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Abstract

The candidate phyla radiation (CPR) represents a distinct monophyletic clade and constitutes a major portion of the tree of life. Extensive
efforts have focused on deciphering the functional diversity of its members, primarily using sequencing-based techniques. However,
cultivation success remains scarce, presenting a significant challenge, particularly in CPR-dominated groundwater microbiomes
characterized by low biomass. Here, we employ an advanced high-throughput droplet microfluidics technique to enrich CPR taxa from
groundwater. Utilizing a low-volume filtration approach, we successfully harvested a microbiome resembling the original groundwater
microbial community. We assessed CPR enrichment in droplet and aqueous bulk cultivation for 30 days using a novel CPR-specific
primer to rapidly track the CPR fraction through the cultivation attempts. The combination of soil extract and microbial-derived
necromass provided the most supportive conditions for CPR enrichment. Employing these supplemented conditions, droplet cultivation
proved superior to bulk cultivation, resulting in up to a 13-fold CPR enrichment compared to a 1- to 2-fold increase in bulk cultivation.
Amplicon sequencing revealed 10 significantly enriched CPR orders. The highest enrichment in CPRs was observed for some unknown
members of the Parcubacteria order, Cand. Jorgensenbacteria, and unclassified UBA9983. Furthermore, we identified co-enriched

putative host taxa, which may guide more targeted CPR isolation approaches in subsequent investigations.
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Introduction

Displaying remarkable prominence in the tree of life, the
candidate phyla radiation (CPR) is a superphylum constituting
26% of the diversity of the bacterial domain [1]. It is depicted
as a monophyletic branch with massive lineage diversity in the
expanded tree of life [2]. Thus, members of CPR are ubiquitous
in the microbial world and have been shown to be abundantly
present in a broad range of habitats, such as groundwater [2-5],
lakes [6-8], geysers [9, 10], soil [11-13], ocean [14], and the human
oral cavity [15-17]. They are characterized by an ultrasmall
cell size, reduced genomes with sizes below 1 Mbp [18], and
limited or not well-known biosynthetic and metabolic capacities.
Moreover, some are reported to possess a microaerobic, anaerobic,
or fermentative lifestyle [1, 19, 20]. A habitat that seems largely
dominated by CPR is groundwater, where CPR reach abundances

of 20%-60% [21, 22]. The groundwater CPR range from 0.1 to
0.3 um in size [21, 22], with genomes estimated to range from
0.59 to 2.8 Mbp with an average of 1.37 Mbp [23-25]. Such small
genomes lacking central biosynthetic pathways might indicate a
symbiotic lifestyle. Symbiotic lifestyles of groundwater CPR have
been proposed [2] based on a series of evidence from cultivation
and genomic analyses of CPR from diverse environments,
including lakes [26, 27] and mammalian microbiomes [15,
16], and based on cryo-TEM images of groundwater [21, 28].
Another study evidenced the symbiotic association of Cand.
Sonnebornia with a ciliated protist in freshwater [29]. Given
these unusual features, the isolation of CPR taxa has proven very
challenging. To date, rare successful coculture isolates include
human oral Cand. Saccharibacteria with their actinobacterial
hosts [16, 17, 19] and a member of the Cand. Gracilibacteria
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class alongside its anoxygenic photosynthetic host [30] from
a salt-saturated habitat. However, the recovery—even just the
harvesting—of viable CPR from groundwater proved very difficult,
as CPR members are quickly outcompeted by other fast-growing
heterotrophic bacteria when cultivated in the lab. Therefore, until
now, the majority of these taxa have been almost exclusively
investigated based on metagenomic analyses [23, 31-34]. More
research needs to focus on CPR cultivation strategies that enable
sustainable and direct studies of the functional biodiversity of
these microbes, thereby deciphering their key roles in complex
ecosystems.

To address this research gap, we propose the use of an
advanced droplet microfluidics technique, where bacteria are
confined in miniaturized compartments of picolitre volume.
Droplet cultivation allows massive parallelization and ultrahigh-
throughput generation (tens of millions of parallel cultivations)
of cultures that highly increase the enrichment success of
uncultured microbes from diverse habitats, including soil [35,
36], termite gut [37], and the human gut [38, 39]. Using droplet
cultivation, the desired stoichiometric inoculation ratio is
estimated by Poisson distribution to steer cultivation from a
single cell to small consortia [40]. This favours the cultivation
of slow growers like CPR by reaching a balance between reducing
bacterial competition and incubating CPR in small communities
where it may be possible to find the right putative hosts. We
therefore hypothesize that cocultivation in droplets renders
possible higher CPR enrichment compared to bulk cultivation.
In this work, we leverage the well-studied groundwater of the
Hainich Critical Zone Exploratory (CZE) in Thuringia, Germany
[41], an aquifer monitoring transect spanning from oxic to
anoxic conditions that is characterized by diverse, well-specific
microbiomes [42]. Located in the upper aquifer assemblage, the
groundwater in well H52 is dominated by CPR with an average
relative abundance of >60% of which most CPR are previously
undescribed [34]. We devised a cultivation workflow, including
steps of microbial harvesting from groundwater, picolitre droplet
encapsulation, and incubation with different supplements, and
followed this workflow with imaging and genomic analysis of
microbial communities. Using this integrated workflow, we were
able to enrich specific groundwater CPR taxa in droplets for the
first time and demonstrated the powerful utility of this droplet
cultivation approach for culturing a wide range of previously
uncultured CPR taxa.

