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Background. Zostera marina (also known as eelgrass) is a foundation species in coastal and marine

ecosystems worldwide and is a model for studies of seagrasses (a paraphyletic group in the order

Alismatales) that include all the known fully submerged marine angiosperms. In recent years, there has

been a growing appreciation of the potential importance of the microbial communities (i.e. microbiomes)

associated with various plant species. We report here a study of variation in Z. marina microbiomes from

a field site in Bodega Bay, CA.

Methods. We characterized and then compared the microbial communities of root, leaf and sediment

samples (using 16S ribosomal RNA gene PCR and sequencing) and associated environmental parameters

from the inside, edge and outside of a single subtidal Z. marina patch. Multiple comparative approaches

were used to examine associations between microbiome features (e.g., diversity, taxonomic composition)

and environmental parameters and to compare sample types and sites.

Results. Microbial communities differed significantly between sample types (root, leaf and sediment)

and in sediments from different sites (inside, edge, outside). Carbon:Nitrogen ratio and eelgrass density

were both significantly correlated to sediment community composition. Enrichment of certain taxonomic

groups in each sample type was detected and analyzed in regard to possible functional implications

(especially regarding sulfur metabolism).

Discussion. Our results are mostly consistent with prior work on seagrass associated microbiomes with

a few differences and additional findings. From a functional point of view, the most significant finding is

that many of the taxa that differ significantly between sample types and sites are closely related to ones

commonly associated with various aspects of sulfur and nitrogen metabolism. Though not a traditional

model organism, we believe that Z. marina can become a model for studies of marine plant-microbiome

interactions.
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20 Abstract:

21 Background. Zostera marina (also known as eelgrass) is a foundation species in coastal and 

22 marine ecosystems worldwide and is a model for studies of seagrasses (a paraphyletic group in 

23 the order Alismatales) that include all the known fully submerged marine angiosperms. In recent 

24 years, there has been a growing appreciation of the potential importance of the microbial 

25 communities (i.e. microbiomes) associated with various plant species. We report here a study of 

26 variation in Z. marina microbiomes from a field site in Bodega Bay, CA.   

27 Methods. We characterized and then compared the microbial communities of root, leaf and 

28 sediment samples (using 16S ribosomal RNA gene PCR and sequencing) and associated 

29 environmental parameters from the inside, edge and outside of a single subtidal Z. marina patch. 

30 Multiple comparative approaches were used to examine associations between microbiome 

31 features (e.g., diversity, taxonomic composition) and environmental parameters and to compare 

32 sample types and sites. 

33 Results. Microbial communities differed significantly between sample types (root, leaf and 

34 sediment) and in sediments from different sites (inside, edge, outside). Carbon:Nitrogen ratio and 

35 eelgrass density were both significantly correlated to sediment community composition. 

36 Enrichment of certain taxonomic groups in each sample type was detected and analyzed in 

37 regard to possible functional implications (especially regarding sulfur metabolism). 

38 Discussion.  Our results are mostly consistent with prior work on seagrass associated 

39 microbiomes with a few differences and additional findings. From a functional point of view, the 

40 most significant finding is that many of the taxa that differ significantly between sample types 

41 and sites are closely related to ones commonly associated with various aspects of sulfur and 

42 nitrogen metabolism. Though not a traditional model organism, we believe that Z. marina can 

43 become a model for studies of marine plant-microbiome interactions. 
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56 Introduction:

57 The seagrass, Zostera marina, is a foundation species in protected bays and estuaries 

58 throughout the temperate northern hemisphere. Seagrasses are fully submerged marine 

59 angiosperms and are a paraphyletic group comprised of three lineages in the order Alismatales 
60 that convergently adapted to the marine environment between 70 and 100 million years ago (Les, 

61 Cleland & Waycott, 1997). There are only approximately 60 species of seagrass compared to the 

62 250,000 species of terrestrial angiosperms, a testament to the strict selective pressure posed by 

63 re-entry to the marine environment (Orth et al., 2006). Seagrass patches serve as habitat and 

64 nursery grounds for many marine species, play key roles in nutrient cycling and carbon 

65 sequestration, and serve to protect the coastline from erosion (Williams & Heck, 2001). Z. 
66 marina populations, like those of many seagrass species, are negatively affected by climate 

67 change, pollution and habitat destruction and so far, restoration efforts have been costly and 

68 ineffective (Orth et al., 2006). As a result, Z. marina is vulnerable to habitat fragmentation and 

69 loss. 

70 The work described here was originally focused on a phenomenon known as “edge 

71 effects” in which the border between habitats is intermediate in abiotic conditions from the 

72 center of either adjacent habitat and thus the biotic composition of the border habitat, or edge, 

73 may differ from that of interior, intact habitat.  Edges often support a mixture of organisms from 

74 two adjacent habitats (Fox et al., 1997; Davies-Colley, Payne & Van Elswijk, 2000), but may be 

75 abiotically unsuitable for species found in the center of either habitat. Increased predation and 

76 invasion by non-native species can also be a common feature of edges (Paton, 1994; Fox et al., 

77 1997; Harrison, Susan & Emilio, 1999; Flaspohler, Temple & Rosenfield, 2001). Prior work on 

78 seagrasses have shown edge effects on species abundances (Smith et al., 2008, 2011; Tanner, 

79 2005) and abiotic conditions such as turbulence (Granata et al., 2001; Folkard, 2005), carbon 

80 stocks (Ricart et al., 2015) and organic matter deposition (Duarte & Sand-Jensen, 1990; Cebrián 

81 et al., 2000). Here we investigate whether such edge effects are evident in the microbiota found 

82 in, on and near Z. marina plants.  

83 Our interest in the microbiota for this study is driven by our overarching goal of 

84 developing Z. marina as a model for studies of microbial communities associated with marine 

85 plants.  Although we speculate that plant microbe interactions are important for seagrasses, little 

86 is known about how the roles of microbial communities associated with marine plants may affect 

87 plant health and what abiotic and biotic factors affect the composition of these communities. 

88 Terrestrial plants, like Arabidopsis (Lundberg et al., 2012), corn (Peiffer et al., 2013; Bouffaud et 

89 al., 2014), rice (Peiffer et al., 2013; Edwards et al., 2015) and poplar (Beckers et al., 2016) have 

90 been shown to have distinct microbial communities on the inside (endophytes) and on the surface 

91 (epiphytes) of plant leaves and roots, as well as in the surrounding soil or sediment (rhizosphere) 

92 (Lundberg et al., 2012). These communities can vary across different stages of plant 

93 development (Chaparro, Badri & Vivanco, 2014) and with local environmental conditions. In 

94 terrestrial systems the main drivers of plant associated microbial community composition are 

95 considered to be environmental factors, like soil particle size, pH and moisture content, as well 
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96 as host plant species (Aleklett et al., 2015; Lakshmanan, 2015). Thus, examining eelgrass 

97 microbiota across a known environmental gradient from the center to the outside of a patch has 

98 the potential to provide insights into factors that shape the eelgrass microbiome, the full 

99 community of microorganisms associated with eelgrass. Recently a few culture-independent 

100 surveys of seagrass microbiomes have been published and these provide good initial reference 

101 points for our work here (Jiang et al., 2015; Sun et al., 2015; Cúcio et al., 2016; Mejia et al., 

102 2016).  Although, these studies have similar big picture findings, there are small differences in 

103 microbiome composition between them and thus further teasing apart of the factors that shape 

104 seagrass microbiomes is necessary and important work.

105 In this study, we characterized and then compared the epiphytic and rhizospheric 

106 bacterial communities of eelgrass using root, leaf and sediment samples obtained from the inside, 

107 edge and outside of a single subtidal Z. marina patch. We focused on characterizing the bacterial 

108 and archaeal members of the microbiome in each of these samples using high throughput 

109 sequencing of 16S ribosomal gene PCR libraries. We focus in particular on the following 

110 questions - What is the general taxonomic composition of the Z. marina microbiome? Are there 

111 changes in sediment microbial community composition or in biodiversity at the patch edge? And 

112 if so what factors are driving observed differences, environmental abiotic factors or 

113 presence/absence of Z. marina? This analysis reveals multiple novel insights into the general 

114 structure of the Z. marina microbiome and lays the groundwork for further studies. 

