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Abstract: Little is known about the seasonal dynamic of archaeal communities and their potential
ecological functions in temperate seagrass ecosystems. In this study, seasonal changes in diversity,
community structure, and potential metabolic functions of benthic archaea in surface sediments of two
seagrass meadows along the northern Bohai Sea in China were investigated using Miseq sequencing
of the 165 rRNA gene and Tax4Fun2 functional prediction. Overall, Crenarchaeota (mainly Bathy-15,
Bathy-8, and Bathy-6) dominated, followed by Thermoplasmatota, Asgardarchaeota, and Halobacterota, in
terms of alpha diversities and relative abundance. Significant seasonal changes in the entire archaeal
community structure were observed. The major phyla Methanobacteria, Nitrosopumilales, and genus
Methanolobus had higher proportions in spring, while MBG-D and Bathyarchaeota were more abundant
in summer and autumn, respectively. Alpha diversities (Shannon and Simpson) were the highest in
summer and the lowest in autumn (ANOVA test, p < 0.05). Salinity, total organic carbon, and total
organic nitrogen were the most significant factors influencing the entire archaeal community. Higher
cellulose and hemicellulose degradation potentials occurred in summer, while methane metabolism
potentials were higher in winter. This study indicated that season had strong effects in modulating
benthic archaeal diversity and functional potentials in the temperate seagrass ecosystems.

Keywords: archaea; seasonality; diversity; ecological functions; seagrass; Bathyarchaeota

1. Introduction

Seagrass is a globally distributed submerged marine angiosperm and plays a key
role in building the coastal ecology that forms a crucial ecotone between marine and
terrestrial environments. Seagrass provides numerous important ecological services [1,2],
including carbon sequestration [3], shoreline protection from erosion [4], and providing
habitats, nurseries, and food for fish and invertebrates [5-8]. As one of the most productive
ecosystems in the world, seagrass meadows benefit from the high turnover rates of organic
matter (OM) and biogeochemical cycling of nutrient elements mediated by microorganisms
in sediment and seawater. The microorganisms inhabiting seagrass meadows have essential
roles in promoting plant growth by producing auxin, liberating nutrients from OM [9],
suppressing pathogens [10,11], and facilitating sulfide detoxification [12]. In such an
ecologically important ecosystem, however, information on less abundant yet equally
crucial archaeal communities remain scarce.

Archaea, one of the three domains of life, are an important contributor to ammonia
oxidation, methane metabolism, and OM degradation [13-15]. Much effort has been made
to understand the genetic diversity and community composition of archaea in coastal
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marine ecosystems using the 165 rRNA gene as a molecular marker [16]. Recently, a spatial
comparison of the archaeal community among seagrass meadows was reported [17,18]. Sea-
grass vegetation selectively enriched Woesearchaeota (Woese-3 and Woese-21), Bathyarchaeota
(Bathy-6 and Bathy-18), as well as methanogenic archaea [18,19], revealing that there is
ecological niche separation of archaeal taxa between seagrass-vegetated and adjacent un-
vegetated sediments [18]. Beyond seagrass ecosystems, the spatial patterns in archaeal
distribution have been described for several coastal marine environments, including the
Antarctic coastal waters [20], mangrove and intertidal wetland mudflats [21,22], the coast
of the North Sea [23], and Shark Bay mats [24]. In contrast to the increasing knowledge
gleaned from spatial variations in archaeal communities and their niche preferences, much
less is known about archaeal seasonal dynamics and their ecological potentials in seagrass
sediments, even though seagrass-associated bacterial and microeukaryotic communities
do exhibit distinct seasonal or annual variations [25,26].

Different archaeal taxa play different ecological roles in coastal marine ecosystems. For
example, several clades of the Thaumarchaeota are capable of acetate assimilation [27]. Mem-
bers of Euryarchaeota are functionally diverse (autotrophs, heterotrophs, chemolithotrophs),
being abundant in marine waters [28]. Several Bathyarchaeota lineages have been suggested
for their capacity for methane production [29], CO, fixation via acetogenesis [30], and
dissimilatory nitrite reduction to ammonium [31]. The efficiency with which archaea fulfill
these functions is undoubtedly affected by their physical and chemical environments,
which vary enormously with seasonal changes in temperate seagrass ecosystems. There-
fore, this raises the question of whether composition and functions of archaeal assemblages
exhibit different seasonal patterns in coastal seagrass sediments.