Materials and methods

Groundwater sampling and microbial cell
harvesting

Groundwater was collected at the Hainich CZE [41] along a hills-
lope transect in Central Germany in December 2021 and January
2022. Ten litres of groundwater sample were collected from the
anoxic well H52 (65 m below ground level, mean: 9.6°C) [43] in
autoclaved 10-1 FLPE (fluorinated polyethylene) containers using
submersible sampling pumps (MP1, Grundfos, Denmark). Liquid
sterile-filtered Reasoner’s 2A (R2A) media (Sigma-Aldrich), devel-
oped to study low growing bacteria from potable water [3, 44],
were then added to the groundwater sample at a final concen-
tration of 0.01% and kept in a humidified chamber at 15°C until
filtration on the following day.

Groundwater microbial cells were harvested on sterile 0.1 um
Omnipore polytetrafluoroethylene (PTFE) filters (Millipore, Ger-
many) by filtrating 2 1 per filter. Twenty millilitres of groundwater
filtrate were collected and purged with a filtered gas stream

composed of 20% CO, and 80% N, for 30 min. Each filter was
sliced into strips and submerged in 3 ml of anoxic groundwater
filtrate supplemented with 0.5% Tween 80 (Serva, Germany). The
filter strips were then vortexed for 3 h at 4°C for microbial cell
detachment. The filters were discarded, and the cell suspension
(inoculum) was kept anoxic at 15°C until droplet generation.

Microfluidic operation and droplet generation

Microfluidic chip design and fabrication were previously pub-
lished by Tovar et al. [45]. Novec 7500 (3M, Germany) supple-
mented with 2% PicoSurf (Sphere Fluidics, UK) was purged with
filtered N, for 30 min before using as the continuous phase. The
aqueous phase was formulated with 0.5% Tween 80, inoculum
diluted with anoxic groundwater filtrate at a mean occupancy
of Acpr =5, and different nutrient supplements including (i) soil
extract only (SE), (ii) Pseudomonas sp. 002 necromass only (Pseud),
(lif) Anammox coculture necromass only (Amx), (iv) soil extract
and Pseudomonas sp. 002 necromass (Pseud + SE), (v) soil extract
and Anammox coculture necromass (Amx+ SE), and (vi) with-
out any supplement (NS). Soil extract accounted for 33% of the
final aqueous volume for droplet generation; necromass was
added at a ratio of 2000 cells to every CPR cell. The two phases
were actuated by pressure pumps (ElveFlow, France) directed
through the PTFE tubing (0.5 mm ID, Chromophor Technology,
Germany) into the microfluidic chip. Microfluidic operation was
conducted with an inverted microscope (Axiovert 200M, Zeiss,
Germany) and imaged in flow with a Basler aca1920-155uc cam-
era (Basler AG, Germany). Microfluidic droplets were generated
with a flow-focusing chip where the continuous and aqueous
phases intersect at the nozzle, forming water-in-oil droplets at
1500 Hz with a volume of 150 pl. This aerobic droplet genera-
tion process took ~0.5 h. Droplet cultivation samples were col-
lected in 4-ml glass vials secured with silicone/PTFE septum-
screw caps (Shimadzu, Japan). Each vial contained ~1.3 x 10°
droplets. Droplet populations were generated in triplicates and
compared with three aqueous bulk cultivations. Aqueous bulk
cultivation samples were prepared by pipetting the same formu-
lated aqueous phase into glass vials. Sampling for Day 0 was
performed immediately upon sample generation. The head space
of the sample containing vials was purged with N, for 20 min and
incubated in an anaerobic pot at 15°C. After incubating for 20 and
30 days, sampling of droplets and bulk cultivation was performed.
All samples were kept at —20°C until deoxyribonucleic acid (DNA)
extraction.

DNA extraction and quantitative PCR

With the abundance of bacterial 16S rRNA genes in the inoculum,
samples from Days 0, 20, and 30 were determined by quantita-
tive PCR (gqPCR). Genomic DNA was extracted from all samples
using the DNeasy Ultraclean Microbial Kit (Qiagen, Germany)
and kept at —20°C until the qPCR assay. gPCR was performed
on a CFX Connect Real/Time PCR Detection System (Bio-Rad,
USA) using Brilliant II SYBR Green gPCR Mastermix (Agilent Tech-
nologies). gPCR was conducted using the primer combinations
Bac8Fmod/Bac338Rabc and 684F-CPR/907R (Table 1). Cycling con-
ditions for bacterial 16S rDNA were as follows: initial denaturation
at 95°C for 10 min, 45 cycles of denaturation at 95°C for 30 s,
annealing at 55°C for 30 s, and elongation at 72°C for 25 s. For
CPR-specific PCR, the conditions were initial denaturation at 95°C
for 10 min, 45 cycles of denaturation at 95°C for 30 s, annealing
at 51°C for 30 s, and elongation at 72°C for 25 s. Standard curves
were constructed using mixtures of plasmids with cloned CPR
genes and a cloned bacterial 16S TRNA gene. Standard curves were
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Table 1. Characterization of primers for groundwater microbial community analysis.

