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The Safe Drinking Water Act (SDWA) regulates water quality in public drinking water systems, leaving most
individuals who obtain their drinking water from private wells unprotected by this legislation. Given that 15% of the
U.S. population relies on unregulated, privately owned wells for their drinking water (well drinking water; WDW),
there is an urgent need to assess whether WDW contains elevated levels of water quality constituents that could
detrimentally affect human health. Additionally, the SDWA does not regulate many emerging microbial
contaminants, including drinking water-associated pathogens that can infect immunocompromised individuals
(DWPIs), which are part of the broader group of microbial contaminants estimated by the CDC to cause 7.15
million waterborne illnesses annually in the U.S. This study compared concentrations of 33 chemical parameters
and the absolute abundance of two DWPIs in 20 well and 20 municipal drinking water (MDW) samples in northeast
lowa. Differences in microbial community structure were also assessed using 16S rRNA amplicon sequencing.
Samples were collected from 11 municipal systems, and WDW samples were selected based on proximity to
municipal service areas. WDW samples, on average, contained higher concentrations of most chemical
contaminants and DWPIs, and exhibited twice the species richness of MDW samples. Among regulated chemicals,
only nitrate exceeded the SDWA limit, and only in one WDW sample. At the microbiome level, WDW and MDW
samples had distinct community compositions, with the specific aquifer supplying the water explaining the greatest
variance in structure. These findings provide new insights into potential exposures among private well users.

This study uncovered notable microbiome differences in rural Iowa drinking water, revealing that well water harbored twice the microbial diversity of
municipal water. One well exceeded EPA nitrate thresholds, while others complied. Additionally, well water contained higher levels of most chemical
contaminants, highlighting the need for improved monitoring and regulatory oversight of private wells to ensure safe drinking water.

1. Introduction
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of the population—obtain their drinking water from privately
owned, self-supplied wells,"” while the majority rely on
public water systems regulated under the Safe Drinking
Water Act (SDWA). These public systems include not only
municipal utilities, but also systems operated by schools,
businesses, and other facilities serving 25 or more people. In
this study, all public water systems tested were municipally
operated and are hereafter referred to as municipal drinking
water (MDW). Unlike MDW, which undergoes physical and
chemical treatment prior to consumption, well drinking
water (WDW) is not regulated under the SDWA. This places a
disproportionate responsibility on the rural, low-income,
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immigrant, and minority communities who typically rely on
WDW.>* Many in these communities may not have access to
the education or resources necessary to maintain water
sanitation measures, making it an unexpected and costly
burden to ensure that their well water source is potable.>”
For example, studies examining well water quality in eastern
Iowa revealed that 73% of participants lacked any water
treatment system for their well water.> Further analyses of
these wells underscore their vulnerability, with contaminants
such as fecal coliforms, nitrates, pesticides, neonicotinoids,
and PFAS frequently detected, demonstrating the diverse
inorganic, organic, and microbial pollutants that pose
significant health risks to private well users.**’

The lack of treatment for most WDW raises significant
concerns as aquifers, the primary water source for wells, can be
negatively impacted by changes in land use, agricultural
practices, malfunctioning septic systems, and the nearby
operations of fracking and mining industries.* Additionally,
climate change-induced natural disasters, such as floods in the
Midwest, pose a risk to these private wells by introducing a wide
range of biological and chemical constituents®® that could
negatively impact human health. Meanwhile, municipal
drinking water systems, although regulated and treated, are
increasingly burdened by aging infrastructure,"* lack of
investment, and outdated regulations, as evidenced by the
C-grade assigned to the U.S. drinking water infrastructure by
the American Society of Civil Engineers."> While the challenges
differ—unregulated exposure in wells versus infrastructural
failings in municipal systems—both pose significant risks to
public health. This combination of insufficient infrastructure
and a lack of updated regulatory oversight means that the full
spectrum of contaminants potentially posing risks to public
health in both municipal and well water are not being
adequately addressed. Such research should not only
encompass regulated chemical contaminants and fecal
pathogens, but also address new and emerging contaminants
that have been largely unaccounted for in previous studies."*"°

Considering these potential interactions between chemicals
and the overall microbial community (microbiome) in DW,
there is a notable lack of studies that comparatively assess these
dynamics in MDW and WDW within the same geographical
area.'”'® Additionally, there is a significant lack of regulation
and knowledge regarding Drinking Water Pathogens that
predominantly cause infection in Immunocompromised
individuals (DWPIs). DWPIs, such as Legionella pneumophila
and nontuberculous mycobacteria (NTM),'*'** contribute
significantly to waterborne disease morbidity and mortality in
the U.S., and result in annual direct healthcare costs of $3.3
billion'®?* which significantly outpaces the traditionally
monitored fecal-borne pathogens.'®"® Literature has found
that MDW systems and building plumbing supplied by these
MDW plants are significant reservoirs of DWPIs.>” " However,
only one New Jersey study’> has compared the abundance of
NTM in biofilm swabs taken from plumbing supplied by either
WDW or MDW sources within the same geographic area.
Despite the importance of this paper,*” it remains unknown if
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differences in water chemistry, DWPIs, and the wider
microbiome exist in the water consumed by individuals
supplied by WDW and MDW. Additionally, numerous studies
have established connections between DWPIs and chemical
water quality parameters,”®**~*® underscoring the importance of
further understanding these relationships. Given these factors,
there is an urgent need to explore the well water exposome—
including both its chemical and microbial components—to
improve public health decision-making through the provision
of actionable information.

