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Abstract

Water quality and water line management play a critical role in swine health;
however, they are often overlooked aspects of swine production. Best practices for
water line cleaning and disinfection in pig barns are limited, and a one-time
(terminal) water line cleaning with peracetic acid (PAA) may reduce mineral scale
and biofilm presence. The objective of this study was to evaluate swine water line

biofilm regrowth dynamics in six commercial wean-to-finish farms on well water
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following application of 0.78% PAA. Water line samples were collected aseptically
pre-treatment (0), after water lines had been flushed 24 hours after PAA had been
applied (1), and 3, 5, 7, 14, 21, 42, 56, and 77 days post-treatment. Biofilm was
quantified via aerobic and anaerobic standard plate counts. Results demonstrate a
significant reduction in biofilm quantities pre- (0) and post-treatment (1), with over
a three-log reduction in log 10 colony forming units (CFU) per mL (adjusted p-value
= (0.0000). Biofilms regrew within three days and were not significantly different
than pre-treatment (0) biofilm quantities. This demonstrates that administration of
0.78% PAA is effective at reducing biofilm quantities, however, long-term impacts
are limited. Following labeled dosages and continuous water disinfectants should be

considered for long term management.
Keywords: biofilm, standard plate counts, water lines, peracetic acid, water quality
Introduction:

Water is an essential nutrient for swine, playing vital roles in maintaining
health and welfare [1-4]. Despite its importance in maintaining daily operations on
farms, it is an often-overlooked aspect of swine management with most efforts
focused on providing drinking water access and only addressing water quality when
clear health deficits appear. Water sources for farms primarily include private well
water or surface water sources, with treated rural water occurring less commonly
[5, 6]. In the United States, private wells are not covered under the Environmental
Protection Agency’s Safe Drinking Water Act, making testing and treating for
contaminants the responsibility of the well owner [7]. Swine farms can routinely
experience water quality challenges regarding hard water, elevations in minerals,

and microbial contamination [8]. Additionally, they often have conditions that favor



mineral deposit formations in water lines which can reduce pipe diameter, restrict
water flow, and create a rough surface for biofilm colonization [9].

Biofilms can create challenges in swine water distribution systems (WDS) by
potentially harboring pathogens, occluding drinking water access, and contributing
to decreased microbial water quality [10, 11]. Biofilm-forming organisms can be
introduced into WDS through the water source (i.e., well, surface water, or
municipal water), or through access points into the WDS via the farm water
medication dosing system, medication stock bucket, and water access points (i.e.,
nipple drinkers, cup waterers, and wet-to-dry feeders) [12]. Once introduced into
the WDS, bacteria colonize and form an extracellular polymeric substance (EPS)
matrix to create a biofilm [13]. Swine WDS design further contributes to biofilm
development as they are open, branched systems with terminal ends and may
include in-line water dosing systems for treatments [14, 15]. This design allows for
water to move more slowly during times of low water consumption, provides areas
of stagnation at the ends of the water lines, and additional nutrients (via oral
administered medications, such as electrolytes and acids) to biofilm organisms [14,
16].

Farms with water quality and biofilm challenges could benefit from routine
water line cleaning and disinfection, particularly between groups of pigs at wean-to-
finish farms. There are many biocides available for water line cleaning and
disinfection for livestock, however best practices for water line management,
including cleaning and maintenance, have yet to be established for swine WDS.

Peracetic acid (PAA), also known as peroxyacetic acid, may be a solution to
aid in water line cleaning and disinfection, but the residual antimicrobial effects of a

one-time administration (terminal line cleaning and disinfection) of PAA in swine



water lines is unknown. PAA is a commercially available disinfection agent with
broad-spectrum antimicrobial activity, has been reported to be effective against
biofilms, and its acidity and oxidation potential allow the breakdown of mineral
scale in water lines [17-20]. Depending on formulation and label claims, PAA can be
used for water line cleaning and disinfection and water treatment in livestock
operations. PAA slowly acts against organic matter and biofilms, suggesting a
potential residual disinfection effect, but the regrowth dynamics after PAA
disinfection are poorly understood [21].

The objective of the study was to obtain baseline levels of biofilm and
investigate biofilm regrowth dynamics after a single application of 0.78% PAA in
water lines on wean-to-finish swine farms between groups of pigs. To the authors
knowledge, this is the first study to evaluate biofiim regrowth dynamics after
terminal line cleaning with PAA in swine water lines in commercial conditions.

Materials and Methods:

1. Sijte criteria

Commercial, wean-to-finish swine farm sites (n=6) containing two rooms with
private, untreated, well water sources in west-central lowa were enrolled into the
study. Sites enrolled were over three years of age, contained main water lines
composed of polyvinyl chloride (PVC), and had at least one water dosing system
that could be applied to both rooms. It was required that the site had not previously
received a water line cleaner or disinfectant within the past six months prior to the
study.

