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An aqueous mixture of goethite, quartz, and lead chloride (PbCl2) was treated with the sulfate-
reducing bacterium, Desulfovibrio desulfuricans G20 (D. desulfuricans G20), in a medium specifically 
designed to assess metal toxicity. In the presence of 26 μM of soluble Pb, together with the 
goethite and quartz, D. desulfuricans G20 grew after a lag time of 5 days compared to 2 days in 
Pb-, goethite-, and quartz-free treatments. In the absence of goethite and quartz, however, with 
26 μM soluble Pb, no measurable growth was observed. Results showed that D. desulfuricans G20 
first removed Pb from solutions then growth began resulting in black precipitates of Pb and 
iron sulfides. Transmission electron microscopic analyses of thin sections of D. desulfuricans G20 
treated with 10 μM PbCl2 in goethite- and quartz-free treatment showed the presence of a 
dense deposit of lead sulfide precipitates both in the periplasm and cytoplasm. However, thin 
sections of D. desulfuricans G20 treated with goethite, quartz, and PbCl2 (26 μM soluble Pb) 
showed the presence of a dense deposit of iron sulfide precipitates both in the periplasm and 
cytoplasm. Energy-dispersive X-ray spectroscopy, selected area electron diffraction patterns, or 
X-ray diffraction analyses confirmed the structure of precipitated Pb inside the cell as galena 
(PbS) in goethite- and quartz-free treatments, and iron sulfides in treatments with goethite, 
quartz, and PbCl2. Overall results suggest that even at the same soluble Pb concentration 
(26 μM), in the presence of goethite and quartz, apparent Pb toxicity to D. desulfuricans G20 
decreased significantly. Further, accumulation of lead/iron sulfides inside D. desulfuricans G20 
cells depended on the presence of goethite and quartz. 
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Introduction* 

Lead and its inorganic compounds are (i) classified as 
carcinogens, (ii) are toxic to most biota at elevated ex-
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posures, and (iii) have no known biological functions 
[29]. The most common sources of Pb contaminations 
are battery plates, Pb-based paints, glazes on dishware, 
and Pb-pipes containing water for long periods. Addi-
tionally, Pb is one of the most common heavy-metal 
contaminant found in United States Department of 
Energy (U.S. DOE) sites, where solid and liquid wastes 
were discharged to the ground [14, 20]. These metals 
and metal chelates threaten down-gradient water re-
sources; thus, they are of particular environmental 
concern. 
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 Heavy-metal contaminated environments pose diffi-
cult challenges in remediation; however, microbiologi-
cal processes can be used for in situ immobilization of 
many metals and radionuclides [13]. For example, sul-
fate-reducing activity can produce sulfide, which can 
decrease metal mobility and bioavailability by forming 
insoluble metal-sulfide precipitates [15]. Sulfate-reduc-
ing bacteria (SRB) have been observed in many con-
taminated subsurface sites and stimulating them has 
potential remediation value [1]. SRB are known to en-
zymatically reduce Cr(VI), Tc(VII), and U(VI), to form 
insoluble mineral phases, and have also been shown to 
reduce Fe(III) and Mn(IV) [15]. SRB can catalyze a variety 
of heavy metal transformations, however, it has been 
demonstrated that heavy metals at toxic levels can in-
hibit or prevent SRB growth [4, 10, 16, 19, 24, 25, 31]. 
An increase in soluble metal concentrations can de-
crease sulfate reduction rates, causing a decrease in 
metal sulfide production. Effective manipulation of an 
indigenous sulfate-reducing bacterial community to sti-
mulate in situ bioremediation activity requires know-
ledge of the toxic effects of various heavy metals on 
SRB in the presence of soil minerals. Existing literature 
shows the toxicity of Cd, Cu, Cr, Ni, Mn, U, and Zn to 
SRB are well documented, however, investigations of Pb 
toxicity to SRB is scarce [22, 27]. White et al. [33] showed 
that in metal (Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn)-
contaminated soils, SRB remained metabolically active. 
The surfaces of soil minerals have strong capabilities to 
adsorb metal ions and therefore reduce aqueous concen-
trations to a non-toxic levels, and decreasing overall 
metal bioavailability [3]. Several studies were conducted 
which show the effects of toxic heavy metals on pure or 
mixed SRB in the absence of soil minerals using micro-
bial growth media containing metal complexants/preci-
pitants which reduce the effective soluble metal concen-
tration available to targeted SRB [10, 19, 31]. To develop 
effective in situ or ex situ bioremediation technologies, 
there must be a better understanding of the effects of 
heavy metals on SRB in the presence of soil minerals. 
 Our previous published results [22, 24, 27] showed 
that using a metal toxicity medium (MTM), which was 
specifically designed to eliminate the formation of 
metal precipitates and minimize metal complexation, 
PbCl2 was much more toxic to D. desulfuricans G20 than 
previously thought. These studies provided fundamen-
tal relevance to SRB found in natural systems that con-
tain PbCl2, and also to efforts to use SRB to remediate 
PbCl2 contamination. However, use of MTM and a pure 
culture of D. desulfuricans G20 may overestimate PbCl2 
toxicity in natural environments such as DOE sites 
where chemical complexants including iron minerals 