Primer Sequence (5'-3) Target Analysis Reference
Bac8Fmod AGA GTT TGA TYM TGG CTC AG Bacteria 16S rRNA gPCR [49, 50]
Bac338Babc GCW GCC WCC CGT AGG WGT Bacteria 16S rRNA gPCR [49, 50]
Bakt_0341F CCT ACG GGN GGC WGC AG Bacteria 16S rRNA [llumina sequencing [51]
Bakt_0785R GAC TAC HVG GGT ATC TAA TCC Bacteria 16S rRNA [llumina sequencing [51]
684F-CPR GTA GKR RTR AAATSC GTT CPR gPCR This study
907R CCG TCAATT CMT TTR AGT TT CPR gPCR [52]

linear from 5 x 107 to 5 x 10! copies, with R? values of higher than
0.99 and PCR efficiencies ranging from 80% to 99%. All standards
were run in triplicate, and all samples were run in replicates (Cq
SD < 0.35) [46]. The specificity of the products was confirmed by
melting curve analysis.

16S rRNA amplicon sequencing and estimation
of CPR abundance

QS5 polymerase (New England Biolabs, Germany) was treated
with DNases I (New England Biolabs, Germany) according to
the procedure described in Mahler et al. [35] to remove the
residual bacterial DNA from the enzyme production process.
PCR amplification of the bacterial V3-V4 region of the 16S rRNA
gene was performed in a 25-ul reaction. Illumina sequenc-
ing adapters TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
and GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG were
attached at the 5 ends of the forward and reverse primers,
respectively. PCR was conducted using primer combinations
Bakt_0341F/Bakt_0785R (Table 1). The cycling conditions for
16S rDNA were as follows: initial denaturation at 98°C for
3 min, 40 cycles of denaturation at 98°C for 30 s, annealing
at 55°C for 40 s, elongation at 72°C for 1 min, and final
extension at 72°C for 5 min. The amplicons were sequenced
on the Illumina MiSeq platform with 2 x 300 bp paired-end
by IIT Biotech (Bielefeld, Germany). Besides, after verifying the
unviability of all supplements on solid medium and analysing the
sequencing data, we identified that Pseudomonadaceae exhibited
a dominated “ghost” abundance in the data and therefore, we
excluded the contribution of this taxa in the adjusted estimated
number of bacterial copies (Supplementary Fig. S2C). Amplicon
sequencing data are available at NCBI under BioProject accession
PRJNA993466. The estimated abundance of each CPR order was
calculated by multiplying the relative abundance of each CPR
taxon from 16S amplicon sequencing and the total bacterial
copies of 16S rRNA gene from qPCR [47, 48].

Bioinformatics analysis

Analysis of all sequencing data was conducted in R version 4.1.2
[53]. The Divisive Amplicon Denoising Algorithm 2 (DADA2) pack-
age [54] was used for quality filtering, denoising, inference of
amplicon sequence variants (ASVs) from DNA sequencing data,
and chimaera removal. Reads were trimmed off left to remove the
primers, then truncated to 270 bp for forward reads or 240 bp for
reverse reads. Trimming thresholds were determined by manually
inspecting the quality profiles, generated using the “plotQuali-
tyProfile” command, of a subset of samples. Further, reads with
expected error >2 were removed, and those with quality score
<2 were truncated. Read numbers per sample prefiltering and
post merging are provided in supplementary data (File Supp 8).
Denoised reads were merged after using the DADA2 core algo-
rithm to infer ASVs. Chimaeras were removed before constructing

the ASV table. The SILVA SSU database version 138 was used for
taxonomical assignments of ASVs [55].

Statistical analysis

The Shannon alpha diversity index for richness analyses was
determined using the R package Vegan [56]. The sequencing data
of samples collected at the same point were merged and further
processed by rarefying, using vegan’s “rarefy_even_dept’ com-
mand, to 58292 reads per merged sample (corresponding to the
lowest sampling effort). Rarefaction curves (Supplementary Fig. S7)
confirmed the validity of this number of reads in representing
the majority of diversity in the samples. The seed as set to 711
for all analyses to initialize repeatable random subsampling.
The richness between two different cultivation conditions
was compared, as well as with the two necromass nutrient
supplements. Wilcoxon test was used to access the significant
differences. Rarefied data were also used to construct the ASV
table as inputs for taxa plot. For the beta-diversity-based analyses,
the function metaMDS in R package Vegan was used to cluster
bacterial community with a Bray-Curtis dissimilarity matrix
based on the two groups explanatory variables: cultivation
method (bulk or droplet) and the necromass (Pseud or Amx).
The significance of the two explanatory variables were accessed
with 999 permutations.

