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Abstract: Aquaponics are efficient systems that associate aquatic organisms’ production and plants
by recirculating water and nutrients between aquaculture and hydroponic tanks. In this study, we
characterised the bacterial communities in the freshwater aquaponics system that can mineralise
polysaccharides and phytate by producing carbohydrate-degrading enzymes and phytases, by 16S
rRNA gene sequencing and in vitro culture techniques. Around 20% of the operational taxonomic
units (zOTUs) identified were previously reported to carry fibre-degrading enzyme putative genes,
namely β-glucanase (1%), xylanase (5%), or cellulases (17%). Ten % of the zOTUs were previously
reported to carry putative genes of phytases with different catalytic mechanisms, namely β-propeller
(6%), histidine acid phytases (3%), and protein tyrosine phytase (<1%). Thirty-eight morphologically
different bacteria were isolated from biofilms accumulated in fish and plant compartments, and
identified to belong to the Bacilli class. Among these, 7 could produce xylanase, 8 produced β-
glucanase, 14 produced cellulase, and 11 isolates could secrete amylases. In addition, Staphylococcus
sp. and Rossellomorea sp. could produce consistent extracellular phytate-degrading activity. The
PCR amplification of β-propeller genes both in environmental samples and in the isolates obtained
showed that this is the most ecologically relevant phytase type in the aquaponics systems used.
In summary, the aquaponics system is abundant with bacteria carrying enzymes responsible for
plant-nutrient mineralisation.

Keywords: aquaponics; metabarcoding; bacterial communities; carbohydrases; phytases

1. Introduction

Aquaponics is a sustainable closed-loop recirculating aquaculture system (RAS), com-
bined with hydroponic crops, where the integrated production of plants and aquatic
animals can be achieved [1–3]. There is a variety of salt and freshwater fish, invertebrates,
and plant species that can be cultivated in aquaponics systems, including tilapia, catfish,
finfish, flatfish, shrimp, sea urchin, and several types of plants, like culinary herbs, lettuce,
algae, and fruiting crops [4].

Aquaponics systems have recently received high interest from the general public due
to their ability to produce fish and vegetables in small areas simultaneously, drastically
improving water management compared to when hydroponics and aquaculture are carried
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out independently [5,6]. Additionally, it reduces the cost of effluent treatment and the envi-
ronmental impact of water nutrient pollution resulting from agriculture and aquaculture
production activities [2,7].

Water and biofilm microorganisms present in aquaponics systems have an essential
role in the nutrient cycling from fish faecal matter and their bioavailability to plants [8,9].
In aquaponics systems, heterotrophic microorganisms use undigested fish feed as an
organic energy source, while chemo-litho-autotrophic nitrifiers utilise dissolved ammonia
instead [10]. These microorganisms play an important role in converting fish organic wastes
into valuable plant nutrients (e.g., PO4

−, NH4
+, NO3

−) which can then be taken up by
plants in their ionic forms, eliminating the need for plant fertiliser inputs [11]. Aquaponics
systems display diverse microniches for the growth of microbial populations [8,12]. Due
to different types of cultivated fish and plants, characteristics of water, design of fish and
plant compartments, nutrient composition, and temperature of effluents, diverse microbial
communities carry out the cycling of various nutrients on this system [2,13].

On the other hand, non-starch polysaccharides (NSPs) and phytate are among the
main challenges when plant-based fish feed is used [14–16]. Plant-based feeds have a high
phytate content, and fish cannot efficiently utilise phytate [17]. This leads to the excretion of
phytate into the water, resulting in nutrient pollution, algal growth, and hypoxic environ-
ments [18]. However, water microorganisms carrying extracellular phytases can mineralise
phytate present in the fish feed [19,20]. Fish diets can also be supplemented with phytase
to increase phosphorus availability and decrease phytate anti-nutrient activity [21].

Fish feeds are rich in indigestible fibre that can only be degraded after excretion by
an array of water and biofilm microbes, making the aquaponics systems an interesting
environment to study bacterial strains that produce non-starch polysaccharide (NSP)-
degrading enzymes. Fish lack the enzymes capable of hydrolysing the NSP β-glycosidic
bonds [22]. Similarly to phytases, exogenous carbohydrases can be supplemented with
plant-based fish feed to increase NSP digestibility, increase feed energy value, and decrease
NSP anti-nutrient activity [15]. Both phytate- and NSP-degrading enzymes are highly
valued as feed additives, and aquaponics systems represent a possible source of new
enzymes with improved properties compared to the ones available in the market [15].
However, most microbial studies in aquaponics systems focused on ammonia and nitrite
oxidiser bacteria, or on the presence of pathogens [8].

The present study aimed to investigate the diversity of bacterial communities associ-
ated with phytate and NSP mineralisation in an aquaponics system using MiSeq 16S rRNA
V4 gene sequencing, together with isolation and the screening of bacterial strains capable
of secreting cellulase, xylanase, β-glucanase, and phytase enzymes.

2. Materials and Methods
2.1. Aquaponics System and Samples Collection

An outdoor aquaponics system was installed at Sultan Qaboos University, Muscat,
Oman (23.5896◦ N, 58.1735◦ E). It was composed of three compartments: one fish tank with
4 Nile tilapia (Oreochromis niloticus, average length 20 cm) connected to a hydroponic unit
(plant compartment), and a water treatment unit. The water from the fish tank was used
to grow lettuce (Lactuca sativa) hydroponically. Each aquaponics unit contained 10 lettuce
plants floating in the surface of the water in the plant compartment. The treatment unit was
used to maintain the water quality in an optimal range. It had a sand filter that removed
solids from the water, a biological filter (Bactoballs®, Maníkovice, Czech Republic) that
removed ammonia, and a pump that pumped the water back to the fish tank. The total
volume of each aquaponics unit was 600 L and the flow rate used was 1 L min−1. The
outdoor aquaponics system was shaded to reduce natural sunlight, and had an average
light intensity of 100 µmol m−2 s−1 during the experiment. Three replicated identical
aquaponics units were used in this study, independently sampled and analysed.

