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A B S T R A C T

The increasing demand for sustainable fertilizer sources highlights the potential of aquaculture by-products as 
alternatives to conventional mineral solutions in hydroponics. This study evaluated the fertilization potential of a 
liquid solution produced by aerobic digestion of fish sludge from a recirculating aquaculture system with African 
catfish (Clarias gariepinus) for indoor cultivation of basil (Ocimum basilicum L.) in a deep water culture system. 
Three nutrient solutions were compared: a conventional mineral solution (HYDRO), fish excrement mineralizate 
obtained by aerobic digestion (FEM), and a 1:1 (v/v) mixture of both (MIX). Cultivation with FEM alone resulted 
in a 17.5 % reduction in fresh shoot biomass and an overall reduction in N and P content in plant biomass 
compared to the hydroponic control, likely due to deficient potassium and iron levels in the FEM solution. 
However, plants grown in the FEM solution exhibited high potassium use efficiency and lower nitrate accu
mulation in plant tissues. The MIX variant achieved fresh shoot biomass comparable to the mineral control, 
enhanced root growth (+40.3 %), and reduced nitrate accumulation (− 9.4 %) while maintaining vitamin C 
content and total antioxidant capacity. Fluorescence in situ hybridization confirmed the presence of Bacillus spp. 
and Azospirillum spp. in the FEM and MIX solutions, suggesting a potential biostimulant effect that needs further 
investigation. These findings indicate that FEM cannot serve as a full replacement for mineral nutrient solutions; 
however, appropriate supplementation with mineral fertilizers can achieve growth performance comparable to 
or exceeding that in mineral solutions, offering a sustainable and balanced cultivation strategy.

1. Introduction

The global demand for high-quality food is increasing steadily, while 
arable land is diminishing, freshwater availability is becoming more 
limited, and climate change poses growing threats to agriculture. In 
response, more effective crop production systems are gaining attention. 
Among them, hydroponics—a soilless cultivation method—offers ad
vantages such as efficient water use, high productivity and suitability for 
cultivation in barren or urban environments [1]. Despite its advantages, 
hydroponic cultivation commonly uses nutrient solutions derived from 
mineral fertilizers, whose production is energy-intensive and frequently 
reliant on non-renewable mineral resources [2,3]. Moreover, the avail
ability of these fertilizers is increasingly constrained by market vola
tility, geopolitical factors, and global crises [4,5]. Consequently, there is 
a growing need for sustainable alternatives that recover nutrients from 
organic waste streams. Most research to date has focused on livestock 
manure [6], [7], [8] or food processing by-products [9,10], with 

nutrients being released through aerobic or anaerobic digestion.
A promising but less explored source of nutrients is fish sludge, 

particularly within recirculating aquaculture systems (RAS). In aqua
ponics, RAS solution is directly used for plant cultivation, allowing for 
partial nutrient recovery. However, solid sludge—composed mainly of 
fish excrements and uneaten feed—is typically discarded [11]. Aqua
ponic systems also face challenges, including low nutrient concentra
tions [12,13], conflicting pH requirements for fish and plant parts of the 
system [14], and sodium accumulation [15]. Additionally, not all RAS 
operators can implement fully integrated systems. Importantly, the 
majority of nutrients—particularly nitrogen and phosphorus—are 
retained in the solid sludge, which has demonstrated potential as a 
fertilizer substrate [16]. Compared to manure from warm-blooded 
livestock, fish sludge contains a lower microbiological risk due to the 
absence of common pathogens such as Escherichia coli and Salmonella 
spp [17].

Several studies have investigated the mineralization of fish sludge by 

* Corresponding author.
E-mail address: lukas.harabis@mendelu.cz (L. Harabǐs). 
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aerobic digestion (AD) [11, 18–24] though direct comparisons with 
conventional mineral solutions in plant cultivation remain limited. For 
instance, Lobanov et al. [25] reported lower lettuce yields but higher 
mineral content (Mg, Ca, Na, Si) when using digestates of fish sludge 
from RAS with rainbow trout (Oncorhynchus mykiss). Similarly, Ezzid
dine, Liltved & Seljåsen [26] observed a comparable yield but higher P, 
K, Ca, S, and B concentrations in lettuce grown on a solution derived 
from aerobically digested sludge originating from brown trout (Salmo 
trutta) rearing, relative to lettuce grown hydroponically.

Delaide et al. [27] demonstrated that a complemented aquaponic 
solution from a tilapia RAS, enriched with mineral nutrients, exhibited a 
39 % faster growth rate than the control hydroponic variant and a 36 % 
higher root fresh weight. The improvement was attributed to the pres
ence of plant growth-promoting microorganisms originating from the 
organic fraction of the solution. Furthermore, Khalil et al. [28] investi
gated the microbiota in water derived from tilapia and African catfish 
(Clarias gariepinus) rearing in a RAS and found that the solution was rich 
in bacterial and fungal microorganisms exhibiting antagonistic activity 
against several plant pathogens. Two microbial taxa frequently associ
ated with enhanced plant growth are Bacillus and Azospirillum spp. These 
rhizobacteria can improve nutrient uptake and offer protection against 
pathogens [29,30]. Members of the genus Bacillus have been detected in 
the gut microbiome of African catfish [31], and its probiotic properties 
for this species have been confirmed [32]. While Azospirillum spp. are 
primarily soil bacteria, their presence has also been documented in RAS 
with African catfish [28].

Despite the growing production of African catfish in RAS [33,34], 
limited research has addressed the potential reuse of its fish sludge for 
hydroponic crop fertilization.To the best of our knowledge, this is the 
first study to evaluate the application of liquid fertilizer derived from 
aerobically digested fish sludge from African catfish RAS for the hy
droponic cultivation of basil in an isolated system. Green basil (Ocimum 
basilicum) is a high-value herb of increasing commercial and scientific 
interest due to its bioactive compounds. Extracts of basil have demon
strated antimicrobial [35], insecticidal [36,37], and antifungal activity 
[38], making the plant relevant for food, pharmaceutical, and fragrance 
applications.

The objective of this study was to determine whether such organic- 
based fertilizer can serve as an effective alternative to conventional 
mineral solutions in deep water culture (DWC) basil production. We also 
investigated the presence of beneficial microorganisms (Bacillus spp. and 
Azospirillum spp.) on the root surface of basil, hypothesizing that their 
natural occurrence in the digestate may contribute to enhanced plant 
performance through biostimulant effects.

2. Materials and methods

2.1. Production of liquid fertilizer by aerobic digestion of fish sludge

Fish sludge originating from African catfish rearing in a RAS at the 
experimental facility of the Department of Fisheries and Hydrobiology 
(Mendel University in Brno, Zemědělská 1, 613 00 Brno, Czech Repub
lic), was used as the organic substrate for liquid fertilizer production. 
The RAS consisted of three circular polypropylene tanks (1000 L each; 
total rearing volume 3000 L) connected to a biological filter unit (Nexus 
EAZY 320, Evolution Aqua Ltd, Wigan, UK). During the culture period, 
water temperature ranged from 25.4 to 26.1 ◦C, dissolved oxygen from 
4.9 to 6.2 mg/L, and pH from 6.9 to 7.3. Stocking density was main
tained at 230–240 kg/m3. The fish used for sludge production were adult 
African catfish with an average body weight of approximately 1.0–1.2 
kg, corresponding to approximately 200 fish per tank.

