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ABSTRACT
Water is a fundamental part of any in vivomicrobiome experiment however, it is also one of the most
overlooked and underreported variables within the literature. Currently there is no established
standard for drinking water quality set by the Canadian Council on Animal Care. Most water treatment
methods focus on inhibiting bacterial growth within the water while prolonging the shelf-life of
bottles once poured. When reviewing the literature, it is clear that some water treatment methods,
such as water acidification, alter the gut microbiome of experimental animals resulting in dramatic
differences in disease phenotype progression. Furthermore, The Jackson Lab, one of the world’s
leading animal vendors, provides acidified water to their in-house animals and is often cited in the
literature as having a dramatically different gut microbiome than animals acquired from either Charles
River or Taconic. While we recognize that it is impossible to standardize water across all animal
facilities currently conductingmicrobiome research, we hope that by drawing attention to the issue in
this commentary, researchers will consider water source as an experimental variable and report their
own water sources to facilitate experimental reproducibility. Moreover, researchers should be cogni-
sant of potential phenotypic differences observed between commercial animal vendors due to
changes in the gut microbiome as a result of various sources of water used.

ARTICLE HISTORY
Received 2 October 2018
Accepted 19 October 2018

KEYWORDS
Gut microbiome;
bacteriome; microbial
ecology; drinking water
source; mice; in vivo;
acidified water; Jax vs
Taconic Non-obese diabetic
mice; experimental variable;
Muc2-/- mice; spontaneous
colitis model

Overview

The field of microbiome research has grown expo-
nentially over the past two decades due to rapid
advances in technology and bioinformatic tools
resulting in a better understanding of how gut
microbes impact human health and disease sus-
ceptibility. Additionally, evidence has revealed that
various factors including: diet, the environment
and genetics effect the gut microbiome. As the
microbiome is influenced by so many factors, in
vivo animal models serve as an invaluable tool,
allowing us to demonstrate cause and effect rela-
tionships by conducting experiments within a con-
trolled environment. Microbiome researchers go
to great lengths to alleviate as many extraneous
variables as possible when designing their in vivo
experiments and many researchers have been
rightly assiduous in reporting factors like specific
pathogen free (SPF) facility, irradiated or auto-
claved food, autoclaved bedding, temperature

controlled, ventilated racks, 12:12 light/dark
cycle, etc. Recently, microbiome researchers have
had to mitigate another confounding factor, cage
effects; a term used to describe the fact that mice
co-housed have a more similar microbiome than
mice housed in other cages, within the same facil-
ity, due in large part to coprophagia.1 Attempts
have been made to overcome cage effects through
various statistical methods and adequate sample
sizes.1 Still, one often overlooked and underre-
ported variable is perhaps the most basic and
fundamental of them all – water. Of the 76 pri-
mary research articles examined for this commen-
tary, 47 studies failed to report their water source,
while 18 of the studies reported some aspects of
their water source (Figure 1). Only 14% of the 76
studies reported sufficient detail regarding water
source for the study to be replicated by another
researcher. A list defining adequate detail concern-
ing water source can be found in Table 1. When
reported, it becomes clear that a wide array of
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water sources, including acidified, hyper-chlori-
nated, autoclaved, UV sterilized, reverse osmosis,
and municipal tap water are being used (Table 2).
Treatments such as autoclaving, hyper-chlorina-
tion and acidification are performed with the
intent of inhibiting bacterial growth. However,
this may affect the bacteria within the gut of
these animals and in fact may alter the phenotype
of the animal being studied.

Search criteria

A systemic search of the literature was conducted
using PubMed, EMBASE and Medline for the terms
“in vivo”, “gut microbiome”, “rodent”, “animal”,
“hyper-chlorinated water”, “acidified water”, “reverse

osmosis water”, “autoclaved water”, “deionized
water”, “drinking water”, “municipal tap water”, and
“tap water”. Searches containing relevant synonyms
and combinations of the above terms were also uti-
lized. Studies were limited to primary articles con-
ducted within the past 15 years. Studies utilizing
rodents other than rats or mice (i.e.: guinea pigs)
and review article were excluded from the current
commentary.

Water treatment methods

According to the Canadian Council on Animal Care
(CCAC) the standards set for the quality of drinking
water for laboratory animals has not been subject to
the same requirements as those for defining

Figure 1. The majority of microbiome research literature does not report the complete details of water source. Of the 76
primary research articles surveyed for the current commentary, 62% of the articles did not state any information regarding the water
source provided to their in vivo animals (47 articles.) While 24% stated some aspect of their water source, but not enough to be
repeated by another researcher (18 articles.) Only 14% of the articles listed what the current authors would consider adequate detail
with regards to the water source being provided to experimental animals (11 articles.).

