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This study aimed to evaluate the potential of coffee parchment (CP), an underutilized agro-industrial 
by-product, as a functional feed additive for Nile tilapia (Oreochromis niloticus) reared in a biofloc 
system. Coffee parchment is rich in bioactive compounds and may offer sustainable benefits to 
aquaculture. To assess its effects, 300 fingerlings (average weight 18.60 ± 0.09 g) were randomly 
allocated to five groups and fed diets containing 0, 5, 10, 20, and 40 g kg−1 of CP for eight weeks. 
Growth performance, immune responses, the expression of growth-, immunity-, and antioxidant-
related genes, and gut microbiota composition were examined. The results showed that CP 
supplementation significantly improved growth and immunological parameters, with the best overall 
effects observed in the CP5 group. CP5 led to significant upregulation of ghrelin, galanin, EF-1α, 
NPY-α, IL-1β, TNF-α, NFkB, MHC II-α, Hsp70, GPX, and Nrf2 genes. Microbiota analysis revealed 69 
shared ASVs across treatments, with CP supplementation causing clear shifts in bacterial composition. 
CP5 reduced Proteobacteria abundance and microbial richness and evenness, suggesting selective 
modulation of gut communities. Polynomial regression analysis based on growth performance data 
estimated an optimal CP dosage range of 15.06–19.86 g kg−1. In conclusion, coffee parchment is 
a promising functional feed additive that enhances growth, immunity, gene expression, and gut 
microbiota modulation in Nile tilapia reared in biofloc systems. These findings support its application 
in sustainable aquaculture; however, further validation under commercial farming conditions is 
recommended.
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In recent decades, intensive fish farming has expanded significantly to meet the growing global demand for 
animal protein1. Nile tilapia (Oreochromis niloticus) is a particularly important species in global aquaculture, 
ranking third in production with 4.4 million tons annually, accounting for approximately 9% of the world’s farmed 
fish output2. Its popularity stems from its high market demand, adaptability to a wide range of environmental 
conditions, and resilience to diseases3. However, the intensification of tilapia farming has led to increased disease 
incidence and environmental stress, posing serious threats to fish health and farm sustainability4. To manage 
disease outbreaks, conventional practices often rely on which contribute to the emergence of antimicrobial 
resistance, ecological degradation, and public health concerns due to residual contaminants in fish products5–7. 
As a result, there is growing interest in natural, environmentally friendly feed additives, particularly plant-based 
compounds for enhancing fish immunity and performance without side effects8,9. Among these, agriculture 
by-products have emerged as promising functional feed additives, contributing to sustainable aquaculture while 
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aligning with circular economy principles10,11. Numerous studies highlight the benefits of such additives in 
enhancing fish health and performance in aquaculture systems12–15. Notably, coffee by-products stand out as 
a promising resource due to their abundance and rich bioactive compound profile16–18. They offer significant 
potential for improving fish health and performance, making them an attractive option for sustainable 
aquaculture.

Coffee is one of the most widely consumed beverages worldwide, with global production in 2023–2024 season 
estimated at 169.8 million 60-kg bags, projected to rise to 172.4 million bags in 2024–2025 19,20. Alongside this 
large-scaled production, the coffee industry generates approximately 6 million tons of waste annually, which 
poses significant environmental challenges if not properly managed21,22. This waste comprises about 50–60% 
of the coffee fruit’s mass and includes by-products such as skin (7–8%), pulp (29%), parchement (12%), and 
silverskin (1–2%)23–25. Coffee parchment, a fibrous endocarp layer that encases the green coffee bean, is 
particularly abundant and underutilized19,26. It is primarily composed of α-cellulose (40–49%), hemicelluloses 
(25–32%), lignin (33–35%), and minor fiber components (0.5–1%)27. These structural polymers are associated 
with valuable bioactive properties, including antioxidant and glucoregulatory activities23,28,29. However, 
despite its compositional richness, most coffee production facilities fail to repurpose this by-product. Large-
scale industries often discard coffee parchment as waste rather than integrating it into value-added processes, 
thereby contributing to environmental degradation26,30,31. Utilizing coffee by-products offers an innovative 
and environmentally sustainable approach to enrich the coffee production value chain32. This strategy can 
support sustainable development while capitalizing on bioactive compounds with significant market potential23. 
However, little to no research has evaluated the potential of coffee parchment as a dietary supplement in 
aquafeeds, particularly in functional diets for Nile tilapia.

Biofloc technology (BFT) is an innovative and sustainable aquaculture approaches that reduces environmental 
impacts by recycling organic matter through microbial activity33,34. Bioflocs are aggregates of microorganisms, 
primary bacteria and microalgae, formed by manipulating the carbon/nitrogen ratio in culture water35. 
These microbial commmunities improve water quality, minimise harmful nitrogenous waste, and serve as a 
supplementary source of nutrients for farmed fish, thereby reducing reducing reliance on commercial feeds and 
fertilizers36. In Nile tilapia farming, BFT has been shown to enhance survival rates, promote nutrient uptake, 
and offer protection against pathogenic infections, positioning it as a cornerstone of sustainable aquaculture 
practices37. Despite the well-established benefits of BFT, the incorporation of novel plant-based feed additives 
into this system remains underexplored. Integrating such additives, particularly those derived from agro-
industrial by-products may further enhance fish growth, immune function, and gut health by fostering beneficial 
interactions between dietary components and the biofloc microbial community. Therefore, this study aimed 
to address this research gap by evaluating the effects of dietary CP supplementation on growth performance, 
immune responses, gene expression, and gut microbiota composition in Nile tilapia reared under a biofloc 
system. The findings are expected to provide new insights into the functional use of agro-industrial waste in 
sustainable aquaculture production.

