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Abstract

Inhabitants of extreme and polluted environments are attractive as candidates for environmental bioremediation. Bacteria
growing in oil refinery effluents, tannery dumpsite soils, car wash effluents, salt pans and hot springs were screened for
microcystin-LR biodegradation potentials. Using a colorimetric BIOLOG MT2 assay; Arthrobacter sp. B105, Arthrobacter
Jjunii, Plantibacter sp. PDD-56b-14, Acinetobacter sp. DUT-2, Salinivibrio sp. YH4, Bacillus sp., Bacillus thuringiensis and
Lysinibacillus boronitolerans could grow in the presence of microcystin-LR at 1, 10 and 100 ug L~'. Most bacteria grew
optimally at 10 ug L~! microcystin-LR under alkaline pH (8 and 9). The ability of these bacteria to use MC-LR as a growth
substrate depicts their ability to metabolize the toxin, which is equivalent to its degradation. Through PCR screening, these
bacteria were shown to lack the mlr genes implying possible use of a unique microcystin-LR degradation pathway. The study
highlights the wide environmental and taxonomic distribution of microcystin-LR degraders.
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Introduction

Over the years, there has been increasing interest in extreme
environments and their inhabitants, referred to as extremo-
philes (Kochhar et al. 2022). These environments have been
shown to support diverse and specialized microbial commu-
nities with unique physiologies and metabolism. As means
of survival, extremophiles synthesize unique enzymes and
protective biomolecules with enhanced stability over a wide
spectrum of extreme environmental factors (Salwan and
Sharma 2022). Therefore, some of these enzymes and bio-
molecules have found applications in industrial and medical
biotechnology owing to their enhanced activity and stability
(Mesbah 2022). Inhabitants of highly polluted environments
develop physiological traits to withstand and metabolize the
contaminants for their survival, and their action contributes
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to environmental bioremediation (Brito et al. 2013; Sheik
et al. 2012). Therefore, these organisms qualify for potential
applications in the bioremediation of toxic pollutants from
the environment (Raddadi et al. 2015; Sibanda et al. 2017).

A group of toxic environmental contaminants of emerg-
ing concern, that pose a risk to human and animal health
are microcystins, produced by several groups of freshwa-
ter cyanobacteria (Pham and Dang 2019). These are highly
toxic compounds with hepatotoxic and carcinogenic effects
(WHO 2020). They are cyclic heptapeptides (about 200 vari-
ants) characterized by a shared general structure as shown in
Fig. 1. Microcystin-LR (MC-LR) is the most toxic microcys-
tin congener which has a lethal dose 50 (LD, of 50 pg kg™!
in mice (Bouaicha et al. 2019). Due to their cyclic structure,
microcystins are very stable at ambient water parameters
hence after release from cells they remain in the aquatic
ecosystem for long periods with possible food web transfer
to terrestrial ecosystems (Pham and Utsumi 2018). Despite
their high stability, microcystins are susceptible to micro-
bial degradation, and it serves as the primary mechanism
of detoxification and removal in the natural environment
(Gagala and Mankiewicz-Boczek 2012). Therefore, there
has been a drive to scout for effective microcystin degrad-
ers that can be used in potable water treatment (Dziga et al.
2013; Kumar et al. 2019). Although the search has been
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Fig. 1 The general chemi-

cal structure of microcystins
consisting of 7 amino acids
arranged into a cyclic structure.
Positions 2 and 4 are occupied
by variable L-amino acids (Leu-
cine and Arginine for microcys-
tin LR). At positions 5 and 7 are
two unique amino acids: Adda
(3-amino- 9S- methoxy-2, 6,
8S-trimethyl-10-phenyldeca-4,
6-dienoic acid) and Mdha
(methyl dehydro-alanine) which
are responsible for the toxicity
(Pearson et al. 2010)

extended to various environments, extreme and polluted
environments remain unexplored. Therefore, the aim of this
study was to evaluate the microcystin-degrading potential
of bacteria inhabiting extreme and polluted environments.

