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Abstract: Fresh vegetables harbour diverse bacterial populations on their surfaces which are impor-
tant for plant health and growth. Information on epiphytic bacteria is limited to only a few types of
vegetables and it is unknown how the lettuce epiphytic bacterial community structure may respond
when a probiotic product is added to an aquaponic system. In this study, we evaluated lettuce growth
and analysed epiphytic bacterial communities of lettuce based on metabarcoding analysis of the
V3-V4 region of the 165 rRNA gene obtained from paired-end Illumina MiSeq reads. The addition of
Bacillus probiotics resulted in a significant increase of nitrate and phosphate in the deep-water culture
solution, as well as increased vegetative growth of lettuce. Metabarcoding analysis revealed that
the most abundant phyla on lettuce leaf surfaces were Proteobacteria, Bacteroidetes, Firmicutes, and
Actinobacteria. The in-depth bacterial composition analysis indicated that genera Chryseobacterium,
Bacillus, Pantoea, Pseudoduganella, Flavobacterium, Paludibacter, and Cloacibacterium were dominant in
leaf samples obtained from Bacillus-treated systems. Analysis of lettuce epiphytic bacterial communi-
ties of the fresh lettuce leaf surfaces also indicated the presence of food-borne pathogens belonging to
the Shigella and Aeromonas genera, which were less abundant in the probiotic treated systems. This
study provides the first characterization of the epiphytic bacterial community structure and how it
can be modulated by the addition of a probiotic mixture to the nutrient solution of aquaponic systems.
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1. Introduction

The above-ground surfaces of plants are colonized by microbial communities that may
affect their growth and survival through enhancing nutrient acquisition and tolerance to
environmental stress [1,2]. The surface of plant leaves, the phylloplane, provides a habitat
for a wide diversity of microorganisms [1-3]. The phylloplane is inhabited by bacteria,
archaea, filamentous fungi, and yeasts [3]. These microorganisms may either be associated
with plant surfaces as epiphytes or within plant tissue as endophytes [4]. In soil-grown
plants, epiphytic bacterial communities differ in composition among and within plants of
the same species as well as over growing seasons which may be caused by changes in solar
radiation, temperature, humidity, and nutrient availability [4]. Although leaf surfaces host
a variety of microorganisms, bacteria are the most abundant with densities averaging 10°
to 107 cells per cm? [5]. Epiphytic bacteria may provide specific benefits to plants which
include increased stress tolerance [6], nitrogen fixation [7], protection of plants against
Attribution (CC BY) license (https://  pathogen infections [8,9], and stimulation of plant growth [10].
creativecommons.org/licenses /by / Characterization of the epiphytic bacterial communities of plants grown in aquaponic
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coli O157:H7, have been reported on leaf surfaces and internally on soil-grown lettuce and
spinach which persist for several weeks [11]. Similarly, Shiga toxin-producing E. coli have
been reported on the leaf surfaces of lettuce, basil, and tomatoes grown in indoor aquaponic
and hydroponic systems [12], although these were not internalized. Weller et al. [13]
reported detectable but low levels of generic E. coli in three out of five water samples
collected from hydroponic systems. Of the leafy greens, lettuce is the most frequently
grown in aquaponics systems because of its low nutrient requirements and economic
value [14]. While many studies have investigated interactions between agricultural plants
and microorganisms in the soil or rhizosphere [15], only a few studies have investigated
the bacterial diversity on lettuce cultivated in aquaponic systems [12,13,16-18]. These
studies focused on E. coli contamination while the phylloplane microbiome was not studied.
Plants do not provide a homogeneous microbial habitat; knowledge of the distribution of
bacteria across morphological regions of plants may contribute to understanding the role
of plant-associated bacterial communities [12]. While the need to conduct such studies has
been recognized for microbiological analyses of leaves of cultured terrestrial plants, more
research on plants grown in aquaponics or hydroponic systems is needed [17].

The use of a mixture of Bacillus subtilis and B. licheniformis is an environmentally safe
method to improve fish growth and water quality, however, their effects on the microbiome
of soilless plants require further investigation. Bacillus is a major plant growth-promoting
probiotic bacteria that colonizes different plant parts, including the phylloplane, and exerts
beneficial effects on plant health [19,20]. In an attempt to influence microbial diversity in
aquaponic systems, the use of probiotics has been tested to determine its influence on water
quality [21,22] in order to enhance immunity against diseases in farmed fish species [23],
to promote plant growth [21,24], and to study the microbial diversity of root-associated
bacteria in aquaponic systems [25]. However, these studies did not report on the effect of
probiotics on the microbiome inhabiting the plant surface. Because only a proportion of the
viable plant microbiota is culturable, culture-independent methods have been developed to
characterize the bacterial composition associated with different plants grown in aquaponic
systems. Next-generation sequencing provides a culture-independent molecular technique
that greatly expands the ability to obtain comprehensive information on the complexity
of microbial communities associated with plants from aquaponic systems [25]. In this
study, Illumina-based 16S rRNA gene sequencing was used to determine and compare the
epiphytic bacterial communities of lettuce plants grown in aquaponic systems treated with
a probiotic (Sanolife®PRO—W, INVE Aquaculture, Dendermonde, Belgium) containing a
mixture of Bacillus subtilis and B. licheniformis to untreated systems under indoor conditions.
In addition, as lettuce growth may be influenced by nutrient availability, the effect of the
addition of the commercial mixture of Bacillus on water quality and lettuce growth was
also monitored.