Materials and methods
Processing of coffee parchment (CP)
Arabica coffee parchment was obtained from the Lanna Thai Coffee Development Centre. The material was 
oven-dried until a stable moisture content of 10% was achieved, followed by grinding into a fine powder. 
The processed sample was then sent to the Division of Biotechnology, Faculty of Agro-Industry, Chiang Mai 
University, Chiang Mai 50,100, Thailand, for analysis of its proximate composition and bioactive compounds 
(Table 1).

Experimental fish
A total of 300 healthy Nile tilapia fingerlings (initial mean weight 18.60 ± 0.09  g) were sourced from a local 
hatchery in Chiang Mai, Thailand. The fish were acclimated to the experimental conditions by feeding them a 
commercial diet twice daily for two weeks prior to the introduction of the treatment diets. The fish were reared 
in 150-liter glass tanks. All experimental procedures adhered to the guidelines for animal care and use and were 
approved by the Chiang Mai University Ethics Committee (Approval No.: AG03007/2567).

Diet Preparation and experimental design
Dietary treatments containing varying levels of coffee parchment (CP) were formulated based on a standard 
diet, following the methodology outlined by Núñez, et al.38. The chemical composition of the diets was analyzed 
in accordance with AOAC guidelines AOAC39. The ingredients and their respective proportions are detailed in 
Table 2. Dry ingredients were thoroughly mixed, and the mixture was processed into 2-mm diameter pellets 
using a pelletizer after adding oil and water. The prepared feeds were stored at 4 °C until use. Following a two-
week acclimation period, 300 Nile tilapia fingerlings (18.60 ± 0.09 g) were randomly distributed into five dietary 
treatment groups: CP0 (0 g kg−1), CP5 (5 g kg−1), CP10 (10 g kg−1), CP20 (20 g kg−1), and CP40 (40 g kg−1). 
Each treatment had three replicates, with 20 fish housed per 150-liter tank. The trial lasted eight weeks, with fish 
samples collected at week eight to assess growth performance and immunological parameters. Gene expression 
analysis for growth, immune, and antioxidant-related genes was conducted at the conclusion of the feeding trial. 
Skin mucus and blood samples were collected, and the fish were promptly returned to their tanks.

Biofloc and water management
Floc water in each experimental tank was prepared three weeks before the trial commenced. Each 150-liter tank 
was supplemented with 400 g of salt, 5 g of molasses, 5 g of dolomite, and 2 g of feed. To maintain a carbon-to-
nitrogen (C: N) ratio of 15:1, molasses (containing 40% carbon) was added as the carbon source two hours after 
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feeding40. The remaining nitrogen levels in the water and the carbon and nitrogen content of the feed were used 
to calculate the required carbon input41.

Floc volume in the tanks was measured using an Imhoff cone, following the procedure described by 
Avnimelech40. Briefly, water samples were gently collected from a depth of approximately 15  cm below the 
water surface to avoid surface debris and ensure representative sampling. One liter of water from each tank was 
transferred into a graduated Imhoff cone and allowed to settle undisturbed for 30 min at room temperature. 
After the settling period, the volume of the settled floc (biofloc solids) was recorded in milliliters (mL L−1) by 
reading the scale at the base of the cone. This value represents the floc volume, indicating the concentration of 

Ingredients

Experimental diets (g kg–1)

CP0 CP5 CP10 CP20 CP40

Soybean meal 390 390 390 390 390

Corn meal 200 200 200 200 200

Fish meal 150 150 150 150 150

Rice bran 150 145 140 130 110

Wheat flour 70 70 70 70 70

Coffee parchment 0 5 10 20 40

Binder 20 20 20 20 20

Premixa 10 10 10 10 10

Vitamin C 98% 8 8 8 8 8

Soybean oil 2 2 2 2 2

Proximate composition of the experimental diets (g kg–1)

Ash 7.86 ± 0.98 7.92 ± 1.10 7.85 ± 0.88 7.70 ± 0.85 7.45 ± 0.55

Dry matter 96.78 ± 3.22 96.60 ± 3.48 96.69 ± 2.57 96.58 ± 2.29 96.37 ± 3.28

Crude lipid 1.65 ± 0.07 1.67 ± 0.10 2.02 ± 0.05 1.69 ± 0.09 1.70 ± 0.07

Fiber 3.42 ± 0.22 3.43 ± 0.87 4.25 ± 0.09 4.86 ± 0.45 5.88 ± 0.35

Crude protein 30.43 ± 0.87 29.42 ± 1.23 30.15 ± 1.65 28.92 ± 1.22 30.16 ± 2.11

Gross energy (Cal/g)3 291.72 ± 3.34 286.24 ± 3.65 297.07 ± 4.78 289.54 ± 3.23 300.87 ± 4.12

Table 2.  Proximate composition (g kg–1) of experimental diets. aVitamin and trace mineral mix supplemented. 
All dietary constituents were analyzed using standard methods (AOAC, 2005).

 

By-product Coffee parchment

Composition (air dry basis)

% Dry matter 97.13

% Crude protein 3.08

% Ether extract 7.33

% Crude fiber 72.13

% Ash 0.91

% NFE 13.68

Bioactive compounds

Chlorogenic acid (mg/100 g) ND

Total anthocyanin content (mg CE/g) ND

Total flavonoid content (mg QE/g) 78.62

Total beta-carotene content (mg βE/g) ND

Catechin (mg/100 g sample)

Gallic acid 0.15

Epigallocatechin gallate 8.59

Catechin ND

Epicatachin 4.36

Caffeine 117.12

Epicatechin gallate ND

Antioxidant properties

Total phenol content (mg GE/g) 0.91

DPPH radical scavenging activity (umol TE/g) 6.07

Table 1.  Proximate composition and bioactive compounds of coffee parchment used in the experiment.
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suspended biofloc particles in the culture water. Measurements were conducted in triplicate for each treatment 
to ensure consistency and accuracy.