115

116 Materials & Methods:

117 Sample Collection

118 We collected leaf, root and sediment samples for microbiome analysis from 0.25 m2 

119 quadrats (n=4) located in the interior (2.5 m from the edge), on the edge (but within the eelgrass 

120 habitat) and outside (2.5 m from the edge) of a single shallow subtidal eelgrass patch in Bodega 

121 Bay, CA (GPS: 38.319435, -123.053838) during the summer of 2013. Quadrats were positioned 

122 2.5 m from each other parallel to the patch’ edge. Samples were collected during low tide (+/- 

123 0.5 m water depth) at night (11 PM). For quadrats located at the center or edge of the eelgrass 

124 patch, one eelgrass shoot was sampled and directly separated into root and shoot tissue. The root 

125 tissue consisted of one entire root bundle sampled, the leaf tissue consisted of a clipped leaf of 

126 +/- 3 cm in length positioned at about half way along the shoot length (+/- 20 cm from the base). 

127 For each quadrat, sediment samples were collected at two sediment depths, 0.5 cm or less and 3 

128 cm deep, from randomly selected locations within the quadrats. Microbial samples were directly 

129 stored on ice and transported to the laboratory within one hour where samples were frozen at -

130 20°C until further analysis.

131 Environmental data and the samples used for microbiome analysis were collected 

132 simultaneously. For each quadrat, eelgrass density was estimated by direct count. Temperature, 

133 pH, salinity and dissolved oxygen were measured at 20 cm above the sediment with a YSI 556 

134 handheld multimeter (YSI Inc., Yellow Springs, OH, USA), at a similar height as the shoot tissue 

135 was sampled. Sediment chemical and physical properties were assessed by separately coring the 
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136 top 4 cm of sediment (10 cm diameter, taken twice within a quadrat and combined for analysis), 

137 to correspond with the sediment layer most influenced by the eelgrass roots. Sediment was dried 

138 (3 days at 40 °C), mixed, sieved (sieve sizes: 710, 500, 355, 250, 180, 90 and 30 um) and particle 

139 size fractions were weighed to investigate particle size distribution. A portion of the mixed 

140 sediment samples (+/- 50 grams) was separately analyzed for total organic carbon (TOC), total 

141 inorganic carbon (TIC) and Carbon:Nitrogen (C:N) ratio by the UC Davis Analytical Laboratory.

142 Molecular methods
143 DNA was extracted from leaf (n=8), root (n=8) and both shallow (n=12) and deep 

144 sediment (n=12) samples as well as from a kit control (n=1) with the PowerSoil DNA Isolation 

145 kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer’s protocol. 

146 For the DNA extractions, root and leaf tissues were placed directly into PowerBead tubes from 

147 the freezer without grinding. Microbial 16S rRNA genes were amplified using a two-step 

148 protocol targeting the V4 region using the “universal” 515F and 806R primers (Caporaso et al., 

149 2012). The primer set was modified to include Illumina adapters and barcode sequences using a 

150 dual indexing approach as in Lang et al (Lang, Eisen & Zivkovic, 2014). The 41 samples 

151 described in this paper were multiplexed with 103 samples from other experiments, for a total of 

152 144 samples on the run. Libraries were sequenced by the UC Davis Genome Center Core 

153 Facilities on an Illumina MiSeq (Illumina, Inc., San Diego, CA, USA) to generate 250 bp paired-

154 end reads.

155 Sequence processing
156 A custom in-house script was used to demultiplex, quality check and merge paired reads 

157 (https://github.com/gjospin/scripts/blob/master/Demul_trim_prep.pl). The resulting sequences 

158 were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) v. 1.9.0 

159 workflow (Caporaso et al., 2010).

160 For a detailed walkthrough of the following analysis using QIIME see the IPython 

161 notebook (http://nbviewer.jupyter.org/gist/casett/86da7fc8749d27574f183498df65134a).   

162 The sequencing run for this project included samples from other projects. In total, for the 

163 entire run, 14,163,470 reads passed quality filtering (Q20). Of these reads, 4,573,318 were 

164 associated with the 41 samples for this project. Of the 4,573,318 reads for this project, 4,212,549 

165 merged successfully (92.11%). The sample with the lowest number of sequences after merging 

166 was the negative control with 444 sequences, the next lowest sample, BB039, had 22,897 

167 sequences, approximately a fifty-fold increase. The most abundant sequence in the negative 

168 control was chloroplast DNA, and thus, we conclude that these 444 sequences were likely the 

169 result of contamination from other samples during sequencing or molecular analyses. We 

170 considered removing shared operational taxonomic units (OTUs) or 100 percent identical DNA 

171 sequences between the negative control and our environmental samples, but determined both of 

172 these actions to be too stringent on the dataset when taking into account the abundance of the 

173 OTU’s/DNA sequences in the samples and the number of reads in the negative control. Instead 

174 the negative control was simply removed from downstream analysis.
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255 patch (p < 0.05). The non-significant metrics, the Shannon and Simpson indices, account for both 

256 richness and evenness and are less sensitive to rare taxa than richness only metrics (Bent & 

257 Forney, 2008). Thus, one possible explanation for the difference in diversity between the inside 

258 and outside sediment is an increased number of rare taxa in sediment from outside the patch. No 

259 significant differences were found between the alpha diversity of leaves and roots between the 

260 inside and edge of the eelgrass patch.

261 Diversity Metrics II: Inter-sample variation between sample types and locations
262 Distinct microbial communities were detected in association with Z. marina leaves, roots 

263 and sediment (Fig. 2). PERMANOVA tests performed on three different beta diversity metrics, 

264 weighted UniFrac, unweighted UniFrac and Bray-Curtis Dissimilarity, found these communities 

265 to be significantly different from each other with p = 0.0001 (Table 1). Root and leaf associated 

266 communities were found to have more with-in group variance, or dispersion, than sediment 

267 communities (p = 0.001), which could indicate that stabilizing selection is acting on these 

268 sediment communities. Random forest analysis further validated the observed differences 

269 between leaves, roots and sediment microbial communities (Table S3). The classifier had an 

270 estimated error of 5% (versus a baseline error of 40%) and correctly identified all leaf samples 

271 (n=8) and all sediment samples (n=24). The classifier did misclassify two of the root samples 

272 (n=8) as leaves, but this is not unexpected as these two samples also appear to cluster more 

273 closely with the leaf samples when visualized using Principal Coordinates Analysis (PCoA) (Fig. 

274 2). The reason that these root samples cluster more closely with the leaf samples may be due to 

275 which root bundles were sampled; preliminary results indicate that the microbiota associated 

276 with the roots can vary depending on the proximity of the root to the base of the leaf, with roots 

277 closer to the base appearing more “leaf-like” (Holland-Moritz et al, in prep).

278 To determine if there was a difference in community composition at the eelgrass patch 

279 edge relative to the inside or outside of the patch, beta diversity metrics were calculated for the 

280 sediment microbial communities. As can be seen in Fig. 3, these diversity metrics show the 

281 communities clustering by sampling location (inside, edge, outside). PERMANOVA tests 

282 indicate that these clusters are significantly different between locations (p = 0.0001) and also for 

283 eelgrass shoot densities (p < 0.0002) (Table 2). However, leaf and root microbial communities 

284 do not differ significantly based on sampling location, possibly indicating that these plant tissue 

285 associated communities are more stable than the sediment communities in regards to location. 

286 Whereas sediment communities, although distinct when associated with eelgrass, may be under 

287 less selection from the host plant. One possible explanation for the correlation between the 

288 sediment communities and eelgrass shoot density may be the release of exudates and oxygen by 

289 the roots of the eelgrass, which would increase in concentration with eelgrass density.

290 Random forest analysis confirmed differences between sediment microbial communities 

291 taken from the inside of the patch, the edge and unvegetated sediment from outside the patch 

292 (Table S4). The classifier had an estimated error of 12.5% (versus a baseline error of 66.7%) and 

293 correctly identified all of the unvegetated sediment (n=8). The classifier did mistakenly classify 

294 one sample from the edge (n=8) as being from the inside of the patch and two samples from the 
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295 inside of the patch (n=8) as being from the edge. In Fig. 3, there is some overlap in the clustering 

296 of sediment from the inside and edges of patches which might account for these 

297 misclassifications.

298 Major patterns in community composition of the leaves, roots and rhizosphere sediment
299 The analysis of diversity metrics presented above shows that there are distinct 

300 communities associated with leaves and roots, and these both differ from the sediment, whereas 

301 location effects are weaker. We therefore examined in more detail the taxonomic composition 

302 and possible functional roles of the microbes on Z. marina leaves, roots and rhizosphere 

303 sediment (sediment from the inside and edge of the eelgrass patch).  We summarize our findings 

304 regarding this here.