2. Study design



This observational, longitudinal study assessed water line biofilm regrowth
dynamics after water line administration of CID 2000 Pro (CID LINES, an Ecolab
Company, Ghent, Belgium), a commercially available hydrogen peroxide
peroxyacetic acid (PAA). This study involves a subset of samples from one central
sampling population outlined by Doughan, 2025 [11]. Replaceable sections of PVC
pipe were installed into the main water line (“coupon side streams”) an average of
seven months prior to the trial. Pre-treatment (0) samples were collected prior to
administering CID 2000 Pro (PAA) at 1:128 0z (0.78%). An off-label dosage of 0.78%
PAA was chosen to be readily applicable to United States swine industry
applications. Most swine farms in the United States have a fixed 1:128 0z (0.78%)
ratio water dosing system readily available. The farm’s water lines and coupon side
streams were filled with 0.78% PAA and allowed a contact time of at least 24 hours.
This occurred when the farm was empty between groups of pigs. Water line
samples were collected at the following time points: Pre-treatment (0), 24 hours
after PAA water line treatment and water line flushing (1), then 3, 5, 7, 14, 21, 42,
56, 77 days post-treatiment. Samples were collected during May - November 2023.

3. Coupon side streams

To assess biofilm regrowth rate, coupon side streams were installed into the six
sites. This avoided main water line disruption and did not compromise water flow to
pigs during sampling events. Two coupon side streams were installed near the
middle of each room (Figure 1), four per farm site. Coupon side streams consisted of
new PVC pipe, which matched existing pipe material and pipe diameters for all six
sites, with an internal diameter of 1.905 cm, “T” and 90° joints, and PVC ball valves
which diverted water flow from the original main water line into the new coupon

side stream. The water would flow through the coupon side stream and then enter



back into the original main water line to supply the end of the water line (Figure 2).
Each coupon side stream contained five 26.67 cm long (10.5”) PVC pipes which
were connected via PVC unions, allowing for easy removal and replacement of PVC
water line sections for sampling by unscrewing and re-screwing each union. Each
coupon side stream had a “flush” ball valve on the distal (farthest away from the
water source) end of the coupon side stream. Conduit brackets were installed and
Zip ties were used to support the coupon side stream to the ceiling at the same
level as the existing plumbing. Coupon side streams were identified as “proximal”
and “distal” side streams based on their proximity to the source water, with
proximal being closest to the water source and distal being further from the water

source.

Coupon side streams were installed and naturaiiy developed biofilm for an
average of 215 days (~ seven months) and ranged from 132-266 days prior to the
start of the trial. Coupon side streairis were exposed to farm water quality
conditions, biofilm and biofiim dispersal events from existing main water line pipe,
farm flow rates, and on-farm temperatures for the seven months. Therapeutic water
line treatments such as vaccines, electrolytes and antimicrobial medications were
permitted and recorded. Water line cleaning or continuous water disinfection
treatments were prohibited before and after the start of the trial. No water line
treatments except 0.78% PAA were permitted during terminal water line cleaning.
Figure 1 demonstrates coupon side stream assembly and water flow dynamics.
Relative location of their installation in each room of the barn on the farm site and a
real photograph of the coupon side stream can be found in the Supplementary

Information (Figure S1-S2).



Figure 1. Visual of a coupon side stream containing five removable “coupons” of
1.905 cm PVC pipe joined via threaded unions. Water flow (arrows) was directed
away from the main water line pipe into the coupon side stream before and during
the study. Water flowed back into the main water line at the distal end of the

coupon assembly to supply the rest of the farm.
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4. Peracetic acid preparation, administration, and validation

Methods regarding peracetic acid preparation, administration, and validation of
appropriate PAA dose (total oxidizing oxygen (TOO) test) processes are detailed in

the Supplementary Information (Supplementary sections 1-4).

5. Coupon sampling regimen

One coupon was designated to be collected for each of the 10 collection time
points in two rooms in six sites (n= 120 coupons). Coupon side streams were
collected from distal to proximal coupons based on sample collection time point.
Pre-treatment (0) being the most distally collected and sample collection time point

77 being the most proximally collected coupon on the proximal coupon side stream.



Coupons were further subdivided and designated for further testing as reported in
Doughan, 2025 [11]. Coupons were subdivided into aerobic standard plate counts

(ASPC)(n=120) and anaerobic standard plate counts (ANSPC) (n=120) in this study.

