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ABSTRACT:Copper silver ionization (CSI) is an in-house
water disinfection method primarily installed to eradicate
Legionelldacteria from drinking water distribution syst
(DWDS). Its eect on the abundance of culturdlelgionella™ ¢ :

S

Bacterial
diversity —[Ag* Cu*] + [Ag* Cu®]

==

Observed
OTUs (n)

is largely unknown. To investigate thesetss we charac- 4
terized drinking water and o communities in a hospitalg
using CSlI, in a neighboring building without CSI, and in tregfeds
drinking water at the local water treatment plant. We used 16% veree
rDNA amplicon sequencing ahdgionellaulturing. The Simpson
sequencing results revealed three distinct water groups: (1)

cold-water samples (no CSI), (2) warm-water samples at the

research institute (no CSI), and (3) warm-water samples at the

hospital (after CSI; ANOSII< 0.001). Dierences between the bio communities exposed and not exposed to CSI were
less clear (ANOSIM,= 0.022). Nd_egionellaere cultured, but limited numbersegfionellsequences were recovered from
all 25 water samples (0124% relative abundance). The clustering pattern indicated local selestjiometitypes
(Kruskal Walllis,p < 0.001). Furthermore, one unclasdBetaproteobactédi@U was highly enriched in CSl-treated warm
water samples at the hospital (Krusiallisp < 0.001).
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INTRODUCTION reported:° As facultative intracellular pathodesgipnella

élway survive within amoebae and other host cells, evading

Treated drinking water contains a multitude of bacterial®: . ; .
specieb.® The vast majority of bacteria present in drinkingSinfection measufes:urthermore, they are highly chlorine
water do not cause a risk to human health. In fact, microbe-riggiStant- . -

o eradicate these important opportunistic pathogens, many

drinking water may be becial, for example by reducing the . . - ) - .
risk of allergic hypersensitivity reactions in cHildemever, hospitals have installed additional in-house water disinfection

some bacteria frequently present in drinking water apyStéms. One such system is coppeer ionization (CSI).
opportunistic pathogens awdn cause life-threatening CSI systems release positively charged copper and silver ions

infections in immunocompromised individueggionellapp. into the waterow. These bind to negatively charg_ed cell walls.
are such opportunistic pathogens and are the most frequeﬂ-ﬂiﬁ resulting electrostatic stress causes bacterial cell walls to
reported cause of waterborne hospital-acquired infectigi§ak down and the bacteria to die. Many hospitals that have
worldwidé. Legionellapp. may cause Legionnagease installed a CSI system have experienced a drastic decrease in
an atypical form of pneumonia. The fatality rate of health-cdf¢ number die_glonAeH[aosmve water sampfes® as well as
associated Legionnditisease in Europe is almost 30%. Legionellanfections? Others, however, report an initial
Legionellaacteria are natural inhabitants of water and soilecrease dfegionellafollowed by recurrent inciderices.
can form bidms, and thrive in multiple-species microbiaiThese recurrences are thought to be due to too low levels of
communitieS. They are heat-resistant and often present in
warm-water distribution systérivs.fact, the most reported Received: November 21, 2017
sources for infection are water heating sydtetrs range of  Revised: February 13, 2018
other sources including cooling towers of air conditioningccepted: February 20, 2018
systems, decorative fountains, and spa pools have beebiished: February 20, 2018

ACS Publications  © 2018 American Chemical Society 3354 DOI:10.1021/acs.est. 705963
W Environ. Sci. Techn@018, 52, 33543364


pubs.acs.org/est
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.7b05963
http://dx.doi.org/10.1021/acs.est.7b05963

Environmental Science & Technology

Table 1. Main Sample Details (for further information, Seeporting Informatiohn

location/room water sample  hoselbicsample sample type CSlI Itration  water tempC  temp. category  water group
Oset DWTP

laboratory 01AW a treated drinking water no no 9.7 cold 1
laboratory 01BW a treated drinking water no no 9.7 cold 1
research institute

K637 FIO6W a water intake no yes 9.6 cold 1
K637 FI23W a water intake no no 8.7 cold 1
U526 b FSO02H stashower no yes 37.6 warm 2
U526 FSO3w FSO3H stshower no yes 37.8 warm 2
U526 FS04W FS04H stshower no yes 37.8 warm 2
U526 FSO5W FSO5H stshower no yes 37.1 warm 2
U630 FS08W FSO8H stshower no yes 38.2 warm 2
U630 FSO9wW FSO09H stshower no yes 34.4 warm 2
U630 FS10W FS10H stshower no yes 39.1 warm 2
K358 FS11wW FS11H stshower no yes 10.0 cold 1
U526 FS12w FS12H stshower no yes 37.6 warm 2
U526 FS13wW FS13H stshower no yes 35.0 warm 2
hospital

technical room LIA22W a water intake no no 8.2 cold 1
technical room LIB21W a water intake yes yes 37.7 warm 3
430B LS14W b patient shower yes yes 36.9 warm 3
439B LS15W P patient shower yes yes 38.0 warm 3
315A LS16W LS16H patient shower yes yes 36.7 warm 3
306B LS17W LS17H patient shower yes yes 38.1 warm 3
337A Ls18w LS18H patient shower yes yes 37.6 warm 3
636C LS19W LS19H stshower yes yes 37.3 warm 3
643G LS20W LS20H stshower yes yes 37.5 warm 3
643C LS24W LS24H stshower yes yes 38.5 warm 3
636B LS25W LS25H stshower yes yes 37.5 warm 3
634B LS26W LS26H stshower yes yes 37.6 warm 3

