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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, or 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 laboratory, 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 7, 13 and 19 days to characterize the relative abundances of
microbial taxa and how they changed throughout early diagenesis.

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 sulfur reducers (Desulfobacterales) and corresponding increases in sulfide oxidizers
(Alteromonadales and Thiotrichales). None of these changes in composition or richness were associated
with ammonification rates.

Discussion. Overall, our results showed that the microbiome of sediment from different plots followed
similar successional patterns, which we surmise 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 in-depth functional studies
associated with eelgrass microbiome will be required in order to fully understand the implications of
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these microbial communities in broader host-plant and ecosystem functions (e.g. elemental cycling and
eelgrass-microbe interactions).
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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, or
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 laboratory, 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 7, 13 and 19 days to
characterize the relative abundances of microbial taxa and how they changed throughout early
diagenesis.

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 sulfur reducers (Desulfobacterales) and
corresponding increases in sulfide oxidizers (4/teromonadales and Thiotrichales). None of these
changes in composition or richness were associated with ammonification rates.

Discussion. Overall, our results showed that the microbiome of sediment from different plots
followed similar successional patterns, which we surmise 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 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).
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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 algal community ends up as
detritus (Cebrian & Lartigue, 2004), which fuels high rates of ammonification, the first step in
the early diagenesis of 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.

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). Many of the dominant taxa found in association with eelgrass beds are predicted to be
involved in nitrogen and sulfur cycling (Capone, 1982; Welsh, 2000; Nielsen et al., 2001; Lovell,
2002; Sun et al., 2015; Cucio et al., 2016; Ettinger et al., 2017; Holland-Moritz et al., 2017). The
microbial communities in eelgrass bed sediment are significantly different from that of
surrounding unvegetated sediment (Cucio et al., 2016) and even from eelgrass roots collected
within the same bed (Fahimipour et al., 2017, Ettinger et al., 2017). Furthermore, even within
grass 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; 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., in review), we sampled
the microbial communities in eelgrass sediments in 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., in
review). The experiment initially crossed two levels of genotypic richness levels (2, 6) with three
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levels of genetic relatedness (more, less, and as closely related as expected by chance (Frasier,
2008; Stachowicz et al., 2013)) with 6 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.

In October 2014, prior to the harvest of eelgrass from the experiment, we collected ~500 cm? of
sediment from the top 10 cm of the sediment surface in each plot to determine the rate of
ammonification (see Williams et al., in revision for more details). In the laboratory, we placed
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 pmol NH-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. in review for more details).

Molecular Analysis

Sediment was collected at each timepoint during the ammonification experiment for microbial
analysis. DNA was extracted from the sediment taken initially and at 7, 13 and 19 days (herein
referred to as timepoints 1, 2, 3 and 4 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., 2012) with a modified barcode system as in Fahimipour et al (2017). A detailed
amplification protocol can be found here
(https://seagrassmicrobiome.files.wordpress.com/2015/01/16s_library pcr protocol pnas.pdf).
Molecular libraries were sent to the UC Davis Genome Center Core Facilities for sequencing on
an [llumina MiSeq (Illumina, Inc. San Diego, CA, USA) to generate 250 bp paired-end data.

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
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(http://nbviewer.jupyter.org/gist/casett/a42c64cadb74b1d414159eb5362¢e63a3). 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 denovo clustered into operational
taxonomic units (OTUs) at 97 percent similarity using UCLUST (Edgar, 2010) and taxonomy
was assigned using the 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 & Hadley, 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 5000 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 variety of metrics, including observed OTUs, Chaol (Chao, 1984), Shannon (Shannon &
Weaver, 1949) and Inverse Simpson (Simpson, 1949) indices, were used to calculate the within-
sample (alpha) diversity for the dataset. Kruskal-Wallis tests with 9999 permutations were used
to test for significant differences in alpha diversity between different sample categories including
timepoint, plot location, block, spot, eelgrass diversity, eelgrass richness, eelgrass evenness,
eelgrass relatedness, eelgrass status in the plot and treatment. For categories where the Kruskal-
Wallis test resulted in a rejected null hypothesis (p < 0.05), Bonferroni corrected post-hoc Dunn
tests were performed to identify which groups showed stochastic dominance.

