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Abstract

Aquaponics is an integrated and resource-efficient production system that combines
aquaculture and hydroponics in a closed-loop environment with reduced water consumption
and nutrient losses. The present study evaluated the nutritional composition, mineral profile,
microbiological quality, and antioxidant-related phytochemical characteristics of red
amaranth (Amaranthus cruentus L.) cultivated in a recirculating aquaponic system under
controlled environmental conditions. Leaf biomass was analyzed for proximate composition,
macro- and micronutrient content, total phenolic and flavonoid compounds, betalains,
chlorophyll pigments, and antioxidant activity using standard analytical and
spectrophotometric methods. The results demonstrated high crude protein content and
substantial accumulation of essential minerals, particularly calcium, potassium, and
magnesium. The analyzed biomass also exhibited elevated levels of phenolic compounds,
flavonoids, betalains, and chlorophyll pigments associated with considerable antioxidant
potential. The pigment profile suggested good physiological adaptation of plants to
aquaponic cultivation conditions. In addition, microbiological analysis confirmed acceptable
hygienic quality and safety of the harvested plant material. Overall, the findings indicate that
red amaranth can be successfully cultivated in aquaponic systems while maintaining high
nutritional value and functional food potential. The study highlights aquaponic cultivation as
a sustainable approach to producing nutrient-dense leafy vegetables within environmentally

responsible agricultural systems.

Keywords: recirculating aquaculture system (RAS); Amaranthus cruentus L.; antioxidant
activity; bioactive compounds; mineral composition; sustainable agriculture; functional
food; resource-efficient production; circular bioeconomy
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1. Introduction

In the context of accelerating urbanization, ongoing degradation of soil resources,
and the increasing global demand for food, humanity is increasingly compelled to
systematically reconsider conventional approaches to agricultural production [1].
Conventional agriculture is characterized by high resource intensity and is responsible for
approximately 70% of global freshwater withdrawals at the planetary scale [2]. This sector
also represents a major contributor to surface water eutrophication due to diffuse and
often uncontrolled runoff of nitrogen- and phosphorus-based compounds into aquatic
ecosystems. Such environmental pressures are widely recognized as critical consequences
of intensive agricultural production systems and their associated nutrient loading
dynamics [3,4]. Within the European Union, these challenges are being addressed through
strategic policy frameworks such as the European Green Deal and the Farm to Fork
Strategy, which aim to reduce nutrient losses by at least 50% and fertilizer use by 20% by
2030 [5].

Against this regulatory and environmental background, aquaponics has emerged as
an innovative approach to integrated food production. By combining recirculating
aquaculture systems (RAS) with hydroponic cultivation of leafy vegetables and other
crops, aquaponics embodies the principles of the circular economy while enhancing
resource-use efficiency [6]. In addition to improving the efficiency of water and nutrient
utilization, these systems reduce the environmental footprint of agricultural production
by converting waste products from one biological process into valuable resources for
another [7,8]. Recent studies further highlight aquaponics as a climate-resilient production
system with potential to decouple food production from soil dependency and reduce
external fertilizer inputs [6,7,9].

Among leafy vegetable crops, Amaranthus spp. (Amaranthaceae) exhibit rapid
growth, high adaptability, and efficient nutrient uptake from recirculating water,
characteristics that make them suitable for aquaponic cultivation systems [10,11].
Moreover, species within the genus Amaranthus L. are characterized by high levels of
bioactive phytochemicals and antioxidant compounds, supporting their growing
importance as functional foods with added nutritional and health-promoting value
[12,13]. In particular, A. cruentus L., an annual herbaceous species native to Central
America, has been identified as especially suitable for aquaponic cultivation. Its
integration into aquaponic systems offers significant opportunities for sustainable
production of leafy vegetables while simultaneously providing ecological, nutritional,
and economic benefits. However, despite its agronomic potential, systematic data on how
aquaponic cultivation modulates its biochemical composition remain scarce [7,9,14].

In particular, limited evidence exists regarding how controlled nutrient recycling in
aquaponic systems influences secondary metabolite synthesis, antioxidant activity, and
overall functional food quality in A. cruentus [7]. Addressing this gap is essential for
understanding plant physiological responses under circular production conditions and
for optimizing cultivation strategies aimed at enhancing nutritional value [6,14].

The aim of the present study is to investigate the potential of A. cruentus cultivated
in a recirculating aquaponic system, with particular emphasis on evaluating the influence
of aquaponic cultivation on its characteristics as a functional food, including its nutritional
and bioactive compound profile.

By integrating agronomic performance with phytochemical and functional quality
assessment, this study contributes to the broader understanding of how circular
production systems can simultaneously enhance productivity, resource efficiency, and
food quality. The findings are expected to support the development of evidence-based
guidelines for the optimization of leafy vegetable production in aquaponic systems.
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2. Materials and Methods

2.1. Experimental Design

The study was conducted at the Aquaponics Center established through a
collaboration between “AKVA FIELD” Ltd. and Trakia University. The experimental
period spanned from December 2025 to April 2026, and all data presented in this study
were collected during this period. The facility incorporates an integrated aquaponic
system for the combined production of freshwater fish and leafy vegetables, based on
Recirculating Aquaculture Systems (RAS) and organic hydroponic cultivation under
strictly controlled conditions. The production cycle is fully integrated and characterized
by super-intensive cultivation technology.

The recirculating aquaculture system was designed for intensive production,
maintaining constant water and aeration flow rates, stable water volume, and continuous
operation of mechanical and biological filtration units. The total capacity of the
aquaculture facility is 155.5 m? and 43 m?, distributed among five functional subsystems
with varying areas and volumes. Water was continuously supplied in a closed loop,
flowing from the fish tanks to the plant beds and pumped back for reuse. Before reaching
the plants, the water underwent multi-stage filtration (clarifiers, mineralization, filters,
and degassing), while no additional filter was installed at the plant outlet as the plants
themselves served as the final biological purification.

In the present study, Nile tilapia (Oreochromis niloticus) were purchased from the
Experimental Base of Trakia University, Stara Zagora, Bulgaria. Tilapia (Oreochromis
niloticus) were cultivated under controlled environmental conditions, including a stable
water temperature of approximately 25 °C, constant pH, and optimal dissolved oxygen
levels. Water circulation was maintained at 6 m¥h for each of the two main recirculating
systems, allowing complete water turnover approximately every hour. The water used in
the system exhibited stable physicochemical characteristics and required only minimal
replacement, thereby reducing the risk of external contamination. Water quality was
regularly monitored throughout the experimental period by assessing the main
physicochemical parameters as described in Section 2.2.

Dissolved oxygen concentration was maintained at approximately 8 mg/L, with
intensified monitoring during feeding periods. The system comprised 12 tanks with a total
working volume of 24 m?® and a maximum biomass density of 40 kg/m? at an average fish
weight of 350 g, providing a production capacity of up to 960 kg per production cycle. The
application of RAS technology contributes to extended equipment lifespan, reduced
antibiotic use, and the production of high-quality fish biomass.

Plants were cultivated under controlled greenhouse conditions. During the
experimental period, average daytime temperatures of 20 + 3 °C and nighttime
temperatures of 16 + 2 °C were maintained, while relative humidity ranged from 60 to
80%.

The plant component of the aquaponic system consisted of four large floating raft
beds, six substrate-based beds for leafy vegetable cultivation, which also served as
biological water purifiers, and seven smaller water beds. Seedling production and early
plant development were performed using the Nutrient Film Technique (NFT), in which
plants are cultivated in a thin layer of circulating nutrient solution, a widely established
method in hydroponic and aquaponic production systems.

