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ABSTRACT 

As determined by transmission electron microscopy (TEM), the reduction of selenate and selenite by Desulfovibrio de- 
sulfuricans, a sulfate-reducing bacterium, produces spherical (Se, S) sub-micro particles outside the cell. The particles 
are crystalline or amorphous, depending on medium composition. Amorphous-like Se-rich spherical particles may also 
occur inside the bacterial cells. The bacteria are more active in the reduction of selenite than selenate. The Desulfovibrio 
desulfuricans bacterium is able to extract S in the (S, Se) solid solution particles and transform S-rich particles into 
Se-rich and Se crystals. Photoautotrophs, such as Chromatium spp., are able to oxidize sulfide (S2−). When the bacteria 
grow in sulfide- and selenide-bearing environments, they produce amorphous-like (S, Se) globules inside the cells. 
TEM results show that compositional zonation in the (S, Se) globules occur in Chromatium spp. collected from a top 
sediment layer of a Se-contaminated pond. S2− may be from the products of sulfate-reducing bacteria. Both the sul-
fate-reducing bacteria and photosynthetic Chromatium metabolize S preferentially over Se. It is proposed that the S-rich 
zones are formed during photosynthesis (day) period, and the Se-rich zones are formed during respiration active (night) 
period. The results indicate that both Desulfovibrio desulfuricans and Chromatium spp. are able to immobilize the oxi-
dized selenium (selenate and/or selenite) in the forms of elemental selenium and (Se, S) solid solutions. The bacteria 
reduce S in the (Se, S) particles and further enrich Se in the crystalline particles. The reduced S combines with Fe2+ to 
form amorphous FeS. 
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1. Introduction 

Selenium (79Se) is a fission product of nuclear fuel with a 
half-life time of 65,000 years. Oxidative alteration of spent 
nuclear fuel will result in the formation of selenate 
( 4Se ) and selenite ( 3Se ) oxy-anions together with 
uranyl oxy-cation in solution. The selenium oxyanions in 
natural environment are highly toxic to living systems if 
the concentration of the oxy-anion is high [1]. Sorption 
of the anions on clays and other minerals are extremely 
low. Because they are chemically and radiologically toxic, 
it is important to immobilize the aqueous selenium oxy- 
anoins and uranyl species. 

2O  2O 

2UO 

Sulfate-reducing bacteria are able to reduce sulfate and 
other oxidized oxy-anions such as selenate, selenite, and 
uranyl oxy-cation ( 2 ) [2-5]. It is proposed that the 
reduction mechanism is a dissimilatory reduction [6]. In 

general, the reduction potentials of redox pairs (at pH 7)  
utilized by bacteria are within the range of −0.7 eV to 
+1.36 eV. Most reports about selenate or selenite reduc-
tion by bacteria only focus on solution changes, and do 
not on elemental selenium as the reaction product [2,5]. 
The elemental Se produced by Desulfovibrio desulfuri-
cans was reported by Tomei et al. [4], and their results 
indicate that reduction of selenate and selenite can occur 
under conditions where metabolism has no influence on 
electron acceptor activity by the culture [4]. The results 
also show no evidence of H2Se production by Desulfovi-
brio desulfuricans in the presence of selenate or selenite 
[4]. In this paper, we investigate conditions responsible 
for reduction of selenate and selenite outside the bacterial 
cells. 

Anaerobic photoautotrophic Chromatium spp. is able 
to oxidize sulfide (S2−) using light. Bacteria grown in 
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sulfide-bearing system can produce amorphous-like S 
globules inside the cell [7-9]. If the system or medium 
contains selenide (Se2−), the amorphous globules will be 
Se-bearing (S, Se) solid solution [9]. Although Chroma-
tium spp. grows in relatively reduce environment, it can 
oxidize reduced sulfur (S2−) produced by sulfate-reducing 
bacteria and forms elemental S inside the cell. 

2. Culture, Sample Preparation, and TEM 
Experiment 

Sulfate-reducing bacteria used in the experiments were 
Desulfovibrio desulfuricans DSM 642 which were grown 
in the following medium as described earlier [5]: To 
1000 ml distilled water would be added; Na lactate, 4 ml 
of a 65% solution; NH4Cl, 2.0 g; Na2SO4, 4.0 g;  
MgSO4·H2O, 2.0 g; K2HPO4·7H2O, 0.5 g; yeast extract, 
1.0g; FeSO4, 20 mg. The pH was adjusted to 7.4 with 
20% KOH. 