305 Figure 4 shows the average relative abundance of different orders of bacteria for leaves, 

306 roots and sediment. On leaves, the most abundant orders were Clostridiales, Bacteroidales, 

307 Rhodobacterales, Flavobacterales, Saprospirales, Thiotrichales and Unidentified 

308 Gammaproteobacteria. On roots, the most abundant orders were Campylobacterales, 

309 Bacteroidales, Clostridiales, Desulfobacterales, Flavobacteriales and Desulfuromonadales. In 

310 the rhizosphere sediment, the most abundant orders were Bacteroidales, Flavobacteriales, 

311 Desulfobacterales, Thiotrichales, Clostridiales and Alteromonadales.

312 We also examined the overall patterns in our results at the class level (Table S5).  For 

313 leaves, the most abundant class of epiphytes observed was Gammaproteobacteria (20.5 +/- 

314 7.3%). Other abundant classes included Clostridia (16.5 +/- 12%), Bacteriodia (12.6 +/- 8.6%), 

315 Alphaproteobacteria (11.4 +/- 8.5%), Flavobacteria (7.8 +/- 4.7%) and Saprospirae (7.7 +/- 

316 4.2%). For roots, the dominant class associated with the roots were Epsilonproteobacteria (17.9 

317 +/- 15.5%). Other abundant classes observed on the roots include Deltaproteobacteria (13.4 +/- 

318 11.3%), Bacteriodia (12.8 +/- 8.8%), Gammaproteobacteria (12.6 +/- 11%), Clostridia (8 +/- 

319 8.4%), Flavobacteriia (6.1 +/- 6.1%) and Alphaproteobacteria (4.8 +/- 6.3%). In the rhizosphere 

320 sediment, the dominant class was Gammaproteobacteria (18.2 +/- 3.4%), as it was on the leaves. 

321 Other abundant classes found in the rhizosphere sediment include Deltaproteobacteria (14.9 +/- 

322 2.6%), Bacteriodia (13.3 +/- 2.3%), Flavobacteriia (9.3 +/- 3.4%), Clostridia (5.1 +/- 3.3%) and 

323 Anaerolineae (3.9 +/- 1.6%). 

324 The summary results above allow a comparison to findings from a recent study on the 

325 rhizosphere sediment microbiomes of three seagrass species, including Z. marina, Cúcio et al. 

326 2016. We chose to focus our comparison on the Cúcio et al. study because it is one of the more 

327 comprehensive culture independent studies of seagrasses. Overall, there are general similarities 

328 and differences when comparing the class-level patterns between the studies. The authors 

329 reported that the most abundant classes were Gammaproteobacteria (32-38% depending on the 

330 species sampled), Deltaproteobacteria (23-26%), and Bacteroidia (6-7%).  These were the three 

331 most abundant classes in our sediment samples as well, but at different relative abundances (see 

332 above). These differences could be due to true differences in microbiomes in the sediments 

333 sampled, or due to the use of different primer sets, extraction methods, and sample collection 

334 strategies (among many other differences).  
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335 When examined at higher taxonomic ranks, the microbiome of the leaves of Z. marina 

336 shares some similarities with the microbiomes of various marine algae (e.g. kelp and seaweeds), 

337 with Gammaproteobacteria being the most abundant class in both cases (Hollants et al., 2013). 

338 However, these similarities are not seen at lower ranks (e.g. order, family, genus). This finding is 

339 similar to what has been observed between different marine algal microbiomes, with similarities 

340 observed at higher, but not lower taxonomic levels (Hollants et al., 2013; Egan et al., 2013). This 

341 is further supported by a recent study, which focused on surface-associated communities, that 

342 observed that the microbiomes of seagrass and seaweed species were host specific, but had 

343 broad-scale functional similarities (Roth-Schulze et al., 2016).

344 Differences in microbial communities between sample types (leaves, roots and rhizosphere 
345 sediment) and possible functional implications
346 We used a Bonferroni corrected Kruskall-Wallis test to test for differences in relative 

347 abundance of the orders between sample types.  This showed that Saprospirales, Thiotrichales, 

348 Rhodobacterales, Desulfobacterales, Desulfuromonadales, Marinicellales, Spirochaetales, 

349 Chromatiales and Campylobacterales are significantly different between sample types (p < 

350 0.05).  Campylobacterales, Desulfobacterales, Spirochaetales and Desulfuromonadales were 

351 enriched on Z. marina roots. Thiotrichales, Rhodobacterales and Saprospirales were enriched on 

352 the leaves. Thiotrichales, Marinicellales, Chromatiales, Desulfobacterales and Spirochaetales 

353 were enriched in the rhizosphere. We note that many of the taxa that differ significantly between 

354 communities are closely related to ones commonly associated with various aspects of sulfur and 

355 nitrogen metabolism. This is interesting because prior studies have suggested that nitrogen and 

356 sulfur metabolism are critical functions for the seagrass associated microbiome (Lovell, 2003). 

357 For example, acquisition of nitrogen (in its many forms) is frequently a limiting factor for the 

358 health of plants, including seagrasses (Short, 1987; Elser et al., 2007) and associations with 

359 microbes are frequently critical for such acquisition (Welsh, 2000; Nielsen et al., 2001). In 

360 addition, since the reduced sulfur compounds that accumulate in aquatic sediments are known 

361 phytotoxins (Lamers et al., 2013), it is thought that sulfur metabolizing microbes could play 

362 important roles in aiding seagrass survival in such sediments (Barber & Carlson, 1993; Terrados 

363 et al., 1999; Erskine & Koch, 2000; van der Heide et al., 2012). Sulfur and nitrogen metabolism 

364 are not necessarily independent - it has been postulated that sulfate-reducing bacteria may be 

365 responsible for most of the nitrogen fixation that occurs in seagrass sediments (Capone, 1982).

366 Given this context, we discuss several of the specific taxa that differ between samples 

367 and their possible connection to nitrogen and/or sulfur metabolism below. For example, 

368 Campylobacterales, specifically Sulfurimonas species, from the class Epsilonproteobacteria, 

369 were enriched on Z. marina roots. Previous studies of Spartina (Thomas et al., 2014)and  Z. 
370 marina (Jensen, Kühl & Priemé, 2007) also found enrichment of Epsilonproteobacteria on roots 

371 relative to the surrounding sediment. All known Sulfurimonas species are sulfur-oxidizing 

372 chemolithoautotrophs, can perform denitrification and are postulated to play significant roles in 

373 biogeochemical cycling in marine sediments (Campbell et al., 2006).  Members of 
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374 Campylobacterales have previously been identified as nitrogen fixers when isolated from 

375 Spartina roots (McClung & Patriquin, 1980). Additionally, Campylobacterales and 

376 Desulfobacterales, known sulfur-reducing bacteria, have been previously found to be abundant 

377 in association with plants from brackish habitats (e.g. mangroves - (Gomes et al., 2010)). 

378 Rhodobacterales which are enriched on the Z. marina leaves in our study, are purple nonsulfur 

379 bacteria, that have been identified as primary surface colonizers in marine habitats and have been 

380 shown to have the ability to fix nitrogen (Palacios & Newton, 2006; Dang et al., 2008).  

381 Desulfobacterales and Rhodobacterales species have been previously found in association with 

382 the tropical seagrass Thalassia hemprichii (Jiang et al., 2015). Thiotrichales, which are enriched 

383 in the sediment, are generally filamentous sulfur-oxidizing bacteria (Garrity, Bell & Timothy, 

384 2005) and are postulated to be dominant sulfur-oxiders in salt marsh sediments (Thomas et al., 

385 2014).

386

387 Variation in sediment microbial communities between locations
388 The analysis of diversity metrics reported above also showed that there are significant 

389 differences in the sediment microbial communities from different locations (inside a eelgrass 

390 patch, the edge of a patch and outside of a patch). We therefore examined in more detail the 

391 taxonomic groups that differ significantly between sediment locations and their potential 

392 functional roles (Fig. 5).