2. Materials and Methods
2.1. System Design

Small-scale aquaponics systems were established in a constant environment growth
room [25] to grow Mozambique tilapia (Oreochromis mossambicus) and lettuce (Lactuca sativa,
Locarno cultivar). Four randomly assigned aquaponic units were used. Each system was
one experimental unit comprising a 100 L fish tank, a 50 L sump with a submersible pump
(SOBO 6000, 85 W, Zhongshan SOBO Electric Co., Ltd., Zhongshan, China), a 125 L flood-
and-drain gravel media bed fitted with a bell siphon, and a 125 L deep-water hydroponic
culture unit. The dissolved oxygen (DO) of the systems’” water was maintained above
6 mg L~!. The water flow rate through each system was 180 L h~!. Rainwater was first
filtered through a Milli-Q Millipore ultrapure water purification system (Milli-Q®, Merck
KGaA, Darmstadt, Germany) fixed with 0.22 um membrane filters before either filling the
systems or replacing evaporated water. Aquatic thermostat heaters positioned in the fish
tanks maintained the water temperature between 25 and 26.5 °C [25].
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2.2. Lettuce Growth Conditions

Locarno-variety lettuce seedlings at the four-leaf stage were transferred into the
aquaponic systems that had been operating for 12 months. Seedling roots were first
submerged in sterilized water for 1 min and rinsed prior to planting. After cleaning, the
seedlings were weighed and then placed in a polystyrene floating raft with their roots
submerged in the water. The lettuce plants were spaced 15 cm apart, with 16 lettuce
plants per raft. Lighting (Sylvania F58W /GRO Gro-Lux fluorescent tubes, Feilo Sylvania,
Erlangen, Germany) was controlled with a digital timer (13 h light and 11 h dark phase).
The growth room temperatures were 18 °C and 22 °C for night and day temperatures,
respectively [25].

2.3. Addition of Probiotics

Aquaponics units were treated with 5.31 g of a Bacillus mixture (Sanolife®PRO-W;
5.0 x 109 CFU g 1), twice a week for the duration of the trial. The probiotic was dissolved
in water prior to being added to the sump of the aquaponics system. Control aquaponics
units were not treated with the probiotic mixture. Fe was supplemented into the aquaponics
systems in the chelated form, i.e., 6% Fe-EDDHA (2 mg L~! every two weeks). When the pH
dropped below pH 6.5, calcium hydroxide, 2 g Ca(OH),, was added to the system’s sump.

2.4. Sampling for Water Quality Parameters

Water temperature, pH, total dissolved solids (TDS), and electrical conductivity (EC)
were measured daily using a water quality multi-meter (PHT-027, Zhejiang, China). Dis-
solved oxygen (DO) was measured using a DO meter (Pen-850045, Sper Scientific Ltd.,
Scottsdale, AZ, USA). Nitrate (NO3; ~) and phosphate (PO43~) were assayed three times per
week using Spectroquant test kits (Merck Pty Ltd., products; 1.14752.0001 and 1.14848.0001,
respectively) following the manufacturer’s instructions, and absorbances were read using a
spectrophotometer (Merck Spectroquant® Pharo 300 spectrophotometer, Merck, Darmstadt,
Germany) [25].

2.5. Chlorophyll Fluorescence and Vegetative Growth of Lettuce

Prior to harvesting, the leaf chlorophyll content index (CCI) was assessed using a
portable Apogee MC-100 chlorophyll concentration meter, (Apogee Instruments, Inc.,
Logan, UT, USA). Chlorophyll fluorescence was measured using a PEA+ chlorophyll
fluorescence analyser (Hansatech Instruments Ltd., Norfolk, UK).

The 16 plants from each hydroponic unit were harvested and absolute growth rate
(AGR) and height gain (HG, cm plant~!) were calculated using the equations:

AGR = (M, — M;)/T 1)

HG =FH — IH )

where: M = average final plant mass (g plant 1), M = average initial plant mass (g plant 1),
T = number of days of the growth period, FH = average final height (cm plant~!), and
IH = average initial height (cm plant™1).

The plant biomass was determined by measuring the plant height (base to growing tip,
cm), leaves per plant, shoot fresh weight (g), and root length (cm). Shoots were detached
from the roots using a sterilized scalpel and the weight of each fresh shoot and root was
recorded using a tared electronic scale (Adam Equipment, PGL-2002, accuracy 0.01 g).
The lettuce shoots and roots were separately dried at 72 °C for 48 h using a benchtop
Laboratory oven (Labcon laboratory equipment (Pty) Ltd., Krugersdorp, South Africa) for
dry mass determination.

2.6. Sample Collection and Isolation of Leaf Epiphytic Bacteria

Leaf samples from lettuce plants with no obvious damage were collected from the
Bacillus-treated and control systems 30 d after planting. To obtain representative samples of
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the bacterial communities on the lettuce leaf surfaces, leaves were not surface-sterilized or
prewashed. Two leaf samples from each lettuce plant were cut using sterile scissors and
six plants in each experimental unit were sampled, i.e., there were twelve leaf samples
from each experimental unit. The scissors were flame-sterilized between samples. The
leaf samples were stored in sterile zip-lock plastic bags. The samples from each system
were pooled to be treated as one sample for further analyses. This was done to remove
pseudoreplication bias. Epiphytic bacteria were isolated through a leaf washing technique
described by Sanchez-Lépez et al. [6] and Sare et al. [26]. Analyses commenced within an
hour after the collection of samples and sterile procedures were followed. Each sample
was suspended in an Erlenmeyer flask containing 150 mL sterile distilled water and kept in
a rotary shaker at 150 rpm for 2 h at 20 °C. Two washing steps were conducted for each
sample. A 300 uL aliquot of leaf wash solution was then sterile filtered (0.2 um Supor®
Membrane disc filters, PALL Life Sciences, Ann Arbor, MI, USA) by vacuum filtration for
DNA extraction.

