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ABSTRACT

This study investigated the treatment of brine wastewater under aerobic and anaerobic conditions
by indigenous halophilic bacterial strains. Series of experiments were conducted in batch reactors
containing synthetic brine solutions as well as in batch reactors with natural brine wastewater sup-
plemented with and without glucose as a source of carbon to ascertain the removal efficiency of halo-
philic bacteria under various environmental conditions such as pH (3-10), temperature (20°C-40°C),
aeration (shaking speed of 100 rpm) and NaCl concentrations (0.8%-25% w/v). Culture-based meth-
ods and molecular techniques were used to identify the selected halophilic bacterial strains isolated
from brine wastewater samples. The 165 rRNA gene sequences showed that these isolated strains
were closely related to Alishewanella tabrizica (97%), Bacillus anthracis (97%), Pseudomonas alcaliph-
ila (98%), Serratia nematodiphila (98%) and Pseudomonas mendocina (98%). These halophilic bacteria
showed the ability to grow in a wide pH range from 3 to 10 (with an optimum value of pH 8) and
a temperature range from 20°C to 40°C (with an optimum temperature of 28°C). Furthermore, A.
tabrizica and B. anthracis were able to grow at NaCl concentrations of up to 10%, while P. alcaliphila,
S. nematodiphila and P. mendocina could grow at NaCl concentrations of up to 20%. The results of the
experimental studies for chemical content removal from brine wastewater showed that all the target
halophilic bacteria were able to reduce the concentration of most chemical pollutants (B, Ba, Ca, Cu,
Hg, K, Mg, Mn, Na, Ni, Pb, S, Si, Sr, U and Zn), which had initial concentrations ranging between
360 and 2,000 mg/L. No significant differences (p > 0.05) between bacterial isolates for the removal of
pollutants in both anaerobic and aerobic conditions were noted in synthetic brine and natural brine
with exception of natural brine media supplemented with glucose. This indicated that the type of
media did not significantly affect the target isolates in their ability to remove pollutants. Moreover,
the target isolates were able to remove high concentrations of chemical oxygen demand at a range of
69.58%-100% under aerobic conditions and at a range of 56.62%-98.68% under anaerobic conditions.
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1. Introduction

Increasing freshwater scarcity has led to mounting com-
petition for water among various sectors, such as industry,
agriculture, and the domestic sector. In addition, water
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pollution has become a major global problem, especially
in developing countries where in most cases, municipal
and industrial wastewaters are discharged into the water-
course without any prior treatment [1]. In these countries,
an average of 90%-95% of raw domestic sewage and 75%
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of raw industrial waste have been reported to be dis-
charged into surface waters without any prior treatment [2].
The world is currently facing another tremendous challenge
for the management of acid mine drainage, which is one of
the typical pollutants of the country’s freshwater environ-
ment. The United Nations even called it the second biggest
problem facing the world after global warming. The United
States Environmental Protection Agency stated that in the
United States alone the cleaning up of just 156 mines can be
estimated at approximately US$10 billion and this clean-up
can result in the production of dangerous reject waste
brine streams [3].

Many processes such as reverse osmosis, ion exchange
and a batch mode saline wastewater treatment reactor have
been employed for the removal of salt [4-6]. Nevertheless,
several of these available options may be deemed not fea-
sible for implementation due to the high cost. With the
sharp population increase in many countries, particularly
in many African countries, uncontrolled wastewater dis-
charges and high demand for freshwater sources and the
supply of potable water, innovative scientific and techno-
logical solutions for water recycling, wastewater reuse and
reclamation as well as desalination are needed to increase
the availability of freshwater sources.

In the process of biological treatment of brine, it has
been reported that halophilic microorganisms might play
a major role in the removal of dissolved minerals in brine
[7-9]. These microorganisms are categorised as slight,
moderate, or extreme halophiles, on the basis of their
response to NaCl [10]. Even though halophiles are found
mostly in the Archaea domain, bacterial halophiles and
some Eukaryota such as the alga Dunaliella salina or fungus
Wallemia ichthyophaga have been widely investigated by
the study of Ying et al. [11]. Due to their unique halophilic
properties, several studies have been carried out on differ-
ent aspects such as their physiology, ecology, taxonomy and
phylogenetic relationships (Ventosa [14]). Furthermore,
halophilic microorganisms have been discovered to possess
advantages for several desirable properties [12]. Evidence
showed that moderately halophilic bacteria have strong
potential for promising applications as a source of compat-
ible solutes, fermented foods, enzymes, polymers and deg-
radation of toxic compounds [13-15]. However, it should
be mentioned that very few studies have been conducted
on moderate halophiles when compared to extreme halo-
philes [16]. Though the biological treatment of brine is not
popular, it appears to be the most efficient and affordable
method for brine wastewater treatment [4].

Studies on the biological treatment of brine by using
halophilic bacteria have been conducted both in biofilms
and sequencing batch reactors to enhance the chemical oxy-
gen demand (COD) removal at high salt content specifically
in a rotating biological contactor [7,17]. However, to date,
no comparative study has been conducted on the treatment
of brine under aerobic and anaerobic conditions using mod-
erately halophilic bacteria isolated in South African reject
waste brine streams. Therefore, the aim of this study was
to assess the effectiveness of moderately halophilic bacte-
ria isolated from brine wastewater to treat both natural and
synthetic brine wastewater under aerobic and anaerobic
conditions.

2. Experimental procedures
2.1. Culture-based methods for selection of halophilic bacteria

In our previous study about a metagenomic approach
applied using next-generation sequencing analysis for
the profiling of bacterial communities of brine samples in
14 different stages of the eMalahleni Water Reclamation
Plant resulted in the identification of 65 bacterial species,
which were moderately halophilic bacteria [18]. Prior to
ascertain their performance in treating reject waste brine,
the cultured moderately halophilic bacteria were firstly
isolated by filtering the collected brine samples through
0.22 um membrane filters (Whatman® GE Healthcare
UK) and placing the filter disk on a moderately halophilic
(MH) agar plate. This agar medium was prepared accord-
ing to the study of Caton et al. [19]; the composition of the
medium, expressed in g/L, was as follows: NaCl, 98 g; KCl,
2 g; MgSO,-7H,0O, 1 g; CaCl,-2H,0O, 0.36 g; NaHCO,, 0.06 g;
NaBr, 0.24 g; FeCl,-6H,0O, 1 g; Bacto Tryptone (Difco), 10 g;
glucose, 1 g; and agar, 20 g. The plates were then incubated
at 30°C for 48 h and thereafter the colonies were streaked,
purified and five different bacterial isolates were randomly
selected based on morphological features, considering pig-
mentation and size and named as H1, H6, H9, H10 and H19.
In order to identify these bacterial isolates, Gram’s stain-
ing, cell morphology and motility tests were performed
according to standard methods. The isolates were further
identified using molecular techniques.

2.2. Polymerase chain reaction amplification and sequencing of
halophilic bacterial isolates using 16S rRNA gene

The extraction of DNA from the halophilic bacterial
isolates was carried out by using a fungal/bacterial DNA
extraction kit (Zymo Research), according to the man-
ufacturer’s instructions. The polymerase chain reaction
(PCR) random amplification of a 500 bp segment of the 16S
rRNA gene sequence was done by using universal bacterial
primers, and the forward primer was selected accord-
ing to the study of Kamika and Momba [20] with nucleo-
tide sequence 27F: (5-GAGTTTGATCCTGGCTCAG-3'),
while the reverse primer was selected according to the
study of Lee et al. [21] with nucleotide sequence 518R:
(5'-ATTACCGCGGCTGCTGG-3'). The PCR Master Mix
was used and amplification was carried out under con-
ditions as reported by the study of Sekar et al. [18].

2.3. Phylogenetic analysis of bacterial isolates

The 16S rRNA gene sequence results were provided on
Sequence Scanner Software version 1.0 and the BLASTn
sequence alignment program was used to compare the iden-
tity of the strains with the reference sequences listed in the
GenBank database at the National Center for Biotechnology
Information (NCBI). The phylogenetic analysis was con-
ducted by using the MEGA version 6 Program after the
alignment of sequences [22]. The confidence level of the phy-
logenetic tree topology was evaluated with a generation of
100 bootstrap sets. The generated 16S rRNA gene sequences
of the isolates have also been deposited in the DNA Data
Bank of Japan (DDB]J), a nucleotide sequence database, and
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are available from the above database (http://www.ddbj.
nig.ac,jp) under accession numbers LC107905, LC107906,
LC107907, LC107908 and LC107909 for H1, H6, H9, H10 and
H19, respectively.

