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Selenium (Se) respiration in bacteria was revealed for the first time at the end of 1980s. Although
thermodynamically-favorable, energy-dense and documented in phylogenetically-diverse bacteria, this meta
bolic process appears to be accompanied by a number of challenges and numerous unanswered questions. Se
0
2−
lenium oxyanions, SeO2−
4 and SeO3 , are reduced to elemental Se (Se ) through anaerobic respiration, the end
product being solid and displaying a considerable size (up to 500 nm) at the bacterial scale. Compared to other
electron acceptors used in anaerobic respiration (e.g. N, S, Fe, Mn, and As), Se is one of the few elements whose
end product is solid. Furthermore, unlike other known bacterial intracellular accumulations such as volutin
(inorganic polyphosphate), S0, glycogen or magnetite, Se0 has not been shown to play a nutritional or ecological
role for its host. In the context of anaerobic respiration of Se oxyanions, biogenic Se0 appears to be a by-product,
a waste that needs proper handling, and this raises the question of the evolutionary implications of this process.
Why would bacteria use a respiratory substrate that is useful, in the first place, and then highly detrimental?
Interestingly, in certain artificial ecosystems (e.g. upflow bioreactors) Se0 might help bacterial cells to increase
their density and buoyancy and thus avoid biomass wash-out, ensuring survival. This review article provides an
in-depth analysis of selenium respiration (model selenium respiring bacteria, thermodynamics, respiratory en
zymes, and genetic determinants), complemented by an extensive discussion about the evolutionary implications
and the properties of biogenic Se0 using published and original/unpublished results.

1. Introduction
The anaerobic respiration based on selenium (Se) is one of the least
understood biogeochemical processes and among the latest identified
element in the respiratory portfolio of bacteria. While the toxic action of
selenium on bacteria was recognized during the first part of the 20th
century (Se is used in a selective medium for the isolation of typhoid and
paratyphoid bacilli [1]), its capacity to act as a terminal electron
acceptor in anaerobic respiration was experimentally proven much later
[2]. Anaerobic respiration is essentially an electrochemical process
whereby the electrons released from an electron donor (organic or
inorganic) are routed via a circuit to an electron acceptor (organic or
inorganic) [3,4]. This flow of electrons generates cellular energy, the use
of metals/metalloids as electron acceptors being an archaic mechanism
of energy generation. In the case of selenium, its two oxyanions (sele
2−
nate, SeO2−
4 , and selenite, SeO3 ) act as terminal electron acceptors,
receiving electrons mainly from organic compounds but also from H2 or
S0 [5,6].

Frequently, the product of selenium respiration is Se0, elemental
selenium, globular in shape, amorphous, having a considerable size at
the bacterial scale – up to 500 nm. The formation of Se0 by bacteria is
considered a biomineralization process [7,8]. Interestingly, all selenate
and selenite respiratory enzymes were isolated from the periplasmic
space of bacteria (reviewed by [9]), therefore, when Se0 accumulates
intracellularly, it challenges the bacterial homeostasis and its structural
integrity [10,11]. However, in some instances Se0 is biomineralized
extracellularly, probably as a means of protecting the vital molecular
machinery of the cell (protein and nucleic acid synthesis). Another
important aspect, and an open question, is the possibility for biogenic
Se0 nucleation inside the cell [12], followed by the transport to the
extracellular milieu when the particles have a limited size that would
not damage the bacterial plasma membrane and the cell wall. Extra
cellularly, Se0 can increase in size through a process analogous to Ost
wald ripening, thus displaying a time-dependent, polydispersed growth.
In the context of intracellular accumulation of Se0, an important
question arising from this process is related to the biological function of
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these big particles. Another intriguing aspect is the nature of the end
product of selenium respiration. Comparing to the other elements used
in anaerobic respiration by bacteria, selenium stands aside as one of the
few respiratory substrates leading to a solid product [9]. This paper
explores the thermodynamics, enzyme systems, genetic determinants
and the evolutionary implications of selenium respiration in bacteria,
attempting to answer a number of questions, including i) is the location
(intra- vs extracellular) of Se0 characteristic to certain bacterial groups?,
ii) are there any viable possibilities for extracellular Se0 transport?, iii)
can the formation of biogenic Se0 be considered a biomineralization
process having a biological function?, and iv) what are the evolutionary
implications for bacteria that adopted this strategy to generate cellular
energy?

pathway for selenide production leading to synthesis of selenocysteine
and selenomethionine has been reviewed [15]. Selenite is significantly
more toxic than selenate and minimum inhibitory concentrations of
selenite for specific bacteria are in the report by [18]. Bacteria use
several detoxification strategies against selenite, including the forma
tion of Se0 particles using glutathione, thioredoxin and siderophores
[15]. In the third process, the dissimilatory reduction of selenate or
selenite produces energy to support bacterial growth. Bacteria and
archaea with growth supported by selenium respiration are listed in
Table 1. While the number of selenate-respiring bacteria is small as
compared to the abundance of bacteria using nitrate respiration, there
are examples of bacteria with selenium respiration in several different
taxonomic groups.