Fish were fed a commercial floating diet with a pellet size of 4.5 mm 
(Skretting ME-4.5 Meerval TOP, Nutreco N.V., Amersfoort, the 
Netherlands) at a rate of 2 % of body weight per day. According to the 
manufacturer, the feed consisted of processed poultry animal proteins, 
wheat, wheat gluten, soybean meal, fish meal, poultry fat, fish oil, and 

wheat starch. The declared nutrient composition was 44 % crude pro
tein, 14 % crude fat, 1.4 % crude fibre, 9.5 % crude ash, 2.5 % calcium, 
0.4 % sodium, and 1.2 % phosphorus. Most of the uneaten feed was 
manually removed on a daily basis to prevent its high abundance in the 
sludge. Consequently, the solid waste used in this study consisted pre
dominantly of fish excrements. The effluent used in this study was 
collected at the site of the biological filter, where a vortex separator was 
installed for sedimentation and continuous collection of fish sludge. The 
sludge was dewatered by sedimentation and decantation. Excess water 
was subsequently removed by drainage through a 50 μm polypropylene 
textile to achieve approximately 10 % dry matter content, after which 
the material was stored at 4 ◦C until use in the experiment.

During waste collection and storage, a mineralization reactor was 
constructed (Fig. 1). The reactor was built from a 220 L polyethylene 
barrel (height 98 cm, Ø 49 cm). Two cylindrical air stones (300 × 50 
mm, Ø 5 mm connection) were installed at the bottom and connected to 
a membrane compressor Jebao PA-35 (Jebao Co., Ltd., Zhongshan, 
China) to ensure continuous aeration and oxygen supply. To promote 
suspension mixing, an airlift made of polypropylene tubing (Ø 40 mm, 
800 mm in length) was installed in the center of the reactor and stabi
lized with support pipes fixed to the upper part of the reactor wall. Air 
injected at the base of the airlift generated upward liquid flow, creating 
vertical circulation and homogeneous mixing without mechanical 
stirrers.

Before use, the refrigerated fish sludge was manually homogenized 
with a spatula to obtain a representative, uniform structure of the batch. 
The reactor was then loaded with 180 L of RAS water and 18 kg of 
dewatered fish sludge, containing 10 % dry matter, which corresponded 
to 1.8 kg of dry matter. Dry matter content was determined gravimet
rically by drying representative samples at 105 ◦C to constant weight. 
Aerobic digestion was carried out for the following 21 days. During this 
period, the reactor contents were continuously aerated and mixed using 
an airlift, while maintaining the temperature at 30 ◦C with a 200 W 
heater equipped with a thermostat (OASE GmbH, Hörstel, Germany). No 
pH adjustment or microbial inoculum was applied during the aerobic 
digestion process. This procedure was chosen based on the work of 

Fig. 1. Mineralization reactor design: (1) reactor vessel; (2) membrane air 
compressor; (3, 4) air stones; (5) airlift; (6) heater with thermostat.
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Harabiš et al. [18], in which the aerobic digestion process was 
optimized.

After 21 days, aeration was stopped, the airlift removed, and the 
suspension was allowed to settle for 1 h. Subsequently, 80 L of super
natant was decanted into a secondary container and further clarified by 
gravity filtration through a 50 μm polypropylene textile to remove 
suspended fine particles. This process yielded a clear nutrient solution, 
which was then subjected to chemical analysis. The undiluted fish 
excrement mineralizate (UFEM) exhibited very high nutrient levels; 
therefore, prior to experimental use, UFEM was diluted 1:3 (v/v) with 
tap water, resulting in the FEM variant (see section 3.1).

2.2. Experimental system setup and cultivation conditions

The growth experiment was conducted in three identical indoor 
vertical hydroponic systems at the Department of Fisheries and Hydro
biology (Mendel University in Brno, Zemědělská 1, 61300 Brno, Czech 
Republic). One cultivation system consisted of three independent racks, 
each operating as a DWC unit. Every rack was connected to its own sump 
tank and a pump, forming a closed cultivation system with a total vol
ume of 190 L (Fig. 2). The schematic of the cultivation system, consisting 
of three racks and thus three closed nutrient solution loops, is shown also 
in Fig. 2. Water in each system circulated continuously: a submersible 
pump delivered the solution to the respective rack and gravity returned 

it back to the sump tank. Each rack was equipped with LED lighting 
panels (red:blue ratio 2.5:1) positioned 220 mm above the plant canopy. 
The air temperature of the cultivation room was maintained at 20–23 ◦C 
using an air conditioning unit, and relative humidity was kept at 60–65 
%. No supplemental CO2 was provided.

2.3. Experimental design

The experiment was conducted in three identical vertical cultivation 
systems, each comprising three racks with three closed nutrient solution 
loops. Thus, the number of replicates for each nutrient solution variant 
was n = 3. Solution variants were rotated among the racks in each 
system to minimize positional effect. Basil seedlings were randomly 
assigned to the respective nutrient solution variants, with 20 plants per 
variant per replicate. Border plants were excluded from harvesting and 
evaluation; thus, for each variant and replicate, only six plants were 
used (18 plants per triplicate). Therefore, out of the total 180 planted 
plants, 54 plants were used for evaluation and analyses. Fig. 2 illustrates 
one of the arrangements of nutrient solution variants across the three 
racks within a single cultivation system. The three nutrient solution 
variants were as follows: 

A. HYDRO (mineral control) – commercial hydroponic fertilizer for 
leafy vegetables, composed of two components: JUNGLE Garden G1 

Fig. 2. Experimental setup and arrangement of nutrient solution variants within the cultivation system. Schematic of a single closed-loop nutrient solution circu
lation system showing: (1) sump tank; (2) nutrient solution level; (3) pump; and (4) cultivation rack. One of the three possible arrangements of nutrient solution 
variants among the three racks within a single cultivation system: (A) HYDRO; (B) FEM; (C) MIX.
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(0.4 % N, 2 % P2O5, 4.5 % K2O; Numazon Ltd., Brno, Czech Republic) 
and JUNGLE Garden BASE (7 % N, 11.2 % CaO, 0.22 % Fe; Numazon 
Ltd., Brno, Czech Republic). The solution was prepared by adding 
2.5 mL JUNGLE Garden G1 and 1 mL JUNGLE Garden BASE per liter 
of tap water, as recommended by the manufacturer.

B. FEM (fish excrement mineralizate) – nutrient solution prepared from 
UFEM (undiluted fish excrement mineralizate) obtained by aerobic 
digestion of fish sludge from RAS with African catfish and diluted 1:3 
(v/v) with tap water to obtain EC and nitrate values comparable to 
the HYDRO variant.