The biofilm/water samples were collected on 23 January 2020, and the aquaponics
systems ran for one month before sampling. Biofilms accumulated on the walls of fish
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and plant compartments were scraped using a sterile spatula. Biofilms samples were
collected in multiple locations of each compartment. Three aquaponics units were sampled
independently. Biofilms samples suspended with site water from the corresponding
compartment in a sterile 15 mL centrifuge tube (Falcon) were homogenised to obtain a
representative sample. For the plant compartment samples, biofilms associated with the
root of lettuce were also collected. Then, collected biofilm samples were freshly assayed.

In addition, 50 mL water samples from the fish tank and plant compartments were
collected at the end of the experiment and water samples were preserved in a freezer
(−20 ◦ C) for further analysis. Additionally, water quality was analysed. Water pH and
water electrical conductivity were determined. The elemental composition of water was
analysed by ICP OES (Thermo Scientific, Dartford, UK). The temperature and light in
both compartments were monitored using HOBO Pendant® loggers (ONSET, Bourne, MA,
USA). Light intensity was measured at the bottom of the compartment in lux and converted
to µmol m−2 s−1. Results from the background water analysis are displayed in Table 1.

Table 1. Average temperature (T ◦C), light intensity (µmol m−2 s−1), pH, electrical conductivity (EC, mS m−1), and metal
elemental concentration (mg L−1) in the water samples collected from the fish and plant compartments (n = 3) of the studied
aquaponics system.

Compartment T (◦C) Light pH EC P K Ca Mg Na Cu Zn

Fish 29.2 0.24 6.1 2.4 25 33.9 81.8 63.1 198 0.3 <0.01
Plant 29.7 0.19 5.8 2.9 28 34.5 83.8 65.2 183 0.5 <0.01

2.2. Prokaryote Diversity through 16S rRNA Gene Sequencing

The total genomic DNA was extracted from each of the six biofilm and water samples
using a PurelinkTM microbiome DNA purification kit (Thermo Fisher Scientific, Dartford,
UK) following the manufacturer’s protocol. Then, the concentration and purity of DNA
were measured using a NanoDropTM (Thermo Fisher Scientific, Dartford, UK) spectropho-
tometer. The DNA extracts were sent to Molecular Research (Shallowater, TX, USA) for
bacterial 16S (515–806) amplicon diversity assays using bTEFAP® PGM/S5 (Shallowater,
TX, USA). The V4 variable region of the bacterial 16S rRNA gene was amplified using 515F
forward and 806R reverse primers with a barcode on the forward primer during 35 cycles
of PCR using the HotStarTaq Plus Master Mix Kit (Qiagen, Shallowater, TX, USA). The
following conditions were used: 94 ◦C for 3 min, followed by 35 cycles of 94 ◦C for 30 s,
53 ◦C for 40 s, and 72 ◦C for 1 min; thereafter, a final elongation step at 72 ◦C for 5 min
was performed. After amplification, PCR products were checked in 2% agarose gel to
determine the success of amplification and the relative intensity of the bands. Samples were
purified using calibrated Ampure XP beads. Pooled in equimolar ratios, the purified PCR
products were sequenced using the Illumina MiSeq platform in MR DNA [23] following
the manufacturer’s guidelines.

The sequence data were processed using the MR DNA ribosomal and functional
gene analysis pipeline and in-house built software [23]. Sequences were depleted of
barcodes and primers. Sequences with ambiguous base calls or with homopolymer runs
exceeding 6 bp or short sequences < 150 bp were removed. Sequences were denoised,
and operational taxonomic units (zOTUs) were defined clustering at 3% divergence (97%
similarity) followed by singleton sequences and chimeras removal. Final zOTUs were
taxonomically classified using BLASTn against a curated database derived from RDPII and
NCBI (www.ncbi.nlm.nih.gov, accessed on 1 November 2020).

zOTUs Reported to Carry Phytases and Carbohydrases Enzymes

The assigned taxa from the 16S rRNA sequences obtained through the microbial
diversity analysis were compared the bacterial species reported in the Pfam database
(http://pfam.xfam.org/, accessed on 14 September 2020) to carry different types of phy-
tases and carbohydrases. The following protein families were selected and used in this

www.ncbi.nlm.nih.gov
http://pfam.xfam.org/
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analysis: beta-propeller phytase (BPP) (phytase (PF02333)), histidine acid phosphatase
(HAP) (His_Phos_2 (PF00328)), Cellulase N-terminal ig-like domain (cellulase) (CelD_N
(PF02927)), protein tyrosine phytases (PTP) (PTPlike_phytase (PF14566)), Beta-1,3-glucanase
(β-glucanase) (Glyco_hydro_64 (PF16483)), and Carbohydrate family 9 binding domain-
like (xylanase) (CB_M91 (PF06452)). This cross-referencing was used as soft evidence for
the presence and abundance of these enzymes across the samples. The bacteria screening
for the studied enzymes was taken as strong evidence of the presence and abundance of
these enzymes in the aquaponics system. Moreover, other inaccuracies may appear due to
the use of the RDP database.

2.3. Isolation and Identification of Bacterial Strains

Bacterial strains were isolated from both fish and plant compartments by enrichment
of 1 g of each biofilm sample in 20 mL of water from a corresponding compartment, 20 mL
compartment water with sterile 3% wheat bran (natural source of phytate and fibres), and
minimal media M9 [24]. The mixture was incubated at 37◦C for three days. Subsequently,
100 µL from each enrichment were submitted to serial dilution, inoculated on nutrient agar,
and incubated at 30 ◦C for one day. Pure colonies were streaked clean in fresh nutrient agar
plates separately and grown for another day at 30 ◦C. The isolated strains were conserved
in 25% glycerol-nutrient broth for subsequent assays.

