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BackgroundHelicobacter pylori is a gut bacterium that is the primary cause of gastric cancer.
H. pylori infectionhas been consistently associated with lack of access to sanitation and clean
drinking water. In this study, we conducted time-series sampling of drinking water & Bamu

to examing trends dd. pylori contamination and other water characteristics.

Materials and Method®rinking water samples were collected from a single faucet in Lima’s

Lince districtfiverdays per week from June 20M&ay 2016, angbH, temperature, free available
chlorine, and conductivity were measured. Quantitids.giylori in all watersamples were
measured using quantitative polymerase chain reaction (qPCR). Relationshpsrbittey
presence/absence and quantityopylori and water characteristics in the 2€A®1L6 period

were examined using regression methods accountingddime series design.

Results:49/241:(20.3%) ofirinking water samples were contaminated Witlpylori. Statistical
analyses identified no associations betwssmpling date and the likelihood of contamination
with H. pylori. Statistically significantelationships were found between lower temperatures and
a lower likelihood of th@resence offl. pylori (p<0.05), as well as between higher pH and higher

guantitesaf H. pylori (p<0.05).

ConclusiensThis study has provided evidence of the presence of H. pylori DNA in the drinking
water of a.single drinking water faucet in the Lince district of Lima. Howeneseasonal trends
were observed~urther studies are neededigiermine the presenceltdf pylori in other

drinking water sources in othdistricts in Lima as well as taletermine theiability of H. pylori

in these watersourceSuch studies would potentially allow for better understanding and

estimates of the risk affectiondue to exposure td. pylori in drinking water.
I ntroduction

Helicobacter-pylori (H. pylori) is astomach bacterium that, while asymptomatic in most people,
can cause a cascade of gastric pathology leading to the development of gastric
adenocarcinomsa’. For this reason, it is categorized as a class 1 carcifdgenpylori

infectionis hypothesized to be transmitted directly through fecal-oral,ovedl-or gastrepral
routes, or indiréctly through reservoirs, includfogd and watet-® Although the global
prevalence oH. pylori infection is decreasing, it is more prevalent indiomome nationgs
compared with high-income nations, with estimates in adults as low as 11%gitnBand up

to 93.6% inNigeria’ Lima, Peru, where the first association between water source gnyiori
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infection was discovered, has an estimated prevalence of 236991, Klein et al. found
higher odds oH. pylori infection among study participants in Lima with municipal drinking
water compared to those using private welBince that time, lack of access to clean drinking
water and_proper sanitation has been identified in epidemiological studies as a risk fattor for

pylori infection®®*°.

H. pyleri‘rapidly changes morphology from a spiral bacillus to a coccoid form in water,
entering aviabléutnot-culturable (VBNC) state that makes it challenging to culaune
renders cultivation techniques an inadequate stdome way of detecting. pylori in water'®
18 Recently, howevefive independent studies have isolated and cultbrgylori in
wastewatér and drinking water?. In addition,H. pylori has been reliably detected in
recreational and drinking water using molecular biology techniques such anB@Roaescent

in-situ hybridizati0n4'16’17'2426

, andhas been showto survive in water distribution systems,
likely througheprotection from biofilm& 2% Further H. pylori may be able to better survive in
the presenceof certain freshwaaenoebaé® andmarine zooplanktof’, suggesting anothe
route of survival in wateiVhile the VBNC form ofH. pylori has been shown to be infectious in
mice via gavagé">?(but not in drinking watefy, and viable, cultwbleH. pylori is infectious

