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Some oyster species precipitate a soft, friable form of calcite that is occluded within their shells, often referred to as chalk or chalky deposits. Because of the unusual microstructure of this shell feature, it has been proposed that chalk is the result of microbial involvement in the calcification process. Specifically, chalk has been hypothesized to be induced or influenced by microbial sulfate-reduction, and therefore chalk formation may not be under direct control of the oysters themselves. Specimens of the Pacific oyster, Magallana gigas, well-known for chalk deposition within shells, were grown in Bodega Harbor, Bodega Bay, California, and exposed monthly to treatments that altered the abundance of sulfate-reducing bacteria within oysters. The four treatment conditions evaluated included a control group (not exposed to any reagents), as well as oysters exposed to ciprofloxacin (a broad spectrum antibiotic), sodium molybdate (a compound known to inhibit bacterial sulfate reduction), and an inoculum of a sulfate-reducing bacterium isolated for this study. At the end of a 7 month growing period, specimens were culled and shells from treatment groups were assessed for chalk content by measuring bulk shell density and percentage of chalk in a cross sectional area. While analyses show that treatment conditions were successful with respect to altering abundances of sulfate-reducing bacteria in oysters, increasing SRB populations did not correlate to enhanced chalk expression in oyster shells. Interestingly, control oysters produced more chalk than the other treatment groups, according to both bulk shell density and percent chalk measured in cross section. Given that control oysters represent the wild type for chalk expression in shells, it is inferred that the decreased formation of chalk in the other groups was due to a perturbation of the microbiome in the oyster calcifying fluid. However, the methods used here only quantify the presence of sulfate-reducing bacteria in oysters, and therefore, additional work is necessary to evaluate the role of the microbiome in oyster calcification.
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1. INTRODUCTION

The process of biomineralization is defined as the selective uptake of elements that are incorporated into a defined mineral structure under strict biological control (Dupraz et al., 2009). However, mineralization does not always occur under strict genetic (i.e., metazoan) control. Microbially-induced mineralization occurs when microbial metabolism creates a chemical environment that favors mineral precipitation (Dupraz et al., 2009). This type of mineralization is exemplified by the formation of stromatolites (e.g., Baumgartner et al., 2006) and marine peloids (Chafetz, 1986). Microbially-induced calcification may also take place when carbonate-precipitating microbes colonize a shell-secreting organism and enhance the ability of the host to build shell material. These microbes alter the internal chemical environment resulting in biomineralization that is not directly controlled by the metazoan host. Cases of microbially-induced mineralization in a metazoan host include the development of polychaete tubes (Guido et al., 2014), formation of rhodolith carbonate (Cavalcanti et al., 2014), precipitation of calcium carbonate in modern stromatoporid sponges (Jackson et al., 2010), growth of metal rich (pyrite or greigite) scales on a hydrothermal vent gastropod (Goffredi et al., 2004; Nakagawa et al., 2014), and specific structures found in bivalve mollusc shell carbonate (e.g., Braithwaite et al., 2000; Checa, 2000; Glover and Taylor, 2010).

Another potential case of microbially-induced mineralization in bivalve skeletons is chalky calcite found in the shells of certain oyster species (Chinzei and Seilacher, 1993; Chinzei, 1995; Vermeij, 2014). Chalky deposits, or chalk, is a form of porous, chalky calcite that may be irregularly interspersed throughout the shells of species (both fossil and extant) that display this feature. A number of hypotheses have been put forward for both the ecological function and mechanism of formation of this trait (e.g., Chinzei, 1995; Higuerea-Ruiz and Elorza, 2009; Vermeij, 2014; Checa et al., 2018). The oyster shell, including chalky deposits, have also been well-characterized in terms of structural and chemical properties (e.g., MacDonald et al., 2009; Lee et al., 2011b; Meng et al., 2018a,b), and recent efforts have also sought to evaluate the organic components of this biomineral structure (Dauphin et al., 2013; Mouchi et al., 2016).

The goal of the present study was to manipulate the populations of sulfate-reducing bacteria (SRB) in oysters to determine whether there was an associated effect on the expression of chalk in shells. For example, if SRB populations in oysters are supplemented, it is hypothesized that a higher amount of chalk will be expressed in the shell. SRB are of particular interest because they play a central role in carbonate precipitation in microbial mats via their ability to manipulate carbonate chemistry (Visscher et al., 2000; Baumgartner et al., 2006). It has also been hypothesized that chalk formation in oysters is the result of bacterial sulfate-reduction that occurs in the calcifying fluid, found in the extrapallial space between the mantle and the shell (Chinzei and Seilacher, 1993; Vermeij, 2014; Banker and Vermeij, 2018). Individuals of Magallana gigas (also known as Crassostrea gigas) were grown in Bodega Harbor, Bodega Bay, California for approximately 7 months, and were exposed periodically to treatments designed to alter SRB populations and activity within oysters. At the end of the experimental period, oysters were sacrificed and the amount of SRB in oysters was quantified, as was the amount of chalk in shells. Comparing SRB abundance to chalk expression in oysters across treatment, and assessing whether or not these variables correlate, will provide insight into whether or not SRB are involved in oyster chalk formation.