2. Selenium interactions with bacteria

3. The diversity of selenium respiration

The interactions of selenate and selenite with bacteria have been
reviewed [5,9,13,14] and cell response may be organized into three
distinct processes: (i) assimilation, (ii) detoxification, and (iii) dissimi
latory (respiratory) reduction [9]. Assimilation and detoxification could
be achieved either aerobically or anaerobically, whereas the dissimila
tory reduction occurs under anoxic conditions. Transport of selenate or
selenite into the bacterial cell may be achieved using sulfur oxyanion
transport systems [15] due to the structural similarities of the sulfur and
selenium oxyanions [16]; however, some bacteria have been reported to
have a specific transporter for selenate [17]. Cytoplasmic reduction of
selenate to selenide could be achieved by reduced glutathione and the

Numerous reports describing selenium respiration do not present the
proof for such a process (growth experiments with and without selenate/
selenite electron acceptor). In many cases the anaerobic reduction of
selenium oxyanions to red Se0 occurs via non-respiratory (energy con
servation) pathways such as detoxification. Table 1 lists the Bacteria and
Archaea isolates capable of anaerobic respiration using SeO2−
and
4
SeO2−
3 as terminal electron acceptors. Of Archaea, only two species of
Pyrobaculum have been shown to respire selenium oxyanions using H2 as
e-donor, leading to Se0. Both species use multiple electron acceptors,
while P. aerophilum can also respire oxygen.
In Bacteria, on the other hand, selenium respiration is

Table 1
Taxonomic affiliations of microorganisms growing using selenium respiration.
Taxonomic affiliation
Domain: Archaea
Class: Thermoprotei
P. arsenaticum PZ6
P. aerophilum IM2
Domain: Bacteria
Phylum Proteobacteria
Class: Betaproteobacteria
Thauera selenatis
Class: Gammaproteobacteria
Aeromonas hydrophilla
Pseudomonas stutzeri pn1
Sedimenticola selenatireducens
AK4OH1
Shewanella sp. HN-41
Shewanella oneidensis MR-1
Class: Deltaproteobacteria
Geobacter sulfurreducens PCA
Pelobacter seleniigenes KM
Class: Epsilonproteobacteria
Sulfurospirillum barnesii SES-3
Phylum: Firmicutes
Class: Bacilli
Bacillus arseniciselenatis E1H
B. beveridgei MLTeJB
B. selenatarsenatis SF-1
B. selenitireducens MLS10
Class: Negativicutes
Veillonella atypica
Class: Clostridia
Selenihalanaerobacter shriftii
Phylum: Chrysiogenetes
Class: Chrysiogenetes
Desulfurispirillum indicum S5
Phylum: Deferribacteres
Class: Deferribacteres
Seleniivibrio woodruffii S4
Deferribacter sp. S7*

Terminal electron acceptor(s)

End product of Se oxyanion
respiration

Electron donor(s)

Gram
stain

Reference

0
3−
2−
SeO2−
4 , AsO4 , S , S2O3
3−
ˉ
ˉ
2−
SeO2−
3 , AsO4 , NO3, NO2, S2O3 , O2

Se0
Se0

H2
H2

−
−

[19]
[19]

SeO2−
4

SeO2−
3

Acetate

−

[20]

SeO2−
3
SeO2−
3
SeO2−
3

−
−
−

[21]
[22]
[23]

−
−

[24]
[25]

SeO2−
4
SeO2−
4
SeO2−
4

3+

,
Fe , Co
, O2, NOˉ3, NOˉ2
, NOˉ3, NOˉ2

3+

SeO2−
3
3+
ˉ
SeO2−
3 , NO3, Fe

Se0
Se0

Glycerol
Acetate, pyruvate, lactate
Acetate, lactate, pyruvate, benzoate
hydroxybenzoate
Lactate
Lactate

SeO2−
3
ˉ
3+
0
SeO2−
4 , NO3, Fe , S , AQDS

Se0, Se(-II)
0
SeO2¡
3 , Se

H2, acetate
Acetate, citrate, pyruvate, lactate

−
−

[26]
[27]

