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Peracetic acid (PAA) is an effective disinfectant in aquaculture systems to reduce pathogen loads and improve
water quality. However, its effectiveness in disinfecting biofilm in recirculating aquaculture systems (RAS) and

Microbial inhibition resetting biofilters between productions remains unknown. This study evaluated the effects of acute PAA

gllsuﬁcca;?;et exposure on biofilter biofilms from freshwater RAS. Identical types of bioelements were collected from a pilot-
Respirg/metryry scale RAS (without prior PAA treatment) and a commercial RAS (with PAA treatment), and exposed to PAA

RAS concentrations of 0, 1, 2, 4, 8, and 16 mg/L for 1 h. Microbial activity and viability of the exposed biofilms were
evaluated using respirometry and flow cytometry. Results showed dose-dependent inhibition of biofilm activity
and viability in the pilot-scale RAS. Nitrite oxidation was the most sensitive process to PAA, with an ICs of 1.27
mg/L (the concentration at which PAA inhibited biofilm metabolic activity by 50 %), followed by ammonia
oxidation (ICsp = 1.59 mg/L) and endogenous respiration (ICsy = 2.67 mg/L). Microbial activity linked to HoO2
decomposition was least affected (ICso = 4.68 mg/L). Live cell counts decreased from 9.1 x 107 counts/cm? to
2.4 x 107 counts/cm? of bioelement surface, with dead cells proportion increasing from 15 % to 54 %. In
contrast, biofilter biofilms from the commercial RAS exhibited significantly lower sensitivity to PAA dosage, with
reductions in nitrite oxidation (39 %) and ammonia oxidation (51 %) observed only at 16 mg/L compared to
control. These findings suggest that routine PAA exposure, as part of the other operating conditions on the
commercial RAS, can enhance the biofilm’s sensitivity to PAA. The study provides new insight into the sensitivity
of aquaculture biofilm to PAA treatment and its effect on associated microbial processes.

1. Introduction

Biofilm, an aggregate of microorganisms and their self-produced
matrix attached to a surface [1], can play both beneficial and detri-
mental roles in natural and engineered systems, depending on the
location and the species involved [2,3]. This also applies to recirculating
aquaculture systems (RAS), an environmental controlled land-based
facility for intensive fish farming with a high-degree water reuse dur-
ing the production [4]. RAS biofilms include prokaryotes and eukary-
otes, autotrophs and heterotrophs, as well as aerobes and anaerobes,
depending on the categorization [5-9]. For example, biofilm growing on
biofilter elements hosts autotrophic ammonia-oxidizing bacteria (AOB)
and nitrite-oxidizing bacteria (NOB), performing nitrification process to
maintain proper water quality for fish growth [6]. However, biofilm can
also act as a refuge for pathogenic bacteria, sheltering them from
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antibiotics or disinfectants treatment, which enables them to survive
and subsequently recolonize the water phase, posing a significant risk
during the production [10-13]. Therefore, RAS operation also includes
biofilm management to ensure a healthy and stable production envi-
ronment for fish.

One strategy to control the microbial water quality and prevent
undesirable biofilm formation in RAS is through the application of
chemical disinfectants [14-17]. Disinfection is a central component in
RAS hygiene procedure to prevent pathogen introduction, accumula-
tion, and transmission within and between facilities [18,19]. Several
chemical disinfectants have been used for water disinfection in RAS, and
peracetic acid (PAA) is a commonly used disinfectant [20,21], due to its
rapid degradation into harmless residues and broad-spectrum antimi-
crobial effects on cyst-forming dinoflagellates, parasites, planktonic
bacteria, and sessile biofilm [15,22-27].
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Previous studies have reported that PAA can harm nitrifying biofilm
in RAS when applied at a dose of 2-3 mg/L PAA or at repeated doses of
1.1 mg/L PAA twice daily, four times a week [28,29]. The potential
inhibitory effect of PAA on nitrifying biofilm is a critical factor in the
utilization of PAA as a disinfectant in RAS. As RAS rely on a high degree
of water reuse and constant water circulation, any residual PAA making
contact with the biofilter units may inactivate the beneficial biofilm
within the biofilter, resulting in impaired biofilter performance and
deteriorated system water quality.