2.4. Preparation of synthetic brine solutions

Based on the characteristics of the natural brine, which
was collected from the reclamation plant, synthetic brine
solutions were prepared for two optimal concentrations of
NaCl 7.5 and 12.5% (75,000 and 125,000 mg/L). Analytical
grade sodium sulphate salt, potassium and calcium were
weighed and dissolved in distilled water to obtain the var-
ious required concentrations of Na, SO,, Ca, K, in solution
(Tables S9 and S10). Characterisation of these synthetic solu-
tions was carried out using ICP-MS and IC. Synthetic brine
media were autoclaved at 121°C for 15 min.

2.5. Determination of growth/biomass of moderately halophilic
bacterial isolates

The growth of moderately halophilic bacteria was mon-
itored and measured after 8 h during 3 d in a shaking incu-
bator (Scientific, Lasec South Africa) at a shaking speed of
100 r/min and a spectrophotometer (Spectroquant® Pharo
300, Merck Millipore, South Africa) at 600 nm, respec-
tively. The growth rate of the bacteria was calculated using
the formula reported by the study of Farrier-Pages and
Rassoulzadegan [23]:

InC, -InC,
Growth rate per day: ¥ = T 1)
1%

where C,: final concentration of the isolated cells; C: initial
concentration of the isolated cells; t, - ¢: the time-lapse in a
day between the intervals.

The biomass was calculated as follows:

Y=mx+c 2)

where Y = absorbance of the isolate concentration;
x = approximate number of isolated cells; m = constant
value of the gradient of the curve (0.0003); ¢ = the y-intercept
of the curve (0.0002).

2.6. Determination of optimum environmental conditions
for the growth of halophilic bacterial isolates

After identification, halophilic bacterial isolates were
characterised for their tolerance to salt and for their pre-
ferred carbon source at different pH values and tempera-
tures. Isolates were exposed to varying pH levels and
temperature ranges in order to determine their optimum
conditions for growth. An additional characterisation on
the tolerance to salt was ascertained by exposing the iso-
lates to different concentrations of NaCl ranging from
0.8%-25% (8,000-250,000 mg/L) for a period of 24 h on
solid MH medium (nutrient agar) and MH nutrient broth
at pH 7, 30°C and 100 r/min. The media were prepared
according to the study of Caton et al. [19] by increasing the
concentration of NaCl.

In order to determine the optimum temperature for the
growth of each of the isolates, halophilic isolates at a constant
concentration of 1.00 x 10° CFU/mL were separately inocu-
lated in Erlenmeyer flasks containing 100 mL nutrient broth
adjusted with specific optimum salt content and incubated
at different temperatures ranging between 20°C—40°C
(with a gradual scale of 2.5°C).

An aliquot of 5 mL was taken every 2 h for 32 h for
bacterial growth analysis. For pH optimisation, halophilic
bacterial isolates (1.00 x 10° CFU/mL) were separately inoc-
ulated in Erlenmeyer flasks containing 100 mL MH nutri-
ent broth adjusted with optimum salt concentration, with
a gradual increase of pH from 3-10 (with 1 unit interval)
by using 1 N HCI for lowering the pH and 1 N NaOH for
raising the pH. The inoculated flasks were incubated at the
specific optimum temperature (28°C) for each isolate for 2 d.

In order to determine the optimum carbon source for
each of the isolates, four carbon sources (glucose, sucrose,
acetate and lactose) were selected based on their occurrence
in the environment and their ease of degradation. The halo-
philic bacterial isolates were separately inoculated in sterile
synthetic brine media containing different carbon sources,
at different concentrations (10,000-50,000 mg/L) in order to
study their effect on bacterial growth. The synthetic brine
media were prepared according to the study of Caton et al.
[19]. This experiment was done by using optimum condi-
tions (pH, temperature and salt) of each bacterial isolates,
as reported above, for a period of 48 h. All cited practical
analysis was performed in triplicate.

2.7. Aerobic treatment of brine

In order to mimic the natural environment and to assess
the suitability of selected isolates as potential candidates
for the treatment of industrial brine samples, the efficiency
of halophilic bacterial strains for natural brine treatment
was tested in laboratory experiments under aerobic con-
ditions. Prior to use, natural brine samples, considered as
culture media, were filtered and adjusted with optimum
conditions as described above. The culture media were
autoclaved and cooled down at room temperature before
use. A stock culture of the bacterial isolate was prepared
1 d before each experiment and then an Erlenmeyer flask
containing 100 mL of the test brine sample was inoculated
with an appropriate volume. All the inoculated flasks as
well as the controls were initially incubated in a shaking
incubator at a shaking speed of 100 r/min and exposed to
a temperature of 30°C + 2°C. During the 5 d of incubation,
5 mL sample aliquots were taken at 2 d intervals (Day 1 —
Day 3 - Day 5) to determine the biomass and the concen-
trations of chemical contents (including B, Ba, Ca, Cu, Hg,
K, Mg, Mn, Na, Ni, Pb, S, Si, Sr, U and Zn) removed from
the brine wastewater samples [24]. The sterility of the cul-
ture media was checked by plating 100 uL of the media
onto the MH medium agar plate. Only flasks containing the
sterile medium were considered for further experimental
study. The experiments were performed in triplicate.

2.8. Anaerobic treatment of brine

In order to perform the anaerobic treatment of the
brine wastewater, the collected brine samples were filtered
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using a membrane filter (0.22 um pore size) (Whatman®,
@ 150 mm, GE Healthcare UK Limited) and the filtrate was
used to prepare culture media as stated above. Afterwards,
the nitrogen gas was introduced via a pipe to remove the
oxygen present in each flask fitted with a rubber stopper
in order to promote anaerobic conditions. Using a sterile
syringe, each serum bottle (50 mL) was inoculated with a
1 mL aliquot of the halophilic bacterial media and incu-
bated for further measurements as reported in the previous
section. Each experiment was done in triplicate.

2.9. Statistical analysis

The multivariate regression model was used to compare
all halophilic bacterial strains adjusting for pH (8), carbon
source (glucose), temperature (28°C) and NaCl concentra-
tions. The comparison among data was carried out using the
one-way analysis of variance (ANOVA) in SPSS Statistics
procedure; the results of the two treatments in terms of
NaCl concentration in the synthetic brine, natural brine
supplemented with 5% glucose (50,000 mg/L) and natural
brine without glucose under both aerobic and anaerobic
conditions were expressed as p-values (p) and correlation
coefficient for three replicates with a significant difference
(p <0.05). The interpretation was performed at the 95% con-
fidence interval.

3. Results
3.1. Isolation and identification of the halophilic bacterial strains

Results of morphological and biochemical tests revealed
that strains H1 and H6 were able to grow at NaCl con-
centrations ranging between 5% (50,000 mg/L) and 10%
(100,000 mg/L), while strains H9, H10 and H19 were able to
grow at NaCl concentrations of up to 20% (200,000 mg/L). In
addition, all the test strains were able to grow in the tem-
perature range 20°C—40°C and pH range 3-10 (Table 1).

3.2. Nucleotide sequences and phylogenetic tree of halophilic
bacterial strains

Based on the sequence analyses of bacterial 16S rRNA,
the BLAST search on the GenBank databases at the NCBI

Table 1
Main characteristics of selected halophilic bacterial strains
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indicated that the strains H1, H6, H9, H10, and H19 were
most closely related with Alishewanella tabrizica (100%
identity), Bacillus anthracis (100% identity), Pseudomonas
alcaliphila (100% identity), Serratia nematodiphila (100%
identity) and Pseudomonas mendocina (100% identity),
respectively. However, when establishing a comparison
between them, the phylogenetic analysis revealed that
the two Pseudomonas sp. (P. alcaliphila and P. mendocina)
were 74% identical, while the phylogenetic tree based on
the sequence results of the isolated halophilic bacterial
strains showed that the most closely related strains were
the couples A. tabrizica and Rheinheimera with 100% iden-
tity; A. tabrizica and Alishewanella sp. with 100% identity;
Rheinheimera and Alishewanella sp. with 100% identity, fol-
lowed by B. anthracis and Bacillus cereus with 100% identity
and finally B. anthracis and Bacterium MAS 16 with 100%
identity (Fig. 1).