3+
0
ˉ
3−
SeO2−
4 , NO3, AsO4 , Fe , S

0
SeO2−
3 , Se

Lactate, pyruvate, fumarate

−

[28]

SeO2−
3
Se0, Se(-II)

Lactate
Lactate, pyruvate, galactose, glucose

+
+

[29]
[30]

SeO32¡, Se0
Se0

Lactate
Lactate, glucose, pyruvate

+
+

[31,32]
[29]

Se0

H2

−

[26]

Glucose, glycerol

−

[33]

SeO2−
4
SeO2−
3
TeO2−
3
SeO42−
SeO2−
3

NOˉ3,

3+
ˉ
, AsO3−
4 , NO3, fumarate, Fe
, NOˉ3, NOˉ2, fumarate, TeO2−
4 ,
, AsO3−
4
, AsO43− , NO3ˉ
ˉ
ˉ
, AsO3−
4 , NO3, NO2

SeO2−
3
SeO2−
4

,

NOˉ3

SeO2¡
3 ,

Se

0

2−
3−
SeO2−
4 , SeO3 , AsO4

0
SeO2¡
3 , Se

Pyruvate, acetate, lactate

−

[34]

3−
SeO2−
4 , AsO4
ˉ
SeO2−
4 , NO3

0
SeO2¡
3 , Se
SeO2−
3

Acetate
Pyruvate, acetate, lactate

−

[35]
[36]

AQDS = anthraquinone-2,6-disulfonate. The main end products of selenium respiration are highlighted. The order of the electron donors and acceptor does not reflect
their preferential usage by the listed bacteria and archaea. Gram stain: - (negative), + (positive).
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phylogenetically diverse, being present mostly at Gram negatives, but
also at a number of Gram positives. The fact that most selenium respirers
are Gram negatives might suggest the importance of having a periplasm
as the cellular compartment where selenium-respiratory enzymes were
identified. Two bacterial phylla, Proteobacteria and Firmicutes, contain
most of selenium respirers reported to date. Thauera selenatis (Betapro
teobacteria) was the first bacterium shown to conserve energy by
oxidizing acetate to CO2 and polyhydroxybutyrate (PHB), concomi
2−
tantly reducing SeO2−
4 to SeO3 . Most bacterial isolates that respire se
lenium oxyanions also use other electron acceptors for this process. A
common alternative electron acceptor is nitrate, while some isolates can
respire arsenate, ferric iron or elemental sulfur. Lactate is the most
frequently reported electron donor, other organic molecules being ace
tate and pyruvate. Sedimenticola selenatireducens stands aside because of
its capacity to use aromatic carboxylic acids as e-donors (e.g. benzoate
and hydroxybenzoate). The fact that most selenium respirers can also
use other substrates for anaerobic respiration emphasizes the scarcity of
selenium in the environment. On the other hand, a bacterium having
versatile metabolism (use of multiple e-donors and e-acceptors) has a
competitive advantage over other bacteria living in the same environ
ment/niche that exploit a limited-range of molecules as e-donors and eacceptors. Interestingly, no selenium respirer can use SO2−
4 , although
selenium and sulfur are closely related chemical elements, and sulfate is
widely available in the environment. Of the sulfur species, some isolates
0
can use thiosulfate, S2O2−
3 , and elemental sulfur, S , as terminal electron
acceptors.
Another interesting observation is that no bacteria has been shown to
possess respiratory enzymes to respire both selenate and selenite. Some
studies report the formation of limited amounts of Se0 when selenate is
respired (e.g. [22,33] and this remains an open question). Like in the
case of Thauera selenatis, it is possible to have a complex metabolism
2−
coupling anaerobic respiration (SeO2−
4 ) with SeO3 detoxification using
various strategies (e.g. glutathione reductase), since the latter oxyanion
is considered more toxic for bacterial homeostasis than selenate. A
particular case is Bacillus beveridgei, progressing with the reduction from
0
SeO2−
3 to Se to selenide, Se(-II) [30]. Other studies have shown the
formation of volatile methylated selenium and selenium‑sulfur species
accompanying the biosynthesis of Se0 [37,38]. The fact that methyl
selenol (CH3SeH) was found only when selenite was used might suggest
the presence of different metabolic pathways for the formation of sele
nides [38].

