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INTRODUCTION

The genus Acidiphilum was originally described 
by Harrison (1981) as gram-negative aerobic and 
mesophilic bacteria that grow between pH 1.9 and 5.9. 
Since its original description, Acidiphilium was reported 
mainly from acid mining environments (Auld et al., 
2013; Xu et al., 2013; Watling et al., 2014) where it is 
associated with the iron cycling, reducing ferric iron to 
ferrous (Küsel et al., 1999; Johnson & Bridge, 2002; 
Bilgin et al., 2004). The genus was also reported to 
contribute to the leaching of pyrite (Hao et al., 2009), 
chalcopyrite (Peng et al., 2008) and marmatite (Zhang 
et al., 2013), and to produce poly-β-hydroxybutyrate 
(Xu et al., 2013).

High metal resistance is a characteristic of many 
acidophiles, including the heterotrophs Acidiphilium 
and Acidocella. Fischer et al. (2002) reported that 
A. cryptum was able to growth in media containing 
300mM of aluminum sulphate (pH 3.0) and values as 
high as 700mM is reported for cadmium by Dopson et 
al. (2003). The resistance to elevated concentrations 
of metals is related to the presence of more efficient, 
or even multiple, resistance systems, in comparison 
to non-acidophiles, or to intrinsic tolerance, due 
to characteristics of the environment that they live 
(Dopson et al., 2014).

Acidophilic bacteria like Acidiphilium, Acidocella 

and the litotrophic genus Acidithiobacillus, are inhabi
tants of environments impacted by mining activities. 
In South Brazil, especially in Santa Catarina state, 
the contamination of aquatic resources by coal mi
ning wastes has been considered critical. In the city 
of Criciúma, Alexandre & Krebs (1995) reported low 
values of pH and dissolved oxygen, and high con-
centrations of iron and sulphate in the Sangão River, 
which received large volumes of wastewaters from 
coal mining and processing activities.

The main problem associated with coal mining 
is acid mine drainage (AMD). These are acid and 
metal-rich waters generated by the biotic and non-
biotic dissolution of sulfide minerals including pyrite 
and minerals containing zinc and copper, for instance. 
These minerals are oxidized in the presence of water 
and oxygen, producing sulfuric acid which lowers the 
pH to values below 3.0, depending on the buffering 
capacity of the environment (Nicomrat et al., 2006; 
Tan et al., 2006; Johnson et al., 2001).

Another problem associated with coal is the 
presence of polyaromatic hydrocarbons (PAHs) (Dore 
et al., 2003; Jacques et al., 2007). These organic com-
pounds bear two or more benzene rings arranged in a 
linear or angular form, and are poor soluble in water, 
which contributes to its persistence in the environment 
(Fuentes et al., 2014). By its carcinogenic (Crane, 
2014) and potential mutagenic activities (Meyer et al., 
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2014), and its accumulation in the food chain, PAHs 
are considered highly dangerous to humans and other 
living beings.

The recovery of environments impacted by AMD 
may be achieved by bioremediation technologies, 
defined as the use of biological agents, mainly micro-
organisms, in the treatment of contaminated waters 
and soils. These technologies are environmentally-
friendly, and are considered more cost-effective and 
more easily implemented than other processes (Kang, 
2014). Acidophilic bacteria may be employed in these 
remediation strategies, since they already possess the 
appropriate characteristics to live in acid and metal rich 
ecosystems. Johnson (2012), for instance, reviewed 
the use of Acidiphilium SJH in the remediation of mine 
water, by its ferric iron reducing activity, and the appli-
cation of sulphate-reducing bacteria for the precipita-
tion of toxic metals. Despite this, the acidophiles were 
mainly studied for their use in biohydrometallurgy (Hao 
et al., 2009; Johnson, 2012; Zhang et al., 2013) and 
much more is needed for their effective application as 
bioremediation agents.

Considering the problems associated with the 
mining activities, and the need of remediation, there 
is a constant interest in understand the destiny and 
mechanisms of removal of toxic substances present 
in coal wastes, including metals like zinc and copper. 
This knowledge may help the improvement of biore-
mediation techniques employing acidophilic bacteria. 
In this context, the present study aimed the isolation 
and identification of heterotrophic bacteria from sam-
ples of coal mining environments from Santa Catarina, 
Southern Brazil. The isolated strains were characte
rized regarding pH tolerance and metals resistance.