Materials and methods
Materials and reagents

A pure standard of MC-LR (purity >95%) (Enzo Biochem,
Inc., New York, USA) was supplied by BIOCOM Affrica,
in a lyophilized form. A stock solution of 10 mg L™! was
prepared in methanol (LC-MS grade) and divided into small
aliquots kept in amber vials kept at — 20 °C. Prior to use
in the degradation assays, the standard was filter sterilized

(6) D-Glu
OH (7) Mdha

0

(3) D- methylAsp

using 0.22 um syringe filters. All growth media were pre-
pared from microbiology, molecular or cell culture grade
reagents purchased from Sigma-Aldrich (Sandton, South
Africa). Deionized water was obtained from an inhouse
water purification system (Milli-Q, Merck Millipore, NY,
USA). Biolog® MT2 microplates (Biolog, Hayward, Cali-
fornia) were supplied by Anatech South Africa.

Bacterial strains

This work evaluated the degradation potential of bacte-
rial isolates obtained from different extreme (saltpans,
hot spring) and polluted (car wash effluent, oil refinery
plant effluent and tannery dumpsite soil). Bacteria from
saltpans, hot springs and car wash effluent (Table 1) were
isolated in previous works (Selvarajan et al. 2017, 2018;

Table 1 List of bacteria

) Isolation source Code Identity Gen bank accession no
obtained from extreme and
polluted environments, Hot spring BR1 Acinetobacter pittii KT748635.1
evaluated for MC-LR-degrading BR2 Acinetobacter sp. DUT-2 CP014651.1
potential using the Biolog MT2
microplate assay BL Albidiferax sp. 7B-211 KF441658.1
MO2 Acinetobacter junii strain KMDH?2 KU844044.1
TS1 Plantibacter sp. PDD-56b-14 KR922102.1
TS2 Arthrobacter sp. B105 KJ191026.1
Car wash effluent CACl11 Aeromonas tecta strain L47 KU179360.1
CAL2 Shewanella sp. LH8 KT424972.1
S1 Bacillus aryabhattai strain L54 KU179348.1
SASS Pseudomonas protegens LN995720.1
Salt pan SPS1 Thalassobacillus devorans HME8790 KC134359.1
SPS2 Halobacillus sp. K13 KT353097.1
SPS6 Halobacillus sp. A381 JX415307.1
SPBS Halobacillus alkaliphilus MGR92 KF151860.1
SPS10 Salinivibrio sp. YH4 KR870826.1
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Sibanda et al. 2017). These were received in frozen form
and were revived by storing at 4 °C overnight. These
were further subcultured in nutrient broth (NB) (3 g yeast
extract, 5 g peptone, 5 g sodium chloride, dissolved in 1
L deionized water) and their purity confirmed by plating
on nutrient agar (NA) (3 g yeast extract, 5 g peptone, 5 g
sodium chloride, 15 g agar, dissolved in 1 L deionized
water). Bacteria from the tannery dumpsite soils and oil
refinery plant effluent were isolated in this current study.

Sample collection

For bacteria isolation grab water samples (effluents) were
collected from a wastewater treatment plant of an oil
refinery plant and soil was collected from a dumpsite that
receives solid tannery waste. Samples were collected using
standard aseptic techniques, preserved on ice, transported
to the laboratory, and processed not later than 12 h after
collection. Prior to isolation, the bacterial communities
were acclimatized in MC-LR to enrich heterotrophic MC-
LR-degrading populations.

Enrichment

Soil samples were mixed with sterile 0.85% (w/v) sodium
chloride solution (0.85 g sodium chloride dissolved in
100 mL distilled water) and shaken at 160 rpm for 15 min.
The supernatant was collected, and 5 mL inoculated into
50 mL sterile NB. For the oil refinery plant effluent sam-
ples, 5 mL volumes were inoculated into 50 mL NB. All
cultures were incubated at 30 °C with shaking (150 rpm)
for 72 h. Subsequently, cells were harvested from the
72 h-old cultures by centrifugation (3500 rpm, 10 min) and
washed with phosphate buffered saline (PBS) [137 mM
NaCl, 2.7 mM KCI, 8 mM Na,HPO,, 2 mM KH,PO,].
The washing was repeated three times after which cells
were incubated in PBS for 24 h to deplete any traces of
carbon. Cells were then washed with PBS and reconsti-
tuted in minimal salts media MSM (pH 7.4) (5§ gNaCl, 1 g
K,HPO,, 1 g NH,H,PO,, 1 g (NH4),SO,, 0.2 g MgSO,.
7H,0O and 3 g KNOj; all dissolved in 1 L deionized water).
Microbial suspensions were adjusted to an optical den-
sity (ODsqq) of 1.5, and 1 mL was inoculated into 10 mL
of MSM spiked with MC-LR. The final concentration of
MC-LR in the cell culture was set at 3 mg L™!. The cul-
tures were incubated in the dark at 25 °C with shaking
(150 rpm) for 21 days. Experiments were set up in dupli-
cate and two negative controls; bacterial cells in MSM
with no MC-LR and MC-LR solution with no bacterial
cells were included.