Selenium was added from a 0.1 molar solution of 
Na2SeO4 and a 0.1 molar solution of Na2SeO3 to give 
concentrations of 1 and 100 milimolar (mM) selenate and 
selenite, respectively. All the cultures were incubated at 
temperature of 35˚C. Introduction of sulfide was by the 
addition of a bacterial culture growing in the absence of 
selenium and producing about 5 micromoles of hydrogen 
sulfide per ml solution as determined by a sulfide elec-
trode. The specimens for transmission electron micros-
copy study were prepared by depositing a drop of culture 
that contained both bacteria and reduced selenium on 
holey carbon-coated TEM Cu grids. 

Samples contained photoautotrophic Chromatium spp. 
were collected from a top sediment layer of a pond con-
taminated by Se and sulfate. A sub-sample was incubated  

in selenate-bearing solution. Solution from the sediment 
layer containing bacteria was deposited on holey carbon- 
coated TEM Cu grids and air dried. All transmission 
electron microscopy (TEM) and X-ray energy dispersive 
spectroscopy (EDS) analyses were carried out with a 
JEOL 2010 HRTEM and Oxford Link ISIS EDS system. 
A Li-drifted Si detector with ultrathin window was used 
for collecting EDS spectra. Point-to-point resolution of the 
HRTEM is 0.19 nm, and accelerating voltage is 200 keV. 

3. Results and Discussions 

3.1. Sulfate-Reducing Bacteria 

The sterile culture medium was transparent, but yellow 
precipitates were observed in tubes containing 100 mM 
selenite or 100 mM selenate two days after incubation 
with D. desulfuricans. On the other hand, tubes contain-
ing 1 mM selenite and 1 mM selenate formed black pre-
cipitates two days after incubation with the bacteria. 
TEM results show that these black precipitates are amor-
phous FeS and elemental (Se, S) particles (Figure 1(a)). 
The composition of the (Se, S) particles is listed in Table 
1. The yellow precipitates from 100 mM selenite test 
tube are amorphous (Se, S) particles (Figure 2(a)). Se-
lected area electron diffraction (SAED) pattern from sin-
gle particle shows very diffuse rings which indicate amor-
phous characteristics. Distribution of Se and S within the 
amorphous particle is relatively homogeneous. It is ob-
served that selenite can alter the shape of the cell, which 
results in elongated morphology of the bacteria cell [4]. 
The yellow precipitates from 100 mM selenate test tube 
are crystalline (Se, S) particles (Figure 2(b)). Selected 
area electron diffraction (SAED) pattern from single par-
ticles produces sharp diffraction spots (Figure 2(b)). The  

 

      
(a)                                                (b) 

Figure 1. (a) TEM image showing a (Se, S) particle and dominant amorphous FeS from the medium containing 1 mM sele-
nate after incubation with Desulfovibrio desulfuricans for 2 days; (b) TEM image showing more Se-rich (Se, S) particle and 
amorphous FeS precipitates from the medium containing 100 mM selenite after incubation with Desulfovibrio desulfuricans 
for five days. 
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(a)                                           (b) 

 
(c) 

Figure 2. TEM images showing amorphous Se-rich particles in a medium containing 100 mM selenite after incubation with 
Desulfovibrio desulfuricans for 2 days (a) and crystalline Se-rich particles from a medium containing 100 mM selenate after 
incubation with Desulfovibrio desulfuricans for 2 days (b). High-resolution TEM image of a crystalline particle showing lat-
tice fringes (c). Inserted SAED patterns show amorphous character of the (Se, S) particles from selenite medium and crystal-
line character of the (Se, S) particles from selenate medium. The crystalline particle is very similar to elemental Se with 
monoclinic symmetry. 

 
Table 1. Composition of (Se, S) particles. 

Medium condition (Se, S) composition 

1 mM selenate Se0.68S0.32 

100 mM selenite Se0.81S0.19 

100 mM selenite Se0.84S0.16 

100 mM selenite Se0.84S0.16 

100 mM selenite Se0.83S0.17 

100 mM selenite Se0.84S0.16 

100 mM selenite Se0.86S0.14 

100 mM selenite Se0.81S0.19 

100 mM selenate Se0.75S0.25 

100 mM selenate Se0.74S0.26 

100 mM selenate Se0.73S0.27 

100 mM selenate Se0.73S0.27 

100 mM selenate Se0.74S0.26 

100 mM selenate Se0.71S0.29 

100 mM selenate Se0.73S0.27 

100 mM selenite (5 days) Se0.90S0.10 

particles may be single crystal, may be polycrystals. High- 
resolution TEM images of the crystalline (Se, S) particles 
indicate lattice fringes (Figure 2(c)). Distribution of Se 
and S within the crystalline particle is homogeneous. Se 
content in the crystalline particles is less than that in the 
amorphous (Se, S) particles (Table 1). The possible over-
all reactions occur in the selenite and selenate solutions 
are: 