To assess between-sample (beta) diversity, the Unifrac (weighted and unweighted) (Lozupone et
al., 2007; Hamady, Lozupone & Knight, 2010) and Bray-Curtis (Bray & Curtis, 1957)
dissimilarities were calculated. These diversity metrics were then compared using permutational
manovas (PERMANOV As) to test for significant differences between sample categories (see
above) with 9999 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 (pmol NH4-N/L
sediment/d) and eelgrass plot final genotypic diversity and relatedness (assessed previously in
Abbott 2015, Abbott et al. in review - Shannon Diversity, Rao’s Q, average relatedness,
genotypic evenness). These tests were performed in R with vegan using 9999 permutations.
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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
showed stochastic dominance. 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, Figure 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 did not affect 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, Figure 2,
Table S3). Subsequent pair-wise PERMANOVA test results found that all pair-wise timepoint
comparisons differ significantly in composition (p < 0.001, Table S4). 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 (Figure 3, Table
S5).

Microbial composition effects on ammonification rate

Ammonification rates ranged from 12 to 640 umol NH4-N/L sediment/d, values typical for
eelgrass (lizumi, Hattori & McRoy, 1982; Dennison, Aller & Alberte, 1987, Williams et al., in
revision). 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
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correlated with microbial dissimilarities (Mantel test, p > 0.05, Table S6). 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 across all timepoints (K-W test, p <0.001, Table S8). Since we were interested in the
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 (Figure 4, Table S9, Table 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 to 12.57%), followed by a
decrease in relative abundance (12.57 to 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).

Discussion

We did not detect any association of the microbiome with plot level features such as eelgrass
genotypic richness or eelgrass presence/absence (Figure 3). This result originally seemed
surprising given previous work indicating a correlation between eelgrass presence and sediment
microbiota (Cucio 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. 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
homogenization and transport from field to the lab fundamentally altered the microbiome,
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causing the differences with previous studies. One alternative 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.

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. Overall, 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 likely functional role of the
taxonomic groups that exhibited the greatest change in relative abundance across timepoints. The
relative decrease in Desulfobacterales (an order for which most of the characterized species are
known to be sulfate reducers), concomitant with an increase in Alteromonadales and
Thiotrichales (both groups dominated by sulfide oxidizers), supports this hypothesis, suggesting
that sulfate reduction and sulfide oxidation were coupled during the experiment. 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 (Figure 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), although they have
been observed in seagrass detritus (Harrison & Mann, 1975; Harrison, 1989).

We did not detect any major correlations between the microbiome and ammonification rate.
There are multiple 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). In marine sediments, sulfate reduction can be attributed as
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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). Thus, the overall succession pattern that we are seeing is likely an
accurate representation of 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 known as 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 consistent with sulfur
cycling. Future work should endeavor to use metagenomic techniques to investigate the
abundance of genes associated with sulfur metabolism to confirm this observation. Additionally,
all though no correlation was found between ammonification rate and 16S rRNA gene sequence
data, metagenomics 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.

Acknowledgments

[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 I[llumina library preparation.

References
Abbott JM. 2015. The effects of genotypic richness, genetic relatedness, and trait variation in a

seagrass community. PhD thesis. University of California, Davis.

Abbott, JM; Grosberg RK, Williams SL, and Stachowicz JJ. In review. Multiple dimensions of
intraspecific diversity affect biomass of eelgrass and its associated community. Submitted to
Ecology.

