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Abstract

Nitrogen is a major challenge in zero-water-exchange (ZWE) aquaculture systems. This 
study examined the effects of dietary β-glucan and nucleotides on nitrogen transformation 
dynamics, oxidative stress responses, and environmental stability in Nile tilapia (Oreochromis 
niloticus). A 42-day feeding trial was conducted using diets supplemented with β-glucan 
(βg1  = 1%, βg2  = 2%, βg3  = 3%) and nucleotides (Nt1  = 1%, Nt2  = 2%, Nt3  = 3%). Final fish 
weight increased from 21.57 g in the control (Ct) to 28.32 g in Nt3 . Total nitrogen (TN) de-
rived from cumulative feed input reached 264.08 mg/L in Ct, whereas nucleotide treatments 
showed lower accumulation. NH+

4  peaked between days 10 and 17, reaching 12.38 mg/L 
in Nt3 , while NO−

2  peaked at 0.240 mg/L in Nt1  and declined to 0.03–0.07 mg/L by day 42. 
NO−

3  accumulated continuously to 31.74–51.47 mg/L, with higher concentrations gener-
ally observed in nucleotide treatments. Kinetic modeling yielded higher model-derived 
apparent nitrogen transfer coefficient (ka ) in β-glucan treatments (1.287–1.690/day) and 
higher model-derived apparent nitrite-to-nitrate conversion coefficients (k2 ) in nucleotide 
treatments (4.994–5.748/day). Nucleotide supplementation favored apparent nitrite-to-
nitrate conversion, whereas β-glucan was associated with greater apparent transfer of 
ammonia-derived nitrogen toward the modeled residual nitrogen pool.

Keywords: β-glucan; nucleotide; nitrogen transformation; nitrification; oxidative stress; 
zero-water-exchange aquaculture

1. Introduction
Aquaculture intensification relies on zero-water-exchange (ZWE) and low-water-

renewal systems to improve water-use efficiency and reduce environmental discharge [1]. 
Under intensive culture conditions, continuous feeding and fish metabolism promote the 
accumulation of nitrogenous compounds, increasing the risk of water-quality deteriora-
tion [2], toxicity [3], oxidative stress [4], and environmental instability [5]. In aquaculture 
systems, environmental stability depends on the balance between nitrogen loading, mi-
crobial transformation, and biological assimilation, making nitrogen regulation a critical 
component of sustainable aquaculture management [6]. In ZWE systems, dietary pro-
tein metabolism primarily drives nitrogen transformation, with nitrogen excreted as total 
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ammonia nitrogen (TAN) [7]. Under limited water renewal, accumulated nitrogen un-
dergoes continuous transformation through interconnected pathways involving ammonia 
generation [8], nitrification [9], and biological assimilation [10].

These pathways can be represented by kinetic coefficients derived from temporal ni-
trogen concentration dynamics, encompassing ammonia input or generation (ke ), apparent 
NH3/NH+

4  to NO−
2  conversion (k1 ), apparent NO−

2  to NO−
3  conversion (k2 ), and apparent 

nitrogen transfer to the residual nitrogen pool (ka ) [11]. In this framework, ke , k1 , k2 , and ka 
are defined as model-derived apparent kinetic coefficients that characterize system-level 
nitrogen transformation dynamics under the experimental conditions. Their integration 
provides a quantitative framework for describing nitrogen partitioning among ammonia, 
nitrite, nitrate, and residual nitrogen pools, and for evaluating treatment-related shifts in 
nitrogen transformation pathways [12]. Consequently, ZWE can be interpreted as biologi-
cally driven nitrogen-processing systems in which environmental performance depends on 
the balance between nitrogen loading and transformation capacity [13].

Functional feed additives (FFAs) are widely used to improve productivity, physiologi-
cal resilience, and culture performance in intensive aquaculture systems [14]. Among these 
additives, β-glucans and nucleotides are commonly used as functional immunostimulants 
that enhance growth performance, feed utilization, and stress adaptation, improving feed 
efficiency, stimulating physiological adaptation, and enhancing antioxidant and innate de-
fense responses in Nile tilapia (Oreochromis niloticus) [15]. FFAs also regulate environmental 
process dynamics by modifying metabolic turnover [16], nitrogen excretion [17], microbial 
interactions, and biological assimilation pathways [18]. β-glucan supplementation has been 
associated with enhanced microbial regulation and nitrogen retention pathways, potentially 
improving environmental stability and oxidative adaptation [19]. In contrast, nucleotide 
supplementation stimulates metabolic activity, cellular proliferation, and tissue turnover, 
thereby increasing nitrogen excretion and accelerating nitrogen cycling processes [20]. How-
ever, the influence of FFAs on nitrogen transformation dynamics under ZWE conditions 
remains insufficiently understood [21].

Nitrogen transformation pathways are closely associated with oxidative stress and 
environmental stress responses [22]. TAN (NH3/NH+

4 ) and NO−
2  represent major toxic 

intermediates whose toxicity is strongly influenced by pH and temperature, while NO−
2  can 

impair oxygen (O2 ) transport through methemoglobinemia [23]. Direct toxic effects, these 
nitrogen intermediates generate reactive O2  species (ROS) [24], thereby inducing oxidative 
stress and physiological disturbances in fish [25]. Therefore, evaluating aquaculture systems 
solely based on nitrogen concentration thresholds may provide limited insight into actual 
environmental stress conditions [26]. Integrating nitrogen transformation dynamics with 
oxidative response indicators offers a more mechanistic understanding of how instability in 
environmental processes influences biological adaptation [27].

Biomarkers such as superoxide dismutase (SOD) [28] and respiratory burst activity, 
measured by nitroblue tetrazolium (NBT) [29], are important indicators of antioxidant 
defense and oxidative response under elevated nitrogen exposure. The oxidative stress index 
(OSI) and ΔSOD/ΔNBT ratio help characterize the balance between oxidative pressure and 
antioxidant compensation during nitrogen transformation processes [30]. Thus, oxidative 
response indicators can complement nitrogen-driven environmental stress in aquaculture 
systems.

