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The seagrass Zostera marina is a widespread foundational species in temperate coastal
ecosystems that supports diverse communities of epiphytes and grazers. Bacteria link
the production of seagrass to higher trophic levels and are thought to influence seagrass
biology and health. Yet, we lack a clear understanding of the factors that structure the
seagrass microbiome, or whether there is a consistent microbial community associated
with seagrass that underpins functional roles. We sampled surface microbiome (epibiota)
from new and old growth seagrass leaves and the surrounding seawater in eight
meadows among four regions along the Central Coast of British Columbia, Canada
to assess microbiome variability across space and as leaves age. We found that the
seagrass leaf microbiome differs strongly from seawater. Microbial communities in new
and old growth leaves are different from each other and from artificial seagrass leaves
we deployed in one meadow. The microbiome on new leaves is less diverse and there
is a small suite of core OTUs (operational taxonomic units) consistently present across
regions. The overall microbial community for new leaves is more dispersed but with little
regional differentiation, while the epiphytes on old leaves are regionally distinct. Many
core OTUs on old leaves are commonly associated with marine biofilms. Together these
observations suggest a stronger role for host filtering in new compared to old leaves, and
a stronger influence of the environment and environmental colonization in old leaves. We
found 11 core microbial taxa consistently present on old and new leaves and at very low
relative abundance on artificial leaves and in the water column. These 11 taxa appear
to be strongly associated with Z. marina. These core taxa may perform key functions
important for the host such as detoxifying seagrass waste products, enhancing plant
growth, and controlling epiphyte cover.
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INTRODUCTION

Seagrass meadows are highly productive coastal ecosystems that
provide numerous ecosystem functions and services (Duarte
and Chiscano, 1999; Fourqurean et al., 2012). Bacteria link
seagrass productivity to higher trophic levels by metabolizing
organic carbon and nitrogen released by the host, suggesting
a symbiotic relationship between the seagrass and associated
microbes (McRoy and Goering, 1974; Kirchman et al., 1984).
The seagrass microbiome is diverse, with 10 to 100s of taxa
identified per leaf sample (Ugarelli et al., 2017; Crump et al., 2018)
and shaped by seagrass species identity (Crump et al., 2018),
space (Ugarelli et al., 2017) and local environment (Bengtsson
et al., 2017). A better understanding of the factors that structure
the seagrass microbiome and a catalog of symbionts tightly
associated with seagrass is needed to improve our knowledge of
the complex interactions between seagrass and their symbionts in
a changing world.

Microbial symbionts influence the growth and health of a
wide range of hosts (Fitzpatrick et al., 2018; Longford et al.,
2019). For example, isolated beneficial bacteria have been
shown to improve resistance of corals to bleaching under high
temperatures (Rosado et al., 2019). Similarly, seagrass symbionts
are thought to influence host health by consuming toxic by-
products (i.e., methanol and ethanol) and by producing agarases
which limit epiphyte overgrowth (Crump et al., 2018). We use the
broad definition of symbiont, microbes that live in association
with a host, as the fitness consequence of most microbes is
unknown and often variable in different contexts (Leung and
Poulin, 2008; Wilkins et al., 2019). On the other side of the
symbiotic spectrum, the pathogenic protist Labyrinthula zosterae
is the best studied symbiont in seagrass ecosystems, putatively
causing the seagrass wasting disease responsible for extensive
declines in Zostera marina meadows in the Atlantic Ocean in the
past (Short et al., 1987) and still of concern today.

One path toward making sense of the vast diversity in
the seagrass microbiome and identifying candidate symbionts
that may be essential to host functioning is investigating the
core microbes that are tightly associated with the host (Shade
and Handelsman, 2012; Wilkins et al, 2019; Risely, 2020).
The definition of core taxa varies (Risely, 2020), but typically
only a few microbial symbionts are consistently found at high
prevalence on host populations across regions (Hernandez-
Agreda et al,, 2018).