Bacterial genomic DNA was extracted from all strains for further PCR assays using
a HiPurA™ Kit (HiMedia, Mumbai, India). All isolated strains positive for extracellular
enzyme activities (19 strains) were identified by 16S rRNA gene sequencing. For this
purpose, the universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R
(5′-TACGGYTACCTTGTTACGACTT-3′) [25] were used with a Hi-Chrom PCR Master Mix
(HiMedia, Mumbai, India) according to the manufacturer’s instructions. The PCR reactions
were performed using 4 min hot start at 96 ◦C, followed by 30 cycles of 30 s at 94 ◦C, 30 s
at 57 ◦C and 1 min at 72 ◦C, and a final extension step at 72 ◦C for 10 min. Amplicons
were purified and both forward and reverse sequenced at the Macrogen sequencing service
(Macrogen Inc., Seoul, Korea). The sequences were aligned, trimmed, and compared to the
closest sequence (highest ID from NCBI GenBank) and the cleaned consensus sequences
were deposited in NCBI GenBank (Table 2).

2.4. Screening for Carbohydrase-Producing Bacteria
2.4.1. Screening for Non-Starch Polysaccharide-Degrading Bacteria

Bacterial isolates were inoculated onto xylanase screening agar and β-glucanase
screening agar plates, which constituted of 5 g L−1 xylan (or 5 g L−1 β-glucan for β-
glucanase screening agar), 2 g L−1 yeast extract, 0.5 g L−1 NaCl, 0.1 g L−1 CaCl2, 5 g L−1

peptone, 0.5 g L−1 MgSO4·7H2O, and 20 g L−1 agar dissolved in distilled water [26] and
incubated for 48 h at 37 ◦C. Then, plates were flooded with 0.1% Congo red (Sigma)
solution and washed with 1 M NaCl (Sigma) solution. The presence of a clear zone (halo)
indicated the isolate’s extracellular β-glucanase enzymatic activity. The halo and colony
diameters were recorded as semiquantitative evidence of the β-glucanase activity expressed
by each strain.

For the screening of cellulase-producing bacteria, carboxymethyl cellulose (CMC) agar
medium was used, containing 5 g/L carboxymethyl cellulose, 1 g L−1 NaNO3, 1 g L−1

K2HPO4, 1 g L−1 KCl, 0.5 g L−1 MgSO4, 0.5 g L−1 yeast extract, and 15 g L−1 agar
dissolved in distilled water [27]. A loopful of bacterial suspension was spotted onto agar
and incubated at 37 ◦C for 48 h. Similarly to the β-glucanase assays, plates were stained by
flooding with 0.1% Congo red then washed using 1 M NaCl solution, and the clearance
zone diameter was recorded.
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Table 2. Lab isolation name, length of the 16S rRNA gene sequence, nucleotide sequence length of the strains obtained, NCBI GenBank sequence with the highest identity with the isolate’s
16S rRNA gene, assigned strain name, and GenBank accession number of the deposited 16S rRNA sequence.

Isolation ID Length (bp)
NCBI Genbank Closest Match

Assigned Strain Name Accession N.
Seq. ID Identity Q.Cover Species

SWAM_2Aq 1359 MT539995.1 100.00% 100% Bacillus subtilis Bacillus subtilis 2Aq OK626679
SWAM_6Aq 1318 MT229334.1 98.79% 100% Bacillus velezensis Bacillus velezensis 6Aq OK626680
SWAM_7Aq 1287 KM922586.1 98.45% 100% Bacillus subtilis Bacillus subtilis 7Aq OK626681
SWAM_8Aq 1299 KM922586.1 98.00% 100% Bacillus subtilis Bacillus subtilis 8Aq OK626682
SWAM_10Aq 1317 MF521557.1 93.06% 100% Bacillus cereus Bacillus cereus 10Aq OK626683
SWAM_13Aq 1395 MN330286.1 99.63% 97% Bacillus subtilis Bacillus subtilis 13Aq OK626684
SWAM_15Aq 1405 MK859953.1 99.15% 100% Bacillus licheniformis Bacillus licheniformis 15Aq OK626685
SWAM_16Aq 1327 MW578436.1 91.40% 99% Bacillus licheniformis Bacillus sp. 16Aq OK626686
SWAM_17Aq 1422 MH005066.1 91.82% 99% Bacillus infantis Bacillus sp. 17Aq OK626687
SWAM_18Aq 1416 MT122066.1 99.36% 100% Bacillus tequilensis Bacillus tequilensis 18Aq OK626688
SWAM_21Aq 1446 CP035288.1 93.05% 99% Staphylococcus epidermidis Staphylococcus sp. 21Aq OK626689
SWAM_22Aq 1347 LS974830.1 93.87% 100% Rossellomorea marisflavi Rossellomorea sp. 22Aq OK626690
SWAM_23Aq 1380 MN704425.1 98.04% 99% Bacillus stercoris Bacillus subtilis 23Aq OK626691
SWAM_26Aq 1414 MT111029.1 98.46% 100% Bacillus subtilis Bacillus tequilensis 26Aq OK626692
SWAM_28Aq 1427 MT326233.1 98.95% 100% Bacillus licheniformis Bacillus licheniformis 28Aq OK626693
SWAM_29Aq 1371 MT611946.1 98.53% 100% Bacillus cereus Bacillus cereus 29Aq OK626694
SWAM_33Aq 1433 CP053934.1 99.02% 100% Bacillus thuringiensis Bacillus thuringiensis 33Aq OK626695
SWAM_36Aq 1423 KF933659.1 93.74% 100% Rossellomorea aquimaris Rossellomorea sp. 36Aq OK626696
SWAM_37Aq 1423 MK942526.1 89.88% 100% Bacillus subtilis Bacillus sp. 37Aq OK626697
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2.4.2. Screening for Starch-Degrading Bacteria