PAA is also used in RAS to disinfect biofilters between production
batches. Particularly because the biofilter may serve as a reservoir for
pathogens, it can be relevant to chemically disinfect the biofilter at the
end of a production cycle when no fish are present [30]. After disin-
fection and resetting the biofilter, a new production cycle can be initi-
ated. In this regard, the operators are concerned about the efficiency of
the disinfectants on the biofilters, specifically how many microorgan-
isms are inactivated or survive after disinfection. Information about
reductions of microbial presence and processes in biofilm (i.e., viability
and metabolic activities) in response to PAA exposure is required to
optimize and standardize PAA dosage but is currently missing due to the
complexity of biofilm and the lack of suitable methods to characterize
biofilm.

Existing methods to quantify biofilm activity and its viability in RAS
include controlled spiking batch test (i.e., measure the turnover rates of
ammonium or nitrite to nitrate; [31,32]), plate counting (i.e., measure
colony forming units in the culture; [33]), next-generation sequencing
(i.e., measure microbial community composition and function; [34,35]),
and qPCR (quantitative polymerase chain reaction, i.e., measure gene
expression; [29,36]). These methods are either time- and labor-intensive
or they require specific expertise. Recently developed respirometric
methods based on measuring oxygen changes allow for a simple and fast
assessment of biofilm metabolic activities inside the biofilter without
destroying biofilm integrity [37,38]. Additionally, the feasibility of
applying flow cytometry for fast and precise determination of microbial
viability in microbes suspended in RAS water was demonstrated by
Aalto et al. [39], a method that can also be applied to assess microbial
viability in biofilm samples. Both respirometry and flow cytometry
methods appear to be suitable options to characterize biofilm on bio-
filter elements and obtain the information on the effects of PAA on
biofilm inside RAS biofilters.

The objective of this study was therefore to evaluate the effects of
PAA on biofilm from biofilter elements sampled at two different RAS
facilities (a pilot-scale and a commercial RAS), applying new methods to
quantify the metabolic activities and viability of biofilm.

2. Materials and methods
2.1. Bioelement samples

Colonized bioelements were collected from moving bed biofilters at
two different freshwater RAS facilities with rainbow trout: 1) a pilot-
scale RAS at DTU Aqua (Hirtshals, Denmark) and 2) an outdoor com-
mercial RAS (Farsp, Denmark). Both biofilters were filled with black RK
Plast bioelements made of polypropylene with a specific surface area of
750 m?/m® (Dania Plast A/S, Skive, Denmark). The biofilter and 20 m*
pilot-scale RAS are described in detail in Aalto et al. [40]. The com-
mercial freshwater RAS had an annual production capacity of 600 MT
rainbow trout with a 450 m® moving bed biofilter.

The disinfection protocol at the commercial RAS included regular
PAA application (every second day for years), whereas no chemical
disinfection had been applied in the pilot-scale RAS. Unlike the experi-
mentally controlled and stable indoor pilot-scale RAS, the commercial
RAS was subjected to seasonal changes and operational variability (e.g.,
light exposure, temperature, DO, and pH).
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2.2. Acute PAA exposure experiment

The acute exposure experiment was conducted in six 50 L containers
containing tap water, where 25 pieces of collected bioelements were
placed and exposed to the targeted PAA concentrations for 1 h. The
tested PAA concentrations in the experiment were 0, 1, 2, 4, 8, and 16
mg PAA/L, and achieved by the addition of PAA into the corresponding
container, using an industrial PAA solution (Aqua-Oxides Super, S.
Sgrensen, Thisted, Denmark). The composition of the PAA product was
15.7 % of PAA and 25.8 % of hydrogen peroxide (H202) as weight
percentage, which was measured by a two-step titration method [28].

