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Abstract: Sedimentable solids generated in aquaponic systems are mainly composed of organic
waste, presenting molecules such as phytate, which can be a potential source of inorganic nutrients
through mineralization. This work aimed to isolate and identify phytase-producing bacteria and
evaluate the inoculation effects of pure strains on mineralization and nutrient release from solid waste
generated in aquaponic systems at different oxygen and temperature conditions. The bacteria were
isolated from the settleable solids of a commercial aquaponic system and molecularly identified by
amplifying the 16S rRNA gene. Subsequently, two tests were carried out: 1. Test for the biochemical
identification of phytase-producing bacteria; 2. In vitro mineralization test, where the ability to
mineralize phytate and release nutrients under different oxygen conditions [0 rpm (2.1 mg L−1) and
200 rpm (7.8 mg L−1)] and temperatures (24 and 37 ◦C) were evaluated. Our findings show that two
pure strains of Lysinibacillus mangiferihumi can mineralize phytate under conditions of 200 rpm and
24 ◦C, mainly increasing the mineralization of PO4- and Ca, a property that has not yet been reported
for this species. On the other hand, at 0 rpm and 24 ◦C, an increase in K was observed (control
conditions), while the conditions of 200 rpm and 24 ◦C, regardless of bacterial inoculation, favored a
rise in S, Mg, and Fe. The Lysinibacillus strains obtained in this investigation are of great importance
due to their application in agriculture and the optimization of mineralization in aquaponic systems.
A proper combination of oxygen and temperature will lead to a greater availability of nutrients for
the growth and development of vegetables.

Keywords: phytate; plant nutrition; plant development; phosphate; calcium

1. Introduction

Aquaponics is an integrated production of fish and plants in which, in symbiosis
with microorganisms, effluent and fish wastes are used as a source of nutrients for plant
growth [1,2]. In aquaculture systems, most fish metabolize only 20 to 30% of the food sup-
plied, and 70 to 80% is released into the systems as solid waste (dissolved, suspended, and
sedimentable), composed mainly of excreted feces and uneaten food [3]. The solid waste
generated in these systems is usually collected in mechanical filters (hydrocyclones and
settlers) before being pumped to a hydroponic unit. Part of the dissolved nutrients in water
can be assimilated by plants (i.e., inorganic forms), while suspended and sedimentable
solid waste, composed mainly of organic waste (non-assimilable forms), can be a potential
source of inorganic nutrients for plants to be mineralized [4,5].
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The major component of fish diets is protein, which is mainly derived from vegetable
products such as soy, wheat, and corn, and which stores 70 to 80% of total phosphorus
in phytic acid or phytate [6]. It is estimated that 67% of phosphorus in fish feed pellets is
phytic acid [7].

Phytic acid is a molecule that is negatively charged. It has a high affinity to some
metal ions, forming a chelate with Ca2+, Fe2+, Zn2+, Cu2+, and Mn2+, which reduces the
absorption of these minerals in monogastric animals, including fish [6]. Since the digestive
tracts of fish do not produce the enzyme phytase [6,8], the ingested phytate is excreted into
feces, remaining deposited in the sediments [8]. Thus, part of the phosphorus is not fully
available as a nutrient for plants in aquaponics since it is not found in its ionic form as
orthophosphate (i.e., H2PO4

−, HPO4
2−, PO4

3−).
Phytase is an enzyme that catalyzes the hydrolysis of the phosphodiester bonds in

phytate, liberating orthophosphate groups (PO4
−) [9]. Some studies have found that

bacteria with the ability to produce phytases can also promote plant growth through the
production of indole acetic acid (IAA) and siderophores [10]. The identification of phytase-
producing bacteria is critical since they may play an essential role in mineralizing the
phytate present in solid waste in systems, increasing the availability of phosphorus and
possibly also some elements that can be chelated with the metal ions. In addition, these
bacteria may contribute to reducing the impact caused in traditional aquaculture and closed
recirculating aquaculture systems (CRASs), where the solid waste containing high N and
P contents generated in the systems is released to the environment, contributing to the
eutrophication of receiving water bodies [11].

Several bacteria such as Bacillus, Klebsiella terrigenous, Escherichia coli, Pseudomonas sp.,
Roultella sp., Citrobacter braakii, and Enterobacter have been identified as phytate mineralizers
in previous studies, which have reported that the activity of the phytase enzyme could be
affected by different conditions, such as pH, Ca2+ requirement, nitrogen and carbon sources,
growth phases (stationary phase), and anaerobic conditions [12–14]. However, limited studies
have been carried out in aquatic habitats, and whether there are other microorganisms with
the same capability to mineralize and degrade phytate in solid waste from aquaculture and
recirculating aquaponic systems (RASs) is still under investigation [4,8,15,16].

In aquaponics, investigating the biologically induced mineralization and degradation
of the phytate present in solids will allow for the establishment of macro- and micronutri-
ents that can be released into the system to optimize plant nutrition and decrease the use of
fertilizers [17]. This work aimed to isolate and identify phytase-producing bacteria from
a commercial aquaponic system and evaluate their effect on phytate mineralization and
nutrient release from solid waste under different oxygen and temperature conditions.

