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• The consortium biostimulated with glu-
cose presented a diverse bacterial pop-
ulation.

• The consortium represented more than
30% of the species found in the environ-
ment.

• The bacterial consortium had high Zn-
biomass affinity and Zn removal effi-
ciency.

• Carboxyl, hydroxyl, phosphate and
amine groups were responsible for zinc
removal.
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Understanding the diversity andmetal removal ability ofmicroorganisms associated to contaminated aquatic en-
vironments is essential to developmetal remediation technologies in engineered environments. This study inves-
tigates through 16S rRNA deep sequencing the composition of a biostimulated microbial consortium obtained
from the polluted Tietê River in São Paulo, Brazil. The bacterial diversity of the biostimulated consortiumobtained
from the contaminatedwater and sediment was compared to the original sample. The results of the comparative
sequencing analyses showed that the biostimulated consortium and the natural environment had γ-
Proteobacteria, Firmicutes, and uncultured bacteria as the major classes of microorganisms. The consortium opti-
mum zinc removal capacity, evaluated in batch experiments, was achieved at pH = 5 with equilibrium contact
time of 120 min, and a higher Zn-biomass affinity (KF = 1.81) than most pure cultures previously investigated.
Analysis of the functional groups found in the consortium demonstrated that amine, carboxyl, hydroxyl, and
phosphate groups present in the consortium cells were responsible for zinc uptake.
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Table 1
Physicochemical parameters and metal concentrations of samples collected at the
Pirapora Reservoir of the Tietê River.

Water Sediment P medium

Water depth (m) 1 1 –
pH 7.2 6.8 5
Cond (μS/cm) 513 – –
OD (ppm) 0.86 – –
T-air (°C) 22 – –
T-water (°C) 19 – –
Color Gray Black Amber
Redox −306 −306 –
Total phosphorous (mg/L for liquids,
mg/kg for sediment)

2.39 ± 0.04 1253 6.31 ± 0.06

Inorganic (soluble) phosphorous (mg/L) 0.17 ± 0.04 N/A 3.46 ± 0.12
Total Kjeldahl nitrogen (TKN) (mg/L
for liquids, mg/kg for sediment)

3.64 ± 1.20 2248 1.91 ± 0.80

Total organic carbon (TOC) (mg/L
for liquids, wt.% for sediment)

11.3 ± 0.5 1.71 428.2 ± 40.3

Metal concentrations Water Sediment P medium

ppm ppm ppm

Al3+ 0.92 10,203 ND
Fe2+ 1.97 93,238 1.1
Cu2+ 0.02 91 ND
Co2+ ND 5 0.3
Cd2+ b0.005 0.93 ND
Zn2+ 0.16 328 2.8
Cr3+ b0.02 69 ND
Mn2+ 0.21 255 0.4
Pb2+ 0.003 44 4.6

ND = not detected.
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1. Introduction

In many bioremediation applications, researchers have investigated
diversity and function of environmental microorganisms to improve
bioremediation processes (Tiedje et al., 1999; Morris et al., 2002). For
instance, studies have correlated biodiversity and operational parame-
ters for biological treatment in wastewater treatment systems (Saikaly
et al., 2005; Terahara et al., 2004). Little is known, however, about the
impact of biodiversity in heavymetal biosorption reactorswith complex
environmental microbial communities (Wang and Chen, 2009). Thus,
for in situ bioremediation it is essential to investigate the role of heavy
metal resistant bacterial communities and to identify means to enrich
them for metal removal.

Biostimulation of native microorganisms from water and sediment
is a realistic approach to grow new biosorbents for heavymetal remedi-
ation, but no study so far, has investigated the effects of biostimulation
in the diversity of bacteria from aquatic environments involved in
heavy metal sorption. Previous studies, with pure cultures in laboratory
settings, have foundbiosorbents, including yeasts, algae, and bacteria, as
sustainable options to reduce the heavy metal concentrations in water
(Aksu et al., 1998; Moon and Peacock, 2011; Fan et al., 2014). In labora-
tory settings, especially with pure cultures, the metal removal process
may not truly reflect the removal capability under real environmental
conditions. Hence, it is important to investigate heavy metal removal
under real or simulated environmental conditionswith complexmicro-
bial communities.

