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ABSTRACT: Genome-resolved insights into the structure and function of the drinking water microbiome can advance the effective
management of drinking water quality. To enable this, we constructed and curated thousands of metagenome-assembled and isolate
genomes from drinking water distribution systems globally to develop a Drinking Water Genome Catalog (DWGC). The current
DWGC disproportionately represents disinfected drinking water systems due to a paucity of metagenomes from nondisinfected
systems. Using the DWGC, we identify core genera of the drinking water microbiome including a genus (UBA4765) within the
order Rhizobiales that is frequently detected and highly abundant in disinfected drinking water systems. We demonstrate that this
genus has been widely detected but incorrectly classified in previous amplicon sequencing-based investigations of the drinking water
microbiome. Further, we show that a single genome variant (genomovar) within this genus is detected in 75% of drinking water
systems included in this study. We propose a name for this uncultured bacterium as “Raskinella chloraquaticus” and describe the
genus as “Raskinella” (endorsed by SeqCode). Metabolic annotation and modeling-based predictions indicate that this bacterium is
capable of necrotrophic growth, is able to metabolize halogenated compounds, proliferates in a biofilm-based environment, and
shows clear indications of disinfection-mediated selection.

KEYWORDS: drinking water microbiome, genome catalog, disinfection, metabolic predictions, Raskinella

B INTRODUCTION obtain important generalizable insights from such cross-study
comparisons.
Previous meta-analyses of the drinking water microbiome

have relied on 16S rRNA gene amplicon sequencing data
10,11

The drinking water microbiome' is a diverse collection of
bacteria and archaea,” eukaryotes,3 and viruses® and varies in
composition spatially and temporally™® from source to tap.”

sets. Both studies showed that the drinking water
Considering the myriad ways in which biological activity in microbiome consists of a small core community that exhibits
drinking water infrastructure — from treatment to distribution signs of selection from both water treatment and distribution
and in the built environment — can affect the safety and practices. For instance, Thom et al. determined that the
aesthetic quality of drinking water,”” understanding the assembly of drinking water microbial communities post-
structure and function of the drinking water microbiome is disinfection was primarily deterministic.'' This deterministic

critical. One approach to develop generalizable insights

involves direct comparative analysis of microbial community Received: May 22, 2024
composition and associated selective pressures (e.g,, dis- Revised:  August 28, 2024
infection, nutrient availability) across different systems (i.e., Accepted: August 29, 2024
meta-analysis). While differences in methodological choices Published: September 5, 2024

(e.g., DNA extraction or sequencing protocol) across studies
can limit the utility of such meta-analysis,'” it is still possible to
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community assembly results in a community composition that
can impact disinfectant residuals (e.g,, via nitrification) and
harbor bacterial genera of concern (i.e., Legionella and
Mpycobacterium). While amplicon sequencing studies have
indeed provided extensive insights into the composition and
biogeography of the drinking water microbiome, they can only
indirectly infer limited functional information. Functional
information can shed light on processes governing phenomena
like biocorrosion, biofilm formation, and interactions between
microbial community members that could impact pathogen
prevalence'” and also provide clues on how treatment and
distribution practices exert selective pressures. Santos et al.
(2016) highlighted that a significant portion of 16S rRNA gene
sequences from drinking water systems do not have genome
representatives in reference databases and 16S rRNA gene
sequence-based functional predictions are reliant on adequate
genomic representation in reference databases which makes
such analysis less informative.'’

Metagenomic studies have discovered specific metabolic and
stress tolerance traits that may enable survival and growth in
drinking water distribution systems (DWDSs). For instance,
studies have shown the enrichment of functional traits (e.g,,
necrotrogh;lrz in a treatment and disinfection strategy-specific
manner. ~  Metagenomics has also helped uncover patho-
genic traits"> and antibiotic resistance genes'”'® and further
elucidated the prevalence of phages® and antiphage defense
mechanisms'® which can impact microbial community
dynamics. Recently, Liu et al. (2024)"° conducted a meta-
analysis involving reconstruction and consolidation of
metagenome assembled genomes (MAGs) from multiple
drinking water metagenomes. They elucidated core organisms
across studies, but their analysis was largely focused on (1)
potential pathogenic bacteria and their likely associations with
other community members and (2) on the metabolic traits of
specific populations (e.g., comammox bacteria); they do not
delve into the association between selective pressures shaping
the drinking water microbiome and the functional potential of
populations being selected.

The present study utilizes publicly available metagenomes to
reconstruct and consolidate MAGs and develop an open-
source Drinking Water Genome Catalog (DWGC) to identify
populations that tend to be enriched in drinking water systems
and its implications broadly on the microbial ecosystems in
DWDSs. Through this analysis, this study finds that the core
drinking water microbiome is highly structurally constrained.
In the course of delineating the core drinking water
microbiome, this study identified a globally distributed and
potentially consequential, but consistently misannotated,
uncultured bacterial genus and a highly abundant bacterial
genomovar within it that is present in disinfected DWDS
globally. The MAGs from this group were used to infer its
ecology and model their potential metabolism to predict their
niche within the DWDS as well as potential for regrowth and
survival within this ecosystem. The ability to do this highlights
the utility of DWGC for contextualizing the role of novel
microorganisms in this understudied ecosystem and the
benefits of an ecosystem-specific database.

