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ABSTRACT

Background. Eelgrass (Zostera marina) is a marine angiosperm and foundation species
that plays an important ecological role in primary production, food web support,
and elemental cycling in coastal ecosystems. As with other plants, the microbial
communities living in, on, and near eelgrass are thought to be intimately connected to
the ecology and biology of eelgrass. Here we characterized the microbial communities
in eelgrass sediments throughout an experiment to quantify the rate of ammonification,
the first step in early remineralization of organic matter, also known as diagenesis, from
plots at a field site in Bodega Bay, CA.

Methods. Sediment was collected from 72 plots from a 15 month long field experiment
in which eelgrass genotypic richness and relatedness were manipulated. In the labora-
tory, we placed sediment samples (n =4 per plot) under a N, atmosphere, incubated
them at in situ temperatures (15 °C) and sampled them initially and after 4, 7, 13,
and 19 days to determine the ammonification rate. Comparative microbiome analysis
using high throughput sequencing of 16S rRNA genes was performed on sediment
samples taken initially and at seven, 13 and 19 days to characterize changes in the
relative abundances of microbial taxa throughout ammonification.

Results. Within-sample diversity of the sediment microbial communities across all
plots decreased after the initial timepoint using both richness based (observed number
of OTUs, Chaol) and richness and evenness based diversity metrics (Shannon,
Inverse Simpson). Additionally, microbial community composition changed across the
different timepoints. Many of the observed changes in relative abundance of taxonomic
groups between timepoints appeared driven by sulfur cycling with observed decreases in
predicted sulfur reducers (Desulfobacterales) and corresponding increases in predicted
sulfide oxidizers (Thiotrichales). None of these changes in composition or richness were
associated with variation in ammonification rates.

Discussion. Our results showed that the microbiome of sediment from different plots
followed similar successional patterns, which we infer to be due to changes related
to sulfur metabolism. These large changes likely overwhelmed any potential changes
in sediment microbiome related to ammonification rate. We found no relationship
between eelgrass presence or genetic composition and the microbiome. This was likely
due to our sampling of bulk sediments to measure ammonification rates rather than
sampling microbes in sediment directly in contact with the plants and suggests that
eelgrass influence on the sediment microbiome may be limited in spatial extent. More
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in-depth functional studies associated with eelgrass microbiome will be required in
order to fully understand the implications of these microbial communities in broader
host-plant and ecosystem functions (e.g., elemental cycling and eelgrass-microbe
interactions).

Subjects Marine Biology, Microbiology, Plant Science

Keywords Succession, Microbiome, Ammonification, Sulfur cycling, Eelgrass, Decomposition,
Seagrass, Zostera marina

INTRODUCTION

Eelgrass (Zostera marina L.) is a widely-distributed marine angiosperm that supports
ecologically and economically valuable functions (Williams ¢ Heck, 2001), including high
rates of primary production, higher trophic levels, and elemental cycling (Hemminga

& Duarte, 2000). Much of the high primary production of eelgrass and its associated
epiphytic algal community ends up as detritus (Cebrian ¢» Lartigue, 2004), which fuels high
rates of ammonification, the first step in early diagenesis (the combination of biological,
chemical and physical processes that act on deposited organic matter (Berner, 1980)), in
the sediments of eelgrass beds. Although the role of microbes in the decomposition of
organic matter and remineralization in marine sediments is broadly appreciated (Arndt
et al., 2013), the extent to which microbial community composition and process rates
are influenced by the characteristics of eelgrass beds is unclear. In this study, we looked
for correlations between successional patterns in microbial communities during early
diagenesis, rates of ammonification in eelgrass bed sediments, and the abundance and
genetic composition of eelgrass from plots in Bodega Bay, CA.

The microorganisms associated with eelgrass have been found to be distinct for different
eelgrass parts (e.g., roots, leaves, rhizomes) and appear to vary within and between host
plants (Fahimipour et al., 2017; Bengtsson et al., 2017; Ettinger et al., 2017; Holland-Moritz
et al., 2017, unpublished data). Many of the dominant taxa found in association with
eelgrass beds are predicted to be involved in nitrogen and sulfur cycling (Capore, 1982;
Welsh, 2000; Nielsen et al., 2001; Lovell, 2002; Sun et al., 2015; Cticio et al., 2016; Ettinger et
al., 2017; Holland-Moritz et al., 2017, unpublished data). The remineralization of nitrogen
in seagrass sediments is of great importance as it is often the limiting nutrient for seagrass
growth; ammonium is the largest pool of dissolved inorganic nitrogen in the sediments
and is preferentially taken up by eelgrass (Dennison, Aller & Alberte, 1987; Romero, Lee
& Alcoverro, 2006). The microbial communities in eelgrass bed sediment are significantly
different from that of surrounding unvegetated sediment (Cticio et al., 2016) and even from
eelgrass roots collected within the same bed (Fahimipour et al., 2017; Ettinger et al., 2017).
Furthermore, even within eelgrass beds, sediment community composition differences are
correlated with eelgrass density (Ettinger et al., 2017), suggesting the potential for eelgrass
influence of microbial processes.

Seagrass density, biomass, growth and resilience are all known to be influenced by the
genetic composition and diversity of eelgrass assemblages (Hughes ¢ Stachowicz, 2004;
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Reusch et al., 2005; Hughes ¢ Stachowicz, 2011; Stachowicz et al., 2013). At the conclusion
of a larger experiment testing the effects of eelgrass genotypic richness and relatedness on
eelgrass biomass accumulation and other ecosystem functions (Abbott, 2015; Abbott et al.,
2017, unpublished data), we sampled the microbial communities in sediments in eelgrass
plots that varied in genetic diversity. We characterized the relative abundances of microbial
taxa and how they changed as early diagenesis proceeded during a laboratory experiment
that quantified the rate of ammonification as a function of plant genotypic diversity and
abundance.

