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Abstract Biological treatment with dissimilatory

sulphate-reducing bacteria has been considered the

most promising alternative for decontamination of

sulphate rich effluents. These wastewaters are usually

deficient in electron donors and require their external

addition to achieve complete sulphate reduction. The

aim of the present study was to investigate the

possibility of using food industry wastes (a waste from

the wine industry and cheese whey) as carbon sources

for dissimilatory sulphate-reducing bacteria. The

results show that these wastes can be efficiently used

by these bacteria provided that calcite tailing is

present as a neutralizing and buffer material. A 95 and

50 % sulphate reduction was achieved within 20 days

of experiment by a consortium of dissimilatory

sulphate-reducing bacteria grown on media contain-

ing waste from the wine industry or cheese whey

respectively. Identification of the dissimilatory sul-

phate-reducing bacteria community using the dsr gene

revealed the presence of the species Desulfovibrio

fructosovorans, Desulfovibrio aminophilus and Des-

ulfovibrio desulfuricans. The findings of the present

study emphasise the potential of using wastes from the

wine industry as carbon source for dissimilatory

sulphate-reducing bacteria, combined with calcite

tailing, in the development of cost effective and

environmentally friendly bioremediation processes.
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Introduction

In recent years several bioremediation processes based

on the use of dissimilatory sulphate-reducing bacteria

(DSRB) have been developed for the treatment of acid

mine drainage (AMD) (Neculita et al. 2007; Johnson

and Hallberg 2005; Tabak and Govind 2003; Steed

et al. 2000) or other sulphate-rich effluents (Burgess

and Stuetz 2002; Lima et al. 2001). DSRB use sulphate

as electron acceptor and an energy rich carbon source

as electron donor (Pfenning et al. 1981), generating

sulphide. This sulphide reacts additionally with certain
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metals dissolved in contaminated waters, such as

copper, iron or zinc, forming insoluble precipitates

(Vega-López et al. 2007; Costa and Duarte 2005;

White et al. 2003) and, as a result, the concentrations of

sulphates and dissolved metals are reduced.

Considering that sulphate reduction is an energy

intensive process (Barnes 1998), a considerable amount

of an energy-rich reductant is required. Consequently,

the choice of the carbon source has an important effect

on the efficiency and economical viability of the

bioremediation technologies based on the use of these

bacteria.

Dissimilatory sulphate-reducing bacteria are

known to utilise simple organic compounds such as

carboxylic acids or alcohols (Widdel and Bak 1992;

White 1995) as carbon and energy sources. Lactate is

the carbon source most widely used by DSRB in

laboratory culture conditions (Barnes 1998; Postgate

1984; El Bayoumy et al. 1999). However lactate

would be too expensive for a large scale process.

Hydrogen can also be used as an energy source by

some DSRB (Lens et al. 2003; Fedorovich et al. 2000;

Nagpal et al. 2000). Although hydrogen would be a

relatively inexpensive substrate, this was deemed not

to be an acceptable energy source because of engi-

neering and safety requirements at a commercial scale

(Huisman et al. 2006). According to the literature,

ethanol seems to be the most cost effective substrate

(Huisman et al. 2006; Tsukamoto et al. 2004).

Several natural sources of organic materials serv-

ing as electron donors and carbon sources have been

already investigated: molasses, bagasse, sewage

sludge, leaf mulch, wood chips, animal manure,

vegetal compost, sawdust, mushroom compost, whey,

and other agricultural wastes (Coetser et al. 2006;

Costa and Duarte 2005; Annachhatre and Suk-

trakoolvait 2001; Waybrant et al. 1998; Christensen

et al. 1996; Hammack et al. 1994; Dvorak et al. 1992).

The selection of the carbon source depends to a great

extent on the degradability of the organic substrate.