are presents. These iron minerals can reduce the metal 
bioavailability to SRB and hence the toxicity. Therefore 
the present study carefully evaluated the effects of 
PbCl2 to D. desulfuricans G20 in the presence of presence 
of goethite and quartz as model redox-sensitive and  
-insensitive aquifer minerals [24], respectively. We hy-
pothesized that in the presence of natural metal spe-
cific ligands, the toxicity of Pb(II) to D. desulfuricans G20 
will significantly be decreased. Supplementation of 
MTM with these natural ligands will help better under-
stand the interactive effects of aqueous system compo-
nents and bioavailability of toxic heavy metals to SRB 
and also to efforts to use SRB to remediate Pb(II) con-
tamination. Therefore to test this hypothesis in the 
present study, MTM, soil minerals, and a pure culture 
of D. desulfuricans G20 were used to develop a more fun-
damental understanding of SRB exposed to Pb in a de-
fined system mimicking natural conditions. The pre-
sent study evaluated Pb inhibition on a model SRB, 
D. desulfuricans G20 in the presence of goethite and 
quartz as model redox-sensitive and -insensitive aquifer 
minerals [6], respectively. The Pb/goethite system was 
chosen because Pb is a major pollutant in soils and U.S. 
DOE sites nationwide, and because goethite is a com-
mon soil constituent capable of adsorbing large quanti-
ties of metals [3, 6]. 

Materials and methods 

Synthesis and characterization of goethite  
and quartz 
The Fe(III)-oxyhydroxide, goethite (α-FeOOH) was syn-
thesized as described previously [28]. A Coulter SA 3100 
BET analyzer (using N2 sorption) was used to determine 
the specific surface area of the goethite and quartz 
grains (α-SiO2, 212–300 μm), which were found to be 52 
and 0.02 m2/g, respectively. The size and shape of the 
goethite crystals were examined by means of electron 
microscopy using the methods described earlier [11]. 
Electron microscopic observation showed that synthetic 
goethite crystals were of uniform shape and size, and 
crystals were similar to those found in natural envi-
ronments [28]. Goethite crystals were euhedral, needle-
like in shape, about 200 nm (±20) in length and 25 nm 
(±5) in diameter (images are not shown). A previous 
study by Fredrickson et al. [7] showed potential phase 
modifications in goethite due to sterilization by auto-
claving; therefore in this study, the goethite was not 
autoclaved. However, prior to use, the goethite and 
quartz minerals were heat-treated in pre-sterilized cul-
ture tubes in an oven at 80 °C for 16 h. No measurable 
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change in specific surface area occurred as a result of 
this treatment [23, 26]. 

Medium and cultivation conditions 
D. desulfuricans G20 was a generous gift of Dr. Judy Wall, 
University of Missouri-Columbia USA. D. desulfuricans 
G20 contains the green fluorescent protein (GFP) re-
porter gene construct. The GFP was unused in the pre-
sent study, but to maintain the GFP construct, 20 μg/ml 
chloramphenicol was added which also conferred chlor-
amphenicol resistance. In addition, previous metal (Pb, 
Cu, and U) toxicity studies in D. desulfuricans G20 [22, 24, 
25, 27], and other study that involved direct non-
destructive microscopic observations of D. desulfuricans 
G20 on mineral surfaces [17] contained chlorampheni-
col in all treatments. Therefore to compare (and to be 
consistent) with these earlier studies, chloramphenicol 
was added to MTM in all treatments prior to inocula-
tion. Serum bottle preparation and cultivation condi-
tions were the same as described previously [27]. Water 
used in all experiments was supplied from a Barnstead 
Nanopure water purification system with a resistivity 
of 17.6 MΩ ∙ cm. All glassware was washed with 2 N 
HNO3 and rinsed with nanopure water. 

Lead adsorption and immobilization experiments 
The adsorption of Pb onto minerals (goethite and quartz) 
was studied in batch experiments in MTM containing 
lactate and sulfate at 30 and 10 mM, respectively.  
The medium pH was adjusted to 7.2 using 6 N HCl. Con-
trols included Pb-, D. desulfuricans G20-, mineral-, sulfate-, 
and lactate-free MTM treatments (Table 1). Volumes of 
120-ml of medium in 150-ml serum bottles were auto-
claved separately. A filtered (0.2 μm, Gelman acrodisc 
syringe filter) stock solution of PbCl2 (4.8 mM) was asep-
tically added to the serum bottles to achieve a final Pb 
concentration of 70 μM. After thorough mixing, samples 
were withdrawn aseptically to measure initial concentra-
tions of soluble Pb, lactate, and sulfate. Heat-treated 
goethite and quartz at a ratio of 1:19 (80 and 1520 mg, 
respectively) were added to serum bottles containing Pb 
and MTM. Typical redox-sensitive mineral concentra-
tions (e.g., iron minerals) found in soils range from 0.5 to 
6% (w/w) [18] therefore 5% (w/w) goethite in goethite-
quartz mixture was used in present study. Serum bottles 
were capped with butyl-rubber septa, crimped with alu-
minum seals, purged, and pressurized with ultra-pure N2 

(g) at 68.9 kPa (10 psi) above atmospheric pressure. The 
bottles were incubated at 25 °C in a horizontal position 
on an orbital shaker at 125 rpm. Under abiotic condi-
tions, samples were collected over a 9-day period to 
monitor the establishment of Pb equilibrium between 
the soluble and solid phases. 