Table 1. Summary of what key words currently found in literature regards to water source compared to complete details required
when reporting water source for in vivo animal experiments.
No water source Incomplete water source Complete water source

No details provided on
water

“Acidified water” (pH, water source and type of acid not
specified)

“Autoclaved municipal tap water”

“Animals received
water”

“Autoclaved water” (water source not specified) “Reverse osmosis water acidified to a pH of 2.3 via the
addition of HCl”

“Regular drinking
water”

“Sterile water” (water source and method of sterilization
not specified)

“Municipal tap water”

“Drinking water” “Non-acidified water” (water source not specified) “Reverse osmosis water”
“Filtered water” (water source and filtration method not
specified)

“UV sterilized municipal tap water”
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laboratory animal diets.10 Traditionally, researchers
have predominantly focused on inhibiting bacterial
growthwhen choosing a water source for their labora-
tory animals. Common water sanitization methods
include autoclaving, UV sterilization, or the addition
of acids, such as hydrochloric acid (HCl), in an effort
to inhibit bacterial growth and increase the shelf life of
water bottles once filled.Water-acidification is a com-
mon method of water sanitization and has been
shown to be effective at killing Gram-negative
bacteria11 including Pseudomonas spp.12 Most SPF
rodent facility exclusion lists contain several Gram-
negative pathogens including: Pseudomonas aerugi-
nosa, Klebsiella pneumoniae and Pasteurella pneumo-
tropica and it’s for this reason water acidification
remains a popular water treatment method.
However, not all Gram-negative bacteria are patho-
genic. Bacteroidetes is comprised of three classes of
Gram-negative bacteria and is the dominant phyla
found within the murine gut microbiome.13 The
potential presence of microbes is not the only variable
that should be considered when choosing a water
sanitation method for laboratory animals. The
organic and inorganic contents of potable water vary
significantly depending on geographical location or
water treatment method employed. For example,
water purified using reverse osmosis has a negligible
level of ions and molecules such as sodium, manga-
nese, iron, fluoride, lead and calcium including salt,14

whereas autoclaved municipal tap water or UV ster-
ilized water retain much of their ion content. The
presence or absence of ions may have implications
for the animal’s gut microbiota as ions including
manganese,15 iron16,17 and calcium magnesium20

have been shown to alter the gut microbiome, gut
inflammation and disease susceptibility both in vitro
and in vivo. Additionally, ions impact the taste of
drinking water, and may influence the amount of
water consumed by an animal.18 Furthermore, acid-
ified drinking water has been shown to leach heavy
metals from the water dispensing system itself.19

Effects of acidified water on the non-obese
diabetic mouse microbiome

There have been studies conducted examining the
effects of drinking water pH on the gut micro-
biome and subsequent disease susceptibility. One
such study administered either neutral (N) or

acidified water to non-obese diabetic NOD/
ShiLtJt mice and monitored the impact on micro-
bial composition and incidence of type-1 diabetes
(T1D).6 NOD/ShiLtJt mice were obtained from
Jackson Lab (Bar Harbor, Maine) and were housed
under SPF conditions.6 Animals received auto-
claved NIH-31 rodent diet (Harlan Teklan) and
autoclaved and chlorinated Birmingham city
water ad libitum.6 Breeding pairs were split
between neutral (pH ~ 7) and acidified water
(pH ~ 3.2) groups.6 Water was acidified with the
addition of HCl (1 mL of 1 N HCl/500 mL water).6

Pups born from each of the breeding pairs were
maintained on their specific water source.6 Blood
glucose measurements were taken weekly, and a
diagnosis of diabetes was given if the mouse exhib-
ited two adjacent weekly readings of over 200 mg/
dl or a single reading over 400 mg/dl.6 Mice main-
tained on the neutral pH water (NOD-N) exhib-
ited an increase in the development of TID, with
only 11% of NOD-N mice remaining diabetes-free
by 30 weeks of age.6 NOD-N mice also displayed
significantly decreased levels of Firmicutes in their
stool compared to their acidified water counter-
parts, including a reduction in the amount of
Lactobacillus spp. and Clostridium coccoides.
Conversely, NOD-N animals also exhibited an
increase in Bacteroides spp., Actinobacteria and
Proteobacteria prior to disease initiation.6 These
changes in the intestinal microbiome composition
were observed as early as 2 weeks of age.6

Immunological differences were also observed
between the NOD-N and acidified water groups,
with NOD-N mice exhibiting decreased expression
of intracellular IL-17 in CD4+ T-cells and a
decreased level of Foxp3 expression in Treg cells.