6. External coupon decontamination

At each sample collection time point, the water supply was turned off to the
coupon side stream being collected. A 5-gallon bucket filled with water was
obtained and dish soap (Dawn™ Proctor and Gamble (P&G), Cincinnati, OH, USA)
was added to create a diluted soap solution. Protective eyewear and gloves were
donned, and the exterior surface of the water line pipe was washed to remove any
external debris until the exterior of the water line pipe was visually clean. Excess
soap or water was removed with clean, dry, paper towels. The exterior of the pipe
was marked with a permanent marker at 0 cm, 7.62 cm, 10.16 cm, 12.7 cm, 15.24
cm, and 17.78 cm length of the coupon to indicate PVC sections to be collected for
the study. The ball valve on the coupon side stream was opened to remove any
residual water from the coupon side stream. Gauze sheets were soaked in a solution
of 2% diluted sodium hypochlorite (bleach) and utilized to scrub the exterior of the
coupon plus 15.24 cm on either side of the pipe and the ceiling near the coupon to
reduce potential for deoxyribonucleic acid (DNA) or ribonucleic acid (RNA)
contamination [22]. The 2% bleach was applied to the pipe cutting tools (blades,
handles, and the entirety of the surface) and the surface where the pipe cutter
would rest during the two-minute contact time. A new pair of clean gloves were
donned during the contact time for the 2% bleach dilution. Clean paper towels were

utilized to dry off any residual bleach after this contact time.

7. Coupon collection for ASPC and ANSPC



Once the external surface of the coupon was decontaminated, coupon sections
of PVC pipe were cut on the marked lines from most proximal to distal. The final two
most distal sections (each section measured 2.54 cm) were collected and tested for
ASPC, and ANSPC, respectively. Samples were collected and placed into Whirl-Pak®
bags with 10 mL of 0.9% saline. Once the coupon sections were extracted, the two
ends of the remaining coupon were unscrewed from the union and a new, intact,
PVC coupon was screwed into the space to restore water access. The main water
supply was then turned back on to fill the coupon side stream and the process was
repeated for the second room. At the end of each sample collection time point, each

site had two ASPC and two ANSPC samples.

8. Sample preparation and processing

Water line samples were stored on ice until processing. One person was
designated to handle the water line sample with new gloves, while another person
was designated to handle the exterior of the Whirl-Pak® bag to avoid
contamination. Biofilm and mineral deposits were removed from the interior of the
2.54 cm pipe section with the plastic end of a puritan swab while holding it over the
open end of the Whirl-Pak® bag. The circumference of the interior pipe was scraped
two times, then the water line section was dropped back into the Whirl-Pak® bag
and rinsed with the existing 10 mL of saline. This process was repeated until all or
the majority of the visible biofilm on the inside of the pipe section was removed
from the interior pipe wall. The saline, biofilm and mineral deposits in the Whirl-
Pak® bag were then collected via a pipette and put into a 15 mL conical tube. The
last ~1 mL of the liquid in the Whirl-Pak® bag was repeatedly aspirated to obtain
any settled biofilm or mineral debris in the crease of the Whirl-Pak® bag. The

samples were then centrifuged at 1300 rpm for five minutes in a LW scientific C3-



Select centrifuge to obtain a pellet. The samples were submitted to the lowa State
University Veterinary Diagnostic Laboratory (ISU VDL) within three days of sample
collection for ASPC and ANSPC analysis.

Sixteen ASPC and ANSPC samples could not be submitted to the ISU VDL within
three days of sample collection. Samples included ASPC and ANSPC from site 4 on
sample collection time points 3 and 5 post-treatment, as well as ASPC and ANSPC
from site 3 and 5 on sample collection time point 3. These samples were frozen at -
70 °C and thawed prior to biofilm removal, centrifugation and submission to the ISU
VDL.

9. Biofilm enumeration via standard plate counts

For each sample collection time point, four samples (two from each room)
containing a biofilm pellet and 0.9% saline supernatant held in 15 mL conical tubes
were submitted to the ISU VDL for ASPC or ANSPC analysis. Details on the methods
for aerobic and anaerobic standard plate count preparation and testing processes
can be found in the Supplementary Information (Supplementary section 5).

10.5tatistical analysis

Microbial standard plate count data was transformed into a log base 10 scale. A
linear mixed-effects model was implemented in R v.4.3.3 using the “Ime4” package
v.1.1-35.1 to assess the effect of sample collection time points on the log
transformed count across all sites, with the site as the random effect. The
experimental unit was the site. Post-hoc pairwise comparisons between pre-
treatment (0) and all post-treatment time points were conducted using estimated
marginal means via the “emmeans” package v.1.10.0, with Dunnett’'s method to
control a familywise error rate. A Welch two sample t-test was also performed for

each site separately to compare the difference between collection time point 0 and



1 within site. Furthermore, room, standard plate count type (ASPC or ANSPC), and
their interaction terms with sample collection time point were added in the linear
mixed-effects model as fixed effect, with the site as the random effect. And a type
I ANOVA was performed on the model to detect significant effects on the log
transformed count across all sites. p-values of <0.05 were considered significant.