2 2 4 2 2 2organic
2 CH O H SO 2CO H S H O   

2 0 0
4 2 2SeO +3H S+8H 3S +Se +4H O  

2 0 0
3 2 2SeO +2H S+6H 2S +S +3H O  

   (1) 

      (2) 

      (3) 

2 0
2 4 2 23 CH O +2SeO 3CO +2Se +3H O      (4) 

2 0
2 3 2 2CH O +SeO CO Se +H O         (5) 

In above reactions, 2  represents organic. Ele-
mental Se and S actually form solid solution, instead of 
separated phases. Reaction (1) generates H2S by the sul-
fate-reducing bacteria D. desulfuricans. If elemental Se is  

CH O
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in the form of (Se, S) solid solution results which in-
volves reactions (2) and (3) only, the (Se, S) particles 
will be rich in S. If the elemental selenium results from 
reactions (4) and (5), the product will be almost pure Se. 
However the observed results show the atomic ratio be-
tween Se and S (Se/S) are about 4:1 in amorphous parti-
cles and 3:1 in crystalline particles (Table 1). It is pro-
posed that reactions (2) and (4) occur in the selenate- 
bearing environment, and reactions (3) and (5) occur in 
the selenite-bearing environment. However, selenium par-
ticles inside the bacteria cell are amorphous [4]. It is 
proposed that the selenium particles inside the cell are 
inside plasma membrane. The electron carriers of cyto-
chromes of the bacteria take an important role in the 
oxidation of organic molecule (electron donor) and re-
duction of selenite or selenate (electron acceptors). The 
cytochromes enhance the redox reaction both inside and 
outside the bacterial cells. 

Amorphous Se inside the bacteria cell may be pro-
duced in the presence of excess glutathionie (GSH). The 
selenite reduction inside the cell may follow a series of 
abiotic reactions proposed by Ganther [10,11]: 

3 3GSH H SeO GSS  2 2eO H H O

2 2

O  

SSeSG H O
‖

SG GSOH
GSH reductase

0H Se

     (6) 

                                  

GSH GSSeO H G 
     (7) 

            O  

GSH GSSeSG GSSe 
‖



    (8) 

NADPH H GSSeSG

GSSeH GSH NADPH

 

 
spontaneousGSSeH GS

   (9) 

      (10) 

The reduction of selenite by a strain of Pseudomonas 
has been proposed to proceed according to mechanism 
indicated in reactions (6) - (10) [12]. 

When the media containing 100 mM selenite was in-
oculated with D. desulfuricans and incubated for five 
days, black precipitates due primary to amorphous FeS 
formed, and the yellow precipitates become orange col-
ored. TEM results indicate (Se, S) particles and amor-
phous FeS precipitates (Figure 1(b)). The (Se, S) parti-
cles become crystalline and more Se-rich (Table 1). It is 
proposed that the bacteria reduce S in the (Se, S) parti-
cles, which combines with Fe2+ to form amorphous FeS. 
The reaction may be expressed as: 

 m 2amph

2

m CH O +2 Se S +H O 

+m CO +H 



2Fe HS FeS H .    

 
2 1 m

0
cryst2m HS +2 1 m Se




     (11) 

and 

        (12) 

The Desulfovibrio desulfuricans bacterium is able to 
enrich Se in the (Se, S) solid solution particles. The 
process also results in the transformation from amor-
phous (Se, S) particles to polycrystalline Se particles. We 
can approximately illustrate the relationship between the 
color of the particles and Se content in the particles as: 

   
Light yellow RedYellow Orange

S S, Se Se, S Se    

It is proposed that the reduction of selenate and se-
lenite is associated with cytochrome in the cell through 
metabolism of the cell. The function of cytochrome in 
the outer membrane would be to participate in detoxifi-
cation and in this case would be reduction of selenate 
through transferring electrons from the organic mole-
cules to selenate ions (Figure 3). Possible overall reac-
tions occur in the selenate reduction is: 

Cells of . 2
2 4

3 (S) 2

2 CH O +SeO

2HCO +Se 2H O

D desulfuricans






    (13) 

In above reactions, 2  represents organic acids 
such as lactic acid or pyruvic acid that may serve as elec-
tron donors. Sulfate-reducing bacteria have several dif-
ferent molecular forms of c-type cytochromes. D. desul-
furicans has a tetraheme (c3) c-type cytochrome in the 
periplasmic space between the outer membrane and 
plasma membrane [13]. D. desulfuricans has two addi-
tional soluble c-type cytochromes that are either hexa-
heme or dodecaneheme proteins. Cytochromes have been 
reported in the outer membrane of D. vulgaris [14] and it 
would be consisted to assume that cytochromes are pre-
sent in the outer membrane of D. desulfuricans. Hydro-
genase is found in the periplasmic space of sulfate-re- 
ducers [13]. 

