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ABSTRACT

Environmental DNA (eDNA) metabarcoding is widely used in biodiversity monitoring, and its popularity is also growing because
of its potential to simultaneously detect multiple taxonomic groups, allowing holistic community assessments. When working
with water samples, the choice of the filter type is one of the key methodological factors influencing community characterization,
with 0.22 pm pore size filters typically used for microbial communities and larger filters for eDNA of larger organisms. However,
as holistic community assessments are increasingly adopted, the use of a single filter pore size would help to optimize sampling
and experimental efforts. Yet, it remains unclear whether filters with large pore sizes can effectively capture both microbial and
macro-organism eDNA. This study evaluates the use of 0.45um filters, commonly used for metazoan eDNA metabarcoding, in
assessing microbial diversity across different coastal environments. Replicates of water samples from the Venice Lagoon and
nearby waters were filtered independently using both 0.45um and the standard 0.22 um pore size filters and analyzed through
16S rRNA gene metabarcoding. Both filters capture a shared core microbial community, but they also retain distinct taxa. Alpha
diversity was significantly higher in samples collected with the 0.45um filters, which also showed a more effective recovery of
particle-associated microbes. Our work contributes to optimizing eDNA-based methodologies for large-scale multi-taxa biodiver-
sity monitoring, demonstrating that 0.45 um filters can effectively capture microbial diversity and supporting their use in holistic
studies in aquatic environments.

1 | Introduction

Environmental DNA (eDNA) metabarcoding revolutionized bio-
diversity monitoring, outperforming traditional methods such
as visual surveys, manual collection, and morphological iden-
tification, allowing the assessment of large-scale biodiversity
data (Fediajevaite et al. 2021). Pioneering studies of microbial
diversity and evolution (Olsen et al. 1986; Pace et al. 1986) gave
rise to the field of molecular microbial ecology and reshaped

our understanding of microbial biodiversity and its significance.
After more than two decades, molecular approaches for detect-
ing individual species or characterizing communities from en-
vironmental samples have been extended to macro-organisms
(Ficetola et al. 2008; Pompanon et al. 2012; Senstebg et al. 2010).
With the rapid expansion of eDNA metabarcoding studies in re-
cent years, the focus has shifted from single target groups such
as fish (Cananzi et al. 2022) or invertebrates (Klymus et al. 2017;
Martino et al. 2025) to a more comprehensive assessment of the
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entire ecological community in the so-called holistic or “tree of
life” studies (Djurhuus et al. 2020; Ficetola and Taberlet 2023;
Xu et al. 2023). By integrating information from multiple lev-
els of biodiversity, ideally starting from a single sample, this
latter approach aims at the identification of entire communities
within an environment—from microbes to larger organisms
(Coble et al. 2019; Miya 2022; Zhang et al. 2020)—supporting
comprehensive ecosystem evaluations, useful to reveal species
co-occurrence patterns across taxonomic domains and their
shifts in response to environmental changes (Cook et al. 2025).

When eDNA is collected from water samples, it would be pref-
erable to perform holistic assessments using a single type of
filter capable of capturing eDNA of different organisms, avoid-
ing repeated filtration and ensuring that all taxonomic groups
are analyzed from the same water sample. The need for opti-
mization becomes even more relevant as eDNA metabarcoding
is increasingly adopted as a standard tool for wide biodiversity
monitoring (Collins et al. 2022; Deiner et al. 2017; He et al. 2023;
Taberlet 2018) thanks to its ability to assess ecosystems across
vast spatial scales and over extended temporal periods. In fact,
many recent studies have implemented large sampling de-
signs, covered diverse habitats and spanned long time series, to
track changes in biodiversity and ecosystem health (Bohmann
et al. 2014; Deiner et al. 2017).

Expanding the spatial and temporal scale of surveys makes bio-
diversity monitoring more valuable and informative, but also
introduces significant logistical and financial challenges. In
fact, although metabarcoding is often more cost-effective than
traditional methods (Fu et al. 2021), its large-scale implemen-
tation still requires substantial resources, including laboratory
reagents, sequencing costs, and considerable time and personnel
commitments. Reducing sampling effort—for example, by using
a single filter type for multiple applications—could help lower
these costs by minimizing both fieldwork and nucleic acid ex-
traction requirements, thus enhancing the feasibility of eDNA-
based monitoring for long-term, large-scale ecological studies.
The use of a single filter in holistic studies would also reduce
stochasticity and contamination risks, as just one water sample
is used to characterize the entire community.

Although using a single filter type would be advantageous, it
remains unclear which one would be most appropriate, as most
metabarcoding studies on water samples have relied on filters
with different pore sizes: 0.22 um filters are commonly used for
microbial DNA sampling (Galand et al. 2018; Gifford et al. 2011),
while larger pore sizes, such as 0.45um are typically employed
for capturing eukaryotic eDNA—including that of macro-
organisms—in marine and transitional ecosystems (Aglieri
et al. 2021; Blabolil et al. 2021; Cananzi et al. 2022; Martino
et al. 2025; Nguyen et al. 2020; Pinna et al. 2024). However,
the suitability of 0.45um filters has not been comprehensively
assessed across diverse aquatic environments for microbial di-
versity characterization using 16S rRNA gene metabarcoding.
In fact, previous studies have explored various aspects of eDNA
metabarcoding, including sequencing platforms, amplification
protocols, and extraction methods (Brandt et al. 2021; Goldberg
et al. 2016; Hering et al. 2018), yet filter type remains a compara-
tively understudied factor, particularly regarding the suitability
of 0.45um filters for microbial community characterization. If

proven effective, a single filter type could recover both micro-
and macro-organism eDNA, potentially simplifying sampling
protocols and improving the efficiency of biodiversity monitor-
ing efforts.