Anderson MJ. 2001. A new method for non-parametric multivariate analysis of variance. Austral

ecology 26:32-46.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2956v1 | CC BY 4.0 Open Access | rec: 29 Apr 2017, publ: 29 Apr 2017



https://paperpile.com/c/InXXQz/ysqo+IFa8+LNDn
https://paperpile.com/c/InXXQz/ysqo+IFa8+LNDn
http://paperpile.com/b/InXXQz/1Q5o
http://paperpile.com/b/InXXQz/1Q5o
http://paperpile.com/b/InXXQz/QwAmD
http://paperpile.com/b/InXXQz/QwAmD

356 ArndtS., Joargensen BB., LaRowe DE., Middelburg JJ., Pancost RD., Regnier P. 2013.

357 Quantifying the degradation of organic matter in marine sediments: A review and synthesis.
358 Earth-Science Reviews 123:53-86.

359 Bengtsson MM., Buhler A., Brauer A., Dahlke S., Schubert H., Blindow 1. 2017. Eelgrass leaf
360 surface microbiomes are locally variable and highly correlated with epibiotic eukaryotes.
361 DOI: 10.1101/111559.

362 Berner RA. 1980. Early Diagenesis: A Theoretical Approach. Princeton University Press.

363 Blum LK., Mills AL. 1991. Microbial growth and activity during the initial stages of seagrass
364 decomposition. Marine ecology progress series 70:73-82.

365 Blum LK., Mills AL., Zieman JC., Zieman RT. 1988. Abundance of bacteria and fungi in

366 seagrass and mangrove detritus. Marine ecology progress series 42:73-78.

367 Bray JR., Curtis JT. 1957. An Ordination of the Upland Forest Communities of Southern

368 Wisconsin. Ecological monographs 27:325-349.

369 Capone DG. 1982. Nitrogen Fixation (Acetylene Reduction) by Rhizosphere Sediments of the
370 Eelgrass Zostera marina. Marine ecology progress series 10:67-75.

371 Capone DG., Kiene RP. 1988. Comparison of microbial dynamics in marine and freshwater
372 sediments: Contrasts in anaerobic carbon catabolism. Limnology and oceanography

373 33:725-749.

374 Caporaso JG., Kuczynski J., Stombaugh J., Bittinger K., Bushman FD., Costello EK., Fierer N.,

375 Pefia AG., Goodrich JK., Gordon JI., Huttley GA., Kelley ST., Knights D., Koenig JE., Ley
376 RE., Lozupone CA., McDonald D., Muegge BD., Pirrung M., Reeder J., Sevinsky JR.,

377 Turnbaugh PJ., Walters WA., Widmann J., Yatsunenko T., Zaneveld J., Knight R. 2010.
378 QIIME allows analysis of high-throughput community sequencing data. Nature methods

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2956v1 | CC BY 4.0 Open Access | rec: 29 Apr 2017, publ: 29 Apr 2017



http://paperpile.com/b/InXXQz/eU4b
http://paperpile.com/b/InXXQz/eU4b
http://paperpile.com/b/InXXQz/eU4b
http://paperpile.com/b/InXXQz/0Mck
http://paperpile.com/b/InXXQz/0Mck
http://paperpile.com/b/InXXQz/0Mck
http://dx.doi.org/10.1101/111559
http://paperpile.com/b/InXXQz/IFa8
http://paperpile.com/b/InXXQz/nQnt
http://paperpile.com/b/InXXQz/nQnt
http://paperpile.com/b/InXXQz/VAtW
http://paperpile.com/b/InXXQz/VAtW
http://paperpile.com/b/InXXQz/iDs9j
http://paperpile.com/b/InXXQz/iDs9j
http://paperpile.com/b/InXXQz/D9pU
http://paperpile.com/b/InXXQz/D9pU
http://paperpile.com/b/InXXQz/ysqo
http://paperpile.com/b/InXXQz/ysqo
http://paperpile.com/b/InXXQz/ysqo
http://paperpile.com/b/InXXQz/EOLE
http://paperpile.com/b/InXXQz/EOLE
http://paperpile.com/b/InXXQz/EOLE
http://paperpile.com/b/InXXQz/EOLE
http://paperpile.com/b/InXXQz/EOLE

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

7:335-336.