Although no governmental body has set specific regulatory
limits on these DWPIs, the European Union (EU) recently added
Legionella pneumophila and other emerging pathogens and
contaminants of concern to their Drinking Water Directive.*
This mandates that all water systems in the EU, including those
that serve well water, conduct routine monitoring, risk
assessments, and implement control measures across member
states.*® In the U.S., the Environmental Protection Agency (EPA)
has added these DWPIs and emerging contaminants, such as
lithium, to the 5th Unregulated Contaminant Monitoring
Rule’®*" (UCMR 5). This rule requires monitoring across a
representative number of distribution systems, primarily those
serving more than 10000 people, as well as selected smaller
municipalities. However, unlike the EU directive, the UCMR's
scope does not extend to privately owned well water systems,
leaving these users outside the regulatory framework. While the
UCMR is a positive step toward addressing contaminants of
concern, the current approach of the EU highlights ongoing
gaps in U.S. regulations. These gaps, particularly regarding
private well water users, underscore the need for comprehensive
updates to the SDWA to ensure that all water sources, both
municipal and private, are adequately monitored and protected.

Understanding the full exposome, which includes all the
environmental exposures related to WDW consumed by
American populations, is essential for informing public
health decisions and policy.

This study addresses a critical gap by documenting
biogeochemical interactions—specifically the relationships
between chemical composition, microbial community structure,
and the presence of DWPIs—across MDW and WDW sources
within the same geographical area. By analyzing 20 samples
from each source in Dubuque County, Iowa, this study
characterizes how the absence of standard treatment in WDW
may contribute to divergent microbial and chemical profiles.
Aquifer information was also incorporated to capture the
potential influence of underlying hydrogeology. We
hypothesized that WDW would contain higher levels of target
chemicals and DWPIs than MDW and that each water source
would exhibit a distinct microbial community structure.

2. Methodology
2.1 Participant selection and sample collection

To assess disparities in water quality between municipal
and well water sources, samples were collected from
Dubuque County, Iowa, an area characterized by a mix of

This journal is © The Royal Society of Chemistry 2025
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municipal water systems and a substantial number of
private wells. This study focused on comparing water quality
in wells located near, but outside of, municipal service areas
—regions where extending distribution lines can be costly
and often leaves rural residents reliant on self-supplied
water. By selecting well and municipal samples in close
geographic proximity, this study aimed to provide insight
into how water quality may vary due to a home's location
relative to city limits. Following IRB guidelines, participants
were informed of their individual results if any chemical
concentration in their water sample exceeded the SDWA
standards.

Drinking water samples were collected using standard
protocols,*>** which included the use of sterile gloves,
collection in acid-washed bottles, and immediate placement
on ice for transport. Samples were collected from faucets in
40 homes (Fig. 1), twenty of which received their drinking
water from 11 different Iowa municipalities (MDW), and
another twenty that used private wells (WDW). Participants
were identified through local networks, referrals, and known
well users in the region to ensure access to both municipal
and private well households across a range of geographies.
Prior to sampling, residents completed a brief survey on
their water use practices, such as filtration methods, bottled
water consumption, and tap water usage during cooking.
Samples were collected between August 2021 and October
2021. Briefly, 1 liter of cold water was collected in a sterile
Nalgene bottle after flushing the tap for 1 to 2 minutes.
Two 100 mL aliquots were removed for water chemical
quality and coliform analyses. The remaining 800 mL
sample were filtered through 0.2 um polycarbonate filters
and shipped to the University of Pittsburgh on ice. The
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filters were then stored at -20 °C until further analysis.
Appropriate field and filtration controls were also processed.

Source aquifer information was readily available for all
MDW sources through either the Iowa Department of Natural
Resources or the websites of each water provider. For private
wells, we used publicly available information in the Iowa
Department of Natural Resources Private Well Tracking
System, with assistance from personnel at the Iowa
Geological Survey, to make assignments of the aquifers from
which WDW was sourced. Details of how aquifer assignments
were made have been previously described.** Across all
sampling locations, MDW and WDW were sourced from the
Cambrian-Ordovician, Silurian, Galena, or alluvial aquifers,
with many municipal samples drawing water from a
combination of two or more of these aquifers (Table S1%).
The primary difference between the water sources is that
MDW samples undergo treatment at a drinking water plant
before consumption (Table S2+).

2.2 Consumer survey

All study participants were asked to complete an IRB-
approved survey regarding their use of household water
treatment. Surveys included questions about (1) the use of a
water treatment system within the home, and if so, which
type; (2) whether a water softener was installed, and if so,
how frequently it was maintained; (3) the use of filters either
attached to faucets or within pitchers, and if so, how
frequently filters were changed; (4) use of bottled water
instead of tap water; and (5) use of tap water in cooking and
food preparation. Surveys were collected for all 40 study
participants, 20 municipal and 20 well homes.
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Fig. 1 Map of study sampling locations in lowa.
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2.3 Water quality analysis

Thirty-three water quality parameters were analyzed at the
University of lowa using standard methods®® (Table S3t). On-
site data for temperature and pH were collected using a YSI
multiparameter sonde (Yellow Spring Instruments, Yellow
Springs, OH, USA). Although temperature and pH were
measured in the field, these data were not consistently
available across all samples and are therefore not reported in
Table S3t to avoid presenting incomplete results.

Total metal concentrations were evaluated using
inductively coupled plasma mass spectrometry (NexION 300x,
PerkinElmer, Waltham, MA for arsenic or Agilent 7900,
Agilent Technologies, Santa Clara, CA for the remaining) after
digestion in 2% nitric acid. Nitrate plus nitrite, total
coliform, and E. coli analysis were performed at the State
Hygienic Laboratory of Iowa. Nitrate plus nitrite (as N) was
measured using EPA standard method 353.2, whereas total
coliform and E. coli bacteria were determined using standard
method 9223 B.

2.4 Digital droplet PCR and sequencing

DNA was extracted from the stored filters using the FastDNA
Spin kit (MP Biomedicals, Solon, OH) following the
procedure documented in Spencer-Williams et al.,*® and the
resulting DNA was stored at -20 °C. The density of total
bacteria, and drinking water-associated pathogens (DWPIs),
including L. pneumophila and non-tuberculous mycobacteria
(NTM), were determined using droplet digital PCR (ddPCR),
targeting the 16S rRNA gene, the mip gene, and the atpE
gene, respectively.”® ddPCR reactions were performed for all
DNA samples, alongside negative controls (ddPCR negative
controls, filtration controls, and extraction controls) and
positive controls (gBlocks of the target amplicons, Integrated
DNA Technologies, Inc., Coralville, IA, USA). Droplets were
generated to a 20 pL reaction volume in a 96-well plate that
was heat-sealed. PCR was then performed on the C1000
Touch™ Thermal Cycler (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) within 15 minutes of droplet generation.
Plates were run on the droplet reader within 1 hour of PCR
completion, and thresholds were set for each ddPCR assay
using Quantasoft v1.0.596 (Table S37).

