

[image: image1]
Common Environmental Pollutants Negatively Affect Development and Regeneration in the Sea Anemone Nematostella vectensis Holobiont
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The anthozoan sea anemone Nematostella vectensis belongs to the phylum of cnidarians which also includes jellyfish and corals. Nematostella are native to United States East Coast marsh lands, where they constantly adapt to changes in salinity, temperature, oxygen concentration and pH. Its natural ability to continually acclimate to changing environments coupled with its genetic tractability render Nematostella a powerful model organism in which to study the effects of common pollutants on the natural development of these animals. Potassium nitrate, commonly used in fertilizers, and Phthalates, a component of plastics are frequent environmental stressors found in coastal and marsh waters. Here we present data showing how early exposure to these pollutants lead to dramatic defects in development of the embryos and eventual mortality possibly due to defects in feeding ability. Additionally, we examined the microbiome of the animals and identified shifts in the microbial community that correlated with the type of water that was used to grow the animals, and with their exposure to pollutants.
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INTRODUCTION

Nematostella vectensis is a sea anemone that belongs to the class Anthozoa in the phylum Cnidaria. This species inhabits marsh habitats on the East Coast of the United States, where they constantly adapt to changes in salinity, temperature, oxygen concentration, and pH (Darling et al., 2005; Reitzel et al., 2013; Elran et al., 2014; Tarrant et al., 2018). Studies of embryonic development in Nematostella have provided new insights into how tissue layers differentiate in diploblastic animals (Wikramanayake et al., 2003; Kraus and Technau, 2006; Röttinger et al., 2012; Schwaiger et al., 2014; Amiel et al., 2017; Steinmetz et al., 2017; Wijesena et al., 2017; Kirillova et al., 2018; Technau, 2020). Like most cnidarians, Nematostella have unique specialized cells called cnidocytes which facilitate capture of prey and serve as inherent defense mechanism (Marlow et al., 2012; Babonis and Martindale, 2014; Babonis et al., 2016; Sebe-Pedros et al., 2018). The ease of culturing in laboratory conditions combined with genetic tractability render Nematostella a valuable system for investigating the evolution and molecular mechanisms of specialized cell types. More recently Nematostella has attracted attention in regenerative biology because of to their genetic tractability, rapid regeneration time and ability to easily compare development and regeneration (Trevino et al., 2011; Passamaneck and Martindale, 2012; Bossert et al., 2013; DuBuc et al., 2014; Amiel et al., 2015; Layden et al., 2016; Schaffer et al., 2016; Bossert and Thomsen, 2017; Warner et al., 2018; Amiel et al., 2021; Amiel and Röttinger, 2021; van der Burg and Prentis, 2021).

Many studies on cnidarians have shown that their genetic complexity and microbiome diversity rivals that of humans despite their having diverged from a common metazoan ancestor more than 1 billion years ago (Daniel et al., 1999; Darling et al., 2005; Fraune and Bosch, 2010; Fraune et al., 2010; Essock-Burns et al., 2020). The microbiome of several species of Nematostella from diverse geographical location has been mapped and it has been clearly shown that there is a distinct correlation between differences in the biogeography and microbiome (Mortzfeld et al., 2016). Several studies have shown the mutualistic association between host and microbes that lead to optimal fitness of the host (Thompson et al., 2014; Heath-Heckman et al., 2016; Rook et al., 2017; Essock-Burns et al., 2020; Bosch and McFall-Ngai, 2021). Species which live in coastal areas, especially marshes, exhibit residual plasticity in their physiology in response to continuous exposure to changing temperature and salinity. Agricultural and industrial pollutants have profound effects on marine ecosystems, however, our limited ability to make accurate predictions about the response, stability and resilience of the affected ecosystems and their inhabitants reflects our general lack of understanding of the complex interplay between genetic and environmental factors that influence acclimation and adaptation to environmental stressors.

This study focused on the environmental contaminants phthalates, specifically phthalic acid esters (PAEs) and nitrate, because they are common pollutants of salt marsh ecosystems in developed areas. PAEs are used in plasticizers and are found in a variety of plastic products, which can subsequently leach PAEs into the environment from landfills and sewage (Hu et al., 2021). Nitrate is a common pollutant in coastal ecosystems derived from agriculture and wastewater (McClelland and Valiela, 1998). We used both pollutants at concentrations between 1–20 μM, a range that is realistic for both compounds reflecting concentrations found in coastal and estuarine ecosystems (Gugliandolo et al., 2020; Valiela et al., 2021). Previous studies have demonstrated the detrimental effects of phthalates on the growth and development of a variety of vertebrates and invertebrates, including zebrafish, humans, and Daphnia sp. (Philippat et al., 2012; Kinch et al., 2016; Jergensen et al., 2019; Qian et al., 2020). Although this pollutant is prevalent in the Nematostella vectensis habitat, little is known about its effects on cnidarian growth and development. Similarly, elevated concentrations of nitrate are known to be toxic to many fish and invertebrates and are predicted to have similar detrimental effects on Nematostella vectensis development (Camargo et al., 2005).