Here, we address this issue by assessing the effectiveness of
0.45um pore size filters for microbial community analysis.
Water samples from different environments in and in the waters
nearby the Venice Lagoon were filtered using both 0.22 um and
0.45 um pore size membranes, and, after eDNA extraction, am-
plification, and sequencing, the metabarcoding data obtained
using the different filters were compared. Specifically, this
study aims to: (1) Evaluate the suitability of the 0.45 um filter for
detecting microbial communities in water samples; (2) Assess
whether the microbial communities detected using the 0.45um
and 0.22 um filters differ significantly, making the structure of
the communities obtained substantially different; (3) Investigate
whether the observed differences between the two filters are in-
fluenced by environmental parameters, potentially shaping the
microbial diversity detected. To address these questions, we in-
tegrate taxonomic analyses, ordination methods, and diversity
indices to evaluate the impact of pore size on microbial commu-
nity detection and assess whether this effect varies across envi-
ronments with different ecological conditions.

2 | Materials and Methods
2.1 | Site Selection and Sampling

Four different sampling sites were selected in the Venice Lagoon
and the adjacent sea (Figure 1) to represent different envi-
ronmental conditions: a tidal channel in a natural salt marsh
(NATS), one in an artificial salt marsh (ARTS), a site within the
Chioggia Inlet (CHIN), and a site outside the lagoon, near the
Chioggia Inlet (CHOU). These sites are characterized by differ-
ent environmental parameters (see Table S1 for the sites inside
the lagoon), such as nutrient concentration and salinity, that may
influence the characterization of microbial communities. The
salt marsh sites (ARTS and NATS) are located in tidal channels
with an average water depth of approximately 30 cm. These en-
vironments are typically rich in nutrients that have a key role in
supporting the growth and productivity of salt marsh vegetation
and microbial communities (Carmona et al. 2021). Examples
include phosphorus (P), silicon (Si), and nitrogen (N), primar-
ily found as ammonium (NH4+), the most abundant nitrogen
form in these ecosystems. At the other sites, the water is deeper,
reaching 10m at the CHIN site and 12m at the CHOU site. The
CHIN site is very close to the Chioggia Inlet, one of the three
openings connecting the Venice Lagoon to the Adriatic Sea, and
it is therefore characterized by more marine conditions, with
lower nutrient concentrations, higher salinity, and less turbid
waters. Finally, the CHOU site is located just outside the Venice
Lagoon, and it is characterized by fully marine conditions.

The exact locations of the sampling sites are shown in Figure 1,
with detailed information in the figure caption.

In spring 2023, surface water was collected in pre-cleaned
tanks and immediately filtered with a portable vacuum pump
(eDNA Citizen Scientist Sampler, Smith-Root) using two
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Sampling Sites in the Venice Lagoon

45.55°N N

45.50°N

45.45°N

45.40°N

Latitude

45.35°N
45.30°N
45.25°N

45.20°N 25 3

I TN N 10 km
12.2°E 12.3°E

Sites
ARTS
CHIN
CHOU
NATS

aoono

12.4°E 12.5°E

Longitude

FIGURE1 | Map of the Venice lagoon with the sampling points (blue dots). Water samples were collected from the tidal channels of the two salt
marshes (NATS 45°20'26” N—12°13'23"” E and ARTS 45°20'25” N—12°1320" E), one site inside the Chioggia inlet (CHIN 45°14'22” N—12°17'03"

E), and one outside the lagoon (CHOU 45°13'18” N—12°261" E).

different pore-size PES membranes: 0.45um (Smith-Root) and
0.22um (Merck Millipore). In detail, two separate 2L aliquots
were taken from the same tank and filtered independently, one
with a 0.45um membrane and the other with a 0.22um mem-
brane. This procedure ensured that each 0.45um filter had a
corresponding 0.22um filter for comparison, avoiding sequen-
tial filtration, since they both filtered the same volume of water
from the same tank. Gentle shaking of the water was performed
prior to each filtration step to ensure proper mixing. All filters
(47mm in diameter) had identical surface areas, maintaining
a consistent volume-to-surface area ratio across replicates. As
a result, three replicates per filter type were obtained at each
site, for a total of 24 filters: 12 with 0.45um membranes and 12
with 0.22 um membranes, obtaining a balanced and comparable
dataset.

2.2 | DNA Extraction and Sequencing

DNA was extracted from each filter using two different ex-
traction kits: the DNeasy Blood and Tissue Kit (Qiagen) and the
PowerWater DNA Isolation Kit (Qiagen), following the man-
ufacturer's instructions. This approach was used to evaluate

potential differences in the performance of the two extraction
methods. This resulted in a total of 48 samples, with details
provided in Table S2. DNA quality and quantity were as-
sessed using a Nanodrop spectrophotometer (Thermo Fisher
Scientific), and all samples met the minimum quality and
quantity requirements for amplification. The V4-V5 region
of the 16S rRNA gene was amplified in triplicate using prim-
ers 515-Y (5-GTGYCAGCMGCCGCGGTAA-3") and 926R
(5-CGYCAATTYMTTTRAGTTT-3’) (Parada et al. 2016)
through a two-step PCR protocol incorporating Illumina in-
dexes. Libraries were prepared following the 16S Metagenomic
Sequencing Library Preparation protocol (Illumina 2013) and
sequenced on an Illumina MiSeq platform (2x300bp reads) at
BMR Genomics Srl (Padova).

2.3 | Data Analyses and Visualization

Raw sequencing data quality was assessed using FastQC
(Andrews 2010). Sequences were filtered with Cutadapt
(Martin 2011) and analyzed using QIIME2 v2024.10 (Bolyen
et al. 2019). Sequence denoising, trimming, and chimera removal
were performed with DADA2 (Callahan et al. 2016). Taxonomic
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assignment was conducted using a Naive Bayes classifier, pre-
trained on the Silva database version 138.2 (Quast et al. 2012),
clustered at 99% similarity at the genus level.