MATERIAL AND METHODS

Sample Collection
Water and sediment samples used in the iso-

lation of microorganisms were collected in October 
13, 2007 at the Sangão River (29º48’46.73’’S; 
49º25’52.15’’O), located in the city of Criciúma, Santa 
Catarina state, southern Brazil, and in coal waste 
dumps nearby. The samples were obtained from three 
different sampling stations, and in each both types of 
samples were collected in autoclave-sterilized flasks 
(121ºC, twenty minutes). Samples were kept re-
frigeated (4ºC) for less than 24 hours, until processing 
at the laboratory.

Isolation of Microorganisms
The microorganisms were isolated by en-

richment followed by inoculation of solid media. 
Erlenmeyer flasks containing 80ml of liquid Mineral 

Medium (MM) ((NH4)2SO4, 0.15g/l; MgSO4, 0.5g/l; KCl, 
0.1g/l; Ca(NO3)2, 0.01g/l; pH = 3,0; Johnson, 1995) 
were inoculated with 10g of sediment and 10ml of 
water from the same sample. Than naphthalene crys-
tals were suspended over the surface of the medium 
to create a naphthalene-saturated atmosphere inside 
the flask. The inoculated media were incubated for one 
month at 30ºC. After each week of incubation, Petri 
dishes containing solid MM media were inoculated with 
100μl of the enrichment liquids, and were incubated 
with lids side up for two weeks at 30ºC. Naphthalene 
crystals were put on the lids for the selection of bacte-
ria. Colonies that developed in the solid medium were 
transferred to new Petri dishes several times until pure 
cultures were obtained. The inclusion of naphthalene 
in the culture media used for enrichment and isolation 
was intended to simulate more appropriately the types 
of organic compounds that may be found in coal-
impacted environments, as stated in the Introduction 
of this article.

Phenotypic Characterization of the Isolated 
Bacteria

The isolated bacteria were identified by pheno-
typic characteristics and 16S rRNA partial sequencing 
(see below). Phenotypic characterization was con-
ducted accordingly to Garrity (2004). The following 
morphological tests were employed: colony morpho
logy, cell morphology and arrangement, presence of 
endospores, gram staining. Microscopic examination 
was conducted on a phase contrast microscope. The 
production of cytochrome oxidase was evaluated 
through test strips (Sigma/Aldrich) and catalase was 
observed by immersing one colony of the bacteria in 
a drop of H2O2 (3%). Anaerobic growth was evaluated 
incubating the microorganism in solid medium, in an 
anaerobic jar containing one sachet of Anaerocult 
(Merck), in 30ºC for one week. The utilization of 
acetate, lactate, succinate (2mM), lactose, maltose, 
sorbitol and methanol (0.1%) as the sole carbon source 
was evaluated in Erlenmeyer flaks of 250ml capacity 
containing 75ml of liquid TS medium ((NH4)2SO4, 2g/l; 
MgSO47H2O, 0.5g/l; KCl, 0.1g/l; KH2PO4, 0.5g/l; pH = 
3,0; Kishimoto & Tano 1987) supplemented with the 
specific carbon source. The inoculated media were 
incubated at 30ºC for one week and optical density 
(600nm) was measured with a spectrophotometer for 
growth determination.

16S gene amplification, sequencing and analysis 
For the 16S rRNA sequencing, DNA was first 

extracted from the microorganisms cultivated for seven 
days at 30ºC in MM supplemented with glucose (0.1%) 
and yeast extract (0.02%) (MMGY). The extraction 
was conducted with the Genomic DNA Extraction kit 
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from Real Genomics, following the instructions of the 
manufacturer. The 16S rRNA gene was amplified using 
the primers 27F (5’- AGAGTTTGATCMTGGCTCAG-3’) 
and 1492R (5’TACGGYTACCTTGTTACGACTT3’). 
The amplification was performed in a reaction volume 
of 35 µl with 3.5 µl of 10X concentrated buffer, 1.5 mM 
MgCl2, 200 µM dNTP mix, 0.1 µM each primer, 2.5 U 
Taq polymerase and 20 to 40 ng template DNA. The 
PCR conditions were initial denaturation of 2 min at 
94ºC, followed by 35 cycles of 1 min at 94ºC, 1.5 min 
at 55ºC and 1 min at 72ºC, and a final extension at 
72ºC for 3 min. The reaction product was visualized 
on an agarose gel (1%) under UV light after ethidium 
bromide staining.