Despite the widespread use of β-glucan and nucleotide supplementation, their effects 
on temporal nitrogen transformation under dynamic feeding conditions remain insuffi-
ciently characterized in zero-water-exchange (ZWE) aquaculture systems. Unlike controlled 
batch-based assessments of physicochemical nitrogen transformation, fish culture involves 
recurring feed inputs, fish metabolism, and interacting nitrogen pathways that evolve 
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throughout the rearing period. Understanding these interactions is important for opti-
mizing functional feed strategies while maintaining environmental process stability and 
reducing nitrogen-associated stress in intensive aquaculture systems. Accordingly, this 
study integrated β-glucan and nucleotide supplementation with temporal monitoring of 
nitrogen species, growth performance, feed utilization, and physiological responses in Nile 
tilapia cultured under ZWE conditions. Temporal changes in TAN, NO−

2 , NO−
3 , and dN were 

quantified to evaluate nitrogen partitioning and transformation pathways. Model-derived 
apparent kinetic coefficients were used to characterize treatment-associated differences in 
nitrogen transformation and partitioning, while oxidative response indicators, including 
SOD, NBT, and OSI, were evaluated to assess biological responses under the changing 
nitrogen conditions.

2. Materials and Methods
2.1. Experimental ZWE System and Fish Rearing

This study used juvenile Nile tilapia with an average initial length (Li) of 9.1 ± 0.5 cm 
and body weight (Wi) of 11.49 ± 0.17 g. The fish were obtained from the Freshwater 
Fisheries Laboratory, Universitas Brawijaya, Indonesia. Prior to the experiment, fish were 
acclimated for 7 days under laboratory conditions. The experiment was conducted using 
an aquarium (50 × 30 × 30 cm), each filled with 30 L of freshwater. A stocking density of 
15 fish per aquarium (SD = 1 fish/2 L) was used. The culture system was maintained under 
ZWE, without external biofloc inoculation or suspended-solid manipulation, throughout 
the 42-day experimental period. Continuous aeration (flow rate = 0.8 L/min) was provided 
to maintain O2  levels. Water temperature was measured daily with a digital thermometer.

2.2. Ethical Statement
This study was conducted in accordance with institutional guidelines for the care and 

use of experimental animals and was approved by the Health Research Ethics Committee, 
Faculty of Medicine, Universitas Brawijaya (Approval No. 80/EC/KEPK/05/2025).

2.3. Experimental Diets and Functional Feed Supplementation
The experimental design was completely randomized, with seven treatments and 

three replicates per treatment. β-glucan (≥95% β-glucan basis, Sigma-Aldrich, St. Louis, 
MO, USA) and free nucleotides (Nucleosaf; Phileo by Lesaffre, Marcq-en-Barœul, France), 
derived from Saccharomyces cerevisiae, were used as FFAs in the experimental diet. Seven 
dietary treatments were applied in this study, consisting of a control diet without sup-
plementation (Ct), β-glucan supplementation at 1% (βg1 ), 2% (βg2 ), and 3% (βg3 ), and 
nucleotide supplementation at 1% (Nt1 ), 2% (Nt2 ), and 3% (Nt3 ). The FFAs were incor-
porated into the basal diet at the respective inclusion levels, expressed as a percentage of 
feed weight. The basal diet was formulated with fish meal (32.8%), soybean meal (10.9%), 
corn flour (23.4%), rice polish (11.7%), wheat flour (11.7%), soybean oil (2.5%), binder 
(2.5%), vitamin–mineral premix (2.0%), dicalcium phosphate (2.0%), and sodium chloride 
(0.5%), then blended with water to a uniform dough, pelleted to a diameter of 3 mm, and 
dried in an oven at 45 °C until a stable moisture level was reached. Proximate composition 
was analyzed using standard Association of Official Analytical Chemists procedures [31], 
approximately 32% crude protein, 4% crude fiber, 6% crude lipid, and 12% ash, with an 
estimated energy content of 17%. Fish were fed twice daily at 08:00 and 15:00 using a 
feeding rate of 4% of the average fish biomass per day. Fish weight was monitored weekly 
by sampling from each aquarium to measure body weight (Wt ) and fish length (Lt ).
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2.4. Nitrogen Transformation Monitoring
Water samples were collected every three days to determine TAN, NO−

2 , and NO−
3 . 

Water samples were collected every three days to monitor nitrogen dynamics while mini-
mizing water withdrawal and replenishment, thereby reducing potential bias in nitrogen 
concentrations. TAN concentration was analyzed using the indophenol blue (phenate) 
colorimetric method (Phenate Method 4500-NH3 -B; APHA, 2017) [31]. Nitrite and ni-
trate concentrations were determined following the methods described by the American 
Public Health Association (2017) [32]. Nitrite was measured using the diazotization col-
orimetric method (Method 4500-NO−

2 -B), in which nitrite reacts with sulfanilamide and 
N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) to form a pink azo dye, which 
was measured at 543 nm. Nitrate was determined using the cadmium reduction method 
(Method 4500-NO−

3 -E), in which NO−
3  is reduced to NO−

2 , which is then analyzed using 
the same colorimetric reaction. All reagents were analytical grade and obtained from 
Sigma-Aldrich.

2.5. Growth Performance and Survival
Fish body weight and total length were measured weekly using a digital balance and 

measuring board. Growth performance parameters were calculated to evaluate fish growth 
and feed utilization during the experimental period. Weight gain (WG) was calculated as 
the difference between the final and initial body weights (Equation (1)). Growth rate (GR) 
was calculated using the natural logarithm of body weight over time (Equation (2)). Feed 
conversion ratio (FCR) was calculated as the ratio between total feed intake and biomass gain 
(Equation (3)), while survival rate (SR) was calculated as the percentage of fish remaining 
at the end of the experiment relative to the initial stocking number (Equation (4)).