In the floating raft system, water is continuously recirculated from the fish tanks to
shallow cultivation beds filled with water. The plants were positioned on floating rafts,
allowing their root systems to remain in constant contact with water enriched with
dissolved mineral nutrients in their plant-available ionic forms, originating entirely from
organic sources via fish metabolic waste and commercial feed mineralization. Crucially,
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no synthetic fertilizers or chemical nutrient supplements were utilized at any stage of the
experiment to prepare or amend the nutrient solution for amaranth cultivation.
Throughout the entire 4-5 month experimental period, no exogenous chemical nutrients
were added to replenish the solution; instead, nutrient concentrations were dynamically
and continuously maintained by the continuous biological loading of the aquaculture
component. Fresh water was added periodically solely to compensate for
evapotranspiration losses and to sustain a constant hydroponic operational level. The
plant cultivation and filtration loop has a total nutrient solution reservoir capacity of 19
m?, establishing a specific allocation ratio of approximately 20 L of available nutrient
solution per individual amaranth plant. The initial system water exhibited a baseline
Electrical Conductivity (EC) of 0.4 mS/cm, which progressively increased and stabilized
within an operational range of 1.2-1.6 mS/cm during active plant growth, reflecting a
balanced nutrient profile available for amaranth uptake. All essential macro- and
micronutrients required for plant growth were derived exclusively from the fish metabolic
waste and the biological mineralization of the commercial fish feed within the
recirculating system. The selected production model is recognized as an efficient and
scalable approach, supported by extensive experimental data and scientific research.

Red amaranth (A. cruentus) is an annual herbaceous plant belonging to the family
Amaranthaceae and cultivated as a leafy vegetable crop. The plant is characterized by an
erect stem and simple leaves with an intense red to purple coloration resulting from the
presence of anthocyanin pigments. In the present study, seeds supplied by Microgreens
Bulgaria were used.

To clarify the cultivation methodology and address the distinction between
substrate-based and substrate-less management, the plants were not divided into
separate, parallel experimental treatments. Instead, all amaranth individuals progressed
sequentially through different cultivation subsystems that corresponded to their specific
chronological growth phases within a single connected system loop. Plant developmental
stages were defined according to the BBCH scale [15]. Seeds were sown in rockwool cubes
and placed in a shallow layer of recirculating nutrient solution during early plant
development (BBCH 00-09) (Figure 1A). Plants were maintained under these conditions
until reaching the leaf development stage, characterized by the development of 3—4 true
leaves (BBCH 13-14) (Figure 1B). On the 58th day after sowing, plants were transferred to
Nutrient Film Technique (NFT) channels for further cultivation (Figure 1C). On the 83rd
day after sowing, plants were transferred to floating raft beds (Figure 1D). On the 153rd
day after sowing, plants reached the stage of visible inflorescence (BBCH 51-52) (Figure
1E) and were relocated to substrate beds containing expanded clay media (Figure 1F).

2.2. Water Quality Parameters

Water samples were harvested from the system’s circulation line under steady-state
operating conditions using sterile polyethylene containers, which were pre-rinsed with
the process water. Sampling occurred at two distinct phenological intervals: (i) seeding
stage—the initial collection phase, and (ii) true leaf stage—collected at BBCH scales 11—
12. The latter stage is defined by the transition from germination to active seedling growth,
characterized by the presence of 1-2 true leaves morphologically similar to mature A.
cruentus. To preserve chemical integrity and mitigate compositional shifts, all analyses
were conducted immediately following collection. Quantitative determination of
ammonium nitrogen (NH4*-N), nitrite nitrogen (NO2™-N), phosphate (PO+--P), total water
hardness (Ca?/Mg?), and aluminum concentration (AlI*) was performed via
spectrophotometry. These measurements utilized a DR 5000 UV/Vis spectrophotometer
(Hach-Lange, Diisseldorf, Germany) in conjunction with standardized Hach-Lange
reagent Kkits, strictly adhering to the manufacturer’s analytical protocols. Additionally,
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permanganate oxidizability (in mg/dm?) was quantified through titrimetric analysis with

potassium permanganate (KMnOs).

Figure 1. Developmental stages and cultivation phases of A. cruentus in the aquaponic system: (A)
seeds sown in rockwool cubes; (B) plants at the leaf development stage (34 true leaves); (C) plants
during transfer to NFT channels; (D) plants transferred to floating raft beds; (E) plants at the visible

inflorescence stage; (F) cultivation in substrate beds containing expanded clay media.

The microbiological composition of the water from the two tanks of the recirculation
system (S1 and S2) and the vegetable bed in the aquaponic system was performed by
aseptic sampling in sterile containers “Nasko-WHIRL-PAK” (Whirl-Pak® Pleasant
Prairie, WI, USA). The samples were transported in a refrigerated bag and analyzed
immediately in the microbiology laboratory. The following indicators were monitored:
total number of mesophilic microorganisms, presence of Escherichia coli, total number of
coliform bacteria, and presence of enterococci. For the indicator Total number of
mesophilic microorganisms in 1 mL of the tested water, decimal serial dilutions were
initially performed in pre-sterilized tubes with saline solution (NaCl 0.9% w/v).
Subsequently, 1 mL of each dilution was directly inoculated onto ready-to-use Compact
Dry TC plates with culture medium (R-Biopharm AG, Pfungstadt, Germany) in a laminar
flow hood, incubated at 37 °C for 2448 h, and the grown colonies were counted. All
results were expressed as colony-forming units (CFU/mL).

https://doi.org/10.3390/agriculture16131484
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A vacuum filtration system was used to determine E. coli, total coliforms, and
enterococci. Volumes of 100 mL of the tested water were filtered through a sterile
membrane filter with a size of 0.45 pm. The membrane filters were placed on specific
Compact Dry ETC and Compact Dry EC plates, respectively, for enterococci, E. coli, and
total coliforms. The plates were incubated for 24 h at 37 °C for the EC, and 24-48 h for
ETC, and after that, colonies with a typical color were counted. The results obtained were
converted to 1 mL of water (CFU/mL).

2.3. Plant Material

Samples for the present study were collected at full commercial maturity, defined as
the stage of well-developed leaves prior to flowering. Leaf samples were thoroughly
washed with running water, air-dried, and subsequently subjected to artificial drying at
40 °C. After completion of the drying process, the samples were prepared for further
analyses, including quantitative determination of mineral and organic compounds, in
order to provide comprehensive information regarding the potential of this plant as a raw
material for the production of “superfoods”.

2.4. Methods for Plant Material Analysis

Chemical analyses of leaf samples from red amaranth (A. cruentus) were performed
at the Research Laboratory Complex of the Faculty of Agriculture, Trakia University.

2.4.1. Determination of Moisture and Dry Matter

Moisture content was determined gravimetrically following the protocol of ISO
6496:2000 [16]. Dry matter content was calculated as the difference from 100%.

2.4.2. Determination of Total Nitrogen and Crude Protein

Total nitrogen content was determined using the Kjeldahl method according to ISO
5983-1:2006 [17]. The procedure includes mineralization with sulfuric acid, followed by
ammonia distillation and titrimetric determination. Crude protein content was calculated
based on the obtained nitrogen values.

2.4.3. Determination of Crude Fat

Crude fat content was determined according to the procedure described in ISO
6492:2007 [18]. The method involves Soxhlet extraction using an organic solvent and
gravimetric determination of the dry extract.

