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The continental subsurface hosts energy-constrained groundwaters with a high diversity of
ecologically elusive microorganisms adapted to the prevailing low-energy conditions. This study
explored potential interactions among microbes using anaerobic enrichment incubations with three
types of groundwater of contrasting hydrochemistry from the Äspö Hard Rock Laboratory, Sweden.
Removing cells larger than 0.45 µm from the inoculum resulted in incubations enriched in populations
characterized by very small genomes, including Patescibacteria, Nanobdellota, and Omnitrophota.
These incubations had a higher diversity than non-fractionated incubations. However, cell numbers
and community structure of the fractionated incubations did not change over an incubation period up
to four months, despite high microbial diversity and experimental amendments with either simple
(acetate) or more complex (cell lysate) carbon sources. In addition, network analysis on the
groundwaters revealed multiple co-occurrences between populations affiliated with the
Patescibacteria and the Desulfobacterota. Overall, these findings support that a considerable part of
microbial diversity has a small cell size in these low energy groundwaters and strong co-occurrences
among populations as an important survival strategy.

The continental deep subsurface, here defined as the bedrock below the soil
horizon, contains a considerable proportion of the Earth’s total biomass and
hosts groundwaters that make up one of Earth’s major groundwater
reservoirs1. Research on the deep subsurface is essential for understanding
how microorganisms maintain biogeochemical processes while faced with
resource limitation as a consequence of isolation fromsolar energy inputs2–4.
The diversity of these subsurface microorganisms and their metabolism is
strongly influenced by the degree of isolation from the surface, host rock
lithology, and the availability of electron donors, such as organic carbon or
hydrogen gas5,6. Deeper, more ancient groundwaters may be isolated from
the surface for up to millions of years and typically accommodate chemo-
lithotrophs that frequently have the ability to fix carbon dioxide and utilize
hydrogen as an energy source7,8. In contrast, groundwaters characterized by
a lower degree of isolation and a lower hydrological retention time are
heavily influenced by the infiltration of surface-derived organic carbon,
thereby sustaining heterotrophic populations9–11.

Patescibacteria (synonym candidate phyla radiation or CPR clade),
Omnitrophota, and the archaeal DPANN clade are frequently detected in

suboxic and anoxic groundwaters, possibly due to mobilization from soils
and their adaptation to low energy conditions12–14. These bacteria and
archaea are characterized as having a cell size as small as 0.1 µm, small
genomes with limited metabolic capacity, and are often described as epi-
symbionts or parasites12,15. Recent studies on these lineages provide insights
into their host-associated lifestyle, such as the episymbiosis of Southlakia
epibionticum on Actinomyces israelii16, Candidatus Yanofskyibacteriaceae
and Ca. Minisyncoccaceae parasitizing on methanogenic archaea17, Ca.
Absconditicoccus praedator parasitizing on Halorhodospira halophila18,
and the symbiotic interaction between Ca. Micrarchaeota (ARM-1) and
Metallosphaera sp. AS-719. The abundance and diversity of these ultra-small
bacteria and archaea have likely been underestimated, especially in early
genomic studies, due to their capacity to pass through a 0.2 µm pore that is
typically used for cell capture20,21. These types of bacteria and archaea have
previously been identified as abundant in subsurface groundwaters and to
be involved in biogeochemical cycling22.

The Äspö Hard Rock Laboratory (HRL), Sweden is an underground
research facility hosted in Paleoproterozoic granitoids23 that consists of
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boreholes intersecting anoxic groundwater-filled fractures between 70 and
460m below sea level. Although some groundwaters are influenced by
infiltrating water from the overlying land and the Baltic Sea, others are
thought to be long-term isolated from surface waters, with lower recharge
rates coupled with higher residence times9,23–26. Microbial diversity and the
concentration of dissolved organic carbon (DOC) tend to decrease with
depth, and the detected organic carbon is typically refractory in nature11,24,27.
The composition of the microbial communities residing in these ground-
waters has been well described11,26 and genome-resolved metagenomics has
revealed a substantial diversity of populations affiliated with the Patesci-
bacteria, Omnitrophota, and the DPANN clade. These phyla tend to co-
occur and are mainly detected in groundwaters with higher recharge
rates28,29. However, it is unclear how populations affiliated with these phyla
meet their energy and carbon demands in these groundwaters, how they
respond to allochthonous organic carbon, as well as the identity of their
metabolic partners or potential host(s).

In this study, anaerobic incubations were used to enrich for unchar-
acterized clades and investigate co-occurrences andpotential host-symbiont
interactions. Studying these co-occurrences provides insights into possible
metabolic dependencies andhowco-existingpopulations fulfill their carbon
demands. To do so, three subsurface aquifers intersected by boreholes
within the Äspö HRL, ranging in a depth from 70 to 460m below sea level,
were sampled under anoxic conditions and enriched using either amedium
containing a single carbon substrate (acetate) or a more complex organic
carbon mixture (cell lysate). The former medium was adapted to the
genomic potential of uncharacterized clades detected in the groundwater
types under scrutiny, while the latter was used to represent necrotrophy that
is suggested to be an important strategy for obtaining energy and nutrients
in these aquifers30. Furthermore, larger cells (diameter>0.45 µm) were
removed from the inoculum during size fractionation to enrich for ultra-
small bacteria and archaea (e.g., Patescibacteria) while adding acetate or
lysed cells. The primary research question was to explore how co-occurring
populations responded to allochthonous organic carbon. We hypothesized
that the populations in the fractionated incubationswould especially benefit
from the cell lysate as it contained amore diversemixture of organic carbon
compounds. The microbial communities in the incubations were first
characterized using 16S rRNA gene sequencing followed by metagenomic
sequencing of incubations selected based on their taxonomic composition.