3No hose bidm samples taken at DWTP and water infga@mple excluded from analyses due to too little DNA or number of sequenced reads.

silver and copper idfisor Legionellaescaping the CSI eradicatéegionelfd CSI also failed to eradicBteaeruginosa
treatment by survival in Hims or within amoeba#.’ 2° present in faucets in intensive care nlts. addition,

All studies to date that have investigated ¢éoea CSl on nontuberculouslycobacteriuspp. and other heterotrophic
Legionellan drinking water systems have been based dpacteria have been shown to be more tolerahetianell@
Legionelleulture:3*41%1821 However, not all viadlegionella  CSl in a Finnish hospitélFinally, the ect of CSI on the
cells within a sample are culturabigzurthermord,egionella  entire bacterial community has not yet been evaluated.
are slow growing bacteria, and culture plates may be overgrownere, we used 16S rDNA amplicon sequencing to character-
with fast-growing species belaegionellaan be detected. ize the bacterial drinking water andlticommunities in a
Thus, culture-based methods are likely to underestimate vidisepital with CSI and compared these to the communities
Legionelldacteria in samples. On the other hand, culturé?resent in a neighboring building without CSI and those
independent methods such as quantitative polymerase ch¥psent in the treated drinking water at the waterworks that
reaction (qQPCR) tend to overestimate viafslgionella supplies both buildings. 168 rDNA is a cult_ure-lndependent
populations* These methods generally detect and enumeraf@ethod based on the amgdition and sequencing of all 16S
dead cells and environmental DNA in addition to viable cellsfifosomal genes present in an environmental sample. The
a sample. Culture-independent sequence-based methods &{l&yses were complemented Webionellaculture and
indicate that a higher diversityegionellspp. are present in Legionelapecic enzyme-linked immunosorbent assay
drinking water distribution systétfis than recovered by (ELISA).
culture-based methods.

Despite the complementary information that may be gained METHODS
by using culture-dependent and -independent methods, nosampling Sites.Samples were taken in November 2015 at
study has yet used a combined approach to studgdtseof  Oset drinking water treatment plant (DWTP), a research
CSl onLegionelia drinking water systems. In addition, CSl isinstitute (Norwegian Institute of Public Health), and a hospital
likely to also have aneet on other bacteria present in (Lovisenberg Diakonale sykehus) with a cogipesr-
drinking water systems, but very few studies have addresseddhigation (CSI) system installed. All three are situated in
aspect of CSI. One study investigated #et ef CSI on  Oslo, Norway.
selected plankton- and lio-associated pathogens in a model Oset DWTP serves 92% of Gstesident$ It uses water
tubing systerit. The results indicate that very high amounts ofrom Lake Maridalsvannet, a freshwater lake situated north of
copper and silver ions were necessary to reduce the numbehef city. Routine water treatment at Oset consists of
Pseudomonas aerugimmsidble the dose usually applied to coagulation, sedimentatioltration, UV irradiation, and pH
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adjustment. In addition, small amounts of sodium hypochloritd,autoclaved and sterileered 1x phosphate bered saline
typically 0.1 mg €L %, are added to the treated water even(PBS) solution. Then, the shower hose was dismounted and a
when the UV system works satisfactorily to ensure that tekecond bidm sample taken in the same manner from the
back-up disinfection system is functiGiing. faucet to which the hose had been connected. For intake water
The research institute and the hospital are neighborimgmples taken directly from faucets, faucet insides were
buildings and receive drinking water from Oset DWTP throughoroughly swapped as described for shower faucets. The
the same main pipes. At the research institute, the incommwabs were stored on ice until arrival at the laboratory. Swabs
water passes a coarker (100 m pore size) before it is were centrifuged for 30 min {€, 200Q). Most of the
distributed further throughout the building. A portion of thisupernatant was carefully removed, and the tube containing the
water is heated to 6% via heat exchange and circulatedswab tip and bitm pellet was frozen a0 °C until DNA
through the warm-water pipes. At the hospital, a ceipper isolation. For bacterial culture, one Copan eSwab (Copan

ionization (CSI) system was installed in incoming Italia) was used to thoroughly swab the end of the shower hose
water is Itered (100, 20, and B pore sizes) and then passes that had been attached to the faucet. The swab was placed in 1
the CSI system that continuously adds copper3200g mL of liquid Amies medium, transported to the laboratory on

L 3 and silver ions (approximately 80L 1) to the water. ice, and immediately processed.

After CSI, a portion of the water is distributed through cold- Water and Bio Im Analyses. For water chemistry
water pipes; the remaining water is heated G vVid heat analyses, 1 L of cold water was sampled in PE bottles at
exchange, stored in hot water tanks, and distributed through sieéected sampling points afteshing for 1 min, stored in
warm-water pipes. opaque cool bags, and transported to the laboratories within 2

Sampling. Two rounds of sampling were performed: Wateh. Water chemistry analyses were carried out lsy\@ater
and biolm samples were taken at Oset DWTP, the researeimd Wastewater authorities (VAV) according to accredited 1SO
institute, and the hospital during the main experiment imethods.