After 1-h exposure, the 25 pieces of bioelements exposed to each
specific PAA concentration were collected separately and instantly
transferred to separate static beakers containing 1 L of fresh RAS water
for 30 min to eliminate residual PAA. The RAS water used for neutral-
ization was collected from the facilities where the bioelements were
sampled. To account for potential cell detachment from biofilm during
the neutralization, concurrent controls were included. These controls
consisted of bioelements exposed to the same handling procedures but
without PAA treatment (0 mg PAA/L). This allowed differentiation be-
tween cells lost due to detachment during neutralization and cells
impacted by PAA exposure. After the neutralization step, the exposed
bioelements were collected to measure biofilm metabolic activity and
viability with respirometry and flow cytometry methods, respectively.
All experiments were performed in triplicate, with new bioelements
collected for each replicate to ensure biological replication. The exper-
iment was operated in a temperature-controlled room, and experimental
temperature was 16 + 1 °C.

2.3. Biofilm metabolic activity measurement

The metabolic activities of biofilm on bioelements were measured
using respirometric methods described in Qi et al. [37,38]. Briefly,
biofilm activities related to endogenous respiration, nitrite oxidation,
and ammonia oxidation processes were assessed as a proxy of oxygen
consumption rates (OCR) using pure tap water, or sequential spiking
with NaNOy or NH4Cl. The microbial activity in the biofilm was based
on enzymatic HoOy decomposition [41], which was indirectly evaluated
as the net oxygen release rate (ko) following a spike with HyO5 [38].
Fiber optic oxygen sensors (FireSting, PyroScience GmbH, Germany)
were used to record real-time dissolved oxygen (DO) concentrations.
The nominal concentration of NH4Cl, NaNO, and H50, injected into
chambers were 11.5 mg/L (~3 mg NHi-N/L), 14.8 mg/L (~3 mg
NO3-N/L) and 10 mg/L, respectively. The detailed procedures are
described in Qi et al. [42].

2.4. Flow cytometry analysis of biofilm viability

One exposed bioelement was placed in a sterilized Petri dish and the
biofilm was detached by scraping the eight lamella surfaces of the bio-
element with a sterile sickle scale. After that, 5 mL sterilized buffered
sodium chloride peptone broth of 16.1 g/L was used to thoroughly rinse
the scraped surfaces of bioelements five times to get the remaining
biofilm detached by using a syringe with pointed end tip needle. After
dislodging the biofilm, the obtained cell suspension was collected by
aspiration with a pipette, and then filtered through a 40-um sterile cell
strainer (Fisherbrand™, Fisher Scientific) to remove large particles that
can interfere with flow cytometry analysis. After filtration, the 500 pL
filtrate was then labeled with two nucleic acid stains simultaneously,
cell membrane-permeant SYBR Green and cell membrane impermeant
propidium iodide (PI) to distinguish live and dead cells and measured
with BD Accuri C6 Plus flow cytometer (Becton, Dickinson and Com-
pany, NJ, USA), following the protocols from Aalto et al. [34].



W. Qi et al.
2.5. Data and statistical analysis

2.5.1. Oxygen consumption rate (OCR) calculation following dissolved
nitrogen substrate injection
The OCR was calculated as described previously [37]:

ADO
— -~ 1
OCR=V x At (€9)

where OCR (mg Oz/h) is the oxygen consumption rates of biofilm that
utilizes the substrate. V (=0.35 L) is the volume of the chamber for DO
measurement, t (h) is the period for calculating OCR, and % is the
change in DO concentration over time deduced from a linear regression
model.

Specifically, the OCR of biofilm in the absence of substrate, and in
the presence of NH4Cl and NaNO, were calculated in the following:

OCRendo = OCRtap water spike (2)
OCRNOB = OCRNaNO; spike'OCRendo (3)
OCRa0s = OCRyn,c1 spike-OCRendo @)

where OCRepqo is the oxygen consumption rate of biofilm in pure tap
water, reflecting the endogenous respiration activity of biofilm. OCRyop
is the oxygen consumption rate of NOB in the biofilm, it reflects the
biofilm metabolic activity for nitrite oxidation. OCRpop is the oxygen
consumption rate of AOB in the biofilm, it reflects the biofilm metabolic
activity for ammonia oxidation.

OCRtap water spikes OCRyano, spike and OCRng,c1 spike are the oxygen
consumption rates of biofilm related to tap water, NaNO,, and NH,4Cl
spike, respectively.