Isolation of probable MC-LR degraders

After 21 days of MC-LR enrichment, surviving bacteria
were separated and isolated using standard isolation tech-
niques. Briefly, enrichment culture (100 puL) was spread on
NA plates and incubated at 25 °C in a humid chamber. Once
growth was visible, the resultant cultures were sub-cultured
on NA several times until axenic cultures with varying col-
ony characteristics were obtained.

Characterization of isolated bacteria

The isolates were characterized by 16S rRNA gene sequence
analysis and Matrix-Assisted Laser Desorption Time of
Flight Mass spectrometry (MALDI-TOF-MS) biotyping.

Matrix-Assisted Laser Desorption/lonization Time of Flight
Mass Spectrometry (MALDI-TOF MS) Biotyping

For MALDI-TOF-MS biotyping, cell lysates were pre-
pared from 24 h old cultures using the formic acid extrac-
tion method (Emami et al. 2016). All reagents used for the
MALDI-TOF -MS analysis were of analytical reagent grade.
For each isolate, a single colony was picked and mixed with
300 pL sterile deionized water. Absolute ethanol (900 uL)
was added to the bacterial suspension and mixed by vortex-
ing. Thereafter, the mixture of bacterial cells in ethanol was
centrifuged at 15 000 rpm for 2 min and the supernatant dis-
carded. This was repeated until all the ethanol was removed.
The pellet was then dried at room temperature for 3 min
after which 80 pL formic acid (70% v/v) was added and the
mixture vortexed. An equal volume of acetonitrile was added
to the mixture and centrifuged at 15 000 rpm for 2 min. The
supernatant (1 uL) was drawn and spotted onto a polished
steel MALDI target plate (Bruker Daltonics). The spotted
lysates were left to dry at room temperature for 1 h prior to
overlaying with 1 uL of a MALDI matrix. The matrix used
was a saturated solution of a-cyano-4-hydroxycinnamic acid
(HCCA) in 50% (v/v) acetonitrile and 2.5% (v/v) trifluoro-
acetic acid.

Sample analysis

Samples were analyzed on a Bruker ultrafleXtreme MALDI
Biotyper 2.0 (Bruker Daltonics, Germany) with an in-built
Flex control software. Spectra were analyzed in a mass to
charge (m/z) ratio of 2000-20 000 Da. Data analysis was
performed using the MALDI Biotyper Real-time Classifi-
cation (MBT RTC) software (Bruker®). For isolate identi-
fication, the following score cut-off values proposed by the
manufacturer were used: (>2.000 for species-level, 1.700
to 1.999 for genus level and < 1.700 no reliable identifica-
tion. Correct species identification was accepted if > 2 out of
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4 spectra scored >2.0 (MALDI Biotyper 3.1 User Manual,
Bruker Daltonics, 2012).