Similarly to the cellulases and β-glucanases assays, amylase screening agar plates
were used to assess the ability of the bacteria strains to produce extracellular amylases [28].
The amylase screening agar medium contained 10 g of starch, 2 g of yeast extract, 5 g
of peptone, 0.5 g of MgSO4, 0.5 g of NaCl, 0.15 g of CaCl2, 2 g agar, and 1 L of water.
The plates were incubated for 48 h at 37 ◦C. Then, they were flooded with Gram’s iodine
solution, and the clearance zones (mm) and diameter of colonies (mm) were recorded
in triplicate.

2.5. Screening for Phytase-Producing Bacteria

Bacterial isolates were screened for phytase production using Phytase Screening
Medium (PSM) (Demirkan et al., 2014) and M9 Minimal medium with phytate. The M9
broth minimal medium with phytate contained 0.4% Na-phytate (sterile filtered), 0.1%
NH4Cl, 0.012% MgSO4, and 0.00147% CaCl2. The PSM medium consisted of 20 g L−1

Glucose, 2 g L−1 CaCl2, 5 g L−1 NH4NO3, 0.5 g L−1 MgSO4, 0.5 g L−1 KCl, 0.01 g L−1

FeSO4, and 4 g L−1 Na-phytate (sterile filtered). Isolates were inoculated in both media and
incubated at 37 ◦C for 14 days. Subsamples were collected daily and analysed for the soluble
inorganic phosphate concentration using the malachite green method [29]. The isolates
that showed a significant increase in the extracellular phosphorus concentration were re-
assayed in the corresponding medium for another 14 days at 37 ◦C for confirmation of the
results. The bacterial growth was also measured daily by OD at 600 nm. The uninoculated
corresponding sterile media was used as a control.

2.6. Detection of Phytase Genes by PCR Amplification Using Degenerate Primers

The presence of phytase genes was examined using PCR assays using degenerate
primers of two different classes (BPP and PTP). This assay was performed for both
the environmental genomic DNA extracted from biofilm/water samples and the ge-
nomic DNA extracted from the bacterial isolates. For BPP phytases, two different primer
pairs were used according to Huang et al. (2009) [30]: BPP-F (5′-GACGCAGCCGA
YGAYCCNGCNITNTGG-3′) and BPP-R (5′-CAGGSCGCANRTCIACRTTRTT-3′). The
PCR conditions were: 4 min hot start at 95 ◦C, followed by eight cycles of 95 ◦C for
30 s, 57 ◦C (decreasing by 1 ◦C after each cycle) for 30 s, and 72 ◦C for 30 s, followed
by 27 cycles of 95 ◦C for 30 s, 48 ◦C for 30 s, and 72 ◦C for 30 s, and then a final ex-
tension at 72 ◦C for 5 min. For the second BPP primer pair, DP1 (5′-GAY GCI GCI
GAY GAY CCI GC-3′) and DP2 (5′-TCR TAY TGY TCR AAY TCIC-3′) primers were
used according to Tye et al. (2002) [31]. Amplification was carried out for 30 cycles
of 94 ◦C for 45 s, 50 ◦C for 45 s, and 72 ◦C for 1 min. For the PTP phytase gene am-
plification, the primers CPhy-F (5′-GTGGACCTRCGRMARGARWCICA-3′) and Cphy-R
(5′- GTCCGACCATTGCCTGCYTCRCARTGRAMRTGIADCCA-3′) were used according
to Huang et al. [32]. The PCR conditions were: 95 ◦C for 4 min, 10 cycles of 94 ◦C for 30 s,
58 ◦C for 30 s (decreasing 0.5 ◦C for each cycle), and 72 ◦C for 30 s, followed by 27 cycles
of 94 ◦C for 30 s, 52 ◦C for 30 s, and 72 ◦C for 30 s, and a final extension step at 72 ◦C for
10 min.

2.7. Statistical Analyses

The data were analysed using one-way ANOVA and Tukey’s test, p ≤ 0.05 was used
as the significance level. Data calculations, manipulation, average, standard deviation, and
correlation analysis were performed using Microsoft Office Excel 2016. Krona [33] was
used to build HTML interactive hierarchical microbial diversity graphics, allowing for the
visualisation of changes in the microbial community composition. PAST4 [34] was used for
calculating the microbial diversity indexes, and JMP13 statistical software was used for
ANOVA and PCA interpretation of the effect of the treatments on the microbial parameters.
Graphia 2.0 was used to build a correlation network of OUTs with Pearson’s correlation
coefficients above 0.95 [35], clustered by Markov Cluster Algorithm (MCL, granularity 1.1).
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3. Results
3.1. 16S rRNA Diversity of Bacterial Communities in Fish and Plant Compartments

Due to the high data variability among replicates from the three studied independent
Aquaponics systems, the bacteria community composition was not statistically different
between fish and plant compartments. In total, 149,197 bacterial sequences and 1655 zOTUs
were obtained from the fish compartments samples and 115,182 sequences and 1424 zOTUs
from samples that originated from plant compartments. The Shannon diversity index (H),
Dominance (D), and Evenness (EH) were very similar for fish (n = 3), plant (n = 3), and
fish + plant compartments (n = 6) as shown in Table 3. This was observed both when the
analysis was performed using the sum of the number of sequences of zOTUs from individ-
ual samples, and also when averaged (x) from individual samples. It is noteworthy that
even though the diversity indexes were not different between fish and plant compartments,
527 zOTUs uniquely occurred in plant compartments (27% of total zOTUs), and 296 zOTUs
were only found in fish compartments (15% of total zOTUs). This is evidence that these
two environments are very different in their bacterial community composition.