Results

Successful recovery of microbes from
groundwater and generation of picolitre droplets
for cultivation

The CPR cultivation workflow consists of three phases: microbial
cell harvesting, picolitre droplet generation, and droplet incuba-
tion and microbial characterization (Fig. 1). Groundwater sam-
ples were collected at 6-week intervals from the anoxic well
H52 located in a depth of 65 m, with a mean water temper-
ature of 9.6°C [43]. Preincubation of the groundwater sample
with 0.01% R2A was performed to reduce the starvation-induced
cell shrinkage of groundwater microbes [3]. After extensive ini-
tial efforts to evaluate different microbial harvesting methods
(Supplementary Fig. S1), one-step dead-end filtration of ground-
water on a 0.1 um-PTFE filter, followed by vortexing for cell
detachment with the addition of 0.5% Tween 80, was determined
as the most efficient method (Fig. 1). This established harvesting
protocol rendered the CPR harvested in the inoculum comparable
to CPR abundance in the original community [34].

To promote the enrichment of CPR, we mimicked conditions
in shallow groundwaters that are characterized by soil surface
input. We prepared soil extract (SE) and microbial cells—derived
necromass, and applied combinations thereof in our cultivations
toresemble the supply of organic matter and of microbial biomass
from surface habitats to the subsurface during events such
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Figure 1. Established workflow of groundwater microbial harvesting and droplet encapsulation of the microbial community [1]. Groundwater samples
were collected from well H52 of the Hainich CZE, Germany. Twelve hours before the filtration process, 0.01% R2A was added [2]. Two litres of
groundwater were filtered through each 0.1-um PTFE filter, and cells were detached with Tween 80 to form the inoculum [3]. Droplet generation with a
mean occupancy of Acpr =5 per droplet was estimated by the Poisson distribution [4]. Droplets and bulk cultivation samples were incubated under
anoxic conditions at 15°C with different supplements [5]. Samples were taken on Days 0, 20, and 30 and subjected to downstream analysis. Brightfield
microscopy images of droplet samples were taken upon generation on Day 0 and after 30 days of incubation. Pseud and Amx indicate the addition of
necromass derived from Pseudomonas sp. 002 and an Anammox coculture, respectively.

as rainfall and snowmelt. The two types of necromass were
prepared by lysing a Pseudomonas sp. 002 isolate derived directly
from Hainich groundwater (Pseud) and am Anammox coculture
derived from a wastewater treatment plant (Amx). Anammox
bacteria have been identified at well H52, and CPRs were found
to coexist with freshwater Anammox bacteria and possible
cometabolic pathways have been predicted using metagenomic
analysis [57]. For the generation of ~150-pl droplets, we diluted
the inoculum aiming at Acpr =5 (on average 5 CPR cells/droplet).
This corresponds to an average number of total bacteria of 12
per droplet. Each 2-ml droplet population generated comprised
around 1.33 x 107 droplets. Random encapsulation at this ratio
could increase the possibility for free CPR to meet the right
hosts within the same droplet, while growth competition can
be reduced by confining nonhosts in other droplets. To compare
the cultivability of CPR taxa in droplets to bulk cultivation,
2 ml of the diluted inoculum with corresponding supplements
was placed in glass vials and treated as bulk cultivation. Both
droplet and bulk cultivation samples were generated in triplicates.
Due to the slower growth and replication rates of groundwater
CPR [34], we optimized droplet stability with the addition of
biocompatible surfactants in the oil and aqueous phase for long-
term incubation. Monodispersed droplets were stable over 4-week
incubation at 15°C as verified by brightfield microscopy (Fig. 1).

Droplet cultivation boosts groundwater CPR
enrichment

To assess the fate of CPR in our droplet cultivation approach,
we employed a novel diagnostic primer to trace the CPR
abundance over time and with different nutrient supplements.

For this, we pooled the microbial biomass before and after
incubation, extracted genomic DNA, and applied quantitative PCR
using a newly designed CPR-specific forward primer paired with
a universal bacterial reverse primer (validation in Supplementary
Information) (Fig. 2).

All conditions led to an increase in the amount of CPR 16S rRNA
gene copies through the 30-day incubation. In droplet cultivation,
the addition of soil extract to both necromass treatments showed
a significant boost of CPR as compared to using only soil extract,
Pseud, or Amx alone (Fig. 2A, P < .0001). Comparing CPR copy
numbers on day 30 to no supplementation (NS), Amx + SE droplets
achieved a significant 50-fold higher enrichment at 20785 + 4625
(P <.0001) copies/ul droplet. Similarly, Pseud + SE droplets also
resulted in a significant enrichment at 24636 +3006 copies/ul
droplet (P<.0001), 60-fold higher than NS. In bulk cultivation,
a similar trend was observed with Amx+SE and Pseud + SE
supplements achieving the highest CPR enrichment as compared
to all other conditions (Fig. 2B). However, this beneficial effect gave
a significantly higher CPR enrichment in droplets than in bulk
cultivation (P < .001), with more than 2-fold difference in CPR copy
numbers. Thus, we confirmed an overall superior performance of
the highly parallelized droplet cultivation approach compared to
classical bulk liquid cultivation.

