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Abstract 

Background  The Zostera marina microbiome plays a crucial role in meadow functioning and resilience. We aim 
at testing if the microbial communities of Z. marina leaves and roots exhibit distinct diversity and succession patterns 
associated to distinct environmental conditions and anthropogenic pressures. Site-specific and temporal changes 
of Z. marina leaf and root microbiomes were assessed in the urban beach of Bouzas and the rural beach of Cesantes 
in NW Spain from March 2021 to March 2022.

Results  The prokaryotic microbiome from leaves significantly differed from that in roots, and 33% of the OTUs were 
shared by both tissues. Significant differences in taxonomic composition were found between Cesantes and Bouzas, 
yet about half of the taxa were common to both locations, suggesting a host-specific core microbiome. Prokary‑
ote diversity in roots was significantly higher than in leaves, and significantly higher in Bouzas than in Cesantes, 
while the diversity in leaves was higher in Cesantes. In Z. marina leaves, the dominant order Granulosicoccales 
was more abundant in Bouzas than in Cesantes, which could be indicative of anthropogenic pressures. Desulfobac-
terota was the dominant microbial group in roots, especially in summer. Many microbial taxa associated to the roots 
were positively correlated with plant growth, suggesting a positive effect of root microbiome on the plant. An appar‑
ent succession pattern was observed in the leaf and, to a lesser extent, root microbiomes in Bouzas, with com‑
munities from the beginning of the growing season (March) strongly resembling between the two sampling years. 
By contrast, leaf and root microbiomes in March largely differed between sampling years in Cesantes, suggesting 
an alteration on the meadow status, which could be associated to extensive macroalgae proliferation. The relative 
abundance of Crenarchaeota, Desulfobacterota, Campylobacterota, Spirochaetota, and Modulibacteria in Z. marina roots 
was relatively higher in Cesantes than in Bouzas, suggesting a more active role of N2 fixation, nitrification and S cycling 
in Cesantes.

Conclusions  Our results suggest that the seagrass microbiome may respond to environmental conditions and sug‑
gest that the temporal monitoring of the prokaryotes associated to roots and leaves may be a valuable tool to assess 
the seagrass meadow ecological and conservation status.
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Background
Seagrasses are marine angiosperms that inhabit shel-
tered, shallow coastal waters globally playing a cru-
cial role in providing essential ecosystem services [57]. 
Among others, these services encompass habitat provi-
sion and nursery grounds, coastal protection, and the 
sequestration of atmospheric CO2 into marine sediments 
[7, 17, 23, 40]. Despite their vital ecological function, 
seagrass ecosystems are increasingly under threat from 
anthropogenic pressures, including mechanical distur-
bances, nutrient over-enrichment, and the far-reaching 
impacts of climate change [60, 80].

Seagrass meadows create complex habitats that sup-
port a wide variety of life forms, colonizing both the 
plant surfaces and the surrounding sediments [19]. This 
biological complexity extends beyond multicellular 
organisms, as diverse microbial communities intricately 
associate with the plants and their environment. These 
microbes interact with their hosts in various ways, collec-
tively forming holobionts or metaorganisms [12, 73, 75]. 
Such interactions are thought to be fundamental to the 
functioning and resilience of these ecosystems, under-
scoring the interconnectedness and dependencies that 
sustain seagrass habitats, enabling them to support biodi-
versity and provide essential ecosystem services, such as 
reducing pathogens and toxic dinoflagellates in the sur-
rounding water [16, 36, 37, 74]. Recently, several culture-
independent surveys of seagrass microbiomes have been 
published, providing valuable initial reference points for 
further work [14, 25, 38, 50, 52, 72, 77]. While these stud-
ies reveal similar overarching findings, such as the poten-
tial existence of core microbiomes, clear differences in 
microbiome composition between the referred studies 
highlight the need for further investigation.

Zostera marina is the most widespread seagrass in tem-
perate coastal zones and estuaries in the North Atlantic 
[68]. It plays a vital ecological role in these ecosystems, 
where seasonal changes strongly influence its growth pat-
terns and physiological responses. In temperate regions, 
Z. marina experiences marked seasonal fluctuations, 
with rapid growth occurring in spring and summer when 
water temperatures and light availability increase, fol-
lowed by a decline in biomass during the colder months 
[5]. These seasonal dynamics are critical for nutrient 
cycling and habitat structure [59].

The Z. marina microbiome plays a crucial role in main-
taining the health, resilience, and ecological function of 
this seagrass species, particularly in temperate ecosys-
tems [22]. Research on Z. marina and other temperate 
seagrass species has shown that the microbial communi-
ties associated with both the leaves and roots contribute 
significantly to nutrient cycling, plant defense, and over-
all stress tolerance [14, 73]. Leaf microbiomes, exposed to 

the surrounding water column, tend to be more variable 
than root microbiomes and to some extent they appear to 
be related to seawater microbiomes [22, 65]. In contrast, 
root microbiomes, embedded in more stable and hetero-
geneous sediment environments, are more diverse and 
less affected by these fluctuations but still undergo shifts 
due to changes in sediment chemistry and organic matter 
input [22, 78]. Despite these observations, the temporal 
succession of these microbial communities across differ-
ent growth stages of the meadow remains poorly under-
stood [42]. How these microbiomes adapt to dynamic 
environmental factors, such as temperature shifts and 
nutrient availability during different seasons, and how 
anthropogenic impacts further shape these interactions, 
remain poorly understood, leaving critical gaps in our 
understanding of the precise roles microbial communi-
ties play in plant health and overall seagrass ecosystem 
dynamics.

Founded on these considerations, we hypothesize that 
the microbial communities associated with Z. marina 
leaves and roots will exhibit distinct diversity and tempo-
ral patterns associated to distinct environmental condi-
tions and anthropogenic pressures.

To test this hypothesis, we explored the temporal 
variation of leaf and root microbiome composition of 
populations of Z. marina located in two nearby coastal 
temperate zones in the Ría de Vigo (NW Spain), which 
potentially differ in anthropization levels: Bouzas beach, 
located in a highly urbanized area, and Cesantes beach, 
located in a rural area. The study seeks to achieve the fol-
lowing objectives: (i) describe the microbial diversity and 
taxonomic composition in Z. marina leaves and roots; 
(ii) compare microbial community composition between 
two sites characterized by different anthropic influence 
(Bouzas and Cesantes), and (iii) analyze the diversity 
and temporal patterns of leaf and root microbiomes and 
how these patterns are related with seagrass traits and 
meadow environmental settings.

Methods
Sample collection
Plants were collected from Bouzas (Latitude: 42.225, 
Longitude: − 8.757) and Cesantes (Latitude: 42.308, Lon-
gitude: − 8.625) in March 2021, April 2021, July 2021, and 
March 2022, during low spring tides. Both sites are situ-
ated in NW Spain, within the Ría de Vigo, a temperate 
estuarine system influenced by strong seasonal upwelling 
events (Fig.  1). The Ría is subjected to significant sea-
sonal variability, with water temperatures ranging from 
approximately 11 °C in winter to 21 °C in summer [6].

In the Bouzas site, the upper intertidal zone is domi-
nated by Zostera noltei, while the lower intertidal 
and subtidal zones are primarily colonized by Zostera 
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marina. In the sampling site in Cesantes, Zostera marina 
occupies both the intertidal and subtidal zones. Bouzas, 
located in the central part of the Ría near the city of Vigo 
and close to the industrial and commercial Port of Vigo, 
experiences a high degree of anthropogenic pressure, 
influenced by urban runoff and extensive human activ-
ity on a heavily impacted beach. Conversely, Cesantes, 
positioned further inland within the Ría, is subject to 
lower anthropogenic influence and faces less urbaniza-
tion and industrialization. A detailed spatial distribution 
of land cover classes in the surroundings (1,000 m radius) 
of the two sampling sites supports the higher level of 
anthrophization in Bouzas compared to Cesantes (Figure 
S1). As a consequence of this anthropogenic influence, 
the sediments close to the marina of Bouzas, near the 

Zostera marina meadow, showed the highest level of cop-
per concentration reported in a study conducted in the 
Ría de Vigo [24]. Both locations present a seasonal varia-
tion in seawater temperature, and temporal variations in 
salinity associated with freshwater inputs, particularly in 
Cesantes (Figure S2).