Table 3. Shannon diversity index (H), Dominance (D), and Evenness (EH) of total prokaryotic operational taxonomic units
(zOTUs) for three independent demonstrative aquaponics systems. Samples were grouped by fish (n = 3), plant (n = 3),
and fish + plant compartments (n = 6) followed by average (x) and standard error (σx). Analysis was performed using
PAST4 software.

Fish x σx Plant x σx Fish + Plant x σx

Shannon H 5.96 5.17 0.21 5.90 5.23 0.18 6.24 5.20 0.12
Dominance D 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00
Evenness EH 0.24 0.25 0.06 0.26 0.27 0.02 0.26 0.26 0.03

Only a small proportion of Archaea (0.1 to 0.2%) was present in the samples. In fish
tanks, 82% of Archaea belonged to phyla Thaumarchaeota and 18% to Euryarchaeota (class
Thermoplasmata). The dominant genera included Candidatus Nitrososphaera, Cenarchaeum,
and Methanomassiliicoccus. In the plant compartment samples, all Archaea belonged to the
Thaumarchaeota phylum with dominant genera Nitrososphaera, Candidatus Nitrososphaera,
and Candidatus Nitrosoarchaeum.

Bacterial communities were dominated by Proteobacteria and Bacteroidetes phyla
(Figure 1). The Proteobacteria phylum accounted for 53% of the total sequences in the fish
tanks and 49% of the total reads in the plant compartment. The Bacteroidetes phylum was
more abundant in the fish compartment (24%) than in the plant compartment (15%). Among
Proteobacteria, Alphaproteobacteria was the most dominant class (23–24%, Figure 1),
followed by Gammaproteobacteria, Betaproteobacteria, and Deltaproteobacteria. The
phylum Bacteroidetes was largely represented by the Sphingobacteriia, Flavobacteriia,
and Cytophagia classes (Figure 1). The phyla Firmicutes, Nitrospirae, Planctomycetes,
and Actinobacteria were less abundant (Figure 1). Notably, the relative abundance of
the phyla Nitrospirae, Planctomycetes Verrucomicrobia, and Actinobacteria was two-fold
higher in the plant compartments than in fish compartments. Similarly, the classes Bacilli,
Clostridia, Fusobacteria, and Chloroflexi were present in both compartments but were
around two-folds more abundant in the plant than in the fish compartment.
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Figure 1. Hierarchical distribution and relative abundance of prokaryote genera presented in the (A) fish tank (n = 3) and (B) plant compartment (n = 3) based on sequencing of V4 16S 
rRNA gene diversity analysis. 
Figure 1. Hierarchical distribution and relative abundance of prokaryote genera presented in the (A) fish tank (n = 3) and (B) plant compartment (n = 3) based on sequencing of V4 16S
rRNA gene diversity analysis.
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3.2. Multivariate Correlation Network Clustering of Bacteria Taxa

The correlation network clustering of bacteria zOTUs using Markov Cluster Algorithm
(MCL, granularity 1.1) showed an outcome of six well-defined clusters (Figure 2). Most of
the prokaryote taxa were represented in clusters 1 and 2. Clusters 1 and 3 were ‘central’
clusters (linking to all other clusters), and cluster 5 was the most detached among the six
clusters, connected only with clusters 1 and 3. Cluster 1 was very diverse, represented
mainly by Sphingobacteriia, Erysipelotrichia, and Bacteroidetes classes. In addition, cluster
1 was extremely rich with species that were reported to carry BPP phytase enzyme and
different carbohydrases, such as xylanase, β-glucanase, and cellulases (see Section 3.3).
Cluster 3 was dominated by Euryarchaeota, Oscillatoriophycideae, Fibrobacteres, Holopha-
gae, and Thermoplasmata phyla. Cluster 5 largely contains microbes belonging to Aci-
dobacteria and Chloroflexi phyla. Moreover, most zOTUs reported to harbour PTP phytase
genes were represented by cluster 2, which was most abundant in plant compartments.
The zOTUs most representative from fish compartments (the highest in abundance) were
predominantly contained in clusters 1, 3, and 5, while the zOTUs’ most representative
plant compartments belonged primarily to clusters 2, 4, and 6.
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3.3. Diversity and Abundance of Microbes Reported to Carry Putative Phytases and Carbohydrase
Enzyme Genes

The outcome zOTUs from the V4 16 rRNA diversity analysis were cross-compared
to the bacterial species reported to harbour phytase or carbohydrase genes in the Pfam
database (http://pfam.xfam.org/, accessed on 14 September 2020, Table 4). Given the
currently available knowledge, this analysis represents the abundance and diversity of
bacteria potentially carrying the putative genes for the studied enzymes (here deemed
‘potential producers’). Therefore, these data must be taken as soft evidence and only as