METHODS

Ammonification experiment

The rate of ammonification was determined in sediments collected from plots of a field
experiment lasting 15 months in which eelgrass genotypic richness and relatedness were
manipulated and various ecosystem functions were measured (Abbott, 2015; Abbott et
al., 2017, unpublished data). The experiment initially crossed two levels of genotypic
richness (2, 6) with three levels of genetic relatedness (more, less, and as closely related as
expected by chance (Frasier, 2008; Stachowicz et al., 2013)) with six replicates per richness
x relatedness combination for a total of 72 plots. Plots were 40.4 cm long x 32.7 cm wide
x 15.2 cm deep. Genotypic composition changed in the treatments as a result of mortality
of some planted genotypes early in the experiment and some plots lost all eelgrass by
the end of the experiment; this mortality was independent of treatment. Because samples
for ammonification were taken at the end of the experiment, we used final genotypic
composition to calculate realized diversity and relatedness for each plot for use in analysis.
Eelgrass tissues were collected for the field experiment under California Department of
Fish and Wildlife Scientific Collecting Permit # SC 4874.

In October 2014, prior to the harvest of eelgrass from the experiment, we collected
~500 cm® of sediment from 0-10 cm (the rooting depth) in each plot to determine the
rate of ammonification (see Williams et al., 2017, unpublished data for more details).
In the laboratory, we placed homogenized sediment samples in a N,- filled glove box,
removed macroscopic pieces of eelgrass and animals using forceps, and then filled opaque
glass centrifuge tubes with sediments (n =4 per plot). Tubes were incubated at in situ
temperatures (15 °C) and sampled for porewater and absorbed ammonium and sediment
porosity initially and after 4, 7, 13, and 19 days of incubation. Ammonium production rates
were calculated by linear regression of wmol NHy-Nporewater+adsorbed/L sediment versus
incubation time (days) (Mackin & Aller, 1984; Dennison, Aller & Alberte, 1987; Williams,
1990). We also removed belowground and aboveground eelgrass biomass from each plot,
cleaned it of sediments and epiphytes, and dried it to constant mass (see Abbott, 2015;
Abbott et al., 2017, unpublished data for more details).

Molecular analysis

Sediment was collected at each timepoint during the ammonification experiment for
microbial analysis (n =72 per timepoint). DNA was extracted from the sediment taken
initially and at 7, 13 and 19 days (n = 288; herein referred to as timepoints 1, 2, 3 and 4
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respectively) using the PowerSoil DNA Isolation kit (MO BIO Laboratories, Inc., Carlsbad,
CA, USA) according to the manufacturer’s protocol. The V4 region of the 16S rRNA
gene was amplified using the “universal” 515F and 806R primers (Caporaso et al., 2011)
with a modified barcode system as in Fahimipour et al. (2017). A detailed amplification
protocol can be found here (https://figshare.com/articles/Seagrass Microbiome_16S_
Library_PCR_Protocol_with_PNA_Blockers/5267359). Molecular libraries were sent

to the http://dnatech.genomecenter.ucdavis.edu for sequencing on an Illumina MiSeq
(Ilumina, Inc. San Diego, CA, USA) to generate 250 bp paired-end sequence reads.

Sequence processing

A custom in-house script was used to demultiplex, quality check and merge paired-end
reads (https://github.com/gjospin/scripts/blob/master/Demul_trim_prep.pl). Sequences
were then analyzed using the Quantitative Insights Into Microbial Ecology (QIIME)
v. 1.9.0 workflow (Caporaso et al., 2010). For a detailed walkthrough of the following
analysis using QIIME see the IPython notebook (http://nbviewer.jupyter.org/gist/
casett/ad2c64cadb74b1d414f59eb5362e63a3). A total of 10,958,285 reads obtained
from the sequencing run passed quality filtering (Q20), of which 7,856,501 paired-end
reads merged successfully (71.69%). Chimeras were identified using USEARCH v. 6.1
and filtered out. Sequences were then de novo clustered into operational taxonomic
units (OTUs) at 97 percent similarity using UCLUST (Edgar, 2010) and taxonomy
was assigned using the GreenGenes database (v.13_8) (DeSantis et al., 2006). Using
the filter_taxa_from_otu_table.py and filter_otus_from_otu_table.py QIIME scripts,
chloroplast DNA, mitochondrial DNA, singletons and reads classified as “Unassigned” at
the domain level were filtered out of the dataset before downstream analysis.

Data analysis and visualization
Data manipulation, visualization and statistical analyses were performed in R (R Core Team,
2016) using the ggplot2 (Wickham, 2009), vegan (Dixon, 2003), phyloseq (McMurdie &
Holmes, 2013) coin (Hothorn et al., 2008) and FSA packages (Ogle, 2016). For statistical
comparisons and visualization, the dataset was subsampled without replacement to an
even depth of 5,000 sequences. As a result, eight samples were removed from downstream
analysis due to low sequence counts (SamplelD: 14T4, C5T4, K3T3, J4T3, J2T3, D5T3,
G5T4 and K2T3). A depth of 5,000 sequences was chosen to maximize the number of reads
per sample while minimizing the number of samples removed from downstream analysis.
A variety of metrics, including observed OTUs, Chaol (Chao, 1984), Shannon (Shannon
& Weaver, 1949) and Inverse Simpson (Sinpson, 1949) indices, were used to calculate the
within-sample (alpha) diversity for the dataset. Kruskal-Wallis tests with 9,999 permuta-
tions were used to test for significant differences in alpha diversity between different sample
categories including timepoint (1-4), block (A-L), spot (1-6), plot location (block x spot),
eelgrass final richness (0—6)and eelgrass status in the plot (one genotype, multiple genotypes
or none present). For categories in which the Kruskal-Wallis test resulted in a rejected
null hypothesis (p < 0.05), Bonferroni corrected post-hoc Dunn tests were performed.
To assess between-sample (beta) diversity, the Unifrac (weighted and unweighted)
(Lozupone et al., 2007; Hamady, Lozupone ¢ Knight, 2010) and Bray—Curtis (Bray ¢ Curtis,
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1957) dissimilarities were calculated. These diversity metrics were then compared using
permutational manovas (PERMANOVAs) to test for significant differences between sample
categories (see above) with 9,999 permutations using the Bonferroni correction (Anderson,
2001). Mantel tests were used to test for correlations between Bray—Curtis dissimilarities
calculated for the microbial data and euclidean distances calculated for continuous variables
such as aboveground eelgrass biomass (g/plot), belowground eelgrass biomass (g/plot),
total eelgrass biomass (g/plot), plot decomposition rate, detritus standing stock (g/plot),
ammonification rate (wmol NH4-N/L sediment/d) and eelgrass plot final genotypic
diversity, trait diversity (e.g., growth, nutrient uptake and photosynthetic parameters), and
relatedness (assessed previously in (Abbott, 2015; Abbott et al., 2017, unpublished data)
with Shannon Diversity, Rao’s Q and average relatedness, respectively). These tests were
performed in R with vegan using 9,999 permutations.