At each sampling event, three 30-m transects were 
established within the meadows, representing the 
subtidal, upper intertidal, and middle intertidal zones 
(Fig.  1C-D). Along each transect, three sampling areas 
were established, spaced ca. 15 m apart from each other. 
In each of the nine areas, between 5 and 10 plants were 
randomly collected. The distance between the transects 
was also set at 15  m to ensure sufficient spatial cover-
age across the different zones. Following collection, the 

Fig. 1  Maps showing the study area and the sampling locations in the Ría de Vigo (NW Spain) (A, B). Maps depicting the approximate distribution 
of Zostera marina and Zostera noltei meadows in the sampling areas in May 2022, with black lines representing the three sampling transects (C, D)
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plants were immediately placed in seawater-filled con-
tainers and transported to the laboratory under dark con-
ditions to maintain their physiological and morphological 
integrity, ensuring accurate data for further analysis.

Plant and meadow characteristics
Morphometric descriptors were evaluated by randomly 
selecting 10–15 healthy shoots along each transect dur-
ing each sampling, with a spacing of 2–3  m between 
shoots. Measurements included number of leaves per 
shoot (no. leaves shoot−1), leaf area (cm2 shoot−1), and 
rhizome length (cm). Alongside, density (shoots m−2) 
was calculated from 30 cm2 sampling units and later nor-
malized to m2.

Growth was estimated from leaf elongation (cm m−2 
d−1) using the ’punching’ method described by Short 
and Duarte [67]. Two small holes were made in each leaf 
with a hypodermic needle, spaced 2–3 mm apart above 
the plant’s basal meristem. A total of 10–15 shoots were 
randomly selected and marked in each meadow. After 
a period of 28–31  days, the marked shoots were har-
vested and taken to the laboratory. Leaf elongation was 
calculated by measuring the distance between the two 
punched holes and the meristem for each growing leaf. 
Relative growth (d−1) was estimated as leaf area produc-
tion (cm2 shoot−1 d−1) divided by leaf area (cm2 shoot−1). 
Additionally, the percentage of necrosis was determined 
for the second and third youngest leaves on each plant by 
estimating the proportion of damaged tissue compared 
to the total leaf area. This was done by dividing the leaf 
into sections and visually assessing the percentage of the 
leaf surface affected by necrosis.

The biomass of macroalgae in the meadows was esti-
mated from samples collected in one area per transect 
using a 0.30 m2 quadrat. All biomass within the quadrat, 
including seagrasses and macroalgae, was harvested. In 
the laboratory, the samples were carefully processed by 
separating macroalgae from seagrasses and dead mate-
rial. To determine the dry weight of the macroalgae bio-
mass, the samples were dried at 60 °C for seven days and 
subsequently weighed. The resulting biomass data were 
normalized to a square meter.

Photosynthetic efficiency
The photosynthetic efficiency of leaves maintained in 
dark conditions was measured 20–40  min after collec-
tion using a portable Handy Pea (Hansatech) fluorom-
eter (March 2021, April 2021) or a Junior PAM (Walz) 
fluorometer (July 2021, March 2022) using appropriate 
leaf clips. In July we conducted duplicate measurements 
to intercalibrate both instruments rendering a signifi-
cant (ANOVA, p < 0.001) regression (slope = 1.1 ± 0.06, 
r2 = 0.88). Both instruments allow the full range of 

saturation pulse analysis of photosystem II. The maxi-
mum photochemical yield of photosystem II (PSII), Fv/
Fm, was measured in the second youngest leave, and 
three shoots were used per area. The mean from the 
three replicates was calculated for each of the nine areas 
in each meadow and sampling date.

Carbon and nitrogen content in leaves and roots
The nitrogen (N) and carbon (C) concentrations in leaves 
and rhizomes (%) were measured from approximately 
7.0 mg of freeze-dried, finely ground, and homogenized 
material per sample in triplicate. Triplicate samples 
were collected from two randomly selected areas (one 
in March 2021) in each sampling period. The N and 
C content in the leaf and rhizome samples was ana-
lyzed through high-temperature catalytic oxidation at 
900 °C using a PerkinElmer 2400 elemental analyser and 
expressed as percentage of dry weight. To determine the 
dry weight, the biomass was dried at 60 °C for 48 h in an 
oven [67]. The mean variation coefficient for C content 
was 3.8% and 8.1% for leaves and rhizomes, respectively. 
The mean variation coefficient for N content was 8.9% 
and 17.5% for leaves and rhizomes, respectively.

Sediment properties and porewater nutrient analysis
At each sampling area, five undisturbed sediment mini-
cores (2.5  cm diameter) were collected by hand. Cores 
collected from each area were sliced on site (0–1, 1–3, 
3–6 and 6–10  cm depth) and equivalent depths were 
gently mixed inside zip bags. Sediment subsamples were 
collected and stored frozen to determine sediment prop-
erties. The remaining sediment was then used to extract 
porewater samples using Rhizon Soil Moisture Samplers 
(Rizhosphere, The Netherlands) following the cautions 
presented in Ibánhez and Rocha [34]. Nitrate, nitrite, 
phosphate and silicate concentrations in the porewater 
were measured following standard colorimetric methods 
on an Alliance Futura segmented flow autoanalyzer [27]. 
For ammonium, the fluorometric method of Kérouel and 
Aminot [41] was used. The concentration of nutrients 
was then integrated for the sampled sediment column 
(10 cm).

Sediment organic matter content was determined in 
the laboratory using the frozen sediment subsamples. 
Total organic matter content was determined in one area 
per transect using the loss on ignition determination [15].

Microbiome sampling
Only one area per transect was sampled in March 2021, 
while the nine areas were sampled in the other three 
sampling events. Plants for microbiome analyses were 
carefully washed with 0.2 μm filtered seawater to remove 
microbes not attached to the plant. Thereafter leaves and 
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rhizomes/roots were separately stored in sterile plas-
tic bags and flash frozen in liquid N2 for 20 min. Finally, 
samples were stored at -80 ºC until further processing.

DNA extraction and sequence analysis
Only one shoot per section was processed for micro-
biome analysis. 0.25  g of the apical part of the second 
youngest leave or roots were cut under sterile condi-
tions and DNA was extracted with DNeasy® PowerWa-
ter® Kit (Qiagen, Germany) following the manufacturer´s 
protocol. The DNA concentration was quantified using 
Qubit 2.0. fluorometer and the Qubit dsDNA HS assay 
kit (Thermo Fischer Scientific, MA, USA). Mean DNA 
concentration in Bouzas and Cesantes leaves was, respec-
tively, 3.7 ± 0.6 and 2.1 ± 0.3  ng/µl, and DNA concentra-
tion in Bouzas and Cesantes roots  was, respectively, 
10.6 ± 0.9 and 10.3 ± 1.0  ng/µl. Prokaryote community 
composition was assessed by sequencing the V4-V5 
hypervariable region of the 16S rRNA gene using Illu-
mina Miseq platform and a minimum of 2 × 250  bp 
paired-end reads at the Fasteris Laboratory (Geneva, 
Switzerland), using the following primers: 515F-Y (5’-
GTG​YCA​GCMGCC​GCG​GTAA-3’) and 926-R (5’-CCG​
YCA​ATTYMTTT​RAG​TTT-3’) [61].

DNA sequence reads were processed according to the 
MiSeq amplicon analysis workflow described by Loga-
res [49]. Initially, raw reads were corrected using Bayes-
Hammer [56, 66]. Following this, paired-end reads were 
merged with PEAR [85] and then subjected to quality 
control filtering and length check using USEARCH [20]. 
Next, sequences were aligned in the correct 5’-3’ direc-
tion and checked for rDNA signatures using Hidden 
Markov Model (HMM), following the miTags protocol 
[48]. Subsequently, dereplication was performed using 
VSEARCH v2.14.1 [64]. Afterward, the reads were sorted 
by abundance, singletons were discarded, and clustering 
was performed whith UPARSE v1.5 [21]. Then, chimeric 
sequences were identified using the SILVA_138_SSURef_
Nr99 reference database [62] and removed. Thus, 
operational taxonomic units (OTUs) were obtained by 
clustering reads with 99% similarity. Thereafter, reads 
were mapped back to the OTUs to estimate abundance, 
and an OTU table was generated. Finally, OTUs were 
taxonomically classified using BLAST [3] against the 
SILVA database. OTUs with < 200  bp alignment, < 60% 
coverage, < 90% similarity, and > 0.00001 e-values were 
removed, as described in [26, 39]. Taxonomic assignment 
and the OTU table were merged using the R software (R 
Foundation for Statistical Computing, 2023). All OTUs 
assigned to chloroplasts, mitochondria, or eukaryotes 
were removed. The Vegan Package (Oksanen, 2022) in 
R was used for subsampling the OTU table to the low-
est number of reads, 1,945. These sequences are publicly 

available at the NCBI GenBank database under accession 
number PRJNA1210619.