http://pfam.xfam.org/
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an attempt to extract valuable information from the 16S diversity analysis pertaining to
the scope of the objectives of this study. Besides reporting the total number of zOTUs
of ‘potential enzyme producers’, Table 3 also illustrates their relative abundance and the
average and standard error per sample. The high standard error observed highlights
that the high variability of the microbial communities between independent aquaponics
systems prevents definitive conclusions being drawn when comparing fish and plant
compartments. Among the observed zOTUs in the aquaponics system used, the relative
abundance of zOTUs from potential carbohydrases producers was 2.8-fold higher than the
ones reported to carry phytase putative genes (Table 3 23% carbohydrases and 8% phytases).
The fish tank samples showed a higher relative abundance of zOTUs from potential
carbohydrase producers compared to the samples from the plant compartments (26% and
19%, correspondingly). The number of putative phytase sequences was similar in both
compartments. The relative abundance of zOUTs potentially carrying BPP phytase genes
was around 6% for both compartments, twice the relative abundance observed for HAP
phytases (3% of sequences). Bacterial zOTUs potentially harbouring PTP putative phytase
genes were less abundant than for other types of phytases, corresponding to <1% of the
reads in both compartments. The number of zOTUs of bacteria reported to carry putative
genes of different types of carbohydrases, such as cellulase, β-glucanase, and xylanase,
were more abundant in the fish compartment compared to the plant compartment. Among
carbohydrases, the relative abundance of bacterial zOTUs of potential cellulase producers
was more abundant in plant compartments (18%) than in fish compartments (23%).

Table 4. Number of total operational taxonomic units (zOTUs) of fish (n = 3), plant (n = 3) and fish+plant compartments
(n = 6) in three independent demonstrative aquaponics systems, their relative abundance with respect the total amount
of sequences (%), the average of the number of OTUs (x), and standard error (σx) of prokaryotes previously reported to
carry putative phytases (β-propeller BPP (PF02333); Histidine acid phytases HAP(PF00328); protein tyrosine phytases
PTP (PF14566)) and Carbohydrases putative genes (B-glucanase (PF16483); Xylanase (PF06452); Cellulases (PF02927)).
Analysis was performed by comparing the zOTUs 16S rRNA diversity analysis with a curated database extracted from
PFAM (http://pfam.xfam.org/, accessed on 14 September 2020).

Fish % * x σx Plant % * x σx Fish + Plant % * x σx

All 1655 100 794 245 1424 100 733 188 1951 100 763 139
BPP 76 6 39 13 68 5 33 12 90 6 36 8
HAP 46 3 21 8 31 3 17 4 54 3 19 4
PTP 6 <1 2 2 10 <1 3 2 12 <1 3 1

All phytases 98 9 50 17 87 8 41 14 120 8 46 10
B-glucanase 28 2 15 3 23 1 9 4 31 1 12 3

Xylanase 108 6 55 18 77 4 34 12 117 5 44 11
Cellulases 220 18 116 32 220 23 116 32 250 17 116 20

All carbohydrases 232 26 120 34 199 19 103 21 266 23 112 18

* % of total sequences from all three replicates or relative abundance.

3.4. Phytase-, Xylanase-, β-glucanase-, Cellulase-, and Amylase-Producing Bacterial Isolates

Thirty-eight bacterial isolates were obtained from the fish tanks and plant compart-
ments of the outdoor aquaponics system, and among them, 19 produced at least one of the
extracellular enzyme activities looked for (Table 5). Only the strains with enzyme activities
were identified by 16S sequencing. Most of them belonged to the Bacillus genus. Five
strains (2Aq, 7Aq, 8Aq, 13Aq, 26Aq) were identified as Bacillus subtilis, two as Bacillus
cereus, and another two as Bacillus tequilensis. Besides the Bacillus genus, Staphylococcus and
Rossellomorea were also found (Table 2). The four isolates B. subtilis 2Aq and 7Aq, B. velezen-
sis 6Aq, and B. tequilensis 18Aq were capable of producing xylanase, β-glucanase, cellulase,
and amylase (Table 5). The carbohydrases looked for were differentially expressed by dif-
ferent isolates, based on the different diameters of the clear zone on specific agar minimal
media. Moreover, B. subtilis 8Aq and 13Aq showed the ability to produce β-glucanase,
cellulase, and amylase but not xylanase. On the other hand, three isolates Bacillus sp. 16Aq,
B. subtilis 2Aq, and B. licheniformis 28Aq produced only cellulases, whereas B. cereus 10Aq
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and Rossellomorea sp. 36Aq could produce the only amylase. In total, 7, 8, 14, and 11 isolates
could secrete extracellular xylanase, β-glucanase, cellulase, and amylase, respectively.

Table 5. Bacterial isolates from the fish and plant compartments of the aquaponics system with the ability to produce
extracellular phytase (increase extracellular phosphate concentration in PSM medium), xylanase (XSA, xylanase screening
agar clear zone in mm), β-glucanase (BSA, β-glucanase screening agar clear zone in mm), cellulase (CSA, cellulase screening
agar clear zone in mm), and amylase (ASA, amylase screening agar clear zone in mm). ‘+’ indicates significant extracellular
enzyme activity and ‘-’ no extracellular enzyme activity was detected.

Source Strain Phy XSA BSA CSA ASA

Fish Bacillus subtilis 2Aq - 24 14 25 26
Fish Bacillus velezensis 6Aq - 26 24 16 18
Fish Bacillus subtilis 7Aq - 25 27 18 14
Fish Bacillus subtilis 8Aq - - 26 20 14
Fish Bacillus cereus 10Aq - - - - 20
Fish Bacillus subtilis 13Aq - - 49 27 20
Fish Bacillus licheniformis 15Aq - 26 - 15 -
Fish Bacillus sp. 16Aq - - - 12 -
Plant Bacillus sp. 17Aq - - 33 - -
Plant Bacillus tequilensis 18Aq - 23 46 26 22
Plant Staphylococcus sp. 21Aq + - - - -
Plant Rossellomorea sp. 22Aq - - - 25 -
Plant Bacillus subtilis 23Aq - 16 25 - -
Plant Bacillus tequilensis 26Aq - 36 - 25 30
Plant Bacillus licheniformis 28Aq - - - 13 -
Plant Bacillus cereus 29Aq - - - 16 -
Plant Bacillus thuringiensis 33Aq - - - 16 21
Plant Rossellomorea sp. 36Aq + - - - 13
Plant Bacillus sp. 37Aq - - - 15 10