B MATERIALS AND METHODS

Data Retrieval and Curation. Metagenomes were
retrieved from studies indexed on Web of Science on or
before September S, 2022 using search string “drinking water”
(All Fields) AND metagenom* (All Fields). Only meta-

genomes, MAGs or isolates genomes from finished water at the
drinking water treatment plants (DWTPs) or DWDSs or
point-of-use (PoU) were included in this study. This resulted
in the retrieval of raw reads for 208 metagenomes from 85
DWDSs (Supplementary Table S1A) and $S isolate genomes
from NCBI (Supplementary Table S1B). In this study, we
define systems where a disinfectant residual is maintained
within the distribution system as “disinfected systems” and
those systems where no disinfectant residual was maintained
within the distribution system as “non-disinfected” systems.
Metagenomes were grouped by DWDS with the exception of
the Ke et al. (2022)° data sets which were processed according
to the sampling site by using one replicate per time point due
to high redundancy between replicate metagenomes. MAGs
were also generated from unpublished metagenomes from a
Boston (USA) drinking water system.”

Metagenome Data Processing and Coassembly.
Adapters and poor-quality sequences were trimmed and
filtered with fastp v0.20.1/v0.22.0/v0.23.2>! using the flags
--qualified_quality phred 20, --trim_poly_g, --trim_poly x
and --length_required 20. Vector contamination in metage-
nomes was detected by mapping reads to the UniVec Core
10.0 database using BWA-MEM v0.7.17/BWA-MEM?2
v2.2.l,22’23 filtered using SAMtools v1.9/v1.16.1** and reads
were extracted using bedtools v2.30.0/samtools v1.16.1.24%
Subsequently, metagenomic reads from multiple locations
within a single DWDS were combined for coassembly.
Metagenomic assembly was performed with MetaSPades
v3.10.1/3.15.3/3.15.5 using a set of custom kmers
(21,33,55,77).%° This resulted in a total of 85 metagenomic
assemblies representing 85 DWDSs.

Binning and Refinement of MAGs. Quality filtered reads
were mapped to contigs greater than 499 bps in their
respective assemblies using BWA-MEM v0.7.17°> and bam
files were sorted and indexed using SAMtools v1.3.1/v1.9/
v1.16.1.>" Contig coverage depth profiles for MetaBAT?2 and
VAMB were obtained using jgi summarize bam contig -
depths from bowtie2 v2.1.0/ MetaBAT2 v2.15.°”*® Contigs
were binned using CONCOCT?’ for coassemblies or
MetaBAT2*® for single sample assemblies and VAMB.*
CONCOCT binning was performed within Anvi'o v5.5/7.1°"
using contigs larger than 2500 bps. MetaBAT2 v2.12.1/v2.15
binning was performed using contigs greater than 2500 bps
and VAMB v3.0.8 was used with a minimum contig length of
2500 bps and minimum bin size of 200,000 bps. In the event
that dereplicated MAGs from multiple binning approaches
were available from a study,'*>'® we only performed VAMB
based-binning prior to further dereplication. In some
instances,”””* MAGs were used directly as they were generated
using the workflow adopted in this study. The quality of the
bins was estimated using CheckM v1.0.13/v1.2.2** and bins
with completeness > 50% and redundancy greater than 10%
manually refined using anvi-refine from Anvi'o v5.5/7.1.

Dereplication of Bins and Construction of the
Drinking Water Genome Catalog (DWGC). CheckM2
v0.1.3% was used to evaluate the quality of bins prior to
dereplication as it does not rely exclusively on marker genes to
assess quality (see results and discussion section for further
details). Bin quality was determined using the following
formula: Quality Score = Completeness — S X Contamination.
Bins with a minimum quality score of 50 were retained for
further dereplication using dRep v3.4.0.>° First, dereplication
was performed with a secondary alignment criterion of 0.99,
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minimum completeness of 50%, and maximum contamination
of 10% (-sa 0.99 -comp 50 -con 10) with FastANL®" This
resulted in a nonredundant set of MAGs that constitute the
DWGC. These nonredundant MAGs were further dereplicated
using a secondary alignment criterion of 0.95 and a coverage
threshold of 0.3 to obtain representative MAGs at the species-
level. Species-level representative MAGs were selected by
calculating the quality score of each MAG within a species
cluster using the following formula: Completeness — 5 X
Contamination + 0.5 log(NS0) + (centrality - S_ani) and the
MAG with the highest score within a species cluster was
selected as the representative MAG for that species cluster.
This formula is a modification from Almeida et al. (2021)*
and emphasizes centrality weight to select the most
representative MAG within a given species cluster.