In this study, we sampled Z. japonica-colonized surface sediments spanning four
seasons from two seagrass habitats around the peninsula of Shandong province on the
northern Chinese Bohai Sea coast, where seasons are climatically highly variable. Seasonal
changes in physicochemical properties were also investigated to identify key environmental
factors that regulate the archaeal community structure (ACS). Based on 165 rRNA gene in-
formation, the differentiation of functional potentials (e.g., carbon fixation and degradation,
and nitrogen, sulfur, and phosphorous metabolisms) among four seasons was predicted.
Here, we addressed the following questions: (i) What is the seasonal distribution pattern
of the archaeal community in Z. japonica meadows? (ii) What are the major environmental
drivers attributed to the seasonal pattern? (iii) Do seasonal changes affect the stability of
archaeal ecological functions? By answering the above questions, we aim to reveal the
seasonal dynamic and ecological functions of benthic archaeal communities in seagrass
Z. japonica ecosystems.

2. Materials and Methods
2.1. Study Site and Sampling

Two seagrass beds of Z. japonica in Weihai City (abbreviation for WH) and Dongy-
ing City (DY) were selected for sampling in temperate coastal areas of northern China
(Figure S1). WH (37°20'56.52” N, 122°36'14.29” E) is a shallow lagoon ecosystem with
an area of 4.8 km?, situated in the southeast of Chengshan Town, Weihai City, Shandong
Peninsula. The sediments are mainly sandy with a mean grain size (GS) of 218.1 um,
rich in OM (Table S1). The annual mean water temperatures are between 1.2 and 29.1 °C,
and salinity is approximately 32.6%o (Table S1). DY (37°51'4.21” N, 119°6’11.05” E) is an
open coast adjacent to the Yellow River Delta, located in Kenli County, Dongying City,
Shandong Province. The seagrass Z. japonica in DY grows on the muddy seafloor with
a mean GS of 95.1 um, together with a high nitrate concentration (Table S1). The annual
water temperatures are between —2 and 29.6 °C, and salinity is approximately 20.3 %o
(Table S1).

A total of 24 (3 samples x 2 sites x 4 seasons) Z. japonica sediment samples from
2 sampling areas across 4 seasons were collected during 2018. At each location, 3 surface
sediments (top 5 cm layer) in Z. japonica-vegetated regions were sampled randomly using
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a custom-made corer (1 cm in diameter) during the low tide period. The homogenized
surface sediments were immediately transported to the laboratory and stored at —80 °C
until DNA extraction.

The measurement methods of physicochemical parameters in overlying water and
sediments were as previously described [32]. Physicochemical parameters of overlying
water include dissolved oxygen (DO), temperature, pH, and salinity; and sedimentary
parameters include GS, total organic carbon (TOC), total organic nitrogen (TON), nitrite,
and nutrients (nitrate, ammonium; Table S1).

2.2. DNA Extraction and ILLUMINA Sequencing

Genomic DNA extraction from the sediment samples was undertaken using the
FastDNA Spin Kit for Soil (MP Biomedical, Santa. Ana, CA, USA) according to the
manufacturer’s recommendations. The V4-V5 hypervariable region of 165 rDNA was
amplified using archaeal universal primers 524F10extF (5-TGYCAGCCGCCGCGGTAA-3)
and Arch958RmodR (5-YCCGGCGTTGAVTCCAATT-3') [33]. Each sample was distin-
guished by a paired specific 6-bp barcode. PCR reaction mixture (20 pL) contained 4 pL of
5 x FastPfu Buffer (Transgen, Beijing, China), 0.8 uL of each primer (5 uM), 2 uL. 2.5 mM
of dNTPs, 0.4 uL of FastPfu polymerase (Transgen), and 10 ng of template DNA. The PCR
was performed with a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA) with an initial
denaturation at 95 °C for 3 min, followed by 27 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s, and elongation at 72 °C for 45 s, with the final extension at
72 °C for 10 min. The PCR products were extracted from 2% agarose gels and purified
using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA).
Paired-end libraries were generated using an NEB Next Ultra DNA Library Prep Kit for
the Illumina MiSeq platform (Illumina, San Diego, CA, USA) by Majorbio Bio-Pharm
Technology Company (Shanghai, China).