393 Bacteroidales, Myxococcales, Thiotrichales and Chromatiales are significantly different 

394 between locations with a Bonferroni corrected Kruskall-Wallis test (p < 0.01). Thiotrichales and 

395 Chromatiales are enriched outside of Z. marina patches in the unvegetated sediment compared to 

396 the inside or edge of patches. In contrast, Bacteroidales and Myxococcales are enriched in the 

397 rhizosphere sediment inside and at the edge of eelgrass patches compared to the outside.  The 

398 functional significance of these differences is unclear but we note a few things here. First, 

399 Thiotrichales and Chromatiales are common taxa in other marine and brackish sediments 

400 including those associated with various plants (e.g., Thomas et al. 2014). This is thought be 

401 reflective of a role in sulfur oxidation (see discussion above).  Some studies have indicated that 

402 these taxa are associated with plants (e.g., seagrasses in Portugal - Cúcio 2016). However, other 

403 studies have indicated that these are found more in the sediment near plants but not specifically 

404 associated with plants (Thomas et al. 2014). Myxococcales, commonly found in freshwater and 

405 marsh sediments, includes microorganisms known to be involved in organic matter degradation 

406 (Bowen et al., 2012; Kou et al., 2016; Cleary et al., 2016). The abundance of Myxococcales 
407 inside the eelgrass patch aligns with the expectation of higher prevalence of organic matter 

408 degradation inside the patch as opposed to surrounding unvegetated sediment. 

409

410 Environmental Drivers of Sediment Communities
411 In addition to investigating the taxonomic composition of the microbial communities of 

412 sediment collected from the inside, edge and outside of eelgrass patches, we decided to test for 
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453 observed community structure changes in the sediment between locations and the correlations 

454 with C:N ratio and eelgrass density here are indicative of a similar trend of location based 

455 nutrient cycling resulting from differing nutrient deposition and decomposition rates.

456 Eelgrass density may have direct or indirect effects on sediment microbial communities 

457 as a result of the role eelgrass plays in its environment as a foundation species and an ecosystem 

458 engineer (Koch, 2001) Seagrasses are known to modify their surrounding habitat in a variety of 

459 ways including enhancing the input and retention of carbon and other nutrients in the sediment 

460 (Gacia et al., 2002; Duarte et al., 2005; Duarte & Cebrián, 1996), altering flow velocity and 

461 turbulence in the water column above patches (Fonseca et al., 1982; Granata et al., 2001; 

462 Folkard, 2005) which can increase sedimentation (Short & Short, 1984; Dauby et al., 1995; 

463 Gacia et al., 2002) and oxygenating the sediment using their roots (Caffrey & Kemp, 1991; 

464 Pedersen et al., 1998; Connell, Colmer & Walker, 1999). 

465 Other factors at play in the observed differences between locations as a result of eelgrass 

466 density may be the development stage of the eelgrass at the edge (if the patch is expanding or 

467 contracting) and the variable use of eelgrass as a habitat by macroorganisms. From terrestrial 

468 systems, it is known that microbial communities can vary across different stages of plant 

469 development (Chaparro, Badri & Vivanco, 2014). Seagrasses at earlier stages in development are 

470 known to have different carbon deposition rates than later stages, so if seagrass patch was in the 

471 process of expanding this may change the abiotic conditions at the patch edge, and thus might be 

472 reflected in distinct microbial communities at the edge of a patch compared to the inside (Duarte 

473 & Sand-Jensen, 1990; Cebrián et al., 2000). Additionally, seagrass patches are habitats for a 

474 large number of macroorganisms with variable abundance across seagrass patch landscapes 

475 (seagrass densities) (Tanner, 2005; Smith et al., 2008, 2011).

476 Ultimately, although we see differences between locations in environmental abiotic 

477 measurements, we are unable, given the limitations of this study, to decouple these 

478 measurements from the eelgrass itself (eelgrass density), which is highly correlated with 

479 sediment community composition.

480

481 Conclusions:

482 This study provides new insights into the composition and assembly of the Z. marina 
483 microbiome. Major findings include that distinct microbial communities are associated with the 

484 leaves and roots of the plant, sediment associated communities are correlated with host plant 

485 density,and specific microbial taxa are found to have high relative abundances on particular 

486 tissues. Differences in the rhizosphere sediment community composition at the patch edge were 

487 observed and correlated with variation in environmental measurements. However, we were 

488 unable to disentangle these measures from eelgrass density, with the strongest correlated factor 

489 with community differences being presence/absence of the host plant. This is perhaps not 

490 unexpected from a field study, as eelgrass species are ecosystem engineers that actively change 

491 the sediment chemistry and landscape (Orth et al., 2006; Bos et al., 2007).
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492 Overall, we believe that the results of this study hint at a network of complex interactions 

493 between Z. marina, the microbes associated with Z. marina and biogeochemical cycling. 

494 Untangling such networks is difficult but increasingly feasible. Although Z. marina is not a 

495 model organism in the sense of Arabidopsis or poplar, we believe it can nevertheless become a 

496 model for host-microbiome-environment interaction studies.  Advantages of working on this 

497 species include that there is a genome now available (Olsen et al., 2016), a large network of 

498 collaborating labs focusing on this species, Zostera Experimental Network 

499 (http://zenscience.org), it can be used it common garden and reciprocal transplant experiments.  

500 Along these lines we have been building a library of cultured isolates associated with this species 

501 and sequencing the genomes of many of these (Lee et al., 2015a,b, 2016a,b; Alexiev et al., 

502 2016a,b).  There are still areas in need of improvement (e.g., there a limited amount of full length 

503 16S and 18S other reference data; only limited information on the in situ functions of microbes 

504 are available, there is a need for more genetic tools for the host), but given the importance of 

505 coastal marine systems and seagrasses generally, we believe continued efforts to study the host-

506 microbiome-environment interactions in this and related species is important. 

507 Acknowledgements:

508 Illumina sequencing was performed at the DNA Technologies Core facility in the 

509 Genome Center at UC Davis, Davis, California. We thank Qingyi “John” Zhang for his help with 

510 the Illumina library preparation and Hannah Holland-Moritz for her help with DNA extractions. 

511 We thank Ted Grosholz and Susan Williams for hosting Sofie Voerman during her visit and for 

512 help with the sampling design. We thank Daniel Bradley for his help with sample collection.

513

514 References:

515 Adhitya A., Thomas FIM., Ward BB. 2007. Diversity of assimilatory nitrate reductase genes 

516 from plankton and epiphytes associated with a seagrass bed. Microbial ecology 54:587–597.

517 Aleklett K., Leff JW., Fierer N., Hart M. 2015. Wild plant species growing closely connected in 

518 a subalpine meadow host distinct root-associated bacterial communities. PeerJ 3:e804.

519 Alexiev A., Krusor ML., Jospin G., Lang JM., Eisen JA., Coil DA. 2016a. Draft Genome 

520 Sequences of Two Pseudoalteromonas Strains Isolated from Roots and Leaf Blades of the 

521 Seagrass Zostera marina. Genome announcements 4. DOI: 10.1128/genomeA.00010-16.

522 Alexiev A., Krusor ML., Jospin G., Lang JM., Eisen JA., Coil DA. 2016b. Draft Genome 

523 Sequence of Cobetia sp. UCD-24C, Isolated from Roots and Leaves of the Seagrass Zostera 

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

https://paperpile.com/c/vJwt6K/TqVh
http://zenscience.org/
https://paperpile.com/c/vJwt6K/5S5G+O4TP+ceRM+my1J+nM2h+ryS3
https://paperpile.com/c/vJwt6K/5S5G+O4TP+ceRM+my1J+nM2h+ryS3
http://paperpile.com/b/vJwt6K/osrD
http://paperpile.com/b/vJwt6K/osrD
http://paperpile.com/b/vJwt6K/K3db
http://paperpile.com/b/vJwt6K/K3db
http://paperpile.com/b/vJwt6K/ryS3
http://paperpile.com/b/vJwt6K/ryS3
http://paperpile.com/b/vJwt6K/ryS3
http://dx.doi.org/10.1128/genomeA.00010-16
http://paperpile.com/b/vJwt6K/my1J
http://paperpile.com/b/vJwt6K/my1J


http://paperpile.com/b/vJwt6K/my1J
http://dx.doi.org/10.1128/genomeA.00116-16
http://paperpile.com/b/vJwt6K/tQFp
http://paperpile.com/b/vJwt6K/tQFp
http://paperpile.com/b/vJwt6K/wJRK
http://paperpile.com/b/vJwt6K/wJRK
http://paperpile.com/b/vJwt6K/wJRK
http://paperpile.com/b/vJwt6K/ylo7
http://paperpile.com/b/vJwt6K/ylo7
http://paperpile.com/b/vJwt6K/ylo7
http://paperpile.com/b/vJwt6K/zvyM
http://paperpile.com/b/vJwt6K/zvyM
http://paperpile.com/b/vJwt6K/zvyM
http://paperpile.com/b/vJwt6K/zvyM
http://paperpile.com/b/vJwt6K/2sRn
http://paperpile.com/b/vJwt6K/2sRn
http://paperpile.com/b/vJwt6K/RxWA
http://paperpile.com/b/vJwt6K/RxWA
http://paperpile.com/b/vJwt6K/yRQ9
http://paperpile.com/b/vJwt6K/yRQ9
http://paperpile.com/b/vJwt6K/yRQ9


547 Bouffaud ML., Poirier MA., Muller D., Moënne-Loccoz Y. 2014. Root microbiome relates to 

548 plant host evolution in maize and other Poaceae. Environmental microbiology 16:2804–

549 2814.