2.5.2. Oxygen release rate (ko) calculation following H,03 injection
The ko, was calculated with a monomolecular model based on the
work of Qi et al. [38]:

y=A(1-er () 5

Where y (mg O»/L) is the DO concentration in the chambers following
H,03 spike measured by oxygen sensors, A (mg Oy/L) was the maximum
net oxygen release potential, k,r (h™1) was the net oxygen release rate
constant, t (h) was the time of calculation period, and t. (h) represented
the duration of lag phase.

2.5.3. ICsg calculation

To investigate which metabolic activity of biofilm is more sensitive
to PAA treatment, the median inhibition concentration (ICsg), the con-
centration of PAA resulted in a 50 % decrease in metabolic activity of
biofilm, is estimated based on a four-parameter logistic model [43] (Eq.
(6))

A-D
Y= 5+ D ©®

1+ ()

Where y is the relative response (%) of biofilm metabolic activities as
compared to the unexposed control at x concentration of PAA (mg/L),
while A (%) and D (%) are the responses at the maximum curve
asymptote and minimal curve asymptote, respectively. C is the ICso and
B is a slope factor. Here, A and D were constrained to be 100 % and 0 %.

2.5.4. Statistical analysis

The data processing, plotting, and fitting of curves were done by
using OriginPro software (version 2021, OriginLab, Northampton, USA).
A one-way analysis of variance (ANOVA) in OriginPro software
following post-hoc Tukey test was conducted to test the mean differences
of biofilm metabolic activity and biofilm viability among PAA levels.

Biofilm 9 (2025) 100277

Before ANOVA analysis, the assumptions of normality of residuals and
homogeneity of variance were checked by Shapiro-Wilk and Levene’s
test, respectively. In cases where assumptions were not met, data were
analyzed by using the nonparametric Kruskal-Wallis ANOVA, followed
by Dunn’s multiple comparison test. Statistical significance was set at P
< 0.05.

3. Results
3.1. Biofilm activity following acute PAA exposure

In the control group (0 mg PAA/L), an apparent oxygen consumption
was observed in the bioelements collected from two locations following
the spike with pure tap water and water spiked with NaNO, or NH4Cl
(Fig. 1). This was observed also when exposing biofilms from pilot-scale
RAS to 1, 2, and 4 mg/L of PAA, but not at PAA concentrations of 8 and
16 mg/L (Fig. 1a). In contrast, biofilm samples from the commercial RAS
still clearly consumed oxygen after being exposed to PAA even at a
concentration of 16 mg/L (Fig. 1b). After HyO, spike, the activity of
biofilm samples of control group from two locations both resulted in a
distinct oxygen release, and the same was observed in biofilms in the
bioelements collected from two locations when exposed to PAA (Fig. 1).

The endogenous respiration rate (OCRepdo) Of unexposed bio-
elements after tap water spike, was 0.95 + 0.22 mg Os/h in the pilot-
scale RAS and 0.81 + 0.04 mg Oy/h in the commercial RAS (Fig. 2a).
There was a clear trend that OCRe,q, of biofilm in bioelements collected
from pilot-scale RAS decreased with increasing PAA exposure (r =
—0.809, p < 0.0001). A significant decrease by 45 % in OCRepdo
occurred when bioelements were exposed to 2 mg/L PAA, and the
highest reduction of OCRepg, in comparison with control was found at
16 mg/L PAA exposure (90 % of OCRepdo reduction) (Fig. 2a). The
OCRendo Of biofilm in bioelements collected from the commercial RAS
was only found to decline significantly when being exposed to 16 mg/L
PAA, resulting in a 30 % of OCRepdo reduction as compared to the
control group (Fig. 2a).

In the control group, the oxygen consumption from nitrite oxidation
activity (OCRyop) was 1.77 + 0.16 mg Os/h in the pilot-scale RAS and
0.85 + 0.06 mg Oy/h in the commercial RAS (Fig. 2b). A significant
reduction of OCRyop was observed when bioelements from pilot-scale
RAS were exposed to 1 mg/L PAA, leading to a 37 % decrease in OCR-
~oB as compared to the control (Fig. 2b). In comparison with control, 16
mg/L PAA exposure lead to almost 100 % reduction of OCRyop in bio-
elements collected from pilot-scale RAS. The significant reduction of
OCRnop in bioelements collected from the commercial RAS was only
observed at 16 mg/L PAA exposure, leading to a 39 % OCRyog decline as
compared to the control (Fig. 2b).