2.3. Sequence Processing, Diversity Analysis, and Predicted Functional Profiles

To infer amplicon sequence variants (ASVs), demultiplexed and quality-filtered
reads were processed through the DADA2 pipeline (DADA2 package v1.14.1) [34] in
R (v3.6.3) [35]. We firstly used Cutadapt (v1.18) [36] to trim primer parts of the 165 rRNA
gene sequences. Then, sequence lengths shorter than 180 bp were excluded using the
command filterAndTrim in DADA?2 (with other parameter arguments: maxEE = ¢ (3,5),
maxN = 0, truncQ = 2, rm.phix = TRUE). Error models were generated for filtering for-
ward and reverse reads by using the command learnErrors, which were then used to
infer true sequence variants using the core DADA?2 algorithm with pool argument set to
pseudo. Forward and reverse reads were merged using the command mergePairs, and
chimeras were eliminated using the removeBimeraDenovo command. The IdTaxa com-
mand of package DECIPHER (v2.14.0) [37] was used for taxonomic assignments against
the SILVA_SSU_v138 database.

Sequences assigned into non-archaea and unclassified taxa were removed manually.
Alpha diversity estimators of archaea were measured based on rarefied data using the
phyloseq v1.22.3 package [38]. Rarefaction curves were depicted to assess the effects of
sequencing depth on the obtained species richness. Beta diversity was calculated with
the weighted UniFrac distance and was visualized using principal coordinate analysis
(PCoA) in R with Vegan and ggplot2 packages [39,40]. LEfSe (linear discriminant analysis
effect size) [41] with p-value cutoff 0.05 and LDA size effect value of 3.5 was applied to
discover statistically different biomarkers among four seasons. In order to investigate
seasonal variations of functional potentials of archaeal community, functional profiles were
predicted using the Tax4Fun2 package in R [42]. Tax4Fun2 predicted the functional profiles
by aligning the 165 sequence against the in-built reference dataset to identify the nearest
neighbor. Subsequently, it calculated the metabolic potential by linking the abundance
profile to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) database.
Metabolic pathway abundance was normalized by 165 rRNA gene copy number.
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2.4. Phylogenetic Analysis of Bathyarchaeota Sequences

Since the majority of the sequences were assigned into phylum Bathyarchaeota, phylo-
genetic analyses were performed to further resolve their taxonomic ranks using maximum
likelihood (ML) algorithm. Reference sequences for typical Bathyarchaeota subclades pro-
posed by Zhou et al. [43] were downloaded and aligned with MAFFT v7.4 [44]. The ML
analysis was constructed using the RAXML v8.0 software [45] with 1000 bootstrap replicates
and the GTRGAMMAI model, the best suggested by the jModeltest2 program [46].

2.5. Statistical Analysis

One-way ANOVA with LSD post hoc test was performed to examine the differences
in environment factors, alpha diversity estimators, and functional category of benthic
archaea among four seasons. Spearman’s rank correlation analysis was conducted to test
the associations between the relative abundance of a specific taxon and environmental
variables. All these analyses above were executed using SPSS v.20 software (SPSS, Chicago,
IL, USA).

To test the dissimilarity in ACS among sample groupings, ANOSIM (analysis of
similarity) was performed based on weighted UniFrac metrics, using R with package
Vegan [47]. The relationships between environmental variables and ACS were determined
by conducting redundancy analysis (RDA) and simple Mantel test, using vif.cca and mental
functions of the Vegan package in R, respectively.

3. Results
3.1. Seasonal Variations in Physicochemical Parameters

The average seawater temperature increased up to 29 °C in summer and dropped
to —0.3 °C in winter (ANOVA, p < 0.001). The highest values of pH (8.3) and nitrite
(29.3 umol kg ') were both observed in spring. The ammonium concentrations exhibited
a contrasting trend to temperature, with the highest content in winter (932.6 umol kg 1)
and lowest content in summer (382.6 pumol kg_l). However, other environmental factors
(e.g., pH, GS, salinity, TOC, TON, nitrate) showed no significant difference with seasonal
variations (p > 0.05; Table S1).