/
ΔG0’ = − 529.5 kJ mol lactate (C3 H5 O3 ˉ)
Table 2 lists the stoichiometry and the standard free energy (ΔG0’,
measured in kJ/mol) of two electron donors (acetate and lactate) and
various electron acceptors. The negative sign of ΔG0’ means the reaction
is spontaneous, and the higher the value, the more energy can be ob
tained. From a redox perspective, the electron donor is oxidized during
these transformations, whereas the electron acceptor is reduced. For a
full treatment on the calculations and thermodynamics of the microbial
respiratory process, the reader is referred to the seminal work of [40].
2−
It is noteworthy that SeO2−
4 and SeO3 are among the most energydense electron acceptors used in respiratory processes. The only
acceptor having a higher standard free energy is NO3ˉ, but only when the
denitrification is complete, leading to N2. If we were to compare the
0
2−
2−
step-wise reduction of SeO2−
4 to SeO3 or of SeO3 to Se with the
reduction of NO3ˉ to NO2ˉ, the respiration based on selenium oxyanions
provides more energy than the first step of denitrification (343.1 kJ/mol
of lactate and 529.5 kJ/mol of lactate versus 231.3 kJ/mol of lactate,
respectively). The respiration using selenium provides more energy than
other metallic/metalloid electron acceptors, such as As, Fe, Mn, S (SO2−
4 )
or Sb. Interestingly, although SO2−
4 respiration performed by sulfatereducing bacteria (SRB) is ubiquitous in numerous environments and
ecological niches, being phylogenetically-diverse, it is less advantageous
than other acceptors in terms on cellular energy production [45,46].
Also interesting is the difference between As and Se respiration, since
selenium (SeO2−
4 ) provides double the amount of energy comparing to
arsenic (AsO2−
4 ) (343 kJ/mol of lactate vs 172 kJ/mol of lactate). This
has particular implications in certain ecological contexts where
specialized bacteria compete for the two oxyanions (Table 1) [5,47].
The variation of the electron donor in the redox couple (e.g. selenateacetate; selenate-lactate) has implications with regards to the energy
yield of the reactions (556 kJ/mol vs 343.1 kJ/mol). As a consequence,
Table 2
Stoichiometry and standard free energy of reactions related to the metabolism of
acetate (C2H3O2ˉ) and lactate (C3H5O3ˉ) coupled with the microbial respiratory
reduction of metals/metalloids and oxyanions.

4. Thermodynamics and enzymology of selenium respiration
The first bacterium able to respire selenate to selenite, reaction
coupled with the oxidation of acetate to CO2 and partially to PHB, was
isolated from agricultural drainage water in the San Joaquin Valley
(California), being initially classified as a Pseudomonas species [2]. The
isolate was later reclassified as Thauera selenatis, belonging to ß-Pro
teobacteria [20]. What sets T. selenatis apart is its ability to couple the
2−
oxidation of acetate with the dissimilatory reduction of SeO2−
4 to SeO3 ,
with energy conservation (Eq. 1). Interestingly, the fact that selenium
respiration is coupled with the formation of PHB shows the link between
the cycle of this element with other biogeochemical cycles such as that
of carbon.
C2 H3 O2 ˉ + 4SeO4 2− + H+ →4SeO3 2− + 2CO2 + 2H2 O

(1)

/
ΔG0’ = − 556 kJ mol acetate (C2 H3 O2 ˉ)
Selenite respiration was hypothesized, as it is thermodynamically
possible and energy-dense (Eq. 2), but only recently a selenite reductase
was isolated and characterized in Bacillus selenitireducens MLS10, a
haloalkaliphilic Firmicutes isolated from Mono Lake, California [39].
C3 H5 O3 ˉ + SeO3 2− + H+ →C2 H3 O2 ˉ + Se0 + HCO3 ˉ + H2 O

(2)

3

Reactions

Free energy/
reaction (ΔG0’)
(kJ/mol)

Respiratory
product (physical
state)

Reference

8NO3ˉ + 5C2H3O2ˉ + 8H+
→ 4 N2 + 5CO2 + 5HCO3ˉ
+ 9H2O
+
4SeO2−
4 + C2H3O2ˉ + H →
4SeO2−
3 + 2CO2 + 2H2O
‾
+
SeO2−
3 + C3H5O3 + H →
Se0 + C2H3O2ˉ + HCOˉ3 +
2H2O
2MnO2 + 0.5C2H3O2ˉ +
3.5H+ → 2Mn2+ + HCO3ˉ
+ 2H2O
2SeO2−
4 + C3H5O3ˉ →
2SeO2−
3 + C2H3O2ˉ +
HCO3ˉ + H+
4FeOOH + 0.5C2H3O2ˉ +
7.5H+ → 4Fe2+ + HCO3ˉ
+ 6H2O
2NO3ˉ + C3H5O3ˉ → 2NO2ˉ
+ HCO3ˉ + H+
2Sb(OH)6ˉ + C3H5O3ˉ + H+
→ 2Sb(OH)03 + C2H3O2ˉ
+ HCO3ˉ + 4H2O
+
2AsO3−
4 + C3H5O3ˉ + 4H
→ 2H2AsO3ˉ + C2H3O2ˉ
+ CO2 + 3H2O
0.5SO2−
4 + C3H5O3ˉ →
0.5HSˉ + C2H3O2ˉ +
HCO3ˉ
−
SO2−
4 + C2H3O2ˉ → HS +
2HCOˉ3