2.4.4. Determination of Nitrogen-Free Extract (NFE)

Nitrogen-free extract (NFE) was calculated by difference and expressed as a
percentage of dry matter.

2.4.5. Determination of Crude Fiber

Crude fiber content was determined using an in-house validated method (IVM
3/2024), which includes sequential acid and alkaline hydrolysis of a defined amount of
plant material. The dry residue was determined gravimetrically.

https://doi.org/10.3390/agriculture16131484
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2.4.6. Determination of Crude Ash

Crude ash content was determined in accordance with ISO 5984:2022 [19] by
incineration of samples until complete removal of organic matter, with the resulting
mineral residue determined gravimetrically.

2.4.7. Determination of Mineral Composition

Samples were digested using microwave-assisted closed-vessel digestion with nitric
acid and hydrogen peroxide. The concentrations of Ca, Mg, K, P, Mn, Zn, Fe, and Cu were
determined by ICP-AES (Inductively Coupled Plasma Optical Emission Spectroscopy)
multi-element analysis following EPA 3051/3052 protocols. The instrument used was a
PerkinElmer Optima 5300DV (PerkinElmer, Shelton, CT, USA).

2.4.8. Determination of Photosynthetic Pigments

Chlorophyll a, chlorophyll b, and total chlorophyll were extracted from plant tissues
using 95% ethanol. Absorbance of the resulting extracts was recorded at 664 and 649 nm
using a DR5000 UV-VIS spectrophotometer (Hach Lange, Diisseldorf, Germany).
Concentrations were quantified according to the equations established by Lichtenthaler
and Wellburn [20].

2.4.9. Secondary Metabolites Profile

Red amaranth leaves, dried to a constant weight, were subjected to solvent extraction
in 70% ethanol at a 1:10 (w/v) ratio. The extraction was facilitated by ultrasonication for 30
min. Post-extraction, the homogenate was filtered through and stored in airtight
containers at 4 °C until subsequent analysis.

e  Total Phenolic Content (TPC)

The TPC was determined spectrophotometrically at 765 nm using a DR5000 UV-VIS
spectrophotometer, following the Folin—Ciocalteu method as described by Yaneva et al.
[21]. The experimental results are reported as mg of gallic acid equivalents per g of dry
weight (mg GAE/g DW).

e  Total Flavonoid Content (TFC)

The TFC was evaluated spectrophotometrically via the AICl: colorimetric assay,
based on a modified procedure by Dinev et al. [22]. TFC was expressed as mg of quercetin
equivalents per g of dry weight (mg QE/g DW).

e  Total Betalain Content (TBC)

The TBC in red amaranth extracts was quantified spectrophotometrically by
measuring the concentrations of red-violet betacyanins (BC) and yellow-orange
betaxanthins (BX). The absorbance of the appropriately diluted supernatant was recorded
at 538 nm for betacyanins and 480 nm for betaxanthins using a DR 5000 UV-VIS
spectrophotometer (Hach Lange, Germany). The pigment concentrations were calculated
based on the Beer-Lambert law using the following equation [23]:

As3g/480-DF-MR.V.1000
eLW

BC/BX =

, mg/g DW €))

where BC is the betacyanins concentration; BX —the betaxanthins concentration; Asssso is
the absorbance at the respective maximum wavelength for betacyanins and betaxanthins;
Dr—the dilution factor; Mr—the molecular weight (550 g/mol for betanin and 308 g/mol
for vulgaxanthin-I); V—the total extract volume (L); ¢ —the molar extinction coefficient
(60,000 L/(mol-cm) for betanin and 48,000 L/(mol-cm) for vulgaxanthin-I); L—the path
length of the cuvette (1 cm); W—the dry weight of the sample (g).

https://doi.org/10.3390/agriculture16131484
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The total betalain content was expressed as the sum of BC and BX, with results
reported as milligrams of pigment per gram of dry weight (mg/g DW).

2.4.10. Antioxidant Capacity Assays
e  DPPH Radical Scavenging Activity

Briefly, 200 pL of red amaranth extract was reacted with a DPPH working solution
and incubated in the dark at ambient temperature for 30 min. Absorbance was recorded
at 517 nm [24]. The antioxidant activity was calculated as the percentage of DPPH
inhibition [25].

e  ABTS Radical Scavenging Assay

ABTS radical cation was generated by mixing ABTS and potassium persulfate,
followed by dilution to an absorbance of 0.700 at 734 nm. Sample aliquot of the plant
extract were added to the solution and incubated for 5-7 min. The obtained results were
expressed as the percentage of ABTS inhibition according to Yaneva et al. [21].

e  FRAP Assay

The Ferric Reducing Antioxidant Power (FRAP) assay measures the reduction in
ferric-tripyridyltriazine (Fe*-TPTZ) to the ferrous form (Fe>*-TPTZ) at low pH, which is
associated with the formation of intensive blue color. The FRAP reagent was added to
sample aliquots, subsequently incubated for 4 min at 37 °C, and the absorbance at 593 nm
was measured. Results were calculated by comparing the absorbance change to a standard
curve of FeSOs solution with known concentrations and expressed as mg FeSOs/g DW
[26].

2.5. Statistical Analysis

All analytical measurements were performed in triplicate, and the obtained results
are presented as mean values + standard deviation (SD). Descriptive statistical analysis
was applied for the evaluation of physicochemical, microbiological, mineral, and
phytochemical parameters. Data processing and graphical presentation were performed
using Microsoft Excel (Microsoft Corp., Redmond, WA, USA).

3. Results and Discussion
3.1. Water Quality Analyses

Based on the obtained water quality data presented in Table 1, the following section
evaluates the system’s performance for red amaranth (A. cruentus) cultivation, comparing
these findings with literature benchmarks for soil and hydroponic systems. Particular
emphasis is placed on understanding the continuous, biological replenishment of
macronutrients and the systemic dynamics of Electrical Conductivity (EC) and pH as
drivers of plant mineral assimilation.

Table 1. Values of the physicochemical parameters of aquaponic water during the sowing and true

leaf stages of red amaranth cultivation.

R d
Parameter Sowing Stage True Leaf Stage ecolrgﬁftn ed Scientific Basis Ref.
High levels are toxic to fish and
indicative of biofilter failure.
NHs-N, mg/L nd * nd * <1.0 At pH < 7.0, non-toxic NHq*is [27,28]

prevailing;
At pH >7.0, it converts to toxic NHs
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Nitrite inhibits oxygen transport in fish

NO=-N, mg/L. 0.130 + 0.005 0.173 +0.006 <1.0 (“brown blood disease”); [29]
NO:, mg/L 0.428 +0.009 0.572 +0.012 Levels should ideally be approximately
zero in established systems.
While aquaponics often run at
“undetectable” levels, commercial
PO#~-P, mg/L nd * nd * 30-100 hydroponic benchmarks for leafy green [30]
plants suggest the cited range for
maximum biomass production.
Permanganate Levels > 10 mg/L in recirculating
oxidizability, 3.84 £ 0.08 4.64+0.1 <10.0 systems can lead to oxygen depletion  [31]
mg Oo/L and bacterial blooms.

* nd = non-detectable (below instrument detection limits).

3.1.1. Nitrogen Dynamics and Nitrification Efficiency

In a functional aquaponics system, fish produce ammonia, which bacteria convert
into nitrite and finally into nitrate, which is the form usable by plants [27].