Results and discussion
Characterization of the groundwaters used as inoculum
The planktonic microbial communities in themeteoric (KR0015B), marine
(SA1420A-1), and saline (SA2600A-1) groundwaters intersected by bore-
holes in the Äspö HRL were characterized using 16S rRNA gene amplicon
sequencing (Fig. 1). The extraction control for the groundwater sampling
contained 376 amplicon sequencing variants (ASVs; Supplemental Fig. S3)
that were removed from these samples prior to the analysis (Supplemental
Table S1). In total, 7030 ASVswere detected in the three groundwater types
(n = 18), of which the majority were affiliated with Patescibacteria (1883),
Chloroflexota (1124), andDesulfobacterota (749). Rarefaction curves of the
ASV number versus sequencing depth supported that the majority of the
microbial diversity was captured in the sequence libraries (Supple-
mental Fig. S1).

Even though these groundwaters have beenpreviously studied11,24, they
were again characterized as part of this study before (October 2019) and
after (April 2020) the collectionof groundwater for the experiments to verify
if the microbial communities and hydrochemistry were stable over time.
The most pronounced difference between these groundwaters was the
variable DOC concentration and δ18O (Fig. 1 & Table 1). The meteoric
groundwater was recharged by overlying soil groundwater and had a rela-
tively high DOC content of 1.28mM compared to the marine and saline
groundwaters (0.55 and 0.08mM, respectively). Thismeteoric groundwater
had amuch lower electrical conductivity compared to themarine and saline
groundwaters (264 versus 945 and 3420mSm-1),mainly due to the chloride
concentrations of 18.7 versus 83.5 and 389mM, respectively. The marine

groundwater had a δ18O of−7.5‰ that ismore similar to the value reported
for the Baltic Sea (-6‰)23, implying seawater infiltration. However, despite
this potential recharge, themicrobial communities weremore similar to the
communities in the soil groundwaters at Äspö island and do not resemble
those in the Baltic Sea9,24. The saline groundwater had a δ18O of −12.2‰,
suggesting a high degree of isolation from the Baltic Sea and overlying
groundwaters and was thus, isolated from surface-derived organic carbon.
This isolation likely contributed to the saline groundwater having the lowest
microbial diversity (Shannon’s H index = 4.1, standard deviation = 1.6,
n = 6) compared to the meteoric (H = 5.9, sd = 0.79, n = 6) and marine
(H = 5.6, sd = 1.0, n = 6) groundwaters (Fig. 1). The contrasting hydro-
chemical properties of these groundwaters were also reflected in microbial
abundances, with cell numbers (according to epifluorescence microscopy)
in the meteoric groundwater being an order of magnitude higher than the
marine (range 6.8–8.9 × 105 cells mL−1 (n = 2) compared to
5.9–7.4 × 104mL−1 (n = 2)) and saline groundwater with 1.4–2.3 × 104mL−1

(n = 2). These cell counts were of the same order of magnitude as other
studies on deep subsurface groundwaters6,31–33.

Based on 16S rRNA gene amplicon sequencing, the communities in
both the meteoric and marine groundwater types were characterized by a
high abundance of the phyla Patescibacteria, Desulfobacterota, Chloro-
flexota, Omnitrophota, and Nitrospirota. Overall, the Patescibacteria was
the most abundant phylum, especially in the meteoric and marine
groundwaters. Classes ABY1, Paceibacteria, and Microgenomatia were the
most abundant groups affiliatedwith this phylum, accounting for 16, 9, and
4%, respectively of the total sequence reads for the three groundwaters
(Supplemental Fig. S2). These Patescibacteria potentially metabolize the
terrigenous, refractory DOC present in these groundwaters to meet their
carbon needs, as they may prefer more complex carbon compounds12,27,34.
Desulfobacterota was mainly represented by the typically heterotrophic
orders Syntrophales and the Desulfobulbales. The Anaerolineales were the
most abundant order within the Chloroflexota, and this group has been
described as heterotrophic obligate anaerobes with most representatives
having the capacity for both fermentation and oxidation of more complex
carbon compounds35,36. Omnitrophota was mainly represented by the
orders Gygaellales and Duberdicusellales. While a comprehensive char-
acterization of these specific orders is currently lacking, Omnitrophota
typically have a small cell size (similar to the Patescibacteria) and have a
diverse lifestyle including mixotrophy, fermentation, and acetogenesis14,37.
Nitrospirota predominantly contained sulfate-reducing clades affiliated
with the Thermodesulfovibrionales that has been previously reported in the
continental deep subsurface38. The main difference in the communities of
the meteoric and marine groundwater types was the presence of the
Campylobacterota in the meteoric groundwater with the sulfur-oxidizing
genus Sulfuricurvum39 as its main representative, while this phylumwas not
detected in the marine groundwater that could be due to a lower con-
centration of reduced sulfur species (H2S and HS-) in the marine ground-
water (Table 1). The saline groundwater type was characterized by a high
abundance of Atribacterota and Acidobacteriota. The Atribacterota had
only one genus represented (34–128), which is a lineage affiliated with the
class JS1 suggested to mediate anaerobic hydrocarbon degradation40. Based
on the community composition according to the most abundant phyla in
this study and previous studies11,24, the microbial community seemed to be
stable over a three-year period.

Initial enrichment incubations
The meteoric groundwater was used as an inoculum and the microbial
abundance was quantified over a ten-week period using real-time PCR,
targeting the 16S rRNA gene with both bacterial and archaeal primers.
ASVs detected in the extraction control (358 ASVs) and in the acetate
(141 and 183 ASVs) and lysate (233 and 220 ASVs) media controls were
removed prior to the analyses. Certain ASVs from the controls affiliated
with the Spirochaetota and the Acidobacteriota were abundant in the
fractionated acetate incubations and the non-fractionated lysate incu-
bations, respectively. Although this affected the community structure of
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these incubations, this did not alter the overall interpretations of the
results. In the non-fractionated incubations (n = 20), the copy number
stabilized for both media types (acetate and lysate) around 106 and 107

gene copies mL-1 (Fig. 2). Most size fractionated incubations (i.e.,
cells <0.45 µm; n = 20) did not grow during the incubation period,
despite an initial 16S rRNA gene copy number of 104 and 103 gene copies
mL-1 for bacteria and archaea, respectively. The only increase in copy
number for the fractionated incubations was observed when Spirochetes
(acetate) or Desulfobacterota (cell lysate) persisted after filtration
(0.45 µm pore size) of the inoculum (Fig. 3). Fractionated incubations
had a significantly higher alpha diversity compared to the non-
fractionated incubations, despite having received part of the inoculum

(Shannon’s H 5.2 and 3.2, respectively; Mann-Whitney test p-value
6.9 × 10-5, n = 40). Especially the fractionated incubations enriched with
lysate at weeks 6, 7, and 9 had a high diversity (Shannon’s H 6.7, 6.4, and
6.4, respectively) and this diversity was similar to that in the original
groundwater (Shannon’s H 5.9). This suggested a substantial part of the
original diversity in the groundwater to be present in these fractionated
incubations, despite incubation periods of six weeks or more.