In this study, zinc biosorption removal was investigated, due to the
potential toxicity of this metal to humans. The zinc toxicity to humans,
for example, is a growing concern because it may impair essential func-
tions of neutrophils and lymphocytes (Fosmire, 1990a). Acute toxicity
has been reported in pharmacological dosages of 100–300 mg Zn/day,
and in supplements with dosages ranging from 15 to 100 mg Zn/day
(Fosmire, 1990b). Thus, for a recommended daily water intake of 2 L,
even a 15 ppm concentration of zinc can become toxic.

This work's overarching goal is to investigate the diversity and zinc
biosorption behavior of a glucose biostimulated microbial community
from a dam in Brazil that receives heavy metal-contaminated effluents.
More specifically, this study aims to: i) obtain ametal resistant microbi-
al consortium from the environment by biostimulation; ii) identify the
members of the consortium through deep sequencing; iii) compare
the consortium diversity obtained via biostimulation with the original
environmental sample, through 16S rRNA deep sequencing; iv) deter-
mine the consortium's optimum growth conditions for Zn2+

biosorption; and v) understand the mechanisms of Zn2+ biosorption
carried out by the consortium.

2. Experimental

2.1. Water and sediment sample collection and characterization

Water and sediment samples were obtained from ‘Barragem
Pirapora de Bom Jesus’ (23°23′31.81″S and 46°59′47.67″W), a dam in
the city of São Paulo, Brazil, which acts as one of the reservoirs for the
Tietê River. This site is a source of drainage of effluents containing dis-
solved metals in concentration levels far above the levels permitted by
law for discharge. Details of the sample collection are in the supporting
information. The Standard Methods and the USEPAMethod 3010A pro-
tocols were used for the water analysis (USEPA, 1992a; APHA, 2005).
For the sediment sample, the USEPAmethod 3050bwas used, which in-
volved digesting the sediment formetal concentration analyses (USEPA,
1996). The metal ions present in the digested samples were identified
with an inductively coupled plasma atomic emission spectrometry
(ICP-OES Optima 7000DV, PerkinElmer). The P medium (the microbial
growthmedium) was composed of sediment extract and contaminated
water from the dam (Mejias Carpio et al., 2014). Table 1 contains the
compositions of the water, the sediment, and the P medium.
2.2. Environmental sample and consortium DNA extraction and analysis

The DNA of the environmental sample (dam) and the biostimulated
Pirapora consortiumwere extracted to identify their population diversi-
ty. Genomic DNA from the consortium was obtained from cells grown
overnight in a 50mL volume of Pmedium at 30 °C. The Pmedium prep-
aration and the consortium growth conditions are presented in our pre-
viously published studies (Mejias Carpio et al., 2014; Rodrigues and
Tiedje, 2007). The grown consortium was centrifuged for 30 min at
4000 rpm to obtain a pellet. The pellet was collected and resuspended
in a volume of 10mL of Pmedium. The bacterial suspension was centri-
fuged again to collect the pellets. The DNA was subsequently extracted
from the pellet with the PureLink® Genomic DNA Mini Kit (Life Tech-
nologies). An amount of 500 mg of wet sediment was used to extract
the total DNA from the dam. The extraction happened with the
PowerSoil® DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA,
USA) (Rodrigues and Tiedje, 2007; Rodrigues et al., 2013). The total
DNAconcentrations for the consortiumand thedam samplewere quan-
tifiedwith the NanoDropND-1000 (Thermo Scientific, USA). Prior to se-
quencing, the total DNA extracted were amplified for the 16S genes
with 518R and 27F primers. The eubacterial 16S rRNA sequencing was
donewith a next generation sequencing (NGS) platform, Roche 454 py-
rosequencing technology, at ChunLab (Seoul, Korea) (Jeon et al., 2013).
Raw sequence files were analyzed using the CLcommunity™ software,
version 3.31, and were considered for taxonomy identification. The ac-
cession numbers of the sequences deposited in NCBI are SRX672321
and SRX699663.