At the level of the whole community, better understanding
of how symbiont communities are assembled can provide
foundational insights such as whether the microbiome is
likely to shift or remain stable in changing environments. In
marine ecosystems, hosts are submerged in a sea of microbes
and horizontal transmission (acquisition of microbes from
the environment) is likely the main route (Turon et al,
2018; Russell, 2019). Environmental acquisition might lead to
microbial communities on marine hosts that mirror those from
the surrounding environment, as is reported in one global study
of seagrass leaves (Fahimipour et al., 2017). But, much more
often selective processes lead to host microbial communities that
are distinct from their surroundings and specific to host species

(Wilkins et al., 2019). These patterns are observed for diverse
seaweeds (Roth-Schulze et al., 2016; Lemay et al., 2018a), kelps
(Lemay et al., 2018b; Weigel and Pfister, 2019), seagrass (Crump
et al.,, 2018), sponges (Thomas et al., 2016), and others. In fact,
seaweeds can select or deter microorganisms that colonize from
the environment via their exudates (Lam et al., 2008; Salaiin
et al,, 2012). Seagrass leaves also release exudates that attract
microbes as food sources, such as methanol and cellulose, and
others that deter colonization. Seagrass leaves are highly defended
by phenols (Harrison, 1982) and other compounds that have been
shown to modulate settlement and growth of microbes in lab
settings (Papazian et al., 2019).

We sampled microbial communities from new and old
seagrass leaves and the surrounding seawater in eight meadows
across four regions along the Central Coast of British Columbia,
Canada, to test host specificity and identify core seagrass taxa that
are consistently present. If host selectivity is strong, we expect:
(1) seagrass leaf microbiome to differ from the microbiome of
the surrounding environment, (2) seagrass leaf microbiome to
be similar across regions with different source pools, and (3) a
consistent core assemblage found across tissue ages and regions.
We further compare the role of selective processes influencing
microbial biofilm communities using data from artificial seagrass
leaves made of plastic and shaped like natural seagrass that were
deployed in one of the regions. We used these artificial leaves
to assess the similarity between the biofilm communities on this
passive surface and natural seagrass shoots.

METHODS
Sampling

The Hakai Luxvbalis conservancy encompasses 120,000 acres
of land and sea and is the largest provincial marine protection
area on the Coast of British Columbia. The conservancy hosts
relatively low human impacted Zostera marina meadows. We
collected 54 Zostera marina shoots and 35 seawater samples by
scuba diving among eight paired meadows nested within four
geographical regions (Figure 1), within two weeks during the
summer of 2015.

For seagrass leaf samples, we collected one shoot just outside
each quadrat and placed it inside a sterile Ziploc bag underwater
at the location of collection. New leaves of Zostera marina shoots
are encompassed within a protective leaf sheath as they develop
from a basal meristem. The sheath bundles all the leaves of an
individual shoot by surrounding the blades at the shoot base and
minimizes exposure to the environmental pool of microbes for
new leaves. We accessed the new leaf growth by carefully opening
the sheath from its upward edge and locating the youngest leaf
tip within the sheath bundle. The old growth (emerging beyond
the sheath) was standardized across replicates by sampling a
10cm length of the mid-section of the third oldest leaf close
to the sheath (frequently the longest leaf), in an area with
minimal macro-epibiota such as bryozoan species and the red
algal epiphyte, Smithora naiadum. Both new and old growth
leaves, from the same shoot, were rinsed with 0.22 wm filtered
seawater for 10 seconds to remove passive microbes and then
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FIGURE 1 | Map showing the sampled seagrass meadows across four
regions along the Central Coast of BC. A total of 54 Zostera marina shoots
and 35 seawater samples were collected.

sampled for another 10 seconds with a Puritan® sterile swab
and transferred to a sterile cryovial (VWR). Seawater samples
(500 mL; 3-5 reps) were collected by scuba diving in Nalgene
water bottles from each meadow at seagrass collection depth (3-
5 meters) within ~ 1 meter of the eelgrass canopy before the
seagrass sampling. All samples were stored on ice in the field and
transferred to a —80°C freezer upon return. Water samples were
filtered using 0.22 um membrane filters using a peristaltic pump
the same day of collection.

In order to further explore biological and physical
environmental filtering processes in seagrass ecosystems we
sampled microbial communities from artificial seagrass units
deployed in the Choked region. A single unit consisted of a 15
cm? plastic grid for securing the artificial plants on which were
attached 4 seagrass “shoots” (1 centimeter wide strips of high
density polyethylene) each consisting of two 50 centimeter long
“blades.” This provided a blade width, length and shoot density
within the range observed in the same location in July 2014
(unpublished data, Hakai Institute). Artificial seagrass units were
anchored to the substrate within the eelgrass meadow along a
transect such that they were 40 meters apart and 10 m away from
the meadow edge. When retrieved, a single blade on one shoot of

each artificial seagrass unit was sampled 1 week after deployment
and processed the same way as seagrass samples.