Analysis of communitydifferentiation (beta diversity) revealed that the
incubation controls (containing sterile ultrapure water instead of inoculum,
n = 4) were dissimilar to the incubations (Fig. 3, details in Supplemental
Fig. S3). Moreover, the size-fractionated incubations (n = 20) often
remained similar to the initial groundwater community, whereas non-
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Fig. 1 | Characterization of the microbial community in the three
groundwater types. a Location of the Äspö Hard Rock Laboratory within Sweden.
The three sampled aquifers are marked on the map with an approximation of the
borehole’s location. b Redundancy analysis (RDA) of the microbial communities
combined with hydrochemistry showing only non-redundant variables (Pearson’s ρ
<0.9) after including the values listed inTable 1. The ellipse depicts a 95%confidence
interval for each groundwater type as a proxy for the variation in the ordination
between the samples (n = 6). c Community composition on the level of phylum,
including the eight most abundant phyla (based on summed relative abundance)

while grouping remaining phyla as “Other” and includingASVs without an assigned
phylum as “Not annotated”. The groundwaters were sampled in triplicates before
(October 2019) and after (April 2020) groundwater collection for inoculation of the
enrichment incubations. dAlpha diversity according to the ShannonH index for the
environmental samples (the groundwater, n = 18), all size-fractionated incubations
(n = 40), and all of the incubations without size fractionation (n = 50). The box
represents the first and third quartiles with the whiskers extending to 1.5 times the
inter-quartile range.
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fractionated incubations (n = 20) markedly diverged over the ten-week
period (Fig. 3). For example, in the acetate-enriched fractionated incuba-
tions from week five, members of the Breznakiellaceae (affiliated with the
Spirochaetota), which are known anaerobic fermenters41, became the most
abundant group. These spirochetes likely endured filtration (0.45 µm pore
size) due to their spiral cell structure and possibly fermented the supple-
mented acetate as an energy source. In two fractionated incubations enri-
ched with the cell lysate,Humidesulfovibrio sp. (phylum Desulfobacterota)
emerged as the dominant community member. In contrast, nine fractio-
nated incubations enriched with either acetate (n = 3) or lysate (n = 6)
exhibited neither an increase in microbial abundance nor a change in
community composition. These incubations were dominated by members
of the phyla Patescibacteria (with Paceibacteria and ABY1 as the most
abundant classes), Nanobdellota (previously classified as Nanoarchaeota
and dominated by the order Pacearchaeales), and Omnitrophota (Koll11).
Among these, thePatescibacteria displayed thehighest diversity, comprising
20 classes and 97 orders. In comparison, the Nanobdellota contained only a
single class and seven orders, underscoring that a substantial proportion of
themicrobial diversity in the fractionated incubationswas affiliatedwith the
Patescibacteria. Despite being size fractionated and thus not containing the
complete inoculum, these incubationswere characterized by ahighdiversity
with an average of 2050 ASVs (sd 455, n = 9) in each culture. Except for the
Omnitrophota, all these phyla were also represented in the metagenome-
assembled genomes (MAGs, Fig. 4).

In summary, fractionated incubations had a substantially higher
diversity than non-fractionated incubations and were enriched in Patesci-
bacteria, Nanobdellota, and Omnitrophota. These fractionated incubations
did not change (regarding gene copy number and diversity) over the
incubation period of ten weeks, despite the amendment of a single organic
carbon source (acetate) or a more complex carbon source (cell lysate). The
stable highdiversity of fractionated incubations enrichedwithphyla, such as
Patescibacteria, combined with the constant gene copy numbers during the
incubation period, suggests that these populationswere potentially lacking a
host or metabolic partner.

Incubations with meteoric, marine, and saline groundwater
After the initial experiment, all three groundwater types were used as
inoculumandcell abundancewasquantifiedover an incubationperiodof 17
weeks using epifluorescencemicroscopy. An approximate ten-fold increase
of cell abundance in all of the non-fractioned incubations (n = 6) was

detected, with themeteoric incubations increasing from the initial 8 × 105 to
approximately 107 cells mL-1, the incubations with marine groundwater
increasing from the initial 6.5 × 104 to 106 cells mL-1, and the saline incu-
bations increasing from the initial 2 × 104 to 105 cells mL-1 after enriching.

Similar to the initial experiment, most size fractionated incubations
had a largely stable community structure (based on 16S rRNA gene
sequencing) and very little increase in cell numbers for the meteoric and
marine groundwaters (Fig. 2 and Supplemental Fig. S4). Also for these
incubations, ASVs detected in the extraction and media controls were
removed prior to any analysis. A ten-fold increase in cell number was
observed for a size fractionated marine culture, but this was due to the
growth of a representative of the Bacillota (family Acholeplasmataceae,
genus UBA2284) persisting after 0.45 µm filtration of the inoculum (Sup-
plemental Fig. S5). This was similar to the initial experiment, whereby the
only increase in cell numbers in fractionated incubations was observed for
populations affiliated with either the Spirochaetota or the Desulfobacterota.
Size fractionation of the saline groundwater failed as no cells were detected
in the incubations, possibly due to a lower cell number in this groundwater
combined with a slightly lower abundance of ultra-small cells in this
groundwater (Fig. 1).