Results:

In this study, impact of terminal water line cleaning with 0.78% PAA on water
line biofilms and biofilm regrowth dynamics in six wean-to-finish swine farms was
evaluated. Over the six sites, pre-treatment ASPC and ANSPC ranged from 0 CFU/mL
to 7.00 x 10% and 6.20 x 109, respectively. The highest ASPC and ANSPC reported
over all collection time points were 3.30 x 10° and 1.80 x 10? respectively with both

samples reported on post-treatment collection time point 7.

The type Il ANOVA revealed there were no significant effects of room,
standard plate count type, and interaction terms across all sites on CFU/mLs (p-
value = >0.05). Therefore, biofiim quantities were assessed by combined ASPC and

ANSPC results in the subsequent analysis.
Impact of 0.78% PAA on biofilm between pre-treatment (0) and post-treatment (1)

A significant difference in the log base 10 transformed CFUs/mL between pre-
treatment (0) and post-treatment (1) was detected (adjusted p-value 0.0000) and
the estimated reduction in log 10 CFU/mL was 3.3874 (Figure 2). Figure 2 provides
visual representation in violin plots of the distribution of pre-treatment (0) and post-
treatment (1) biofilm counts reported in log base 10 CFU/mL. Five out of six sites
demonstrated significant reductions between pre-treatment (0) and post-treatment

(1) sample collection time points. Table 1 displays the Welch t-test results from site



specific pre-treatment (0) and post-treatment (1) comparative analysis. These
findings suggest that a one-time water line cleaning and disinfection with PAA is a
viable method for reducing initial biofilm quantities in swine water lines, however

site-specific considerations may impact results.

Figure 2. Violin plots demonstrate the distribution of log base10 CFU/ mL values for
all sites and standard plate count types between pre-treatment (0) and post-

treatment (1) sample collection time points.

Pre—treatment (0) and post-treatment (1) standard plate count results for all sites

[=2]
sy -3

Log base 10 colony forming units/ mL

Collection time point

Table 1. Welch two sample t-test results of the impact of a one-time disinfection of
0.78% PAA on pre-treatment (0) and post-treatment (1) biofilm quantities. Five out

of six sites demonstrated significant differences (p-value = <0.05) between pre- (0)
and post-treatment (1) CFUs/mL. Sample differences demonstrate mean log basel0

reductions between pre- (0) and post-treatment (1).



Site t-test Degrees | p-value | 95% Sample mean
Number of confidence difference (pre-
freedom interval treatment (0) -
post-treatment (1))
Site 1 -0.0897 5.9506 | 0.9314 | -3.0526, 2.8370 0.1078
Site 2 5.3758 5.0091| 0.0030| 1.2058, 3.4136 -2.3097
Site 3 7.15 5.2023| 0.0007 | 3.1787, 6.6832 -4.9310
Site 4 33.377 3| 5.912e-| 5.8648, 7.1012 -6.4830
05
Site 5 3.1666 3.9647 0.0344 | 0.3544,5.5475 -2.9510
Site 6 7.497 3.0294 | 0.0048| 2.1712,5.3440 -3.7577

Biofilm regrowth dynamics

Pairwise comparisons between pre-treatment (0) and all post-treatment time

points were conducted using Dunnett’s method for p-value adjustment. Across all

sites, pre-treatment (0) CFU’s/mL estimates compared to 3- and 5-days post-

treatment were not significantly different than one another (adjusted p-values=

0.9425 and 0.9742, respectively), indicating that biofilm accumulations were

indistinguishable from pre-treatment biofilm quantities. However, pre-treatment (0)

CFU/mL estimates compared to 7,14, 21, 42, and 56 post-treatment estimates

increased above original biofilm quantities and were significantly different or

approaching significance (Table 2). Biofilm quantities on sample collection time

point 77 remained elevated over pre-treatment (0) quantities and the comparison

was nearly statistically significant (adjusted p-value = 0.0513). Biofilm quantity




distributions across all sites and combined plate count type at each collection time

point can be seen in Figure 3.

Figure 3. Violin plots demonstrate the distribution of biofilm log base 10 CFU/ mL

values for all sites and combined plate count types at each sample collection each

time point for the entire study.

Standard plate count results across time points for all sites

10.0

7.5

5.0

2.5

Log base 10 colony forming units / mL

0.0

(6]

7 14

Collection time point

21 42 5

6

Table 2. Post-hoc pairwise comparisons between baseline and remaining collection

time points using Dunnett’s method for p-value adjustment. Negative estimates

demonstrate increases from baseline biofilm quantities, as most post-treatment

values were increased compared to pre-treatment quantities. p-values of <0.05 are

considered significant.