3.2. Variations in Alpha Diversity of Benthic Archaea Community

After quality filtering, a total of 1,668 ASVs were generated from 453,806 raw se-
quences derived from 24 samples (Table S2). Based on Good’s coverage, the mean of
sampling completeness was 99.96% (ranging from 99.89 to 99.99%; Table S2), in line with
the species rarefaction curves with clear asymptotes (Figure S2). This suggests that the
majority of the archaeal phylotypes in seagrass sediments were identified.

Alpha diversity estimators of archaea varied greatly among four seasons, with ASV
richness ranging from 126~264, Chaol indices from 126~267, Shannon indices from 5.1~7.1,
and Simpson from 0.92~0.99 (Figure 1). The highest means of Shannon and Simpson
indices were observed in summer, significantly different from those in autumn and winter
(p < 0.049 for Simpson). Nevertheless, there were no considerable differences in ASV
richness and Chaol indices between seasons (p > 0.05, Figure 1).

At a 100% similarity threshold, the ASV numbers were mainly assigned to phylum
Crenarchaeota (68.5% of sequence number), followed by Thermoplasmatota (18%), Asgar-
darchaeota (5.3%), and Halobacterota (1.9%; Figure 2A). The average ASV richness of the
major phyla was calculated individually to examine their seasonal variations (Figure 3),
from which most season-wise differences were statistically significant (p < 0.05), except
for Asgardarchaeota (Figure 3C). Specifically, Halobacterota, Asgardarchaeota, Aenigmarchaeota,
and Euryarchaeota generally had a higher richness in spring than those in other seasons
(Figure 3C-F). Meanwhile, the lowest richness of Crenarchaeota and the highest richness of
Thermoplasmatota were both detected in summer (Figure 3A,B).
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Figure 1. Comparisons of alpha diversity estimators of benthic archaea community. p values are given for the comparisons
among seasons (spring, summer, autumn, and winter) using one-way ANOVA (1 = 6).
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Figure 2. Variations in amplicon sequence variant (ASV) richness and composition of benthic archaeal community in

temperate seagrass meadows. Overall ASV number of different phyla in different seasons (A). Relative proportions of reads
classified at the phylum level across samples collected in four seasons (B).
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Figure 3. Comparisons of amplicon sequence variant (ASV) richness of the archaeal major phyla (A, Crenarchaeota;
B, Thermoplasmatota; C, Asgardarchaeota; D, Halobacterota; E, Aenigmarchaeota; and F, Euryarchaeota) among four seasons.
Mean values with different letters, determined by ANOVA with LSD post hoc test (1 = 6), indicate significant differences
(p £0.05). Abbreviations: Sp, spring; Su, summer; Au, autumn; Wi, winter.

3.3. Archaeal Community Composition and Bathyarchaeota Populations

Overall, the sequences of benthic archaeal communities were dominated by Crenar-
chaeota (68.2% of relative abundance), followed by Thermoplasmatota (24%), Asgardarchaeota
(5.9%), and Halobacterota (1.8%; Figure 2B). The other three taxa (Aenigmarchaeota, Eur-
yarchaeota, and Hydrothermarchaeota) were much rarer, with total proportions less than 1%
(Figure 2B). Within Crenarchaeota, the sequences were primarily assigned to Bathyarchaeota
(60.3% of all archaeal sequences) and class Nitrososphaeria (6.6%). Class Thermoplasmata was
mainly represented by Marine Benthic Group D (MBG-D, 22.5%).

Within Bathyarchaeota, the sequences were classified into six subclades according
to the classification proposed by Zhou et al. [43] (Figure 4). Bathy-15 (36.4% of all ar-
chaea), Bathy-8 (14.7%), and Bathy-6 (7.1%) were the major subclades among all samples
(Figure 4A). In seasonal comparisons, these subclades exhibited a similar pattern in that
they generally had lower relative abundance in summer. In particular, the relative abun-
dance of Bathy-15 was significantly different among seasons (p = 0.002, Figure 4B).
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Figure 4. The proportions of Bathyarchaeota subclades (A). The maximum likelihood (ML) tree based on 165 rRNA genes
shows the phylogeny of Bathyarchaeota subclades, and the bar plots show the specific-taxa relative abundances among four
seasons (1 = 6) (B). Abbreviations: Sp, spring; Su, summer; Au, autumn; Wi, winter.