The amplified PCR products of bacterial 
gene fragments (1465 nucleotides) were puri-
fied and sequenced at MACROGEN sequencing 
company, Seoul, Korea using the automated se-
quencer ABI 3100 (Applied Biosystems) with BigDye 
Terminator Kit v. 3.1 (Applied Biosystems). Primers 
27F (5’AGAGTTTGATCMTGGCTCAG3’) and 1492R 
(5’TACGGYTACCTTGTTACGACTT3’) were used for 
sequencing. The sequences obtained (1227 to 1257 
nucleotides) were edited with the software Vector NTI 
Suite 9, and compared with the NCBI database through 
BLAST searches. In this comparison, sequences of 
type strains most closely related to the sequences 
of the isolates were searched. The sequences were 
aligned with Muscle, and the trees were constructed 
from the evolutionary distances by the neighbor join-
ing method with the software Mega (Tamura et al., 
2011). The 16S rRNA gene sequences obtained in 
this study has been deposited in the NCBI GenBank 
under accession numbers KP208175 to KP208177.

Influence of pH on the Growth of Bacteria
Growth of isolated bacteria was evaluated in 

different pH values (2.0, 3.0, 4.0, 5.0, 6.0, and 7.0), in 
24 wells microplates containing MMGY medium. The 
wells were filled with 2ml of culture media and were 
inoculated with 0.1ml of microbial culture, prepared in 
MMGY (pH 3.0, 30ºC, and one week of incubation). 
Each organism was tested in all pH values, in duplicate. 
A non-inoculated control was included for each diffe
rent pH value. Optical density was measured at 595nm 
absorbance in Tecan GENios Microplate Reader at 
the beginning (initial value) and after the seven days 
of incubation (final value). The growth was evaluated 
from the optical density final values, from which the 
initial values were discounted. The average and the 
standard deviation were calculated and plotted. The 
absorbance data were analyzed with the software 
Statistica 7.0. The variance analysis showed statisti-
cally significant difference between the strains and the 
pH analyzed. The normal distribution and homogeneity 

of data were confirmed with the test of Bartlett. Then 
an Tukey´s Test post hoc were conducted to compare 
the growth in different pH values, considering p levels 
lower than 0.05.

Tolerance to Toxic Metals
For the determination of metal tolerance, 

the bacteria were cultivated in MMGY medium with 
different concentrations (0.1, 0.5, 1.0, 5.0, 10.0, and 
20.0mM) of the salts ZnCl2, CuSO4, NiCl2*6H2O, and 
Na2SeO3. Each metal was tested separately. Test-tubes 
containing 10ml of MMGY medium supplemented 
with the various metals were inoculated with 100μl 
of microbial culture prepared in LMM (pH 3.0, 30ºC, 
and one week of incubation), in duplicate for each 
bacteria and metal tested. A positive (culture medium 
without metal, inoculated with the different strains) and 
a negative control (non-inoculated culture medium 
without bacteria) were also prepared. After inocula-
tion, the test-tubes were incubated for nineteen days 
at 30ºC. The optical density was measured in the 
spectrophotometer Femto 600S at a wavelength of 
600 nanometers at the beginning (initial value) and the 
end of incubation period (final value).  The growth was 
obtained by the difference of the final and initial absor
bance values. The average and the standard deviation 
were calculated, and growth was analyzed with the 
software Statistica 7.0. The statistical test for analysis 
of variance showed significant differences, normal 
distribution and homogeneity was confirmed with the 
Bartlett test. The Tukey post hoc analysis compared 
the growth considering the levels of p less than 0.05.

