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Abstract

Background: Metal polluted environments have been found to harbor acid and metal tolerant bacterial
communities. Metal oxidizing bacteria in particular are industrially important microorganisms that can be utilized for
potential applications in biomining and bioremediation. However, some well-characterized strains are not readily
culturable as they are obligate and fastidious chemolithotrophs requiring special techniques for their cultivation.
Hence, this study was aimed at isolating, identifying, and characterizing indigenous metal tolerant heterotroph(s)
from abandoned mines that can potentially be used for biomining or bioremediation processes in the future.

Results: Seventeen bacteria from former mining lakes were isolated and identified using 16S rRNA. Minimal
inhibition concentration (MIC) and growth study of isolated bacteria carried out in Luria-Bertani media containing
three different metals ions, zinc (II), copper (II), and iron (II), showed that a particular isolate termed Enterobacter
cloacae NZS was found to exhibit better growth and tolerance for copper (up to 90 mM), zinc (up to 200 mM), and
iron (up to 170 mM). Growth of the strain was notably well in the presence of iron (II). Compared to all the isolates,
only E. cloacae NZS was able to be enumerated at pH lower than 5 while other strains were culturable only at pH 7.
Its capability in iron (II) oxidation was preliminary assessed based on the pH, cell count, glucose consumption, and
amount of iron oxidized throughout incubation in 9K media. E. cloacae NZS strain was found to be capable of
oxidizing iron (II) supplied in 9K media to iron (III).

Conclusion: As preliminary investigation showed that E. cloacae NZS was able to oxidize iron (II) in 9K media at
pH2, further optimization on the strain, medium, and culture conditions in future may be able to provide a better
insight on this strain to be possibly used as an iron oxidizer for various applications.
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1 Background
Metal oxidizing bacteria are industrially important mi-
croorganisms for applications such as biomining and
bioremediation. Biomining which involves the extraction
of metals from their ores [1] with the use of bacteria is
well established as an alternative to conventional phys-
ical and chemical methods [2–4]. The efficiency of metal
oxidizing bacteria in the bioremediation of metal pol-
luted sites [5–7] such as those exposed to activities like
mining [8], power generation [9], electroplating, and
metal processing [10] is gaining wide acceptance. These
sites are enriched with huge deposits of metals. When
excessively discharged, they may find their way into the
food chain, posing significant health and environmental
concerns [11]. Consequently, metal polluted environ-
ments have been found to harbor acid and metal toler-
ant bacterial communities such as acidophilic iron (II)
and sulfur-oxidizing bacteria which are being harnessed
for the management and bioremediation of polluted sites
[12]. These special bacterial species are capable of leach-
ing metals including copper, iron, nickel, and zinc by the
dissolution of sulfide minerals such as pyrite (an import-
ant iron source in acidic environments) [1, 13].
Metal/iron oxidizing bacteria have been mostly charac-

terized as acidophilic, neutrophilic, or nitrate dependent
autotrophic Proteobacteria, and they include species
such as the widely studied Acidithiobacillus ferrooxidans
[14]. There is a dearth of information on the metabolic
potential and ecological functions of indigenous, hetero-
trophic, and culturable iron oxidizing bacteria [15].
These heterotrophs may play significant roles in the bio-
geochemical recycling of various metals, and there are
evidences that they may enhance the activities of metal
oxidizing, acidophilic groups by an indirect mechanism.
For instance, Acidiphilium acidophilum when in mixed
cultures with At. ferrooxidans was reported to speed up
the initial rate of ferrous iron oxidation in aerobic condi-
tions in the presence of glucose better than the pure cul-
tures of At. ferrooxidans [16]. In a bioleaching experiment,
the heterotrophs Pseudomonas aeruginosa PAO1 and the
metal tolerant Cupriavidus metallidurans CH34 were
found to interact through biofilm formation with the auto-
trophic iron oxidizing Acidithiobacillus, contributing to its
survivability during co-cultivation [15]. Such bacteria spe-
cies therefore are easier to cultivate and may be included
in the consortium of bacteria species used in biomin-
ing and bioremediation. In addition to their ability to
enhance iron oxidation, these organisms can be used
as ecological indicators of metal toxicity in metal pol-
luted environments [11].
Other metal/iron oxidizing bacteria include Alicyclo-

