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Abstract

Recirculating aquaculture systems (RAS) address pollution, disease, and sustainability
in commercial fish farming, but marine RAS are limited by biofilter maturation and ni-
trification. This study investigated the effects of air nanobubbles on water quality, fish
growth, and bacterial communities in marine RAS stocked with juvenile Malabar red
snapper, barramundi and saline-tolerant hybrid tilapia. Flow cytometry was evaluated as a
rapid management tool for non-culturable microbes, finding viable bacterial counts 30-100
times higher than conventional total plate counts. There were no significant differences
in fish growth, survival, or Feed Conversion Ratio between groups, likely due to low
stocking densities (<20 kg/m?) and high water exchange rates (>100%/hour), indicating
low system stress. Air nanobubbles did not significantly increase dissolved oxygen lev-
els. While bacterial abundance in water was consistently higher in nanobubble-treated
RAS (RAS-N), tank walls showed less biofilm. RAS-N also exhibited a higher abundance
of nitrifying bacteria like Nitrospira and Marinobacter, leading to improved nitrogenous
waste breakdown and lower nitrite levels. Future research should investigate nanobubbles’
benefits at higher stocking densities and longer durations to fully assess their impact on
intensive aquaculture.

Keywords: nanobubbles; flow cytometry; total bacteria plate counts; nitrifying bacteria

Key Contribution: Biofilter maturation and nitrification are limiting factors in marine recir-
culating aquaculture systems. We showed that marine RAS injected with air nanobubbles
had a higher abundance of beneficial nitrifying bacteria such as Nitrospira and Marinobacter.
resulting in lower nitrite levels. Flow cytometry provides a rapid, high throughput tool for
monitoring trends in total viable bacteria counts to enable critical management decisions.

1. Introduction

Recirculating aquaculture systems (RAS) offer a sustainable approach to marine food
fish production, addressing the growing global demand for seafood while minimizing
environmental impact. The recycling of water within closed-loop RAS is a viable alternative
to traditional cage culture in open-water environments and the use of scarce freshwater
resources for pond culture. This technology reduces water use through recycling and treat-
ment, and mitigates pollution and disease spread [1]. Although RAS gives greater control
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over fish and their environment, maintaining optimal water quality remains challenging at
high stocking densities and large biomass in grow-out aquaculture [2].

Nanobubble technology has gained much interest in effluent treatment, food produc-
tion, biomedical engineering, and medical technology [3,4]. Nanobubbles are tiny gaseous
bubbles (<200 nm diameter) with a large surface area and high internal pressure, stable
in water for extended periods compared to regular gas bubbles [3,5,6]. The longevity
of nanobubbles can be up to 3 weeks in distilled water and promotes efficient gaseous
exchange [7]. The most stable nanobubbles are generated by oxygen, followed by air and
carbon dioxide [4]. Oxygen nanobubbles (30-180 nm diameter) are stable in liquid for up
to six days while air nanobubbles (140-350 nm diameter) dissipate in a matter of hours.
The stability of gases increases with higher absolute zeta potential level. The zeta potential
of oxygen is —45 mv to —35 mv and of air is —20 mv to —17 mv [8,9]. The research studies
consistently observed that nanobubbles positively influence shrimp growth performance,
though this benefit is often tied to the nanobubbles’ effect on water quality and disease con-
trol. These oxygen-enriched nanobubbles improved weight, length, and FCR in whiteleg
shrimp (Litopenaeus vannamei) in raceways in comparison to the use of paddlewheels and
were attributed to higher dissolved oxygen (DO) [10]. Recent research demonstrates that
long-term exposure to oxygen nanobubbles significantly improves the growth, digestive
enzyme activity, muscle composition, and overall health of kuruma prawn (Penaeus japoni-
cus) while also enhancing water quality by reducing pathogenic microbes [11] Optimal and
stable DO reduces stress on the shrimp, which frees up energy to be directed toward growth.
Oxygen nanobubbles improved growth in red tilapia (Oreochromis sp.) at high stocking
densities, increased dissolved oxygen and decreased ammonia [12]. Despite increasing dis-
solved oxygen levels, both short- and long-term exposure to oxygen nanobubbles did not
show adverse effects on Nile tilapia (Oreochromis niloticus) survival, growth, or immunity,
though minor gill changes and gut microbiome alterations were observed [13].