The ammonia oxidation activity (OCRa0p) of the control biofilm was
3.42 4+ 0.86 mg Oy/h in the pilot-scale RAS and 2.52 4+ 0.13 mg Oy/h in
the commercial RAS (Fig. 2c). When exposed to increasing PAA con-
centration, the OCRppp of biofilter biofilms from pilot-scale RAS
decreased by 33 %, 61 %, 84 %, 99 %, and 99 % at 1, 2, 4, 8, and 16 mg/
L PAA as compared to the control, respectively (Fig. 2c). The OCRaop of
biofilter biofilms from commercial RAS reduced significantly only when
being exposed to 16 mg/L PAA, resulting in a decrease of OCRpop of 51
% in comparison with control (Fig. 2c).

The microbial activity (ko) of the biofilm in the unexposed bio-
elements was 7.97 + 1.64 h™! in the pilot-scale RAS and 7.75 + 0.80 h™?
in the commercial RAS (Fig. 2d). The microbial activity in bioelements
from the pilot-scale RAS was significantly reduced (by 38 %) when
exposed to 2 mg/L PAA, and the highest reduction of microbial activity
by 64 % was observed at 16 mg/L PAA exposure in comparison with
control (Fig. 2d). The microbial activity in biofilm from the commercial
RAS biofilter varied considerably after PAA exposure (Fig. 2d).
Compared to unexposed control biofilm, the microbial activity increased
almost three-fold after 2 mg/L PAA exposure, with large variation be-
tween the tested bioelements. The mean microbial activity increased by
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Fig. 1. Profiles of dissolved oxygen (DO) concentrations in 350 mL respirometric chambers with 20 pieces of bioelements, collected from (a) pilot-scale RAS and (b)
commercial RAS. First, the bioelements were exposed to different PAA concentrations for 60 min. Then, four sets of substrate spikes were made: first with tap water
(I, Time = 0-40 min), then with addition of NaNO, (II, Time = 40-55 min), NH4Cl (III, Time = 100-115 min), and H,O5 (IV, Time = 160-225 min). DO values are
represented as mean + SD (n = 3). Dark shaded areas represent the pump-on period when substrate injected into the chambers, light dark shaded areas represent the
pump-off period when oxygen consumption/release rates were calculated, and white areas with breaks represent intervals of 45 min when the draining and refilling of
the reservoir takes place.
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Fig. 2. The metabolic activity of biofilm attached on bioelements collected from pilot-scale RAS (red square) and commercial fish farm (blue circle) towards
increasing PAA exposure. (a) OCRendo, (b) OCRnog, (€) OCRpop, and (d) ko, are response parameters indicating biofilm metabolic activities related to endogenous
respiration, nitrite oxidation, ammonia oxidation, and enzymatic process for H,O, decomposition, respectively. Values are reported as mean + SD (n = 3). The letters
denote post-hoc Tukey test results within the PAA concentration level. The same letter represents no significant difference and vice versa (p < 0.05).

66 % and 57 % at 1 and 16 mg/L PAA but decreased by 3 % and 33 % at 4
and 8 mg/L PAA respectively, compared to the control.

The inhibition concentration (ICsg) of PAA for metabolic processes in
biofilm samples from pilot-scale RAS followed the order: nitrite oxida-
tion, ammonia oxidation, endogenous respiration, and enzymatic HoO»
decomposition (Table 1). The dose-response relationship was very high
(R? > 0.9) on biofilm samples collected from the pilot-scale RAS, but this
relationship was not found on biofilm samples from commercial RAS
(Table 1). Within the PAA exposure range tested, 50 % inhibition for the
selected metabolic processes on biofilm samples from commercial RAS

Table 1
ICso (mg/L) of PAA for different metabolic processes within biofilm samples
collected from pilot-scale RAS and commercial RAS.