16S rRNA gene amplicon library preparation and
sequencing were performed on all samples at Argonne
National Laboratory following the Illumina Earth Microbiome
Protocol.”” Samples were sequenced on an Illumina
HiSeq2500, generating a total of 3301721 raw reads.
Microbiome analysis was conducted using QIIME2, with
quality filtering based on the method described by Bolyen
et al.*® Reads were assigned to operational taxonomic units
(OTUs) using a 97% cutoff and the closed reference OTU-
picking protocol in QIIME2 (version 2020.2), utilizing both
the Silva (version 132.5) and Greengenes (version 13.5)
databases. Due to low sequencing read counts, nine samples
were removed from the dataset, resulting in 16 WDW
samples and 15 MDW samples.
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2.5 Functional analyses

To assess potential functional differences in the microbiome
of MDW and WDW, operational taxonomic unit (OTU)
matrices were processed using the online BugBase database
for phenotype prediction.*® BugBase can predict the presence
of various phenotypic traits in microbial communities by
analyzing OTU data. The default BugBase analysis evaluates
common traits for most prokaryotic organisms, including
aerobic and anaerobic respiration, Gram-negative and Gram-
positive delineation, pathogenic presence, and stress
tolerance. Given the rural and highly agricultural nature of
the sample locations, additional traits related to phosphorus,
nitrogen, and sulfur metabolism were chosen from a
BugBase-compatible Kyoto Encyclopedia of Genes and
Genomes (KEGG) list and analyzed (Table S4+).

2.6 Statistical analyses

Hellinger transformation was performed on the OTU tables
generated to mitigate the effects of the zeros and low/rare
taxa in the dataset prior to microbiome analysis.*’ The
transformed OTU data were then used to calculate pairwise
dissimilarities between samples based on the Bray-Curtis
dissimilarity index, with the resulting matrices examined for
temporal and spatial patterns in the bacterial community
structure by NMDS. Significant differences in the microbial
community compositions were analyzed by both aquifer
source and treatment type (MDW or WDW) by using
nonparametric multivariate analysis of variance (MANOVA)
using Adonis.

Shannon diversity index, Chao's richness, Pielou's evenness,
and rarefaction curves were calculated on rarefied samples at a
3% genetic distance. To examine the relationships between
environmental  parameters and  bacterial community
composition, canonical correspondence analysis (CCA) was
performed, with overall model significance and individual term
significance assessed using permutation-based analysis of
variance (ANOVA) tests (n = 999). Collinear variables were first
removed using variance inflation factor (VIF) analysis. The final
set of environmental predictors was selected using the
ordiR2step() function in the vegan package, which performs
forward and backward stepwise selection based on adjusted R>.
Variables were retained in the final model if they meaningfully
increased the model's R* and were significant at p < 0.05 in
permutation testing.

To examine localized differences, pairwise analysis was
conducted on 23 geographically matched MDW-WDW sample
pairs. These pairs were defined based on spatial proximity, with
each municipal sample located within 3 miles of a
corresponding well sample. In cases where multiple MDW
samples clustered around a single well (Fig. 1), each formed a
unique geographic pairing. Statistical differences across these
spatial pairs were assessed using paired Wilcoxon signed-rank
tests.

To evaluate broader differences between all MDW and WDW
samples, non-parametric Mann-Whitney U tests (Wilcoxon

This journal is © The Royal Society of Chemistry 2025
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rank-sum tests) were used to compare absolute total bacterial
abundance, DWPI abundances, and chemical parameters. This
conservative approach was selected to accommodate the modest
sample size (n = 20 per group) and the non-normal distribution
of several variables, thereby enhancing the robustness and
interpretability of the findings. The functional relationships
between water quality parameters and bacterial groups were
analyzed using stepwise multivariate forward/reverse regression
analysis. All statistical analyses were performed in R (v4.0.2),>
with significance set at P < 0.05.

3. Results and discussion

3.1 Survey-reported household water treatment and usage

The survey results revealed notable differences between
municipal and well water users. Whole-house filtration
systems were used by one municipal participant and five well
users. Water softeners were installed in 50% of municipal
households, but seven lacked an established cleaning
routine, with one reporting they never cleaned their system,
one cleaning annually, and one cleaning biweekly. Among
the 95% of well households with softeners, 13 had no
cleaning routine, while the remainder reported varying
frequencies ranging from monthly to biweekly maintenance.
Point-of-use filters in kitchens were absent in all municipal
households but present in 15% of well households, with one
participant having no filter replacement routine, and the
others replacing filters every three months or another
annually. Bottled water usage was reported by 30% of well
households but by no municipal participants. Despite these
differences, all households reported using tap water for
cooking and food preparation.