The health of fish in aquaculture systems is impacted by spikes in organic loads,
often leading to rapid changes in microbial communities within the water. In intensive
aquaculture systems, it is important to have the tools to be able to identify when these
spikes represent a danger to the health of fish before mortality events. Not all microbes
are harmful, and heterotrophic and nitrifying bacteria play crucial roles in maintaining
healthy aquatic ecosystems. In biofloc aquaculture, heterotrophic bacteria are crucial
for converting nitrogenous waste into bacterial biomass which serves as a valuable feed
source. Microorganisms play vital roles in maintaining a healthy biofloc ecosystem [14,15].
The abundance of biofilm-forming nitrifying bacteria depends on available nitrogenous
compounds [16]. Nitrifying bacteria are slow-growing, obligate autotrophs dependent on
CO; as an energy source and very sensitive to high organic loads [17]. High organic loads
favor the rapid growth of heterotrophic bacteria which outcompete the slower-growing
nitrifying bacteria [18]. Blooms of commensal aquatic bacteria may act as opportunistic
pathogens [19-21]. Ubiquitous bacteria such as Vibrio species have been reported to cause
high mortality in cultured whiteleg shrimp (Penaeus vannamei) [22].

Reliable monitoring tools are needed to inform timely management decisions in
intensive aquaculture systems [23]. Traditionally, conventional total bacteria plate counts
grown on solid agar medium are commonly used to monitor bacteria load within intensive
aquaculture systems, to help manage water exchange rates [24]. The issue of this method
requires serial ten-fold dilutions of water samples to achieve enumerable total bacteria
plate counts (<300 colonies), and the results are often obtained after 12-24 h incubation. In
addition, the vast majority of bacteria are ‘viable-but-not-culturable” (VBNC) cells and will
not grow on solid culture media [25,26]. Flow cytometry (FCM) offers a good alternative
to total plate counts, detects VBNC bacteria using fluorescent dyes and antibodies, and



Fishes 2025, 10, 550

30f16

eliminates the need for specialized culture media [27]. Flow cytometry offers a rapid and
more accurate assessment of bacteria loads including VBNC [28].

High stocking densities pose challenges in maintaining optimal water quality and
beneficial microbial communities in intensive marine RAS. This study evaluated whether
air nanobubble technology could address these challenges by investigating its effects
on bacterial abundance (flow cytometry and plate counts), community diversity (16S
rRNA metagenomics), water quality, and growth performance across three commercially
important marine fish species: barramundi, red snapper, and Nile tilapia.

2. Materials and Methods
2.1. Experimental Trial and Animal Husbandry Routine

A six-week experimental trial was conducted at the Aquaculture Research and Teach-
ing Facility, James Cook University Singapore (JCUS), under JCUS Institutional Animal
Care and Use Committee (IACUC) approval 2020-A04. The trial focused on Malabar snap-
per (Lutjanus malabaricus), barramundi (Lates calcarifer), and salt-tolerant hybrid tilapia
(Oreochromis niloticus x O. mossambicus). These were sourced from local nurseries and
acclimatized for at least one week before the commencement of the trial.

In Figure 1, the fish were housed in two recirculating aquaculture systems (RAS), each
consisting of nine units of 350 L conical bottom cylindrical tanks with two air stones for
aeration and three unit tanks serviced as a reservoir. The two systems were serviced by a
5000 L underground sump connected by a VREKT-20 water pump (Pentair, Minneapolis,
NC, USA), three X100 cartridge filters (Pall Corporation, New York, NY, USA) connected
in series and fitted with 100 pm, 50 pm and 25 pm bag filters (Pall Corporation, New
York, NY, USA), two RK10AC-FSF fluidized sand filters (RK2 Systems, Escondido, CA,
USA) filled with coarse (0.35 mm to 1.2 mm) sand, two RK10AC protein skimmers (RK2
Systems, Escondido, CA, USA), two ASUN-C/S-5. OP heat pumps (Asun International Pte
Ltd., Singapore) for temperature control, a degassing tower, and two 150-watt E1505-230
ultraviolet sterilizers (Pentair, Minneapolis, NC, USA) for disinfection. Each of the RAS
consisted of two loops, one loop between the sump and the filtration equipment and another
loop between the sump and the fish tanks. Each tank was supplied with seawater from
the sump (24-26 ppt salinity, 27-30 °C) at approximately 5-6 L per minute (approximate
100% of tank water exchanged per hour). One of the two RAS was outfitted with an air
nanobubble generator 1.3 kW aQua + 110M (AquaPro Solutions Pte Ltd., Singapore) with a
gas (air) suction rate of 2 L per minute. The machine produces NBs with an average size
of 168.9 £ 73.8 nm and a concentration of 1.04 x 10° £ 2.6 x 10% bubbles/mL (AquaPro
Solutions Pte Ltd., Singapore) and maintained at an operating pressure of 3.8-4.2 mbar
(as per the supplier’s recommendations) to provide the nine experimental fish tanks with
air nanobubbles at an approximate rate of 1.5 L per minute. The nanobubble generator
was set to switch on and off intermittently for a total of approximately 16 h each day, to
avoid overheating.