Water quality parameters, including temperature, pH, dissolved oxygen (DO), and ammonium (NH4
+), were 

monitored twice daily at 08:30 and 16:30 throughout the experimental period. Temperature, pH, and DO were 
measured using a portable multi-parameter meter (HI98196, Hanna Instruments, USA), while ammonium 
concentration was determined using a portable photometer (HI96733, Hanna Instruments, USA) based on the 
Nessler method, as outlined in the manufacturer’s protocol and standard water quality procedures42. During 
the feeding trial, water quality parameters remained stable: ammonium at 0.20 ± 0.07 mg L−1, temperature 
at 28.6 ± 0.75  °C, pH at 8.01 ± 0.64, and dissolved oxygen at 4.99 ± 0.04 mg L−1. To maintain optimal water 
conditions, a 5% water exchange was conducted weekly.

Growth performance analysis
Individual fish weights were recorded at the end of week eight post feeding. Growth performance indicators, 
including weight gain (WG), specific growth rate (SGR), feed conversion ratio (FCR), and survival rate (SR)
were calculated according to the method described by Sherif, et al.43. The following formulas were used: Weight 
gain (WG, %) = [(FW–IW) × 100] /IW; Specific growth rate (SGR, % g/day] = 100 × [(LnFW – LnIW)/60 days; 
Feed conversion ratio (FCR) = FI/WG, and survival (%) = [final number/initial number] × 100. Where FW: final 
weight (g); IW: initial weight (g); WG: weight gain (g); FI: feed intake (g).

Immunity analysis
Collection of skin mucus and serum samples
Skin mucus samples were collected from three randomly selected fish per tank. The fish were briefly anesthetized 
with clove oil at a concentration of 5 mL L−1. After anesthesia, each fish was placed into a plastic bag containing 
10 mL of 50 mM NaCl solution, and mucus was collected by gently rubbing the fish for one minute. The resulting 
solution was transferred into new tubes and stored at 4 °C for subsequent analysis.

For serum collection, blood samples were drawn from the caudal vein of three fish per replicate using a 1-mL 
syringe. The blood was transferred into sterile tubes without anticoagulant, allowed to clot at room temperature 
for one hour, and then incubated at 4 °C for four hours. The serum was separated and stored at -20 °C for further 
immunological assays.

Lysozyme activity
Lysozyme activity in undiluted serum and mucus was evaluated using a modified version of the Parry, et al.44 
protocol, as adapted by Lubis, et al.45. In brief, 100 µL of skin mucus and 25 µL of undiluted serum from each fish 
were loaded in triplicate into 96-well microplates. Subsequently, 175 µL of Micrococcus lysodeikticus suspension 
(0.3 mg mL−1 prepared in 0.1 M citrate-phosphate buffer, pH 5.8) was added to each well. The mixture was 
immediately and thoroughly mixed, and the reduction in turbidity was measured at 540 nm every 30 s over a 
5-minute period at 25 °C using a microplate reader. A standard curve was established using known concentrations 
(0–20 µg mL−1) of hen egg-white lysozyme (Sigma-Aldrich, USA). Lysozyme activity in the samples was then 
calculated and expressed as µg mL−1 equivalent based on this standard curve.

Peroxidase activity
Peroxidase activities in both serum and skin mucus were measured following a slightly adjusted method based on 
Quade and Roth46, with modifications outlined by Lubis, et al.45. Peroxidase activity was assessed using triplicate 
samples in flat-bottom 96-well microplates. A volume of 5 µL of either serum or skin mucus was dispensed into 
each well, followed by the addition of 45 µL of calcium- and magnesium-free Hank’s Balanced Salt Solution 
(HBSS). Subsequently, 100 µL of a chromogenic substrate solution, prepared by mixing 40 mL of distilled water, 
10 mL of 30% hydrogen peroxide (H2O2, Sigma-Aldrich), and one tablet of 3,3′,5,5′-tetramethylbenzidine 
(TMB, Sigma-Aldrich) was added to initiate the reaction. After a brief incubation, the reaction was stopped 
by adding 50 µL of 2  M sulfuric acid (H2SO4), and absorbance was recorded at 450  nm using a microplate 
reader. Wells containing only the reaction mixture without biological samples served as blanks. One unit of 
peroxidase activity was defined as the amount of enzyme required to yield an absorbance increase of 1. Results 
were expressed as units (U) per mg of serum or mucus protein.

Alternative complement activity (ACH50)
The alternative complement activity (ACH50) was determined using the procedure described by Yanno47, with 
minor adjustments detailed by Lubis, et al.48. For the alternative complement activity (ACH50) assay, rabbit red 
blood cells (R-RBCs) were first washed twice with 0.01 M EGTA-magnesium-gelatin veronal buffer (EGTA-Mg-
GVB), then centrifuged at 3000 rpm using phosphate-buffered saline (PBS). The washed cells were resuspended 
in 0.01  M EGTA-Mg-GVB to a final concentration of 2 × 108 cells mL−1. To prepare the 100% hemolysis 
control, 100 µL of R-RBC suspension was mixed with 3.4 mL of distilled water to induce complete lysis, and the 
absorbance of the resulting hemolysate was adjusted to approximately 0.740 at 414 nm using distilled water as 
the blank.

For the ACH50 test, 100 µL of fish serum was diluted with 400 µL of 0.01 M EGTA-Mg-GVB, followed by 
serial two-fold dilutions. To prevent premature complement activation, the diluted samples were kept on ice 
until use. Then, 100 µL of R-RBC suspension was added to each dilution tube, and the mixtures were incubated 
at 20 °C for 1.5 h with gentle, intermittent shaking.