As the combination of soil extract and necromass showed to
be favourable for CPR enrichment in droplets, we repeated these
cultivation conditions with the next groundwater sampling. We
observed similar trends of increasing CPR copies during the 30-day
incubation in all samples with a superior performance of droplet
over bulk cultivation (Supplementary Fig. S2) demonstrating the
reproducibility of cultivation conditions.
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Figure 2. Quantification of CPR subjected to different cultivation conditions. Barplots depict mean and standard deviation of copy numbers of CPR
quantified using CPR-specific primer set with qPCR in (A) droplet and (B) bulk cultivation. Groundwater microbial community was subjected to two
cultivation conditions (droplet and bulk) with no supplement (“NS”) or the addition of different supplements; Anammox coculture necromass (“Amx”),
pseudomonas necromass (“Pseud”), soil extract (“SE”) or a combination of soil extract and necromass (‘Amx + SE” “Pseud + SE”). Culture samples were
obtained at timepoint day 0, day 20 and day 30; CPR copies in corresponding sample were quantified. Samples were performed in triplicates.
Significant difference is indicated between conditions (ANOVA-Tukey test, *** [P <.001], **** [P <.0001]).

Deciphering groundwater microbial community
enriched in droplets

For a deeper analysis of the cultivability of groundwater microbes
in droplet and bulk cultivation, we applied 16S rRNA gene
amplicon analyses. Our findings suggest that droplet cultivation
addresses a different portion of the groundwater microbiome
compared to bulk as detailed in the following.

In total, we detected 679 unique ASVs in our droplet cultivation
(Supplementary Fig. S3A). We analysed the bacterial community
structure on phylum level between inoculum and different cul-
tivation approaches on day 0 and day 30 (Fig. 3A). Resembling
the groundwater community [34], Cand. Patescibacteria was the
most abundant phylum in the inoculum, accounting for 56.1%

of the relative abundance, proving the reliability of our micro-
bial harvesting workflow. Four other major phyla inhabitants
were also detected: Planctomycetota at the relative abundance
of 13.6%, Nitrospirota at 9.50%, Proteobacteria at 7.41%, and
Verrucomicrobiota at 6.23%. It is noticeable that the share of
Patescibacteria seemingly decreased to 13.8%-34.8% in prepara-
tion of the cultivation samples (DO for both droplets and bulk).
However, this was an effect of dilution at Acpr =5 and with the
additional necromass, which also contained non-CPR DNA and
consequently “diluted” the relative abundance of Patescibacte-
ria. After 30-day incubation, the proportion of Patescibacteria in
Pseud + SE remained at 8.50%-21.5% and 10.8%-17.9% in both
bulk and droplet cultivation, respectively. Relative abundances of
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Figure 3. Microbial diversity and community structure of groundwater cultivations. (A) Community structure based on bacterial 16S rRNA gene
sequences (relative abundances). Phylogenetic affiliation at the phylum level is shown for each incubation condition. (B) The underlying differences in
microbial community composition for samples of two cultivation methods: droplet (cyan) and bulk (coral) with two necromass supplements (shapes)
based on Bray-Curtis dissimilarity scores, stress value =0.1050744. (C) Shannon diversity of groundwater microbiome subjected to two cultivation

» o«

conditions (droplet and bulk) with the addition of different nutrient supplement (a combination of soil extract and necromass [‘Amx + SE” “Pseud +
SE”]). Results are presented for the three replicate cultivations; coloured dots represent method of cultivation in corresponding nutrient supplement
condition and respective timepoints. Wilcoxon tests were used to assess the differences between groups; P-values are showed below the label of each

condition.

Patescibacteria in Amx + SE were found to be 1.13%-3.83% and
4.32%-9.70% in bulk and droplet cultivation, respectively. Notably,
bulk cultivation led to a pronounced promotion of Proteobacteria
reaching over 70% in all conditions. In contrast, this phenomenon
was not observed in droplets where Proteobacteria remained at
30.8%-48.1% in Amx+ SE and 23.3%-48.0% in Pseud + SE. This
suggests a positive effect resulting from droplet compartmental-
ization to restrict certain fast-growing microbial taxa and avoid
out-competitions.

