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Metabarcoding surveys have rarely discriminated metabolically active, dormant, and dead microbes in
environmental samples. This study employed a triple metabarcoding approach targeting
environmental 16S and 18S rRNA genes and their transcripts to investigate the diversity of these
physiologically distinct assemblages in the water column and surface sediments of a tropical coastal
region. We found that dead bacteria, archaea, and microeukaryotes (relic DNA) accounted for <5% of
the planktonic DNA pools but significantly contributed to ASV richness (53%, 50%, and 32%,
respectively), while dominating in sediments (44% of sequence, 80% of richness). In viable
assemblages, dormant microbes were rarer but enriched richness, particularly in the water (20%,
62%), and 28 %, respectively). Collectively, the proportions of microbes in different physiological states
exhibited niche-specific and seasonal patterns, primarily driven by pH and temperature. Significant
differences in richness and assemblage composition were observed between water, sediment, and
seasons for all physiological fractions. Active microbial communities responded to distinct
environmental drivers compared to DNA-characterized assemblages, suggesting that DNA-based
methods may misidentify factors driving functional diversity in biogeochemical cycles. Dormant taxa
exhibited a broader taxonomic distribution than previously recognized, underscoring the need for
further research on microbial ecophysiology, function, and biogeography across temporal and spatial
scales.

In the past two decades, our comprehension of the temporal and spatial
dynamics in microbial diversity, community composition, and structure
across diverse ecosystems has been significantly advanced through the
application of molecular techniques, such as high-throughput sequencing or
metabarcoding of 16S, 18S rRNA genes'~’. These methodologies pre-
dominantly rely on DNA in environmental samples, which is extracted and
purified, representing a composite DNA pool from both actively growing
and inactive populations, including those from dormant and dead
organisms*’. Consequently, metabarcoding of DNA captures a blend of
active, deceased, and dormant microbial diversity, potentially leading to an
overestimation of the diversity and prevalence of active microbes involved in
biogeochemical cycles*™. Although it is increasingly acknowledged that the

deceased and dormant microbes (resting spores and cysts) contribute a
substantial and variable component to DNA pools in environmental
samples**”™, and relative quantity of rDNA to rRNA transcripts has been
frequently used in assessing microbial activities'"¢, distinguishing active
populations from dormant and dead ones (represented by relic DNA),
remains a challenge in the application of metabarcoding approaches'*" ",

Propidium monoazide (PMA) is a photoreactive dye that only can
covalently cross-link to the DNA of dead (broken) cells upon light exposure,
rendering the DNA insoluble and precipitated with cell debris during DNA
extraction, so that only the DNA from viable cells is retained and success-
fully amplified during PCR***. To further discriminate active and dor-
mant microbes in the viable community, recently we have developed the
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triple metabarcoding approach (TMA), which integrates the metabarcoding
of the total environmental rDNA pool (DNA-seq), the rRNA pool (RNA-
seq), and DNA treated with propidium monoazide (PMA-seq) to categorize
the phylotypes detected within a given DNA pool into dead, dormant, and
active fractions™. The theoretical assumptions of TMA are as follows: (1)
The phylotypes detected in DNA-seq are derived from all active, dormant,
and dead cells. (2) PMA-seq targets populations with intact cell membranes,
namely dormant and active ones. (3) The ratio of rRNA to rDNA varies with
cell size, which also differs greatly from species to species and may inversely
relates to cell activity”**. The use of the ratio of relative abundances of rRNA
to relative abundance of rDNA (i.e., IRNA%: rDNA%) could lead to a high
mis-classification error of assigning active populations to dormant”.
Therefore, we apply an absolute definition of dormancy. Due to low cellular
activity, rRNA transcripts in dormant cells are too rare to be detectable in
RNA-seq. Thus, phylotypes present in both DNA-seq and PMA-seq but
absent in RNA-seq are considered dormant. Our definition may exclude
some viable phylotypes with slow growth rates or low metabolical activity
(i.e., those with few rRNA transcripts), but it is conservative to minimize the
risk of misclassifying populations in transitional physiological states as
dormant. (4) Phylotypes detected in both DNA-seq and RNA-seq are
considered to be from active cells. (5) Phylotypes present in DNA-seq but
absent in both PMA-seq and RNA-seq are derived from dead cells. The
application of TMA has revealed previously unobserved insights into the
diversity, relative quantity in DNA pools, assemblage structure, and envir-
onmental drivers of the physiologically distinct fractions of benthic
microeukaryotes™. However, the physiology-based perspective of bacterial
and archaeal diversity has yet to be elucidated using TMA, despite the
rationale behind TMA being applicable to all prokaryotic and eukaryotic
microorganisms.

Essential inquiries regarding microbial diversity across diverse systems
still need to be explored within the framework of differentiating active,
dormant, and dead populations. In planktonic microbial diversity studies,
water samples are typically filtered to collect microbial biomass, potentially
excluding dissolved extracellular DNA but retaining that adsorbed onto
particles and debris from dead cells, which are then sequenced®. Further-
more, variations in water’s physiochemical properties, such as salinity,
temperature, pH, light, and nutrient availability, due to depth gradients,
seasonal changes, and the mixing of saline and freshwater, may also selec-
tively induce dormancy, resuscitation, and even death among microbial
populations'*".

In this study, employing TMA, we investigated the diversity and eco-
physiology of bacteria, archaea, and microeukaryotes in the surface and
bottom waters and surface sediments of a shallow coastal region influenced
by freshwater. We focused on niche-wise differentiation and seasonality,
hypothesizing that: (1) there is a significant seasonality in diversity
and quantity of dead and dormant microbes in the water column, even
when DNA pools were obtained through filtering; (2) planktonic microbial
systems differ from benthic systems in many aspects and there are
marked differences between surface and bottom water layers due to
depth gradients of many physicochemical variables; and (3) traditional
total DNA-based microbial diversity and assemblage structure exhibited
spatial and seasonal patterns that differed from those of active microbes
(Supplementary Fig. 1).

Results

Amplicon sequence variant (ASV) richness of active, dormant,
and dead microbes in the rDNA pools

In general, a subset of viable ASVs was consistently identified as dormant
within the water columns across both seasons, representing approximately
20%, 62%, and 28% of the viable bacterial, archaeal, and microeukaryotic
ASVs, respectively (Fig. 1A). These percentages were considerably lower in
sediments, at 11%, 14% and 9% (Fig. 1B). In contrast, consistently active
ASVs constituted higher proportions in sediments (71%, 71%, and 81%)
compared to water columns (45%, 5%, and 28%) (Fig. 1A, B).

Across the total rDNA pools of water and sediment samples in both
summer and winter, dormant and dead microbial ASV's (>50%) were more
prevalent than active ones (<50%) (Fig. 1C-E and Supplementary Fig. 2;
Table 1). The proportion of ASV numbers of these different fractions in
rDNA pools varied significantly, exhibiting distinct niche-dependent pat-
terns (Fig. 1C-E and Supplementary Table 1). Active bacteria, archaea, and
microeukaryotes were consistently more abundant in water than in sedi-
ment rDNA pools (Mann-Whitney U test, p < 0.05 in all cases; Fig. 1C-E).
Similar trends were observed for the dormant fractions in pelagic versus the
benthic environments. Conversely, the dead fractions of bacteria, archaea,
and microeukaryotes comprised over three-quarters of the richness in the
sediments, significantly higher than those in the pelagic environment
(Mann-Whitney U test, p < 0.05 in all cases; Fig. 1C-E).