November 2015. In addition, complementary water sample€opper and silver analyses were performed bynd€uro
were taken from the water intakes at the research institute &r/ironment Testing Norway AS following method NS EN
the hospital in April 2016. This additional sampling was carriksio 17294-2.

out because several water quality parameters from sampléglenosine triphosphate (ATP) was quathtusing the
taken in November 2015 @lied substantially for the intake Quench-Gone Aqueous (QGA) test kit (LuminUltra) accord-
waters of the two buildings. All samples and water qualibg to the manufactuieinstructions in combination with the
parameters are listedTiables 1S1, and S2 PhotonMaster luminometer (LuminUltra).

For the main experiment, samples were taken from theLegioneHapecic ELISAs were carried out with the
“treated watétap at the onsite laboratory at Oset DWTP. AtHybriScanD Legionella kit (Sigma-Aldrich) according to the
the research institute, two samples were taken from the watemufacturrinstructions and results read on a Multiskan EX
intake (one after the water had passed the ctiars¢he (Labsystems) plate reader.
second without thidtration step to mimic the situation at the  Cultivation otf_egionelliiom water samples was carried out
hospital) and from 10 stehanging room showers throughout according to standard methtida. addition, 1 L of water was
the building. At the hospital, samples were taken from the watkered through a seconider. The Iter was cut into small
intake beforeltration and CSI, from a water tap within the pieces, placed in a tube containing 10 mL of saline solution
same room afteltration and CSI, as well as from 10 showerg0.9%), and gently shaken for 2 min. From this solution, 0.1
throughout the buildingve from patient bathrooms @ mL was inoculated on GVPC-agar and BCYE-agar. For
patients per bathroom) anek from stachanging rooms. cultivation from bidms, 0.1 mL of the liquid Amies medium

The same sampling protocol was used at all sites. First, s inoculated on GVPC-agar and BCYE-agar and incubated at
water outlets weraished for 1 min and, where possible, the36+ 1 °C for up to 10 days.
water temperature adjusted to 3b°C prior to sampling. DNA Extraction. Sample order was randomized prior to
Temperature adjustment was not possible at Oset DWTP aDMA extraction. Water sas®glwere isolated with the
at the water intakes at the hospital and the research instittRewerWater Sterivex DNA Isolation Kit (MO BIO Labo-
thus only cold water was sampled at these sites. First, samglEgies) according to the manufactungrotocol using a
for bacterial culturing, ATP, and ELISA analyses were takerPmwerVac Manifold Mini System. Bicsamples were isolated
separate autoclaved glass bottieS00 mL for ATP, X 1L with the FastDNA SPIN KIT for Soil (MP Bio). All bio
for ELISA, and 2 1 L forLegionella spulture. The bottles  samples were isolated according to the manufaptatecol
were immediately transported to the laboratory and processRdyv # 116560200-201411 with the following adjustments:
A total of 0.5 L of water was in addition sampled at the hospisldium phosphate lmr was added directly to the swab
for copper and silver analyses. Second, for DNA analyses, $@rples, was pipetted up and down, and then added to the
of water wereltered through a Sterivex 0.22 lter unit Lysis Matrix E-tube (step 2 in protocol). Optional step 16
(Millipore) using sterile silicone tubing and a peristaltic pumfincubate at 55C for 5 min prior to elution to increase yield)
(Watson Marlow 120S/DV, 120 rpm, approximatelyl00 was included in the protocol. Both Ipioand water samples
mL minY). The Iter was aseptically removed, capped on bottvere eluted in 100L of the provided elution bers. The
sides, transferred to a 50 mL Falcon tube, and placed on @ebit dSDNA High Sensitivity assay (ThermoFisher ®gienti
until arrival in the laboratory, where it was frozeBCiC was used to quantify DNA concentratidrehlé SB All
and further processed within 2 weeks. Finallyn liamples ~ samples with concentrations ng L * were reanalyzed with
were taken. For DNA analyses, the showerhead was remabed Qubit dsDNA Broad Range assay. Samples with
and the inside of the shower hose thoroughly swabbedncentrations > 4 nd. ! were diluted to 2 ngL ! with
(FLOQSwab with 30 mm breakpoint; Copan Italia). Themolecular grade water. All samples were frozen in small
swab tip was put into a 2 mL Eppendorf tlieé with 1 mL aliquots.
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Figure 1.Relative abundance of bacterial classes in water and Imssafriples. Water samples: 01AS11W, group 1; FSO3R513W,
group 2; LS14WLIB21W, group 3. SBéversity and Taxonomy of Water Sarspleion for discussion of water group$ainid Ifor all sample
details.