The purpose of this work was to investigate the

possibility of using two wastes from food industry as

sources of carbon compounds to promote sulphate

reduction by DSRB. The two wastes were selected

from wine and cheese industries, since they are

produced in Portugal in large amounts and widespread

geographic locations and consequently are easily

available at zero or negative cost. Tens of thousands

of cubic metre of both wine industry wastes and

cheese whey are produced yearly in the continental

Portuguese territory.

The search for efficient, low cost and largely

available carbon sources (preferably wastes) for

DSRB to be used in bioremediation processes for

the treatment of sulphate rich effluents is of outmost

importance. In addition, to use wastes in such

processes is relevant from an environmental point

of view, since it reduces the problematic of their

disposal and promoting their biodegradation contrib-

utes to decrease pollutant release to the environment.

Materials and methods

Source and cultivation of DSRB community

The community of DSRB utilised in these experiments

was obtained from a sludge sample from a wastewater

treatment plant, located in Montenegro, Faro, in

southern Portugal. The bacterial community was

grown and maintained in Postgate B medium (Postgate

1984), at room temperature in anaerobic conditions.

The bacteria were harvested by centrifugation, washed

with Postgate B medium, and transferred to the batch

solutions.

Composition of industrial food wastes used

as carbon source

The wastes used in the experiments as carbon sources

came from the cheese and wine Portuguese indus-

tries. Cheese whey was analysed using a MILKO-

SCAN spectrophotometer and is mainly composed by

fat (1.75%), proteins (0.30%), lactose (4.52%) and

total solids (6.37%). Lactate was not detected by

HPLC analysis. The waste from the wine industry

was collected prior to the bottling stage and contains

53.5 g/l ethanol, measured by HPLC. Both wastes

were stored at 4�C.

Composition of calcite tailing

The calcite tailing used in the experiments as a

neutralizing and buffer material is the residue from a

marble stone cutting and polishing industry. The

presence of crystalline phases was assessed by X-ray

diffraction, using a Bruker AXS-D8 Advance dif-

fractometer with Cu Ka radiation and step of 0.02�/s.
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The EVA code was used for the identification of the

peaks and phase analysis. This material is mainly

composed of magnesium calcite (*89%), quartz

(*11%) and traces of illite mineral. Previous studies

(data not shown) show that no biological sulphate

reduction occurs in the presence of calcite tailing

without addition of a suitable electron source.

Batch experiments

The growth experiments were carried out in duplicate

using 120 ml glass bottles containing 100 ml of

Postgate B medium (Postgate 1984) with the follow-

ing modifications: 6 g/l of a carbon and energy source

compound, 2 g/l sulphates and resazurin as a redox

indicator (0.03 g/l). Oxygen diffusion was eliminated

by adding 10 ml of sterile liquid paraffin. The

inoculum size used was 5% (v/v), with most probable

number (MPN) of DSRB of 1.8 9 106 CFU/ml.

After inoculation, the bottles were sealed with butyl

rubber stoppers and aluminium crimp seals and

incubated at room temperature (±21�C), in anaerobic

conditions.

Several carbon sources were tested: cheese whey,

waste from the wine industry, lactate, lactose and

ethanol. A test without carbon source was carried out

as control. Batch tests were also carried as described,

but the media were supplemented with 2 g of calcite

tailing.

Statistical analysis

Each set of experiments was carried out in duplicate.

The data were subject to one-way ANOVA. All

differences were considered to be statistically signif-

icant if P \ 0.05.vv

Sampling and analytic methods

A 5 ml of samples were periodically collected, using a

syringe, and filtered using a 0.2 lm hydrophilic polyes-

tersulfone membrane (Machererey-Nagel). Redox

potencial and pH were determined using a pH/E Meter

GLP 21, Crison. High performance liquid chromato-

graph (Beckman) equipped with a polyspher� OAHY

column (30 9 0.65 cm, Merck) and a refractive index

detector, was used for soluble lactate, lactose, ethanol

and acetate analysis. The analysis was performed with

sulphuric acid (H2SO4 1.4 mM) as eluent, at a flow rate

of 0.5 ml/min. The compounds were identified by their

retention times in comparison to standards: lactate

(11.347 min) as sodium lactate, ethanol (17.123 min),

acetate (13.636 min) as sodium acetate 3-hydrate and

lactose (6.859 min) monohydrate. Sulphate concentra-

tion was quantified by UV/visible spectrophotometry at

450 nm (Hach-Lange DR2800 spectrometer) using the

method of sulfaVer4 (Hach-Lange), (Susuki et al. 2003).

