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The operation of modern wastewater treatment plants (WWTPs) is driven by activated sludge microbiota, a complex assemblage of
trophically interacting microorganisms. Microbial predation is crucial to fundamental understanding of how biological interactions
drive microbiome structuring and functioning of WWTPs. However, predatory bacteria have received little attention regarding their
diversity, activity, and ecological function in activated sludge, limiting the exploitation of food web interactions for wastewater
microbiome engineering. Here, by using rRNA-stable isotope probing of activated sludge microbiota with 13C-labeled prey bacteria,
we uncovered diverse as-yet-uncultivated putative predatory bacteria that actively incorporated 13C-biomass. Myxobacteria,
especially Haliangium and the mle1-27 clade, were found as the dominant active predators, refreshing conventional views based on
a few predatory isolates of Bdellovibrionota from WWTPs. The identified predatory bacteria showed more selective predation on
prey compared with the protists dominated by ciliates, providing in situ evidence for inter-domain predation behavior divergence
in activated sludge. Putative predatory bacteria were tracked over a two-year microbiome monitoring effort at a local WWTP,
revealing the predominance of Myxococcota (6.5 ± 1.3%) over Bdellovibrionota (1.0 ± 0.2%) lineages. Phylogenetic analysis unveiled
highly diverse myxobacteria inhabiting activated sludge and suggested a habitat filtering effect in global WWTPs. Further mining of
a global activated sludge microbiome dataset revealed the prevalence of Myxococcota (5.4 ± 0.1%) species and potential impacts of
myxobacterial predation on process performance. Collectively, our findings provided unique insights into the predating activity,
diversity, and prevalence of Myxococcota species in activated sludge, highlighting their links with wastewater treatment processes
via trophic regulation of enteric and functional bacteria.
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INTRODUCTION
Microorganisms play a central role in mediating the wastewater
decontamination of a large variety of organic carbon and
inorganic nutrients (i.e., nitrogen and phosphorus) in wastewater
treatment plants (WWTPs) [1, 2]. Activated sludge comprises
diverse organisms, including bacteria, fungi, protists, and bacter-
iophages, which interact intimately with each other underlying the
sludge function [3, 4]. Predation is a key component of microbial
interactions and could exert strong impacts on biological process
functioning in WWTPs, such as carbon mineralization and
pollutant removal in activated sludge [5, 6]. Predatory bacteria
could prey on other bacteria, similar to protists and bacterio-
phages but with distinct predating strategies [7]. However, intra-
bacterial predation has been largely neglected in prior studies on
wastewater treatment microbiota, although predatory bacteria are
ubiquitous in environment and particularly regarded as “living
antibiotics” due to their capability to kill a range of human and
plant pathogens [8–10]. Compared with the well-studied protozoa
[11, 12] and bacteriophages [13, 14], predatory bacteria, especially
their grazing behaviors on the beneficial (e.g., carbon and
nitrogen-removing) or detrimental (e.g., antibiotic resistant and

pathogenic) bacteria in WWTPs, remain largely unexplored, which
impedes a comprehensive understanding of food web interac-
tions therein and development of specific engineering solutions,
based on such intricate ecological interactions, to prevent system
performance deterioration, solve long-standing operational pro-
blems (e.g., bulking and foaming), or tackle sanitation challenges
(e.g., COVID-19 and antimicrobial resistance).
Predatory bacteria hunt actively and kill their prey bacteria to

obtain nutrients and energy, with different hunting strategies and
prey ranges [8, 15–17]. Intra-bacterial predation has been
proposed as an important selection force in different ecosystems
which shapes the bacterial community composition [18–20]. The
best-known groups of predatory bacteria are affiliated with
Bdellovibrionota and Myxococcota [21], both of which formerly
belonged to Proteobacteria but were recently reclassified as
phylum-level lineages according to a genome-based taxonomy
[22]. Bdellovibrionota species dwell in both aquatic and terrestrial
environments and are known as obligate predators [23], whereas
soil is the major habitat for members of Myxococcota which are
mostly facultative predators [24, 25]. From WWTPs, a few prior
studies isolated Bdellovibrio-and-like organisms (BALOs) and found
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they could alter microbiota composition of both activated sludge
flocs and granules [26] and possibly facilitate waste sludge biolysis
[27]. However, Myxococcota species were rarely functionally
characterized in activated sludge, although they became fre-
quently reported in recent metagenomic surveys [4, 28–30]. For
example, a Haliangium-associated myxobacterium was recently
recognized as one of 28 core bacterial lineages in activated sludge
of 269 global WWTPs [2]. Furthermore, meta-analysis of myx-
obacterial diversity revealed that activated sludge accounted for
6.80% (only secondary to 59.42% by soil) of the current publicly
available myxobacterial 16S rRNA gene sequences, and thus could
be a promising but yet underexplored reservoir for obtaining
novel myxobacterial strains [31]. Contrastingly, little is known
about the activity, diversity, and functions of myxobacteria in
activated sludge.
The existing knowledge about diversity, predation lifestyles, and

environmental consequences of predatory bacteria in diverse
environments has been mostly derived from targeted cultivation
and predation experiments with isolates, which excludes access to
the as-yet-uncultivated diversity of bacterial predators in environ-
ment. Stable isotope probing (SIP), since its first application [32],
has been widely used for identifying microorganisms in complex
environments involved in diverse metabolic pathways and
biogeochemical cycling processes in situ [33–36]. This technique
identifies microorganisms that consume a specific substrate
labeled with a stable isotope (e.g., 13C, 15N, and 18O) by physically
separating the labeled nucleic acids with shifted buoyant density.
In recent years, DNA- and RNA-SIP has shown its potential in
identifying key microbial food web players and elucidating trophic
interaction patterns without the need for microbial cultivation
[19, 37–41]. Especially, RNA-SIP, independent of cellular replica-
tion, is more sensitive in detecting microbial activities involved in
targeted metabolic and ecological processes [42]. Thus, RNA-SIP
through incubation with isotopically labeled prey cells could serve
as a powerful approach to advance our understanding of
microbial predation and ecology in natural and engineered
environments, such as activated sludge where whether myxo-
bacteria are active food web constituents and how trophic
interactions could affect microbiota performance in biological
wastewater treatment and resource cycling awaits exploration.
In this study, we aimed to explore the diversity of active predators