− 796.8

Gaseous

[41]

− 556

Dissolved

[2]

− 529.5

Solid

[42]

− 385

Dissolved

[40]

− 343.1

Dissolved

[42]

− 242

Dissolved

[40]

− 231.3

Dissolved

[42]

− 199.7

Solid

[43]

− 172

Dissolved

[44]

− 80.2

Gaseous

[45]

− 47.6

Gaseous

[45]
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specialized bacterial species that are able to use the higher-energy donor
will have a competitive advantage over other bacterial species. On the
other hand, a bacterium able to use multiple electron donors will have a
higher metabolic plasticity and will thus outcompete other species
characterized by a narrower substrate utilization.
The fact that selenium oxyanions provide higher amounts of energy
comparing to other electron acceptors comes with a peculiar case, in
that selenium is one of the few electron acceptors employed by microbes
in anaerobic respiration leading to a solid product. All the other electron
acceptors either produce a gaseous or water soluble product (Table 2).
0
Although only SeO2−
3 is directly respired to solid Se , the respiration of
SeO2−
also
contributes
indirectly
to
the
formation
of Se0 (via various
4
SeO2−
3 detoxification pathways) (Fig. 1).

5. Respiratory enzymes
5.1. The Thauera selenatis selenate respiratory systems
Initially it was proposed that T. selenatis used nitrate reductase to
reduce selenate [53] and the reduction of selenite was reported to be by
a nitrite-reducing periplasmic enzyme [54]. However, the report about
SeO2−
4 reduction attributed to a specific enzyme established Thauera
selenatis as the first bacterial isolate shown to possess a selenate respi
ratory reductase [55]. The selenate reductase (Ser) was purified from
T. selenatis [49] and had a molecular weight of 180,000 (Mr) which
contains three subunits: α which is 96 kDa, β which is 30 kDa and γ
which is a 23 kDa polypeptide. The αβγ complex contains molybdenum,
iron, acid labile sulfur and cytochrome b. The enzyme was specific for
selenate and had a KM for selenate of 16 μM. Ser is the product of an
operon that encodes three structural polypeptides (SerABC) and a fourth
gene (serD) which encodes for a chaperone that assembles SerA [56].
The trimetric Ser is located in the periplasm of T. selenatis where SerA (αsubunit) contains the active site and molybdenum cofactor, SerB
(β-subunit) an iron‑sulfur protein and SerC (γ-subunit) a b-type cyto
chrome [57]. A physiological electron donor for SerABC in T. selenatis
was reported to be a membrane localized quinol-cytochrome c oxido
reductase (QCR) structure and from initial experiments it appears that
additional electron donors may be quinone dehydrogenases (QDH).
Selenate respiration in T. selenatis is proposed to involve the ‘Q cycle’
with two quinone molecules bound to the QCR near the periplasmic face
of the membrane. For each quinone oxidized, two protons are trans
located to the periplasmic side of the membrane and two electrons to the
cytoplasmic face of the membrane where a quinone molecule is reduced
[57]. This separation of electrons and protons across the membrane
contribute to the proton motive force which drives ATP synthase. The
end product of selenate reduction in the periplasm is selenite, which is
transported into the cytoplasm via an unknown transporter where it is
reduced by thiol proteins to elemental Se0. The reduction of selenite in
the cytoplasm is a detoxification process because it is not mediated by
electrons from QCR and as a result no energy is produced [14]. Internal
deposition of Se0 results in formation of selenium particles with a
diameter of about 150 nm [10]. It has been reported that attached to the
selenium nanosphere is a protein of about 95 kDa which is proposed to
influence the assembly of selenium nanospheres [58].