Metabolic processes Parameters  Pilot-scale RAS Commercial
RAS
ICsp (mg/ R? ICso R?
L) (mg/L)
Endogenous respiration OCRendo 2.67 +£0.14 0.99 - -
Ammonia oxidation OCRp0B 1.59 + 0.05 0.99 - -
Nitrite oxidation OCRyoB 1.27 + 0.02 099 — —
Enzymatic H2O» kor 4.68 + 1.06 092 — -
decomposition

@ The data were deduced from fitting dose-response curve with four parameter
logistic model, and represented as mean + SD (n = 3).

were not observed (Fig. 2).

3.2. Biofilm viability alterations following acute PAA exposure

The abundance of total cells measured in the unexposed bioelements
was 1.08 x 10% cells/cm? in the pilot-scale RAS and 1.02 x 108 cells/cm?
in the commercial RAS (Fig. 3a). When exposed to PAA, the abundance
of total cells in biofilm samples collected from pilot-scale RAS decreased
with increasing PAA concentration exposure, in which 4 mg/L PAA
exposure started to cause a significant reduction of total cells abundance
by 32 %, and the highest reduction of 51 % total cells abundance was
observed at 16 mg/L PAA exposure in comparison with control (Fig. 3a).
The total cell abundance in biofilm samples collected from commercial
fish farm varied between 9.4 x 107 and 1.03 x 108 cells/cm? when
exposed to elevated PAA concentrations (Fig. 3a).

The abundance of live cells in biofilm in the unexposed bioelements
was 9.1 x 107 counts/cm? in the pilot-scale RAS and 8.2 x 107 cells/cm?
in the commercial RAS (Fig. 3b). When exposed PAA, the abundance of
live cells in biofilm samples collected from pilot-scale RAS declined with
increasing PAA concentrations, ranged from 2.4 x 107 to 7.6 x 107
cells/cm?, and 2 mg/L PAA exposure started to cause a significant drop
of live cells abundance, resulting in 30 % reduction of live cells abun-
dance compared to control (Fig. 3b). The live cell abundance in biofilm
samples collected from commercial RAS varied from 7.3 x 107 to 8.1 x
107 cells/cm? when exposed to elevated PAA concentrations (Fig. 3b).
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Fig. 3. The abundance of (a) total cells and (b) live cells, and (c) the propor-
tion of dead cells (%) in the biofilm that are attached on bioelements collected
from pilot-scale RAS (red square) and commercial RAS (blue circle) towards
increasing PAA concentration exposure. The biofilm samples for the measure-
ment are dislodged from the surface of a single bioelement covering a surface
area of 448 mm?.

Biofilm 9 (2025) 100277

The proportion of dead cells in the unexposed bioelements was 15.2
+ 0.3 % in the pilot-scale RAS and 17.3 + 0.9 % in the commercial RAS
(Fig. 3c). When exposed PAA, the proportion of dead cells in biofilm
samples collected from pilot-scale RAS increased with increasing PAA
concentrations, ranging between 17.8 + 0.6 and 54.0 + 3.8 %, and a
significant rise of dead cells proportion was observed at 16 mg/L PAA
(Fig. 3c). The dead cells proportion in biofilm samples collected from
commercial RAS altered slightly, ranging from 19.8 + 0.6 to 25.8 + 6.0
%, when exposed to elevated PAA concentrations (Fig. 3c).

4. Discussion

PAA inhibited endogenous respiration, ammonia oxidation, nitrite
oxidation, and enzymatic HyO, decomposition processes for biofilter
biofilms from pilot-scale RAS. The ICso values showed that nitrite
oxidation was more sensitive to PAA than ammonia oxidation, while the
endogenous respiration and enzymatic HoO5 degradation were less
affected. This higher sensitivity of nitrification process to PAA is likely
due to the nitrifying microbes being aerobic and present at the top layer
of biofilm [44,45]. PAA can make contact with the outer layer of biofilm
more easily due to PAA diffusion from the bulk liquid phase to biofilm
phase, making nitrifying microbes more prone to PAA inhibition
compared to microbes in the deeper layers of biofilm. Our finding on
nitrite oxidation being more inhibited by PAA than ammonia oxidation
is consistent with previous studies [28,46-48]. NOB are known to be
more sensitive to environmental perturbations (e.g., oxygen, tempera-
ture, pH, and toxicants) than AOB in both natural and engineered sys-
tems [49-52].