The alpha diversity was significantly higher (Mann-Whitney test p-
value 0.01, n = 50) in the fractionated incubations (Shannon’s H 3.8, sd =
2.2) compared to the non-fractionated incubations (H 2.2, sd = 1.1). A
further comparison of all fractionated incubations (from both experiments,
n = 40) with the non-fractionated incubations (n = 40) confirmed the for-
mer to have a higher diversity (Mann-Whitney test p-value 4.6 × 10-6).
Comparing the fractionated incubations with the meteoric and marine
groundwater (used as inocula) indicated no significant differences in
diversity (p-values 0.25 and 0.06, respectively). In fact, 25 fractionated
incubations with meteoric and marine groundwater had a very similar
diversity to the original groundwater (Fig. 1, range Shannon’s H 4.3–7.1
versus 4.2–6.8 in the groundwater). The phyla Patescibacteria, Nanobdel-
lota, and Omnitrophota were typically abundant in these high-diversity
incubations. Overall, this relatively high diversity in the 0.1–0.45 µm frac-
tion suggested that a substantial part of the microbial diversity was con-
tained within this fraction for the meteoric and marine groundwater types.

In general, microbial abundance (both qPCR and epifluorescence
microscopy) and 16S rRNA gene amplicon sequencing showed that the
non-fractionated incubations were strongly enriched in either Bacillota,
Spirochaetota, or Desulfobacterota. These non-fractionated incubations
differentiatedover time as the cell abundance increased (approximately ten-
fold) and the diversity decreased, suggesting that populations affiliated with
these phyla were capable of cell division (Supplemental Fig. S5). In contrast,
approximately half of the fractionated incubations were characterized by a
relatively high diversity similar to the groundwater used as inocula. Pates-
cibacteria, Nanobdellota, and Omnitrophota were dominant in these
incubations and responsible for up to 90% of the sequence reads, after being
enrichedwith a 0.45 µmfiltrationof the inoculum.Despite thehighdiversity
of populations affiliated with these phyla, these populations did not
demonstrate any increase in cell numbers during the incubation period,
despite the amendmentof single (acetate) andmore complex (lysate) carbon
sources.

Metabolic potential
Seven size fractionated (3 enriched with acetate, 4 with cell lysate) and eight
non-fractionated incubations (5 enriched with acetate, 3 with lysate) were
selected for metagenomic sequencing. These incubations were selected
based on community composition (according to ASVs) and the presence of
populations affiliated with the Patescibacteria, Nanobdellota, or Omni-
trophota. The metagenomes yielded 35 de-replicated metagenome-assem-
bled genomes (MAGs) with a completeness over 50% and less than 5%
contamination (Supplemental Table S2) of which 26 had an estimated
completeness over 90%.None of the reconstructed genomes had an isolated
species representative and 21 of the 35 reconstructed genomes were iden-
tified on genus level using alphanumeric placeholder labels while 3 of the 35

Table 1 | Characteristics groundwater used as inocula

Borehole KR0015B SA1420A-1 SA2600A-1

Origin* Meteoric Marine Saline

Depth (m) 69.0 200.6 345.0

pH 7.6 7.5 7.5

T (°C) 10.0 11.4 13.7

δ18O (‰) -10.5 -7.45 -12.2

DOC 1.28 0.549 0.0832

SO4
2- 0.628 3.27 6.56

H2S and HS- 1.5 × 10−2 3.3 × 10−3 BD

δ34S (‰) 27.4 31.1 12.4

Fe2+ 7.0 × 10−3 1.5 × 10−2 3.0 × 10−3

NO3
- BD BD BD

NH4
+ 0.0179 0.106 2.4 × 10−3

EC (mS m-1) 264 945 3420

Cl− 18.7 83.5 389

Concentrations in mM. *Groundwater origin according to Mathurin et al.23. Data from SKB’s
geochemical monitoring program, sampled (November 2019) as close as possible to
microbiological sampling (October 2019 and April 2020). BD below detection. DOC dissolved
organic carbon. EC electrical conductivity.
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genomes lacked a genus-level annotation entirely, underscoring the
potential for the isolation of novel taxa in these subsurface groundwaters.
The majority of these reconstructed genomes were affiliated with the phyla
Desulfobacterota (n = 7), Bacillota (7), Pseudomonadota (6), Bacteroidota
(4), Patescibacteria (3), and Nanobdellota (2). These MAGs are discussed
collectively in order to compare their metabolic potential.

The reconstructed genomes affiliated with the Spirochaetota or
Desulfobacterota had an average estimated genome size of 4.6 million base
pairs (Mb, sd = 0.78Mb, n = 8) that were considerably larger than the
average genome size of reconstructed genomes affiliated with either Pates-
cibacteria (range 0.4 - 0.9Mb, n = 3) or Nanobdellota (0.8–1.2Mb, n = 2).
Despite their small genomes, a considerable variation in coding density was
observed for both the Patescibacteria (0.88, 0.91, and 0.95) and the
Nanobdellota (0.85 and 0.90), in linewith the variation described inCastelle

et al.12. In terms of metabolic potential, the ordination plot (using NMDS)
based on KEGG orthologs revealed a clear differentiation of the genomes
affiliatedwith thePatescibacteria or theNanobdellotacompared to theother
populations. This differentiation was reflected in the lack of genomic
potential for organic carbon oxidation (including glycolysis and fermenta-
tion), carbon fixation, and aerobic respiration in the genomes affiliated with
the Patescibacteria and the Nanobdellota. Marker genes for aerobic
respiration (COX1 and coxSML) were detected in 16/35 and 18/35 of the
genomes, respectively, with all representatives of the Pseudomonadota
(n = 6) having at least one of the two genes encoded that possibly enabled
these populations to scavenge molecular oxygen. The potential for aerobic
respiration could also indicate that these populations originated from the
overlying soil groundwaters at Äspö island24. All genomes affiliated with the
Pseudomonadota encoded genes involved in either anaerobic respiration
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(for example, fermentation) and aerobic respiration, suggesting these
lineages were either facultative anaerobes or aerobes. In addition, Rhodo-
ferax sp. and JAHJQQ01 sp., both representatives of the Gammaproteo-
bacteria (phylum Pseudomonadota), also had the potential for carbon
fixation via the Calvin cycle. All lineages affiliated with theDesulfobacterota
had a broadmetabolic potential, with the possibility to fix inorganic carbon
(Wood-Ljungdahl pathway), oxidize a broad range of organic compounds,
and sulfurmetabolism (Fig. 5). Representatives of the Bacillota were divided
among the Clostridia and the Bacilli classes and the former contained the
acetogens (Acetobacterium sp.) with the capacity for carbon fixation using
the Wood-Ljungdahl pathway. The latter contained four lineages with
smaller genomes (between 1.4 and 2.0Mb) such as 4572− 104 sp. and
UBA2284 sp. with seemingly fermentative, strict anaerobic lifestyles and no
capacity for aerobic respiration, sulfur metabolism, or carbon fixation.