Fish of each species were randomly distributed into triplicate tanks each housing
snappers (1 = 15, ABW = 177.92 4 2.04 g), barramundi (n = 20, ABW =132.45 £ 1.82 g) or
tilapia (n = 40, ABW = 9.37 £ 2.96 g), in experimental RAS with nanobubbles (RAS-N) and
control RAS without nanobubbles (RAS-C) (Figure 1). Malabar snapper and barramundi
were fed twice a day to satiety with a commercial feed Lucky Star (Taiwan Hung Kuo
Industrial Co., Ltd., Singapore), while the smaller-sized hybrid tilapia was fed four times
daily. Tanks were routinely cleaned after the first feeding daily, to minimize the disruption
of feeding behavior. Individual weight measurements of all experimental fish were taken
on days 0, 14, 28 and 42. To facilitate handling, fishes were anesthetized with an Aqui-S
(AQUI-S New Zealand Ltd., Lower Hutt, New Zealand) immersion bath (50 ppm), weighed,
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and recovered in an acriflavine immersion bath (~5 ppm) before being transferred back to
their experimental tanks. Any fish mortalities during the six-week experiment and their
individual weight were recorded.
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Figure 1. Schematic view of two recirculating aquaculture systems, RAS-N (with air nanobubbles)
and RAS-C (control without air nanobubbles) each with triplicate tanks of red snapper (1 = 15),
barramundi (n = 20) or tilapia (1 = 40). The top three tanks in RAS-N served as reservoirs for the
nanobubble generator. Water was drawn from the reservoir tanks into the nanobubble generator to
produce nanobubble-rich water, which was then distributed to the experimental tanks indicated as
blue lines. The flow of water within the RAS is indicated by lines: red lines show water draining to
the sump, while black lines represent the overall water flow in the system.

Water quality included total ammonia nitrogen (TAN), nitrite, nitrate, and pH, which
were analyzed daily using WaterLink® Spin Touch (LaMotte, Washington, DC, USA),
salinity was measured using a refractometer, and temperature and dissolved oxygen were
measured using a YSI ProSolo Digital Water Quality Meter (Xylem, Washington, DC, USA).

2.2. Flow Cytometry (FCM)

Mid-column water samples were collected into 50 mL Falcon tubes from each 350 L
tank containing fish in RAS-N and RAS-C on Monday to Friday over four weeks (Weeks
3-6). The water samples were kept chilled at 4 °C until analysis using flow cytometry on
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the same day. For consistency, all water samples were collected before the morning feed
and routine tank maintenance.

The CyFlow™ Cube 6 V2m (Sysmex, Hyogo, Japan) was primed and calibrated by
using duplicate wells of 170 pL of 0.5 um Calibration Beads™, 170 pL of Sheath fluid,
or 170 uL of Count Check Beads Green in a 96-well plate as quality controls, according
to the manufacturer’s instructions (Sysmex, Japan). The BacCount Viable kit (Sysmex,
Japan) contains CyStain Green™ and CyStain Red™. The Cystain Red™ is a membrane-
impermeable dye that stains the nucleic acid in dead cells. A total of 20 uL of each
CyStain dye solution from the Viable kits was added to 180 uL of each water sample in a
96-well plate and incubated at 37 °C for 13 min in the dark. The plate was analyzed in an
autoloader station of CyFlow™ Robby 6 V2m. Total and viable microbial enumeration of
water samples were performed in duplicate wells, using the flow cytometer CyFlow™ Cube
6 V2m pre-configured for rapid microbial enumeration using the BacCount Viable kits.