To terminate the reaction, 3.15 mL of cold isotonic saline was added to each tube, followed by centrifugation 
at 1600 × g for 5 min. After centrifugation, 100 µL of the supernatant from each dilution was transferred to a 96-
well plate, and absorbance was measured at 414 nm. The percentage hemolysis for each dilution was calculated 
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by comparing the absorbance to the 100% lysis control. A log-log plot of serum volume versus percent hemolysis 
was used to determine the serum dilution causing 50% hemolysis. The ACH50 value (units mL−1) was calculated 
using the formula: ACH50 (units mL−1) = (1/K) × r × 1/2. Where K is the serum volume producing 50% 
hemolysis, r is the reciprocal of the dilution factor, and 1/2 is the correction factor. The assay was conducted at 
half the volume of the original protocol.

qPCR for immune gene expressions
Sample preparation
Gene expression levels related to immunity, antioxidation, and growth were analyzed using head kidney tissues 
collected from six fish per treatment group after the eight-week feeding trial. Tissue samples (25–50 mg) were 
placed in sterilized tubes containing 500 µL of Trizol reagent (Invitrogen, USA) and stored at − 80  °C until 
processing.

Total RNA was extracted using the PureLink™ RNA Mini Kit (Invitrogen, USA), following the manufacturer’s 
protocol. RNA concentration and purity were evaluated using a NanoDrop™ One spectrophotometer (Thermo 
Scientific, Wilmington, USA). Complementary DNA (cDNA) was synthesized from 1  µg of total RNA with 
the iScript™ cDNA Synthesis Kit (BIO-RAD, USA) according to the manufacturer’s instructions. The RT-qPCR 
primers utilized in this study are provided in Table 3.

Real-time PCR
Real-time PCR (qPCR) was conducted using a reaction mixture comprising 1 µL of cDNA (100 ng), 0.4 µL of 
each primer (10 µM), 10 µL of 2× Universal SYBR Green (BIO-RAD, USA), and DNase-free water to reach the 
final volume. The reactions were performed on the CFX Connect™ Real-Time PCR System (BIO-RAD, USA). 
The qPCR protocol adhered to the conditions described in Lubis, et al.48. Gene expression levels were calculated 
using the 2-ΔΔCt method Livak and Schmittgen49. The quantification cycle (Cq) values were used to determine 
the mRNA levels of target genes, with 18 S rRNA serving as the internal reference gene.

Analysis of gut Microbiome
To investigate the gut microbiome, intestinal samples were collected from the control group (n = 6) and each 
coffee pulp treatment group (n = 6 per group) at the conclusion of the experiment. Genomic DNA was extracted 
using the TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech, Beijing, China). The V3 and V4 regions 
of the bacterial 16 S rRNA gene were amplified, and the resulting amplicons were sequenced on the Illumina 
Novaseq 6000 platform. The raw sequencing data have been submitted to the NCBI database with the accession 
number PRJNA1154970.

The raw sequencing reads were preprocessed by performing quality filtering with Trimmomatic v0.33 50 and 
removing primers using Cutadapt 1.9.151. Denoising was conducted with Dada2 implemented within the QIIME2 
framework52, resulting in the generation of amplicon sequence variants (ASVs). Taxonomic classification of 
ASVs was performed using a Bayesian approach against the SILVA reference database53. Venn diagrams were 
created to depict shared and unique ASVs across the groups, highlighting common microbial features54.

Alpha and beta diversity analyses were performed on normalized datasets. Alpha diversity, measured through 
observed species richness and the Shannon index, was compared among groups using ANOVA. Beta diversity 
was evaluated using Bray-Curtis dissimilarity and visualized with Principal Coordinate Analysis (PCoA). 
Significant microbial features at the genus level were identified using the Linear Discriminant Analysis Effect 

Genes Accession no. Sequence Tm Product size

IL-1β XM_005457887.1 F: ​T​G​G​T​G​A​C​T​C​T​C​C​T​G​G​T​C​T​G​A
R: ​G​C​A​C​A​A​C​T​T​T​A​T​C​G​G​C​T​T​C​C​A 60 200

GPX NM_001279711 F: ​G​G​T​G​G​A​T​G​T​G​A​A​T​G​G​A​A​A​G​G
R: ​C​T​T​G​T​A​A​G​G​T​T​C​C​C​C​G​T​C​A​G 60 190

β-actin XM_003443127.5 F: ​C​C​A​C​A​C​A​G​T​G​C​C​C​A​T​A​C​T​A​C​G​A
R: ​C​C​A​C​G​C​T​C​T​G​T​C​A​G​G​A​T​C​T​T​C​A 54 112

TNF-α NM_001279533 F: ​C​T​T​C​C​C​A​T​A​G​A​C​T​C​T​G​A​G​T​A​G​C​G
R: ​G​A​G​G​C​C​A​A​C​A​A​A​A​T​C​A​T​C​A​T​C​C​C 60 161

NPY-α F XM_003448854.5 F: ​T​C​T​C​G​C​T​C​A​C​T​G​C​T​G​T​C​C​C
R: ​C​A​G​A​G​G​C​G​T​G​G​T​G​T​T​C​G​T​T 60 72

Galanin XM_003453581.5 F: ​T​G​T​T​A​G​G​G​C​C​C​C​A​T​G​G​A​C​T​A
R: ​G​A​A​G​T​C​C​T​C​C​T​C​C​T​G​G​C​C​T​A 60 92

Ghrelin AB104859.1 F: ​G​T​G​G​T​G​C​A​A​G​T​C​A​A​C​C​A​G​T​G
R: ​C​A​T​G​G​C​T​T​G​G​C​G​A​C​C​A​A​T​T​C 59 97

Hsp70 XM_019357557.1 F: ​C​G​A​T​G​G​C​A​G​A​A​A​A​A​C​T​G​A​C​T​C​G
R: ​G​C​T​G​C​A​C​T​G​A​G​G​T​C​T​A​G​C​A​G 58.8 136