2. METHODS


2.1. Study Organism and Environmental Setting

For this study, chalky deposit formation was investigated using M. gigas as a representative for organisms that display this shell feature. Oysters were grown out for a period of approximately 7 months in Bodega Harbor (38°19'20.6544" N, 123°2'48.6708"W) and exposed to experimental treatments in order to characterize the relationship between chalky deposit formation and SRB abundance in oysters in M. gigas. M. gigas is a fast growing species that displays ample chalky deposit growth after the juvenile stage. Shell structure for this oyster has also been relatively well-characterized (e.g., Higuerea-Ruiz and Elorza, 2009; MacDonald et al., 2009; Lee et al., 2011a,b; Dauphin et al., 2013; Mouchi et al., 2016; Checa et al., 2018), making it ideal for this work. Approximately 200 specimens of M. gigas of the same cohort (i.e., same age) were obtained for this experiment from Starbird Mariculture, Inc. facility in Bodega Harbor, Bodega Bay, California (38°19'41.56"N, 123°03'22.61"W). Oysters were grown in the Floating Commercial Upweller System (FLUPSY) at Starbird Mariculture Inc., which supplies the juvenile oysters at the facility with ample nutrients, until they reached a size of 4–5 mm (approximately 6 months old). At this time, oysters used for this experiment were separated and moved to mesh cages that were secured to a dock immediately adjacent to the FLUPSY, and thus remained in Bodega Harbor seawater for the duration of the experiment, except when oysters were brought to BML for treatments.

Bodega Harbor, within Bodega Bay, is a shallow portion of the bay that is largely protected from wave action by two parallel jetties located at its entrance. The harbor is almost completely flushed during each tidal cycle, and receives little freshwater input from April to November. However, the harbor may receive nutrient rich water during strong upwelling events (Olyarnik and Stachowicz, 2012). Bodega Bay seawater temperature during the course of the experiment (June 20, 2018 to January 24, 2019) was 13.3 ± 1.4°C as measured by Station BDXC1, a monitoring buoy owned and maintained by the UC Davis Bodega Marine Laboratory. Buoy data from Station BDXC1 was downloaded from the National Ocean Atmospheric Administration (https://www.ndbc.noaa.gov/), data from the experimental period was spliced together, and the average and standard deviation of temperature were calculated. Data for December 8, 2018 to December 11, 2018 were removed because temperature measurements for those days were erroneously recorded as 99°C. Because the Harbor receives little freshwater, temperature is generally within 5°C of the ocean temperature. Therefore, the temperature range experienced by the oysters during the experimental interval was approximately 8 to 18°C.



2.2. Oyster Cultivation and Experimental Treatments

After obtaining specimens from Starbird Mariculture, Inc. on June 20, 2018, oysters were split into 4 equal groups and placed in separate cages that were deployed in Bodega Harbor. Therefore, for each of the four treatments there was one cage that contained 50 individuals. On treatment dates, beginning July 6, 2018, all four cages were removed from the harbor and moved to the UC Davis Bodega Marine Laboratory (BML). Treatments occurred approximately 3–4 weeks apart, except for the final two dates which took place 5–6 weeks apart (Table 1). This was due to inclement weather, which prevented safe access to the outplant location, and resulted in delays in exposure to treatments. Oysters were then rinsed with seawater to remove sediment and pseudofeces, and a brush was used to remove epibionts from all individuals. Each treatment group was then placed in a 10-gallon bucket with filtered seawater (FSW). During the treatment period, oysters supplied a diet of 20,000 algal cells mL−1 (calculated using a hemocytometer), composed of Isochrysis galbana in each of the four separate buckets.


Table 1. Table summarizing dates on which oysters were removed from Bodega Harbor and transported to BML for treatment.