Investigations that focus on altered gene expression patterns have commonly described adaptation to environmental shifts. Dysbiosis of an organism’s microbiome can also substantially influence the phenotype of an organism. The microbiome plays an important role in different aspects of an organism’s life cycle ranging from embryological development to nutrition, immune response, and development of disease (Zheng et al., 2020). Changes in the microbiome can correlate with numerous short-, mid- and long-term changes in the host, some of which promote adaption to new environmental conditions (Pita et al., 2018). Until recently, gene expression, epigenetics and microbiomes have all been studied separately and little is known about their interactions in terms of marine organisms and environmental pollution. In this study, we take advantage of the amenability of sea anemone Nematostella vectensis to culturing in the lab and use this organism to study more closely the effect of early exposure to environmental pollutants on its embryonic development and associated microbiome. We hypothesized that exposure to elevated levels of phthalates and nitrate would lead to increased relative abundances of taxa capable of metabolizing these environmental stressors.



MATERIALS AND METHODS


Animal Care

We maintained adult Nematostella vectensis at 17 to 20°C in a flow through aquatic system or in Pyrex glass bowls kept in the dark in 15 parts per thousand (ppt) instant ocean, referred to here as “Nematostella water.” We fed adult animals 48-h old artemia, three times a week. The water quality of the system was monitored weekly. Animals kept in bowls were cleaned a few hours after feeding. Spawning of animals was induced by exposure to light and increase in temperature to 23–25°C. We collected embryos immediately after spawning, usually around 12 h after light exposure.



Environmental Stressor Experiments

Freshly laid embryos were transferred to multi-well dishes. Embryos were incubated in Nematostella water containing 1, 10, or 20 μM of potassium nitrate (KNO3) (Sigma P8291) or containing 1, 10, or 20 μM of dioctyl phthalate (Sigma D201154). Control animals were incubated in multi-well plates in Nematostella water at 17–20°C. Solutions on all animals were changed every 3 days. We fed the developing animals’ rotifers or 24-hour old artemia, starting at the four-tentacle stage. In experiments testing the seawater of the local Sippewissett Salt Marsh, we diluted the seawater to 15 ppt with deionized water to obtain the same salinity as the standard Nematostella water the animals are usually maintained in. The environmental stressors were added directly into the diluted seawater and control embryos were incubated in the diluted 15 ppt Sippewissett seawater.

When animals reached the four tentacle stage they were relaxed in 7.4% v/v MgCl2 and then fixed in 4% paraformaldehyde (PFA) overnight at 4°C. Animals were imaged on a Zeiss Discovery V8 Stereo microscope. From these images, tentacle number and pharynx length were quantified using the measure function in Fiji and analyzed using Prism GraphPad.



Regeneration Experiments

Regeneration experiments were performed on adult animals at least 12 months of age. Animals were relaxed in 7.4% v/v MgCl2 for about 15 min. Individual animals were transferred to a 60 mm × 15 mm plastic petri dish (Fisher) using a glass pipette. Using a sterile no. 10 disposable scalpel (World Precision Instruments) animals were amputated at the bottom of the pharynx. The animals were then isolated into separate wells of 12 well cell culture plates. The treatments used were 15 ppt instant ocean water; 1 μM KNO3, 10 μM KNO3, 20 μM KNO3; 1, 10, and 20 μM dioctyl phthalate. In all experiments, solutions were changed every 3 days. The animals were allowed to regenerate for 14 days then relaxed in 7.4% MgCl2 and fixed in 4% PFA overnight and stored at 4°C. Animals were imaged on a Zeiss Discovery V8 Stereo microscope.



Cnidocyte Staining

Cnidocyte staining was carried out according to Wolenski et al. (2013). Animals were relaxed in 7.4% v/v MgCl2 and then fixed overnight in 4% PFA plus 10 mM EDTA and washed 3 × 5 min in Tris-EDTA wash buffer (10 mM Tris, 10 mM EDTA, 10 mM NaCl, pH 7.6). The animals were incubated in 200 μg/ml DAPI diluted in Tris-EDTA buffer for 30 min at room temperature followed by rinsing 3 × 5 min in Tris-EDTA buffer. Animals were imaged on a Leica DMI6000B inverted microscope.



