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Abstract
Purpose: Aquaponics is a technology that has minimal impact on the environment and which is often promoted
as a solution for sustainable food production. Developing aquaponics sustainably requires a thorough
understanding of the biological components of the system. Recent reports on the bacterial populations of
aquaponics systems using new DNA sequencing technologies are revealing a complex and diverse microbial
ecosystem. The purpose of this review is to present information on microbial composition and various factors
affecting bacterial activity in aquaponics systems. Approaches for establishing a bacterial ecosystem during the
setup of an aquaponics system, and microbiological safety of aquaponics products are also highlighted.
Methods: This review was developed by evaluating and synthesising current literature of peer-reviewed
publications related to aquaponics and microbial communities. Based on the results from credible academic
journals, publications were categorised into five groups: methods used to characterise microbiomes, biofiltration
microorganisms, bacterial diversity, biofilter establishment, and safety of aquaponics products.
Results: The microbial ecosystem is essential for biological filtration of water through the mineralisation of nutrients
required for plant growth in an integrated system. The aquaponics microbiome is complex, and bacterial
composition varies between the different compartments of these systems. Establishing these bacterial ecosystems is
essential for optimal functioning of aquaponics. At the phylum level, Proteobacteria and Bacteroidetes are
dominant in aquaponics systems. Despite bacteria being fundamental to aquaponics, there are currently no reports
of human pathogens in aquaponics products.
Conclusion: Knowledge of the composition of bacterial populations in aquaponics systems will enhance
understanding of relationships and functions within the microbiome. This in turn will allow for the establishment of
sustainable and healthy aquaponics systems for food production.
Keywords: Aquaponics system, Fish, Microbial communities, Microbial diversity

Introduction
Human population growth worldwide has led to research into new agricultural systems to meet the increasing demand for food (Fedoroff et al. 2010; Molden
2007). For example, systems that integrate plants with
fish production are recognised as environmentally
friendly and sustainable (Rakocy et al. 2006). Aquaponics
involves combining fish and soilless plant production,
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either in a single process loop (coupled) or a two-loop
(decoupled) design (Goddek et al. 2019; Love et al. 2015;
Rakocy et al. 2006). The advantage of aquaponics over
recirculating aquaculture systems (RASs) and hydroponic systems include the capability of raising fish, while
simultaneously growing edible plants, which remove nutrients from the water (Tyson et al. 2011). Thus, the system allows for the continuous production of quality fish
and vegetables while minimising water replacement. In
addition, there is a reduced need for formulated fertilisers (Rakocy et al. 2006; Wongkiew et al. 2017).
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A feature of aquaponics is the reliance on the bacterial
ecosystem. Most fish species retain 20–30% of ingested
dietary nitrogen (Schreier et al. 2010), and 70–80% is released into the water as waste (Krom et al. 1995).
Digested protein is excreted mostly as ammonium
(NH4+) through the gills (Tyson et al. 2011; Wongkiew
et al. 2017). NH4+ can also accumulate because of bacterial decomposition of organic matter such as protein
and nitrogenous compounds in uneaten feed (Roosta
and Hamidpour 2011). Ammonium nitrogen (NH4+-N)
excreted by fish provides the major form of nitrogen essential for plant growth (Roosta and Hamidpour 2011;
Wongkiew et al. 2017). Biological nitrification of the
nutrient-rich fish tank water forms nitrate (NO3−) which
is assimilated by plants (Tyson et al. 2011). Nitrification converts NH4+, which becomes harmful to fish at
increasing pH, to NO3−, thereby maintaining water
quality. In addition, in weakly buffered water, nitrification can decrease the pH value of the system water,
while bacterial denitrification can increase water pH.
Therefore, the composition of the bacterial ecosystem
is essential to aquaponics farming (Rakocy et al. 2006;
Wongkiew et al. 2017).
Comprehensive reviews on the relative distribution of
microorganisms have been published in the context of
RASs and with emphasis on these systems’ biofiltration
(Rurangwa and Verdegem 2015; Schreier et al. 2010).
However, those reviews only considered recirculating
systems without plants. In addition, aquaponics systems
include a hydroponic unit (gravel media beds and/or
deep-water culture rafts) and may include an additional
sump and water treatment systems. These more complex systems potentially have more diverse microbial
communities, with the microbiome in the different compartments likely to differ. Knowledge of the microbial
diversity and functional distribution of these microorganisms in aquaponics systems is key to understanding
microbial community dynamics and to enhance system
performance (Bartelme et al. 2018, 2019; MunguiaFragozo et al. 2015; Schmautz et al. 2017).
Therefore, we focused on reviewing literature that
deals specifically with the bacterial dynamics in aquaponics systems in order to contribute to our understanding
of this emerging technology. This review considers the
complexity of the aquaponics microbiome by providing
a description of the bacterial communities. Such information can assist in understanding the microbial ecology
and in improving the management of these ecosystems.