Molecular characterization of DSRB community

Extraction of DNA

Total genomic DNA was extracted from cell cultures

grown on Postgate B medium. The cells were

harvested from 20 ml of cell culture by centrifugation

at 4,000 rpm for 10 min and twice washed with

chilled deionised water. DNA extraction was carried

out by the following method: 300 ll of sodium

dodecyl sulphate (SDS) lysis mixture [500 mM Tris–

HCl pH 8, 3% (w/v) SDS, 100 mM NaCl] and 300 ll

of phosphate buffer pH 8 were added to the washed

pellet, followed by a freeze-thaw treatment (three

cycles consisting of 1 min in liquid N2 followed by

5 min in a 37�C water bath). After cellular lysis, 300

ll of chloroform-isoamyl alcohol (24:1) were added.

The solution obtained was centrifuged at 16,000g, for

10 min. After precipitation with isopropanol at -

20�C, for 20 min, DNA was resuspended in 35 ll

H2O. Nucleic acid extraction was evaluated on a 1%

(w/v) agarose gel electrophoresis in Tris–Acetate–

EDTA (TAE) buffer.

PCR amplification of dsr gene

PCR was conducted in a total volume of 50 ll.

Community dissimilatory sulphite reductase (dsr)

genes were amplified using the primers DSR1F

(50-ACC CAC TGG AAG CAC G-30) and DSR4R

(50-GTG TAG CAG TTA CCG CA-30) (Wagner et al.

1998; Chang et al. 2001; Castro et al. 2002), which

amplify a 1.9 kb fragment. The primers were pur-

chased from Thermo Ficher Scientific. The reaction

mixture used for PCR amplification contained 30.75 ll

of nuclease-free water, 1 ll of each primer (10 pmol/

ll), 1 ll of dNTP‘s (10 mM), 5 ll of MgCl2 (25 mM),

10 ll of 59 Go Taq� buffer (Promega, Madison,
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USA), 0.25 ll of GoTaq�DNA polymerase (Promega,

Madison, USA), and 1 ll of DNA. The DNA of a strain

of Desulfovibrio subsp. was used as positive control

(that contains the dsr gene in its genome) and of

Escherichia coli as a negative control (that does not

contain the dsr gene in its genome). PCR amplification

was carried out in a thermocycler (T1, Biometra).

Thermal cycling was carried out by using an initial

denaturation step of 94�C for 3 min, followed by 30

cycles of 94�C for 1 min, 56�C for 1 min and 72�C for

2 min and completed with an extension period of

5 min at 72�C. The PCR products were separated in a

1% (w/v) agarose gel in TAE Buffer.

Cloning of dsr gene and restriction fragment length

polymorphisms (RFLP) analysis

PCR products were purified (E.Z.N.A.
TM

Gel Extra-

tion Kit, Omega) and ligated into the cloning

vector pGEM�-T Easy (an insert vector ratio of

3:1) with T4 ligase enzyme followed by transfor-

mation into E. coli DH5-alpha competent host cells,

according to the manufacturer’s instructions (Pro-

mega, Madison, USA). All the white colonies were

amplified by direct PCR with the DSR1F and

DSR4R primers according to the conditions

described above.

Restriction fragment length (RFLP) analyses were

done using the restriction enzymes HhaI and HaeIII

(Promega). Fragments of the digested PCR products

were separated in a 2% (w/v) TAE agarose gel.