DNA Extraction

For the microbiome analyses we used animals from cultures investigating the effects of pollutants on embryonic growth and development. We used embryos spawned from mixed populations of animals for each biological replicate, embryos were collected 10 days post fertilization for DNA extraction. We flash froze each cohort of about 200 animals per condition prior to extraction, at 10 days post fertilization the control animals had reached the 4 tentacle stage. Three replicas of each condition were separately frozen, each replica was a different well. Brief centrifugation at 6000 rpm pelleted the suspended Nematostella sp. embryos before transfer of 50 μl solutions to bead beating tubes for DNA extraction using the PowerLyzer PowerSoil DNA Isolation kit (Qiagen, Hilden, Germany). Two parallel DNA extraction batches for each sample included randomized samples, environmental controls, and two extraction controls per batch.



Amplicon Library Preparation and Sequencing

Triplicate PCR reactions for the V4-V5 region of the 16S rRNA gene employed fusion primers which consisted of Illumina-specific adaptors for sequencing, indexes and barcodes for multiplexing samples, and the primer set 515F (5′-CCAGCAGCYGCGGTAAN-3′) and 926R (8:1:1 mixture of 5′-CCGTCAATTCNTTTRAGT-3′, 5′-CCGTCAAT TTCTTTGAGT-3′, 5′-CCGTCTATTCCTTTGANT-3′). No-template negative controls were prepared for each sample by moving 25 μl of the 125 μl reaction to a separate well prior to final assembly of the sequencing reaction. The remaining 100 μl was split into triplicate 33 μl reactions following addition of 6 μl template DNA. Thermocycler conditions for amplification included initial denaturation at 94°C for 3 min, 30 cycles of denaturing at 94°C for 30 s, annealing at 57°C for 45 s, and extension at 72°C for 1 min, and a final extension of 72°C for 10 min. Visualization on a TapeStation 4200 using D1000 ScreenTapes and D1000 DNA ladder (Agilent Technologies, California, United States) confirmed amplification. Treatment with AMPure XP magnetic beads (Agencourt, Beckmann-Coulter, United States) according to the manufacturer’s instructions, purified and concentrated the amplicons libraries. Pooled amplicon libraries at equivalent amounts of DNA (determined on the TapeStation 4200) ensured equal coverage across samples during sequencing. 515F/926R primers may also amplify host 18S rRNA genes yielding fragments of ∼760 bp length. We thus size selected the target 16S amplicon within a size range of 425 and 625 bp with a BluePippin instrument using a 1.5% agarose cassette and R2 marker (Sage Science, Massachusetts, United States). The multiplexed amplicon pools were then sequenced on an Illumina MiSeq instrument using a V3 600 cycle kit according to the manufacturer’s protocol (Illumina, California, United States). Samples, accession numbers and associated contextual data are listed in Supplementary Table 1.



16S rRNA Gene Amplicon-Based Community Analyses

Raw sequences were analyzed using DADA2 (Callahan et al., 2016) following the DADA2 Pipeline Tutorial v1.161. In brief, forward and reverse reads were quality-trimmed to 275 bp and 205 bp, respectively, and primer sequences (17 bp forward, 21 bp reverse) were removed. Reads with more than two expected errors were discarded, paired reads were merged, and chimeric sequences were removed. Species level taxonomy was assigned with the silva_nr_v138_train_set and silva_species_assignment_v138 based on the Silva small subunit reference database SSURef v138 [release date: 16-Dec-2019 (Quast et al., 2013)]. After quality control and removal of blanks and controls we obtained 42 bacterial amplicon datasets comprising a total of 6.59 × 107 sequence reads belonging to 2024 unique ASVs. Each sample had on average 1.46 ± 0.41 × 105 reads (average ± standard deviation) and 352 ± 139 unique ASVs (Supplementary Table 1). The ASV-by-sample table was used to determine the number of observed ASV, absolute singletons, relative singletons, relative abundance, and composition. Alpha diversity (richness, Shannon entropy, Inverse Simpson Diversity and Chao1 estimated richness) was calculated from the ASV-by-sample table using a subsampling of 87327 randomly chosen sequences to account for unequal sampling effort (Supplementary Table 1). Differences in diversity between conditions were tested using the Wilcoxon signed rank-test (ggsignif) as implemented in ggplot2 (Wickham, 2009). Bray-Curtis dissimilarities (Bray and Curtis, 1957) between all samples were calculated and used for two-dimensional non-metric multidimensional scaling (NMDS) ordinations with 20 random starts (Kruskal, 1964). All analyses were carried out with VisuaR v022 a publicly available workflow based on the R statistical environment, custom R scripts and several R packages including vegan (Oksanen et al., 2012) and ggplot2.