Niche-wise differences in richness proportions in the rDNA pools were
generally small between surface and bottom water layers, but still statistically
significant for several fractions (Mann-Whitney U'test, p < 0.05; Fig. 1C-E).
Seasonal differences in richness proportions in the rDNA pools were
common and niche-dependent. In surface waters, active bacteria, archaea,
and microeukaryotes had consistently higher proportions in winter than in
summer (Mann-Whitney U test, p < 0.05; Fig. 1C-E). Similar seasonal
patterns were observed for active bacteria and microeukaryotes in the
benthos (Mann-Whitney U test, p <0.05; Fig. 1C, E). Nevertheless, in
bottom waters, lower proportions in winter were detected for active bacteria
and active microeukaryotes (Mann-Whitney U test, p < 0.05, Fig. 1C-E),
except for active archaea (Mann-Whitney U test, p <0.05; Fig. 1D). The
richness proportions of dead fractions showed generally the opposite trend
to the active ones, regardless of the three niches (Fig. 1C-E). Seasonal shifts
in richness proportions of the dormant fractions in the rDNA pools were
generally not significant in surface waters and sediments (Fig. 1C-E). The
only exception was in bottom waters, where dormant microeukaryotes
accounted for 16% in winter (vs. 8% in summer, Mann-Whitney U test,
p <0.05; Fig. 1E).

Relative abundances of active, dormant, and dead fractions in
the rDNA pools
Despite their relatively low ASV richness, active bacteria and archaea, and
microeukaryotes exhibited high relative abundances, constituting 50% to
92% of the IDNA pools, with a notably higher percentage in the waters (on
average 85%) compared to sediments (52%) (Fig. 1F-H; Supplementary
Fig. 3; Table 1; and Supplementary Table 1). In contrast, the dead fractions
were less abundant in the waters (4.6%) than in the benthos (44%) across
both seasons (Mann-Whitney U test, p < 0.05; Fig. 1F-H). No significant
differences in relative abundance were observed between the two water layers
for these active microbial fractions (Mann-Whitney U test, p>0.05;
Fig. 1F-H). The dormant archaea (20% vs. 4.0%) and microeukaryotes (7.4%
vs. 4.8%) had significantly higher relative abundances in the plankton than in
the sediment rDNA pools (Mann-Whitney U test, p <0.05; Fig. 1G, H).
Additionally, dormant archaea were more abundant in bottom waters than
in surface waters (26% vs. 15%, Mann-Whitney U test, p < 0.05; Fig. 1G).
A significant summer-winter shift in relative abundance was observed
for both active (90% vs. 94%) and dormant bacteria (4.7% vs. 1.8%) in
surface water rDNA pools. Similar seasonal patterns were also evident in
benthic rDNA pools, with lower proportions of active bacteria (40% vs.
62%) and microeukaryotes (44% vs. 61%), and higher proportions of dor-
mant bacteria (6.6% vs. 3.0%), and dead bacteria (53% vs 35%) and
microeukaryotes (47% vs. 39%) in summer (Mann-Whitney U test,
P <0.05; Fig. 1F, H). Conversely, in bottom water rDNA pools, active bac-
teria (94% vs. 90%) and microeukaryotes (94% vs. 85%), and dormant
archaea (34% vs. 18%) had higher relative abundance in summer
(Mann-Whitney U test, p < 0.05; Fig. 1IF-H). However, both water layers
had similar proportions of dead microbes in their rDNA pools
(Mann-Whitney U test, p > 0.05; Fig. IF-H), and seasonal variations in the
sequence proportion of dormant microeukaryotes were not significant in
any of these niches (Fig. 1H).
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Fig. 1 | Distribution of active, dormant, and dead microbial ASVs in water- and
sediment-derived rDNA pools and their environmental drivers. Venn diagrams
displaying the counts of ASVs assigned to active and dormant states for bacteria,

archaea, and microeukaryotes in (A) waters and (B) sediments; overlapping sections
denote ASVs assigned to active and dormant states at least once. Box plots of ASV
richness proportions (C-E) and sequence abundance proportions (F-H) for active,
dormant, and dead fractions across surface waters (Sur), bottom waters (Bot), and
surface sediments (Sed) in two seasons, n = 12 biologically independent samples;

-0.3 0.0 03

RDA1 (11.6%)

06

non-overlapping lowercase letters indicate significant differences between niches or
seasons (p < 0.05). I-K Scatter plots revealing positive correlations between
sequence number proportions and ASV richness proportions of each physiological
fraction, n = 72 biologically independent samples. L-O Redundancy analysis (RDA)
ordinations identifying environmental factors significantly associated with shifts in
ASV richness proportions (L and M) and sequence abundance proportions (N and
O) of the three fractions in environmental rDNA pools.

Environmental drivers of the fraction proportions in the

rDNA pools

The richness proportion was significantly and positively correlated with the
sequence proportion of a given fraction in bacterial, archaeal and micro-
eukaryotic rDNA pools (R* =0.11-0.94; p < 0.005; Fig. 11-K), suggesting
that variations in both proportions might be driven by similar environ-
mental factors. Indeed, this hypothesis was supported by the RDA plots,

which showed that pH and/or temperature were the most significant among
several environmental factors that co-varied with richness and sequence
proportions of the active, dormant, and dead fractions in the total plankton
and benthic rDNA pools (p < 0.05; Fig. 1L-O). The importance of pH and
temperature was also recognized in correlations between individual frac-
tions and environmental factors (Supplementary Fig. 4). In addition, other
factors, including DSi, NO;, SRP: DSi, and SRP, were significant in
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Table 1| Comparisons of ASV richness and read proportions of
each fraction in the microbial rDNA pools across summer and
winter

Surface Bottom Sediment P
water (n = 24) water (n =24) (n=24)

Bacteria, richness%

Active 37.1£7.1° 42.6+7.3% 21.3+8.3° <0.001

Dormant 6.8+1.8% 6.6 +2.3° 2.8+2.3° <0.001

Dead 56.1+7.8° 50.8+7.7° 75.9+8.0° <0.001
Bacteria, reads proportion%

Active 91.7+2.8° 92.1+4.4° 50.8+12.8° <0.001

Dormant  3.2+2.13° 25+1.3° 4.8+45° 0.028

Dead 51£2.3° 5.4+4.2° 44.4+11.9% <0.001
Archaea, richness%

Active 32.2+19.1% 29.0+20.1% 11.6+6.3° <0.001

Dormant  14.4+13.6° 25.0+14.4° 1.6+£3.0° <0.001

Dead 53.4+18.3° 46.0+19.3° 86.8 +6.4° <0.001
Archaea, reads proportion%

Active 80.4+17.5% 70.2 +25.8% 51.8+22.7° <0.001

Dormant  14.7 £17.5° 25.9 £26.1% 4.0+9.4° <0.001

Dead 49+3.7° 3.9+53° 44.2+23.17 <0.001
Microeukaryotes, richness%

Active 49.3+15.0° 57.9+14.1% 20.1+11.9° <0.001

Dormant  17.3+9.1% 11.9+9.5° 2.7+5.2° <0.001

Dead 33.4+7.2° 30.2+6.8° 77.2+10.6° <0.001
Microeukaryotes, reads proportion%

Active 87.5+10.2% 89.2+10.8% 52.3+13.9° <0.001

Dormant 8.5+8.8 6.3+9.8 48+11.4 0.450

Dead 40+1.8° 45+2.9° 42.9+13.0° <0.001

The p values were obtained using ANOVA; and the superscripts (a, b and c) sharing no letters
indicate significant differences using multiple comparisons (p < 0.05).

explaining the variations in richness or sequence proportions of the frac-
tions in rDNA pools (Supplementary Fig. 5).