Uranium
Thallium
Selenium
Nitrates
Lead
Copper
Cadmium

Beryllium

SWDA Primary Regulated Chemicals

Barium

Arsenic
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3.2 Comparative evaluation of chemical constituents

Across all 33 measured water quality parameters, the U.S.
EPA's primary regulated contaminants—antimony, arsenic,
barium, beryllium, cadmium, copper, lead, nitrate, selenium,
thallium, and uranium—were evaluated in every sample
(Table S4t). Nitrate was the only contaminant to exceed its
Safe Drinking Water Act (SDWA) regulatory threshold, with
one WDW sample containing 11 mg L' as N, surpassing the
EPA's maximum contaminant level (MCL) of 10 mg L™ as N
for nitrate in MDW (Fig. 2). Additionally, three other well
samples contained nitrate concentrations above 5 mg L™, a
level increasingly linked to adverse health outcomes, such as
colorectal cancer and thyroid disease, as discussed in recent
reviews of nitrate-associated health risks.”"** These findings
underscore potential limitations of the current US EPA MCL
in protecting against chronic health effects. On average,
nitrate levels in WDW samples were 2.78 times higher than
in MDW (WDW: 4.054 ppm vs. MDW: 1.46 ppm, p = 0.3911).
Given that wells near septic tanks or in agricultural regions
are particularly susceptible to nitrate contamination, this
finding underscores the burden on residents to manage and
treat their water, reinforcing the health risks associated with
self-supplied sources in vulnerable areas. In Iowa specifically,
nitrate and nitrite MCL violations account for 44% of health-
based standard violations,> highlighting the prevalent risks
in these communities.

The risks posed by nitrate contamination in well water are
not unique to the U.S. but have been addressed more
proactively in other regions. In contrast to the SDWA, Europe
has tackled this issue through the Nitrates Directive™
(Council Directive 91/676/EEC), a policy implemented in 1991
to reduce agricultural nitrate pollution in both surface and

e Municipal
o Well

Fig. 2 Boxplots showing the distribution of primary drinking water contaminants in MDW (n =

10
Concentration (ppb)

L | L | 1 | L !
10° 10° 10

20) and WDW samples (n = 20), with

concentrations in ppb on a log;o scale. Red lines represent the U.S. EPA's Safe Drinking Water Act regulatory levels. Significant differences in
concentrations between MDW and WDW are shown by stars (P * < 0.05; *** < 0.01).
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groundwater. This directive designates nitrate vulnerable
zones (NVZs) and requires action programs that limit
fertilizer use, improve manure management, and encourage
sustainable farming practices. Since its implementation,
monitored groundwater nitrate levels have declined by 20%
in several regions,”>** demonstrating its effectiveness. The
directive's success in reducing contamination highlights the
importance of proactive agricultural policies in protecting
water resources and provides a potential model for similar
initiatives in the United States. Adopting stricter measures
like those in Europe could help address nitrate pollution and
mitigate associated health risks, particularly in rural areas
reliant on self-supplied water sources.

In WDW, thallium (TI) was found to have concentrations
1.78 times (TI avg. - WDW: 0.022 ppb vs. MDW: 0.01 ppb; p =
0.0019) higher when compared to MDW (Fig. 2), while copper
(Cu) concentrations in MDW were 3.3 times higher (Cu avg. -
MDW: 29.52 vs. WDW: 8.911 ppb; p = 0.034) than those found
in WDW (Fig. 2). Although it is difficult to explain the
increased (but small) concentration of Tl in WDW, Tl is a
common trace metal enriched in sulfide-hosted copper, lead,
and zinc ores,>”® and the higher abundance could be due to
differences in the presence of sediment sulfides. The
significantly higher Cu concentrations in MDW can likely be
explained by copper and/or brass corrosion in pipes, faucets,
and fixtures due to the presence of free and total
chlorine.””>°

In addition to the primary drinking water standards, the
SDWA also includes secondary drinking water standards,
which set action limits on chemicals that primarily affect the
aesthetic qualities of water (e.g., taste, odor). These chemicals
include aluminum, iron, manganese, and zinc (Fig. 3).

Zinc

Manganese

Iron

Aluminum

SWDA Secondary Regulated Chemicals
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Comparisons between WDW and MDW samples (Table
S5t) revealed that iron (Fe), manganese (Mn) and zinc (Zn)
were significantly higher in WDW, with concentrations 4.39,
10.25 and 1.87 times higher, respectively (Fe avg. - WDW:
159.489 vs. MDW: 36.32 ppb, p = 0.036) (Mn avg. - WDW:
10.252 vs. MDW: 1.00 ppm, p = 0.006) (Zn avg. - WDW: 13.69
vs. MDW: 7.28 ppb, p = 0.034). In contrast, aluminum (Al)
was detected slightly more frequently in MDW (Al avg. -
MDW: 9.88 vs. 3.37, p = 0.014). The presence of higher Fe
and Mn concentrations in WDW relative to MDW is expected;
all the MDW supplies are chlorinated for disinfection (Table
S2+1) and/or conduct aeration treatment to remove Fe and/or
Mn, likely removing dissolved Mn by oxidation to insoluble
Mn(m/v) oxides during treatment. Increased Zn in WDW
could be due to multiple factors including differences in
plumbing materials, such as the presence of galvanized steel
drop pipe in wells or galvanized pipe in the well supply line
or in the home, use of brass fittings—as well as the naturally
occurring background concentration of Zn in Iowa
groundwater, as previously reported by the Iowa Geological
Survey (TIS-57).%°

Finally, although the SWDA has not set regulations on the
contaminants listed in Table S6f (cobalt, lithium, nickel,
magnesium, phosphorus), there are several peer reviewed
studies that set recommended advisory limits for these
chemicals.®’®* For example, although no regulatory health
standard exists for phosphorus in drinking water, a U.S.
Geological Survey (USGS) nutrient criterion of 0.1 ppm (100
ppb)®* is commonly used to assess the potential for
eutrophication in freshwater systems. While none of the
WDW samples exceeded this environmental benchmark, 75%
of the MDW samples did (Fig. 4). On average, phosphorus

e Municipal
o Well

10? 10" 10°

Concentration (ppb)

Fig. 3 Boxplots showing the distribution of secondary drinking water contaminants in MDW (n = 20) and WDW samples (n = 20), with
concentrations displayed in ppb on a log;o scale. Red ticks represent the U.S. EPA's secondary maximum contaminant levels established under the
Safe Drinking Water Act. Significant differences in concentrations between MDW and WDW are shown by stars (P * < 0.05; *** < 0.01).
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concentrations were significantly higher in MDW samples
(avg. 439.2 ppb) compared to WDW (avg. 11.8 ppb; p < 0.001;
Table S671). This difference is expected, as phosphate is
commonly added to municipal water systems as a corrosion
inhibitor to reduce the leaching of lead and copper from
household plumbing,®>®® a practice deployed by the MDW
treatment plants in this study (Table S27).