Statistical analyses
A two factor ANOVA test was used to test for differ-
ences in microbial diversity and environmental variables 
between locations and sampling periods for leaves and 
roots separately. Bonferroni test was used for post-hoc 
comparisons. Data were log transformed when necessary 
to fit a normal distribution. Kruskal–Wallis (K-W) test 
was applied when normality was not attained (e.g. nutri-
ent concentrations). T-test was used for comparisons of 
macroalgae biomass, growth, C and N content, necrosis 
and sediment organic matter between the two locations.

The OTU table was subsampled using the rrarefy func-
tion in the Vegan R package [58], and used for calculating 
richness (S), evenness (Pielou’s J), and Shannon diversity 
(H). The Vegan package [58] was used for calculating rel-
ative abundance of different taxa across each sample. The 
web-based tool InteractiVenn was used for the analysis 
of sets through Venn diagrams [30]. The principal coor-
dinate analysis (PCoA) using Bray–Curtis similarities 
was applied to visualize sample ordination based on the 
taxonomic composition of the microbial community. The 
PERMANOVA test was used to test for significant dif-
ferences among sample groups. SIMPER test was used 
to determine which of the top 100 OTU (which contrib-
uted 40% to total read abundance) were responsible for 
the differences in composition between leaves and roots 
and between Bouzas and Cesantes. Relative abundance 
heatmaps were constructed using the R script Com-
plexHeatmap [28]. Correlation heatmaps and associated 
clustering were constructed using Morpheus analysis 
software (https://​softw​are.​broad​insti​tute.​org/​morph​eus). 
Pearson correlation was used to assess the relationship 
between standardized diversity, morpho-/physiological 
and biogeochemical variables (sediment nutrient con-
centration). In this case the clr abundance of major tax-
onomic groups was used to avoid spurious correlations. 
The average Euclidean distance was used for clustering of 
samples and variables in the correlation heatmaps.

Results
Sediment porewater nutrient concentrations and sediment 
organic matter
Depth-integrated sediment porewater dissolved inor-
ganic nitrogen (DIN) concentration, estimated as the 
sum of nitrate, nitrite an ammonium, ranged from 21 μM 
in Cesantes beach in April 2021 to 3,729 μM in Bouzas 
beach in July 2021 (Fig. 2A-B).

On average, 93% of the DIN was in the form of ammonia 
(data not shown). Depth-integrated DIN concentration 
did not differ between both locations (K-W, p = 0.320). 

https://software.broadinstitute.org/morpheus
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By contrast, depth-integrated phosphate concentration 
was significantly higher in Bouzas (11.9 ± 0.7  μM) than 
in Cesantes (6.5 ± 0.5 μM) (K-W, p < 0.001), while silicate 
was significantly higher in Cesantes (52 ± 4  μM) than in 
Bouzas (31 ± 2 μM) (K-W, p < 0.001) (Fig. 2C-F). Nutrient 
concentrations did not significantly differ among sam-
pling periods in Bouzas (K-W, p > 0.09) while silicate con-
centration was significantly higher in July 2021 than in 
the other sampling periods in Cesantes (K-W, p = 0.026). 
The content of organic matter in the sediment was higher 
in Cesantes than in Bouzas (t-test, p < 0.05), except in 
April 2021 (Fig. 3A).

Plant and meadow characteristics
The density of shoots varied from 172 to 340 shoots m−2, 
and there were no significant differences between mead-
ows (Table S1). The maximum photosynthetic efficiency 
of the PSII (Fv/Fm) of the plants was significantly higher 
in Bouzas (0.74 ± 0.1) than in Cesantes (0.70 ± 0.01) 
(ANOVA p < 0.001) (Fig.  2G-H) and showed minimum 
values in July 2021 in the Bouzas meadow and in April 
2021 in the Cesantes population. There were no signifi-
cant differences in leaf area per m2 of meadow (Fig. 2I-J) 
nor in growth (Table  S1) between locations, while rhi-
zome length (Fig. 2I-J) was significantly lower in Bouzas 
than in Cesantes (ANOVA, p = 0.034). Seasonal growth 
patterns differed between locations (Fig.  2K-L). In Bou-
zas, both leaf area and rhizome length were maximum in 
July 2021 and minimum in March 2021 and March 2022 
(i.e., at the beginning of the growing season). By contrast, 
rhizome length was higher in March 2022 than in March 
2021 in Cesantes.

Mean necrosis in leaves did not differ between loca-
tions and was overall higher in March 2021 than in the 
other sampling periods (Table  S1). The macroalgae bio-
mass associated to the meadow was similar at both 
locations with the exception of March 2022, when the 
biomass was significantly higher in Cesantes (Fig. 3B). C 
and N content in leaves was similar between both loca-
tions, rendering a mean C: N of 22 ± 2 in Bouzas and 
21 ± 2 in Cesantes (Table  S2). By contrast, N content in 
rhizomes was significantly higher in Cesantes than in 
Bouzas (t-test, p < 0.001), resulting in a mean C: N of 
60 ± 7 in Bouzas and 32 ± 3 in Cesantes (Table S2).

Microbiome diversity in leaves and roots of Zostera marina
The total number of different OTUs detected after sub-
sampling was 6,812, of which, 3093 (45%) were exclu-
sively present in roots and 1,492 (22%) were only present 
in leaves (Fig, 4). Most OTUs (53%) were common among 
locations, while 24% and 23% were uniquely present in 
Bouzas or Cesantes, respectively (Fig. 4). Only 728 OTUs 
were present in both locations and plant parts. The num-
ber of different OTUs was higher in roots (5,321) than in 
leaves (3,719) (data not shown), of which, 49%, for roots, 
and 43%, for leaves, were common to both locations 
(Fig. 4).

OTU richness (S) in leaves ranged from 239, in July 
2021 in Cesantes, to 705, in March 2021 in Cesantes, 
and mean OTU richness was higher in Cesantes than 
in Bouzas (ANOVA, p = 0.003) (Fig.  5A-B). S in roots 
ranged from 424, in July 2021 in Cesantes, to 840, in 
July 2021 in Bouzas, and mean OTU richness was sig-
nificantly higher in Bouzas (688 ± 13) than in Cesantes 
(585 ± 19) (ANOVA, p < 0.001) (Fig.  5C-D). In Bouzas, 
mean S was minimum in leaves and maximum in roots 
in April 2021. In Cesantes a significant downward trend 
in S was observed both for leaves and roots along the 
study period. Shannon diversity (H) and Pielou’s index 
(J) followed very similar patterns to those observed in 
S (Fig.  5E-L). Overall, S, H and J were more variable in 
leaves than in roots.

Microbiome composition in leaves and roots of Zostera 
marina
There were significant differences in the microbial com-
munity composition between roots and leaves (PER-
MANOVA, p = 0.001), between sites (PERMANOVA, 
p = 0.001), and between sampling dates (PERMANOVA, 
p = 0.001) (Fig. S3-S4, Fig.  6). The interaction between 
these three factors was also significant (PERMANOVA, 
p = 0.001). By contrast, there were no significant differ-
ences in the microbial community composition among 
intertidal levels (PERMANOVA, p = 0.462 for roots, and 
p = 0.835 for leaves). The microbiome of leaves was sig-
nificantly different between locations (PERMANOVA, 
p = 0.001) (Fig. 6A), although the mean distance between 
sites was minimum in July 2021. In Cesantes, commu-
nity composition was significantly different among all 

(See figure on next page.)
Fig. 2  Box plots showing the concentration of nutrients in sediment porewater fluids (DIN: Dissolved Inorganic Nitrogen; Phosphate and Silicate), 
as well as the photosynthetic efficiency (Fv/Fm), the leaf area, and the rhizome length of plants in Bouzas (A, C, E, G, I, K) and Cesantes (B, D, F, H, 
J, L) during the four sampling periods. Lines within the plots represent the mean value. The bottom and top boundaries of each boxplot indicate 
the 25th and 75th percentiles, respectively. The whiskers are the 5th and 95th percentiles, respectively. Letters in the boxes indicate significantly 
equal mean values within each sampling site according to the post hoc tests (p-value < 0.05). n.s: not significant differences among sampling 
periods
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Fig. 2  (See legend on previous page.)
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sampling dates (PERMANOVA, p < 0.008), while in Bou-
zas, there were no significant differences in the micro-
biome of March 2021 and March 2022 (PERMANOVA, 
p = 0.056). The microbiome of roots was significantly 
different between sites (PERMANOVA, p = 0.001), and 

the seasonal patterns were less marked than in leaves 
(Fig.  6B). In Cesantes, root microbiome did not signifi-
cantly differ between March 2021 and April 2021 (PER-
MANOVA, p = 0.137). In Bouzas, only the microbiome 
of July 2021 significantly differed from that of the other 
sampling dates (PERMANOVA, p < 0.025).