In a well-managed system using Tilapia, total ammonia nitrogen has to be
maintained at low levels, with optimal conditions within the range 0.12 mg/L-0.32 mg/L
[28]. Regarding nutrient uptake, red amaranth acts as an effective nutrient sink, keeping
water quality within tolerance ranges for fish, with studies indicating it excels at
converting nitrogen from fish waste into edible biomass [10].

The analysis of the results in the present study revealed that ammonium nitrogen
(NH4+N and NHs*) was below detectable limits (“nd”) during both the sowing and true
leaf stages. This absence of measurable ammonia indicates a highly efficient biofiltration
process, where nitrifying bacteria rapidly convert toxic ammonia excreted by fish into less
harmful nitrogenous forms [32,33]. This complete conversion is further supported by the
stable pH values (7.22 to 7.15), which optimized the physiological performance of
nitrifying autotrophs without inducing ammonia toxicity.

Conversely, nitrite nitrogen (NO2-N) was detected at low but measurable levels of
0.173 = 0.006 mg/L and 0.130 + 0.005 mg/L in the true leaf and sowing stages, respectively.
While these values increased slightly as the plants matured (true leaf stage), they remain
well below the toxic threshold for most aquaponic crops and fish species. In typical
aquaponic systems, nitrite levels should ideally be maintained below 1.0 mg/L to prevent
“brown blood disease” in fish and root inhibition in plants [34]. The slight increase during
the true leaf stage may correspond to increased feeding rates to support the growing fish
biomass, which in turn increases the nitrogen load on the system [30,35].

3.1.2. Phosphorus and Nutrient Availability

The measured phosphate (PO+*-P) levels in the present study were consistently
below detectable limits during both growth stages. This is a common observation in
aquaponic systems compared to hydroponics, where phosphate is often maintained at
concentrations between 30 and 100 mg/L via the application of chemical fertilizers. It is
critical to note that the “non-detectable” status of free orthophosphate in the bulk water
does not imply a nutritional deficiency. Dissolved nutrients derived from organic sources
(fish feed and feces) are present in highly bioavailable ionic forms. In aquaponics, plants
like red amaranth must rely on the mineralization of fish waste and feed to obtain
phosphorus. Because red amaranth has high nutritional demands, often requiring up to
90-150 kg N/ha in soil-based systems for optimal yield, the undetectable phosphate in the
water suggests a highly dynamic equilibrium. Plants sequester available orthophosphates
instantly upon their generation through biological mineralization, leaving negligible trace

https://doi.org/10.3390/agriculture16131484
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concentrations in the water column while accumulating substantial phosphorus in their
tissues [36]. This robust accumulation and active nutrient availability are further validated
by the system’s Electrical Conductivity (EC). Starting from a baseline system water value,
the EC increased from 0.42 * 0.02 mS/cm during the initial sowing phase to a highly
productive operational range of 1.35 + 0.05 mS/cm during the true leaf stage. This
progressive increase reflects the steady accumulation of dissolved mineral ions generated
by fish metabolic processes and feed degradation, satisfying the nutritional requirements
of A. cruentus without the addition of any synthetic inputs. In addition, as a plant with
high nutritional demand, red amaranth efficiently absorbs orthophosphates and NOs-N
from fish waste, helping to sustain water quality within optimal ranges [30].

3.1.3. Organic Matter

Permanganate oxidizability, a measure of the concentration of organic matter in
water, increased from 3.84 + 0.08 mg O>/L in the sowing stage to 4.64 + 0.1 mg Oz/L in the
true leaf stage. This upward trend reflects the accumulation of dissolved organic
compounds as the system operates over time. While high organic loads can influence
oxygen demand, it is essential to maintain oxygen levels sufficient to support both
microbial nitrification and root respiration. In recirculating systems, permanganate
oxidizability values below 5 mg Oz/L are generally monitored to ensure organic loads
remain within a range manageable by the system’s biological filtration [31].

In conclusion, the studied aquaponics system exhibits robust nitrification. The
transition from the seeding to the true leaf stage was characterized by a slight increase in
organic matter and nitrites, signaling an active biological cycle. While bulk water nutrient
concentrations in this system are lower than those typical of soil-based systems with high
NPK fertilization, the constant availability of water and dissolved nutrients in aquaponics
is often associated in the literature with effective mineral assimilation in red amaranth.
Furthermore, existing studies suggest that the plant performs well in media-based
systems, demonstrating tolerance to the nutrient dynamics characteristic of aquaponic
environments [37,38]

3.2. Microbiological Analyses of Water from the Aquaponic System

The microbiological analysis of the water to assess the sanitary condition and
potential risks from the two recirculation system tanks (S1 and S2) and Bed 1 (S1/B1) is
presented in Table 2 and shows the presence of microbial load typical of an aquatic
environment with organic matter and active biological processes.

Table 2. Microbiological indicators of water from the aquaponic recirculating system (S1, S2, and
S1/B1).

] S1 S2 S1/B1
Ne Parameter Method Unit (Tank 1) (Tank 2) (Tank1/Bed1)
1 . Total mc?sophilic Serial di?ution + direct CFU/mL 6.08 x 102 7 68 x 102 7 60 x 102
microorganisms (37 °C) plating, 1 mL
2. Total coliforms Vacuum filtration = CFU/mL 1.06 x 104 1.17 x 104 1.43 x 104
3 Escherichia coli Vacuum filtration = CFU/mL 0 0 0
4 Enterococci Vacuum filtration = CFU/mL 0.89 x 102 0.86 x 102 1.01 x 102

The microbiological analysis data (Table 2) revealed the complete absence of E. coli
in all examined samples (0 CFU/mL), which constitutes a clear indicator of the absence of
fecal contamination and demonstrates effective sanitary control within the system. Similar
observations were reported by Nissen et al. [39], who identified a low sanitary risk in well-
managed aquaponic systems.

https://doi.org/10.3390/agriculture16131484
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The highest values were observed for coliform bacteria, with counts of 1.06 x 104
CFU/mL (S1), 1.17 x 10* CFU/mL (S2), and 1.43 x 10* CFU/mL (S1/B1). The elevated
concentration in the plant bed is expected and may be attributed to the accumulation of
organic matter and the development of microbial consortia typical of aquaponic
environments. These findings are consistent with the observations of Nissen et al. [39],
who linked microbial diversity in aquaponic systems to plant surface colonization and
organic loading.

The total mesophilic microorganism counts ranged within a relatively narrow
interval: 6.08 x 102 CFU/mL (S1), 7.68 x 102 CFU/mL (S2), and 7.60 x 102 CFU/mL (S1/B1).
These levels of microbial load reflect a stable and active microbial community,
characteristic of functioning recirculating systems. The slightly higher contamination
observed in S2 and in the plant bed suggests more intensive microbial processes, likely
associated with biofiltration and the mineralization of organic matter.

Enterococci were detected at significantly lower concentrations: 0.89 x 102 CFU/mL
(1), 0.86 x 102 CFU/mL (S2), and 1.01 x 102 CFU/mL (S1/B1). Their low abundance
indicates limited organic contamination and an acceptable sanitary risk level. These
microorganisms are considered indicators of fecal and organic pollution; therefore, their
controlled presence is relevant for assessing system safety.

In summary, the absence of E. coli, combined with moderate levels of mesophilic
bacteria and elevated, yet expected, coliform counts, indicates a well-functioning
aquaponic system with an active yet controlled microbiota. Nevertheless, the recorded
values highlight the necessity for regular microbiological monitoring and the maintenance
of optimal hygienic conditions to minimize potential risks.