To compare microbial community composition among timepoints, we collapsed OTUs
into taxonomic orders using the tax_glom function in phyloseq and then removed groups
with a mean abundance of less than two percent. Rare groups were removed to avoid false
positives from low abundance taxa and to focus analysis on abundant groups that may
influence sediment biogeochemistry. The average relative abundance of taxonomic orders
was compared between timepoints using Bonferroni corrected Kruskal-Wallis tests in R.
For taxonomic groups where the Kruskal-Wallis test resulted in a rejected null hypothesis,
Bonferroni corrected post-hoc Dunn tests were performed to identify which timepoint
comparisons for each taxonomic order were significantly different. To determine the nature
of the relationship between ammonification rate and specific taxonomic groups whose
mean relative abundances differed significantly between timepoints, we built linear models
in R. We focused specifically on the three taxonomic groups with the largest variance
in relative abundance and the models were built using the timepoint where the largest
variance was observed.

RESULTS

Alpha diversity metrics: within sample diversity decreases after
initial timepoint

Alpha diversity was significantly different between timepoints (K-W test; p < 0.001, Fig. 1,
Table S1) for all metrics and post-hoc Dunn tests identified that the alpha diversity for
timepoint 1 was consistently greater than that for other timepoints (p < 0.001, Table S2).
The decrease in diversity from timepoint 1 to the subsequent timepoints is expected as
obligate aerobes are not likely to survive after initial inoculation in sealed tubes. Plot
location, eelgrass relatedness and eelgrass richness were not correlated with any estimate of
alpha-diversity across timepoints or within single timepoints (K—W test, p > 0.05, Table S1).

Beta diversity metrics: microbial community composition changes
over time

Microbial community composition differed between timepoints for all three dissimilarity
metrics, Bray—Curtis, unweighted and weighted Unifrac (PERMANOVA, p < 0.001,
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Figure 1 Alpha diversity decreases over time. Four alpha diversity metrics are depicted as boxplots col-
ored by timepoint: (A) observed number of OTUs, (B) Chaol, (C) Shannon and (D) Inverse Simpson in-
dices. Timepoints shown are: 1 (initial samples), 2 (seven days), 3 (13 days), and 4 (19 days).

Fig. 2, Table S3). Subsequent pair-wise PERMANOVA test results found that all pair-
wise timepoint comparisons differ significantly in composition (p < 0.001, Table 54).
PERMANOVA test results for other sample categories were not significantly different
(p > 0.05, Table S3). Surprisingly, we did not detect any associations of the initial
microbiome (timepoint 1) with plot level features such as eelgrass genotypic richness
or eelgrass presence/absence (Fig. 3, Table S5).

Microbial composition effects on ammonification rate

Ammonification rates ranged from 12 to 640 pmol NH4-N/L sediment/d, values typical
for eelgrass (lizumi, Hattori ¢ McRoy, 1982; Dennison, Aller & Alberte, 1987; Williams et
al., 2017, unpublished data). Using the full dataset, we tested for correlations between
Bray—Curtis dissimilarities and euclidean distances of several measured variables including
ammonification rate and eelgrass final genotypic diversity and relatedness. None of these
measured variables were correlated with microbial dissimilarities (Mantel test, p > 0.05,
Table 56). We then focused our analyses on testing for correlations between these measures
and the dissimilarities of only the initial or final timepoints, but still found no correlations
(Mantel test, p > 0.05, Table S7).

Taxonomic composition

The orders Pirellulales, Chromatiales, Desulfobacterales, Bacteroidales, Alteromonadales,
Campylobacterales and Thiotrichales had mean relative abundances that were significantly
different over time (K-W test, p < 0.001, Table S8). Since we were interested in the

Ettinger et al. (2017), PeerdJ, DOI 10.7717/peerj.3674 6/17


https://peerj.com
http://dx.doi.org/10.7717/peerj.3674#supp-3
http://dx.doi.org/10.7717/peerj.3674#supp-4
http://dx.doi.org/10.7717/peerj.3674#supp-3
http://dx.doi.org/10.7717/peerj.3674#supp-5
http://dx.doi.org/10.7717/peerj.3674#supp-6
http://dx.doi.org/10.7717/peerj.3674#supp-7
http://dx.doi.org/10.7717/peerj.3674#supp-8
http://dx.doi.org/10.7717/peerj.3674

Peer

0.10- A

o

o

>

.‘b

L]
{

¥ a + Timepoint

PCoA 2 (13.2% of variation)

2

»

5
™y
-

+ m

BwWN

seo ' T |
¥ -
-0.05- ¥ B

0.0 0.1 0.2 0.3
PCoA 1 (41.6% of variation)

Figure 2 Microbial community composition changes over time. Principal Coordinates Analysis (PCoA)
of Weighted Unifrac distances of microbial communities are shown here with shapes and colors represen-

tative of respective timepoint. Timepoints shown are: 1 (initial samples), 2 (seven days), 3 (13 days), and 4
(19 days).

significance of the directional changes in the observed succession pattern, we focused our

investigation on the sequential timepoint comparisons during post-hoc analysis.