Sequencing and phylogenetic analysis

Representative plasmids from each digestion pattern

were selected for sequencing at CCMAR (Centro de

Ciências do Mar, Universidade do Algarve). The dsr

gene inserted in plasmids was amplified using the

primers DSR1F and DSR4R, according to the condi-

tions described above. PCR products were purified

(E.Z.N.A.
TM

Gel Extration Kit, Omega) and sequenced.

Sequence identification was performed by using the

BLASTN facility of the National Center for Biotech-

nology Information (http://www.ncbi.nlm.nih.gov/

BLAST/). Cladograms were constructed using

MEGA version 4 (Tamura et al. 2007) and the

Neighbour-Joining algorithm was applied (Saitou and

Nei 1987; Studier and Keppler 1988).

Results

Lactate as carbon source

The profile of sulphate reduction by DSRB in the

presence of lactate as carbon source is shown in

Fig. 1. In the first 7 days of the experiment sulphate

was completely reduced and lactate was totally

consumed. At the same time acetate production by

DSRB was observed. Without carbon source sulphate

concentration was always near 2 g/l. The pH values

were close to 7 during all the experiment.

Lactose and cheese whey as carbon source

Sulphate reduction was not detected when lactose

was utilised as carbon source (Fig. 2a). A similar

behaviour was observed when cheese whey was

utilised (Fig. 2b). However, lactose consumption was

verified in both cases (around 33%). The production

of lactate (0.96 g/l) was observed in the presence of

cheese whey.

When the media containing lactose and cheese

whey were supplemented with calcite tailing, effi-

cient sulphate reduction was achieved (Fig. 2c, d): 80

and 94% sulphate reduction was obtained, respec-

tively, at the end of the experiment. In addition,

higher consumption of lactose and higher production

of lactate and acetate were observed in both cases, in

comparison with the experiments performed without

Fig. 1 Profile of sulphate reduction and consumption of

carbon source by bacterial consortium using lactate as carbon

source without calcite tailing. Data are the average of

duplicates and error bars indicate the standard deviations of

the average values. Symbols: (d) sulphates, (s) lactate, (.)

acetate and (j) pH
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calcite tailing. It was observed that the pH of the

media containing lactose and cheese whey in the

absence of calcite tailing decreased from 7 to values

below 4 during the experiments. When these carbon

sources were supplemented with calcite tailing the

pH increased from 4 to 6 and thereafter it was

maintained near this value until the end of the

experiments.

Ethanol and waste from the wine industry as

carbon source

The sulphate reduction profile with ethanol as carbon

source is shown in Fig. 3a. The pH of the solution

when ethanol was used as carbon source does not

decrease to values lower than 5, not compromising

DSRB growth and activity. This behaviour, already

observed in previous studies, justified that no calcite

tailing needed to be added.

High sulphate reduction was observed when pure

ethanol was used as carbon source.

A 98.5% reduction of sulphates was observed in

the first 20 days. For this reduction the consortium of

DSRB used 1.8 mmol ethanol per mmol sulphate

reduced and 1.6 mmol acetate was produced.

When the waste from the wine industry was used

by itself as carbon source sulphates were not reduced

and ethanol was not consumed by DSRB (Fig. 3b).

However, in the presence of calcite tailing (Fig. 3c)

efficient sulphate reduction was achieved. After

20 days 95% sulphate reduction was observed. Eth-

anol consumption and acetate production were also

observed. For each mmol sulphate reduced,

0.94 mmol ethanol was consumed and 1.6 mmol

acetate was produced. When the waste from the wine

industry was used in the absence of calcite tailing the

pH of the medium presented values near 4.7 during

all the experiment. On the other hand, when calcite

tailing was present the pH increased to values close to

6, similar to what was observed in the experiment

with ethanol.