Annotation and Phylogenetic Placement of MAGs.
Taxonomic annotation of MAGs was performed using the
classify workflow (classify_wf) from gtdb-tk v2.1.1 using the
GTDB reference database release 207 v2.*° Bacterial MAGs
from the data set were functionally annotated using Bakta
v1.7*° using the flags — meta — compliant — keep-contig-
headers and the archaecal MAGs from the data set were
annotated using Prokka v1.14.6"" using the flags — kingdom
Archaea — metagenome — compliant to annotate tRNAs, 5S,
16S and 23S rRNA genes from the genomes. MAGs were
categorized as “High-Quality draft” and “Medium-Quality
draft” according to the MIMAG/MISAG criteria.*” High-
Quality MAGs were defined as those with a completeness >
90%, contamination < 5%, tRNAs for 18 out of the 20 amino
acids, and the presence of 23S, 16S and 5S rRNA genes. MAGs
that failed to satisfy the high-quality MAGs criteria but with
completeness above 50% and contamination < 10% are
considered medium-quality MAGs. Multiple sequence align-
ment file from gtdb-tk’ was used to construct the
phylogenetic tree for all bacterial MAGs. The alignment was
trimmed using trimal v1.4.rev15"™ using the flag -gappyout.
The trimmed alignment file was used to construct a maximum
likelihood phylogenetic tree with RAXML v8.2.12*" using the
command raxmlHPC-PTHREADS with the PROTGAMMA-
WAG model and using seed 3301. Tree visualization and
annotations were performed on iTOL v6." Faith’s phyloge-
netic diversity’® for select groups within the DWGC was
calculg;ed using the constructed tree with the abdiv package®’
on R.

Identification of Core Drinking Water Microbiome.
Reads from all metagenomes were competitively mapped
against all species-level representative MAGs using BWA-
MEM v0.7.17.”> Sorting and indexing of BAM files was
performed using anvi-init-bam from Anvio v7.1.>' CoverM
v0.6.1*” was used with the following parameters: --min-read-
percent-identity 0.95 --min-read-aligned-percent 0.75 and -m
covered_fraction and relative abundance to determine the
relative abundance and covered fraction for each MAG in each
metagenome; the latter parameter captures the proportional
base pairs within a MAG with at least one mapped read from
the metagenome. By default, CoverM requires that at least 10%
covered fraction for a MAG to be detected in a metagenome.
The average relative abundance of a genus was calculated by
dividing the cumulative relative abundance of all MAGs within
that genus by the number of metagenomic assemblies in which
the MAGs from that genus were detected. Further, we used a
detection frequency threshold of 30% and 60% to identify
genera of relevance to drinking water distribution systems and

make up the core microbiome within this ecosystem.
Ecologically relevant core taxa were also identified as described
previously by Shade and Stopnisek.’® Briefly, the Bray—Curtis
dissimilarity between metagenomic assemblies was estimated
at the genus level in a stepwise manner by ranking the genera
by detection frequency and average relative abundance (if
detection frequency was the same for more than one genus).
Proportional Bray—Curtis dissimilarity (fraction of the total
average Bray—Curtis dissimilarity) was used to assess the
contribution of the ranked genera to the total beta-diversity
within these communities. Ecologically relevant core genera
were identified by setting a threshold at the point where the
addition of further genera contributes to less than 2% of the
overall Bray—Curtis dissimilarity.

Comparative Analysis between Genus UBA4765 and
Phreatobacter. Comparative analysis of genus UBA4765 and
Phreatobacter was performed since UBA4765 is misannotated
as Phreatobacter in SSU amplicon studies (Refer to Results
and Discussion section). 16S rRNA gene sequences from the
UBA4765 MAGs were extracted using barrnap v0.9°" (n = 20)
while 16S rRNA gene sequences from the genus Phreatobacter
(order: Rhizobiales) were obtained from SILVA v138.1 (n =
50) (Supplementary Table S2). Pairwise sequence compar-
isons between 16S rRNA gene sequences were performed
using blast 2.5.0°” using default alignment parameters. MAGs
from genus UBA4765 were compared with Phreatobacter
genomes from GTDB R207_v2 database and a Phreatobacter
oligotrophus™ genome that was obtained as a part of the
DWGC. Pairwise average amino acid identity (AAI) and
proteome coverage between UBA4765 and Phreatobacter
MAGs was estimated using EzAAI v1.2.2°" using default
parameters. Proteome coverage refers to the genes shared
between two genomes that are used to calculate AAI Pairwise
ANI between MAGs was calculated using FastANI v1.33"’
with default parameters.

Genome Annotation and Metabolic Modeling for
UBA4765_DW1549. Gapseq v1.2°° was used to construct the
metabolic model for select UBA476S5 species
(UBA4765_DW1549) using the species-level MAG obtained
after dereplication at 95% ANI Annotation was performed
with the flags -p all and -1 all followed by the function “find-
transport” to annotate transporters using default parameters.
Draft metabolic model was constructed using these annota-
tions using the function “draft”. Gaps in the model were filled
using the “fill” function in gapseq using a custom medium
created for the growth of this organism using the function
“medium”. All MAGs within this species (n = 42) were used
for comparative genome analysis and were annotated using
dbCAN,*® MEROPS,”” KEGG"® and a custom database using
METABOLIC v4.0°” with the flag -p meta. Biosynthetic gene
clusters were annotated using antiSMASH v7.0.1%° using the
flags --cb-general --cb-knownclusters --cb-subclusters --asf
--pfam2go --smcog-trees --genefinding-tool prodigal-m. BacAr-
ena®' simulations were performed with different carbon and
nitrogen sources to verify potential for growth on these sources
and these results were used to curate metabolic annotation
predictions.