Although no governmental body has placed regulatory
limits on lithium (Li) in drinking water, a recent study by the
researchers at the USGS and EPA suggested a non-regulatory
health-based screening level of 10 ppb. It is noteworthy that
50% of the MDW samples from our study were above this
level and that they contained, on average, 9.56 times higher
concentrations than WDW samples, with values ranging from
0.28 to 129.6 ppb (Fig. 4). Li is a naturally occurring alkali
metal and has been identified by the USGS as a common
contaminant in groundwater sources - this suggests trace
amounts of Li would be expected in both WDW and MDW.®*
Importantly, the study area in northeast Iowa encompasses a
recognized transition in geology of the Cambrian-Ordovician
aquifer from unconfined (in the northwest portions of the
study area) to confined (by the Maquoketa shale) toward the
west and southwest portions of the study area.’”®® As the
Cambrian-Ordovician  aquifer = changes from  being
unconfined to confined, the quality of the water in the
aquifer changes significantly. Specifically, the amount of total
dissolved solids, including Na, K, Ca, and Mg as well as other
soluble trace metals like Li, Sr, and Ba, are higher in the
confined portion of the aquifer, in part, due to increased
groundwater age.°®®® In general, a significant correlation
between K and Li (Spearman's rank correlation coefficient

This journal is © The Royal Society of Chemistry 2025

(rtho) = 0.906, p < 0.001) was observed in the Cambrian-
Ordovician aquifer consistent with that of the regionally
observed correlation (rho = 0.91) between K and Li in USGS
studies.®® In addition, K and Li were significantly correlated
in all samples (rho = 0.729, p < 0.001). Accordingly, the
higher Li concentrations in MDW observed relative to WDW
likely reflect differences in source aquifers employed.

3.3 Absence of DWPI detection in WDW and MDW

Total microbial densities in WDW were, on average, 1log
higher (p < 0.001) compared to MDW, which was expected
due to the lack of exposure to chemical disinfectants
(Table 1). This increase in microbial density aligns with the
observed presence of total coliforms and E. coli: total
coliforms were detected in 1 of 20 MDW samples and 7 of 20
WDW samples, while E. coli was found in 1 WDW sample
and was absent in all MDW samples. Unlike total coliforms,
which are a general indicator of water quality and potential
system contamination, E. coli specifically indicates fecal
contamination and suggests a higher likelihood of harmful
pathogens. The well containing E. coli also exhibited elevated
nitrate levels (8.7 mg L™ as N) and was among the 7 wells
with total coliform bacteria, suggesting a sanitary defect and
either septic or agricultural pollution as a potential source of
contamination.

As for the DWPISs, L. pneumophila was detected at a greater
frequency in MDW than WDW samples, aligning with studies
in which its abundance within the distribution system and
premise plumbing’® have been established. Conversely, NTM,
which has been identified throughout the water transect,®>”"7?
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Table 1 Summary of the detection frequency and average density of DWPI's and total bacteria in well (n = 20) and municipal (n = 20) drinking water

samples

Average density + standard deviation ( p-value)

Detection frequency

Microbial contaminants Municipal Well Municipal Well

L. pneumophila (gene copies per L) 4.8 x10° + 2,16 x 10° 5.3 x 10" + 1.63 x 10° 80% 75%
(p-value: 0.757)

NTM (gene copies per L) 7.06 x 10° + 3.13 x 10’ 1.09 x 10° + 3.36 x 10° 45% 60%
(p-value: 0.126)

Total bacteria (gene copies per L) 1.13 x 107 + 4.09 x 10° 1.2 x 10® + 1.63 x 10° 100% 100%

(p-value: <0.001)

was detected more frequently in WDW compared to MDW.
Similar to findings in the New Jersey study,’® the detection
frequency for NTM remained low, with both MDW and WDW
exhibiting detection rates below 60%. The higher detection in
WDW may be due to more favorable hydrological and mineral
conditions for NTM survival”® but the overall low detection
frequency can be attributed to the difficulties in extracting DNA
from the NTM cellular envelope, which is notoriously hard to
open.”

When compared to a study on 113 private well water
samples in Louisiana,”” the detection frequencies for
Legionella and NTM were slightly higher in the Louisiana
study, with 86.7% and 68.1%, respectively, compared to our
findings of 75% and 60%. Additionally, the Louisiana study
reported broader ranges in gene concentrations for both
pathogens, ranging from 0.60 to 5.53log;, GC/100 mL for
Legionella and 0.67 to 5.95log;, GC/100 mL for NTM. This
difference in detection is likely attributed to differences in
the locations and source waters of the samples. Nevertheless,
one thing is clear: these DWPIs are ubiquitous in all potable
water sources.

3.4 Pairwise analysis on 23 well and municipal geographic
sample pairs

Paired Wilcoxon tests were performed on 23 geographically
defined MDW-WDW sample pairs, in which each municipal
sample was located within 3 miles of its paired well. This spatial
pairing revealed localized chemical and microbiological
differences that were not fully captured in the aggregate dataset
analysis. Microbial assessments indicated that total microbial
densities were higher in well water, as expected, with
significantly elevated levels of specific microbes such as NTM
and L. pneumophila. NTM concentrations were notably higher in
WDW (mdn. = 2.04 x 10> gene copies per L) compared to MDW
(mdn. = 0 gene copies per L; p = 0.0015), suggesting a greater
exposure risk for WDW wusers. Similarly, L pneumophila
concentrations were elevated in WDW (mdn. = 6.08 x 10° gene
copies per L) relative to MDW (mdn. = 3.07 x 10° gene copies
per L; p = 0.0005). In practical terms, this means that a single 8
oz glass of tap water from WDW could contain approximately
4.8 x 10* NTM gene copies and 1.44 x 10° L. pneumophila gene
copies, compared to MDW's lower exposure levels of 0 NTM
and around 728 L. pneumophila gene copies. It is important to
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note that exposure does not directly translate to infection, as
these are opportunistic pathogenic organisms, with the greatest
risk posed to individuals with chronic illness, respiratory issues,
or otherwise compromised immune systems. These findings
emphasize the higher microbial burden in WDW, likely due to a
lack of disinfection in WDW sources.