2.3.Minimum inhibitory concentration and optimumgrowth conditions for
zinc removal

The consortium's minimum inhibitory concentration (MIC) to zinc
was investigated by growing the consortiumwith different zinc concen-
trations (2.8, 8.8, 20, 26, 48, 71, and 93ppm) (Mejias Carpio et al., 2014).
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The plate count method was done in triplicate to determine the inhibi-
tory activity of zinc. The MIC was selected as the zinc concentration at
which no cells of the bacterial community grew on the agar plates.
From the results of the triplicates, average and standard deviations
were calculated.

The best growthphase for zinc removalwas determined by exposing
the cells in mid-logarithmic, early stationary, and late stationary phases
to zinc. Aliquots of 2.5mL of the consortium culture grown overnight in
‘P medium’ without metals were transferred to the growth medium
containing 22.5 mL at pH = 5. The consortium was then incubated for
48 h at 25 °C and 125 rpm. A volume of 10mLwas then taken in the ex-
ponential phase (t = 7 h), early stationary phase (t = 24 h), and late
stationary phase (t = 43 h) and exposed to a concentration of 6 ppm
of zinc for 120 min. The cells were then removed by centrifugation for
30 min at 4000 rpm for 30 min and the supernatants were analyzed
for their zinc concentrations. This experiment was repeated thrice. For
the analysis of the Zn2+ ions in the supernatant, the supernatant was
acid digested on a hot plate and analyzed on an ICP-OES as described
by the USEPA Method 3010 A (USEPA, 1992b). Zinc standard curves
were prepared in seven different concentrations varying from 1 ppm
to 100 ppm.

2.4. Kinetics of Zn2+ uptake and isotherm

The evaluation of the zinc uptake kinetic processwas determined by
calculating the uptake rates with Eq. (S1), from the data found in
Table S4:

qt ¼
Ct−C0ð ÞV
1000m

: ðS1Þ

In this formula, Ct and C0 are the final and initial zinc concentrations
in mg/L, V is the volume in mL, and m is the bacterial mass in grams.

The isothermwas investigated using the Freundlich isothermmodel
expressed as:

q ¼ KFC
1=n
e : ðS2Þ

In this formula, q is the zinc sorption uptake at equilibrium (mg
metal removed/g dry cells), Ce is the equilibrium zinc concentration in
the liquid phase, KF is the Freundlich sorption equilibrium constant,
which represents the sorption capacity, and n corresponds to the
Freundlich constant, which relates to biosorption intensity (Wang and
Chen, 2009).

2.5. Determination of ‘Pirapora’ microbial consortium zinc binding func-
tional groups

The zinc ion binding sites in the biomasswas determined using ATR-
FTIR. In this investigation, the biomass was exposed to 26 ppm of zinc,
then freeze-dried for the ATR-FTIR on a Bomem MB100 containing a
DTGS detector. The analyses occurred at 25 °C with a spectrum resolu-
tion of 4 cm−1 (Mejias Carpio et al., 2014).

3. Results and discussion

3.1. Species compositions of dam microbial community and biostimulated
consortium

The dammicrobial community was grown in the P medium to sim-
ulate environmental growth conditions, since this medium was made
with dam water and sediment extract. Glucose was also added to the
medium for biostimulation of the native microbial community present
in the dam.

The biostimulation allowed growth of a diversemicrobial communi-
ty. The results indicate that the P medium enriched about 30% of the
operational taxonomic units (OTUs) identified in the dam (Fig. 1 and
Table S1). In the dam sediment and the consortium, the most predom-
inant genus from the Moraxellaceae family was Acinetobacter. This
genus represented 8.3% and 69.7% of the total OTU abundance in the
consortium and dam sediment, respectively (Fig. 1). Acinetobacter was
the only genus with the highest abundance in the dam sediment than
in the consortium.