Exploratory and statistical analyses were performed in R
(v4.0.3, R Core Team, 2019). Rarefaction curves were gen-
erated using the rarecurve function from the vegan package
(Oksanen et al. 2001) to evaluate sequencing depth and bio-
diversity coverage to possibly exclude some samples. Sample
completeness then was quantitatively assessed also using
the iINEXT package (Hsieh et al. 2016) with the function “es-
timateD (assemblages_list, q=0, datatype = “abundance”,
base =“size”)” (Chao et al. 2014). The default threshold of
SC>0.985 was applied, corresponding to samples capturing at
least 98.5% of the estimated community. To account for differ-
ences in sequencing depth across samples, data normalization
was applied using the function “rarefy_even_depth (ps, sam-
ple.size = min(sample_sums ps)), rngseed =123, replace =
FALSE” of the phyloseq package (McMurdie and Holmes 2013).
We selected rarefaction as the normalization approach as rec-
ommended by previous studies (McKnight et al. 2019; Weiss
et al. 2017), since it is the most appropriate method for eco-
logical community studies with large differences in sequenc-
ing depth, and it helps minimize false positives in ecological
comparisons. Differences in microbial community composi-
tion were tested with a permutational multivariate analysis
of variance (PERMANOVA) using the adonis2 function of the
vegan package in R. The analysis was performed on a distance
matrix calculated from microbial community data, using
Bray-Curtis dissimilarities. The initial PERMANOVA with
4999 permutations was conducted with the function “adon-
is2(dist_matrix ~ pore + extraction + site, by = “terms”)”,
where “pore”, “extraction”, and “site” were treated as indepen-
dent variables. Given that “site” and “pore” were highly sig-
nificant (see Results), additional analyses were performed to
clarify their respective contributions. Specifically, the dataset
was stratified by “site”, and separate PERMANOVA tests were
conducted within each site to assess the effect of “pore” while
controlling for site-related variation. We also tested for ho-
mogeneity of multivariate dispersions (Anderson 2006) using
Bray-Curtis distances, to evaluate whether filters differed in
the variability of community profiles across replicates. In this
case, differences between filters were assessed using ANOVA,
followed by Tukey's HSD for pairwise comparisons.

To quantitatively compare the microbial taxa detected with
different pore sizes (0.45um and 0.22um) across sites, Venn
diagrams were generated. ASVs present in at least one sample
were extracted from the phyloseq object and grouped by pore
size. Overlapping and unique ASVs were visualized using the
VennDiagram package in R (Chen and Boutros 2011). To also
provide qualitative information, microbial relative abundance
across the samples was analyzed at the phylum level.

Relative abundances of taxa were calculated, and the 10 most
abundant phyla were selected. Mean values were calculated for
each site and pore size. To account for variation across phyla,
values were row-scaled using a Z-score transformation, cen-
tering each phylum's abundance around zero. To visualize the
results, a heatmap was generated using the pheatmap package

in R (Kolde and Kolde 2015), with column annotations indicat-
ing pore size, which were color-coded accordingly, and columns
grouped by site.

Beta diversity was assessed using Bray-Curtis dissimilarity ma-
trices, calculated with the vegdist function (vegan package), and
PCoA ordinations were generated using the capscale function
(vegan package) to visualize differences in microbial community
structure. The contribution of the most influential ASVs anno-
tated at the genus level (or family if genus was unavailable) was
represented as vectors overlaid on the ordination plots. The 10
most influential ASVs were identified based on the highest sums
of the absolute values of their coordinates on the first two PCoA
axes (PC1 and PC2).

Alpha diversity was measured using the Shannon index, calcu-
lated with the estimate_richness function (phyloseq package).
Differences between pore sizes were tested using the Kruskal-
Wallis test. Violin plots, combined with box plots, were gener-
ated using the ggplot2 package (Gomez-Rubio 2017) to illustrate
the distribution of diversity values across pore sizes, with statis-
tical annotations added where applicable.

Finally, to further investigate the small but significant effect (see
Results) of the different extraction methods, alpha diversity and
taxonomic overlap (Venn diagrams) analyses were also carried
out separately for the two extraction kits.

3 | Results
3.1 | Sequencing Results

The MiSeq 2 X 300 bp sequencing produced an average of 133,393
raw reads per sample. One sample contained no reads and has
therefore been excluded from the analysis. The remaining sam-
ples ranged from 25,529 to a maximum of 321,755 reads. Most
samples reached a plateau in the rarefaction curve analysis, in-
dicating sufficient sequencing coverage, while pwf-01 and fbt-14
failed to reach a clear plateau (Figure S1) and were discarded.
Specifically, pwf-01 was excluded because it contained less than
1500 reads, and fbt-14 was excluded because it did not meet the
required completeness threshold (SC=0.981; see Methods). To
ensure robust comparisons, the corresponding paired samples
with the other pore size filter (pwf-02 and fbt-13) were also ex-
cluded, leading to a final dataset of 44 samples (Table S2).

3.2 | Taxonomic Assignment and PERMANOVA
Results

After taxonomic assignment, a total of 480 ASVs were detected.
Of these, 106 were excluded as singletons and 6 were removed
due to their taxonomic classification: Family == “Mitochondria”
(n=1) or Order == “Chloroplast” (n=5). This resulted in 368
ASVsbeing retained for further analysis, as they represented the
most reliable dataset. Following normalization, 43 ASVs were
removed because they were no longer present in any sample
after random resampling, leaving a final dataset of 312 ASVs for
analysis.
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The overall PERMANOVA revealed that both “site” and “pore”
had a significant and strong effect on microbial community com-
position, whereas the variable “extraction” had a weaker yet still
significant effect. The “pore” variable had a strong and significant
effect (R2=0.142, p=0.0002), but the “site” variable explained the
largest proportion of variance (R>=0.369) with a significance of
p=0.0002, indicating strong spatial structuring of microbial com-
munities. “Extraction” also showed a statistically significant effect
(p=0.0302), but its contribution to the overall variance was min-
imal (R?=0.031); this weaker signal was further investigated, re-
vealing that the significant effect was limited to the CHOU site, as
displayed in the supplementary PCoA plot (Figure S4). Analyses
performed on datasets divided by extraction method confirmed the
same patterns observed in the overall dataset and reported below.
As this investigation fell outside the main objectives of the study,
the corresponding results were not detailed in the main text, but
are presented in the Supporting Information (Figures S3 and S5),

TABLE 1 | Summary of the PERMANOVA analyses performed on
microbial community compositions at each site separately, based on
Bray-Curtis dissimilarities with 999 permutations.