bacillus sp., Sulfobacillus sp. [1], At. cladus, and Leptos-
pirillum ferriphilum [13]. However, these species are not
readily culturable as they are obligate and fastidious
chemolithotrophs requiring special techniques for their
cultivation [17]. In addition, studies on the ecology of
biomining process involving Leptospirillum sp. and Thio-
bacillus ferrooxidans in commercial applications have
shown that not all the time are these species detected or
found dominating the process [18]. This is especially the
case for T. ferrooxidans [18]. This suggests the possibility
that some of these known commercial species may not
be able to utilize iron as expected and as such may not
persist in bioreactors sufficiently enough to be directly
involved in iron oxidation.
This study, therefore, was aimed at isolating, identifying,

and characterizing indigenous metal tolerant hetero-
troph(s) from abandoned mines in Malaysia. A particular
acidophile, termed Enterobacter cloacae NZS, showed the
best tolerance to the concentration of metals and acidic
pH. Its ability to oxidize iron was further evaluated and
hereby reported.
2 Methods
2.1 Water sampling
Water samples were obtained from three different
former mining lakes located at Dataran Taman Tasik
Puchong Perdana Park (3.0086° N, 101.6064° E), Paya
Indah Wetlands, Dengkil (2.9913737° N, 101.7167375°
E), and Tasik Biru Seri Kundang, Kuang (3.2501292° N,
101.5235633° E) in the state of Selangor, Malaysia. The
water samples were placed in sterilized, capped bottles.
The pH and temperature of these three former mining
lakes were recorded.
2.2 Isolation of bacteria from water samples
The water samples obtained from the mining lakes were
subjected to serial dilutions (10−1, 10−2, 10−3, and 10−4)
using sterile saline water. Subsequently, the samples
were inoculated onto Luria-Bertani (LB) agar, at pH 4
and 7 respectively and subsequently incubated for 48 h
at 37 °C. Colonies with different morphological appear-
ances were selected from the plates and further subcul-
tured onto fresh plates to acquire individual microbial
strains. Later, each bacterial isolate was cultivated in 10
mL LB broth at 37 °C before aliquoting them in several
sterile 1.5 mL microcentrifuge tubes containing 80% (v/
v) of glycerol for preservation at –80 °C.
2.3 Identification of bacterial colony and cell morphology
Colony morphology and characteristics such as shape,
color, edge, elevation, and colony surface of each bacter-
ial isolate were visually observed and recorded. Subse-
quently, all bacterial samples were subjected to Gram
staining for further observation of their cellular morph-
ology under light microscope.
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2.4 Identification of bacteria using 16S rRNA sequence
Firstly, each bacterial isolate was cultured in LB broth
for 18 h at 37 °C with agitation at a speed of 230 rpm.
Following this, cells were obtained via centrifugation at
14,000 rpm for 2min. The genomic DNA of each bacter-
ial sample was obtained using Wizard® Genome DNA
Purification Kit (Promega), based on the protocols outlined
by the manufacturer. The extracted genomic DNA samples
were then used as the templates for amplification of 16S
rRNA by polymerase chain reaction (PCR). The PCR reac-
tion mixtures (20 μL) [consisting of 1 μg of bacterial gen-
omic DNA, 1× PCR buffer, 0.25mM dNTPs, 2.5 μM
forward 8F primer (5′-AGAGTTTGATCCTGGCTCAG-
3′) and U1492R reverse primer (5′-GGTTACCTTGTTAC
GACTT-3′), 2.0 μM MgCl2, 1.25 unit Taq DNA polymer-
ase] were prepared for the amplification. The following
PCR profile was used: denaturation at 95 °C for 2min, 30
cycles of denaturation at 95 °C for 30 s, annealing at 56 °C
for 30 s and extension at 72 °C for 1.5min, and a single
final extension at 72 °C for 2min. The presence of ampli-
fied 16S rRNA fragments was firstly viewed via electrophor-
esis using 1% (w/v) agarose gel. Following this, the
remaining PCR products were purified via Wizard (R) Plus
SV Gel and PCR Clean-up kit (Promega) following proto-
cols recommended by the manufacturer. The purified DNA
was subsequently sent for sequencing to 1st BASE Sdn.
Bhd., Malaysia. The 16S rRNA (forward and reverse) se-
quences obtained for all bacterial samples were consoli-
dated and aligned using the Biology Workbench software
[19] to obtain their full-length sequences. Subsequently, the
full-length sequences of 16S rRNA were compared against
the nucleotide database at National Centre for Biotechnol-
ogy Information (NCBI) using the Basic Local Alignment
Search Tool (BLAST) algorithm for nucleotides (BLASTN)
[20] to identify the bacterial isolates.