RESULTS


Early Exposure to Common Environmental Stressors Inhibits Embryonic Growth

We have investigated the effect of common environmental stressors on the development and regeneration of Nematostella vectensis. Nematostella have a relatively rapid development, reaching a young independent feeding stage with four tentacles in about 1 week (Genikhovich and Technau, 2009; Marlow et al., 2009; Layden et al., 2016). Embryos were collected directly after spawning and between 200–300 embryos were placed in different concentrations of the common pollutants, dioctyl phthalate, which is derived from plastics, or potassium nitrate (KNO3), a common component of widely used fertilizers, both of which are often found in coastal waters. Two weeks post exposure the overall body length of the animal was measured from the tip of the pharynx to the foot of the animals (Figure 1A). Embryos exposed to phthalates or nitrites exhibited a gross difference in overall body size as compared to the control animals (Figures 1A–D). Increasing the concentration of stressors did not correlate with a decrease in body size, and similar defects in body size were observed in increased concentration (Figures 1B,C). However, exposure to higher concentrations, 20 μM and above led to possible toxicity and high morbidity. When the morphology of the animals was carefully examined, the animals generally appeared to develop all the expected visible structures. However, defects were noted first in the tentacles. Animals treated with phthalates all had fewer tentacles and the tentacles that did grow were uneven in length and number (Figures 2, 3). We noted other defects in which some animals had bifurcated tentacles, while others had tentacles that permanently curled at the end (Figure 1). The Nematostella pharynx, where the food is taken in did not show a significant difference in size in low concentration of phthalates, which contrasts with a significant decrease in the overall length of the pharynx at 10 μM concentrations (Figure 2C). Finally, developing animals exposed to low and high concentrations of phthalates exhibited significantly shorter mesenteries compared to control animals (Figure 2D).
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FIGURE 1. Environmental Stressors Lead to Growth defects in Nematostella embryos. (A) Nematostella embryos exposed to phthalate are significantly shorter when compared to control siblings. (B) Increasing concentration of phthalates does not cause greater defects in overall length of the developing animals (control n = 149, 1 μM: n = 162, 10 μM n = 161). (C) Exposure to Potassium nitrate also causes defects in overall embryonic growth in comparison to control. (D) Defects in embryo size do not scale with increasing doses of KNO3 (control n = 90, 1 μM: n = 78, 10 μM n = 65). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, N.S. is not significant. Scale bar = 100 μM.



[image: image]

FIGURE 2. Early exposure to phthalates leads to defects in tissue development. Two weeks post fertilization Nematostella have grown at least four tentacles and are independently feeding. Animals exposed to 1 or 10 μM phthalate have much shorter tentacles (A) and developed fewer tentacles when compared to control animals (B). The length of pharynx was also measured but no significant difference was found in overall length in comparison to sibling control animals at 1 μM but at 10 μM the pharynx was significantly shorter (C). The overall length of the mesenteries was also found to be shorter in animals exposed to phthalates (D). (control n = 76, 1 μM n = 113, 10 μM n = 82) *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, N.S. is not significant.
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FIGURE 3. Exposure to Potassium Nitrate leads to defects in tissue development. Animals exposed to 1 or 10 μM KNO3 have much shorter tentacles (A) and developed fewer tentacles when compared to control animals (B). The length of pharynx was also measured but no significant difference was found in overall length in comparison to sibling control animals (C). The overall length of the mesenteries was also found to be shorter in animals exposed to phthalates (D). Control n = 72, 1 μM n = 66, 10 μM n = 68, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, N.S. is not significant.


The same quantifications were carried out on animals exposed to KNO3 during early development. In these animals, we observed the same decrease in overall tentacle length and decrease in tentacle number (Figures 3A,B). Interestingly, embryos exposed to KNO3 did not have any significant difference in the length of their pharynx in comparison to controls (Figure 3C). However, these animals had much smaller mesenteries in comparison to control animals that were growing in KNO3 concentrations greater than 10 μM but not at lower concentrations. This observation suggests that growth of the mesenteries tolerates low levels of KNO3 (Figure 3D). The dramatic difference in overall size of the animals, and in most cases aberrant development of mesenteries and tentacles, prompted questions about the impact of tested environmental stressors on specialized cell types. Cnidocytes are an ectodermal derived cell types used for defense, prey capture and environmental sensing. Overall, we found that animals exposed to Phthalates or KNO3 have cnidocytes on the ectodermal layer but fewer than in controls (Figures 4A–C). We also examined if earlier in development cnidocytes develop was effected, we carried out in situs on embryos 72 h post fertilization using the gene minicollagen which is expressed in all developing cnidocytes (Babonis and Martindale, 2017) and found decreased expression in phthalate of nitrite treated embryos (Supplementary Figure 1), suggesting that that these pollutants may affect early differentiation of these specialized cell types. We more closely examined the cnidocytes on the tentacles, which the animals use to capture their food and found far fewer cnidocytes on the tentacles of animals exposed to the environmental stressors (E, F). In particular, animals incubated in KNO3 had very few cnidocytes of the normal elongated shape, suggesting that these pollutants may affect differentiation of these specialized cell types.
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FIGURE 4. Common environmental stressors cause defects in cnidocytes. (A) DAPI staining showing cnidocytes all over the outer body wall (A) and on the tentacle (D). Embryos exposed to phthalates appear to have fewer cnidocytes all over the body (B), especially on the tentacles (D). Similarly, embryos exposed to KNO3 have slightly less cnidocyte on the body (C). Higher magnification images of the tentacles show fewer cnidocytes (D,F). (A–C), 10 × Scale bar = 500 μm (D–E), 20 ×, Scale bar = 50 μm.