on typical detrimental and beneficial bacteria in activated sludge by
employing rRNA-SIP. We argued that predatory bacteria (e.g.,
members of Bdellovibrionota and Myxococcota) should compose an
active part of the ecological network of microbiota interactions in
activated sludge and hypothesized that they could show prey
preference compared to protists, commonly regarded as generalist
predators, in such complex engineered systems. Driven by our
intriguing findings in activated sludge microcosms that members of
Myxococcota dominated the potential bacterial predators consum-
ing 13C-labeled prey biomass, we tracked the distribution of
Myxococcota and Bdellovibrionota genera in situ in a local WWTP,
projected their worldwide prevalence in activated sludge micro-
biota using a published microbiota dataset by the Global Water
Microbiome Consortium [2], and explored their potential influence
on activated sludge functioning, which jointly suggested the
predominant roles of myxobacteria in microbial predation in
activated sludge. The comprehensive microcosm-to-field insights
obtained in this study revealed the previously overlooked intra-
bacterial predation in activated sludge and highlighted the
ecological and engineering relevance of myxobacteria in waste-
water treatment systems.

MATERIALS AND METHODS
Sludge sampling
Sludge samples for microbiome monitoring were obtained from the
aeration and anaerobic tanks at a local municipal WWTP in Hangzhou

(WWTP01), China, from March 2019 to April 2021 (eight samplings,
Supplementary Table S1) at the same sampling points. The activated
sludge used in the microcosm experiment was sampled from an aeration
tank and transported to the laboratory in a cooling box (~4 °C) within one
hour, before the sludge microcosms were set up immediately. More details
are available in Supplementary Method S1.

13C-labeling of prey bacteria and microcosm incubation
Two bacterial strains, i.e., Escherichia coli ESS5, as representative enteric
bacterium, and Pseudomonas putida ESE1, as indigenous nitrogen-
removing bacterium, both isolated from the sampled WWTP [43], were
used as prey bacteria in the SIP microcosm experiment. These two strains
were grown in minimal salt medium (MSM; Coolaber) containing 4 g l−1

99% 13C6-glucose (Cambridge Isotope Laboratories, Inc.) as the sole carbon
source. The same strains were cultivated in MSM medium with 12C-glucose
(Sigma Aldrich). Bacterial cells were transferred once with the same
medium, harvested, washed, and resuspended in MSM. 13C-labeling of the
harvested bacterial cells was determined by a gas isotope ratio mass
spectrometer (IRMS; MAT 271, Thermo Scientific) at Shanghai Research
Institute of Chemical Industry.
The 13C-labeled E. coli and P. putida cells were added to 10ml of

activated sludge to achieve a targeted concentration of 2 × 108 cells ml−1

in glass bottles closed with screw cap and rubber stopper. In parallel, 12C-E.
coli and P. putida cells were added to the 12C-microcosms and a control
group without cell amendment was set up. Bottles were destructively
sampled with duplicate microcosms after 16 h, one day, two days, four
days, and eight days of incubation, resulting in a total of 50 glass bottles.
The microcosms were incubated at room temperature with shaking at
120 rpm. Sampled sludge was immediately frozen in liquid nitrogen and
stored at −80 °C. More details on 13C-labeling of prey bacteria and
microcosm incubation were provided in Supplementary Method S2 and S3.
13CO2 production stemming from 13C-labeled bacterial biomass in
microcosms was monitored via daily measurements with GC-MS
(Trace1300-ISQ7000 GC-MS, ThermoFisher), as described in Supplementary
Method S4.

RNA extraction, gradient centrifugation, and RT-qPCR
quantification
Total RNA and genomic DNA were simultaneously extracted from all the
microcosms using RNeasy PowerSoil Total RNA Kit and RNeasy PowerSoil
DNA Elution Kit (Qiagen). The extracted RNA or DNA from the duplicate
microcosms was pooled for each treatment at each sampling time point
for the subsequent SIP and sequencing analyses. SIP analysis was
performed for samples collected after 16 h, one day, two days, and four
days of incubation, following the protocol described by Lueders [44].
Gradient mixture of cesium trifluoroacetate (CsTFA; GE Healthcare), Hidi
formamide (Applied Biosystems), and gradient buffer containing 1 μg of
purified RNA in 5.1 ml seal tubes was centrifuged on a P65VT2 rotor in a
CP100NX ultracentrifuge (all Hitachi) at 125 000 gav for ~64 h. Thirteen
fractions were collected from each gradient according to the procedures
described by Lueders [44]. RNA was retrieved from all the fractions by
precipitation with isopropanol, washed with 70% ethanol, and resus-
pended in TE buffer. More details on RNA extraction and gradient
centrifugation are available in Supplementary Method S5. The quantitative
distribution of the retrieved rRNA gene transcripts across the fractions of
each gradient was determined with quantitative reverse transcription PCR
(RT-qPCR) of 16S rRNA gene transcripts as described in Supplementary
Method S6.

Sequencing and isotopically labeled microbe identification
Based on the quantitation results of 16S rRNA gene transcripts across
gradients, a representative “heavy” (density 1.851–1.872 gml−1) and a
“light” (density 1.805–1.819 gml−1) fraction were selected from each
gradient (Supplementary Fig. S1) for the subsequent sequencing analysis
to evaluate the enrichment of microorganisms in 13C-heavy fractions. The
complementary DNA (cDNA) was synthesized, and bacterial 16S rRNA gene
V3-V4 region and eukaryotic 18S rRNA gene V4 region were amplified.
Amplicon libraries were constructed and sequenced on the NovaSeq
platform (Illumina) at the Guangdong MagiGene Biotechnology Co., Ltd.
(Guangzhou, China). The rRNA gene amplicon sequence data were
processed using the QIIME 2 pipeline [45] and DADA2 algorithm [46].
Taxonomy was assigned to amplicon sequence variants (ASVs) using the
SILVA SSU database (version 138) [47]. For details on the gradient fraction
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sequencing and sequence analysis, consult Supplementary Method S7. The
final ASV tables for the 16S and 18S rRNA gene datasets comprised 16 671
bacterial and 5 258 eukaryotic ASVs, respectively.
To identify the ASVs and microbial genera that incorporated the