2.5 Screening of metal-tolerant bacteria via minimal
inhibitory concentration (MIC) of metals
The MIC for each isolated bacterial strain towards metals
was carried out by using three different metals which were
zinc (II) chloride, copper (II) sulfate, and iron (II) sulfate.
To determine whether the isolates are able to resist high
concentration of metal ions, the minimal metal concentra-
tion for each metal ions needed to inhibit the growth of
the isolates was determined. For this purpose, all isolates
were inoculated into respective 10mL LB broth until
standard cell density of 0.5 based on McFarland standard
was achieved. Five milliliters of each isolate was trans-
ferred as inoculum into 0–200mM concentrations (at the
increment of 20mM) of zinc (II) chloride, copper (II) sul-
fate, and iron (II) sulfate. LB broth which contained iso-
lated inoculum without the presence of metal ions was
used as bacterial growth (biotic) control while LB broth
which contained metal ions without isolate inoculum was
used as the abiotic control. All samples were cultivated at
37 °C for 24 h with 200 rpm agitation. After cultivation, all
cultures were subjected to serial dilution and subsequently
plated onto the LB agar plates. All LB agar plates were in-
cubated at 37 °C for 24 h before the colony forming unit
(CFU/mL) was carried out and recorded. Based on the re-
sults of this study, the isolates which showed tolerance to
high metal ion concentrations were selected for further
analyses.

2.6 Effect of metal ions on E. cloacae NZS in LB media
To investigate the possible effects of metal ions on the
growth of the selected metal-tolerant bacteria, a study
involving larger volume of culture (100 mL) was per-
formed. The isolate which showed the highest tolerance
towards three different metal ions in MIC screening
process above was selected for this study. Ten milliliters
of the selected isolate culture was prepared based on 0.5
McFarland standard and subsequently cultivated in 100
mL LB culture with the presence of 1–3 mM of metals
(zinc (II) chloride, copper (II) sulfate, and iron (II) sul-
fate). These concentrations were chosen as initial indica-
tor for the strain to be used for iron (II) oxidation in
minimal 9K media later, without causing much adver-
sary effect on the growth of the strain. Growth of the
strain was monitored based on CFU count for every 1 h
of cultivation. Growth rate and lag period of the bacter-
ial strain in the presence of metal ions were determined.

2.7 Initial pH optimization of 9K media
The optimum pH for the growth of the isolate in 9K
media [21] was obtained as described briefly. 9K media
(100 mL) containing 3 g ammonium sulfate L−1, 0.5 g
dipotassium phosphate L−1, 0.5 g magnesium sulfate
heptahydrate L−1, 0.1 g potassium chloride L−1, 0.01 g
calcium nitrate L−1, 5 g glucose L−1, and 3.00 g iron sulfate
heptahydrate L−1 was adjusted to pH 1, 2, 3, and 4 re-
spectively by using 1 N sulfuric acid. Abiotic and biotic
controls were supplied in each 9K media of the respective
pH above. All cultures were cultivated at 30 °C and 200
rpm for 5 days. Every 24 h, 2 mL of the culture was ob-
tained for pH measurement and CFU/mL counting. The
optimum pH obtained from the optimization experiment
carried out above was used for subsequent studies.

2.8 Oxidation of iron (II) to iron (III) by E. cloacae NZS
The iron oxidizing potential of the isolate was deter-
mined using two different compositions of 9K media as
follows: Solution (1) containing 3.00 g ammonium sul-
fate L−1, 0.50 g dipotassium phosphate L−1, 0.50 g mag-
nesium sulfate heptahydrate L−1, 0.10 g potassium
chloride L−1, 0.01 g calcium nitrate L−1, 5.00 g glucose
L−1, and all substances were solubilized in 700mL of dis-
tilled water and pH adjusted to 1.8 by using 1 N sulfuric
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acid. This solution was autoclaved at 121 °C for 15 min.
Solution (2) was prepared by mixing homogenously 3.00
g of iron sulfate heptahydrate L−1 (10 mM) with 300 mL
of distilled water and pH adjusted to 1.8 by using 1 N
sulfuric acid. It was subsequently filter-sterilized using
sterile 0.2 μm cellulose acetate membrane filter prior to
mixing it with 700 mL of solution 1 to give forth 1 L of
sterile 9K media containing 10mM of iron sulfate hepta-
hydrate with pH adjusted to 1.8.
For iron oxidation studies, the isolate was cultivated in

50mL LB broth at 37 °C until its optical density at 600 nm
reached 1.0. Then, 15mL of the bacterial culture was
transferred to 85mL of sterile 9K media above which was
supplemented with 10mM of ferrous ion and 0.5% (w/v)
of glucose. The culture was cultivated at 30 °C and 200
rpm for 6 days. Every 24 h, 2.5 mL of the culture was ex-
tracted for analysis with regards to CFU count (using ser-
ial dilution of 10−1 − 10−4), pH, and glucose and iron (III)
concentration. pH was measured by using pH meter. Iron
Colourimetric Assay (Ferrozine assay) kit (Brand: BioVi-
sion K 390-100) was used to quantify iron (III) concentra-
tion, and dinitrosalicylic acid (DNS) assay was performed
to measure reducing sugar (glucose) concentration.