550 Bowen JL., Morrison HG., Hobbie JE., Sogin ML. 2012. Salt marsh sediment diversity: a test of 

551 the variability of the rare biosphere among environmental replicates. The ISME journal 

552 6:2014–2023.

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

554 Wisconsin. Ecological monographs 27:325–349.

555 Caffrey JM., Kemp WM. 1991. Seasonal and spatial patterns of oxygen production, respiration 

556 and root-rhizome release in Potamogeton perfoliatus L. and Zostera marina L. Aquatic 

557 botany 40:109–128.

558 Campbell BJ., Engel AS., Porter ML., Takai K. 2006. The versatile epsilon-proteobacteria: key 

559 players in sulphidic habitats. Nature reviews. Microbiology 4:458–468.

560 Capone DG. 1982. Nitrogen Fixation (Acetylene Reduction) by Rhizosphere Sediments of the 

561 Eelgrass Zostera marina. Marine ecology progress series 10:67–75.

562 Capone DG., Budin JM. 1982. Nitrogen Fixation Associated with Rinsed Roots and Rhizomes of 

563 the Eelgrass Zostera marina. Plant physiology 70:1601–1604.

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

565 Peña AG., Goodrich JK., Gordon JI., Huttley GA., Kelley ST., Knights D., Koenig JE., Ley 

566 RE., Lozupone CA., McDonald D., Muegge BD., Pirrung M., Reeder J., Sevinsky JR., 

567 Turnbaugh PJ., Walters WA., Widmann J., Yatsunenko T., Zaneveld J., Knight R. 2010. 

568 QIIME allows analysis of high-throughput community sequencing data. Nature methods 

569 7:335–336.

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/wKIa
http://paperpile.com/b/vJwt6K/wKIa
http://paperpile.com/b/vJwt6K/wKIa
http://paperpile.com/b/vJwt6K/PfkE
http://paperpile.com/b/vJwt6K/PfkE
http://paperpile.com/b/vJwt6K/PfkE
http://paperpile.com/b/vJwt6K/UJ4M
http://paperpile.com/b/vJwt6K/UJ4M
http://paperpile.com/b/vJwt6K/ZJkv
http://paperpile.com/b/vJwt6K/ZJkv
http://paperpile.com/b/vJwt6K/ZJkv
http://paperpile.com/b/vJwt6K/zGtf
http://paperpile.com/b/vJwt6K/zGtf
http://paperpile.com/b/vJwt6K/Bgzv
http://paperpile.com/b/vJwt6K/Bgzv
http://paperpile.com/b/vJwt6K/B4uQ
http://paperpile.com/b/vJwt6K/B4uQ
http://paperpile.com/b/vJwt6K/b9PX
http://paperpile.com/b/vJwt6K/b9PX
http://paperpile.com/b/vJwt6K/b9PX
http://paperpile.com/b/vJwt6K/b9PX
http://paperpile.com/b/vJwt6K/b9PX
http://paperpile.com/b/vJwt6K/b9PX


570 Cebrián J., Pedersen MF., Kroeger KD., Valiela I. 2000. Fate of production of the seagrass 

571 Cymodocea nodosa in different stages of meadow formation. Marine ecology progress 

572 series 204:119–130.

573 Chao A. 1984. Non-parametric estimation of the number of classes in a population. Scandinavian 

574 journal of statistics, theory and applications 11:265–270.

575 Chaparro JM., Badri DV., Vivanco JM. 2014. Rhizosphere microbiome assemblage is affected 

576 by plant development. The ISME journal 8:790–803.

577 Cleary DFR., Polónia ARM., Sousa AI., Lillebø AI., Queiroga H., Gomes NCM. 2016. 

578 Temporal dynamics of sediment bacterial communities in monospecific stands of Juncus 

579 maritimus and Spartina maritima. Plant biology  18:824–834.

580 Connell EL., Colmer TD., Walker DI. 1999. Radial oxygen loss from intact roots of Halophila 

581 ovalis as a function of distance behind the root tip and shoot illumination. Aquatic botany 

582 63:219–228.

583 Cúcio C., Catarina C., Engelen AH., Rodrigo C., Gerard M. 2016. Rhizosphere Microbiomes of 

584 European Seagrasses Are Selected by the Plant, But Are Not Species Specific. Frontiers in 

585 microbiology 7. DOI: 10.3389/fmicb.2016.00440.

586 Dang H., Li T., Chen M., Huang G. 2008. Cross-ocean distribution of Rhodobacterales bacteria 

587 as primary surface colonizers in temperate coastal marine waters. Applied and 

588 environmental microbiology 74:52–60.

589 Dauby P., Bale AJ., Bloomer N., Canon C., Ling RD., Norro A., Robertson JE., Simon A., 

590 Théate JM., Watson AJ., Frankignoulle M. 1995. Particle fluxes over a Mediterranean 

591 seagrass bed: a one year case study. Marine ecology progress series 126:233–246.

592 Davies-Colley RJ., Payne GW., Van Elswijk M. 2000. Microclimate gradients across a forest 

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/ED0V
http://paperpile.com/b/vJwt6K/ED0V
http://paperpile.com/b/vJwt6K/ED0V
http://paperpile.com/b/vJwt6K/DXng
http://paperpile.com/b/vJwt6K/DXng
http://paperpile.com/b/vJwt6K/yK9D
http://paperpile.com/b/vJwt6K/yK9D
http://paperpile.com/b/vJwt6K/Gqh7
http://paperpile.com/b/vJwt6K/Gqh7
http://paperpile.com/b/vJwt6K/Gqh7
http://paperpile.com/b/vJwt6K/JPrm
http://paperpile.com/b/vJwt6K/JPrm
http://paperpile.com/b/vJwt6K/JPrm
http://paperpile.com/b/vJwt6K/EAvg
http://paperpile.com/b/vJwt6K/EAvg
http://paperpile.com/b/vJwt6K/EAvg
http://dx.doi.org/10.3389/fmicb.2016.00440
http://paperpile.com/b/vJwt6K/vXgS
http://paperpile.com/b/vJwt6K/vXgS
http://paperpile.com/b/vJwt6K/vXgS
http://paperpile.com/b/vJwt6K/EyUQ
http://paperpile.com/b/vJwt6K/EyUQ
http://paperpile.com/b/vJwt6K/EyUQ
http://paperpile.com/b/vJwt6K/p4gb


593 edge. New Zealand journal of ecology:111–121.

594 DeSantis TZ., Hugenholtz P., Larsen N., Rojas M., Brodie EL., Keller K., Huber T., Dalevi D., 

595 Hu P., Andersen GL. 2006. Greengenes, a chimera-checked 16S rRNA gene database and 

596 workbench compatible with ARB. Applied and environmental microbiology 72:5069–5072.

597 Dixon P., Philip D. 2003. VEGAN, a package of R functions for community ecology. Journal of 

598 vegetation science: official organ of the International Association for Vegetation Science 

599 14:927–930.

600 Duarte CM., Cebrián J. 1996. The fate of marine autotrophic production. Limnology and 

601 oceanography 41:1758–1766.

602 Duarte CM., Borum J., Short FT., Walker DI. 2005. Seagrass ecosystems: their global status and 

603 prospects. In: Trends and Global Prospects. 281–294.

604 Duarte CM., Holmer M., Marbà N. 2005. Plant-microbe interactions in seagrass meadows. In: 

605 Coastal and Estuarine Studies. 31–60.

606 Duarte CM., Sand-Jensen K. 1990. Seagrass colonization: patch formation and patch growth in 

607 Cymodocea nodosa. Marine ecology progress series 65:193–200.

608 Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinformatics  

609 26:2460–2461.

610 Edwards J., Johnson C., Santos-Medellín C., Lurie E., Podishetty NK., Bhatnagar S., Eisen JA., 

611 Sundaresan V. 2015. Structure, variation, and assembly of the root-associated microbiomes 

612 of rice. Proceedings of the National Academy of Sciences of the United States of America 

613 112:E911–20.