In addition to the significant differences in the chemical
parameters aluminum, boron, copper, iron, lithium,
manganese, potassium, thallium found in the total dataset, the
pairwise sample analysis revealed further significant differences
in lead and strontium. Lead levels were greater in WDW
(median = 0.2 ppb) compared to MDW (median = 0.1 ppb; p =
0.002), although both WDW and MDW concentrations
remained well below the maximum contaminant levels
specified by the SWDA. Strontium showed the reverse trend,
with MDW displaying higher concentrations (mdn. = 509.2 ppb)
than WDW (mdn. = 52 ppb; p = 0.002).

These microbial and chemical disparities in paired well
and municipal samples underscore the heightened exposure
risks faced by well users, particularly in areas just beyond
municipal service boundaries. Municipal samples primarily
drew water from the deeper Cambrian-Ordovician aquifer,
often mixed with water from the shallower Silurian aquifer.
In contrast, well samples generally relied on shallower
sources, such as the Galena or Silurian aquifers, which are
more susceptible to contamination due to their proximity to
surface activities. Despite some overlap in source water, the
lack of treatment for WDW contributed to significantly
higher microbial and chemical exposure risks for well users.
This highlights the disproportionate burden placed on well
users to protect and monitor their water sources, further
emphasizing the potential public health benefits of
expanding centralized water systems to rural and semi-rural
populations.

3.5 Diversity indices highlight importance of water source
and treatment

Analyses of the microbial alpha diversity indices found that
WDW samples had marginally higher Chao's species richness
than municipal counterparts (Fig. 5a). The chemical and
physical treatment received by MDW samples may explain
this result. When examining the differences in aquifer alpha
diversity, there was only a significant difference between the

This journal is © The Royal Society of Chemistry 2025
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Cambrian-Ordovician and Galena aquifers (Fig. 5b). This is
consistent with our observation that the Galena aquifer is the
main source for WDW in the study area, while the
Cambrian-Ordovician aquifer primarily supplies MDW.
Previous studies have shown that species diversity tends to
decrease as water undergoes treatment.”® The lower species
diversity observed in MDW compared to WDW samples
(Fig. 5a) may be largely driven by selective pressures from the
treatment process, particularly in Cambrian-Ordovician
aquifer samples. These findings suggest that reduced species
diversity may reflect water treatment practices rather than
inherent aquifer differences. However, the small sample size
limits our conclusions, emphasizing the need for larger
sampling campaigns with true paired samples from each
aquifer to confirm these results and clarify potential aquifer-
specific biological impacts.

-

(a and b) Chao species richness plots (a) separated by type: municipal and well (b) and separated by aquifer combinations.

3.6 Unraveling aquifer-specific microbiota in well and
municipal waters

The NMDS and permutational multivariate analysis of
variance at the 97% sequence dissimilarity showed distinct
separations in the microbial community when sorted by
water type (Fig. 6a). Similarly, distinct clustering was
observed in community composition based on the aquifer
supplying the WDW or MDW (Fig. 6b), except for the Silurian
aquifer in which sample size was constrained. The influence
and importance of water source in explaining the microbial
community composition has been identified previously,
however these studies focused on comparing the
microbiomes of ground and surface water supplied MDW
plants.”””® This is the first study, to the authors' knowledge,
that has found that the specific aquifer supplying drinking
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Fig. 6 (a and b) NMDS plots of Bray-Curtis distances (a) separated by type: municipal and well (b) and separated by aquifer combinations. The
ellipses represent the 95% confidence intervals of the distribution from the centroid of the cluster points.
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(a) Top 10 most abundant known phyla and (b) top 10 most abundant known genera per sample type (well and municipal), shown as

stacked bar plots. “Other” includes all remaining unclassified or lower-abundance taxa.

water in the same geographical region impacts the DW
microbiome.

The dominant phyla in both WDW and MDW samples
were Proteobacteria, which is consistent with other drinking
water studies.”® In the municipal samples, the biggest phyla
(after Proteobacteria), are Actinobacteria and Cyanobacteria.
Actinobacteria had been thoroughly studied and found to be
responsible for taste and odor problems within MDW
samples.®®" Additionally, the DWPI genera Mycobacterium
and Pseudomonas were amongst the top 10 known municipal
genera (Fig. 7b). This is consistent with previous work as
DWPIs, formally known as opportunistic pathogens, have
been identified as prevalent bacteria within the water
distribution system,?®3%:82:83

As for Cyanobacteria, MDW reads were significantly higher
than WDW samples—1659% greater, with 56529 vs. 3214
reads (p = 0.021). Notably, Dubuque Water Works, which
sources from a combination of the Cambrian-Ordovician,
Silurian, and the shallower Alluvial aquifer, showed 749%
more reads than all other municipal sources (p = 0.002). In
contrast, the other MDW samples drew from the deeper
Cambrian-Ordovician and Silurian formations, lacking
Alluvial inputs. The elevated Cyanobacteria reads in the
Dubuque Water Works municipality compared to other
sources may be related to connectivity between the
Mississippi River and the alluvial aquifer in the source water
of this system. However, one cannot rule out the possibility
that tap samples were contaminated by Cyanobacteria growth
on plumbing fixtures or due to the presence of Cyanobacteria
in deep groundwater sources.*

The top three dominant microbial phyla (after Proteobacteria)
observed in WDW samples were Bacteroidetes, Nitrospirae, and
Thaumarchaeota (Fig. 7a). Nitrospirae and Thaumarchaeota are

2026 | Environ. Sci.: Water Res. Technol., 2025, 11, 2017-2034

associated with nitrification processes.®>® The significant

presence of Nitrospirae in well samples is an indicator of
nitrogen leaching, likely a byproduct of extensive agricultural
activities in Dubuque County. For example, the 2022 USDA
Census of Agricultural indicates that Dubuque County
(population ~99,000) has nearly 200000 acres in row crop
production (corn for grain and soybeans for beans), while also
serving as home to over 120000 cattle and calves and 110700
hogs and pigs.*® This microbial profile suggests potential public
health implications for WDW users, as nitrogen compounds
introduced via land application of both anhydrous ammonia
fertilizer and manure can contribute to water contamination.
These findings underscore the need for tailored water quality
regulations for WDW, particularly in agricultural regions, to
address unique contamination risks and protect vulnerable
communities relying on self-supplied water sources.