3 Results
3.1 Isolation and identification of bacterial isolates from
water sample
Water samples obtained from the former mining lakes re-
corded acidic pH of 5 and water temperature of 30–36 °C.
In total, 17 bacterial samples were isolated from three
different former mining lakes. On LB agar at pH 4, only
one bacterial sample termed C1 Acid was isolated. The
remaining 16 bacterial isolates were obtained from LB
agar at pH 7. The morphology of colonies observed for 15
of the bacterial strains was mainly circular, entire with
Fig. 1 Amplified 16S rRNA of isolates on 1% (w/v) agarose gel. From left: la
(C1), 5 (C1 Acid), 6 (C3SD), 7 (C3OSS), 8 (A1 LY), 9 (A3 SWS), 10 (S1), 11 (S2)
smooth elevation and convex surface. Three of the 15
were pigmented with 2 appearing as green and 1 as yellow.
Gram staining of the isolates further revealed that all iso-
lates were Gram negative and rod shaped. Only two of all
17 isolates were coccobacilli; one of which was violet in
color as observed morphologically.
The 16S rRNA fragments of all bacterial isolates were

successfully amplified (Fig. 1), purified, and sequenced.
Table 1 shows BLASTN analysis of all the 16S rRNA se-
quences of each bacterial isolate with the highest similar-
ity. Five isolates labeled 1, B1, SS, C1, C1 Acid and 7 were
found to be related to Enterobacter sp., and they were ob-
tained from all three different former mining lakes. Isolate
C1 Acid was found to be identical to E. cloacae. The green
pigmented isolates, namely, Isolates 2 and 3 were closely
related to Pseudomonas sp. The yellow pigmented isolate
(C3 OSS) identified as Chromobacterium sp. Isolates C1
Blue with a violet color and C1 Blue 2, a non-pigmented
isolate, were identified as Chromobacterium species. The
remaining 6 isolates were identified to be Stenotrophomo-
nas (A1 LY), Raoultella (Isolates 4 and 5), Achromobacter
(Isolate 6), Delftia (A3SWS), Cupriavidus (C3 SD), and
Klebsiella (C1 Blue 3), respectively. Based on these results,
all isolates were identified as members of the phylum Pro-
teobacteria, belonging to classes Gamma and Beta.

3.2 Tolerance of isolated bacteria to metals
The tolerance level of the bacteria isolates towards vari-
ous metal ions was investigated by analyzing the mini-
mum inhibitory concentration (MIC). The MIC of 17
bacterial isolates towards three different metals zinc (II),
copper (II), and iron (II) is presented in Table 2. Based
on the findings in Table 2, the orders of metal toxicity
of most of the isolates are copper > iron > zinc. Copper
was found to be the most toxic to the bacterial isolates
ne M (1 kb DNA ladder), 1 (C1 Blue 1), 2 (C1 Blue 2), 3 (C1 Blue 3), 4
, 12 (B1SS), 12 (S3), 13 (S4), 14 (S5), 16 (S6), and 17 (S7)



Table 1 Identity of bacterial isolates based on BLASTN results of their 16S rDNA sequences