MHCII-α AF212856.1 F: ​A​T​C​C​A​C​C​A​T​C​A​A​C​G​T​T​C​C​C​T
R: ​T​C​A​G​A​C​C​C​A​C​T​C​C​A​C​A​G​A​A​C 58 68

Nrf2 XM_003447296.4 F: ​C​T​G​C​C​G​T​A​A​A​C​G​C​A​A​G​A​T​G​G
R: ​A​T​C​C​G​T​T​G​A​C​T​G​C​T​G​A​A​G​G​G 57.5 69

EF-α AB075952 F: ​C​T​A​C​A​G​C​C​A​G​G​C​T​C​G​T​T​T​C​G
R: ​C​T​T​G​T​C​A​C​T​G​G​T​C​T​C​C​A​G​C​A 60 139

Table 3.  Primers used for quantitative real-time PCR in this study.
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Size (LEfSe) method, while STAMP software was utilized to determine genera with significant differences in 
relative abundance between treatment groups under default parameters55.

Statistical analysis
Statistical analyses were conducted using SAS software56. Group differences were analyzed with Analysis of 
Variance (ANOVA), and Duncan’s Multiple Range Test was used to identify significant differences among the 
means. Polynomial regression analysis was employed to determine the optimal CP level, following the approach 
described by57. A significance threshold of P ≤ 0.05 was used throughout the study. The Kolmogorov-Smirnov 
test was performed to evaluate the normality of the data distribution.

Results
Growth performance
Table 4 summarizes the growth performance and feed utilization of Nile tilapia fed diets containing varying 
levels of coffee parchment (CP). Fish in the CP5 group exhibited significantly greater final weights, weight gain, 
and specific growth rates compared to the control group (CP0) and those receiving higher CP levels (CP10, 
CP20, and CP40). In contrast, no significant differences in growth parameters were observed between the 
control and CP40 groups. For feed conversion ratio (FCR), the CP5 group demonstrated significantly lower 
values compared to the control and CP40 groups, although no significant differences were detected among the 
CP5, CP10, and CP20 groups. Survival rates remained uniformly high across all treatments, with no significant 
variation observed (Table 4). The polynomial regression analysis (P < 0.05) shows that dietary coffee parchment 
(CP) significantly impacts Nile tilapia’s growth performance and feed efficiency (Fig.  1). Final body weight, 
weight gain, and specific growth rate peaked, while feed conversion ratio (FCR) improved at an optimal CP 
dosage of 15.06–19.86 g kg−1. Beyond this range, growth performance and feed efficiency declined, emphasizing 
the need for precise dietary optimization.

Immunological activities of lysozyme and peroxidase
The immunological responses of Nile tilapia, as measured by skin mucus lysozyme activity (SMLA) and 
peroxidase activity (SMPA), are shown in Table 5. Fish in the CP5 group exhibited the highest SMLA, significantly 
exceeding that of the control group (CP0). Similarly, SMPA was significantly higher in the CP5 group compared 
to the control and other supplemented groups. No significant differences in SMLA and SMPA were observed 
among the CP10, CP20, and CP40 groups. Additionally, SMLA did not differ significantly among the CP0, CP10, 
CP20, and CP40 groups.

Table 6 details the serum lysozyme (SL) and peroxidase (SP) activities of Nile tilapia fed diets with varying 
levels of coffee parchment. After eight weeks, the CP5 group demonstrated significantly greater SL and SP 
activities than the control and other treatment groups. Furthermore, the CP5 group showed the highest ACH50 
value, significantly outperforming all other groups. No significant differences in SL were observed between the 
control, CP10, CP20, and CP40 groups. Similarly, SP levels did not differ significantly between the CP20, CP40, 
and control groups. For ACH50, no significant differences were found between the CP40 and control groups 
(Table 6).

mRNA expression of CP treated fish
Figure 2 presents the relative expression levels of growth-, immune-, and antioxidant-related genes in the kidney 
of Nile tilapia after eight weeks of feeding with graded levels of coffee parchment (CP): CP0 (control), CP5, 
CP10, CP20, and CP40 (g kg−1 diet). For growth-related genes (ghrelin, galanin, EF-α, and NPY-α), fish fed the 
CP5 diet showed the highest expression levels. All four genes were significantly upregulated in the CP5 group 
compared to the control and other treatments. Expression tended to decline at higher CP inclusion levels, with 
CP40 showing the lowest expression for most growth-related genes. Regarding immune-related genes (IL-1β, 
TNF-α, NF-κB, and MHC II-α), the CP5 group also exhibited the most pronounced upregulation. Expression 
of these genes peaked in CP5 and was significantly higher than in CP0. A gradual reduction in expression was 
observed with increasing CP levels, especially in CP40, where levels were similar to or lower than the control. For 
antioxidant-related genes (GPx, Hsp70, and Nrf2), CP5 again resulted in the highest gene expression, indicating 
enhanced antioxidant capacity in this group. Expression declined progressively in CP10, CP20, and CP40 groups.