All strains grown in phytate-supplemented M9 medium did not show any release
of phosphorus. However, when cultured in PSM medium for one week, seven different
strains were capable of increasing the phosphorus concentration in the growth medium.
Nevertheless, the initial assays were somewhat ambiguous, and these seven isolates that
initially showed a significant increase in phosphorus concentrations were re-assayed for
another 14 days of cultivation. Only two phytase-producing bacteria were confirmed:
Staphylococcus sp. 21Aq and Rossellomorea sp. 36Aq were able to consistently increase the
extracellular concentration of phosphorus after eight days of cultivation in PSM medium.
These isolates exhibited high phosphorus release capabilities, sustaining over 20 mg of
P L−1 from days 8 to day 14 of cultivation (Figure 3). To confirm the presence of phytase
genes, different phytase degenerate primers BPP (for BPP), DP (for BPP), and Cphy (for
PTP) were used. Results showed that these strains showed positive amplification of the
BPP primers, thus indicating that these bacteria very likely produce β-propeller phytases.
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4. Discussion

Aquaponics are commonly proposed efficient recirculating aquatic systems that com-
bine the production of aquatic organisms (fish) and plants with the re-use of water [11]. In
order to function properly, aquaponics systems rely on proper organic matter mineralisation
and nutrient cycling. These processes are heavily reliant on water and microbial biofilms.
Thus, it is necessary to study microbes and their enzymes associated with aquapoincs
systems. Nitrogen transformations are carried out by both aerobic and anaerobic het-
erotrophic microorganisms [36]. Various microniches exist within recirculating aquaponics
systems that promote the growth of specific microbial communities, which play a role
in mineralising organic wastes [37]. In aquaponics, both heterotrophic and autotrophic
bacteria are present. Autotrophic bacteria may be chemolithotrophic, obtaining energy
through the oxidation of iron, sulphur, or inorganic nitrogen. Heterotrophic bacteria use
undigested organic matter from fish faeces as a source of energy and carbon [37,38] and are
responsible for proteolysis and sulfate reduction [38]. Eutrophic bacterial biomass increases
with the increase of suspended and dissolved organic matter [39].

Most microbial studies in aquaponics systems are based on culture-dependent tech-
niques, and the number of studies that utilise next-generation DNA sequencing techniques
are limited [8]. In this study, the V4 16S rDNA diversity analysis together with culture
techniques showed highly variable and diverse bacterial communities. We expected dif-
ferent communities in fish and plant compartments because various microniches exist
within recirculating aquaponics systems that promote the growth of specific microbial
communities, which play a role in mineralising organic wastes [37]. However, the link
between fish and plant compartments to specific bacterial communities was not strongly
demonstrated due to high differences in the relative abundance of zOTUs among replicates
of independent aquaponics systems. While measured environmental parameters, like
temperature, light, and metal elemental concentration, were similar between replicated
systems, other environmental factors could be responsible for the high variability in the
relative abundance of zOTUs.

In this study, Proteobacteria was the most dominant phylum in both fish and plant
compartments. Alphaproteobacteria, Flavobacteria, Sphingobacteriia, and Cytophagi were
the most abundant classes observed. Similarly, in another study of bacterial communities
by 16S rRNA sequencing of eight aquaponics and aquaculture systems, it was demon-
strated that Proteobacteria and Bacteroidetes were the most abundant phyla [40]. Classes
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Alphaproteobacteria, Gammaproteobacteria, Actinobacteria, Bacteroidetes, Planctomycete,
Bacilli, Nitrospirae, Betaproteobacteria, Nitrosomonas, and Sphingobacteria have been
reported as the most common ones found in freshwater aquaponics systems [8]. The
differences between classes of bacteria in different studies could be explained by the type
of aquatic organisms grown in the aquaponics system. For example, Sugita et al. [38]
reported that Alphaproteobacteria and Betaproteobacteria were the most abundant phyla
in freshwater recirculating aquaponics when using common carp (Cyprinus carpio) species.
When goldfish (Carrassius auratus) was used, the bacterial community was more diverse
and included Planctomycetacia, Bacilli, Actinobacteria, Planctomycetacia, and Gammapro-
teobacteria bacterial groups.

In aquaponics, both heterotrophic and autotrophic bacteria are present. Autotrophic
bacteria may be chemolithotrophic and obtain energy through the oxidation of iron, sulphur,
or inorganic nitrogen. Heterotrophic bacteria use undigested organic matter from fish
faeces as a source of energy and carbon [37,38] and are responsible for proteolysis and
sulfate reduction [38]. Heterotrophic bacteria in aquaponics systems that can produce
extracellular hydrolytic enzymes may possibly be of biotechnological interest for feed-
enzyme supplement applications. In this study, 38 bacterial strains were isolated; most were
identified to belong to the Bacillus genus. Even though the V4 16S rRNA diversity analysis
(Figure 1) revealed that Flavobacterium, Haliscomenobacter, Nitrospira, Thermomonas,
and Novosphingobium were highly abundant genera, these were not found among our
isolates. However, the genera Flavobacterium and Novosphingobium were previously
reported to carry phytases, and Flavobacterium, Haliscomenobacter, and Cetobacterium
were reported to carry carbohydrases putative genes in the PFAM database (http://pfam.
xfam.org/, accessed on 14 September 2020). Nishioka et al. (2016) [41] reported that the
use of selective culture media is important for the effective isolation of Flavobacterium spp.
This might explain the failure in our study to isolate Flavobacterium in our study. Further
work is needed, testing different minimal media and culture conditions for the isolation of
targeted strains of interest that can be spotted through 16S rRNA diversity assays.