We saw a clear succession in eelgrass sediment microbiota during the experiment, which
was characterized by several significant differences (Fig. 4, Tables 59, S10). The strongest
among these involved several main observations:

1. An initial increase in the mean relative abundance of Campylobacterales, mainly
members of the family Helicobacteraceae, between timepoints 1 and 2 (4.8-12.57%),
followed by a decrease in relative abundance (12.57-9.36%) from timepoint 2 to 3.

2. An increase in relative abundance from 3.12 to 6.21% in Alteromonadales between
timepoints 2—4.

3. A doubling of the average relative abundance of Thiotrichales, specifically the genus
Thiomicrospira, from 9.36 to 18.53% between timepoint 3 and 4.

In our linear model analysis, we did not detect a significant relationship between
ammonification rate and the relative abundance of Thiotrichales (timepoint 4, F-
statistic = 0.323, adjusted r-squared = —0.01, p = 0.517), Alteromonadales (timepoint 4,
F-statistic = 0.167, adjusted r-squared = —0.012, p = 0.684) or Campylobacterales
(timepoint 2, F-statistic = 1.962, adjusted r-squared = 0.013, p =0.166).
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DISCUSSION

We did not detect any association of the microbiome with plot level features such as
eelgrass genotypic richness or eelgrass presence/absence (Fig. 3). This result originally
seemed surprising given previous work indicating a correlation between eelgrass presence
and sediment microbiota (Cricio et al., 2016; Ettinger et al., 2017). However, it is important
to note that microbiome samples came from homogenized bulk sediment collected from
whole plots rather than sediment specifically in close association with eelgrass roots.
This suggests that associations between microbiota and eelgrass are localized to plant
surfaces or immediately adjacent sediments do not extend far from the plant itself. Indeed,
Fahimipour et al. (2017) found that the root microbiome differed substantially from that
found in sediments taken from within the eelgrass bed, but not specifically associated
with roots. Alternatively, it is possible that the immediate transport from field to the lab
and homogenization fundamentally altered the microbiome, causing the differences with
previous studies. However, the sediments were kept dark and cold in the sediment corers
until extrusion and homogenization under an oxygen-free environment, to preserve the
sediment environment to the degree possible. One further possibility is that these plots do
not differ because eelgrass has a lasting effect on the sediment microbiome and the plots
without eelgrass, since they previously, although briefly, had eelgrass, have just not yet
returned to a non-eelgrass microbiome state.
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To conduct the ammonification experiment, the sediment was moved from its natural
setting, in which a micro-oxic zone exists around eelgrass roots (Jensen et al., 2005), into
an anaerobic, enclosed system. Seagrass sediments are highly anaerobic below the very top
layers and thus, organic matter diagenesis is predominantly an anaerobic process (Harrison,
1989; Marba et al., 2006). This procedure enabled us not only to quantify ammonification
rates but also to study successional shifts in communities under these conditions during
which we observed reductions in alpha diversity and changes in taxonomic composition.
We note that each “replicate” sample does not follow the exact sample succession pattern.
This can be seen especially in timepoint 4 samples which are widely scattered on the
PCoA plot (Fig. 2). The variation between these samples appears to be due in large part
to differences in relative abundance of specific likely sulfide oxidizers (e.g., Thiotrichales).
We also note that by conducting this process in an anaerobic setting and only focusing on
16S rRNA gene sequence analysis, we are unable to detect the role of microbial eukaryotes
(e.g., fungi, ciliates, amoeba) during and throughout early diagenesis in seagrass bed
sediments. This may be of little consequence as, in contrast to in terrestrial systems
where microbial eukaryotes are known to participate in ammonification, these groups
are historically thought to contribute little to the primarily anaerobic process of organic
matter diagenesis in seagrass sediments (Newell, 1981) for Z. marina; (Blum et al., 1988) for
tropical seagrass leaf litter, (Harrison, 1989). However, it is important to note that marine
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microbial eukaryotes have been observed in seagrass detritus (Harrison ¢ Mann, 1975;
Harrison, 1989) and very little is known about the functions of these microorganisms.

The different samples, regardless of the ammonification rate, followed similar
successional patterns, which we infer to be due largely to a response to sulfur metabolism,
based on the predicted functional roles of the taxonomic groups that exhibited the greatest
change in relative abundance across timepoints. For example, the relative decrease in
Desulfobacterales concomitant with an increase in Thiotrichales and Alteromonadales we
believe is likely the result of the coupling of sulfate reduction and sulfide oxidation
during the experiment. We have inferred this based on examination of the literature
regarding these groups. Most of the characterized species in the Desulfobacterales are
sulfate-reducing bacteria that commonly reduce sulfate to sulfide. Species in this group
have been isolated from a variety of marine and freshwater habitats (Kuever, Rainey
¢ Widdel, 2015). The Thiotrichales are broadly known as filamentous sulfur-oxidizers
(Garrity, Bell & Lilburn, 2005), are the dominant sulfur-oxidizers in salt marsh sediments
(Thomas et al., 2014) and are enriched in eelgrass-associated sediment (Ettinger et al.,
2017). Thiomicrospira, specifically, are mesophilic sulfur oxidizers that oxidize thiosulfate
to sulfate and elemental sulfur in marine ecosystems (Kuenen, Robertson ¢ Tuovinen,
19925 Scott et al., 2006; Sievert et al., 2008). Although relatively little is known about the
ecology of Alteromonadales, some isolates have been found to reduce sulfate and thiosulfate
to sulfide (Semple, Westlake ¢ Krouse, 1987; Bowman ¢ McMeekin, 2005). Members of
this group can also degrade dimethylsulfopropionate, an osmoprotectant produced by
marine algae, phytoplankton and some vascular plants including seagrasses, to dimethyl
sulfide (Jonkers, Van Bergeijk ¢ Van Gemerden, 2000; Ansede, Friedman ¢ Yoch, 2001).
Additionally, Thiotrichales and Alteromonadales species have been suggested to work in
concert to degrade marine dissolved organic matter in seawater (McCarren et al., 2010). It
is worth noting, however, that members of Alteromonadales have been previously observed
to dominate during succession in mesocosms (Schdfer, Servais & Muyzer, 2000).