Spatial and seasonal variations in ASV richness of active, dor-
mant, and dead assemblages

Upon categorizing active, dormant, and dead ASVs across all the samples,
we examined the ASV richness and assemblage composition of these
activity-different microbes, revealing distinct patterns among niches and
between two seasons (Fig. 2A-C, I-K, Q-S and Supplementary
Data 1 and 2). Our comparisons indicated that many of the variation pat-
terns in ASV richness and other alpha diversity estimators identified based
on active assemblages did not align with those derived solely from the DNA-
seq datasets (Fig. 2D, L, T and Supplementary Fig. 6). For instance, active
bacterioplankton and microeukaryotes in summer bottom waters were
significantly richer than those in summer surface waters (48.0 +4.6% vs.
33.9+8.9%; and 66.8+6.4% vs. 44.7 + 16.0%; Mann-Whitney U test,
p<0.05; Fig. 2A, Q), a difference that was not apparent when based on
DNA-seq alone (Fig. 2D, T). Furthermore, significant seasonal differences
in ASV richness were observed for active bacterioplankton in surface waters
(Mann-Whitney U test, p < 0.05; Fig. 2A) and for active archaea in sedi-
ments (Mann-Whitney U test, p < 0.05; Fig. 2I), differences that were not
significant using the traditional DN A-based approach (Mann-Whitney U
test, p > 0.05; Fig. 2L). In addition, based on total rDNA data, bottom water
microeukaryotes appeared to be richer in winter than in summer
(Mann-Whitney U test, p < 0.05; Fig. 2T), a difference that was not sig-
nificant for the active microeukaryotes identified using the triple meta-
barcoding approach (Mann-Whitney U test, p > 0.05; Fig. 2Q).

Overall, the majority of bacterial, archaeal, and microeukaryotic taxa
(phyla and ASV) exhibited physiological shifts between active and dormant
states, providing evidence that dormant microbes are phylogenetically
widespread. Dormancy was identified at least once for most of the 53 active
bacterial phyla except for FCPU426, LCP-89, Poribacteria, Methylomir-
abilota, GNO1, WS2, and Abditibacteriota, for 8 out of the 10 active archaeal
phyla (except for Aenigmarchaeota and Altiarchaeota), and for 24 out of 28
microeukaryotic phyla (except for Metamonada, Rhodelphidia, Discosea,
and Perkinsea) (Fig. 2). Dormant bacteria exhibited similar richness across
water and sediment and between seasons (Fig. 2B). For both dormant
archaea and microeukaryotes, however, surface-bottom differences in
richness were found, but only in summer (Fig. 2], R); and seasonal differ-
ences in richness were detected only in bottom waters (Fig. 2], R).

The benthos consistently harbored a more diverse array of dead
microbes than the plankton (Fig. 2C, K, S). Surface-bottom and seasonal
differences in dead ASV richness were generally insignificant (Fig. 2K, S),
except for bacteria, which were more diverse in surface water than in bottom
water in summer, and in winter than in summer in the bottom waters
(Fig. 2C). Similarly, communities based on total DNA appeared to differ
from active ones in terms of the relative abundance of many major taxa
(Fig. 2H, P, X).

Assemblage structures of active, dormant, and dead microbes
The assemblage structures of the active, dormant, or dead microbes showed
significant differences between water and sediment in either or both seasons,
and exhibited distinct seasonality in both waters and sediments (ANOSIM,
p<0.05 Fig. 3 and Table 2). However, the differences in assemblage
structure of planktonic microbes of either physiological state in the shallow
coastal area were often not significant between surface and bottom water
layers (ANOSIM, p > 0.05; Fig. 3; Supplementary Fig. 7; and Table 2), except
for the dormant and/or dead ones in summer (ANOSIM, p < 0.05; Table 2).
Active and dormant archaea in the sediments displayed similar assemblage
structure between summer and winter (ANOSIM, R<0.07, p>0.05;
Table 2). Although the niche-wise and seasonal variational patterns of the
assemblage structures of bacteria, archaea, and microeukaryotes based
solely on DN A-seq data were also significant (Supplementary Fig. 7), their R
static values were either higher or lower than those of the active fractions
(Table 2). There were significant differences in assemblage structure
between the DNA-based and the active ones (Supplementary Table 2),
indicating that the mixing DNA-based data of dormant and dead microbes
with active ones affected the accuracy of characterizing spatial and seasonal
changes in assemblage structure of active microbes.

Some major taxa exhibited significantly different relative abundances
among active and dormant, and dead assemblages across both seasons
(Fig. 2E-G, M-0O, U-W). More specifically, planktonic Alphaproteo-
bacteria, Cyanobacteria, and Bacteroidota, Marine Group II, Mediophyceae,
Ciliophora, Cryptophyceae, Mamiellophyceae were more abundant in active
assemblages, whereas Actinobacteria, Planctomycetota, Verrucomicrobiota,
Ca. Nitrosopumilus, Dinoflagellata, Cercozoa, and Fungi were less repre-
sented relative to their dormant counterparts (in all cases, Mann-Whitney
U test, p <0.05; Fig. 4A-C and Supplementary Table 3). In the benthos,
Gammaproteobacteria, Nitrospirota, Gemmatimonadota, Halobacterota,
Mediophyceae, Bacillariophyceae, Ciliophora were more abundant in active
than in dormant assemblages, whereas Acidobacteriota, Chloroflexi, Fir-
micutes, Nanoarchaeota, Marine Group III, Marine Benthic Group D, and
DHVEG.1, Dinoflagellata, Cercozoa, and Cryptophyceae, Fungi were less
abundant (most, Mann-Whitney U test, p < 0.05; Fig. 4D-F and Supple-
mentary Table 3).