16S PCR, Normalization, Amplicon Pooling, and Bioinformatic Analyses.Remnant lllumina adapters were
Sequencing. The dual-index PCR protocol published in refremoved using AdapterRemoval v.*.Pdired sequence
32was used with small amendments. PCR reactions were rgads were merged, demultiplexed, quiddited, clustered
in triplicate (the same reaction on threerdnt PCR plates). into OTUs, and clasei using Moira v. 1.3:@nd Mothur v.
Each 25 L PCR reaction contained 12L50f 2« Phusion  1.36.£° Details, settings, and commands are listed in File S1.
Hot-start Il High-Fidelity MasterMix, 2.50f forward and 2.5  samples that had no measurable DNA or did not give clear
L of reverse primer (M each), 0.75L of DMSO, 1.75L bands after PCR were excluded from the analyses because
of PCR-grade water, andL5of template (controls or DNA, resyits of low DNA samples are prone to being highly impacted
max. 4 ng/L). The PCRs were run on a Bio-Rad S100Q,y contamination such as from DNA isolatiori’ kits. 23
Thermal Cycler using the following prograf®81°C/30s], faucet, two shower hose bits (LS14H, LS15H), and one
33 [98 OC_/].SS, 54?(:/153, 720(:/155], I‘[72 OC/GOS], 4°C/ water Sample (FSOZH) were exclidéde S}S
hold. Primers were HPLC ped and contained two  gperational Taxonomic Unit (OTU) abundance data were
phosphorothioate bonds at theeBd. PCR reactions were Egalyzed with the R packages Vegan (£2%.dnd Phyloseq

visuali_zed on Lonza FlashGels, tripl_icates pooled,_ apf 1.18.3). Rare OTUs (containing <0.005% of reads) were
normalized with a SequalPrep Plate (Invitrogen) according moved prior to diversity anaffsemd data subsampled

the manufacturerprotocol using 2. of PCR product and without replacement to the smallest sample size (36924

25 L of binding buer as input. The library was pedi and sequences; seed 161018). Nonmetric multidimensional scaling

concentrated using Agencourt AMPure XP beads (Beckm ! B
Coulter) with a 1:0.9 sample:beads ratio and elutedLiro60 (‘N}\ADS) using the BrayCurtis dissimilarity measure was used

10 mM TRIS buer. The following controls were included and!© Visualize dissimilarities in community compositicer: Di
treated in the same way as samples: extraction controls (tHf95€S Were evaluated using analysis of similarities (ANOSIM).
FLOQSwabs and two Sterivéer units) and no-template Four dierent alpha-diversity |n_d|ces were cal_culated (Ob-
PCR controls. No PCR bands were visible for the controf§eved. Chaol, Shannon, InvSimpson). Kni&lis Rank
they were nevertheless normalized and sequenced as the ctHE? Tests were used to evaluagzedices. Core microbiomes
samples. were dened as OTUs present in all samples with an
The 16S rRNA library was sequenced on a MiSeq instruméfundance of at least 0.1% and determined with kOverA
(llumina), with 300 bp paired end reads (v3 chemistry) an@TU ltering from the Genkéer package (v.1.56)0
the PhiX control library blended to 10%. Bes were Accession Numbers.Demultiplexed fastdes of merged
processed using RTA v1.18.54 and converted to fastq forpatred-end sequences were submitted to the European
using bcl2fastq v.2.17.1.14. Quality of the sequenced data Magleotide Archive h{tps://www.ebi.ac.uk/enastudy
veried using FastQC v0.1133Samples, primers, and PRJEB22257; samplscession numbers are liste@lainle
barcodes are listedTinbles S3 and S4 SH.
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Figure 2NMDS ordination plots based on Bi@yrtis distances. (A) Water samples. (B) Hodenbsamples. Note @rence in scale between
the two plots. See aBgure SINMDS plot including water and hose Ipiosamples).

RESULTS AND DISCUSSION the hospital after CSI. The analyses were based dDuBtiay
distances, and the evidengas very strong that both
efnperature (warm vs cold water: ANOSIM R = (596,
communities in both water and shower hoskrbgamples 0.001) and water treatment (CSI vs no treatment: ANOSIM R

(Figure ). The faucet biém samples had to be excluded from= 0.621p < 0.001Table Spcontributed to this grouping.
all analyses because no or only very small amounts of DNAhe close grouping of all cold-water samples suggests that
were recovered ble SB and impacts of kit and laboratory the community composition in the water discharged from Oset
contamination on their community compositmould not be =~ DWTP stayed essentially stable throughout the distribution
ruled out. system and arrived nearly unchanged at the research institute
Water and hose bimm communities déred signcantly and the hospital over 5 km away. In addition, the community
from each other:-diversity analyses based on Erastis composition changed little within the pipe-system of the
distances clearly separated the samples based on samplergge@rch institute as long as the temperature was not changed.
(bio Im vs water, ANOSIM R 0.988,0.001Figure SiL The In contrast, the community compositions changeaaiglyi
e ect of CSl treatment was less clear (CSI vs notm, ol within the buildings after the water had passed through the hot-
water samples, ANOSIM R 0.092 0.034,Figure Si water system at the research institute or the hot-water system
Furthermore, water samples contained a higher species richaagsCS| at the hospital.
(Kruskal Wallis: Chi2 = 30.7p < 0.001) and evenness The three water sample groups alserati in species
(Kruskal Wallis: Chi2 = 27.p,< 0.001) than bidm samples  richness, evenness, and ATP measureRignts @Table .
(Figure S2, Table J5We dened species richness as the The warm-water samples at the research institute (group 2) had
number of observed OTUs in each sample and estimatg@é highest species richness, while no csighirichness
evenness with the Inverse Simpson Index. The Inverse Simp§OBrences were observed between cold-water (group 1) and
Index is a nonparametric diversity index that in essenggm-water samples at the hospital (group 3). Evenness was
captures the variance of species abundance distribution. It yilhi cantly higher and less variable in cold-water communities