4.1. Selenate and selenite reductases
Several selenate respiratory and non-respiratory reductases have
been described to date, while only the selenite respiratory reductase
from Bacillus selenitireducens was characterized (Table 3). In addition,
two non-respiratory selenate reductases were isolated from Escherichia
coli and Enterobacter cloacae. As a general observation, most enzymes, if
not all, contain molybdenum as co-factor and most respiratory re
ductases are located in the periplasm [48]. The purified selenate
reductase from T. selenatis is specific for selenate, while the selenate
respiratory reductase from Sulfospirillum barnesii can utilize other elec
tron acceptors as well (e.g. nitrate, arsenate, ferric iron, fumarate, S0). In
Bacillus selenitireducens, the selenite respiratory reductase is also a multisubstrate enzyme. The Michaelis constant (KM) differs significantly be
tween the two respiratory selenate reductases and the selenite reductase
(12–16 vs 145 μM), showing higher substrate affinity in the case of
selenate enzymes. The product of selenate respiration is selenite (with
traces of Se0 in the case of Sulfospirillum barnesii), whereas Se0 is pro
duced when selenite is reduced in a respiratory manner. The following
paragraphs will briefly describe the respiratory and non-respiratory se
lenium reductases.

Fig. 1. Selenium respiration, reduction and Se0 for
mation in Thauera selenatis (Gram negative) bacteria
(adapted from [9]). Model (a): (1) SeO2−
4 enters the
cell through the cell wall; (A) Reduction of SeO2−
4 to
SeO2−
3 in the periplasm, catalyzed by selenate reduc
0
tase, Ser; (B) Reduction of SeO2−
3 to Se in the peri
plasm, putatively catalyzed by nitrite reductase, NIR;
(C) Extrusion of Se0 to the extracellular environment
(model according to [20]). Model (b): (1) SeO2−
4 en
ters the cell through the cell wall; (A) Reduction of
2−
SeO2−
4 to SeO3 in the periplasm, catalyzed by sele
nate reductase, Ser; (2) SeO2−
3 transport to the cyto
plasm; (3) Reduction of SeO2−
to Se0 mediated by
3
thiols (Glutathione reductase, GSH); (5) Extrusion of
Se0 to the extracellular environment (Model accord
ing to [58]). Not drawn to scale.
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Table 3
Properties and kinetic parameters of bacterial selenate and selenite reductases (modified from [9]).
Bacterial source
Respiratory
Thauera selenatis
Sulfospirillum barnesii
Bacillus selenitireducens
MLS10
Non-respiratory
Escherichia coli K-12
Enterobacter cloacae
SLD1a-1

Substrate

Product

KM
(μM)

Vmax (μmol min−
mg− 1)

SeO2−
4
3+
ˉ
3−
SeO2¡
4 , NO3, AsO4 , Fe ,
fumarate, S0
3−
ˉ
ˉ
SeO2¡
3 , AsO4 , NO3, NO2

SeO2−
3
SeO2−
3 ,
Se0
Se0

16
12

SeO2−
4

SeO2−
3 ,
Se0
SeO2−
3 ,
Se0

SeO2¡
4

1

Molecular mass
(kDa)

Cofactor

Localization

Reference

3.84
28.2

180
n/a

Mo
n/a

[49]
[50]

145

23

247

Mo

Periplasm
Cytoplasmic
membrane
Periplasm

n/a

n/a

115

Mo

Cytoplasm

[51]

2100

0.5

600

Mo

Cytoplasmic
membrane

[52]

[39]

Note: the enzymes are listed in the chronological order of publication. The highlights indicate the electron acceptor used to determine the listed kinetic parameters. Mo,
molybdenum; n/a, not available.

5.2. Selenate reduction with Sulfurospirillum barnesii strain SES-3

site and a [4Fe–4S] cluster, the B subunits have 4[4Fe–4S] clusters and
the C subunit is a membrane protein that interacts with the quinol. The
structural similarity of selenate reductase across these bacterial species
is impressive. Since B. selenatarsenatis strain SF-1 is reported to couple
selenate reduction to bacterial growth [63], it is unknown if there is an
energy yielding step with selenite reduction to Se0 as in the case of
Bacillus selenitireducens MLS10.

Sulfurospirillum barnesii, initially identified as SES-3, was isolated
from a freshwater marsh in western Nevada and grows with lactate as
the electron donor and selenate as the electron acceptor [42]. SES-3 is a
microaerophilic, Gram-negative mesophile that reduces selenate to
selenite and Se0, but was unable to grow with selenite as the electron
acceptor. This organism was designated as Sulfurospirillum barnesii strain
SES-3 and in addition to selenate it was able to reduce arsenate, thio
sulfate, elemental sulfur, trimethylamine oxide, Fe(III), nitrate, fuma
rate and manganese dioxide as terminal electron acceptors [28]. The
enzyme was purified from the membranes of S. barnesii and found to be a
heterotetramer consisting of protein subunits of 82 kDa, 53 kDa, 34 kDa,
and 21 kDa. With reduced methyl viologen as the electron donor, the KM
of this selenate reducing enzyme was determined to be 12 μM for sele
nate [5]. While detailed biochemical and gene analysis of selenatereducing enzyme from S. barnesii has not been published, immobilized
cells of S. barnesii have been reported to effectively remove selenate in a
bioreactor system using model solutions [59].