Sampling site Isolate Description of the strain Maximum
score

Total
score

Query cover (%) E value Maximum identity (%) Accession

Dataran Taman Tasik
Puchong Perdana Park,
Puchong

Isolate 1 Enterobacter cloacae 261 261 100 1e−66 100 KJ588203.1

A1LY Stenotrophomonas maltophilia 1507 1507 100 0.0 100 JX394033.1

Isolate 2 Pseudomonas aeruginosa 388 388 100 7e−105 100 KC479131.1

Isolate 3 Pseudomonas aeruginosa 935 935 100 0.0 100 KF583972.1

A3SWS Delftia tsuruhatensis 1844 2578 96 0.0 100 JF309186.1

Paya Indah Wetlands,
Dengkil

B1SS Enterobacter asburiae 42.1 42.1 100 0.025 100 KJ588198.1

Isolate 4 Raoultella ornithinolytica 1046 1046 100 0.0 100 KF358448.1

Isolate 5 Raoultella ornithinolytica 1177 1177 100 0.0 100 KF358448.1

Isolate 6 Achromobacter sp. 998 998 100 0.0 100 JQ794626.1

Tasik Biru Seri Kundang,
Kuang

C1 Enterobacter cloacae 1221 1221 100 0.0 100 KC702725.1

C1 Acid Enterobacter cloacae 1221 1221 100 0.0 100 KC702725.1

C3 OSS Chryseobacterium sp. 1068 1068 100 0.0 100 JN545042.1

C3SD Cupriavidus sp. 1474 1474 100 0.0 100 JX093175.1

Isolate 7 Enterobacter hormaechei 424 424 100 2e−115 100 KF551982.1

C1 Blue1 Chromobacterium violaceum 320 320 100 3e−84 100 KF819714.1

C1 Blue 2 Chromobacterium sp. 464 464 100 2e−127 100 KF137653.1

C1 Blue 3 Klebsiella oxytoca 1003 1003 100 0.0 100 JX530854.1
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followed by iron, and then zinc was least toxic. Isolates
C1 and C1 Acid tolerated the highest concentrations of
copper (II) with an MIC of 90 mM, followed by Isolate 1
and C3 OSS with an MIC of 30 mM. Other isolates
could not tolerate even up to 10mM of copper. With
Table 2 Screening of metal tolerant bacterial isolates through their
different metals

Isolate Identified genus and species MIC

Zin

Isolate 1 Enterobacter sp. 90

A1LY Stenotrophomonas maltophilia 90

Isolate 2 Pseudomonas aeruginosa 200

Isolate 3 Pseudomonas aeruginosa 200

A3SWS Delftia tsuruhatensis 30

B1SS Enterobacter asburiae 90

Isolate 4 Raoultella ornithinolytica 60

Isolate 5 Raoultella ornithinolytica 60

Isolate 6 Achromobacter sp. 70

C1 Enterobacter cloacae 200

C1 Acid Enterobacter cloacae NZS 200

C3 OSS Chryseobacterium sp. 30

C3SD Cupriavidus sp. 80

Isolate 7 Enterobacter hormaechei 90

C1 Blue 1 Chromobacterium violaceum 80

C1 Blue 2 Chromobacterium sp. 30

C1 Blue 3 Klebsiella sp. 70
respect to iron (II) and zinc (II), the highest MICs reach-
ing up to 200 and 170 mM were also observed with Iso-
lates C1 Acid and C1 (both identified as E. cloacae).
From here onwards, C1 Acid was designated as E. clo-
acae NZS and was used for further characterizations.
minimal inhibition concentration (MIC) in LB media containing 3

of isolates towards

c (II) (mM) Iron (II) (mM) Copper (II) (mM)

10 30

60 20

200 < 10

200 < 10

10 < 10

30 10

40 10

40 10

10 10

170 90

170 90

< 10 30

10 < 10

130 < 10

100 < 10

10 < 10

10 < 10
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3.3 Growth study of metal tolerant isolate in the presence
of metals
A growth study of E. cloacae NZS in the presence of
metal ions was performed using 100 mL LB broth
supplemented with different concentrations of zinc
Fig. 2 Growth study of E. cloacae NZS with 0–3 mM of a iron (II), b zinc (II)
of 200 rpm
(II), copper (II), and iron (II). Based on the results in
Fig. 2a–c, overall, in the presence of the metals
tested, no drastic or significant reduction in CFU of
the bacterium was observed with the exception when
there was 2 and 3 mM of zinc (II) chloride in the
, and c copper (II). Cells were cultivated at 37 °C with agitation
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media. In fact, the presence of metals seemed to have
promoted its growth compared to the control, and by
the 9th hour of the cultivation period, all cultures
which contained metals in the media recorded higher
CFUs compared to the control (with the exception
for those with 2 and 3 mM of zinc (II) chloride
present in the media) [Fig. 2a–c].
The growth curve data in Fig. 2a–c suggests that the log

phase of E. cloacae NZS in the presence of 1 mM of zinc
(II) chloride and 1–2mM of copper (II) sulfate was de-
layed, and not as distinct and as comparable to that of
their controls (Fig. 2 b and c). In contrast to this, the log
phase of the bacteria in the presence of 1–3mM of iron
(II) sulfate was not delayed and was distinct and compar-
able to that of its control (Fig. 2a). In fact, it entered its ex-
ponential phase in less than 2 h of cultivation. The CFU of
the bacteria during its log phase in the 3rd hour of cultiva-
tion in 1–3mM of iron (II) sulfate was 1.5 times higher
than in 1mM of zinc (II) sulfate and 1.3 times higher than
in 1mM of copper (II) sulfate (Fig. 2a–c).