 Four-day-grown D. desulfuricans G20 cultures were 
centrifuged in the presence of ultra-pure N2(g) at 
10,000 × g for 15 min. The supernatant was discarded 
and the cell pellets were suspended in anaerobic 0.89% 
NaCl solution. This process was repeated twice, and 
washed cells were used as inoculum. After abiotic 
equilibration of Pb for 9 d (after which no further sig-
nificant decrease in soluble Pb concentration was ob-
served, Fig. 1), washed cells of D. desulfuricans G20 were 
anaerobically injected into serum bottles to achieve 
3 mg/l initial total cell protein. After inoculation, serum 
bottles were incubated at 25 °C in an orbital shaker at 
125 rpm. Periodically, 3-ml samples were analyzed for 
total cell protein, soluble Pb, and sulfide. At the end of 
the experiments, concentrations of lactate, sulfate, and 
acetate were measured. 
 A previous study of Pb toxicity to D. desulfuricans G20 
showed a minimum inhibitory concentration (MIC) of Pb 
at 15 μM [27]. However, the fate of Pb and structure of 
lead sulfide precipitates formed during the growth of 
D. desulfuricans G20 were not examined. Therefore, treat-
ment I was started on day 9 in which Pb was added at a 
final concentration of 10 μM. D. desulfuricans G20 cells, 
collected from this treatment were studied using TEM, 
EDS, and XRD to observe Pb localization and the elemen-
tal composition and structure of precipitated materials. 

Estimation of Pb(II), organic and inorganic anions, 
and cell protein concentration 
Samples for soluble Pb concentrations were filtered 
(0.2 μm), diluted in 3% HNO3, and measured on an 
Agilent 4500 inductively coupled plasma mass spec-
trometer (ICP-MS) [27]. Soluble sulfide concentrations 
were determined spectrophotometrically using the 
methylene blue method (Hach, Loveland, CO, USA) [27]. 
Samples for lactate, sulfate, and acetate analysis were 
filtered (0.2 μm) and concentrations were determined 
using a Dionex DX-500 Ion Chromatograph (IonPac 
AS11-HC4-mm column, conductivity detection) (Dionex, 
Sunnyvale, CA, USA) with an estimated error of ±5% 
[27]. Total cell protein was determined using a quanti-
tative colorimetric Coomassie assay as described previ-
ously [22]. Each set of experiments was carried out in 
duplicate and repeated three times. In each experi-
ment, duplicate treatment profiles were very similar in 
total cell protein, Pb, and sulfide concentrations; how-
ever, the length of the lag time was somewhat variable. 
Similar variability in lag times for different experiments 
using D. desulfuricans and Shewanella oneidensis MR-1 has 
been observed in the presence of metals including Cr, 
Cu, Ni, Pb, and Zn [19, 27, 32]. One-way analysis of vari-
ance (ANOVA) was used to determine if there were 
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statistically significant differences in D. desulfuricans 
G20 lag times among controls, and treatments contain-
ing Pb, with and without minerals. The threshold level 
of statistical significance for this study was α = 0.05. 

Transmission electron microscopy (TEM),  
energy-dispersive X-ray spectroscopy (EDS), and 
selected area electron diffraction (SAED) analyses 
For TEM, due to the oxygen-sensitive nature of the 
samples, the whole embedding procedure, as well as 
thin sectioning, was conducted in an anaerobic glove 
box (Ar:H2, 95:5; Coy Laboratory Products, Grass Lake, 
MI, USA). Stationary phase D. desulfuricans G20 cells 
collected from MTM containing (i) Pb, minerals, and 
D. desulfuricans G20 (test, treatment E), (ii) minerals and 
D. desulfuricans G20 (Pb-free controls, treatment H), and 
(iii) Pb and D. desulfuricans G20 (mineral-free control 
with 10 μM Pb, treatment I) were fixed in 2.5% glu-
taraldehyde, washed in anoxic deionized water fol-
lowed by a gradual dehydration in ethanol series, and 
infiltration in LR White embedding resin (Electron 
Microscopy Sciences, Hatfield, PA, USA). Blocks were 
cured at 60 °C for 24 h, and sectioned to 70 nm thick-
ness on a microtome (Leica Ultracut, UCT, Bannock-
burn, IL, USA). The sections were mounted on 200-mesh 
copper grids coated with formvar-support film sput-
tered with carbon, and examined using JEOL 2010 high-
resolution transmission electron microscope (JEOL, 
Peabody, MA, USA) equipped with a LaB6 filament oper-
ating at 200 kV with a resolution of 0.19 nm. Elemental 
analysis was performed using an Oxford energy disper-
sive spectroscopy system equipped with a SiLi detector 
coupled to the transmission-electron microscope and 
spectra were analyzed with ISIS software (Oxford In-
struments, Abingdon, Oxfordshire, UK). Images were 
digitally collected and analyzed using the Digital Mi-
crograph software (Gatan Inc., Pleasanton, CA, USA). 
The d-spacings obtained from the selected-area electron 
diffraction ring patterns were evaluated by Desktop 
Microscopist software (Lacuna, Beaverton, OR, USA). 