Methods for the characterisation of microbial
communities
Traditionally, direct and indirect counting of cells have
been the most common methods for the enumeration of
bacteria. Although these methods are inexpensive,
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culturing high levels of bacterial and fungal species with
these techniques is limited (Biswas and Sarkar 2018).
The development of multi-“omics” technologies has provided very powerful tools for the analysis of complex
ecosystems. These techniques include marker gene analysis, shotgun metagenomics, metatranscriptomics, metaproteomics, and metabolomics, which have been used to
generate information on the microbial community structure and function in soil samples. More recently, metagenomics has been used for the analysis of aquaponics
samples (Joyce et al. 2019; Munguia-Fragozo et al. 2015).
Targeted sequencing methods are revolutionising research for studying microbial communities in aquaponics. Environmental DNA sampling and meta-barcoding
analysis is a relatively new approach for determining
bacterial populations in aquaponics (Eck et al. 2019;
Thomsen and Willerslev 2015; Kasozi et al. 2020). These
sequencing methods include 16S ribosomal RNA
(rRNA) gene and internal transcribed spacer (ITS) used
to identify bacteria and fungi, respectively, in a given environmental sample (Galloway-Pena and Hanson 2020).
This approach allows for comprehensive insights into
the microbial diversity of mature, healthy aquaponics
systems, as well as the identification of potential pathogens in sub-optimal systems. This will potentially
allow aquaponics farmers to add beneficial microbial
cocktails or biological control treatments to ensure
healthy ecosystems for enhanced and safe food production (Sirakov et al. 2016).
Recent studies are applying shotgun metagenomics to
explore microbial communities in terms of diversity and
function (Shakya et al. 2019). Metatranscriptomics provides the diversity of the active genes in a complex microbial community and enables understanding on how
the microbiome responds to the environment (Galloway-Pena and Hanson 2020). With aquaponics, metatranscriptomics may be useful in the characterisation of
genes involved in organic matter degradation. Other rapidly emerging technologies that use mass spectrometry
for studying the microbiome include metabolomics and
metaproteomics. Through metabolomics, comprehensive
coverage of a large number of small-molecule metabolites in microbial communities can be profiled under a
given set of conditions (Wang et al. 2020) while metaproteomics focuses on identifying and quantifying proteins expressed by the microbial community (Biswas and
Sarkar 2018; Shulaev 2016). Metabolomics has already
been applied in many biological studies involving environmental interactions, functional genomics, and gene
discovery, although not yet in aquaponics.

Biofiltration in aquaponics
Bacteria are fundamental in the maintenance of an aquaponics ecosystem (Eck et al. 2019; Schmautz et al. 2017).
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Aquaponics systems contain autotrophic and heterotrophic bacteria (Blancheton et al. 2013; Eck et al. 2019),
with spatial distribution being a function of environmental conditions, such as levels of oxygen and nutrient
availability (Munguia-Fragozo et al. 2015). Fish tank and
biological filters in aquaponics systems are similar to
RASs in their design as they aim at enhancing oxidation
of both total ammonia nitrogen (TAN) and nitrite
(NO2−). Therefore, the same nitrifying and denitrifying
microorganisms are likely to exist in both systems. However, differences are likely to be seen in the species distribution between parts of the fish rearing section and
the hydroponics units (Wongkiew et al. 2017). Microorganisms are found in every compartment of aquaponics
systems. However, studies characterising microbial composition and structure in different parts of aquaponics
systems are limited. Recent research on microbial characterisation has focused on bacterial diversity in periphyton, plant roots, biofilter, and fish faeces (Schmautz
et al. 2017) and media grow bed zones (Kasozi et al.
2020). Thus, there is still a need for characterisation of
aquaponics microbial communities related to fish (fish
intestines and fish feed) and plants (rhizosphere, phyllosphere, and fruit surface). Microorganisms in aquaponics
systems are involved in multiple processes, including nitrification, organic matter decomposition, denitrification,
phosphorus mineralisation, and iron cycling (Table 1).
If bacterial diversity is not balanced or operational
conditions are not suitable for bacterial metabolism, the
water quality in the aquaponics system may fluctuate,
creating a harmful environment for fish and plants.
Some authors have listed bacterial populations in the
compartments of aquaponics systems (Eck et al. 2019;
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Schmautz et al. 2017; Wongkiew et al. 2018). In addition
to heterotrophic and nitrifying bacteria, Table 2 presents
other bacterial groups linked to the nitrogen cycle. Bacterial groups in freshwater aquaponics systems include
Actinobacteria, Proteobacteria, Bacteroidetes, Nitrospirae, Fusobacteria, Planctomycetes, and Chloroflexi
(Table 2).
In addition, these studies indicated that there are
micro-niches that support the development of specific
microbial populations (Rurangwa and Verdegem 2015).
Because different fish species will introduce unique
microbial flora, microbial diversity varies between systems. Molecular techniques have been used to identify
the microbial communities in aquaponics compartments and substrates and to predict their possible effects on plant growth and health (Eck et al. 2019;
Schmautz et al. 2017).
Eck et al. (2019) and Schmautz et al. (2017) collected
samples from several aquaponics compartments and
characterised the bacteria with meta-barcoding techniques. Their major findings were that in most samples,
the phyla Proteobacteria and Bacteroidetes were dominant. The study reported by Eck et al. (2019) indicated
that Proteobacteria and Bacteroidetes accounted for
34.6% and 25.5% of the total bacterial community, respectively, from the 22 samples collected from various
aquaponics and aquaculture systems. Schmautz et al.
(2017) reported that 46.7% of the total biofilter bacterial
community was assigned to Proteobacteria, while Bacteroidetes accounted for 17.5% of the total lettuce root bacterial community.
At the genus level, the biofilter samples contained relatively high abundance of Nitrospira (3.9% of total

Table 1 Major microbiological processes and contributing microorganisms in aquaponics systems
Microbiological process

Genera

Reference

Nitrosomonas, Nitrosococcus, Nitrosospira,
Nitrosolobus, Nitrosovibrio

Ebeling et al. (2006); Rurangwa and Verdegem (2015);
Schreier et al. (2010); Schmautz et al. (2017)

Ammonia oxidisation by archaea

Trosopumilus, Nitrososphaeras

Bartelme et al. (2019)

Nitrite oxidation

Nitrobacter, Nitrospira, Nitrococcus, Nitrospina

Ebeling et al. (2006); Schmautz et al. (2017);
Wongkiew et al. (2018)

Complete ammonia oxidation

Nitrification
Ammonia oxidisation

Nitrospira

Daims et al. (2015); Bartelme et al. (2019)

Denitrification

Dokdonella, Thermomonas

Schmautz et al. (2017)