WG = Wt − Wi (1)

GR(g day−1) =
Wt − Wi

t (2)

FCR =
FI

WG (3)

SR(%) =
Nt
Ni

× 100 (4)

Wt  and Wi  represent the final and initial fish weight (g), t is the culture duration (days), 
and Nt  and Ni  represent the number of fish at the end and beginning of the experiment, 
respectively.

Nitrogen dynamics in the culture system were evaluated using the nitrogen accumu-
lation rate (NLR), which represents the temporal increase of nitrogen compounds in the 
water (Equation (5)) [33]. The distribution of total nitrogen (T[N]) in the system was 
estimated using a nitrogen mass-balance approach (Equation (6)) to analyze nitrogen 
selectivity (Equation (7)). Nitrogen transformation efficiency (NTE) was calculated to 
evaluate the efficiency of nitrification in converting ammonia into oxidized nitrogen forms 
(Equation (8)).

NLR =
Ct2 − Ct1

Δt (5)

[dN] = T[N] − [NH+
4 ] − [NO−

2 ] − [NO−
3 ] (6)

ηNi(%) =
[Ni]t

T[N]t − T[N]0
× 100 (7)

NTE(%) =
[NO−

2 ] + [NO−
3 ]

[NH+
4 ] + [NO−

2 ] + [NO−
3 ]

× 100 (8)
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TN =
Fc.Fp.Cp.Nr.1000

V (9)

Ct2  is the concentration at time t2 , Ct1  is the concentration at time t1 , and Δt is the time 
interval (days). T[N] represents the cumulative feed-derived nitrogen loading estimated 
from feed consumption and dietary nitrogen content. Fc is the biomass of feed consumed 
(g), Fp is the crude protein content of the feed (%), Cp is the converted protein (estimated 
at 16%), Nr is the fish nitrogen retained (~70% for Nile Tilapia), and V is the volume of 
water. NH3 , NO−

2 , and NO−
3  represent measured nitrogen, ammonia, nitrite, and nitrate 

concentrations, respectively, while dN represents the residual nitrogen fraction correspond-
ing to other nitrogen forms, such as dissolved organic nitrogen, particulate organic nitrogen, 
microbial biomass nitrogen, and other unmeasured retained nitrogen fractions. Higher 
NTE values indicate a more efficient conversion of reduced nitrogen into oxidized nitrogen 
forms. In this study, NTE values were interpreted as low efficiency (<40%), moderate 
efficiency (40–70%), and high efficiency (>70%).

The potential toxicity of nitrogen compounds was assessed using the Toxicity Risk 
Index (TRI; Equation (10)) [34]. A composite toxicity indicator, Composite TRI (CTRI) [35], 
was calculated as Equation (11). Cumulative toxicity exposure during the experimental 
period was evaluated using the Area Under the Toxicity Curve (TRIN , Equation (12)).

TRI =
Cobserved
Cthreshold

(10)

CTRI = TRITAN + TRINO2
+ TRINO3

(11)

TRIN = ∑ TRIt × Δt (12)

The applied threshold values were 1 mg/L for NH3  [36], 5 mg/L [37] for NH+
4  [38], 

0.5 mg/L for NO−
2  [39], and 50 mg/L for NO−

3  [40]. Each value was assigned to its corre-
sponding nitrogen species. TRI values were interpreted as low risk (TRI < 1), moderate 
risk (1 ≤ TRI < 2), and high toxicity risk (TRI ≥ 2).

2.6. Oxidative Stress and Antioxidant Response Analysis
SOD activity in fish blood was analyzed to evaluate the fish antioxidant response. 

Blood samples were collected from the caudal vein of fish at 0 days (d0 ) and 35 days (d35 ) 
using sterile syringes. This sampling schedule also minimized interference with routine fish 
survival monitoring during the experiment. The collected blood was centrifuged at 3000 rpm 
for 10 min at 4 °C to obtain serum. SOD activity was determined using a colorimetric assay 
based on the inhibition of NBT reduction by superoxide radicals generated in the xanthine–
xanthine oxidase system. The absorbance of the reaction mixture was measured at 560 nm 
using a spectrophotometer, and SOD activity was expressed as units per milliliter (U/mL) 
of serum [41].

To assess oxidative balance, we calculated several indices. The Oxidative Stress Index 
(OSI) was defined as the ratio of ROS to antioxidant capacity (Equation (13)), with higher 
values indicating greater oxidative stress [42]. The Antioxidant Adaptation Ratio (AAR, 
Equation (14)) was used to assess the relative antioxidant response [43]. An integrated 
Biological Stress Response Index (TRIbio ) was calculated as Equation (15).

OSI =
NBT
SOD (13)

AAR =
SOD
NBT (14)

TRIbio = (
NBT35
NBT0

) + (
SOD35
SOD0

) (15)

where subscripts 0 and 35 denote measurements at day 0 and day 35, respectively. Higher 
TRIbio  values indicate stronger physiological responses to oxidative conditions.
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2.7. Statistical Analysis
Data were expressed as mean ± standard deviation. The aquarium/tank served as the 

experimental unit, with three replicate tanks per treatment (n = 3). Treatment effects were 
analyzed using one-way ANOVA with Tukey’s HSD test. Time-dependent nitrogen and 
water-quality parameters were analyzed using repeated-measures ANOVA to assess the 
effects of treatment, time, and their interaction. Measurements from the same tank were 
not treated as independent replicates. Statistical significance was set at p < 0.05.

3. Results
3.1. Water Quality Monitoring

Figure 1 shows water-quality dynamics during the 42-day culture period; full data 
are provided in Supplementary File S1. Water temperature remained relatively stable 
across all treatments, ranging from 24.7–27.8 °C, within the optimal range for Nile tilapia 
culture and unlikely to affect nitrogen transformation processes. In contrast, pH gradually 
declined from near-neutral values of 7.2–7.8 to 5.1–6.0 by day 42 (Figure 1a), while DO 
decreased from approximately 7.0–7.8 mg/L to 4.5–5.8 mg/L (Figure 1b). These trends 
may reflect continuous feed input and associated decomposition of organic matter and 
nitrogen transformation under ZWE conditions, which contribute to oxygen consumption 
and proton production [44].