3.3. Optimisation conditions

Prior to treating synthetic and natural brine waste-
water by using indigenous halophilic bacterial strains, it
was important to determine their optimum growth condi-
tions. Thus, different pH and temperature ranges and four
organic carbon sources (glucose, lactose, sucrose and ace-
tate) were tested.

3.3.1. Temperature optimisation

The identified halophilic bacterial strains H1, H6, H9,
H10 and H19 were tested at various temperatures ranging
between 20°C—40°C in 2.5°C increments. The results showed
that all the test strains were able to grow within a tempera-
ture range of 20°C—40°C. The recovery counts of all strains
were almost similar (approximately 10° CFU/mL) (Fig. 2).
However, all strains were able to grow gradually during
the study period and the highest growth occurred during
the last day (Table S1). All bacterial strains showed higher
growth at 30°C (H1: 9.805 x 10° CFU/mL, H6: 9.631 x 10° CFU/
mL, H9: 10.25 x 10° CFU/mL, H10: 9.905 x 10° CFU/mL and
H19:10.106 x 10° CFU/mL).

Statistically, the adjusted model indicated that the growth
of all the halophilic bacterial strains differed significantly
(p < 0.05). Since the highest growth for bacterial isolates

Feature H1 H6 H9 H10 H19

Morphology Rod Rod Rod Rod Rod

Size 05-1.0x20pum 1-1.5x3-10 um 0.3-0.5x1.5-3.0 pm 0.8-1.3 x0.6-0.7 um  0.7-0.8 x 1.4-2.8 um
Pigmentation Cream Cream Cream Cream Green

Motility Non Non Motile Motile Motile

Facultative + + + + +

Oxidase + + + + +

NaCl (%) 5-10 5-10 5-20 5-20 5-20

Temperature range (°C)  20-40 20-40 20-40 20-40 20-40

pH range 3-10 3-10 3-10 3-10 3-10

H1: Alishewanella tabrizica; H6: Bacillus anthracis; H9: Pseudomonas alcaliphila; H10: Serratia nematodiphila; H19: Pseudomonas mendocina
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i

500 Alishewanella tabrizica (LC107905)
100 { Rheinheimera sp. (JO895023)

Alishevanslla sp. (HQ413096)
Semratia nematodiphila (LC107%08)

Serratia sp. (IN381532)
{ Bacterium BM 0556 (JQ680805)

74 Pseudomaonas alcaliphila (LC107S07)

{ Pseudomonas mendocina (LC107909)

Pseudomonas trautweinii (KF908035)
Pseudomonas sp.(KFS73430)

P=eudomonas mendocina strain Z215 (KR038452)
P=eudomonas sp. (KT351785)

Bacillus anthracis (LC 107305}

Bacterium MAS15 (KP211357)

{ Bacillus cereus (FJ217203)

Fig. 1. Phylogenetic tree of the halophilic bacterial strains based on the 165 rRNA gene sequence analysis results.

was noted at 30°C, and a decline in growth was observed at
temperatures ranging between 32.5°C to 40°C, for the sake
of comparison, 28°C was hypothetically considered as the
standard optimum temperature for all the isolates.

3.3.2. pH optimisation

Fig. 3 illustrates the growth of isolates in nutrient broth
at 28°C at various pH levels ranging from 3 to 10 (with a
gradual increase at a scale of 1). The recovery of all the test
strains increased as the pH was increased from 3 to 10. The
highest counts of all bacterial strains were observed at pH 8
(Table S2).

3.3.3. Carbon source optimisation

In order to determine the preferred carbon source of
the bacterial isolates, four organic carbon sources includ-
ing glucose, lactose, acetate and sucrose were tested. The
experimental series were separately run at optimum tem-
perature of 28°C and pH 8. In general, all isolated halo-
philic bacterial strains were able to utilise all the carbon
sources tested. However, the halophilic strain H6 showed
the lowest growth, compared with other strains, in all
tested carbon sources with preferences in the following
order: glucose > lactose > acetate > sucrose. In contrast,
the growth of certain isolates such as strain H1, and H10
appeared to be enhanced in the presence of lactose and
acetate for the former, and glucose for the latter (Fig. 4).
Furthermore, bacterial isolates showed high growth in
the presence of glucose highlighting that glucose might
be the preferred carbon source of all isolates.

In general, the growth of halophilic bacteria was
observed over 5 d under the following physicochemical
parameters, namely pH (8), temperature (28°C) and car-
bon source (glucose). At pH 8, after 5 d of exposure, the
growth rate of halophilic bacteria was in the following
ascending order: H9 (P. alcaliphila: 0.0693 d') > H19 (P.

mendocina: 0.0681 d1) > H10 (S. nematodiphila: 0.0676 d-) > H1
(A. tabrizica: 0.0675 d') > H6 (B. anthracis: 0.0674 d™)
(Appendices Table S2). At 50,000 mg/L glucose, after 5 d
exposure the growth rate of halophilic bacteria was in the
following ascending order: H6 (B. anthracis: 0.1098 d-') > H1
(A. tabrizica: 0.0736 d™') > H19 (P. mendocina: 0.0722 d7') > H9
(P. alcaliphila: 0.0693 d') > H10 (S. nematodiphila: 0.0684 d')
(Table S3).

3.3.4. Treatment of synthetic brine solutions under aerobic
and anaerobic conditions

After optimisation of growth conditions of the iso-
lated halophilic bacteria, their ability to treat brine waste-
water was assessed using synthetic brine solutions under
the set optimum conditions. Two salinity values of 7.5%
(75,000 mg/L) and 12.5% (125,000 mg/L) NaCl were selected
based on previous results, given in Tables 2 and 3, which
showed that both H1 and H6 strains were able to grow in
NaCl concentrations ranging between 5% (50,000 mg/L)
and 10% (100,000 mg/L); while isolates H9, H10 and H19
strains were able to grow in the NaCl concentration
range of 5-20% (50,000 mg/L-200,000 mg/L), thus, the
average NaCl concentrations of 7.5% (75,000 mg/L) and
12.5% (125,000 mg/L) were selected to test these strains.

3.3.4.1. Treatment of synthetic brine solutions
under aerobic conditions

In general, all halophilic bacterial strains exposed to
aerobic conditions in synthetic brine solutions contain-
ing NaCl concentrations of 7.5% (75,000 mg/L) or 12.5%
(125,000 mg/L) were able to remove significant amounts of
the metal components from day 1, regardless of their con-
centrations (Tables 2 and S5). An increase in metal removal
progressively occurred with time. After day 5 of exposure,
results showed that all the halophilic bacteria were able
to completely (at 100%) remove B, Cu, Ni, Pb, and Zn with
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Fig. 2. Temperature optimisation from 20°C-40°C for halophilic bacterial strains.
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pH Optimisation H6 at 28° C
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Fig. 3. pH optimisation ranged from 3-10 for the tested halophilic bacterial strains.

the exception of H6 and H19 that could completely remove
Si and Na, respectively, from synthetic brine solutions
under aerobic conditions.

Results also revealed that with the exception of K,
which showed the lowest percentage removal of 82.84%,
H1 had a removal efficiency ranging between 95.18% and
100% for all the metals after 5 d of exposure. This halophilic
strain was able to completely remove a total of six metals
(B, Cu, Ni, Pb, Zn and Zn) on the 5th day of the exposure
to a synthetic brine solution containing 7.5% (75,000 mg/L)
NaCl. Results also showed that the halophilic bacte-
rial strain H6 had a removal efficiency ranging between
86.08% and 100% after 5 d of exposure, with K showing
the lowest removal among all the metals. Strain H6 was
able to completely remove a total of seven metals (B, Cu,
Ni, Pb, Mn, Zn and Si) during the same period. Although

K (2,500 mg/L) and Mg (1,000 mg/L) were removed at the
highest concentrations compared to the other metals, the
H1 strain was able to remove these metals up to 82.84
and 96.54 mg/L, and strain H6 removed up to 86.08 and
96.89 mg/L, respectively.