Granulosicoccales (class Gammaproteobacteria), 
Rhodobacterales (class Alphaproteobacteria), Chitin-
ophagales (phylum Bacteroidota) and, to a lesser extent, 
Flavobacteriales (phylum Bacteroidota), dominated 
the microbiome of leaves at both locations (Fig. 7A, C). 
Caulobacterales (class Alphaproteobacteria), Planctomy-
cetota, and Burkholderiales (class Betaproteobacteria) 
were also relatively abundant in leaves. Granulosicoccales 
tended to be more abundant in April 2021 and July 2021 
in Bouzas, and in July 2021 in Cesantes. Granulosicoc-
cales were relatively more abundant in Bouzas than in 
Cesantes, while many other less dominant groups, such as 
Chloroflexi, Spirochaetota, Acidobacteriota, Desulfobac-
terota, Cyanobacteria, Chromatiales (class Gammapro-
teobacteria), Arenicellales (class Gammaproteobacteria), 
Oceanospirillales (class Gammaproteobacteria) and Cau-
lobacterales (class Alphaproteobacteria), were relatively 
more abundant in Cesantes than in Bouzas.

Desulfobacterota, Flavobacteriales (phylum Bacteroi-
dota), Bacteroidales (phylum Bacteroidota), Firmicutes, 

Fig. 3  Sediment organic matter (SOM) (A) and macroalgae biomass (B) in Bouzas and Cesantes meadows during the four sampling periods. Error 
bars represent standard errors. Asterisks indicate significant differences between locations

Fig. 4  Venn diagram showing exclusive and common prokaryote 
taxa among Bouzas leaves, Cesantes leaves, Bouzas roots 
and Cesantes roots

Fig. 5  Box plots showing the richness (S), Shannon diversity index (H) and Pielou’s equitability index (J) in Bouzas (A, C, E, G, I, K) and Cesantes 
(B, D, F, H, J, L) during the four sampling periods. Lines within the plots represent the mean value. The bottom and top boundaries of each 
boxplot indicate the 25th and 75th percentiles, respectively. The whiskers are the 5th and 95th percentiles, respectively. Letters in the boxes 
indicate significantly equal mean values within each sampling site according to the post hoc tests (p-value > 0.05). n.s: not significant differences 
among sampling periods

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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and Spirochaetota were the dominant bacterial taxa on 
roots (Fig.  7B, D). Several Alphaproteobacteria orders 
(Rhodobacterales, Rhizobiales, Caulobacterales), two 
Gammaproteobacteria orders (Alteromonadales, 
Granulosicoccales), Planctomycetota, Cyanobacteria, 
Flavobacteriales (Bacteroidota) and Chitinophagales 
(Bacteroidota) were more abundant in Bouzas than 
in Cesantes. On the other side, Crenarchaeota, other 
Archaea, Campylobacterota, Desulfobacterota, and Mod-
ulibacteria, were more abundant in Cesantes than in 
Bouzas.

According to the SIMPER analysis, 22 of the top 100 
most abundant OTUs explained 50% of the differences 
between the microbiome of leaves and roots and 53% of 
the differences between Bouzas and Cesantes (Fig. S5). 
Granulosicoccus_1 (class Gammaproteobacteria), and 
Saprospiraceae_1 (phylum Bacteroidota), more abun-
dant in leaves and in Bouzas, explained, respectively, 
6.35% and 4.02% of the differences between plant parts 

and 7% and 4% of the differences between locations, 
while Spirochaeta2_1 (phylum Spirochaetota), and Des-
ulforhopalus_1 (phylum Desulfobacterota), dominant 
in roots and in Cesantes, explained, respectively 5.35% 
and 4.79% of the differences between plant parts and 
5.87% and 5.83% of the differences between locations. 
In addition, two Rubidimonas OTUs, were exclusively 
found in Bouzas, contributing to 3% of the top 100 
abundance in their leaves.

Links between microbiome composition and diversity 
indices, plant characteristics and sediment porewater 
nutrients
Pearson correlation revealed a cluster of prokaryotes 
negatively related with microbiome diversity of leaves 
and positively related to the photosynthetic efficiency 
of the plant (Fv/Fm) (Fig. 8A), including Bacteroidales 
(phylum Bacteroidota), Chloroflexi, Campylobacterota, 
Crenarchaeota, Modulibacteria, Granulosicoccales 
(class Gammaproteobacteria), Chitinophagales (phylum 
Bacteroidota), Rhodobacterales (class Alphaproteobac-
teria), Firmicutes, Spirochaetota and Caulobacterales 
(class Alphaproteobacteria). Actinobacteriota and 
Planctomycetota clr abundance was positively related 
with leaf area, and both leaf C content and leaf C: N. A 
second important cluster of prokaryotes included Des-
ulfobacterota, Rhizobiales (class Alphaproteobacteria), 
Cyanobacteria, Chromatiales (class Gammaproteo-
bacteria), Burkholderiales (class Betaproteobacteria), 
Oceanospirillales (class Gammaproteobacteria) and 
Nitrosococcales (class Gammaproteobacteria), which 
mostly related positively with diversity and negatively 
with Fv/Fm. Nitrosococcales strongly and positively 
related with nitrate, nitrite and ammonia in porewaters.

In the case of the root microbiome (Fig.  8B) a clus-
ter including Actinobacteria, Rhodobacterales (class 
Alphaproteobacteria), Chitinophagales (phylum Bacte-
roidota), Granulosicoccales (class Gammaproteobacte-
ria), Planctomycetales (phylum Planctomycetota) and 
Caulobacterales (class Alphaproteobacteria) appeared 
strongly and positively related to diversity indices and 
negatively to silicate concentration in porewaters. By 
contrast, Campylobacterota, Spirochaetota, Alteromo-
nadales (class Gammaproteobacteria), Arenicellales 
(class Gammaproteobacteria) and Nitrosococcales (class 
Gammaproteobacteria) were negatively related with 
diversity indices. Notably, several root microbial phyla 
were positively related with plant growth, including 
Desulfobacterota, Chloroflexi, Cyanobacteria, Myxococ-
cota, Campylobacterota, and Modulibacteria.

Fig. 6  Principal coordinate analysis showing ordination of samples 
according to prokaryote community composition in leaves (A) 
and roots (B)



Page 11 of 16Teira et al. Environmental Microbiome           (2025) 20:98 	

Discussion
According to our expectations, and as previously 
reported in Z. marina and other seagrasses, microbiome 
diversity was higher in roots than in leaves, and prokary-
ote composition was more variable in leaves than in roots 
(e.g., [22, 63, 65, 78]). The higher diversity and the higher 
proportion of exclusive taxa in roots than in leaves is 
likely related to a wider variety of micro-niches around 
the roots, including redox gradients, allowing the recruit-
ment of metabolically diverse microbial taxa [18, 75].

Sulfate-reducing, nitrogen-fixing Desulfobacterota 
and Spirochaetota, including mostly anaerobic bacteria, 
were preferentially present in the root microbiome. Both 
taxa had been previously reported as indicator microbes 
of rhizome and root tissues in seagrasses, reflecting the 
predominately anoxic conditions of seagrass sediments 
[2, 22, 32, 50, 63, 75]. Desulfobacterota and Spirochaetes-
like bacteria, more abundant in the roots of plants from 
Cesantes than in those from Bouzas, have been identified 
as potentially relevant players in mercury methylation in 
low-oxygen sediments [9], suggesting a higher potential 

for production of this neurotoxic compound in the less 
anthropized meadow. Even though there is no published 
information about mercury or methylmercury in the 
studied sediment porewaters, the total amount of mer-
cury and methylmercury in the sediment has been seen 
to be higher in Bouzas than in Cesantes [8]. Notwith-
standing, a recent survey (2023–2024) analysing pore-
waters of eight different beaches along the Ría de Vigo 
found the highest total (> 20  pM) and methylmercury 
concentrations at the Cesantes beach (Andrea G. Bravo, 
personal communication).