16S rRNA gene sequencing

The 16S rRNA genes were amplified by colony PCR using
the 27F and 1492R universal primer pair (Chakravorty et al.
2008). Genomic DNA was extracted from 24-h-old cultures
using the heating method. For each isolate, a single colony
was picked with a 10-uL pipette tip and mixed with 10 pl
nuclease free water. Then, the bacterial suspension was
heated in a heating block at 96 °C for 10 min. The mixture
was centrifuged at maximum speed for 30 s and the superna-
tant drawn and kept in a separate tube for use in subsequent
reactions. PCR was performed in a 25 pL reaction mixture
containing 9.5 pL sterile nuclease free water, 12.5 uL 2X
PCR master mix (Qiagen Top Tagq), 0.5uL each of forward
and reverse primer and 2 pL of the bacterial DNA suspen-
sion. PCRs were performed in a BioRad T100 thermal cycler
using a protocol previously described in Selvarajan et al.
(2018). Successful amplification was confirmed with gel
electrophoresis. Ethidium bromide stained 1% agarose gels
in 1 X TAE buffer were run at 80 V for 90 min. Gels were
viewed under a Gel Doc imager (Bio Rad). Resultant bands
were compared to a 100BP DNA ladder to confirm their
sizes. The PCR amplicons were sequenced at Ingaba Biotech
Industries (Pretoria, South Africa) in a Sanger sequencer.
Trimming and alignment of sequence reads was per-
formed in the Molecular Evolutionary Genetic Analysis v7
(MEGA 7) software (Center for Evolutionary Medicine and
Informatics, Tempe, AZ, USA). Trimmed sequence reads
were uploaded onto the Basic Local Alignment Search Tool
(BLAST) program of the National Centre for Biotechnology
Information (NCBI) and isolates identified by comparison
with sequence reads available in the database. An E value of
0.0 and sequence of identity >99% was accepted as the mini-
mum requirement for successful identification to genus or
species level. All sequence reads have been deposited with

the NCBI GenBank, under accession numbers MT367188
to MT367199.

Biolog® MT2 microplate assay for screening isolates
for MC-LR-degrading ability

The ability of individual bacterial strains to utilize MC-LR
as a growth substrate was measured in the Biolog® MT2
microplate assay. For the assay, cells were harvested from
24-h-old cultures, washed in PBS to remove traces of car-
bon, reconstituted in MSM and the optical density adjusted
to 1.5. Bacterial cell suspensions were inoculated in wells
spiked with MC-LR in MSM (pH 7) to a final concentration
of 1, 10 and 100 pg L~". Isolates were inoculated in tripli-
cate, and two negative controls were set up: bacterial cells
with no MC-LR, MC-LR in MSM with no bacterial cells.
Plates were incubated at 30°C in the dark for up to 120 h.
Measurements of optical density at 590 nm were taken in
a VarioSkan Flash plate reader (Thermofischer Scientific,
South Africa) at 0, 3, 6,9, 18, 21, 24, 27, 30, 33, 48, 60, 72
and 96 h. In another experiment to investigate the effects of
pH on MC-LR metabolism bacteria were grown in 10 g
L~! MC-LR at pH 6, 8 and 9. Prior to data analysis, the
absorbance values from each well were corrected by blank-
ing against the corresponding absorbance at 0 h and nega-
tive values were adjusted to zero. Positive bacterial growth
was denoted by a significant increase (ANOVA, p <0.05) in
optical density (ODsq) in the experimental wells (1, 10 and
100 ug L~! MC-LR), over the incubation period, as com-
pared to the control wells (0 ug L™! MC-LR).

Screening isolates for the presence of the mir gene
cluster

For PCR screening, genomic DNA was extracted from 24-h-
old cultures using the Zymo genomics Quick g-DNA extrac-
tion kit (Zymo Research Corporation, USA). Primer pairs
used for the amplification of the four target genes (Table 2)

Table 2 List of primers used for

; Gene Primer name Sequence *Position Tm (°C) Size (bp)
screening the mir gene cluster