2. Materials and Methods
2.1. Isolation and Identification of Phytate-Mineralizing Bacteria

Samples of solid waste were collected (March 2018) from the hydrocyclone and plant
bed of a commercial aquaponic system with tilapia (Oreochromis niloticus) and various
vegetables (lettuce, basil, and mint) located in the aquaponic facilities at Acuaponia Bofish,
Guadalajara, JAL, México. The samples were transported and stored at 4 ◦C in the Biotech-
nology Lab at the Faculty of Agronomy and Veterinary—Universidad Autónoma de San
Luis Potosí (UASLP), México. One gram of each sample was homogenized in nine mL of
liquid medium Luria–Bertani (LB) broth (IBI Scientific®, Dubuque, IA, USA), and serial
dilutions were performed to obtain 106 dilutions. The samples were incubated at 37 ◦C for
24 h and 72 h, and then 0.1 mL of each dilution was pour-plated on LB solid agar medium
and incubated at 37 ◦C for 24 to 48 h. These primary cultures were used to carry out a
second round of isolations and thus obtain pure cultures, which were conserved in 15%
glycerol and stored at −80 ◦C. Macroscopic tests to identify the morphological characteris-
tics of the colonies (color, shape, elevation, margins, diameter, surface, and texture), Gram
staining, and tests of pathogenicity or hemolytic capacity in blood agar (to discard strains
with hemolysis capacity) were carried out, identifying sixty pure strains.
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2.2. Taxonomic Classification of Bacteria at the Molecular Level

The molecular identification of seven pure strains was performed by amplifying
and sequencing the 16S rRNA gene. For that, genomic DNA was extracted using the
CTAB method described by Wilson (1997) [18]. PCR amplification from 16S rRNA was
performed using the primers QUGP-F1 5′-AGTTTGATCCTGGCTCTCAG-3′ and QUGP-
R1b 5′-TACCTTGTTACGACTTC-3′ [19], with an initial denaturalization at 94 ◦C for 3 min
followed by 35 cycles of 94 ◦C for 1 min; 60.7 ◦C for 35 s; 72 ◦C for 1 min; and a final
extension step of 72 ◦C for 5 min. The PCR products were separated by electrophoresis
in 1.5% agarose. The PCR products were purified with Wizard® SV Gel and PCR Clean-
Up System (Promega, Madison, WI, USA) and then sequenced and analyzed for their
taxonomic classification at the genus level in the GenBank database (MW035708, MW
035604, MW029858, MW029733) using BLAST (http://www.dna.affrc.go.jp accessed on 24
September 2020).

2.3. Test for the Biochemical Identification of Phytase-Producing Bacteria

Seven strains of Lysinibacillus sp. were individually evaluated by triplicate in phy-
tase screening medium (PSM: glucose 10 g L−1, sodium phytate 4 g L−1, CaCl2 2 g L−1,
NH4NO3 5 g L−1, KCl 0.5 g L−1, MgSO4 H2O 0.5 g L−1, FeSO4 7H2O 0.01 g L−1, MnSO4
H2O 0.01 g L−1, and agar 15 g L−1; IBI Scientific®, Dubuque, IA, USA) described by
Kerovuo et al. (2000) [20]. The strains were incubated at 37 ◦C for 4 days, and colonies
showing halo formation were selected as a positive indication of extracellular phytase
production. The diameter of each halo was measured, and the solubilization index of
mineralization (IM) was calculated using the formula: IM = (Colony diameter + diameter
in halo zone)/Colony diameter. In addition, the growth kinetics of these positive strains
were assessed by measuring the optical density of the PSM medium every twelve hours for
120 h at pH 7.0 and 37 ◦C with shaking at 200 revolutions per minute (rpm).

2.4. In Vitro Mineralization Test on Solid Waste Generated from Aquaponic Systems

The effects of inoculation with two pure strains of phytase-producing bacteria on
the ability to hydrolyze phytate (obtained in the biochemical identification test) in the
mineralization of solid waste were evaluated under different oxygen and temperature
conditions. Solid waste was extracted from an Oreochromis niloticus culture in an experi-
mental aquaponic system at the university; fish were fed with commercial fish feed pellets
AquaNu-3® (Santa Ana Pacueco, GTO, México) containing 40% crude protein.

A three-level factorial design (2 × 2 × 3) was employed to evaluate temperature, 24
and 37 ◦C; oxygen level, anaerobic (0 rpm; 2.1 mg L−1) and aerobic (200 rpm; 7.8 mg L−1)
conditions; and inoculation, without (control) or with Sp-5 or Sp-6 strain. Therefore, there
were 12 evaluation treatments, each consisting of three replicates, totaling 36 experimental
units. Oxygen conditions and temperature (37 ◦C) were maintained with magnetic stirring
at 200 rpm and temperature-controlled hot plates. The temperature conditions were chosen
to evaluate conditions close to the ambient temperature (24 ◦C), which werereported as
conducive to good microorganism growth and development (37 ◦C) [21].

Each experimental unit consisted of a 250 mL flask, with 200 mL of solid waste obtained
from the aquaponic systems. For treatments with an inoculation of bacteria, Sp-5 and Sp-6
strains were pre-cultivated in LB (Luria–Bertani) medium for 48 h at 37 ◦C and 200 rpm.
After each experimental unit was inoculated at 4% with an optical density OD600 = 0.3 and
with colony forming units of 2.7 × 107 CFU mL−1. The inoculum concentration of 4% was
chosen because it was optimum for phytase production in a previous report on Bacillus
strains [22].