The most representative group of leaf microbiome in 
the studied Z. marina meadows was the order Granu-
losicoccales. Members of this order had been previously 
identified as core taxa in Zostera leaves [13, 32, 43, 65] 
and also as dominant microbes on the leaves of sea-
weeds [45, 81], nonetheless, its role within the holobiont 
remains unclear. The detailed description of the genome 
of kelp-associated Granulosicoccus by Weigel et  al. [81] 
revealed that they are extremely versatile motile bacte-
ria, with potential for photoheterotrophy, nitrogen- and 

Fig. 7  Heatmap of the relative abundance of the main prokaryote groups (including phyla to orders) in Bouzas leaves (A), Bouzas roots (B), 
Cesantes leaves (C), and Cesantes roots (D) in each sample during the four sampling periods. The dendrograms in the margins of each heatmap 
represent hierarchical clustering based on Euclidean distance complete linkage
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sulfur-cycling, and cobalamin (B12) synthesis. A recent 
study based on the assemblage of a large number of 
prokaryotic genomes from macroalgae microbiomes 
found that Granulosicoccales contained the largest num-
ber of gene clusters potentially associated to degradative 
pathways of anthropogenic organohalogens [44], which 
would be coherent with the higher abundance of this 
order in Bouzas compared to Cesantes. The exclusive 
presence of two relatively abundant Rubidimonas OTUs 
in Bouzas suggest a distinct status of the two meadows, 
which in part could be related to the differential level 
of anthropogenic pressures. Members of the Rubidi-
monas genus appear to be aerobic heterotrophs that 
can metabolize complex starch molecules [51] and have 
been associated to seagrass wasting disease [33]. Methy-
lotrophic bacteria, capable of metabolizing the metha-
nol produced by the plant [54], are also typically found 
in the core microbiome of seagrass leaves [1, 13]. The 

Burkholderiales detected in this study, including mostly 
methylotrophic bacteria, were more abundant in leaves 
than in roots in both locations. Caulobacterales, which 
have been found to play an important role as decom-
posers of lignin, cellulose and hemicellulose [83], and 
Rhodobacterales, Alteromonadales or Actinobacteriota, 
reported to include algicidal bacteria [36], were also more 
represented in leaves than in roots at both locations.

The relatively high proportion of taxa shared between 
locations (53%) provides support to the previously 
reported specificity of the seagrass microbiome [25, 65, 
75]. Conversely, the differences between the microbiome 
of these two nearby locations also highlight the influence 
of the environment on its composition. For example, 
Sanders-Smith et  al. [65] observed that the microbiome 
was more similar between locations in new leaves, sug-
gesting that the microbiome in the initial phases of leave 
colonization must be more host-specific. Then, in older 

Fig. 8  Pearson correlation heatmap of the main microbial taxa in leaves with sediment nutrient concentrations (nitrite, nitrate, ammonia, silicate 
and phosphate), leaf diversity indices (S, J, H), plant photosynthetic efficiency (Fv/Fm), necrosis, growth, relative growth, and C, N and C:N content 
of leaves (A). Pearson correlation heatmap of the main microbial taxa in roots with sediment nutrient concentrations (nitrite, nitrate, ammonia, 
silicate and phosphate), root diversity indices (S, J, H), rhizome length, growth, relative growth, and C, N and C:N content of rhizomes (B). The 
dendrograms represent clustering of taxa and variables based on average Euclidean distance. Asterisks indicate statistically significant Pearson 
correlations (p-value < 0.05)
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leaves, the differences in the microbiome between loca-
tions are higher and probably more linked to the sur-
rounding environment. In our case, we focused on the 
second youngest leave, which might explain the relatively 
high similarity between the two sampled locations. Spe-
cifically, in our study locations, Zostera marina plants 
typically produce one leaf every 12–15  days in winter 
and every 5–7  days in summer (unpublished data). The 
hypothesis of plants being more selective during the ini-
tial phases of leaf colonization would also explain that the 
highest similarity in leaf microbiome between locations 
as well as the lowest diversity occurs in summer, when 
the growth is also highest, which imply less time for leaf 
colonization. Sanders-Smith et  al. [65] also found lower 
diversity in new than in older leaves.

Interestingly, more microbial taxa from roots, such 
as Desulfobacterota, Chloroflexi, or Campylobacterota, 
appeared to be positively correlated with plant growth 
than those from the leaves, suggesting the potential of 
root microbiota to improve the overall performance of 
seagrasses, possibly through nitrogen fixation or sulfide 
detoxification [53, 73, 75]. Wang et al. [78] also found a 
clear link between the root microbiome and the growth 
of Z. marina in transplant experiments, with lower 
growth rates associated to the removal of the native 
microbiomes. Several photosynthetic taxa in the leaves 
(e.g. Cyanobacteria, Chromatiales) were negatively 
related to the photosynthetic efficiency of the plants (Fv/
Fm), which suggests that some microbial taxa of the phyl-
losphere might be negatively impacting the plant cells.

While seasonal succession has been widely demon-
strated for the microbial community in the phyllosphere 
of terrestrial plants [31], only one study reported sea-
sonal changes in the microbial community of leaves in 
the seagrass Cymodocea nodosa and the macroalga Caul-
erpa cylindracea [42]. This last study did not repeat any 
season, and therefore could not verify the recurrence of 
the seasonal dynamics. Interestingly, our results suggest, 
to our knowledge for the first time, a recurrent pattern in 
the leaf microbiome of Zostera marina. Intriguingly, the 
succession seems to be disrupted in Cesantes, concur-
ring with a drop in richness and diversity, likely reflect-
ing a strong alteration in the meadow status. Even though 
the temporal variability of root microbiome was lower 
than that in leaves, the potential disruption in Cesantes 
could be also appreciated in the roots. Nevertheless, it is 
important to note that more frequent and multiyear sam-
plings would be necessary to corroborate the existence of 
a recurrent seasonal pattern in the plant microbiomes.

The possible disruption of the succession pattern, as 
well as the overall lower richness, diversity, and equitabil-
ity of root microbiome in Cesantes compared to Bouzas 
in March 2022 might be related to the higher amount of 

macroalgae biomass in the former meadow, which was 
ca. fourfold higher in Cesantes than in Bouzas. The sup-
plementary input of organic matter associated to mac-
roalgae growth might subsequently fuel the proliferation 
of fast-growing copiotrophic microbes, altering microbial 
community composition, and reducing the diversity. An 
inverse relationship was indeed observed between the 
richness in roots and the amount of organic matter in 
the sediments. A reduction of bacterial diversity associ-
ated to the selection of copiotrophic taxa, has been con-
sistently reported in soils ([46] and references therein). 
Even though the Cesantes beach is expected to be less 
anthropized than Bouzas beach, nutrient inputs associ-
ated to riverine and continental groundwater discharge 
are higher in Cesantes than in Bouzas [35]. The higher 
nutrient inputs together with the low energy hydrody-
namic conditions in Cesantes, located in the inner part of 
the ría [4], increase the water retention time and favour 
macroalgae proliferation and accumulation compared 
to Bouzas beach. Episodic and extense blooms of green 
seaweeds of the Ulva genus, which may cause severe 
impacts on benthic macrofauna and shell fishing, recur-
rently occur in the inner part of the ria [29, 55]. While 
the seagrass detritus is relatively refractory due to the 
high lignocellulosic compounds, the detritus of macroal-
gae are more labile and may enhance microbial decom-
position [47], creating conditions favourable for nitrogen 
fixation or sulfate reduction (e.g. anoxic conditions). 
Several studies reported higher N fixation rates in the Z. 
marina rhizosphere than in adjacent bare sediments and 
suggested that these rates were mainly sustained by epi-
phytic heterotrophic bacteria and were strongly related 
to sediment organic content [10, 11].

The hypothesis of more anoxic conditions and intensi-
fied N and S cycles in Cesantes than in Bouzas is consist-
ent with the higher sediment organic content and with 
the microbiome composition of roots. The anaerobic 
Modulibacteria, which have been identified as indicators 
of high temperature and low light conditions in seagrass 
meadows [76], were more abundant in Cesantes than 
in Bouzas. Desulfobacterota also showed higher rela-
tive abundance in the root microbiome of the Cesantes 
meadow, compared with Bouzas. These sulfate-reducing 
bacteria appear to be the main nitrogen fixers in roots of 
seagrasses, providing a large fraction of the plant nitro-
gen requirements [69, 82]. The relative abundance of 
Campylobacterota and Crenarchaeota is also higher in 
Cesantes than in Bouzas. Campylobacterota, which may 
also contribute to nitrogen fixation [79], are capable of 
sulfide oxidization using nitrate as electron donor [71], 
while the Crenarchaeota play a major role in ammo-
nia oxidation [84]. The nitrite oxidizers Chloroflexi [70] 
were similarly abundant in the roots of both meadows. A 
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higher nitrogen fixation in Cesantes compared to Bou-
zas could explain the higher N content of the rhizomes, 
regardless of the similar DIN concentration found in 
sediment porewaters at the two sites. Accordingly, Cole 
and McGlathery [11] estimated that nitrogen fixation 
in Z. marina meadows significantly contribute to the N 
demand of the plant.