3.3. Chemical Composition of the Leaf Biomass
3.3.1. Chemical Composition, Ash Content, and Mineral Profile

The data obtained from the chemical analysis of dried red amaranth leaf biomass are
presented in Table 3. The obtained results were compared with literature data, with all
parameters expressed on a dry matter basis to ensure accurate comparison.

Table 3. Results of the chemical analysis of red amaranth (A. cruentus) leaves.

Test Result

No Type of Test/Characteristic = Unit of Measurement (Mean + SD) Test Conditions
1 Moisture * % wiw 6.70 £ 0.17 (21.3°C+0.2) °C (35 + 3)% rH
2 Dry Matter * % wlw 93.3+1.1 (21.3°C+0.2)°C (35+3)% rH
3 Crude Protein % w/w 23.69 +0.23 (21.3°C+0.2) °C (35+ 3)% rH
4 Lipids % wiw 2.19+0.11 (21.3°C+0.2) °C (35 £ 3)% rH
5 Nitrogen-Free Extract (NFE) % w/w 42.0+0.8 (21.3°C+0.2)°C (35+3)% rH
6 Crude Fiber % w/w 2.85+0.13 (21.3°C+0.2) °C (35 +3)% rH
7 Ash % wiw 22.6+0.3 (21.3°C+0.2) °C (35 £ 3)% rH

* The moisture and dry matter contents are determined in order to calculate the quantities of the

other substances.

3.3.2. Crude Protein

The determined crude protein content of 23.69 + 0.23% in the leaves of A. cruentus
cultivated in a closed-loop aquaponic system under controlled conditions was comparable
to, or higher than, the values reported for soil-based and greenhouse cultivation systems.
Under conventional cultivation conditions, Ngugi et al. [40] and Stevanovic¢ et al. [41]
reported protein levels for red amaranth within the range of 18-20%, whereas Torres et
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al. [42] documented higher values for the ‘Elena’ (*23%) and ‘Aurelia’ (*21%) cultivars
grown under field and greenhouse conditions.

The broader range of 12-29% reported by Andini et al. [43] across different amaranth
species and genotypes further emphasizes the substantial influence of cultivation
conditions on protein accumulation. Very similar to the present findings are the data
reported by Fasuyi [44], indicating a crude protein content of 23% in soil-grown A.
cruentus cultivated in Northwestern Nigeria. Ziena [45] reported crude protein
concentrations in the leaf biomass of red amaranth ranging from 25.46 to 29.02% under
conventional cultivation conditions with three different nitrogen fertilization rates in
Egypt.

In this context, the results of the present study demonstrate that the aquaponic
system provides conditions enabling the attainment of protein levels comparable to the
highest values reported under conventional cultivation practices. The elevated crude
protein content in the leaves of A. cruentus highlights its high nutritional value and
superiority compared with several traditionally consumed leafy vegetables. For
comparison, dehydrated spinach exhibited a protein content of approximately 8.2% [46],
which is substantially lower than the values established for red amaranth in the present
investigation. According to Sarker and Oba [47], the continuous availability of assimilable
nitrogen-containing compounds and the stable microclimatic conditions in aquaponic
systems favor protein biosynthesis, resulting in protein levels comparable to or exceeding
those observed under soil-based and greenhouse cultivation systems.

3.3.3. Crude Fat/Lipids

The crude fat content determined in the leaf biomass of A. cruentus was 2.19 + 0.11%,
which is consistent with the nutritional composition characteristic of the species. The lipid
fraction of amaranth is distinguished by a high proportion of polyunsaturated fatty acids
(PUFAs), predominantly linoleic and a-linolenic acids. These compounds have attracted
considerable scientific interest due to their cardioprotective properties and their role in
the regulation of metabolic health [48,49].

In the context of the present study, the recorded crude fat content (2.19 + 0.11%) in A.
cruentus cultivated in an aquaponic system is comparable to the results reported by Sarker
and Oba [47] for Amaranthus tricolor L. cultivated hydroponically as microgreens, where
the crude fat content was approximately 2.5%. This comparison highlights the similar
lipid profile of amaranth cultivated in controlled soilless systems, irrespective of
differences in species and developmental stage. In contrast, under conventional soil
cultivation, Fasuyi et al. [50] reported substantially higher crude fat levels in dehydrated
leaves of A. cruentus, reaching up to 5.4% of dry matter. This variability supports the
hypothesis that specific environmental conditions and nutrient availability modulate lipid
biosynthesis [36]. Previous studies have shown that soilless cultivation systems may
influence plant metabolic activity and the accumulation of nutritionally important
compounds compared with conventional cultivation practices [51,52].

3.3.4. Carbohydrates/Nitrogen-Free Extract (NFE)

The obtained value for nitrogen-free extract (NFE) in the present study (42% DW) is
comparable to published data for A. cruentus cultivated under conventional conditions.
Fasuyi [44] reported an NFE content of approximately 43-43.5% in the leaves of red
amaranth cultivated in soil, indicating that the carbohydrate fraction represents a
significant component of the chemical composition of the leaf biomass. Similar results
were also documented by Ziena [45], who observed high NFE values (approximately 44—
45%) in conventionally cultivated red amaranth, further confirming the stability of
carbohydrate content regardless of cultivation conditions.
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In a more recent study, Managa and Nemadodzi [36] compared the chemical
composition of leafy amaranth cultivated conventionally in soil and under controlled
greenhouse conditions and found that NFE values remained within a similar range
between the two systems despite the observed differences in protein content. This
observation indicates that cultivation conditions exert a stronger influence on the protein
fraction, whereas the carbohydrate component remains relatively stable.

In this context, the results of the present study demonstrate that the aquaponic
system, characterized by continuous availability of assimilable nitrogen-containing
compounds, does not lead to a reduction in NFE despite the stimulated accumulation of
crude protein. Accordingly, Sarker et al. [53] reported that under intensive nitrogen
nutrition, the metabolism of leafy amaranth is directed primarily toward protein
biosynthesis without substantial reduction in the carbohydrate fraction. Therefore, the
combination of high crude protein content and relatively high and stable NFE values
(#42%) characterizes the nutritional profile of A. cruentus cultivated in an aquaponic
system as balanced and comparable to that observed in conventional cultivation systems.

3.3.5. Crude Fiber Content

The crude fiber content in the leaf biomass of A. cruentus was 2.85 + 0.13%. This value
indicates a moderate level of insoluble dietary fiber, which is characteristic of leafy
amaranths. Literature data on soil-grown red amaranth demonstrate notable variability
in crude fiber content, with reported values typically ranging between 3 and 5% of dry
matter [54,55].

Supporting these findings, Manyelo et al. [56] reported a crude fiber content of
approximately 3.2% in leaves of A. cruentus cultivated under conventional soil conditions.
Similar levels were previously documented by Fasuyi [44] and Ziena [45], who
emphasized that although fiber content is relatively stable, it is directly influenced by
agro-climatic conditions and the ontogenetic developmental stage, particularly leaf
maturity.

From a nutritional perspective, crude fiber is a critical component of leafy vegetables,
playing an essential role in improving gastrointestinal function and in the prevention of
metabolic disorders. According to Sarker et al. [53] and Rastogi and Shukla [57], the high
functional value of leafy amaranth is determined by a precise balance among dietary fiber,
plant proteins, and a rich mineral profile.