3.4. Seasonal Variability of Benthic Archaeal Communities in Z. japonica Meadows

The difference in ACS was statistically significant among four seasons (ANOSIM,
p < 0.013; Table 1), regardless of the samples from two habitat types being considered
collectively or separately. In particular, the ACS in summer samples was more divergent
and well separated from other seasons in both habitats (Figure 5). Furthermore, differenti-
ated seasonal distributions of several archaeal taxa were analyzed using LEfSe (Figure 6).
Methanobacteria (within Euryarchaeota), Nitrosopumilales, and their subcategories shown in
the diagram (Figure 6), together with genus Methanolobus, were enriched in the spring.
The phylum Thermoplasmatota, class Thermoplasmata, MBG-D, and uncultured archaeon
affiliated to MBG-D were more abundant in the summer. Besides, Bathyarchaeota (within
Crenarchaeota) and their subordinate order to genus were enriched in relative abundance in
the autumn. However, no clades were consistently presented in the winter (Figure 6).

Table 1. ANOSIM testing the seasonal differences in benthic archaeal community structure based on weighted UniFrac metrics.

All Samples (1 = 6) Within WH (n = 3) Within DY (n = 3)
Grouping

R p R p R 4
Season (global test) 0.337 0.001 0.869 0.001 0.426 0.013
Spring vs. Summer 0.761 0.002 0.761 0.002 0.593 0.100
Spring vs. Autumn —0.02 0.452 —0.020 0.452 0.111 0.500
Spring vs. Winter —0.013 0.432 —0.013 0.432 0.037 0.300
Summer vs. Autumn 0.787 0.002 0.815 0.002 0.630 0.100
Summer vs. Winter 0.759 0.002 0.833 0.002 0.667 0.100
Autumn vs. Winter —0.169 0.959 0.792 0.100 0.111 0.500

Notes: significant p-values (<0.05) are highlighted in bold.

3.5. Environmental Drivers of Variation in Archaeal Community Structure

The effects of environmental variables on benthic ACS were examined using RDA
(Figure 7A) and the simple Mantel test (based on Bray—Curtis and Jaccard distances;
Table S3). When all seasonal data were taken into consideration, the community dis-
similarity was significantly correlated with overall environmental factors measured in this
study (R = 0.378, p = 0.001; Table S3), among which salinity, TOC, and TON were the most
important driving factors both in RDA (p < 0.001, Figure 7A) and the Mantel test (p < 0.006,
Table S3).
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Figure 5. Principal Coordinate Analysis (PCoA) based on the weighted UniFrac distance showing
the differences in community structure of archaea collected from different seasons.
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Figure 6. Taxonomic cladogram indicating the phylogenetic distribution of the archaeal lineages
in terms of season categories; only lineages with linear discriminate analysis (LDA) values > 3.5
(as determined by LEfSe) are displayed (n = 6). Circles of radiation from inside to outside indicate
phylogenetic levels from phyla to genus. Phyla and classes are labeled. The diameter of each small
colored circle is proportional to the relative abundance of the given taxon. Pre-sample normalization
is used to standardize the relative abundance, and all-against-all strategy is used in the step of
multi-class analysis.

Furthermore, the associations between environmental factors and the relative propor-
tion of major archaeal groups were also explored using Spearman’s correlation analyses
(Figure 7B). Among Bathyarchaeota, the relative abundances of Bathy-6 and Bathy-8 were
positively correlated with pH (p > 0.51, p < 0.041), but negatively correlated with TOC, TON,
and salinity concentrations (o < —0.62, p < 0.007). The proportions of Bathy-8 and Bathy-17
were significantly and negatively correlated with sedimentary GS (o < —0.50, p < 0.041).
DSEG, Halobacteria, and Methanosarcinia were more abundant in the sediments with lower
TON and TOC concentrations (p < —0.44, p < 0.033). In contrast, Odinarchaeia and Bathy-1
were richer in the sediments with higher TOC (p > 0.43, p = 0.004), TON (p = 0.43, p = 0.02),
and salinity (p = 0.47, p = 0.03). Additionally, the relative abundance of Lokiarchaeota was
positively related to TOC and salinity (o > 0.49, p = 0.03).
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Figure 7. The redundancy analysis (RDA) plot showing relationships between archaeal community
and environmental variables (A). A heatmap showing correlation coefficients (o) between relative
abundance of major taxa of archaea at class level and environment factors (B). Only significant
correlations (p < 0.05) are shown in both analyses. The values of correlation coefficients are indicated
according to the scale bar. Abbreviations: TOC, total organic carbon; TON, total organic nitrogen; Sal,
salinity; Temp, temperature.