CP0 CP5 CP10 CP20 CP40

IW (g) 18.58 ± 0.05 18.60 ± 0.07 18.60 ± 0.03 18.58 ± 0.09 18.62 ± 0.07

FW (g) 47.75 ± 0.22c 58.83 ± 0.27a 50.56 ± 0.32bc 52.41 ± 0.15b 50.94 ± 1.00bc

WG (g) 29.16 ± 0.24c 40.23 ± 0.28a 31.96 ± 0.35bc 33.80 ± 0.17b 32.32 ± 0.99bc

SGR (%/day) 1.57 ± 0.03c 1.91 ± 0.009a 1.67 ± 0.02bc 1.73 ± 0.03b 1.68 ± 0.051bc

FCR 1.13 ± 0.03a 0.99 ± 0.02b 1.08 ± 0.003ab 1.07 ± 0.006ab 1.15 ± 0.03a

SR (%) 95.00 ± 2.50 95.00 ± 0.00 96.67 ± 1.44 93.33 ± 1.44 90.00 ± 4.30

Table 4.  Growth performances and feed utilization of nile tilapia after 8 weeks fed with coffee parchment diets. 
Different letters in the same row indicate significant differences (P < 0.05).
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Gut microbiome
The Venn diagram (Fig. 3) displays the distribution of shared and unique amplicon sequence variants (ASVs) 
among treatment groups (CP0, CP5, CP10, CP20, CP40), with 69 core ASVs shared across all groups, suggesting 
a stable core microbiota. CP0 exhibited the highest number of unique ASVs (3,082), followed by CP10 (1,155) 
and CP20 (1,037), indicating microbial shifts driven by coffee parchment (CP) supplementation. Alpha diversity 
analysis (Fig. 4) showed a significant decrease in richness and evenness in CP5, while CP10 maintained greater 
microbial diversity, reflecting a more stable and diverse gut bacterial community. Beta diversity (Fig. 5) revealed 

Fig. 1.  Polynomial regressions analysis (P < 0.05) between final body weight (a), weight gain (b), specific 
growth rate (c), and feed conversion ratio (d) of Nile tilapia and dietary levels of coffee parchment (CP) after 8 
weeks post-feeding. Values expressed as means ± SE.
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distinct clustering among groups, with CP10 showing clear separation from CP0, CP20, and CP40, indicating 
that CP10 caused significant and structured changes in the bacterial community. Relative abundance at the 
phylum level (Fig. 6) identified Fusobacteria, Proteobacteria, Firmicutes, Bacteroidota, and Actinobacteria as 
the dominant phyla across all groups. CP10 showed a reduction in Proteobacteria, which is often linked to 
inflammation and gut dysbiosis, and a relative increase in Firmicutes, supporting improved gut health. The 
heatmap (Fig.  7) illustrated distinct bacterial composition at the genus level across treatments. CP0 showed 
higher levels of Cyanobacteria and Verrucomicrobiota, while CP10 and CP20 exhibited altered bacterial 
patterns, reflecting the influence of CP supplementation on microbial community structure. STAMP analysis 
(Fig. 8) showed that CP10 significantly increased the abundance of beneficial genera such as Cetobacterium 
compared to CP0, while CP20 increased Shinella. These shifts suggest that CP10 induced a more favorable 
bacterial profile linked to improved intestinal health.

Fig. 2.  Effect of coffee parchment on growth, immune and antioxidant related gene expressions in the kidney 
(n = 6) of Nile tilapia after feeding with experimental diets: CP0 (0 - control), CP5 (5 g kg−1 CP), CP10 (10 g 
kg−1 CP), CP20 (20 g kg−1 CP), and CP40 (40 g kg−1 CP). Significant differences between groups are denoted 
by different superscript letters (p < 0.05). Data presented are expressed as mean ± SD.

 

CP0 CP5 CP10 CP20 CP40

SL 8.22 ± 0.15b 12.06 ± 0.46a 8.18 ± 0.46b 9.86 ± 0.08b 9.31 ± 0.29b

SP 0.17 ± 0.005c 0.34 ± 0.03a 0.25 ± 0.06b 0.23 ± 0.07bc 0.18 ± 0.003c

ACH50 382.02 ± 27.09c 1179.88 ± 63.57a 705.44 ± 22.57b 694.43 ± 7.12b 451.47 ± 12.05c

Table 6.  Serum lysozyme and peroxidase activities of nile tilapia after 8 weeks fed coffee parchment diets. SL: 
Serum lysozyme activity (µg mL−1); SP: Serum peroxidase activity (µg mL−1). Different letters in the same row 
indicate significant differences (P < 0.05).

 

CP0 CP5 CP10 CP20 CP40

SMLA 0.57 ± 0.03b 1.13 ± 0.26a 0.73 ± 0.03ab 0.79 ± 0.03ab 0.71 ± 0.04ab

SMPA 0.08 ± 0.01c 0.20 ± 0.02a 0.13 ± 0.01b 0.13 ± 0.01b 0.09 ± 0.01bc

Table 5.  Skin mucus lysozyme and peroxidase activities of nile tilapia after 8 weeks fed coffee parchment diets. 
SMLA: Skin mucus lysozyme activity (µg mL−1); SMPA: Skin mucus peroxidase activity (µg mL−1). Different 
letters in the same row indicate significant differences (P < 0.05).
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Discussion
The efficiency of aquaculture is continuously advancing, as highlighted by recent research58. With growing 
concerns about regulatory measures and environmental pollution, there is an increased emphasis on enhancing 
aquaculture productivity34,59. The indiscriminate use of chemotherapeutic agents in aquaculture poses 
significant risks, such as reduced fish resistance, the development of multi-resistant pathogens, the onset of other 
diseases, and economic setbacks60. As a result, the industry is actively searching for effective, affordable, and 

Fig. 4.  Boxplots illustrating the alpha diversity indices across the treatment groups: (A) Observed richness and 
(B) Shannon index.