Molecular Methods

DNA was extracted from swabs and water filters using the MoBio
PowerSoilVR -htp 96 well DNA extraction kit (Carlsbad, CA)
following the manufacturers recommended protocol. The V4
region of 16S rRNA gene in Bacteria and Archaea was targeted
for amplification using redesigned versions of the primers
515{/806r (Caporaso et al., 2012): 515f: 5~-GTGYCAGCMGCC
GCGGTAA-3, 806r: 5-GGACTACNVGGGTWTCTAAT-3
as previously described by Lemay et al. (2018a). Equal amounts
(25 ng) of each sample were pooled and then purified using
the MoBio UltaCleanVR PCR clean-up kit. Pooled library
quantitation and paired-end Illumina MiSeq sequencing (2
x 300 bp) was carried out at the Integrated Microbiome
Resource facility in the Center for Genomics and Evolutionary
Bioinformatics at Dalhousie University (Halifax, Canada).

Sequence Data Analysis

Raw sequencing reads were demultiplexed using the Split
Libraries function from the Quantitative Insights into Microbial
Ecology (QIIME v.1.9) analysis pipeline (Caporaso et al., 2010b).
Demultiplexed reads were quality trimmed, then truncated
to a uniform length of 250 bp with a quality score of 20
using FastX Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/),
and processed into taxonomic units using the Minimum Entropy
Decomposition (MED) method (Eren et al., 2015). MED does
not rely on sequence similarity thresholds such as a standard
97% OTU, but instead uses Shannon entropy to separate out
meaningful patterns of nucleotide diversity from sequencing
noise and partition the data into MED nodes, which in practice
are roughly analogous to ASVs or >99% OTUs. This analysis
was carried out with the minimum substantive abundance
parameter (-M) set at 500 reads while other parameters were
run with default settings. Taxonomy was assigned to the
resulting MED-nodes as implemented in the Assign Taxonomy
function of QIIME v.1.9 using SILVA 128 database (Quast
et al, 2013) clustered at 99% similarity. OTUs annotated to
either chloroplast or mitochondrial sequences were removed
as host contamination. Additionally, we removed OTUs with
fewer than three reads per sample and fewer than 250 total
reads, and samples with low read count (fewer than 1000
reads). After filtering, the final dataset consisted of 1206 OTUs
with sequences/sample counts ranging from 3,130 to 103,313.
Representative sequences for the remaining OTUs were aligned
with PyNAST v.1.2.2 (Caporaso et al., 2010a), and a tree was
constructed using FastTree (Price et al., 2010) within Qiime v 1.9.
Alpha and beta diversity analyses were performed after rarefying
the data to 3,000 reads/sample.

Statistical Analyses

We calculated OTU richness using the non-parametric Chaol
index (Chao, 1984) and Pielou’s evenness (Pielou, 1966). We
used Analysis of Variance (ANOVA) to test for differences in
alpha diversity metrics among sample types (new and old seagrass
leaf growth, seawater) with geographical regions as a random
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effect, using function “Im” in the stats R package (R Core Team,
2020). Additionally, we ran an ANOVA with seagrass individual
as a random effect to confirm differences between new and old
seagrass leaves after accounting for sampling from the same
plant. Because artificial seagrass samples were only taken in the
Choked region, comparisons with real seagrass and seawater
were restricted to samples from this region only. We performed
pairwise comparisons using Tukey HSD correction for multiple
comparisons. In cases where we found heterogeneity in the data,
we randomly subsampled the sample types to get equal sample
sizes, so that F-tests are robust (Keppel, 1991). The rarefaction
curves for new and old seagrass leaves and artificial seagrass
are all saturated. Several seawater samples do not appear to
have reached saturation; therefore, richness comparisons with
seawater samples were not discussed in depth.