[image: Table 1]

Experimental conditions were intended to either supplement SRB populations in oysters, or reduce the SRB microbial load, by adding specific reagents (or an inoculum) to the buckets of each of the four experimental groups. The first group, or the control, had no additional reagents added to the bath of FSW and algae. The second group was exposed to ciprofloxacin, a broad spectrum antibiotic that was selected for this study to reduce the microbial load of SRB within oysters. Although the hypothesis was that an antibiotic would decrease the prevalence of SRB in oysters, other research suggests that it may have the opposite effect by removing competitors of SRB, thus promoting SRB growth (Córdova-Kreylos and Scow, 2007). In this study, ciprofloxacin was added to FSW for a final concentration of 200 mg L−1, based on the protocol described in Córdova-Kreylos and Scow (2007). Because it was unclear how ciprofloxacin would affect the oyster microbiome, particularly SRB within the oysters, the third treatment group was exposed to sodium molybdate. This compound was selected because sodium molybdate, when applied at a concentration of 0.08 mM (12.8 mg L−1), can inhibit the activity of SRB (de Jesus et al., 2015). Therefore, sodium molybdate was added to the treatment bucket for the third group at a concentration of 12.8 mg L−1. The fourth and final treatment group was exposed to an inoculum of SRB (Desulfovibrio sp.), that was intended to supplement existing populations of SRB in oysters of this treatment group. A liquid culture of the inoculum was added to buckets at a concentration of approximately 20,000 cells mL−1. Details on SRB isolation, cultivation, and genome analysis are described below. The permits necessary for outplanting oysters and using the following protocols were obtained from the California Department of Fish and Wildlife.



2.3. Sulfate-Reducing Bacteria Isolation and Cultivation

The permit issued for this work specified that any bacterial cultures used here needed to be acquired from local sources. Therefore, sulfate-reducing bacteria were isolated and cultured in the lab specifically for this study. An intact seagrass plant (Zostera marina) was collected from near the BML within the harbor. Small pieces of root were vortexed in 1X Phosphate Buffered Saline (PBS), which was then plated onto Marine Broth 2216 (Difco) agar. Plates were incubated anaerobically in a GasPak™EZ Container System (Becton, Dickinson, and Company) at room temperature. Subsequent dilution streaking took place in a pure N2 atmosphere in a glove box. Liquid cultures were maintained in stoppered vials sparged with pure N2. Genomic DNA extraction was performed with a Wizard Genomic DNA Purification Kit (Promega) following the manufacturer's instructions. The isolate was identified by Sanger sequencing of the extracted DNA using the 27F (Lane, 1991) and 1391R (Turner et al., 1999) primers to isolate the entire 16S rRNA gene. When amplifying the bacterial 16S rRNA gene, PCR was performed with the following protocol: 95°C for 3 min, 40 cycles at 95°C for 15 s, 54°C for 30 s, 72°C for 1 min and 30 s, and a final extension at 72°C for 5 min (modified from Dunitz et al., 2015). The resulting 16S rRNA consensus sequence was queried using BLAST (Altschul et al., 1990) against the nr database at NCBI. The isolate, Desulfovibrio sp. strain UCD-KL4C, was >97% identical (95–97% query coverage, E = 0) to D. ferrireducens (NCBI Reference: 043581.1), D. lacusfryxellense (NCBI Reference: 115861.1), and D. frigidus (NCBI Reference: 043580.1).



2.4. Desulfovibrio sp. Strain UCD-KL4C Genome Sequencing

Full genome sequencing was performed by SNPsaurus (www.snpsaurus.com/). Ten nanograms of genomic DNA was used in a 1:10 reaction of the Nextera DNA Flex Library Prep protocol. Tagmented DNA was amplified with Phusion DNA polymerase and 12 PCR cycles with 1 min extension time. Samples were sequenced on an Illumina HiSeq4000 (University of Oregon GC3F) with paired-end 150 bp reads. Quality filtering, adaptor and PhiX removal were performed with BBMap (Bushnell, 2014), and A5-miseq was used to assemble contaminated reads with the metagenomic flag enabled (Coil et al., 2014). The assembly was then fed to metagenomic binners, MaxBin (Wu et al., 2014) and Metabat (Kang et al., 2015) targeting contigs 300 bp or longer. Bins were reconciled using DASTool (Sieber et al., 2018), which provided 2 clean bins. Completeness and contamination were evaluated using CheckM (Parks et al., 2015).

A phylogenetic tree of 16S rRNA sequences was produced following the protocol in Dunitz et al. (2015). First, the Ribosomal Database Project (RDP) was used to produce an alignment of the isolate used here, closely related sequences (i.e., members of Desulfovibrio), and an archean outgroup (Maidak et al., 1994). Tree-building was accomplished with FastTree using default parameters (Price et al., 2009), and was then visualized using Dendroscope (Huson and Scornavacca, 2012). FastANI was used to compute pairwise Average Nucleotide Identity (ANI) values, a whole genome similarity metric, between Desulfovibrio sp. strain UCD-KL4C and other closely related isolates (Jain et al., 2018). A 95% similarity cutoff was used to determine species as this has been proposed to be a valid classifier for delineating currently named prokaryotic species (Jain et al., 2018). Rapid Annotation using Subsystem Technology (RAST) was used to obtain functional annotations for Desulfovibrio sp. strain UCD-KL4C (Aziz et al., 2008; Overbeek et al., 2013; Brettin et al., 2015).