through thé*route of drinking water in mite

While'it'is plausible that water contaminatedHbypylori is a route for the transmission
of H. pylori infection, the quantities di. pylori reported to be in drinking water and thus the
risk of infection from such sources remain poorly characterized. Existing stadiesreasured
the quantities ofl. pylori in wastewatef°, surface watet’, and recreational watét, and
several studiesshave measured the presence/absdtggytdri in drinking water using
PCR*#42(50%, 28.6%, and 4% positive, respectively). To our knowledge, only two studies
have quantitatively measurét pylori in municipal drinking water: one by our group in Lima,
Peru®®, and theother in Spaifl Both studies had limited sample sizes (n=87 and n=24,
respectively), and were conducted in a variety of locations. In Peru, the highestyapfd.
pylori found in drinking water was 1.6E6 genome copié&/which was remarkably similar to
Spain, where the highest quantity was reported as it was 1.59E3 genome copies/mlentquiva

to 1.59E6 genome copiesiL
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To follow up our initialwork in Lima, we performed twemall studiesThe first of these
conducted in 2013 examined finater samples collected from wells used to supplement the
drinking water downstream of the municipal treatment plEmse wells were located in the
districts of Surco, El Agustino, Puente Piedra, and Comas. Second, 17 drinking watessam
were collectd.between June T@nd July 18 of 2014 from a single sink in the Lince district in
Lima. Samples'were collected once to twice per week, except during the week of Thing/30
4™ when samples were collected twice per day from Monday to F8#&gamples collected
from wells'and™9/17 drinking water samples collected in the summer of 2014 showed
contamination withH. pylori, with well water samples containing up to 2.3E3 genome copies/L
of H. pylorisand,drinking water samples containing up to 1.95E4 genome copidd/lpgbri
(Xi lab, unpublished data).

To follow up our studies anidetter characterize the quantities and variatiod.qlylori
in drinkingswater over time, we the@onducted a quantitative assessmeri.gdylori in water in

the Lince district inLima, Peru
Materialsiand Methods
Water sample collection

241 totaldrinking water samples were collected qureday, five days per week from a single
sink within a government building in the Lince district in Lima from June 2015 through the end
of May 2016..Approximately 20 people utilize this sink regula@kgrile bottles with sodium
thiosulfate'were prepared prior to sampling. 1L aliquots of drinking waterce#eetedfrom

the faucet after allowing the water to run forestdt one minute, and then concentrated by
vacuum filtration onto 0.22pM filter membrarf@sWater quality parameters including pH,
temperature, and conductivity were monitored, and free available chlorineesasn@d using

N,N Diethykds4Phenylenediamine Sulfate (DPD) among samples collected from June 2015 to
May 2016=Samples were handled per the US Geological Survey guid@liA#smemiranes

were stored @B0°C until processing and analyatsthe University of Michigan

DNA extraction from membranes
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The following phenol chloroformrotocol for DNA extraction was adapted from Holinger et al.
2014*%, Each 0.22 pM filter (EMD Millipore, Ontario, Canada) was cut into >20 pieces using
sterilized scissors, and placed into 2mL tubastaining ~0.5 g of 0.1 mm silica/zirconium
beads (Biospec Products, OK, USA), 500 pL of phenol/chloroform/isoamyl (25:24:1) and 500

uL of lysis buffer (75mM NaCl, 75mM TRIS pH 8.0, 7.5mM EDTA, 2.85% SDSamples

were mechanically bead beaten for 2.5 minutes at high speed to seplsdtem the

membrane and-lyse the cells. To separate phases, tubes were centrifuged for 7 minutes at
16,000xg. Following centrifugation, ~450 puL of aqueous phase was transferred to a new 1.5 mL
tube. 10 plL of glycogen (10 mg/mL), 200 puL of 7.5M-ammonium acetate and 650 pL of
isopropanel weradded to precipitate the DNA. The samples viees centrifuged for 25
minutes at'16,000x g to pellet the DNAfterwards, he supernatant was removed, and pellets
were washed with 1 mL of cold 70% ethanol. The samples were then inverted 15-3@ntiimes
centrifuged for 10 minutes at 16,000x g. After removal of ethaimelpellets were dried at 35°C
for 1-2 hours using a vacuum spinner. DNA Pellets were suspendediingfdOmM TRIS

with 1mM EDTA, pH 8.0. Following DNA extraction, samples were purified by washitig