Conclusions
A close connection was found between microbial taxo-
nomic composition of leaves and roots and seagrass char-
acteristics, suggesting a role of root microbiome on the 
plant growth. A tight coupling between nitrogen and sul-
fur cycles is evident from the root microbiome composi-
tion of the Z. marina meadows, with taxa involved in the 
transformations of these elements being more dominant 
in Cesantes, likely as a result of a high input of macroal-
gae biomass. The exploration of the Z. marina micro-
biome in leaves and roots in these two nearby locations 
differently affected by anthropogenic pressures revealed 
differences in taxonomic composition which strongly 
supports the utility of microbial taxa as early indicators 
of seagrasses ecological status [12, 50]. Further multiyear 
studies would allow defining recurrent seasonal succes-
sion patters, and would set the basis for monitoring sea-
sonal changes, as disruptions of the succession patterns 
may better reflect alterations in the meadows than the 
abundance of particular taxa.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40793-​025-​00760-z.

Additional file1 (PDF 983 KB)

Additional file2 (PDF 194 KB)

Additional file3 (PDF 117 KB)

Additional file4 (PDF 156 KB)

Additional file5 (PDF 75 KB)

Additional file6 (DOCX 17 KB)

Acknowledgements
We thank X.A. Álvarez-Salgado for providing support for all biogeochemical 
analyses. G Méndez and P. Urbieta provided the information on land cover 
classes at the sampling sites. Rocío Blanca created the heatmpas based on 
relative abundance.

Author contributions
ET, EF, PBC conceived and designed the study. ET, EF, ADA, MPL, PBC, CMS, 
JSPI performed the field sampling and sample processing. ET, EDN performed 
bioinformatics and statistical analysis. ET wrote the manuscript and prered the 
figures with contributions from PBC, EF and JSPI. All authors have read, revised, 
and approved the final manuscript.

Funding
This research was partially funded by BIOTOX project (PID2021-125643OB-
C21) and by 101114362—LIFE22-NAT-PT-SeaGrassRIAwild project. Alexandra 
Díaz-Alonso was supported the Spanish Ministry of Universities (FPU research 

fellowship ref. FPU20/00110). Erick Delgadillo acknowledges a predoctoral 
FPI fellowship (PRE2018-085871). Pedro Beca-Carretero was supported by 
the Juan de la Cierva Formación Postdoctoral Fellowship (FJC2019-039583-I). 
Clara Mendoza-Segura was supported by a JAE Intro Fellowship (JAEINT21_
EX_0340) under the framework of the JAE 2021 Program by the CSIC.

Data availability
The sequence data from this study have been deposited at the NCBI GenBank 
database under accession number PRJNA1210619 (https://​www.​ncbi.​nlm.​nih.​
gov/​biopr​oject/​12106​19).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Departamento de Ecoloxía E Bioloxía Animal, Centro de Investigación Mariña, 
Universidade de Vigo, Vigo, Spain. 2 Centro Oceanografico de A Coruña, 
Instituto Español de Oceanografia-CSIC, A Coruña, Spain. 3 Laboratorio de 
Geoquímica Orgánica, IIM-CSIC, Vigo, Spain. 

Received: 15 January 2025   Accepted: 27 July 2025

References
	1.	 Adamczyk EM, O’Connor MI, Parfrey LW. Seagrass (Zostera marina) trans‑

plant experiment reveals core microbiota and resistance to environmen‑
tal change. Mol Ecol. 2022;31(19):5107–23.

	2.	 Aires T, Cúcio C, Brakel J, Weinberger F, Wahl M, Teles A, Engelen AH. 
Impact of persistently high sea surface temperatures on the rhizobiomes 
of Zostera marina in a Baltic Sea benthocosms. Global Change Biol. 
2024;30(5):e17337.

	3.	 Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment 
search tool. J Mol Biol. 1990;215(3):403–10.

	4.	 Álvarez-Iglesias P, Rubio B, Pérez-Arlucea M. Reliability of subtidal sedi‑
ments as “geochemical recorders” of pollution input: San Simón Bay (Ría 
de Vigo, NW Spain). Estuar Coast Shelf Sci. 2006;70(3):507–21.

	5.	 Beca-Carretero P, Stanschewski CS, Julia-Miralles M, Sanchez-Gallego A, 
Stengel DB. Temporal and depth-associated changes in the structure, 
morphometry and production of near-pristine Zostera marina meadows 
in western Ireland. Aquat Bot. 2019;155:5–17.

	6.	 Beca-Carretero PP, Otero J, Land PE, Groom S, Álvarez-Salgado XA. 
Seasonal and inter-annual variability of net primary production in the 
NW Iberian margin (1998–2016) in relation to wind stress and sea surface 
temperature. Prog Oceanogr. 2019;178: 102135.

	7.	 Barbier EB, Hacker SD, Kennedy C, Koch EW, Stier AC, Silliman BR. 
The value of estuarine and coastal ecosystem services. Ecol Monogr. 
2011;81(2):169–93.

	8.	 Canário J, Prego R, Vale C, Branco V. Distribution of mercury and mono‑
methylmercury in sediments of Vigo Ria, NW Iberian Peninsula. Water Air 
Soil Pollut. 2007;182(1):21–9.

	9.	 Capo E, Bravo AG, Soerensen AL, Bertilsson S, Pinhassi J, Feng C, Björn E. 
Deltaproteobacteria and Spirochaetes-like bacteria are abundant puta‑
tive mercury methylators in oxygen-deficient water and marine particles 
in the Baltic Sea. Front Microbiol. 2020;11:574080.

	10.	 Capone DG, Budin JM. Nitrogen fixation associated with rinsed roots and 
rhizomes of the eelgrass Zostera marina. Plant Physiol. 1982;70:1601–4.

	11.	 Cole LW, McGlathery KJ. Nitrogen fixation in restored eelgrass meadows. 
Mar Ecol Prog Ser. 2012;448:235–46.

https://doi.org/10.1186/s40793-025-00760-z
https://doi.org/10.1186/s40793-025-00760-z
https://www.ncbi.nlm.nih.gov/bioproject/1210619
https://www.ncbi.nlm.nih.gov/bioproject/1210619


Page 15 of 16Teira et al. Environmental Microbiome           (2025) 20:98 	

	12.	 Conte C, Rotini A, Manfra L, D’Andrea MM, Winters G, Migliore L. The 
seagrass holobiont: what we know and what we still need to disclose for 
its possible use as an ecological indicator. Water. 2021;13(4):406.

	13.	 Crump BC, Wojahn JM, Tomas F, Mueller RS. Metatranscriptomics and 
amplicon sequencing reveal mutualisms in seagrass microbiomes. Front 
Microbiol. 2018;9:388.

	14.	 Cúcio C, Engelen AH, Costa R, Muyzer G. Rhizosphere microbiomes 
of European seagrasses are selected by the plant, but are not species 
specific. Front Microbiol. 2016;7:440.

	15.	 Dean WE. Determination of carbonate and organic matter in calcareous 
sediments and sedimentary rocks by loss on ignition: Comparison with 
other methods. J Sediment Res. 1974;44:242–8.

	16.	 Díaz-Alonso A, Rodríguez F, Riobó P, Álvarez-Salgado X, Teira E, Fernández 
E. Response of the toxic dinoflagellate Alexandrium minutum to exu‑
dates of the eelgrass Zostera marina. Harmful Algae. 2024;133: 102605.

	17.	 do Amaral Camara Lima M, Bergamo TF, Ward RD, Joyce CB. A review 
of seagrass ecosystem services: providing nature-based solutions for a 
changing world. Hydrobiologia. 2023;850(12):2655–70.

	18.	 Duarte CM, Holmer M, Marbà N. Plant–microbe interactions in seagrass 
meadows. Int Between Macro- Microorganisms Marine Sediments. 
2005;60:31–60.

	19.	 Duffy JE. Biodiversity and the functioning of seagrass ecosystems. Mar 
Ecol Prog Ser. 2006;311:233–50.

	20.	 Edgar RC. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics. 2010;26(19):2460–1.

	21.	 Edgar RC. UPARSE: highly accurate OTU sequences from microbial ampli‑
con reads. Nat Methods. 2013;10:996–8.

	22.	 Fahimipour AK, Kardish MR, Lang JM, Green JL, Eisen JA, Stachowicz JJ. 
Global-scale structure of the eelgrass microbiome. Appl Environ Micro‑
biol. 2017;83(12):e03391-e3416.