X-ray diffraction (XRD) analyses 
For XRD analyses, samples (treatments: B – MTM, Pb, 
and minerals; E – MTM, Pb, minerals, and D. desulfuri-
cans G20; H – MTM, minerals, and D. desulfuricans G20; 
and I – MTM, Pb, and D. desulfuricans G20) were recov-
ered at the end of experiments and centrifuged 
(10,000 × g for 10 min) under anaerobic conditions. 
After decanting the supernatant, the solid samples 
were dried at 25 °C temperature in a glove box (Model 
1025, Forma Scientific Inc., Marietta, OH, USA) under 
an N2:CO2:H2 (90:5:5) atmosphere. Dried samples were 

ground to a fine powder in a corundum mortar and 
pestle, and mixed in ethanol. The sample droplets were 
deposited uniformly on a low background quartz slide 
and were scanned on the Rigaku Geigerflex RU200b 
series diffractometer (Woodlands, TX, USA). The radia-
tion source was CuKα with a tube voltage and current  
of 50 kV and 160 mA, respectively. All samples were 
scanned from a 2θ of 3 to 70° with the step size of 0.02° 
and peaks obtained were identified using Jade (version 
5.0) X-ray diffraction software. 
 

Results and discussion 

Pb adsorption under abiotic conditions 
The first nine days of treatments; A, B, C, D, and E, 
contained abiotic equilibration of Pb with medium 
components and/or the minerals added to MTM. Soluble 
Pb concentration profiles during this equilibration 
period are shown in Fig. 1. It can be seen from Fig. 1 
that three distinct Pb concentration profiles were ob-
served. In treatment A (mineral and D. desulfuricans G20-
free control), the soluble Pb concentration decreased 
from 70 to 58 μM during the first thirteen days (likely 
due to sorption to the glass of the serum bottles and 
reaction with medium components, and then remained 
almost constant through the end of the experiment 
(28 days). However, in treatment B (D. desulfuricans G20-
free control), soluble Pb concentrations decreased to 
29 μM in 9 d, and after that it decreased only slightly 
(to 26 μM) through the end of experiment (28 d) (Fig. 1). 
Thus most of the abiotic equilibration of Pb was com-
pleted in 9 days. The difference in soluble Pb concen-
trations between the abiotic treatments A and B is the 
result of adsorption or possibly, precipitation onto 
mineral surfaces [5]. Fig. 1 also shows that most adsorp-
tion of Pb (about 34 μM) onto goethite was observed 
within first 3 days of incubation followed by about 
8 μM Pb sorption in next 6 days of incubation. From a 
kinetic perspective, the soluble Pb concentration de-
creased most sharply in the first day incubation, and 
most adsorption between the solution and solid phase 
was complete within 9 d. Previous studies have shown 
that adsorption of Pb onto goethite was complete 
within 4 h under very well defined conditions of  
Pb speciation and ionic strength (without microbial 
growth medium components) [6]. In the present study, 
however, the slower equilibration of Pb between the 
solution and solid phase may have resulted from or-
ganic and inorganic components present in MTM, 
which are necessary for microbial growth. 
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Figure 1.  Concentration profiles of soluble Pb during abiotic sorption onto goethite and quartz, and immobilization by D. desulfuricans G20. 
The first 9 d of treatments A, B, C, D, and E consisted abiotic equilibration of Pb. After 9 d, washed D. desulfuricans G20 cells were 
inoculated into three treatments C, D, and E. An additional treatment (F) was also inoculated (t = 9 d) with 26 μm Pb. Other details of these 
treatments are listed in Table 1. 

 

Immobilization of Pb by D. desulfuricans G20 
After nine days, when the soluble Pb concentrations 
roughly stabilized near 26 μM Pb, D. desulfuricans G20 
cells were inoculated into three treatments (Fig. 1 
treatments C, D, and E). Previous studies showed that in 
MTM (without minerals) D. desulfuricans G20 did not 
grow even at a soluble Pb concentration of 15 μM [27]. 
To examine the interaction of a mineral phase and 
soluble Pb concentrations more carefully, two addi-
tional treatments were inoculated with D. desulfuricans 

G20 cells at t = 9 days, treatment F (mineral-free control 
with 26 μM Pb) and treatment G (mineral- and Pb-free 
control) (Fig. 1; Table 1). More specifically treatment F 
was started to study the inhibition effects of Pb to 
D. desulfuricans G20 cells in the absence of minerals and 
treatment G to examine the normal growth pattern of 
D. desulfuricans G20 in-terms of cell protein and soluble 
sulfide. These treatments, when compared with miner-
als treatments (C, D, and E), examined the reaction of 
sulfide produced with minerals. 