1mL of 4°C 70% ethanol and 1@ of 3M-sodium acetatéAfter inverting the samplaibes 15-

30 times,they were centrifuged for 10 min at 16,000x g. Ethanol was removed, and pellets were
dried at 35°C for 1-2 hours using a vacuum spinner. Pellets were again suspenddd ah 40
10mM TRIS and 1mM EDTA, pH 8.0.

gPCR (quantitative polymerase chain reaction)

gPCR was performed on extracted DNA using a highly sensitive, previously egdblish

method* Briefly, the number of genome copies/LHfpylori in drinking water was quantified
using a reaction mixture containing 1D 2xSYBR GREEN PCR Master Mix (Applied
BiosystemsGrand Island, NY, USA), 0.3 pL of each 20 uM primers HpA-
(ACTTTCTCGCTAGCTGGATGGTA) and HpR (GCGAGCGTGGTGGCTTT), 8.9uL of

sterile RER water, and 0.5 pL of DNA template. Plates also included negative controls (no DNA
added) and positive controld.(pylori strain SS1 DNA), and a standard curve was constructed
with 0.5E1 to 5E5 genoencopief H. pylori strain SS1 DNAGiven that each. pylori

genome has 1 copy bpaA,** we assumed that one genome copk gylori was equivalent to

1 genomic unit (GU). The lowest value (0.5E1 @g®e copies) was used to determine the limit
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of detection in calculating the quantityldf pylori in each sample. gPCR was run under the
following conditions: 95°C for 10 minutes, 45 cycles of 95°C for 15 seconds and 60°C for 1
minute, followed by a melting curve analysis, ramping from 60°C toAlbélrinking water

samples, standard curve samples, and controls were run in triplicate.

Satistical analysis

All statistical-analyses were conductedRrStudio version 0.99.89Descriptive statistics were
used to examine the distributiontéf pylori contaminationpH, temperature, conductivity, and
free available.chlorine. Timseries plots were constructed to examine potential seasonal patterns

in water charaecteristics.

Duethe large number of negative samples (~80%), two mesis runto account for
zeroinflated.data. The first was a logistic regression that modeled the presence/abstnce of
pylori, based.en all samples. The second was a linear regression modeling the quidntity of
pylori as an outcome, run on non-zero samples only. Put together, these regressions model the
presence or absencekdfpylori in the sample, and, conditional on beingoaitive sample, the
quantity present. Both models were adjusted for all water characteristiriates. Since the
data arise"as a time series because sampling occurred from a single location over the course of
one yearfwo approaches were used to aguofor the possibility of autocorrelation in the
samples (l.es-RON-independence from tagay). First, the prior day’s presence/absendd.of
pylori contamination was included as a predictor in both models. Second, the autocorrelative
effects of date"on the presence/absend¢ pflori wasmeasured in the logistic regression by
incorporating a smooth function of date of sample using the R ‘gam’ package. The smooth
function adjusts:for autocorrelation by modeling the potential teng-calendar trends the
presencefabsence ldf pylori. Smoothing functions were also used to investigate potential non-

linearity instheseffect of the remaining water characteristics on the preseHceybori.

Model residuals were used to examine model fit and to identify potentially outlying
values. The influence of extreme values was examined by removing these values fradghe m
and examining the resulting robustness of the models. Due to the highly-skewed distobuti

residualsthe quantities dfl. pylori werelog-transformed in thénear regressiomodel.
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Results
H. pylori in drinking water

Throughout the sampling period (June 2015 to May 2016) contamination of the drinking water
with H. pyleri'was observed, with 23% (49/241) of samples being positive for H. pylori. Each
month H. pylori contamination was detected on at least one day, with the longeBtdttete
without a positive sample being 25 days (Fig 1l1AXhis figure, the limit of detectiois
reportedas400 genome copies/L, due to back-calculation from the total elution volume and
guantity of'sample used per reaction [(5 genome copies/well) * (well/0.5 pL 9anipleuL of

total DNA/L"drinking watersample)].