Caporaso JG., Lauber CL., Walters WA., Berg-Lyons D., Huntley J., Fierer N., Owens SM.,
Betley J., Fraser L., Bauer M., Gormley N., Gilbert JA., Smith G., Knight R. 2012. Ultra-
high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms.
The ISME journal 6:1621-1624.

Cebrian J., Lartigue J. 2004. Patterns of herbivory and decomposition in aquatic and terrestrial
ecosystems. Ecological monographs 74:237-259.

Chao A. 1984. Non-parametric estimation of the number of classes in a population. Scandinavian
Jjournal 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 7:440.

Dennison WC., Aller RC., Alberte RS. 1987. Sediment ammonium availability and eelgrass
(Zostera marina) growth. Marine biology 94:469—-477.

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 database and
workbench compatible with ARB. Applied and environmental microbiology 72:5069-5072.

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.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinformatics
26:2460-2461.

Ettinger CL., Voerman SE., Lang JM., Stachowicz JJ., Eisen JA. 2017. Microbial communities

in sediment from Zostera marina patches, but not the Z. marina leaf or root microbiomes,

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2956v1 | CC BY 4.0 Open Access | rec: 29 Apr 2017, publ: 29 Apr 2017



http://paperpile.com/b/InXXQz/EOLE
http://paperpile.com/b/InXXQz/z2Gd
http://paperpile.com/b/InXXQz/z2Gd
http://paperpile.com/b/InXXQz/z2Gd
http://paperpile.com/b/InXXQz/z2Gd
http://paperpile.com/b/InXXQz/XWUD
http://paperpile.com/b/InXXQz/XWUD
http://paperpile.com/b/InXXQz/F1g6
http://paperpile.com/b/InXXQz/F1g6
http://paperpile.com/b/InXXQz/nBpY
http://paperpile.com/b/InXXQz/nBpY
http://paperpile.com/b/InXXQz/nBpY
http://paperpile.com/b/InXXQz/gpm3
http://paperpile.com/b/InXXQz/gpm3
http://paperpile.com/b/InXXQz/TxRd
http://paperpile.com/b/InXXQz/TxRd
http://paperpile.com/b/InXXQz/TxRd
http://paperpile.com/b/InXXQz/j6Af
http://paperpile.com/b/InXXQz/j6Af
http://paperpile.com/b/InXXQz/a4Rs
http://paperpile.com/b/InXXQz/a4Rs
http://paperpile.com/b/InXXQz/hgnU
http://paperpile.com/b/InXXQz/hgnU

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

vary in relation to distance from patch edge. PeerJ.

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.

Hamady M., Lozupone C., Knight R. 2010. Fast UniFrac: facilitating high-throughput
phylogenetic analyses of microbial communities including analysis of pyrosequencing and
PhyloChip data. The ISME journal 4:17-27.

Harrison PG. 1989. Detrital processing in seagrass systems: A review of factors affecting decay
rates, remineralization and detritivory. Aquatic botany 35:263-288.

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.

Hemminga MA., Duarte CM. 2000. Seagrass Ecology. Cambridge University Press.

Herbert RA. 1999. Nitrogen cycling in coastal marine ecosystems. FEMS microbiology reviews
23:563-590.

Holland-Moritz HE., Lang JM., Stachowicz JJ., Eisen JA. In prep. Exploring the Biogeography
of Microbial Communities on the Surface of Seagrasses.

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. DOI: 10.18637/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