6

These findings lead the authors to suggest that
early dietary manipulation of the intestinal micro-
biota may allow for the delay of T1D onset in
genetically susceptible individuals.6

Four months after the Wolf et al., publication a
second study emerged examining the effects of
drinking water pH, the gut microbiome and the
incidence of T1D. However, unlike the previous
study, these authors concluded female NOD mice,
maintained on acidified-water, developed insulitis
and hyperglycemia rapidly compared with animals
receiving neutral pH water.7 Like the previous
study, the pH of the drinking water altered the
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gut microbiota, with mice receiving acidified water
exhibiting a substantial decrease in the diversity of
their microbes, characterized by a reduction in
Bacteroides spp. and an increase in the proportion
of Lactobacillus spp. – the exact opposite of what
Wolf et al. found in their 2014 study.7 Both studies
housed their animals in a SPF facility, acidified
their water to a pH of 3.0–3.2 with the addition
of HCl and obtained NOD/ShiLtJ mice from
Jax®.6,7 However only, the study conducted by
Sofi and associates, used mice from their in-
house SPF colony of NOD/ShiLtJ mice.7 These
in-house NOD mice were 2–3 generations old
and had been maintained on autoclaved neutral
pH water (pH ~7.0–7.4).7 Thus, we cannot rule
out the possibility that the differences between
these two studies was influenced by differences in
the water sources used to maintain the respective
breeding colonies.

Effects of acidified water on the Muc2−/−

microbiome

The effects of water source may also affect other
models of inflammatory diseases besides T1D,
including colitis. Mice deficient in the gene encod-
ing for mucin 2 (Muc2−/− mice) develop colonic
inflammation which increases with age and serves
as a model of spontaneous colitis. Mucin 2 is a gel-
like oligomeric protein secreted by goblet cells in the
colonic epithelium and this gel creates a physical
barrier preventing enteric microbes and noxious
substances from crossing over into the intestinal
lumen. In the Muc2−/− mice, spontaneous colitis
has been shown to depend on the commensal
microbes.5 To understand if water source was
important in this model, we analyzed stool samples
collected from two different Muc2−/− colonies
located in British Columbia, Canada. Several sets
of breeders from the Child and Research Family
Institute in Vancouver were sent to the
Biosciences Animal facility at the Okanagan campus
in Kelowna. Both colonies were bred in-house,
maintained under SPF conditions with similar
pathogen exclusion lists, received similar breeding
and maintenance chows ad libitum, however the
colony located at the Vancouver campus supplied
their Muc2−/− animals with autoclaved municipal
tap water, whereas the Okanagan campus provided

water which had been acidified to a pH of ~2.3 via
the addition of HCl. In total, 28 stool samples were
obtained from the Okanagan in vivo facility and 27
stool samples collected from age-matched males
and females located at the UBC Vancouver animal
facility (courtesy of Dr. Bruce Vallance). Microbial
DNA was isolated from the stool using the QIAamp
DNA Stool Mini Kit (Qiagen CAT No: 51504).
Amplicon sequencing was performed using primers
targeting the V3-V4 region of the 16S rRNA and
sequenced using Illumina MiSeq paired-end
sequencing as previously performed by our lab.24

Sequencing data was analyzed using QIIME2
pipelines22 and the microbial communities present
within the fecal samples collected from the two
facilities were ordinated using the Bray-Curtis dis-
tance metrics. Principal coordinate analysis (PCoA)
based on the Bray-Curtis dissimilarity metric was
conducted in QIIME2 and the results of this analy-
sis can be observed in Figure 3. It can be seen that
PCoA plots constructed using Bray-Curtis
(Figure 3) show two distinct clusters corresponding
to the two facilities supplying different water
sources. While food, age, and sex were consistent
between the two Muc2−/− facilities analyzed here,
we also recognize that the differences observed in
beta-diversity could also be influenced by the two
different facility locations. A future controlled
experiment is needed before drawing any definitive
conclusions on the effect of acidified water and the
Muc2−/− microbiome. However, the results at least
show that water source could be an important factor
in spontaneous colitis due to changes in the gut
microbiome.