We did not detect any major correlations between the microbiome and ammonification
rate. There are multiple potential explanations for this including that ammonium
production can occur as a byproduct of a variety of microbial processes and metabolic
pathways (Herbert, 1999; Zehr ¢» Kudela, 2011). General microbial activity has been
previously linked with rates of seagrass decomposition (Blum ¢ Mills, 1991), so perhaps
what we observe here is a broader community process that cannot be linked to any one
taxonomic group. A more likely explanation is that the effects of ammonium production
may be present in our dataset, but are masked here by stronger processes (e.g., sulfur
metabolism) that are independent of eelgrass characteristics. In marine sediments, sulfate
reduction can be attributed as responsible for a large part of organic carbon oxidation
and the dominant anaerobic process as it is more thermodynamically favorable than
methanogenesis (Berner, 1980; Capone ¢ Kiene, 1988; Marba et al., 2006). Additionally,
fermentative microorganisms break down marine organic matter into lower molecular
weight organics in concert with the sulfate reducers that use the products (Berner, 1980).
Thus, the overall succession pattern that we are seeing is likely an accurate representation of
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what occurs during early remineralization of organic matter in anoxic seagrass sediments
even if we cannot link it to the ammonification rate here.

CONCLUSIONS

Seagrass beds are hotspots of primary production, organic matter degradation, and
elemental cycling and previous work has suggested that sulfur metabolism can play an
important ecological role in these beds. In this study, we wanted to identify if successional
patterns in microbial communities during early diagenesis were correlated with the rate of
ammonification. We found no such correlation, instead, observing a successional pattern
more consistent with sulfur cycling as the dominant biogeochemical process. Future work
should endeavor to use metagenomic techniques to investigate the abundance of genes
associated with sulfur metabolism to confirm this observation. Additionally, although no
correlation was found between ammonification rate and 16S rRNA gene sequence data,
metagenomics or metatranscriptomics might identify functional genes that are enriched
in samples with a higher rate of ammonification. Seagrass beds have important ecosystem
functions, but our knowledge of the microbial communities inhabiting these beds and their
functions is still fragmentary. This work contributes to the growing body of knowledge
on the eelgrass microbiome, providing some contextual functional framework for the
sediment associated generally within these beds and highlighting a growing need for
functional studies in this and other host-microbe-environment systems.

ACKNOWLEDGEMENTS

[llumina sequencing was performed at the DNA Technologies Core facility in the UC Davis
Genome Center in Davis, California. We thank Qingyi “John” Zhang for his help with the
DNA extractions and Illumina library preparation.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was funded by a grant from the Gordon and Betty Moore Foundation (GBMF333)
“Investigating the co-evolutionary relationships between seagrasses and their microbial
symbionts.” The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Gordon and Betty Moore Foundation: GBMF333.

Competing Interests
Jonathan A. Eisen is an Academic Editor for Peer].

Ettinger et al. (2017), PeerdJ, DOI 10.7717/peerj.3674 1117


https://peerj.com
http://dx.doi.org/10.7717/peerj.3674

Peer

Author Contributions

e Cassandra L. Ettinger analyzed the data, wrote the paper, prepared figures and/or tables,
reviewed drafts of the paper.

e Susan L. Williams conceived, designed and performed the ammonification experiment,
reviewed drafts of the paper, helped write the paper.

e Jessica M. Abbott conceived, designed and performed the eelgrass field experiment,
reviewed drafts of paper, helped with ammonification experiment.

e John J. Stachowicz reviewed drafts of the paper, advised on experimental design, edited
drafts of paper.

e Jonathan A. Eisen contributed reagents/materials/analysis tools, reviewed drafts of the
paper, advised on data analysis, edited drafts of paper.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Eelgrass tissues were collected for the field experiment under California Department of
Fish and Wildlife Scientific Collecting Permit #SC 4874.

DNA Deposition

The following information was supplied regarding the deposition of DNA sequences:
This 16S rRNA sequencing project has been deposited in GenBank under accession no.

PRJNA350672.

Data Availability

The following information was supplied regarding data availability:
Lang, Jenna (2015): Seagrass Microbiome. figshare.
https://doi.org/10.6084/m9.figshare.1598220.v1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.3674#supplemental-information.

REFERENCES

Abbott JM. 2015. The effects of genotypic richness, genetic relatedness, and trait
variation in a seagrass community. PhD thesis, University of California, Davis.

Anderson MJ. 2001. A new method for non-parametric multivariate analysis of variance.
Austral Ecology 26:32—46 DOI 10.1111/.1442-9993.2001.01070.pp.x.

Ansede JH, Friedman R, Yoch DC. 2001. Phylogenetic analysis of culturable
dimethyl sulfide-producing bacteria from a Spartina-dominated salt marsh
and estuarine water. Applied and Environmental Microbiology 67:1210-1217
DOI 10.1128/AEM.67.3.1210-1217.2001.

Arndt S, Jorgensen BB, LaRowe DE, Middelburg JJ, Pancost RD, Regnier P. 2013.
Quantifying the degradation of organic matter in marine sediments: a review and
synthesis. Earth-Science Reviews 123:53—-86 DOI 10.1016/j.earscirev.2013.02.008.