In both active and dormant assemblages, many microbial taxa showed
distinct sequence proportions between plankton and benthos across two
seasons, indicating habitat-dependent community assembly of both active
and dormant microbes (Fig. 4G-L and Supplementary Data 3). Active
Alphaproteobacteria, Cyanobacteria, Bacteroidota, Marine Group II, Cryp-
tophyceae, Mamiellophyceae, and Prymnesiophyceae had higher sequence
proportions in planktonic assemblages relative to the benthic counterparts
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(Mann-Whitney U'test, p < 0.05; Fig. 4G-I), whereas other active members,
such as Gammaproteobacteria, Actinobacteria, Planktomycetota, Desulfo-
bacterota, Nitrospirota, Acidobacteriota, Gemmatimonadota, Ca. Nitroso-
pumilus, Bathyarchaeia, and Halobacterota exhibited lower sequence
proportions (Mann-Whitney U test, p <0.05; Fig. 4G-I). In dormant
assemblages, Alphaproteobacteria, Actinobacteria, Verrucomicrobiota,
Marine Group II, Ciliophora, and Bacillariophyceae had higher sequence
proportions in plankton than in benthos (Mann-Whitney U test, p < 0.05;

Fig. 4J-L), whereas Acidobacteriota, Chloroflexi, Desulfobacterota, Firmi-
cutes, Nitrospirota, Bathyarchaeia, Marine Benthic Group D, and
DHVEG.1, Asgardarchaeota, Cercozoa, and Fungi were less abundant
(Mann-Whitney U test, p < 0.05; Fig. 4]-L and Supplementary Data 3).
Seasonally, many taxa had significantly different sequence proportions
in both the active and dormant assemblages (Fig. 5). The number of taxa
exhibiting significant seasonal shifts in the dormant assemblages was
comparable to those in the active ones in water columns (Fig. 5A-F),
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Fig. 3 | Niche- and season-dependent variations in assemblage structure of

physiologically distinct microbial fractions. Non-metric multidimensional scaling
(NMDS) ordinations illustrate compositional variations in bacterial (A-C), archaeal
(D-F), and microeukaryotic (G-I) assemblages resolved into active, dormant, dead,

and bulk environmental rDNA pools. All ordinations achieve acceptable repre-
sentations (stress < 0.21). ANOSIM global R and p-values are provided to quantify
the significance of observed differences.

whereas the former was much lower than the latter in the benthos
(Fig. 5G-1), indicating more pronounced seasonality of dormant assem-
blages in waters than in sediments. Planktonic Cyanobacteria, SAR324/
Marine Group B, Bdellovibrionota, Myxococcota, and Dinoflagellata in the
active and dormant assemblages consistently had higher relative abundance
in summer than in winter, whereas Gammaproteobacteria, Alphaproteo-
bacteria, Desulfobacterota, Camplilobacterota, Cercozoa, Coscinodiscophy-
ceae, Opalozoa, Peronosporomycetes, Choanoflagellata, and Fungi
consistently showed the opposite (Mann-Whitney U test, p<0.05;
Fig. 5A-F and Supplementary Data 3). Furthermore, planktonic Actino-
bacteria, Planctomycetota, Verrucomicrobiota, Marine Group II, and Api-
complexa in the dormant assemblages were more abundant in summer than
in winter, while Gemmatimonadota, Firmicutes, Acidobacteriota, Ca.
Nitrosopumilus, Halobacterota, Sagenista, and Chrysophyceae displayed the
opposite (Mann-Whitney U test, p <0.05; Fig. 5D-F and Supplemen-
tary Data 3).

The relative abundances of major lineages within the phyla Acid-
obacteriota and Nanoarchaeota in active and dormant assemblages exhib-
ited distinct seasonal patterns and varied between the two niches (Fig. 6).
Both active and dormant acidobacteria were predominantly represented by
Subgroups 10 and 23 (Class Thermoanaerobaculia) and Subgroup 17 (Class
Vicinamibacteria). Acidobacterial Subgroup 22 was relatively abundant in

sediments but not in water columns. Other dormant and abundant acid-
obacteria in sediments included Subgroup 9, Aminicenantales (Class Ami-
nicenantia), Subgroup 7 (Class Holophagae), and Subgroup 21. Seasonally,
many of these acidobacteria, in both active and dormant assemblages, were
frequently more abundant in winter than in summer (Fig. 6A).

Nanoarchaeota was dominated by genus Woesearchaeales in both
water and sediments (Fig. 6B). In water columns, this genus exhibited sig-
nificant seasonality, with higher abundance in summer than in winter in
both active and dormant assemblages (Mann-Whitney U test, p < 0.05). In
certain summertime sediment samples, Woesearchaeales was also abun-
dant, but seasonal differences were not statistically significant
(Mann-Whitney U test, p > 0.05; Fig. 6B).

Environmental drivers of diversity and assemblage structures of
the active, dormant, and dead microbes

The ASV richness of active bacteria, archaea and microeukaryotes in both
water and sediment were correlated significantly with distinct sets of
environmental factors, which often differed from those associated with total
DNA-based ASV richness (Fig. 7). Water depth was significantly and
positively correlated with the richness of active bacterioplankton (p = 0.416,

p=0.003), but not with that of the total DNA-based richness of bacter-

ioplankton (Fig. 7A). Temperature was negatively correlated with the
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richness of active benthic bacteria (p = —0.734, p <0.001), and salinity was
positively correlated with richness of active bacterioplankton (p = 0.387,
P =0.007) and benthic archaea (p = 0.579, p = 0.003), yet these correlations
were not significant for the DNA-based richness (Fig. 7A, B). Similarly,
variables significantly correlating with the DNA-based richness of plank-
tonic bacteria (pH), planktonic archaea (temperature, DSi, NO, and SRP:
DSi), planktonic microeukaryotes (transparency, pH, and NO;), and
benthic archaea (SRP) were found to be insignificant for the active ones
(p > 0.05; Fig. 7A, B), likely because these factors were significantly corre-
lated with the richness of the dormant and/or the dead fractions (p < 0.05;
Fig. 7A, B). Significant environmental drivers for the richness of active
benthic bacteria (temperature, SRP, NO; , and SRP: DSi) and active benthic
microeukaryotes (SRP, and SRP: DSi) were not applicable for the DNA-
based richness (p > 0.05; Fig. 7A, B).

For dormant and dead fractions, temperature (p < 0), DSi (p < 0), DIN:
DSi (p>0), and SRP: DSi (p > 0) were often significant major drivers for
the richness of in the water column (p <0.05; Fig. 7A, B). Furthermore,
higher levels of NHS (p=0.379) and DIN (p=0.321) coincided with
higher richness of dormant bacterioplankton (p < 0.05; Fig. 7A). Both lower
water content and lower nitrate concentrations were associated with a
higher richness of dormant microeukaryotes in the sediments (Fig. 7B).

In explaining the variation in the assemblage structure, temperature
was often found to be the strongest factor for all active, dormant, and dead
microbes in both water and sediment, as well as those characterized using
total DNA (Fig. 8A-W). However, more variables, especially nutrients, pH,
and transparency, were identified as significant in correlation with the
assemblage structure of active microbes, explaining higher proportions of
variability (Fig. 8A, B, E,F, I, and J). Similar results were obtained for benthic
microbes, with active ones seemingly driven by different sets of variables
(Fig. 8M, N, Q, R, T, and U).