Bacterial abundance or the total bacteria counts per ml is based on gating the Fluores-
cence Plot (P1). For differentiation of viable and dead cells, the flow cytometric analyses are
based on gating red versus green fluorescence dot plots after excluding auto-fluorescence.
As each cell is sorted based on cell size and cellular complexity, the high nucleic acid
content (HNA) and Low Nucleic Acid content (LNA) bacteria are distinguished by plotting
P1 against side-scatter (SSC) after excluding the dead cell fraction. Data acquisition and
real-time data analysis were obtained using the CyView™ software (Sysmex, Hyogo, Japan).
HNA bacteria with increased scatter and fluorescence are indicators of metabolic activity
in an actively growing cell while LNA bacteria are considered inactive cells [29,30].

2.3. Total Bacteria Plate Counts

The water collected also underwent the conventional plate count. Total plate bacterial
counts were performed on Tuesday and Thursday each week, over the same four weeks,
on marine broth 2216 (Millipore Sigma-Aldrich, Singapore) agar plates. Preparation of
medium and incubation period techniques as well as aseptic technique was adapted by
previous studies [31]. In this study, 20 uL of each water sample was inoculated onto an
agar plate, spread out using a sterilized glass loop and incubated overnight at ambient
room temperature (25 °C) for colony counts the next day.

2.4. Collection of Water Samples for 16s rRNA Analysis

Additional one liter water samples were collected from tanks 1 (tilapia), 4 (snapper),
and 11 (barramundi) in RAS-C and tanks 1 (snapper), 4 (barramundi), and 10 (tilapia) in
RAS-N on Day 33 in Week 6. Water samples were filtered through 0.2 um glass polyether-
sulfone (PES) [32] membrane filters (Sterlitech, Washington, DC, USA) in an Airstream Plus
Class II Biological Safety Cabinet (Esco, Singapore), and stored at —80 °C until processed
for DNA extraction. DNA was extracted from the filters using DNeasy PowerWater kit
(Qiagen, Singapore), according to the manufacturer’s instructions. Water samples from
these 6 tanks were analyzed for 165 rRNA gene to determine the effects of air nanobubbles
on bacterial communities.

2.5. Library Preparation and Illumia Novaseq Sequencing

V3-V4 hypervariable regions of the bacteria 165 rRNA gene were amplified with For-
ward (5'-CCTACGGRRBGCASCAGKVRVGAAT-3') and Reverse primers (5-GGACTACN
VGGGTWTCTAATCC-3') [33]. Subsequent methodology was adapted from a previous
study [19]. In brief, indexed adapters were added to the ends of 165 rRNA amplicons
during PCR. DNA libraries were cleaned up with Agencourt AMPure XP (Beckman Coul-
ter, Singapore) and quantified by Qubit 2.0 Fluorometer, and size was validated using
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). DNA libraries were
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loaded on an Illumina Novaseq instrument according to the manufacturer’s instructions
(IIlumina, San Diego, CA, USA). Sequencing was performed using a 2 x 250 paired-end
(PE) configuration, and image analysis and base calling were conducted using the NovaSeq
Control Software Version 1.8 (Illumina, San Diego, CA, USA) on the NovaSeq instrument.

2.6. Sequence Analysis

The quantitative Insights into Microbial Ecology (QIIME) package [34] was employed
for 16S rRNA data analysis. The forward and reverse reads were joined and assigned to
samples based on barcode and truncated by cutting off the barcode and primer sequence.
Sequences with length < 200 bp were discarded and the UCHIME algorithm was applied
to eliminate chimera sequences. The effective sequences were assembled into Operational
taxonomic units (OTUs) with a sequence similarity at 97% by using the VSEARCH (1.9.6)
clustering program against the Silva 119 database. The taxonomic information was obtained
using the RDP classifier (Version 2.2).

2.7. Statistical Analysis

Statistical analysis was performed with the SPSS software Version 29.0.1.1 (IBM SPSS
Statistics). Data was analyzed for homogeneity of variance using Levene’s test and checked
for normality using the Shapiro-Wilks test. One Way Analysis of Variance (ANOVA)
was performed to test for differences between experimental groups of all three individual
species. Water quality parameters between both systems were also tested for differences
using Student’s T-test. Data was visualized graphically using GraphPad Prism version 10,
and outliers checked using boxplots and QQ plots. Differences were regarded as statistically
significant when p < 0.05.