Ettinger et al. (2017), PeerJ, DOI 10.7717/peerj.3674 12117


https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA350672
https://doi.org/10.6084/m9.figshare.1598220.v1
http://dx.doi.org/10.7717/peerj.3674#supplemental-information
http://dx.doi.org/10.7717/peerj.3674#supplemental-information
http://dx.doi.org/10.1111/j.1442-9993.2001.01070.pp.x
http://dx.doi.org/10.1128/AEM.67.3.1210-1217.2001
http://dx.doi.org/10.1016/j.earscirev.2013.02.008
http://dx.doi.org/10.7717/peerj.3674

Peer

Bengtsson MM, Buhler A, Brauer A, Dahlke S, Schubert H, Blindow 1. 2017. Eelgrass
leaf surface microbiomes are locally variable and highly correlated with epibiotic
eukaryotes. Frontiers in Microbiology 8:Article 1312 DOI 10.3389/fmicb.2017.01312.

Berner RA. 1980. Early diagenesis: a theoretical approach. Princeton: Princeton University
Press.

Blum LK, Mills AL. 1991. Microbial growth and activity during the initial stages of
seagrass decomposition. Marine Ecology Progress Series 70:73—82
DOI 10.3354/meps070073.

Blum LK, Mills AL, Zieman JC, Zieman RT. 1988. Abundance of bacteria and fungi
in seagrass and mangrove detritus. Marine Ecology Progress Series 42:73-78
DOI 10.3354/meps042073.

Bowman JP, McMeekin TA. 2005. Alteromonadales ord nov. In: Brenner DJ, Krieg NR,
Staley JT, Garrity GM, eds. Bergey’s manual® of systematic bacteriology. New York:
Springer, 443-491.

Bray JR, Curtis JT. 1957. An ordination of the upland forest communities of Southern
Wisconsin. Ecological Monographs 27:325-349 DOI 10.2307/1942268.

Capone DG. 1982. Nitrogen fixation (Acetylene Reduction) by rhizosphere sediments of
the eelgrass. Marine Ecology Progress Series 10:67—75 DOI 10.3354/meps010067.

Capone DG, Kiene RP. 1988. Comparison of microbial dynamics in marine and
freshwater sediments: contrasts in anaerobic carbon catabolism. Limnology and
Oceanography 33:725-749 DOI 10.4319/10.1988.33.4part2.0725.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh
PJ, Fierer N, Knight R. 2011. Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proceedings of the National Academy of Sciences of
the United States of America 108:4516—4522 DOI 10.1073/pnas.1000080107.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer
N, Pena AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE,
Ley RE, Lozupone CA, McDonald D, Muegge BD, Pirrung J, Reeder M, Sevinsky
JR, Turnbaugh PJ], Walters WA, Widmann J, Yatsunenko T, Zaneveld J, Knight
R. 2010. QIIME allows analysis of high-throughput community sequencing data.
Nature Methods 7:335-336 DOI 10.1038/nmeth.f.303.

Cebrian J, Lartigue J. 2004. Patterns of herbivory and decomposition in aquatic and
terrestrial ecosystems. Ecological Monographs 74:237-259 DOI 10.1890/03-4019.

Chao A. 1984. Non-parametric estimation of the number of classes in a population.
Scandinavian Journal of Statistics, Theory and Applications 11:265-270.

Cucio C, Engelen AH, Costa R, Muyzer G. 2016. Rhizosphere microbiomes of European
+ seagrasses are selected by the plant, but are not species specific. Frontiers in
Microbiology 7:Article 440 DOI 10.3389/fmicb.2016.00440.

Dennison WC, Aller RC, Alberte RS. 1987. Sediment ammonium availability and eel-
grass (Zostera marina) growth. Marine Biology 94:469—-477 DOI 10.1007/BF00428254.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T, Dalevi
D, Hu P, Andersen GL. 2006. Greengenes, a chimera-checked 16S rRNA gene

Ettinger et al. (2017), PeerJ, DOI 10.7717/peerj.3674 13117


https://peerj.com
http://dx.doi.org/10.3389/fmicb.2017.01312
http://dx.doi.org/10.3354/meps070073
http://dx.doi.org/10.3354/meps042073
http://dx.doi.org/10.2307/1942268
http://dx.doi.org/10.3354/meps010067
http://dx.doi.org/10.4319/lo.1988.33.4part2.0725
http://dx.doi.org/10.1073/pnas.1000080107
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1890/03-4019
http://dx.doi.org/10.3389/fmicb.2016.00440
http://dx.doi.org/10.1007/BF00428254
http://dx.doi.org/10.7717/peerj.3674

Peer

database and workbench compatible with ARB. Applied and Environmental Micro-
biology 72:5069-5072 DOI 10.1128/AEM.03006-05.

Dixon P. 2003. VEGAN, a package of R functions for community ecology. Journal of
Vegetation Science: Official Organ of the International Association for Vegetation
Science 14:927-930 DOI 10.1111/§.1654-1103.2003.tb02228.x.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinfor-
matics 26:2460-2461 DOI 10.1093/bioinformatics/btq461.

Ettinger CL, Voerman SE, Lang JM, Stachowicz JJ, Eisen JA. 2017. Microbial com-
munities in sediment from Zostera marina patches, but not the Z. marina leaf or
root microbiomes, vary in relation to distance from patch edge. Peer] 5:e3246
DOI10.7717/peer;j.3246.

Fahimipour AK, Kardish MR, Eisen JA, Lang JM, Green JL, Stachowicz JJ. 2017. Global-
scale structure of the eelgrass microbiome. Applied and Environmental Microbiology
DOI 10.1128/AEM.03391-16.

Frasier TR. 2008. STORM: software for testing hypotheses of relatedness and mating
patterns. Molecular Ecology Resources 8:1263-1266
DOI10.1111/j.1755-0998.2008.02358..x.

Garrity GM, Bell JA, Lilburn T. 2005. Order V. Thiotrichales ord nov. In: Brenner DJ,
Krieg NR, Staley JT, Garrity GM, eds. Bergey’s manual of systematic bacteriology (The
Proteobacteria), Part B (The Gammaproteobacteria). Vol. 2. New York: Springer, 131.