The CCA and RDA plots showed that the variations in assemblage
structures of dormant and dead forms were generally poorly explained by
the environmental variables measured in this study (Fig. 8, the third and
fourth columns). Apart from temperature, the dormant and dead microbes
were significantly correlated with various factors, including SRP: DSi, DIN:
DS, salinity, NO3 , NHJ, pH, and transparency, which, however, usually
only explained <5% of the total variations (Fig. 8C, D, K, L, P). The
planktonic archaea and benthic microeukaryote assemblages in dormant
forms were relatively better explained by temperature and salinity (24.5%,
p<0.05) and DIN: SRP (18.5%, p < 0.05) (Fig. 8G, V).

Discussion

Our study, using the triple metabarcoding approach (TMA), unveils for the
first time the physiologically based diversity and assemblage structure of
microbes across three domains, their seasonal variations, and the distinc-
tions between water columns and surface sediments in a coastal system. We
have demonstrated that there are significant proportions of dormant and
dead fractions in both planktonic and sedimentary DNA pools of these
microbes. Utilizing TMA to differentiate between active and dormant states
of viable cells at the ASV level has yielded intriguing insights into the
dormant microbes, or the “microbial seed bank”, which holds substantial
ecological and evolutionary significance'’. Our findings provide evidence
that bacteria, archaea, and microeukaryotes in a dormant state are phylo-
genetically widespread and exhibit a diversity that surpasses previous
understanding grained through enrichment techniques. Additionally, we
have shown that dormant assemblages are highly dynamic, exhibiting dis-
tinct seasonality and niche specialization between water and sediment
environments. Furthermore, we have discovered that extracellular DNA
pools originate from different microbial sources, exhibit unique dynamics,
and are influenced by various environmental factors in both water column
and sediment realms.

It was estimated that DNA passing through a membrane filter (dissolved
DNA) constitutes approximately 30% of total DNA pool in nearshore and
estuarine waters”. Of the particulate DNA captured on the 0.2 um-pore-sized
polycarbonate membrane, only a minor portion (about 5%) of dead
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and n = 12 for water and sediment samples respectively, biologically independent
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Communications Biology | (2025)8:1388


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08789-z

Article

Water

Sediment

A Summer

Winter Summer Winter

p_Acidobacteriota

c_Thermoanaerobaculia

g_Subgroup 10

g_Subgroup 23

g_Thermoanaerobaculum
c¢_Vicinamibacteria

g_Subgroup 17

g_Subgroup 9

Ive

g_uncultured_Vicinamibacterales
¢_Aminicenantia

g_Aminicenantales
c_Holophagae

Act

12%
9%
6%

g_Acanthopleuribacter

c_Acidobacteriae

3%

c_Blastocatellia

c
c_Unclassified Acidobacteriota

Acidobacteriota

c_Thermoanaerobaculia

g_Subgroup 10

Subgroup 23
[ @nam%:ac?eria

g_Subgroup 17

60%

Subgroup 9

c_Aminicenantia

g_Aminicenantales

40%

c_Holophagae

g_Subgroup 7

20%

Dormant

¢_Subgroup 21
- %\T gZS

. C. S$9.
c_Acidobacteriae

c_Blastocatellia

c_Subgroup 18

c_Subgroup 22

c_Subgroup 26

c_Unclassified Acidobacteriota

B Water Sediment 10%
= . 8%
o Summer Winter Summer Winter °°
> p_Nanoarchaeota T T T T T T TT Ti] [EEEEEN T AT ] 6%
e} c_Nanoarchaeial [ [ T [T 7T [T [ T e e P ] 549
(&) g_Woesearchaeales_ [ T [T [ T 1T 11 [l | HEEEEEEEEEEEEEREEEEEEEEEEN|EEEEEEEEEE|
SRRRDNDDEDBN000000000000 CERNNDDNEEN00000000000 BBRBNHHDHDHBHH BBBHDDDHDHH
222222222222 2222222222 ===22222==< 0
il 100%
(=] p_Nanoarchaeota[T] 80%
o] c_Nanoarchaeia[ ] o
g_.Woesearchaeales| ] 0,
e g_AR15[] 0%
= g_GW2011_GWCT 47 15[ 1] I T = 40%
(@) g_SCGC_AAA011D5 N [l 1
a NICBODOBHOFONTOBSHODHOTID QUTVORPOIONCNTDODRO F1O FOoO0OHOT I9T© 20%
IR A e ata ataYaYataYatatata) Y el atatayayayayatatatata) BBDDADRD BRDD
222222322322 ==== 0

Fig. 6 | Seasonal shifts in sequence proportions of major taxa within active and dormant bacterial and archaeal assemblages. Heatmaps display the proportional
representation of key lineages in both water and sediment habitats: A Acidobacteriota. B Nanoarchaeota.

planktonic microbial biomass persisted, suggesting that dissolved DNA
represents a predominant component of extracellular DNA from microbial
sources and can be effectively removed via filtration. The potential clogging of
the size fraction (0.2-200 um) on filters could bias the proportions of relic
DNA and particulates. Future experiments might consider using multiple
filter sizes to better capture different fractions of relic versus intact DNA. In
contrast, in the DNA pool of surface sediments of the shallow coastal region,
the dead fractions were estimated to exceed 40%, regardless of whether they
were bacteria, archaea, or microeukaryotes. This could be attributed to the
more rapid degradation of extracellular DNA in seawater compared to
marine sediments (turnover time of 10 h vs. 29 to 93 days™), and the pro-
tection from nucleases of DNA absorbed onto the sediment matrix’. The
sequence proportion of dead microeukaryotic benthos in this study is sig-
nificantly higher than that found in muddy and sandy sediments of a tidal
zone (14%°). Permanent submersion in an anoxic condition, as opposed to
periodic exposure in air and oxygen penetration into deeper layers in inter-
tidal sediments, could reduce oxidation and increase the turnover time of
extracellular DNA’, resulting in a relatively higher retention of relic DNA in
the sedimentary DNA pools observed in this study.

pH was identified as the most significant factors explaining the richness
and sequence proportions of physiologically distinct microbes in the rDNA
pools (Fig. 1L, N), particularly for bacterioplankton and microeukaryotic
plankton. These groups displayed a richer and larger active fraction and a
less diverse and smaller dead fraction in summertime bottom waters and
under lower pH conditions (Figs. 1C, E and S4A, C). Liang and Keeley

previously demonstrated that a lower pH enhanced the recovery of extra-
cellular DNA on filter membranes™. This technical aspect of pH is unlikely
to account for the contrasting results we observed. Instead, biologically
mediated processes, such as an increase in positively charged hydrolytic
enzymes at lower pH levels, accelerate the degradation of extracellular
DNA***®, Moreover, pH was found to inversely co-varied with NO; in our
study. The accumulation of NO3 in bottom waters typically coincides with
lower dissolved oxygen, which may inhibit the active secretion of DNA by
living cells and promote passive release following cell death and cell lysis due
to grazing pressure from heterotrophic protists and zooplankton'*”. These
underlying processes could explain the higher richness proportion of dead
microbes (relic DNA) in surface waters compared to bottom waters. Apart
from the higher pH, the bottom water in the studied region also had lower
temperatures in winter, which may contribute to a higher richness pro-
portion of dead fractions of bacteria and microeukaryotes, as warmer
temperatures facilitate degradation of extracellular DNA™. Coastal hypoxia
is becoming increasingly prevalent, and oceanic oxygen minimum zones are
expanding. Both of these phenomena can have significant impacts
on microbial ecology and biogeochemical processes™®”’. The ecophysiolo-
gical adaptations of microbes in these low-oxygen and low-pH systems are
fascinating topics that warrant further exploration.