13C-labeled E. coli or P. putida biomass, we employed an “enrichment
factor” (EF) to infer the enrichment of the corresponding sequences in
13C-heavy fractions as previously applied [40, 48] and calculated as follows:

EF ¼ 13cHeavy
13cLight

� 12cHeavy
12cLight

(1)

where Heavy and Light are the taxon-specific relative sequence abundance
in the selected heavy and light fractions of a gradient, and 13C and 12C in
this formula refer to the treatments with 13C-labeled and unlabeled cells.
EFs were calculated for all the prokaryotic and eukaryotic genera with >1%
read abundance, and ASVs with >0.1% read abundance in heavy rRNA
fractions of at least one treatment at a sampling time point. Microbial
genus-level clades and ASVs with an EF > 0.1 were regarded 13C-labeled in
this study. As no usable sequencing data was produced from the heavy
fractions of the 12C-gradients of the E. coli-16 h as well as P. putida-16 h
and 2 d groups potentially due to too low RNA quantities, we presented
results only for the E. coli-microcosms after one day, two days, and four
days of incubation, and P. putida-microcosms after 1 d and 4 d.

DNA extraction, PCR amplification, and sequencing
To reveal the in situ abundance of the putative predatory bacteria
identified in the SIP microcosm experiment, genomic DNA was extracted
from the aerobic and anaerobic sludge samples collected from WWTP01
and sequenced as described in Supplementary Method S8. Briefly, bacterial
16S rRNA gene V3-V4 regions were amplified and sequenced on the
NovaSeq platform. Full-length bacterial 16S rRNA genes were amplified
and sequenced on Sequel II platform (PacBio). Amplicon library construc-
tion and sequencing were performed at the Guangdong MagiGene
Biotechnology Co., Ltd. (Guangzhou, China).

Phylogenetic analyses of full-length bacterial 16S rRNA gene
sequences
To characterize the diversity of Myxococcota and Bdellovibrionota species in
WWTPs, full-length 16S rRNA gene sequences of Myxococcota and
Bdellovibrionota species obtained in this study were combined with
sequences acquired from the MiDAS database, a global catalog of WWTP
bacterial 16S rRNA gene sequences [30], and subjected to phylogenetic
analysis. Cross-habitat diversity of selected myxobacterial genera was
further explored by applying phylogenetic analysis to the 16S rRNA gene
sequences of WWTP01 together with sequences from the SILVA database
[47] with known isolation source. Details on the phylogenetic analysis are
available in Supplementary Method S9.

Global activated sludge microbiome dataset and analyses
To explore the distribution of taxa related to Myxococcota and
Bdellovibrionota in activated sludge on a global scale, a microbiome
dataset of global WWTPs was acquired from the Global Water Microbiome
Consortium [2]. We applied taxonomy assignment to representative
sequences of the 96 148 OTUs (97% sequence identity cutoff) obtained
in this study using the SILVA SSU database (version 138) [47] in QIIME 2
[45]. Specifically, abundance data of Myxococcota and Bdellovibrionota
genera, were extracted and investigated for the correlation to sludge
performance, abundance of functional bacteria, and sludge process
parameters. More details on the global activated sludge microbiome
dataset and data analysis performed in the current study is available in
Supplementary Method S10.

RESULTS
Myxococcota and Bdellovibrionota were active constituents of
activated sludge microbiota
To explore the predating activity and diversity of predatory
bacteria in activated sludge, 13C-labeled Escherichia coli and
Pseudomonas putida cells (determined as 97.09 and 97.30 atom%
13C, respectively) were added to the sludge microcosms for
maximumly eight days of incubation, and 13C incorporation was
examined using rRNA-SIP to identify prokaryotic and eukaryotic
microorganisms involved in actively consuming the 13C-labeled

prey cells. Bacterial 16S rRNA gene amplicon sequencing-based
analysis indicated the relative contribution of 47.9% and 42.7% of
the obtained sequences by the added biomass upon amendment
in the 13C-E. coli (Fig. 1A) and 13C-P. putida (Fig. 1B) microcosms,
which dropped below 1.0% after 16 h and eight days of
incubation, respectively. The overall bacterial community structure
at the steady state was highly comparable to that of the control
microcosms (Fig. 1C), indicating that the prey cell amendments
did not induce too strong fluctuation in the microbiota structure
during the SIP experiment that prevented disentangling the
indigenous community dynamics.
The metabolically active bacterial communities, as inferred by

16S rRNA gene transcripts of the light rRNA fractions from the
microcosms, were rather consistent throughout the experiment
(Fig. 1D, E), but they showed clear compositional differences
compared to the overall prokaryotic communities inferred by 16S
rRNA gene amplicon sequences (Fig. 1A, B). Myxococcota and
Bdellovibrionota species showed an average relative abundance of
17.5 (±0.7) % and 2.7 (±0.2) % in the 16S rRNA gene transcripts,
respectively, which were significantly higher than 5.4 (±0.6) % and
1.3 (±0.1) % in the 16S rRNA genes of bacterial communities
(p < 0.001, Mann–Whitney U test), suggesting their relatively high
metabolic activity in the microcosms. The same activity pattern
was observed for Cyanobacteria (3.8% vs. 0.4%), Proteobacteria
(37.4% vs. 28.4%), and archaeal Halobacterota (8.6% vs. 0.2%). In
contrast, members of Acidobacteriota, Bacteroidota, Chloroflexi,
Nitrospirota, and Patescibacteria were much less abundant
(average rRNA /rRNA gene ratio: 0.10–0.49) in the active
communities compared to in the overall microbiota. The relative
proportion of 13CO2 derived from the 13C-labeled biomass peaked
already in 16 h or 1 d after cell amendment, indicating the rapid
flow of the added biomass 13C into the microbial food web
(Fig. 1F).
For the micro-eukaryotic communities, the added prey bacterial

cells, as expected and afore-demonstrated for bacterial commu-
nities, did not exert large change in community structure inferred
from 18S rRNA gene amplicon sequences, whether for 13C-E. coli
or 13C-P. putida (Supplementary Fig. S2). Several micro-eukaryotic
groups were metabolically active members in the whole commu-
nity. For example, Ciliophora contributed to 55.2–78.4% of the 18S
rRNA gene transcripts in all the microcosms (Supplementary Figs.
S2D, E), while they were much less abundant (6.5–37.0% of the
18S rRNA gene sequences) in the whole micro-eukaryotic
communities (Supplementary Figs. S2A, B). By contrast, fungal
Cryptomycota accounted for 37.3–60.6% in the micro-eukaryotic
communities (Supplementary Fig. S2A, B), while they constituted
only 1.7–4.6% of the 18S rRNA gene transcripts (Supplementary
Figs. S2D, E).