2.5. Determination of the Phytate and Nutrients Present in the Solid Waste

At the beginning (day 0) and end of the experiment (day 12), phytate analysis
(mg/100 g of sample) was performed by using the method described by Wheeler and
Ferrel (1971) [23]; total nitrogen (%) was analyzed using the Kjeldahl method at a 1:1:1.5

http://www.dna.affrc.go.jp
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ratio of the sample, catalyst (potassium sulfate and mercury oxide), and concentrated
sulfuric acid (H2SO4), with four replicates. The percentage of organic matter was analyzed
using the calcination method, following the Paneque et al. (2010) [5] manual for organic
matter analysis. These data were utilized to determine the relative content of each vari-
able. Additionally, at the end of the experiment, samples of solid waste were collected,
dried at 70 ◦C for 72 h, and digested with 3.2 N of nitric acid (HNO3) for the analysis
of phosphorus (P), potassium (K), calcium (Ca), sulfur (S), magnesium (Mg), iron (Fe),
copper (Cu), manganese (Mn), molybdenum (Mo), and zinc (Zn) using optical emission
spectrophotometry with inductively coupled plasma (iCAPTM 6000 Plus of Thermo Fisher
ScientificTM, Waltham, MA, USA).

2.6. Determination of the Nutrient Release during the Mineralization of the Solid Waste

At the beginning and every two days of the experiment (over 12 days), the following
variables were analyzed in liquid solution: pH and electrical conductivity (µS cm−1),
determined with a multiparameter Thermo Fisher ScientificTM Orion StarTM A211 with
an accuracy of ±0.002 (Thermo Spectronic, Waltham, MA, USA), and phosphate (PO4

− in
mg L−1) by using UV-vis spectrophotometry Genesys 20 (Thermo Spectronic, Waltham,
MA, USA) at a wavelength of 470 nm, following the yellow vanadate molybdate method
described by Rodríguez and Rodríguez (2002) [24]. On the other hand, 10 mL samples of
each experimental unit (200 mL) were collected at the beginning and every other day, and
they were stored at −20 ◦C. At the end of the experiment, the initial samples at day 0 and
the samples at day 10 were selected for the analysis of K, Ca, Mg, S, Fe, Mn, Mo, Cu, and Zn
by using optical emission spectrophotometry with inductively coupled plasma (iCAPTM
6000 Plus of Thermo Fisher ScientificTM, Waltham, MA, USA).

2.7. Statistical Analysis

The results obtained were presented as the average ± SD and statistically analyzed
with STATISTICA version 7 software (StatSoft Inc., Tulsa, OK, USA) using ANOVA and
Tukey’s honestly significant difference (HSD) test at a 5% level of significance (p < 0.05). A
2 × 2 × 3 factorial analysis with their respective interactions was also performed using the
same program.

3. Results
3.1. Isolation and Identification of Phytate-Mineralizing Bacteria

Sixty bacterial strains were isolated from the sedimentable solid samples obtained
from the commercial aquaponic farm. It was found that six strains had the capacity to cause
partial hemolysis (alpha) and total hemolysis (beta) of red blood cells (discarded strains),
forty-seven strains presented the microscopic characteristics of Gram-negative and -positive
bacteria in the form of coccus and micrococcus (Figure S1), and seven strains presented
the microscopic characteristics of Gram-positive, rod-shaped bacteria arranged in pairs or
chains with a rounded shape (Figure S2; Table S1). These seven strains (referred to as Sp-1 to
Sp-7) were selected for molecular identification because their characteristics presented those
of the Bacillaceae family, which is a group known for its phytate-mineralizing and plant
growth-promoting activities, antifungal metabolites production, and biological control
agent [22,25,26].

Based on the BLAST analysis of the 16S rRNA sequence (Figure S3), the Sp-1 to Sp-7
strains were classified as belonging to the genus Lysinibacillus (Table S1). These strains
were evaluated with the biochemical phytate mineralization test using phytase screening
medium (PSM) to identify phytase-producing bacteria. Only the Sp-5 and Sp-6 strains,
which shared 90% identity with L. mangiferihumi according to the molecular identification,
showed the formation of a halo during 36 to 48 h of cultivation, thus indicating degradation
of the phytate molecule (Figures 1 and 2). The Sp-6 bacterium presented a higher mineral-
ization index than Sp-5, with a value of 2.1 ± 0.3 cm compared to the Sp-5 strain’s lower
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index value of 1.1 ± 0.2 cm at pH 7.0. The growth kinetics in these two strains showed
similar growth, reaching OD = 0.516 (Sp-6) and 0.432 (Sp-5) at 120 h.
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(B) strain Sp-6.

3.2. Phytate Mineralization and Phosphate Release from Sedimentary Solid Waste

According to the results obtained in the biochemical phytate mineralization, the
data on the Sp-5 and Sp-6 strain inoculations, phytate mineralization, and phosphate
release from solid waste collected from an experimental aquaponic system were evaluated.
Regardless of the inoculation, oxygen, and temperature conditions, the relative contents
of organic matter (OM) and total nitrogen (N) measured from the solid waste on day 12
were significantly lower than the initial content (day 0), ranging from 64% to 85% and 48%
to 84%, respectively (Figure 3A,B). At the beginning, the relative contents corresponded
to 65 ± 5% OM and 3 ± 0.2% N, while on day 12, it was 42 ± 0.02% at 55 ± 0.7% OM
and 1.4 ± 0.03% at 2.5 ± 0.04% N. Regarding the aerobic conditions, a significant change
in the phytate content was observed regardless of bacterial inoculation and temperature,
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reaching values of 17 to 40% compared to the initial 100% (2.87 ± 0.17 mg/100 g of sample)
(Figure 3C).
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Figure 3. The changes in relative concentrations (%) of (A) organic matter, (B) total nitrogen, and
(C) phytate relative to the initial concentration and after inoculation without/with Lysinibacillus
strains collected in aquaponic systems for 12 days. The data represent the average ± SD. (n = 4).
Different letters represent significant differences between treatment and time of p ≤ 0.05.

