbial community composition from the class level to the family level. Spearman’s correlation analysis further showed that many dominant taxa among all estuarine sediment samples positively correlate with Zn concentration and pollution indices.

Relatively few taxa have shown negative correlations (e.g., Order Desulfobacterales and subtaxa) or were seemingly unaffected (e.g., Class Nitrospira and subtaxa). For the April 2016 sample subset, similar explanatory effects of heavy metal Zn on microbial compositions cannot be detected. This may have indicated a dilution effect for surface sediments sampled. It is also likely that this seasonal change introduced more complex variations in dominant microbial taxa across the sediment samples. To examine this potential difference, responses of dominant taxa previously reported to significantly correlate with heavy metal concentrations were subsequently investigated. It is anticipated that the relative abundance of this group of bacteria taxa associated with heavy metals could be robust when metal concentrations do not greatly differ. Yet, a significant increase in relative abundance of Verrucomicrobia was observed between 2015 and 2016. This is because Verrucomicrobia is a key bacterial phylum reported to favor the wet season (Yi et al., 2020) and correlate negatively with heavy metals Cr, Pb, and Zn (Li et al., 2020), which may explain the observation. For most of the other previous identified heavy metal-associated taxa, it is also revealed that decreasing trends in Zn and heavy metal concentration in estuarine sediments did not significantly impact their relative abundances. Among the multi-metals studied, increased Zn concentrations may serve as an important indicator to quantify influence and stress of heavy metal pollution on microbial communities. Their potential ability to further select tolerant taxa and should be closely monitored.

Heavy metals are one of the many pollutants recorded in the environment. Although the present study has unveiled new associations between heavy metals and estuarine microbial communities, the mechanisms behind their impact, behavior and interactions with the complex ecosystem are still far from clear. A previous study has shown that Zn concentrations can alter microbial community compositions in soil and affect soil enzyme activities (Liu et al., 2020); an excess in Zn may decrease enzyme activity. A similar path of impact may have indirectly caused the recorded shifts in structure of sedimentary microbial communities. Alternatively, the ability for microbes to acquire MRGs as a response to continuous exposure should also be considered. It has been shown that exposure to heavy metals such as Cu for 21 days may induce community-wide tolerance to heavy metals at the cost of a loss in diversity with the sensitive taxa (Ahmed et al., 2020).

For the Yangtze River sedimentary microbial community, presence of Cu resistance genes was widely recorded but at relatively low abundance (between 3.50 × 10–5 and 4.61 × 10–4 copies per 16S rRNA). Cd and Zn resistance genes were rare in both occurrence and abundance, and no convincing associations could be drawn with the spatial difference in heavy metal concentrations. Further, highest diversity and abundance of MRGs were displayed in estuarine mudflat sediments from April 2016. The potential influx of microbes from land may have carried more resistance genes. This could also be a result of sediment conditions influencing the actual bioavailability of heavy metals for bacterial communities (Miranda et al., 2021). This suggested that habitat niche and microbial community characteristics may have greater influence on MRG distribution over heavy metal concentrations (Song et al., 2019). In this study, heavy metal content was dissolved and measured in total concentration. Chemical metal speciation analyses could help to identify the different chemical metal forms available as potentially better predictors. Specifically, microbial groups such as SRBs and methanotrophs can be responsible for a range of speciation transformation processes for metals (Zhao et al., 2021). Many studies have attempted to utilize specific microbial groups as a promising heavy metal bioremediation tool. However, predicting metal bioavailability and interactions with microbes at a community-level is still naturally complex. A combination of controlled laboratory exposure and transcriptomic studies will be beneficial to complement existing field results on the integrated impact of heavy metal pollution in an estuarine environment condition.

The relationship between microbial community structure and heavy metal pollution was also investigated. The relative abundance results showed that major bacterial phyla such as Proteobacteria and Actinobacteria preferred the relatively less polluted salt marsh environment. The opposite was recorded for phyla such as Firmicutes and Acidobacteria. Results at the class level greatly varied within Proteobacteria. Gammaproteobacteria and Deltaproteobacteria were major taxa found in marine sediments (Di Cesare et al., 2020) and preference was shown for the less polluted sites. In contrast, Betaproteobacteria were more abundant in the more polluted southern branch. These class level results have been consistent and are not restricted to estuarine environments as similar trends saw resemblance in microbial communities in Cd-contaminated soils (Li et al., 2017). The spatial variation is believed to stem from the adaptation by bacterial subtaxa utilizing these different biogeographical niches, alongside different sources and concentrations of nutrients such as carbon (Bouskill et al., 2010). Hence, heavy metal concentration should be considered important parameters that interact with, but is often overshadowed by, the distinct impact of environmental parameters such as salinity gradients.

Additionally, potential shifts in microbial functional groups were examined. In particular, the respiration of sulfur compound is a known major ecological function contributed by class Deltaproteobacteria. Results indicated that sulfate respiration has significant negative correlations with total heavy metal pollution, while sulfate-oxidizing processes has been found to positively correlate with heavy metals (Lu et al., 2019). This observation is closely associated to the relative abundances of order Desulfobacterales and its subset family Desulfobulbaceae, as they are major contributors to sulfate respiration. Both these taxa showed significant negative correlations with heavy metals in general. Their subset genus Desulfococcus have also been proposed as sentinel bacteria used to detect metal pollution risks (Fernández-Cadena et al., 2020). Thus, SRBs are yet another important bacteria group to investigate its interaction with the environment and potential susceptibility in the context of heavy metal pollution (Niu et al., 2018). Additionally, in the study by Zhao et al. (2018), SRBs were found to facilitate the transformation of mercury to methylmercury in paddy soils with the release of root exudates from rice cultivation. While heavy metal can influence the structure of microbial communities and functional groups, bacterial groups can also take part in converting different forms of metals through means of adsorption and chemical precipitation. SRBs were employed in treatments such as wastewater remediation to remove pollutants such as organic contaminants and heavy metals (Li et al., 2018). A better understanding of microbial interactions with exposure to heavy metals in the field is desired as microbial services can offer many great application opportunities.



CONCLUSION

The present study assessed concentrations, pollution statuses, and ecological risks of heavy metals in sediments of the Yangtze River estuary. Moderate levels of multi-heavy metal pollution were recorded, posing a considerable level of potential ecological risk. The integrated impact of multi-heavy metal pollution on microbial community structure and ecological functions was investigated. We revealed new associations between sedimentary microbial communities and various heavy metals under an estuarine environment condition. Results highlighted the importance of Zn among the studied metals for its potential as a stressor and indicator for heavy metal pollution-associated community shifts. Zn concentration under urbanized estuarine conditions deserves further monitoring attention. Additionally, MRGs were generally found to be present at low relative abundance with no significant associations with heavy metal concentrations. It is suggested that microbial community characteristics and sediment conditions may play more determinant roles in MRG distribution. We conclude by calling attention to the need for future studies and assessments to carefully consider the dynamic influence and interactive mechanisms between multiple heavy metals and microbial communities. This should be done in conjunction with dominant environmental factors especially when attempting to disentangle the complex nature of microbial ecotoxicology. This will benefit both our fundamental understanding of metal-biota-environment interactions and contribute to a better basis for risk assessment and ecosystem management.
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*Asterisk represents a significant difference between salt marsh and estuarine mudflat sediments in at least one of the sample sets according to t-test (P < 0.05).
Corresponding data with significant differences are bolded.
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