Mineralisation

Pseudomonas, Flavobacterium,
Sphingobacterium, Arcobacter

Eck et al. (2019); Wongkiew et al. (2018)

Anaerobic ammonium
oxidation (Anammox)

Brocadia

Schmautz et al. (2017)

Sulphate reduction

Fusibacter, Bacteroides, Desulfovibrio,
Dethiosulfovibrio

Schreier et al. (2010); Somerville et al. (2014)

Organic phosphorus mineralisation

Modestobacter

Kasozi et al. (2020)

Iron cycling

Acidibacter

Kasozi et al. (2020)

Nitrogen fixation

Pontibacter, Pseudonocardia

Kasozi et al. (2020)
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Table 2 Prominent taxa identified from different compartments of aquaponics systems
Aquaponics compartment/
source/substrate

Predominant taxa (phyla/family/order/genera)

Reference

Sump

Rhizobiaceae, Sphingomonas spp., Devosia spp., Novosphingobium spp.,
Acidovorax spp., Ralstonia spp., and Deinoccoccus spp.

Eck et al. (2019)

Fish faeces

Fusobacteria, Bacteroidetes, Firmicutes, Proteobacteria, Enterobacteriales,
Cetobacterium spp., Plesiomonas spp.

Schmautz et al. (2017)

Plant roots

Proteobacteria, Planctomycetes, Acidobacteria, Bacteroidetes, Nitrospirae,
Hu et al. (2015); Schmautz et al.
Gemmatimonadetes, Methylophilales, Nitrosomonadales, and Pseudomonas spp. (2017); Wongkiew et al. (2018)

Biofilter

Bacteroidetes, Verrucomicrobia, Fusobacteria, Planctomycetes,
Eck et al. (2019);
Chloroflexi, Nitrospirae, Proteobacteria, Microbacteriaceae, Rhodobacterales,
Wongkiew et al. (2018)
Rhizobiales, Sphingomonadales, Nitrosomonadales, Burkholderiales, Rhodocyclales

Periphyton in fish rearing tanks

Xanthomonadales, Rhizobiales, Dokdonella spp., Thermomonas spp.

Schmautz et al. (2017)

Fish tank effluent

Nitrospirae, Nitrobacter spp.

Wongkiew et al. (2018)

This approach recommends the use of low fish stocking
densities, and the initial administration of low amounts
of feed to prevent a rapid build-up of TAN, which is
harmful to fish (DeLong and Losordo 2012; Sallenave
2016). As the biofilter establishes, fish density can be incrementally increased, and feed levels adjusted appropriately (Brailo et al. 2019). Cycling with fish can take up to
6 weeks for bacterial populations to establish (Sallenave
2016). TAN and NO2− levels should be measured daily
during this process. Once NO3− is detected in the system and the TAN and NO2− are below 0.5 mg L−1, the
system is ready for plant cultivation (Sallenave 2016).

approximately 3 weeks (Sallenave 2016). This method
permits control of how much ammonia is added, creating better water quality, which improves fish health,
growth, and survival (DeLong and Losordo 2012). As
with the fish cycling method, as soon as TAN and NO2−
levels drop to near zero and a measurable level of NO3−
is reached, the system is considered fully cycled and
ready for fish. Ammonia supplementation should be
stopped once fish are added because the NH4+ is now
produced by the fish. Chemical compounds such as
NH3, NH4Cl, NH4NO2, or organic fertilisers with NH4+
are added to an aquaponics system to achieve “fishless
cycling” at a dosage that raises the TAN levels to between 3 and 5 mg L−1 (Sallenave 2016). Urea can also be
used as a nitrogen source. Bacteria convert urea to
NH4+/NH3 as part of the nitrogen cycle through regulation of urease activity (Solomon et al. 2010). In addition,
some bacteria can also use urea amidolyase to decompose urea to NH4+ (Solomon et al. 2010).
At a practical level, aquaponics farmers typically do
not have a direct method for assessing the microbial
populations in their systems. The establishment of a
functional microbial ecosystem is measured indirectly
through monitoring pH, as well as NH4+, NO2−, and
NO3− levels. A decrease in NH4+ and NO2− levels (< 0.5
mg L−1) and stable NO3− levels are used as indicators of
microbial activity. The bioconversion of NH4+ to NO3−
decreases water pH, which is typically adjusted using sodium bicarbonate and potassium or calcium hydroxide.

Cycling with ammonia compounds

Nitrifying bacteria

This is the most commonly used quick method for biofilter establishment (Brailo et al. 2019; Sallenave 2016).
In this case, ammonia is added to the system, which allows nitrifying bacteria to establish in response to the
availability of these inorganic nutrients, while organic
compound levels that may enhance the growth of the
faster growing heterotrophs are still low. Thus, this
method requires less time to establish the biofilter, i.e.

Environmental nitrifying bacteria have been intensively
studied (Munguia-Fragozo et al. 2015). The main role of
these bacteria is to transform NH4+ and NH3 excreted
by the fish or derived from organic material into NO2−
and then NO3−, the latter being relatively less toxic to
fish than ammonia and nitrite. In aquaponics, nitrifying
bacteria are commonly found in the biological filter or
on any other substrates that allow colonisation. In

community), and low abundances in the periphyton
(0.14%) and lettuce roots (0.08%). In samples from fish
faeces, Cetobacterium and Plesiomonas constituted
73.8% and 3.0% of the total bacterial community, respectively. Furthermore, Schmautz et al. (2017) reported
that the periphyton contained relatively high abundance
of Dokdonella and Thermomonas, which constituted
7.61% and 1.82% of the total bacterial, respectively.
Biofilter establishment