Since Nematostella has the robust ability to regenerate (Amiel et al., 2015; Schaffer et al., 2016; Warner et al., 2018), we examined whether the presence of these environmental stressors influences regrowth of the tentacles. Adult animals were amputated through the bottom of the pharynx and then incubated in the presence of 20 μM Phthalate or KNO3 for 2 weeks. At the end of the time period, the animals were relaxed and imaged. Animals exposed to phthalates regenerated the pharynx and partial tentacles. In all animals’ defects in tentacle regeneration were observed, in most cases different numbers and lengths of tentacles were regenerated (Figure 5B) and often the tentacles were fused or bifurcated (data not shown). Animals exposed to KNO3 mainly failed to regrow the tentacles or in some cases 1 tentacle regrew, even in lower concentrations of KNO3 the oral portion of the animal failed to regrow (Figure 5C). We also examined if the cnidocytes are regenerated on the limited tentacles that are regenerated. Like in embryonic development, we observed a decrease in number of cnidocytes per tentacle in comparison to the control animal (Figures 5D–F), and the cnidocytes in animals exposed to the stressors were shorter and less elongated than in control animals.
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FIGURE 5. Common environmental stressors inhibit oral regeneration. Nematostella can regenerate throughout life. Adult animals were amputated through the pharynx and assessed for completion of oral regeneration 2 weeks post injury. (A) Control animals regenerated all tentacles (n = 85). (B) Animals exposed to phthalates at 20 μM failed to regenerate tentacles of the correct length (n = 90). In contrast animals exposed to KNO3 during regeneration mainly failed to regenerate tentacles, occasionally one tiny tentacle was regenerated (C) (n = 95). Staining of cnidocytes revealed that control animals fully regenerate the cnidocytes within 2 weeks (D), while animals exposed to phthalates or KNO3 have very few cnidocytes on the limited tentacles that are regenerated (E,F). (D–F) Scale bar = 50 μm.


Taken together, these data suggest that early exposure to two common environmental stressors has a major impact on developmental growth, possibly due to a failure of the animals to feed due to lack of normal tentacles and decreased numbers of cnidocytes which are used to capture their food. Additionally, we observed that exposure of adult Nematostella to these pollutants after amputation leads either to complete failure of tentacle regeneration or results in major defects in the number and length of the tentacles and of the cnidocytes regenerated.



Effect of Pollutants on the Nematostella Microbiome

To determine whether early exposure to environmental pollutants not only causes developmental defects but also leads to changes in the microbiome, we employed 16S rRNA gene sequencing to investigate the microbiome of Nematostella embryos after a 10-day exposure to different concentrations of KNO3 or phthalates. In addition, we tested each pollutant concentration on animals that were grown in either instant ocean medium or natural seawater, to test if a potential effect of the pollutants is similar under different environmental regimes. The exposure to pollutants caused shifts in the microbial community structure and composition. Within a set of experiments, e.g., exposing the animals to different concentrations of KNO3, these shifts were minor regarding the richness and evenness of the microbiomes (Figure 6), independent of the medium the animals were grown in. This suggests that the exposure to increasing pollutant concentrations did not change the richness of the animal-associated microbiome. Although no significant differences in alpha diversity were observed between pollutant treatments and their controls, alpha diversity was significantly different between incubation media (Figure 6). Animals that were grown in instant ocean artificial seawater had a significantly lower diversity than those grown in seawater from the nearby Sippewissett salt marsh, a native habitat of Nematostella (Supplementary Figure 2 NMDS) which is rich in natural seawater microbiota. Yet the overall lack of significant changes in microbial richness and evenness with exposure to different concentrations of KNO3 or different concentrations of phthalates was similar in both media. Despite minor differences in alpha diversity, we saw substantial change in the community structure. This trend was independent of the basal medium used to incubate the animals. The communities that have been exposed to the two different pollutants KNO3 and phthalates were well separated in an NMDS ordination (Figure 7). Especially in the case of nitrate, it seems as if there was a clear pattern of increasing community dissimilarity with increasing concentration. The clear separation based on pollutants and concentration is similar in animals that were raised in the two different sources of salt water, despite the overall large differences caused by the two types of salt water used for growth of the embryos (Supplementary Figure 2 NMDS). The three biological replicates generally cluster tightly in the NMDS, indicating that each pollutant and each concentration caused very similar deterministic community shifts.
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FIGURE 6. Alpha diversity indices of different groupings of samples. Richness is shown as the number of observed bacterial amplicon sequence variants (ASV). Evenness is represented by the Inverse Simpson Diversity, Shannon entropy takes into account both richness and evenness. The number (n) of included samples per group is shown.
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FIGURE 7. Non-metric multidimensional scaling ordination based on a distance matrix of all available amplicon sequence variants (ASVs). The microbial communities exposed to different pollutants and concentrations are significantly different from each other. Each dot represents the total bacterial community of a sample, the closer the dots are the more similar are the underlying communities. The dots of each condition are connected to the weighted average mean of within group distances (centroid), ellipses represent one standard deviation of the centroid. Ellipses that do not overlap generally show substantial differences between groups.