5.4. The Bacillus selenitireducens MLS10 selenite respiratory system
A small number of bacteria and archaea have the capability of
coupling dissimilatory selenite reduction to growth (Table 1) and the
model organism for selenite respiration is Bacillus selenitireducens
MLS10. The selenite-reducing enzyme from B. selenitireducens MLS10
has been isolated and the molecular structure has been established.
Using reduced methyl viologen as the electron donor, purified selenite
reductase (Srr) had an apparent KM of 145 μM for selenite and it did not
reduce selenate, arsenate or thiosulfate [39]. Selenite reduction in B.
selenitireducens is attributed to an operon consisting of six genes which
are designated as srrA, srrB, srrC, srrD, srrE and srrF [39]. The protein
srrA (80 kDa) is positioned outside the cell membrane, contains the
catalytic subunit and motifs suggesting the presence of a [4Fe–4S]
cluster and a molybdopterin guanidine dinucleotide moiety. SrrB (17
kDa) may be associated with electron transfer to SrrA in that it has
binding sites suggestive of four [4Fe–4S] clusters, SrrC (43 kDa) poly
peptide serves as an anchor into the membrane. SrrD (24 kDa) could
function as a chaperon protein for assembly of the molybdopterin gua
nidine dinucleotide moiety into the active site of the enzyme. The
function of SrrE (38 kDa) and SrrF (45 kDa) remains to be established.
Putative homologs to SrrA were found in genomes of Pyrobaculum aer
ophilum and Desulfurispirillum indicum which are also selenite-respiring
microorganisms. The electron source for the four-electron reduction of
selenite to elemental selenium is not established at this time and it
would appear that electrons from membrane-associated reactions would
be involved. Binding motifs for c-type and b-type cytochromes were not
present in SrrC.

5.3. Bacillus selenatarsenatis strain SF-1 selenate respiratory system
Another bacterium that was examined for a selenate respiration was
Bacillus selenatarsenatis strain SF-1, although the kinetic parameters
were not determined. It was reported that the selenate respiratory sys
tem in B. selenatarsenatis strain SF-1 is encoded on the srdBCA operon
[60], however most of its functional assignment was only based on
sequence analysis. SrdA which has five cysteine residues with four
cysteines binding a [4Fe–4S] cluster while the fifth cysteine binds a
molybdenum cofactor and this would be characteristic of a type I
molybdoenzyme. In contrast, the selenate reductase SerA of Thauera
selenatis uses an aspartate residue as the ligand for molybdenum and is
classified as a type II molybdoenzyme. SrdB contains 4[4Fe–4S] clus
ters and SrdC nine transmembrane loops which secure SrdBCA to the
membrane. The SrdA and SrdB subunits contain twin-arginine trans
location (TAT) signal peptides, while SrdC contains the Sec signal pep
tides and these amino acid motifs support location of these subunits.
Bound to the membrane subunit SrdC are quinols which provide elec
trons for the reduction of selenate. The oxidation of quinol (QH2) to
quinone (Q) releases protons on the outer side of the membrane, while
electrons are directed to the 4[4Fe–4S] clusters in SrdB before going to
the [4Fe–4S] cluster of SrdA. Finally, electrons from the iron‑sulfur
cluster in SrdA are released to the molybdenum cofactor which in
terfaces with selenate to produce selenite. There is considerable simi
larity of SrdBCA to the enzyme complex of TtrRSBCA for tetrathionate
reduction [61] and to PhsABC for thiosulfate reduction [62] in Salmo
nella typhimurium and Salmonella enterica, respectively. In the tetrathi
onate reductase as well as the thiosulfate reductase, there are three
subunits where the A subunits are molybdoproteins that carry the active