Sample
collection time
point pairwise

comparison

Estimate

Adjusted p-

value




0-1 3.3874 0.0000
0-3 0.3270 0.9425
0-5 -0.2584 0.9742
0-7 -1.4672 0.0084
0-14 -2.0351 0.0001
0-21 -1.3905 0.0146
0-42 -1.8173 0.0005
0-56 -1.2660 0.0339
0-77 -1.1997 0.0513

Biofilm quantities on collection time points 7, 14, 21, 42, and 56 post-
treatment were significantly different and had increased compared to pre-treatment
(0) log 10 CFU/mL counts. Biofilm quantities on sample collection time point 77
were approaching significance. This finding is consistent with known biofilm
colonization dynamics and that the biofilm is at its stationary phase in its growth,
indicating maturation. Seiective pressures such as inadequate growing conditions,
limited nutrients, or competition over resources within high cell density areas within
the water line biofilms can have had a self-limiting effect on biofilm numbers [9,

23].

Discussion

Over the six sites, water line cleaning and disinfection with 0.78% PAA
demonstrated greater than a three-log reduction in biofilm quantities (CFUs/mL)
with statistically significant results between pre- and post-treatment (p-value=

0.0000). However, the absence of significant differences between pre-treatment



biofilm quantities taken on days 3- and 5-post-treatment indicates that biofilm
regrew to quantities indistinguishable from pre-treatment. These findings suggest
that a one-time water line cleaning and disinfection with PAA is a viable method for
reducing initial biofilm quantities in water lines, but rapid regrowth occurs under
field conditions. Rapid regrowth likely reflects incomplete removal of established
biofilm, potential site-specific water chemistry interactions with 0.78% PAA, original
organic load in water lines, and protection provided by the biofilm’s EPS.

To the authors’ knowledge, this is the only evaluation of swine water line
biofilm regrowth dynamics after water line cleaning and disinfection with PAA. One
similar swine water line biofilm study evaluated water quality, biofilm, and
endotoxin concentrations in sodium hypochlorite treated water versus untreated
water pipes [12]. Biofilm quantities in untreated water lines were comparable
between studies, supporting the present study’s findings [12]. While both studies
focused on aspects of biofilm evaluation in swine water systems, they differed in
scope and methodology providing complementary insights [12]. One poultry study
evaluated biofilm regrowth pre-flush and post-flush, and 43 days into the grow out
period. Day 43 biofilm quantities were not statistically different than pre-flush
quantities [24]. This contrasts the present study’s results as non-significant biofilm
guantities from pre-treatment (0) were achieved at 3 and 5 days post-treatment,
however, were not achieved again until collection time point 77, which only
approached significance. Further investigation into factors influencing biofilm
regrowth dynamics in poultry versus swine farms should be investigated.

In this study biofilm regrowth was evaluated immediately post-treatment (1),
and three days post-treatment. Similarly, in vitro studies for poultry water line

biofilms demonstrated biofilm regrowth in potable, clean water by day 3 and 7 on



PVC coupons [25]. Other studies have reported either planktonic or biofilm growth
within a few hours after PAA disinfection [21], while other researchers generally
estimate biofilms could develop within two-to-three days [26, 27]. Future studies
could investigate if biofilms return even faster than three days post-treatment with
PAA with shorter evaluation intervals.

PAA may have greater efficacy from pre-treatment (0) to post-treatment (1)
reductions with on-label administrations of 2% application concentrations. A
previous study assessed 2% PAA concentrations in vitro and found drastic
reductions in CFUs/mL after administration of PAA at 4 hours, and even further
reductions at 24 hours [27]. The present study was designed for United States
industry applications, where most swine producers have a fixed 1:128 0z (0.78%)
ratio water dosing system readily available. Therefore, off-label administration of
the PAA was utilized to replicate applicable fiela conditions. Practically, this provides
further guidance that terminal line cieaning can reduce biofilm quantities, but
continuous management and control is needed.

Although PAA dose (0.78%) and application time remained the same over all
sites, individual site differences in the level of reduction were noted. Five out of six
sites had significant biofilm reductions between pre- (0) and post-treatment (1).
Although, some sites had greater reductions than others. Many variables could have
interfered with the efficacy of the PAA during terminal line cleaning [28]. Any
present organic matter in the water lines, thickness of the pre-treatment biofilm,
temperature, water pH, residual EPS matrix, and mineral and chemical profiles of
the farm’s well water could have impacted the PAA efficacy [17, 21, 23, 29-31].
Inadequate removal of biofilm subsequent to 0.78% PAA administration post-

treatment could have contributed to biofilm regrowth dynamics. The medication



dosing system in which the PAA was applied could have influenced the efficacy of
the biofilm reduction. For the present study, existing on-farm water medicator
dosing systems were used. Age of medicators, maintenance history of medicators,
or calibration were not recorded or performed at application. Quality control
mechanisms were performed to ensure accurate dosing of the 0.78% PAA (methods
described in the Supplementary Information sections 1-4) and were considered
within target. Future research is needed to determine dosing efficiency variations
between medicator types and over the lifetime of the medicator.

While this study provides many insights into water line biofilms, water line
cleaning and disinfection, and their implications for swine water line management,
several limitations must be considered when interpreting tne results from this work.
This study included a limited sample size, as the experimental unit is the site, and a
lack of a control group for comparison.