Hamady M, Lozupone C, Knight R. 2010. Fast UniFrac: facilitating high-throughput
phylogenetic analyses of microbial communities including analysis of pyrosequenc-
ing and PhyloChip data. The ISME Journal 4:17-27 DOI 10.1038/ismej.2009.97.

Harrison PG. 1989. Detrital processing in seagrass systems: a review of factors affect-
ing decay rates, remineralization and detritivory. Aquatic Botany 35:263—288
DOI110.1016/0304-3770(89)90002-8.

Harrison PG, Mann KH. 1975. Detritus formation from eelgrass (Zostera marina L.): the
relative effects of fragmentation, leaching, and decay. Limnology and Oceanography
20:924-934 DOI 10.4319/10.1975.20.6.0924.

Hemminga MA, Duarte CM. 2000. Seagrass ecology. Cambridge: Cambridge University
Press.

Herbert RA. 1999. Nitrogen cycling in coastal marine ecosystems. FEMS Microbiology
Reviews 23:563-590 DOI 10.1111/§.1574-6976.1999.tb00414.x.

Hothorn T, Hornik K, Van de Wiel MA, Zeileis A. 2008. Implementing a class of
permutation tests: the coin package. Journal of Statistical Software 28:1-23
DOI10.18637/jss.v028.108.

Hughes AR, Stachowicz JJ. 2004. Genetic diversity enhances the resistance of a seagrass
ecosystem to disturbance. Proceedings of the National Academy of Sciences of the
United States of America 101:8998-9002 DOI 10.1073/pnas.0402642101.

Hughes AR, Stachowicz JJ. 2011. Seagrass genotypic diversity increases disturbance
response via complementarity and dominance. The Journal of Ecology 99:445-453.

Iizumi H, Hattori A, McRoy CP. 1982. Ammonium regeneration and assimilation in
eelgrass (Zostera marina) beds. Marine Biology 66:59—65 DOI 10.1007/BF00397255.

Ettinger et al. (2017), PeerJ, DOI 10.7717/peerj.3674 14117


https://peerj.com
http://dx.doi.org/10.1128/AEM.03006-05
http://dx.doi.org/10.1111/j.1654-1103.2003.tb02228.x
http://dx.doi.org/10.1093/bioinformatics/btq461
http://dx.doi.org/10.7717/peerj.3246
http://dx.doi.org/10.1128/AEM.03391-16
http://dx.doi.org/10.1111/j.1755-0998.2008.02358.x
http://dx.doi.org/10.1038/ismej.2009.97
http://dx.doi.org/10.1016/0304-3770(89)90002-8
http://dx.doi.org/10.4319/lo.1975.20.6.0924
http://dx.doi.org/10.1111/j.1574-6976.1999.tb00414.x
http://dx.doi.org/10.18637/jss.v028.i08
http://dx.doi.org/10.1073/pnas.0402642101
http://dx.doi.org/10.1007/BF00397255
http://dx.doi.org/10.7717/peerj.3674

Peer

Jensen SI, Kiithl M, Glud RN, Jergensen LB, Priemé A. 2005. Oxic microzones and radial
oxygen loss from roots of Zostera marina. Marine Ecology Progress Series 293:49-58
DOI 10.3354/meps293049.

Jonkers HM, Van Bergeijk SA, Van Gemerden H. 2000. Microbial production and con-
sumption of dimethyl sulfide (DMS) in a sea grass (Zostera noltii)-dominated marine
intertidal sediment ecosystem (Bassin d’Arcachon, France). FEMS Microbiology
Ecology 31:163—172 DOI 10.1111/j.1574-6941.2000.tb00681.x.

Kuenen JG, Robertson LA, Tuovinen OH. 1992. The genera Thiobacillus, Thiomi-
crospira, and Thiosphera. In: Balows A, et al., eds. The prokaryotes. New York:
Springer-Verlag, 2638-2657.

Kuever J, Rainey FA, Widdel F. 2015. Order II. Desulfovibrionales ord.nov. In: Brenner
DJ, Krieg NR, Staley JT, Garrity GM, eds. Bergey’s manual of systematic bacteriology,
2nd edition (The Proteobacteria), part C (The Alpha-, Beta-, Delta-, and Epsilonpro-
teobacteria), I. New York: Springer, 925-926.

Lovell CR. 2002. Plant-microbe interactions in the marine environment. In: Bitton G,
ed. Encyclopedia of environmental microbiology. Vol. 5. New York: Wiley, 2539-2554.

Lozupone CA, Hamady M, Kelley ST, Knight R. 2007. Quantitative and quali-
tative diversity measures lead to different insights into factors that structure
microbial communities. Applied Environmental Microbiology 73:1576—-1585
DOI 10.1128/AEM.01996-06.

Mackin JE, Aller RC. 1984. Ammonium adsorption in marine sediments. Limnology and
Oceanography 29:250-257 DOI 10.4319/10.1984.29.2.0250.

Marba N, Holmer M, Gacia E, Barron C. 2006. Seagrass beds and coastal biogeo-
chemistry. In: Seagrasses: biology, ecology and conservation. Dordrecht: Springer
Netherlands, 135-157.

McCarren J, Becker JW, Repeta DJ, Shi Y, Young CR, Malmstrom RR, Chisholm
SW, DeLong EF. 2010. Microbial community transcriptomes reveal microbes
and metabolic pathways associated with dissolved organic matter turnover in the
sea. Proceedings of the National Academy of Sciences of the United States of America
107(38):16420-16427.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible interac-
tive analysis and graphics of microbiome census data. PLOS ONE 8:e61217
DOI 10.1371/journal.pone.0061217.

Newell SY. 1981. Fungi and bacteria in or on leaves of eelgrass (Zostera marina L.) from
Chesapeake Bay. Applied and Environmental Microbiology 41:1219-1224.

Nielsen LB, Finster K, Welsh DT, Donelly A, Herbert RA, De Wit R, Lomstein BA.
2001. Sulphate reduction and nitrogen fixation rates associated with roots, rhizomes
and sediments from Zostera noltii and Spartina maritima meadows. Environmental
Microbiology 3:63—71 DOI 10.1046/).1462-2920.2001.00160.x.