mir A mlrAF 1 GAG CCG ATG TTC AAG ATA C 103-123 51.6 807
mirAR CTC CTC CCA CAA ATC AGG 891-911 55.1

mir A mlrAF 2 TCG CCA TTT ATG TGA TGG CT 457-477 55.7 453
mirAR CTC CTC CCA CAA ATC AGG 891-911 55.1

mlr B mlrBF CGA CGA TGA GAT ACT GTC C 99-117 52.0 448
mirBR CGT GCG GAC TAC TGT TGG 530-547 55.9

mlr C mlrCF TCC CCG AAA CCG ATT CTC CA 98-117 58.4 666
mirCR CCG GCT CAC TGA TCC AAG GCT 744-764 61.8

mlrD mlrDF GCT GGC TGC GAC GGA AAT G 51-69 59.8 671
mirDR ACA GTG TTG CCG AGC TGC TCA 702-722 61.7

*location on Sphingomonas MJ-PV strain
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were obtained from the literature (Saito et al. 2003). The
PCR mixture (25 pL) consisted of 12.5 uL. master mix,
1 uL each of forward and reverse primer, DNA template
(50-100 ng) and nuclease free water added to make up to
volume. PCRs were performed in a BioRad T100 thermal
cycler using the cycling conditions listed in Table 3 (Dziga
et al. 2012; Gandhi & Kumar 2017). Positive PCR amplifica-
tion was confirmed with agarose gel electrophoresis.

Results

Isolation and characterization of probable MC-LR
degraders

A total of 17 isolates with different colony characteristics
were isolated from oil refinery effluents (10 isolates) and
tannery dumpsite soil (7 isolates), previously enriched in
MC-LR. MALDI-TOF-MS biotyping classified the iso-
lates into to three genera: Bacillus, Paenibacillus and

Lysinibacillus (Table 4). Using this technique, 10 isolates
were successfully identified to species level, 6 to genus
level and 1 remained unidentified. The 16S rRNA gene was
sequenced and used for isolate identification as well. The
amplification of the 16S rRNA gene was not successful with
three isolates (TL2, TL9, TL10 and TL17) as insufficient
DNA could be extracted with both the heating method and
with commercial DNA extraction kits. Therefore, the iden-
tity of these bacteria was inferred from MALDI-TOF-MS
biotyping only. From phylogenetic analysis of sequence
reads isolates were classified into three genera: Bacillus,
Paenibacillus and Lysinibacillus (Table 4). There is high
comparability between the results from MALDI-TOF-MS
biotyper and 16S rRNA gene sequencing. For example, the
isolates TL1 (Bacillus subtilis) and TL15 (Bacillus cereus)
were identified to species level with the same identity in both
techniques. In a similar manner isolates TL3, 5, 6 and 7 were
all identified to genus level by both techniques. Discrepan-
cies were noted with the identification of isolates TL4, TLS,
TL11, TL12 and TL 13. Isolate TL4, 11, 12 and 13 were

Table 3 PCR cycling conditions

Gene Cycling conditions No. cycles
for mlr genes

mir A 94°, 5 min; 94 °C, 30 s; 53°C, 30 s; 72°C, 1 min; 72 °C, 8 min; 4°C, co 30

mir A 94°, 5 min; 94 °C, 30 s; 53°C, 30 s; 72 °C, 1 min; 72 °C, 8 min; 4°C, oo 40

mir B 94°, 5 min; 94 °C, 30 s; 53°C, 30 s; 72 °C, 1 min; 72 °C, 8 min; 4°C, oo 40

mlr C 94°, 10 min; 94 °C, 20 s; 55 °C, 10 s; 72 °C, 30 s; 72 °C, 10 min; 4°C, oo 40

mlrD 95°, 3 min; 95 °C, 30 s; 60 °C, 30 s; 72 °C, 1 min; 72 °C, 5 min; 4 °C, oo 40

Table 4 Identity of bacteria isolated from oil refinery plant effluent and tannery dumpsite soils

Isolate code MALDI-TOF MS identification

16S rRNA identification

*Identity Score *Closest match % Similarity Accession number

TL1 Bacillus subtilis >2 Bacillus subtilis 100 MT367188
TL2 Bacillus sp. >1.7 ND - -

TL3 Lysinibacillus sp. >1.7 Lysinibacillus sp ICMP 20,859 100 MT367189
TL4 Paenibacillus glucanolyticus >2 Paenibacillus sp. SP23 CP 99 MT367190
TLS Bacillus sp. >1.7 Bacillus sp. C-1-21 100 MT367191
TL6 Bacillus sp. >1.7 Bacillus sp. CM-CNRG 437 100 MT367192
TL7 Bacillus sp. >1.7 Bacillus sp. CM-CNRG 437 100 MT367193
TL8 Lysinibacillus sp. >1.7 Lysinibacillus boronitolerans 100 MT367194
TL9 Lysinibacillus fusiformis >2 ND - -