Biofilter establishment or cycling, a process of building
bacterial ecosystems during the setup of an aquaponics
system, can be done with or without the presence of fish
in the system (Brailo et al. 2019; DeLong and Losordo
2012; Sallenave 2016).
Fish cycling
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systems with hydroponic media beds, the inert media
can also provide a habitat for the bacteria and biological
filtration (Somerville et al. 2014).
The nitrification process is conducted by three distinct
groups of microorganisms based on the biochemistry involved (Daims et al. 2015; Holmes et al. 2019; Stein and
Klotz 2016). The first group includes bacteria that oxidise NH4+ and NH3 to NO2− through a process termed
nitritation. The second group comprises of microorganisms that oxidise NO2− to NO3− through a process of
nitratation, and bacteria in the third group oxidise NH4+
to NO3− (Comammox). Bacteria of the genera Nitrosomonas, Nitrosococcus, Nitrosospira, Nitrosolobus, and
Nitrosovibrio are involved in the first stage of nitrification. The second group includes the genera Nitrobacter,
Nitrococcus, Nitrospira, and Nitrospina (Hagopian and
Riley 1998). The third group is from lineage II of Nitrospira (Daims et al. 2015). These bacteria are chemoautotrophs, using NH4+ as an energy source for carbon
dioxide fixation and oxygen as a final electron acceptor
(Hagopian and Riley 1998). Nitrifying bacteria form a
consummate relationship with “heterotrophic bacteria,
protozoa and micrometazoa”, which degrade biological
compounds in the biofilter components (Rurangwa and
Verdegem 2015).
In addition to the cohorts discussed above, anaerobic
ammonium oxidation (Anammox) and heterotrophic
ammonia-oxidising bacteria (HAOB) have been reported
in biofilters within freshwater aquaculture systems, as
well as from sediments of marine, freshwater, and agricultural origin. Anammox bacteria oxidise NH4+ using
NO2− as electron acceptor and form gaseous nitrogen as
an end-product, while the HAOB oxidation pathway involves NH4+ being oxidised by ammonia monooxygenase
to hydroxylamine, which is then oxidised to NO2− by a
hydroxylamine-quinone reductase (Holmes et al. 2019;
Zou et al. 2016).
Denitrifying bacteria

Denitrification may lead to more than a 50% loss of total
nitrogen available in an aquaponics system (Hu et al.
2015; van Rijn et al. 2006; Zou et al. 2016). In anoxic environments, denitrifying bacteria transform NO3− to nitrogen gas (N2). Different microorganisms possess
complete, partial, or no denitrification activities (Holmes
et al. 2019; Lu et al. 2014). Incomplete denitrifying microorganisms lack the NO2− reductase enzyme, which
enables complete denitrification (Holmes et al. 2019).
Denitrifying bacteria include Achromobacter, Aerobacter,
Acinetobacter, Bacillus, Brevibacterium, Flavobacterium,
Pseudomonas, Proteus, and Micrococcus spp. (Holmes
et al. 2019; Lu et al. 2014; Zumft 1997). These microorganisms use nitrate as the electron acceptor, and dissolved organic carbon as the electron donor, with
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denitrification rates dependent on the carbon source. Hu
et al. (2015) reported nitrogen loss (NH3, N2O, and N2)
of 51.2% in tomato and 57.3% in pak choi aquaponics
systems, although gaseous loss of NH3 and N2O were
negligible relative to N2 emission. Aquaponics systems
may have pockets of anoxic zones, for example in the
mineralised zones of gravel media beds; these may provide favourable conditions for the occurrence of denitrification (Kasozi et al. 2020).
The processes of nitrification and denitrification occurring simultaneously have been shown in soil-based
environments, AOB from either the genus Nitrosospira
or Nitrosomonas have been reported to perform denitrification (Pajares and Bohannan 2016; Shaw et al. 2006),
although this has not been reported in aquaponics.
Heterotrophic bacteria

Heterotrophic bacteria utilise organic matter such as
carbohydrates, amino acids, peptides, and lipids as carbon and energy sources (Munguia-Fragozo et al. 2015;
Stouvenakers et al. 2019). Although they colonise all
components of the aquaponics system, they are particularly concentrated in areas where solid waste accumulates (Joyce et al. 2019). Because nitrifying and
heterotrophic bacteria are aerobic, they compete for oxygen, and although heterotrophic bacteria are essential
for efficient aquaponics systems, they can have a negative effect on biofiltration at high total carbon levels
(Rurangwa and Verdegem 2015). The ratio of total organic carbon to NH4+, and dissolved oxygen in the
water, are therefore important factors in balancing the
microbial ecology (Aoi et al. 2000; Hagopian and Riley
1998).
Heterotrophic bacterial metabolism mineralises the
solid waste, thereby providing soluble micronutrients for
the plants in aquaponics systems. Bacteria of the genera
Flavobacterium and Sphingobacterium have been postulated to decompose organic matter in aquaponics (Eck
et al. 2019). Other roles such as the transformation of
insoluble phytates into phosphorus by Proteobacteria
need more investigation in aquaponics systems.
The rhizosphere microorganisms