To explore the underlying differences in microbial community
composition for different cultivation approaches, we calculated

the dissimilarity among samples using Bray—Curtis dissimilarity
(Fig. 3B). Bacterial community composition differed significantly
by nutrient type, cultivation method, and time point (PERMANOVA
P <.001 for all, Supplementary Table S1). Sampling time explained
the greatest portion of variation (R?=0.31) followed by method
(R?=0.17), while nutrient explained the least (R>=0.11). Thus, the
cultivation methods exerted a decisive effect on day 30 samples
leading to a clearly dissimilar microbial community structure in
droplets compared to bulk cultivation. On the other hand, the
microbial communities in day 30 samples appeared not to be
differentiated by the type of applied necromass. There was no
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significant difference in Shannon diversity between day 0 and day
30 samples in all conditions based on microbial ASVs (Fig. 3C). We
cannot rule out that the low number of replicates contributed
to the nonsignificant P-values. Regardless though, there was a
consistent shift in diversity, with Pseud + SE treatments show-
ing an increase and Amx+ SE showing a decrease. Comparing
samples on day 30, droplets overall resulted in a similar diversity
level as bulk cultivation (Supplementary Fig. S4A). Within the
total of 1320 ASVs from day 30, droplet cultivation resulted in
38% of unique ASVs as compared to just 18% ASVs recovered
in bulk cultivation (Supplementary Fig. S4B). Regarding nutrient
supplementation, 41% ASVs were found only in Pseud + SE culti-
vation and 12% were unique to Amx + SE cultivation. Thus, while
the diversity of the community in droplets is statistically similar
to bulk cultivation, these findings suggest that we can access
different members of the groundwater microbiome (inoculum) in
droplet cultivation, 6% of ASVs compared to 2% in bulk cultivation
(Supplementary Fig. S4C). How this is reflected in the CPR part of
the community was analysed next.

Specific CPR taxa are enriched using droplet
cultivation

Relative abundance data from the amplicon sequencing and total
16S rRNA gene copy numbers based on gqPCR were used to esti-
mate quantitative CPR gene copy counts for each sample. While
this conversion is biased by the use of different 16S primer sets
optimized either for gPCR or sequencing, respectively, and does
not acknowledge different 16S gene copy numbers, it allowed us to
estimate the quantitative abundance of the different CPR, which
we consider an important information for comparing the success
of the different nutrition schemes and for the design of future-
defined cultivation strategies. CPRs were enriched in all condi-
tions after 30-day incubation with a reliable higher enrichment in
droplet than bulk cultivation (Fig. 4A). The highest enrichment of
CPR was observed in droplet cultivation with Amx + SE resulting
in a significant 13.25-fold increase of CPR copies on day 30 as com-
pared with day 0 (ANOVA-Tukey test P <.05), and almost 3-fold
higher than bulk cultivation. Amx+ SE droplets also displayed
higher CPR Shannon diversity than bulk cultivation, while Pseud
+ SE showed comparable diversity in both cultivation methods
(Supplementary Fig. S5A). The top 10 differentially enriched CPR
orders with Amx+ SE supplement inferred a significant differ-
ence between enrichment outcome of droplet and bulk cultures
with an increase in estimated abundance of all these 10 CPR
orders only for droplet cultivation (Fig. 4B). In contrast, most of
these taxa were only occasionally sustained in bulk culture. None
of the CPR orders were significantly enriched in the droplet-
bulk cultivation comparison with the Pseud + SE supplement
(Supplementary Fig. S5B). This shows that even in the superior
droplet cultivation, a careful choice of the nutritional approach is
crucial for an optimum or targeted CPR cultivation outcome.

Coenrichment of non-CPR with CPR during
droplet cultivation

Besides the CPR, non-CPR also thrived in the droplet cultivation
(Supplementary Fig. S2C). We hypothesize that the droplets con-
tained three main subpopulations: (i) containing only non-CPR
cells, (ii) containing CPR with nonputative host cells, and (iii) CPR
with putative host cells that actively supported CPR growth. To
get further insights on putative hosts of the enriched CPR taxa, we
analysed the progression of non-CPR taxa (582 ASVs after 30-day
incubation; Supplementary Fig. S6A). The most coenriched non-
CPR taxa at the genus level in the overall cultivation approach was

the genus Flavobacteria (phylum Bacteroidota) in both Pseud + SE
and Amx + SE on day 30 compared to day O (Fig. SA). The following
10 enriched genera in Amx + SE were at least 1-fold lower than
Flavobacteria, with 8 of them being members of the phylum Pro-
teobacteria (Fig. 5B). Of those, the genera Acinetobacter, Brevundi-
monas, and Caulobacter were significantly increased. For Pseud +
SE (Supplementary Fig. S6B), the 10 coenriched taxa were also
dominated by the phylum Proteobacteria, accounting for seven
genera, followed by three other genera from Bacteriodota, Nitro-
spirota (order Thermodesulfovibrionia), and Planctomycetota.