3.3.4.2. Treatment of synthetic brine solutions under
anaerobic conditions

In general, all halophilic bacterial strains exposed to
anaerobic conditions in synthetic brine solutions contain-
ing NaCl concentrations of 7.5% (75,000 mg/L) or 12.5%
(125,000 mg/L) (Fig. S1) were able to remove significant
amounts of the metal components from day 1, regardless of
their concentrations (Table 3). An increase in metal removal
progressively occurred with time. After day 5 of exposure,
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Optimisation with Sucrose at 28° C
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Fig. 4. Assimilation of glucose, lactose, sucrose and acetate as carbon sources.

results showed that all the halophilic bacteria were able to
completely (at 100%) remove Ba, Cu, Hg, Ni, Pb and Zn but
only H10 could completely remove K from synthetic brine
solutions under anaerobic conditions (Tables 3 and S5).
Results also revealed that with the exception of Ca,
which showed the lowest percentage removal of 44.3%,
H1 had a removal efficiency ranging between 45.2% and
100% for all the metals after 5 d of exposure. This halo-
philic strain was able to completely remove a total of
seven metals (B, Ba, Cu, Hg, Ni, Pb and Zn) on the 5th
day of the exposure to a synthetic brine solution contain-
ing NaCl at a concentration of 7.5% (75,000 mg/L). Results
also showed that the halophilic bacterial strain H6 had
a removal efficiency ranging between 65.55% and 100%
after 5 d of exposure, with Ca showing the lowest removal
among all the metals. Strain H6 was able to completely
remove a total of six metals (Ba, Cu, Hg, Ni, Pb and Zn)
during the same period. Although K (2,500 mg/L) and Mg
(1,000 mg/L) were removed at the highest concentrations
compared to the other metals, the H1 strain was able to
remove these metals up to 76.77 and 93.51 mg/L, and strain
H6 removed up to 87.05 and 96.05 mg/L, respectively.
Exposure to a synthetic brine solution containing NaCl
at a concentration of 12.5% (125,000 mg/L) showed that
halophilic bacterial strains H9 (range 72.34%-100%), H10
(85.63%-100%) and H19 (85.52%—-100%) were able to remove
significant amounts of metals after 5 d. Strain H9 was able
to completely remove eight metals (B, Ba, Cu, Hg, Ni, Pb, U
and Zn), while H10 was capable of removing a total of nine
metals (B, Ba, Cu, Hg, K, Ni, Pb, U and Zn) and H19 removed
a total of eight metals (B, Ba, Cu, Hg, Ni, Pb, U and Zn)
after 5 d of exposure. Potassium and Mg were also removed
at the highest concentrations ranging between 72.34%

and 96.1% by H9, between 100% and 95.59% by H10 and
between 91.43% and 95.7% by H19 during the same period.

3.4. Treatment of natural brine under
aerobic and anaerobic conditions

The ability of the halophilic isolates to treat natural
brine under aerobic and anaerobic conditions was also
investigated by conducting two sets of experiments. In the
first experimental study, the natural brine wastewater was
supplemented with glucose (5%) as source of carbon and
the second experimental study was conducted without
any carbon supplement (Tables S8 and S9).

3.4.1. Treatment of natural brine with glucose (50,000 mg/L)
under aerobic conditions

In general, all halophilic bacterial strains exposed to
aerobic conditions in natural brine containing 50,000 mg/L
glucose were able to remove significant amounts of the
metal components from day 1, regardless of their concentra-
tions (Table 4). An increase in metal removal progressively
occurred with time. After 5 d of exposure, results showed
that all the halophilic bacteria were able to completely (at
100%) remove B, Cu, and Zn; however, strains H1 and H19
were capable of completely removing Ni (at 100%) from
natural brine containing 50,000 mg/L glucose under aerobic
conditions.

Results also revealed that with the exception of S, which
showed the lowest percentage removal of 64.25%, strain H1
had a removal efficiency ranging between 66.90% and 100%
for all the metals after 5 d of exposure (Table S7). This halo-
philic strain was able to completely remove a total of four
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metals (B, Cu, Ni, and Zn) on the 5th day of the exposure to
natural brine supplemented with 5% glucose (50,000 mg/L).

Results also showed that the halophilic bacterial strain
H19 had a removal efficiency ranging between 38.46
and 100% after 5 d of exposure, with S showing the low-
est removal among all the metals. Strain H19 was able to
completely remove a total of four metals (B, Cu, Ni, and
Zn) during the same period. All halophilic bacterial strains
were able to remove Na (9,859 mg/L) which was at the high-
est concentration compared to the other metals that were
removed up to 90%; the same results were revealed for Mn
(254 mg/L), Pb (251 mg/L), and Sr (785 mg/L) during the
same period.

3.4.2. Treatment of natural brine without glucose under
aerobic conditions

In general, all halophilic bacterial strains exposed to
aerobic conditions in natural brine without glucose were
able to remove significant amounts of the metal com-
ponents from day 1, regardless of their concentrations
(Table 5). An increase in metal removal progressively
occurred with time. After 5 d of exposure, results showed
that all the halophilic bacteria were able to completely (at
100%) remove B, Cu, and Zn; however, H6, H9 and H10
were the ones capable to completely (at 100%) remove
Mn while H19 was the only one for complete removal of
Pb from natural brine water without glucose under aer-
obic condition (Table S6). Results also revealed that with
the exception of Ca, which showed the lowest percent-
age removal of 39.9%, strain H1 had a removal efficiency
ranging between 46.49% and 100% for all the metals after
5 d of exposure. This halophilic strain was able to com-
pletely remove a total of three metals (B, Cu, and Zn) on
the 5th day of the exposure to natural brine water with-
out glucose. All halophilic bacterial strains were able to
remove more than 90% of Ni (145 mg/L), Pb (251 mg/L),
and Sr (785 mg/L) during the same period (Table S4).

3.4.3. Treatment of natural brine supplemented with glucose
(50,000 mg/L) under anaerobic conditions

Overall, all halophilic bacterial strains exposed to
anaerobic conditions in natural brine containing 5% glu-
cose (50,000 mg/L) were able to remove significant amounts
of the metal components from day 1, regardless of their
concentrations (Table 6). An increase in metal removal
progressively occurred with time. After 5 d of exposure,
results showed that all the halophilic bacteria were able to
completely (at 100%) remove Ba, Cu, Hg, K, Ni, Pb, U, and
Zn; however, strains H1, H6, and H9 were capable of com-
pletely removing (at 100%) B from natural brine contain-
ing 5% (50,000 mg/L) glucose under anaerobic conditions
(Table S7). Results also revealed that with the exception of
S, which showed the lowest percentage removal of 46.61%,
strain H19 had a removal efficiency ranging between
83.29% and 100% for all the metals after 5 d of exposure.
This halophilic strain was able to completely remove a total
of eight metals (Ba, Cu, Hg, K, Ni, Pb, U, and Zn) on the
5th day of the exposure to natural brine supplemented with
5% glucose (50,000 mg/L).

All halophilic bacterial strains were able to remove
more than 93.50% of Na (9,859 mg/L) which was at the
highest concentration compared to the removal of other
metals (above 90%); the same results were revealed for the
removal of Mn (254 mg/L), Pb (251 mg/L), and Sr (785 mg/L)
during the same period.

3.4.4. Treatment of natural brine without glucose under
anaerobic conditions

In general, all the halophilic bacterial strains exposed
to anaerobic conditions in natural brine without glucose
were able to remove significant amounts of the metal
components from day 1, regardless of their concentra-
tions (Table 7). An increase in metal removal progressively
occurred with time. After 5 d of exposure, results showed
that all the halophilic bacteria were able to completely
(at 100%) remove Cu, Hg, K, Ni, Pb, and Zn; however,
strains H1, H6, H9, and H10 were capable of completely
removing Ba (at 100%) from natural brine without glucose
under anaerobic conditions.