C. MIX – a 1:1 (v/v) mixture of HYDRO and FEM variant.

2.4. Course of the experiment

The experiment started on 1 May 2024 with the sowing of green basil 
into 40 × 40 × 40 mm rockwool cubes (ROCKWOOL B.V., Roermond, 
Netherlands) using seeds supplied by SUBA SEEDS COMPANY S.p.A., 
Longiano, Italy. Ten seeds were sown per cube and immediately irri
gated with the mineral hydroponic solution (HYDRO) to standardize 
conditions before assignment to solution variants. At the cotyledon 
stage, the plants were thinned to five seedlings per cube. This stan
dardization ensured uniform planting density and homogeneity across 
variants prior to transplanting into the cultivation systems. The seed
lings were pre-grown for 21 days under standardized lighting conditions 
(18 h light/6 h dark, photosynthetic photon flux density ~ 130 μmol/ 
m2/s, with a red-to-blue light ratio of 2.5:1). The temperature in the 
cultivation room was maintained at 20–23 ◦C, with a relative humidity 
of 60–65 %. No supplemental CO2 was provided.

Before transplanting the seedlings, all hydroponic systems were 
disinfected with 1 % (v/v) sodium hypochlorite and thoroughly rinsed 
with tap water to remove chlorine residues. On 22 May 2024, experi
mental cultivation systems (9 separate closed loops for nutrient solution, 
190 L each) were filled with the respective nutrient solutions (see sec
tion 2.3).

Prior to transplanting the seedlings, the pH of all nutrient solutions 
(HYDRO, FEM, MIX) was adjusted from ~7.2 to 5.9 using 15 % (v/v) 
HNO3 (Sigma-Aldrich Corporation, St. Louis, United States), which 
resulted in a slight increase in nitrate concentrations in all variants. The 
initial parameters of all nutrient solution variants before acidification 
are reported in Supplementary Table 1, while the values after acidifi
cation correspond to the T0 values (see section 3.1). After adjustment, 
NO3

− concentrations were comparable across variants (~560–575 mg/ 
L).

Seedlings were transplanted into DWC systems and cultivated for 21 
days under the same conditions as in the pre-growing phase. Throughout 
the experiment, pH, solution temperature and EC were measured daily. 
pH and nutrient solution temperature were measured using a HACH 
HQ40d multimeter (Hach Company Inc., Loveland, United States), while 
electrical conductivity (EC) was determined with a Hanna Combo 
HI98130 m (Hanna Instruments Inc., Smithfield, United States). Air 
temperature and relative humidity were also recorded daily. Evapo
transpiration losses were compensated daily with deionized water to 
maintain constant system volume. At harvest (21 days after trans
planting), deionized water was added for the last time to restore the 
original volume. The solution was then allowed to circulate within the 
systems to ensure proper mixing, and nutrient solution samples were 
collected, corresponding to T1 values (see section 3.1).

2.5. Analytical methods

Detailed methodologies for the following sections are provided in the 
Supplementary Material.

2.5.1. Chemical analyses of solutions
Concentrations of NH4

+–N, NO2
− –N, NO3

− –N, PO4
3-–P, Cl− , and dis

solved Fe were determined spectrophotometrically according to APHA 

Standard Methods [39] using a PhotoLab 6600 UV–VIS spectropho
tometer (WTW GmbH, Germany). Potassium (K+), calcium (Ca2+), and 
magnesium (Mg2+) were measured colorimetrically using a Palintest 
Photometer 7100 (Halma Holdings Ltd., UK) following the manufac
turer's protocols.

2.5.2. Photosynthetic, morphological, and compositional analyses of plants
Normalized Difference Vegetation Index (NDVI) and Quantum Yield 

(Qy) were measured before harvest using the handheld PlantPen NDVI 
300 and FluorPen FP 110-LM/D devices (Photon Systems Instruments 
Ltd., Drásov, Czech Republic). All morphological parameters were 
measured using a balance (accuracy 0.01 g) or a ruler with a precision of 
1 mm. The determination of total antioxidant capacity (TAC DPPH) was 
carried out according to the methodology of Zloch, Čelakovský & 
Aujezdská [40]. Vitamin C was analyzed using high-performance liquid 
chromatography (ECOM Ltd., Prague, Czech Republic) equipped with an 
S-2600 detector (KNAUER Scientific Instruments Ltd., Berlin, Germany) 
and an ARION® Polar C18 column (5 μm, 150 mm × 4.6 mm). The fiber 
content was determined according to the standard protocol provided by 
FibreBag. The determination of total nitrogen (N), phosphorus (P), and 
nitrates in plant samples was performed according to the methods 
described by Zbíral [41]. Total potassium (K) in the samples was 
determined by capillary isotachophoresis using an IONOSEP 2003 in
strument (Recman–Laboratory Technique Ltd., Ostrava, Czech Repub
lic) according to the manufacturer's application note. Plant pigments 
(chlorophyll a, chlorophyll b, and carotenoids) were determined spec
trophotometrically according to Holm [42].

2.5.3. Calculation of nutrient use efficiency
The efficiency of nitrogen (NUE), phosphorus (PUE), and potassium 

(KUE) utilization was calculated as the percentage ratio between the 
nutrient accumulated in the plant and the nutrient supplied in the 
nutrient solution: 

XUE (%)=
nutrient accumulation in the plant [mg/plant]

nutrient supplied [mg/plant]
× 100,

where X represents N, P, or K.
Nutrient accumulation was determined from the nutrient concen

tration in the dry shoot biomass (mg/kg DW, standardized to 100 % dry 
matter) multiplied by the mean dry shoot biomass per plant (g). The 
supplied amount was calculated as the difference in nutrient concen
tration between the start (T0) and the end (T1) of cultivation, multiplied 
by the system volume (190 L), and divided by the number of plants (n =
20). For nitrogen, all determined inorganic forms (NO3

− , NH4
+, NO2

− ) 
were included and converted to elemental N; phosphorus was calculated 
from PO4

3− to elemental P; potassium was expressed directly as K+.

2.5.4. Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was used to evaluate the 

presence of plant growth-promoting microorganisms (PGPMs) associ
ated with plant roots. All samples and pure cultures were first hybridized 
with Bs-Cy3 and Bs-FAM probes (Eurofins Genomics, Brno, Czech Re
public) according to Posada et al. [43], followed by hybridization with 
the AZO440a + probe labeled with Cy5 (Eurofins Genomics, Brno, Czech 
Republic) according to Stoffels, Castellanos & Hartmann [44]. Samples 
were analyzed using a confocal laser scanning microscope (LSM800, 
Carl Zeiss AG, Oberkochen, Germany). The abundance of Bacillus and 
Azospirillum spp. in basil root samples was evaluated on a 0–5 scale 
according to Alarcón & Cuenca [45].