On the other hand, the effects of the inoculations with the pure strains of L. mangiferi-
humi were evaluated under different oxygen and temperature conditions. Thus, in deter-
mining if the phytase activity of the strains was affected under these growth conditions, our
results show that PO4

− was significantly increased from day 2 in the treatments inoculated
with pure strains of Sp-6 and Sp-5 compared to the control (Figure 4A). There was no
temperature effect on the release of PO4

− between the control and Sp-5 and Sp-6 treatments
under the conditions evaluated (Figure 4B,C). In contrast, aerobic conditions (200 rpm)
positively affected phytate mineralization from day 6, independently of the control and
bacterial strain, with higher phosphate concentrations in the treatment inoculated with the
Sp-5 and Sp-6 strains; these differences were not significant (Figure 4D,E).
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Figure 4. Effect of the inoculation of pure strains of phytate-mineralizing Lysinibacillus on the
availability of inorganic P in the solution of the solids generated in aquaponic systems. (A) Effect of
strains of Lysinibacillus phytate mineralizers on the mineralization of solids in the system. (B) Effect
of Lysinibacillus (Sp-5) phytate mineralizers under different temperature conditions (24 and 37 ◦C).
(C) Effect of Lysinibacillus (Sp-6) phytate mineralizers under different temperature conditions (24
and 37 ◦C). (D) Effect of Lysinibacillus (Sp-5) phytate mineralizers in different oxygen conditions
(anaerobic and aerobic conditions). (E) Effect of Lysinibacillus (Sp-6) phytate mineralizers in different
oxygen conditions (anaerobic and aerobic conditions). The data represent the mean ± SD. (n = 3).
Different letters represent significant differences between treatments and time (days) at p ≤ 0.05.
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This increase in PO4
− coincided with the decrease in the relative phytate content at

day 12 relative to the initial phytate content at day 0, wherein a lower relative content was
observed in the treatments with aerobic conditions, presenting significant differences at
p < 0.05 (Figure 3C). Likewise, the correlation analysis confirmed the importance of aerobic
conditions for the processes of phytate mineralization and degradation, as, compared to
anaerobic conditions, a high correlation was observed with an R2 of 0.74 (24 ◦C) and 0.81
(37 ◦C); additionally, negative correlation coefficients of −0.86 and −0.90 were observed,
indicating that under aerobic conditions, the concentration of phytate decreases and the
concentration of phosphate increases (Figure 5).
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Figure 5. Correlation analysis between the phosphate and phytate variables in anaerobic and
aerobic conditions.

3.3. Effect of L. mangiferihumi on the Mineralization and Release of Macro- and Micronutrients

The concentrations of macro- and micronutrients at day 0 were as follows (mg L−1): K,
56.8 ± 13; S, 36.02 ± 6.2; Ca, 54.2 ± 5.7; total P, 28.3 ± 7.8; PO4

−, 6.85 ± 0.45; Mg, 16.7 ± 1.5;
Fe, 0.14 ± 0.14; Zn, 0.1 ± 0.01; Cu, 0.04 ± 0.01; Mn, 0.04 ± 0.02; and Mo, 0.8 ± 0.12. The
data obtained at the end of the experiment show a significant increase in each element
(Tables 1 and 2). The factorial analysis revealed significant differences at p ≤ 0.0001 in
the release of PO4

− and total P, indicating that the triple interaction of the inoculation
of the Sp-6 strain under aerobic conditions (200 rpm) at 24 ◦C had a positive effect on
the increase in the concentrations (33.4 ± 0.96 and 1193.9 ± 70.7 mg L−1, respectively).
Also, significant differences in Ca, Mg, and S (p ≤ 0.01 and p ≤ 0.05) were obtained in the
triple interactions, where the combination of aerobic conditions, temperature at 24 ◦C, and
inoculation with the Sp-5 and Sp-6 bacteria increased Ca availability. In contrast, aerobic
conditions and 24 ◦C, regardless of bacterial inoculation, favored the release of Mg and S.
Meanwhile, there were double interactions (p ≤ 0.05) between anaerobic conditions and
bacterial inoculation for K, where K availability increased without bacterial inoculation
(Table 1). Fe presented significant differences among the treatments, and the factorial
analysis showed a significant double interaction between aerobic conditions and bacterial
inoculation (Table 2). Still, there were significant differences among the treatments in Zn,
Cu, Mn, and Mo availabilities.
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Table 1. Effect of Lysinibacillus on the release and availability of macronutrients during the mineralization of solid waste generated in aquaponic systems.