Endogenous respiration is a fundamental feature of biofilm meta-
bolism, and its rates have been used to indicate the biofilm metabolism
related to maintenance energy requirements or active biomass amounts
in biofilm [53,54]. All active microorganisms in biofilm carry out
endogenous respiration process. Despite the inhibition of AOB and NOB
by PAA, the remaining active microorganisms in biofilm can still
continue endogenous respiration process to meet their maintenance
energy requirements, as indicated by a mild response of endogenous
respiration to PAA. Hang et al. [55] also observed that, in response to
Cu®" stress, endogenous respiration was the most resilient process
compared to the respiration of autotrophic and heterotrophic bacteria in
activated sludge.

The microbial activity in biofilm, measured as the rate of HyO»
decomposition [41,56], was quantified by the rate constant ko The ko
includes the endogenous oxygen consumption and the oxygen formation
caused by enzymatic HyO5 decomposition [38], depending on both the
metabolic activity of the individual microbial cell and the amount of
cells in the biofilm. Catalase has been reported to maintain full activity
within a completely dead cell in biofilm because it does not require ATP
or any regenerated cofactors [57]. When endogenous respiration ac-
tivity in biofilm was inhibited by PAA, indicating the reduction of active
microorganisms and increase of dead cells in biofilm, the oxygen pro-
duction processes could still continue by catalase-driven HoO, decom-
position in both live and dead cells in biofilm. This could partly explain
why the enzymatic H,O decomposition process in biofilm was the least
affected by PAA. Altogether, the observed “hierarchical” responses of
biofilm metabolic processes to acute PAA exposure can be attributed to
the heterogeneity of biofilm, where different microbial groups occupy
distinct ecological niches within the biofilm.

We found that a PAA concentration of 1.27 mg/L led to 50 % inhi-
bition (ICsp) of nitrite oxidation activity and 1.59 mg/L to 50 % inhi-
bition of ammonia oxidation activity. Both values are 21 % and 31 %
lower than previously determined ICso for these processes [46]. This
could be due to the difference in applied PAA product composition (i.e.,
PAA/H50, ratio, 15.7 %/25.8 % vs. 32 %/6 %), the state of tested
microbiota (biofilm vs. nitrifying culture), and the methods to evaluate
nitrification activity (respirometry vs. batch nitrification assays).

PAA had less effect on the biofilm from the commercial RAS biofilter,
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compared to the inhibition observed in pilot-scale RAS biofilm. Rates of
endogenous respiration and enzymatic HoOy decomposition were not
suppressed until a concentration of 16 mg/L PAA, at which a significant
inhibition of nitrite oxidation and ammonia oxidation occurred. This
indicates that biofilter biofilms from commercial RAS have a higher
resistance to PAA. One potential explanation of this higher resistance to
PAA can be an adaptation from repeated use of PAA in the disinfection
practice of the commercial RAS. It is known that repeated exposure to
sub-lethal concentrations of disinfectants or antimicrobials can select for
a more resistant microbial population in biofilm [58-60]. The possible
mechanisms of increased biofilm resistance to disinfectants or antimi-
crobials compared to suspended bacteria, is due to protection and
diffusion limitations of disinfectants or antimicrobials into the biofilm,
and could also include phenotypic adaptations of biofilm [61,62]. The
unexpected high and variable microbial activity measured at 2 mg/L
PAA (Fig. 2d) may support this explanation. However, we cannot rule
out the difference in environmental conditions (e.g., light exposure,
temperature, DO, and pH) between the two facilities that may have
shaped the microbial community in biofilm and lead to different
response patterns to PAA.

Liu et al. [48] found that continuous PAA exposure promoted biofilm
growth as compared to unexposed systems, however, it was not quan-
tified or tested on bioelements. The biofilm on the bioelements from the
commercial RAS was observed to be more rigid compared to the bio-
elements from the pilot-scale RAS (data not shown). Previously, it has
been shown that long-term chlorine-based disinfection could cause a
more rigid biofilm [63], and non-rigid biofilm could be more easily
removed during chlorine disinfection [64]. Therefore, the difference of
the mechanical structure of biofilm in two facilities also likely contrib-
uted to their different response patterns to PAA.