3.6. Seasonal Variation in the Functional Profiles

The seasonality of archaeal potential functions was illustrated using principal com-
ponent analysis (PCA; Figure S3). Genes associated with carbon (including methane) and
sulfur metabolisms in summer were distinct from those in winter (Figure S3). Although
nitrogen metabolism genes were seemingly separated between seasons, spring and winter
samples were grouped more closely (Figure S3). Additionally, genes related to carbon
degradation (cellulases and hemicellulases) showed significantly higher abundance in
summer than those in spring (p < 0.05; Figure 8). The highest proportion of methane
metabolism genes occurred in winter (p < 0.05; Figure 8). Yet, the relative abundances of
genes involved in the Calvin cycle and nitrogen, sulfur, and phosphorous metabolisms did
not exhibit significant differences across seasons (Figure 8).
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Figure 8. Comparisons of the relative proportions of genes involved in key energy path-
ways across four seasons using one-way ANOVA with LSD test (1 = 6). Functional profiles
were predicted from the KEGG hierarchy with Tax4Fun2 [42]. Genes involved in different
metabolic modules are listed in Supplementary Table S4. The error bars indicate stan-
dard errors, and different letters above the bars indicate significant differences (p < 0.05).
Abbreviations: Sp, spring; Su, summer; Au, autumn; Wi, winter.
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4. Discussion

Archaea are an indispensable component of sedimentary ecosystems, playing a crit-
ical role in benthic biogeochemical cycles in seagrass ecosystems [18,48,49]. Exploring
the seasonal dynamic of archaeal communities associated with seagrass meadows could
contribute to a better understanding of ecology features and adaptive mechanisms for
marine archaea. To the best of our knowledge, this study provides the first investigation
of the seasonal distribution patterns of archaeal community assembly, along with their
metabolic functions, in seagrass meadow systems.

In the present study, the relative abundance of Bathyarchaeota was up to 60.3% of the
total archaeal community in Z. japonica meadows (Figure 2). Bathyarchaeota (formerly called
Miscellaneous Crenarchaeota Group, MCG) is widely distributed and highly abundant in
anoxic and organic-rich sediments, including seafloors and estuaries [50,51]. Previous
work reported that the addition of biopolymer lignin could significantly stimulate the
growth of Bathyarchaeota [52]. Lignin is an important component of seagrass cell walls, and
it can be accumulated to a high concentration in seagrass sediments [53-55]. Therefore,
the enrichment of Bathyarchaeota in Z. japonica meadows was probably attributed to the
presence of biopolymer lignin. In return, Bathyarchaeota contributes importantly towards
the degradation of seagrass biomass due to their versatility in metabolic capabilities, which
are capable of using a wide range of substrates, such as plant-derived mono- and polysac-
charides, detrital proteins, methane and methylated compounds, and other recalcitrant
OM [14,31,56].

Although members of Bathyarchaeota were prevalent in the sedimentary environments
of Z. noltii [48] and Z. marina meadows [18,49] as well, Woesearchaeota (42%) dominated the
benthic archaeal community in Z. marina sediments [18]. Within clade Bathyarchaeota, Bathy-
17 dominated in Z. marina sediments, while Bathy-15 dominated in Z. japonica meadows.
These disparities indicated that the distribution patterns of these Bathyarchaeota groups
seemed to be selected by the environmental heterogeneity of different seagrass species.
Z. japonica meadows are often found in intertidal zones with a large GS (156.6 um) and a
relatively low nitrate concentration (24.8 uM), while Z. marina meadows are usually dis-
tributed in subtidal zones that possess a small GS (55.3 pm) and high nitrate concentration
(35.9 uM) [32]. According to the results of Spearman’s correlation, the proportion of Bathy-
17 was positively correlated with nitrate and negatively correlated with GS (Figure 7B),
but Bathy-15 was correlated negatively with nitrate concentrations, consistent with the
niche preference of the two Bathy subclades between seagrass Z. marina [18] and Z. japonica
meadows. Moreover, it has been reported that the growth of Bathy-15 and Bathy-17 was
strongly stimulated by coastal vegetation (seagrass or mangrove) colonization [18,57].
Therefore, we speculated that abiotic factors and biotic factors (species-specific effect of
seagrass) jointly promoted the enrichment of Bathyarchaeota subgroups in different seagrass
systems, but more investigations in situ and physiological studies are necessary to verify
this hypothesis.

