
Investigation of a Cluster of Sphingomonas koreensis Infections

Ryan C. Johnson, Ph.D., Clay Deming, M.S., Sean Conlan, Ph.D., Caroline J. Zellmer, B.S., 
Angela V. Michelin, M.P.H., ShihQueen Lee-Lin, M.S., Pamela J. Thomas, Ph.D., Morgan 
Park, Ph.D., Rebecca A. Weingarten, Ph.D., John Less, P.E., C.H.F.M., John P. Dekker, M.D, 
Ph.D., Karen M. Frank, M.D, Ph.D., Kimberlee A. Musser, Ph.D., John R. McQuiston, Ph.D., 
David K. Henderson, M.D., Anna F. Lau, Ph.D.#, Tara N. Palmore, M.D.#, and Julia A. Segre, 
Ph.D.#

National Human Genome Research Institute (R.C.J., C.D., S.C., S.L.-L., J.A.S.), National 
Institutes of Health (NIH) Clinical Center (C.J.Z., A.V.M., R.A.W., J.P.D., K.M.F., D.K.H., A.F.L., 
T.N.P.), and the Division of Facilities, Operations, and Maintenance (J.L.), NIH, Bethesda, and the 
NIH Intramural Sequencing Center, NIH, Rockville (P.J.T., M.P.) — all in Maryland; Wadsworth 
Center, New York State Department of Health, Albany (K.A.M.); and the Special Bacteriology 
Reference Laboratory, Division of High-Consequence Pathogens and Pathology, Centers for 
Disease Control and Prevention, Atlanta (J.R.M.). Dr. Park serves as an author on behalf of the 
NIH Intramural Sequencing Center Comparative Sequencing Program.

# These authors contributed equally to this work.

Abstract

BACKGROUND—Plumbing systems are an infrequent but known reservoir for opportunistic 

microbial pathogens that can infect hospitalized patients. In 2016, a cluster of clinical 

sphingomonas infections prompted an investigation.

METHODS—We performed whole-genome DNA sequencing on clinical isolates of multidrug-

resistant Sphingomonas koreensis identified from 2006 through 2016 at the National Institutes of 

Health (NIH) Clinical Center. We cultured S. koreensis from the sinks in patient rooms and 

performed both whole-genome and shotgun metagenomic sequencing to identify a reservoir within 

the infrastructure of the hospital. These isolates were compared with clinical and environmental S. 
koreensis isolates obtained from other institutions.

RESULTS—The investigation showed that two isolates of S. koreensis obtained from the six 

patients identified in the 2016 cluster were unrelated, but four isolates shared more than 99.92% 

genetic similarity and were resistant to multiple antibiotic agents. Retrospective analysis of banked 

clinical isolates of sphingomonas from the NIH Clinical Center revealed the intermittent recovery 

of a clonal strain over the past decade. Unique single-nucleotide variants identified in strains of S. 
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koreensis elucidated the existence of a reservoir in the hospital plumbing. Clinical S. koreensis 
isolates from other facilities were genetically distinct from the NIH isolates. Hospital remediation 

strategies were guided by results of microbiologic culturing and fine-scale genomic analyses.

CONCLUSIONS—This genomic and epidemiologic investigation suggests that S. koreensis is an 

opportunistic human pathogen that both persisted in the NIH Clinical Center infrastructure across 

time and space and caused health care-associated infections. (Funded by the NIH Intramural 

Research Programs.)

HEALTH CARE–ASSOCIATED INFECTIONS affect 2 million patients each year in the United States, 

and an increasing proportion is attributed to multidrug-resistant bacteria.1 Waterborne 

bacteria represent an important subset of health care–associated pathogens and are of 

increasing concern to public health authorities. In 2017, the Centers for Medicare and 

Medicaid Services established stringent requirements for health care facilities to reduce the 

transmission risk of waterborne organisms from hospital plumbing systems to patients.2

Historically, emphasis has been placed on preventing health care–associated transmission of 

legionella and pseudomonas species; however, other waterborne organisms including 

stenotrophomonas, sphingomonas, burkholderia, and nontuberculous mycobacteria3–5 also 

pose risks for health care–associated infections, particularly in immunocompromised 

patients. Exposure may occur through water droplets or water aerosols that are inhaled or 

that breach normal defenses through nonintact mucous membranes or invasive devices.6–8

Whole-genome sequence analyses have clarified epidemiologic chains of transmission for 

outbreaks of Mycobacterium tuberculosis, carbapenem-resistant Klebsiella pneumoniae, 

methicillin-resistant Staphylococcus aureus, and Legionella pneumophila.9–13 Underlying 

genetic diversity can be a confounder when single isolates from a given source are analyzed 

and cutoffs are applied to the number of single-nucleotide variants (SNVs) that constitute a 

“match.”14 However, characterizing the underlying genetic diversity can provide critical 

information to elucidate patient-to-patient transmission events or to identify reservoirs in the 

environment.