Site Variable R? F-statistic p
NATS pore 0.28459 31.825 0.078
ARTS pore 0.24606 32.636 0.011*
CHIN pore 0.72534 21.127 0.006**
CHOU pore 0.21490 27.373 0.112

Note: The table reports R? values, F statistics, and p-values. * and ** indicate
significant results (p <0.05 and p <0.01, respectively).

Venn Diagram for each site
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and given that the site emerged as the strongest driver of commu-
nity variation, subsequent analyses were performed separately for
each site to account for site-specific variability. The results of the
within-site PERMANOVA analyses, reported in Table 1, showed
that “pore” variable had a significant effect in two of the four sites.
The strongest effect was observed in CHIN, while ARTS also ex-
hibited a significant, though less pronounced, effect. In contrast,
no significant effect of “pore” was found in CHOU. These results
indicate that the impact of the filter used on microbial community
composition varies across locations, with some sites showing clear
differentiation due to pore sizes, while others do not.

The multivariate dispersion test indicated a significant differ-
ence between filter types (F=6.31, p=0.016), with the 0.45um
samples showing a lower dispersion around group centroids
compared to 0.22 um samples (Tukey HSD, p=0.016).

3.3 | Differences in Taxa Detection

As shown in Figure 2, differences in taxa detection were ob-
served between the two filter types, but with a substantial over-
lap present across all samples. The Venn diagrams summarize
the differences in the number of ASVs between the two filters:
the shared ones ranged from 57 to 80 (Figure 2a-d), whereas
the number of unique ASVs detected varied between filter types,
with the 0.22um filters capturing between 23 and 37 unique
ASVs and the 0.45pm filters detecting between 22 and 65 unique
ASVs. Overall, across the entire dataset, 157 ASVs were shared
between both filters, whereas 91 and 64 ASVs were uniquely
recovered by the 0.45um and 0.22pm filters, respectively

Relative Abundance of the 10 Most Abundant Phyla

) [ . . 02

[ loss
| I i l
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Actinobacteriota
Bacteroidota

z-score
2 Campylobacterota
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FIGURE 2 | (a-d) Venn diagrams illustrating the number of microbial taxa identified in water samples collected from four sites (ARTS, NATS,
CHIN, CHOU), based on their detection through the two filters with pore sizes of 0.45um (orange) and 0.22um (light blue). (e) Heatmap showing
the z-score transformed relative abundance of the top 10 most abundant microbial phyla across the four sites and the filters with different pore sizes.

Each row represents a phylum, while columns are grouped by site and filter type. The z-score (from +2 to —2) highlights differences relative to the

mean for each phylum, with positive values (yellow) indicating higher-than-mean abundance and negative values (blue) indicating lower-than-mean

abundance. Filters with different pore sizes are color-coded above the heatmap, as in the Venn diagrams.
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PCoA of the samples with influential ASVs (genus level)
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FIGURE 3 | PCoA of the samples divided by site: (a) ARTS, (b) NATS, (c) CHIN, and (d) CHOU. Points represent microbial communities charac-
terized using filters with pore sizes of 0.22um (light blue) and 0.45um (orange), while arrows indicate the most influential genera driving the sepa-

ration, which are those with the highest contributions to the variation along the first two axes.

(Figure S2). When considering the variation between sites, in
three out of four cases, the 0.45um filters consistently recov-
ered more ASVs than the 0.22um filters. In line with the non-
significant result of the previous PERMANOVA analysis, the
Venn diagram highlights a higher proportion of shared taxa be-
tween pore sizes at the CHOU site compared to the others.

Regarding the taxa detected by the two filters, the heatmap
in Figure 2e shows the distribution of the 10 most abundant
phyla across the four sampling sites and filter types (0.22um
and 0.45um), based on z-scores, calculated on the mean reads
abundance of each phylum across all samples, meaning that
positive values indicate that a phylum is more abundant in a
sample than its overall mean abundance, while negative values
indicate lower-than-mean abundance. Taxonomic composition
varied with both site and filter pore size. The 0.22um filters
detected higher abundances of Campylobacterota (ARTS) and
Proteobacteria (CHOU), whereas the 0.45um filters were more
effective in detecting Fibrobacterota (in both marsh sites), as
well as Verrucomicrobiota, Nanoarchaeota, and Planctomycetota
(ARTS). Some phyla, such as Fusobacteriota, Fibrobacterota,
and Nanoarchaeota, were equally represented by both filters at
sites where the water was deeper (CHIN and CHOU)) but showed
notable differences in the marsh environments. Bacteroidota
was completely absent in CHOU analyzed with the 0.22um

filter and, together with an outlier pattern in Proteobacteria,
represents an exception in an otherwise more homogeneous
site compared to the others, providing additional support for the
PERMANOVA results, which indicated that the filter pore size
was not a significant variable in this site.

3.4 | PCoA

The PCoA plots (Figure 3) illustrate the distribution of micro-
bial communities sampled using 0.22um and 0.45um filters
across the four sites: ARTS, NATS, CHIN, and CHOU. Vectors
represent the most influential microbial genera contributing
to the separation of samples based on pore size. As previously
observed, the two filters capture overlapping but distinct mi-
crobial communities, and the principal coordinates explain a
substantial proportion of the variance. In ARTS, most samples
grouped closely regardless of filter type, but a few 0.22 um sam-
ples shifted along PC1 (58.3% variance), with the NS3a marine
group appearing as the main contributor to this separation. A
stronger separation was observed in NATS, with PC1 explain-
ing 60.9% of the variance and PC2 14%; NS11-12 marine group
and NS3a marine group were more associated with the 0.22 um
filter, while NS5 marine group was more represented in the
0.45um fraction.
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FIGURE4 | (a)Violin plot of Shannon diversity index, comparing microbial diversity captured by 0.22 um (light blue) and 0.45 um (orange) filters
in the overall dataset. (b) Violin plot of Shannon diversity index across the four sampling sites (ARTS, NATS, CHIN, CHOU) for both filter types.
The width of each violin represents the density distribution of Shannon index values, with wider sections indicating more frequent values. The box-

plot inside the violin displays the interquartile range (IQR, 50% of the data), the horizontal line represents the median, and whiskers extend to the
95% confidence interval (95% CI) or 1.5 X IQR from the quartiles. Significant differences (p <0.05, Kruskal-Wallis test) are indicated with a different

number of asterisks (** indicate p < 0.01 and *** indicate p <0.001).