Statistical Analyses. All statistical tests to differentiate
between groups used Kruskal-Wallis rank sum test and
pairwise comparisons between groups were performed using
Wilcox test using the stats package on R with a significance
cutoff of P < 0.0S.
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Figure 1. A) Redundancy and Completeness for the 1141 species-level MAGs that form the DWGC. Colors represent the MIMAG quality and
density plots depict the redundancy and completeness for the different MIMAG groups. B) Phylogenetic tree of 1138 bacterial species MAGs
capturing the major phyla in drinking water systems. C) Comparisons of CheckM vs CheckM2 estimated completeness for Proteobacteria (top)
and Patescibacteria (bottom). D) Difference between CheckM2 and CheckM completeness for the major phyla in the DWGC. E) Relative
abundance and number of systems detected for Patescibacteria across different drinking water distribution systems using CheckM Vs CheckM2

while using the same dRep parameters.

B RESULTS AND DISCUSSION

Proteobacteria (Pseudomonadota) and Patescibac-
teria Represent the Most Commonly Detected Phyla in
Drinking Water Distribution Systems. A total of 13,647
bins were obtained of which 3,170 MAGs/isolate genomes
were considered good quality (ie, quality score > 50)
(Supplementary Table S3). Dereplication at 99% ANI cutoff
resulted in 1581 good quality nonredundant MAGs which
were further clustered at 95% ANI to obtain 1141 species-level
clusters. A total of 183 species-level clusters had high-quality
draft MAGs as representatives, whereas the remaining 958
species-level clusters had “medium-quality draft” MAGs using
MIMAG criteria** due to the absence of one or all genes
within the rRNA operon. Of the medium-quality draft species-
level MAGs, 739 were greater than 90% complete with less
than 5% contamination and 837 had 18 or greater number of
unique tRNAs (Figure 1A) (Supplementary Table S4).
Challenges with assembly of conserved rRNA operons can
lead to their inability to bin into MAGs and is likely the
primary issue for a large number of “medium-quality draft”
MAGs.*>

Proteobacteria (Pseudomonadota) was the most commonly
detected and abundant phylum in the species-level clusters (n
= 563, Alphaproteobacteria = 338, Gammaproteobacteria =
225) (Figure 1B) (Supplementary Table S4) with an average
relative abundance of 41.29 + 27.22% in DWDSs. The 563
proteobacterial species-level clusters contributed to 32.62% of
the phylogenetic diversity in the DWGC. Surprisingly,
Patescibacteria was the second largest phylum in DWDSs
with 156 species-level clusters (Figure 1B). Despite the

detection of significantly fewer Patescibacteria species relative
to Proteobacteria (Pseudomonadota), they capture 24.14% of
the phylogenetic diversity. Patescibacteria are seldom detected
and described in drinking water studies'*"*; this could be due
to two possible reasons. First, Patescibacteria are under-
represented or missed in gene centric studies (i.e, SSU rRNA
gene) due to divergent 16S rRNA gene sequences.”’ Further,
Patescibacteria have highly reduced genomes and lack of
several ribosomal proteins commonly found in bacteria®* and
thus genome-centric studies often discard genome bins from
this phylum due to lower estimates of genome completeness
using CheckM. In contrast, CheckM2 outperforms CheckM in
predicting MAG quality for taxa lacking sufficient representa-
tion in reference databases and reduced genome sizes while
maintaining comparable estimates with CheckM for other
taxa®® (Figure 1C). Specifically, the average difference between
completeness predictions between CheckM2 and CheckM for
Patescibacteria was significantly higher (28.08 + 8.84%) than
for the other prominent phyla in drinking water systems (P <
1.6e-10, Pairwise Wilcox test) (Figure 1D). Patescibacteria
were detected in 42.5% of the systems when competitively
mapping reads to MAGs passing quality threshold using
CheckM2 estimates compared to detection in 18.75% of
metagenomes when relying on CheckM (Figure 1E). It is
important to note that Patescibacteria had an average relative
abundance of 3.73 + 5.08% which was comparable to other
abundant phyla like Actinobacteriota (Actinomycetota),
Planctomycetota and Bacteroidota even if these phyla were
observed in more systems than Patescibacteria.
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Figure 2. A) Density plot depicting the percentage of mapped reads across all 85 distribution systems against the DWGC separated by treatment
strategy. B) Five genera were detected in more than 60% of the systems. B) The five-most frequently detected genera constitute > 90% of the
proportional Bray—Curtis dissimilarity of the entire DWGC. D) Detection frequency of different species within the five genera. Size of the bubble
indicates the average relative abundance of these species in the detected systems.

An Uncultured Genus of High Prevalence Was
Observed in Drinking Water Systems Globally. Com-
petitive read mapping from all metagenomes against the 1141
species-level cluster MAGs was used to estimate their detection
frequency and relative abundance. The DWGC captures a
significantly (P = 0.0007) larger proportion of reads from
metagenomes from disinfected (56.3 + 24.89%) as compared
to nondisinfected systems (23.5 + 15.68%) (Figure 2A). This
result is expected since majority of the metagenomes used for
construction of the DWGC were from disinfected (44.7%) as
compared to nondisinfected (11.8%) system. Further,
approximately 43.5% of metagenomes used in this study
were from studies that did not specify the type of disinfectant
residual, yet the proportions of reads mapping (54.09 =+
23.83%) to the DWGC was not significantly (P = 0.7) different
from disinfected systems. It is likely that these metagenomes
from studies with no specified disinfection residual could be
disinfected systems. The low representativeness of the DWGC
for nondisinfected systems demonstrates that additional effort
is required to populate the DWGC with genomes from these
systems. It is important to note that nondisinfected systems are
significantly more diverse as compared to disinfected
systems3’4’”’13’14 and thus ensuring a DWGC representative
for nondisinfected systems will be challenging.