Myxococcota dominated 13C-biomass incorporators in
activated sludge
To predict predator-prey interactions in activated sludge, the
degree of 13C-labeling of each prokaryotic or micro-eukaryotic
taxon was quantitively determined relative to the 12C-control
group by calculating the taxon-specific enrichment factor (EF) (see
Method for calculation). Most of the 13C-labeled prokaryotic ASVs
(as a proxy for species) belonged to Myxococcota, followed by
Bdellovibrionota (Supplementary Fig. S3A). Among the bacterial
genera with relative abundance >1% in the 13C-heavy fractions,
strong 13C-labeling was found for the as-yet-uncultivated myx-
obacterial mle1-27 clade (average EF 2.66 across time and
treatments), which contributed to 10.3% to 38.9% of the 16S
rRNA gene transcripts in the 13C-heavy fractions, indicating its
high metabolic activity in consuming the 13C-labeled biomass of
both E. coli and P. putida. Comparatively, Haliangium spp. and
uncultured Polyangiaceae belonging to Myxococcota, as well as
the as-yet-uncultivated OM27 clade belonging to Bdellovibrionota,
also exhibited strong 13C-labeling (maximum EF across time:
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2.4–39.5), but almost exclusively in the microcosms amended with
13C-E. coli cells (Fig. 2A). The as-yet-uncultivated myxobacterial
VHS-B3-70 clade exhibited the strongest enrichment (average EF
16.67 across time and treatments) but made up only 0.2% to 2.3%
of 16S rRNA gene transcripts of the 13C-heavy fraction (Fig. 2A).
Overall, our microcosm experiment tracking added 13C-labeled
prey bacterial cells with rRNA-SIP suggested prominent predatory
activity of Myxococcota and Bdellovibrionota lineages including
largely as-yet-uncultivated ones (e.g., the mle1-27, VHS-B3-70, and
OM27 clades) in activated sludge.

Myxococcota and Bdellovibrionota predated more selectively
than protists
For the micro-eukaryotes, several taxa belonging to Ciliophora,
especially Cyrtophoria spp. and Telotrochidium spp., and also
Peritrichia spp., Vaginicola spp., Aspidisca spp., and Epistylis spp.,
were highly enriched (maximum EF across time and treatments:
0.9–6.7) in the 13C-heavy rRNA fractions (Fig. 3B), in agreement
with the dominance of Ciliophora in the micro-eukaryotic rRNA
gene transcripts (Fig. 2B). The Candida-Lodderomyces clade and
Cyberlindnera-Candida clade within Ascomycota, Magnoliophyta
spp. within Phragmoplastophyta, and Poteriospumella spp. and
unclassified Chromulinales within Ochrophyta were also strongly
labeled (maximum EF: 13.5–242.5, Fig. 2B). Moreover, the
13C-biomass incorporation by micro-eukaryotes was independent
of whichever prey bacteria (Fig. 2B, D), revealing no detectable
prey preference in the metabolically active micro-eukaryotic
predators. On the contrary, differential labeling by 13C-E. coli and

13C-P. putida cells was frequently observed for the predatory
bacteria (Fig. 2A, C). The most obvious example was the OM27
clade ASVs belonging to Bdellovibrionota, which were found to
incorporate 13C-labeled biomass exclusively of E. coli (Fig. 2C).
Comparatively, Haliangium-affiliated ASV27 and ASV63 were
labeled only by 13C-E. coli, ASV57 labeled by both 13C-E. coli and
13C-P. putida, while ASV72 and ASV76 were also labeled by 13C-P.
putida, but only at a later sampling point (Fig. 2C). These results on
the divergent labeling patterns with the tested prey bacteria
together strongly implied population-specific predating behaviors
of predatory bacteria in activated sludge.

Diverse Myxococcota and Bdellovibrionota inhabited
wastewater treatment plants
The prominent activity of Myxococcota and Bdellovibrionota
species in consuming the added 13C-labeled biomass in the
microcosm experiment led us to examine their in situ abundance
and diversity in activated sludge of local and global WWTPs. First,
we profiled activated sludge and anaerobic sludge microbiota in
the aeration and anaerobic tanks at a local WWTP (WWTP01) over
two years and surprisingly found that Myxococcota (6.5 ± 1.3%)
accounted for 5.7 times higher relative abundance than Bdellovi-
brionota (1.0 ± 0.2%) in the aerobic activated sludge samples
(Fig. 3A). In total, ten myxobacterial genera were found with an
average relative sequence abundance >0.1% in the activated
sludge of WWTP01, including the putative predators identified in
the microcosm experiment, i.e., Haliangium spp. (2.8 ± 0.7%) which
represented the most abundant myxobacterial lineage in the