This study presented a nove!, complementary methodology for routine
investigations of in situ water line biofilm conditions in livestock operations [12, 32-
35]. New PVC pipe was utilized for the installation of the coupon side streams and
was assumed to be clean and microbial free. It is possible that contaminants from
the new PVC pipe or installation could have impacted biofilm regrowth dynamics.
The coupon side stream may not be representative of original biofilm from the main
water line pipe in regards to biofilm maturity and internal pipe surface roughness,
impacting biofilm regrowth dynamics [36]. Despite these limitations, the
methodology was designed to account for the use of new PVC pipe. Coupon side
streams were allowed to naturally develop biofilm over a period of time (~ seven

months) similar to methods completed in the literature [37, 38]. Future



investigations into the comparison of biofilm maturity and surface roughness
between coupon side streams and existing main water lines should be pursued.

Despite careful sample collection and processing, field conditions could have
allowed for a small risk of contamination from direct contact or environmental
exposure of a contaminant. Samples were removed and divided into subsections for
further testing in the field rather than removed as one coupon and further
subdivided in laboratory conditions. This was performed to reduce the number of
individuals handling the samples and potential introduction of contaminants. It is
important to note that environmental contamination from the room that housed the
water lines would not necessarily equate to the introduction of novel contributions
to the biofilm. Swine water systems are considered open to the environment at
several points.

During sample collection, the coupon side stream was drained of water to
avoid shearing stress to any neighboring biofilm in nearby coupons [39]. Draining
the coupon side stream could have affected the composition or accurate reporting
of aerobic to anaerobic organisms due to air exposure [9, 39]. This phenomenon
could have impacted the types of organisms grown in our SPCs. Anaerobic and
aerobic organisms enumerated in SPCs could also represent facultative organisms
that could grow in both conditions.

One of the greatest limitations of the study is that SPC results are limited to
identifying only culturable bacteria. In this study, we only evaluated ASPC and
ANSPCs, which include general classes of bacterial organisms. SPC results are
limited to a small fraction of bacteria that are culturable and viable, including those
not in a viable but non culturable state (VBNC) state [40-42]. Biofilms are complex,

multi-species structures that could include bacteria, viruses, and protozoa and the



mechanisms available to assess and quantify it have benefits and limitations [9, 43-
46]. Enumeration through standard plate counts is a routine and repeatable
mechanism for quantifying the number of viable cells within a sample and is
reported in colony forming units (CFU) per mL. This technique for enumeration of
biofilm microorganisms likely grossly underestimates the true enumeration in the
water distribution system at the farm level. SPCs were chosen due to the
accessibility, reliability, and commonality with reported measures in the previous
literature, and feasibility to repeat the process for swine veterinarians and
producers. Sixteen of 240 biofilm samples could not be tested via ASPC or ANSPC
within three days of sample collection and were frozen at -70°C and thawed prior to
sample submission. Freeze-thaw cycles may have reduced bacterial viability,
disproportionately impacted certain bacterial taxa, and lead to an underestimation
of CFU/mL results in these samples [47].

It is worth noting that additional investigations into visual and genetic
evaluations of biofilm regrowth and colonization, such as confocal laser scanning
microscopy, scanning eiectron microscopy, and 16S rRNA sequencing should be
performed in future research [46]. Identifying dominant bacterial taxa and

functional groups could provide additional insights into targeted control strategies.

Conclusions

Determining biofilm regrowth dynamics can inform decisions on best
practices for interventions against challenges of water line biofilms in swine farms.
This study demonstrated that while 0.78% PAA significantly reduced biofilm
quantities immediately after application, biofilm regrowth occurred rapidly,

accentuating the need for continuous water line biofilm management. Future



assessments could include evaluating the impact of varying dose, biocide product,
and visual and genetic evaluations of biofilm regrowth dynamics. This present work
addresses a critical knowledge gap in microbial colonization of swine water line
biofilms, introduces a practical approach for routine, on-farm biofilm sampling, and
provides a foundation for the development of comprehensive water management

strategies in swine production systems.
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PAA: peracetic acid
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ANSPC: anaerobic standard plate count

ISU VDL: lowa State University Veterinary Diagnostic Laboratory

VBNC: viable but non-culturable

Declarations:

0 Ethics approval and consent to participate



Oral consent to perform the project was obtained from veterinarians representing
farm 1-6’'s owners to perform the project. No procedures on swine were performed

and the study was IACUC exempt.

0 Consent for publication

Not applicable

0 Availability of data and materials

The dataset generated during this study is available in the lowa State University
Open Data repository “DataShare” at the following link:

https://doi.org/10.25380/iastate.29175365.v1.

0 Competing interests

Dr. Gabrielle Doughan’s salary was partially supported by funds from CID LINES, an
Ecolab Company. The funding source had no role in the study design, data
collection and analysis, decision to publish, or preparation of the manuscript. All

other authors declare that they have no competing interests.