In both the well and municipal samples, a notable known
genus is Sulfuricurvum was observed,suggesting high levels of
sulfur may be found in aquifer sediment,* while the category
labeled “other”—which includes uncultured or unclassified
bacteria—had the highest overall relative abundance. The
Galena aquifer,”® which serves as the primary aquifer for many
wells in this study, is characterized by the presence of the
mineral galena (PbS), a lead sulfide. The weathering of PbS can
release reduced sulfur species into the groundwater,” creating
an environment conducive to the proliferation of sulfur-
oxidizing bacteria such as Sulfuricurvum.’* It is important to
note that the top 10 known genera are displayed (Fig. 7b) and
that there are many uncultured bacteria that dominate the well
water microbiota. The number of unknown/uncultured bacteria
illustrates the importance of this study, and highlights the need
for more research, to close research gaps surrounding the well
water, its microbiome, and the associated exposome.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Multivariate models for microbial community composition for all drinking water samples, MDW samples, and WDW samples. Superscript
numbers indicate the percentage of variation explained by each factor. All models are significant at p < 0.001

Overall model

Most influential abiotic

Sample type Model components Explained (%) component
Total samples -Aquifer'”-2%% — Type® 5% + Nitrates®'?” + Phosphorus*°* 44.37 Aquifer
+ Vanadium®°** - Boron®*'* - Molybdenum?®*"
Municipal samples Aquifer®®**” + Copper®>”* - Boron®**” + Nitrates®>°" 66.89 Aquifer
+ Phosphorus®®** + zinc”*%%
Well samples Nitrates'>”* + Aquifer'>” + vanadium'®-?°* - Molybdenum®°°” 59.86 Nitrates

8.06%

- Calcium - Thallium®°%

3.7 Multivariate models show relation between metal
cofactors and MDW and WDW bacterial densities

To determine which abiotic factors explained the microbial
community composition, linear mixed-effect models were
developed for MDW and WDW samples (Table 2). The model
containing all samples revealed that water type (well or
municipal) explained 6.08% of the variance in microbial
community composition, with municipal water being
associated with lower microbial diversity than well water.
Nitrate levels also emerged as an important variable, directly
correlating with microbial activity across all models. Notably,
nitrate levels in the samples ranged widely, with most falling
either below 1 mg L™ as N or exceeding 11 mg L™ as N,
highlighting the variability in exposure levels across water
sources.

Interestingly, in the individual models for MDW, WDW, and
the combined model using all samples, aquifer source was a
significant variable, explaining 24.45%, 12%, and 17.26%,
respectively, of the microbial community composition. These
results indicate that both water source and treatment
significantly influence microbial community composition,
consistent with findings from similar studies.”*** Together,
these findings emphasize the role of both chemical factors,
such as nitrate levels, and physical factors, like aquifer source,
in shaping microbial diversity in drinking water systems. It is
important to note that interactions between environmental
variables and their effects on microbial community composition
were not evaluated in this study due to the modest sample size,
which limited the statistical power needed to detect such
effects. Future research should investigate the presence and
significance of these interactions to provide deeper ecological
insight into the factors shaping microbial communities.

It is unsurprising that zinc and copper were influential in
the municipal model. As aforementioned, copper is
commonly used in service lines, premise plumbing, and
brass fittings and fixtures, and zinc is common in galvanized
coatings for iron and present as an alloying metal in
brass.”>?® Zinc coatings are intended to act as corrosion
control agents, mitigating leaching issues and extending pipe
viability within the distribution system. However, as these
coatings degrade, they often further contribute to water
quality issues years after their installation.’” Zinc is also

This journal is © The Royal Society of Chemistry 2025

commonly added to phosphate corrosion control agents,
although its value in preventing lead corrosion is
questioned.”® Unfortunately, zinc-phosphate and phosphate-
alone corrosion control agents are not separately defined in
the publicly available source and treatment data provided by
the Towa Department of Natural Resources, so we are unable
to assess whether zinc is added at municipal water systems
within the study area. As these metals are also common
micronutrients needed for cellular enzyme function,” their
increased availability from compromised pipes can
significantly influence microbial activity and community
composition in water systems, impacting overall water
quality.'®

The well model showed that the metals molybdenum
(Mo), thallium (T1), and vanadium (V) collectively account for
more than 45% of the explained variation in microbial
community composition. Interestingly, V is positively
correlated with microbial growth, whereas Mo shows an
inverse relationship. Both V and Mo are recognized
enzymatic cofactors for nitrogen fixation in bacteria, with Mo
being the more efficient metal. Mo is also essential for sulfur,
carbon, and nitrogen metabolism,'*>'°*> but its effectiveness
is optimal within a narrow concentration range of 0.005-0.2
ppb.®® In this study, some Mo concentrations in both WDW
and MDW exceed this ideal range, with well water samples
ranging from 0.0296-1.2182 ppb and municipal water
samples ranging from 0.0155-0.661 ppb. These elevated
concentrations may explain the observed negative correlation
between Mo levels and microbial activity. At higher
concentrations, Mo can exceed thresholds that support
microbial nitrogen fixation, potentially causing toxicity or
disrupting key metabolic processes.'®*'* Furthermore,
excessive Mo levels might selectively favor specific microbial
taxa, thereby altering community composition and reducing
the overall activity or diversity of nitrogen-fixing microbes.
These findings align with prior research, which shows that
nitrogen-fixing organisms, such as Nostoc and Anabaena,
experience Mo limitation at concentrations below 1-5 nM but
thrive only within narrow, optimal ranges."*>'*®