Figure 1. Temporal dynamics of water quality parameters during the 42-day experimental period, 
including (a) pH, (b) DO, (c) TDS, and (d) ORP under β-glucan and Nucleotide, respectively.

TDS increased rapidly during the first week, rising from approximately 110–170 mg/L 
to 280–320 mg/L before stabilizing for the remainder of the culture period (Figure 1c). 
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The initial increase reflects the accumulation of dissolved metabolites and feed-derived 
compounds, whereas the subsequent stabilization indicates the establishment of a dynamic 
balance among nutrient loading, microbial transformation, and biological utilization. TDS 
differences among treatments were relatively small, indicating that feed additives had 
limited effects on dissolved solids accumulation [45].

Oxidation–reduction potential (ORP) increased consistently in all treatments, from 
approximately 95–110 mV at the beginning of the experiment to nearly 190–210 mV by day 42 
(Figure 1d). The positive ORP values, together with sustained DO concentrations, remained 
predominantly oxidative and favorable for aerobic nitrogen transformation. Although 
treatment-related differences in pH, DO, TDS, and ORP were generally minor (Figure 1), 
slightly lower pH and DO in some feed additive treatments reduced nitrogen turnover 
intensity. Temporal changes in nitrogen loading and microbial activity, rather than large 
physicochemical differences among treatments, governed water quality dynamics [46].

3.2. Fish Production
Fish growth performance increased consistently across all treatments during the ex-

perimental period (Figure 2a,b,e,f). Initial body weight (Wi  = 11.49 ± 0.17 g) and length 
(Wi  = 9.1 ± 0.5 cm) were relatively uniform, confirming comparable starting conditions. By 
day 42, fish weight reached 21.57–28.32 g, with the highest biomass in nucleotide treatments, 
particularly Nt3 , followed by Nt2  and Nt1 , whereas Ct had the lowest final weight. GR ranged 
from 0.469 to 0.644 g/day, with Nt3  showing the highest rate. A similar pattern was observed 
for Lt, with final values ranging from 9.72 to 10.45 cm and relatively high growth in Nt3 , up 
to 0.556 mm/day, although Ct showed the highest length rate at 0.630 mm/day. Nucleotide 
feed additive consistently resulted in higher Wt, whereas β-glucan treatments exhibited 
moderate yet stable growth responses, revealing that the dietary additives differentially 
affect somatic growth performance [47].

Figure 2. Effect of nucleotide and β-glucan on (a,e) Growth, (b,f) Length, (c,g) feed conversion ratio, 
and (d,h) survival rate during the 42-day feeding trial under zero water change.

FCR improved over time in all treatments, as indicated by the progressive decline 
in FCR (Figure 2c,g). Initial variability (FCR = 2.71–12.00 at day 7) stabilized at lower 
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values by day 42 (0.99–1.56), with the best efficiency in Nt3  (0.99), followed by Nt2  and Nt1 , 
while Ct remained the least efficient. SR remained at 100% during the early culture phase 
and gradually declined after day 14, reaching 75.56–91.11% by day 42 (Figure 2d,f). The 
highest SR was observed in the βg1  treatment at 91.11%, followed by the Ct and moderate-
supplementation treatments, whereas the higher-dose β-glucan and nucleotide treatments 
(e.g., Nt3  and βg3 ) showed lower SR. Nucleotide supplementation enhanced GR and FCR; 
moderate β-glucan supplementation improved SR, revealing a trade-off between growth 
optimization and fish resilience under intensive culture conditions [48].

3.3. Nitrogen
Total nitrogen (T[N]) derived from cumulative feed input increased steadily in all 

treatments throughout the culture period (Supplementary File S2) due to continuous 
nitrogen loading into the system. T[N] reached the highest values in Ct, particularly up to 
264.08 mg-N/L, followed by βg1  and βg2 , while nucleotide treatments showed relatively 
lower accumulation. At an average pH of 6.5, the equilibrium between NH+

4  and NH3 
favors the ionized form, NH+

4 , because the pH is below the pKa of the NH+
4 /NH3  system 

(approximately 9.25 at 25 °C in freshwater). Consequently, the proportion of un-ionized 
NH3  is expected to be low, and ammonia-related risk should be interpreted in relation to pH 
and temperature. This input was rapidly mineralized into NH+

4 , which increased during 
the early culture phase (Figure 3a), peaking between days 10 and 17 (up to 12.38 mg-N/L 
in Nt3 ), before declining toward the end of the experiment (1.56–7.05 mg-N/L at day 42). 
NH+

4  production rates followed a similar pattern, with the highest values in nucleotide 
treatments (0.793–0.917 mg-N/L/day), indicating greater nitrogen excretion associated 
with higher metabolic activity.

Figure 3. Temporal variations in β-glucan and nucleotide supplementation for (a) NH+
4 , (b) NO2 , 

(c) NO3  and (d) residual nitrogen fraction during the 42-day Nile Tilapia culture period.
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The produced ammonia subsequently served as a substrate for nitrification, leading to 
transient increases in NO−

2  during the early culture stages (Figure 3b). NO−
2  peaked between 

days 7 and 17 up to 0.240 mg-N/L in Nt1 , followed by a gradual decline to low levels by day 
42 in the range 0.03–0.07 mg-N/L, consistent with apparent conversion of nitrite to nitrate as 
the experiment progressed. Correspondingly, NO−

3  accumulated continuously throughout 
the culture period (Figure 3c), reaching final concentrations of 31.74–51.47 mg-N/L, with 
higher values generally observed in supplemented treatments. These concentration patterns 
suggest differences in apparent nitrogen transformation dynamics among treatments but 
do not directly demonstrate nitrifying community activity or establish nitrification as the 
sole process responsible for these changes [49].