To further compare microbial community composition,
we visualized the similarity of sample types across regions
with a non-metric multidimensional scaling (NMDS) using
weighted UniFrac distance (phylogenetic relatedness of the
species) (Lozupone and Knight, 2005) and used Permutational
Multivariate Analysis of Variance (PERMANOVA) to test for
differences in community structure between sample types for
all regions, using both the weighted UniFrac distance and the
Bray-Curtis dissimilarity index (abundance data). We should find
similar patterns in both metrics when communities are composed
of distantly related species, whereas when communities have a
large share of closely related species, we should find a higher
overlap in the UniFrac distances compared to Bray Curtis
dissimilarities (Ortmann and Ortell, 2014). We further used
Jaccard dissimilarity (presence-absence data) on PERMANOVA
to test if differences were also related to community composition.
PERMANOVA was performed using function “adonis2” in
the vegan R package (Oksanen et al., 2018) to account for
marginal effects of regions in each sample type (new and old
seagrass leaf growth, seawater), and for Choked region including
comparisons with artificial seagrass. We further compared new
and old growth seagrass leaves to account for the effect of
the individuals, since they were sampled from the same plant.
Results of PERMANOVA analyses are potentially sensitive to
heterogeneity in dispersions among treatments when there is
an unbalanced design (Anderson and Walsh, 2013). Therefore,
when our data was heterogeneous, we ran PERMANOVA tests
by randomly subsampling the sample types to get a balanced
design. We also tested for differences in the microbial community
of each sample type among regions. Pairwise comparisons
with Benjamini and Hochberg correction were conducted
using function “adonis.pair” in the EcolUtils package (Salazar,
2019). Test statistics were generated using 10,000 permutations.
Moreover, we calculated the percentage of taxa shared between
sample types and regions, based on OTUs found in at least
two samples of each sample type or region to avoid accounting
for noise.

To determine the core microbes consistently associated with
both new and old growth leaves of Zostera marina, we used
Indicator Species Analysis (IndVal) (Dufréne and Legendre,
1997), with the function “multipatt” in the Indicspecies R
package (De Caceres and Legendre, 2009). IndVal combines both

specificity (i.e., if a species is found in higher relative abundances
in a particular habitat) and fidelity (i.e., if a species is prevalent
across samples from that habitat) to determine indicator species
(Legendre, 2013). This approach has been used to identify habitat
specialists of coral compartments (Li et al., 2014) and of the
mucus and surrounding habitats of corals (Glasl et al., 2016). We
considered OTUs as core taxa if they were significant according
to the permutation tests showing high association values (IndVal
statistics > 0.7) (Demircan et al., 2018; Kruger, 2020), present in
over 50% of the samples from that sample type, and present in
all regions. This means that for an OTU to be considered core
of Zostera marina, for example, it would have to be found in
relatively higher abundance in both new and old leaves when
compared to seawater and artificial seagrass, be present in all
regions and across most of the seagrass samples. We ran this
analysis including seawater and artificial seagrass samples to
determine the core seagrass microbes that were not generally
found in either seawater or other marine surfaces. Significance
(P < 0.05) was tested by 10,000 random permutations.

All data statistical analyses were performed in R version
3.6.3 (R Core Team, 2020). Graphs were constructed in R using
package ggplot2 (Wickham, 2016).

RESULTS

Seagrass Microbiome in Comparison to

the Environment

Microbial communities associated with seagrass differ in
diversity from the surrounding seawater. Both richness and
evenness differed between new and old growth leaves and
seawater [ANOVA Richness F(5 99y = 31.51, p < 0.0001; Evenness
F(2,99) = 30.34, p < 0.0001] (Figure 2A; Supplementary Table 1).
New and old leaves were sampled from each plant, but differences
in richness and evenness remain significant even after controlling
for individual (Supplementary Table 1). Microbial communities
in new growth leaves showed the lowest OTU richness and
highest dominance (a few species were highly abundant, and
most were rare). Richness in old growth leaves was the highest,
and the abundance was more evenly distributed between species
than in new growth leaves. Artificial seagrass was similar to old
growth leaves in terms of richness and evenness (Figure 2B;
Supplementary Table 1).