Although sphingomonas species are ubiquitous in natural and man-made aqueous 

environments, community-acquired infections are rarely reported.15 The most common 

species implicated as a human pathogen, S. paucimobilis, causes a range of infections, 

including pneumonia, meningitis, catheter-associated bloodstream infections, and wound 

infections.16,17

Although the Centers for Disease Control and Prevention (CDC) urges that a single case of 

health care–associated legionnaires’ disease should trigger an epidemiologic investigation,18 

intermittent infections with most other waterborne pathogens most likely go unrecognized, 

unless they are clustered temporally. Over a 6-month period in 2016, infections with 

sphingomonas species developed in six inpatients at the National Institutes of Health (NIH) 

Clinical Center. Isolates from four of these six patients were identified as multidrug-resistant 

S. koreensis, a nonfermenting gram-negative bacillus previously reported in only two 

clinical cases.19,20 This cluster triggered an epidemiologic investigation that used both 
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culture-based and genomics-based techniques to identify possible sources and to inform 

effective intervention strategies.

METHODS

IDENTIFICATION OF SPHINGOMONAS CASES

The epidemiologic investigation that was initiated when the cluster of sphingomonas 

infections was identified in 2016 included clinical and microbiologic record review and 

genomic analysis. Records identified 37 patients from 2001 through 2016 who had 

sphingomonas species cultured from clinical specimens (Fig. 1; and Table S1 in the 

Supplementary Appendix, available with the full text of this article at NEJM.org). 

Environmental and clinical S. koreensis isolates from geographically distant institutions 

were solicited for genomic and microbiologic comparisons. A waiver of informed consent 

was granted by the NIH Office of Human Subjects Research Protection for this study.

EPIDEMIOLOGIC INVESTIGATION

Patient records were reviewed for possible common sources of exposure, including hospital 

rooms, wards, invasive procedures, dialysis, respiratory treatments, and therapeutic baths. 

Because sphingomonas species reside in aqueous reservoirs, we cultured potable water (100 

samples), sink faucets (56 samples), ice machines (7 samples), and other plumbing 

components (52 samples) from October 2016 through December 2017. Samples were 

obtained from water and from faucets in the rooms in which inpatients were staying when 

they acquired S. koreensis infections. Large-volume water samples were also collected from 

the main municipal intake pipe and its branches, from the heat exchanger, from down-stream 

of the heat exchanger, from the recirculating hot-water loop, and from pipes supplying 

rooms with known culture-positive sinks. With the aid of plumbers, three culture-positive 

sinks were disassembled into isolated components, and any visible biofilm and attached pipe 

segments were cultured.

From November 2016 through December 2016, water samples were collected in triplicate 

from 25 sinks (samples of hot and cold water were collected from 13 manual sinks, and 12 

mixed-temperature samples were collected from automatic sinks) (Table S2 in the 

Supplementary Appendix). The water samples were tested for free and total chlorine 

concentrations with the use of a digital colorimetric assay (with the Hach DR900 

colorimeter) (Table S2 in the Supplementary Appendix). Beginning in February 2017, the 

chlorine concentrations were measured serially from 13 faucets distributed throughout the 

hospital, and hot-water temperature was measured at the heat exchanger two to five times 

weekly.

CHARACTERIZATION OF THE BACTERIAL ISOLATES

Isolates were assessed by whole-genome sequencing, which was performed on an Illumina 

MiSeq instrument with 300-bp paired-end reads, as described previously.21,22 DNA 

sequence reads were assembled with the use of SPAdes and polished with the use of Pilon.
23,24 On average, each MiSeq genome assembly contained 93 contigs with a mean N50 of 

223,917 bp. To obtain a complete genome, one S. koreensis isolate from the NIH Clinical 
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Center was sequenced with the use of the PacBio RS II SMRT platform (with the P6 

polymerase and C4 sequencing kit, with a 240-minute data-collection time). PacBio reads 

were assembled and polished with the use of Canu.25 Further details on sequencing and 

bacterial culturing methods are described in the Supplementary Appendix.