In parallel, the calculated residual nitrogen fraction (dN) showed a distinct temporal 
pattern, increasing during the early- to mid-culture period and peaking at 229.76 mg-N/L in 
Ct around day 28 (Figure 3d). This pattern highlights the residual nitrogen pool’s contribution 
to overall nitrogen distribution under ZWE conditions. Differences in dN among treatments 
reflect variation in nitrogen partitioning, complementing the observed changes in inorganic 
nitrogen concentrations. Together, these temporal patterns provide insight into treatment-
associated nitrogen dynamics and support further interpretation of nitrogen transformation 
pathways under ZWE conditions. The temporal patterns of nitrogen species were further 
characterized using cubic regression, as presented in Supplementary File S3.

On day 21, the calculated nitrogen distribution was dominated by the residual nitrogen 
fraction the nitrogen distribution was dominated by residual nitrogen (dN: 71.63–86.59%), 
followed by nitrate (NO−

3 : 12.46–26.32%), while ammonia (NH+
4 : 0.90–3.80%) and nitrite 

(NO−
2 : 0–0.06%) remained minor fractions (Figure 4a–f). The dN proportion indicates the 

calculated residual pool’s relative contribution to the overall nitrogen distribution, whereas 
the nitrate fraction reflects nitrate’s relative contribution to the measured nitrogen profile. 
In nucleotide treatments, higher supplementation levels were associated with higher nitrate 
proportions, consistent with the observed nitrate concentration patterns [50].

3.4. Immune System
NBT activity increased in all treatments after 35 days of culture compared with initial 

values (Figure 5a), indicating an enhanced respiratory burst in immune cells. The Ct 
showed a moderate increase in the ΔNBT = 0.189, whereas β-glucan treatments exhibited 
substantially higher responses, particularly in βg1  at ΔNBT = 0.513, followed by βg2  and βg3 . 
Nucleotide supplementation also elevated NBT activity, with the largest increase observed 
in Nt1  in the ΔNBT of 0.411, although the magnitude remained lower than that observed 
in β-glucan treatments. Both dietary additives stimulated innate immune activity, with 
β-glucan producing a more pronounced enhancement of phagocytic function [51].

SOD activity similarly increased across all treatments (Figure 5c), improving antiox-
idant defense capacity. The Ct showed the lowest increase (ΔSOD = 0.086), while β-
glucan treatments exhibited stronger responses, particularly in βg1  (ΔSOD = 0.202) and 
βg2  (ΔSOD = 0.194). Nucleotide treatments also enhanced SOD activity, with the highest 
increase observed in Nt2  (ΔSOD = 0.193), although overall responses were slightly lower 
than those of β-glucan. Collectively, β-glucan and nucleotide supplementation enhanced re-
sistance to oxidative stress and immune-related activity, with β-glucan consistently inducing 
a stronger response [52].
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Figure 4. Comparison of nitrogen selectivity effects of functional feed additives: β-glucan at concen-
trations (a) βg1  = 1%, (b) βg2  = 2%, (c) βg3  = 3%, and nucleotide at concentrations (d) Nt1  = 1%, 
(e) Nt2  = 2%, (f) Nt3  = 3%, compared to (g) the unsupplemented Ct, during the 42-day Nile tilapia 
culture period under zero-water-exchange conditions; (h) comparative nitrogen selectivity across all 
treatments at day 28.
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Figure 5. Nitroblue tetrazolium (NBT) and superoxide dismutase (SOD) activities of Nile tilapia at 
day 0 and day 35 under β-glucan and nucleotide supplementation: (a) ΔNBT, (b) TRIbio , (c) ΔSOD, 
(d) OSI, and AAR.

4. Discussion
4.1. Nitrogen Kinetic Reactions

The nitrogen transformation model was developed based on a sequence of biochemical 
and microbial processes, beginning with organic nitrogen mineralization and progressing 
through nitrification and apparent nitrogen transfer (Equations (16)–(20)). These funda-
mental reactions were simplified into a conceptual reaction scheme for the conversion of 
organic nitrogen into NH3/NH+

4  and its partitioning between nitrification and nitrogen 
transfer to the residual nitrogen pool processes (Equations (21)–(24)). Within this frame-
work, nitrogen transformation is represented as dynamic partitioning among ammonia, 
nitrite, nitrate, and residual nitrogen pools. The kinetic model was expressed using a sys-
tem of differential equations (Equations (25)–(28)), with ke  representing ammonia input 
or generation, k1  representing apparent NH3/NH+

4  to NO−
2  conversion, k2  representing 

apparent NO−
2  to NO−

3  conversion, and ka  representing apparent nitrogen transfer to the 
residual nitrogen pool. These parameters were derived from the experimental concentration 
data using the integral-based formulations (Equations (29)–(32)), providing quantitative 
estimates of the apparent nitrogen transformation dynamics under ZWE conditions.

The process-based kinetic approach was selected to quantitatively describe the tem-
poral partitioning of nitrogen among the measured nitrogen pools under ZWE conditions. 
The model links the major observed nitrogen pools through sequential transformation 
pathways, allowing treatment-level quantification of ammonia generation, apparent NH+

4
to NO−

2  conversion, apparent nitrite-to-nitrate conversion, and transfer of ammonia-derived 
nitrogen toward the residual nitrogen pool. This formulation was therefore used to compare 
nitrogen transformation and partitioning dynamics among the β-glucan, nucleotide, and Ct 
treatments. The kinetic formulation assumed ZWE, constant apparent kinetic coefficients 
within the analysis interval, and internal nitrogen transformation and partitioning as the 
principal processes governing changes in the measured nitrogen pools. The residual nitro-
gen fraction (dN) was treated as an operational mass-balance pool representing nitrogen 
not accounted for by the measured dissolved inorganic nitrogen species. Accordingly, ke , 
k1 , k2 , and ka  were interpreted as model-derived apparent kinetic coefficients representing 
system-level nitrogen transformation and partitioning.