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2956v1 | CC BY 4.0 Open Access | rec: 29 Apr 2017, publ: 29 Apr 2017



http://paperpile.com/b/InXXQz/hgnU
http://paperpile.com/b/InXXQz/uK2u
http://paperpile.com/b/InXXQz/uK2u
http://paperpile.com/b/InXXQz/bldX
http://paperpile.com/b/InXXQz/bldX
http://paperpile.com/b/InXXQz/Q5LIz
http://paperpile.com/b/InXXQz/Q5LIz
http://paperpile.com/b/InXXQz/Q5LIz
http://paperpile.com/b/InXXQz/COA2
http://paperpile.com/b/InXXQz/COA2
http://paperpile.com/b/InXXQz/mP6Y
http://paperpile.com/b/InXXQz/mP6Y
http://paperpile.com/b/InXXQz/mP6Y
http://paperpile.com/b/InXXQz/ZBo9
http://paperpile.com/b/InXXQz/8BCv
http://paperpile.com/b/InXXQz/8BCv
http://paperpile.com/b/InXXQz/kE5G
http://paperpile.com/b/InXXQz/kE5G
http://paperpile.com/b/InXXQz/1GBp
http://paperpile.com/b/InXXQz/1GBp
http://dx.doi.org/10.18637/jss.v028.i08
http://paperpile.com/b/InXXQz/yGpO
http://paperpile.com/b/InXXQz/yGpO

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

States of America 101:8998-9002.

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

lizumi H., Hattori A., McRoy CP. 1982. Ammonium regeneration and assimilation in eelgrass
(Zostera marina) beds. Marine biology 66:59—65.

Jensen SI., Kiihl 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.

Lovell CR. 2002. Plant-Microbe Interactions in the Marine Environment. In: Bitton G eds.
Encyclopedia of environmental microbiology, Wiley, New York, NY. 5: 2539-2554

Lozupone CA., Hamady M., Kelley ST., Knight R. 2007. Quantitative and Qualitative Diversity
Measures Lead to Different Insights into Factors That Structure Microbial Communities.
Applied and environmental microbiology 73:1576—1585.

Mackin JE., Aller RC. 1984. Ammonium adsorption in marine sediments. Limnology and
oceanography 29:250-257.

Marba N., Holmer M., Gacia E., Barrén C. 2006. Seagrass Beds and Coastal Biogeochemistry.
In: Seagrasses: Biology, Ecology and Conservation. 135-157.

McMurdie PJ., Holmes S. 2013. phyloseq: An R Package for Reproducible Interactive Analysis
and Graphics of Microbiome Census Data. PloS one 8:¢61217.

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

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2956v1 | CC BY 4.0 Open Access | rec: 29 Apr 2017, publ: 29 Apr 2017



http://paperpile.com/b/InXXQz/yGpO
http://paperpile.com/b/InXXQz/NLlh
http://paperpile.com/b/InXXQz/NLlh
http://paperpile.com/b/InXXQz/l7uX
http://paperpile.com/b/InXXQz/l7uX
http://paperpile.com/b/InXXQz/jqir
http://paperpile.com/b/InXXQz/jqir
http://paperpile.com/b/InXXQz/53p3
http://paperpile.com/b/InXXQz/jBj3V
http://paperpile.com/b/InXXQz/jBj3V
http://paperpile.com/b/InXXQz/jBj3V
http://paperpile.com/b/InXXQz/wMe4
http://paperpile.com/b/InXXQz/wMe4
http://paperpile.com/b/InXXQz/LNDn
http://paperpile.com/b/InXXQz/LNDn
http://paperpile.com/b/InXXQz/ZnQA
http://paperpile.com/b/InXXQz/ZnQA
http://paperpile.com/b/InXXQz/HlOT
http://paperpile.com/b/InXXQz/HlOT
http://paperpile.com/b/InXXQz/U1kX
http://paperpile.com/b/InXXQz/U1kX
http://paperpile.com/b/InXXQz/U1kX

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

microbiology 3:63-71.

Ogle DH. 2016. FSA: Fisheries Stock Analysis. R package version 0.8.12.

R Core Team. 2016. R: 4 language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.

Reusch TBH., Ehlers A., Himmerli A., Worm B. 2005. Ecosystem recovery after climatic
extremes enhanced by genotypic diversity. Proceedings of the National Academy of
Sciences of the United States of America 102:2826—2831.

Shannon CE., Weaver W. 1949. The Mathematical Theory of Communication. Urbana:
University of Illinois Press, 29.