 

Table 1.  Experimental conditions for abiotic sorption of Pb onto goethite and quartz, and immobilization by D. desulfuricans G20. 

Treatment (type) Components Remarks 

A (mineral and D. desulfuricans G20-free control)  MTM and Pb Started with 70 μM Pb at t = 0 d 
B (D. desulfuricans G20-free control) MTM, Pb, and minerals Started with 70 μM Pb at t = 0 d 
C (electron donor-free control) Lactate free-MTM, Pb, minerals,  

and D. desulfuricans G20 
Started with 70 μM Pb at t = 0 d 
D. desulfuricans G20 inoculated at t = 9 d 

D (electron acceptor-free control) Sulfate free-MTM, Pb, minerals,  
and D. desulfuricans G20 

Started with 70 μM Pb at t = 0 d 
D. desulfuricans G20 inoculated at t = 9 d 

E (test) MTM, Pb, minerals,  
and D. desulfuricans G20 

Started with 70 μM Pb at t = 0 d 
D. desulfuricans G20 inoculated at t = 9 d 

F (mineral-free control) MTM, Pb, and D. desulfuricans G20 Started with 26 μM Pb at t = 9 d 
D. desulfuricans G20 inoculated at t = 9 d 

G (mineral- and Pb-free control) 
 

MTM and D. desulfuricans G20 Started with no Pb at t = 9 d 
D. desulfuricans G20 inoculated at t = 9 d 

H (Pb-free control) 
 
 

MTM, minerals,  
and D. desulfuricans G20 

Started with no Pb at t = 0 d 
D. desulfuricans G20 inoculated at t = 9 d 
(protein/sulfide data not shown) 

I (mineral-free control with 10 μM Pb) 
 
 

MTM, Pb, and D. desulfuricans G20 Started with 10 μM Pb at t = 9 d 
D. desulfuricans G20 inoculated at t = 9 d 
(protein/sulfide/Pb data not shown) 
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 In the treatment E (test) containing minerals, D. desul-
furicans G20 and Pb, the soluble Pb concentration de-
creased gradually from 26 to 21 μM over four days, but 
then soluble Pb concentrations decreased rapidly below 
the detection limit (0.05 μM) over a 3-day period (Fig. 1). 
However, with all other treatments (A, B, C, D, and F), 
the soluble Pb concentrations decreased only slightly 
for the remaining 14 d of experimentation. This slight 
decrease in soluble Pb concentrations with the mineral 
(F)-, lactate (C)-, and sulfate (D)-free MTM treatments 
could have resulted from the following processes: (i) 
biosorption of Pb to D. desulfuricans G20 cells [5], (ii) 
release of extracellular polymeric substances that can 
complex Pb [2], (iii) complexation and precipitation of 
Pb as lead sulfide [27], and (iv) intra-cellular Pb penetra-
tion and accumulation [21]. 

Measurement of D. desulfuricans G20 growth during 
Pb immobilization 
As measures of D. desulfuricans G20 growth, total cell 
protein and soluble sulfide were monitored as shown in 
Fig. 2. It can be seen from Fig. 2a that in treatment G 
(Pb- and mineral-free controls), D. desulfuricans G20 grew 
after a lag period of two days, but in the presence of Pb 
and minerals (treatment E), D. desulfuricans G20 grew 
after a lag period of five days. The extent of growth was 
found to be slightly higher in the treatment E as com-
pared to treatment G. This corroborated with our ear-
lier results where addition of iron compounds (e.g., 
ferric chloride, goethite, ferrihydrite, or hematite) to 
MTM (which is an iron-limited medium) enhanced the 
growth of D. desulfuricans G20 [23, 26]. No growth was 
observed in lactate (C)-and sulfate (D)-free controls 
(Fig. 2a). 
 In addition to protein concentrations, the concentra-
tion of soluble sulfide increased in D. desulfuricans G20 
cultures that had measurable growth (Fig. 2b). How-
ever, in treatment E (containing Pb, minerals, and 
D. desulfuricans G20), the concentrations of sulfide de-
creased over time mainly due to the formation of iron 
sulfides. During the course of these experiments, we 
observed the color of the solids changed to black, which 
is characteristic of iron sulfides. In contrast, no de-
crease in the sulfide concentration was observed in the 
treatment G (mineral- and Pb-free control) (Fig. 2b). 

TEM and EDS analyses of D. desulfuricans G20 cells 
Figs. 3a and b show TEM images of unstained thin sec-
tions of D. desulfuricans G20 cells collected from treat-
ment H (Pb-free control). The results showed that most 
of the precipitates (electron-dense materials) of iron 
sulfide were present outside the cells, and more than 

 
Figure 2.  Concentration profiles of total cell protein (a) and soluble 
sulfide (b) during the growth of D. desulfuricans G20. The termino-
logies of treatments are the same as used in Fig. 1 and listed in 
Table 1. An additional treatment G (MTM and D. desulfuricans G20) 
was also included to show the normal growth curve of D. desul-
furicans G20 in absence of Pb and minerals in MTM. Other details 
are shown in Table 1. 