The choice of using acetate as an organic component builds on pre-
vious investigations into metabolic features, revealing that certain popula-
tions affiliated with Patescibacteria had the potential to metabolize acetate
(acetyl-CoA synthetase, acs, Supplemental Table S3)29. However, despite
suchmetabolic potential thatwas confirmed to be present in the incubations
and an abundance of acetate in the medium, populations affiliated with the
ABY1 class (Patescibacteria) did not grow. An explanation for this could be
that the concentration of acetate as a carbon source in the enrichment
incubations (1.2mM) was too high for these groups that typically thrive in
low carbon and energy environments, potentially causing a reduced growth
efficiency under high energy conditions42. Most bacteria with a genome size
smaller than 0.8Mb and not affiliated with the Patescibacteria have been
described as obligate symbionts12. Possibly, the reduced genome size of these
lineages prevented them fromdividing in these fractionated incubations due
to a limited biosynthetic capability and coupled dependence on a host or
metabolic partner for cell division.

The three MAGs affiliated with the Patescibacteria included genes
encoding peptidoglycan synthesis for cell wall formation (murA-G, femX,
mraY) and cell division (ftsZ). Furthermore, this group encoded genes
related to motility (pilT), pilus assembly (pilCDMW), production of extra-
cellular polymeric substances (gspG), DNA uptake (comEA), and protein
translocation (secADEFGY), that could all play a role in membrane trans-
port or the physical attachment to adjacent cells. Genes related to organic
carbon metabolism were limited to pyruvate metabolism (porA, ppsA),
degradation of polysaccharides (malZ, treS), and acetyl-CoA production
(ackA). With the caveat that the reconstructed genomes were incomplete,
none of the reconstructed Patescibacteria genomes encoded a complete
glycolysis pathway (nor the core module comprising five enzymes), citrate
cycle, nor gluconeogenesis.Onlyone gene involved in fatty acidbiosynthesis
(fabG) was detected in one out the three MAGs, suggesting an extracellular
source of fatty acids or lipids was required to synthesize their cell
membrane12.

Overall, theMAGs affiliated with the Patescibacteria appeared to have
an anaerobic lifestyle with only 1/3 genomes encoding a marker gene for
aerobic respiration (cytochrome c oxidase). These MAGs seemed to lack
most of the genomic potential for central carbonmetabolism (e.g., glycolysis
or citrate cycle) and may meet their carbon demands by metabolizing
acetate, pyruvate, or polysaccharides, such as starch. The limited metabolic
potential of these MAGs confirmed a symbiotic or at least an associative
lifestyle, as in line with existing literature12,15,22.

Co-occurrence analysis
To explore potential host-symbiont relationships, a co-occurrence analysis
based on ASVs was performed using both previously published data on 24
groundwaters intersected by Äspö HRL (n = 72)11, combined with the
environmental data generated within this study (n = 18) and the non-
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fractionated incubations (n = 50). This analysis revealed a co-occurrence
(Spearman’s ρ > 0.75 and at least ten co-occurrences) of ASVs pre-
dominantly affiliated with the Patescibacteria (142 ASVs or nodes),
Desulfobacterota (48), Bacteroidota (25), Omnitrophota (17), and Chlor-
oflexota (10) in the groundwaters (Fig. 6). The network of the groundwater
samples contained 206 co-occurring ASVs in total while the network of the
incubations contained only 52 nodes. The low number of nodes (ASVs) in
the network of the incubationswas possibly due to differentASVs present in
different incubations, thereby preventing robust co-occurrence patterns. To
further investigate co-occurrences, the ASVs were grouped on phylum and
order level (Supplemental Fig. S6 and S7, respectively) for both groundwater
and incubation samples. This revealed a co-occurrence between the Pates-
cibacteria and the Omnitrophota as well as certain orders affiliated with the
Chloroflexota. For the Omnitrophota, this pattern was weak for the
groundwater samples (R2-adj = 0.14, p-value = 0.05, df = 19), but stronger
for the incubations (R2-adj = 0.59, p-value = 3.4 × 10−8, df = 34). Among

these Chloroflexota, it was especially the order Limnocylindrales that co-
occurred with the orders UBA9983 and the Paceibacterales (Supplemental
Fig. S7), both affiliated with the Paceibacteria class. However, this co-
occurrence could not be confirmed with the incubations, as the Limnocy-
lindrales were not abundant in the enrichment incubations. At order level
there was a co-occurrence among the Dehalococcoidales (Chloroflexota)
and the Magasanikbacterales (Patescibacteria) in a limited number of
incubations (R2-adj = 0.86, p-value = 1.1×10−9, df = 19). BothChloroflexota
and Omnitrophota have been reported to co-occur with Patescibacteria in
suboxic or anoxic groundwaters43–45. However, further studies are needed to
investigate whether these co-occurrences are cell-cell interactions or a
consequence of similar preferences for environmental conditions.