RESULTS 

Isolation of Bacteria and Strains Identification
Three strains of bacteria were isolated from the 

mining samples, denominated LAMA 1485, LAMA 1486 
and LAMA 1487. All strains were gram-negative rods 
with length 1.5μm and diameter less then 1.0μm and 
showed catalase activity (Table 1). They were unable of 
anaerobic growth and of utilizing lactose and succinate. 
LAMA 1487 was the only cytochrome oxidase positive 
strain, while LAMA 1486 was the only strain able to 
growth on the other carbon sources tested.

Molecular identification by 16S rRNA sequen
cing was employed to further elucidate the taxonomy 
three bacterial strains cultivated (Figure 1). All strains 
were similar (>99%) to Acidiphilium cryptum strains 
JF-5 and Lhet2. Considering the 16S rRNA gene se-
quence similarity range of 98.7 and 99% proposed by 
Stackebrandt & Ebers (2006) the three strains might 
be considered as belonging to the species A. cryptum.
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Influence of pH on the Growth of Bacteria
The results obtained from the pH experiments 

showed that all strains tested grew better at acidic pH 
(Figure 2), have statistical difference (p=0,00002) and 
also possess normal distribution and homogeneity (p= 
0.050704). Thus, LAMA 1485 grew in the range of 2 
to 4, having statistically significant difference in pH 3 
and 4. LAMA 1486 and LAMA 1487 presented greater 
ranges of growth, in pH 2-5 and 3-6 respectively, with 
significant better growth at the pH 3 for both strains.

Influence of Metals on the Growth of Bacteria
Growth of the three strains of A. cryptum was 

assessed in the presence of different metals and con-
centrations. According to statistical analysis, the copper 
metal showed the highest toxicity for all tested strains. 

Table 1 - Phenotypic traits of the different A. cryptum strains isolated from mining samples and those of the species description accordingly 
to Brenner et al. (2005).

Figure 1 - Phylogenetic tree of the bacterial strains isolated in this work and related bacteria based on 16S rRNA gene sequences. The 
tree was reconstructed by the neighbor-joining method. The sequence of Acidicaldus organivorans DX-1 (JPYW01001595) was used as 
the outgroup to root the tree. Database access numbers are in parentheses following the organism names. Phylogeny was tested by the 
bootstrap method (percentages) based on 1000 replicates, shown in branching points. The model substitution was nucleotide type with 
the maximum likelihood method including transition + transversions using uniform rates of homogeneous groups with complete suppres-
sion for the gaps.

Figure 2 - Growth on different pH values, measure as optical density 
at 595nm, of the three bacterial strains isolated from acid samples. 
Vertical bars represent the standard deviation calculated from 
duplicate samples.
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LAMA 1485 grew significantly at the concentration of 
1.0mM for the metal nickel, 0.1mM for copper and zinc 
metals (p<0.000002). There was significant growth of 
LAMA 1486 at 1 mM of nickel metal, zinc metal until 
0.5mM and 0.1mM for copper metal (p<0.000002). 
Already the LAMA 1487 strain grew significantly up 
to 0.5mM nickel metal and 0.1mM for the metals zinc 
and copper (p= 0.000000). The Bartlett test confirm 
the normal distribution and homogeneity, as shown by 
the values (LAMA 1485 p = 0.079086, LAMA 1486 p 
= 0.079086 and LAMA 1487 p=0.674486) (Figure 3).

For all strains we could not properly measure 
the growth in the presence of selenium. During the 
experiments a red color developed in the culture 
media and was associated with a strong aggregation 
and precipitation of cells and metals. Nevertheless, 
when examined visually, it was observed that all three 
strains were able to growth on all concentrations tested 
of selenium.

DISCUSSION

The difficulty in cultivating acidophilic bacteria 
was already noted by Harrison (1984) who reported 
that these microorganisms are not easily grown, 
especially in solid medium, and they usually show 
slow growth rates, when compared to other bacteria. 
Besides, acidic environments are usually poor in 
dissolved carbon and bear micro zones where the 
oxygen concentration may vary. These features also 
contribute to make the isolation process more difficult 
(Johnson et al., 1993). The isolation of a small group 
of bacterial strains from acid environments was also 
reported by Kishimoto et al. (1993) and Dore et al. 
(2003), although this may vary accordingly to the cul-
ture media employed (Kishimoto & Tano 1987).