Core microbiome analysis has been widely used to identify
and further characterize microbial community members that
are universally found in a given environment and contribute
disproportionately to ecosystem functions.®® It is important to
note that even low abundance taxa can disproportionately
contribute to ecosystem function®® and their low abundance
may be indicative of a unique ecological niche that is

consistently observed across multiple DWDSs. We use
detection frequency”” as opposed to abundance'* to identify
core taxa since our primary goal was to identify organisms
enriched through the treatment process. Furthermore, a recent
study also demonstrated that detection frequency-based
approach is likely to accurately define core-memberships
within an ecosystem.”® For this analysis, we only used
metagenomes (From 80 DWDSs which represents 94.1% of
the studied systems) where at least 10% of the reads mapped
to the DWGC MAGs (Supplementary Table SS). The genera
detected in more than 30% and 60% detection frequencies
were used to identify “potentially” core genera (Figure 2B). A
total of 33 genera were detected in more than 30% of the
DWDSs of which five were seen in more than 60% (Figure 2B,
Supplementary Table S6). Interestingly, we observed 10
families that were seen in more than 60% of the distribution
systems with three of them without valid taxonomic names
(i.e, SG8—41, TH1-2 and UBA4765) indicating that these
taxonomic groups could be an important focus for future
studies (Supplementary Figure 1A).

Consistent with previous findings,'”"""> Sphingomonas was
the most commonly observed genus and was detected in 85%
of the DWDSs with an average relative abundance of 7.55 +
10.9%. Interestingly, an uncultured genus (UBA476S) within
the order Rhizobiales was just as highly prevalent in the
drinking water metagenomes (detection frequency = 82.5%)
and at a high average relative abundance (9.29 + 17.6%). This
was the only uncharacterized core genera with more than 60%
detection frequency. A similar trend was observed in the
genome distribution data from Liu et al. (2024)" where this
genus was observed in 80.2% of their samples. Furthermore,
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Figure 3. A) Density plot depicting pairwise sequence identity of 16S rRNA gene sequences from UBA4765 MAGs (n = 20) and the sequences of
genus Phreatobacter (n = S0) obtained from SILVA. Identity cutoffs for species (98.5%), genus (95.5%), family (92.5%) and order (89.5%) are
depicted using dotted lines. B) Violin plot depicting identity distribution between 16S rRNA gene sequences from UBA4765 (n = 20) and the three
cultured Phreatobacter species (oligotrophus, stygius and cathodiphilus. n = 1 for each species) on LPSN (DSMZ). C) Amino acid identity values
from comparing UBA4765 MAGs with genomes from genus Phreatobacter. Density plot indicates the proteome coverage between the different

groups.

organisms within UBA4765 were not detected in systems
where disinfectant residual was not maintained in the
distribution system. It was first reported by Parks et al
(2017) as a part of multiple uncultured groups with the
representative genome for UBA4765 assembled from a
drinking water system.®”

The 33 genera identified in the above analysis contributed to
96.5% of the dissimilarity between DWDSs with the five genera
observed in 60% of the systems contributing to 91.4% of the
dissimilarity (Figure 2C) estimated as described previously.”’
Interestingly, only two genera (i.e., Sphingomonas and
UBA4765) explained nearly all of the BC dissimilarity
(89.3% of the total dissimilarity) between all DWDSs
suggesting a high-level of selection. This further shows that
the drinking water microbial community is highly structurally
constrained where a few taxa make up a major portion of
betadiversity.

A total of 34 species-level clusters were identified within the
genus Sphingomonas, while UBA476S only had three species-
level clusters. Of these UBA4765 species, one species
(UBA4765 DW1549) was detected in a large number of
systems (82.5%) at a very high relative abundance as well (8.21
+ 16%) (Figure 2D); this MAG shares 90.38% ANI with
UBA4765 MAG recently reported by Liu et al. (2024)."”
Considering the global distribution of this MAG in disinfected
drinking water systems, it likely represents the genome of a
bacterium that is a very important part of the core drinking
water microbiome in disinfected DWDSs. It was also the only
species across the DWGC that was observed in more than 60%
of the distribution systems (Supplementary Figure 1B).