	23.	 Fourqurean JW, Duarte CM, Kennedy H, Marbà N, Holmer M, Mateo MA, 
Serrano O. Seagrass ecosystems as a globally significant carbon stock. Nat 
Geosci. 2012;5(7):505–9.

	24.	 García A, Bernárdez P, Prego R. Copper in Galician ria sediments: natural 
levels and harbour contamination. Sci Mar. 2013;77(Suppl 1):91–9.

	25.	 Garcias-Bonet N, Eguíluz VM, Díaz-Rúa R, Duarte CM. Host-association 
as major driver of microbiome structure and composition in Red Sea 
seagrass ecosystems. Environ Microbiol. 2021;23(4):2021–34.

	26.	 Gutiérrez-Barral A, Teira E, Hernández-Ruiz M, Fernández E. Response of 
prokaryote community composition to riverine and atmospheric nutri‑
ents in a coastal embayment: role of organic matter on Vibrionales. Estuar 
Coast Shelf Sci. 2021;251: 107196.

	27.	 Grasshoff, K., Kremling, K., & Ehrhardt, M. (1999). Methods of seawater 
analysis Wiley. New York, 600.

	28.	 Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and 
correlations in multidimensional genomic data. Bioinformatics. 
2016;32(18):2847–9.

	29.	 Harris RJ, Niemand C, Pilditch CA. Decomposing macrialgae (Ulva spp) 
impacts benthic macrofauna and surface sediment erosion. Geo-Mar 
Lett. 2020;40:281–94.

	30.	 Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R. InteractiVenn: 
a web-based tool for the analysis of sets through Venn diagrams. BMC 
Bioinfo. 2015;16:169.

	31.	 Huang WF, Li J, Huang JA, Liu ZH, Xiong LG. Research progress on 
seasonal succession of phyllosphere microorganisms. Plant Sci. 
2023;338:111898.

	32.	 Hurtado-McCormick V, Kahlke T, Petrou K, Jeffries T, Ralph PJ, Seymour JR. 
Regional and microenvironmental scale characterization of the Zostera 
muelleri seagrass microbiome. Front Microbiol. 2019;10:1011.

	33.	 Hurtado-McCormick V, Krix D, Tschitschko B, Siboni N, Ralph PJ, Seymour 
JR. Shifts in the seagrass leaf microbiome associated with wasting disease 
in Zostera muelleri. Mar Freshw Res. 2021;72(9):1303–20.

	34.	 Ibánhez JSP, Rocha C. Porewater sampling for NH4+ with Rhizon soil 
moisture samplers (SMS): potential artifacts induced by NH4+ sorption. 
Freshw Sci. 2014;33(4):1195–203.

	35.	 Ibánhez JSP, Álvarez-Salgado XA, Nieto-Cid M, Rocha C. Fresh and saline 
submarine groundwater discharge in a large coastal inlet affected by 
seasonal upwelling. Limnol Oceanogr. 2021;66(6):2141–58.

	36.	 Inaba N, Trainer VL, Onishi Y, Ishii KI, Wyllie-Echeverria S, Imai I. Algicidal 
and growth-inhibiting bacteria associated with seagrass and macroalgae 
beds in Puget Sound, WA, USA. Harmful Algae. 2017;62:136–47.

	37.	 Jacobs-Palmer E, Gallego R, Ramón-Laca A, Kunselman E, Cribari K, 
Horwith M, Kelly RP. A halo of reduced dinoflagellate abundances in and 
around eelgrass beds. PeerJ. 2020;8: e8869.

	38.	 Jiang YF, Ling J, Dong JD, Chen B, Zhang YY, Zhang YZ, Wang YS. Illumina-
based analysis the microbial diversity associated with Thalassia hemp‑
richii in Xincun Bay, South China Sea. Ecotoxicology. 2015;24:1548–56.

	39.	 Justel-Díez M, Delgadillo-Nuño E, Gutiérrez-Barral A, García-Otero P, 
Alonso-Barciela I, Pereira-Villanueva P, Fernández E. Inputs of seabird 
guano alter microbial growth, community composition and the phyto‑
plankton–bacterial interactions in a coastal system. Environ Microbiol. 
2023;25(6):1155–73.

	40.	 Kennedy H, Beggins J, Duarte CM, Fourqurean JW, Holmer M, Marbà N, 
Middelburg JJ. Seagrass sediments as a global carbon sink: Isotopic con‑
straints. Global Biogeochem Cycles. 2010. https://​doi.​org/​10.​1029/​2010G​
B0038​48.

	41.	 Kérouel R, Aminot A. Fluorometric determination of ammonia in sea 
and estuarine waters by direct segmented flow analysis. Mar Chem. 
1997;57(3–4):265–75. https://​doi.​org/​10.​1016/​S0304-​4203(97)​00040-6.

	42.	 Korlević M, Markovski M, Zhao Z, Herndl GJ, Najdek M. Seasonal dynamics 
of epiphytic microbial communities on marine macrophyte surfaces. 
Front Microbiol. 2021;12: 671342.

	43.	 Kurilenko VV, Christen R, Zhukova NV, Kalinovskaya NI, Mikhailov VV, 
Crawford RJ, Ivanova EP. Granulosicoccus coccoides sp. nov., isolated 
from leaves of seagrass (Zostera marina). Int J Syst Evolut Microbiol. 
2010;60(4):972–6.

	44.	 Lavecchia A, Fosso B, Engelen AH, Borin S, Manzari C, Picardi E, Placido A. 
Macroalgal microbiomes unveil a valuable genetic resource for halogen 
metabolism. Microbiome. 2024;12(1):47.

	45.	 Lemay MA, Martone PT, Hind KR, Lindstrom SC, Wegener Parfrey L. Alter‑
nate life history phases of a common seaweed have distinct microbial 
surface communities. Mol Ecol. 2018;27(17):3555–68.

	46.	 Liu W, Jiang L, Yang S, Wang Z, Tian R, Peng Z, Liu L. Critical transition of 
soil bacterial diversity and composition triggered by nitrogen enrich‑
ment. Ecology. 2020;101(8):e03053.

	47.	 Liu S, Trevathan-Tackett SM, Ewers Lewis CJ, Huang X, Macreadie PI. Mac‑
roalgal blooms trigger the breakdown of seagrass blue carbon. Environ 
Sci Technol. 2020;54(22):14750–60.

	48.	 Logares R, Sunagawa S, Salazar G, Cornejo-Castillo FM, Ferrera I, Sarmento 
H, Acinas SG. Metagenomic 16S rDNA Illumina tags are a powerful 
alternative to amplicon sequencing to explore diversity and structure of 
microbial communities. Environ Microbiol. 2014;16(9):2659–71.

	49.	 Logares, R. (2017). Workflow for Analysing MiSeq Amplicons Based on 
Uparse V1. vol 5

	50.	 Martin BC, Alarcon MS, Gleeson D, Middleton JA, Fraser MW, Ryan MH, 
Kilminster K. Root microbiomes as indicators of seagrass health. FEMS 
Microbiol Ecol. 2020;96(2):fiz201.

	51.	 McIlroy, S. J., & Nielsen, P. H. (2014). The family saprospiraceae. The 
Prokaryotes: Other Major Lineages of Bacteria and The Archaea.[4th ed.], 
863–889.

	52.	 Mejia AY, Rotini A, Lacasella F, Bookman R, Thaller MC, Shem-Tov R, 
Migliore L. Assessing the ecological status of seagrasses using morphol‑
ogy, biochemical descriptors and microbial community analyses. A study 
in Halophila stipulacea (Forsk.) Aschers meadows in the northern Red 
Sea. Ecol Indicat. 2016;60:1150–63.

	53.	 Miranda K, Weigel BL, Fogarty EC, Veseli IA, Giblin AE, Eren AM, Pfister CA. 
The diversity and functional capacity of microbes associated with coastal 
macrophytes. Msystems. 2022;7(5):e00592-e622.

	54.	 Nemecek-Marshall M, MacDonald RC, Franzen JJ, Wojciechowski CL, Fall 
R. Methanol emission from leaves (enzymatic detection of gas-phase 
methanol and relation of methanol fluxes to stomatal conductance and 
leaf development). Plant Physiol. 1995;108(4):1359–68.