CHIN showed, also visually, a pronounced filter effect, with PC1
accounting for 74% of the variance. Glaciecola and NS5 marine
group were enriched in the 0.45um fraction, while NS3a ma-
rine group and NS11-12 marine group were more prevalent in the
0.22 um samples.

In CHOU, PC1 explained 60.3% of the variance and PC2 26.3%;
NS5 marine group was strongly associated with the 0.45um fil-
ter, while NS3a marine group, OM43 clade, and Formosa were
more abundant in the 0.22 um fraction.

In addition to the differences observed between filters with
different pore sizes, the PCoA highlights site-specific varia-
tions in microbial community composition. CHIN exhibited
the most pronounced separation between the two filters, with
a clear clustering pattern along PC1 (74% variance), indicat-
ing that most of the variation in microbial communities at
this site is driven by filter type. This is consistent with the
PERMANOVA result, which showed a high R? value (0.725),
suggesting that filter pore size explains most of the observed
variation at CHIN.

CHOU also showed a distinct filter-driven separation, par-
ticularly along PC1 (60.3% variance), but with a more pro-
nounced spread along PC2 (26.3%), indicating additional
variability within the microbial communities. In line with the
PERMANOVA results indicating no significant differences
between the two pore sizes at the CHOU site, samples of each
filter type are separated along the second principal component,
which accounts for only 26.3% of the variation. In contrast, in
the other sites, the separation between filters occurs primarily
along PC1—the component explaining the largest proportion of
variance—further supporting the significant effect of pore size
detected by PERMANOVA.

3.5 | Alpha Diversity Indices

Microbial alpha diversity significantly differed between the two
filter pore sizes when considering the whole dataset. The Shannon
index was significantly higher for samples collected with the
0.45um filter, as confirmed by the Kruskal-Wallis test (p <0.001%).
The violin plot (Figure 4a) clearly shows that the 0.45um filter
captured microbial communities with consistently higher diver-
sity, with values ranging from 2 to 2.99. In contrast, the 0.22um
filter showed lower overall diversity (from 0.7 to 2.5) and greater
variability across samples. This indicates that, while the 0.45um
filters recover communities with overall higher alpha diversity, the
0.22um filters show more variation in diversity among replicates.

The site-specific analysis (Figure 4b) further highlights sig-
nificant differences among the Shannon indices, measured at
NATS, CHIN, and CHOU, between the filter types (Kruskal-
Wallis, p<0.05). In NATS, the 0.45um filter retrieved a higher
Shannon index, indicating a more diverse microbial community
when using the larger pore size. In CHIN, the disparity was the
most pronounced, with the 0.22 um filter capturing significantly
lower diversity compared to the 0.45um filter. In CHOU, the
0.22um filter exhibited the lowest Shannon index, with a nar-
row distribution, whereas the 0.45 um filter captured a substan-
tially more diverse community. Conversely, in ARTS, while the
0.45 um filter showed slightly higher Shannon index values, the
variability in diversity across samples made the difference sta-
tistically nonsignificant. In fact, the 0.45um plot is substantially
overlapping with the 0.22 um one.

The results of the alpha diversity analysis, based on the Shannon
index and tested using the Kruskal-Wallis test, provide addi-
tional information with respect to the PERMANOVA analysis.
At the CHOU site, alpha diversity was significantly different
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between filters with different pore sizes, despite PERMANOVA
not showing significant differences in community composition.
Conversely, at the ARTS site, PERMANOVA detected signifi-
cant differences between the filters, whereas the Kruskal-Wallis
test showed no significant difference in the Shannon index val-
ues, indicating that compositional changes were not accompa-
nied by diversity changes.

4 | Discussion

This study shows that microbial community composition is
shaped by environmental context, but at the same time, its
detection could be affected by the filter pore size used. As
expected, site-specific conditions had the strongest effect, re-
flecting the known influence of local physicochemical factors,
hydrodynamics, and nutrient availability in aquatic ecosystems
(Zinger et al. 2011). Still, pore size also significantly influenced
community detection, confirming that filter selection affects
biodiversity detection (Galachyants et al. 2024). The differ-
ences found in the sampling sites considered suggest that, while
both 0.22um and 0.45um filters effectively capture microbial
diversity, their relative performance depends more on envi-
ronmental context than on their intrinsic differences. These
findings are particularly relevant for methodological stan-
dardization in eDNA research, emphasizing that filter selec-
tion should be adapted to the specific ecosystem and research
objectives (Deiner et al. 2017). In line with this, the extraction
kit effect was statistically significant in one site, but explained
only a small fraction of the variance, and the main conclusions
remained consistent across both methods. The divergence
observed at the CHOU site suggests that differences due to ex-
traction may occur depending on the monitored environment.
Therefore, when no prior information on the sampling site is
available, the extraction method should be carefully assessed
through a pilot experiment.

4.1 | Quantitative and Qualitative Differences in
Taxa Detection

Although a substantial portion of the microbial community was
consistently detected across all samples, each filter type also
captured a distinct subset of ASVs. Across the entire dataset,
both pore sizes shared a large ASV core, yet the 0.45um pore
size filter consistently recovered more unique ASVs than the
0.22um one. In site-specific analyses, the 0.45 um pore size filter
outperformed the 0.22um one in three of the four sites, high-
lighting its broader taxonomic retention. The consistent increase
in the detection of some specific phyla using specific filters at
different sites suggests that pore size may influence the selection
of phyla based on their morphological or ecological characteris-
tics within such environments. For instance, with the 0.45um
pore size filter Fibrobacterota—cellulose degraders linked to
plant fibers—were more frequently detected in both salt marsh
sites. Similarly, Planctomycetota—known to colonize organic
particles in aquatic environments—were also more frequently
detected in CHIN.