Simpson EH. 1949. Measurement of Diversity. Nature 163:688—688.

Stachowicz JJ., Kamel SJ., Hughes AR., Grosberg RK. 2013. Genetic Relatedness Influences
Plant Biomass Accumulation in Eelgrass (Zostera marina). The American naturalist
181:715-724.

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 Carbon and Sulfur Cycling.
Applied and environmental microbiology 81:6901-6914.

Welsh DT. 2000. Nitrogen fixation in seagrass meadows: Regulation, plant-bacteria interactions
and significance to primary productivity. Ecology letters 3:58—71.

Wickham H. 2009. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

Williams SL. 1990. Experimental Studies of Caribbean Seagrass Bed Development. Ecological
monographs 60:449—-469.

Williams SL., Heck Jr. KL. 2001. Seagrass community ecology. In: Bertness, Gaines SD, Hay

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2956v1 | CC BY 4.0 Open Access | rec: 29 Apr 2017, publ: 29 Apr 2017



http://paperpile.com/b/InXXQz/U1kX
http://paperpile.com/b/InXXQz/jC0l
http://paperpile.com/b/InXXQz/G8At
http://paperpile.com/b/InXXQz/G8At
http://paperpile.com/b/InXXQz/bjKv
http://paperpile.com/b/InXXQz/bjKv
http://paperpile.com/b/InXXQz/bjKv
http://paperpile.com/b/InXXQz/hYxQ
http://paperpile.com/b/InXXQz/9cJB
http://paperpile.com/b/InXXQz/4DYQ
http://paperpile.com/b/InXXQz/4DYQ
http://paperpile.com/b/InXXQz/4DYQ
http://paperpile.com/b/InXXQz/wg0I
http://paperpile.com/b/InXXQz/wg0I
http://paperpile.com/b/InXXQz/wg0I
http://paperpile.com/b/InXXQz/wg0I
http://paperpile.com/b/InXXQz/uPut
http://paperpile.com/b/InXXQz/uPut
http://paperpile.com/b/InXXQz/OZU9
http://paperpile.com/b/InXXQz/OZU9
http://paperpile.com/b/InXXQz/DGT2

471

472

473

474

475

476

ME eds. Marine community ecology. Sinauer Associates, 317-337.

Willams, SL; Reynolds LK, Abbott JM., Stachowicz JJ. In revision. Marine macrophyte detritus
and decomposition: the role of intraspecific genetic variation. Estuaries and Coasts.

Zehr JP., Kudela RM. 2011. Nitrogen cycle of the open ocean: from genes to ecosystems. Annual

review of marine science 3:197-225.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2956v1 | CC BY 4.0 Open Access | rec: 29 Apr 2017, publ: 29 Apr 2017



http://paperpile.com/b/InXXQz/DGT2
http://paperpile.com/b/InXXQz/nY6T
http://paperpile.com/b/InXXQz/nY6T

Figure 1

Alpha diversity decreases over time.

Four alpha diversity metrics (observed number of OTUs, Chaol, Shannon and Inverse

Simpson diversity indices) are shown here as box plots grouped and colored by timepoint.

Timepoint 1 (initial samples), 2 (7 days), 3 (13 days), and 4 (19 days).
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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 representative of respective timepoint. Timepoint 1

(initial samples), 2 (7 days), 3 (13 days), and 4 (19 days).
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Figure 3

Initial microbial community composition is not correlated with eelgrass
presence/absence.

Principal Coordinates Analysis (PCoA) of Weighted Unifrac distances of microbial communities
at the initial timepoint (timepoint 1) are shown here. Points in the ordination are colored by

eelgrass status in each plot (one genotype, multiple genotypes, absent).
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Figure 4

Taxonomic composition varies over time.

The average relative abundance of taxonomic orders with a mean greater than two percent
are shown across timepoints with the standard error of the mean represented by error bars.
Lines are grouped by phylum and colored by taxonomic order. Timepoint 1 (initial samples),

2 (7 days), 3 (13 days), and 4 (19 days).
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