TL10 Bacillus cereus >2 ND - -

TL11 Bacillus cereus >2 Bacillus sp. MPTDI 100 MT367195
TL12 Bacillus cereus >2 Bacillus thuringiensis 100 MT367196
TL13 Bacillus cereus >2 Bacillus sp. APB SML B20 100 MT367197
TL14 Bacillus cereus >2 ND - -

TL15 Bacillus cereus >2 Bacillus cereus P1035 100 MT367198
TL16 ND <1.7 Lysinibacillus boronitolerans P211Ib 97 MT367199
TL17 Bacillus cereus >2 ND - -

*ND not determined
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identified to species level using the MALDI-TOF-MS bio-
typer while with the 16S rRNA these were identified only to
genus level. On the contrary, TL8 was identified to species
level with the 16S rRNA gene sequencing and only to genus
level with the MALDI-TOF-MS.

Microcystin-degrading potential of isolates

A total of 32 bacterial strains obtained from saltpans, hot
springs, car wash effluent, oil refinery plant effluent and
tannery dumpsite soil were screened for their ability to
metabolize the cyanobacterial toxin MC-LR in a calorimet-
ric assay. The isolate Bacillus sp. (TL2) isolated from tan-
nery waste dumpsite soil as well as Bacillus thuringiensis,
Lysinibacillus boronitolerans P211Ib and Bacillus sp. (TL17)
(all isolated from oil refinery effluents) showed significant
growth in the presence of MC-LR as a sole source of car-
bon and nitrogen. Six other bacterial isolates obtained from
saltpans, hot springs and carwash effluents; Acinetobacter
sp., Acinetobacter junii, Arthrobacter sp., Plantibacter sp.,
Pseudomonas protegens and Salinivibrio sp. also showed
significant growth in the presence of MC-LR (Fig. 2). For
these bacteria, there was a significant increase (ANOVA,
p <0.05) in optical density (ODsg,) in the experimental wells
(1, 10 and 100 ug L=! MC-LR), over the incubation period,
as compared to the control wells (0 ug L™! MC-LR). The
patterns of growth of the different isolates show that the
initial concentration of MC-LR affects the rate of growth of
bacteria. For most isolates (Plantibacter sp., Pseudomonas
protegens, Salinivibrio sp., Lysinibacillus boronitolerans
P2IIIb and Bacillus sp. (TL17)), growth was highest at
10 ug L~ MC-LR, while for Arthrobacter sp. and Bacillus
sp. APB SML B20 the growth was highest at 100 ug L™'.
On contrary for Acinetobacter sp. and Bacillus sp. (TL2),
growth was minimal at 1 ug L™! and there was no significant
difference between 10 and 100 pg L™'. On the other hand, for
Acinetobacter junii growth was minimal at 100 pg L~! and
there was no significant difference between 10 and 1 ug L™".

The effect of pH on MC-LR metabolism was also evalu-
ated by inoculating bacteria at different pH levels. The
growth patterns of bacteria (Fig. 3) show that pH influences
their patterns of growth, while Pseudomonas protegens,
Arthrobacter sp, and Plantibacter sp. showed optimal or
the highest growth under alkaline conditions (pH 8 and 9);
Bacillus sp. (TL2) and Lysinibacillus boronitolerans P2I11b
grew optimally under slightly acidic conditions (pH 6) while
for other isolates (Salinivibrio sp, Bacillus sp (TL17), Bacil-
lus thuringiensis and Acinetobacter junii) the influence of
pH was non-significant.

PCR was used to amplify mirA, mirB, mlrC and mlrD
genes, which code for the enzymes responsible for MC-LR
degradation and no PCR bands were formed in all 32 bacte-
rial isolates, implying that the bacteria lacked the mir genes.