2.7. DNA Extraction, PCR Amplification of 16S5tRNA Gene and Sequencing

Filter paper (0.2 pm pore size) containing the bacteria was added to bead-beating tubes
and processed with a ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research, Tustin, CA,
USA) following the manufacturer’s protocol. The extracted DNA concentration was deter-
mined using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). PCR amplification and electrophoresis were performed as described by Kasozi
etal. [27]. A primer pair with a forward primer 16Sa-F (5'-TCG TCG GCA GCG TCA GAT
GTG TAT AAG AGA CAG CAG CAG CCG CGG TAA- 3') and reverse primer 16Sa-R
(5'-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGT AAG GTT CYT CGC
GT-3') were used for the PCR amplification. Next generation sequencing (NGS) was per-
formed on the Illumina MiSeq platform (Illumina®, San Diego, CA, USA) with the reagent
kit v3 at the Aquatic Genomics Research Platform of the South African Institute of Aquatic
Biodiversity (SAIAB).

2.8. Sequence Analysis

The paired-end Illumina amplicon sequences in FASTQ format were processed with
MOTHUR platform version 1.41.3 release [27,28]. Sequence reads shorter than 100 bases,
reads longer than 550 bases, and those with ambiguous nucleotides were removed. Fur-
thermore, chimeric sequences were removed using the VSEARCH [29] in the MOTHUR
program. Unique reads were checked for chimeric sequences, which were removed from
the datasets. Sequence reads were classified using a Naive Bayesian classifier against the
SILVA bacterial database (release version 132). Chloroplast, mitochondria, eukaryote, or
unknown kingdom sequences were removed prior to further analysis. The OTUs were
clustered at a 0.03 cut-off. The taxonomical classification was done to genus level and
a-diversity metrics, including observed species richness (Sobs), Chaol, Shannon, and
InvSimpson, were calculated using MOTHUR. Common and unique OTUs generated
from the lettuce epiphytic DNA sequences were determined by constructing a Venn di-
agram of two replicates per treatment. Species identification for the dominant 35 OTUs
was performed using the NCBI Basic Local Alignment Search Tool (BLAST). A heatmap
was constructed to visualize the distribution of the dominant OTUs using the Morpheus
application (https:/ /software.broadinstitute.org/morpheus, accessed on 21 October 2021).

2.9. Analysis of Lettuce Growth and Water Quality

Lettuce growth data were expressed as mean =+ standard error of the mean (SE), and a
student’s t-test compared means for lettuce growth between treatments. The student’s ¢-test
is more suitable for small sample sizes [30] than the non-parametric alternative tests. To test
whether there was a significant difference between treatments in the change in water quality
over the culture period, repeated measures analysis of variance (RM-ANOVA) was used
with treatment and time as the independent variables and water quality measurements as
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the dependent variables. Differences between means or interactions between main effects
were considered significant when the Type 1 error probability was less than 5%, i.e., p < 0.05.
All analyses were performed using the Statistica 12® software package (TTBCO Software,
Palo Alto, CA, USA, version 13.5.0).

3. Results
3.1. Vegetative Growth of Lettuce and Chlorophyll Fluorescence

Lettuce shoot fresh weight was 15.3% more in the Bacillus probiotic treated sys-
tems when compared to the lettuce harvested from the control systems (shoot weight,
45.03 4 0.06 g plant ! and 39.07 + 0.91 g plant !, respectively) (Table 1). Root fresh weight
in the Bacillus probiotic treatment plants (2.42 + 0.005 g plant~!) was 21.0% higher than in
the control plants (2.00 & 0.04 g plant~!). Mean shoot and root dry weights from the Bacillus
probiotic treatment were significantly higher than those of the control group (p < 0.05).
Mean chlorophyll content index (CCI) values did not differ between the Bacillus probiotic
treatment and the control (p = 0.26). The chlorophyll fluorescence parameter increased in
the Bacillus probiotic treatment compared to the control (Table 1). The absolute growth
rate and height gain were also significantly increased in the lettuce grown in the Bacillus
probiotic treated aquaponic systems (Table 1).

Table 1. Vegetative growth and chlorophyll fluorescence of ‘Locarno” lettuce cultivar grown in
aquaponic systems treated with a Bacillus probiotic. Significant differences between Bacillus treated
and control systems (p < 0.05) are marked by an asterisk. Data are means + standard error (SE).

Variables Bacillus Treatment Control p-Value

Initial plant mass (g plant_l) 6.18 + 0.02 6.21 £+ 0.04 0.619
Shoot fresh weight (g plantfl) 45.03 £ 0.06 39.07 £ 091 0.022 *
Root fresh weight (g plantfl) 2.42 £ 0.005 2.00 £ 0.04 0.011*
Height gain (cm plant_l) 26.66 £ 0.48 21.60 £ 0.38 0.014 *
Leaf number (plantfl) 19.60 £ 0.22 15.0 £0.19 0.004 *
Absolute growth rate (g day ) 1.38 + 0.005 1.16 +0.03 0.019*
Fy/Fpm 0.82 + 0.05 0.72 +0.01 0.011*

CCI 2.36 + 0.05 2.25+0.05 0.260

Shoot dry weight (g plant~!) 2.07 £ 0.07 1.72 £ 0.01 0.043 *
Root dry weight (g plant 1) 0.27 =+ 0.005 0.17 £ 0.01 0.016 *