 

Fig. 3.  Venn diagram illustrating the common and unique amplicon sequence variants (ASVs) across the 
different treatment groups.
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sustainable alternatives, including immunostimulatory and chemotherapeutic agents61,62. One promising area of 
interest is plant-based immunostimulants, known for their rich content of secondary metabolites and bioactive 
compounds63. These natural agents have the potential to drive the adoption of more sustainable aquaculture 
practices on a global scale.

Our study revealed that incorporating coffee parchment (CP) into the diet of Nile tilapia for eight weeks 
significantly improved growth and feed efficiency compared to the control diet, with the most notable results 
observed at a supplementation level of 5 g kg−1 CP. To date, there is no published research on the use of CP in fish 
diets or its effects on the growth of any aquaculture species. However, studies investigating other plant seeds and 
by-products have demonstrated similar positive effects growth performance in various fish species, including 
European sea bass (Dicentrarchus labrax) fed okra leaves64, black rockfish (Sebastes schlegelii) fed by-products 
from producing yacon65, largemouth bass (Micropterus salmoides) fed fermented tea residues66, common carp 
(Cyprinus carpio) fed pomegranate peel67, Nile tilapia (Oreochromis niloticus) fed cumin stem, makiang seed, 
and dragon fruit peel68–70. Additionally, bagrid catfish (Mystus nemurus) fed sweet orange peel waste showed 
notable improvements71. The observed growth enhancement in our study may be attributed to the bioactive 
constituents of CP, which include high levels of fiber, phenolic compounds23,72, and chlorogenic acids73, all of 
which are known to positively influence fish metabolism and growth performance74–76. Polyphenols-rich plant 
materials have been shown to stimulate digestive secretions and enzyme activity, enhancing nutrient absorption 
and utilization, which ultimately supports animal growth77,78. Furthermore, phenolic compounds can induce 
metabolic adaptations that improve nutrient use efficiency and energy metabolism79. However, higher levels of 
CP supplementation (≥ 20 g kg−1) led to a reduction in growth performance, which may be attributed to its high 
fiber content (72.13%, Table 1). Excess dietary fiber can act as a prebiotic and affect gut fermentation dynamics80. 
While low to moderate levels of dietary fiber can be beneficial, excess fiber may reduce food intake, slower weight 
gain, and increase the secretion of satiety-related hormones, such as GLP-1 and PYY81,82. These hormones are 
stimulated by colonic fermentation products, such as short-chain fatty acids like butyrate, acetate, and propionate, 
which bind to free fatty acid receptors that enhance satiety signaling83. In addition to these physiological effects, 

Fig. 5.  NMDS plot of beta diversity based on Bray-Curtis dissimilarity, showing separation of bacterial 
communities across treatment groups.
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CP has demonstrated promising in vitro hypoglycemic activity, such as glucose adsorption, inhibition of glucose 
diffusion, and α-amylase activity reduction, which may lower starch digestibility. Furthermore, CP exhibits 
hypolipidemic effects through the inhibition of pancreatic lipase and cholesterol binding72.

In terms of immune function, fish mucus and serum play essential roles as the first line of defense against 
pathogens84,85. Our study showed that the diet with CP supplementation significantly elevated lysozyme and 
peroxidase activities in both skin mucus and serum after 8 weeks. To our knowledge, this is the first report 
demonstrating the effects of CP on these innate immune markers in Nile tilapia. Nevertheless, similar 
benefits have been reported in other species fed fruit and plant by-products, such as Nile tilapia (Oreochromis 
niloticus)69,86 and gilthead seabream (Sparus aurata L.)87. Additionally, gene expression analysis revealed 
significant upregulation of growth-related genes (ghrelin, galanin, EF-α, and NPY-α), immunity (il-1β, MHC 
II-α, NFkB, and TNF-α), and antioxidant defense (hsp70, GPX, and nrf2) in CP-fed fish. Similar findings have 
been reported in other studies, such as largemouth bass (Micropterus salmoides) fed fermented tea residues66 
and Nile tilapia (Oreochromis niloticus) fed makiang seed, dragon fruit peel, and banana flower powder68,69,88. 
Additional positive effects were observed in Rohu carp (Labeo rohita) fed seaweed polysaccharides89, and 
rainbow trout (Oncorhynchus mykiss) fed phytogenic diet90. The mechanisms underlying these responses may 
involve the epigenetic effects of dietary polyphenols, which can modulate gene expression via DNA methylation, 
histone modifications, and miRNA interactions91. Certain polyphenols also activate immune signaling pathways 
through interactions with cell surface receptors on immune cells, influencing intracellular cascades that regulate 
immunity92. Coffee parchment, a notable source of pectic polysaccharides and xylooligosaccharides80,93, may 
contribute further to immune modulation by stimulating dendritic cell (DC) maturation via PI3K/AKT, MAPK, 
NF-κB, and Dectin-1/Syk pathways, ultimately enhancing cytokine production, antigen presentation, and T-cell 
activation94.

Notably, elucidating the connection between physiological functions and specific gut microbial groups is 
essential for identifying the roles of bacteria that may benefit fish health and well-being95–97. Numerous studies 

Fig. 6.  Bar chart illustrating the relative abundance of bacterial phyla across the different coffee parchment 
treatment groups.
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Fig. 8.  STAMP analysis results showing significant differences in the mean proportions of bacterial genera 
between the CP0 group and other treatment groups. (A) CP5. (B) CP20.