Nitrogen transformation reactions

R − NH2  + H2 O → NH3  + R − OH (Protein metabolism) (16)
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NH3 + H2O ↔ NH+
4 + OH− (In the water) (17)

NH+
4 + 1.5O2 → NO−

2 + H+ + H2O (Nitrosomonas) (18)

NO−
2 + 0.5O2 → NO−

3 (Nitrobacter) (19)

NH+
4 + Corg + O2 → Biomass + CO2 + H2O (Apparent nitrogen transfer) (20)

Conceptual nitrogen reaction scheme

Organic N 𝑘𝑒→ NH+
4 (21)

NH+
4

𝑘1→ NO−
2 (22)

NO−
2

𝑘2→ NO−
3 (23)

NH+
4

𝑘𝑎→ Assimilation (dN) (24)

Nitrogen kinetic model

dNH+
4

dt = 𝑘𝑒 − (𝑘1 + 𝑘𝑎)NH+
4 (25)

dNO−
2

dt = 𝑘1NH+
4 − 𝑘2NO−

2 (26)

dNO−
3

dt = 𝑘2NO−
2 (27)

d(dN)
dt = 𝑘𝑎NH+

4 (28)

𝑘𝑎 =
dN(t) − dN(0)

∫t
0 NH+

4 (t)dt
(29)

𝑘2 =
NO−

3(t) − NO−
3(0)

∫t
0 NO−

2(t)dt
(30)

𝑘1 =
NO−

2(t) − NO−
2(0) + k2∫

t
0 NO−

2(t)dt

∫t
0 NH+

4(t)dt
(31)

𝑘𝑒 =
NH+

4(t) − NH+
4(0) + (k1 + ka)∫t

0 NH+
4(t)dt

Δt (32)

The kinetic coefficients were estimated from the temporal nitrogen concentration 
data using the integral-based formulations presented in Equations (29)–(32). The model-
derived kinetic coefficients quantified treatment-associated differences in apparent nitrogen 
transformation and distribution patterns, complementing observed temporal changes in 
nitrogen concentrations under ZWE conditions. Parameter estimation was conducted 
over days 7–30 using the observed changes in NH+

4 , NO−
2 , NO−

3  and residual nitrogen 
together with the corresponding time-integrated concentrations. The kinetic modeling 
results revealed distinct differences in the model-derived apparent nitrogen transformation 
coefficients among treatments (Table 1).

Overall, the model-derived k1  remained relatively low and within a narrow range 
(0.062–0.171/day), indicating a comparatively slower conversion of ammonia to nitrite. In 
contrast, the model-derived k2  was substantially higher, particularly in nucleotide treat-
ments (Nt1 –Nt3 : 4.994–5.748/day), compared with the control and β-glucan treatments 
(2.643–4.396/day). This pattern matched the lower terminal NO−

2  concentrations and 
greater NO−

3  accumulation observed in nucleotide treatments, suggesting greater apparent 
NO−

2 -to-NO−
3  conversion. These concentration patterns, together with the model-derived 
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apparent kinetic coefficients, characterize differences in nitrogen transformation dynamics 
but do not directly establish the underlying microbial mechanisms [53].

Table 1. Model-derived apparent kinetic coefficients describing nitrogen transformation in Nile tilapia 
fed β-glucan- and nucleotide-supplemented diets under zero-water-exchange conditions.

Equations Ct 𝛃g1 𝛃g2 𝛃g3 Nt1 Nt2 Nt3 

∫30
7 NH+

4(t)dt 145.794 88.091 101.394 93.407 183.58 221.167 234.795

∫30
7 NO2(t)dt 3.455 3.966 3.16 4.374 3.44 3.576 4.177

dN(30) − dN(7) 160.26 148.85 135.92 120.20 125.38 120.13 111.99

NO3(30) − NO3(7) 9.132 11.686 13.892 16.082 17.185 17.513 24.011

NO2(30) − NO2(7) −0.027 −0.066 −0.156 −0.095 −0.097 −0.049 −0.007

NH+
4(30) − NH+

4(7) 4.119 −0.050 0.183 −0.692 2.669 1.867 2.318
ke , mg/L/day 7.543 6.975 6.514 5.891 6.310 6.064 6.014

k1 /day 0.062 0.132 0.135 0.171 0.093 0.079 0.102
k2 /day 2.643 2.948 4.396 3.676 4.994 4.897 5.748
ka /day 1.099 1.690 1.341 1.287 0.683 0.543 0.477

The model-derived apparent kinetic coefficients provide a quantitative comparison of ni-
trogen transformation patterns among dietary treatments. Considered alongside the observed 
nitrogen concentration profiles and model-fit indicators (R2  and RMSE), these coefficients 
characterize treatment-associated differences in nitrogen dynamics under zero-water-exchange 
conditions. The model yielded R2  values of 0.786–0.999 and RMSE values of 0.003–9.578 mg/L 
across treatments and nitrogen pools, indicating generally close agreement between observed 
and model-predicted temporal nitrogen dynamics (Supplementary File S4).

In parallel, the model-derived ka  and ke  revealed distinct nitrogen partitioning patterns 
among treatments. β-glucan treatments exhibited higher ka  values (1.287–1.690/day) than 
nucleotide treatments (0.477–0.683/day), indicating greater apparent transfer of ammonia-
derived nitrogen toward the residual nitrogen pool. Conversely, nucleotide treatments 
showed higher ke  values (6.014–6.310/day) and higher k2  values (4.994–5.748/day), indi-
cating greater apparent nitrogen input to the ammonia pool and subsequent NO−

2  to NO−
3

turnover, respectively. These contrasting kinetic patterns indicate that β-glucan supple-
mentation favored apparent nitrogen transfer toward the residual pool, whereas nucleotide 
supplementation favored apparent oxidized-nitrogen turnover, consistent with the greater 
nitrate accumulation observed in nucleotide treatments [23,54].