Results also revealed that with the exception of Sr,
which showed the lowest percentage removal of 70.27%,
strain H19 had a removal efficiency ranging between
98.21% and 100% for all the metals after 5 d of exposure
(Table S6). This halophilic strain was able to completely
remove a total of five metals (Cu, Hg, Ni, Pb, and Zn) on
the 5th day of the exposure to natural brine without glu-
cose. Results also showed that the halophilic bacterial
strain H1 had a removal efficiency ranging between 86.98%
and 100% after 5 d of exposure, with Sr showing the low-
est removal among all the metals. Strain H1 was able to
completely remove a total of nine metals (B, Ba, Cu, Hg,
K, Ni, Pb, U, and Zn) during the same period. All halo-
philic bacterial strains were able to remove Na (9,859 mg/L)
which was at the highest concentration compared to
the removal of the other metals (above 90%); the same
results were revealed for Ca (1,782 mg/L), K (2,856 mg/L),
Mn (254 mg/L), and S (856 mg/L) during the same period.

3.4.5. Statistical analysis for efficiency of halophilic bac-
teria in removing metal pollutants from synthetic and
natural brine solutions

In the synthetic media, there were no significant differ-
ences (p > 0.05) between bacterial isolates for the removal
of pollutants in both anaerobic and aerobic conditions
with exception between H6 and H9 (aerobic conditions),
and between H10 and H19 (anaerobic conditions) that
showed significant differences (p < 0.05). Similar obser-
vations were noted in both natural brine wastewaters
with and without glucose, where significant differences
(p < 0.05) were only noted between H6 and H9, H6 and
H19, H9 and H19 in aerobic condition, and H1 and H6, H1
and H19, and H6 and H9 under anaerobic condition. No
statistic significant differences (p > 0.05) were noted when
isolates were categorised in groups at their different media
for their ability to remove pollutants from synthetic brine
and natural brine media without glucose. This indicates
that microbial isolates were not significantly affected by
the type of media in their removal of pollutants. However,
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natural brine media supplemented with glucose was
the exception when comparing those under aerobic and
anaerobic conditions (p < 0.05).

In order to evaluate the impact of growth parameters
on the removal of pollutants, further statistical analysis
was carried using a Spearman’s rank-order correlation to
determine the relationship between pH, temperature and
glucose for each of the 5 parameters. A perfect positive
correlation between temperature and glucose, tempera-
ture and pH and pH and glucose was noted and this was
statistically significant (rs (10) = 0.1, p < 0.05). This shows
that change on one of parameters could affect the removal
ability of bacterial isolates.

3.5. Chemical oxygen demand removal by selected halophilic
bacterial strains

3.5.1. COD removal under aerobic conditions

As it can be seen from Fig. 5, results revealed that halo-
philic bacterial isolates were able to remove significant
COD from the natural brine with and without glucose as
well as from the synthetic brine solution under aerobic
conditions at 28°C and pH 8. In all scenarios, the COD
removal efficiency was even observed from the first day
after the exposure (Table S10). Thereafter a progressive
and significant increase in COD removal occurred with an
increase in exposure time.

COD Removal From Natural Brine Water

id

H10 H1%

2 DAY 5

COD Removal From Brine Water with Glucose

100
T w0 | . |
= ] . . .
& w0l — . | |
D + 3 a5 +
M1 H& HD
HALOPHILIC BACTERIA
DAY 1 . DAY 3
120
&
'_g. 50
£
L]
[+

100 | .|| | | | ‘
a0 - | | | |
a0 , | v
0 - | || | | |
o . . | - - | I |
H1 His Hal H10 H19

HALOPHILIC BACTERIA

m DAY 1

DAY 3 EDAY S

COD Removal From Synthetic Brine

1200

100

Removal (%)

Fr { : | |
o - | ! | -
H1 HE HS H1Q H19

HALOPHILIC BACTERIA

DAY 1

DAY 3 = DAY 5

Fig. 5. Chemical oxygen demand (COD) removal from natural brine and synthetic brine solution by using halophilic bacterial

strains under aerobic conditions.
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After 5 d of exposure to natural brine wastewater
without glucose, the removal of COD was observed in the
following descending order: 89.23% for H6 (B. anthracis);
84.15% for H19 (P. mendocina); 78.45% for H10 (S. nema-
todiphila); 76.23% for H1 (A. tabrizica); and 69.58% for H9
(P. alcaliphila); with a standard deviation of 3.01. Higher
COD removal rates (93.65%-100%) were recorded when
the isolates were exposed to brine supplemented with
glucose as a source of carbon. The highest COD removal
of 100% was observed with H1 (A. tabrizica), followed by
99.25% for Hé6 (B. anthracis), 94.28% for H9 (P. alcaliphila),
93.65% for H10 (S. nematodiphila), and 97.28% for HI19
(P. mendocina), with a standard deviation of 2.56 after 5 d of
treatment.

When exposed to synthetic brine, the COD removal
rate by all the target halophilic bacteria was above 90% in
the following descending order: 97.98% (H19 P. mendocina);
>97.85% (H10 S. nematodiphila); >95.46% (H6 B. anthracis);
>92.34% (H9 P. alcaliphila); and >91.24% (A. tabrizica);
with a standard deviation of 2.77 after 5 d of treatment.
Regardless of the high rate of COD removal, this study
showed no significant difference between the test halophilic
bacterial isolates (p > 0.05) in synthetic brine, natural brine
with or without glucose, separately. However, when com-
paring the removal by type of media, the statistical analy-
sis showed significant difference (p < 0.05) with synthetic
brine having the highest mean value.

3.5.2. COD removal under anaerobic conditions

All halophilic bacterial isolates exposed to natural
brine without glucose under anaerobic conditions were
able to remove COD at a rate above 60% with the excep-
tion of H9 (P. alcaliphila) showing a lower percentage
(Fig. 6). The removal of COD was observed in the follow-
ing descending order: 69.29% (H6 B. anthracis); >67.43%
(H1 (A. tabrizica); >66.41% (H19 P. mendocina); >65.89% (H10
S. nematodiphila); and >56.62% (H9 P. alcaliphila), with a
standard deviation of 4.4 after 5 d of treatment.

Exposure of halophilic bacterial isolates to natural
brine supplemented with glucose resulted in COD removal
at a rate above 85% (Fig. 6, Table S11). The overall COD
removal was recorded in the following descending order:
98.68% (H6 B. anthracis); >98.12% (H1 A. tabrizica); >95.62%
H19 (P. mendocina); >89.65% (H9 P. alcaliphila); and >87.26%
(H10 S. nematodiphila), with a standard deviation of 4.6 after
5 d of treatment.

The target halophilic bacteria exposed to synthetic
brine solutions under anaerobic conditions after 5 d of
treatment were able to remove COD at a rate above 85%,
which was different from one strain to another in the
following descending order: 97.23% (H19 P. mendocina);
>95.23% (H10 S. nematodiphila); >92.36% (H6 B. anthracis);
>87.26% (H9 P. alcaliphila); and >85.26% H1 (A. tabrizica),
with a standard deviation of 4.57 after 5 d of treatment
(Fig. 6). Similarly to aerobic treatment, in anaerobic con-
dition the statistical analysis also showed no significant
difference between halophilic bacterial isolates in natural
brine. Furthermore, synthetic brine also revealed no sig-
nificant difference (p > 0.05) among the mean values of
test bacterial isolates. However, when comparing natural

to the synthetic brines, a statistical significant difference
(p < 0.05) was noted.

3.5.3. Statistical analysis for efficiency of halophilic
bacteria in removing COD from natural brine and
synthetic brine solutions

The data were statistically analysed using the SPSS
computer software. One-way ANOVA in SPSS package was
used for the comparison among the COD data for the treat-
ments in the synthetic brine under both aerobic and anaer-
obic conditions. The values were expressed as p-values (p)
for three replicates with a significant difference (p < 0.05).

4. Discussion

Hypersaline wastewaters (brine wastewaters) gen-
erated from mining and mineral processing industries,
pickling processes, meatpacking plants, dyestuffs, pes-
ticides, herbicides, polyhydric compounds, organic per-
oxides, and pharmaceutical industries have become an
environmental and public health concern as they contain
large amounts of chemical pollutants [6]. This situation
has drastically increased due to fast industrialisation, and
increased population growth, worldwide. Of the methods
used to treat brine wastewaters, the biological treatment of
saline wastewater has been seen as by far the most pop-
ular treatment method [25]. The present study investi-
gated the ability of indigenous bacterial species isolated
from brine wastewater for the bioremediation of this water
source under aerobic and anaerobic conditions.