Inoculation Temp. Oxygen K S Ca Total P P (PO4−) Mg
Strain ◦C rpm mg L−1

Control
24

0 189.5 ± 52.1 a 306.2 ± 20.7 de 90.9 ± 6.9 e 262.8 ± 3.5 cd 7.3 ± 1.4 fg 25.9 ± 0.9 c

200 114.6 ± 42.2 e 470.4 ± 9.4 a 200.0 ± 3.4 d 73.6 ± 32.2 f 18.3 ± 1.4 c 30.9 ± 0.9 a

37
0 139.7 ± 52.7 b 359.7 ± 17.6 bc 55.0 ± 3.6 f 82.9 ± 9.8 f 6.4 ± 0.6 g 22.5 ± 0.1 d

200 86.6 ± 30.2 e 329.1 ± 18.2 cde 55.0 ± 3.2 f 72.2 ± 10.3 f 16.8 ± 0.4 cd 22.3 ± 1.8 d

Sp-5
24

0 147.1 ± 41.7 bcd 296.6 ± 3.7 cde 41.7 ± 3.8 fg 320.9 ± 71.1 cd 7.3 ± 2.5 g 22.7 ± 2.0 d

200 122.3 ± 3.79 bcd 465.9 ± 8.1 a 301.9 ± 8.1 a 534.1 ± 6.0 de 15.0 ± 4.8 d 31.7 ± 1.1 a

37
0 149.9 ± 31.2 bc 329.2 ± 11.7 ef 39.5 ± 11.7 gh 149.3 ± 29.5 ef 9.8 ± 1.3 ef 19.5 ± 0.6 e

200 102.4 ± 5.5 cde 364.6 ± 4.8 bc 277.7 ± 4.8 b 872.9 ± 114.5 b 27.8 ± 2.7 b 28.7 ± 0.1 b

Sp-6
24

0 125.2 ± 2.4 bcd 269.0 ± 5.8 q 33.5 ± 5.8 gh 356.3 ± 39.2 cd 10.9 ± 1.3 e 23 ± 1.0 d

200 124.9 ± 6.4 bcd 473.0 ± 4.5 a 302.8 ± 4.5 a 1193.9 ± 70.7 a 33.4 ± 1.6 a 31.9 ± 0.8 a

37
0 141.5 ± 4.1 b 303.0 ± 1.2 f 31.3 ± 1.2 h 143.9 ± 19.9 ef 8.1 ± 1.0 g 19.0 ± 1.0 e

200 92.1 ± 14.6 de 323.0 ± 34.8 bcd 238.3 ± 34.8 c 638.9 ± 1.0 b 27.01 ± 1.0 b 26.1 ± 2.8 b

ANOVA *** *** *** *** *** ***
Temp × Oxygen NS * NS NS NS NS

Temp × Inoculation NS NS * *** *** *
Oxygen × Inoculation * NS *** *** *** ***

Temp × Oxygen × Inoculation NS * ** *** *** **

Values represent means, and bars indicate ± SD (n = 3). Different letters indicate significant differences between treatments. NS, *, **, *** mean no significant or significant at p < 0.05,
0.01, or 0.001, respectively.
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Table 2. Effect of Lysinibacillus on the release and availability of micronutrients during the mineralization of solid waste generated in aquaponic systems.

Inoculation Temp. Oxygen Fe Zn Cu Mn Mo
Strain ◦C rpm mg L−1

Control
24

0 0.9 ± 0.3 a 0.7 ± 0.1 ND ND 0.1 ± 0.9
200 0.7 ± 0.1 abc 1.0 ± 0.2 0.03 ± 0.01 ND 0.2 ± 0.2

37
0 0.3 ± 0.1 de 0.8 ± 0.01 ND ND 0.3 ± 0.03

200 0.1 ± 0.1 e 0.6 ± 0.02 0.02 ± 0.03 ND 0.5 ± 0.2

Sp-5
24

0 0.4 ± 0.06 cde 0.6 ± 0.01 ND ND ND
200 1.0 ± 0.05 a 0.8 ± 0.3 0.04 ± 0.02 0.3 ± 0.2 0.6 ± 0.4

37
0 0.9 ± 0.08 ab 0.3 ± 0.2 0.06 ± 0.02 ND 0.2 ± 0.1

200 1.0 ± 0.1 a 0.9 ± 0.4 0.02 ± 0.05 0.4 ± 0.02 0.3 ± 0.2

Sp-6
24

0 0.4 ± 0.07 bcde 0.7 ± 0.09 0.05 ± 0.09 ND 0.2 ± 0.3
200 0.9 ± 0.2 a 0.5 ± 0.05 0.04 ± 0.07 0.4 ± 0.06 0.2 ± 0.3

37
0 0.3 ± 0.1 de 0.8 ± 0.3 0.06 ± 0.03 ND 0.2 ± 0.02

200 0.6 ± 0.03 abcd 0.5 ± 0.1 0.02 ± 0.08 0.3 ± 0.1 ND

ANOVA * NS NS NS NS
Temp × Oxygen NS NS NS NS NS

Temp × Inoculation ** NS NS NS NS
Oxygen × Inoculation * NS NS NS NS

Temp × Oxygen × Inoculation NS NS NS NS NS

Values represent means and bars indicate ± SD (n = 3). Different letters indicate significant differences between treatments. Detection limit: Cu < 0.05; Mn < 0.01; Mo < 0.01. ND means
not detected. NS, *, **, mean no significant or significant at p ≤ 0.05, or 0.01, respectively.
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4. Discussion
4.1. Isolation and Identification of Phytate-Mineralizing Bacteria

Limited studies have been carried out on characterizing the bacterial communities
present in solids from aquaponic systems and their application for organic matter miner-
alization and plant growth promotion [8,27]. To our knowledge, this is the first study on
the isolation and identification of pure strains from the solids accumulated in aquaponic
systems and their application as inoculum for optimizing the degradation of organic matter
in solids.