CH O

 

Plasma Membrane

Outer Membrane

SeO4
2-

Se

e- flow
(Cell Metabolism)

or, SeO3
2-

 

Figure 3. A model depicting for the reduction of selenate 
and selenite. 
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3.2. Sulfide-Oxidizing Bacteria selenite or selenate by bacteria-produced H2S. However, 
the composition of the S-rich globules inside the cells is 
controlled by the alive bacteria. The bacteria prefer S, 
instead of Se. The selenium in the S-rich globules results 
from diffusion of H2Se through membrane. It is proposed 
that the layer containing less Se formed during photo-
synthetic active (such as day) period, and the layer con-
taining more Se formed during respiration active (such as 
night) period. The zonation textures of the globules are 
illustrated in Figure 4. The possible reactions for the 
formation of the S-rich globules are: 

TEM images of the environmental Chromatium spp. sam-
ples show S-rich globules inside the bacteria cell. The 
globules are amorphous and dominated by S with small 
amount of Se. EDS results from the globules show that 
the globules are composed of S-rich and more S-rich 
layers (Table 2). The overall composition of the intra-
cellular globules is S-rich (Table 2, Figure 4(c)). There 
are also some much smaller Se-rich particles on the sur-
face of the bacteria (Figure 4(a)). These particles are crys-
talline selenium with small amount of S (Figure 4(b)). It 
is proposed that the composition of these particles is con-
trolled by the composition of solution, that is the equilib-
rium reaction of: 

Copyright © 2013 SciRes.                                                                                  

solidSe +HS0           (14) 

Such kind of Se particles may result from reduction of  

light 2
2 2 organic

CO 2HS 2S CH O O    0    (15) 

and the diffusion through membrane of reaction (14): 
HS− is produced by any sulfate-reducing bacteria. The 

S-rich globules are at the position between outer mem-
brane and plasma membrane (Figure 5). 

 

 
(a) 

   
(b)                                           (c) 

Figure 4. TEM image showing two Chromatium spp. bacterial cells with S-rich globules inside the cells (a). There are two 
small Se-rich particles (A and B of (a)) on a bacterial cell. EDS spectra from a Se-rich particle (b) on the surface of the cell 
and a S-rich globule (c) inside the cell. Cu peaks result from Cu grid holding the specimen. 
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Outer Membrane

Plasma Membrane

S-rich

Se-rich

 
Figure 5. A diagram showing the S-rich globules between 
outer membrane and plasma membrane (upper). The Se- 
bearing globules have zonation structure that is composed 
of S-rich layer and relatively S-poor layer. 

 
Table 2. Composition of (S, Se) globules. 

Globule 1 (small) 

Whole globule S0.82Se0.18 

Center S0.71Se0.29 

 S0.79Se0.21 

 S0.79Se0.21 

Edge S0.80Se0.20 

Globule 2 (large) 

Center S0.86Se0.16 

 S0.83Se0.17 

 S0.75Se0.25 

 S0.72Se0.28 

 S0.81Se0.19 

Edge S0.86Se0.14 

Particles on the cell surface 

Particle A S0.02Se0.98 

Particle B S0.03Se0.97 

4. Conclusion 

Transmission electron microscopy revealed that the sul-
fate-reducing bacteria of the species Desulfovibrio desul-
furicans growing in selenite- or selenate-bearing media 
can produce yellow spherical (Se, S) sub-micro particles 

precipitated outside the cells. It is assumed that low po-
tential electron carriers, such as cytochromes from the 
bacteria mediate the redox reaction. Amorphous-like Se- 
rich spherical particles may also occur inside the bacteria 
cell. The bacteria can also reduce S in the (Se, S) solid 
solution particles and make the particles more Se-rich. 
This enrichment process will also include a phase trans-
formation from amorphous (Se, S) to polycrystalline Se. 
The further reduced S combines with Fe and forms pre-
cipitates of amorphous FeS. Photoautotrophic Chroma-
tium spp. is able to oxidize sulfide (S2−) by using light. 
The bacteria grown in sulfide- and selenide-bearing sys-
tem show amorphous-like (S, Se) globules inside the 
cells. Compositional zonation in the (S, Se) globules oc-
cur in Chromatium spp. It is proposed that the layer con-
taining less Se is formed during active photosynthesis, 
while the layer containing more Se is formed during 
night when respiration occurs. It is proposed that both 
Desulfovibrio desulfuricans and Chromatium bacteria are 
able to immobilize and collect selenium from selenate 
and/or selenite and selinide respectively in the forms of 
elemental selenium and (Se, S) solid solutions. 
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