The comparatively lower crude fiber levels observed under aquaponic cultivation are
likely attributable to the specific hydroponic-like growth regime, which promotes more
intensive vegetative growth. This results in the formation of more tender leaf tissues with
a lower degree of lignification compared to plants grown under field conditions.
Consequently, the leaf biomass of A. cruentus cultivated under aquaponic conditions
retains high nutritional and functional value, further confirming its significance as a
health-promoting leafy vegetable.

3.3.6. Ash Content and Mineral Composition

Ash content is the inorganic mineral residue obtained after complete combustion of
organic matter and serves as an indicator of total mineral content, including potassium,
calcium, phosphorus, magnesium, iron, and other elements, which are of essential
importance for nutritional value.

Within the context of the present study, the ash content of 22.57% recorded in the leaf
biomass of A. cruentus cultivated in an aquaponic system is consistent with the high
mineral levels commonly reported for leafy vegetables. Ash content is considered an
indicator of total mineral accumulation and reflects the plant’s capacity to absorb and
retain macro- and micronutrients in leaf tissues [58]. Under aquaponic conditions, this
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accumulation may be enhanced by the continuous availability and high bioavailability of
dissolved mineral ions.

Comparable high values have been reported by Ziena [45] for soil-grown A. cruentus,
where ash content ranged between 19.78 and 22.71%. This indicates that red amaranth is
inherently characterized by high mineral density, regardless of the production system
employed. Similar results have been reported for other leafy amaranth species. Nwaogu
et al. [59] reported high ash content in leaves of soil-grown Amaranthus hybridus L., which
the authors associated with active mineral metabolism and elevated concentrations of Ca,
Mg, and K. In the study by Yiblet and Adamu [60], which evaluated the nutritional and
mineral composition of several wild edible plants from northwestern Ethiopia,
Amaranthus graecizans L. exhibited among the highest ash contents (24.70 = 0.15%),
indicating substantial accumulation of mineral components in leaf biomass. This
variability is attributed to both genotypic differences and environmental and mineral
nutrition conditions.

The higher ash content observed in the present study suggests that the aquaponic
system provides a stable and balanced supply of nutrients, thereby promoting the
accumulation of inorganic constituents in leaf biomass. In this context, Sarker et al. [53]
noted that under controlled systems with continuous nutrient availability, leafy amaranth
exhibits enhanced mineral accumulation capacity without compromising other
nutritional fractions. The obtained results confirm that the ash fraction constitutes a
significant and stable component of the nutritional profile of red amaranth, and that
aquaponic cultivation enables mineral densities comparable to or higher than those
reported in conventional soil-based systems.

The mineral composition of the red amaranth leaves analyzed in the present study is
characterized by a high content of macro- and micronutrients, indicating substantial
mineral density and nutritional value (Figures 2 and 3). For accurate comparison and
interpretation, all values were standardized on a dry weight basis (mg/g).
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Figure 2. Macronutrient content in the leaf biomass of red amaranth (A. cruentus).

The Ca concentration in the leaves of A. cruentus in the present study reached 40.39
mg/g, indicating substantial accumulation of this macronutrient under aquaponic
cultivation conditions. In the literature, lower Ca values are reported for soil-grown A.
cruentus, typically ranging between 18.9 and 30.9 mg/g [36], with variations attributed to
soil properties and fertilization regimes. The elevated Ca content observed in the present
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study suggests that the controlled mineral composition of the aquaponic water
environment enhances the uptake and accumulation of this element. Calcium is essential
for the structural stability of cell walls and membranes, as well as for the regulation of
numerous physiological processes, which underlines its importance for leaf biomass
quality.

An interesting physiological relationship is observed between relatively low crude
fiber content and elevated Ca levels. In general, Ca contributes to cell wall strengthening
through the formation of calcium pectates, resulting in increased structural rigidity.
However, under aquaponic cultivation conditions, intensive vegetative growth and a
shorter tissue differentiation period lead to reduced lignification and, consequently, lower
fiber content. It is likely that a portion of calcium is accumulated in vacuoles in the form
of oxalates or free ions rather than being fully incorporated into structural cell wall
components. This explains why leaves of red amaranth grown in aquaponic systems
maintain a tender texture despite their high mineral content. A similar functional balance
between mineral composition and structural properties has been reported by Rastogi and
Shukla [57] in leafy vegetables.
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Figure 3. Content of micronutrients in the leaf biomass of red amaranth (A. cruentus).

The Mg concentration in the leaf biomass of A. cruentus was 8.84 mg/g, which is
comparable to values reported for leafy amaranths cultivated under different
environmental conditions. Managa and Nemadodzi [36] reported Mg concentrations
between 2.5 and 6.2 mg/g in soil-grown Amaranthus accessions, while Ziena [45]
documented values ranging from 9.88 to 12.49 mg/g dry weight in A. cruentus leaves.
Additional studies on leafy amaranths by Nwaogu et al. [59] also demonstrated
considerable variation in mineral composition depending on species and cultivation
conditions. The relatively high Mg content observed in the present study may be
associated with the continuous availability and high bioavailability of magnesium ions in
the aquaponic environment, as well as with specific nutritional and microclimatic
conditions

The K content determined in the leaves of A. cruentus was 14.37 mg/g DW. Potassium
is the dominant macronutrient in amaranth leaf biomass and plays a central role in
osmotic regulation, assimilate transport, and enzyme activation. Sarker et al. [61] reported
potassium concentrations ranging from 6.62 to 12.41 mg/g DW in leafy amaranth
genotypes cultivated under field conditions. The value obtained in the present study

https://doi.org/10.3390/agriculture16131484



Agriculture 2026, 16, 1484

16 of 26

slightly exceeds the upper range of these reported values, indicating that aquaponic
systems may provide favorable conditions for potassium accumulation. From a
nutritional perspective, high K content is important for maintaining electrolyte balance
and supporting normal nerve and muscle function in humans.

The P content in the leaf biomass of A. cruentus was 0.58% DW, which is consistent
with previously reported phosphorus concentrations in leafy amaranths cultivated under
conventional conditions [62]. Phosphorus plays a fundamental role in cellular energy
transfer, nucleic acid synthesis, membrane phospholipid formation, and overall plant
growth and development. The concentration observed in the present study indicates
adequate phosphorus availability and efficient nutrient uptake under aquaponic
cultivation conditions.

In plants, the uptake of P and nitrogen N is tightly interconnected and regulated by
the availability of nutrients in the growth medium. Phosphorus is essential for energy
transfer processes, particularly through its role in ATP-dependent reactions that drive
protein synthesis and overall cellular metabolism. In aquaponic systems, the continuous
supply of dissolved nutrients enhances nutrient uptake efficiency, thereby promoting
improved plant growth and metabolic activity [63].

The average iron content in leaf biomass was found to be the lowest among the
microelements—0.021 mg/g DW (Figure 3), followed by manganese—0.13 mg/g, which
falls within the intermediate range of values reported for A. cruentus (0.08-0.18 mg/g) by
Sarker et al. [61], under soil cultivation conditions. Manganese plays a key role in
photosynthetic processes, carbohydrate and nitrogen metabolism, and contributes
significantly to the antioxidant capacity of plants. The present results confirm the stable
accumulation of this micronutrient under aquaponic cultivation conditions. Elevated Mg
concentrations are associated not only with chlorophyll structure but also with the
activation of ribosomes and enzyme systems involved in protein synthesis. Stable Mn
levels further complement these processes by supporting the antioxidant defense
mechanisms of rapidly developing leaf biomass [49,61].