Other groups instead were mostly detected at a given site, with
no significant differences between smaller and larger pore

size filters within that site, likely reflecting the environmental
features of that location. For example, the higher abundance
of Cyanobacteria in CHIN compared to the other sites, also
when considering both filters, reflects their well-known dom-
inance in dynamic, light-exposed environments (Paerl and
Otten 2013), and is possibly due to the naturally greater presence
of Cyanobacteria at this site. This finding may suggest that, in
the case of a phylum that is particularly abundant at a site due
to environmental conditions, it can be detected regardless of the
filter type used.

Other examples are Verrucomicrobiota and Planctomycetota—
both involved in polysaccharide degradation—that were found
in varying proportions across sites, with higher relative abun-
dances in some samples from ARTS. These expected patterns
suggest that local conditions may shape the microbial commu-
nity detected, rather than filter pore size being the only factor
influencing what is retained.

However, as highlighted in Figure 2e, relevant differences
emerge for specific taxa. Bacteroidota was better retained by
the 0.45um filter, supporting previous findings that particle-
attached microbes are more abundant in deeper waters,
where sediment resuspension and organic aggregates play a
key role in shaping microbial communities (Roth Rosenberg
et al. 2021). In such conditions, the 0.45 um filter appears more
effective for capturing particle-associated taxa. Conversely,
Proteobacteria tended to be relatively more represented with
the 0.22um filter across all sites, with the strongest differ-
ence observed at CHOU and a similar but less pronounced
pattern in the other locations. Furthermore, the 0.45um fil-
ter provided more consistent community profiles across rep-
licates, while the 0.22 um filter showed greater variability, as
supported by the multivariate dispersion test. Therefore, in
CHOU-like environments, the 0.22um filter may be prefer-
able when targeting Proteobacteria specifically, whereas the
0.45 um filter is more suitable for detecting particle-associated
groups such as Bacteroidota.

Asimilar pattern canbe observedin the case of Verrucomicrobiota
and Planctomycetota, which were differently detected by the two
pore sizes depending on the site, possibly due to site-specific
environmental factors. These phyla, which are often linked
to polysaccharide degradation, were detected in varying pro-
portions across sites, with higher relative abundances in some
samples from ARTS. These trends suggest that local differences
in organic matter availability and hydrodynamic conditions
may influence the retention of specific microbial groups, rather
than filter pore size acting as a uniform selection mechanism.
A different pattern, highlighted by both the Venn diagram
and the heatmap, is that in the marsh sites—characterized by
shallower waters and higher nutrient concentrations—there
is a strong fluctuation in the detection of phyla depending on
the filter used, especially in the artificial salt marsh (ARTS).
Even though a presence/absence analysis might have suggested
similar community structures between filters, relative abun-
dance data reveal substantial differences. In fact, phyla such as
Campylobacterota and Fusobacteriota were better detected with
the 0.22 um filter, while Fibrobacterota and Nanoarchaeota were
more effectively captured with the 0.45um filter in both marsh
sites. Interestingly, the detection of these specific phyla showed
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no variation in abundance between filters in the deeper sites
(CHIN and CHOU).

4.2 | Microbial Genera Driving Filter-Specific
Community Composition

The differences in community composition observed across
sites confirm that site-specific environmental conditions are the
main drivers shaping microbial communities. The influence of
local factors—such as hydrodynamics, availability of organic
matter, and the degree of particle association—is especially
evident in coastal habitats, where these parameters can vary
greatly between sites (Alvisi et al. 2019). This is reflected in the
marked separation of CHIN and CHOU samples by filter type,
compared to the more similar profiles seen at the other sites. In
fact, the effects were less pronounced in ARTS and NATS fil-
ters, which could indicate a more homogeneous microbial size
distribution in these environments or a weaker partitioning be-
tween particle-attached and free-living microbial fractions. This
pattern has been observed in estuarine and lagoon ecosystems
(Xian et al. 2024), and is reflected in similar detection results
for both types of filters. At the CHOU site, PCoA samples are
well separated by filter type along the first principal component,
which explains nearly 60% of the total variability, and most of
the genera driving this separation, as indicated by the vector
arrows, belong to the phylum Bacteroidota. This is coherent
with what was observed in the previous heatmap (Figure 2b),
in which this phylum was detected only with the 0.45um fil-
ters. In contrast, in the marsh sites, although the genera most
strongly associated with filter differences in the PCoA still be-
long to Bacteroidota, these differences are less evident when
looking at relative abundances in the heatmap. As a result, the
separation between filters is less evident in these sites. A differ-
ent pattern is observed in CHIN, which shows the strongest sep-
aration between filters. In this site's PCoA, samples are clearly
divided along PC1—explaining 74% of the variance—and this is
consistent with the PERMANOVA results, where the variable
“pore” accounts for 72% of the variation. Among all sites, CHIN
also has the lowest proportion of shared taxa between filters
and the highest number of filter-specific taxa, reinforcing the
observed separation. Interestingly, although the PCoA shows
a clear separation between filters—mainly driven by genera
belonging to the phylum Bacteroidota—the heatmap does not
show a major difference in the overall abundance of this phylum
between filters. This apparent contradiction is explained by dif-
ferences at finer taxonomic resolution: while the total amount of
Bacteroidota remains similar, the specific genera detected vary
between filters. These shifts at the genus level are sufficient to
cause the separation observed in the PCoA, emphasizing the
need for high-resolution analyses when comparing microbial
communities.