2.6. Statistical analyses

Statistical analyses were performed in Statistica 14 software (Data
Bon Ltd., Prague, Czech Republic). Outliers were first removed from the 
dataset using a box plot with a coefficient of 1.5. One plant in the 
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HYDRO variant did not initially reach the nutrient solution after trans
planting, resulting in reduced growth and extreme values across 
measured parameters, and was therefore excluded from the statistical 
analyses as an outlier. The remaining data were then tested for 
normality using the Shapiro-Wilk test (α = 0.05) and for homogeneity of 
variance using Levene's test (α = 0.05). Data that met the assumptions of 
normality and homogeneity were further analyzed using one-way 
analysis of variance (ANOVA). Statistically significant differences were 
detected using Tukey's HSD test (α = 0.05). For data that did not meet 
one or both assumptions, non-parametric testing was performed using 
Kruskal–Wallis ANOVA, followed by a post-hoc multiple comparisons of 
mean ranks across all groups (α = 0.05). Significant differences between 
groups in tables and figures are marked with lowercase (parametric) or 
uppercase (non-parametric) letters.

3. Results and discussion

3.1. Aerobic mineralization and characteristics of nutrient solutions

The mineralization reactor was fed with 180 L of RAS solution and 
18 kg of dewatered sludge from the same African catfish system. In order 
to evaluate the enrichment of the original RAS solution with nutrients 
derived from solid sludge, the pH and EC values as well as the nutrient 
content of the RAS solution were analyzed prior to its introduction into 
the reactor (Table 1). After 21 days of aerobic digestion, the pH of the 
final solution decreased to a slightly acidic level (Table 1), which is 
consistent with ongoing nitrification. Nutrient concentrations increased 
substantially in the resulting UFEM, as reflected by the rise in EC from 
2.05 mS/cm to 4.60 mS/cm. This increase was primarily driven by ni
trates formed from organic nitrogen in the fish sludge, which was first 
converted to ammonia and subsequently oxidized to nitrates, repre
senting a 266.7 % increase. In parallel, ammonium originally present in 
the RAS solution was almost entirely converted to nitrates, leaving only 
trace amounts in UFEM and indicating near-complete nitrification. 
Given the almost complete nitrification, it can be assumed that the 
mineralization reactor load contained a substantial proportion of het
erotrophic bacteria, likely dominated by Proteobacteria, Bacteroidetes, 
and Firmicutes, as reported by Clols-Fuentes et al. [33]. The load also 
likely included ammonia- and nitrite-oxidizing bacteria (AOB and NOB), 
which carry out ammonia oxidation via the canonical two-step pathway, 
as well as representatives of comammox (Complete Ammonium Oxida
tion) microorganisms [46]. The presence of trace amounts of NH4

+ in 
UFEM, however, also suggests that, alongside dominant nitrification, 
additional microbial processes may have occurred in the solution. In this 
context, the formation of localized oxygen-limited, or even anoxic, 

microenvironments within suspended sludge particles or microbial ag
gregates cannot be excluded, as oxygen stratification inside sludge flocs 
has been described even under aerated conditions [47]. Under such 
conditions, some facultatively anaerobic Bacillus spp. may remain 
metabolically active and may theoretically contribute to ammonium 
formation via dissimilatory nitrate reduction [48], while Azospirillum 
spp. may persist under microaerobic conditions, where nitrogen fixation 
can occur [49]. The occurrence of these taxa is further discussed in the 
FISH section.

Aerobic digestion also released substantial amounts of phosphates 
(+186.1 %), chloride (+95.5 %), and calcium (+48.8 %) ions into 
UFEM. Notably, potassium ions and total iron—nutrients often limiting 
when RAS solutions are used for plant cultivation in aquaponic sys
tems—were also released, increasing by 69.6 % and 125.0 %, respec
tively, compared to the original RAS solution. In contrast, magnesium 
was released only minimally, with an overall increase of just 3.2 %.

Because nitrate concentrations in UFEM substantially exceeded the 
recommended range for basil (≈443–664 mg/L NO3

− ; [50,51]), it was 
necessary to dilute it 1:3 (v/v) with tap water. This dilution also caused 
an increase in pH, which was therefore adjusted in all solutions prior to 
the experiment using 15 % (v/v) HNO3 to a target value of 5.9, within 
the optimal range for hydroponics [52]. The dilution and acidification 
together produced FEM from UFEM (Tables 1 and 2) and ensured 
comparable nitrate levels, while the dilution further contributed to 
comparable phosphate and magnesium ion levels across all three solu
tion variants (Table 2). Table 1 shows that after 21 days of aerobic 
digestion using the applied ratio of fish sludge to RAS water, a relatively 
concentrated solution (UFEM) was obtained. When comparing these 
results of our study with previously conducted similar studies, the so
lution obtained in our case was the most concentrated. In their first 
experiment, Delaide et al. [53] used sludge from pikeperch (Sander 
lucioperca) and obtained a significantly less concentrated solution 
through aerobic mineralization in terms of NO3

− (− 63.2 %), PO4
3−

(− 98.5 %), K+ (− 87.3 %), Ca2+ (− 68.7 %), and Mg2+ (− 89.1 %); 
however, their solution contained higher levels of Cl− (+19.1 %) and Fe 
(+65.6 %). Due to the lower concentrations, their resulting solution did 
not require further dilution for the lettuce growth test, nevertheless, it 
was concluded that the solution was deficient in terms of P, K, and Mn 
content. Similarly, the solution obtained by aerobic digestion of sludge 
from brown trout (Salmo trutta) farming in the study led by Ezziddine, 
Liltved & Seljåsen [26] generally contained substantially lower nutrient 
concentrations (except for K and Fe) and therefore did not require 
further dilution for the lettuce growth test. Aerobically mineralized 
sludge derived from Nile tilapia (Oreochromis niloticus) farming in the 
studies by Goddek et al. [54] and Tellbüscher et al. [55] was also 
characterized by low nutrient concentrations; the latter author explicitly 
highlights this limitation and emphasizes the need for future studies to 
focus on achieving higher degrees of remineralization. Although the 
solution obtained in our study was highly concentrated, its potential use 
in hydroponic systems is still associated with the transport of large 
volumes of solution when compared to highly concentrated 
two-component mineral liquid fertilizers. One approach to enhancing 
nutrient remineralization into the solution was demonstrated by Guya
pale, Dionela & Huervana [21], who added an organic carbon source in 
the form of molasses to African catfish sludge in the mineralization 
reactor. As a result, after 15 days of aerobic mineralization, they ob
tained a solution containing 2700 mg N/L, 720 mg K/L, 12116 mg Ca/L, 
and 1696 mg Mg/L. Assuming that all detected nitrogen was in the form 
of nitrates, the final solution contained 514 % more NO3

− , 733 % more K, 
1188 % more Ca, and 597 % more Mg compared with our study. On the 
other hand, lower phosphorus mineralization was achieved in their 
study. Despite the often insufficient nutrient concentrations mentioned 
above, all of these results demonstrate that fish sludge represents a 
significant reservoir of nutrients that can be effectively recovered and 
reused in plant production.

Based on the aforementioned studies, it can be concluded that the 

Table 1 
Comparison of the chemical composition of (1) the RAS solution originating 
from African catfish rearing, (2) the undiluted fish excrement mineralizate 
(UFEM) after 21 days of aerobic digestion in the reactor, and (3) the fish 
excrement mineralizate after dilution with tap water at a 1:3 (v/v) ratio (FEM) 
and before acidification.