Microorganisms also extract macro- and micronutrients
from uneaten feed and faecal matter and increase their
bioavailability to plants (Goddek et al. 2016). Various
types of microorganisms stimulate root growth and nutrient acquisition from soil (Richardson et al. 2009). Sanchez et al. (2019) identified plant growth promoting
bacteria (PGPB) isolated from tilapia-rearing water from
a RAS. These PGPB include bacteria from the phyla Proteobacteria, Actinobacteria, and Firmicutes. The interactions between plants and microorganisms depend on
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chemical signalling, which may occur in a specific or a
generalised manner (Chagas et al. 2018).
Root health is essential for plant health and survival
and to the composition of microbial populations proximate to the root surface (Chagas et al. 2018). A 16S
rRNA meta-barcoding study of lettuce roots by
Schmautz et al. (2017) revealed the genera Acidovorax,
Sphingobium, Flavobacterium, and Pseudomonas in an
aquaponics system integrated with Oreochromis niloticus
and lettuce. However, the role of these bacteria on roots,
including the effect of root exudates in aquaponics systems, is not yet known. Nevertheless, findings reported
from research in traditional soil-based agriculture indicate that plant roots produce, accumulate and release an
array of compounds, including organic acids, phenolics,
nucleotides, carbohydrates, putrescine, sterols, and vitamins (Chagas et al. 2018; Michalet et al. 2013). Secreted
compounds can act as both chemical attractants and repellents for microorganisms (Kawasaki et al. 2016). This
could provide the plant with access to beneficial symbiotic microorganisms, and protection from potentially
harmful bacteria.
Some rhizosphere microbes, for example Bacillus amyloliquefaciens and Pseudomonas fluorescens, possess gene
clusters for detoxification, as well as antibiotic and siderophore synthesis (Lareen et al. 2016; Paulsen et al.
2005). This is further supported by the research of
Schmautz et al. (2017), who reported a relative abundance of 2.2% from the genus Pseudomonas from root
samples of aquaponics lettuce, which may confer a biocontrol benefit. Compounds which can be produced by
Pseudomonas and which have antibiotic activity include
2,4-diacetylphloroglucinol, oomycin A, and phenazine
(Lareen et al. 2016). Bacteria also produce secondary
products that can affect both plant signalling and metabolism (Lareen et al. 2016).
In agricultural systems, bacteria promote plant growth
and health through biofertilisation, root growth, rhizoremediation, and resistance to abiotic stressors (Bartelme
et al. 2018; Mendes et al. 2013). These mechanisms have
been reported for rhizobacteria of the genera Pseudomonas, Bacillus, Enterobacter, Streptomyces, and fungi of
the genera Gliocladium and Trichoderma (da Silva and
Fitzsimmons 2016; Lee and Lee 2015; Mendes et al.
2013). Trichoderma spp. improve plant resistance to disease by producing hydrolytic enzymes and antibiotics,
and the production of pathogenesis-related proteins
(Punja and Utkhede 2003).

Fish and plant pathogens
A range of fish or plant pathogens can inadvertently be
introduced into soilless production systems (Joyce et al.
2019; Stouvenakers et al. 2019). Preventing the introduction and suppressing the growth of pathogens in
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aquaponics systems is vital as the recycling of water provides a favourable environment for the multiplication of
pathogens. Pathogens can enter an aquaponics system
through water additions, equipment, fish feed, infected plants or seeds, stocked fish, staff or visitors to
the system, and media grow bed aggregates (Mori and
Smith 2019; Stouvenakers et al. 2019). In particular,
the inflowing water can introduce viral and opportunistic bacterial pathogens (Lee and Lee 2015; Mori and
Smith 2019). Fish skin and gastrointestinal tracts, as
well as plants, may introduce bacteria to an aquaponics system (Munguia-Fragozo et al. 2015). Aquaponics plants are mostly grown in indoor systems.
Pathogens can threaten their viability as these indoor
systems are often humid, warm, windless, and rainfree. These conditions can be conducive to diseases if
not properly managed (Stouvenakers et al. 2019).
Soil-borne pathogens can be found in aquaponics systems, but pathogens are typically outnumbered and suppressed by non-pathogenic organisms (Lee and Lee
2015). Although pathogens have been reported in aquaponics systems, there is a limited number of reports on
transmission mechanisms (Mori and Smith 2019), possibly because of the time required and complexity of
such studies (Mehle et al. 2014). However, hydroponicrelated literature indicates that waterborne infection occurs when the pathogen is released from a diseased
plant, for example, from the roots of an infected plant.
The relative abundance of pathogens in a system is
dependent on the rate of pathogen shedding and their
viability in solution (Mehle et al. 2014).
A review by Mori and Smith (2019) found no reports
of pathogen transmission in aquaponics systems, with
information on pathogen transmission in soilless systems
only being available from aquaculture and hydroponics
studies. Research by Mehle and Ravnikar (2012) demonstrated plant virus survival in water and suggested viral
concentration-dependent transmission through the roots
of plants. Other studies have highlighted the proliferation of the oomycetes (Phytophthora spp. and Pythium
spp.) in aquaponics systems (Lee and Lee 2015; Li et al.
2014; Stouvenakers et al. 2019). These zoosporic organisms are adapted to warm, humid, and windless conditions common in greenhouse structures (Stouvenakers
et al. 2019). Additionally, the ability to locate utilisable
carbon sources quickly allow zoospores to spread rapidly, particularly in water recycling systems (Hong and
Moorman 2005). For example, Pythium spp., because of
their mobile form of dispersion, spread through water
recirculating systems and cause root rot in hydroponic
plants (Lee and Lee 2015). Thus, managing fungal infections in aquaponics operations is vital. Similarly, the
number of reports of plant viruses in recirculating nutrient solutions in hydroponic systems is increasing,
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particularly from investigations using next-generation
sequencing approaches (Hong and Moorman 2005;
Mehle et al. 2014).
The introduction of probiotic bacteria into aquaponics
systems is an approach that can be used to inhibit pathogens (Stouvenakers et al. 2019). Probiotic bacteria produce a number of positive effects in aquaculture
systems, which include the competition for nutrients
such as iron, improvement of water quality, and the production of chemical compounds that inhibit the growth
of other microorganisms (Verschuere et al. 2000). Although beneficial bacteria from the genus Bacillus have
been used in aquaponics systems, research indicating
their effect on plant growth, plant disease control, and
nutrient availability is lacking.