 

Fig. 7.  Heatmap illustrating the abundance of various bacterial genera across the coffee parchment treatment 
groups.
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have emphasized the significant involvement of intestinal microbiota in various physiological functions of 
fish, including growth, nutrient metabolism, intestinal development, and immune regulation98–100. Moreover, 
research has indicated that the richness and composition of gut microbiota can serve as a reliable indicator of fish 
health, with elevated levels of Fusobacteria, particularly Cetobacterium, being associated with favorable health 
status101,102. This study demonstrated that dietary supplementation with coffee parchment (CP) modulated the gut 
microbiota of Nile tilapia reared in a biofloc system in a dose-dependent manner, with the most favorable outcomes 
observed in the CP10 group. Key findings included higher microbial diversity in CP10, reduced abundance of 
potentially pathogenic Proteobacteria, and a significant increase in the beneficial genus Cetobacterium, which 
together indicate improved gut microbial balance. These findings align with previous studies reporting the central 
role of gut microbiota in supporting various physiological processes in fish, including growth, metabolism, 
nutrient absorption, intestinal development, and immune regulation95,103,104. Gomes, et al.105 and Lenin, et 
al.106 emphasized that analyzing specific bacterial clades and their relationship with host physiology is crucial 
for understanding their functional contributions to fish health and welfare. In this regard, our results provide 
further evidence that CP supplementation can positively influence host-microbiota interactions in aquaculture 
systems. A particularly important observation was the significant increase in Cetobacterium abundance in the 
CP10 group. Cetobacterium is a known commensal bacterium in freshwater fish, associated with vitamin B12 
production and improved nutrient metabolism107. Prior research has suggested that a higher relative abundance 
of Fusobacteria/Cetobacterium, along with a lower abundance of Proteobacteria, is indicative of gut health and 
better performance108. This pattern was clearly observed in our study, supporting the hypothesis that CP10 
helped maintain gut microbiota homeostasis. Furthermore, the observed shifts in microbiota composition are 
consistent with previous studies involving prebiotics, paraprobiotics, and postbiotics. For example, Chen, et 
al.95 showed that supplementation with compounds derived from autochthonous microorganisms improved the 
gut microbiota of common carp. Similarly, Ballantyne, et al.109 reported that heat-killed microbial supplements 
enhanced the intestinal health of white shrimp (Penaeus vannamei). Likewise, Mohammady, et al.110 and Shija, 
et al.111 found that a diet enriched with Bacillus spp. improved the intestinal microbiota of Nile tilapia. These 
studies, like ours, commonly report an increase in beneficial bacteria and a reduction in harmful taxa such as 
Proteobacteria, contributing to better physiological outcomes. The mechanism by which CP exerts these effects 
is likely due to its composition. CP contains bioactive compounds such as polyphenols, chlorogenic acids, pectic 
polysaccharides, and xylooligosaccharides, which act as fermentable substrates that selectively promote the 
growth of beneficial bacteria23,93. These prebiotic-like effects may suppress opportunistic pathogens and support 
microbial species that contribute to gut health and immune regulation. The reduction of Proteobacteria in the 
CP10 group, often linked to inflammation and gut barrier dysfunction, suggests that CP may also help maintain 
intestinal integrity.

The biofloc system used in this study may have played a synergistic role in enhancing the effects of CP. 
Biofloc technology is widely recognized for its ability to improve water quality, recycle nutrients, and promote 
the growth of beneficial microbes through heterotrophic bacterial activity112. The addition of carbohydrates 
like CP to biofloc systems enhances microbial protein production, supporting nitrogen removal and generating 
additional feed biomass33,113. This dual benefit of CP as both a dietary supplement and a floc-enhancing carbon 
source likely explains the reduced feed conversion ratio (FCR) observed in our experiment. Furthermore, 
the improved immune responses may stem from enhanced microbial diversity in the floc environment and 
reduced pathogen load, as biofloc systems are known to stimulate fish immunity and suppress opportunistic 
pathogens. Taken together, these findings highlight the potential of CP as a sustainable and functional feed 
additive in tilapia aquaculture under biofloc systems. The study demonstrates that CP can improve multiple 
performance and health parameters, particularly at optimized inclusion levels, while supporting the principles 
of waste valorization and circular economy. While the results of this study are promising, several limitations 
should be acknowledged. The experiment was conducted under controlled laboratory conditions, which may 
not fully reflect outcomes in commercial aquaculture settings. Additionally, although we observed beneficial 
changes in gene expression and gut microbial communities, the long-term physiological impacts and specific 
mechanisms of action remain unclear. Importantly, the study did not assess the effect of coffee parchment (CP) 
on disease resistance through pathogen challenge trials, which are essential for confirming functional immune 
benefits. Future research should investigate dose–response relationships beyond 40 g kg−1 to determine CP’s 
upper tolerance limit, conduct extended feeding trials under practical farming conditions, and include pathogen 
challenge tests to validate immunoprotective effects. Moreover, metabolomic and functional microbiome 
analyses are recommended to gain deeper insights into the interactions between CP supplementation, host 
physiology, and microbial ecology.

Conclusion
This study demonstrates that dietary inclusion of coffee parchment (CP) in the feed of Nile tilapia reared under 
a biofloc system significantly enhances growth performance, innate immune responses, and the expression of 
growth-, immune-, and antioxidant-related genes. Among the tested levels, the 5 g kg−1 CP supplementation 
yielded the most pronounced biological effects, particularly in gene expression. Polynomial regression analysis, 
based on growth performance data only, estimated an optimal CP inclusion range of 15.06 to 19.86 g kg−1 for 
maximizing growth. These findings highlight coffee parchment as a promising functional feed additive with 
sustainable benefits for tilapia aquaculture. Nonetheless, further research under field-scale conditions and across 
longer production cycles is recommended to validate its efficacy and elucidate the underlying physiological 
mechanisms.
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Data availability
The raw sequencing data generated during this study have been deposited in the NCBI Sequence Read Archive 
(SRA) under the accession number PRJNA1154970.
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