Conclusions
In contrast to the incubations with the complete inoculum, most incuba-
tions from size fractionated inoculant did not feature an increase in cell
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numbers over incubation periods up to 17 weeks. These incubations where
cells larger than 0.45 µm were removed had a higher diversity (both ASV
richness and ShannonH index) compared to non-fractionated incubations
and included Patescibacteria, Nanobdellota, and Omnitrophota. Further-
more, the diversity of the fractionated incubationswas similar to the original
groundwater, suggesting a considerable part of the microbial diversity in
these groundwaters was contained in the 0.1 - 0.45 µm fraction. While
reconstructed genomes from the incubations affiliated with the Patesci-
bacteria and Nanobdellota had the potential to e.g., metabolize acetate, and
the incubations were enriched with this carbon source, no increase in cells
numbers was observed. This was potentially due to a symbiotic or parasitic
lifestyle. However, it should be noted that even in the non-fractionated
incubations with presence of putative hosts, there was no systematic and
consistent increase in the abundance of Patescibacteria and Nanobdellota.

Co-occurrence analysis based on ASVs using the environmental data
(n = 90) and the non-fractionated incubations (n = 50) suggested an asso-
ciation between Patescibacteria and populations affiliated with the Desul-
fobacterota, Chloroflexota, and the Omnitrophota, and while it cannot be
confidently stated that this is a host-symbiont relationship, this merits
further study.

Methods
Initially, one groundwater (KR0015B) intersected by a borehole from the
Äspö HRL was used to inoculate anaerobic enrichment media containing
either a single organic carbon source (acetate) or a more complex organic
carbon composition (cell lysate). The enrichments were incubated for ten
weeks and after each week, the majority of a culture was sacrificed for
extracting DNA. For each combination of media type and incubation
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period, two incubations were made as one culture was size fractionated by
removing cells with a diameter larger than 0.45 µm from the inoculum,
while the inoculum of the other culture was unmodified. This required 20
incubations to cover the incubation period for eachmedia type, resulting in
40 incubations. Growth was assessed indirectly based on real-time PCR.
Subsequently, three groundwater types (KR0015B, SA1420A-1, and
SA2600A-1) were used as inoculum with identical enrichment media but
quantifying cell numbers using epifluorescencemicroscopy. For eachmedia
type and size fraction, five replicate incubations were made (total n = 50)
and incubated for 17 weeks. The enriched populations were identified using
16S rRNAgene sequencing, and genomic potential of populations of special
interest was explored using genome-resolved metagenomics.

Groundwater sampling
Planktonic cells in the groundwater were captured before (October 2019)
and after (April 2020) groundwater collection for the enrichment incuba-
tions using a high-pressure filter holder (Millipore) connected to the
borehole. These boreholes are part of the Äspö HRL that is owned and
operated by the Swedish Nuclear Fuel and Waste Management Company
(SKB). Sampling connections were flushedwith the groundwater of interest
with three section volumes to reduce contamination risk from stagnant
water. After flushing, the filter holder was equipped with a sterile poly-
vinylidene fluoride membrane 47mm in diameter (Durapore, pore size
0.1 µm)11. Depending on the borehole, between 48 and 229 L of ground-
water was filtered at a flow rate between 60 and 120mLmin-1 before
retrieving thefilter (Supplemental Table S1). The side of thefilter containing
the cells (facing the water source) was always facing inwards when stored in
a tube, thereby likely releasing more cells from the filter during subsequent
DNA extraction. The filters were aseptically collected, stored in liquid
nitrogen during transport, and frozen at -80 °C upon arrival at the home
laboratory.

Groundwater collection
Groundwaters to be used as inoculumwere collected in acid-washed, sterile
glass bottles flushed with 100% N2 gas and kept under slight over-pressure
byusing20mmthickbutyl stoppers. Identical to the groundwater sampling,

sampling tubes and connections were flushed with a minimum of three
section volumes prior to water collection. Water was collected by punc-
turing the butyl stopper with a sterile needle that was connected to the
borehole via the sampling tube. While maintaining over-pressure in the
sampling bottle during water collection and allowing the bottle to partly fill
up, the stopper was punctured with a second needle to prevent pressure
buildup in the sample bottle. The water samples were transported to the
laboratory at 4 °C where they were transferred to an anaerobic hood
(Mbraun Labstar, H2O andO2 purity below 1 ppm) for use as inoculum on
the same day as sampling.

Enrichment media
Twomediaweredesigned for enrichments, containing eitheracetate or a cell
lysate as the sole organic carbon source. The acetate medium targeted
sulfate-reducing bacteria and was adapted to the metabolic potential of
clades of special interest that were previously detected at Aspo HRL while
the cell lysate medium represented a complex medium not targeting any
specific group. For selected incubations, the inoculumwas size fractionated
by applying a 0.45 µm filter, thereby removing the majority of larger cells
from the inoculum. Resazurin was used in all incubations as a redox indi-
cator as the resorufin/hydroresorufin redox couple is colorless at a redox
potential below -110mV, verifying that themediumwas sufficiently anoxic.

Preparation of the cell lysate was basedonWuet al.46. Briefly, an axenic
culture of Pseudomonas aeruginosawas grown in 1 × LBmedium in dH2O
at 30 °C for 48 h while shaking. The cells were harvested by centrifuging
40mLaliquots at 6000 × g for 20min at room temperature.After decanting,
the pellet was washed twice with ultrapure water (MilliQ) before dissolving
the pellet in 10mL ultrapure water. The liquid was autoclaved at 121 °C for
20min, sonicated for 20min (130W, 20 kHz, 100 µm amplitude; VCX 130,
Sonics), followed by centrifugation at 6000 × g for 10min at room tem-
perature. The supernatantwasfiltered (0.2 µmpore size) and a subsample of
the liquid was diluted (1:10) in ultrapure water to measure the total organic
carbon content. Organic carbon content was measured using a spectro-
photometer (DR5000,Hach-Lange) combinedwith the LCK381 kit (Hach)
with a detection range of 60 to 735mg L−1. The cell lysate (4mL) was
supplemented with (L−1): 2 mL vitamin solution (Wolf’s solution), 1mL
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Omnitrophota: 17
Chloroflexota: 10
Bacillota: 6
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Fig. 6 | Network analysis of co-occurring ASVs. Each node depicts one ASV, connected by edges that represent a correlation according to Spearman’s ρ > 0.75. a Co-
occurring ASVs in the groundwater samples (n = 72) with 206 nodes in total. b Co-occurring ASVs in the non-fractionated incubations (n = 50) with 48 nodes in total.
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trace element solution (SL-10), 1mg resazurin, 0.3 g cysteine·HCl, 2.7 g
NaHCO3. Except for the vitamin and the cysteine·HCl solutions, the
medium was dispensed into serum flasks and autoclaved for 20min at
121 °C. Prior to inoculation, the vitamin (0.1 µm sterile filtered) and the
cysteine·HCl solutionswere added, themediumwas purged for 30minwith
N2 gas (100%), and the pHwas adjusted to 7.5 at 25 °C. Similar to the acetate
medium, the serum flask was plugged with a butyl stopper and sealed with
an aluminum crimp top.