Despite the predominant influence of site-specific factors, the as-
sociation of specific genera with filters of different pore sizes ob-
served in the PCoA suggests that microbial taxa, independently
of the site of detection, differ in their likelihood of being retained
based on cell size, aggregation tendencies, or ecological niche
preferences. In fact, we observed a consistent pattern across all
the sites: the NS5 marine group was predominantly detected
with the 0.45um filter, whereas the NS3a marine group and the

NS11-12 marine group were primarily captured by the 0.22um
filter. This may suggest that these taxa differ in their degree of
association with particulate matter, affecting their retention due
to different filter pore sizes. The NS5 marine group has been re-
ported as predominantly free-living (Priest et al. 2022), but it is
often associated with phytoplankton blooms, and it is character-
ized by the presence of genes for alginate degradation (Thomas
et al. 2021; Wang et al. 2024). This suggests that, under bloom
conditions, the NS5 marine group cells may be temporarily asso-
ciated with algal-derived particles and could then explain why it
was better retained in the wider pore filter in our study. Indeed,
the degree of association with particulate matter could also ex-
plain the abundance in the wider pore filter of Glaciecola, a well-
known bloom-associated, particle-attached bacterium (Wang
et al. 2024), at the CHIN site. On the other hand, the NS3a ma-
rine group, coherently with its preferential retention by finer
filters, has been described in the free-living fraction (Teeling
et al. 2016), although specific studies on their ecology are still
lacking. Finally, the NS11-12 marine group has been identified
once in the “large” fraction of microbial communities (Morency
et al. 2022), but its ecological role remains largely unresolved,
indicating the need for further studies to resolve this apparent
contradiction.

4.3 | Within-Sample Diversity Across Filter Types

To complement the community-level comparisons, alpha diver-
sity was evaluated to assess whether filter type also influenced
within-sample diversity. While previous analyses focused on
taxonomic composition and the presence of shared or unique
taxa, alpha diversity provides insights into richness and even-
ness, offering a more complete picture of potential biases in-
troduced by pore size. In our study, 0.45um filters consistently
yielded higher alpha diversity values, calculated as Shannon
indices, than the 0.22um ones across all sites, with statistical
significance in three out of four cases. The strongest effect was
observed in CHIN and CHOU, where the 0.22 um filter recov-
ered the lowest microbial diversity, while the 0.45um filter re-
tained a more diverse community. These sites are the deepest
ones and are located closer to the open sea, where stronger hy-
drodynamics likely enhance sediment resuspension and organic
matter aggregation. These conditions may promote the domi-
nance of particle-associated microbes (Che et al. 2024), which
have been reported to be better retained by larger pore size, as
seen in studies employing sequential filtration strategies, where
water is first passed through a larger filter to capture larger,
particle-attached cells, and subsequently through a 0.22 um fil-
ter to collect smaller, free-living microbes (Mestre et al. 2017;
Padilla et al. 2015). Although our study used independent, non-
sequential filtrations, the broader alpha diversity retained by the
“medium size” 0.45um filter likely reflects its ability to capture
both fractions in a single step. In contrast, 0.22um filters may
underestimate diversity because of clogging, which can reduce
filtration efficiency and retention capacity. Interestingly, in
CHOU, the multivariate analysis did not identify pore size as
a significant factor in overall community composition, yet the
Shannon index revealed a clear difference in alpha diversity.
This apparent discrepancy highlights the importance of using
multiple diversity metrics: while PERMANOVA detects shifts
in community composition based on relative abundance, it may
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overlook changes in richness and evenness when dominant taxa
remain similar. Both filters likely recovered a shared set of dom-
inant taxa in CHOU, yielding similar overall profiles. However,
the 0.45um filter captured additional rare taxa, thereby in-
creasing richness and producing a more balanced distribution
without altering the community's dominant structure. In con-
trast, at ARTS and NATS, where higher nutrient concentrations
and turbulence may balance the proportion of free-living and
particle-attached microbes, differences in alpha diversity be-
tween filters were less pronounced. This is particularly evident
in ARTS, where no significant difference in Shannon diversity
was observed, suggesting that filter-related differences mainly
reflect shifts in dominant community composition rather than
changes in overall richness or evenness. Across all sites, how-
ever, the consistent recovery of a higher number of ASVs with
the 0.45um filter supports its suitability for metabarcoding
studies focused on alpha diversity. Since both free-living and
particle-attached bacteria play essential ecological roles, the
ability of the 0.45um filter to capture taxa from both fractions
makes it a valuable tool for eDNA studies, especially in hetero-
geneous aquatic environments.

5 | Conclusion

This study demonstrates that filter pore size has a clear impact
on microbial community composition, with both 0.22um and
0.45um filters detecting a shared core of taxa but also recover-
ing distinct community fractions. Across all sites, the 0.45um
filter consistently retrieved a higher number of taxa and greater
alpha diversity, indicating not only the absence of information
loss but an actual gain in diversity compared to the 0.22pum
filter, highlighting its capacity to capture both free-living and
particle-associated microbes. Importantly, the effect of pore size
was modulated by site-specific environmental conditions, such
as hydrodynamics and organic matter availability. This suggests
that filter selection should be based not only on methodologi-
cal consistency, but also on the ecological characteristics of the
system and the target microbial groups. In fact, some phyla are
more efficiently retained in certain environments, reinforcing
the need for a flexible and informed approach to study design.
Given these results, the 0.45um filter emerges as a powerful
tool for holistic biodiversity assessments, and its ability to si-
multaneously recover microbial and eukaryotic eDNA opens
new opportunities for integrated monitoring programs that are
more cost-effective and scalable. In the context of large-scale
and long-term ecological monitoring, where logistical efficiency
and broad taxonomic coverage are essential, adopting a unified
filtration approach using the 0.45um filter could enhance data
comparability, reduce processing time, and support more com-
prehensive biodiversity in marine ecosystems.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Table S1: Venice Lagoon Environmental
Parameters. Annual ranges (min-max) of the values measured during
2023 by ARPAV (Agenzia Regionale per la Prevenzione e Protezione
Ambientale del Veneto). Data reported are from the ARPAV closest sites
to the Venice Lagoon sampling sites investigated in this study (NATS,
ARTS, CHIN). The ARPAV code column lists the official identifiers of the
ARPAV stations. Concentrations of Total Dissolved Nitrogen (TDN), Total
Dissolved Phosphorus (TDP), and Total Suspended Solids (TSS) are avail-
able at https://www.arpa.veneto.it/dati-ambientali/open-data/file-e-alleg
ati/soaml/laguna-di-venezia/tss-nutr-acqua. Salinity (Practical Salinity
Units, PSU) values are available at https://www.arpa.veneto.it/dati-ambie
ntali/open-data/file-e-allegati/soaml/laguna-di-venezia/dati-sonda. Data
for the CHOU site are not included because comparable measurements
were unavailable. Table S2: Details about the 48 considered samples. “*”
Indicates samples have been excluded from the analysis due to insuffi-
cient sequencing depth, “**” indicates the ones sacrificed to maintain a
balanced dataset between filter types. Figure S1: Rarefaction curves of
microbial communities across samples. The number of detected ASVs is
plotted against the sequencing depth, showing the accumulation of spe-
cies with increasing sequencing effort. Each curve represents an individ-
ual sample, with labels indicating sample IDs. Figure S2: Overall Venn
diagram showing the overlap of OTUs detected by 0.45um and 0.22 um fil-
ters across all samples in the dataset. A total of 157 OTUs were shared be-
tween both filter types, while 91 and 64 OTUs were uniquely detected by