3.2. Water Quality Parameters in the Deep-Water Growth Beds

The water temperature in the deep-water control grow beds ranged between 25.0 °C
and 26.5 °C and between 24.9 °C and 26.5 °C for the Bacillus probiotic treated deep-
water growth beds (Table 1). The average temperature did not differ between treatments
(RM-ANOVA, p = 0.82). DO remained above 6 mg L~! and the probiotic treatment did
not affect the DO concentration. The pH of the systems was also not affected by the
probiotic (RM-ANOVA, p = 0.15). TDS in the control systems ranged between 734 and
931 mg L~!, and between 661 and 839 mg L~! in the Bacillus-treated systems (Table 2).
Average concentrations of TDS and EC were not significantly affected by the Bacillus
probiotic mixture (RM ANOVA, p = 0.96; p = 0.97, respectively). Nitrate and phosphate
concentrations increased significantly in the Bacillus probiotic treated systems relative to
the controls (RM-ANOVA, p = 0.009, p < 0.0001, respectively, Table 2).
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Table 2. Water quality parameters in control and Bacillus probiotic treated systems in the deep-water
growth beds. Mean value ranges are given in parentheses.

Variables Bacillus Treatment Control

Temperature (°C) 25.94 (24.96-26.50) 25.94 (25.04-26.50)

DO (mg L1 6.72 (6.53-6.83) 6.79 (6.67-6.90)

TDS (mg L) 741 (661-839) 835 (734-931)

pH 6.87 (6.74-6.97) 6.79 (6.68-6.90)

EC (ms cm™ 1) 1.05 (1.05-1.19) 1.20 (1.03-1.35)
Nitrate (mg L 1) 33.25 (25.27-43.60) 19.73 (14.50-27.37)

Phosphate (mg L) 2.92 (2.34-4.43) 1.60 (1.14-2.39)

3.3. Sequencing Summary and Diversity of Leaf Epiphytic Bacteria

Leaf samples obtained from the probiotic treated systems had 96,579 sequence reads,
and the control system samples yielded 104,664 raw sequences. After removal of poor-
quality reads, 71,364 sequences for the probiotic treated and 76,103 control sequences
remained. In addition, 35,965 unique sequences were generated for both the probiotic
treated and control samples. Chimera removal resulted in 68,658 and 74,830 sequence reads
for probiotic treated and control samples, respectively. Chimeric sequences were 2.7%.
The non-target sequences accounted for 41,719 and 46,428 in probiotic treated and control
samples, respectively, implying that microorganisms, in addition to bacteria, also inhabited
the leaf surfaces. After quality filtering, removal of chimeras, and single reads, 6971 and
1868 reads remained for the probiotic treated and control samples, respectively (Table 3).

Table 3. Summary of sequencing data.

Treatment Number of Raw Number of Sequences = Number of Sequences Eukaryotes and Number of Reads after
Sequences before Chimeras after Chimeras Unknown Reads Screening and Filtering
Bacillus treatment
Sample Bl 48,788 35,348 34,874 24,544 622
Sample B2 47,791 36,016 33,784 17,175 6349
Control
Sample C1 63,098 41,061 40,336 16,544 1119
Sample C2 41,566 35,042 34,494 29,884 749

The results shown in Table 4 show high variability between treatments, however,
there was no significant effect of treatment with the Bacillus probiotic on InvSimpson, Sobs,
Chaol, and Shannon (p > 0.05; Table 4). The diversity of the epiphytic bacterial communities
varied widely within the Bacillus treatment. Sequence analyses for leaf samples from both
systems showed a low estimated coverage ranging from 87.62 to 92.44% and 87.29 to 90.51%
for Bacillus-treated and control systems, respectively (Table 4).

Table 4. Coverage and alpha diversity of epiphytic bacterial communities from lettuce leaf samples
grown in Bacillus-treated and control systems. Mean values are followed by the standard error of the
mean and the range is given in parentheses. No significant effect of Bacillus probiotic treatment on
alpha diversity and coverage was observed (t-test, p > 0.05).

Treatment
Coverage and Indices p-Value
Bacillus Control
InvSimpson 13.53 (7.95-19.12) 23.25 (10.34-36.15) 0.561
Observed richness 110 (87-133) 141 (110-172) 0.506
Good’s coverage (%) 90.0 (87.62-92.44) 88.9 (87.29-90.51) 0.735
Chaol 218.65 (177.08-260.22)  255.41 (195.55-255.27) 0.907

Shannon 3.32 (2.94-3.70) 3.81 (3.23-4.39) 0.554
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3.4. Shared and Unique Operational Taxonomic Units

In the control systems a greater number of unique OTUs, relative to those in Bacillus-
treated systems, were observed, i.e., 37 and 73 were found on leaf surfaces from the control
systems compared to 22 and 44 in leaf samples obtained from Bacillus probiotic treated
systems (Figure 1). A total of 133 and 87 OTUs were found in leaf samples obtained from
Bacillus-treated systems Bl and B2, respectively, while 110 and 172 were found in leaf
samples collected from control systems C1 and C2, respectively. The number of OTUs
shared between samples from Bacillus probiotic treated systems (B1 and B2) was 50, while
61 OTUs were shared between samples from the control systems. The control samples
generated the most unique OTUs of this dataset.

C2
73

Figure 1. A Venn diagram of shared and unique OTUs of epiphytic bacterial communities of lettuce
plants grown in Bacillus probiotic treated and control systems. Bl and B2 represent leaf samples
obtained from Bacillus probiotic supplemented systems and C1 and C2 represent leaf samples from
the control systems.