PERMANOVA analyses showed a clear distinction in
microbial community structure between seawater, new and
old growth seagrass leaves [weighted UniFrac distance;
Foe9 = 7075, P < 0.001, R* = 0.55] (Figure2C,
Supplementary Table 2). These community distinctions are
underlain by differences in relative abundance as well as
composition as the differences are also significant when using
non-phylogenetic Bray-Curtis and Jaccard dissimilarity indices
(Supplementary Table 2). Differences in microbial community
structure between new and old growth leaves persist after
accounting for individuals as a random effect [PERMANOVA
weighted UniFrac distance; F (143 = 49.82, P < 0.0001, R?
= 0.29; Supplementary Table 2]. Almost 50% of all taxa were
shared among Zostera marina and seawater samples across
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all regions, though shared taxa where generally much more
abundant in one sample type, and new and old growth leaves
shared around 28% of taxa (Figure 2E). We used data for the
Choked region to compare microbiome on natural (new and old
growth) and artificial seagrass leaves. We found that all sample
types were distinct from each other [Supplementary Table 2:
PERMANOVA weighted UniFrac F(3 35 = 18.98, P < 0.0001, R?
= 0.64], but artificial seagrass appear more similar to old growth
(Figure 2D). Artificial seagrass shared the vast majority of OTUs
with seagrass, with only 3.7% unique OTUs and <1% shared
only with water (Figure 2F). Still, old and new leaves share more
OTUs than do old and artificial (Figure 2F).

Spatial Variation in Seagrass Microbiome
Microbial community structure varied among regions on
seagrass but not in the water column, with the most
pronounced differences observed in old seagrass leaves
(Figure 3). Microbiome significantly differ by region using
both taxon and phylogenetic-based metrics for old growth
[PERMANOVA Bray Curtis F(349) = 5.87, P < 0.0001, R* =
0.30; Weighted UniFrac F(3 49) = 8.41, P < 0.0001, R? = 0.38]
and new growth [PERMANOVA Bray Curtis F(350) = 2.78,
P < 0.0001, R?> = 0.14; Weighted UniFrac F(350) = 2.35, P
= 0.0018, R*> = 0.12] leaves. However, pairwise comparisons
using weighted UniFrac distances indicated greater regional
overlap in microbial communities for new growth leaves
(Figures 3A,D; Supplementary Table 3); this contrast between
Bray Curtis and Weighted Unifrac results indicate that new
leaves have a large share of closely related species across regions
(Ortmann and Ortell, 2014). Old growth leaves remained
quite distinct (Figures 3B,E; Supplementary Table 3). There
was also a lower degree of taxa sharing between regions, with
19.7 and 31.7% of taxa shared among regions for new and old
growth, respectively (Figure 3). Microbial community structure
in seawater samples was somewhat distinct across regions
when we considered both Bray-Curtis and UniFrac distance
(Figures 3C,F; Supplementary Table 3), and around 32.1% of
taxa were shared among all regions (Figure 3I).

Core Bacteria of Seagrass

We used indicator species analysis (Dufréne and Legendre,
1997) to define core bacteria, with the criteria that the core
are significantly enriched on seagrass compared to seawater and
artificial seagrass, at 50% or greater prevalence, and present
across all regions. We identified core taxa across Zostera marina
in general and separately on new and old growth leaves to better
understand persistent taxa and changes with tissue age.

Zostera marina core: We found 11 core OTUs belonging to six
families on Zostera marina leaves (enriched and prevalent in both
new and old growth leaves; Figure 4). Six core OTUs come from
the Methylophilaceae family, genus Methylotenera. One core
OTU (genus Marinomonas) was undetected in seawater samples
(Figure 4). Alteromonas and Paraglaciecola (Alteromonadaceae),
Rubidimonas (Saprospiraceae), and Rhodobacteraceae round out
the core (Figure 4).

New growth core: For new growth seagrass leaves, we found
a small and taxonomically consistent set of 16 core OTUs.

The new growth core includes several representatives from
Methylotenera (Methylophylaceae) and Marinomonas posidonica
(Oceanospirillaceae), the Marine Methylotrophic group 3 in
the Piscirickettsiaceae family, and Rhizobium (Figure4; the
complete figure showing all core taxa can be found in the
Supplementary Figure 1).

Old growth core: For old growth seagrass leaves we found
57 core OTUs. Core taxa for old growth leaves come from
many different clades common on marine surfaces, including
Granulosicoccaceae, Rhodobacteraceae, and Planctomycetaceae
(Figure 4; Supplemenatary Figure 1).

Artificial seagrass core: The core genera for artificial
seagrass include taxa typical of marine biofilms such as
Saprospiraceae, as well as Cocleimonas (Thiotrichaceae) and
taxa that are likely degrading these strips of plastic bags
Oleibacter (Oceanospiralles).