Figurel.
Water characteristics

There weresome missing measurements in the water characteristics ddtaldcle of reagent

or instrumentation on that sampling d@able 1, Figure 1B, 1C, 1D, 1EpH was measured in
238/241 samples, conductivity in 232/24rke available chlorine in 8241, and temperature in
240/241.The World Health OrganizatiafWwWHO) recommends that the free chlorine residual
available in dfinking water should be between 0.2 and 0.5fgll69209 samples were at or
below 0.5'mg/lyy 20/209 samples were above 0.5mg/L, and 17/209 samples were below the
minimum recommended residual of 0.2mg/L i&ef chlorine (Table)1 The WHOrecommends
that the pH'6fdrinking water should be above 6.5 and below 8.5 to avoid corrd3i@6238
samplesvere below the minimum recommended guideline of 6.5. Temperatures ranged from
19.7-27.7°C, and conductivity ranged from 326-@Bicm

Table 1. Water_characteristics from June 2015-M ay 2016 sampling campaign

N Range Median | Mean Notes
H. pylorisgénome | 241 0-2.56E3 | 0 60.68 49/241 samples positive, 1
copieglL above the detectable limit
pH 238 5.16-8.43 | 6.68 6.54 96 samplesverebelow the

EPA recommendation of 6.5

(too acidic)
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Temperature in | 240 19.7-27.7 | 23.3 23.6 Fairly high temperatures,

Celsius good conditions for bacterial
growth

Conductivity in 232 326-616 | 512 504.8

pnS/cm

Free chlorine 209 0.01-0.78 | 0.37 0.3658 | 17/209 samples below

residual (FAC)n WHO recommendation of

mg/L 0.2-0.5 mg/L of FAC

Tablel. Summary ofvater characteristics from sampling campaign in Lima frone 2015 through May 2016.
Note: Not all water characteristics were measured in all samipéeto lack of reagent or instrumentation on that

sampling day.
Associations between water characteristics and H. pylori

We found assignificant negative association between temperature and presénggdat,
regardlessioefithe method of analysiscAunting for date using a smoothing function and all
other covariates we found that the log odds of the presendd.gdylori was37% lower (3=-
0.46, SE=0.18, p<0.0per degree higher temperatf@able2, 1a). When accounting for
autocorrelatien with the previous date (Table 2, 1b), the log odds of the presehgglofi

was 21%lower per degree higher temperaid+e0.24, SE=0.13, p<0.XYable 2 1b)
Temperature remained statistically significant in the smoothed model, éantiemost
influential peint.was removed (p<0.05). Although the approach to adjusting for auto eomrelat
(smoothing vs."adjusting for prior day) changes the direction of the association with pldspH
not significantly related to presence/absendd.gdylori in either model.

In the logtransformedinear regression models incorporating only positive samples, w
found a significant positive association between pH and the quanktypyfori and a
marginally significant negative association between conductivity and quankitypgfori. The
guantity-ofH. pylori was 139% higher for each unit higher in pH, and 0.62% IpegunS/cm
higher of conductivity (3=-0.0027, SE=0.0015, p<0.1). After removingnib&tinfluential data
point, the quantity oH. pylori was95% higher for each unit higher in pH (3=0.29, SE=0.14,
p<0.1,Table2, 2b).
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We did not find a statistically significant association between calendar time (i.e., long

term seasonal trends) and the presene¢ pylori (figure not shown). Similarly, we did not find

association between the peese ofH. pylori in a given sample and presencédopylori in the

prior day’s sample.

Table 2: Statistical models examining the relationship of pH, free available chlorine residual,

conductivityytemperature, and the presence/absence or quarityyori.