3.5. Overview of Bacterial Taxa Associated with Lettuce Leaf Samples

A total of 17 phyla were identified, with 10 having a relative abundance of more than
0.2% in the control and the Bacillus probiotic treated systems. The bacterial taxa were
mostly members of the Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria phyla
(Figure 2). In the Bacillus probiotic treated systems, Proteobacteria and Bacteroidetes were
the common inhabitants of lettuce epiphytes with average relative abundances of 44.33%
and 35.06% of the total bacterial community, respectively. Similarly, in the control systems,
the Proteobacteria and Bacteroidetes constituted 47.24% and 25.50% of the total bacterial
community, respectively. Other major dominant phyla from the Bacillus-treated systems
included Firmicutes (16.20%) and Actinobacteria (2.11%) while these phyla in the control
systems constituted 19.49% and 4.13% of the total bacterial community, respectively. A frac-
tion of the total sequences (0.28-0.46%) could not be classified into any known phyla. Other
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phyla including Acidobacteria, Epsilonbacteraeota, Planctomycetes, Fusobacteria, Verru-
comicrobia, and Cyanobacteria were present in lower abundances. Gammaproteobacteria
was the dominant class within the phylum Proteobacteria in all samples (Figure 2).

100%
90%
B Other phyla
80%
W Verrucomicrobia
70% M Proteobacteria
B Planctomycetes
(0]
e 60% M Fusobacteria
S
g B Firmicutes
Q2 50%
v M Epsilonbacteraeota
E 40% m Cyanobacteria
W Bacteroidetes
30% M Bacteria_unclassified
B Acidobacteria
20% . .
Actinobacteria
10%
0%
Bacillus treatment Control

Figure 2. The relative abundances of taxa (at the phylum level) of leaf epiphytic bacteria from
lettuce plants obtained from Bacillus probiotic treated and control aquaponic systems. Phyla less than
0.2% of the total reads are displayed under “other phyla” and include the phyla Armatimonadetes,
Chloroflexi, Chlamydiae, Dependentiae, Nitrospirae, Patescibacteria, and Spirochaetes.

Twenty-three genera had a relative abundance greater than 0.5% of total bacteria
reads (Figure 3). The lettuce leaf surfaces from Bacillus probiotic treated systems had a
high relative abundance of Bacillus (27.20%), Chryseobacterium (21.90%), Pseudoduganella
(10.26%), and Flavobacterium (4.49%). Other genera including Shigella (3.86%), Aeromonas
(2.14%), Paludibacter (2.02%), and Cloacibacterium (1.14%) also inhabited the lettuce epi-
phytes. In the control systems, the dominant genera included Chryseobacterium (9.13%),
Shigella (7.38%), Acinetobacter (4.63%), Pseudoduganella (3.90%), Bacillus (3.67%), Aeromonas
(3.14%), Flavobacterium (3.16%), and Paludibacter (1.80%).
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100%
B Tahibacter
B Sphingobacterium
90% u Shigella
B Pseudoxanthomonas
80% W Pseudomonas
B Pseudoduganella
70% m Pedobacter
Paludibacter
I
Q Mycobacterium
§ 60% g
g u Microbacterium
=
° W Massilia
2 50%
RS m Klebsiella
o)
[ .
W Flectobacillus
40% m Flavobacterium
B Duganella
30% B Dechloromonas
B Clostridium sensu stricto 1
20% ® Cloacibacterium
u Chryseobacterium
L% Bacillus
0
B B Azospira
- B Aeromonas
0% .
Bacillus treatment Control m Acinetobacter

Figure 3. The average relative abundance of bacterial genera of leaf epiphytic bacterial communities
of lettuce plants obtained from Bacillus probiotic treated and control systems. Genera representing
greater than 0.5% of the total reads in at least one sample are presented.

The distribution of the top 35 dominant OTUs are exhibited in a heatmap (Figure 4).
The red illustrates the highest abundance, and the blue the lowest abundance of species.
The 35 abundant OTUs (>10 sequences) belonged to four phyla, including Proteobacteria,
Bacteroidetes, Firmicutes, and Actinobacteria (Figure 4). The differences in the distribution
of dominant OTUs were observed in lettuce leaf samples obtained from aquaponic systems
receiving similar treatment. The corresponding OTUs were identified to species level
(sequence similarity between 97-100%) based on 16S rRNA gene sequences in the NCBI
database (Table 5).
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Bacillus_1

Bacillus_2

owmnl N ow max

Control_1 Control _2  OTUs

Bacteroidetes;Flavobacteriales; Weeksellaceae; Chryseobacterium
Firmicutes;Bacillales, Bacillaceae; Bacillus
Proteobacteria;Enterobacteriales,; Enterobacteriaceae; Pantoea
Proteobacteria; Enterobacteriales; Enterobacteriaceae;Shigella
Proteobacteria; Burkholderiales; Oxalobacteraceae; Pseudoduganella
Firmicutes;Bacillales; Bacillaceae, Bacillus
Bacteroidetes;Flavobacteriales, Flavobacteriaceae, Flavobacterium
Proteobacteria;deromonadales,; Aeromonadaceae; Aeromonas

9 Proteobacteria;Pseudomonadales; Moraxellaceae; Acinetobacter
10 Bacteroidetes;Bacteroidales; Tannerellaceae; Parabacteroides

11 Actinobacteria;Micrococcales; Microbacteriaceae; Microbacterium
12 Proteobacteria;Rhodocyclales; Rhodocyclaceae,; Azospira