Preliminary efforts for subcultivation of CPR in
droplets

To go one step further in obtaining a stable laboratory CPR cocul-
ture, we performed initial experiments to investigate the mainte-
nance of enriched CPR by subcultivation in droplets. By breaking
the pool of droplets on day 30 and re-encapsulating the bacteria
at Acpr =5 with fresh nutrients, the CPR population again enriched
during 30 days of cultivation. The CPR copy number increased
slightly for Amx + SE and was 10-fold lower than in the primary
enriched culture for Pseud + SE (Fig. 6). The further sequenc-
ing attempt of pooled droplet samples at day 30 revealed no
detectable CPR population. This is mainly due to the dominance of
non-CPR bacteria in the pooled droplets after the first enrichment
(Supplementary Fig. S2C). At a same load of CPR cells per droplets
at the re-encapsulation, this led to an increment of total bacteria
per droplet from A =12 in the first droplet culture to A > 900 in the
subculture. We therefore consider it as essential for our future
work to develop a CPR marker to specifically detect droplets with
enriched CPR. Then, CPR-containing droplets could be exclusively
selected and sorted based on multiparametric analysis using our
in-house optofluidic detection platform [58]. This will largely
eliminate the bulk of droplets with the irrelevant non-CPR species,
allowing more targeted re-encapsulation or even upscaling of
individual droplets.

Discussion

Here, we succeeded in performing sustainable laboratory
enrichment of CPR from groundwater using a droplet ultrahigh-
throughput cultivation method. This success was enabled by a
combination of approaches: (i) successful harvest of CPR from
groundwater, (ii) compartmentalization of small inocula into
cultivation droplets, (iii) ultrahigh parallelization of cultivation to
millions of cultures, and (iv) time-relevant qualitative assessment
of CPR growth through a novel CPR-specific primer.

Using a low-volume filtration method followed by optimized
cell detachment processes, we established a CPR harvesting proto-
col that preserves the abundance of groundwater CPR to generate
a CPR-rich inoculum for cultivation. Initially, we evaluated differ-
ent approaches for the harvest of CPR from the raw groundwater.
Filter-size separation [59] was tested, and sequential filtration of
groundwater on 0.2 and 0.1 um filters was shown by others to
retain both host-attached and free CPR [46]; however, it might risk
the disruption of the often-fragile cell-cell attachment of symbi-
otic CPR. To reduce mechanical stress on microbial cells during
the harvesting process, dead-end filtration was used to obtain the
most viable and intact CPR, resulting in a 100x concentrated CPR
inoculum for cultivation.

The inoculum was then applied in our advanced droplet
microfluidic platform. At the rate of 1000 Hz, an average of five
CPR cells were compartmentalized into a 150-pl droplet, allowing
the long-term parallelized cultivation of 6.6 million stabilized
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Figure 4. CPR enrichment at order-level in droplet and bulk cultivation. (A) Estimated abundance of CPR calculated via a combination of relative
abundance data from 16S rRNA sequencing and quantification data from gPCR. Phylogenetic affiliation at the order level is shown for the sum of
triplicates of each incubation condition. Significant difference is indicated between conditions (ANOVA-Tukey test, * (P <.05). (B) Change in estimated
CPR abundance from day 0 to day 30 for the top 10 CPR orders of the Amx + SE sample. Bars depict the mean log, fold change (+standard deviations)
computed from estimated number of copies between day 30 and day 0 in three biological replicates using two cultivation methods: droplet (cyan) and
bulk (coral). Displayed are the 10 most abundant orders of the total 57 assigned orders. Data normality was assessed by Shapiro-Wilk test, followed by
Welch'’s t-test for two independent samples comparison to generate corresponding P-values showing the differences between the cultivation methods
in terms of fold change. Hedges’ g, indicating the effect size, was plotted as bars with colour corresponding to cultivation condition with the

larger mean.
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Figure 5. Quantification of the 11 most co-enriched non-CPR taxa. (A) Barplot depicts the mean and standard deviation of estimated number of
bacterial 16S rRNA gene copies of genus Flavobacterium (phylum Bacteroidota) in Amx + SE and Pseud + SE at respective timepoints. (B) Barplot
depicts the mean and standard deviation of the estimated number of gene copies of the other ten genera in Amx + SE at respective timepoints
(corresponding data for the pseud + SE analysis are given in Supplementary Fig. S6B). Colour of the genera label represents their respective phylum.
Samples were performed in triplicates; significant difference is indicated between conditions (unpaired t test, * [P <.05], ** [P < .01]).
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Figure 6. Quantification of CPR subculture subjected to different cultivation conditions in droplets. Barplots depict the mean and standard deviation
of copy numbers of CPR quantified using a CPR-specific primer set with gPCR. Two droplet samples with enriched CPR were broken and
re-encapsulated with fresh nutrient supplements (combination of soil extract and necromass—(A): Amx + SE and (B): Pseud + SE) on day 30 at Acpr =5
followed by incubation for the subsequent 30 days. Samples were obtained at timepoint day 0 and day 30; CPR copies in corresponding sample were
quantified. Samples were performed in triplicates; significant difference is indicated between conditions (unpaired t test, * [P <.05], ** [P <.01],

55 [P < 001], **** [P < .0001]).

monodispersed droplets in a total volume of 1 ml. Considering the
importance of putative symbiosis of CPR taxa with other non-CPR
hosts, including the host-associated replication behaviour [60],
droplet cultivation allowed encapsulation of the slow-growing
CPR with a small native microbial community. This approach
might increase the probability for individual CPR to meet their
putative hosts, while compartmentalization mitigates the risk
of CPR being outcompeted. With this, we demonstrated the
use of high-throughput cultivation to successfully enhance the
enrichment of a wide range of CPR taxa. On the other hand, we
acknowledge that the confined subset of droplets containing only
non-CPR will need to be separated and removed before further
subculturing of CPR-enriched communities becomes possible.