Fig. 1 The dynamics of the prokaryotic communities and mineralization of the added 13C-biomass during the microcosm experiment.
The overall prokaryotic communities were obtained by 16S rRNA gene amplicon sequencing of the total DNA from the activated sludge
microcosms amended with 13C-E. coli (A) and 13C-P. putida (B) cells, and the control group (C) without amendment. The structure of the active
prokaryotic communities was inferred based on amplicon sequencing of the light rRNA fractions from the microcosms amended with 13C-E.
coli (D) and 13C-P. putida (E) cells. The temporal change in the proportion of produced 13CO2 in total CO2 indicated the mineralization of the
13C-labeled cells of E. coli and P. putida in duplicate microcosms (F). Relative sequence abundance of the ten most abundant prokaryotic phyla,
together with the genera Escherichia-Shigella and Pseudomonas, was shown.
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Fig. 2 The enrichment of incorporators of added 13C-biomass in heavy rRNA fractions and the temporal labeling patterns. 13C-labeled
prokaryotic (A) andmicro-eukaryotic (B) genus-level taxa were identified by SIP in themicrocosms addedwith E. coli and P. putida after one, two, and
four days of incubation. Enrichment factor (EF) was calculated for microorganisms using heavy and light rRNA gradient fractions of the 13C- and
12C-microcosms to infer 13C-labeling. Taxa with an EF > 0.1 in at least one of the treatment groups at one sampling time point was considered
labeled. The area of circles indicates the relative sequence abundance of the labeled taxa in heavy 13C-rRNA. The negative EFs and positive EFs
< 10−1.5 were arbitrarily set to 10−1.5 for a neat graphical display. Heatmap of the 13C-incorporating prokaryotic (C) and micro-eukaryotic ASVs (D)
with relative sequence abundance >1% in the heavy rRNA fractions of at least one of the 13C-E. coli and 13C-P. putidamicrocosms at a sampling point.

Fig. 3 In situ relative abundance of Myxococcota and Bdellovibrionota in aerobic and anaerobic sludge at a local WWTP (WWTP01) based on
sampling over two years. The abundance of the abundant genera belonging to Myxococcota and Bdellovibrionota in aerobic and anaerobic sludge
were compared according to amplicon sequencing-based analysis of bacterial 16S rRNA gene V3-V4 region. The top 10 abundant genus-level taxa
across samples collected from eight samplings are shown, with the putative predators identified by SIP in themicrocosm experiment highlighted. The
asterisk denotes significant difference in relative abundance between aerobic and anaerobic sludges (p< 0.05, paired samples Wilcoxon test, n= 8).
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activated sludge, uncultured Polyangiaceae (0.4 ± 0.1%), and the
mle1-27 clade (0.2 ± 0.0%; Fig. 3). Moreover, Pajaroellobacter
(1.2 ± 0.2%), Nannocystis (0.4 ± 0.1%), Phaselicystis (0.3 ± 0.1%),
and several other myxobacterial clades, although not identified
as putative predators in the microcosm experiment, were among
the abundant myxobacteria in situ in the activated sludge.
Although the myxobacterial genera showed comparable relative
abundance in the anaerobic tanks, fed by returned activated
sludge, to their counterparts in the aerobic tanks, the obligately
aerobic myxobacteria were presumably metabolically inactive in
the anerobic sludge. Unlike Myxococcota, members of Bdellovi-
brionota altogether showed significantly higher relative abun-
dance in the aerobic sludge (1.0 ± 0.2%) than in the anaerobic
sludge (0.6 ± 0.1%, paired samples Wilcoxon test p < 0.05, n= 8)
(Fig. 3). The OM27 clade of Bdellovibrionota identified as
transcriptionally active was abundant predators (0.5 ± 0.2%) in
the aerobic activated sludge. Bdellovibrio spp. (0.5 ± 0.1%)
represented another abundant genus belonging to Bdellovibrio-
nota, although it was not enriched by 13C-labeled biomass tested
in this study.
To reveal the diversity of myxobacteria residing in global

wastewater treatment systems, we next constructed an integrative
myxobacterial 16S rRNA gene dataset by combining the full-
length 16S rRNA gene sequences assigned to Myxococcota that
were generated from the local WWTP01 (507 representative OTU
sequences) according to the SILVA taxonomy with sequences
from the MiDAS 4 (2 521 sequences clustered to 1 010 OTUs), a
well-established 16S rRNA gene reference database for bacteria in
WWTPs globally. Phylogenetic analysis showed that Haliangiaceae
and Polyangiaceae, the most diverse [49] and abundant [50]
families in soil and other habitats, were well represented in
wastewater treatment systems (Fig. 4A). The as-yet-uncultivated
mle1-27 clade as well as members of four families, i.e.,
Myxococcaceae, Sandaracinaceae, Nannocystaceae, and Phaselicys-
tidaceae, also contributed significant proportions of the myxo-
bacterial diversity in global WWTPs (Fig. 4A).
The MiDAS and WWTP01 OTUs were classified as potential

predators in this study if their full-length 16S rRNA gene sequence
showed at least genus-level identity (i.e., ≥94.5%) to those of
experimentally verified predatory isolates of Myxococcota (none of
them from wastewater treatment systems, see a full list in
Supplementary Table S2). The identified potential predators in
global WWTPs mostly belonged to Polyangiaceae (130 out of 209
OTUs), followed by Haliangiaceae (37), Nannocystaceae (33),
Myxococcaceae (6), and Phaselicystidacea (2) (Fig. 4A, B). Among
them, 37 MiDAS OTUs classified as potential predators were
taxonomically assigned to Haliangium, which was metabolically
identified as putative predators in our microcosm experiment,
substantiating their important roles in the microbial food webs in
global WWTPs. Moreover, all the 173 Haliangium-assigned OTUs of
WWTP01 were only remotely related to (maximumly 94.3%
sequence identity of full-length 16S rRNA gene) myxobacterial
predators reported in literature (Fig. 4B), suggesting the existence
of possibly novel predatory Haliangium species and ecotypes in
this local Chinese WWTP. Although members of Nannocystis,
Polyangium, and Pajaroellobacter were not enriched by 13C-E. coli
and 13C-P. putida cell amendment, these three myxobacterial
genera were predicted as yet-to-be-verified predators in WWTPs
based on full-length 16S rRNA gene sequence identity
(94.8–98.1%) to known myxobacterial predators (Fig. 4B). Further
phylogenetic analysis applied to myxobacterial 16S rRNA gene
sequences from the local WWTP01 combined with sequences
from the SILVA database originated from different environments
(Fig. 4C–E and Supplementary Fig. S4) revealed that myxobacteria
residing in WWTPs tended to form unique clades, phylogenetically
distinct from those isolated from soil or other environments,
especially for Haliangium, mle1-27, and Nannocystis, suggesting
habitat filtering on myxobacteria in activated sludge.