2.5. Sample Collection and Quantification of Sulfate-Reducing Bacteria

After 8 treatment cycles, or approximately 7 months, (section 3.2), 20 oysters from each of the four treatment groups were sacrificed on January 24, 2019. Oysters were grown out for 7 months to allow oysters to reach a size that provided ample shell material for subsequent analyses. This grow out period also allowed time for potential differences in chalk expression to develop between groups. Because chalk expression is associated with rapid growth and large size (Kirby, 2001), the 20 largest specimens, ranging from 7 to 10 cm (umbo to commissure), were selected from each treatment group to control for size as a factor affecting chalk expression. At the time cages were collected from Bodega Harbor, four seawater samples were collected in 20-mL scintillation vials immediately adjacent to the oyster cages to enable comparison of SRB populations between treatment groups and seawater.

Sani-Check SRB Kits (Biosan Laboratory, Inc.) were used to quantify the amount of SRB contained in oysters from each treatment group in order to determine whether or not experimental treatments (i.e., control, ciprofloxacin, sodium-molybdate, and the Desulfovibrio inoculum) had an affect on SRB populations within oysters. These kits were also applied to seawater samples taken from the oyster grow-out locality. The SRB Kits include tubes of culture media designed to promote the growth of sulfate-reducing bacteria, as well as applicator swabs that resemble small pipe cleaners. To use the kit, the applicator can be applied to any liquid or surface of interest, and is then inserted into the growth medium in sample tubes. Drops of mineral solution are added before the vial is closed and then incubated according to manufacturer instructions. When SRB present on the applicator release sulfide, it reacts with iron in the culture medium and forms iron sulfide, a distinct black precipitate. The amount of black sulfide produced, and the length of time it takes to form, is proportional to the amount of SRB in the sample, and can thus be used to approximate SRB counts from the original sample (Table 2). It is important to note that the Sani-Check SRB Kits used here take advantage of SRB activity in culture (i.e., test kits), that has been calibrated as a proxy for SRB abundance in the original sample. Given that the goal of this experiment was to assess whether or not SRB activity within oysters affects chalk formation, this is an appropriate method for quantifying SRB abundance in oysters.


Table 2. Table reproduced from manufacturer guidelines on quantification of SRB in samples based on amount of black sulfide present after incubation periods ranging from 1 to 5 days.
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Prior to use of the SRB Kits, oysters were rinsed and scrubbed with filtered seawater to remove sediment and epibionts, and were then opened dorsally at the umbo. The right valve was removed, leaving the soft tissue of the animal in the left, cupped valve. The test kit applicator was inserted between the mantle and the left valve, thus immersing it in the oyster calcifying fluid left in the extrapallial space. Test kits were applied to 10 of the 20 oysters collected from each treatment group, as well as to the 4 seawater samples collected in vials (Table 3).


Table 3. Table detailing the results of SanBio SRB Test Kits applied to oyster and seawater samples.

[image: Table 3]

Because the SanBio test kits used to assess levels of SRB did not yield exact cell counts, treatment groups were compared statistically by assigning ranks to each sample based on the kit results (Table 3). The Kruskal–Wallis test was applied to rank data in R (Version 3.5.3) using the kruskal.test function, and significance was determined using a confidence level of 0.05. This test is typical for datasets that have one nominal and one ranked variable, as is the case with the SRB quantification here. The Conover-Imam test was used as a post-hoc analysis to perform pairwise comparisons of all treatment groups, and was implemented using conover.test in the conover.test package (version 1.1.5). A Bonferroni correction was used to reduce the rate of Type I error (i.e., the rate of incorrectly rejecting a true null hypothesis). The Bonferroni correction indicates significance for a post hoc test when the P value is less than 0.05/k, where k is the number of comparisons being made. For this study, the five treatment groups were compared, including the control, resulting in ten pairwise comparisons (k = 10). Thus a second confidence level, when P was less than 0.05/10(= 0.005), was used.



2.6. Quantification of Chalk in Oyster Shells

Chalk expression in oysters was assessed in two ways: First, the average density of shells (both valves) was measured for each of the 20 specimens taken from the four treatment groups (i.e., control, ciprofloxacin, sodium-molybdate, and the Desulfovibrio inocolum). This was done by taking the dry weight of both valves, then measuring water displacement when both shells were placed in a beaker.