Rarefaction curves (Fig. S2) were obtained to evaluate whether the
sequencingwas enough to identify all or almost all OTUs in the samples
(Heck et al., 1975). In the consortium, the number of OTUs obtained
through the sequencing was sufficient to identify all OTUs, since the
curve reached an asymptote (Fig. S2). The environmental sample, on
the other hand, did not reach an asymptote. This result indicates that
not all OTUs were sequenced in the environmental sample. This obser-
vation was corroborated by a number of species present in the consor-
tium from the family Enterobacteriaceae, such as, Escherichia,
Salmonella, Enterobacter, Pseudomonas, Citrobacter, and Klebsiella,
which were not identified in the sequences from the dam (Fig. 1). It is
likely that this difference in the compositionwas caused by themedium
composition. Although the P medium contained heavy metals, its zinc
concentration was lower than the sediment's but higher than the origi-
nal water (Table 1). The zinc ions in themediumwas kept low to obtain
the most diverse microbial consortium with a large range of tolerance
for zinc. Because of that, we believe the medium selected and enriched
some specific populations from the dam.

The species belonging to the family Enterobacteriaceae were found
abundantly in the consortium enrichment. These species are all enteric
bacteria and they have been extensively associated with sewage from
diverse effluents (Rodrigues et al., 2009). The Barragem Pirapora de
Bom Jesus receives waters from the Tiete river, which is polluted with
domestic sewage and industrial effluents (Abraham et al., 2007). Thus,
the presence of these microorganisms in the consortium, but absence
in the dam sequencing data, and the non-asymptotic rarefaction curve
of the dam, indicate that the consortium represented more OTUs than
we were able to identify (we identified about 30%). It is worth to note
that the majority of the genera identified in the consortium have been
previously described to either resist or to removemetal contaminations.

For instance, Bacillus spp. were abundant in the consortium and is
known to sequester heavy metals through extracellular polymeric sub-
stance (EPS) production, which contains negatively charged proteins,
humic acids, uronic acids, and polysaccharides that can complex with
metal ions (Rodrigues and Tiedje, 2007). The secondmost abundantmi-
croorganism detected in the consortium sequencing, and also in the
sediment, was Acinetobacter. Several species within this Gram-
negative genus are known to contain a plasmid that encodes the volatil-
ization of metals (USEPA, 1996). Another Gram-negative genus abun-
dantly identified in the consortium was Pseudomonas. This genus is
ubiquitously present in metal contaminated sites (Rodrigues et al.,
2013), as well as in pristine tropical glaciers (Jeon et al., 2013). Various
Pseudomonas species, such as Pseudomonas putida, have been extensive-
ly investigated for metal resistance (USEPA, 1992b; Heck et al., 1975;
Rodrigues et al., 2009). P. putida has at least four Zn/Cd/Pb efflux trans-
porters to expelmetal cations out of the cell (Mejias Carpio et al., 2014).
Overall, the genetic composition of the community was 71% Gram-
negative bacteria, which is also supported by the FTIR results (Fig. 4).
The primary sites for the first metal interaction in the Gram-negative
cell wall are the carboxyl and hydroxyl groups (Abraham et al., 2007;
Vullo et al., 2008), and were also attributed as the primary metal bind-
ing sites in the FTIR results of this study.

Although it is well known that certain species, such as Pseudomonas
sp., Escherichia sp., Bacillus sp., Acinetobacter sp., and Enterobacter sp. can
effectively remove metals in pure cultures, it is still unclear how the
biosorption process by these individual species are affected in a consor-
tium. Furthermore, no studies to date used a biostimulated consortium
with this diverse composition to estimate metal-biomass affinity or
metal removal properties.



Fig. 1. Composition of (a) consortium and (b) dam populations, expressed in phyla and genera. (Uc = uncultured genera).
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3.2. Consortium minimum inhibitory concentration in zinc-rich conditions

After obtaining a biostimulated consortium and determining its di-
versity, we investigated its zinc tolerance to increasing concentrations
of zinc. The MIC result was 48 ppm (Fig. 2 and Fig. S3). The cells in con-
tact to 71 ppm had a growth reduction of about one log when compar-
ingwith the control. However, no growth occurred on agarwithout zinc
after exposing the consortium to 93 ppm zinc (Fig. S3).