3. Results
3.1. Water Quality

The surfaces of tanks in the experimental system with air nanobubbles were generally
cleaner throughout the experiment, whereas control tanks had heavier biofilm formation.
A thin yellowish-brown foam layer was occasionally observed on the water surface in
experimental RAS-N tanks, but not in control tanks.

Daily monitoring of pH, total ammonia nitrogen (TAN), temperature, and dissolved
oxygen (DO) did not show statistical difference between RAS-C and RAS-N, whereas DO
was not significant but was consistently much lower in RAS-N (p > 0.05). Nitrate was higher
in RAS-N than RAS-C (182.22 vs. 165.63 mg/L, p > 0.05), whereas nitrite was significantly
lower in RAS-N than RAS-C (0.99 vs. 1.40 mg/L, p < 0.05) (Table 1).

Table 1. Water quality in experimental RAS tanks over 6 weeks.

Water Parameter RAS-C RAS-N
pH 8.00 £+ 0.09 8.05 + 0.07
TAN (mg/L) 0.12 £+ 0.06 0.12 £ 0.06
Nitrite (mg/L) 1.40 +0.252 0.99 +0.16
Nitrate (mg/L) 165.6 + 27.7 182.2 +29.8
Temperature (°C) 28.6 £0.5 28.6 £ 0.4
Salinity (ppt) 24.8 £ 0.6 252 +0.5
DO (mg/L) 6.61 +0.34 6.44 +£0.24
DO (saturation, %) 894+ 5.7 87.7 5.9

Note: Total ammonia nitrogen—TAN, dissolved oxygen—DO. Nitrite levels were significantly lower in RAS-N.
Water quality is based on mean =+ standard deviation. The different letters denote significant differences between
RAS (p < 0.05).
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3.2. Fish Growth Performance

All fish took readily to the experimental diets and fed well for the duration of the
experiment. Barramundi and Malabar snappers showed largely linear growth, with a
specific growth rate (SGR) of 3.16 &£ 0.12 and 1.73 % 0.10, respectively. Hybrid tilapia SGR
was 7.95 £ 0.21, initially linear during the first two weeks, before trending towards an

exponential pattern during the last 4 weeks of the experiment (Table 2).

Table 2. Growth performance over 6 weeks, final percentage survival and condition factor.

Final

. Initial Body Final Body Total Feed Survival Final Total i
Treatment Species Weight (g) Weight (g) Intake (g) SGR FCR (%) Weight (g) C(;:I:Citl::ron
RAS-C Malabar 1788 +25.6  3082+452 2250+137 1.72+0.12 093+0.02 956+00 4417 +178 3.13 4+ 0.67
RAS-N snapper 1770 £23.6  3008+462  2234+91 1.74+010 0954005 97.8+0.0 4411+168 3.22+0.28
RAS-C o g 13294269 30384666 3390474 3194003 0764002 100.0 6076 102  2.02 +0.14
RAS-N arramundl 933714299 2968 +76.6 33324399 3.14+0.19 0.77 +0.02 100.0 5937 + 552  2.26 4+ 0.28
RAS-C Hybrid 9.5+3.0 8544297 25294153 798+0.31 0.80+£0.03 958+0.0 3272-+300 3.83+0.54
RAS-N tilapia 9.2 430 80.7 4+ 29.4 2405+ 68 7924010 0.81+002 950+00 3968+160 3.51 +0.52

Note: Values are mean =+ standard deviation. Specific Growth Rates (SGR) were calculated as (Ln (Final weight)-
Ln (Initial weight)) * 100/Number of days. Feed Conversion Ratio (FCR) is the ratio of total feed intake to overall
mean weight gain for each experimental fish group. The Final Condition Factor was calculated as Final body
weight (g) * 100/Standard Length® (cm).