3.4 Optimization of initial pH of 9K media
A preliminary study was carried out to identify the suit-
able initial pH (1–4) at which iron oxidation is best sup-
ported by E. cloacae NZS when grown in 9K media with
minimal formation of jarosite (Fe3+ hydroxysulfates). Jar-
osite is formed from continuous reactions of hydrogen
ion consumption and ferric ion hydrolysis during iron
oxidation process. Subsequently, it will combine with
ammonium ion in 9K media to produce ammoniojaro-
sites [22]. Several studies have suggested adjustments of
the initial pH of 9K media from 1.6–1.7 to minimize the
formation of jarosites [22, 23].
The outcomes from the optimization of the initial pH

of 9K media showed that E. cloacae NZS was able to
grow in acidic condition in 9K media (Fig. 3a–c), even at
an initial pH as low as 2. This indicates that it is an
acidophilic bacteria. According to Liu et al. [22], bacter-
ial growth and activity is blocked by the acidity of 9K
media at pH below 1.5, which explained the absence of
any E. cloacae NZS colonies at pH 1. Based on the
growth curves in Fig. 3a–c, the cell density of E. cloacae
NZS recorded a decrease from 10 to 6 CFU/mL in the
first day of its cultivation. However, its cell density steadily
increased subsequently to 12 CFU/mL. Among the pH
tested, pH 2 in the presence of 100mM FeSO4 was able to
support growth of the strain at a slightly longer period
compared to the biotic control and cultures grown at pH
3 and 4, respectively. The sudden drop in the cell densities
observed for samples cultivated at pH 3 and 4 may be due
to encrustation of cells by the formation of iron III min-
eral precipitates. The formation of crusts around iron II
oxidizing cells may lead to impaired substrate uptake and
metabolite release and eventually cell death [24]. pH
below 2.0 appeared to be optimum for E. cloacae NZS
growth, and iron metabolism as studies have shown that
the formation of these crusts is not favored at such low
pH [24]. However, iron III precipitates may form jarosites
which were visible as tiny precipitates in very small
amount that possibly accounts for the reduction in cell
biomass observed in Fig. 4. Although the experiment re-
corded a low CFU after day 3, there was a continuous in-
crease in the production of iron III. The reason for this is
not clear, but there are possibilities that the proposed
presence of jarosites could act as carriers [25] of viable
cells which were still capable of ferrous iron oxidation. Re-
ports have shown that microbial biomass or cells become
attached to jarosites by means of exopolysaccharides or
biofilms [26] hence the possibility of not being enumer-
ated as free cells from the culture in the medium.

3.5 Oxidation of iron (II) to iron (III) by E. cloacae NZS
The ability of E. cloacae NZS in oxidizing ferrous ion to
ferric ion in 9K media was investigated. Based on Fig. 4a,
a typical growth curve of E. cloacae NZS was obtained.
A lag phase was observed when the inoculum was trans-
ferred from rich LB medium to minimal salt 9K medium
in days 0–1. The drastic change in nutrient composition
from a nutrient rich environment to a minimal medium
may have resulted in a shock to the bacteria cells as they
would have had to adapt to their new medium by syn-
thesizing essential metabolites that are not present in
the 9K medium. As the strain began to adapt to the en-
vironment of the minimal media, it resumed its expo-
nential growth, but at a slower rate by consuming the
glucose provided in 9K media as its carbon source until
it reached stationary phase at day 3. At day 4, it entered
death phase. Its population decreased gradually until no
live colony could be observed on agar plate at day 6.
At the early incubation [day 0 to day 1 in Fig. 4b], the

pH of the liquid media increased from 1.8 to 2.1. This
might be due to cell density and consumption of hydro-
gen ion during oxidation of ferrous ion [24]. By day 2
until day 6 of the cultivation process, the pH of the 9K
media decreased slightly throughout 6 days of incubation
which probably indicated the formation of sulfuric acid
in small quantity as oxidation process occurred. It is inter-
esting to note that E. cloacae NZS carried out oxidation of
ferrous ion to ferric ion since the incubation started. The
final concentration of ferric ion formed was 220 μM with
the oxidation rate of 50 μM ferric ion per day.