Inoculation, incubation, and sampling
Whileworking in ananaerobic hood (MbraunLabstar), 40mLof the acetate
medium (pH 7.6 at 25 °C, components and preparation described in Sup-
plemental Table S4) was aseptically dispensed into sterile serum flasks
(capacity 100mL). Groundwater inoculum (40mL) was added and the
serum flask was closed using a butyl rubber stopper (20mm thick) com-
bined with an aluminum crimp top while working in an anaerobic hood.
Two incubation controlsweremade for eachmedia thatwere identical to the
incubations except for containing sterile ultrapure water (0.2 µm sterile
filtered) instead of the inoculum (groundwaters). These controls were
processed identically to the other incubations, including during the
downstream molecular work. For the fractionated incubations, the inocu-
lum (groundwater) was filtered with a syringe filter (Swinnex, Millipore)
containing a membrane (25mm in diameter, 0.45 µm pore size) while
adding it to the serum flask. A pore size of 0.45 µm was chosen to select for
small bacteria and archaea (e.g., Patescibacteria, Nanobdellota, and
Omnitrophota). Instead, a pore size of 0.2 or 0.6 µm could be either too
restrictive (leading to removal of most cells) or too permissive (not selective
enough for the clades of interest), respectively. The culture flasks were
incubated for either ten weeks (initial experiment) or 17 weeks (experiment
using three groundwater types). The flasks were kept dark at 15 °C to
resemble ambient temperatures in themeteoric (10.0 °C), marine (11.4 °C),
and saline (13.7 °C) groundwater types. Growthwasmonitored using either
real-time PCR or fluorescencemicroscopy. For real-time PCR, 40-60mL of
the incubations were subsampled in the anaerobic hood, and the cells were
captured using a syringe filter holder (Millipore, 0.1 µm pore size) con-
taining a sterile polyvinylidene fluoride membrane (25mm in diameter).
DNA was extracted directly after harvesting the cells. The extracted DNA
was used both for real-time PCR and for PCR followed by 16S ribosomal
RNA gene amplicon sequencing. For microscopy, the surface of the butyl
stopperwas sterilizedbydipping the stopper in an70%ethanol-soakedcloth
and briefly moving the stopper through a flame. The incubations were
sampled with a sterile needle after flushing the dead volume with
100% N2 gas.

DNA isolation
The DNeasy PowerWater kit (Qiagen) was used for extracting DNA from
cells captured on the filter. To do so, the manufacturer’s instructions were
followed apart from eluting the nucleic acids in 50 µL instead of 100 µL
elution buffer in order to increase the concentration. One negative extrac-
tion control from the groundwater sampling and one from the sampling of
the incubations were included (both blank filters) and processed simulta-
neously with the other samples. DNA yield was measured using a Qubit 2.0
fluorometer (Life Technologies) with a lower detection limit of 0.05 ng µL−1

(Supplemental Table S5 and S6).

16S rRNA gene amplification and sequencing
TheV3-V4 region of the 16S rRNAgenewas amplifiedwith the primer pair
341 F and 805R47, using a maximum of 10 ng DNA as template. A max-
imumof 10 µL of theDNAextractwas added if theDNAconcentrationwas
belowor just above the lowerdetection limit of thefluorometer.Theproduct
of thefirst PCR (20 cycles) served as template for a second amplification step
(12 cycles) containing the library-specific sequencing barcodes (Nextera
DNA Dual-indexes). The amplified product was purified after each PCR
using the AMPure XP bead-based reagent (Beckman Colter). For the
negative extraction controls as for low biomass samples in general, the

amplifiedproductwas typicallynotdetected after gel electrophoresis and the
volume of the entire purified PCR product (approximately 35 µL) was used
for equimolar pooling (i.e. 39 ng of each library). After equimolar pooling,
the concentration of the pooled library was measured (Qubit 2.0) and the
fragment size distribution was assessed using automated gel electrophoresis
(Agilent TapeStation 4150). The libraries were sequenced at the Science for
Life Laboratory, Sweden, on an Illumina MiSeq platform, producing 2 ×
300 bp paired-end reads. The concentration of the library pool was verified
at the sequencing facility with a qPCR targeting the sequencing barcodes.
After sequencing, demultiplexing of the data was done by the sequencing
facility with the user-provided spreadsheet containing the sequencing bar-
codes for each library.

Real-time PCR and epifluorescence microscopy
TheqPCRwas run as previously described48. Briefly, the 16S rRNAgenewas
amplified using the bacterial primers 908F-mod and 1075R49 and the
archaeal primers 915 Fand1059R50onaLightCycler 480 instrument (Roche
Diagnostics). Cycling conditions were 2min at 95 °C, 15 s at 95 °C and 30 s
at 60 °C, followed by a melt curve analysis to assess product specificity.
Standard curves were generated with a dilution series of purified PCR
product using genomicDNAof pure cultures as template (i.e.,Acidiphilium
cryptum JF-5 for bacteria and Ferroplasma acidiphilum BRGM4 for
archaea). The efficiency (calculated as 10-1/slope-1) × 100) was 92.8 (range
90.2—94.8%, n = 5) and 92.5% (range 91.0—94.1%, n = 5) for the bacterial
and archaeal assays, respectively. Standards (n = 7), samples of interest, and
no-template controls were run in triplicates and the former two were 1:10,
1:100, and 1:1000 diluted in nuclease-free water to account for potential
inhibitors in the DNA extracts.