12 of 13

Environmental DNA, 2025

BSUBD17 SUOWILIOD dANERID 3|t jdde au) AQ pausAob a8 S9N YO B8N 0 S9INI J0J A%eiq 1T BUIIUQ AB]IA UO (SUORIPUOD-PLE-SULLBILIODAS | 1M A1 1 BUI|UO//SANY) SUORIPUOD PUe SWS L L1 39S *[9202/T0/62] Uo AlqiTauliuo Ao|IM BfeuoizeN oimis| 8131 L sBO Aq Tz0L eups/z00T OT/I0p/wod 3| 1w Akeiq 1 puluo//sdiy woij papeojumod ‘9 ‘'SZ0Z ‘Ev6i.E9e


https://doi.org/10.1038/ismej.2016.166
https://doi.org/10.1038/ismej.2016.166
https://doi.org/10.1146/annurev-marine-041421-082251
https://doi.org/10.1146/annurev-marine-041421-082251
https://doi.org/10.1525/elementa.2021.00009
https://doi.org/10.1038/s41598-020-63565-9
https://doi.org/10.1038/s41598-020-63565-9
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.1146/annurev.mi.40.100186.002005
https://doi.org/10.1146/annurev.mi.40.100186.002005
https://doi.org/10.1007/978-1-4757-0611-6_1
https://doi.org/10.1007/978-1-4757-0611-6_1
https://doi.org/10.3389/fmicb.2015.00547
https://doi.org/10.3389/fmicb.2015.00547
https://doi.org/10.1007/s00248-012-0159-y
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1038/s41598-024-69043-w
https://doi.org/10.1038/s41598-024-69043-w
https://doi.org/10.1111/j.1365-294X.2011.05403.x
https://doi.org/10.1038/s41396-022-01209-8
https://doi.org/10.1038/s41396-022-01209-8
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1111/1462-2920.15611
https://doi.org/10.1111/1462-2920.15611
https://doi.org/10.1111/j.1755-0998.2010.02855.x
https://doi.org/10.7554/eLife.11888
https://doi.org/10.1038/s41396-021-00987-x
https://doi.org/10.1186/s40168-024-01757-5
https://doi.org/10.1186/s40168-024-01757-5
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1007/s00248-024-02350-x
https://doi.org/10.1016/j.envres.2022.114512
https://doi.org/10.1016/j.envres.2022.114512
https://doi.org/10.1016/j.envint.2019.105307
https://doi.org/10.1371/journal.pone.0024570
https://doi.org/10.1371/journal.pone.0024570
https://www.arpa.veneto.it/dati-ambientali/open-data/file-e-allegati/soaml/laguna-di-venezia/tss-nutr-acqua
https://www.arpa.veneto.it/dati-ambientali/open-data/file-e-allegati/soaml/laguna-di-venezia/tss-nutr-acqua
https://www.arpa.veneto.it/dati-ambientali/open-data/file-e-allegati/soaml/laguna-di-venezia/dati-sonda
https://www.arpa.veneto.it/dati-ambientali/open-data/file-e-allegati/soaml/laguna-di-venezia/dati-sonda

the 0.45pm and 0.22um filters, respectively. Figure S3: Venn diagrams
showing the overlap of OTUs detected by 0.45 um and 0.22 um filters across
all samples, separated by extraction kit: (a) Blood & Tissue (bl&ti) and (b)
PowerWater (powa). For bl&ti, 114 OTUs were shared between both filter
types, while 73 and 58 OTUs were uniquely detected by the 0.45um and
0.22um filters, respectively. For powa, 106 OTUs were shared, with 73 and
42 OTUs uniquely detected by the 0.45um and 0.22 um filters, respectively.
In both cases, the 0.45um filter consistently recovered a higher number of
unique taxa compared to the 0.22 um filter, reflecting the same overall pat-
tern observed in the complete dataset. Figure S4: Principal Coordinates
Analysis (PCoA) based on Bray—Curtis dissimilarities showing microbial
community composition across sites and extraction methods. Samples are
colored by extraction method (blood&tissue in red, powerwater in blue),
with lines connecting paired filters from the same water sample. Ellipses
indicate the samples within each site (ARTS, CHIN, CHOU, NATS). The
plots are separated by pore size filter: (a) 0.22um and (b) 0.45um. Among
sites, CHOU was the only case where the extraction method significantly
influenced community structure. Figure S5: Violin plots of Shannon
diversity index comparing microbial diversity captured by 0.22um (light
blue) and 0.45um (orange) filters within the two extraction kits: (a) Blood
& Tissue and (b) PowerWater. The width of each violin represents the den-
sity distribution of Shannon index values, with wider sections indicating
more frequent values. The boxplot inside the violin displays the interquar-
tile range (IQR, 50% of the data), the horizontal line represents the median,
and whiskers extend to the 95% confidence interval (95% CI) or 1.5XIQR
from the quartiles. Significant differences (p <0.05, Kruskal-Wallis test)
are indicated by asterisks, with **p <0.01 and ***p <0.001.
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