Culture-based methods in general and molecular tech-
niques such as 165 rRNA gene sequence analysis in par-
ticular have resulted in the identification of A. tabrizica
for H1 (97% identity), B. anthracis for H6 (97% identity),
P. alcaliphila for H9 and H19 (98% identity), and S. nema-
todiphila for H10 (98% identity). B. anthracis presented
some phenotypic and phylogenetic similarities with
non-pathogen B. cereus and Bacillus megaterium [26,27].
Most of these halophilic bacterial strains have also been
isolated from halophilic environmental samples in sev-
eral other studies [28-32]. A. tabrizica sp. nov. was for the
first time isolated from Qurugdl Lake (in Azerbaijan) by
the study of Tarhriz et al. [33]. Nevertheless, A. tabrizica
sp. was formerly not known in the classified taxa of Gram-
negative bacteria from South Africa. These halophilic
bacteria could be considered as obligate moderate due to
their ability to grow at minimum NaCl concentrations of
5% (50,000 mg/L) (w/v) and mainly at optimal NaCl con-
centrations of 7.5%-12.5% (75,000-125,000 mg/L) (w/v)
(Fig. S1). It has been pointed out that halophiles that are
capable of growing in media containing more than 20%
(200,000 mg/L) are restricted to saline environments [34].
In a study conducted by the study of Osman et al. [30], it
was reported that Bacillus spp. were isolated from hypersa-
line environments and were able to grow in NaCl concen-
trations of up to 17.55% (175,500 mg/L) (w/v). Bacillus spp.
and Pseudomonas spp. are considered the most common
bacteria isolated from brine or salted water [31,35,36].

Furthermore, the present study revealed that the target
isolates were able to grow in brine solutions with pH values
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Fig. 6. Chemical oxygen demand (COD) removal from natural brine and synthetic brine solution by using halophilic bacterial

strains under anaerobic conditions.

ranging from pH 3 to 10 and at temperatures ranging from
20°C to 40°C. These results corroborated those of Kroll [37]
who found that these microorganisms can grow over the
pH range of less than pH 1.0 to approximately pH 13.0.
Kargi and Dinger [4] also found that the pH of brine waste-
water ranged between 4 and 5.80 with high NaCl contents
(116 mg/L) highlighting that these microorganisms can grow
under acidic conditions.

During the study period, isolated halophilic bacterial
species were used to remove chemical pollutants includ-
ing salt content from synthetic brine solutions and natu-
ral brine wastewater collected from the eMalahleni Water
Reclamation Plant. The findings showed a low percentage
of metal removal in the natural brine (39.63%-100% under
aerobic conditions and 70.27%-100% under anaerobic

conditions) compared with the synthetic brine solution
(82.84%-100% under aerobic conditions and 44.3%-100%
under anaerobic conditions) and this could be due to the
absence of sufficient carbon source and other nutrient
supplements. Furthermore, the percentage metal removal
was found to be significantly enhanced in natural brine
supplemented with glucose (Table 3). By comparing the
natural brine with glucose and natural brine without glu-
cose under aerobic conditions, it was revealed that four
chemical components (B, Cu, Ni, and Zn) out of 16 were
completely removed in natural brine with glucose, three
chemical components (B, Cu, Zn) out of 16 were equally
removed in both types of brine, while only four (K, Mn,
Pb, and S) out of 16 were removed from natural brine with-
out glucose (Table S1). In the meantime, under anaerobic
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conditions, nine chemical components (B, Ba, Cu, Hg, K,
Ni, Pb, U, and Zn) out of 16 were completely removed in
natural brine with glucose; six chemical components (Ni,
Cu, Hg, Pb, U, and Zn) out of 16 were equally removed
in both brines while only seven (Ca, Mg, Mn, Na, S, Si,
and Sr) were removed from natural brine without glucose
(Table S2). The same process was repeated with synthetic
brine solutions under both aerobic and anaerobic condi-
tions. Results revealed that nine chemical components
(B, Cu, Mn, Na, Ni, Pb, Si, Sr and Zn) out of 16 were com-
pletely removed in aerobic conditions, four chemical com-
ponents (Ni, Cu, Pb, and Zn) out of 16 were equally removed
both in aerobic and anaerobic conditions, while four (Ba, Hg,
K, and U) out of 16 were only removed in anaerobic condi-
tions (Table S3). The assessment of these results proved that
the oxidation under aerobic conditions fostered the halo-
philic bacteria in natural brine with glucose to significantly
enhance the percentage removal of the chemical compo-
nents compared to the percentage removal under anaerobic
conditions.

With natural brine containing glucose under aerobic
conditions, H1 (A. tabrizica) strain was the halophile capa-
ble of removing in high percentage six chemical compo-
nents out of nine (82.21% of Ba, 75.54% of Mg, 100% of Ni,
99.57% of Si, 99.57% of Sr and 97.94% of U); followed by
H19 (P. mendocina) that was able to remove two chemical
components out of nine (82.75% of Hg and 100% of Ni); and
finally, H6 (B. anthracis) and H10 (S. nematodiphila) were able
to remove 92.92% of Na and 93.57% of Ca out of nine chem-
ical components, respectively. Under similar conditions in
natural brine, H6 (B. anthracis) was the halophile capable of
removing in high percentage three chemical components
out of four (68.48% of K, 100% of Mn and 64.52% of S); fol-
lowed by H9 (P. alcaliphila), H10 (S. nematodiphila) and H19
(P. mendocina) that achieved complete removal (100%) of
Mn and Pb. Finally, under aerobic conditions either with
natural brine without or with glucose, all halophilic bacte-
ria were able to entirely remove B (100%), Cu (100%) and
Zn (100%).

With natural brine containing glucose under anaero-
bic condition, all the strains were able to remove 100% of
Ba and K, while only H1 (A. tabrizica), H6 (B. anthracis) and
HO (P. alcaliphila) were able to remove 100% of B. Under the
same conditions, Ni, Cu, Hg, Pb, U and Zn were completely
removed (100%) in both brines by all the strains, while in
the natural brine without glucose the halophile H10 (S. nem-
atodiphila) was capable of removing 99.98% of Ca, 100% of
Mg, 99.85% of Na, 100% of Si, 100% of Sr, followed by H9
(P. alcaliphila) that was capable of removing 100% of Mg,
99.85% of Hg and 99.43% of S, and finally, H19 was only
able to remove 98.21% of Mn.

When exposed to synthetic brine solutions under anaer-
obic conditions, all the strains were able to completely
remove Ba and Hg, while H10 (S. nematodiphila) was only
able to remove 100% of K, and H9 (P. alcaliphila), H10 (S.
nematodiphila) and H19 (P. mendocina) were able to com-
pletely remove U (100%). Under aerobic conditions, all the
strains were able to remove 100% of B while 98.86% of Ca
was only removed by H19 (P. mendocina); 97.93% of Mg
was only removed by H9 (P. alcaliphila); 100% of Mn was
completely removed by H6 (B. anthracis), H9 (P. alcaliphila),

H10 (S. nematodiphila) and H19 (P. mendocina); 100% of Sr
was removed by H1 (A. tabrizica); H9 (P. alcaliphila); H10
(S. nematodiphila) and H19 (P. mendocina); and finally 100%
of Na, 99.76% of S and 100% of Si were removed by H19
(P. mendocina), H10 (S. nematodiphila) and H6 (B. anthracis),
respectively. After a 5 d treatment, all the strains were able
to completely remove Ni, Cu, Pb and Zn (100% removal)
from synthetic brine solutions under both aerobic and
anaerobic conditions.