Parameter RAS solution UFEM (before 
dilution)

FEM (after 
dilution, before 
acidification)

pH 7.05 (±0.01) 5.95 (±0.02) 7.2 (±0.02)
EC [mS/cm] 2.05 (±0.03) 4.60 (±0.04) 1.50 (±0.02)
NO3
¡ [mg/L] 531.43 (±6.60) 1948.48 (±2.95) 487.12 (±0.57)

NH4
þ [mg/L] 10.84 (±0.10) 1.84 (±0.08) 0.46 (±0.02)

PO4
3¡ [mg/L] 237.85 (±1.90) 680.49 (±1.36) 170.12 (±0.36)

Cl¡ [mg/L] 120.00 (±3.00) 234.63 (±1.20) 58.65 (±0.21)
K+ [mg/L] 51.00 (±2.00) 86.48 (±1.80) 26.62 (±0.97)
Ca2þ [mg/L] 632.19 (±9.00) 940.94 (±3.11) 235.24 (±5.11)
Mg2þ [mg/L] 235.62 (±3.10) 243.22 (±2.51) 119.00 (±1.00)
Total dissolved Fe [mg/L] 0.040 (±0.020) 0.090 (±0.010) 0.09 (±0.03)

Note: Values are presented as mean ± SD (n = 3).
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quality of the final product of aerobic mineralization varies considerably 
depending on: 

(1) the aerobic mineralization technology, including: (a) the ratio of 
sludge dry matter to liquid; (b) the source of the liquid (tap water 
vs. RAS solution); (c) aerobic digestion conditions, such as tem
perature, dissolved oxygen, pH and its adjustment, the addition of 
activated sludge or organic carbon sources, and digestion time;

(2) the RAS production technology, including: (a) fish species and 
age; (b) stocking density, feed type and feeding regime; (c) RAS 
system configuration, including flow regulation, sludge collec
tion and treatment methods [26].

Parameters of the three nutrient solution variants at the start (T0) 
and end (T1) of basil cultivation are summarized in Table 2. During 
cultivation, pH increased slightly, reaching 6.18–6.31 at T1. This rise can 
be attributed to nitrate assimilation by plants, where anion uptake leads 
to OH− and HCO3

− release [56], and to microbial activity in FEM and 
MIX, where NO3

− reduction increases alkalinity [57,58]. Nevertheless, 
pH remained within the optimal range of 5.5–6.5 for hydroponic basil 
[52]. The ability to adjust pH to this level represents a distinct advantage 
of using aerobically digested sludge, whereas in coupled aquaponics, pH 
must remain near neutral as a compromise between fish, nitrifying 
bacteria and plants [13].

Initial EC values ranged from 1.60 mS/cm (FEM) to 1.78 mS/cm 
(HYDRO), with MIX intermediate at 1.71 mS/cm. EC gradually 
decreased in all variants, with the greatest relative reduction observed in 
HYDRO (− 16 %), reflecting intensive uptake of ions. In all variants, EC 
remained within the optimal range for basil hydroponics (1.3–2.0 mS/ 
cm; [59,60]). However, EC alone does not ensure a balanced ionic 
composition. Differences among the variants were therefore more 
strongly driven by their specific ionic profiles: HYDRO showed the 
largest decline because of its balanced composition and optimal nutrient 
availability, whereas FEM — characterized by low K+ and Fe — 
exhibited a smaller relative change. In FEM, K+ and Fe were likely the 
limiting ions due to their reduced concentrations resulting from the 
applied dilution; once they were depleted, plant metabolism and growth 
slowed, thereby reducing the uptake of other nutrients as well.

FEM contained sufficient NO3
− and PO4

3− , consistent with findings of 
Delaide et al. [19] and Harabǐs et al. [18], who reported that these 
macronutrients are predominantly released into the aqueous phase 
during aerobic sludge digestion. The elevated Cl− concentration in FEM 
resulted from NaCl addition in the RAS, where it is routinely applied to 
prevent infections and support fish osmoregulation, with recommended 
levels above 100 mg/L [61]. For plants, Cl− has an ambivalent role: it is 
an essential micronutrient and cofactor of photosystem II, but in high 
concentrations can compete with NO3

− and SO4
2− uptake and cause ion 

stress [62]. Nevertheless, it was observed that basil can tolerate levels 
higher than 2000 mg/L [63]. In this experiment, maximum Cl− con
centration in FEM was ~59 mg/L, more than 30-fold below toxicity 

thresholds. Thus, chloride likely did not limit basil growth and may have 
contributed to partial regulation of stomatal conductance and photo
synthesis. The Ca:Mg:K ratios were 2:1:0.22 in FEM and 1.8:1:0.48 in 
MIX, compared to the recommended 4:1:4 for leafy vegetables [64]. The 
extremely high Ca:K ratios in FEM (≈9:1) and MIX (≈4:1), compared to 
the recommended 1:1, may have induced cationic antagonism, limiting 
K+ and, to a lesser extent, Mg2+ uptake despite adequate Mg concen
trations. Although Fe concentrations increased substantially in UFEM 
relative to the original RAS solution, the final FEM solution remained 
highly deficient in iron. This likely reflects generally low Fe levels in fish 
feed and, consequently, in fish sludge [16]. Accordingly, Fe concentra
tions in FEM were well below the recommended range for leafy vege
tables (1–2 mg Fe/L), being approximately 10–20 times lower [65,66]. 
In contrast, this limitation was compensated for in the MIX variant.

Overall, all nutrient solutions maintained pH and EC within ranges 
suitable for hydroponic basil. FEM displayed nutritional imbalances 
(low K+ and Fe, high Cl− ), while MIX partly corrected these deviations. 
These differences in ionic profile represented a key factor reflected in 
subsequent photosynthetic, morphological and compositional plant 
parameters.

3.2. Photosynthetic and morphological parameters

The measured photosynthetic parameters (Table 3) did not meet the 
assumptions required for ANOVA and were therefore evaluated using 
non-parametric tests. For the NDVI parameter, significant differences 
were observed between the HYDRO and FEM variants, with MIX rep
resenting an intermediate variant. The lower NDVI values observed in 
the organic-based variants may be attributed to unbalanced plant 

Table 2 
Parameters of the nutrient solution variants measured at the beginning (T0, after acidification) and at the end (T1) of the experiment.