Vendor differences

The potential effects of water quality on parental
animals becomes of even greater importance when
one considers that the top three commercial ani-
mal vendors: Jackson Laboratories (Jax®), Taconic
and Charles River, differ in the drinking water
treatments for laboratory animals. Both Charles
River and Taconic filter their water at multiple
levels and hyper-chlorinate it. Charles River takes
things one step further and also UV sterilizes the
water before delivering it to their in-house ani-
mals. On the other hand, Jax® acidifies their
water to a pH of 2.5–3.0 via the addition of HCl
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(Table 3). Perhaps on a related note, Jax® animals
are often cited as having a radically different
microbiome compared to mice obtained from
Charles River or Taconic.7,21,23,25 Notably, Sofi
and associates set out to conduct their 2014 study
as they observed their in-house NOD mice devel-
oped diabetes more slowly than that reported by
Jax®.7 These researchers observed a lower inci-
dence of T1D when their in-house NOD mice
were given neutral water or when Jax® mice were
switched to neutral water at an early age (3–
4 weeks old).7 However pre-diabetic mice pur-
chased from Jax® (8 weeks of age) developed
hyperglycemia rapidly compared with those from
their in-house SPF breeding colony.7 This suggests
that the age at which acidified water is discontin-
ued plays an important role in the developing
murine gut microbiome and subsequent disease
progression.

Vendor differences may be responsible for the
conflicting results found by two similar studies
conducted by independent research groups. In
their 2012 study, Hansen et al., assessed the effect
of early life vancomycin exposure and subsequent
diabetes onset.26 NOD/BomTac mice (Taconic,
Lille Skensved, Denmark) were purchased and
bred in house and maintained under SPF
conditions.26 Animals had free access to food and
water where the water source was not specified.26

Hansen and associates found that exposure to the
antibiotic vancomycin (0.5 g/l) from birth until
weaning, resulted in a significant decrease in dia-
betes onset, while exposure later in life resulted in
a non-significant decrease in cumulative diabetes
onset.26 Simultaneously, a study from our group9

examined the effects of prolonged antibiotic treat-
ment on NOD mice and the incidence of diabetes.
NOD and NOR mice were acquired from Jax® and
were housed and bred under SPF conditions.9

Animals received sterile chow and filtered UV

sterilized water ad libitum throughout the
experiment.9 Pregnant dams were exposed to van-
comycin (0.5 g/l) just prior to birth and through-
out lactation and until diabetes onset.9 Contrary to
what Hansen et al. found, we found that exposure
of the pregnant dams to vancomycin resulted in
accelerated diabetes onset in NOD pups.9 These
conflicting results may be due to water sources
provided at either the animal vendor and/or the
research facility considering it had been shown
that acidified water in the NOD mice alters the
gut microbiome and diabetic phenotype.6,7 The
differences observed in Jax® mice compared to
other commercial vendors extends beyond dia-
betes research, a summary of differences observed
in the literature between the top three commercial
animal vendors is summarized in Figure 2.

Conclusion

Water is a fundamental necessity of life – however
its importance is often underappreciated in the field
of in vivo microbiome research. Water can be a
significant source of variability depending on the
geographical location of the animal facility, the
time of year, the presence or absence of agriculture
within the surrounding area, and the sterilization
and filtration methods employed by the animal
facility itself. While it is impossible to standardize
water across all animal facilities currently conduct-
ing microbiome work throughout the world, more
care should be taken on the part of the researcher to
report as much detail as possible regarding their
own facilities water source and treatment to facil-
itate reproducibility. Finally, it is important to con-
sider individual commercial vendor differences in
water treatment when purchasing animals for
microbiome studies considering the gut microbiome
plays an important role in the development of sev-
eral disease phenotypes like diabetes and colitis.

Table 3. Table summarizing the water sources of the top three commercial mouse vendors.
Vendor Water source

Jax®^ Water acidified to pH 2.5–3.0 by the addition of HCL.
Charles River* Water filtered at multiple levels, hyper-chlorinated and UV sterilized.
Taconic* Hyper-chlorinated water (2 to 8 ppm) passed through a series of 0.2-micron filters.

*Contacted vendor for information
^ Taken from Jax® website: https://www.jax.org/news-and-insights/jax-blog/2014/april/top-five-tips-to-get-ready-for-your-new-research-mice
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Figure 3. The fecal microbiome clusters to water source in a mouse model of spontaneous colitis. Beta-diversity between two in vivo
facilities supplying different water sources to Muc2−/− mice show clear clustering based on Bray-Curtis dissimilarity measures. Red
dots represent the UBC Okanagan cohort (receiving acidified water at pH of ~2.3 via the addition of HCL) and blue dots represent
the UBC Vancouver cohort (who received autoclaved municipal tap water.).

Figure 2. Summary of differences observed in C57Bl/6 mice obtained from the top three commercial animal vendors: Charles River,
Taconic and Jax®.
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