Microbiological safety of aquaponics products
Vegetables grown in aquaponics systems are mostly
consumed raw. The World Health Organization
(WHO) and the Food and Agriculture Organization
(FAO) have prioritised minimising microbial contamination risks of leafy vegetables (FAO/WHO 2008).
The WHO guidelines for treated wastewater for agricultural crop irrigation limit faecal coliforms to < 103
100 mL−1 (WHO 1989).
Pathogenic bacteria can be introduced into the food
supply chain at pre-harvest, harvest, distribution, and
storage stages of production (FAO/WHO 2008; Moriarty
et al. 2018; Mori and Smith 2019). Despite good agricultural practices and rigorous post-harvest cleansing, outbreaks of foodborne E. coli O157:H7 from fresh produce
have occurred in different agricultural production systems (Mori and Smith 2019; Sivapalasingam et al. 2004).
Various coliforms and bacteria in general are present
throughout aquaponics systems (Rakocy et al. 2006).
However, the microbial safety concerns have been
allayed in part by the results of studies that indicate
low risk of microbial contamination of the products
from aquaponics systems, as compared to products
grown in the soil-based systems (Fox et al. 2012;
Mori and Smith 2019).
E. coli can enter plant tissues through the stomata,
through penetration of the junction zones of cut leaves,
and transportation through the plant roots (Gomes et al.
2009; Mendes et al. 2013). Infection typically includes attachment to a leaf surface, bacterial congregation, mesophyll cell wall perforation, and penetration through
stomata (Plotnikova et al. 2000). Gomes et al. (2009) reported that E. coli pathogenesis of lettuce showed preferred entry through the stomatal cavity. In addition,
wounding of the root system has also been reported to
increase the incidence of E. coli internalisation. Macarisin et al. (2014) reported that the incidence of

Page 7 of 13

internalisation of hydroponic spinach was directly proportional to bacterial concentration.
Despite published reports indicating internalisation of
human foodborne pathogens in fresh fruit and vegetables, there have been no reports of human pathogens in
aquaponics products yet. Numerous studies have demonstrated aquaponics lettuce to have significantly lower
microorganism abundance relative to soil-grown equivalents, with no detectable E. coli coliforms, E. coli O157:
H7, or Salmonella spp. in the aquaponics lettuce samples (Elumalai et al. 2017; Fox et al. 2012; Moriarty et al.
2018; Sirsat and Neal 2013).
Chitmanat et al. (2015) reported the presence of Aeromonas hydrophila, a bacterial fish pathogen and a suspected human pathogen causing diarrhoea (Daskalov
2006), in aquaponics systems containing catfish, but the
authors did not investigate pathogen transmission or its
effects on the crops. In addition, Schmautz et al. (2017)
reported a low occurrence of Aeromonas (0.25% of the
total bacterial community) in the faecal samples of tilapia reared in an aquaponics system that included lettuce growing on a floating raft. Although its effect on
the crop was not investigated, the fish were reported as
healthy.

Main factors influencing bacterial activity in
aquaponics systems
pH

pH is an important physico-chemical factor regulating
microbial activity in aquaponics systems, which must be
kept within a range optimal for fish, plants, and bacteria
(Zou et al. 2016). Nitrifying bacteria perform optimally
at pH levels greater than 7.5, with inhibition of biological
oxidation of NH4+ occurring below pH 6.0 and above
pH 9.0. Low pH (pH 5.2 to 6.0) negatively affects
ammonia-oxidising bacteria (AOB) and nitrite-oxidising
bacteria (NOB), decreases nitrification, enhances N2O
emission, and causes stress to the fish in aquaponics systems (Ruiz et al. 2003; Sallenave 2016; Wongkiew et al.
2018; Zou et al. 2016). According to Somerville et al.
(2014), the most common nitrifying bacteria in aquaponics are Nitrosomonas and Nitrobacter with their pH tolerance levels ranging from 7.2–7.8 and 7.2–8.2,
respectively. Although it is not possible to achieve an
optimum pH for fish, bacteria, and plants in aquaponics
systems, a compromise between nitrification and nutrient availability is reached in aquaponics systems by
maintaining pH values within the levels of 6.5–7.0 (Sallenave 2016; Somerville et al. 2014).
Wongkiew et al. (2017) reported a decrease in nitrification below pH 6.0. The influence of pH on bacterial
populations in aquaponics systems is, however, not
straight forward. For example, Wongkiew et al. (2018)
reported that in biofilters at pH 6.8–7.0, Fusobacteria

Kasozi et al. Annals of Microbiology

(2021) 71:1

dominated over Acidobacteria, but this abundance was reversed in plant roots at the same pH. However, at pH 5.2,
the relative abundance of Acidobacteria decreased in the
root samples, which were dominated by Proteobacteria.
Water temperature

Water temperature in aquaponics systems is important
for optimal fish, plant, and microbial growth and health
(Somerville et al. 2014). The DO content is a function of
water temperature. Increasing water temperature also increases the percentage of TAN in water and increases
cellular metabolism (Somerville et al. 2014). Although
the optimal growth temperature for most nitrifiers
ranges between 25 and 30 °C, AOB populations increase
faster than NOB within this temperature range (Sallenave 2016; Tyson et al. 2011). Changes in temperature
affect the efficiency of nitrification. Research by Head
and Oleszkiewicz (2004) on the impact of rapid
temperature changes from 20 to 10 °C showed an average decrease of 58% in the nitrification rate. In addition,
variation in temperature influences microbial dynamics
in nitrogen removal systems (Karkman et al. 2011; Urakawa et al. 2008). Karkman et al. (2011) reported that
the genera Nitrosomonas and Nitrospira were dominant
at 10 °C and that Nitrosospira dominated at 5 °C, thus
suggesting Nitrosospira might be more resistant to low
temperature stress conditions.
Dissolved oxygen