Nutrient solution HYDRO FEM MIX

Time T0 T1 T0 T1 T0 T1

pH 5.90 (±0.01) 6.18 (±0.02) 5.90 (±0.02) 6.31 (±0.02) 5.90 (±0.02) 6.26 (±0.02)
EC [mS/cm] 1.78 (±0.03) 1.50 (±0.03) 1.60 (±0.03) 1.38 (±0.02) 1.71 (±0.03) 1.44 (±0.02)
NO3
¡[mg/L] 572.27 (±10.40) 366.96 (±0.25) 563.02 (±0.57) 349.52 (±0.42) 575.12 (±0.67) 345.08 (±0.21)

NH4
þ [mg/L] 5.44 (±0.07) 0.78 (±0.04) 0.46 (±0.02) 0.12 (±0.02) 3.15 (±0.06) 0.39 (±0.02)

PO4
3¡[mg/L] 182.04 (±0.77) 134.59 (±0.09) 170.12 (±0.36) 123.28 (±0.25) 170.81 (±0.29) 121.91 (±0.22)

Cl¡[mg/L] 26.94 (±0.10) 16.63 (±0.04) 58.65 (±0.21) 48.35 (±0.18) 45.83 (±0.20) 36.42 (±0.17)
K+ [mg/L] 115.00 (±1.00) 55.00 (±1.00) 26.62 (±0.97) 5.04 (±0.12) 60.33 (±0.58) 23.00 (±1.00)
Ca2þ [mg/L] 111.33 (±0.58) 34.00 (±1.00) 235.24 (±5.11) 192.39 (±1.93) 228.83 (±15.05) 157.56 (±13.75)
Mg2þ [mg/L] 117.88 (±2.65) 95.88 (±11.07) 119.00 (±1.00) 90.80 (±0.72) 124.83 (±3.32) 87.42 (±34.41)
Total dissolved Fe [mg/L] 2.20 (±0.22) 0.40 (±0.04) 0.09 (±0.03) 0.04 (±0.01) 1.10 (±0.17) 0.20 (±0.03)

Note: Values are presented as mean ± SD (n = 3).

Table 3 
Photosynthetic and morphological parameters of basil grown under three 
nutrient solution variants: HYDRO, FEM and MIX.

Parameter HYDRO FEM MIX

NDVI 0.68 ± 0.02 A 0.65 ± 0.04 B 0.67 ± 0.02 AB
Qy 0.82 ± 0.01 B 0.83 ± 0.01 B 0.84 ± 0.01 A
Fresh shoot biomass [g] 75.03 ± 8.12 a 61.90 ± 6.35 b 78.55 ± 7.33 a
Fresh stem biomass [g] 20.99 ± 2.93 ab 17.49 ± 3.46 b 23.11 ± 2.63 a
Fresh leaf biomass [g] 49.77 ± 5.24 a 40.23 ± 5.21 b 51.32 ± 3.44 a
Shoot length [cm] 31.28 ± 1.59 A 26.36 ± 1.11 B 31.14 ± 1.92 A
Root length [cm] 52.75 ± 6.04 b 38.97 ± 2.84 c 62.14 ± 5.69 a
Dry shoot biomass [%] 6.91 ± 0.29 a 7.22 ± 0.35 a 7.00 ± 0.29 a
Dry root biomass [g] 0.72 ± 0.11 c 1.51 ± 0.14 a 1.01 ± 0.11 b
Root:shoot ratio 0.13 ± 0.02 b 0.33 ± 0.06 a 0.17 ± 0.03 b

Note: Values are presented as mean ± SD (n = 18 for all parameters except fresh 
stem and leaf biomass, dry shoot biomass and root:shoot ratio, where n = 9), 
with outliers excluded from the analysis. Different lowercase letters in rows 
indicate statistically significant differences among variants acc. to parametric 
post-hoc Tukey's HSD test (α = 0.05), different uppercase letters in rows indicate 
statistically significant differences among variants acc. to non-parametric post- 
hoc multiple comparison of mean ranks (α = 0.05).
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nutrition, including antagonistic effects of Ca2+ on K+ and Mg2+ uptake 
and Fe deficiency. These factors generally resulted in slightly (and not 
always significantly) reduced formation of photosynthetic pigments 
and, consequently, slightly lower NDVI values. Nevertheless, the dif
ferences were minor, and it can be concluded that plants across all 
variants exhibited high vigor and photosynthetic activity. Similarly, 
values of the quantum yield of Photosystem II, which reflects the effi
ciency of light utilization and serves as a sensitive stress indicator, were 
very similar across variants, with the highest values observed in the MIX 
variant. Comparable quantum yield results for basil grown under hy
droponic and aquaponic conditions were reported by Signorini et al. 
[67].

Basil plants grown in the FEM solution exhibited the lowest fresh 
shoot biomass, being 17.5 % lower than in HYDRO and 21.2 % lower 
than in MIX (Table 3, Fig. 3). Comparable results were reported by 
Ezziddine, Liltved & Seljåsen [26] and Delaide et al. [53], where lettuce 
grown in organic solutions based on aerobically mineralized sludge 
exhibited 16 % and 22 % reductions in edible biomass, respectively, 
compared to the hydroponic control. In contrast, the MIX variant 
showed a higher mean biomass but did not differ significantly from the 
HYDRO variant, suggesting that mineral supplementation may represent 
an effective strategy to enhance the overall fertilization potential of the 
FEM solution. This result is supported by Tellbüscher et al. [55], who 
observed comparable fresh leaf biomass in lettuce grown in a 
mineral-supplemented solution based on aerobic digestate of Nile tilapia 
sludge compared to a hydroponic control.

The reduced fresh shoot biomass, as well as fresh stem and leaf 
biomass separately and shoot length, observed in FEM was likely caused 
by dilution of UFEM to FEM, which resulted in the limited availability of 
K+ and Fe in this variant. Potassium is essential for basil growth, its 
deficiency reduces biomass and shifts allocation towards root develop
ment [68]. This trend was confirmed by our study: the root dry biomass 
of the FEM variant was 109.7 % higher compared to the hydroponic 

control, whereas the root dry biomass of the MIX variant was 40.3 % 
higher than in the HYDRO variant. Consistentely, FEM exhibited the 
highest root:shoot ratio (0.33 ± 0.06) compared to MIX (0.17 ± 0.03) 
and HYDRO (0.13 ± 0.02). On the other hand, the FEM variant 
exhibited the shortest roots (Fig. 4). In combination with the higher root 
biomass, this may indicate alterations in root system architecture; 
however, as root volume, the number of root tips, and individual root 
diameter were not measured, it is difficult to determine whether the 
higher root dry mass observed in the FEM treatment (compared to the 
HYDRO treatment) resulted from more pronounced root branching, 
greater root thickness, or a combination of both. Considering the 
monitored solution parameters, the altered root morphology may have 
been influenced by the markedly different Ca:K ratio, which at the 
beginning of the experiment was 9:1 in the FEM treatment compared 
with 1:1 in the HYDRO treatment. Calcium is known to promote 
root-hair formation by regulating a Ca2+–ROS signaling hub that co
ordinates cell-wall remodeling and cytoskeletal dynamics, thereby 
enabling controlled tip growth and strengthening of the cell wall [69]. In 
contrast, potassium deficiency can modify root system architecture by 
altering the transcription of K+ transporters, which disrupts auxin gra
dients in the root and triggers auxin redistribution that promotes lateral 
root formation as an adaptive response [70]. It can be hypothesized that 
the FEM solution may also contain additional bioactive compounds (e. 
g., phytohormones) that contributed to the observed effects on root 
morphology, which warrants further investigation.