The second method to quantify chalk expression in oysters was to measure the percent of cross-sectional area occupied by chalk. After mass and volume measurements were taken for each specimen to calculate shell density, the left valves from these same oysters (20 specimens in each of the four treatment groups) were cut along the axis of maximum growth using a BuehlerTM IsoMet® low-speed saw (Figure S1). The cut surface was ground using a 600 grit diamond wheel, and the shell-half was mounted onto a large slide (51 × 75 mm) using Hillquist AB thin section epoxy. Shells were then re-sectioned using BuehlerTM PetroThin thin section saw, resulting in mounted shell sections that were approximately 500–700 μm thick. Sections were digitized using a scanner and the proportion of chalk in each specimen was calculated as a percentage of cross-sectional area using Image J open-source software (https://imagej.nih.gov/ij/).

A one-way analysis of variance (ANOVA), was employed to compare the means of each treatment group for both shell density and percent chalk of cross-sectional area. This test is typical for datasets that have one nominal and one measurement variable, and evaluates whether means of the measurement variable are different between groups as determined by the nominal variable. The Tukey–Kramer test was used as a post-hoc test to make pairwise comparisons between each treatment group for both parameters. This test includes an inherent P-value adjustment to account for multiple comparisons. Mean shell volume was also compared between treatment groups, as a proxy for overall shell growth, using a one-way ANOVA and the Tukey–Kramer test for post-hoc analysis.




3. RESULTS


3.1. Desulfovibrio sp. Strain UCD-KL4C Genome Analysis

A preliminary assembly determined that the genome of Desulfovibrio sp. strain UCD-KL4C was contaminated with reads from Bacillus. 4,853,674 raw pairs of reads were received. After quality filtering, adaptor and PhiX removal, 4,854,199 pairs of reads (bbduk) remained (Bushnell, 2014). Of these, 92% of reads belonged to Desulfovibrio sp. strain UCD-KL4C. A5-miseq (Coil et al., 2014) assembled the contaminated reads with the metagenomic flag enabled (this prevents overcorrecting the reads to a single isolate) into 288 contigs. Only 3.8% of contigs (11 out of the 288) were contamination attributed to Bacillus. MaxBin produced 2 bins with near perfect completeness and minimal contamination. Metabat produced 4 bins, with only 1 with 100% completeness. Two 16S rRNA sequences (of length > 1kb) were identified using ssu-align (Nawrocki, 2009) of which only one was assigned to the bins (the second one belonged to a contig that was not binned). Eleven contigs were binned into the bin of interest and included all the single copy marker genes used by CheckM and the 16S rRNA sequence, which blasted to Desulfovibrio lacusfryxellense at 97.85% identity over 99% of 1402 nucleotides.

A phylogenetic tree, using 16S rRNA sequences, was used to confirm the taxonomic identity of the isolate Desulfovibrio sp. strain UCD-KL4C. Desulfovibrio sp. strain UCD-KL4C fell within a well-supported (96% bootstrap support) clade that contained only Desulfovibrio isolates (Figure S2). However, the only members of this clade with designated taxonomy were Desulfovibrio ferrireducens and Desulfovibrio frigidus (Figure S2). Pairwise ANI values were computed to compare our isolate to these organisms (Table 4), though values fell below 95% similarity, indicating that Desulfovibrio sp. strain UCD-KL4C is potentially a separate species.


Table 4. Table summarizing Average Nucleotide Identity percent similarities between Desulfovibrio sp. strain UCD-KL4C.
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Results from the RAST annotation of the Desulfovibrio sp. strain UCD-KL4C genome indicated that this isolate contains 3,627 protein coding sequences and 63 non-coding RNAs. This includes genes for sulfur metabolism, such as the sulfite reduction-associated complex DsrMKJOP, and several other dissimilatory sulfite reductase (Dsr) subunits.