Survival rates were high for all three fish species in RAS with or without air nanobub-
bles, ranging from 95 to 100% throughout the entire 6-week trial. There were no statistically
significant differences in growth performance amongst all three fish species (p > 0.05).
Final stocking densities in this trial ranged from 9.35 kg/m? (Hybrid tilapia RAS-C) to
17.36 kg/ m? (barramundi RAS-C)

3.3. Flow Cytometry and Total Bacterial Plate Counts

Flow cytometry showed increasing viable bacteria counts in both RAS-N and RAS-C
over 4 weeks (Weeks 3-6) that were generally higher in RAS-N with nanobubble injections
but were only significantly higher across all three fish species in week 3 and in tilapia and
snappers in week 4 (ANOVA) (Figure 2i). There were sporadic spikes in total bacteria plate
counts, viz in barramundi and red snapper RAS-N tanks on Day 9, tilapia RAS-C tanks on
Day 16, both red snapper RAS-C and RAS-N tanks on Day 23, red snapper RAS-N tanks on
Day 25, and both barramundi RAS-C and RAS-N tanks on Day 32. These sporadic spikes
detected on total plate bacterial counts (Figure 2ii) were not reflected in viable bacterial
counts using flow cytometry. Viable bacteria count based on flow cytometry often exceeded
culturable bacteria counts by greater than 30-100-fold.

3.4. LNA and HNA Bacteria Abundance

High Nuclei Acid (HNA) bacteria abundance increased between Weeks 3 and 6 and
was significantly higher than Low Nuclei Acid (LNA) bacteria (p < 0.05) in both RAS-N
and RAS-C for all fish species, except tilapia tanks in Week 3 (Figure 3). LNA bacteria
abundance was consistently higher in RAS-N than in RAS-C.

3.5. Microbiome Profile of Water Samples from RAS with and Without Nanobubbles

The most abundant bacteria amongst the 30 most abundant genus were clustered
more closely than the less abundant bacteria genus in both systems. Vibrio, Enterovibrio
and Cetobacterium were more abundant in RAS-C. Flavobacteriaceae and Tenacibaculum, and
nitrifying bacteria such as Nitrospira and Marinobacter were more abundant in RAS-N, while
Fabibacter were significantly more abundant in RAS-C (Figure 4).
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Figure 2. (i) Flow cytometry: viable bacterial counts increased over Weeks 3 to 6 (4 weeks) in tilapia,
barramundji, and red snapper tanks in both RAS-C and RAS-N. RAS-N showed higher total bacterial
loads than RAS-C, with statistically significant differences observed during Week 3 in all 3 fish species,
and in tilapia and snapper in Week 4. * p < 0.05 and ** p < 0.01. (ii) Conventional total bacteria plate
counts on marine agar plates: large standard deviations and apparent sporadic spikes in CFU were
observed, with a large variation between replicates. The viable bacterial counts and CFU are means
of values taken daily on Monday to Friday each week from triplicate tanks, for each fish species in
RAS-C or RAS-N systems.
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Figure 3. Flow cytometry: High Nucleic Acid (HNA) and Low Nucleic Acid (LNA) bacteria total
counts increased between Week 3 and 6. HNA bacteria were significantly more abundant than LNA

bacteria in all tanks in both RAS-C and RAS-N, irrespective of fish species (tilapia, barramundi, and
snapper). *** p < 0.0001, *** p < 0.001, ** p < 0.01 and * p < 0.05.
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Figure 4. (i) A heatmap showing the 30 most abundant genus in water samples. (ii) Top 4 genus

with significant differences in relative abundance (%) between (A) control RAS-C and (B) nanobubble

RAS-N. * denotes statistical difference at p < 0.01 and ** at p value < 0.05.

4. Discussions

This 6-week study evaluated whether air nanobubble enrichment improves water

quality and fish growth performance in marine RAS across three commercially important
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species: barramundi, red snapper, and tilapia. Despite the significant differences in micro-
bial community composition and bacteria abundance between nanobubble-enriched system
and control, air nanobubbles did not significantly improve growth rate, Feed Conversion
Ratio or survival percentages in any of the three experimented species.

Flow cytometry-based viable bacterial counts consistently increased from Week 3
to Week 6 and were consistently higher in RAS-N compared to RAS-C throughout the
study period. Fish biomass influences organic wastes output which can lead to changes
in microbial profiles [35]. Membrane-based ultrafiltration reduced organic matter and
significantly improved water quality in RAS, increased microbial diversity, and suppressed
bacterial blooms, notably the presence of Mycobacterium [36]. High organic loads fuel the
growth of opportunistic bacteria in the water, which may displace beneficial bacteria and
impact gut health [37]. Although dissolved oxygen did not show statistical difference
between RAS-C and RAS-N, DO was consistently much lower in RAS-N likely due to
higher viable bacteria loads. Nanobubbles theoretically enhance oxygen delivery efficiency
compared to conventional aeration and can elevate oxygen levels beneficial for high-density
aquaculture [38]. Higher oxygen levels promote bacteria growth, particularly the activity
of aerobic nitrifying bacteria to break down organic matter [39,40]. However, since DO
levels showed no significant difference between RAS-N or RAS-C systems in this study,
lower oxygen alone cannot explain the higher bacterial counts in nanobubble systems. An
alternative mechanism may involve the negatively charged surface of nanobubbles, which
attracts positively charged ions and has been suggested to promote microbial growth [41],
though this mechanism requires further investigation in RAS environments.