COMPARATIVE GENOMIC ANALYSES

To assess the genetic relatedness of the sphingomonas isolates, the average nucleotide 

identity of each pairwise genome comparison was calculated with the use of the Mash 

algorithm, version 2.0, on the basis of 1000 21-bp substrings (k-mers) selected from each 

genome.26 Reads from each S. koreensis isolate were mapped to the reference S. koreensis 
PacBio genome to assess genome content. For fine mapping, SNVs were identified in 

genomic regions shared among all isolates (the core genome). In brief, the MiSeq reads for 

each isolate were aligned to the PacBio reference genome, and SNVs were identified with 

the use of Snippy, version 3.2 (with the BWA-MEM algorithm, version 0.7.17, and Free-

Bayes software, version 1.1.0; https://github.com/tseemann/snippy), which requires a read 

depth of at least 10x; we specified that at least 90% of reads should support the variant 

nucleotide call. A recombination-corrected core genome alignment was used to construct a 

phylogenetic tree of the S. koreensis strains isolated from the NIH Clinical Center.

To detect the underlying genetic heterogeneity of the primary environmental cultures, DNA 

was prepared from an entire plate (or a quadrant if densely populated), and ensuing sequence 

reads were aligned individually to the reference S. koreensis PacBio genome. Nucleotide 

frequency at each unique SNV was assessed with the use of Bam-readcount (https://

github.com/genome/bam-readcount). All data visualization was performed with the use of R 

Software, version 3.4.3 (R Foundation for Statistical Computing).27 An in-depth description 

of the bioinformatic methods is provided in the Supplementary Appendix. The sequencing 

data for this study are linked to National Center for Biotechnology Information BioProject 

number PRJNA445389.

RESULTS

CLINICAL CHARACTERISTICS OF THE PATIENTS

From 2006, a year after the opening of a new inpatient hospital building, through 2016, S. 
koreensis clinical isolates were identified in 12 patients at the NIH Clinical Center (Table S1 

in the Supplementary Appendix). Seven isolates from patients were initially identified only 

at the genus level, and the species was assigned retrospectively. All the patients were 

hospitalized at the time of their positive cultures; 5 patients were in the intensive care unit 

and 7 were in three other wards. The median length of stay was 44 days (range, 0 to 374) 

before a positive culture was obtained. Four patients had a single positive culture, and the 

other patients had either persistent or recurrent positive cultures over a range of 2 to 43 days. 

One isolate per patient was sequenced. Among the 12 patients, 9 were recipients of stem-cell 

transplants. Eight of the 12 patients had S. koreensis bacteremia, including 2 who had 

concurrent S. koreensis pneumonia and 3 who had catheter-related bloodstream infections. 

In addition, 1 patient had pneumonia alone, 1 had cholecystitis that led to peritonitis, and 1 

had a deep surgical-site infection. One of the 12 patients had S. koreensis cultured from 
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urine with a low concentration in the absence of pyuria; this patient did not have a urinary 

tract infection, and the organism was believed to represent contamination or colonization. Of 

the remaining 11 patients, 8 patients with S. koreensis infections recovered, and 3 patients 

died (all 3 patients had S. koreensis sepsis as well as severe, unrelated infections) (Table S1 

in the Supplementary Appendix).

INVESTIGATION OF CLINICAL ISOLATES OF SPHINGOMONAS FROM 2016

Of the six clinical sphingomonas cases in 2016, genomic sequencing classified four as S. 
koreensis, one as S. yanoikuyae, and one as S. trueperi. The four S. koreensis clinical 

isolates possessed an exceptionally high degree of genetic similarity (>99.92% average 

nucleotide identity), which suggested that they belonged to the same clonal strain. These S. 
koreensis isolates exhibited resistance to multiple classes of antibiotic agents, including 

aminoglycosides (amikacin and gentamicin), beta-lactams (aztreonam, piperacillin-

tazobactam, cefepime, ceftazidime, ceftriaxone, and meropenem), and fluoroquinolones 

(levo-floxacin) (Fig. 2) — a finding that reflects the difficulty in treating these infections. 