UBA4765 Has Been Historically Misannotated as
Phreatobacter in 16S rRNA Gene Sequencing Studies.
A previously assembled UBA4765 MAG,” used as a
representative for this genus and family, contains a 16S
rRNA gene sequence that matches (100% identity) to that of
an organism classified as Phreatobacter in the SILVA database
(accession number: JQ924015.1.1443). Further, a phreato-
bacterial sequence from the SILVA database (accession
number: JQ684446.1.1463) exhibited 100% sequence identity
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to the majority of the UBA476S 16S rRNA gene sequences (16
out of 20 sequences extracted from 52 MAGs in this study)
across the entire length of the extracted sequence; four of these
were partial genes while the remaining were full-length 16S
rRNA genes. The same sequence (JQ684446.1.1463) exhibited
~ 98.5% sequence identity across the entire 16S rRNA gene
length against two other 16S rRNA gene sequences extracted
from UBA4765 MAGs. It should also be noted that
JQ684446.1.1463 was obtained from a DWDS. Pairwise
sequence identity comparisons indicated that on average 16S
rRNA gene sequences from obtained UBA4765 showed 99.01
+ 1.79% identity with each other (Figure 3A). This is expected
given that most of these sequences were obtained from
UBA4765 DW1549 (19 out of 20). In contrast, a pairwise
ANI between sequences classified as Phreatobacter in the
SILVA database was 91.84 + 1.79% and thus are unlikely to be
derived from organisms within the same genus.70 Indeed, we
contend that there are currently several sequences placed
within the genus “Phreatobacter” in the SILVA database that
originate from a distinct poorly classified genera (like
UBA4765) and leading to mis-annotation of 16S rRNA
genes sequenced derived from drinking water systems. While
multiple 16S rRNA gene sequencing-based studies have
previously detected Phreatobacter as one of the most common
drinking water microbes,""”"~"* we only detected it in 5% of
metagenomes assembled in this study. In contrast, UBA4765
was detected in 82.5% of metagenomes. Therefore, it is highly
likely that previous studies reporting “Phreatobacter” in
drinking water systems were likely detecting UBA4765.
Based on our assessment of the 16S rRNA gene sequence
similarities between UBA476S and the validated species from
the genus Phreatobacter (Identity values between UBA476S
and Phreatobacter species: P. oligotrophus = 93.76 + 0.74%, P.
stygius = 93.35 + 0.75% and P. cathodhiphilus = 93.86 +
0.63%), it appears that UBA4765 and Phreatobacter may share
the same family (Phreatobacteraceae) but are distinct genera’’
(Figure 3B).

Differentiating between UBA4765 and Phreatobacter is
critical because these two genera exhibit significant differences
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Figure 4. A) Comparisons of the proteome coverage and amino acid identity of genomes within genus UBA476S with UBA4765_DW1549
Lineage 1. B) Average nucleotide identity analysis between the two lineages of UBA4765S_DW1549. All comparisons are against
UBA4765_DW1549 lineage 1. C) Percentage of UBA4765 reads that map to UBA4765_DW1549_L1 and UBA4765_DW1549 L2 MAGS
split based on whether UBA4765_DW1549 MAGs were recovered or detected in different systems.

at the genomic level and by extension their functional
relevance in drinking water systems. The AAI of 52 MAGs
recovered from the genus UBA476S were compared with nine
Phreatobacter MAGs obtained from GTDB and this study
(Figure 3C). Phreatobacter MAGs were significantly different
from UBA4765. The pairwise AAI values between Phreato-
bacter and UBA4765 (59.98 + 0.31%) were significantly
different than the intragenus values for Phreatobacter (78.46 +
5.52%) and UBA4765 (93.16 + 833%) MAGs (Wilcox
pairwise comparison: P < 2.2%e-16). Furthermore, the
proteome coverage analysis indicated that the gene content
of Phreatobacter and UBA4765 is very different with a shared
proteome of 39.99 + 6.64% which contrasts significantly with
intragenus shared proteomes for Phreatobacter (64.50 + 9.8%,
P < 2.2%e-16) and UBA4765 MAGs (77.32 + 12.12%, P <
2.2%e-16).

Genus UBA4765 Consists of Discrete Populations
with Varying Prevalence and a Globally Distributed
Single Genomovar Indicative of Selection in Drinking
Water Treatment and Distribution Systems. Of the 52
unique MAGs from three different species within the genus
UBA4765, 42 belonged to a single species (i.e.,
UBA4765_DW1549) which were independently assembled
and binned from 37 independent DWDSs globally with
multiple genomes recovered from some systems likely
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representing two distinct lineages. While the two lineages
exhibit ~ 95% ANI with each other, lineage one
(UBA4765 DW1549 L1) consists of multiple MAGs that
share nearly 99.5% ANI with each other and lineage two
(UBA4765 DW1549 1.2) consists of multiple MAGs that
share ~ 98% ANI with each other. Pairwise AAI comparisons
between all 52 MAGs resulted in four distinct clusters (Figure
4A) representing three distinct species with two lineages
within one species; all AAI values shown are relative to
comparisons with UBA4765_DW1549_L1. Interestingly, the
detection frequency of these species decreases as they become
more dissimilar to UBA4765 DW1549 L1 MAGs. The
proteome coverage of these groups (species and lineages)
also showed variations with more distant clusters exhibiting
lower proteome coverage compared to
UBA4765_DW1549 L1 MAGs. These differences are not an
artifact of MAG completeness, as MAGs with very similar
completeness values still display lower proteome coverage.