For Bdellovibrionota, Bdellovibrionaceae and Bacteriovoracaceae
species constituted important fractions of their diversity in global
WWTPs (310 and 167 out of 1 338 OTUs, respectively;
Supplementary Fig. S5), while over half of the collected sequences
were assigned to the as-yet-uncultivated 0319-6G20 clade
(Supplementary Fig. S5) which warrants future in-depth
exploration.

Myxobacteria were ubiquitous in activated sludge across
global wastewater treatment plants
To depict the biogeographic distribution patterns of predatory
bacteria (e.g., members of Myxococcota and Bdellovibrionota) and
explore their ecological roles and environmental drivers in
activated sludge on a global scale, we exploited a 16S rRNA gene
amplicon dataset of 1 186 activated sludge samples from 269
WWTPs worldwide published by the Global Water Microbiome
Consortium [2]. To facilitate effective cross-study comparison,
bacterial taxonomy was re-assigned to the representative
sequences of OTUs using the SILVA SSU database (version 138),
following the same bioinformatics procedures and cutoffs as
applied in our study. Overall, we found that myxobacteria were
ubiquitously detected (in 1 183 samples) in activated sludge of
global WWTPs, constituting a non-negligible proportion
(5.4 ± 0.1%) of activated sludge microbiota, and being consistently
more abundant than Bdellovibrionota (1.1 ± 0.0%; Fig. 5A). While
both Myxococcota and Bdellovibrionota lineages showed the
lowest average relative abundance in the South America
(2.7 ± 0.3% and 0.7 ± 0.1%, respectively; n= 80), they were the
most abundant in North America (6.5 ± 0.2%, n= 616) and Africa
(1.5 ± 0.1%, n= 36), respectively, suggesting a geographic dis-
tribution (p < 10−10 for both, Kruskal–Wallis test; Fig. 5A). Similar to
the observation at the local WWTP, Haliangium, members of which
were identified among the main putative predators in microcosm
experiment, was the most abundant genus of Myxococcota,
accounting for an average relative abundance of 2.4 (±0.1) % in
the global activated sludge samples, followed by the mle1-27
clade (0.5%), Nannocystis (0.4%), and Pajaroellobacter (0.3%)
(Fig. 5B). Comparatively, Bdellovibrio was the most abundant
genus of Bdellovibrionota, with an average relative abundance of
0.4% (Fig. 5B).
To discern the potential impacts of predatory bacteria on

activated sludge process performance, Spearman’s rank correla-
tion analysis was performed to identify significant associations
(FDR-adjusted p < 0.05) between removal rates of organic carbon
(BOD and COD) and nutrient (NH4-N, TN and TP) pollutants and
relative abundance of Myxococcota and Bdellovibrionota genera in
global WWTPs by re-analyzing performance data provided by the
Global Water Microbiome Consortium [2]. Haliangium spp. were
found to significantly correlate positively with COD removal
(rs= 0.16), but negatively correlate with total phosphorus (TP)
removal (rs=−0.12; Fig. 5B). The second most abundant
myxobacterial mle1-27 clade displayed significantly positive
correlation with all the investigated removal parameters (rs: 0.13
to 0.31). Consistently, the mle1-27 clade correlated positively with
Tetrasphaera (rs= 0.18; Supplementary Fig. S6), a polyphosphate-
accumulating organism, and a variety of denitrifying bacteria,
including Dechloromonas, Zoogloea, Thauera, Comamonas (rs:
0.12–0.17), and especially Candidatus Accumulibacter (rs= 0.39;
Supplementary Fig. S6). On the contrary, the removal of BOD,
COD, and TP was negatively related with the OM27 clade (rs: −0.13
to −0.12) and Anaeromyxobacter (rs: −0.17 to −0.33) belonging to
Bdellovibrionota and Myxococcota, respectively (Fig. 5B). In
addition, no significant correlation was observed between
Bdellovibrio spp. and the investigated pollutant removal rates.
Further correlation analysis revealed the differential effects

imposed by activated sludge process parameters on members of
Myxococcota and Bdellovibrionota. The Myxococcota and Bdellovi-
brionota lineages could mostly benefit from longer hydraulic
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retention time (Fig. 5E and Supplementary Fig. S7), whereas higher
pH restrained most of these bacteria (Supplementary Fig. S7).
Conductivity was negatively correlated with Haliangium (Fig. 5C),
the mle1-27 clade (Fig. 5D), Pajaroellobacter, and the 0319-6G20
clade (rs <−0.1, all adjusted p < 0.001; Supplementary Fig. S4), but
was positively correlated with Nannocystis (rs= 0.17, adjusted
p < 0.01; Supplementary Fig. S7).

DISCUSSION
Predatory bacteria are key components of activated sludge
microbiomes in the wastewater treatment systems of critical
ecological and functional importance, but their predatory activity,
phylogenetic diversity, and geographic distribution were almost
unknown. In this study, we combined rRNA-SIP using 13C-labeled

bacterial prey in microcosms with long-term microbiota monitor-
ing at a local WWTP and reanalysis of global WWTP microbiomes
to jointly uncovered the overlooked diversity of predatory bacteria
in activated sludge, especially for myxobacteria, gaining first and
unique insights into a considerable proportion of as-yet-cultivated
predatory bacterial diversity in the activated sludge of both local
and global WWTPs, highlighting their potential links with waste-
water treatment processes through removal of undesired enteric
bacteria and regulation of functional ones.