In this study, through microscopic and molecular analyses, we isolated and identified
seven bacteria strains belonging to the genus Lysinibacillus with 87 to 92% identity or
similarity (Table S1 and Figures S2 and S3). This genus belongs to the Gram-positive
mesophilic bacteria from the Bacillale order and is phylogenetically related to the Bacillus
genus [12]. A study of metagenomic analyses carried out on the taxonomic characterization
of bacterial communities present in aquaponic systems up to the phylum level found that
93.2% of the molecular readings corresponded to bacteria of the Firmicutes phylum. This
group is divided into several classes, mainly Bacilli, Clostridia, and Mollicutes [27]. This
supports the findings in the present study as Lysinibacillus was possibly present as part of
the Bacilli class, Bacillale order.

The results from the biochemical mineralization test at pH 7.0 show a greater phytate
degradation by the Sp-6 (2.1 ± 0.3 cm) than the Sp-5 (1.1 ± 0.2 cm) strain at 36 and 48 h
of bacterial growth (Figure 1). The growth kinetics of these strains in phytate screening
medium at pH 7.0 and 200 rpm present an exponential growth from approximately 12 to
60 h, not reaching a deceleration phase (Figure 2). To our knowledge, there are no studies
on phytate activity in Lysinibacillus. However, data reported on different species of Bacillus
spp. show that experiments performed under similar conditions (PSM medium, pH 6.5–7.5,
37–40 ◦C, and 180–200 rpm) have presented growth kinetics different to our study, reaching
an OD600 of 1.2 and presenting an exponential phase of 12 to 36 h; a stationary phase
of 36 to 48 h with a higher peak of phytase production; and followed by a deceleration
phase [22,28–34]. The above shows that Lysinibacillus presents a capacity to mineralize
phytate, with a slower growth (OD600 of 0.43 in Sp-5 and OD600 of 0.52 in Sp-6) concerning
Bacillus. Nonetheless, further enzymatic studies are still required to determine and confirm
its highest peak in the production of the phytase enzyme.

Through molecular identification, these two strains (Sp-5 and Sp-6) showed 90%
identity or similarity with Lysinibacillus mangiferihumi (Table S1). Notably, this bacterium
has not been implicated as a pathogen for fish and plants. Lysinibacillus sp. can produce
toxins and bacteriocins that aid in disease control [21].

The Sp-1, Sp-3, and Sp-7 strains also showed high identity with L. mangiferihumi;
however, these did not show phytate-mineralizing activity. This difference may be due
to genetic variation among the different populations within the same species, thereby
influencing the enzyme activity for phytate degradation somewhat [35]. Therefore, this is a
hypothesis that must be studied.

4.2. Phytate Mineralization in Sedimentary Solid Waste from Aquaponic Systems and Their Effect
on Phosphorus Solubilization

Some studies have reported that a large portion of the nutrients from fish feed are
present in an organic and insoluble form in the uneaten feed and fish feces (solid waste)
generated in aquaponic systems, and so are not readily available to plants [36]. A few recent
studies on mineralization in aquaponics show differences between aerobic and anaerobic
conditions, but which conditions are better still needs to be clarified [4,17,37]. Therefore,
we have evaluated the effects of inoculation with pure strains of L. mangiferihumi (Sp-5 and
Sp-6) on phytate mineralization and nutrient release under different temperature (24 ◦C
and 37 ◦C) and oxygen (anaerobic and aerobic) conditions.

The decrease in the content of OM and total N after 12 days of mineralization
(Figure 3A,B) could be caused by different biochemical processes mediated by the het-
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erotrophic microorganisms present in solid waste. Part of the nutrients, mainly carbon and
nitrogen, generated during the decomposition process can be used by microorganisms to
perform their metabolic functions, and other parts of the nutrients may be available for
plants [4,38].

The results obtained on the release of phosphorus in the PO4
− form show a significant

increase from day 2 of the mineralization process in the treatments inoculated with pure
L. mangiferihumi strains (Sp-6 and Sp-5) compared to the control (Figure 4A). Contrastingly,
there were no differences between the 24 and 37 ◦C temperature conditions (Figure 4B,C). In
aerobic conditions, a significant effect was observed, where PO4

− concentrations increased
on day 6 with anaerobic conditions in both the control and Sp5 and Sp-6 treatments
(Figure 4D,E).

This release of PO4
− coincides with the decrease in phytate during the experiment.

The relative phytate content showed no significant differences between the phytate con-
centrations in the control treatment and the treatments inoculated with the pure strains of
L. mangiferihumi in anaerobic conditions (Figure 3C). Meanwhile, in the treatments with
aerobic conditions, regardless of bacterial inoculation (control; Sp-5 and Sp-6) and tem-
perature, a significant decrease was observed on day 12 compared to the initial phytate
content at day 0 (Figure 3C). The above shows that the presence of L. mangiferihumi favors
an increase in PO4

−, and that aerobic conditions are an important factor that favors both
bacterial activity in phytate mineralization and an increase in PO4

−. The correlation study
supported the importance of oxygen in bacterial activity, where high negative correlation
coefficients of −0.86 and −0.90 at 24 ◦C and 37 ◦C, respectively, were obtained (Figure 5).