Detailed information on indicator species analysis statistics,
taxonomy, and sequences of the core taxa can be found in the
Supplementary Table 4.

DISCUSSION

Seagrass meadows are highly productive ecosystems. The
microbes associated with seagrass likely influence seagrass health
and cycling of carbon and other nutrients through the ecosystem.
We investigated the specificity of seagrass microbiome compared
to the water column and artificial seagrass, and the consistency
of the microbiome across plant tissues of different age and across
regions with different environmental conditions. We identified
a core community associated with Z. marina. We hypothesized
that if host selectivity is strong, we would find: (1) seagrass
microbiome that differ from the microbiome of the surrounding
environment, (2) seagrass microbiome that are similar across
regions with different source pools, and (3) a consistent core
assemblage across tissue ages and regions. We found good
evidence for predictions 1 and 3: the seagrass leaf microbiome
is distinct from their surrounding environment (Figure 2) and is
colonized by a consistent suite of core taxa (Figure 4). Evidence
for prediction 2 is mixed: we detected differences across regions
in old leaves but little differentiation across regions for new leaves
(Figure 3), that had a larger share of closely related species across
regions. This points to seagrass leaves being more selective in
newer tissues that are more highly defended. As seagrass blades
age the species pool of colonizers available in each region may
more strongly influence the leaf microbiome.

Seagrass Leaf Microbiome Are a Selective
Habitat, but Are Largely Influenced by the

Available Species Pool
Seagrass leaves harbor microbial communities that are distinct

from seawater. The strong differences in microbiome
composition hold wusing taxonomic and phylogenetic
dissimilarity measures (Figure2; Supplementary Table 2),

and different bacterial lineages are dominant on seagrass
compared to seawater. This result is consistent with previous
studies reporting distinct microbial communities on a range
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of marine hosts compared to the surrounding seawater  (Bengtsson et al, 2017; Crump et al, 2018; Ugarelli et al,
communities, including seaweed (Michelou et al., 2013; Lemay ~ 2019). Our results contrast with a global study of seagrass that
et al, 2018a), sponges (Thomas et al, 2016), and seagrass  found similar microbiome on seagrass leaves using different
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methods (Fahimipour et al., 2017), as discussed in (Crump et al.,
2018).

Differences between seagrass and seawater microbiome
point to the importance of selective mechanisms in microbial
community assembly. The physicochemical properties of
seagrass leaves and seagrass exudates enrich for or select
against particular taxa from the surrounding environment.
Seagrass surfaces are chemically defended by compounds
such as flavonoids, phenolic compounds, and carboxylic acids
(Papazian et al, 2019). Seagrass also exudes nutrients and
dissolved organic carbon, including methanol, that support
abundant bacterial production (Penhale and Thayer, 1980;
Kirchman et al., 1984). Experimental work in seagrass shows
that different cultured isolates grow on seagrass blades compared
to abiotic surfaces (Kurilenko et al., 2007; Papazian et al,
2019), supporting the notion that seagrass leaves are selective
surfaces. Metatranscriptomic analysis highlights matches
between seagrass leaf bacterial metabolism and the plant
chemistry/exudates (Crump et al., 2018).

Almost half of the OTUs in our study were shared between
seagrass and seawater (Figure 2E) and most of the seagrass core
taxa are found at low relative abundance, but still present, in
the water column (Figure 4). Thus, seagrass leaf microbiome
seems to be primarily acquired horizontally via transmission
through the water column, as is also the case for sponges
(Turon et al., 2018), seaweeds, and other marine surfaces (Russell,
2019). Studies of the microbiome in seeds and/or shoots grown
from seed in sterile conditions are needed to investigate vertical
transmission. Transmission of microbes is bidirectional; some
of the microbes detected in seawater, which was sampled just
above the seagrass meadow canopy, surely originated on seagrass.
An additional layer of complication arises because seagrass and
seaweed exudates can influence the microbial composition of the
water column (Lam et al., 2008; Lamb et al., 2017; Chen and
Parfrey, 2018).