As mentioned earlier, Tl concentrations were found to be
significantly higher in well samples, although still lower than
the EPA's maximum contaminant level goal of 0.5 ppb. The
low levels of Tl and its correlation with bacterial community
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Fig. 8 Predicted relative abundance of microbial physiological traits as determined by BugBase for MDW and WDW samples. (a) Common
microbial phenotypes including Gram status, aerobic potential, biofilm formation, and pathogenic potential. The potentially pathogenic category is
enlarged in the call-out box to highlight differences between MDW and WDW. (b) Predicted functional phenotypes related to phosphorus and
nitrogen metabolism, including phosphate starvation response and pathways associated with nitrogen fixation, nitrification, and denitrification (*, P

< 0.05; ***, P < 0.01).

composition may reflect variation in a geochemical or
geologic parameter not measured in this study. The effects of
Tl on microbial processes have not been extensively explored,
but is known that bacteria are capable of oxidizing Tl to
Tl,03, further promoting bioaccumulation of Tl within the
environment."%’

3.8 Analyzing microbial physiological predictive features in
well and municipal water sources

Among the BugBase default predictive phenotypes, Gram-
positive bacteria were statistically higher in MDW (Fig. 8a),
while Gram-negative bacteria were higher in WDW.
Potentially pathogenic bacteria were statistically higher in
MDW), likely due to the presence of the Mycobacterium and
Pseudomonas genera, which were among the top 10 known
bacterial genera in MDW samples. Furthermore, the
prevalence of predicted traits related to nitrogen fixation and
denitrification being higher in WDW samples (Fig. 8b) is not
surprising given the abundance of nitrogen-fixing bacteria
within WDW samples (Fig. 7a and b).

In addition, to difference in pathogenicity and nitrogen
metabolism, differences in sulfur reduction and phosphorus
metabolism, specifically phosphate starvation response, were
observed between MDW and WDW (Fig. 8b). Furthermore,
the predictive trait for phosphate starvation response, a two-
component signal transduction system (SenX3-RegX3) that
allows bacteria to respond to environmental changes and
modify their gene expression,'®'°® was significantly higher
in MDW samples. SenX3-RegX3 is ubiquitous in
Mycobacterium species and its higher abundance in MDW
samples is likely due to the higher relative abundance of
Mycobacterium in MDW samples compared to WDW
(Fig. 7b)."*°

2028 | Environ. Sci.: Water Res. Technol., 2025, 11, 2017-2034

4. Conclusion

This study highlights significant differences in the chemical
and microbial composition of WDW and MDW in close
geographic  proximity, underscoring the need for
comprehensive and robust regulatory measures tailored to
each water source. Concentrations of iron, manganese,
nitrate, thallium, and zinc were statistically higher in WDW
samples, while aluminum, boron, copper, lithium,
phosphorus, potassium, sodium, and vanadium were
statistically higher in MDW samples. Notably, one WDW
sample exceeded the SDWA limit for nitrate, highlighting a
critical instance of regulatory non-compliance. Although
more extensive sampling is needed to establish causality for
these contaminants, these preliminary findings suggest a
comparable burden of potential health risks associated with
both water sources.

Paired sample analysis further emphasized microbial
disparities MDW and WDW, revealing that well water users
within a 3-mile distance from a municipal connection may
experience a notably higher exposure to certain pathogens.
Specifically, the average concentration of NTM in WDW was
significantly higher than in MDW, with WDW consumers
being potentially exposed to approximately 4.8 x 10* NTM
gene copies per 8 oz glass of water. Similarly, Legionella
pneumophila levels were also elevated in WDW, with WDW
consumers exposed to around 1.44 x 10° gene copies per
glass, while MDW wusers had a reduced exposure of
approximately 728 gene copies. The higher frequency and
concentration of these microbes in WDW underscore the
elevated microbial burden and associated health risks for
individuals relying on well water, particularly in areas not
served by centralized treatment. These findings highlight the
public health implications of well water use in agricultural
areas, suggesting a critical need for targeted interventions

This journal is © The Royal Society of Chemistry 2025
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and enhanced water quality monitoring for well water
systems.

Despite sourcing from aquifers in the same region, well
and municipal water microbiomes showed significant
differences, indicating that municipal treatment protocols
substantially alter the microbial landscape. This study
provides a novel perspective on the unique chemical and
microbial characteristics of well water in the U.S. and
emphasizes the importance of understanding these distinct
microbial communities and their public health implications.
research should explore a broader range of
geographical areas, land-use types (e.g., farming, mining),
climatic conditions, and seasonal variations to more fully
assess water quality disparities affecting well water users.
Additionally, collecting true paired samples from wells and
municipal sources at the same depth and geographic
location, as well as investigating water chemistry and
plumbing materials (such as corrosion potential), could
deepen our understanding of the specific health risks
associated with reliance on well water.

The critical need for stronger regulation and monitoring
of drinking water quality is evident. Current gaps in
regulatory oversight, particularly for well water, highlight the
importance of updating the SDWA to address emerging
chemical and microbial contaminants and additional efforts
to protect vulnerable communities, especially those that
currently fall outside of protections afforded by the SDWA. By
providing actionable information, this research aims to arm
public health decision-makers with the data necessary to
ensure that all populations have access to safe drinking
water. Future initiatives should include widespread sampling
and assessment, building on the foundation laid by this
study. The goal is to move towards equitable water quality for
all, ensuring that all regulatory frameworks are robust
enough to address the diverse challenges posed by different
water sources. This study underscores the significance of
continued and expanded research to protect public health
and inform policy, ultimately ensuring safe and clean
drinking water for every community.
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