The performance of the biological process in treat-
ing saline wastewater in terms of COD removal has been
observed to be poor, and this has been reported to be due
to the negative impact of the salt content on microbial
communities [8]. It has been reported that high salt con-
centrations (>1%) lead to an intense osmotic pressure on
the cell wall leading to cell dehydration and to the loss of
microbial activity [8]. In the present experimental study,
five halophilic bacterial strains were investigated for their
ability to removal COD from natural brine and synthetic
brine solutions under aerobic and anaerobic conditions.
The results of this study revealed that all the halophilic
bacterial strains have the ability to remove COD at a range
of 69.58%-100% under aerobic conditions and at a range
of 56.62%-98.68% under anaerobic conditions from all
tested brine wastewaters after a 5 d treatment. However,
the highest COD removal was shown in brine wastewater
containing glucose (95% COD removal) and this could be
due to the addition of one organic compound, such as glu-
cose as glucose-salts medium that can support the growth
of many microbes [38]. Results highlighted the fact that
A. tabrizica was more active under aerobic conditions for
the removal of COD as it could remove up to 100% of the
COD content under aerobic conditions in natural brine
containing glucose and 98.12% of the COD content under
aerobic conditions when exposed to the same brine waste-
water (Figs. 5 and 6). A similar observation was noted in
the presence of yeast and bacteria during the experimental
study conducted by the study of Dan et al. [39]. In two lab-
oratory-scale studies consisting of yeast and bacteria mem-
brane bioreactor systems that aimed to treat high salinity
wastewater containing high organic load (5,000 mg/L
COD) and salt content (32 g/L NaCl), this author observed
the COD removal of above 90% at a hydraulic reten-
tion time of 5 h under the same operating conditions.
In another study, a salt-tolerant microorganism strain
Staphylococcus xylosus was used in the biological aerobic
treatment of saline wastewater in a membrane bioreactor
system. It was found that the treatment performance in
terms of COD removal rates improved and reached up to
93.4% [6]. Kargi and Dinger [4] reported that Halobacterium
spp. in activated sludge culture could continue removing
COD even at 50 g salt/L. Findings of the present study
therefore demonstrated the efficiency of halophilic bacte-
rial strains such as A. tabrizica, B. anthracis, P. alcaliphila,
S. nematodiphila, and P. mendocina to remove COD from
saline wastewater. Although these halophilic bacteria
were isolated from South African brine wastewater, the
results of this study corroborate the findings of previous
studies in other countries showing the capability of other
halophilic bacterial strains in removing COD from saline
wastewater.
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5. Conclusion

Halophilic bacterial strains A. tabrizica (H1), B. anthracis
(H6), P. alcaliphila (H9), P. mendocina (H19) and S. nemato-
diphila (H10) are found in the waste brine stream of the
eMalahleni Water Reclamation Plant. The most important
contribution of this study is the isolation of A. tabrizica
from waste brine streams in South Africa, a species that
has not yet been reported in any previous study on brine
wastewaters in South Africa. It is clear that the indigenous
halophilic bacterial strains isolated from South African
waste brine streams are able to survive in an aquatic envi-
ronment which contains NaCl concentrations of up to 20%
(200,000 mg/L) w/v. Moreover, this study revealed the abil-
ity of all target indigenous halophilic bacteria to reduce (K,
Na, Ni, Si, Mg, Mn, and Sr) or to completely remove various
metal components (B, Ba, Cu, Hg, Pb, U, and Zn) as well as
to significantly reduce COD concentrations in brine waste-
water (up to 95%) under aerobic and 80% under anaerobic
conditions. This study therefore recommends the biological
treatment of waste brine streams using indigenous halo-
philic bacteria, which showed high effectiveness in metal
and/or COD removal. A combination of these halophilic
bacteria with physical and/or chemical treatment processes
could enhance the treatment of waste brine streams and
produce higher quality effluents that can be reused for
multiple purposes.
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Table S3
Growth rate (d™) of halophilic bacteria during carbon source optimisation studies at 28°C
Halophilic Glucose Lactose Sucrose Acetate
bacteria Growth rate Growth rate Growth rate Growth rate
. 0.0000 (D1) 0.0000 (D1) 0.0000 (D1) 0.0000 (D1)
Alishewanella
tabrizica 0.0523 (D3) 0.0213 (D3) 0.0456 (D3) 0.0211 (D3)
0.0796 (D5) 0.0465 (D5) 0.0785 (D5) 0.0303 (D5)
0.0000 (D1) 0.0000 (D1) 0.0000 (D1) 0.0000 (D1)
Bacillus anthracis 0.0596 (D3) 0.0203 (D3) 0.0412 (D3) 0.0185 (D3)
0.1098 (D5) 0.0422 (D5) 0.0897 (D5) 0.0239 (D5)
0.0000 (D1) 0.0000 (D1) 0.0000 (D1) 0.0000 (D1)
Pseudomonas
dlealivhila 0.0326 (D3) 0.0218 (D3) 0.0411 (D3) 0.0201 (D3)
P 0.0793 (D5) 0.0501 (D5) 0.0691 (D5) 0.0346 (D5)
Serrati 0.0000 (D1) 0.0000 (D1) 0.0000 (D1) 0.0000 (D1)
e 0.0328 (D3) 0.0289 (D3) 0.0402 (D3) 0.0222 (D3)
nematodiphila
0.0884 (D5) 0.0739 (D5) 0.0691 (D5) 0.0451 (D5)
0.0000 (D1) 0.0000 (D1) 0.0000 (D1) 0.0000 (D1)
Pseudomonas
doci 0.0356 (D3) 0.0245 (D3) 0.0456 (D3) 0.0182 (D3)
endocina 0.0722 (D5) 0.0418 (D5) 0.0699 (D5) 0.0230 (D5)

D1: Day 1, D3: Day 3, D5: Day 5

Table S4
Determination of metal components in natural brine wastewater and their removal (%) after five days of treatment by using halophilic
bacterial strains under aerobic conditions

Initial conc. Natural brine with 5% glucose Natural brine without glucose

(mg/L) H1 Hé H9 HI0  HI9  HI Hoé H9 HI0  HI19
B 650 100 100 100 100 100 100 100 100 100 100
Ba 321 82.21 78.17 74.73 72.46 77.25 77.3 79.9 80.34 77.52 81.05
Ca 1,689 66.9 41.27 45.14 93.57 41.38 39.9 53.58 44.74 39.63 81.05
Cu 50 100 100 100 100 100 100 100 100 100 100
Hg 350 82.3 78.61 78.44 81.57 82.75 75.92 79.28 79.38 82.44 82.34
K 2,564 67.8 4391 46.72 41.96 43.37 58.22 68.48 66.1 62.55 61.07
Mg 1,785 75.54 59.44 60.39 57.5 60.03 63.72 68.48 69.41 66.05 66.19
Mn 254 98.68 95.35 95.92 95.7 95.55 99.54 100 100 100 99.57
Na 9,859 91.83 92.92 90.3 90.04 91.86 46.49 57.55 53.24 48.82 45.02
Ni 145 100 99.72 99.79 99.68 100 99.59 99.86 99.86 99.56 99.66
Pb 251 97.81 96.82 96.81 97.29 97.5 98.54 99.41 99.48 99.26 100
S 754 64.25 40.1 41.71 34.68 38.46 54.77 64.52 62.93 57.16 57.55
Si 895 99.57 53.68 54.41 52.78 58.71 50.39 45.08 55.58 46.81 49.32
Sr 785 99.57 98.94 98.8 98.83 98.7 98.49 98.69 98.72 98.44 98.78
U 796 97.94 83.27 83.08 82.15 83.41 82.72 88.12 85.39 83.66 83.6

Zn 78 100 100 100 100 100 100 100 100 100 100
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Table S5

Comparison of the percentage removal of chemical components
in synthetic brine solution under both aerobic and anaerobic
conditions after five days of treatment

Table S7
Natural brine with glucose vs. natural brine without glucose
under anaerobic conditions after five days of treatment

Metals NBG Symbol NB (% per strain(s))
Metals  Aerobic conditions Symbol Anaerobic conditions (% per strain(s))
(% per strain(s)) (% per strain(s)) B 100 (H1; H6; H9) > 100 (H1)
B 100 (all strains) > 100 (H9; H10; H19) Ba 100 (all strains) > 100 (H1; He; HY; H10)
Ba 99.67 (H10) < 100 (all strains) Ca 97.33 (H1) < 99.98 (H10)
Ca 98.86 (H19) > 85.63 (H10) K 100 (all strains) > 100 (H1)
Hg 99.42 (H10) < 100 (all strains) Mg 98.78 (H10) < 100 (H9; H10)
K 96.64 (H19) < 100 (H10) Mn 95.86 (H6) < 98.21 (H19)
Mg 97.93 (H9) > 96.1 (H9) Na 97.83 (H19) < 99.85 (H9; H10)
Mn 100 (H6; HY9; H10;, > 97.47 (H6) S 95.38 (H1) < 99.43 (H9)
H19) Si 98.83 (H10) < 99.86 (H10)
Na 100 (H19) > 93.17 (H19) Sr 91.54 (H9) < 93.4 (H10)
S 99.76 (H10) > 95.71 (H19) U 100 (all strains) = 100 (all strains)
Si 100 (He) > 97.48 (H10) Ni 100 (all strains) = 100 (all strains)
Sr 100 (H1; HY; H10; > 93.15 (He) Cu 100 (all strains) = 100 (all strains)
H19) Hg 100 (all strains) = 100 (all strains)
8 98.93 (H10) < 100 (H9; H10; H19) Pb 100 (all strains) = 100 (all strains)
Ni 100 (all strains) = 100 (all strains) 7n 100 (all strains) = 100 (all strains)
Cu 100 (all strains) = 100 (all strains)
Pb 100 (all strains) _ 100 (all strains) NBG: naturarl brine with glucose; NB: natural brine; =equal to;
>higher than; <lower than
Zn 100 (all strains) = 100 (all strains)