0 Funding

This research was supported by funds from CID LINES, an Ecolab Company.

0 Authors' contributions

GD and LK contributed equally to the study design, project execution, data analysis
and manuscript preparation. BK, MP, KS, JTB contributed equally to this work
through study design review, project execution, and manuscript review. NM
contributed to the study design and directed sample processing at the Clinical

Microbiology laboratory and aided in preparation of the manuscript. CS contributed


https://doi.org/10.25380/iastate.29175365.v1

significantly to sample collection, sample processing, and editing of the manuscript.

JLB contributed to study design and contributed to the preparation of the

manuscript. DZ performed statistical analysis. All authors have read, revised, and

approved the final version of the manuscript.

0 Acknowledgements

The authors are grateful for Grace Clark, Grace Nightser, and Rylee Hundley for

their tremendous help with sample collection and processing, and Chantz Nittler for

his work in creating the illustrations. The authors want to thank the veterinarians

and producers involved in the study for facilitating access to their farms.

References:

© N

10.

Madsen, T.N. and A.R. Kristensen, A mode/ for monitoring the condition of
young pigs by their drinking behaviour. Computers and electronics in
agriculture, 2005. 48(2): p. 138-154.

Matthews, S.G., et al., Early detection of health and welfare compromises
through automated detection of behavioural changes in pigs. The Veterinary
Journal, 2016. 217: p. 43-51.

Andersen, H., L. Dybkjaer, and M. Herskin, Growing pigs' drinking behaviour:
number of visits, duration, water intake and diurnal variation. Animal, 2014.
8(11): p. 1881-1888.

Brumm, M. Weater Recommendations and Systems for Swine. 2010
12/16/24]; Available from: https://porkgateway.org/resource/water-
recommendations-and-systems-for-swine/.

Walthart, B.K., Optimizing swine water line management: A study of
hydration status during water medication events and best practices for water
line antimicrobial use, in Veterinary Diagnostic and Production Animal
Medicine. 2024, lowa State University: lowa State University Digital
Repository. p. 102.

Nyachoti, C., J. Patience, and I. Seddon, Effect of water source (ground versus
surface) and treatment on nursery pig performance. Canadian Journal of
Animal Science, 2005. 85: p. 405-407.

USEPA, 40 C.F.R. § 141. 2023.

Edwards, L. and H. Crabb, Water quality and management in the Australian
pig industry. Animal Production Science, 2021. 61.

Flemming, H.C., et al., Biofilms.: an emergent form of bacterial life. Nat Rev
Microbiol, 2016. 14(9): p. 563-75.

Doughan, G., L. Karriker, and K. Mou, Water biology: The next frontier for
biosecurity, in 54th Annual meeting of the American Association of Swine
Veterinarians. 2023: Aurora, Colorado. p. 346-350.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Doughan, G., Characterization of the impacts of water line cleaning and
disinfection on swine wean-to-finish water line ecology, in Veterinary
Diagnostic and Production Animal Medicine. 2025, lowa State University: lowa
State University Digital Repository.

Boger, R., et al., Sodium Hypochlorite Treatment: The Impact on Bacteria and
Endotoxin Concentrations in Drinking Water Pipes of A Pig Nursery.
Agriculture, 2020. 10(3): p. 86.

Windsor, W.J. How Quorum Sensing Works. 2020 June 12, 2020; Available
from: https://asm.org/Articles/2020/June/How-Quorum-Sensing-Works.

Little, S., et al., Water Distribution Systems in Pig Farm Buildings: Critical
Elements of Design and Management. Animals, 2021. 11(11): p. 3268.

Little, S., et al., /In-Water Antibiotic Dosing Practices on Pig Farms. Antibiotics,
2021. 10(2): p. 169.

Douterelo, I., K.E. Fish, and ).B. Boxall, Succession of bacterial and fungal
communities within biofilms of a chlorinated drinking water distribution
system. Water Research, 2018. 141: p. 74-85.

Kitis, M., Disinfection of wastewater with peracetic acid: a review.
Environment International, 2004. 30(1): p. 47-55.

Kampf, G., Peracetic Acid, in Antiseptic Stewardship: Biocide Resistance and
Clinical Implications. 2024, Springer International Publishing: Cham. p. 117-
173.

Farjami, A., et al., Peracetic acid activity on biofiim formed by Escherichia coli
/solated from an industrial water system. Letters in Applied Microbiology,
2022.74(4): p. 613-621.

Boyd, C.E., C.S. Tucker, and B. Somridhivej, Al/kalinity and Hardness: Critical
but Elusive Concepts in Aquaculture. journal of the World Aquaculture
Society, 2016. 47(1): p. 6-41.