Ogle DH. 2016. FSA: fisheries stock analysis. R package version 0.8.12. Available at
https:// cran.r-project.org/ web/ packages/ FSA/ index.html.

R Core Team. 2016. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Available at htip://www.r-project.org.

Ettinger et al. (2017), PeerJ, DOI 10.7717/peerj.3674 15117


https://peerj.com
http://dx.doi.org/10.3354/meps293049
http://dx.doi.org/10.1111/j.1574-6941.2000.tb00681.x
http://dx.doi.org/10.1128/AEM.01996-06
http://dx.doi.org/10.4319/lo.1984.29.2.0250
http://dx.doi.org/10.1371/journal.pone.0061217
http://dx.doi.org/10.1046/j.1462-2920.2001.00160.x
https://cran.r-project.org/web/packages/FSA/index.html
http://www.r-project.org
http://dx.doi.org/10.7717/peerj.3674

Peer

Reusch TBH, Ehlers A, Himmerli A, Worm B. 2005. Ecosystem recovery after
climatic extremes enhanced by genotypic diversity. Proceedings of the Na-
tional Academy of Sciences of the United States of America 102:2826-2831
DOI 10.1073/pnas.0500008102.

Romero J, Lee M, Pérez MA, Mateo KS, Alcoverro T. 2006. Nutrient dynamics in
seagrass ecosystems. In: Larkum AWD, Orth RJ, Duarte CM, eds. Seagrasses: biology,
ecology and conservation. The Netherlands: Springer, 227-254.

Schifer H, Servais P, Muyzer G. 2000. Successional changes in the genetic diversity
of a marine bacterial assemblage during confinement. Archives of Microbiology
173:138-145.

Scott KM, Sievert SM, Abril FN, Ball LA, Barrett CJ, Blake RA, Boller AJ, Chain PS,
Clark JA, Davis CR, Detter C, Do KF, Dobrinski KP, Faza BI, Fitzpatrick KA,
Freyermuth SK, Harmer TL, Hauser LJ, Hiigler M, Kerfeld CA, Klotz MG, Kong
WW, Land M, Lapidus A, Larimer FW, Longo DL, Lucas S, Malfatti SA, Massey
SE, Martin DD, McCuddin Z, Meyer F, Moore JL, Ocampo Jr LH, Paul JH, Paulsen
IT, Reep DK, Ren Q, Ross RL, Sato PY, Thomas P, Tinkham LE, Zeruth GT. 2006.
The genome of deep-sea vent chemolithoautotroph Thiomicrospira crunogena XCL-2.
PLOS Biology 4:¢383 DOI 10.1371/journal.pbio.0040383.

Semple KM, Westlake DWS, Krouse HR. 1987. Sulfur isotope fractionation by strains
of Alteromonas putrefaciens isolated from oil field fluids. Canadian Journal of
Microbiology 33:372-376 DOI 10.1139/m87-065.

Shannon CE, Weaver W. 1949. The mathematical theory of communication. Urbana:
University of Illinois Press, 29.

Sievert SM, Hiigler M, Taylor CD, Wirsen CO. 2008. Sulfur oxidation at deep-sea
hydrothermal vents. In: Dahl C, Friedrich CG, eds. Microbial sulfur metabolism.
Berlin Heidelberg: Springer-Verlag, 238-258.

Simpson EH. 1949. Measurement of diversity. Nature 163:688—688
DOI10.1038/163688a0.

Stachowicz JJ, Kamel SJ, Hughes AR, Grosberg RK. 2013. Genetic relatedness influences
plant biomass accumulation in eelgrass (Zostera marina). The American Naturalis
181:715-724 DOI 10.1086/669969.

Sun F, Zhang X, Zhang Q, Liu F, Zhang J, Gong J. 2015. Seagrass (Zostera marina)
colonization promotes the accumulation of diazotrophic bacteria and alters
the relative abundances of specific bacterial lineages involved in benthic car-
bon and sulfur cycling. Applied and Environmental Microbiology 81:6901-6914
DOI10.1128/AEM.01382-15.

Welsh DT. 2000. Nitrogen fixation in seagrass meadows: regulation, plant-bacteria
interactions and significance to primary productivity. Ecology Letters 3:58—-71
DOI10.1046/j.1461-0248.2000.00111.x.

Wickham H. 2009. ggplot2: elegant graphics for data analysis. New York: Springer-Verlag.

Williams SL. 1990. Experimental studies of caribbean seagrass bed development.
Ecological Monographs 60:449-469 DOI 10.2307/1943015.

Ettinger et al. (2017), PeerJ, DOI 10.7717/peerj.3674 16/17


https://peerj.com
http://dx.doi.org/10.1073/pnas.0500008102
http://dx.doi.org/10.1371/journal.pbio.0040383
http://dx.doi.org/10.1139/m87-065
http://dx.doi.org/10.1038/163688a0
http://dx.doi.org/10.1086/669969
http://dx.doi.org/10.1128/AEM.01382-15
http://dx.doi.org/10.1046/j.1461-0248.2000.00111.x
http://dx.doi.org/10.2307/1943015
http://dx.doi.org/10.7717/peerj.3674

Peer

Williams SL, Heck Jr KL. 2001. Seagrass community ecology. In: Bertness, Gaines SD,
Hay ME, eds. Marine community ecology. Sunderland: Sinauer Associates, 317-337.
Zehr JP, Kudela RM. 2011. Nitrogen cycle of the open ocean: from genes to ecosystems.
Annual Review of Marine Science 3:197-225
DOI 10.1146/annurev-marine-120709-142819.

Ettinger et al. (2017), PeerdJ, DOI 10.7717/peerj.3674 1717


https://peerj.com
http://dx.doi.org/10.1146/annurev-marine-120709-142819
http://dx.doi.org/10.7717/peerj.3674