The relative sequence abundance of an uncultured population within the genus Flavobacterium was elevated in the KNO3 treatments compared to the unamended controls and phthalates treatments, and relative abundance of this group increased with increasing nitrate concentrations (Figure 8). In contrast, a population affiliating with the genus Mariniflexile, which was abundant in the unamended conditions, decreased at higher KNO3 concentrations. The animals that were grown in natural seawater, and were thus exposed to a diverse marine microbiome, were colonized by very different genera than those cultured in instant ocean. Here, the KNO3 and phthalates exposed animals showed a very different microbiome. In the KNO3 condition, the most sequence abundant population belonged to Pseudomonas and the phthalate cultures showed high sequence abundances of an unknown genus within the family Saprospiraceae (Figure 7). Overall, the majority of reads in any given condition belonged to organisms within the Bacteroidia (marked with an asterisk in Figure 8), including six of the seven most abundant lineages on species level, which accounted for more than 50% of the reads on average per sample.
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FIGURE 8. Bacterial community composition of populations at species level. Each bar represents one sample and shows the 20 species-level lineages with the highest relative sequence abundance averaged across all datasets. All other lineages are summed up as “Other.” The average composition across all samples is shown in the last column. An unclassified population within the genus Flavobacterium (yellow) substantially increases with increasing nitrate concentrations. “Asterisk” denotes lineages that belong to the phylum Bacteroidia. Lineages that were not classified to genus level represent species in unclassified families (e.g., Saprospiraceae – red) or unclassified orders (e.g., Kordiimonadales – sky blue).


In summary, our results indicate that embryonic exposure to two common environmental pollutants leads to severe defects in embryonic development. In addition, we found that the source of the water in which embryos are grown influences the complexity of an animal’s microbiome.




DISCUSSION


Early Exposure to Environmental Stressors Has a Detrimental Effect on Nematostella Embryonic Development

Nematostella vectensis undergo rapid development when cultured in lab conditions, fertilized embryos emerge from the egg mass at around 48 h post fertilization and quickly developed into ciliated planula, with an apical cilium by 3 days. The free-swimming planula progressively changes shape, becoming more elongated and by 5–7 days have 4 tentacle buds (Hand and Uhlinger, 1992; Layden et al., 2016). We investigated the effect of early exposure to two common environmental stressors found in marsh waters on the early development of Nematostella. Phthalates and potassium nitrate were used as environmental stressors in this experiment because they are some of the most frequently found toxins in heavily populated marsh areas. These impurities in the water come mainly from plastics, which leach phthalic acid esters from plasticizers, and from freshwater run-off containing nitrates from fertilizers into the march areas. We observed very significant overall defects in the size of the embryos by two-week post-fertilization, all embryos incubated even in low concentrations of the pollutants were overall much shorter than control embryos (Figure 1). Furthermore, we observed clear defects in the number and length of the tentacles and in size of the pharynx and mesenteries (Figures 2, 3). We also looked more closely at the composition of the tentacles, Nematostella have an ectodermal derived specialized cell type known as the cnidocyte which it uses as a defense mechanism and to capture its food. In all cases we found a reduction in number of the cnidocytes especially in the tentacles (Figure 4). The lack of cnidocytes especially on the tentacles is suggestive of an inability of the animals to capture their food. When the first tentacles are observed around 7 days post-fertilization, we started to feed the animals rotifers, as we noted that at this timepoint no significant size difference was observed between animal, however by 10 days we could already see clear size difference. Additionally, when we observed feeding behavior under the microscope, we could see the animals in the pollutants had no rotifers or fewer rotifers in their abdomen. Work of Ikmi et al. (2020) has identified that tentacle growth and increase in number occurs in a feeding dependent manner, this would suggest that the failure in growth we see in these stressed embryos is partially due to an inability to obtain enough food to drive tentacle growth. Far fewer cnidocytes, the specialized cell type that the animals use to capture its food were seen in the animals exposed to the environmental pollutants (Figure 4). We used a high concentration of DAPI staining method that label the poly-Y-glutamate in the matrix of mature cnidocytes to identify these cells (Szczepanek et al., 2002; Babonis and Martindale, 2014; Babonis and Martindale, 2017), our images suggest a lack of mature cnidocytes, however from this data we cannot distinguish whether or not this is due to apoptosis of these mature cells due to exposure to the toxins or if there is a defect in the early specification and differentiation of these cells types. We also tested the impact of these environmental pollutants on the adult animal’s ability to regenerate its tentacles. Here we again saw strong phenotypes with a failure to regenerate the correct number and length of tentacles (phthalates) or in many cases exposure to KNO3 resulted in a lack of regeneration or 1 or 2 tiny tenacles. Imaging of the specialized cnidocytes on the regenerated tentacles again showed a lack of these specialized cell types in the regenerates in comparison to controls (Figure 5). The magnitude of the defects in adult regeneration suggests in the case of exposure to KNO3 a failure to deploy the “regeneration program,” while the phthalate phenotype suggests more a fault in the execution of the “regeneration program” leading to incomplete regeneration and differentiation of the required amount of tissue and differentiated cell types.