The 165 rRNA analysis revealed a higher abundance of biofilm-forming bacteria
Flavobacteriaceae in RAS-N tanks, since Flavobacteriaceae are dominant in biofilm formation
in aquaculture systems [42]. Visual observation showed heavier biofilm formation in control
tanks than in nanobubble-enriched tank walls. Dense mats of filamentous bacteria such as
Flavobacterium or Tenacibaculum on fish gills and skin are typically triggered by deterioration
in water quality, or skin damage due to jellyfish or ectoparasites [43,44]. Similarly, biofilm
formation leading to bacterial endocarditis or tooth decay is thought to be triggered by
adverse environmental conditions [45,46]. The mechanisms by which nanobubbles reduce
biofilm formation on tank surfaces despite elevated Flavobacteriaceae in the water column
warrant further investigation.

Nanobubble-enriched systems showed a significantly higher abundance of nitrifying
bacteria, particularly Nitrospira and Marinobacter, which corresponded with lower nitrite
and higher nitrate concentrations in RAS-N. This pattern indicates more efficient nitrifica-
tion, a critical process for maintaining water quality in RAS by converting toxic ammonia
and nitrite into less harmful nitrate. The enhanced nitrification in RAS-N systems likely
contributed to the observed improvements in water quality parameters. Conversely, RAS-N
systems exhibited a lower abundance of Vibrio species compared to controls. The use of
probiotics containing nitrifying bacteria was demonstrated to reduce total bacteria and
total Vibrio counts in artificially made seawater made to mimic wastewater from shrimp
culture [47]. Higher abundance of Vibrio, Enterovibrio and Cetobacterium previously re-
ported as gut microbiome suggests the accumulation of fecal wastes in RAS-C [48]. The
improved waste clearance in RAS-N may relate to nanobubbles’ ability to attract organic
pollutants to their negatively charged surfaces, a property that has been exploited for biore-
mediation of contaminated groundwater [49]. This mechanism may enhance the removal
or processing of fecal matter and other organic waste products in nanobubble-enriched
aquaculture systems.

This study demonstrated that flow cytometry (FCM) provides a rapid and effective
alternative to traditional culture-based methods for monitoring bacterial populations in
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RAS. Flow cytometry-based viable bacterial counts consistently exceeded culturable bacte-
ria or total plate counts by 30- to 100-fold throughout the study. This substantial difference
reflects the well-established limitation of culture-based methods: slow growing or fastidi-
ous bacteria may require special culture media and be missed by conventional bacterial
plate counts [50]. Flow cytometry (FCM) proved effective for daily bacterial enumeration
of a large number of water samples compared to total bacteria plate counts, which may
require several dilutions of water samples to achieve a reasonable count below 300 colonies
per plate [51,52]. This study also showed wide variations in total bacteria plate counts in
replicate test results, which may be due to a tendency for biofilm-forming bacteria to clump
together [53] and differences in water subsamples used to inoculate replicate plates. FCM
offers a rapid and effective method for detecting viable bacterial cells, providing results
within minutes and correlating well with traditional colony counting [54] and our results
observed a small variation in bacterial counts between replicates of water subsamples.
This tool is well established for monitoring bacterial communities in various aquatic envi-
ronments [55-57] wastewater treatment plants [58—-60] and drinking water [61,62]. Recent
studies have leveraged flow cytometry to proactively screen for watershed pollutants by
quickly assessing metabolic changes in waterborne bacteria [63].

Beyond enumeration, FCM enabled differentiation between High Nuclei Acid (HNA)
and Low Nuclei Acid (LNA) bacteria populations, providing additional insights into
microbial community dynamics. HNA bacterial numbers increased progressively over 4
weeks with a rise in fish biomass, while LNA bacteria remained relatively stable throughout
this study. HNA bacteria are known to dominate in nutrient-rich environments, while LNA
bacteria are more prominent in oligotrophic river systems. This may explain the increase in
HNA bacteria counts as fish biomass increased in this study. Nuclei acid analysis can be
a better indicator of microbial activity in aquatic ecosystems. Spikes in HNA bacteria are
linked to increased organic carbon, total nitrogen and biological oxygen demands [29,30,64].
HNA: LNA bacteria ratio may be better indicators for organic loads than total bacteria
count [5,65,66].