Variables Model 1a: Model 1b: Logistic | Model 2a: Log- | Model 2b: Log-
Logistic Regressiotfor transformed transformed
Regressiorfor presence/absence pSimple Linear Simple linear
presence/absence H. pylori - Regresionfor Regressiorfor
of H. pylori with | autocorrelation quantities oH. guantities oH.
smoothing (3, adjustment (3, SE)| pylori (3, SE). pylori (3, SE)with
SE). influential outlier

removed .

Intercept 9.73 (5.42) 5.41 (5.12) 0.29 (2.25) 1.54 (2.31)

Prior day N/A 0.27 (0.43) 0.03 (0.18) 0.034 (0.18)

presence/absence

of H. pylori

CI2 residual -0.33 (1.6) -0.99 (1.58) 0.56 (0.67) 0.28 (0.67)

pH 0.23 (0.33) -0.04 (0.31) 0.38 (0.14)** 0.29 (0.14)*

Conductivity -0.003 (0.004) -0.001 (0.004) -0.0027 (0.0015)% -0.002 (0.0015)

Temperature -0.46 (0.18) ** -0.24 (0.13)* 0.025 (0.57) -0.017 (0.06)

Table2. *=p%0.1, **=p<0.05

Discussion

To our knowledge, this is the longéishe-seriessampling studyf drinking water contamination

with H. pyleri in Lima, Peru Based on our sampling, it appetrat drinking water in Lima is

contaminated with. pylori 20.3% of the time (49/241 positive samples), in both the drinking

watercollected in Lince and in the wells used to supplement the treated drinkingsuaydy.

Based on thaull associatios foundbetween presence/absencéiopylori andthe prior day’s
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sample there is no strong autocorrelation to indicate any seasonal trends, suggesting that

contamination occurs randomly over time in this location.

While we found statistically significant relationships between temperatdréha
presence/absence df pylori and between pH, conductivity, and the quantitidopylori,
inference fromiour data is somewhat difficlitt.a previous laboratory study, the optimal pH for
H. pylori survivalin water was found to be 5.8-6.9, but that doéscaunt for other relevant
factors, such as eexposure with chloriné. Multiple studies have showhatH. pylori can
survive longer,at lower temperatuiesboth well water and river wateéf:” However since all
cells wentiinto.the VBNC statthe authorgould not comment on persistence or reproduction at
these temperatureAlthoughour results are in line with other literature, more research is needed
to tease out whethet. pylori dies more quickly at higher temperature, or simply moves into a
VBNC state more rapidlyThe lack ofan explanatory mechanism for how pH might be
positively assoeiated with the quantity idf pylori makes it uncertain whether these relationships
aremeaningfulGiven this,it seems likely that otheunaccounteder biotic and abiotidactors
might be importanin relation to thegpresence or quantity &f. pylori contaminationsuch as the
frequency of infusions of wellkater from contaminated wellspntamination from leaks in the

distributionsystem and the stochastic shedding of cells from biofilms in the pipes.

Despite this, our current stughows that there is contamination of drinking water with
H. pylori in Lima, PeruSince 1996there have been mixed reports of the presenkk pylori
in drinking water Investigationsn Peru*?® Sweder®, Pakistart’, Iraq*®, Iran®**° Costa
Rica® and Spair® have shown contamination of drinking water withpylori using PCR,
culture, and-mieroscopy techniques such as fluorescesituitmybridization. In contrastiigdies
in Bangladesf2and Japart® failed to detecH. pylori in treateddrinking water though the
studyin Japan‘and a further study in Scandinavia detd¢iggliori via PCR in untreated well
waterused as drinking watéf*® The results from our study are consistent with those that
reported contamination, though the scope of our sampling, in terms of length of time and number
of samples, was wider than any previously reported sitlty quantities oH. pylori we found
were also substantially lower than those reported in Spain and Peru, with our e steing