Interestingly, other studies of the effect of phthalates on development in several species including zebrafish and frogs has also identified defects in body growth and spinal defects (Philippat et al., 2012; Kinch et al., 2016; Jergensen et al., 2019; Qian et al., 2020) similar to what we see here with the marine invertebrate Nematostella, suggesting a very common negative side effect of exposure to phthalates during embryonic development is slower body growth and defects in cells of the ectodermal lineage. Similar defects were seen when embryos were incubated in potassium nitrate and this has been observed in other species like newts, frogs and zebrafish (Fan and Steinberg, 1996; Ortiz et al., 2004; Orton et al., 2006; Ortiz-Santaliestra et al., 2007; Ortiz-Santaliestra and Sparling, 2007; Kinch et al., 2016; Conlin et al., 2018). Additionally in these species negative impacts on the endocrine system and on fertility have been documented (Fan and Steinberg, 1996; Fisher, 2004; Orton et al., 2006; Krishnamurthy and Smith, 2011; Jannat et al., 2014; Conlin et al., 2018; Lv et al., 2020; Sharma et al., 2020; Tang et al., 2020).



The Composition of the Nematostella Microbiome Changes With Exposure to Nitrate or Phthalates

We also explored how these environmental pollutants may affect the host’s microbiome. Prior reports describe shifts in the microbiome that might serve as indicators for changes in host health in marine organisms, including corals (Glasl et al., 2016) and vertebrates (Sehnal et al., 2021). In the case of Nematostella previous research has shown that the host microbiome is affected by changes in temperature and light conditions (Leach et al., 2019). Here, we studied potential connections between the Nematostella microbiome and host during exposure to environmental pollutants. In the samples of animals that were grown in Instant Ocean artificial seawater without pollutants we found high sequence abundances of populations affiliating with the genera Tenacibaculum, Flavobacterium and Mariniflexile (Figure 8). In the datasets from animals grown in unamended seawater Pseudomonas and Saprospiraceae were most abundant, indicating that the medium that was used to culture the embryos had a large effect on which microbiota colonized the animals, supporting previous studies showing substantial variability of the Nematostella microbiome with environment, season and biogeography (Har et al., 2015; Mortzfeld et al., 2016). It was also shown that stochastic community assembly processes can play a major role and result in different host-associated microbiomes independent of the traits of the host or the microbiota (Douglas, 2019). Such stochastic assembly processes during colonization may explain that not all microbiomes of animals grown in unamended seawater had a similar community structure after 10 days of incubation. The differences between these controls indicate that substantial variation exists in the microbiomes of groups of embryos grown separately, and that the separation of embryos into different wells early on may drive changes in the development of an organism’s microbiome and lead to different community trajectories.

Despite the phylogenetic differences on genus-level, the microbiome of all conditions featured sequence abundant populations affiliating with the phylum Bacteroidia, which were shown to be of particular importance in the microbiome at early stages of the animals’ development (Mortzfeld et al., 2016). The different genera that were enriched in the microbiome under certain conditions often belonged to the same family within the Bacteroidia and may thus be functionally redundant indicating that microbial function played a role in microbiome assembly. Overall, the composition of the Nematostella microbiome was similar to that reported in previous studies where Bacteroidia and Proteobacteria sequences represented the most abundant taxa (Har et al., 2015; Mortzfeld et al., 2016; Baldassarre et al., 2021). We found Spirochetes in low abundance in the host microbiomes as well, which agrees with a previous study showing that Spirochetes colonize the capitulum (Bonacolta et al., 2021).