Phylogenetic analysis of DSRB community

The dissimilatory sulphite reductase gene (dsr) was

used to elucidate the composition of the DSRB

consortium from the experiment. This gene has

revealed to be a powerful tool on DSRB diversity

studies where the phylogenetic analyses were based

either on restriction analysis of the cloned fragment

or on sequencing of the cloned 1.9 kb dsr fragment

(Baker et al. 2003; Liu et al. 2003; Bahr et al. 2005).

A total of 16 clones was obtained and all of these

clones were subjected to RFLP analysis. Eight

different patterns were obtained. The representative

clones from each pattern were selected for sequencing

Fig. 2 Profile of sulphate

reduction and consumption

of carbon source by

bacterial consortium using

two lactose-based carbon

sources: a lactose, b cheese

whey, c lactose with calcite

tailing and d cheese whey

with calcite tailing. Data are

the average of duplicates

and error bars indicate the

standard deviations of the

average values. Symbols:

(d) sulphates, (s) lactate,

(.) acetate, (5) lactose and

(j) pH
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and these sequences were submitted to the GenBank

(accession numbers: EU552471 to EU552486).

In the cladogram obtained for the dsr gene

sequence of the selected clones three major clusters

were identified (Fig. 4). The first one is composed of

two clones affiliated to Desulfovibrio desulfuricans:

Desulfovibrio desulfuricans isolate SRDQC (acces-

sion number DQ450464.1) and Desulfovibrio

desulfuricans strain F28-1 (accession number

DQ092635.1). The second group contains clones

similar to Desulfovibrio fructosovorans (accession

number AB061538.1). The third assemblage consists

of clones with affiliation to Desulfovibrio aminophilus

strain DSM 12254 (accession number AY626029.1).

Discussion

This study shows, for the first time, that a waste from

the wine industry can be used by DSRB present in a

bacterial consortium, provided that a neutralising and

buffer material is present. In this case calcite tailing,

another waste material, was used. According to dsr

gene analysis, the DSRB consortium is constituted by

members of the species Desulfovibrio fructosovorans,

Desulfovibrio aminophilus and Desulfovibrio desul-

furicans. The dominance of the Desulfovibrio genus

was observed, which is consistent with literature data

mentioning its predominance in wastewater treatment

plants (Santegoeds et al. 1998; Baena et al. 1998; Dar

et al. 2005). The genus Desulfovibrio represents a

group of Gram-negative sulphate reducers in which

all species oxidise their substrates incompletely to

acetate (Widdel and Bak 1992).

The increased efficiency of sulphate reduction by

DSRB observed when the food industry wastes were

supplemented with calcite tailing can be explained by

the increased pH. The difficulty to grow DSRB in

media with low pH has already been mentioned

previously (Garcia et al. 2001; Benedetto et al. 2005).

According to the literature, specific conditions such

as an anaerobic environment, a redox potential

around -200 mV and pH values above 5 must be

met to enable sulphate-reducing activity (Cohen

2006). When the medium was supplemented with

calcite tailing, due to its neutralising and buffer

capacities, the pH was close to 6 or higher during all

the experiment. Therefore, good conditions for DSRB

activity were achieved, allowing sulphate reduction

and consumption of the carbon source.

Sulphate reduction observed in the presence of

lactose and in the presence of cheese whey (both

supplemented with calcite tailing) was slower com-

pared to sulphate reduction in the presence of lactate,

ethanol or waste from the wine industry, the last one

Fig. 3 Profile of sulphate reduction and consumption of

carbon source by bacterial consortium using two ethanol-based

carbon sources: a ethanol, b wastes of winery industry and c
wastes of winery industry with calcite tailing. Data are the

average of duplicates and error bars indicate the standard

deviations of the average values. Symbols: (d) sulphates, (s)

ethanol (.) acetate and (j) pH
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supplemented with calcite tailing. When lactose was

supplemented with calcite tailing, approximately

20 days were needed to consume half of the added

sulphate concentration, while with lactate and ethanol

near complete sulphate reduction occurred within 7

and 20 days, respectively. The complexity of lactose

molecule, in comparison with ethanol or lactate, may

explain this result. In fact, few bacterial species, and

among them no DSRB, are able to metabolize

lactose, thus it required more time for its degradation.