The isolates were susceptible to trimethoprim-sulfamethoxazole and ciprofloxacin, and 

therefore these agents were used for treatment. Other sphingomonas clinical isolates were 

resistant to fewer classes of antibiotics. Aside from a partially conserved chloramphenicol 

acetyltransferase (catB) gene (96% coverage, 77% identity), no canonical resistance genes 

could be identified within the S. koreensis genome, a finding that is consistent with intrinsic 

resistance or undiscovered mechanisms of antibiotic resistance.

EPIDEMIOLOGIC INVESTIGATION TO IDENTIFY THE SOURCE OF S. KOREENSIS

S. koreensis grew from 22 of 56 faucets (39%) and from 9 of 17 water samples (53%) 

collected from faucets in patient rooms. Three positive water samples were collected from 

faucets with culture-negative swabs.

Environmental S. koreensis isolates showed resistance to numerous antibiotics, similar to the 

isolates obtained from patients (Fig. S1 in the Supplementary Appendix). Isolates derived 

from sink components and water samples were genetically related to the S. koreensis isolates 

obtained from patients in 2016 (>99.7% average nucleotide identity) (Table 1, and Fig. S1 in 

the Supplementary Appendix), which implicated sinks or water as the most likely source of 

nosocomial S. koreensis infections.

The free chlorine concentration and water temperature of the samples were evaluated. Cold-

water samples contained adequate free chlorine concentrations (≥0.5 mg per liter, as 

recommended by the CDC28), but chlorine concentrations of hot-water samples were well 

below the recommended threshold. Starting in December 2016, hot water returning from the 

recirculating loops was flushed continuously at a rate that was calibrated to maintain 

circulating free chlorine levels above 0.5 mg per liter, effectively replacing water that had 

declining concentrations of free chlorine with more freshly chlorinated municipal water. 

Concentrations of free chlorine in hot water rose continuously from December 2016 through 

July 2017, reaching concentrations of approximately 1.0 mg per liter. Water temperature was 

determined at the heat exchanger and was adjusted from a temperature of 46 to 49°C to a 

temperature of 60°C or higher in accordance with the hospital standard of 51°C or higher.29
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HISTORICAL INVESTIGATION OF S. KOREENSIS AT THE NIH CLINICAL CENTER

Eight additional S. koreensis clinical isolates from the NIH Clinical Center were identified 

that dated back to 2006, a year after the opening of a new hospital building (Fig. S2 in the 

Supplementary Appendix). These isolates shared similar levels of nucleotide identity with 

one another and with isolates from 2016 (>99.8% average nucleotide identity), which 

supports the persistence of a reservoir (Fig. 2). When the isolates obtained from patients 

were compared with the reference S. koreensis genome, they were found to have 11 to 41 

chromosomal SNVs and 0 to 1 SNV on the plasmid, except for one variant plasmid that had 

661 SNVs (Table 1). Over the course of a decade, this represents a very low mutation rate, 

which is consistent with the ability of sphingomonas to survive in stasis in low-nutrient 

environments.30,31

CHARACTERIZATION OF EXTERNAL S. KOREENSIS ISOLATES

To determine whether these genetically related S. koreensis isolates were unique to the NIH 

Clinical Center, four external S. koreensis isolates were obtained and sequenced: two 

isolates from the original type strains from environmental samples from Korea; a clinical 

blood isolate from the Wadsworth Center, New York State Department of Health (Albany, 

NY); and a clinical isolate from the CDC (Atlanta). Although they were genetically distinct, 

the isolate from the Wadsworth Center was the most similar to the isolates from the NIH 

Clinical Center, with 97% chromosomal alignment and 145 SNVs. The isolates from Korea 

and the CDC were notably less similar to isolates from the NIH Clinical Center, with 

approximately 84% chromosomal alignment with the reference genome and more than 

33,000 SNVs (Table 1). These external isolates were resistant to multiple classes of 

antibiotics, as were the isolates from the NIH Clinical Center (Fig. S1 in the Supplementary 

Appendix), which underscores the intrinsic resistance of S. koreensis to antibiotics.