Discriminating active, dead, and dormant microbial cells in environ-
mental samples has been relatively rare in microbial ecology, with one of the
key challenges being the varying criteria used to define dormancy. Using
fluorescent staining to target all cellular DNA, the absence of a visible
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Fig. 7 | Correlations between environmental variables and the microbial diversity
of physiologically distinct versus total DNA-defined microbial communities.
Spearman’s correlation coefficients relate environmental factors with ASV richness
of the active, dormant, dead assemblages as well as of the bulk environmental DNA
pool in water (A) and sediment (B) (n =48 and n = 24 respectively, biologically

independent samples). Note that the factors significantly shape traditional DNA-
based richness differ markedly from those governing the active and dormant
assemblages revealed by the triple metabarcoding framework. Red and green denote
positive and negative correlations, respectively. DSi dissolved silicate, SRP soluble
reactive phosphorus, MicroEuks microeukaryotes.

nucleoid region, and large molecular probes that penetrate only dead cells,
Manini and Danovaro estimated that 40%, 30%, and 30% of prokaryotic
cells were active, dormant, and dead, respectively, in Italian coastal
sediments'”. In contrast, our findings indicate a higher proportion of active
(51%) and dead cells (44%) in the sediments, with dormant bacteria con-
stituting a smaller fraction of the total rDNA pools (on average 5%). Several
factors may contribute to these discrepancies. Firstly, regarding methodo-
logical differences, the rRNA gene sequence-based TMA is susceptible to
variations in gene copy numbers among bacterial species and strains™’. This
implies that identical cell counts may possess varying gene copy numbers.
Secondly, dormant population definition: in our analysis of triple meta-
barcoding data, we categorized dormant populations as those with intact cell
membranes but no transcriptional activity’®. This criterion is stringent,
identifying truly dormant cells but may also bias against those that have
entered dormancy yet still retain a low abundance of rRNA transcripts*'.
Thirdly, the cells on filter membranes could be stressed, physiologically
altered, and physically damaged, especially when the filtration of turbid
water samples becomes quickly saturated. Fourthly, different geological
locations of the studied area may lead to variations in the physiological
performance of microbes®”, which could account for the observed
differences.

Copiotrophic bacteria typically maintain multiple rRNA gene copies in
their genomes and grow rapidly, whereas oligotrophs tend to encode fewer
rRNA gene copies and exhibit relatively slower growth rate compared to
copiotrophs'>”. Given that bacterial rRNA transcript copies are generally
positively correlated with rRNA gene copies', and oligotrophs are expected
to have fewer ribosomes (and thus fewer rRNA transcripts) than
copiotrophs', it is plausible to suspect that the TMA approach might
classify oligotrophic microbes, which typically have low cellular RNA
abundance, as dormant, and copiotrophs as active. To address this concern,
we compared the ASV numbers of oligotrophs and copiotrophs in both
dormant and active assemblages (Supplementary Fig. 8) and across major
taxa (Supplementary Table 4).

In the water column, the richness of dormant oligotrophic bacteria was
comparable to that of dormant copiotrophic bacteria (p = 0.585, n = 48). In
contrast, in sediments, the richness of oligotrophic bacteria in dormant
assemblages was significantly higher than that of copiotrophic bacteria

(p=0.039, n=24). However, active oligotrophic bacteria also exhibited
higher richness than copiotrophic bacteria in sediments (p = 0.001, n = 24).
For archaea, oligotrophs generally dominated in both active and dormant
assemblages (p <0.05), and the richness of dormant oligotrophs and
copiotrophs in sediments was not significantly different (p = 0.08; Supple-
mentary Fig. 8).

Some taxa, such as Acidobacteriota, Chloroflexi, Verrucomicrobiota,
Planctomycetota, and Gemmatimonadota are known to be slow-growing
and putatively dormant (low RNA-containing) microbes in soils*. Our
analysis indicated that most of these taxa, classified as dormant in this study,
indeed belonged to oligotrophs. However, their oligotrophic phylotypes
were significantly richer than copiotrophic ones in active assemblages,
regardless of whether they were in water or sediment (Supplementary
Table 4). Furthermore, both active and dormant phylotypes of the well-
known oligotrophic bacterial group SAR11 were consistently more repre-
sented by copiotrophic rather than oligotrophic ones (Supplementary
Table 4). Therefore, we conclude that there is insufficient evidence to sup-
port the notion that dormancy and activity in prokaryotes identified in this
study are strongly correlated with their trophic strategies.

Consistent with our previous study that revealed a considerable
diversity but a low sequence proportion of dormant microeukaryotes in
intertidal sediments™, the current study extends these findings to bacteria
and archaea in both planktonic and benthic environments. Both studies
support the concept that most dormant microbes are rare within the
communities, acting as a genetic diversity reservoir in the studied
systems'**. The high diversity of dormant populations also suggests that the
alpha diversity of active or functional microbes may have been over-
estimated in many traditional DNA-based metabarcoding studies®®, and the
recent metabarcoding of PMA-treated DNA targeting viable populations’.

Our study identified some dormant bacterial taxa that were also
recognized through lysis and enrichments in previous studies, highlighting
the effectiveness of TMA in recovering dormant taxa from the environment.
For instance, after physical and chemical lysis, spore-forming bacteria in
sediments and human fecal samples were enriched and mostly identified as
the endospores or exospore of Firmicutes, sulfate-reducing bacteria, and
Actinobacteria™'***"**, These taxa were also found to be abundant as
dormant members in the present study. Furthermore, our results on
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and dormant fractions resolved by the triple metabarcoding approach. DSi dissolved
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dormant taxa in surface sediments align with Corona Ramirez et al.*® who
demonstrated that many members of Proteobacteria and Chloroflexi were
abundant in lysis-resistant assemblages in lake sediments.

In our examination of sediments, Acidobacteriota appeared dominant
in dormant assemblages (22%) but were rare in active assemblages (3%)
(Fig. 4]). This finding contrasts with previous studies, in which dormant
Acidobacteriota were barely detected using lysis-resistant methods'***. The
vast majority of Acidobacteria remain uncultured, whereas 16S rDNA-
based surveys have shown this phylum to be abundant across diverse
habitats, particularly in soils. All cultured species were thought to be

oligotrophic and non-spore forming, and recent studies showed that gen-
omes of acidobacterial representatives contain H,-uptake [NiFe]-hydro-
genase and many physiology-relevant genes that enable them to adapt to
stress and starvation**”’. Despite of these advances, knowledge of their
ecophysiology in various ecosystems is limited®. Our finding provides the
first community-level evidence for the importance of Acidobacteria in the
bacterial seed bank, and the dormancy of various lineages of Acidobacteria
members in the environment warrants further investigation to better
understand their physiology and ecology across different environments
and times.