The Zn concentration in the leaves of A. cruentus was 0.17 mg/g. Zinc accumulation
in amaranth species is known to vary depending on genotype, soil composition, and
cultivation conditions. Field-grown Amaranthus has been reported to contain
approximately 50-60 mg/kg DW (0.05-0.06 mg/g), with considerable variability across
studies and species [54,61].

In comparison, higher or more variable micronutrient uptake may occur under
fertilized or stress-influenced conditions, while controlled cultivation systems tend to
produce more regulated elemental concentrations. These findings indicate that Zn
accumulation in amaranth is strongly influenced by the growth environment and nutrient
availability.

The recorded Cu concentration was 0.67 mg/g. Copper accumulation in A. cruentus
and related leafy vegetables is known to be influenced by environmental and agronomic
factors, including soil composition, nutrient availability, and exposure to metal sources.
Previous studies and meta-analytical evidence indicate that heavy metal uptake in
Amaranthus species can vary considerably depending on cultivation conditions and
species-specific physiological responses [64,65]. In general, field-grown systems tend to
show higher variability in micronutrient accumulation compared to controlled cultivation
systems such as hydroponics or aquaponics, where nutrient supply is more regulated.
Copper plays an essential role in plant metabolism as a cofactor in enzymes involved in
photosynthesis and antioxidant defense, and its accumulation reflects both environmental
availability and physiological regulation.

Overall, the results on mineral composition demonstrate that A. cruentus cultivated
in an aquaponic system is characterized by high and well-balanced concentrations of
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macro- and micronutrients, frequently reaching or exceeding levels reported for soil- and
hydroponic-cultivation systems. Adequate Cu and Zn concentrations support the proper
functioning of electron transport chains and enzymatic systems associated with
photosynthesis. Furthermore, balanced micronutrient availability prevents the reduction
in the carbohydrate fraction even under intensified nitrogen metabolism and enhanced
protein synthesis, thereby supporting the concept proposed by Managa and Nemadodzi
[36] regarding the pronounced metabolic plasticity of amaranth.

3.3.7. Determination of Total Phenolic Content (TPC)

The TPC of aquaponically grown red amaranth in the present study was 5.08 mg
GAE/g DW, indicating a moderate phenolic content. This value is consistent with previous
reports for A. cruentus, which describe abundant hydroxycinnamic and hydroxybenzoic
acids, as well as flavonoids such as rutin and quercetin [66]. The presence of betalains,
which contain phenolic and cyclic -NH2 groups, likely contributed substantially to the
measured TPC. In addition, these findings demonstrate that aquaponic cultivation
supports the biosynthesis of nitrogen-containing pigments and other phenolic
compounds at levels comparable to hydroponic and soil-grown systems. Such results
highlight the potential of aquaponic amaranth as a functional food with high antioxidant
activity [67].

3.3.8. Determination of Total Flavonoid Content (TFC)

The registered TFC of 5.07 mg QE/g DW approaches the upper range reported for A.
cruentus leaf extracts (5.2 mg QE/g DW) in scientific literature [68]. The latter proposes that
the aquaponic system effectively supports the metabolic pathways responsible for
flavonoid biosynthesis. The similarity between TPC and TFC values indicates that
flavonoids constitute a substantial portion of the total phenolic fraction.

3.3.9. Betalain, Anthocyanin (TAntC), and Chlorophyll Content

As expected for A. cruentus, anthocyanins were not detected due to the taxonomic
replacement of anthocyanins with betalains in Caryophyllales species [69,70]. The
determined betalain content of 3.73 mg/g DW is moderate and reflects the stability of these
nitrogen-containing pigments under aquaponic conditions. The presence of betalains
demonstrates that the aquaponic system provides adequate micronutrients and
environmental conditions to support secondary metabolite biosynthesis. These results are
consistent with previously published literature data indicating that leaf coloration in red
amaranth is primarily associated with the presence of betalains rather than anthocyanins
[71].

The measured total chlorophyll content (5.35 mg/g DW) approximates the upper
range reported for amaranth leaves (4-8 mg/g DW) in scientific literature [72]. The
experimental data established that chlorophyll a was the dominant pigment, suggesting
efficient photosynthetic performance in the aquaponic system. The absence or detection
of low chlorophyll b levels may result from the selective extraction of ethanol or the
specific light spectrum provided in the aquaponic environment. Overall, high chlorophyll
a content combined with stable betalain levels indicates minimal metabolic stress,
confirming the effectiveness of the aquaponic system for plant growth and pigment
accumulation. Chlorophyll a is essential for photosynthesis and high levels indicate
robust photosynthetic activity, which is generally reduced when plants are under severe
abiotic stress, such as drought or high salinity, which causes pigment degradation. On the
other side, betalains (red-violet betacyanins and yellow-orange betaxanthins) are
nitrogen-containing pigments that function as antioxidants to protect plant tissues from
reactive oxygen species (ROS) caused by stress [73]. Under metabolic stress, betalain
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synthesis increases dramatically as a defense mechanism. However, stable betalain levels
are indicative of the absence of additional constraining of the plant to utilize these
secondary metabolites, signifying the lack of oxidative stress. [53,74,75]. Consequently,
the observed combination indicates that the plant could be characterized by high
photosynthetic vitality associated with high chlorophyll content and the absence of
damaging metabolic stress due to the stable betalain level [76].

When compared to hydroponic and soil-grown A. cruentus, aquaponically grown
plants exhibit comparable TPC and TFC levels, demonstrating that controlled soilless
systems are capable of producing red amaranth with equivalent or superior bioactive
potential. The experimentally determined betalain profile further confirms that aquaponic
cultivation supports the synthesis of nitrogen-containing pigments, as typically observed
in soil-grown plants. Figure 4 summarizes and visually demonstrates that aquaponically
grown red amaranth accumulates phenolics, flavonoids, betalains, and chlorophyll at
levels comparable to hydroponic and soil-grown species, confirming its potential as a
functional food with high antioxidant and pigment content.
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Figure 4. Comparative phytochemical and pigment content of red amaranth leaves under different
cultivation systems —aquaponics (this study), hydroponic, and soil [68,69,77].

3.3.10. Radical-Scavenging Potential

The conducted spectrophotometric investigation of the DPPH, ABTS, and FRAP
radical-scavenging potential of ethanol extract of aquaponically grown red amaranth
provided quantitative evidence of its high biological activity. The comparative analysis of
the obtained data revealed heterogeneity in the antioxidant response of the applied assays
as well as differences in the reactivity of the phytochemical constituents present in the
sample (Table 4).

ABTS capacity: The inhibition value of 89.27% in the ABTS assay determined in the
present study indicates an exceptionally high overall radical-scavenging capacity. The
high reactivity of red amaranth in this system can probably be attributed to the synergistic
interaction between betacyanins and hydrophilic phenolic acids such as ferulic and caffeic
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acids. According to the fundamental study of Sarker and Oba [62], and substantiated by
Prior et al. [78], these compounds predominantly operate via a single-electron transfer
(SET) mechanism, rapidly reducing the blue-green chromophore of the ABTS radical to
its colorless form. The high inhibition value, therefore, reflects a substantial concentration
of low-molecular-weight antioxidants in the ethanol extract. The registered ABTS capacity
exceeds or approaches the upper limit reported for hydroponically cultivated Amaranthus
species and falls within the higher spectrum of values reported for soil-grown plants. This
elevated ABTS response suggests a particularly high electron-transfer antioxidant
capacity in aquaponically cultivated red amaranth, likely reflecting enhanced
accumulation of hydrophilic phenolic compounds and betalain pigments [13,79-81].