Myxobacteria as predominantly active predatory bacteria in
activated sludge
Prior research characterizing predatory bacteria in WWTPs were
almost exclusively focused on BALOs, which demonstrated their
role in regulation of microbial communities [26] and the

Fig. 4 The diversity of Myxococcota in global WWTPs. Phylogenetic tree inferred from full-length 16S rRNA gene sequences within the phylum
Myxococcota originated from global WWTPs (A) and the myxobacterial genera with presumed predatory behavior therein (B). The tree was
constructed with 507 representative OTU sequences from a local WWTP (WWTP01) and 1 010 representative OTU sequences from the MiDAS 4
database [30]. The inner-ring color and labels indicate family classification with the SILVA database [46]. The external bars showed the average
relative abundance of the OTUs at the WWTP01 across eight aerobic activated sludge samples collected over two years (maximum 0.07%). The
scale bar corresponds to 0.1 substitutions per nucleotide position. Red-colored branches indicate sequences ≥94.5% identical to 16S rRNA gene
sequences of myxobacteria with reported predatory behavior (suggesting potential predators at the genus level), the number of which was
summarized for each myxobacterial genus in B. The numbers above bars indicate the proportion of the potential predators in each genus.
Phylogenetic trees were inferred for Haliangium (C), the mle1-27 clade (D), and Pajaroellobacter (E) across different habitats. The trees were
constructedwith representative OTU sequences fromWWTP01 (174, 134, and 69 sequences, for Haliangium, themle1-27 clade, and Pajaroellobacter,
respectively) and sequences obtained from the SILVA database [46] with known isolation source (507, 49, and 102 sequences, respectively).
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application potential in facilitating waste sludge dewaterability
[27] of a few isolates of BALOs [27, 51]. These culture-based
investigations delivered insightful understanding of the isolates
but left the vast diversity of active predatory bacteria (mostly as-
yet-uncultivated) in WWTPs largely unexplored. By virtue of SIP
with 13C-labeled prey cells, we were able to substantially expand
the list of predatory bacteria in this specific ecosystem and
uncover the surprisingly high activity of predatory myxobacteria in
activated sludge, in agreement with our first hypothesis that
predatory bacteria dominated by myxobacteria could play active
roles in microbial trophic network in WWTPs. The higher diversity
of 13C-biomass incorporators belonging to Myxococcota than
Bdellovibrionota at both genus (Fig. 2A) and ASV (Fig. 2C) levels in
the microcosm experiment, the larger proportion of rRNA

transcripts made up by Myxococcota groups (Fig. 1D, E), together
with their consistently higher abundance in the local WWTP
(Fig. 3) and across the global WWTPs (Fig. 5A), strongly indicated
the dominance of Myxococcota species in the active predatory
bacteria of WWTPs. In fact, members of Myxococcota were
frequently detected in both amplicon and metagenomic
sequencing-based studies of activated sludge microbiomes
[2, 28, 30, 52], but attempts to disentangle their functional
importance in WWTPs were missing. This study applied the
culture-independent SIP approach to obtain the first direct
evidence of in situ intra-bacterial predation predominated by
myxobacteria in WWTPs. To our surprise, Bdellovibrionota was
comparatively much less represented in the predatory prokaryotes
consuming the 13C-labeled biomass (Fig. 2A), which we believe

Fig. 5 Global distribution and functional potentials of Myxococcota and Bdellovibrionota in activated sludge. The analysis was performed
based on microbiota datasets of 1 186 activated sludge samples from 269 WWTPs globally published by the Global Water Microbiome
Consortium [2]. Stacked bars (A) showed the average relative sequence abundance of Myxococcota and Bdellovibrionota across the samples
collected from each country. The potential impact of predatory bacteria on sludge performance was assessed by testing the correlation (B)
between their abundance and the removal of BOD (biochemical oxygen demand), COD (chemical oxygen demand), ammonia nitrogen (NH4-
N), total nitrogen (TN), and total phosphorus (TP). The color and size of the circles indicate Spearman’s rank correlation coefficients, and circles
were displayed only for significant correlation (p < 0.05, n= 529, 281, 423, 268, and 364, for BOD, COD, NH4-N, TN, and TP removal, respectively,
corrected with the Benjamini–Hochberg method for multiple testing). Only the genus-level taxa with average relative sequence abundance
>0.1% across all the 1 186 samples are shown, with the putative predators identified by SIP in the microcosm experiment marked with
a yellow background. Genera of Myxococcota and Bdellovibrionota are indicated with purple and yellow bars, respectively. Examples
showed how the sludge properties potentially influence Myxococcota, including that conductivity was negatively correlated with the relative
sequence abundance of Haliangium (C) and mle1-27 (D), whereas aeration tank hydraulic retention time showed positive correlation
with Haliangium (E).
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should not be attributed to the limited number of prey bacteria
utilized in this study, as E. coli and Pseudomonas species are
among the favorable prey for BALOs across various environments
[53]. It is worth mentioning that isotopic labeling through cross-
feeding could not be completely excluded for this adaptation of
SIP, which makes the labeling mechanisms of other bacteria than
Myxococcota and Bdellovibrionota lineages have to be interpreted
cautiously. Nevertheless, the prompt, predominant, and consistent
labeling of myxobacteria as revealed by time-resolved sampling
efforts of this study served as direct evidence for their predating
activity in activated sludge.
Two myxobacterial groups, i.e., Haliangium spp. and the mle1-

27 clade were identified as the most important putative bacterial
predators according to their strong isotopic labeling in the
microcosms (Fig. 2A) and in situ prevalence in global WWTPs
(Figs. 3 and 5B). Our study has demonstrated for the first time the
as-yet-uncultivated Haliangium spp. as predatorily active and the
most abundant myxobacteria in activated sludge, whether in the
local WWTP over time or across the global WWTPs examined,
clearly pointing to their important trophic roles in these
engineering ecosystems. With the first culturable representatives
isolated from coastal environment [54], Haliangium spp. has also
exhibited notable predating activity in an agricultural soil [40].
Specifically, a Haliangium OTU, which showed 98.8% identity to
our experimentally validated predatory ASV27 (Fig. 2C), was
among the 28 OTUs identified as the global core activated sludge
members [2], the functional role of which as bacterial predators
ubiquitous in global WWTPs could be homologically inferred from
this study. In addition, all of the Haliangium OTUs from the local
WWTP were only remotely related to (maximumly 94.3% sequence
identity of full-length 16S rRNA gene) reported predatory isolates
of myxobacteria (Fig. 4B), suggesting the existence of novel
predatory Haliangium species in the local WWTP. Similarly, the as-
yet-uncultivated mle1-27 clade was phylogenetically distant from
all the known predatory myxobacteria in literature (Fig. 4A),
although they showed intensive incorporation of the 13C-labeled
biomass. Furthermore, activated sludge represents the major
habitat for the myxobacterial mle1-27 clade (Fig. 4D). The above
results together expand our current understanding of predatory
bacteria in activated sludge by revealing the prevalence of as-yet-
uncultivated but highly active myxobacterial predators in WWTPs
which are worth further targeted investigation.
The myxobacteria in global WWTPs mostly belonged to