A further evaluation of UBA4765_DWI1549 MAGs using
ANI analysis (Figure 4B) indicated that nearly all MAGs
reconstructed within UBA4765 DW1549 L1 likely represent
a single genomovar (ie., all share ANI values greater than
99.5%).”* This suggests that these organisms display very
similar phenotypes which could explain their survival and
persistence within drinking water distribution systems. While
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there are pairwise ANI comparisons outside this threshold for
UBA4765_DW1549 L1, this is due to the fragmentation of
some of the MAGs used for comparison. In order to evaluate
the prevalence of this genomovar across the drinking water
metagenomes, we performed competitive mapping of reads
mapped to all UBA4765_DW1549 MAGs from metagenomes
against all five nonredundant UBA4765_DW1549 MAGs
(99% ANI clustering) using a read identity threshold of 99%
with a minimum of 75% of the read length mapping. Mapping
results indicate that most of these reads mapped to MAGs
from UBA4765_DW1549 L1 even if both lineages were
detected in DWDS. This suggests that not only is
UBA4765_DW1549_L1 being selected for in disinfected
drinking water systems, but also that likely there is competitive
exclusion between UBA4765_DWI1549_L1 and
UBA4765 DW1549 L2 as they are never detected at
comparable relative abundances in the same DWDS (Figure
4C). A likely explanation could be variable fitness between
genomovars of UBA4765_DW1549 in drinking water systems
depending on environmental conditions and possibly dis-
infectant residual. This genomovar (UBA4765 DW1549 L1)
is globally distributed in drinking water metagenomes where it
was detected in 60 out of the 66 systems (overall detection
frequency: 0.75) where the genus UBA4765 was detected.
Given that organisms within these species have only been
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identified in DWDSs based on the genomes available on public
databases, it is likely that these organisms are adapted to the
drinking water ecosystem.

It is important to note here that the differentiation of
UBA4765_DW1549 into two lineages is provisional. These
two lineages share an ANI value right around the 95%
threshold with an AAI value above 95% which is why we
conclude that they belong to the same species. However, given
the trends in differing prevalence of the two lineages within
DWDSs, it is also possible that they could represent two
different species based on their preference, for as yet unknown,
ecosystem conditions and by extension, their phenotypic
differences. Therefore, it is likely that they are either: (1)
distantly related lineages within the same species and at a point
of speciation as indicative of their potential phenotypic
differences inferred from competitive mapping or (2) they
are two distinct closely related species.”” Culturing this
organism would help us better understand the phenotypic
differences between the lineages in order to characterize them
better.

UBA4765 DW1549 Genomic Content Indicates Dis-
infection-Mediated Selection and Metabolism of High
Relevance to Survival and Growth within the Drinking
Water Ecosystem. Metabolic annotation (Supplementary
Table S7) suggests that UBA4765 DW1549 is capable of
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degrading amino acids and utilizing them for growth (Figure
SA) with BacArena simulations indicating that it is capable of
using 17 of the 20 amino acids which are degraded into the
intermediates of the citric acid (TCA) cycle. Interestingly,
UBA4765_DW1549 does not possess the metabolic potential
to degrade three aromatic amino acids (i.e., phenylalanine,
tryptophan and tyrosine) and in general seems to be unable to
degrade aromatic compounds. The occurrence of amino acids
in drinking water has been shown in other studies and these
could potentially be used as growth substrates.”® It also has the
ability to degrade fatty acids since all the UBA4765_DW1549
MAGs contain the beta-oxidation pathway (KEGG:M00087)
responsible for breaking down fatty acids into acetyl-CoA
which can enter the TCA cycle. This organism also contains
multiple peptidases and carbohydrate hydrolyzing enzymes
capable of degrading complex molecules like chitin, xylan,
peptidoglycan, and peptides (to sugars and amino acids) which
can be utilized for growth. The presence of these pathways and
the BacArena simulation results indicate that
UBA4765_DW1549 could likely utilize decaying biomass
within distribution systems for growth (i.e., nectrotrophic
lifestyle). Necrotrophy is defined as the ability to use dead
bacterial cells as a nutrient source to sustain and regrow which
could be an abundant nutrient source, especially due to
microbial inactivation with disinfection.””””" Based on this
definition, any biomolecule could potentially serve as a
nutrient source for the regrowth of organisms that survive
disinfection. UBA4765_DW1549 has the ability to utilize C1
carbons like formate and CO like other members within the
order Rhizobiales and their genomes harbor haloacid
dehalogenase (KEGG:K01560) required to degrade halogen-
ated compounds (e.g.,, 2-haloacids). UBA4765 DW1549 also
exhibits metabolic traits that are of high relevance to the
disinfected drinking water environment. It has the metabolic
potential to synthesize homoserine lactones which has been
associated with quorum sensing and biofilm formation.”” Based
on the Gapseq construction of the metabolic model, this
organism is incapable of producing riboflavin and thiamine.
Therefore, adaptation to a biofilm environment serves as an
opportunity to obtain these essential nutrients via proximity to
organisms that produce them while also providing protection
from disinfectant residuals. Interestingly, UBA4765 DW1549
MAGs include a gene encoding for chlorite dismutase
(KEGG:K09162) which is implicated in the degradation of
chlorite. The chlorite dismutase gene was detected in vast
majority of independently assembled UBA4765_DW1549
MAGs in both lineages without the perchlorate reductase
(PCRA) gene; this could suggest selection since the
occurrence of the gene has been linked to chlorite presence
in the environment.™ Chlorite dismutase gene is only observed
in 1% of the genomes and 5% of the genera in the NCBI
taxonomy and is not widely distributed.” Inspection of the
neighborhood of the chlorite dismutase genes further high-
lighted genetic potential that may allow for persistence in a
disinfected DWDS and fine-scale differences between the two
lineages that may explain the selection of
UBA4765_DW1549_L1 over UBA4765_DW1549_L2. Nearly
all MAGs from both lineages encoded S-(hydroxymethyl)-
glutathione dehydrogenase (KEGG:K00121) which is asso-
ciated with formaldehyde detoxification but also with redox
regulation®’ and could play a role in oxidative stress response.
Further, all UBA4765 DW1549 MAGs encode a deoxyribo-
dipyrimidine photolyase (KEGG: K01669) which is associated