3.2. Abundance of Sulfate-Reducing Bacteria in Oysters

Samples were visually assessed for black residue after 1 day of incubation. At this point, most test kits showed significant sulfide production, and these results were recorded (Table 3). Samples that did not produce black residue over the first 24-h were monitored for an additional 4 days, as per manufacturer instructions. At this point, most samples that did not have black residue after 1 day of incubation had developed some black sulfides. However, the seawater samples never developed any sulfide deposits. As per the manufacturer guidlines (Table 2), no sulfide production (no reaction) indicates that a given sample very few sulfate-reducers per milliliter, but does not mean that there were no sulfate-reducers present in the original sample. The designation “Narrow-Black” was applied to samples that showed more sulfide production than a narrow band of black around the applicator, but less black residue than could be described as completely black (Table 3). Frequency distributions of the number of samples from each treatment group based on the rank, or amount of SRB present, is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Counts of the number of samples from each treatment group with a certain rank representing the amount of sulfate-reducing bacteria (SRB) based on SanBio Test Kit results (Table 3). For example, all four seawater samples displayed sulfide formation after 5 days of incubation. According to the manufacturer guidelines (Table 3), no reaction indicates <101 sulfate-reducers per milliliter in the original seawater sample. Because this was the lowest concentration of sulfate-reducing bacteria for any sample, these four seawater samples were assigned a rank of 1 (Table 3). Therefore, the seawater sample panel (N = 4) shows a count of 4 at a rank of 1, indicating that all four samples from this group had a rank of 1 (Table 3). N = 10 for each oyster treatment group; N = 4 for seawater.


The Kruskal–Wallis test yielded a significant result, which indicates that there is a significant different in values among groups (H = 16.521, df = 4, P = 0.002394). Because the null hypothesis of the Kruskal–Wallis test was rejected, it was appropriate to use the Conover-Imam method as a post-hoc test to evaluate pairwise differences between groups (Conover and Imam, 1979; Conover, 1999). Results from the Conover-Imam test showed that there was a significant difference between each oyster treatment group when compared to seawater samples. Furthermore, the only two groups that were distinct from one another were those exposed to sodium molybdate and the inoculum of Desulfovibrio UCD-KL4C, otherwise all samples can be sorted into homogenous subsets (P > 0.005) (Table 5).


Table 5. Table summarizing the mean rank representing amounts SRB in each sample.
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3.3. Shell Chalk Content

Tests performed on shell density measurements indicated that there was a significant difference between treatment groups for this parameter [one-way ANOVA, F(3, 76) = 4.636 P = 0.00496]. The Tukey–Kramer test, applied to discern pairwise differences in shell density, indicated that groups exposed to ciprofloxacin, sodium molybdate, and Desulfovibrio sp. strain UCD-KL4C, were not statistically different from one another, but that these three groups were all distinct from the control group (Figure 2).


[image: Figure 2]
FIGURE 2. Bulk density of shells from M. gigas. Means ± one standard error are shown for the four treatment groups. Ciprofloxacin: [image: image] = 2.29, SE = 0.11, N = 20; Control [image: image] = 1.92, SE = 0.07, N = 20; Sodium molybdate: [image: image] = 2.31, SE = 0.14, N = 20; Desulfovibrio sp. strain UCD-KL4C: [image: image] = 2.42, SE = 0.08, N = 20. Means with the same letter are not significantly different from each other (Tukey–Kramer test, P > 0.05).


For percent of chalk in cross-section, treatment groups were not statistically different from one another [one-way ANOVA, F(3, 76) = 1.883, P = 0.14]. However, even though differences across groups is not statistically significant, means for percent chalk content in shells follow the same pattern for shell density. Results show that the control group had a higher average of chalk as a percentage of the cross sectional area as compared to all other treatment groups (Figure 3). Comparison of mean shell volume amongst groups also yielded a significant result [one-way ANOVA, F(3, 76) = 3.037, P = 0.0327], though post-hoc analysis indicated that only the control and Desulfovibrio sp. strain UCD-KL4C groups were distinct from one another (Figure 4). Overall, although results indicate treatment conditions successfully altered SRB counts in oysters, the abundance of SRB did not correlate to the amount of chalk in shells.


[image: Figure 3]
FIGURE 3. Percent chalk (as a percentage of the cross sectional area) of shells from M. gigas. Means ± one standard error are shown for the four treatment groups. Ciprofloxacin: [image: image] = 24.30, SE = 2.84, N = 20; Control [image: image] = 30.65, SE = 2.65, N = 20; Sodium molybdate: [image: image] = 23.82, SE = 1.94, N = 20; Desulfovibrio sp. strain UCD-KL4C: [image: image] = 23.12, SE = 2.62, N = 20. Means with the same letter are not significantly different from each other (Tukey–Kramer test, P > 0.05).



[image: Figure 4]
FIGURE 4. Shell volume of shells from M. gigas. Means ± one standard error are shown for the four treatment groups. Ciprofloxacin: [image: image] = 12.08, SE = 0.97, N = 20; Control [image: image] = 13.75, SE = 1.14, N = 20; Sodium molybdate: [image: image] = 11.37, SE = 0.66, N = 20; Desulfovibrio sp. strain UCD-KL4C: [image: image] = 10.14, SE = 0.52, N = 20. Means with the same letter are not significantly different from each other (Tukey–Kramer test, P > 0.05).