Zhang, C., et al., /nhibition of regrowth of planktonic and biofilm bacteria
after peracetic acid disinfection. Water Research, 2019. 149: p. 640-649.
Fischer, M., et al., £fficacy Assessment of Nucleic Acid Decontamination
Reagents Used in Molecular Diagnostic Laboratories. PLoS One, 2016. 11(7):
p. e0159274.

Jaishankar, J. and P. Srivastava, Molecular Basis of Stationary Phase Survival
and Applications. Frontiers in Microbiology, 2017. 8.

Raut, R., et al., /mpacts of on-farm water sanitation practices on microbial
hygiene in poultry waterlines and efficacy of sodium hypochlorite-based
product on foodborne pathogens. Journal of Applied Poultry Research, 2024
p. 100425.

Maharjan, P., Development of a Biofilm Model for Evaluating Poultry Drinking
Water Sanitation Procedures, in Poultry Science. 2016, University of
Arkansas. p. 113.

Watkins, S. Clean water lines optimize animal health. in 48th Annual Meeting
of the American Association of Swine Veterinarians. 2017. Denver, CO.
Hancock, A., ). Hughes, and S. Watkins, /n Search of the Ideal Water Line
Cleaner. Avian Advice 2007. 9(1): p. 1-4.

Liu, D., et al., Salinity, dissolved organic carbon and water hardness affect
peracetic acid (PAA) degradation in aqueous solutions. Aquacultural
Engineering, 2014. 60: p. 35-40.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4]1.

42.

43.

44.

45.

46.

47.

Maillard, J.-Y., Resistance of Bacteria to Biocides, in Antimicrobial Resistance
in Bacteria from Livestock and Companion Animals S. Schwarz, L.M. Cavaco,
and J. Shen, Editors. 2018, ASM Press: Washington, DC. p. 109-126.

Maillard, J.-Y. and |. Centeleghe, How biofilm changes our understanding of
cleaning and disinfection. Antimicrobial Resistance & Infection Control, 2023.
12(1): p. 95.

Bas, S., M. Kramer, and D. Stopar, Biofilm Surface Density Determines Biocide
Effectiveness. Frontiers in Microbiology, 2017. 8.

Scantling, M. and S. Watkins /dentify Poultry Water System Contamination
Challenges. 2013. 4.

Maharjan, P., Evaluation of water sanitation options for poultry production.
2013, Univeristy of Arkansas: Graduate Theses and Dissertations.

Maes, S., et al., Occurrence and characterisation of biofilms in drinking water
systems of broiler houses. Bmc Microbiology, 2019. 19: p. 15.

Ogundipe, T.T., S. Beitia, and T. Obe, Applied Research Note: Microbial
composition of the biofilm of poultry drinking water system. Journal of Applied
Poultry Research, 2024. 33(2): p. 100403.

Cai, Y., et al., Roughness-controlled cell-surface interactions mediate early
biofilm development in drinking water systems. Journal of Environmental
Chemical Engineering, 2023. 11(3): p. 110101.

Douterelo, I., et al., Whole metagenome sequencing or chlorinated drinking
water distribution systems. Environmental Science-Water Research &
Technology, 2018. 4(12): p. 2080-2091.

Kitajima, M., et al., Microbial abundance and community composition in
biofilms on in-pipe sensors in a drinking water distribution system. Science of
The Total Environment, 2021. 76&6: p. 142314.

Tsagkari, E., et al., The role or shear dynamics in biofilm formation. npj
Biofilms and Microbiomes, 2022. 8(1): p. 33.

Amann, R.l., W. Ludwig, and K.H. Schleifer, Phylogenetic identification and in
situ detection of individual microbial cells without cultivation. Microbiol Rev,
1995. 59(1): p. 143-69.

Kelly, J.J., et al., Temporal Variations in the Abundance and Composition of
Biofilm Commiunities Colonizing Drinking Water Distribution Pipes. PLOS ONE,
2014. 9(5): p. e98542.

Lahrig, K., et al., Bacterial Community Analysis of Drinking Water Biofilms in
Southern Sweden. Microbes and Environments, 2015. 30(1): p. 99-107.
Skraber, S., et al., Pathogenic viruses in drinking-water biofilms. a public
health risk? Biofilms, 2005. 2(2): p. 105-117.

Moreno, Y., et al., /Influence of drinking water biofilm microbiome on water
quality: Insights from a real-scale distribution system. Science of The Total
Environment, 2024. 921: p. 171086.

Waller, S.A., A.l. Packman, and M. Hausner, Comparison of biofilm cell
quantification methods for drinking water distribution systems. Journal of
Microbiological Methods, 2018. 144: p. 8-21.

Wilson, C., et al., Quantitative and Qualitative Assessment Methods for
Biofilm Growth.: A Mini-review. Res Rev ] Eng Technol, 2017. 6(4): p. 1.
Zhang, Y. and C.A. Gross, Cold Shock Response in Bacteria. Annual Review of
Genetics, 2021. 55(Volume 55, 2021): p. 377-400.