While screening for the isolates’ capability of secreting fibre and starch-degrading
enzymes, four Bacillus isolates showed the ability for simultaneously producing xylanase,
β-glucanase, cellulase, and amylase (Table 5). These bacteria may be of high interest for
enzyme production and biotechnological applications due to their high growth rate, their
ability to harbour multi-enzyme complexes, and their steadiness in extreme conditions [42].
Bacillus strains are usually able to utilise different complex mixtures of organic material by
producing numerous extracellular enzymes that hydrolyse polysaccharides [42]. In this
study, seven Bacilli strains were able to secrete xylanases, the least common carbohydrase
detected. Different studies have cloned and characterised xylanases from B. subtilis [43],
and many other Bacillus are known to harbour xylanases [44]. In this study, five B. subtilis
were isolated, but only three (2Aq, 7Aq, and 23Aq) were positive for xylanase activity,
whereas two isolates 8Aq and 13Aq were negative for this activity. This shows that species
identification may not be a good predictor of their ability to express any given enzyme;
these traits may only be traceable for a given strain and not evenly distributed for all strains
within a given species. Shakir et al. [45] reported a B. licheniformis-producing xylanase,
and Singh et al. [46] described xylanase production from B. pumilus. Among the isolates
obtained in this study, the other Bacilli expressing extracellular xylanase activity in agar
media were B. subtilis 2Aq, B. velezensis 6Aq, B. licheniformis 15Aq, B. subtilis 23Aq, and
B. tequilensis 18Aq and 26Aq.

In our study, eight of the isolates obtained could produce extracellular β-glucanase
activity. Bacillus strains are known β-1,3–1,4-glucanases sources, and previously their
enzymes have been characterised from different donor species, such as B. subtilis, B. licheni-
formis, B. brevis, B. halodurans, and B. circulans [47]. Furthermore, 14 Bacilli isolates showed
the ability to produce cellulase. The production of cellulases was previously detected from
several Bacilli, such as B. subtilis, B. cereus, and B. circulans [48]. Bacilli commonly produce
amylases, and B. firmus [49] and B. subtilis [50] are among the most common reported
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amylase-producing bacteria. Among the Bacilli bacterial isolates in this study, 11 isolates
were able to secrete amylase, although this trait is considered a widespread trait in aquatic
environments and of overall lower biotechnological interest. Many enzymes used in the
industrial sector are produced by Bacilli, especially by B. amyloliquefaciens, B. subtilis, and
B. licheniformis, because they are safe to handle, produce high enzyme yields, and have
good fermentation properties [51]. Isolation of similar species in our study suggested that
bacteria in aquaponics systems could be a good source of novel industrial enzymes.

The detection of phytase genes (PCR amplification using degenerate primers from
environmental DNA extracted from the two compartments) was only positive when using
BPP primers, suggesting that the β-propeller phytase class is widespread and of high
ecological importance in the studied aquaponics systems. Previous studies of bacteria
in aquaponics systems mostly focused on the presence of pathogens and chemo-litho-
autotrophic nitrifiers [10]. This study, for the first time, showed the presence of microbes
with β-propeller phytase, which suggests that bacteria, such as Bacilli, can increase the
extracellular phosphorus concentration. Extracellualr phosphorus is necessary for plant
mineralization and growth in aquaponics systems [52].

Cheng and Lim [53] reported that among the four phytases classes, only β-propeller
was identified in aquatic environments. Similarly, Lim et al. (2007) [54] showed that HAP
and PTP phytases are uncommon in aquatic bacteria, but β-propeller phytases play a
central role in phytate-phosphorus cycling in aquatic habitats. β-propeller phytases are typ-
ically active in neutral-alkaline pHs, use calcium as a cofactor, and are typically produced
by a wide range of Bacilli [55,56]. Curiously, although most of the isolates obtained were
from the Bacillus genus, the only two isolates with positive phytase production belonged to
Staphylococcus and Rossellomorea genus. Phytase activity is arguably more challenging
to detect than carbohydrases, because: (a) phytases are often exclusively intracellularly
expressed in bacteria; (b) their expression is often triggered by different environmental
stresses (P deficiency, anaerobioses, etc.); and (c) agar plate screening methods may produce
false positives [55]. Furthermore, phytase from Bacillus have been proposed as feed addi-
tives for fish diets. The supplementation of 300 U Kg−1 of Bacillus phytase was equivalent
to the supplementation of 1000 U Kg−1 acidic commercial phytase [57]. β-propellers are
considered good candidates for fish feed applications due to their optimal pH (6–7.5), while
PAPs and HAPs often have optimal pH in the acidic range (2.5–5.5) [15,53] Thus, phytase
from microbes inhabiting aquaponics systems could be of high economic importance for
fish feed formulations.

5. Conclusions

The studied aquaponics systems were highly diverse in their microbial community
compositions, and the strong variations in the microbial communities within replicates
prevented us from statistically demonstrating differences between communities present
in fish and plant compartments. Evidence from DNA sequencing and biochemical assays
performed on isolated strains showed that, among the fibre-degrading enzymes, cellulases
are the most common enzymes expressed, followed by β-glucanase and xylanase. Phytases
production was a far less common trait, with only two isolates showing a consistent increase
in extracellular phosphate when grown in broth media supplemented with phytate. β-
propeller appears to be the most ecologically relevant phytase class in our aquaponics
systems. Further examination of isolates that showed different enzyme activities are needed
(such as pH range of activity of the different enzymes detected) to assert their potential
use either in aquaponics systems or as animal feed additives. Bacilli bacteria are here
demonstrated to play a critical role in organic matter cycling in aquaponics systems, which
can be a valuable source of niche microbes carrying carbohydrases and phytases enzymes
with possible biotechnological applications.
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