There were no significant differences in growth, FCR and percentage survival between
experimental tanks with and without nanobubble enrichment in marine RAS, for all three
fish species. Experimental fish were stocked at densities below 20 kg/ m?3, which is much
lower than in commercial intensive RAS. At lower stocking densities, fish experienced
less competition for space and food than under commercial conditions. Water quality
parameters were maintained at optimal levels for both control (RAS-C) and experimental
systems (RAS-N) with high exchange rates exceeding 100% per hour. A recent study
showed no significant difference in FCR in juvenile barramundi kept at three different
stocking densities (5.6, 6.7 and 7.7 kg/ m?) and fed at three different feed rates [67]. Even
though nanobubbles have a long residual time of weeks in water [7,38], it is not known
whether nanobubbles dissipated with the high water exchange rates, passage through
protein skimmer, degassing tower, UV, or were consumed by the bacteria within the
fluidized sand filters in our experimental RAS. Higher fish stocking densities and lower
water exchange rates are worth investigating in future studies.

The lack of growth performance improvements in this study contrasts with some
previous reports of nanobubble benefits in aquaculture RAS. Ebina et al. (2013) reported
that air nanobubble-rich water increased the final biomass of sweetfish (Plecoglossus altivelis)
after three weeks and rainbow trout (Oncorhiynchus mykiss) after six months. However,
Ebina et al. (2013)’s work did not provide details such as stocking density, initial and
final fish weights, FCR or any water quality parameters to allow comparison. Other
studies reported significant growth improvements in L. vannamei with use of oxygen
nanobubbles [10,68]. DO levels in oxygen nanobubble systems with L. vannamei reached a
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peak of 10.8 mg/L against 4.65 mg/L in control systems with aerators [68]. Therefore, it is
unknown whether such reported benefits in L. vannamei were due to higher DO levels or
the use of nanobubbles.

The supply of air nanobubbles did not significantly increase DO levels in experimental
tanks when compared to the control system in this study, possibly due to the high water
exchange rates in the RAS and low fish biomass. DO levels in aquaculture systems are
an important factor affecting fish growth by enhancing metabolic rates [69,70]. When
dissolved oxygen levels are maintained near their saturation level, feeding is thought to
become more efficient, increasing fish growth rates and immune response while reducing
FCR [69,71]. Conversely, low levels of DO significantly reduced hatch and survival rates of
Northen red snapper (Lutjanus campechanus) larvae [72], and growth, feed utilization and
innate immunity of Nile tilapia (Oreochromis niloticus) fingerlings [69].

Future studies investigating nanobubble technology should include control treatments
that match oxygen levels through alternative delivery methods (such as oxygen diffusers
or Speece cones) to isolate the specific effects of nanobubbles from general oxygenation
benefits. Additionally, comparative studies using oxygen-enriched versus air nanobubbles
would clarify whether gas composition influences outcomes.

5. Conclusions

This study demonstrated that air nanobubble enrichment in marine RAS significantly
altered microbial community structure, with 16S rRNA analysis revealing an increased
abundance of nitrifying bacteria (Nitrospira and Marinobacter) that corresponded with
enhanced nitrogen cycling and lower nitrite levels. However, these water quality improve-
ments did not translate into enhanced growth performance, Feed Conversion Ratio, or
survival in barramundji, red snapper, or tilapia at stocking densities below 20 kg/m?> with
high water exchange rates. Flow cytometry proved to be an efficient method for moni-
toring bacterial abundance in intensive aquaculture systems, with 96-well plate analysis
enabling high-throughput, same-day results and revealing 30- to 100-fold higher viable
bacterial counts than traditional plate counts. Future research should investigate whether
nanobubble benefits become apparent at commercial stocking densities (>30 kg/m3) over
full production cycles (12-18 months), comparing air and oxygen nanobubbles with oxygen-
matched controls, and utilizing 165 rRNA analysis of replicate tank samples at multiple time
points to better characterize the temporal dynamics of microbial community succession.
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