Communications Biology | (2025)8:1388

12


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08789-z

Article

Taxonomic distribution of dormant bacteria and archaea in plankton
has been molecularly assessed using rRNA to rDNA ratio as an indicator
(e.g."*"°. However, these studies have rarely taken extracellular DNA and
dead cells into account. After pasteurization and incubation, the thermo-
philic fermentative endospores of Firmicutes in coastal waters underwent
germination and were subsequently identified and enumerated™. In our
study, the spore-forming Firmicutes (1.1%) and Desulfobacterota (1.8%)
were found to be minor components of the dormant bacterioplankton
assemblage (Fig. 4A and Supplementary Table 3). We found a high con-
tribution of Actinobacteriota (20%) to the dormant bacterioplankton in the
river plume region (Fig. 4A and Supplementary Table 3), aligning with the
notion that many actinobacterial spores are washed into and survive for long
periods in freshwater and marine habitats”. Furthermore, the dominance of
Gamma- (22%) and Alphaproteobacteria (21%), and the abundance of
Bacteriodota, Planctomycetota, and Verrucomicrobiota in the dormant
bacterioplankton assemblage was seldomly reported (Fig. 4A and Supple-
mentary Table 3). This may be because not all microbes enter dormant state
by forming spores®, and some taxa might be destroyed or damaged by
physical and chemical treatments during enrichment.

Dormancy has been sporadically reported for halophilic and ther-
mophilic archaeal species’™ . Lysis-resistant archaea enriched from poly-
extreme benthos were identified to be mainly Halobacteria and
Thaumarchaeota (or ammonia-oxidizing archaea, AOA)*, which were also
recovered as dormant members in our study. Additionally, two archaeal
groups, Bathyarchaeia, known as important degraders of organic matter in
sediments™, Ca. Nitrosopumilus, well-known ammonia oxidizers”’, were
found to be abundant in both the dormant and active archaeal assemblages
in the benthos. This suggests physiological specialization within these two
groups, indicating that not all co-occurring phylotypes are actively func-
tioning in the surface sediments. In the water columns, viable cells of Ca.
Nitrosopumilus were detectable but appeared to be completely inactive,
possibly due to photoinhibition of AOA activity in sunlight-exposed shallow
waters™. Nanoarchaeota, putative obligate archaeal symbionts™, were
mostly dormant in both sediments and waters, a new finding that
demonstrates much remains to be discovered about their activity and eco-
logical role in marine systems. It was not surprising that Marine Group II
was active in the coastal water columns, as they are likely photoheterotrophs
and frequently positively correlated with phytoplankton biomass®. These
results highlight that dormancy may be a physiological factor affecting
biogeochemical and ecological activity of these archaea in the marine
environment.

Resting cysts of relatively large cell-sized ciliates and dinoflagellates in
sediments have been documented®"”. In our study of dormant micro-
eukaryotes, dinoflagellates (richness% < 38% and seq% < 50%) and ciliates
(richness% < 11% and seq% < 11%) were indeed among the most diverse
and dominant. Nevertheless, the dormant phenotypes of many taxa, which
were rarely quantified in environmental studies, were found with moderate
sequence proportions in the dormancy assemblages of both water columns
and sediments (e.g., Cercozoa < 16%; Mediophyceae <11%; Cryptophy-
ceae < 7%). Cysts of these protistan taxa have been documented***".

Our study revealed that the environmental factors driving the richness
and community structure of active microbes differ from those based on total
DNA, suggesting that including dormant and dead microbes in meta-
barcoding data could lead to incorrect inferences about the anthropogenic
and climatic impacts on microbial structure and function. In a stable system,
where the total species number across different physiological states remains
constant, we hypothesize that environmental stress-induced physiological
shifts would result in factors promoting active microbial richness inversely
correlating with those of dormant and dead microbes. This hypothesis
appears to hold true for benthic bacteria and microeukaryotes in this study
(Fig. 7B), and our previous microcosm incubation investigation of benthic
microeukaryotes™, but not for planktonic microbes. Here, colder tem-
peratures and lower concentrations of DSi promoted the richness of active,
dormant, and dead microbes alike (Fig. 7A). These discrepancies can be
attributed to the differences in species pool size and stability between water

and sediment. Pelagic systems are dynamic and resource-dependent, with
currents and flows bringing species into and out of the studied area. The
number of dormant and dead species is largely dependent on the pool size of
active species, which is partly driven by DSi, a nutrient essential for diatom
production. In contrast, sediment species pools are more stable, with limited
species dispersal; thus, a higher number of active species is achieved at the
cost of reactivating dormant ones.

Conclusion

Our study supports the notion that active microbes are predominantly
abundant within the communities, while dormant forms are relatively rare
and deceased microbes are pervasive across natural environments. This
study also underscores the dynamic nature of dormant assemblages, which
exhibit clear seasonality and niche-specific adaptations. Our findings reveal
substantial representation of both dormant and dead microbes in the whole
DNA pools extracted from environmental samples, challenging the con-
ventional metabarcoding assessments that may overestimate the active
microbial diversity of bacteria, archaea, and microeukaryotes. However, the
environmental factors we measured explain very little of the variation
observed in the assemblages of dormant and dead microbes. In this study,
we did not measure other chemical stressors such as antibiotics, heavy
metals, and organic pollutants, which are known to trigger microbial
dormancy”. Diel variations in microbial metabolic activity and gene
expression have been shown to be distinct in water columns'****’. The
impact of diel rhythms on microbial eco-physiological states remains to be
examined. We did not consider dispersal processes such as sedimentation
from pelagic to benthic environments and re-suspension from benthic to
pelagic, were not included in this study. However, these processes could play
a role in driving microbial succession, physiological changes, and die-off.
Furthermore, biotic interactions such as predation, competition, allelo-
pathy, parasitism, and mutualism have been suggested as significant factors
in explaining the unresolved variability in DNA-based microbial
diversity”*". We further posit that biotic interactions could substantially
influence microbial ecophysiology and biogeography. Additional investi-
gation into these factors is essential to unravel the intricate effects and
interactions that shape the ecophysiology-based diversity of microbes across
various ecosystems.

Methods
Sampling
The sampling area was situated in the estuarine plume area of the northern
Beibu Gulf, to the west of the Leizhou Peninsula and the northern South
China Sea (Supplementary Fig. 9). During two expeditions in August 2023
(12 stations) and January 2024 (12 stations), surface (at a depth of 0.5 m)
and bottom water samples (1 m above the seafloor) were collected using a
portable water sampler. Meanwhile, sediment samples were gathered with a
Van Veen grab sampler (Hydro-Bios), and the top 1-cm layers were sub-
sampled with a custom-made corer (inner diameter 1.5 cm). Sampling took
place from 08:00 to 16:00 each day. In situ measurements of water tem-
perature, pH, and salinity were conducted using a pH meter (Testo,
Pennsylvania, USA) and a salinity meter (Vastocean, Shanghai, China).
The water samples were first pre-filtered through a 200-pum mesh to
remove large particles, and then 1 liter of the filtrate was further filtered
through a 0.2-pm-pore-sized polycarbonate membrane (47 mm diameter;
Millipore, Germany) to capture microbial biomass. Both the membranes
with the retained biomass and the sediment samples were stored at —80 °C
for subsequent nucleic acid extraction. The filtrate was kept at —20 °C for
nutrient analysis.