Efficient nitrification is dependent on the dissolved oxygen (DO) content of the water (Rakocy et al. 2006). In
aquaponics, DO is commonly controlled via aeration.
Maintaining DO levels above 5 mg L−1 in aquaponics
systems is vital, not only for activity of many microorganisms, but also for fish and plant health and growth.
Maintaining DO concentrations of 5 mg L−1 is also of
importance in systems with high densities of fish (Sallenave 2016). The DO concentration decreases in aquaponics systems because of the metabolic activity of aerobic
microorganisms and the fish. Insufficient DO levels
affect root respiration, which eventually decreases water
and nutrient uptake and can lead to the loss of root cell
tissue, thus promoting the development of plant root
pathogens (Rakocy et al. 2006). The effect of DO levels
on microbial activity has not yet been reported in aquaponics systems. However, studies using synthetic wastewater have shown activity of AOB and NOB to be
sensitive to decreased DO levels, although the influence
of free ammonia was more substantial on NOB inhibition at levels as low as 0.1 mg L−1 N (Kim et al. 2005).
In systems with inadequate aeration and sludge buildup, anaerobic bacteria such as sulphate reducing bacteria, may dominate and produce toxic metabolites
(Somerville et al. 2014).
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Carbon-to-nitrogen ratio

The C/N ratio in the water of aquaculture systems affects the structure and function of bacterial communities
in these systems (Ballinger et al. 2002; Michaud et al.
2014; Xu et al. 2016; Zheng et al. 2018). Because of a
slow maximum growth rate, nitrifying bacteria, which
are autotrophic, are produced in lower quantities than
heterotrophic bacteria (Ebeling et al. 2006). In the presence of organic carbon, TAN removal can substantially
decrease (Ebeling et al. 2006 reported NH4+ removal decreased by 90% at a C/N ratio of 6). Increased heterotrophic assimilation pathways inhibit the nitrifying
process and result in lower NO3− production (Xu et al.
2016; Ebeling et al. 2006; Zhu and Chen 2001). High C/
N ratios in the biofilter lead to an increase in heterotrophic bacteria, which then out-compete and dominate
autotrophic nitrifying bacteria. Therefore, managing
levels of organic carbon and control of DO levels is required to keep populations balanced (Joyce et al. 2019).
β-Proteobacterial autotrophic AOB communities in a
bioreactor with denitrification and nitrification were reported by Ballinger et al. (2002). Increasing the influent
C/N ratio from 2 to 5 decreased nitrification rates by
50%. Zheng et al. (2018) demonstrated changes to bacterial communities at phylum and genus levels at higher
C/N ratios. Their data showed an increase in the relative
abundance of chemoheterotrophs, suggesting higher C/
N ratios benefited the growth of heterotrophic bacteria.
In aquaponics, heterotrophic bacteria utilise dissolved
organic carbon of fish waste under aerobic conditions
(Wongkiew et al. 2017).
Specific surface area of the media

The specific surface area (SSA) ratio is defined as the
“exposed surface area to a given volume of media”,
expressed as m2/m3 (Somerville et al. 2014). A high SSA
biofiltration material allows for the establishment of extensive colonies of nitrifying bacteria (DeLong and
Losordo 2012). Smaller and more porous media particles
provide a relatively large surface area for bacterial colonisation. The media matrix (e.g. volcanic gravel) of media
grow beds provide support for plant roots to establish,
and function as the substrate for biofiltration (Somerville
et al. 2014; Zou et al. 2016).
Plant type and growth characteristics

Growth characteristics and nitrogen utilisation capacity
differ depending on the plant species (Hu et al. 2015). In
particular, root surface area is important for developing
the nitrifying biofilm through the production of exopolymers to shield the bacteria from the external environment. Thus, plants with a large root surface area may
provide an advantage for bacterial growth in an aquaponics system. Hu et al. (2015) reported that large root
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surface areas provide ideal habitats for nitrifying bacteria
in aquaponics systems. Their research showed that the
abundance of NOB was 4.4 times higher in tomato than
in pak choi. These differences were attributed to the
higher tomato plant root surface area whereby 99.8% of
AOB and 99.9% of NOB were attached to the tomato
root surface compared to 96.3% of AOB and 75.4% of
NOB in pak choi (percentages relative to aquaponics
water).
Root health is essential for plant health and survival
and to the composition of microbial populations proximate to the root surface (Chagas et al. 2018). A 16S
rRNA meta-barcoding study of lettuce roots by
Schmautz et al. (2017) revealed the genera Acidovorax,
Sphingobium, Flavobacterium, and Pseudomonas in an
aquaponics system integrated with Oreochromis niloticus
and lettuce. However, the role of these bacteria on roots,
including the effect of root exudates in aquaponics systems, is not yet known. Nevertheless, findings reported
from research in traditional soil-based agriculture indicate that plant roots produce, accumulate and release an
array of compounds, including organic acids, phenolics,
nucleotides, carbohydrates, putrescine, sterols, and vitamins (Chagas et al. 2018; Michalet et al. 2013). Secreted
compounds can act as both chemical attractants and repellents for microorganisms (Kawasaki et al. 2016).
Hydraulic loading rate

Within the context of aquaponics, hydraulic loading rate
(HLR) is the “liquid flow rate per unit surface area of a
grow bed” (Wongkiew et al. 2017) and it is expressed as
m3/m2/day (m day−1). Although HLR dictates optimum
contact time for nutrient and microbe interaction with
plant roots (Wongkiew et al. 2017), very few studies have
reported on the effects of HLR on microbial ecology and
diversity in aquaponics. The major focus has been on
optimising HLR for water quality, as well as plant and
fish growth and health (Endut et al. 2010; Shete et al.
2016; Yang and Kim 2020). Endut et al. (2010) compared
five HLRs ranging between 0.64 and 3.20 m day−1 and
reported an optimal HLR for fish production, plant
growth, and nutrient removal of 1.28 m day−1. A high
HLR decreases contact time between circulating water
and plant roots and removes microbes and sediment associated with the plant roots (Endut et al. 2010).
Additional influencers
Algae