@ Springer

Discussion

A total of 17 isolates were obtained from oil refinery
effluent and tannery dumpsite soil cultures previously
enriched in MC-LR. Based on MALDI-TOF-MS biotyp-
ing and 16S rRNA gene sequencing the strains belonged
to phylum Firmicutes under the genera: Bacillus, Paeni-
bacillus and Lysinibacillus. While MALDI-TOF-MS bio-
typing is widely used in clinical microbiology, applica-
tions in environmental microbiology (especially extreme
environments) remain limited because of a lack of robust
and accurate reference spectra (Jang & Kim 2018). In this
study there was homogeneity in the identification of bac-
teria using MALDI-TOF-MS biotyping and 16S rRNA
gene sequencing. This is commensurate with other reports
in which the technique was used successfully to identify
environmental isolates (Kopcakova et al. 2014; Popovié
et al. 2017).

While extreme and polluted environments are presented
as hot spots for biotechnologically viable microorgan-
isms, they have not been explored as potential microcys-
tin degraders (Sibanda et al. 2017). The isolated bacteria
together with those obtained from saltpans, hot springs
and car wash effluents were evaluated for MC-LR deg-
radation. Normally, MC-LR degradation is evaluated
through measuring the growth of bacteria in the pres-
ence of MC-LR as the only available source of nutrition.
The Biolog MT2 microplate calorimetric assay, used in
this study, is a rapid, low cost, versatile assay (Manage
et al. 2009) that enables the use of considerably low con-
centrations of toxins (about 5 ng per isolate) (Idroos and
Manage 2018). Of the 17 isolates obtained from tannery
dumpsite soils and oil refinery effluent, 4 (Bacillus sp. (TL
2), Bacillus thuringiensis, Lysinibacillus boronitolerans
and Bacillus sp. (TL17)) could metabolize MC-LR in the
Biolog MT?2 plates. These isolates had previously been
exposed to MC-LR, which could improve their MC-LR
metabolizing potential (Ding et al. 2022). From saltpans,
hot springs, and car wash effluent six isolates: Acineto-
bacter sp. DUT-2, Acinetobacter junii, Arthrobacter sp.
B105, Plantibacter sp. PDD-56b-14, Salinivibrio sp. YH4
and Pseudomonas protegens could metabolize MC-LR as
a growth substrate on the Biolog MT2 microplate assay.
Notably, these had no previous exposure to MC-LR. In
aquatic ecosystem, biodegradation of microcystins is the
primary mechanisms by which they are detoxified and
removed from the environment. The degradation is facili-
tated by heterotrophic bacteria that metabolize the toxins
for their nutrition. Through enzyme activity, these bacteria
cleave the bonds in the cyclic structure, breaking it into
smaller straight chain compounds with less toxicity (Li
et al. 2017). The ability of bacteria in this study to grow in
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Acinetobacter sp.
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Lysinibacillus boronitolerans P2111b
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Fig.3 The growth (expressed as ODsg) patterns of bacterial isolates grown at 10 pg L™ MC-LR at pH 6, 8 and 9. The error bars represent
standard deviation of three replicate analysis

the presence of MC-LR as the only source of carbon and
nitrogen suggests that they can metabolize the toxin and
can therefore be accepted as tentative MC-LR degraders.

Initial microcystin concentration and pH have been iden-
tified as some of the factors that affect MC-LR degradation

@ Springer

(Li et al. 2017). In this study, initial MC-LR concentra-
tion and pH both affected the rate of MC-LR metabolism.
Most of the isolate’s growth was significantly higher at
10 pg L~!, which could be accepted as the optimum MC-LR
concentration at which metabolism occurred. The MC-LR
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concentrations tested in this study are environmentally rel-
evant because they are common in some aquatic ecosys-
tems. Therefore, for the bacteria to be able to utilize MC-LR
within the tested range of concentrations (1 to 100 ug L™
asserts their relevancy in MC-LR environmental biore-
mediation. The isolates Plantibacter sp PDD-56b-14 and
Pseudomonas protegens showed alkali-tolerant properties:
as they grew optimally at pH 8 and 9. During episodes of
cyanobacteria blooms, the rate of photosynthesis becomes
very high and subsequently the pH increases to levels as
high as pH 11. Therefore, alkali-tolerant bacteria that can
withstand the high pH possess a great potential in real life
applications of MC-LR remediation (Dziga et al. 2013).