. . 4

rise as the community be_come_s more éven._ ... (group 1) than warm-water communities (groups 2 and 3).
Other researchers that investigated microbial communitie frthermore the ATP results showed that cold water

drinking water networks have also observed that bulk4\évater Whltained the highest living bacterial biomass, while CSI-

bio Im communities dér signicantly from each otHer: '

Bulk waters have been shown to have a higher species richtrqgatEd warm water at the hospital contained the lowest.
: g b Atthe research institute, this suggests an impogeinok
and evenness compared tollviccamples irrespective of the

age of the sampled material (under two’§¥ars over 20 the hot—\_/vater system on the bacterial living biomass and
year), the source of the drinking water (grounddater, community composnpn._Others also fou_no_i that hot- and cold-
surface watéf), or the methodology employed to study Water communities within the same building are distinct.
microbial communities igerprinting followed by sequenc- Henne et &’ observec_i_that_the composition ar_1d structure of
ing*® or high-throughput amplicon sequefitify. pold-water communities in temperate regions is highly
Diversity and Taxonomy of Water Samples. -diversity N uenced by seasonal factors such as temperature and
analyses of the water samples alone revealed three disfhggipitation, whereas warm-water communities were more
groups Figure A, Table J_: Group 1 contained all cold-water stable. They attributed this Stablllty to the selection and
samples, including samples taken at Oset DWTP, water int@k@liferation of thermophilic bacteria in hot-water systems.
samples at the research institute and the hospital, and onét the hospital, ATP and communityedénces between
shower at the research institute (FS11W). Due to technicld, incoming water and warm, CSl-treated water suggest
di culties, only cold water was sampled from this showémportant eects of the hot-water system in combination with
Group 2 contained all warm-water samples taken at tkiSl. The eect of these two cannot beedéentiated in the
research institute, and group 3 all warm-water samples takepresent study as only cold-water samples upstream of CSI and
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° (Table 3. While all eorts were made tand two comparable
% full-scale water distribution systems, one with and one without
* e CSil disinfection, a number of dissimilarities between the two
buildings were encountered that are likely to have contributed
to the dierences in microbial community compositions
observedTable 3.
For example, small éiences in warm-water temperature
have been shown to have importaatte on the microbial

1

a)

1

1

280 300

1

Observed OTUs [n]
60 240 260
1 1 1

b) g 1 composition of drinking watérand hot-water temperatures
< O_$ have been shown to select for thermo-tolémgibnella
g | strain$. It is probable that the & di erence in hot-water
-<,§, o | temperature between the buildings has had emh @n
g | community composition and ATP results. Furthermore, pipe
s o material has an importantuiance on microbiome composi-

T tion*#*9 The pipe materials in the present study are unknown,
C) © [:j but we observed consistenerinces in the water chemistry
Y

parameters of the incoming water at the research institute and

£ o the hospital{able Sp Specically, zinc values were twice as
n_& o o high and copper values were 4% times higher in the
D ° incoming water at the research institute compared to the
] == hospital. As both buildings receive water through the same
° ﬁ—i main pipes, these diences indicate that the water pipes
= connecting the research institute with the main water pipes
d) . ) contain more zinc and copper than the corresponding pipes

) connecting the hospital. While thesereices in water
chemistry did not have discerniblkeces on the community
composition of the incoming water samples (all clustered
within group 1), it cannot be excluded thatreices in pipe

0tu00005 [%]
10 20 30 40
1 [l

o {—e— =8 materials contributed to the distinct grouping of warm-water
1 2 3 samples.
Water group Proteobactetiad the highest relative abundance in all water

samples, but the distribution at class leeeédibetween the

Figure 3.Di erences in (a) species richness (observed OTUS), ( ee groupsFigure 1Figure SB The cold-water samples

evenness (inverse Simpson index), (c) ATP in water samples, and

relative abundance of otu00005 in the three water groups. Statisti r? up ]t-) Cl:? nt?lni:(r:iﬂ&mtlrl]ar relative atmount%lgm;a andt th
Table 2Water groups: 1, cold-water samples (without CSl); 2, war claproteobactenaniie the warm-water samples a e

water samples from the research institute (without CSI); 3, warffsearch institute (group 2) were dominatedliidyaproteo-
water samples from the hospital (after CSI). SeBiatssity and ~ bacteriand the warm-water samples at the hospital (group 3)
Taxonomy of Water Sampsestion andable 1 Blue, sampled at by Betaproteobacteffragure SB Especially one OTU had a
research institute; red, sampled at hospital; orange, sampled at DW/ERY high relative abundance in the bacterial communities of
group 3, otu00005, claedi as“unclassed Betaproteobac-
Table 2. Statistics for Dérences Observed between the terid’ On average, this OTU contributed 25% (rangéb24)

Three Water GroupsHigure 3 of all reads in the warm water samples at the héSpiiad (3