614 Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S., Thomas, T., 2013. The seaweed 

615 holobiont: understanding seaweed–bacteria interactions. FEMS Microbiology Reviews 

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/p4gb
http://paperpile.com/b/vJwt6K/I2QQ
http://paperpile.com/b/vJwt6K/I2QQ
http://paperpile.com/b/vJwt6K/I2QQ
http://paperpile.com/b/vJwt6K/hXGK
http://paperpile.com/b/vJwt6K/hXGK
http://paperpile.com/b/vJwt6K/hXGK
http://paperpile.com/b/vJwt6K/LrWz
http://paperpile.com/b/vJwt6K/LrWz
http://paperpile.com/b/vJwt6K/2Uys
http://paperpile.com/b/vJwt6K/2Uys
http://paperpile.com/b/vJwt6K/utDW
http://paperpile.com/b/vJwt6K/utDW
http://paperpile.com/b/vJwt6K/bUEy
http://paperpile.com/b/vJwt6K/bUEy
http://paperpile.com/b/vJwt6K/akda
http://paperpile.com/b/vJwt6K/akda
http://paperpile.com/b/vJwt6K/hcpL
http://paperpile.com/b/vJwt6K/hcpL
http://paperpile.com/b/vJwt6K/hcpL
http://paperpile.com/b/vJwt6K/hcpL


616 37:462-476.

617 Elser JJ., Bracken MES., Cleland EE., Gruner DS., Harpole WS., Hillebrand H., Ngai JT., 

618 Seabloom EW., Shurin JB., Smith JE. 2007. Global analysis of nitrogen and phosphorus 

619 limitation of primary producers in freshwater, marine and terrestrial ecosystems. Ecology 

620 letters 10:1135–1142.

621 Erskine JM., Koch MS. 2000. Sulfide effects on Thalassia testudinum carbon balance and 

622 adenylate energy charge. Aquatic botany 67:275–285.

623 Flaspohler DJ., Temple SA., Rosenfield RN. 2001. Species-Specific Edge Effects on Nest 

624 Success and Breeding Bird Density in a Forested Landscape. Ecological applications: a 

625 publication of the Ecological Society of America 11:32.

626 Folkard AM. 2005. Hydrodynamics of model Posidonia oceanica patches in shallow water. 

627 Limnology and oceanography 50:1592–1600.

628 Fonseca MS., Fisher JS., Zieman JC., Thayer GW. 1982. Influence of the seagrass, Zostera 

629 marina L., on current flow. Estuarine, coastal and shelf science 15:351–364.

630 Fox BJ., Taylor JE., Fox MD., Williams C. 1997. Vegetation changes across edges of rainforest 

631 remnants. Biological conservation 82:1–13.

632 Gacia E., Esperança G., Duarte CM., Middelburg JJ. 2002. Carbon and nutrient deposition in a 

633 Mediterranean seagrass (Posidonia oceanica) meadow. Limnology and oceanography 

634 47:23–32.

635 Garrity GM., Bell JA., Timothy L. 2005. Thiotrichales ord. nov. In: Bergeyís Manual® of 

636 Systematic Bacteriology. 131–210.

637 Gomes NCM., Cleary DFR., Pinto FN., Egas C., Almeida A., Cunha A., Mendonça-Hagler 

638 LCS., Smalla K. 2010. Taking root: enduring effect of rhizosphere bacterial colonization in 

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/KuF6
http://paperpile.com/b/vJwt6K/KuF6
http://paperpile.com/b/vJwt6K/KuF6
http://paperpile.com/b/vJwt6K/KuF6
http://paperpile.com/b/vJwt6K/7WVI
http://paperpile.com/b/vJwt6K/7WVI
http://paperpile.com/b/vJwt6K/29Po
http://paperpile.com/b/vJwt6K/29Po
http://paperpile.com/b/vJwt6K/29Po
http://paperpile.com/b/vJwt6K/qmeC
http://paperpile.com/b/vJwt6K/qmeC
http://paperpile.com/b/vJwt6K/yssF
http://paperpile.com/b/vJwt6K/yssF
http://paperpile.com/b/vJwt6K/aree
http://paperpile.com/b/vJwt6K/aree
http://paperpile.com/b/vJwt6K/dUz2
http://paperpile.com/b/vJwt6K/dUz2
http://paperpile.com/b/vJwt6K/dUz2
http://paperpile.com/b/vJwt6K/5u7n
http://paperpile.com/b/vJwt6K/5u7n
http://paperpile.com/b/vJwt6K/ZnkI
http://paperpile.com/b/vJwt6K/ZnkI


639 mangroves. PloS one 5:e14065.

640 Granata TC., Serra T., Colomer J., Casamitjana X., Duarte CM., Gacia E. 2001. Flow and 

641 particle distributions in a nearshore seagrass meadow before and after a storm. Marine 

642 ecology progress series 218:95–106.

643 Hamady M., Lozupone C., Knight R. 2010. Fast UniFrac: facilitating high-throughput 

644 phylogenetic analyses of microbial communities including analysis of pyrosequencing and 

645 PhyloChip data. The ISME journal 4:17–27.

646 Harrison S., Bruna, E. 1999. Habitat fragmentation and large-scale conservation: what do we 

647 know for sure? Ecography 22:225–232.

648 van der Heide T., Govers LL., de Fouw J., Olff H., van der Geest M., van Katwijk MM., Piersma 

649 T., van de Koppel J., Silliman BR., Smolders AJP., van Gils JA. 2012. A three-stage 

650 symbiosis forms the foundation of seagrass ecosystems. Science 336:1432–1434.

651 Hollants, J., Leliaert, F., De Clerck, O., Willems, A. 2013. What we can learn from sushi: a 

652 review on seaweed–bacterial associations. FEMS microbiology ecology 83:1-16.

653 Holland-Moritz HE., Lang JM., Stachowicz JJ, Eisen, JA. In prep. Exploring the Biogeography 

654 of Microbial Communities on the Surface of Seagrasses.

655 Hughes AR., Stachowicz JJ. 2004. Genetic diversity enhances the resistance of a seagrass 

656 ecosystem to disturbance. Proceedings of the National Academy of Sciences of the United 

657 States of America 101:8998–9002.

658 Jensen SI., Kühl M., Priemé A. 2007. Different bacterial communities associated with the roots 

659 and bulk sediment of the seagrass Zostera marina. FEMS microbiology ecology 62:108–

660 117.

661 Jiang YF., Ling J., Dong JD., Chen B., Zhang YY., Zhang YZ., Wang YS. 2015. Illumina-based 

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/ZnkI
http://paperpile.com/b/vJwt6K/CYX1
http://paperpile.com/b/vJwt6K/CYX1
http://paperpile.com/b/vJwt6K/CYX1
http://paperpile.com/b/vJwt6K/pcEr
http://paperpile.com/b/vJwt6K/pcEr
http://paperpile.com/b/vJwt6K/pcEr
http://paperpile.com/b/vJwt6K/ADK8
http://paperpile.com/b/vJwt6K/ADK8
http://paperpile.com/b/vJwt6K/sdVZ
http://paperpile.com/b/vJwt6K/sdVZ
http://paperpile.com/b/vJwt6K/sdVZ
http://paperpile.com/b/vJwt6K/1FwC
http://paperpile.com/b/vJwt6K/1FwC
http://paperpile.com/b/vJwt6K/k4BA
http://paperpile.com/b/vJwt6K/k4BA
http://paperpile.com/b/vJwt6K/k4BA
http://paperpile.com/b/vJwt6K/B8Y2
http://paperpile.com/b/vJwt6K/B8Y2
http://paperpile.com/b/vJwt6K/B8Y2
http://paperpile.com/b/vJwt6K/TXYy


662 analysis the microbial diversity associated with Thalassia hemprichii in Xincun Bay, South 

663 China Sea. Ecotoxicology  24:1548–1556.

664 Koch EW. 2001. Beyond Light: Physical, Geological, and Geochemical Parameters as Possible 

665 Submersed Aquatic Vegetation Habitat Requirements. Estuaries 24:1.

666 Kou W., Zhang J., Lu X., Ma Y., Mou X., Wu L. 2016. Identification of bacterial communities 

667 in sediments of Poyang Lake, the largest freshwater lake in China. SpringerPlus 5:401.

668 Kramer CY. 1956. Extension of Multiple Range Tests to Group Means with Unequal Numbers 

669 of Replications. Biometrics 12:307.