On the other hand, the decrease in phytate, both in the control and inoculated treat-
ments under aerobic conditions at 24 and 37 ◦C, did not show any differences (Figure 3C).
This does not match with the PO4 increase, since the concentration of this element’s release
was statistically higher in the inoculated treatments than in the control (Figure 4A). These
results could be due to two reasons: (1) the aerobic conditions were ideal to allowing the
phytate-degrading ability of the microbial populations to enact enzymatic activity on the
contents naturally present in the solids (control); and (2) the inoculated bacteria (Sp-5 and
Sp-6) helped to degrade the phytate present in the solids, possibly solubilizing other forms
of non-assimilable phosphorus such as hydroxyapatite, monocalcium phosphate, dicalcium
phosphate, and tricalcium phosphate, which can also be found in fish feed and, therefore,
in the solids accumulated in the systems [39,40].

These findings on Sp-5 and Sp-6 strains are potentially important for their application
in agriculture and traditional aquaculture, as well as for the optimization of mineralization
in aquaponics, since, recently, the application of P as a fertilizer in agricultural production
is still a subject of discussion due to concerns exhausting reserves of phosphoric rock
(non-renewable resource) and the little availability of this element in soil [41]. Likewise, in
traditional aquaculture and CRASs, these solids are released into the environment, causing
environmental pollution and eutrophication, wherein a large portion of phosphorus is
found in forms that cannot be assimilated to plants [11].

4.3. Effect of L. mangiferihumi on the Release of Macro- and Micronutrients during the
Mineralization Process

Lysinibacillus is a genus that has not yet been studied much; however, it has found
important roles in agricultural and environmental applications, such as growth-promoting
capacity in plants, biocontrol activity against phytopathogenic fungi, and aid in the uptake
of heavy metals [42–45]. Nevertheless, this study found that L. mangiferihumi acts as a
phytate-mineralizing species that helps to release and increase mainly PO4

− and Ca in
aquaponic solutions.

A factorial analysis of the macro- and micronutrients was carried out on day 10 of the
mineralization process, when the concentrations of PO4

− were the highest in the treatment
inoculated with the Sp-6 strain compared to the control and the treatment inoculated
with the Sp-5 strain (Figure 3A). This increase in nutrients at day 10 of mineralization,
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compared to the initial time (Tables 1 and 2), shows an important effect of the evaluated
conditions on the release of nutrients and is supported by studies that report that the
nutrient release during the organic matter degradation is influenced by different factors
such as pH, temperature, oxygen, biological activity, and C:N ratio [38].

The significant increases in Ca and Mg (Table 1) coincided with the treatments that
showed the highest degradation of phytate and release of P and PO4

−, which might be
explained by the biological activity of L. mangiferihumi in phytate degradation. On the other
hand, the significant increase in S could be explained by the degradation of the protein
present in the solids, since this element is present in the structure of some amino acids,
mainly methionine, which is one of the amino acids essential and required for the initiation
of protein synthesis and which is supplemented as an additive in fish feed because the
organism cannot synthesize it by itself [46].

Contrarily, the anaerobic conditions without bacterial inoculation favored a significant
increase in K. Therefore, this could be due to the biological activity occurring in these
conditions or possibly due to the use of this element for the metabolic processes of the
microbial population in aerobic conditions, as K is necessary for the activation of some
enzymes and its concentration in the cells of Gram-positive bacteria is influenced by the
concentration of teichoic acids in the cell wall [35].

In a hydroponic solution, it is reported that the ideal concentrations of macronutrients
for the growth of vegetables are from 30 to 60 mg L−1 of P in the form of PO4

−; 240 to
350 mg L−1 of K; 140 to 240 mg L−1 of Ca; and 45 to 55 mg L−1 Mg [47]. Compared to the
above, the concentrations obtained in the present study were within the suggested range
for PO4

− and 60 mg L−1 higher for Ca, but 15 mg L−1 and 50 to 160 mg L−1 lower for Mg
and K, respectively, than those suggested in hydroponics. Some researchers have reported
that K may be mandatory as a supplement in aquaponic systems since fish feed presents
a low composition of this element. Therefore, the K concentration in the solids is lower,
which indicates that mineralization is insufficient to reach the concentrations suggested in
hydroponics [9]. However, in the present study, the final concentration of K in the solids
at day 12 day of mineralization was 5.7 to 7.2 mg g−1 (Table S2), which is higher than
the 0.2 mg g−1 reported by Delaide (2017) [48] with and lower than the 7.31% reported
by Raffie and Roos (2007) [49]. Therefore, studies that show the low availability of K in
the solids generated in these systems and evaluate biological processes that optimize the
degradation of solids in anaerobic conditions need to be conducted.

There are no significant differences between treatments and interactions in the releases
of Zn, Cu, Mn, and Mo, which indicates that the factors evaluated did not significantly
influence their release or mineralization (Table 2). Unlike these elements, Fe significantly
increased, changing in concentration from 0.9 to 1.0 mg L−1. The factor analysis showed
a significant interaction, in which its increase was favored in three interactions: (1) under
anaerobic conditions at 24 ◦C without bacterial inoculation (control); (2) under aerobic
conditions at 37 ◦C with inoculation of L. mangiferihumi; and (3) under aerobic conditions
at 24 ◦C, regardless of bacterial inoculation (Table 2). These data show that the availability
of Fe could be affected by the different conditions evaluated in the experiment. Therefore,
we cannot clearly define which factors caused this increase. The above could have occurred
because Fe is one of the elements that oxidizes and is easily affected by pH and the presence
of other elements, causing changes in its chemical composition, or generating its precipitation
in the solution [3]. For this reason, it is necessary to carry out more studies that define what
conditions significantly increase the levels of the form available and assimilable to the plant.