13 Bacteroidetes;Bacteroidales,; Paludibacteraceae; Paludibacter

14 Proteobacteria;Burkholderiales; Oxalobacteraceae; Duganella

15 Proteobacteria;Rhodocyclales; Azonexaceae,; Dechloromonas

16 Proteobacteria; Xanthomonadales, Xanthomonadaceae; Pseudoxanthomonas
17 Bacteroidetes;Bacteroidales, Paludibacteraceae,; Paludibacter

18 Proteobacteria;Betaproteobacteria; Burkholderiales,; Roseateles

19 Proteobacteria;Burkholderiales; Comamonadaceae;Pelomonas

20 Bacteroidetes;Flavobacteriales; Weeksellaceae, Cloacibacterium

21 Bacteroidetes;Cytophagales;Spirosomaceae;Flectobacillus

22 Proteobacteria;Pseudomonadales, Pseudomonadaceae,; Pseudomonas
23 Proteobacteria;Burkholderiales, Comamonadaceae; Acidovorax

24 Proteobacteria;Xanthomonadales; Rhodanobacteraceae, Tahibacter
25 Bacteroidetes ;Sphingobacteriales,; Sphingobacteriaceae,; Pedobacter
26 Proteobacteria;Burkholderiales; Oxalobacteraceae,; Massilia

27 Proteobacteria;Pseudomonadales; Moraxellaceae; Acinetobacter

28 Proteobacteria;Aeromonadales; Aeromonadaceae, Pseudaeromonas
29 Fimmicutes;Bacillales; Bacillaceae; Bacillus

30 Bacteroidetes,; Flavobacteriales, Weeksellaceae,; Cloacibacterium

31 Proteobacteria;Burkholderiales, Comamonadaceae;Acidovorax

32 Proteobacteria;Burkholderiales, Comamonadaceae; Comamonas

33 Bacteroidetes;Flavobacteriales, Flavobacteriaceae, Flavobacterium
34 Firmicutes;Clostridiales, Clostridiaceae,; Clostridium

0NN N AW~

35 Proteobacteria; Burkholderiales; Comamonadaceae; Xenophilus

Figure 4. A probiotic heatmap showing the distribution of the 35 dominant OTUs based on the
abundance of 16S rRNA gene sequences (>10 sequences) from leaf samples of lettuce grown in
Bacillus treated and control aquaponic systems. Each column in the heatmap represents a sample
and each row represents an OTU. The relative colour code refers to sequence abundance, with high
abundances (red colours) and low abundances (blue colours). Taxonomy (right column) indicates the
phylum, order, family, and genus of each OTU.

Table 5. The 35 dominant bacterial OTUs and their closest phylogenetic neighbours from lettuce leaf
samples obtained from a small-scale coupled aquaponic system through BLAST searches.

Bacterial OTUs Related Species (NCBI-Blast) Similarity (%) Accession
OTU1 Chryseobacterium rhizoplanae strain JM-534 98.27% NR_134711.1
OTU2 Bacillus australimaris strain MCCC 1A05787 98.72% NR_148787.1
OTU3 Pantoea rwandensis strain LMG 26275 99.14% NR_118121.1
OTU4 Shigella sonnei strain CECT 4887 98.28% NR_104826.1
OTU5 Pseudoduganella eburnea strain 10R 5-21 98.28% NR_159256.1
OTU6 Bacillus haynesii strain NRRL B-41327 98.50% NR_157609.1
OTU7 Flavobacterium lindanitolerans strain IP-10 98.26% NR_044208.1
OTUS8 Aeromonas hydrophila strain DSM 30187 99.36% NR_119190.1
OTU9 Acinetobacter vivianii strain NIPH 2168 98.71% NR_148847.1
OTU10 Parabacteroides chartae strain NS31-3 98.92% NR_109439.1
OTU11 Microbacterium laevaniformans strain DSM 20140 98.72% NR_044935.1
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Bacterial OTUs Related Species (NCBI-Blast) Similarity (%) Accession
OTU12 Azospira oryzae PS 98.72% NR_074103.1
OTU13 Paludibacter propionicigenes WB4 97.41% NR_074577.1
OTU14 Duganella sacchari strain Sac-22 98.28% NR_108216.1
OTU15 Dechloromonas hortensis strain MA-1 98.72% NR_042819.1
OTU16 Pseudoxanthomonas mexicana strain NBRC 101034 97.43% NR_113973.1
oTu17 Paludibacter propionicigenes WB4 97.41% NR_074577.1
OTU18 Roseateles depolymerans strain 61A 96.56% NR_111995.1
OTU19 Pelomonas saccharophila strain NBRC 103037 98.71% NR_114189.1
OTU20 Cloacibacterium normanense strain NRS1 98.92% NR_042187.1
OTU021 Flectobacillus roseus strain GFA-11 98.70% NR_116312.1
OTU22 Pseudomonas plecoglossicida strain NBRC 103162 99.36% NR_114226.1
OTuU23 Acidovorax temperans strain PHL 99.35% NR_028715.1
OTU24 Tahibacter aquaticus strain PYM5-11 97.22% NR_115098.1
OTU25 Pedobacter glacialis strain 8-24 98.70% NR_134125.1
OTU26 Massilia alkalitolerans DSM 17462 strain YIM 31775 98.92% NR_043094.1
oTu27 Acinetobacter lwoffii strain JCM 6840 99.14% NR_113346.1
OTU28 Pseudaeromonas sharmana strain GPTSA-6 98.28% NR_043470.1
OTU29 Bacillus haynesii strain NRRL B-41327 97.64% NR_157609.1
OTU30 Cloacibacterium rupense strain NBRC 104931 98.92% NR_114274.1
OTU31 Acidovorax monticola strain K-4-16 97.63% NR_164911.1
OTU32 Comamonas composti strain YY287 99.57% NR_044039.1
OTU33 Flavobacterium notoginsengisoli strain SYP-B540 98.92% NR_145940.1
OTU34 Clostridium beijerinckii strain JCM 1390 99.57% NR_113388.1
OTU35 Xenophilus aerolatus strain 5516S-2 99.35% NR_116099.1