	55.	 Niell, F. X., Fernández, C., Figueroa, F. L., Figueiras, F. G., Fuentes, J. M., 
Pérez-Llorens, J. L., Jiménez, C. (1996). Spanish Atlantic coasts. Marine 
benthic vegetation: recent changes and the effects of eutrophication, 
265–281.

	56.	 Nikolenko SI, Korobeynikov AI, Alekseyev MA. BayesHammer: Bayesian 
clustering for error correction in single-cell sequencing. BMC Genomics. 
2013;14(Suppl 1):S7.

	57.	 Nordlund LM, Koch EW, Barbier EB, Creed JC. Seagrass ecosystem services 
and their variability across genera and geographical regions. PLoS ONE. 
2016;11(10): e0163091. https://​doi.​org/​10.​1371/​journ​al.​pone.​01630​91.

https://doi.org/10.1029/2010GB003848
https://doi.org/10.1029/2010GB003848
https://doi.org/10.1016/S0304-4203(97)00040-6
https://doi.org/10.1371/journal.pone.0163091


Page 16 of 16Teira et al. Environmental Microbiome           (2025) 20:98 

	58.	 Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., Wagner, H. (2022). vegan: Community Ecology Package. R package 
version 2.5–7. 2020. Preprint at, 3–1.

	59.	 Olesen, B., & Sand-Jensen, K. A. J. (1994). Demography of shallow eelgrass 
(Zostera marina) populations--shoot dynamics and biomass develop‑
ment. Journal of Ecology, 379–390.

	60.	 Orth RJ, Carruthers TJ, Dennison WC, Duarte CM, Fourqurean JW, Heck 
KL, Williams SL. A global crisis for seagrass ecosystems. Bioscience. 
2006;56(12):987–96.

	61.	 Parada AE, Needham DM, Fuhrman JA. Every base matters: assess‑
ing small subunit rRNA primers for marine microbiomes with mock 
communities, time series and global field samples. Environ Microbiol. 
2016;18(5):1403–14.

	62.	 Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Glöckner FO. The 
SILVA ribosomal RNA gene database project: improved data processing 
and web-based tools. Nucleic Acids Res. 2012;41(D1):D590–6.

	63.	 Rabbani G, Yan BC, Lee NLY, Ooi JLS, Lee JN, Huang D, Wainwright BJ. Spa‑
tial and structural factors shape seagrass-associated bacterial communi‑
ties in Singapore and Peninsular Malaysia. Front Mar Sci. 2021;8: 659180.

	64.	 Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile open 
source tool for metagenomics. PeerJ. 2016;4: e2584.

	65.	 Sanders-Smith R, Segovia BT, Forbes C, Hessing-Lewis M, Morien E, Lemay 
MA, Parfrey LW. Host-specificity and core taxa of seagrass leaf microbi‑
ome identified across tissue age and geographical regions. Front Ecol 
Evolut. 2020;8:605304.

	66.	 Schirmer M, Ijaz UZ, D’Amore R, Hall N, Sloan WT, Quince C. Insight into 
biases and sequencing errors for amplicon sequencing with the Illumina 
MiSeq platform. Nucleic Acids Res. 2015;43(6):e37–e37.

	67.	 Short FT, Duarte CM. Methods for the measurement of seagrass growth 
and production. Global Seagrass Res Methods. 2001;2001:155–98.

	68.	 Short F, Carruthers T, Dennison W, Waycott M. Global seagrass dis‑
tribution and diversity: a bioregional model. J Exp Mar Biol Ecol. 
2007;350(1–2):3–20.

	69.	 Smith AC, Kostka JE, Devereux R, Yates DF. Seasonal composition and 
activity of sulfate-reducing prokaryotic communities in seagrass bed 
sediments. Aquat Microb Ecol. 2004;37(2):183–95.

	70.	 Sorokin DY, Lücker S, Vejmelkova D, Kostrikina NA, Kleerebezem R, Rijpstra 
WIC, Daims H. Nitrification expanded: discovery, physiology and genom‑
ics of a nitrite-oxidizing bacterium from the phylum Chloroflexi. ISME J. 
2012;6(12):2245–56.

	71.	 Sun QL, Xu K, Cao L, Du Z, Wang M, Sun L. Nitrogen and sulfur cycling 
driven by Campylobacterota in the sediment–water interface of deep-sea 
cold seep: a case in the South China Sea. MBio. 2023;14(4):e00117-e123.

	72.	 Szitenberg A, Beca-Carretero P, Azcárate-García T, Yergaliyev T, Alexander-
Shani R, Winters G. Teasing apart the host-related, nutrient-related and 
temperature-related effects shaping the phenology and microbiome of 
the tropical seagrass Halophila stipulacea. Environ Micro. 2022;17(1):18.

	73.	 Tarquinio F, Hyndes GA, Laverock B, Koenders A, Säwström C. The seagrass 
holobiont: understanding seagrass-bacteria interactions and their role in 
seagrass ecosystem functioning. FEMS Microbiol Lett. 2019;366(6):fnz057.

	74.	 Tasdemir D, Scarpato S, Utermann-Thüsing C, Jensen T, Blümel M, Wenzel-
Storjohann A, Echelmeyer VA. Epiphytic and endophytic microbiome of 
the seagrass Zostera marina: do they contribute to pathogen reduction 
in seawater? Sci Total Environ. 2024;908:168422.

	75.	 Ugarelli K, Chakrabarti S, Laas P, Stingl U. The seagrass holobiont and its 
microbiome. Microorganisms. 2017;5(4):81.

	76.	 Vogel MA, Mason OU, Miller TE. Environmental stressors alter the compo‑
sition of seagrass phyllosphere microbial communities. Climate Change 
Ecol. 2021;2: 100042.

	77.	 Wang L, Tomas F, Mueller RS. Nutrient enrichment increases size of Zos‑
tera marina shoots and enriches for sulfur and nitrogen cycling bacteria 
in root-associated microbiomes. FEMS Microbiol Ecol. 2020;96(8):fiaa129.

	78.	 Wang L, English MK, Tomas F, Mueller RS. Recovery and community 
succession of the Zostera marina rhizobiome after transplantation. Appl 
Environ Microbiol. 2021;87(3):e02326-e2420.

	79.	 Wang S, Jiang L, Zhao Z, Chen Z, Wang J, Alain K, Shao Z. Chemolitho‑
autotrophic diazotrophs dominate dark nitrogen fixation in mangrove 
sediments. ISME J. 2024;18(1):wrae119.

	80.	 Waycott M, Duarte CM, Carruthers TJ, Orth RJ, Dennison WC, Olyarnik S, 
Williams SL. Accelerating loss of seagrasses across the globe threatens 
coastal ecosystems. Proc Nat Acad Sci. 2009;106(30):12377–81.

	81.	 Weigel BL, Miranda KK, Fogarty EC, Watson AR, Pfister CA. Functional 
insights into the kelp microbiome from metagenome-assembled 
genomes. Msystems. 2022;7(3):e01422-e1521.

	82.	 Welsh DT. Nitrogen fixation in seagrass meadows: regulation, plant–
bacteria interactions and significance to primary productivity. Ecol Lett. 
2000;3(1):58–71.

	83.	 Wilhelm RC, Singh R, Eltis LD, Mohn WW. Bacterial contributions to delig‑
nification and lignocellulose degradation in forest soils with metagen‑
omic and quantitative stable isotope probing. ISME J. 2019;13(2):413–29.

	84.	 Wuchter C, Abbas B, Coolen MJ, Herfort L, van Bleijswijk J, Timmers P, Sin‑
ninghe Damsté JS. Archaeal nitrification in the ocean. Proc Nat Acad Sci. 
2006;103(33):12317–22.

	85.	 Zhang J, Kobert K, Flouri T, Stamatakis A. PEAR: a fast and accurate Illu‑
mina Paired-End reAd mergeR. Bioinformatics. 2014;30(5):614–20.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Contrasting diversity and temporal patterns in leaf and root microbiome of two nearby temperate Zostera marina meadows
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Sample collection
	Plant and meadow characteristics
	Photosynthetic efficiency
	Carbon and nitrogen content in leaves and roots
	Sediment properties and porewater nutrient analysis
	Microbiome sampling
	DNA extraction and sequence analysis
	Statistical analyses

	Results
	Sediment porewater nutrient concentrations and sediment organic matter
	Plant and meadow characteristics
	Microbiome diversity in leaves and roots of Zostera marina
	Microbiome composition in leaves and roots of Zostera marina
	Links between microbiome composition and diversity indices, plant characteristics and sediment porewater nutrients

	Discussion
	Conclusions
	Acknowledgements
	References