The seasonal differences in microbial communities are often characterized by tax-
onomic community composition variations, which are caused by temporary species ac-
quisition during favorable growing seasons and temporary species loss during unfavor-
able conditions [58]. The seasonal difference of physicochemical parameters is a crucial
factor driving the microbial shifts, which may further affect the stability of microbial
ecological function.

In the present study, both alpha (Shannon and Simpson) and beta diversities of
the archaeal community exhibited significant seasonal fluctuations in Z. japonica systems
(Figures 1 and 5; Table 1). The highest archaeal diversity was detected in summer (Figure 1),
corresponding with the peak in OM (TOC and TON) contents (Table S1). Abundant
OM from the decomposition of seagrass litters generally converts into more bioavailable
nutrients [59,60], which support the proliferation of heterotrophic archaea species. Then,
the cohabitation of various metabolic microflora is fueled, developing thriving archaeal
communities in the summertime. Thermoplasmatota is an important contributor to the
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high species richness in summer (Figure 3), which was significantly positive with water
temperature, indicating that some members of Thermoplasmatota have advantages under
high-temperature conditions [61]. Besides, the lowest diversity occurred in the autumn
(Figure 3). With the decrease in nutrients in the autumn, rare taxa are no longer selected
because fast-growing dominant taxa can effectively compete for the available nutrients.
Thus, the low diversity is due to the dominance of a few species, resulting in a low evenness
of the archaeal communities [58].

For the beta diversity, seasonality also separated archaeal communities into corre-
sponding assemblages by PCoA based on the UniFrac matrix method (Figure 5), suggesting
that the sequence abundance of ASVs from each archaeal phylogenetic lineage influenced
the distribution pattern of overall ACS. RDA and the Mantel test (Figure 7A; Table S3) were
applied to delineate any significant correlation between the archaeal community dissimilar
distance matrix and the environment factor distance matrix, and results revealed that
TOC, TON, and salinity were the most important driving factors, significantly correlated
with the archaeal community distribution pattern among all the samples. Based on the
Spearman correlation analysis, TOC, TON, and salinity were also the most prevalent influ-
ential parameters, significantly correlated with the relative abundance of major archaeal
taxa, either positively or negatively. In addition to OM contents, salinity is often the most
vital driver of benthic microbial communities [62]. Archaea in seagrass sediments may be
sensitive to salinity change between seasons for an extensive salinity range from summer
(31.1 & 3.2%o0) to autumn (20.9 £ 4.7 %0 ). Most of the archaea taxa in Z. japonica-colonized
sediments were negatively correlated with salinity, whereas Bathy-1 and Odinarchaeia were
positively correlated with salinity, leading to a potential succession of archaeal community
composition along with salinity change.

The temporal fluctuation of each archaeal phylogenetic lineage plays a role in driving
the seasonal variation of the whole ACS, resulting in corresponding shifts in the commu-
nity’s functions. In this study, several archaeal taxa showed apparent seasonal preference
(Figures 3 and 4), which may be related to the shifts of environmental parameters and
seagrass biomass at different growth stages. Methanogenic archaeal taxa (order Methanobac-
teriales and genus Methanolobus) were more abundant in spring than in other seasons.
However, based on the predictive profiles by Tax4Fun2, archaeal functional potential
related to methane metabolism was much higher in winter (Figure 8), which is likely
induced by the abundant decaying OM (e.g., humic substances) and anaerobic conditions
in winter sediments [63]. On the other hand, low temperatures may inhibit the growth of
methanogens to a certain extent during winter, because the genus Methanolobus have the
most efficient methanogenesis at 15 °C [64], approaching the spring seawater temperature
(12.6 °C) within Z. japonica meadows. Therefore, the elevated temperature and inputs of
various nutrients during spring effectively facilitated methanogenic activities.