Tables AndS9. In comparison, the same OTU only made up

Kruskal Wallls rank-sum test Chi2 f : 1.4% of all the reads sequenced from the warm-water samples
observed OTUs 14.447 2 <0001 gt the research institute (group 2, rang25@6) and was
inverse Simpson |. 16.279 2 <0001 yirtyally absent from cold-water samples anh&ioThis
ATP 18.044 2 <0.001 indicates that the local conditions at the hospital resulted in a
rel. abundance otu00005 20.871 2 <0.001  rejative enrichment of 0tu00005. eBent proportions of
pairwise comparisons Wilcox ra”l%rﬁ)‘fj%lz’ %rg)‘i]%lgf %rr‘(’)”u%z,o,’ Proteobacterfeequently dominate drinking water commun-
observed OTUs (p adiust 00075 02905 0.0760 ities;**4° but such high abundances of a single OTU in
bonferroni) : : : dnnkmg water samples has, to our knowledge, not been
InvSimpson (p adjust bonferroni) ~ 0.8072 0.0033  0.0695 described. .
ATP (p adjust bonferroni) 0.0f09 0.003% 0.010% To characterize otu00005, the most abundant sequence in
rel. abundance otu00005 (p adjust0.0072 0.0038 0.000% the OTU (identical to 46% of sequences in otu00005) was used
bonferroni) for similarity searches against databases at National Center for
3 < 0.001Pp < 0.015 < 0.05. Biotechnology Information (NCBI). These searches showed

that sequences within otu00005 were similar (>97%) to clones
from uncultured bacteria isolated from a diverse range of
warm-water samples downstream of CSI| were taken dmabitats including the tap water of a Norwegian hospital and
processed for microbiome analyses. Norwegian households, bulk water of the Cincinnati drinking
ATP and community dirences between the warm-waterwater system, a subsurface thermal spring, dental plague, and
samples at the research institute (group 2) and those at thalcanic ashT@ble S10 These results indicate that the
hospital (group 3) may be attributed to a range of factotsacteria represented by otu00005 are likely hydro- and
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Table 3. Dierences between the Research Institute and the Hospital That May Have Contributed to Dissimilar Bacterial
Communities in Water and Bitm Samples

research institute hospital
in-house none coppersilver ionization (CSI); addition of 2800 g/L copper and 30g/L
disinfection silver ions to incoming water
hot-water system portion of incoming water heated through heat exmbréingeof CSI treated water heated and stored in warm-water tanks before
and circulated through warm water pipes circulation in hot-water pipes
hot-water 65°C 70°C
temperature
lters at water 100 m pore size 100, 20, andrb pore size
intake

water chemistry  higher zinc and copper values than at the hospitalower copper and zinc values than at the research in&titles 1 and 52
incoming water (Tables S1 and 52

in-house pipe unknown unknown
materials
faucet materials brass or brass-like materials, details not known brass or brass-like materials, details not known
shower-hose exible plastics, details not known exible plastics, details not known
materials
shower-hose chlorine disinfection once weekly; exchange whenexchange every six months at somatic wards
disinfection necessary
measures
room details/usage sta shower rooms located in basement; usage frequeashowers from patient rooms (somatic wargipatients/shower), 3rd and 4th
pattern unknown oor; ve sta showers, 6thoor; usage frequencies unknown