Other investigations have obtained zinc MIC values of 654 ppm for
Pseudomonas veronii (Vullo et al., 2008) and Pseudomonas gladioli
(Piotrowska-Seget et al., 2005), and 523 ppm for Pseudomonas
aeruginosa (Teitzel and Parsek, 2003). Although zinc MIC values for
thesemicroorganisms exceeded theMIC of the present study, these iso-
lates were grown in rich media containing components that can com-
plex with zinc ions. This metal complexation would reduce the
toxicity of zinc ions, which would yield higher MICs. Conversely, this
consortium was grown in a minimum medium (the P medium) that
Fig. 2. Microbial consortium growth curves during exposure to (CH3COO)2 Zn-2H2O at
different concentrations (2.8, 8.8, 20, 26, 48, 71, and 93 ppm) in P Medium.
aimed to simulate some of the water chemistry conditions of the origi-
nal site, thus, the comparison of the MIC of these pure cultures with the
consortium is not really representative, future studies with other con-
sortia under minimum conditions will be necessary for a better
comparison.

3.3. Consortium zinc removal capability and mechanisms of adsorption

To confirm that this microbial consortium could remove zinc from
the water, we investigated the zinc removal with cells at different
growth phases (Fig. 3). The zinc removal mechanisms were further an-
alyzed through FT-IR with the consortium cells grown in the native me-
dium without zinc supplement (control) and in the medium
supplemented with 26 ppm of zinc (Fig. 4). The FT-IR analysis allowed
us to determine the consortium functional groups binding to the zinc
ions.

The rationale to investigate biosorptionmechanismswith cells in di-
verse growth phases was recognized by earlier studies with variousmi-
crobial species. These investigations reveled that optimum heavy metal
sorption can occur in different bacterial growth stages or as dead bio-
mass (Mohamad et al., 2012; Oh et al., 2009). An important aspect of
biosorption, then, is to optimize the growth conditions of the microbes
to achieve the highest metal removal. For zinc, the biosorption studies
are very conflicting and depend largely on the type of cell used (Chen
et al., 2005).

In Fig. 3, the consortium presented significant differences in zinc re-
moval at the growth stages investigated. Greater than 50% zinc removal
was observed at both mid-log and early stationary phases, but 25% in
the death phase. The diverse microbial composition of the consortium
could explain this difference in removal. Some species in this consor-
tium could be removing zinc better in the exponential phase, while
others in the stationary phase. Potentially, during these two growth
phases the removal occurs with metabolically-active and -inactive
cells. But, a smaller number of species could be removing zinc in the
death phase through adsorption to cellular components, which does
not require the cellular metabolism. These differences in zinc removal
at the different growth stages are not observed with pure cultures,
which typically have just one optimumgrowth phase formetal removal



Table 2
Pseudo-second order kinetics of Zn2+ sorption by the consortium.

Metal Intercept Slope vo
mg g−1 min−1

qe
mg g−1

k
g mg−1 min−1

R2

Zn2+ 0.16 0.014 6.2 69.4 0.0013 0.95

Fig. 3. Sorption of 6 ppm Zn2+ by ‘Pirapora’ consortium at exponential (7 h), early
stationary (24 h), and late stationary (43 h) phases. The left axis (curve in red) shows
the growth curve with zinc in the medium at OD600. The right axis (black data points)
shows the percent zinc removal during each growth phase.
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(either exponential or stationary). This finding is essential for bioreme-
diation of zinc contaminated effluents that could constantly face chang-
ing environmental conditions that affect microbial growth.

The mechanisms of zinc adsorption to the consortium were probed
with FT-IR. By comparing the control consortium with the consortium
exposed to zinc, the functional groups involved in binding zinc were
identified. In Fig. 4, the control presented a peak at around
1070 cm−1, which matches the C-O stretching vibration of carboxyl
groups. This band shifted in the consortium that had contact with
zinc, and a new band appeared at 1117 cm−1 (gray), which matches
the C-O stretching vibration of the carboxyl group bound to Zn2+ ions.
In the control, we also observed peaks at 1400 cm−1 and 3414 cm−1,
which depict a tertiary alcohol and a polymeric OH stretch, respectively
(Coates, 2000; Schmitt and Flemming, 1998). The peak at 669 cm−1