Micronutrients are essential for plant growth in smaller quantities; their function is
vital for plant development since they serve as activators of enzymatic reactions and are
involved in different physiological processes in plants [50]. The suggested or recommended
concentrations are 1 to 2 mg L−1 Fe, 0.3 mg L−1 Zn, 0.05 mg L−1 Cu, 0.5 to 1.0 mg L−1 Mn,
and 0.05 mg L−1 Mo [38]. Based on the above concentrations, our results show that the
Fe, Cu, and Mn concentrations at day 10 of mineralization do not reach the concentrations
suggested for the plant, while remaining in the organic solids at concentrations of 2.9 to
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5.0 mg g−1 for Fe, 0.2 mg g−1 for Cu, and 0.5 to 0.7 mg g−1 for Mn (Table S2). Therefore,
this indicates that more studies are still needed to evaluate other factors that may influence
the release of these micronutrients and optimize the mineralization of these elements in
these systems.

The results reported above coincide the relative increase in electrical conductivity,
which indicate the salt concentration in the solution. In anaerobic conditions, the electri-
cal conductivity (EC) showed few increases in its value, as the control ranged between
2.07 ± 0.04 (day 0) to 2.17 ± 0.13 µS cm−1 (day 12) with a relative increase of 4.83 ± 5.66%;
the treatment with L. mangiferihumi presented 2.1 ± 0.05 µS cm−1 at day 0, reaching an EC of
2.31 ± 0.13 µS cm−1 (Sp-5) and 2.30 ± 0.06 µS cm−1 (Sp-6) at day 12, with relative average
increases of 11.34 ± 4.53% and 11.37 ± 1.58%. The aerobic conditions presented high EC
with respect to the anaerobic conditions, and a higher concentration in the treatments with
bacterial inoculation was seen compared to the control. The treatment inoculated with Sp-5
ranged from between 2.07 ± 0.05 µS cm−1 (day 0) to 2.45 ± 0.04 µS cm−1, and the treatment
with Sp-6 ranged from between 2.1 ± 0.03 µS cm−1 (day 0) to 2.44 ± 0.04 µS cm−1 (day
12), with relative average increases of 18.34 ± 2.64% and 16.49 ± 1.09%, respectively. The
control presented an EC ranging from 2.08 ± 0.04 µS cm−1 (day 0) to 2.28 ± 0.08 µS cm−1

(day 12), with a relative average increase of 9.61 ± 3.50%.
Additionally, during the mineralization process under anaerobic conditions, the pH

increased from 7.6 ± 0.07 to 8.3 ± 0.14 and 8.5 ± 0.14, whereas under aerobic conditions,
the pH decreased from 7.6 ± 0.13 to 6.5 ± 0.08 (control) and 5.9 ± 0.08 (Sp-5 and Sp-6
treatments). The differences in pH behavior may be due to the different physical, chemical,
and biological processes that can be carried out in anaerobic and aerobic conditions during
the degradation of organic matter [51,52].

In aquaponics, aspects such as pathogen control, nutrient availability, proliferation
of microalgae, and diseases in plants and fish still need to be solved and improved for
aquaponic farmers [1]. Recent studies have focused on evaluating the efficiency of these
systems through the application or inoculation of beneficial microorganisms that enhance
nitrification processes [53], growth [54–56], and pathogen control [57].

Li et al. (2019) [53] report an increase in the transformation of TAN to nitrate through
the implementation of a biofilter composed of porous polymer particles suspended or
enriched with nitrifying bacteria, showing removal efficiencies of 71.8% for TAN and 58.5%
for nitrite. Piñero et al. 2023 [55] report that using plant growth-promoting bacteria such
as Azotobacter and Azospirillum improves mineral absorption, the efficiency of nitrogen
utilization, and plant development. Sirakov et al. (2016) [57] and other researchers [58–60]
report on the control of pathogens by using nutrient competition and the production of
secondary metabolites such as antibiotics through the inoculation of Bacillus spp., Sac-
charomyces, and Lactobacillus spp. The present study provides other exciting findings to
optimize the mineralization or release of nutrients by applying L. mangiferihumi.

5. Conclusions

Our results show that the activity of the identified bacteria, such as phytate mineraliz-
ers isolated from the hydrocyclone of an aquaponic system, requires oxygen to carry out
its function. The pure strain of L. mangiferihumi (Sp-6) favored the degradation of phytate
under oxygen conditions and at a temperature of 24 ◦C, leading to a significant increase
in the release of phosphate and Ca during the mineralization process in comparison to
the Sp-5 strain and the control. This information is helpful for potential application in
agriculture and the optimization of mineralization in aquaponic systems.

The increase in nutrients during the mineralization may not be caused solely by the
bacterial activity of L. mangiferihumi. It could also be due to the biological activity of other
microorganisms and/or chemical reactions during the mineralization under different oxy-
gen and temperature conditions. It was found that anaerobic conditions favor an increase
in K. In contrast, the combination of aerobic conditions and temperature at 24 ◦C increased
the availability of S, Mg, and Fe independently of the inoculation with L. mangiferihumi.
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