4. DISCUSSION


4.1. Potential for Desulfovibrio sp. Strain UCD-KL4C to Contribute to Calcification

The primary goal of this study was to test the hypothesis that microbial activity, particularly bacterial sulfate-reduction, induces or influences the formation of chalky deposits found in oyster shells. Sulfate-reducing bacteria are of particular interest because they are known to contribute to calcium carbonate precipitation in microbial mats due to their ability to manipulate carbonate chemistry and promote mineral nucleation (Visscher et al., 2000; Baumgartner et al., 2006). Depending on the organic compound consumed for sulfate reduction, SRB are able to raise the saturation index of calcium carbonate (Dupraz and Visscher, 2005), increase local alkalinity (Gallagher et al., 2012), and create active sites that promote crystal growth by altering organic substrates (Dupraz et al., 2009; Bontognali et al., 2014). The proposed relationship between oysters and SRB is similar: SRB activity in the calcifying fluid will affect oyster shell formation by influencing carbonate chemistry, thus promoting rapid shell growth in the form of chalky deposits.

Although further analyses to precisely resolve the taxonomy of the Desulfovibrio sp. strain UCD-KL4C are beyond the scope of this study, phylogenetic analysis reveals that this isolate is definitively a member of the genus Desulfovibrio (Figure S2). Furthermore, genome annotation indicates that the isolate has genes that are integral to bacterial sulfate-reduction, including several Dsr subunits and the DsrMKJOP complex, which catalyze the reduction of sulfite to sulfide (Pires et al., 2006; Grein et al., 2013; Fike et al., 2016). In fact, the presence of Dsr genes are used to assess microspatial distributions of SRB in microbial mats because they are diagnostic of microbes that can perform sulfate-reduction (Minz et al., 1999; Dar et al., 2007; Petrisor et al., 2014).



4.2. Effect of Treatments on Abundance of Sulfate-Reducing Bacteria

Overall, the treatments selected for this study to manipulate internal oyster populations of SRB were successful. Although not all sample pairs revealed significant statistical differences, mean ranks (representing relative amounts of SRB across samples) showed trends that align with expectations of how treatment conditions would affect the populations of sulfate-reducing bacteria. The group of oysters inoculated with the Desulfovibrio sp. strain UCD-KL4C had the highest mean rank. This was expected because test kits assayed for sulfate-reduction, which increase when SRB populations are supplemented. In contrast, amounts of sulfate-reducing bacteria in the group exposed to sodium molybdate, an agent that inhibits sulfate-reduction (de Jesus et al., 2015), had the lowest mean rank value (Table 5). Given that oysters in the control were not exposed to any reagents intended to alter SRB populations, one would expect that the control would have intermediate population sizes of SRB, which is what was observed here. Interestingly, oysters from the control and the group exposed to ciprofloxacin had identical mean ranks for the number of SRB, indicating that the antibiotic had little or no effect on SRB. It is possible that ciprofloxacin only affected other bacterial taxa, as was found in Córdova-Kreylos and Scow (2007) when this antibiotic applied to salt marsh sediments, though characterization of the whole oyster microbiome would be required to confirm whether this was the case in the present study.

It is important to note that not all trends are statistically supported. However, the lack of statistical significance may be a function of the time elapsed between the final treatment that occurred on December 11, 2018, and the date when samples for SRB test kits were taken on January 24, 2019. In another study that investigated bacterial uptake dynamics in bivalves, results showed that retention of Escherichia coli in the oyster Ostrea edulis was primarily driven by the concentration of E. coli in seawater, as well as by temperature and salinity (Jozić et al., 2012). Furthermore, research on the uptake of Vibrio vulnificus in oysters has indicated that although oysters may be quick to accumulate this pathogen, it is also rapidly depurated when oysters are replaced in pathogen free water (Froelich and Noble, 2014). This effect is attributed to the endogenous oyster microbiome inhibiting the establishment of external bacteria (Froelich and Noble, 2014). All oysters used in this study were brought to the Bodega Marine Laboratory each month and exposed to reagents over a discrete period of time (3 h) before being returned to Bodega Harbor to grow in natural conditions. Prolonged exposure to the ambient environment in Bodega Harbor likely provided time for SRB populations in oysters to return to pre-treatment levels, resulting in a lack of significance for statistical tests. Last, even though there were very few SRB in seawater according to test kits (Table 3), the ambient environment is still the source of oyster microbial communities (Murchelano and Bishop, 1969; Kueh and Chan, 1985; Beleneva et al., 2003; Lokmer et al., 2016; Pierce et al., 2016; Banker and Vermeij, 2018; Pierce and Ward, 2018).