4 Discussion
Seventeen bacteria strains were isolated from three dif-
ferent mining lakes in Selangor state, Malaysia. The iso-
lates were of diverse genera including Enterobacter,
Pseudomonas, Stenotrophomonas, Raoultella, Achromo-
bacter, Delftia, Cupriavidus, and Klebsiella. They were



Fig. 3 Optimization of initial pH of 9K media at pH a 2, b 3, and c 4. No graph was plotted for 9K media with pH 1 as no bacterial growth was observed
throughout incubation period. Cells were cultivated in 9K media containing 5 g/L glucose with and without FeSO4, at 30 °C at 200 rpm for 5 days
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also of diverse strains and forms as seen by the appear-
ance of pigmented and non-pigmented Chromobacter-
ium. This was not surprising as Chromobacterium
species have been reported to exist as pigmented, late-
pigmented, and non-pigmented forms [25]. All the spe-
cies isolated were found to be members of the Beta and
Gamma classes of the phylum Proteobacteria, respect-
ively. Members of this phylum especially the gamma
Proteobacteria have been reported to be iron oxidizing
bacteria [14].
The diversity of isolates obtained however indicates
the richness of indigenous microbial communities in
mining lakes. Some earlier reports have associated the
rise in the diversity of bacteria community in metal pol-
luted soils, mining lakes, or metal tailings to the rise in
pH of such samples towards neutral [27, 28], as well as
the bioavailability of copper ions and organic matter in
such environments [27]. Chromobacteria, Pseudomonas,
Stenotrophomonas, and Cupriavidus species are present
as part of the normal microflora of soil and marine



Fig. 4 Assessment of E. cloacae NZS in terms of a growth and b iron (III) produced during oxidation of iron (II) to iron (III) in 9K media at pH2.
Cells were cultivated at pH 2 in 9K media containing 5 g/L glucose with and without FeSO4, at 30 °C at 200 rpm for 6 days
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environments. Some species of these genera have been
reported to tolerate high concentration of heavy metals.
For instance, Stenotrophomonas maltofilia was resistant
to high levels of toxic metals including selenite, tellurite,
cadmium, lead, cobalt, zinc, silver, and mercury [29];
Cupriavidus necator reportedly showed tolerance and
ability to leach cadmium, zinc, and copper from contam-
inated soils [30] while C. gilardii CR3 removed copper
from chemical mechanical polishing (CMP) wastewater
at an optimum pH of 5 [31]. Pseudomonas sp., strain
DC-B3, was found to be resistant to copper and cad-
mium [32], and P. protegens strains (S4LiBe and S5LiBe)
isolated from an agricultural well near a heavy metal
polluted site were reportedly tolerant to 2.0 mM K2Cr
O7 and 3.0 mM CoSO4, HgSO4, CdSO4.8H2O, and
PbCl2 [32]. In the same study [33], the reference strain
Pseudomonas protegens strain CHA0T showed poor tol-
erance to mercury, cadmium, plumbum, and copper, an
indication that metal tolerance could be species specific.
Likewise, Raoultella sp. strains X13 [34] and SM1 [35]
Delftia sp. BAs29 [36] and Delftia acidovorans [37] have
all shown resistance along with metal reduction or bio-
sorption capacity on cadmium, uranium, arsenate, and
gold, respectively. In this study, however, these bacteria
isolates Stenotrophomonas (A1 LY), Raoultella (Isolates
4 and 5), Achromobacter (Isolate 6), Delftia (A3SWS),
and Cupriavidus (C3 SD) demonstrated very low resist-
ance to the tested metals especially under combined
acidic and metal-containing (i.e., copper, iron, and zinc)
experimental conditions. This observation corresponds
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to a more recent report by Yang et al. [30], in which the
biosorption and bioaccumulation of copper by C. gilardii
CR3 was found to be pH dependent and was only
optimum at pH 5. The presence of these organisms in
the former mining lake, therefore, may be dependent on
the moderately acidic condition and metal-rich mine at
pH 5 which well supports the growth of non-extreme
acidophiles. In this study, the poor growth of isolates on
exposure to high copper concentrations confirms the
possible toxic effect of heavy metals on moderately
acidophilic bacteria grown at low pH. Although iron, zinc,
and copper are essential elements which play significant
roles in biological functions and processes, exposure to
amounts in excess of what is required by macromolecules,
or cells can in turn become toxic. For instance, when in
excess in their “free” states, iron and copper are able to
form thiolate bonds with iron-sulfur clusters or reactive
oxygen species (ROS) in a Fenton/Haber–Weiss reaction
cycle and disrupt leading to oxidative stress in cells, as
well as protein and DNA damage [38–41]. Similarly, zinc
exists as a divalent metal and under physiological condi-
tions plays an important role as a cofactor in many en-
zymes. However, it has been reported also to be toxic to
bacteria at high concentrations [42].
Interestingly, both E. cloacae isolates designated as E.