3.3. Compositional parameters

Compositional analysis showed that total antioxidant capacity 
(DPPH), vitamin C, fiber, total K, and chlorophyll b in plant tissues did 
not differ significantly among the variants (p ≥ 0.05; Table 4). From this 
perspective, basil grown in the organic-based solutions was of compa
rable quality to the hydroponic control. However, the organic variants 

Fig. 3. Selected morphological parameters of basil grown under three nutrient solution variants: HYDRO, FEM and MIX: (A) fresh shoot biomass; (B) root lenght; (C) 
dry root biomass; and (D) root:shoot ratio. 
Note: Values are presented as mean ± SD (for A, B and C, n = 18; for D, n = 9), with outliers excluded from the analysis. Different lowercase letters above columns 
indicate statistically significant differences among variants acc. to parametric post-hoc Tukey's HSD test (α = 0.05).

L. Harabǐs et al.                                                                                                                                                                                                                                 Journal of Agriculture and Food Research 28 (2026) 102888 

7 



exhibited statistically significantly lower values for total N, P, chloro
phyll a, and carotenoids. Conversely, in terms of nitrate content, basil 
grown in the organic-based solutions performed better (Table 4, Fig. 5).

Despite standardized nitrate concentrations at the start of the 
experiment, reduced nitrogen content was observed in FEM and MIX 
compared to HYDRO at the end. This likely resulted from imbalanced 
nutrition, particularly limited potassium, which can indirectly restrict 
nitrate uptake and translocation through coordinated K+–NO3

- transport 
regulation [71]. Our findings contrast with Ezziddine, Liltved & Seljåsen 
[26], who reported higher nitrogen content in lettuce grown on an 
organic solution (aerobically digested fish sludge) than in a hydroponic 

control, likely because none of the nutrients were limiting in their study. 
Although phosphate levels in the initial nutrient solutions were com
parable, FEM plants showed significantly lower tissue P than the other 
variants. This reduction may be attributed to phosphate uptake by mi
croorganisms or precipitation with the high calcium content in this 
variant, forming insoluble calcium phosphate (Ca3(PO4)2) or dicalcium 
phosphate (CaHPO4) [72]. Additionally, the low potassium and iron 
availability in FEM could have further limited phosphate uptake and 
transport, as K+ is important for ion translocation and Fe supports root 
energy metabolism necessary for active nutrient acquisition. The con
tent of photosynthetic pigments followed a similar pattern, with the 
highest levels in HYDRO and lower levels in the organic-based variants 
(chlorophyll b showed no significant difference). The differences were 
likely due to limited Fe availability in FEM and MIX, as iron is essential 
for chlorophyll biosynthesis and PSII function [68]. Similar effects of Fe 
deficiency on chlorophyll synthesis and biomass were reported by 
Kasozi et al. [58] in aquaponic systems. Nitrate concentrations in plant 
tissues reflect the balance between nitrate uptake and assimilation. In 
our study, nitrate accumulation closely followed potassium availability: 
FEM, with the lowest K (26.62 mg/L), had the lowest nitrate, MIX 
(60.33 mg/L K) was intermediate, and HYDRO (115.00 mg/L K) the 
highest. This pattern suggests that potassium limitation primarily 
restricted nitrate uptake and vacuolar storage [71], while lower total 
nitrogen in organic-based variants indicates that enhanced nitrate 
assimilation was not the main factor driving reduced nitrate levels in 
FEM and MIX. Lower NO3

− accumulation in FEM and MIX represents a 
positive aspect of product quality.

3.4. Nutrient use efficiency

Differences in mineral composition were also reflected in nutrient 
use efficiency indices. FEM showed the lowest NUE (35.27 %) and PUE 
(6.80 %), while HYDRO achieved the highest values in case of NUE 
(45.87 %) and MIX in the case of PUE (9.21 %) (Table 5). Conversely, K+

use efficiency (KUE) was highest in FEM (85.94 %). Although absolute K 
content in tissues was low, the limiting supply led to its maximal utili
zation. This adaptive mechanism corresponds to results in basil 
described by Mourantian et al. [73] and Attia et al. [68], where reduced 
biomass under low K supply was accompanied by increased relative 
uptake efficiency. Similarly, Patloková & Pokluda [74] reported that 
more than 70 % of supplied K was incorporated in aquaponic basil, 
substantially higher than in mineral variants. Goddek & Vermeulen [61] 
likewise observed stimulated K uptake in RAS-derived waters.

3.5. Fluorescence in situ hybridization

For the FISH staining, two probe sets were used: 

Fig. 4. Morphology of basil roots under three nutrient solution variants 
(HYDRO, MIX and FEM) after 21 days of cultivation in DWC system.

Table 4 
Compositional parameters of fresh basil grown under three nutrient solution variants: HYDRO, FEM and MIX.

Parameter HYDRO FEM MIX

TAC DPPH [mg/kg] 775.28 ± 146.30 a 730.76 ± 130.28 a 675.03 ± 159.64 a
Vitamin C [mg/kg] 18.79 ± 5.99 a 16.90 ± 5.14 a 17.51 ± 4.42 a
Fiber [%] 1.73 ± 0.15 a 1.70 ± 0.20 a 1.54 ± 0.17 a
N [mg/kg] 2902.01 ± 197.63 a 2662.87 ± 166.42 b 2634.22 ± 114.14 b
P [mg/kg] 176.02 ± 11.45 a 161.93 ± 10.71 b 177.02 ± 13.49 a
K [mg/kg] 3116.39 ± 419.70 A 2887.02 ± 298.66 A 2983.71 ± 199.08 A
Chlorophyll a [mg/kg] 267.34 ± 13.44 A 248.34 ± 21.11 AB 225.42 ± 30.40 B
Chlorophyll b [mg/kg] 63.34 ± 6.46 a 55.47 ± 9.32 a 62.29 ± 8.63 a
Carotenoids [mg/kg] 119.38 ± 4.85 A 108.25 ± 10.48 AB 93.63 ± 11.19 B
Nitrates [mg/kg] 5464.32 ± 106.38 a 3848.12 ± 257.71 c 4950.86 ± 336.41 b

Note: Values are presented as mean ± SD (n = 9), with outliers excluded from the analysis. Different lowercase letters in rows indicate statistically significant 
differences among variants acc. to parametric post-hoc Tukey's HSD test (α = 0.05), different uppercase letters in rows indicate statistically significant differences 
among variants acc. to non-parametric post-hoc multiple comparison of mean ranks (α = 0.05).
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1. Bs-Cy3 and Bs-FAM, designed by Posada et al. [43] for Bacillus 
subtilis;

2. the AZO440a + probe, designed by Stoffels, Castellanos & Hartmann 
[44] for the Azospirillum-Skermanella-Rhodocista cluster.

When the sequences of the first probe set are submitted to the NCBI 
Basic Local Alignment Search Tool [75], the results show that these 
probes also hybridize with other Bacillus species (e.g., B. licheniformis, 
B. paralicheniformis, B. tequilensis, B. mojavensis, etc.) as well as with 
several other genera, such as Anaerobacillus, Gracilibacillus, and Brevi
bacillus. The AZO440a + probe hybridizes with species such as Azo
spirillum lipoferum, A. thermophilum, A. brasilense, A. formosense, and 
others, and also with representatives of the genera Skermanella, Areni
baculum, and Niveispirillum. Thus, the detected bacteria may correspond 
to some of the species listed above; however, for simplicity, we refer to 
them here as Bacillus spp. and Azospirillum spp.