thermophilic. However, no close similarity was found to 1&f® total cell concentration in Bins and bidm thickness.
rDNA sequences from cultured or genome sequenced bactdfiase biolms exposed to disinfection tend to be thinner and
and thus it is not possible to infer which taxa otu0000Bave lower cell concentrations thanlrb® not exposed to
represents or what its ecological function is. disinfectant€. Thus, less bitm may be expected in drinking
Di erences between Faucet and Shower Hose water systems exposed to CSI. Indeed, several CSI system
Bio Ims. As mentioned above, the faucetlibicsamples  manufacturers have claimed that CSI inhibits or even removes
were removed from the analyses as no or only very sniab Ims. This claim may be supported by the observation that
guantities of DNA were recovered from these samplase did not recover DNA from nine of 11 faucelbisamples
especially from samples taken at the hospitale (SB taken at the hospital but from all faucetrhisamples at the
Microbiome data based on dilute DNA samples has besgsearch instituteTdble SB However, in contrast, we
shown to be heavily urenced by kit and other laboratory recovered similar amounts of DNA from shower hobashio
contaminant¥.In contrast, DNA extraction from hoselbio at the research institute and the hospital. While the amount of
samples resulted in variable but substantially higher quantil®A recovered is only a rough estimator dfi@bundance,
of DNA (Table SB Only two of 20 hose bion samples were this indicates that bims were present in shower hoses at the
excluded due to low DNA recovery. Both samples were takemaspital despite the CSI system being in use for six years. Thus,
the hospital in the same ward from patient bathrooms (LS14tte e ect of CSI on bidm abundance is not clear and may be
LS15H,Tables JandS3. dependent on substrate material. Peer-reviewed studies
Di erences in DNA recovery between faucet and hosevestigating multispecies s have to date not found an
bio Ims were likely due to drences in substrate material. Thee ect of CSI on the amount of Hin produced®>>°
shower hoses were madeeafble plastics, whereas the faucets Diversity and Taxonomy of Shower Hose Biolms.
were made of brass or brass-like materials: metal all@jsersity analyses of the shower hosdmsiorevealed
containing zinc and copper. The exact plastic and metallicerences in community composition (ANOSIM R 70.2,
compositions are not known. Hwang*€tralted that artcial = 0.022Table Spand species richnes$gre S2, Table)$7
drinking water bitms grown on brass gave less DNA yieltbetween samples recovered from the research institute and the
compared to bitms grown on plastic. Others have shown thahospital, but the dérences were less clear than those observed
substrate material sigrantly inuences the formation for the water samplgsidure 2Figure S2, Table)SBio Ims
potential and diversity of Hims in drinking water systetns. recovered from the research institute had a higher observed
In general, metallic materials appear to have a lowrer bio OTU richness than those recovered from the hospital
formation potential than materials based on plastic polymékguskal Wallis chi2 = 9.69p,= 0.002; abstracgure and
such as, for example, polyvinyl chloride (PVC) or polyethyleR@ure S2)p Species evenness was similar between the two
(PE)?* materials that are frequently used in shower hoses. buildings (KruskaWallis chi2 = 2.8%,= 0.091) and much
Variable amounts of DNA recovered from individual showkwer when compared to the water samples (Kii&das
hoses may be due to a multitude of factors: First of all, tlehi2 = 27.23% < 0.001Figure Sand abstractgure,Table
sampling was not quantitative. While altt avas made to  S7)
keep the sampling protocol the same for all shower hosesAll bio Im samples at the research institute and the hospital
di erences in area swabbed may have occurred. Further, neitlege dominated hbijroteobacteriaspeciallAlphaproteobac-
shower hose age nor use frequency nor precise material viena (Figure 3 This taxon often dominates higs in
known and may have varied within and between buildingsinking water systeffi§>>*>’ Overall, 292 dérent OTUs
These three factors are known to have imporets ®n the  were detected in all shower hosdrnisamples, but only two
amount and composition of shower hosénts0>>* Finally, were present in all samples with an abundance >0.1%. Both
water disinfection in general has been shown to haeetan e these core OTUs were classiasAlphaproteobactenae as
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Rhizobialethe other aSphingomonadalBse abundances of Detection and Diversity of Legionella The CSI system
these core OTUs varied widely between the samples, laitthe hospital was installed in 2009 to cobeuadnel&
overall, they comprised 28% of allliniccequencesTéble Already a few weeks after installatiegjonellamaumbers
S9. dropped to zerd, and no recolonization has been observed
Recently, three other studies have characterized the bactsiiale (R. Almo, Technical department, Lovisenberg Diakonale
communities of shower hose Inis using high-throughput Hospital, Pers. combegionellenonitoring at the hospital is
sequencing technokﬁg?/."58 Two studies used 16S rDNA based oregionellaulture in accordance with ISO 11731-2.
amplicon sequencifty; the third used shotgun metagenom- The same culture method was used during the present study. In
ics sequencing in combination with bacterial culfuf¥ig. line with the monitoring results, begionellaacteria were
these, one study used 16S rDNA amplicon sequencing awltured from any of the water or biosamples taken at the
investigate the ect of shower hose material andimi@age hospital. However, there were alsoLegionelldacteria
on community composition in a model systathe authors  cultured from any of the other water orlbiccamples taken
showed that both age and material hadegghimpacts on  during the present study. Likewise, all ELISA tests were
bacterial communities, but that communities became maregative. This suggests that active, cullLeghiaellaacteria
alike with ag¥ Furthermore, they found that opportunistic were absent or rare in all water andrbisamples taken at
pathogens were more common in low-biomadsdidhe Oset DWTP, at the research institute, and at the hospital.
second study investigated a variety olfirtsidrom shower In contrast to the culturing and ELISA results, limited
hoses collected around the wirlBhe results showed that numbers of sequences cladsad egionelleere detected in
disinfection use in general had importaett® on the  all water samples and someltsicsamples, including those
thickness and diversity of bibsamples. Disinfection exposed taken after CSI treatment at the hospitalble SIjL
bio Ims were thinner and had a lower cell concentration arldowever, the relative abundancelLefioneHalassied
species richness. Furthermore, similar taghstudy, thin ~ sequences per sample was low, ranging from 0 to 2.6%
bio Ims were more likely to host potential opportunistidmedian 0.3%). In geneiatgionellaequences were virtually
pathogen€ The third study used culturing and shotgunabsent from bitm samples, except for one shower hose
metagenomic sequencing to characterize the bwnmun-  bio Im sample at the research institute (FSIble S1)L
ities of hospital shower ho¥elm shotgun metagenomics Other researchers have also recoveredLegiomell&rom
sequencing, all DNA within a sample is sequenced and not daljk water than from bims samples in a diverse range of
specic markers, such as in 16S rDNA amplicon sequencirfijinking water systeffi§->?
This study retrieved sigrantly dierent communities with ~ Overall, six OTUs were clasdi asLegioneljathree
both approaché8. The culturing approach retrieved a relatively abundant (Otu00079, Otu00111, Otu00124) and
community dominated Wroteobacteriwhile the metage- three rare OTUs (Otu00289, Otu00324, Otu0d340re ).
nomics approach recovered communities dominated by

(%

Mycobacterigere enriched in showerhead livis receiving
municipal chlorine-treated water but not present in showerheg

(5]

oty

n

0.010

0.000 l!!!

biomass bidms not exposed to chlorinafidit,appears that
the processes leading to an enrichment of drinking wat