2.5E3 genome copies/L, compared to 1.59 and 1.6E6 genome copispictively®

Limitations
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Sincewe used a DNAased method of detection, we could not determine between viable
and non-viabldH. pylori cells in drinking water, so we are unable to infer whether the DNA
amplified was from culturable, viable but nonkurable, omonwviableH. pylori cells. Thus,
examining, our results in a risk assessment format would be problematie camnnot determine
the relative proportions of each form, ahd relative infectiousness of the VBNC compared to
the culturable form is not well characterized. Howe$en et al(2011) found thaltl. pylori
DNA cannot'be"amplified after exposure to chlorine in tap water for 2-3 dayspd p&time
that it typically"takes for water to go from the treatment plant to a hous&hwithile this may
suggest that the DNA detected in our and other studies in chlorinated drinkimgnagitbave
come fromsVBNCor viale, culturableH. pylori cells it is in no way conclusive.

Further, it is uncertain whether water in the Lince district is representative of water
elsewhere in Lima. Based on our previous cross-sectional sampling through the gty ,of L
there appearei be widespread of contamination that this did not appear to be linked to a
specific districf®. Given that there are leaks in the distribution system laathtge amount of
unaccounteder water®”, it is possible that some areas of Lima might have more contamination
than others. Further studies are needed throughout the city to examine whédther suc

contamination.is systemic.
Public Health Tmplications

Other studiesn the literaturgorovide more of a snapshot of water contamination Witpylori,
collecting samples either once or a handful of times from multiple locdfiéhi¥ By collecting
water fromia single location over a year, we better charaalaheeannual body burden idf

pylori from drinking water inthe Lince district irLima, which can be used to more accurately
assess risk of infection from this exposure rodt@wvever, this relationship may be modified by
downstream water treatment techniques, such as boiling and bleach d@mnfecteed,

according to a survey by the World Bank’s Water and Sanitation Program, 89% of people treat

tap water (primarily through boiling) before they drinRit.

The biggest limitation obur and other quantitative surveys-bfpylori contamination of
drinking wateris that they coulahot distinguish between VBNC, viable culturable, and non-
viableH. pylori cells. Thus, although several samples in our and other sttffiélsad quantities

of H. pylori found to be infectious in either mice, humans, or monk&ys* it is unclear
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293  whether the sampled water poses the same infectiouus# in dosing trials since these trials
294  used the viable, culturable statetbfpylori. In the only quantitative microbial risk assessment
295  performed thus far fad. pylori in drinking water, Ryan et al. (2014) recommended that the
296 maximum contaminant level goal fbi. pylori be set at <1 organism/L in drinkingaterbased

297  on the downstream risk of infection and gastric carcdat study usd quantities oH. pylori

298  found in surface and recreationedter®¢ which, when accounting for théfieiency of

299  municipal'water treatment in the USA, were substantially lower than fbosd in our study.

300 Further, the"eontamination teatedwater from La Atarje&?® and the onsistent contamination
301 of well-water used to supplement ttneateddrinking water(Xi et al., unpublished data)

302 highlights thesneed for point of use water treatment options and long term investmaterin w

303 treatment infrastructure fmrovide safe, potable water to the populatkima.
304 Conclusions

305  Overa oneyearsampling period, we detectét pylori in 20.3% ofdrinking watersamplegrom

306 Lima, Peru using qPCR, which suggesist there is continued contamination of the water

307  supplyin the Lince districtWe found no significant relationship between sampling date and
308 likelihoed=efH=pylori contamination, but found that increased temperature was associated with
309 alower likelihood of presence bff. pylori and that increased pHas associated with a higher
310 quantity ofH. pylori. Further studies are requiredd@wamine whether this is true in other

311 districts in Lima. Future studies should aimdentify potential sources for contamination and
312  better characterize the riskldf pylori in drinking water as well as examine the effectiveness of
313  downstream drinking water treatments, such as boiléinen that gastric cancer is the most

314 common cause:of cancer mortality in Peru, these findings highlight the need favefbeoht-

315  of-use heuseheld water treatment in the short term, andiéongnvestment in infrastructure to

316  provide highquality drinking watdor the citizens of Lima, Peru.
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