 

90% of cells had no precipitates associated with their 
membranes. The analyses of elemental composition of 
precipitated iron phases by EDS were done by measur-
ing about 20 probe spots. Results showed that Fe and S 
were the dominant elements in all biogenic precipitates 
in a 1:1 ratio (Fig. 3c). Iron sulfides likely originated 
from the reaction of Fe(III) present in goethite with 
biogenic sulfide ions. Similar iron sulfide precipitates 
have been shown before in D. desulfuricans G20 [12]. 
 Figs. 3d and e show thin sections of D. desulfuricans 
G20 cells recovered from treatment E (containing Pb 
and minerals). In contrast to treatment H (Pb-free con-
trol), cells recovered from treatment E had membrane 
associated electron dense materials. Interestingly how-
ever, again quantitative and qualitative EDS analyses 
(Fig. 3f) indicated that the electron dense materials 
were iron sulfides. Multiple EDS spectra of cell-asso-
ciated and non-cell associated electron dense materials 
were gathered, but none of the spectra allowed detection  
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Figure 3.  Transmission electron microscopic images of D. desulfuricans G20 culture treated with and without 70 μM Pb in metal toxicity 
medium in the presence of minerals. In Pb-free treatment (Minerals and D. desulfuricans G20, treatment H), more than 90% cells had no 
iron sulfides associated with their membranes (a and b). However, in the presence of Pb (Pb, Minerals, and D. desulfuricans G20, treatment 
E), iron sulfides were found to be associated with the cells (d and e). Apparent precipitates of iron sulfides outside the cells (#1 in a) and 
associated with the cell surfaces (#2 in e) were confirmed by energy-dispersive X-ray spectroscopy (c and f). Copper background signals in 
c and f originate from the Cu grid. 

 

 
Figure 4.  TEM images of D. desulfuricans G20 culture treated with 10 μM Pb (treatment I) in metal toxicity medium without minerals. In 
most of the cells heavy precipitation of biogenic lead sulfide was observed within the periplasm and cytoplasm (a, b, c, and d). HR-TEM 
image confirms the nanocrystalline character of lead sulfide associated within the bacteria (e). Apparent precipitates of lead sulfide (#1 in d) 
within the cytoplasmic space were confirmed by selected area electron diffraction pattern (f) and energy-dispersive X-ray spectroscopy (g). 
The d-spacings values (f) obtained were in a good accordance with the listed galena diffraction data (JCPDS 41-1442). Copper background 
signal in (g) originates from the Cu grid. 
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of lead sulfides. The most likely reason for this was that 
a significantly smaller amount of lead sulfides was pre-
sent as compared to iron sulfides. Goethite was added to 
MTM in a considerably higher amount (7503 μmol/l) as 
compared to Pb (70 μM). Thus, the probability of observ-
ing biogenic iron sulfide would be much higher as com-
pared to lead sulfide in the mixture of two. 
 Figs. 4 a–e show the TEM images of D. desulfuricans 
G20 cells treated with 10 μM Pb in the absence of min-
erals (treatment I). A majority of observed cells had lead 
sulfide precipitates both in the periplasm and cyto-
plasm. SAED and crystallographic analysis of TEM lat-
tice-fringe images showed d- spacings of 3.44, 2.95, 
2.10, 1.78, 1.70 1.49, 1.32, and 1.20 Å, in excellent 
agreement with galena as described by the Joint Com-
mittee for Powder Diffraction Studies (41-1442) (Fig. 4f). 
EDS analyses showed the precipitated electron dense 
materials inside the cells contained Pb and S (Fig. 4g). 
Thus these combinations of techniques confirmed that 
Pb precipitated as galena inside the cell. 

XRD analyses of precipitates 
In treatment B (D. desulfuricans G20-free-control, Fig. 5 
#B), XRD showed higher intensity peaks at 2θ of 17.8, 
21.2, 26.2, 33.2, 36.6, 39.9, 41.2, 50.5, 53.2, 59.0, and 
63.2°, which correspond to reflections from goethite. 
The reflections at 26.6, 45.7, 50.1, 55.5, 59.9, 64.0, and 
68.0° correspond to the reflections from quartz. In 
treatment I (mineral-free control with 10 μM Pb, Fig. 5 
#I) the intensities associated with 2θ reflections of 25.9, 
30.0, 50.9, 53.4, and 62.6° were ascribed to biogenic 
lead sulfide (galena) phases. These results on galena 
were consistent with the results obtained using SAED 
and EDS as shown in Figs. 4f and g, respectively. In 
treatment H (Pb-free control, Fig. 5 #H), major peaks 
belonging to goethite and quartz were observed, but 
peaks corresponding to biogenic iron sulfides were not 
detected. We suspect this is due to the formation of 
amorphous/poorly crystalline nature of iron sulfide 
phases as reported by Herbert et al. [9]. Herbert et al. [9] 
also showed that poorly crystalline iron sulfide phases 
precipitated in a chemically defined SRB growth me-
dium were composed of both ferric and ferrous iron 
coordinated with monosulfide, and with lesser amounts 
of disulfide and polysulfides. The XRD technique is 
principally for characterizing the crystalline materials 
and its use for the compounds with amorphous proper-
ties is limited [8]. However, major 2θ reflections corre-
sponding to 15.3, 18.3, 21.2, 22.6, 24.9, 31.3, 35.8, and  
42.7° in Fig. 5 #H and several other minor reflections 
corresponding to sulfur (and possibly poly-sulfide) 
phases were identified.  Among these sulfur phases, it 