670 Kramer CY. 1957. Extension of Multiple Range Tests to Group Correlated Adjusted Means. 

671 Biometrics 13:13.

672 Lakshmanan V. 2015. Root Microbiome Assemblage is Modulated by Plant Host Factors. In: 

673 Advances in Botanical Research. 57–79.

674 Lamers LPM., Govers LL., Janssen ICJM., Geurts JJM., Van der Welle MEW., Van Katwijk 

675 MM., Van der Heide T., Roelofs JGM., Smolders AJP. 2013. Sulfide as a soil phytotoxin-a 

676 review. Frontiers in plant science 4:268.

677 Lang JM., Eisen JA., Zivkovic AM. 2014. The microbes we eat: abundance and taxonomy of 

678 microbes consumed in a day’s worth of meals for three diet types. PeerJ 2:e659.

679 Lee RD., Jospin G., Lang JM., Eisen JA., Coil DA. 2015a. Draft Genome Sequence of 

680 Pseudoalteromonas tetraodonis Strain UCD-SED8 (Phylum Gammaproteobacteria). 

681 Genome announcements 3. DOI: 10.1128/genomeA.01276-15.

682 Lee RD., Jospin G., Lang JM., Eisen JA., Coil DA. 2015b. Draft Genome Sequence of Bacillus 

683 vietnamensis Strain UCD-SED5 (Phylum Firmicutes). Genome announcements 3. DOI: 

684 10.1128/genomeA.01376-15.

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/TXYy
http://paperpile.com/b/vJwt6K/TXYy
http://paperpile.com/b/vJwt6K/4ZPu
http://paperpile.com/b/vJwt6K/4ZPu
http://paperpile.com/b/vJwt6K/2BIS
http://paperpile.com/b/vJwt6K/2BIS
http://paperpile.com/b/vJwt6K/I2ek
http://paperpile.com/b/vJwt6K/I2ek
http://paperpile.com/b/vJwt6K/B27J
http://paperpile.com/b/vJwt6K/B27J
http://paperpile.com/b/vJwt6K/bntb
http://paperpile.com/b/vJwt6K/bntb
http://paperpile.com/b/vJwt6K/aepW
http://paperpile.com/b/vJwt6K/aepW
http://paperpile.com/b/vJwt6K/aepW
http://paperpile.com/b/vJwt6K/J8aS
http://paperpile.com/b/vJwt6K/J8aS
http://paperpile.com/b/vJwt6K/5S5G
http://paperpile.com/b/vJwt6K/5S5G
http://paperpile.com/b/vJwt6K/5S5G
http://dx.doi.org/10.1128/genomeA.01276-15
http://paperpile.com/b/vJwt6K/O4TP
http://paperpile.com/b/vJwt6K/O4TP
http://dx.doi.org/10.1128/genomeA.01376-15


685 Lee RD., Jospin G., Lang JM., Eisen JA., Coil DA. 2016a. Draft Genome Sequences of Two 

686 Vibrio splendidus Strains, Isolated from Seagrass Sediment. Genome announcements 4. 

687 DOI: 10.1128/genomeA.01769-15.

688 Lee RD., Jospin G., Lang JM., Eisen JA., Coil DA. 2016b. Draft Genome Sequences of Two 

689 Pseudoalteromonas porphyrae Strains Isolated from Seagrass Sediment. Genome 

690 announcements 4. DOI: 10.1128/genomeA.00092-16.

691 Les DH., Cleland MA., Waycott M. 1997. Phylogenetic Studies in Alismatidae, II: Evolution of 

692 Marine Angiosperms (Seagrasses) and Hydrophily. Systematic botany 22:443.

693 Lovell CR. 2003. Plant-Microbe Interactions in the Marine Environment. In: Encyclopedia of 

694 Environmental Microbiology.

695 Lozupone CA., Hamady M., Kelley ST., Knight R. 2007. Quantitative and Qualitative Diversity 

696 Measures Lead to Different Insights into Factors That Structure Microbial Communities. 

697 Applied and environmental microbiology 73:1576–1585.

698 Lundberg DS., Lebeis SL., Paredes SH., Yourstone S., Gehring J., Malfatti S., Tremblay J., 

699 Engelbrektson A., Kunin V., del Rio TG., Edgar RC., Eickhorst T., Ley RE., Hugenholtz P., 

700 Tringe SG., Dangl JL. 2012. Defining the core Arabidopsis thaliana root microbiome. 

701 Nature 488:86–90.

702 Malmivaara-Lämsä M., Hamberg L., Haapamäki E., Liski J., Kotze DJ., Lehvävirta S., Fritze H. 

703 2008. Edge effects and trampling in boreal urban forest fragments – impacts on the soil 

704 microbial community. Soil biology & biochemistry 40:1612–1621.

705 McClung CR., Patriquin DG. 1980. Isolation of a nitrogen-fixing Campylobacter species from 

706 the roots of Spartina alterniflora Loisel. Canadian journal of microbiology 26:881–886.

707 Mejia AY., Rotini A., Lacasella F., Bookman R., Thaller MC., Shem-Tov R., Winters G., 

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/ceRM
http://paperpile.com/b/vJwt6K/ceRM
http://paperpile.com/b/vJwt6K/ceRM
http://dx.doi.org/10.1128/genomeA.01769-15
http://paperpile.com/b/vJwt6K/nM2h
http://paperpile.com/b/vJwt6K/nM2h
http://paperpile.com/b/vJwt6K/nM2h
http://dx.doi.org/10.1128/genomeA.00092-16
http://paperpile.com/b/vJwt6K/DC7d
http://paperpile.com/b/vJwt6K/DC7d
http://paperpile.com/b/vJwt6K/XQP9
http://paperpile.com/b/vJwt6K/XQP9
http://paperpile.com/b/vJwt6K/MghL
http://paperpile.com/b/vJwt6K/MghL
http://paperpile.com/b/vJwt6K/MghL
http://paperpile.com/b/vJwt6K/uLI2
http://paperpile.com/b/vJwt6K/uLI2
http://paperpile.com/b/vJwt6K/uLI2
http://paperpile.com/b/vJwt6K/uLI2
http://paperpile.com/b/vJwt6K/uyuf
http://paperpile.com/b/vJwt6K/uyuf
http://paperpile.com/b/vJwt6K/uyuf
http://paperpile.com/b/vJwt6K/uu12
http://paperpile.com/b/vJwt6K/uu12
http://paperpile.com/b/vJwt6K/qrUY


708 Migliore L. 2016. Assessing the ecological status of seagrasses using morphology, 

709 biochemical descriptors and microbial community analyses. A study in Halophila 

710 stipulacea (Forsk.) Aschers meadows in the northern Red Sea. Ecological indicators 

711 60:1150–1163.

712 Nielsen LB., Finster K., Welsh DT., Donelly A., Herbert RA., de Wit R., Lomstein BA. 2001. 

713 Sulphate reduction and nitrogen fixation rates associated with roots, rhizomes and 

714 sediments from Zostera noltii and Spartina maritima meadows. Environmental 

715 microbiology 3:63–71.

716 Olsen JL., Rouzé P., Verhelst B., Lin Y-C., Bayer T., Collen J., Dattolo E., De Paoli E., Dittami 

717 S., Maumus F., Michel G., Kersting A., Lauritano C., Lohaus R., Töpel M., Tonon T., 

718 Vanneste K., Amirebrahimi M., Brakel J., Boström C., Chovatia M., Grimwood J., Jenkins 

719 JW., Jueterbock A., Mraz A., Stam WT., Tice H., Bornberg-Bauer E., Green PJ., Pearson 

720 GA., Procaccini G., Duarte CM., Schmutz J., Reusch TBH., Van de Peer Y. 2016. The 

721 genome of the seagrass Zostera marina reveals angiosperm adaptation to the sea. Nature 

722 530:331–335.

723 Orth RJ., Carruthers TJB., Dennison WC., Duarte CM., Fourqurean JW., Heck KL., Hughes 

724 RA., Kendrick GA., Kenworthy WJ., Olyarnik S., Short FT., Waycott M., Williams SL. 

725 2006. A Global Crisis for Seagrass Ecosystems. Bioscience 56:987.