cloacae NZS showed better tolerance to copper (up to
90mM) (Table 2). Also, they exhibited the highest toler-
ance with similar MIC results towards zinc (up to 200
mM) and iron (up to 170 mM). Although E. cloacae is
more known as a nosocomial pathogen [43–45], it exists
as a commensal in the gut microflora and as endophytes
in plants [46, 47]. It is also frequently encountered in en-
vironmental samples such as potable water and sewage.
Its ability to tolerate high concentrations of copper, zinc,
and iron suggests that they might possess an advance
metal homeostasis or detoxifying mechanism [39]. Heavy
metal resistance in an endophytic Enterobacter sp. was
reported towards plumbum, copper, and zinc in an ex-
periment to identify plasmid-mediated metal tolerance
in the species [48]. Consistent with these observations is
the detection of genes that confer tolerance to heavy
metals in Enterobacter sp. A draft genome sequence ana-
lysis of E. cloacae SBP-8 revealed the presence of genes
encoding CopC, CopD, and CueO copper oxidizing
proteins; ZitB for zinc transporter and efflux; CzcB
for multiple resistance towards cobalt, zinc, and cad-
mium; and ArsBCH, ArsB, and ArsC operons for re-
sistance to arsenic [48–50].
Of all the isolates, only E. cloacae NZS was enumer-

ated at pH lower than 5 compared with other strains
which were culturable only at pH 7.
The strain could multiply its population and showed

better tolerance when tested with all three metals above
compared to other strains—notably so in the presence of
iron (II). Evaluation on its iron oxidation potential par-
ticularly in 9K media containing 0.50% (w/v) of glucose
as carbon source and 10mM of iron sulfate heptahy-
drate (3 g/L) showed that the strain was able to oxidize
ferrous ion to produce approximately 220 μM of ferric
ion during 6 days of cultivation. In addition, its ability to
grow at pH 2 with agitation also makes it an acidophile.
It is not clear as to the reason why cell growth did not
increase in cultures that do not contain iron (II) beyond
the third day of cultivation. As we have yet to learn
more of the biological physiology and performance of
the isolate, further characterizations of the isolate under
various conditions and in various different media would
be able to give more details into this.
Reports regarding the iron oxidizing property of E. clo-

acae are very scarce, and findings from this study add to
the very few reports of the potential of this bacterium as
an iron oxidizing agent. In one study, the ability of E.
cloacae to oxidize iron (II) to iron (III) was observed
while demonstrating the corrosion behavior of carbon-
steel in the presence of E. cloacae and Gordonia sp. [51].
In a different study however, the iron oxidizing potential
of E. cloacae NZS contrasts with the studies of Su et al.
[52] and Liu and Wang [53] who reported the efficient
reduction of Fe (III) by Enterobacter sp. CC76 and L6,
respectively. This suggests that some Enterobacter sp.
due to their facultative anaerobic nature might be cap-
able of switching their redox potential in the iron cycle
to perform one of the dual roles of reduction of ferric
iron or oxidation of ferrous iron depending on the avail-
ability of oxygen [54]. Finally, E. cloacae NZS iron oxida-
tion property at an acidic pH of 2 is consistent with
reports from other acidophilic iron oxidizers which have
been shown to have increased iron oxidizing capacity
under anoxic and extreme acidic situation where iron
(II) is soluble [55]. Previous reports have indicated that
iron oxidizing bacteria belong to one of four groups of
Proteobacterium including acidophilic, aerobic iron oxi-
dizers; neutrophilic, aerobic iron oxidizers; neutrophilic
anaerobic (nitrate-dependent) iron oxidizers; and anaer-
obic photosynthetic iron oxidizers [54, 56]. Based on
these findings, therefore E. cloacae NZS can be catego-
rized as a heterotrophic, acidophilic, and aerobic iron-
oxidizing Proteobacteria. Further studies to investigate
the effect of varying Fe II/III ratio as well as the need for
nitrates and organic materials like citrate under anoxic
and microoxic conditions will provide more insights into
the ferrous oxidation mechanism of E. cloacae NZS.

5 Conclusion
Out of the seventeen isolated metal tolerant strains, one
particular strain termed E. cloacae NZS was found to be
tolerant to the metals tested with minimal effect to its
growth. As preliminary investigation showed that it was
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able to oxidize iron (II) in 9K media at pH2, further
optimization on the strain, medium, and culture condi-
tions can be carried out in the future to provide a better
insight on this strain to be possibly used as an iron
oxidizer for various applications. In addition, varying Fe
II/III ratio and supply of nitrates and organic materials
like citrate under anoxic and microoxic conditions will
provide more insights into the ferrous oxidation mech-
anism of E. cloacae NZS.
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