 
Figure 5. X-ray diffraction patterns of various solids analyzed to 
determine the formation of galena, and other goethite derived sulfur 
phases. Treatments B (MTM, Pb, and minerals), E (MTM, Pb, 
Minerals, and D. desulfuricans G20), H (MTM, Minerals, and D. de-
sulfuricans G20), and I (MTM, Pb, and D. desulfuricans G20) are 
described in Table 1. Quartz background signal in treatment I 
originate from the grinding media used in sample preparation for 
XRD. Vertical bar indicates relative counts. g: goethite; q: quartz; 
ga: galena; s: sulfur phases. 

 

was very difficult to identify iron-derived sulfur phases 
(e.g., FeS2 [pyrite] or FeSx [pyrrhotite, mackinawite]). 
Difficulties in identifying iron derived sulfur phases 
have been encountered earlier by Neal et al. [17] while 
studying the dissolution of hematite (α-Fe2O3) by 
D. desulfuricans strains G20 and Essex 6. They used X-ray 
photoelectron spectroscopy (XPS) to observe a variety of 
intermediate S species including S– –, S2

– –, and Sn
– – simi-

lar to that might have formed in the present study. 
Further studies are needed to identify these sulfur spe-
cies using various spectroscopic techniques including 
XPS and Raman spectroscopy. 
 In treatment E (test, Fig. 5 #E), peaks associated with 
iron sulfide phases were not detected either, for the 
same reasons as explained for treatment H (5 #H). 
However, EDS analyses confirmed the presence of Fe 
and S in a 1:1 ratio as shown earlier in Fig. 3f. Al-
though in XRD peaks associated with iron sulfide 
phases were not detected, peaks corresponding to sul-
fur (11.4 and 23.0°) and lead sulfide phases (30.1°) were 
distinctly observed suggesting that sulfate-reducing 
activity resulted in the precipitation of these sulfur and 
lead sulfide phases. In addition, the goethite peaks 
(17.7, 33.1, 34.6, and 36.6o) were also detected (Fig. 5 
#E). 
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Biochemical reactions during D. desulfuricans G20 
growth 
At the end of the experiments, the average molar ratio 
for lactate/sulfate utilization was 1.97 ± 0.07, which is 
in agreement with the theoretical value of 2 shown by 
the reaction [30]: 

2 CH3CHOHCOO− + SO4
− − + H+

 → 2 CH3COO− + 2 CO2  

+ 2 H2O + HS−   (1) 

 Similarly, the average molar ratio for lactate con-
sumption to acetate production was 0.98 ± 0.03, which 
is in agreement with the theoretical value of 1 for reac-
tion 1. Therefore, these results suggest that sulfate 
reduction proceeded according to reaction 1. The detec-
tion of iron sulfide and possibly elemental sulfur sug-
gest that goethite was abiotically reduced by biogenic 
sulfide according to the reaction (2) with subsequent 
precipitation of iron sulfides (reaction 3): 

16 FeOOH(s) + 8 HS− + 40 H+ → 16 Fe+ + + S8(s) + 32 H2O (2) 

Fe++ + HS− → FeS(s) + H+  (3) 

 D. desulfuricans G20 can also enzymatically reduce 
Fe(III) using lactate as an electron donor (reaction 4); 
however, such activity appeared to be limited in this 
study, as indicated by the molar ratio of lactate/sulfate 
very close to 2, suggesting that reaction (1) likely con-
tributed to lactate consumption. 

2 CH3CHOHCOO− + 8 FeOOH(s) + 16 H+
 → 2 CH3COO−  

+ 2 CO2 + 14 H2O + 8 Fe++   (4) 

Toxicity of Pb to D. desulfuricans G20 and the effect 
of minerals 
Previous Pb toxicity studies on D. desulfuricans G20 [22, 
27] showed that growth of D. desulfuricans G20 began 
only when the soluble Pb concentration decreased to 
near the ICP-MS detection limit (0.05 μM). In contrast to 
these previous results, in the presence of goethite and 
quartz, even at 26 μM soluble Pb, D. desulfuricans G20 
grew well after a lag time of 5 d (ANOVA, p = 0.0001) 
(treatment E, Fig. 2). This was surprising since previous 
findings showed that in the absence of minerals, no 
growth was observed at Pb concentrations ≥15 μM even 
in 30 d of incubation [22, 27]. In this study in parallel 
mineral-free controls with 26 μM soluble Pb (treatment 
F, Fig. 2), no growth of D. desulfuricans G20 was observed 
even after 20 days. These results clearly show that at 
the same soluble concentration of Pb (26 μM), the pres-
ence of goethite and quartz in MTM significantly de-
creased the apparent toxicity of Pb to D. desulfuricans 
G20. 