For the microscopy, 1 mL of the culture was fixed with 2.2% for-
maldehyde (vol/vol) and 1 ×TE-buffer (molecular grade, pH8.0) to afinal
volume of 10mL, incubated at 4 °C for 10min, and brought on a black
polycarbonate membrane (pore size 0.2 µm, Whatman) under a vacuum
pressure of 10 to 15 kPa and briefly placed in a sterile petri dish to dry.
Meanwhile, a staining solution was prepared consisting of 30% 100 ×
SYBR Green I (Invitrogen), 10% 10 g L−1 p-phenylenediamine (sterile
filtered, pore size 0.1 µm), and 60% 1:1 glycerol in PBS (sterile filtered,
pore size 0.2 µm). 10 µL of the staining solution was brought on a glass
slide and cover slip before adding the filter and incubating in the dark for
5 min. 300 cells or ten fields of view (5 × 5 raster) were counted in the dark
using a 100-fold objective on an epifluorescence microscope (Olympus
BX50) combined with a light source (Olympus) that illuminated the
DNA/dye complex at a wavelength of 497 nm. A validation of the
obtained cell countswas done by quantifying the cell numbers in an axenic
culture (Pseudomonas aeruginosa) with a light microscope (Zeiss Primo
Star), diluting the culture to 106 cellsmL−1, followed by quantificationwith
epifluorescence microscopy.

Metagenomics
Libraries of incubations of special interest based on community composi-
tion (n = 15) were prepared for metagenomic sequencing using the Tecan
MagicPrep while adjusting the cycling conditions (7–12 cycles, details in
SupplementalTable S7) to the amount of templateDNAadded (10 to 80 ng)
according to the manufacturer’s instructions. The concentration of the
libraries was measured using a Qubit 3 fluorometer (Life Technologies).
After equimolar pooling (65.1 ngDNAof each library), the fragment length
distribution of the pooled libraries was checked using agarose gel electro-
phoresis. The metagenomes were sequenced at the Science for Life
Laboratory (Sweden) on an Illumina NovaSeq platform equippedwith a SP
flowcell, producing 2 × 150 bp paired-end reads.

Bioinformatics and data analysis
Raw sequencing reads were processed using the nf-core/ampliseq
pipeline51,52 (v2.12.0) that relied onNextflow (v24.04.4), Cutadapt (v4.6),
FastQC (v0.12.1), DADA2 (v4.3.2), and the SBDI Sativa curated 16S
GTDB database (release 220)53. The nf-core/ampliseq pipeline was run
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with default settings, except for the trimming of the primers whereby
reads not containing the primer sequence or containing two copies were
discarded from downstream analysis. ASVs present in the DNA
extraction controls of the groundwater sampling and the incubations
were removed from the respective samples prior to the analysis. In
addition, ASVs from the acetate and lysate controls (four controls in
total) were removed from the incubation samples that were enriched
with these media. For the network analysis, the relative abundance of
each ASV within a sample was correlated to every other ASV using
Spearman’s ρ in the groundwaters (n = 18), previously published data on
24 groundwaters intersected by Äspö HRL (n = 72)11, and the non-
fractionated incubations (n = 50) while filtering out ASVs with a read
count below 0.1%. A minimum correlation of 0.75 (Spearman’s ρ) was
chosen as a threshold for the network graph, while setting the minimum
co-occurrences of two ASVs to 10 and 3 for the groundwaters and
incubations, respectively. The R libraries igraph and tidygraphwere used
to construct and visualize the networks54,55. For the co-occurrence ana-
lysis on order and phylum level, the relative abundances of ASVs
affiliated with Patescibacteria and the order or phylum of interest were
summed within each sample, followed by a square root transformation.
These summed abundances were used in a linear model, followed by
scoring the goodness of fit with the R-squared value.

Raw sequences from the metagenomes (n = 15) were assembled, bin-
ned, and annotated using the nf-core/mag pipeline52,56 (v2.2.1). Adapter and
quality trimming was done with fastp (v0.23.2), reads were assembled into
contigs usingMEGAHIT (v1.2.9), followedby evaluation of the contigswith
Quast (v5.0.2). Protein-coding genes were predicted using Prodigal (v2.6.3),
open reading frameswere functionally annotatedwith Prokka (v1.14.6) and
eggNOG-mapper (v2.1.9), and the metagenomes were binned with Meta-
BAT2 (v2.15). The bins were refinedwithDASTool (v1.1.4) afterwhich the
quality of the binned genomes was evaluated with CheckM2 (v1.0.2). De-
replication was done using dRep (v3.4.2), setting the maximum con-
tamination to 5% and the minimum completeness to 50%. GTDB-Tk
(v2.4.0)was used for taxonomic assignment togetherwith theGTDB release
220 as a reference database. Next, the coverage of all the reconstructed
genomeswas assessed bymapping the quality-trimmed reads (the output of
fastp) to the de-replicated bins with CoverM (v0.6.1). Finally, to explore the
metabolic potential of the reconstructed genomes, the de-replicated bins
combined with the quality-trimmed reads were analyzed using
METABOLIC-c (v4)57.

Statistics and reproducibility
Data analysis, statistics, and data visualization were performed in R (4.4.1).
A compiled version of the Quarto document together with the number of
sequence reads throughout the bioinformatic pipeline are provided on
GitHub at https://doi.org/10.5281/zenodo.16270880. Curated pipelines
were used that were run on mainly default settings for processing both the
amplicon and metagenome data.

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

Data availability
All sequencing data is publicly available at the EuropeanNucleotideArchive
under project reference PRJEB71769. The nucleotide sequences of the
MAGs were deposited in Figshare under the accession 10.6084/
m9.figshare.31228549.

Code availability
The R code generated to analyze the data and to create the figures has been
deposited at https://doi.org/10.5281/zenodo.16270880.
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