Determination of physicochemical variables

Sediment subsamples were freeze-dried using a vacuum freezer (Boyikang,
Beijing) to achieve a constant weight, which allowed for the calculation of
water content. Total organic carbon (TOC) and total nitrogen (TN) were
determined using an elemental analyzer (Elementar Macrocube, Germany).
Additional sediment subsamples were mixed with distilled water at a 1:2.5
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ratio, and their pH and salinity were measured using the same methods
as for seawater samples. Nutrients in the sediment were extracted with
2 M KCl solution, and the concentrations of nitrate (NO;'), nitrite (NO; ),
ammonium (NHJ), soluble reactive phosphate (SRP), and dissolved
silicate (DSi) in both the extracted solution and the seawater were analyzed
using a flow auto-analyzer (Technicon AA3, Bran-Lubbe, Norderstedt,
Germany). For summary of environmental variables, see Supplementary
Table 5.

PMA treatment, nucleic acid extraction, and reverse
transcription

The PMA treatment for sediment samples followed previously published
protocols™™. Specifically, two aliquots of each sediment sample were
resuspended in 8 mL PBS (pH 7.2-7.4) in transparent polystyrene tubes
(Falcon, USA) and gently mixed with PMAxx (Biotium, USA) to achieve a
final concentration of 40 pM. The samples were then incubated for 4 min in
the dark. Subsequently, the tubes were exposed to a 650 W halogen lamp for
four 30:30 s light:dark cycles. The PMA-treated samples were filtered onto
0.2-um-pore-sized membrane filters (Millipore, Germany) for subsequent
DNA extraction. For seawater samples, the PMA treatment was carried out
as previously described”®, with modifications (Supplementary Fig. 10). In
brief, 500 ml of seawater was added to the holding cup, passing through a
0.2-pum-pore-sized polycarbonate membrane, leaving 5-10 ml of water in
the cup. A PMAxx solution (final concentration of 40 uM) was then added
and incubated in the dark for 10 min. Light activation and final filtration
were performed as described. All filters were stored at —80 °C until DNA
extraction using the PowerSoil Kit (QIAGEN, Germany). Co-extraction of
DNA and RNA and reverse transcription were conducted as detailed by
Deng et al.”.

High through sequencing and data processing

The V4 hypervariable region of the 16S rRNA and 18S rRNA gene were
amplified using universal primers 515F (5-GTGYCAGCMGCCGCGGT
AA-3)" and 806R (5-GGACTACNVGGGTWTCTAAT-3')" for bacteria,
Arch519f (5-CAGCCGCCGCGGTAA-3') and Arch915r (5'-GTGCTCC
CCCGCCAATTCCT-3") for archaea™, and euk454F (5'-CCAGCASCY
GCGGTAATTCC-3') and UeukREV3 (5-ACTTTCGTTCTTGAT-3') for
microeukaryotes”. PCR reactions were conducted with an initial denatura-
tion at 98 °C for 1 min, followed by 30 cycles of denaturation at 98 °C for 10's,
annealing at 50 °C for 30s, and elongation at 72 °C for 30 s and 72 °C for
5min. PCR products were purified with Universal DNA Purification Kit
(TianGen, China), and sequencing libraries were generated using NEB Next
Ultra IT FS DNA PCR-Free Library Prep Kit (New England Biolabs, USA).
Sequencing was performed on an Illumina Novaseq 6000 PE250 platform ata
commercial company (Novogene, China).

Sequence data were processed using QIIME 2 version 2021.47", Raw
reads were imported into QIIME 2 using the q2-import plugin and
demultiplexed using the q2-demux plugin. ASVs were generated and fil-
tered for quality using DADA2 through the q2-dada2 plugin (Supple-
mentary Data 4). Microbial taxonomy was assigned to ASVs using a naive
Bayes classifier trained on the SILVA database (Release 138.1) for bacteria
and archaea, and the PR2 database (Version 5.0.0) for microeukaryotes.
Active, dormant, and dead ASVs were categorized based on sequence
datasets obtained from DNA-seq, RNA-seq, and PMA-seq using a custom
script (https:/github.com/vivenha/) and under the following criterion™: (1)
the PMA-seq covers the ASVs of cell membrane-intact components (e.g.,
dormant and active ASVs); (2) the ASV's detected in both the DNA-seq and
RNA-seq are considered to be active; (3) the ASVs observed in the DNA-seq
but neither in PMA-seq nor RNA-seq dataset are considered dead; (4) those
detected in PMA-seq and/or RN A-seq but not present in DNA-seq are the
theoretically absent (T-absent) ASVs, which may reflect either methodo-
logical issues or lack of sufficient sequencing depth. Sequence counts of the
ASVs in active assemblages were retrieved from RNA-seq data, because
rRNA transcript copy numbers reflect the biomass of protistan cells better
than rDNA®. Sequence counts of the ASVs in dormant and dead

assemblages were obtained from PMA-seq and DNA-seq data,
respectively”® (Supplementary Fig. 11). The sequences of three components
(active, dormant, and dead) were rarefied to the minimum sample sequence
number within each component, and subsequent analyses of alpha and beta
diversities were conducted using the rarefied data.

Statistics and reproducibility

All data analyses and visualizations were conducted using R (ver. 4.3.2).
Alpha diversity estimators (ASV richness, Chaol, Shannon, and Simpson
indices) were calculated using vegan (ver. 2.5-7). To assess the differences in
microbial alpha diversity estimators, sequence proportions, environmental
factors, and major taxa across various niches (surface, bottom waters, and
sediments) and seasons (summer and winter), we utilized one-way analysis
of variance (ANOVA) and Mann-Whitney U test. Community structure
was evaluated based on Bray-Curtis dissimilarities, with variations visua-
lized through non-metric multidimensional scaling (NMDS). The null
hypotheses that there were no differences in community structure among
niches and between seasons were tested using analysis of similarity
(ANOSIM). Canonical correspondence analysis (CCA) and redundancy
analysis (RDA) were performed to investigate the relationships between
community structure and environmental factors. Additionally, Spearman’s
rank correlation analysis was conducted to explore the correlations between
ASV richness, the sequence proportions of different taxa, and environ-
mental factors.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The datasets supporting the conclusions of this article are available in the
National Center for Biotechnology Information (NCBI) repository,
PRJNA1202647 for bacteria (https://www.ncbinlm.nih.gov/bioproject/
PRJNA1202647), PRINA1203040 for archaea (https://www.ncbinlm.nih.
gov/bioproject/PRINA1203040), and PRINA1203028 for microeukaryotes
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA1203028). All data is
available for download. The data underlying Figs. 1-8 can be found in
Supplementary Data 5.

Code availability
The R codes used in this study were available on GitHub (https://github.
com/vivenha/).
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