Mechanisms of Pb resistance in D. desulfuricans G20 
and the effect of minerals 
The toxicity of heavy metals to microbes depends upon 
its bioavailability [3]. A metal is considered to be bio-
available when it can be taken up by organisms and is 
subsequently accessible to the physiological processes 
upon which it exerts an effect. Goethite is known to 
strongly adsorb heavy metals, consequently reducing 
toxicant availability to the microorganisms. In addition, 
adhesion of microbes to mineral surfaces is well known 
to play an important role in protection from biocidal 
compounds through numerous mechanisms including 
diffusion limitations and changes in physiology of at-
tached microorganisms [3]. SEM results showed that 
D. desulfuricans G20 cells were surrounded by goethite 
crystals which likely acted as a sorption and diffusion 
barrier significantly decreasing the local bioavailability 
of Pb to D. desulfuricans G20 (Fig. 6). Fig. 6a shows a sin-
gle D. desulfuricans G20 cell surrounded by goethite crys-
tals. Even under shaking conditions, some mineral-
associated D. desulfuricans G20 cells were likely pro-
tected enough to grow and reduce sulfate to sulfide 
which reacted with iron and/or Pb to form black metal 
sulfide precipitates. Fig. 6b, taken only four days after 
inoculation, shows initiation of localized growth as 
indicated by the black metal-sulfide precipitates of iron 
and/or Pb. The formation of a lead sulfide precipitates 
would have further decreased local Pb bioavailability 
allowing the colony to be less inhibited by Pb. It has 
been shown using Live/Dead staining that Pb does not 
rupture D. desulfuricans G20 cell membranes [22, 27], so 
that even at Pb concentrations that utterly inhibit 
growth D. desulfuricans G20 cells may not die. Ulti-
mately, as shown in Fig. 1, with sulfate-reducing activ-
ity, Pb concentrations decreased to levels that allow 
more widespread D. desulfuricans G20 growth and even-
tual precipitation of all measureable soluble Pb. 
 Results showed that the presence of goethite and 
quartz decreased Pb (26 μM PbCl2) toxicity to D. desulfu-
ricans G20 significantly. Using HR-TEM and XRD tech-
niques we showed that (i) in the absence of goethite and 
quartz, D. desulfuricans G20 likely detoxified Pb using 
both uptake (formation of PbS inside the cells) and 
sulfide precipitation mechanisms; however, in the pre-
sence of goethite and quartz, sulfide precipitation me-
chanism was dominant (since no Pb was observed in-
side the cells under these conditions) and (ii) D. de-
sulfuricans G20 treated with goethite, quartz, and PbCl2 
showed the presence of a dense deposit of iron sulfide 
precipitates both in the periplasm and cytoplasm indi-
cating that D. desulfuricans G20 took up Fe inside the 
cell. In SRB, it is believed that the predominant mecha- 



Journal of Basic Microbiology 2010, 50, 160–170 Lead toxicity to G20 in presence of soil minerals 169 

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jbm-journal.com 

a b 

0.5 µm 
 

Figure 6. Scanning electron microscopic images of (a) D. desul-
furicans G20 cells attached to goethite minerals immediately after 
inoculation (b) Black colonies show the growth of D. desulfuricans 
G20 in serum bottle after 4 d of inoculation. 

 
 
nism of metal detoxification is indirect metal precipita-
tion by biogenic H2S [15]. In order to prevent the forma-
tion of metal precipitates, MTM used in our study had 
no specifically added carbonate or phosphate [22]. Such 
a modification in medium component could also alter 
the physiology of D. desulfuricans G20, stimulating up-
take systems that might allow access of toxic metals 
(e.g., Pb) into the cytoplasm. Further fundamental re-
search is needed in both suspended and attached mi-
crobial systems to make significant improvements in 
understanding of interactions of microorganisms to 
metals and minerals. 

Concluding remarks 
Microbial Pb inhibition and detoxification in the pres-
ence of soil minerals are poorly understood, especially 
in SRB, even though these organisms play an important 
role in metal sequestration in subsurface soils and 
groundwater. Our laboratory experiments evaluated 
the effects of Pb inhibition and detoxification to D. de-
sulfuricans G20 in the presence of goethite and quartz. 
Addition of minerals to MTM resulted in an apparent 
decrease in Pb toxicity to D. desulfuricans G20 even at the 
same soluble Pb concentration which utterly inhibited 
growth in the absence of goethite and quartz. TEM 
analyses showed that detection of lead or iron sulfides 
inside the D. desulfuricans G20 cells was dependent on 
the presence of goethite and quartz. While the results 
obtained using MTM, a pure culture of D. desulfuricans 
G20, goethite, and quartz are not directly applicable to 
natural environments where several chemical com-
plexants and other microorganisms are present, the 
results presented here have fundamental relevance to 
(i) SRB found in natural systems that contain Pb and 
soil minerals, (ii) elucidating mechanisms of metal 
resistance in natural systems, and (iii) to efforts to use 
SRB for in situ immobilization of Pb. 
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