Our data is consistent with initial colonization of a
handful of seagrass specialists that feed on the metabolic
by-products of seagrass—particularly methanol and 1-carbon
compounds such as Methylotenera (Kalyuhznaya et al., 2009)
and Piscirickettsiaceae Methylotrophic group 3 (Krolicka et al.,
2017), as well as a potential seagrass symbiont Marinomonas
posidonica (Lucas-Eli¢ et al., 2011) and predicted nitrogen
fixing Rhizobium (Avis et al., 2008). We expected new leaves
to represent a more selective microbial environment because
they are more chemically defended and have lower microbial
biomass (Harrison, 1982; Kurilenko et al., 2001). Further, new
leaves were fully within the protective sheath at the time of
sampling, and thus in much reduced contact with the water
column microbial source pool. Consistent with expectations,
new leaves of Zostera marina harbor reduced microbial diversity
and their microbiome composition is distinct from old leaves
(Figure 2).

As seagrass blades age, they accumulate higher bacterial
loads (Harrison, 1982) and are colonized by diverse micro-
and macroalgae. These biofilms support a diverse array of
bacteria and heterotrophic grazers such as ciliates, copepods,

and rotifers (Segovia et al.,, 2020) that feed on metabolic by-
products or directly on microbial or algal biomass. Although
only 11 core taxa are shared between new and old growth leaves,
many more are shared between old growth leaves and artificial
seagrass (Supplementary Figure 1). Our data suggest that as
Zostera marina leaves age, seagrass microbiome composition
shifts to include more generalist biofilm taxa, along with
seagrass specialists. In contrast with Ettinger et al. (2017),
we found similarities between seagrass leaf- and seaweed
microbiome even at lower taxonomic ranks, since the genera
Blastopirellula and Granulosicoccus, both core to old growth
leaves (Figure4), are also commonly found on seaweeds
(Bondoso et al.,, 2017; Lemay et al., 2018a; Weigel and Pfister,
2019). Research on influence of plant age in terrestrial plants
also show that leaves harbor distinct communities over time,
but contrary to our findings, they seem to resemble the
surrounding (i.e., air and sediment) communities during the
first stages while converging to more unique communities
as they age (Maignien et al., 2014; Copeland et al, 2015).
This difference could be due to new leaves in seagrass being
protected within the sheath and/or more chemically defended, as
mentioned above.

Many taxa overlap between old growth and artificial leaves
(Figure4 Marine surfaces core), including representatives
of  Saprospiraceae,  Flavobacteriaceae  and  additional
Granulosicoccus OTUs, all of which are widespread on
marine surfaces (Burke et al., 2011; Florez et al., 2017; Van
De Water et al., 2018; James et al, 2020). The increase in
generalists is likely due to decreased selectivity of the leaves
with age (Harrison, 1982), coupled with the formation
of a biofilm that enables generalists to colonize (Datta
et al, 2016). It is likely that other marine surfaces are an
important source pool for seagrass leaves as they age, as many
core genera present in old growth leaves are shared with
other hosts.

Additional research, particularly experimental manipulations,
are necessary to uncover the relative importance of host
selectivity and the environment in the microbiome assembly of
seagrass leaves.

Several Core Seagrass Taxa Likely Perform

Important Functions for the Host

We identified core bacteria as those found in more than 50%
of samples for a given sample type, found across regions and
enriched in relation to other sample types. Only a few taxa
associated with seagrass met these criteria and represent the
Zostera core microbiome (Figure 4). Corals also have a small core
microbiome (Hernandez-Agreda et al., 2018) and this is likely a
common phenomenon. Below we discuss potential functions and
distribution of select members of the core.

Only 11 taxa are consistently part of the Zostera core for
both new and old leaves. Most of these core taxa belong to
methylotrophic clades within the Methylophilaceae (genus
Methylotenera) and Piscirickettsiaceae, while Rhizobium,
is usually involved in nitrogen fixation and is known for
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promoting plant growth (Avis et al., 2008). Methylophilaceae
are non-methane oxidizing methylotrophs—which use single-
carbon compounds such as methanol and methylamine
as carbon and energy sources. They have been suggested
to use the methanol released by the methane oxidizing
methanotrophs (Chistoserdova and Kalyuzhnaya, 2018)
and by the seagrass itself—which is a toxic by-product for
the plant—and were found to be an important component
of Z. marina leaf microbiome (Crump et al, 2018).
Other  methylotrophic bacteria—Gammaproteobacteria,
family Piscirickettsiaceae—encompassed half of all core
taxa found in new leaves. Pseudoalteromonas, a common
marine genus that is part of the core of new leaves
(Supplementary Figure 1), shows antibacterial and antialgal
activity, and thus may modulate the establishment of other
species (Lage and Bondoso, 2014). The microbes present in
new leaves could influence the assembly of communities in
old leaves.