GENOMIC ANALYSIS TO IDENTIFY THE RESERVOIR

The phylogenetic tree, constructed on the basis of chromosomal SNVs in the core genome 

for S. koreensis isolates obtained from patients, revealed no clear structure and did not 

reflect the timing of the identification of the isolates (Fig. S3 in the Supplementary 

Appendix). Environmental S. koreensis isolates from the NIH Clinical Center yielded few 

additional connections, which suggested a widely distributed reservoir within the hospital 

(Fig. 3). Only the final isolate obtained from a patient (SK-NIH.Pt6_1016) was genetically 

linked to the corresponding sink isolate, which was collected 15 days later (five shared 

SNVs) (Fig. S4 in the Supplementary Appendix) — a finding consistent with a direct 

transmission event.

S. koreensis was cultured from water in patient rooms but was not detected in the municipal 

water entering the hospital, in water sampled from the large pipes branching off the main 

intake pipe, or in ice machines. To devise a remediation strategy, we performed 

metagenomic sequencing of primary environmental cultures grown from the components of 

sinks and water pipes behind the walls of patient rooms (Fig. S5 in the Supplementary 

Appendix). We leveraged core genome SNVs to identify individual S. koreensis strains and 

their relative abundance within each sample. Sinks were found to be colonized by multiple 

S. koreensis strains — a discovery that would not have been made with conventional single-
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colony isolation methods (Fig. 4). Metagenomic analysis identified three distinct isolates 

from a single sink faucet; this faucet was replaced and resampled monthly (Fig. 4A and B). 

Four months after replacement, two of the three original S. koreensis strains were detected 

again, which suggested recolonization of the new faucet by a proximal reservoir. The third 

strain was not observed after the faucet was replaced, which suggested a localized 

colonization within the removed faucet. A single sink was found to be colonized by two 

strains; one had been isolated previously from this same sink, and the other had been 

isolated previously from the adjoining room (Fig. 4C and D). The two rooms shared a water 

pipe, which is consistent with a common reservoir. Nine faucets that were positive for S. 
koreensis were replaced. No further replacements were made after serial cultures showed 

that six of the new faucets (67%) became recolonized with S. koreensis within 5 to 90 days 

after replacement.

INVESTIGATION OF S. KOREENSIS COLONIZATION WITHIN PLUMBING FIXTURES

To assess the extent of colonization in sink components and to explore possible remediation 

strategies, we disassembled and cultured three sinks that showed S. koreensis colonization in 

faucets. Nine components grew S. koreensis, including horizontal sections of hot-water and 

cold-water pipes immediately proximal to the sink, mixing valves, aerators, faucets, and 

other plumbing fixtures. Components from two sinks were immersed in 71°C water baths for 

20 minutes after culturing. Subsequent cultures of heated components were negative. 

Aerators were removed from affected sinks. Additional remediation strategies are under 

consideration. No further S. koreensis infections have occurred since the augmentation of 

free chlorine concentrations and the adjustment of hot-water temperature in December 2016.

DISCUSSION

In 2016, a cluster of sphingomonas infections sparked an epidemiologic investigation that 

identified 12 patients over 11 years who had been infected with genetically similar strains of 

S. koreensis, a rarely reported pathogen. Sink faucets and water from numerous patient 

rooms were positive for S. koreensis, which implicated hospital plumbing infrastructure as a 

possible reservoir. In this study, genomic and metagenomic techniques provided a higher-

resolution understanding of this intermittent cluster and revealed a pervasive reservoir in the 

water system of the NIH Clinical Center.

Whole-genome sequencing of 68 S. koreensis isolates from the NIH Clinical Center 

(obtained from patients and the plumbing system) revealed a genetically diverse population, 

a phenomenon increasingly observed in microbial outbreaks.11,13,32,33 Understanding 

genetic diversity in an outbreak is of value and can be leveraged to dissect complex issues, 

such as identification of the point source and patient-to-patient transmission.34 One 

limitation of this study is that we could not perfectly match any isolate from a sink in a 

patient room to a clinical isolate. Matching isolates would have strongly supported S. 
koreensis transmission, though we would still have been unable to identify the precise 

modes of transmission from sinks to patients. In addition, we lack metagenomic data for the 

initial isolates from patients and sinks because we were not aware of strain diversity in early 

samples. Despite these limitations, a link was found between isolates from one patient and 
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the corresponding room faucet, which were collected 15 days apart. In contrast, other paired 

patient-sink samples were acquired months and years apart. The heterogeneity among S. 
koreensis isolates provided a valuable “genetic barcode” to parse subsequent metagenomic 

samples and to enable the inferenc of a reservoir at the peripheries of the NIH Clinical 

Center water-distribution system.