All the three strains resemble microorganisms 
from the acidophilic genera Acidiphilium and Acidocella 
in their morphology and enzymatic activities. The 
strains LAMA 1485 and LAMA 1487 are phenotypically 
more similar to Acidiphilium, considering that bacteria 
belonging to this genus are unable to growth in the 
presence of acetate, lactate and succinate (Hiraishi & 
Imhoff, 2005). LAMA 1486 is more similar to Acidocella 
in it ability to growth in the presence of acetate and lac-
tate, and in being nutritionally more versatile (Hiraishi, 
2005).

As reported by Yang et al. (2007) and Auld et al. 
(2013) the genus Acidiphilium is one of the dominants 
in acid mine drainage, and has been detected by both 
culture-dependent and independent methods. The 
species A. cryptum has been frequently cultivated from 
mining environments, being reported from a coal mine 
lake in Germany (Küsel et al., 1999), in a Norwegian 
cooper mine (Johnson et al., 2001) and from AMD 
from Chinese lead and zinc tailings (Tan et al., 2007), 
for instance. Thus our report of A. cryptum in some of 
the mining environments of South Brazil, although for 
the first time, is in agreement with the dominance and 
cosmopolitan occurrence of these bacteria.

Despite of the close phylogenetic relationship 
to A. cryptum, as based on 16S gene sequences, 
our strains differed in a few characteristics from this 
species. Unlike the description given by Hiraiashi & 
Imhoff (2005), strains LAMA 1485 and 1487 were 
unable to assimilate lactose, maltose and sorbitol, 
and LAMA 1486 were unable to assimilate lactose but 
did grew on acetate, lactate and methanol. Although 
16S gene sequences are the most routinely used 
method of identification of bacteria, it is not always 
reliably to differentiate at the species level (Logan & 
Halket, 2011). Some bacteria, like the members of the 
Bacillus cereus group, have almost identical 16S gene 
sequences, being differentiated by its physiological and 
virulence characteristics (Jung et al., 2011). On the 

Figure 3 - Growth of the three bacterial strains isolated from acid 
samples on increasing concentrations of the metals nickel, copper, 
and zinc, measure as optical density at 600nm. Vertical bars re
present the standard deviation calculated from duplicate samples.
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other side, an emerging concept in microbial taxonomy 
is the ecotype concept, which states that within a spe-
cies there are different subgroups that have adapted to 
their environment in different ways using, for instance, 
different carbon sources (Barton & Northup, 2011). 
These ecotypes may occur in the same environment 
since on a microbial scale it may be heterogeneous 
regarding the types and concentrations of different 
carbon sources (Vos et al., 2013), favoring coexistence 
without overlapping niches, as reported previously in 
epiphytic bacteria (Wilson & Lindow, 1994). So, it is 
possible that our strains belong to different ecotypes 
of A. cryptum, or even belong to new species. Whole 
genome DNA-DNA hybridization (Barton & Northup, 
2011; Logan & Halket, 2011) may be used to establish 
the final identity of these strains.

These results confirm the acidophilic nature of 
the three isolated strains and are in agreement with 
the pH optimum and range for growth reported in other 
taxonomic related strains. Harrison (1981) in the origi-
nal description of the species reported growth between 
pH 1.9 and 5.9, while Peng et al. (2008) reported the 
pH range for growth of 1.5 and 5.0, with optimum at 
3.5 for a strain of Acidiphilium with 99% of similarity 
with A. cryptum. Küsel et al. (1999) reported that A. 
cryptum strain JF-5 grew between pH 2.1 and 5.8, 
with optimum at 3.2 and Zhang et al. (2013) reported 
the pH range for growth of 1.0 and 6.0, with optimum 
at 3.5, for another strain closely related to A. cryptum.