4. Discussion
4.1. Water Quality Management and Lettuce Growth

Water temperature, pH, DO, EC, and TDS were maintained at similar levels in the deep-
water growth beds between Bacillus probiotic treated and control aquaponic systems. These
water parameters were maintained within levels recommended for aquaponics [31,32].
An oxygen concentration above 4 mg L~! of the root environment in the hydroponics
component is required to prevent root rot [31]. In our study, the DO was above 6 mg L~!
which is a sufficient concentration for the growth of plants and fish. EC and TDS remained
within the recommended range for plant growth, with both increasing over time.

Nitrate and phosphate are dissolved forms of nitrogen and phosphorus, respectively,
which are essential nutrients for plant growth. In our study, the aquaponics systems
treated with the Bacillus probiotic mixture had significant increases in both nitrate and
phosphate concentrations in the hydroponic water. The increase in nitrate and phosphate
is corroborated by previous studies [25]. Because Bacillus mineralizes different forms of
phosphorus [19], the addition of the probiotic may have led to the conversion of complex
forms of essential nutrients, such as phosphorus and ammonium nitrogen, to simple
bioavailable forms that can be used by plant roots to improve lettuce growth.

Probiotic supplementation increased the fresh and dry biomass of the lettuce with
the fresh weight of the shoots and roots significantly higher in the Bacillus probiotic sys-
tems compared to the controls. The increase in shoot weight was most likely because
of the increased nitrate and phosphate concentrations in the probiotic-treated aquaponic
systems [25]. The dark-adapted value of F, /F;, is generally used to assess the plant photo-
synthetic performance, with the value for unstressed leaves being 0.81-0.83 [25]. In this
study, the chlorophyll fluorescence parameter averaged 0.82 for leaf samples from Bacillus
probiotic treated aquaponic systems.

4.2. Bacterial Community Composition and Diversity

The composition of leaf epiphytic bacteria is determined by various factors, including
environmental conditions, plant health, plant age, and plant genotype as well as the
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nutritional characteristics of the phyllosphere or grow media [3,15]. The x-diversity of
the epiphytic bacterial community of the leaf samples in our study was evaluated by four
indices, namely Sobs, Chaol, Shannon, and InvSimpson. Sobs and Chaol are abundance-
based estimators of species richness; Shannon and InvSimpson describe species richness
and species evenness [33]. There were no significant differences in x-diversity indices
between leaf samples obtained from Bacillus-treated and control systems, implying that
leaf samples had similar species richness. The similarity between treatments was possibly
due to the high variability of alpha diversity metric values within a treatment. Mercier and
Lindow [34] reported that the epiphytic bacterial populations vary from one leaf to another,
even on leaves of the same plant, due to changes in the utilizable carbon and nitrogen
sources on leaf surfaces. Schlechter et al. [35] reviewed studies on factors that influence
epiphytic bacterial communities and reported that the heterogenic nutrient conditions
and fluctuating water availability of leaves are among key properties influencing bacterial
colonization. The variability of the epiphytic bacterial communities within a treatment
might be related to physicochemical properties. These factors relevant to aquaponics may
include water quality, plant metabolism, and heterogenic nutrient conditions [35].

The Good'’s coverage, which is an index of gene sequencing depth, was relatively low
with an average coverage range of 88.9 to 90.0% for the control and Bacillus-treated samples.
This implies that lettuce leaf surfaces were inhabited by other microbes as revealed by
the sequences assigned to eukaryotes, chloroplasts, and mitochondria observed during
sequence analysis. Bringel and Couée [4] reported that sequencing depth is a limitation for
the detection of phyllosphere-specific bacteria.

The leaf epiphytic bacterial communities in the present study were dominated by the
phylum Proteobacteria, followed by Bacteroidetes, Firmicutes, and Actinobacteria. These
phyla are major colonizers of leaf surfaces in soil-based plants [3]. The dominance of
Proteobacteria has been reported in other studies where representatives of this phylum
play important roles in nitrification, nitrogen fixation, methylotrophy, or anoxygenic pho-
tosynthesis [15]. The genera Chryseobacterium (OTU1), Bacillus (OTU2), Pantoea (OTU3),
Pseudoduganella (OTUS), Flavobacterium (OTU7) Paludibacter (OTU17), and Cloacibacterium
(OTU30) were dominant in leaf samples obtained from Bacillus-treated systems. The source
of epiphytic bacteria includes air and/or water which are enriched with microorgan-
isms [36]. Endophytic bacteria from the roots could possibly transfer to the above-water
parts of plants. These factors might explain the dominance of OTUs (1, 2, 3, 5, 7, 17, and 30)
on lettuce leaf surfaces observed in our study.