Monitoring the growth of this highly diverse superphylum
requires sophisticatedly designed molecular tools. To date, stan-
dard universal 16S rRNA primers are the common tool in sequenc-
ing to investigate CPR taxa, but they tend to underestimate CPR
populations due to the presence of introns in their 16S rRNA genes
[61]. Other reported CPR primers are only target-specific towards
members of Saccharibacteria [62, 63] and Cand. Absconditicoccus
[30]. To dissect the highly abundant and intensely diverse CPR
inhabited in the groundwater of the Hainich CZE, we designed a
forward primer based on all aquatic CPRs available at the time
of design. This primer targets 73% of all available Parcubacteria
16S rRNA sequences in the Silva database, with Parcubacteria
being the most abundant CPR in groundwater samples. Pairing
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this primer with a universal reverse primer allowed the tracking
of CPR growth directly in the lab, thereby efficiently and rapidly
evaluating the most supportive cultivation conditions. In contrast,
the 16S primer gPCR data were used to estimate quantitative CPR
abundances from the 16S sequencing results. We acknowledge a
potential coverage bias between these estimated CPR data from
sequencing results and the direct CPR tracking during experi-
ments because of the different use of primers.

To optimize the cultivation conditions, we added naturally
occurring carbon and energy sources. Rainfalls lead to the
vertical translocation of dissolved organic matter (DOM) and
soil-derived microbial biomass into the subsurface, which may
have a substantial impact on the dynamics of the groundwater
microbiome [3, 42]. These complex carbon sources, such as
DOM and bacterial cell lysate, have been shown to significantly
enrich the diversity of groundwater [64]. By providing soil extract
together with two different types of necromass, we demonstrated
that the growth of CPR was significantly promoted, suggesting
they or their host can thrive with the raw carbon substrates. In the
campaign with Amx + SE and Pseud + SE supplements, CPRs were
significantly enriched during the 30-day incubation in droplets
but not in bulk culture (P <.0001). This exclusive enhancement is
likely attributed to the predicted two distinct features offered
by droplet cultivation: (i) confinement of CPR with a small
number of native microbes that largely reduces competition
and (ii) parallelization of millions of droplet chambers within
a compact incubation that increases the probability of successful
enrichment. Amplicon sequencing analysis provided additional
evidence of the superior cultivation in droplets, especially demon-
strated by the significant enrichment of several CPR orders in the
Amzx + SE condition. In contrast to Pseud necromass supplying
nutrients from only one species, Amx necromass was derived
from a range of Anammox species, including Planctomycetota,
Bacteroidota, and Proteobacteria (Supplementary Fig. S3B), and
offers a richer nutrient pool likely accommodating more diverse
putative host taxa, resembling the effect upon groundwater
recharge [43].

We assume that one of the major reasons for the success of
CPR enrichment with our droplet cultivation lies in the availability
of putative hosts. We attempted to further elucidate the non-
CPR taxa pool originating from both CPR-containing droplets
and CPR-free droplets to decipher potential CPR hosts based
on their co-enrichment. The observed overall co-enrichment of
Flavobacteria, Proteobacteria, and Planctomycetota agrees with
earlier results of groundwater analysis from the Hainich CZE.
In a metagenomic network analysis of groundwater samples,
CPR were shown to interact with specific MAGs of the genus
Prolixibacteraceae and Melioribacteraceae (phylum Bacteroidota)
[34]. Moreover, based on time series data from the same site, the
temporal co-occurrence pattern of CPR with members of the order
Burkholderiales and the genus Brocadia was also reported [43].
Thus, repeatedly, these predominated non-CPR taxa are identified
and appear to serve as potential hosts for supporting a symbiotic
lifestyle of the enriched CPR. However, at this point, we cannot
assess if they are co-enriched within the same droplets or in
CPR-free droplets. To verify this, it will be essential to separate
the droplet fraction that contains CPR from all those droplets in
which non-CPR bacteria grew freely. Ongoing work is therefore
investigating the design of specific optical detection probes for
CPR to label and distinguish the CPR-containing droplets. With
the information from this work, further strategies such as “emul-
sion, paired isolation and concatenation PCR” (epic-PCR) [65, 66]
are currently being examined for the detection of interspecies

interactions, which might open opportunities for a targeted co-
isolation of CPR with defined hosts.

Overall, this method has shown great promise for enriching
hard-to-culture bacteria and should also be investigated in other
environments. The enrichments provide important information
and insights for further downstream studies using microscopic
techniques [21, 27], epic-PCR, and catalyzed reporter deposition-
fluorescence in situ hybridization (CARD-FISH) [60, 67], to inves-
tigate the functional roles of uncultured microbes as well as
host-associated interactions and finally to aid their controlled
cultivation.
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