In addition, both endogenous respiration activity and H2O5 related
microbial activity of unexposed biofilm from commercial RAS was lower
than that from pilot-scale RAS. This can be due to the number of active
microorganisms in the biofilm from the commercial RAS being lower
than that from pilot-scale RAS, as indicated by flow cytometry data.
Flow cytometry provided novel information on biofilm viability, which
potentially allows to evaluate PAA disinfection efficiency on biofilters.
Although concurrent, unexposed controls were included, the exact
number of cells detached during the 30-min neutralization step could
not be determined. Future studies could quantify detached cells during
the neutralization step, such as collecting and analyzing the neutrali-
zation solution for viable cell counts. Despite this limitation, the inclu-
sion of triplicate biological replicates ensures the reliability and
reproducibility of the observed trends measured by flow cytometry. The
flow cytometry results supported the above findings that biofilm sam-
ples from commercial RAS had a higher resistance to PAA compared to
pilot-scale RAS. Interestingly, flow cytometry results indicate the high-
est PAA concentration of 16 mg/L only caused around 50 % mortality in
biofilm samples from pilot-scale RAS, while a concentration of 2.57 mg/
L PAA was already enough to cause 50 % inhibition of endogenous
respiration activity of biofilm measured with respirometry method. The
different ICs values for biofilm activity and viability indicates that PAA
exposure caused a small increase in the proportion of dead cells but a
large inhibition of metabolic activity of biofilm, suggesting some mi-
crobial cells were viable but not capable to multiply under PAA expo-
sure. This interpretation is supported by a previous study where biofilm
cells were found to exhibit significant physiological heterogeneity, with
some cells showing reduced metabolic activity while remaining alive in
response to antimicrobial exposure [65]. The effect of the two distinct
rearing conditions on the microbial composition on the biofilm was not
tested but could be one of the reasons why the naive, unexposed
pilot-scale RAS biofilm was more susceptible for PAA, compared to the
commercial RAS, where the microbial community was adapted to
repeated PAA treatment causing ecological shifts in community
composition and/or function. Indeed, PAA treatment has been shown to
result in major microbial community shift [66], altering microbial
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composition and structure of biofilms [29,67-69]. Future studies should
combine the activity measurements and microbiome analysis to verify
whether repeated PAA treatment leads to a less PAA-sensitive micro-
biome in biofilter biofilms.

The findings of this study provide new information about PAA
disinfection in RAS. The use of respirometry and flow cytometry made it
possible to quantify biofilm processes and directly compare the effects of
PAA exposure. As a result, the inhibition of metabolic processes within
biofilter biofilm and disinfection efficiency can be evaluated during PAA
disinfection. As for biofilter disinfection between fish batches (terminal
disinfection), further increased PAA concentration and exposure time
may be required to achieve the desired disinfection.

While respirometry and flow cytometry methods provide valuable
insights into the response of aquaculture biofilms to PAA treatment, they
do not provide information on the underlying molecular and physio-
logical mechanisms [70]. Specific molecular regulatory mechanisms
contributing to the increased resistance of biofilm to PAA, and the ef-
fects of PAA on the specific metabolic pathways in biofilms, require
advanced methods such as metagenomics, transcriptomics, or
proteomics.

5. Conclusions

This study quantified the effects of acute PAA exposure on RAS
biofilter biofilms. PAA caused a clear dose-dependent inhibition of four
selected biofilm processes and on viable cells numbers in biofilm sam-
ples from a pilot-scale RAS. In contrast, biofilter biofilms from a com-
mercial RAS were less sensitive to PAA exposure and did not reveal a
dose-dependent response to the same PAA exposure range. The results
showed that the inhibitory effects of PAA on biofilm were achieved by
inhibiting metabolic activities and inactivating viable cells. Further
research is required to determine whether previous and regular expo-
sure to PAA, as was the case in the commercial RAS, may also contribute
to increasing biofilm resistance to PAA disinfection in pilot-scale RAS.
Finally, similar studies with other disinfectants are needed towards
improving RAS disinfection strategies with or without the presence of
fish.
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