Moreover, we observed that MBG-D predominated in archaea groups in the summer
sediments (Figure 6). Lloyd et al. [14] reported that MBG-D single-cell genomes contain
a high content of predicted extracellular peptidases, indicating that they may contribute
significantly to the degradation of detrital peptides in sediments during the vigorous
growth period of seagrass. The Tax4Fun2 predictive profiles showed a marked peak
of relative abundance related to cellulose and hemicellulose degradation genes in the
summer, and subsequently decreased gradually (Figure 8). A similar increase in the gene
abundance of C degradation in summer was also observed in temperate deciduous forest
ecosystems [65]. These results correspond to the increased plant litter in summer and
the decomposition in the following seasons. Curiously, in the eutrophic summer, the
proportions of Bathy-15 significantly descended (Figure 4). The Spearman’s correlation
showed that Bathy-15 was significantly negatively correlated with nitrate, which exhibited
a pronounced peak in the summer. In addition, it has been demonstrated that OM is an
important limiting factor for the growth of Bathy-15 in oligotrophic environments [66].
However, seagrass meadows could provide a high quantity of OM for the growth of
microorganisms. Therefore, the weak correlation between OM (TOC and TON) contents
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and Bathy-15 relative abundance (Figure 7) therein suggested that members of Bathy-15
may selectively assimilate OM in eutrophic environments, such as root exudates [18].
Alternatively, the promoting effect of high OM on other archaeal groups was greater than
that on Bathy-15 [57], like MBG-D mentioned above. Thus, the proportion of Bathy-15
decreased in nitrate- and OM-rich summer.

To investigate potential changes in archaeal function along with season dynamics,
functional profiles were predicted using Tax4Fun2. However, it is important to note that
functional predictions through Tax4Fun2 cannot replace metagenomic or metatranscrip-
tomic sequencing, as it does not represent the true abundance of functional genes. Unlike
bacteria, there are relatively fewer archaeal whole genomes available in environments,
which means that using Tax4Fun?2 to infer functional genes of diverse archaeal lineages
in environmental samples may have poor resolution. Therefore, the high number of
ASVs unused in the Tax4Fun2 prediction was probably caused by the lack of reference
genomes [67]. Our functional profiling showed that the relative abundance of genes in-
volved in carbon, nitrogen, and sulfur cycles ranged from 0.019% to 0.062%, which is
close to the functional abundance of bacteria in mangrove sediments (0.01~0.07%) [60]
and microbial communities in sludge (0.009~0.042%) [68]. The reason for the low abun-
dance of the genes associated with element cycling is that most function predictions are
performed in cellular biological processes (such as amino acid metabolism, carbohydrate
metabolism, protein synthesis, etc.), in which energy metabolism genes occupy the majority
of relative abundances. In addition, the scarcity of available archaeal genomes is also an
important reason [67]. Further work is warranted to determine the accuracy of Tax4Fun2
compared to actual functionality, versus over or under-inflated predictions of pathways
between genes. However, our results may provide a template for further metagenomic or
metatranscriptomic studies on archaeal communities in seagrass sediments.

5. Conclusions

In this study, we examined seasonal effects on the diversity, composition, and func-
tional potentials of the archaeal community in seagrass Z. japonica ecosystems. The high-
throughput sequencing revealed that the overall archaeal communities in sediments were
dominated by Bathyarchaeota, Thermoplasmatota, Asgardarchaeota, and Halobacterota, most
of which showed a statistically significant difference in proportions and species richness
among seasons, indicating strong seasonal variations in archaeal communities. Salinity
and OM contents (TOC and TON) were major driving factors affecting ACS variations.
Additionally, seasonality was also observed on the relative abundance of genes involved
in cellulose and hemicellulose degradation and methane metabolism potentials, indicat-
ing that archaeal potential ecological functions shifted with seasonal changes. This work
supplies a detailed database on the Z. japonica benthic archaeal communities, which can
be used as a benchmark for future studies to measure shifts that are likely to occur due to
anthropogenic interventions and climate changes in temperate seagrass meadows.
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Weihai), which were distributed on the coast of the Bohai Sea, north China; Figure 52: Rarefaction
curves showing the numbers of archaeal observed richness at subsampling of 11,200 MiSeq reads
obtained from 24 seagrass meadow sediment samples. Abbreviations: Sp, Spring; Su, Summer;
Au, Autumn; Wi, Winter; DY, Dongying; WH, Weihai; Figure S3: Principal component analysis
(PCA) showing the seasonal differences of genes involved in carbon, methane, nitrogen, and sulfur
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value represents mean =+ SE; Table S2: Summary of sequences obtained at processing steps; Table S3:
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