Outbreaks of sphingomonas have been reported previously.35–37 The ubiquity of this genus 

in ostensibly clean water makes it a possible hazard to immunocompromised patients. 

Previous studies have underscored the threat that in-room sinks may pose to patients, from 

both potable water and splashback from the drain.38–43 The steps taken in this study to 

prevent further S. koreensis infections within the NIH Clinical Center are applicable to many 

opportunistic waterborne pathogens.

Externally collected S. koreensis isolates and banked NIH Clinical Center clinical isolates 

allowed us to address two important questions: has the 2016 strain caused infections before, 

and is the strain unique to our hospital? Our results suggest that a single S. koreensis strain 

entered the water system soon after construction of the new NIH Clinical Center hospital 

building in 2004. Reports describe colonization of pipes with waterborne bacteria in newly 

constructed, unused facilities in which water has stagnated.44,45 The expansive genetic 

diversity within a small sampling window supports our hypothesis that this strain 

disseminated throughout the hospital and diversified at multiple distinct locations.46

This study was a systematic genomic investigation to understand the dynamics of an 

indolent outbreak within a single hospital, and it assessed more than 80 sequenced isolates 

and 49 metagenomic samples. Whole-genome sequencing allowed us to reach back more 

than a decade to a time shortly after a new hospital building was occupied by patients and to 

identify the onset of a sporadic clonal outbreak.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sphingomonas Infections at the National Institutes of Health (NIH) Clinical Center, 
According to Year.
A new NIH Clinical Center building was constructed in 2004 and opened in 2005.
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Figure 2. Genome Comparisons of the Sphingomonas Isolates Obtained from Patients at the NIH 
Clinical Center.
Panel A shows antibiotic susceptibility patterns for the sphingomonas isolates obtained from 

patients. Panel B shows the genetic relatedness of the isolates on the basis of average 

nucleotide identity, with purple squares indicating the greatest similarity. Isolates are named 

according to species (Sphingomonas koreensis [SK] or other sphingomonas species [S]), 

location (NIH), patient number (Pt), and date (month [MM] and year [YY]). Sphingomonas 

isolates from 2016 are highlighted in red.
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Figure 3. Phylogenetic Tree of the S. koreensis Isolates from the NIH Clinical Center.
The phylogenetic tree was constructed on the basis of single-nucleotide variants (SNVs) 

across the core genome. Circles of the same color at the end of the nodes indicate 

environmental isolates (Env) from the same sink. Black circles indicate that no other isolates 

were cultured from a given sink. The circles at the end of the nodes for isolates obtained 

from patients are colored to match the isolates from the sink in the room in which the patient 

was staying. The labels of isolates obtained from patients are highlighted in red, and isolates 

obtained from sinks are labeled in black.
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Figure 4. Metagenomic Sequencing of Multiple S. koreensis Strains Cultured from Sinks in 
Patient Rooms at the NIH Clinical Center.
Panels A and B show the relative abundance of three S. koreensis strains (SK-

NIH.Env5_1116, SK-NIH.Env10_0317, and SK-NIH. Env11_0417) collected from the same 

sink in one patient room in November 2016, March 2017, and April 2017. The relative 

abundance of each isolate is represented by the colored bars in Panel A. Relative abundance 

was estimated by calculation of the mean allele frequency of SNVs that were unique to each 

isolate (dots). The sink was replaced after the first positive sample was obtained in 

November 2016 (indicated by the gray sink in Panel B), but S. koreensis was cultured again 

from this sink in March 2017 and in April 2017. The colored rods in Panel B correspond to 

the three isolates in Panel A. Panels C and D show the relative abundance of two other S. 
koreensis strains (SK-NIH.Env9_0217 and SK-NIH.Env18_0517) that were detected in the 

sinks of two adjoining patient rooms. The colored rods in Panel D correspond to the two 

isolates in Panel C. The rods that appear outside the circle indicate individually cultured 
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isolates. The gray rods in Panels B and D represent isolates with unknown SNV profiles. 

The water in the two rooms in Panel D was supplied by the same pipes (blue bars).
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