726 Palacios R., Newton WE. 2006. Genomes and Genomics of Nitrogen-fixing Organisms. Springer 

727 Science & Business Media.

728 Paton PWC. 1994. The Effect of Edge on Avian Nest Success: How Strong Is the Evidence? 

729 Conservation biology: the journal of the Society for Conservation Biology 8:17–26.

730 Pedersen O., Borum J., Duarte CM., Fortes MD. 1998. Oxygen dynamics in the rhizosphere of 

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/qrUY
http://paperpile.com/b/vJwt6K/qrUY
http://paperpile.com/b/vJwt6K/qrUY
http://paperpile.com/b/vJwt6K/qrUY
http://paperpile.com/b/vJwt6K/jSXc
http://paperpile.com/b/vJwt6K/jSXc
http://paperpile.com/b/vJwt6K/jSXc
http://paperpile.com/b/vJwt6K/jSXc
http://paperpile.com/b/vJwt6K/TqVh
http://paperpile.com/b/vJwt6K/TqVh
http://paperpile.com/b/vJwt6K/TqVh
http://paperpile.com/b/vJwt6K/TqVh
http://paperpile.com/b/vJwt6K/TqVh
http://paperpile.com/b/vJwt6K/TqVh
http://paperpile.com/b/vJwt6K/TqVh
http://paperpile.com/b/vJwt6K/fkrT
http://paperpile.com/b/vJwt6K/fkrT
http://paperpile.com/b/vJwt6K/fkrT
http://paperpile.com/b/vJwt6K/rXwg
http://paperpile.com/b/vJwt6K/rXwg
http://paperpile.com/b/vJwt6K/ox3O
http://paperpile.com/b/vJwt6K/ox3O
http://paperpile.com/b/vJwt6K/pjJX


http://paperpile.com/b/vJwt6K/pjJX
http://paperpile.com/b/vJwt6K/pivV
http://paperpile.com/b/vJwt6K/pivV
http://paperpile.com/b/vJwt6K/pivV
http://paperpile.com/b/vJwt6K/pivV
http://paperpile.com/b/vJwt6K/Q0D0
http://paperpile.com/b/vJwt6K/Q0D0
http://paperpile.com/b/vJwt6K/FYnL
http://paperpile.com/b/vJwt6K/FYnL
http://paperpile.com/b/vJwt6K/FYnL
http://paperpile.com/b/vJwt6K/Kfwu
http://paperpile.com/b/vJwt6K/1V0z
http://paperpile.com/b/vJwt6K/1V0z
http://paperpile.com/b/vJwt6K/25f2
http://paperpile.com/b/vJwt6K/25f2
http://paperpile.com/b/vJwt6K/Vca1
http://paperpile.com/b/vJwt6K/Ghmh
http://paperpile.com/b/vJwt6K/Ghmh
http://paperpile.com/b/vJwt6K/guLA
http://paperpile.com/b/vJwt6K/guLA


754 experimental marine biology and ecology 399:8–16.

755 Sun F., Zhang X., Zhang Q., Liu F., Zhang J., Gong J. 2015. Seagrass (Zostera marina) 

756 Colonization Promotes the Accumulation of Diazotrophic Bacteria and Alters the Relative 

757 Abundances of Specific Bacterial Lineages Involved in Benthic Carbon and Sulfur Cycling. 

758 Applied and environmental microbiology 81:6901–6914.

759 Tanner JE. 2005. Edge effects on fauna in fragmented seagrass meadows. Austral ecology 

760 30:210–218.

761 Terrados J., Duarte CM., Kamp-Nielsen L., Agawin NSR., Gacia E., Lacap D., Fortes MD., 

762 Borum J., Lubanski M., Greve T. 1999. Are seagrass growth and survival constrained by the 

763 reducing conditions of the sediment? Aquatic botany 65:175–197.

764 Thomas F., Giblin AE., Cardon ZG., Sievert SM. 2014. Rhizosphere heterogeneity shapes 

765 abundance and activity of sulfur-oxidizing bacteria in vegetated salt marsh sediments. 

766 Frontiers in microbiology 5:309.

767 Tukey JW. 1953. The problem of multiple comparisons.

768 Warton DI, Wright ST, Wang Y. 2012. Distance-based multivariate analyses confound location 

769 and dispersion effects. Methods in Ecology and Evolution 3: 89–101.

770 Welsh DT. 2000. Nitrogen fixation in seagrass meadows: Regulation, plant-bacteria interactions 

771 and significance to primary productivity. Ecology letters 3:58–71.

772 Wickham H., Hadley W. 2009. ggplot2.

773 Williams SL., Heck KL Jr. 2001. Seagrass communities. In: Bertness MD, Gaines SD, Hay ME 

774 eds. Marine community ecology. Sinauer Associates, 317– 337.

775

776

PeerJ reviewing PDF | (2017:01:15474:1:1:NEW 2 Mar 2017)

Manuscript to be reviewed

http://paperpile.com/b/vJwt6K/guLA
http://paperpile.com/b/vJwt6K/wcNB
http://paperpile.com/b/vJwt6K/wcNB
http://paperpile.com/b/vJwt6K/wcNB
http://paperpile.com/b/vJwt6K/wcNB
http://paperpile.com/b/vJwt6K/ngzx
http://paperpile.com/b/vJwt6K/ngzx
http://paperpile.com/b/vJwt6K/E9lS
http://paperpile.com/b/vJwt6K/E9lS
http://paperpile.com/b/vJwt6K/E9lS
http://paperpile.com/b/vJwt6K/MVlE
http://paperpile.com/b/vJwt6K/MVlE
http://paperpile.com/b/vJwt6K/MVlE
http://paperpile.com/b/vJwt6K/blYH
http://paperpile.com/b/vJwt6K/QbL3
http://paperpile.com/b/vJwt6K/QbL3
http://paperpile.com/b/vJwt6K/VlQ4
http://paperpile.com/b/vJwt6K/lgc4
http://paperpile.com/b/vJwt6K/lgc4


Table 1(on next page)

PERMANOVA results.

Comparing microbial community composition between different sample types (leaf, root,

sediment) and locations (inside, edge, outside) using multiple beta diversity metrics.
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1 Category Diversity Metric Pseudo-F R2 P (perm) 
2 Location Weighted Unifrac 2.22 0.107 0.0213
3 Unweighted Unifrac 1.91 0.0938 0.0043
4 Bray Curtis 2.82 0.133 0.0009 
5 Sample Type Weighted UniFrac 13.75 0.426 0.0001
6 Unweighted UniFrac 6.16 0.249 0.0001
7 Bray Curtis 9.53 0.34 0.0001 
8 LocXType Weighted UniFrac 1.98 0.0541 0.0426
9 Unweighted UniFrac 1.19 0.0455 0.1586

10 Bray Curtis 1.482 0.0458 0.0795
11
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Table 2(on next page)

Sediment PERMANOVA results.

Comparing sediment microbial community composition between different locations (inside,

edge, outside) and eelgrass densities using multiple beta diversity metrics.
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1 Category Diversity Metric Pseudo-F R2 P (perm) 
2 Location Weighted UniFrac 8.69 0.453 0.0001
3 Unweighted UniFrac 2.92 0.217 0.0001
4 Bray Curtis 8.01 0.433 0.0001 
5 Density Weighted UniFrac 2.81 0.551 0.0002
6 Unweighted UniFrac 1.51 0.398 0.0001
7 Bray Curtis 2.86 0.555 0.0001
8
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Figure 1

Alpha diversity across samples.

Four alpha diversity metrics, observed number of OTUs, Chao1, the Shannon and Simpson

diversity indices, are shown as boxplots for A) different sample types (leaf, root, sediment)

and for B) sediment from different locations (inside, edge, outside).
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Figure 2

Principal Coordinates Analysis (PCoA) of microbial communities based on Weighted
Unifrac distances.

Samples are colored by sample type (leaf, root, sediment) with different shapes for location

(inside, edge, outside).
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Figure 3

Principal Coordinates Analysis (PCoA) of microbial communities in sediment based on
Weighted Unifrac distances.

Samples are colored by location (inside, edge, outside).
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Figure 4

Average relative abundance of taxonomic groups associated with each sample type
(leaf, root, sediment).

OTUs are shown grouped by taxonomic order and colored by taxonomic class. Only orders

with a mean abundance of at least one percent are shown here. The bars represent the

standard error of the mean.
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Figure 5

Average relative abundance of taxonomic groups associated with sediment from each
location (inside, edge, outside).

Operational taxonomic units (OTUs) are shown grouped by taxonomic order and are colored

by taxonomic class. Only orders with a mean relative abundance of at least one percent are

shown. Bars represent the standard error of the mean.
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Figure 6

Relationship between environmental data and microbial communities.

Non-metric multidimensional scaling (NMDS) of Bray Curtis dissimilarities of microbial

communities found in sediment samples are shown here colored by location (inside, edge,

outside). Environmental factors (p < 0.055, ANOVA) were overlaid as vectors onto the NMDS

using the envfit function in vegan.
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