4.3. Sulfate-Reducing Bacteria Influence on Chalk Expression

If sulfate-reducing bacteria are able to induce or enhance the precipitation of chalky material in shells (Vermeij, 2014), then oysters with more SRB should exhibit increased chalk expression. However, analyses comparing shell parameters (i.e., density and percent chalk) amongst treatment groups revealed that oysters from the control group precipitated more chalk than all other groups. Moreover, comparisons of overall shell volume between treatment group indicates that control oysters experienced overall more shell growth over the course of the experiment. It makes sense that the group with the most chalk, the control group, also displays the most overall shell growth, as enhanced chalk expression has been linked to fast growth rates for oysters in previous studies (Kirby, 2000, 2001).

Although the pattern of enhanced chalk formation and overall growth in the control group is only statistically significant for shell density, and not for percent chalk or volume measurements, the fact that all analyses yielded the same pattern indicates that this is a true signal. The lack of the significance between treatment groups for percent chalk is likely due to the fact that chalk is not perfectly evenly distributed throughout the shell, which may have skewed the results of this measurement slightly. Overall, the fact that there is no correlation between the abundance of SRB in oysters and the amount of chalk in shells illustrates that SRB activity in oysters is not responsible for inducing the formation of chalky deposits in the Pacific oyster.



4.4. Microbiome and Shell Formation

Although results here show that sulfate-reducing bacteria do not directly cause chalk precipitation, the pattern of chalk expression across oyster groups suggests that treatments did affect shell formation. For example, even though there were differences in SRB populations between the oysters exposed to sodium molybdate vs. those exposed to Desulfovibrio sp. strain UCD-KL4C, these two groups expressed similar amounts of chalk in their shells. Furthermore, even though the control and the group exposed to ciprofloxacin had very similar populations of SRB, they exhibited varying amounts of chalk in their shells. Overall, the fact that all treatment groups produced less chalk compared to control-group oysters, and that the control group showed overall more growth according to volume measurements, indicates that treatment conditions did have an effect on shell formation.

We hypothesize that changes to the microbiome, that could not be detected with the SRB test kit, induced changes to the microbiome within oysters that ultimately affected chalk formation and overall shell growth. Mounting evidence indicates that the relationship between metazoa and their resident microbial communities are central to host health and functioning (e.g., Bourne et al., 2016; Gould et al., 2018; Pierce and Ward, 2018; Vezzulli et al., 2018; van Oppen and Blackall, 2019). This is also true for marine taxa, and recent research shows that the microbiome can affect disease resistance of seaweeds (Longford et al., 2019), sponges (Slaby et al., 2019), as well as resistance to symbiont loss and bleaching in corals (Bourne et al., 2013; Rosado et al., 2019). Additional work shows that the coral skeletal microbiome is highly structured (Marcelino et al., 2018) and that disruption to the microbiome may also result in reduced calcification rates in corals (Grottoli et al., 2018); moreover, microbial communities have also been shown to be important for calcification of rhodoliths (Cavalcanti et al., 2018). Taken together, this evidence supports the idea that the microbiome is critical for skeletal formation in marine taxa. Therefore, it is proposed that oysters in this study were similarly affected by a dysbiosis caused by treatment conditions in all but the control group, which resulted in reduced shell growth for non-control oysters. However, evaluation of the whole microbiome is required to substantiate this hypothesis. Because the data collected here only address SRB abundance, further work utilizing next generation sequencing to evaluate microbial community composition overall will be central to resolving questions regarding the relationship between marine taxa, their microbiota, and skeletal formation. This is particularly true for non-coral groups that have received relatively less attention in regards to how the microbiome affects calcification.




5. CONCLUSION

Different types of treatments (an antimicrobial reagent, sodium molybdate, and a biological agent, the Desulfovibrio culture) affected abundances of sulfate-reducing bacteria within oysters examined here. This indicates that internal microbial flora are affected not only by the ambient external environment, but may be modified by targeted mechanisms as well. This in turn may have important implications for aquaculture, particularly for engineering the oyster microbiome to promote resilience to disease and other stressors that are expected to increase under future climate scenarios. Even though treatments were successful, abundance of SRB did not correlate with chalk expression. These results suggest that SRB alone are not responsible for chalk formation. However, all treatment groups displayed less chalk formation than the control oysters. It is hypothesize that this is caused by other changes in the oyster microbiome, induced by treatment conditions, that could not be detected with the methods used here. Mounting evidence indicates that the microbiome is important for healthy organism functioning, including calcification, in various marine taxa. Thus, treatments used here disrupted the wild-type microbiome, which ultimately affected organism health and shell formation in the form of chalk expression. Future work should utilize next generation sequencing to assess the whole microbiome and community composition to more precisely characterize how the microbiome affects organismal processes, such as shell formation.
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