Several genotypes of microcystin-degrading bacteria have
been identified; however, the degradation pathway facilitated
by the mlr gene cluster remains the most studied. Hence,
the mlir gene cluster is often used as a proxy for MC-LR
degradation (Li et al. 2017). The bacterial isolates in this
study were further screened for the presence of the mlr gene
cluster using PCR. The PCR was negative; there were no
bands formed, suggesting that the isolates lacked the mlir
genes. Therefore, it can be assumed that they use a differ-
ent mechanism for MC-LR degradation. Although the mlir
genes have a wide environmental distribution and have been
identified within different taxa, MC-LR degraders lacking
this gene cluster are also known and are of interest because
they could be degrading MC-LR in a more efficient pathway
(Kormas and Lymperopoulou 2013).

MC-LR degraders have been isolated from a range of
environments, and they fall within different taxonomic
groups. The putative MC-LR degraders genera reported
in this study are affiliated within taxa that are known to
have MC-LR degradative properties as well as those with
no known MC-LR degradative properties. The genera,
Arthrobacter, Pseudomonas, Acinetobacter and Bacillus
have some of their members identified as MC-LR degrad-
ers. For instance, members of the genus Arthrobacter
with MC-LR-degrading potential include six strains;
FN392690, FN392691, FN392693, FN392694, FN392695,
and FN392696 which were isolated from water (Lawton
et al. 2011; Manage et al., 2009b). Similarly, four members
of the genus Acinetobacter; Acinetobacter sp. CMBD-2,
Acinetobacter sp. WC-5 and Acinetobacter guillouiae A2,
isolated from the water and sediments of Lake Taihu in
China have MC-LR degradative abilities (Li et al. 2016; Li
and Pan 2014). Interestingly, Acinetobacter guillouiae A2
and Acinetobacter sp. CMBD-2 have MC-LR-degrading
and Microcystis aeruginosa lytic properties. Their dual
mechanism of MC-LR bioremediation is attractive; hence,
it would be interesting to also evaluate the algalytic prop-
erties of the Acinetobacter strains reported in this study.
From the genus Pseudomonas, three Pseudomonas aerugi-
nosa strains with MC-LR-degrading ability have also been

isolated from a water purification plant, and sediments
(Lemes et al. 2015; Li and Pan 2014; Lr et al. 1997). How-
ever, Pseudomonas protegens is reported for the first time
in this study as a tentative MC-LR degrader. Bacillus spp.
are renowned as champions of biotechnology, unsurpris-
ingly several Bacillus spp with MC-LR-degrading poten-
tials have previously been isolated. These include Bacillus
sp. EMB isolated from soil and an algal heap as well as
Bacillus flexus SSZ 01, Bacillus sp. AMRIO3, Bacillus
cereus and Bacillus nanhaiensis all isolated from lake
water (Alamri 2010, 2012; Hu et al. 2011, 2012; Zhang
et al. 2015). Bacillus thuringiensis, which can also degrade
pesticides and poly aromatic hydrocarbons, is reported
here for the first time as a potential MC-LR degrader (Fer-
reira et al. 2016).

There are no available reports on members of three gen-
era Plantibacter, Salinivibrio and Lysinibacillus MC-LR
degradative properties. However, the putative MC-LR deg-
radation ability of these strains is not surprising as each
of the three genera appear to have representative members
with renowned degradative potentials (Amoozegar et al.
2008; Lin and Yokota 2006; Wang et al. 2009).

Conclusions

Bacteria isolated from oil refinery plant effluents, tannery
dumpsite soils, saltpans, car wash effluent and hot springs
could grow in the presence of MC-LR as a sole source of
carbon, concomitant with their ability to degrade MC-LR.
Their growth characteristics indicate that for most of them
growth occurs optimally at 10 ug L™ and is minimal at 1
and 100 pg L™' MC-LR. For some of the strains, growth
was also affected by pH with optimal growth observed in
alkaline conditions (pH 8 and 9). This is relevant as micro-
cystins are prevalent in cyanobacterial bloom infested
water bodies where the pH is alkaline most of the time.
The study suggests that bacteria with MC-LR degradation
are widely distributed and occur even in extreme environ-
ments. Nonetheless, future studies aimed at elucidating
the mechanisms of MC-LR degradation, identification
of degradation products as well describing the molecular
pathways of degradation are necessary.
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