The contrasting ka  and ke  values further illustrate differences in apparent nitrogen parti-
tioning among treatments. β-glucan treatments exhibited higher ka  values (1.287–1.690/day) 
than nucleotide treatments (0.477–0.683/day), indicating greater apparent transfer of 
ammonia-derived nitrogen to the modeled residual nitrogen pool. Because ka  was inferred 
from temporal concentration changes, this pattern represents an apparent system-level parti-
tioning of nitrogen rather than direct evidence of microbial nitrogen use, microbial biomass 
formation, or nitrogen incorporation into fish tissue. Conversely, nucleotide treatments 
showed relatively high ke  values (6.014–6.310/day) and higher k2  values (4.994–5.748/day), 
indicating greater apparent nitrogen input to the ammonia pool and greater apparent NO−

2
to NO−

3  turnover. Kinetic patterns suggest that β-glucan favored apparent nitrogen transfer 
toward the residual nitrogen pool, whereas nucleotide favored apparent oxidized-nitrogen 
turnover, consistent with the greater NO−

3  accumulation [11,54].
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4.2. Coupling of Nitrogen Kinetics, Oxidative Stress, and Immune Response
The increase in OSI (Figure 5b) and consistently high TRI values (Figure 5d) coincided 

with variations in NBT and SOD responses across treatments, suggesting an association 
between nitrogen-related indices and physiological responses in the ZWE system. The 
model-derived apparent kinetic coefficients (ke, k1 , and k2 ) differed among treatments 
and were accompanied by changes in nitrogen species and physiological indicators. The 
ΔOSI/ΔNBT ratio further characterized the relative antioxidant and respiratory burst re-
sponses among treatments (Figure 6). β-glucan treatments showed ratios of 0.304–0.393 
alongside higher model-derived apparent nitrogen transfer coefficients (ka ), whereas nu-
cleotide treatments exhibited distinct response patterns, particularly Nt3  (0.263; OSI = 1.89). 
The Nt2  with OSI = 0.597 demonstrated the most efficient antioxidant adaptation among 
treatments. Oxidative status in Nile tilapia is driven by the interplay between nitrogen kinet-
ics and physiological regulation, with the balance between ROS generation and antioxidant 
capacity determining the fish’s resilience under intensive ZWE conditions [54].

 

Figure 6. Temporal dynamics of (a) nitrogen Toxicity Risk Index (TRIN ) over time, and (b) presents 
Nitrogen Transformation Efficiency (NTE, %) as a function of time on β-glucan and nucleotide feed 
additive.

4.3. Integrated Toxicity Risk, Nitrogen Transformation Efficiency, and Physiological Response
The temporal profiles of the TRIN  revealed a pronounced initial toxicity peak across all 

treatments, followed by a gradual decline toward the end of the culture period (Figure 6a). 
At early stages (days 1–5), TRIN  values were consistently high (>2), indicating acute toxicity 
risk driven by elevated NH+

4  and NO−
3 , which are well-known to disrupt ion regulation and 

oxygen transport in fish. This phase coincides with the accumulation of reduced nitrogen 
forms before efficient nitrification is established [55]. Subsequently, TRIN  declined steadily 
across treatments, reaching moderate levels (1–2) by day 42, reflecting the progressive 
conversion of toxic intermediates into NO−

3 . This trend is strongly supported by the NTE, 
which increased over time from moderate or even negative values in early stages to high 
efficiency (>90%) at the end of the experiment (Figure 6b). Notably, nucleotide treatments 
(Nt2  and Nt3 ) exhibited faster increases in NTE, reaching >95% by day 42, consistent with 
their higher k2 , which were associated with lower NO−

2  concentration and reduced toxicity. 
In contrast, β-glucan treatments showed a more gradual improvement, reflecting a more 
balanced partitioning between nitrification (k1  and k2 ) and nitrogen transfer (ka ), which 
contributed to system stability rather than rapid oxidation [56]. Nitrogen accumulation 
is an inherent environmental challenge in ZWE systems that may increase physiological 
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stress, while β-glucan and nucleotide supplementation may help fish cope by supporting 
immune function and antioxidant defense, as reflected in NBT and SOD activities.

These nitrogen dynamics were closely linked to physiological responses, particularly 
oxidative stress and immune activation. The early high TRIN  phase likely triggered elevated 
ROS production, as reflected by increased NBT activity, while the concurrent rise in SOD 
indicates an adaptive antioxidant response to mitigate oxidative damage [57]. Treatments 
with faster toxicity decline (Nt2  and Nt3 ) likely reduced prolonged exposure to oxidative 
stress, but may have experienced sharper initial stress due to delayed NH+

4  oxidation (lower 
k1 ) and rapid NO−

2  turnover (high k2 ). Conversely, β-glucan treatments, characterized by 
lower nitrogen release (ke ) and more moderated kinetics, likely provided a more stable 
physiological environment, supporting sustained immune activation with lower fluctuation 
in stress intensity [58]. From an operational perspective, water management strategies 
should target the early culture phase (approximately days 1–10), when TRIN  peaks and 
toxicity risk are highest. Partial water exchange during this critical window could dilute 
toxic nitrogen species, while enhanced aeration could support nitrification by improving 
oxygen availability, thereby helping to reduce acute stress and improve overall system 
resilience [59].

4.4. Integrated Effects of Nucleotide Supplementation on Nitrogen Dynamics, Water Quality, and 
Fish Physiology

Nucleotide supplementation improved growth performance and altered nitrogen 
dynamics in the ZWE system (Table 2). The complete ANOVA results, including the original 
data, are provided in Supplementary File S5. These responses may reflect the physiological 
roles of dietary nucleotides in supporting nucleic acid synthesis, cellular metabolism, and 
tissue growth, as reported in previous studies [44]. In addition, intestinal function is 
closely related to nutrient digestion and absorption, and dietary nucleotide supplementation 
has been suggested to support intestinal integrity and digestive function in fish. These 
physiological processes plausibly explain the improved production performance observed 
in the supplemented groups. The observed responses suggest that β-glucan and nucleotide 
supplementation may support immune activity and antioxidant defense despite fluctuations 
in nitrogen concentrations. These findings highlight the potential benefits of functional 
feed supplementation in ZWE aquaculture, while emphasizing that effective nitrogen and 
water-quality management remains essential to maintain favorable rearing conditions.