When lactose or cheese whey was provided as

electron donors for sulphate reduction the pH of the

medium decreased and lactose was consumed

(Fig. 2a, b). However, no sulphate reduction was

observed. These results can be explained by the

presence in the bacterial consortium of bacteria other

than DSRB with ability to use lactose in their

metabolism. The production of lactate observed in

Fig. 2b can result from the activity of lactic bacteria

present in the cheese whey.

When lactose and cheese whey were supplemented

with calcite tailing, production of lactate was

observed suggesting that lactose can be used by

other bacteria present in the consortium, such as

lactic bacteria, producing lactate that may be further

utilized by DSRB and converted to acetate. This

indirect path was already reported when molasses

were used as carbon source (Maree et al. 1986).

Consumption of the acetate produced, by DSRB,

mentioned by several authors (Barnes 1998; Dar et al.

2007), was not observed. This probably indicates the

absence of acetate utilising bacteria in this particular

community.

When waste from the wine industry was used as

carbon source in the presence of calcite tailing, lower

ethanol consumption (0.94 mmol/mmol sulphate

reduced) was observed compared with pure ethanol

(1.8 mmol/mmol sulphate reduced). This is probably

due to the fact that the waste from the wine industry

may contain other nutrients that may be used as

carbon source. Desulfovibrio fructosovorans is

known to differ from all other described Desulfovib-

rio species by its ability to use fructose (Olliver et al.

1988) and Desulfovibrio aminophilus has been

reported to be able to use amino acids as carbon

and energy sources (Hernandez-Eugenio et al. 2000).

The waste from the wine industry usually contains

amino acids and fructose in significant amounts, so it

is possible that these can be consumed by the DSRB

consortium. This in turn explains the reduced amount

of ethanol consumed per mmol sulphate. According

to the literature (Waybrant et al. 1998; Zagury et al.

2006), materials containing multiple organic sub-

strates or mixtures are most effective in promoting

sulphate reduction compared to those containing a

single organic substrate.

The use of waste from the wine industry as carbon

source for sulphate reduction by DSRB is promising

in contrast to other wastes. When conifer sawdust and

composted spruce chips were used no sulphate

reduction was observed (Zagury et al. 2006). Way-

brant et al. (1998) achieved sulphate reduction only

Fig. 4 Cladogram constructed for the selected clones using

dsr gene sequence Partial weighted combined-data cladogram

of relationships of dsr gene sequences for the selected

dissimulatory sulphate-reducing bacteria clones. The Neigh-

bour-Joining algorithm was used. Bootstrap values are

indicated on branches. Following the clone name the most

closely related species and/or the most related cultured species

are indicated. The percentage of similarity is indicated in

brackets. UBC uncultured bacterium clone
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when sheep manure plus calcite and sand were mixed

with other organic constituents.

Conclusions

Taking into account the results achieved the waste

from the wine industry in the presence of calcite

tailing seems to be promising as carbon source to

promote DSRB activity. Cheese whey in the presence

of calcite tailing can also be used as carbon source for

biological sulphate reduction, but the process is

considerably slower.

Their efficiency as carbon sources is only revealed

when those wastes are supplemented with calcite

tailing that acts as a neutralizing and buffer material,

achieving suitable pH conditions for DSRB activity.

The possibility of using food industry wastes,

particularly the wastes from wine industry, to promote

an efficient sulphate reduction is an important finding.

By this way these wastes can be reutilised in biore-

mediation processes based on DSRB for the treatment

of sulphate rich effluents, with both environmental and

economical benefits.
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