When comparing the unamended animal microbiomes to those exposed to different concentrations of pollutants, we observed that the detrimental effects caused by each pollutant on the animals’ development apparently did not have a similar impact on the animal-associated microbiome. We did not find significant changes in the richness and evenness of the microbial communities when comparing animals that were grown without pollutant with those grown under different concentrations of each pollutant. The slightly higher variability in microbial richness especially between the phthalate treatments as compared to the unamended cultures (Figure 6) may be due to increased stress, as stressors can impact alpha diversity (Rocca et al., 2019). The effect of pollutants apparently manifested in shifts of community structure (Figure 7) and composition (Figure 8) rather than richness. These shifts indicate that taxa in the N. vectensis microbiome were replaced rather than completely eliminated. In contrast to certain unamended cultures that featured relatively strong differences in community composition, potentially caused by stochastic processes during colonization, deterministic processes may have played an important role in the pollutant treated animals., In most cases the microbiomes of the different treatments formed well separated clusters in the NMDS ordination with low beta diversity within replicates of a given treatment. Such patterns can be caused by stressors that select for certain taxa and increase their abundance leading to deterministic community changes (Zaneveld et al., 2017).

The high relative sequence abundance of Tenacibaculum sp. across the Instant Ocean artificial seawater incubations, but not in those using Sippewissett salt marsh water growth medium, is likely due to initial differences in microbial community composition between the growth media. However, Tenacibaculum spp. are capable of thriving on polysaccharides and proteins (Pérez-Pascual et al., 2017) and many are pathogenic or associated with diseased fish and anemones (Wang et al., 2008) which might explain the slight increase in relative sequence abundance for this organism in the 10 μM phthalate treatment when the health of Nematostella was impaired. Flavobacterium increased in relative abundance and a member of the genus Mariniflexile decreased in relative abundance with increasing nitrate concentrations. All three genera belong to the family Flavobacteriaceae and are known to include marine species that can degrade polysaccharides (Barbeyron et al., 2008; Nedashkovskaya et al., 2014), yet only the genus Flavobacterium contains organisms that can reduce nitrate (Nupur et al., 2013). It is likely that they have similar niches concerning carbon sources but can differently utilize nitrate. For example, nitrate-reducing Flavobacterium columnare are associated with disease in fish experiencing environmental stress (Abdelhamed et al., 2021). In this situation, nitrate can be used by opportunist pathogenic Flavobacterium sp. as an alternative electron acceptor in oxygen-limited microenvironments, such as in biofilms or during infection of tissue (Abdelhamed et al., 2021).

The phthalate exposed microbiomes in the Sippewissett salt marsh seawater cultures were enriched with a lineage affiliating with Saprospiraceae. These organisms also affiliate with Bacteroidetes and are not only related to the most abundant clades in the instant ocean cultures but have a similar metabolic capabilities degrading complex organic matter such as polysaccharides (McIlroy and Nielsen, 2014). It is thus very likely that functionally redundant, yet taxonomically different clades were recruited from the communities of the initial culture medium. Organisms belonging to the genus Pseudomonas were present all animal microbiomes (Figure 8), yet sporadically appeared in higher relative sequence abundance in animals cultivated in Sippewissett salt marsh seawater. This genus is known to contain organisms able to degrade phthalates (Vamsee-Krishna and Phale, 2008), however, the highest relative sequence abundances of this organism were found mainly in KNO3 -treated samples and unamended controls, and the observed pattern does not indicate that the presence of phthalate or KNO3 selected for Pseudomonas in either growth media. The activity of the microbiome determines potential physiological feedbacks between the microbiome and host and is thus an important factor for the examination of holobiont health. Due to the limitations of taxonomy-based analyses future studies would benefit from analyses of the functional capabilities and activity of the microbiome to understand feedbacks between the microbiome and host health.

In this study, the Nematostella vectensis microbiome was significantly influenced by the growth medium (Supplementary Figure 2 NMDS). The reported deterministic changes in the microbial community structure caused by the pollutants can therefore be easily missed. From the findings of this study, we conclude that the detrimental effects of pollutants on the development of marine invertebrates are not always mirrored to the same degree in the animals’ microbiome. However, as the embryos were exposed to the pollutants for 10 days only this may not be enough time to result in a substantial change in the microbiome. Moreover, the source of seawater, biogeography and the environmental variability of Nematostella itself (Darling et al., 2004) can apparently have large effects on the outcome of such cultivation experiments potentially masking the underlying positive or negative trends.

In summary, our results demonstrate that common pollutants found in salt marshes adversely affect the development of Nematostella embryos, ultimately leading to death. This is an important finding as globally populations of Nematostella are decreasing and as their natural habitats is the marsh lands, they are very susceptible to pollution. This study looks mainly at the effect on embryos, in the future it will be interesting to determine if exposure of adult animals to these pollutants also causes changes in the microbiome and ultimate fitness of the offspring.
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