Algae in aquaponics affect pH, dissolved oxygen (DO),
and TAN levels (Somerville et al. 2014). Algae commonly occur in aquaponics systems but are normally
controlled by varying the diurnal temperature, photoperiod, and light intensity (Ramanan et al. 2015; Somerville et al. 2014). Their relative abundance in aquaponics
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systems may be an indication of excess nutrients in the
system (nutrients not utilised by the plants). Welldocumented algal species involved in nitrogen and phosphorus removal are Scenedesmus, Chlorella, and Spirulina (Xin et al. 2010). Algae cause diurnal pH and DO
variations due to photosynthesis and respiration, respectively, and they are adaptable to different environments (Addy et al. 2017; Kotzen et al. 2019). In
aquaponics, algae may also block water pipes, attract insects, and negatively affect water quality (Kotzen et al.
2019; Somerville et al. 2014). Despite these negative effects, an experiment to evaluate the role of microalgae in
the floating raft-aquaponics system showed that algae of
the genera Chlorella spp. can remove nitrogen more efficiently than vegetables (Addy et al. 2017). In addition,
algae can utilise both NO3− and NH4+ (Xin et al. 2010).
Thus, algae may play a unique role in aquaponics systems for nitrogen removal. In addition, evidence suggests a range of symbiotic relationships and interactions
between microalgae and bacteria, which include mutualism, parasitism, and commensalism in aquatic ecosystems (Ramanan et al. 2015). Microalgae–bacteria
interactions are species specific involving different metabolites, molecular signals, and transporters. With mutualistic association, heterotrophic bacteria have been
reported to supply algae with the co-enzyme vitamin
B12, while fixed carbon as dissolved organic matter is
produced by algae (Ramanan et al. 2015). However, very
few studies have reported on microalgae–bacteria interactions in aquaponics. Additionally, production of algae,
especially in decoupled aquaponics systems, could provide a source of diet for the fish.
Composting worms

Composting worms can be used to control the build-up
of organic solids in aquaponics gravel media beds. They
assist in mineralising nutrients bound in the waste sediments, allowing the plants to access and metabolise
these nutrients. As such, the addition of composting
worms to an aquaponics system could influence the bacterial ecosystem by affecting nutrient availability to the
microbiome. The growth rate of worms is partly influenced by a dark environment and moisture content, and
these conditions in aquaponics are optimised by providing suitable quantities of media in the grow beds and
flow rate adjustments, respectively (Wani and Mamta
2013; Kotzen et al. 2019). Flood- and drain-media beds
are ideal because worms are not constantly under water.
Aquaponics can be integrated with the production or
farming of worms (vermiculture), thus creating a potential side-stream income. Aqueous extracts of vermicompost can improve plant growth, enhance beneficial
microbial communities, improve nutrient availability to
plants, and induce plant defence compounds synthesis
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(Pant et al. 2009; Wani and Mamta 2013), but their
current applications in aquaponics are limited (Kotzen
et al. 2019). Within the context of aquaponics, the need
for the farming of earthworms was reported by Somerville et al. (2014), who documented the presence of
“earthworms, isopods, amphipods, larvae and other small
animals in aquaponics systems”. For vermicomposting,
Eisenia fetida and Eisenia andrei have been reported as
suitable decomposers (Reinecke and Viljoen 1991). For
instance, Haberman et al. (2015) reported an increase in
iron and zinc in the nutrient solutions of aquaponics
systems supplemented with red wiggler worms, Eisenia
fetida.

Conclusion and future perspectives
The success of aquaponics as an alternative and/or supplement to traditional agriculture depends on a complex
microbial ecosystem. The microbial ecosystem is key for
biological filtration of water through the mineralisation
of nutrients required for plant production in an integrated system. This review aims at offering the readers
an update on the status of the information regarding the
microbial composition of the aquaponics systems and
some of the methods that have been used to characterise
microbial diversity, as well as biochemical and metabolic
activity. The efficient functioning of aquaponics biofilters
originates from the diversity of microorganisms, and
their ability to utilise the fish faeces in these ecosystems.
Research showed that it is advantageous to establish a
high-density population of the nitrifying bacteria in an
aquaponics biofilter before introducing fish into the
system.
Based on the literature reviewed, there is no evidence
of the uptake of human food-borne pathogens in
aquaponics-grown fruit and vegetables. There is however
a critical need to optimise the operational parameters of
the aquaponics systems and proper handling of aquaponics products post-harvest to prevent the proliferation of
pathogens. This is needed to protect public health, considering most plants grown in aquaponics systems are
consumed raw. Further research is needed on the role
and interaction between earthworms and their role in
aquaponics systems, and the bacterial/microbial composition of aquaponics systems.
Another knowledge gap that has emerged from this review is the mechanism(s) of inter-cell communication
and interactions between bacteria in different compartments of an aquaponics system. Addressing this knowledge gap will likely contribute to an understanding of
the potentials of microbes in the production of antimicrobial compounds and as potential biocontrol agents
of plant pathogens. More research is also needed on the
basic functioning of aquaponics systems, e.g. on the level
of gene expression and the links to the productivity of
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aquaponics systems. The methods to play a crucial role
will include meta-transcriptomic techniques. It will also
be beneficial to apply techniques such as the nextgeneration sequencing to study genetic diversity and
composition of aquaponics system under various operational sets of parameters.
Furthermore, it is necessary to perform assessments of
the links between the staple diet in a given country and
the potential use of aquaponics system to complement
the diet. This is especially important in the context of
identifying the types of nutrients that aquaponics could
provide. Once this is done, studies will have to be conducted to include an assessment of microbial composition of aquaponics systems under potential conditions
of crop rotation. In addition, aquaponics systems with
multiple crop cultivation will have to be studied in the
same context. Laboratory and pilot-scale studies will
have to be conducted to investigate the links between
crop rotation and staple food production, and the
changes in microbial composition of aquaponics
systems.
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