The tolerance to high concentrations of toxic 
metals is a characteristic of the genus Acidiphilium, 
but is variable among strains, as observed in this work. 
Accordingly, Dopson et al. (2003) reported previously 
that strains of the genus Acidiphilium tolerate between 
10 and 350mM of nickel, although the mechanisms 
of resistance were unknown. Acidiphilium cryptum 
were showed to tolerate up to 20mM of this metal 
(Mahapatra & Banerjee, 1996). More recently, Martin-
Uriz et al. (2014) studied the mechanisms of nickel to
lerance in the strain Acidiphilium sp. PM by a genomic 
approach. This organism could grow in concentrations 
of 1M of Ni, but required a lag phase of ten days to do 
that. Besides, most of the cells of the population were 
sensitive to nickel concentrations higher than 20mM. In 
the present study, the experiments of metal tolerance 
involved an incubation period of seven days, so again 
it can be said that the tolerance of our strains are in 
agreement with the general tolerance of the genus 
Acidiphilium and the species A. cryptum in particular. 
The mechanisms of nickel tolerance, as determined by 
Martin-Uriz et al. (2014), may involve intra and extra 
cellular accumulation, associated with the presence 
of at least seven genes. Intracellular accumulation of 
nickel, iron and chromium was previously reported for 
Acidiphilium rubrum (Itoh et al., 1998).

Among the four metals studied, copper was 
the most toxic to our strains. Although Dopson et al. 
(2003) reported that maximum tolerance of the genus 
Acidiphilium to copper varies between 5 to 15mM, 
higher values than observed in the present study, 
theses values are lower than those reported for other 
metals, which is in agreement with our results. Several 
strategies may be used by microorganisms to deal with 
the occasional or frequent exposition to metals and 
other toxic substances (Nies, 2003; Baker-Austin & 
Dopson, 2007). These include changes in cell morpho
logy (Young, 2006) which was reported by Chakravart 
& Banerjee (2008) for A. symbioticum H8. For specific 
metals, these microorganisms may employ different 
resistance mechanisms. Gram-negative bacteria may 
resist to toxic levels of copper by accumulating it in the 
periplasm, preventing it of reaching the cell interior. 
Because of this mechanism colonies develop a blue 
color (Richards et al., 2002), which was not observed 
in our strains and was reported only in non-acidophilic 
bacteria. As reported for other acidophilic genera 
(Acidithiobacillus, for instance), our strains may be 
employing an efflux system to tolerate high concentra-
tions of copper or/and the enzyme multicopper oxidase 
to reduce toxic Cu+ to the less toxic state Cu2+ (Wen et 
al., 2014). Another resistance mechanism may involve 
the internal sequestering of copper in polyphosphate 
granules, as reported for Acidithiobacillus ferrooxidans 
(Dopson & Holmes, 2014).

As for the other metals, the level of tolerance 
to zinc was variable among the strains studied. 
Resistance to zinc is accomplished by the efflux of 
the metal through ATPases or other membrane trans-
port systems (Dopson & Holmes, 2014) and seems 
to be mediated by plasmids, at least in A. symbioti-
cum KM2 (Mahapatra et al., 2002). The tolerance of 
different Acidiphilium strains is usually higher than 
those observed in our strains, between 8 and 150mM 
(Dopson et al., 2003), with the exception of LAMA 1486 
which was able to grow in all concentrations tested 
(up to 20mM). 

Resistance to selenium, to our knowledge, was 
not previously studied in the genus Acidiphilium. Our 
strains seem to be employing a mechanism of reduction 
to tolerate the presence of selenium, considering the 
red color developed during the incubation period. This 
red color is elemental selenium, which is a less toxic 
form (Richards et al., 2002). Selenium is a nutrient to 
bacteria and in toxic concentrations is accumulated 
externally (Richards et al., 2002) but some organisms 
may deposit nanospheres of this element in the cytosol 
through respiratory metabolism. This phenomenon was 
reported in Bacillus selenitireducens, Sulfurospirillum 
barnesii and Selenihalanaerobacter shriftii (Langley, 
2006), but not in the genus Acidiphilium. Accordingly, 
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our observations suggest that it is precipitated after 
reduction, but further investigation is needed to confirm 
the specific local of accumulation.

The three Acidiphilium strains studied differed 
in the ability to tolerate the metals tested. LAMA 1486 
was more tolerant to zinc and nickel, while LAMA 1485 
exhibited a higher tolerance to copper. This variability 
may be associated to differences in the expression of 
genes coding for resistance traits, due to the presence 
of strong or weak promoters, for instance (Sanchez et 
al., 2011). Dopson & Holmes (2014) also suggested 
that different levels of tolerance may be related to the 
presence of multiple mechanisms of resistance or as-
sociated with gene duplications.
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