with repair of UV radiation-induced DNA damage.*” Similarly,
all UBA4765_DW1549 encode cyclopropane-fatty-acyl-phos-
pholipid synthase (KEGG: K00574) responsible for the
synthesis of cyclopropane fatty acids (CFA) which is
associated bacterial membrane protection against environ-
mental stressors®> and CFAs have also been detected in
DWDS.™

Nearly all UBA4765 _DW1549 L1 MAGs genes encode for
toxin-antitoxin system HicAB (Figure SB) immediately
downstream of the chlorite dismutase gene. The HicAB
toxin-antioxin system is associated with persister/dormancy
phenotypes allowing the cell to function under high stress
conditions.*” Interestingly, UBA4765 DW1549 L2 only had
the hicB gene downstream of chlorite dismutase, with the hicA
gene found on a different contig; this was not due to contig
fragmentation. Thus, it is plausible that the HicAB toxin-
antioxin system is more tightly regulated in
UBA4765 DWI1549 L1 as compared to
UBA4765 DW1549 12. In addition to the potential differ-
ential regulation of persister phenotype, the ability to oxidize
thiosulfate was only detected in UBA4765 DW1549 L1 and
not in UBA4765_DW1549 L2. The ability to cycle sulfur
compounds would be particularly advantageous in a chlorine-
stressed environment.*® These differences need to be further
studied to better understand their role in fitness of both two
lineages considering UBA4765_DW1549 L1 is far more
prevalent. It is interesting that all of these genes associated
with stress tolerance, DNA repair, persister phenotype are
colocated with the chlorite dismutase gene. This could suggest
disinfection-mediated selection for UBA4765 DW1549 in
disinfected DWDSs. Indeed, we observed a significant increase
in the relative abundance of UBA4765 DW1549 post-
dis;r;fegcztion in multiple data sets (Supplementary Figure
2).57

Proposal of a New Name for UBA4765_DW1549. We
demonstrate that UBA4765 _DWI1549 has likely been
persistently detected in most culture-independent investiga-
tions of DWDSs but was incorrectly annotated as Phreato-
bacter. This species represents the only uncharacterized group
of organisms that was detected in a vast majority of drinking
water metagenomes (i.e, > 80%) and at very high relative
abundance, suggesting that it likely constitutes a vast majority
of the microbial community (and possibly biomass) in
disinfected DWDSs. Further, it is remarkable that even within
this select group, there are signs of selection. Specifically, a
single genomovar within this species is globally distributed and
harbors traits that indicate disinfection-mediated selection (i.e.,
chlorite dismutase without PCRA) along with colocalized
genes that confer additional advantages in a stressed
environment. This along with the ability to utilize decaying
biomass and the ability to form biofilms makes the detailed
physiological characterization of UBA4765_DW1549 critical
for understanding microbial growth and biofilm formation in
DWDSs. Indeed, if cultured, UBA4765 DW1549 would
represent the ideal model organism for understanding the
ecology and physiology of the drinking water microbiome in
disinfected systems. To facilitate a better understanding of this
group of organisms and its ecology, we urge researchers to
exercise caution when interpreting amplicon sequencing results
of 16S rRNA genes from the drinking water microbiome and
to manually validate the presence of UBA4765 in the
community if the genus “Phreatobacter” is detected in these
studies. Alternatively, researchers could utilize newer databases
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like Greengenes2” which has a 16S rRNA sequence from
genus UBA4765 as a reference to study the drinking water
microbiome using amplicon sequencing.

To facilitate systematic future investigations of this
important bacterium, we propose to name the uncultured
genus UBA4765 as “Raskinella” (Syllabication: Ras.ki.ne’lla)
and for the species UBA4765 DW1549 as “Raskinella
chloraquaticus”. “Raskinella” is named after Dr. Lutgarde Raskin
for her extensive contributions to the field of drinking water
microbiology and microbial ecology. The species name
Chloraquaticus (Syllabication: Chlor.a.qua’ti.cus) is attributed
to the observation that this bacterium is only detected in
disinfected drinking water systems and appears to be selected
for through the process of drinking water disinfection. The
names are registered under SeqCode” and the registered list
accession is seqco.de/r:sd2bsaye. The SeqCode table providing
the etymology of the names, its description and type strains are
provided in Supplementary Table S8.

B ASSOCIATED CONTENT

Data Availability Statement

The nonredundant MAGs that form the basis of the DWGC
and species-level representative MAGs are available on
FigShare (DOI: 10.6084/m9.figshare.c.7245403.v1). This
database will be updated on a routine basis on the project
page https://github.com/AshSudarshan/Drinking-Water-
Genome-Catalogue.
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