Chryseobacterium was the most abundant genus that colonized the lettuce leaf surfaces
from Bacillus probiotic treated systems. Members of this genus are reported to exhibit plant-
growth-promoting activities [19,37]. They can produce siderophore, protease, cellulase,
amylase, and xylanase and have antifungal activity. Kumar et al. [38] reported that rice
leaf-associated Chryseobacterium showed anti-fungal activity against rice blast disease
when inoculated in rice seedlings. Given that leaf Chryseobacterium is capable of secreting
chemicals that suppress other pathogenic microbes, its ecological role in aquaponics may
be of particular importance.

Other dominant OTUs assigned to Pantoea, Pseudoduganella, and Flavobacterium were
detected on the leaf samples from Bacillus probiotic treated systems. Bacteria from the
genus Pantoea have been isolated from a range of ecological niches and their biological
roles have been reported as plant epiphytes, as biological control agents, or as plant-growth
promoters [39]. They can establish quorum sensing systems on leaves, which may lead
to the suppression of pathogens [40]. Species in the genus Pseudoduganella are adapted to
oligotrophic conditions and they are considered nitrogen-fixing organisms [41]. Members
of the genus Flavobacterium are associated with the ability to degrade complex organic
compounds, often representing a significant fraction of leaf-associated microbiomes in
different plant species [42,43]. Other dominant OTUs enriched to leaf samples from Bacillus
probiotic treated systems were assigned to Paludibacter and Cloacibacterium. The genus
Paludibacter includes species often associated with cellulose and chitin degradation [44].
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Members of Cloacibacterium are capable of producing extracellular polymeric substances
linked to the phytoremediation of toxic pollutants [45].

4.3. Occurrence of Shigella and Aeromonas Species on Leaf Surfaces of Lettuce

In our study, irrespective of the system, the fresh lettuce leaf surface was inhabited by
members of the genus Shigella. The presence of the genus Shigella, a food-borne pathogen
from leaf samples of the control systems (7.38% of the total bacterial community in the
control systems compared to 3.86% in the Bacillus probiotic treated systems), is of concern
because infections caused by Shigella species continue to be an important cause of diarrheal
diseases [46]. An infective dose of Shigella of 10-100 bacterial cells can be sufficient to
produce disease [47]. The comparative 165 rRNA gene sequence based on the NCBI BLAST
search results indicated that this OTU had the highest sequence similarity to the Shigella
sonnei strain CECT 4887 (98.28% sequence identity). Although little information is available
to this specific strain, S. sonnei has been shown to multiply in lettuce and lettuce extract [46]
and can grow within a pH range between 4.5 and 9.0 [48].

Another potential food-borne pathogen assigned to genus Aeromonas was identified
from lettuce leaves from the control and Bacillus probiotic treated systems (3.14% of the total
bacterial community in the control compared to 2.14% in the probiotic treated systems).
Aeromonas species have also been isolated from lettuce sourced from retail facilities [49,50].
The NCBI BLAST search indicated the bacterial epiphyte OTUS8 from our study had a
99.36% sequence identity with the Aeromonas hydrophila strain DSM 30187. Related studies
in aquaponics have reported the presence of Aeromonas. Chitmanat et al. [51] reported
the presence of Aeromonas hydrophila in aquaponics systems containing hybrid catfish
(Clarias macrocephalus x Clarias gariepinus). Schmautz et al. [52] reported the presence of
Aeromonas (0.25% of the total bacterial community) in the faecal samples of tilapia reared in
an aquaponic system. A. hydrophila is amongst the most frequently reported opportunistic
pathogenic bacteria in fish [53-55] with zoonotic potential [53]. In studies from retail
facilities, Aeromonas spp. has been identified in organic vegetables at various occurrences at
7.3% [56] and 34% [49]. The transfer of this pathogen to aquaponic systems onto lettuce
surfaces can be through water, equipment, fish feed, and media grow bed aggregates [50,55].
Our results indicate that lettuce leaf samples obtained from the probiotic treated systems
had lower relative abundances of Shigella and Aeromonas than control systems, suggesting
that application of the commercial probiotic product containing Bacillus subtilis and B.
licheniformis may decrease pathogen colonization on leaf surfaces. B. subtilis has been
suggested to inhibit pathogenic bacterial growth in plant tissue as well as decrease the
harmful effects of plant pathogens by altering the expression of stress-responsive genes,
proteins, phytohormones, and related metabolites [19]. The lower relative abundances of
Shigella and Aeromonas on the lettuce leaf samples from the Bacillus probiotic treatments
might also be due to compounds with antimicrobial properties produced by B. subtilis.
Blake et al. [57] reported that B. subtilis produces surfactin, a compound that disrupts the
cell membranes of other organisms and forms the basis of biocontrol against various plant
pathogens. The relative decrease of these pathogens may also be a result of competition for
nutrients between the bacterial species. However, further studies are required to investigate
the mechanisms of how the commercial product containing a mixture of B. subtilis and B.
licheniformis inhibit plant pathogens in aquaponic systems.

5. Conclusions

In conclusion, this study provides the characterization of the epiphytic bacterial
community structure, and the results show how it can be modulated by the addition of a
commercial probiotic to an aquaponic system. Our study has demonstrated a potential
risk of pathogen contamination in lettuce grown in an indoor aquaponic system, however,
there was a relatively lower abundance of Shigella and Aeromonas on lettuce leaf surfaces
in systems supplemented with a Bacillus probiotic. Further investigation is needed to
establish how the Bacillus probiotic influences epiphytic bacterial communities. The risk of
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pathogenic bacteria also requires further examination to ensure the risk of contamination of
fresh fruit and vegetables grown in aquaponic systems is minimized through appropriate
handling, cleaning, sanitizing, and possibly the supplementation with Bacillus probiotics.
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