Marinomonas appears to be a true associate of seagrass, and
we find Marinomonas in the new growth and overall Zostera core
(Figure 4). This genus has been recently isolated from Zostera
marina leaf tissues from Bodega Bay, California (Ettinger and
Eisen, 2020). Several species of Marinomonas have also been
isolated from the seagrass Posidonia oceanica on the coast of
Spain (Espinosa et al., 2010; Lucas-Eli6 et al., 2011), including
M. posidonica, which is in the core of new leaves here (Figure 4).
Marinomonas posidonica was shown to enhance leaf growth in
P. oceanica likely due to the release of metabolites and nutrients
(Celdran et al., 2012). It has also been registered in leaves of the
seagrass Enhalus acoroides in Papua New Guinea (Hassenriick
et al,, 2015). This indicates that this taxon may have an affinity
for seagrass leaf microbiomes.

Several taxa we identified in the core for old growth and
Zostera overall are common colonizers of marine plants and algae
(Figure 4). The genus Granulosicoccus (Gammaproteobacteria)
is part of the Z. marina core, as well as the marine surfaces
core, encompassing most of the old growth leaves core taxa.
Granulosicoccus was also pervasive across leaf microbiomes
of two Zostera species on the coast of Oregon, US (Crump
et al, 2018), and has been commonly found in association
with seaweeds in the Calvert Island region where we sampled
(Lemay et al, 2018a). Rhodobacteraceae are frequently the
first colonizers of marine surfaces (Dang et al, 2008) and
are found here on both new and old leaves. Several taxa
from this family are in seagrass leaf microbiomes across
different regions [German Baltic Sea coast: (Bengtsson et al.,
2017); Bodega Bay, CA: (Ettinger et al, 2017); coast of
Oregon, US: (Crump et al, 2018)]. Similarly, Blastopirellula
(Planctomycetes) is commonly found on macroalgae across
the globe (Bondoso et al, 2017) and in the core for old
leaves here.

Interestingly, some core OTUs found in old growth leaves
and artificial seagrass are endosymbionts of protists and
invertebrates. This suggests their eukaryotic hosts must also
be common in the seagrass microbiome, demonstrating that
exchange with the microbiome of other organisms also
contributes to the overall diversity of seagrass microbial

communities. For instance, OTUs assigned to “Candidatus
Fritschea” in the order Chlamydiales (family Simkaniaceae)
are among the core of old leaves. Candidatus Fristchea are
obligatory intracellular endosymbionts first found living in
the gut of terrestrial insects (Thao et al, 2003), while two
closely related Chlamydiales symbionts have been identified
from marine environments living in association with the
marine worm Xenoturbella westbladi and the gills of Atlantic
salmon (Israelsson, 2007; Everett, 2014). Caedibacter caryophilus,
core to artificial seagrass, are endosymbionts of the protist
Acanthamoeba (Horn et al., 1999).

Further comparative studies including samples from seagrass
roots, nearby sediments and other marine surfaces are needed
to identify the true habitat range of these core taxa and their
influence on host health.

CONCLUSION

Differences between the seagrass leaf microbiome and the
surrounding seawater and artificial seagrass, together with the
consistent core assemblage across tissue age and regions, all
point to host selectivity being an important process in the
microbiome assembly in seagrass leaves. Microbiome community
structure on new and old growth leaves is distinct; new leaves
are also less diverse with a smaller suite of core, and show
little regional differentiation, in contrast with old leaves that
are spatially more distinct. This points to seagrass leaves being
more selective in newer tissues that are more highly defended. As
seagrass blades age the species pool of colonizers available in each
region more strongly influences the leaf microbiome. Despite
those differences, we found 11 core microbial taxa that persisted
throughout development, showing a strong association with Z.
marina. These core taxa may perform key functions important
for the host such as detoxifying seagrass waste products,
enhancing plant growth, and controlling epiphyte cover. The
functional role of these core taxa should be further investigated
in follow up studies. These findings provide baseline knowledge
of the seagrass microbiome that will inform our understanding of
marine microbiome in this foundational species.
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