NBG: natural brine with glucose; NB: natural brine; =equal to;

>higher than; <lower than

Table S6

Natural brine with glucose vs. natural brine without glucose un-
der aerobic conditions after five days of treatment

Metals NBG Symbol  NB (% per strain(s))
(% per strain(s))

B 100 (all strains) = 100 (all strains)

Ba 82.21 (H1) > 81.05 (H19)

Ca 93.57 (H10) > 81.05 (H19)

Hg 82.75 (H19) > 82.44 (H10)

K 67.8 (H1) < 68.48 (H6)

Mg 75.54 (H1) > 69.41 (H9)

Mn 98.68 (H1) < 100 (H6; HY; H10)

Na 92.92 (H6) > 57.55 (H6)

Ni 100 (H1; H19) > 99.86 (H6; H9)

Pb 97.81 (H1) < 100 (H19)

S 64.25 (H1) < 64.52 (H6)

Si 99.57 (H1) > 55.58 (H9)

Sr 99.57 (H1) > 98.78 (H19)

U 97.94 (H1) > 88.12 (H6)

Cu 100 (all strains) = 100 (all strains)

Zn 100 (all strains) = 100 (all strains)

NBG: natural brine with glucose; NB: natural brine; =equal to;
>higher than; <lower than
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Table S8
Determination of metal contents in natural brine water and their removal (%) after 5 days treatment by using halophilic bacterial
strains under aerobic conditions

Initial Conc. Natural brine with 5% glucose Natural brine without glucose

(mg/L) H1 Hé H9 HI0O  HI9  HI Hé H9 HIO  HI19
B 650 100 100 100 100 100 100 100 100 100 100
Ba 321 82.21 78.17 74.73 72.46 77.25 77.3 79.9 80.34 77.52 81.05
Ca 1689 66.9 41.27 45.14 93.57 41.38 39.9 53.58 44.74 39.63 81.05
Cu 50 100 100 100 100 100 100 100 100 100 100
Hg 350 82.3 78.61 78.44 81.57 82.75 75.92 79.28 79.38 82.44 82.34
K 2564 67.8 4391 46.72 41.96 43.37 58.22 68.48 66.1 62.55 61.07
Mg 1785 75.54 59.44 60.39 57.5 60.03 63.72 68.48 69.41 66.05 66.19
Mn 254 98.68 95.35 95.92 95.7 95.55 99.54 100 100 100 99.57
Na 9859 91.83 92.92 90.3 90.04 91.86 46.49 57.55 53.24 48.82 45.02
Ni 145 100 99.72 99.79 99.68 100 99.59 99.86 99.86 99.56 99.66
Pb 251 97.81 96.82 96.81 97.29 97.5 98.54 99.41 99.48 99.26 100
S 754 64.25 40.1 41.71 34.68 38.46 54.77 64.52 62.93 57.16 57.55
Si 895 99.57 53.68 54.41 52.78 58.71 50.39 45.08 55.58 46.81 49.32
Sr 785 99.57 98.94 98.8 98.83 98.7 98.49 98.69 98.72 98.44 98.78
8} 796 97.94 83.27 83.08 82.15 83.41 82.72 88.12 85.39 83.66 83.6
Zn 78 100 100 100 100 100 100 100 100 100 100

Table S9
Determination of metal components in natural brine and their removal (%) after five days of treatment by using halophilic bacterial
strains under anaerobic conditions

Natural brine with 5% glucose Natural brine without glucose

Initial conc. Hi1 Hé6 H9 H10 H19 Hi1 Hé6 H9 H10 H19

(mg/L) A/B
B 700/650 100 100 100 98.96 91.23 100 98.21 97.64 97.83 99.61
Ba 356/321 100 100 100 100 100 100 100 100 100 99.98
Ca 1,782/1,689 97.33 97.07 96.67 95.98 88.07 97.33 99.9 99.97 99.98 99.86
Cu 59/50 100 100 100 100 100 100 100 100 100 100
Hg 456/350 100 100 100 100 100 100 100 100 100 100
K 2,856/2,564 100 100 100 100 100 100 96.55 98.47 98.46 98.66
Mg 1,845/1,785 96.18 97.76 97.36 98.78 96.51 96.18 99.99 100 100 99.97
Mn 256/254 93.37 95.86 92.4 79.11 94.5 93.37 92.4 93.43 93.22 98.21
Na 9,785/9,859 97.25 97.11 97.83 93.59 97.69 97.25 99.75 99.85 99.85 99.72
Ni 178/145 100 100 100 100 100 100 100 100 100 100
Pb 451/251 100 100 100 100 100 100 100 100 100 100
S 856/754 95.38 94.33 93.53 76.35 46.61 95.38 99.2 99.43 99.25 99.02
Si 986/895 98.06 98.46 98.4 98.83 98.25 98.06 99.79 99.84 99.86 99.73
Sr 852/785 86.98 81.3 91.54 82.59 83.29 86.98 88.69 86.47 93.4 70.27
U 856/796 100 100 100 100 100 100 100 100 100 99.93
Zn 95/78 100 100 100 100 100 100 100 100 100 100

A (Initial concentration of metal components in natural brine with 5% glucose);
B (Initial concentration of metal components in natural brine without glucose).
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Table S10 Table S11
Chemical oxygen demand (COD) removal (%) from natural = Chemical oxygen demand (COD) removal (%) from natural
brine wastewater and synthetic brine solution by using halophil-  brine wastewater and synthetic brine solution by using halophil-

ic bacterial strains under aerobic conditions ic bacterial strains under anaerobic conditions
COD removal (%) from natural brine COD removal (%) from natural brine
Initial COD (mg/L) 1,320 1,234 1,285 1,396 1,378 Initial COD (mg/L) 1,895 1,689 1,458 1578 1,548
Strains HI Hé H9 HI0O HI9 Strains HI  H6 H9  HI0O HI9
Day 1 o5 3512 1824 1712 3215 Day 1 21.68 3143 15.68 1258 21.15
Day 3 4512 6328 3875 59.68 6879  Day3 4012 50.65 3394 4052 48.55
Day 5 7623 8923 69.58 7845 8415 DAy 6743 6929 5662 06589 6641

COD removal (%) from natural brine + glucose

Initial COD (mg/L)  0.02 0.013 0.018 0.022 0.025

COD removal (%) from natural brine + glucose

Initial COD (mg/L) 1,378 1,256 1,295 1,425 1,412

Strains HI He HY9 HI0O HI9 Strains HI — He — H9 — HIO  HI9

Day1 031 7396 5009 4596 64p5  Dayl 5625 6528 4845 4235 5523
Day 3 8124 9024 8232 8124 7819  Day3 7825 8956 7824 7925 76.38
Day 5 100 9995 o108 9365 970  Days 9812 9868 89.65 87.26 95.62

COD removal (%) from synthetic brine solution

Initial COD (mg/L)  0.015 0.016 0.019 0.024 0.028

COD removal (%) from synthetic brine solution

Initial COD (mg/L) 1424 1,326 1,310 1,413 1416

Strains HI H6 H9  HI0 HI9 Strains HI ~ He H> HI0O HIS
Day 1 1875 5104 4516 6231 6124 Dyl 4526 4923 4123 5623 57.23
Day 3 7416 7546 7426 8159 8624  Day3 6891 7023 6894 7826 8412
Day 5 o124 9546 a4 9785 o7os  Days 8526 9236 8726 9523 97.23
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Fig. S1. Growth curves of halophilic bacteria during NaCl optimisation studies.
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