Haliangiaceae, Polyangiaceae, the mle1-27 clade, Myxococcaceae,
Sandaracinaceae, Nannocystaceae, and Phaselicystidaceae, with the
former two families also the most diverse [49] and abundant [50]
families across different environments. Myxobacterial taxa are
known to show differential preference for environmental types
[31, 49]. The phylogenetic affinity within most Myxococcota
species from WWTPs suggested habitat filtering in the global
wastewater treatment systems. Genomics- and metagenomics-
based efforts [55] are demanded to shed light on the metabolic
features of myxobacteria in activated sludge, and mechanisms
underlying the diversity patterns of predatory bacteria in WWTPs
and across other environments.

Divergent predation behaviors between predatory bacteria
and protists
SIP-based investigation of microbial predation in activated sludge
also enables elucidation of inter-domain and intra-genus diver-
gent predatory behaviors. Besides predatory bacteria, a variety of
micro-eukaryotes dominated by members of Ciliophora, especially
Cyrtophoria spp. and Telotrochidium spp., were also identified to
actively incorporate the 13C-labeled prey biomass (Fig. 3B, D).
Ciliates have since long been regarded as the important
protozoan predators in activated sludge [56]. Moreover, our
results suggest that the ciliates predate irrespective of the prey
species provided in this study, whereas members of Myxococcota

and Bdellovibrionota largely showed prey preference for E. coli
over P. putida (Fig. 2), supporting our second hypothesis that
predatory bacteria are prey-selective, unlike protists, in such a
complex engineered ecosystem. Protists are generally considered
to adopt a generalist predating strategy, while predatory bacteria
tend to be more selective [7]. For instance, myxobacteria typically
predate preferentially on Gram-negative over Gram-positive
bacteria [40, 57]. Here, our SIP-based investigation of microbial
trophic interactions provides valuable in situ evidence on the
inter-domain predation behavior divergence and selective preda-
tion by predatory bacteria in activated sludge, which adds to the
feasibility of applying predatory myxobacteria for targeted trophic
regulations of activated sludge microbiomes, and eventually
process performance. Specifically, some Haliangium ASVs and
the OM27 clade preyed exclusively on E. coli (Fig. 2C), indicating
the differentiated predation strategies between different preda-
tory bacteria and even within the same genus, i.e., Haliangium. The
feeding preference revealed for predatory bacteria might also
explain the absence of potential predators (e.g., Nannocystis,
Polyangium, and Pajaroellobacter) detected based on 16S rRNA
gene sequence identity to known predators in the 13C-biomass
incorporators, due to the limited number of prey species used in
this study that fall beyond the prey range of these potential
predators. Future experiments with a wider variety of bacterial
prey species could reveal a larger diversity of microbial predators
in activated sludge. Nevertheless, our findings demonstrated the
power of SIP in resolving microbial food web ecological patterns,
e.g., competitive trophic interactions, in complex environments.

Environmental implications of bacterial predation on WWTP
functioning
In accordance with the selective predation feature of Haliangium
spp., their abundance positively correlated with COD removal rate
and negatively with total phosphorus removal rate across the
global WWTPs, whereas the mle1-27 clade that displayed no prey
preference showed positive correlation with all the pollutant
removal rates tested (Fig. 5B) as well as with functional bacteria
such as polyphosphate-accumulating and denitrifying bacteria
(Supplementary Fig. S6). In contrast, Bdellovibrio spp. appeared not
related to activated sludge performance across global WWTPs,
agreeing with a previous report that predation by B. bacteriovorus
alters community composition but not functional profiles of
activated sludge microbiota [26]. Top-down control on microbiota
by predators work via both direct effect on prey and indirect
resource-driven effect. Accordingly, it can be speculated in
wastewater treatment systems that the selective predation by
predatory bacteria could eliminate undesired bacteria (e.g., E. coli
as demonstrated in this study), and in other cases promoted the
growth of specific pollutant-removing bacteria, for example, by
releasing their competitive pressure [58, 59], and therefore
accelerated the relevant nutrient removal processes. Thus,
selective predation serves as the basis for targeted regulation of
microbiota and the functioning processes they govern. In
particular, among the array of activated sludge process para-
meters examined, hydraulic retention time was found to positively
correlate with the abundance of predatory bacteria, while high pH
showed negative impacts. Such knowledge could help improve
enrichment and isolation outcomes for different predatory
bacteria. Salinity was proposed as an important influencing factor
for the global geographic distribution and diversity of myxobac-
teria [49]. Similarly, our study showed that higher conductivity in
activated sludge favored some myxobacterial genera, including
Haliangium spp. and the mle1-27 clade, whereas restrained
Nannocystis spp., uncultured Sandaracinaceae, and Anaeromyx-
obacter species.
By combining multiple lines of evidence from microcosm

isotope labeling, phylogenetic, and global prevalence analyses,
this study sheds light on the diversity and metabolic activities of
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predatory bacteria in activated sludge, discovers the previously
overlooked key members of the microbial food webs therein, and
provides first hints on how they could interact with other core
constituents and functional microbes in activated sludge. Con-
sidering the worldwide prevalence, trophic function, and huge as-
yet-uncultivated fraction of Myxococcota species in activated
sludge, they deserve more attention to achieve the discovery of
novel myxobacterial resources, an advanced understanding of
their ecological roles in activated sludge microbiota, and targeted
regulation and management of biological wastewater treatment
processes based on predator-prey relationships. Future efforts in
retrieving and analyzing high-quality myxobacterial genomes
from activated sludge systems based on, for example, metage-
nomic or single-cell genomic analysis, should provide new
knowledge on their ecophysiology and metabolism to guide
strain cultivation, which is essential for biocontrol application of
such eco-friendly predatory bacteria in wastewater treatment
systems via trophic regulation.
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