FISH analysis revealed differences in basil root colonization by Ba
cillus spp. and Azospirillum spp. among variants (Table 6, Fig. 6). No 
colonization was detected in the mineral control (HYDRO). In FEM, the 

presence of both bacterial groups was evident: Bacillus spp. reached a 
mean score of 2.8 ± 0.4 (corresponding to mean colonization of 42 %), 
while Azospirillum spp. averaged 2.4 ± 0.5 (corresponding to mean 
colonization of 26 %). In the MIX variant, colonization was recorded 
only sporadically (Bacillus spp. 0.4 ± 0.5; Azospirillum spp. 0.2 ± 0.4).

These results demonstrate that aerobically mineralized digestate 
(FEM) serves not only as a source of nutrients but also as a carrier of 
microbial communities, including Bacillus spp. and Azospirillum spp. The 
origin of these taxa in FEM and MIX can be unequivocally attributed to 
fish sludge, their occurrence in African catfish excrements has been 
confirmed previously [28–29,31]. The low intensity of colonization in 
MIX is likely related to the lower inoculation potential due to dilution of 
the organic fraction of FEM. These genera are known to produce phy
tohormones (auxins, cytokinins, gibberellins) and enhance nutrient 
uptake, which may explain the superior root development and photo
synthetic performance observed in MIX, even under lower nutrient 
concentrations [29–30,76]. Similar synergistic effects of combined 
mineral–organic fertilization have been reported in basil and lettuce 
[27,77].

It should be noted that only two PGPM taxa were monitored, whereas 
digestate likely contains a broader spectrum of bacteria and fungi [33,
78] that may significantly influence basil growth. Moreover, the method 

Fig. 5. Selected compositional parameters of basil grown under three nutrient solution variants: HYDRO, FEM and MIX: (A) nitrogen; (B) phosphorus; (C) chlo
rophyll a; and (D) nitrate content. 
Note: Values are presented as mean ± SD (n = 9), with outliers excluded from the analysis. Different lowercase letters above columns indicate statistically significant 
differences among variants acc. to parametric post-hoc Tukey's HSD test (α = 0.05), different uppercase letters above columns indicate statistically significant 
differences among variants acc. to non-parametric post-hoc multiple comparison of mean ranks (α = 0.05).

Table 5 
Nitrogen, phosphorus and potassium use efficiency (NUE, PUE, KUE; %) of basil 
grown under three nutrient solution variants: HYDRO, FEM and MIX.

Parameter HYDRO FEM MIX

NUE (%) 45. 87 ± 6.08 a 35.27 ± 4.82 b 40.47 ± 3.86 ab
PUE (%) 9.02 ± 1.43 a 6.80 ± 0.90 b 9.21 ± 0.97 a
KUE (%) 40.97 ± 7.07 c 85.94 ± 13.55 a 66.48 ± 7.92 b

Note: Values are presented as mean ± SD (n = 9), with outliers excluded from 
the analysis. Different lowercase letters in rows indicate statistically significant 
differences among variants acc. to parametric post-hoc Tukey's HSD test (α =
0.05).

Table 6 
Colonization of basil roots by Bacillus spp. and Azospirillum spp. (scale 0–5 ac
cording to Alarcón and Cuenca, [45]).

Variants Bacillus spp. Azospirillum spp.

HYDRO 0.0 ± 0.0 0.0 ± 0.0
FEM 2.8 ± 0.4 2.4 ± 0.5
MIX 0.4 ± 0.5 0.2 ± 0.4

Note: Values are presented as mean ± SD (n = 10).
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captured only microorganisms attached to root tissues, not those present 
in the nutrient solution, which may have behaved differently during 
cultivation. Consequently, it cannot be excluded that part of the mi
crobial community in FEM and MIX remained in the aqueous phase or 
was flushed out during the trial. Future studies should combine FISH 
with molecular approaches (qPCR, NGS) targeting both the rhizosphere 
and the nutrient solution to better understand PGPM abundance in DWC 
systems.

3.6. Limitations of the study

The main limitation of this study is the need to dilute the original 
UFEM to obtain the resulting FEM, primarily due to the high nitrate 
concentration. Such elevated nitrate levels could potentially lead to 
plant damage and excessive nitrate accumulation in basil shoots. How
ever, this dilution simultaneously reduced the concentrations of other 
nutrients, resulting in suboptimal levels of K+ and total Fe in the final 
solution. Given that mineral nutrition in hydroponic herb production 
has been well optimized in previous studies, it is therefore advisable, 
when applying FEM-based solutions, to maintain recommended K and 
Fe concentrations and supplement these nutrients with mineral fertil
izers if necessary. In addition to these compositional constraints, the 
interpretation of plant responses is limited by the lack of detailed root 
morphology measurements. Future studies should therefore further 
characterize root morphology to elucidate plant responses to aerobically 
mineralized fish sludge, including the effects of its complex nutrient 
profile and bioactive compounds. Finally, another limitation of the study 
is the relatively narrow scope of microbial analysis, as only two groups 
of PGPMs (Bacillus spp. and Azospirillum spp.) were monitored using 
FISH. Future research should thus include a broader microbial assess
ment to better characterize the microbial community developing during 
the aerobic digestion of fish sludge.

4. Conclusion

While the fish excrement mineralizate alone was insufficient to fully 
replace conventional mineral fertilization due to nutrient imbalances, its 
combination with a mineral nutrient solution enabled plant growth and 
yield comparable to the hydroponic control. The mixed fertilization 
strategy additionally promoted root development and reduced nitrate 

accumulation without compromising nutritional quality. However, 
further optimization of the mineralizate is required, particularly with 
respect to increasing nutrient concentration to improve the economic 
feasibility of storage and transport. Furthermore, the microbial com
munity associated with the digestate-derived solution may contribute to 
biostimulatory effects; however, this hypothesis requires systematic 
experimental verification. Overall, the integration of aquaculture- 
derived mineralizates with targeted mineral nutrient supplementation 
offers a viable approach to improving nutrient circularity and sustain
ability in hydroponic systems.
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L. Harabǐs et al.                                                                                                                                                                                                                                 Journal of Agriculture and Food Research 28 (2026) 102888 

10 



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jafr.2026.102888.

Data availability

Data will be made available on request.

References

[1] H.M. Resh, Hydroponic Food Production: a Definitive Guidebook for the Advanced 
Home Gardener and the Commercial Hydroponic Grower, eighth ed., CRC Press, 
2022.

[2] K. Chojnacka, K. Moustakas, A. Witek-Krowiak, Bio-based fertilizers: a practical 
approach towards circular economy, Bioresour. Technol. 295 (2020) 122223, 
https://doi.org/10.1016/j.biortech.2019.122223.
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fakulty UK, 2004.

[41] Zbíral, J. (Ed.). (2005). Analýza Rostlinného Materiálu: Jednotné Pracovní 
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