Table 4. Comparative antioxidant activity (DPPH, ABTS, and FRAP assays) of red amaranth grown
under aquaponic conditions in the present study and values reported for hydroponic and soil-

grown plants in the literature.

Cultivation System Species DPPH, % ABTS, % FRAP, % Ref.
Aquaponic (this study) Amaranthus cruentus 58.99 +2.94 89.27+4.02 431+021 Thisstudy
Hydroponic cultivation ~ *"47ahus tricolorfleafy 35-70 * 60-80 * 3-6* [13,79]

amaranth
Amaranthus cruentus 20-60 * 50-90 * 3-7* [80,81]
WA: _7Q *
Soil cultivation Amaranthus spp. 30-65 50-78 n/a [13,61,79]
50 (ICs0=75.6

Amaranthus cruentus n/a 4-6* [80]

pg/mL)

* Values from the literature originally reported in Trolox equivalents, ascorbic acid equivalents, or
ICs0 units were approximated to percentage inhibition ranges based on typical assay responses

reported for Amaranthus extracts under comparable experimental conditions.

DPPH Activity: The inhibition value of 58.99% in the DPPH assay registered in the
current investigation is particularly significant. Unlike ABTS, DPPH is a stable free radical
that often exhibits lower sensitivity toward plant extracts due to its sterically hindered
molecular configuration. Nevertheless, the relatively high inhibition observed in this
system confirms that red amaranth is rich in compounds capable of acting as efficient
hydrogen atom donors through a hydrogen atom transfer (HAT) mechanism. Betalains
play a central role in this process. by Karamac et al. [82]. Bastos and Schliemann [83]
demonstrated that, in contrast to common anthocyanins, betalains present in species of
the genus Amaranthus display higher radical-scavenging capacity in polar protic solvents
such as ethanol. This property explains the ability of the extract to neutralize more than
half of the available DPPH radicals during the standard incubation period. A number of
scientific studies emphasized that betalains, particularly amaranthin, possess structural
features that confer remarkable resonance stabilization of radical intermediates [83,84].
Betalains, including amaranthin (a major pigment in Amaranthus species), achieve
remarkable radical stabilization through a highly conjugated 1,7-diazaheptamethinium
system. This structure allows for extensive delocalization of unpaired electrons, making
betalains exceptionally effective antioxidants that often surpass ascorbic acid in radical-
scavenging capacity [85]. As a result, these pigments may exhibit higher efficiency than
many anthocyanins in neutralizing lipophilic radicals [74,86].

Similarly to the results observed in the present study, Pasko et al. [87] investigated
ethanol extracts from leafy vegetables and concluded that such extracts frequently exhibit
a hydrogen atom transfer (HAT) mechanism in interactions with DPPH radicals, whereas
the ABTS assay is more sensitive to single-electron transfer (SET) processes [87]. This
difference provides a plausible explanation for the heterogeneity observed in the results
(89.27% vs. 58.99%) (Table 4).
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In addition, the experimentally determined DPPH potential is consistent with the
upper range of activities reported for hydroponically grown amaranth and is comparable
to many soil-grown samples reported in previous studies. The result suggests that the
hydrogen-atom-donating capacity of the phytochemical constituents in the aquaponic
plants is similar to that observed in other cultivation systems, although slightly elevated
relative to several field-grown populations [13,79].

FRAP Analysis: The FRAP assay measures the ability of antioxidants to reduce Fe3*
to Fe* under acidic conditions. The obtained experimental data suggest that the
antioxidant mechanism of red amaranth is primarily directed toward direct free-radical
scavenging, whereas its role as a metal-reducing agent is secondary. The relatively low
inhibition value obtained in the FRAP assay (4.31%) can be interpreted from the viewpoint
of the findings reported by Jiménez-Aguilar and Grusak [55], who proposed that the Fe-
reducing capacity of species within the genus Amaranthus might be masked by the
presence of oxalates or other antinutritional compounds capable of chelating metal ions
[55]. Such chelation reduces the amount of free Fe available to participate in the FRAP
reaction, regardless of the presence of antioxidant compounds. As reported by Sarker et
al. [77], betalains extracted with ethanol may exhibit structural instability at low pH
values, which can lead to underestimated FRAP results [77]. In addition to betalains,
flavonoid glycosides also contribute to the overall antioxidant capacity. Nana et al. [80]
identified rutin and quercetin as major flavonoids in amaranth leaves. These compounds
act synergistically with phenolic acids, enhancing the total radical-scavenging potential
observed in the present study. The observed pattern of lower FRAP activity is consistent
with trends reported in the literature for Amaranthus species, where the ferric-reducing
antioxidant power is frequently lower than the radical-neutralization capacity measured
by ABTS or DPPH.

Overall, the comparative data indicate that aquaponically cultivated red amaranth
exhibits antioxidant properties that are at least comparable, and in some cases superior,
to those reported for hydroponic and soil-grown plants. The particularly strong ABTS
response suggests that aquaponic cultivation conditions may promote the accumulation
of electron-donating phytochemicals, reinforcing the potential of this cultivation system
for producing leafy vegetables with enhanced functional and nutraceutical value
[80,88,89].

3.4. Microclimate

The recorded data indicated a relatively stable microclimate with a distinct diurnal
dynamic typical of closed aquaponic systems. Maintaining these environmental
parameters provided favorable conditions for plant growth and stable operation of the
integrated aquaponic system.

The temperature and humidity conditions maintained during the experimental
period were within the ranges reported as suitable for amaranth cultivation under
controlled environments.

Gudzinskaité et al. [90] reported that cultivation of Amaranthus tricolor under
comparable temperature conditions did not result in significant growth limitations during
the early developmental stages.

Similarly, Carrasco et al. [30] demonstrated that substrate selection significantly
influenced the growth and nutritional composition of A. cruentus microgreens cultivated
in a floating hydroponic system under average daytime temperatures of 25 + 3 °C,
nighttime temperatures of 17 + 2 °C, and relative humidity ranging from 60 to 75%.

Literature data for A. tricolor further indicate that temperatures between 25 and 30 °C
are generally associated with more intensive growth and enhanced metabolic activity,
while the species exhibits relatively high tolerance within the broader range of 20-35 °C.
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Temperatures exceeding 3540 °C may induce physiological stress associated with
activation of antioxidant defense systems and increased accumulation of secondary
metabolites, although such stress conditions may negatively affect productivity [91].

4. Conclusions

This study demonstrates that recirculating aquaponic systems provide an adequate
and resource-efficient environment for the cultivation of Red Amaranth (A. cruentus L.).
The robust biological filtration maintained highly efficient nitrification throughout the
growth cycle, successfully keeping toxic nitrogen species below hazardous thresholds
while ensuring continuous nutrient assimilation. This steady, bioavailable nutrient stream
triggered an enhanced secondary metabolic response in the plants, resulting in high-
quality leaf biomass. In particular, high levels of crude protein, Ca, Mg, and K, as well as
phenolic compounds and betalains, were observed. Furthermore, systematic
microbiological testing verified strict safety compliance and negligible pre-harvest
contamination risks. Collectively, these findings establish integrated aquaponics as a
highly viable, scalable, and circular agricultural framework capable of commercializing
premium functional foods while decoupling intensive vegetable production from soil
dependency and synthetic fertilizers. While simultaneous comparative trials with field
and standalone hydroponic treatments would be required to statistically validate relative
performance advantages, the current observations firmly highlight the capacity of this
system to optimize key nutritional and bioactive attributes in amaranth.
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