may also be assigned to an OH vibration (Coates, 2000). While the
peak at 3414 cm−1 and 1400 cm−1 did not significantly change with
zinc ions. The peak at 669 cm−1 moved to 636 cm−1, indicating partial
complexation of Zn2+ to OH groups. Three new peaks were noticed
after the zinc sorption at 947 cm−1, 1007 cm−1, and 1024 cm−1. The
peak at 947 cm−1 was assigned to phosphate groups, while the peaks
at 1007 cm−1 and 1024 cm−1 may correspond to primary amine vibra-
tions. In the control, the secondary and amine groups were identified at
Fig. 4. FT-IR images of the consortium cells with P medium only (control) (black line); and t
1655 cm−1 and 1238 cm−1, respectively, and minor changes were ob-
served in these peaks after the zinc sorption. These minor changes sug-
gest a weak binding of the N–H and C–N groups with zinc. These results
demonstrated that themain functional groups involved in zinc sorption
are carboxyl and hydroxyl, although amine and phosphate groups seem
to also bind to zinc to a lesser extent. These functional groups are pres-
ent in the bacterial cell walls and membranes as part of the proteins, li-
poproteins, peptidoglycan, and teichoic acids. Furthermore, these
functional groups provide a negative charge to the bacteria, which facil-
itates interaction with zinc ions that are positively charged (Wang and
Chen, 2009).

3.4. Zinc sorption kinetics and isotherm models

The zinc sorption behavior of the consortium biomass as a function
of time allowed us to estimate the equilibrium reaction timeof the sorp-
tion process. The pseudo-second order model was used to determine
the kinetics of zinc by the consortium since it is often used to investigate
microbial biosorption kinetics (Iqbal et al., 2009; Calero et al., 2011). De-
tails of the kinetic model used are in the supporting information, and
the parameters obtained are found in Table 2. The model depicted a R2

of 0.95, which suggests that most of the variance can be explained
with this model. Zinc equilibrium uptake rate occurred after 120 min
(Fig. S8).

The sorption mechanisms of the consortium can be better under-
stoodwith equilibrium isothermmodels. Thesemodels define themax-
imum sorption capacity and themetal-biomass affinity, key parameters
to find out the quality of any sorbent (Volesky, 2007). The equilibrium
point also establishes a relationship between the zinc contaminant
and the consortium biomass surface needed to scale-up metal sorption
units for bioremediation. We compared the zinc biosorption experi-
mental data to the Langmuir and Freundlich models (Wang and Chen,
2009). The Langmuir model was not a good fit to our data and therefore
it is not presented. The Freundlich equilibrium model infers heteroge-
neous sorption with different active sites (Bohumil, 2003). The
Freundlich model for this consortium had a R2 of 0.89 (Table 3).

The Freundlichmodel for this consortium indicated a relatively high
Zn-biomass affinity (KF = 1.81) than the dead biomass of P. putida for
he consortium grown in the P medium enriched with 26 ppm Zn2+ for 4 d (gray line).



Table 3
Parameters of the Freundlich equilibrium model for the sorption of Zn2+ by the
consortium.

Freundlich parameters

Metal KF

(L g−1)
n
−

R2

Zn2+ 1.81 0.68 0.89
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zinc ions (KF = 1.47) (Chen et al., 2005), and the live biomass of
P. aeruginosa AT18 for zinc ions (KF = 0.002) (Pérez Silva et al., 2009).
The high Zn-biomass affinity was expected since the FT-IR results for
zinc depicted strong shifts for the carboxyl and the hydroxyl functional
groups (responsible for the zinc binding). These results imply that an
environmental microbial consortium can more efficiently adsorb
heavy metals than pure cultures. That is, the consortium may hold a
greater number or different types of negatively charged functional
groups than in pure cultures, which may increase the metal-biomass
affinity.

In conclusion, a glucose biostimulated microbial community from
the environment allowed the enrichment of a consortium composed
of a diverse population of microorganisms. This consortium had more
than 30% of the species found in the environment. The results revealed
that heavily contaminated environments have bacterial communities
with relatively high metal-biomass affinity and metal removal proper-
ties. The consortium achieved greater than 50% zinc removal at mid-
log and early stationary phases. These traits can allow a microbial com-
munity from the environment to serve as a metal biosorbent.
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