Mycobacteridiike taxa. In a ddrent study, nontuberculous =
bio Ims receiving chlorine-free watés manyMycobacteria g Eg}sggfﬁ
are highly chlorine-resisténit has been suggested that 3 aomomm
chlorination may result iMycobacteri@nrichment in g Dg}aggggj
bio Ims>® However, considering that opportunistic pathogenz [Clotoos40
including Actinomycetalbacteria may be enriched in low- & ! b B
o = L
! . . : . s2532% 35333333 333E3iizic
bio Ims with Mycobacteriand other potentially pathogenic SRYERy 3233320 r SoCr 2SSO
species are more complex. Segitil thpuLbbr AJJ-dd44d447
P b : : R. institute Hospital
NontuberculousMycobacteriapp. have previously been
cold warm warm

suggested to be more tolerant to CSlltkgionellbacterid®
but an enrichment dflycobacteria bio Ims or warm-water  Figure 4.Relative abundancelefgioneHealassied sequences in all
samples from the hospital was not detected in the presavater samples. Samples: 01RBL1W, group 1; FSO3RE13W,
study. Sequences clasbiasActinomycetaléisus potentially — group 2; LS14WLIB21W, group 3. Séeversity and Taxonomy of
includingMycobacterand Mycobacteritke taxa, were much \ater Samplesection for discussion of groups.

less abundant in bims compared to water samples (Kruskal
Wallis chi-squared = 21.1B5yalue < 0.001Figure S} Interestingly, the three abundant OTUs showed a nonrandom
Furthermore, no dérence in relative abundance between théistribution: Otu00124 was present in all water samples with
three water sample groups or between thenbgooups was  similar proportions. Otu00079 was virtually absent from all
detected Kigure SY LikewiseP. aeruginoses previously cold-water samples and from warm-water samples at the
been indicated to be more tolerant to CSI treatment thahospital but was most abundant in the warm-water samples at
Legionellbacterid?’ but Pseudomonadalessied sequen-  the research institutBigure 4andFigure S6 Otu00111 in

ces were not enriched in the hospital water dmsamples  contrast was most abundant in the warm-water samples at the
(Figure Sp The abundance Bseudmonadadeguences was hospital but was only present as a small fraction in the warm-
in general low: <3% relative abundance in all samples, exeegier samples at the research institute and in all cold-water
two hose bidm samples, one at the research institute (FS11KamplesKigure 4andFigure Sp These observations suggest
28%) and one at the hospital (slaower LS20H, 53% relative that at least a small numbet_efiionellavere present in all
abundance). water samples and that edent conditions or locations

3361 DOI:10.1021/acs.est.7b05963
Environ. Sci. Techn@018, 52, 33543364


http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b05963/suppl_file/es7b05963_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b05963

Environmental Science & Technology

selected for dérentLegionell®TUs. Water temperature is using live/dead dérentiation methods will be useful in the
one plausible selective factor, as relatively Legianella  future.

sequences were detected in warm-water compared to coldAnalyses of specitaxa indicate that drentLegionella

water samples, but location, CSI treatment, or other unknowammunities were present in cold-water samples, warm-water
factors may also have played important roles. It has for exanspl@ples at the research institute, and CSl-treated warm-water
been shown that property age, shower age, frequency of aaeples at the hospital. Furthermore, one uredassi

and shower head cleaning have importautsefor the  Betaproteobacte@dU was highly enriched in the water
abundance dfegionellm household showéfs. samples at the hospital. To characterize #rerdlLegionella

Our nding that a diversity lbégionellbacteria are present communities and the enriched OTU in detail, metagenomic
in drinking water samples are in line with those from othehotgun-sequencing may be necessary.
research studies. For example, 16S rDidgerprinting It is also noteworthy that neithéctinomycetalesr
methodology showed that a variety lofgionellaypes are ~ Pseudomonadagpeared to be enriched in the Ibioor
present in drinking water, but thatlthgionelleommunities ~ water samples at the hospital compared to the other samples.
change from surface reservoir to tap water. Furthermore, Beth nontuberculoudycobacterispp:® and P. aerugindsa
same authors found that heating caused a shift to thermopHilie previously been indicated to be highly tolerant to CSI
species and a 3-faldgionellacrease. In additidieat-and-  treatment. In future studies, it will be interesting to quantify the

ush disinfection using similar temperatures as the hot-watrect of CSI on the absolute abundance and viability of these
temperatures at the hospital and the research institute has bgefential opportunistic pathogens.
shown to select for heat-toleraegionellatrain$. Further-
more, several disinfection methods and heat may induce a ASSOCIATED CONTENT
viable but nonculturable (VBNC) statkeégionellnacterid. *  Supporting Information
Induction of a VBNC state may be one reason why we (afthe Supporting Information is available free of charge on the
other§?’ detectedLegionelldhrough 16S rDNA amplicon ACS Publications websiteDOI: 10.1021/acs.est. 7b05963
sequencing but not through culturing. DNA based PCR and i
sequencing methodologies cannot discern whether the bacteria 11 Tables and 6 FiguréXp)
detected are active, dead, or in a VBNC state.

Limitations and Further Perspectives.Here, we aimed AUTHO_R INFORMATION
to characterize theeets of CSI on the bacterial community Corresponding Author
composition of drinking water and bis in a full-scale ~*E-mail:anke.stuken@fhi.no
system. Our results show that the bacterial warm-wat@RCID
communities recovered from buildings with and without C®{nke Stken:0000-0002-7553-9524
are relatively homogeneous within each building kut di aythor Contributions
signicantly between the two buildings. It is tempting toa)| authors contributed to the manuscript and approved the
conclude that the dirences observed are due to disinfection 5| version.
with CSI treatment.

However, others have shown that buildiegt® (i.e., the
accumulated inherent eliences between buildings) may
explain the majority of variation observed in bacteri
communities encountered in drinking water distributio
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community composition in addition to CSI treatmmibl¢
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