From a kinetic perspective, this behavior was characterized by higher model-derived 
ke  coefficients in nucleotide treatments, along with higher conversion coefficients. The 
higher k2  values indicate higher apparent turnover of nitrite to nitrate. In contrast, β-glucan 
treatments exhibited higher model-derived apparent nitrogen transfer coefficients (ka ), 
indicating greater apparent transfer of ammonia-derived nitrogen toward the residual 
nitrogen pool. These contrasting kinetic patterns were accompanied by changes in DO and 
pH over the culture period, reflecting the interaction between nitrogen transformation and 
water quality under ZWE conditions [20].

At the organism level, these environmental and kinetic interactions were reflected in 
growth and immune responses. Nucleotide supplementation improved growth perfor-
mance by boosting metabolic activity, while the observed nitrogen concentration patterns 
and model-derived apparent kinetic coefficients were consistent with differences in nitro-
gen transformation dynamics among treatments. At the same time, higher SOD and NBT 
levels indicate a coordinated physiological response, in which increased ROS production 
is balanced by enhanced antioxidant and immune functions. Overall, nucleotide supple-
mentation was associated with distinct nitrogen transformation patterns and improved 
growth performance, whereas β-glucan was associated with greater apparent transfer of 
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ammonia-derived nitrogen toward the modeled residual nitrogen pool. These findings 
highlight the potential of functional feed supplementation to influence nitrogen dynamics, 
water quality, and fish performance in intensive ZWE aquaculture systems.

Table 2. Water quality, nitrogen dynamics, growth performance, and immune responses of Nile 
tilapia under ZWE conditions with β-glucan (βg1 –βg3 ) and nucleotide (Nt1 –Nt3 ) supplementation 
compared to the control (Ct).

Parameter Ct Bg1 Bg2 Bg3 Nt1 Nt2 Nt3 

T, °C 26.12 ± 0.06 a 26.03 ± 0.18 a 25.96 ± 0.36 a 25.87 ± 0.24 a 25.77 ± 0.42 a 25.84 ± 0.33 a 25.61 ± 0.38 a 

DO, mg/L 6.40 ± 0.09 a 6.54 ± 0.08 a 6.26 ± 0.32 a 6.34 ± 0.39 a 6.24 ± 0.33 a 6.04 ± 0.32 a 6.14 ± 0.34 a 

pH 6.48 ± 0.19 a 6.77 ± 0.29 a 6.42 ± 0.14 a 6.67 ± 0.26 a 6.76 ± 0.08 a 6.76 ± 0.21 a 6.79 ± 0.04 a 

NH+
4 , mg N/L 4.34 ± 0.68 ab 2.28 ± 0.57 a 3.50 ± 0.16 ab 2.71 ± 1.16 a 5.18 ± 1.69 bc 7.18 ± 0.91 cd 8.39 ± 0.09 d 

NO−
2 , mg N/L 0.10 ± 0.04 a 0.15 ± 0.02 a 0.13 ± 0.02 a 0.14 ± 0.02 a 0.13 ± 0.07 a 0.11 ± 0.01 a 0.12 ± 0.02 a 

NO−
3 , mg N/L 9.86 ± 0.89 a 9.03 ± 1.26 a 10.84 ± 0.42 ab 12.08 ± 0.89 b 15.28 ± 0.19 c 16.73 ± 1.15 c 22.05 ± 0.92 d 

dN, mg N/L 181.08 ± 0.53 f 169.68 ± 1.97 e 155.84 ± 3.14 d 142.58 ± 5.58 bc 149.04 ± 4.82 cd 139.30 ± 3.55 ab 131.59 ± 2.72 a 

W, g 14.18 ± 0.06 a 15.46 ± 0.36 b 15.69 ± 0.80 b 16.43 ± 0.37 b 16.35 ± 0.30 b 17.49 ± 0.36 c 18.60 ± 0.48 d 

L, cm 8.94 ± 0.36 a 9.19 ± 0.45 a 9.07 ± 0.38 a 9.26 ± 0.42 a 9.42 ± 0.30 a 9.83 ± 0.09 a 9.63 ± 0.35 a 

SR, % 96.19 ± 0.03 c 97.74 ± 0.00 c 96.49 ± 0.04 c 92.02 ± 0.03 a 95.53 ± 0.03 b 92.21 ± 0.05 a 91.08 ± 0.05 a 

NBT, OD unit 0.36 ± 0.02 a 0.74 ± 0.04 d 0.67 ± 0.07 cd 0.67 ± 0.02 cd 0.59 ± 0.02 bc 0.53 ± 0.10 b 0.58 ± 0.01 b c 

SOD, U/mL 0.28 ± 0.05 a 0.43 ± 0.03 a 0.34 ± 0.20 a 0.51 ± 0.11 a 0.24 ± 0.10 a 0.49 ± 0.12 a 0.37 ± 0.03 a 
Values are mean ± SD based on three replicate tanks per treatment (n = 3). Different superscript 
letters within rows indicate significant differences (p < 0.05).

5. Conclusions
This study demonstrated that β-glucan and nucleotide supplementation distinctly 

modified nitrogen transformation and physiological responses in Nile tilapia under ZWE 
conditions. Nucleotide supplementation, particularly Nt3 , enhanced fish growth, with 
final weight reaching 28.32 g, while cumulative feed-derived nitrogen was lower than in 
the control. Nucleotide treatments also exhibited higher model-derived apparent NO−

2
to NO−

3  conversion coefficients (k2  = 4.994–5.748/day), accompanied by greater nitrate 
accumulation and lower terminal nitrite concentrations. In contrast, β-glucan treatments 
showed higher model-derived apparent nitrogen transfer coefficients (ka  = 1.287–1.690/day), 
consistent with greater transfer of ammonia-derived nitrogen toward the residual nitrogen 
pool. Overall, nucleotide supplementation favored apparent oxidized-nitrogen turnover, 
whereas β-glucan was associated with greater apparent nitrogen transfer toward the residual 
nitrogen pool and stronger physiological regulation.
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