6. Non-respiratory enzymes
6.1. Escherichia coli selenate reduction
The selenate reductase of Escherichia coli K-12 is considered to be
attributed to three subunits (YgfF, YgfM and YgfN) which are encoded in
the ygfKLMN operon [51]. The protein mass of these protein subunits
has been reported to be 115 kDa for YgfF, 28.5 kDa for YgfM and 104
kDa for YgfN. The YgfF subunit is proposed to have a NAD binding
domain at the N-terminus and a [4Fe–4S] binding domain at the Cterminus. The YgfM and YgfN polypeptides contain domains for binding
a molybdopterin moiety and FAD, respectively. Since no signal
5
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sequences were detected in the subunits, it was concluded that this
selenate reductase is unique as it is located in the cytoplasm [51].
Through the use of deletion mutants, it has been demonstrated that
selenate reductase activity is dependent on the synthesis of iron‑sulfur
clusters [64] and menaquinone [65]. A difficulty in establishing the
proteins involved in selenate reduction in E. coli is associated with the
use of reduced benzyl viologen as electron donor for selenate. Viologen
dyes interact directly with the active site and produces rates of substrate
reduction that are many times greater than with physiological electron
donors. Furthermore, reduced viologen dye promotes selenate reduction
activity with dimethyl sulfoxide (DMSO) and trimethylamine N-oxide
(TMAO) molybdo-reductases as well as with the three nitrate reductases
in this bacterium [51]. A recent study screened a collection of singlegene knockouts of E. coli K-12 and found a number of genes (nsrR,
yjbB, ynbA, ydaS, and yidH) to be essential for the activities of molyb
doenzymes. In addition, the same study showed that the nitric oxide
sensor NsrR positively regulates the transcription of the Moco (molyb
denum cofactor) biosynthesis gene moeA [66].

reduced during the incubation.
7. The challenge of selenium-based respiration
The use of selenium oxyanions in anaerobic respiration provides high
amounts of cellular energy, however this process is accompanied by
several major challenges for bacteria. The fact that the respiration based
on selenium generates a solid product entails the need to properly
handle it after formation. Biogenic Se0 has been shown to have a
diameter up to 500 nm [77,78], which is extremely big at the bacterial
scale (0.5–5 μm in length; and < 1 μm in diameter) [79]. This means that
once it is formed inside bacteria, it cannot be transported to the extra
cellular environment without damaging the bacterial structural integ
rity. Fig. 1 describes two accepted models of selenium respiration and
Se0 formation in bacteria. The first model, (a), described by [20] for
Thauera selenatis, proposes that the reduction of selenate to Se0 occurs
2−
exclusively in the periplasm, with the reduction of SeO2−
4 to SeO3 in a
respiratory fashion by a selenate reductase, while the next step is
mediated by a nitrite reductase. The model is supported by the isolation
of the SerABC and nitrite reductase enzymes in the periplasmic space,
however the authors did not present electron microscopy images in
support of this model. Its main drawback is the limited size of the
periplasm, around 30 nm [80,81]. This makes the periplasmic space
2−
suitable only for the respiration of SeO2−
4 to SeO3 but not for the
0
nucleation of Se . The second model, (b), described by [58], locates the
first step of the reaction in the periplasm, followed by the import/
diffusion of SeO2−
to cytoplasm, where it is reduced to Se0 via a
3
detoxification reaction (e.g. glutathione reductase). This model is sup
ported by electron microscopy data showing intracellular Se0 accumu
lations [10]. Given the toxic profile of selenite, the active transport of
this oxyanions in the cytoplasm can be ruled out. The transit could
however be mediated by sulfate transporters, like in the case of selenate.
On the other hand, selenite uptake was shown to occur in Geobacter
sulfurreducens via the outer membrane porin ExtI [82]. The transport of a
bulky Se0 particle from cytoplasm to extracellular milieu will have to
bypass two barriers (the plasma membrane and the cell wall), which
makes it unfeasible. In the case of selenite respiration in Bacillus seleni
tireducens MLS10, the respiratory enzyme was also isolated from the
periplasm (Table 3), meaning that the formation of Se0 in this limited
space is unlikely [39]. An interesting possibility would be to expel toxic
2−
SeO2−
3 from the cell once it is produced by the respiration of SeO4 , yet
this pathway has not been documented to date. Furthermore, the
respiration based on SeO2−
3 would inevitably lead to the formation of the
problematic Se0 at the intracellular level.
Fig. 2 presents the intracellular accumulation of Se0 in a mixed mi
crobial community using lactate and selenate in a respiratory manner.
The intracellular particles are bulky and occupy most of the internal area
of the cells, being located in the cytoplasm.
The key to elucidate this puzzle could come from understanding of
the nucleation and growth of biogenic Se0. The nucleation of Se0 might
occur in the periplasm or cytoplasm, followed by the export of the
particles having a small diameter. No experimental results reported to
date could support this hypothesis and no transport system involved in
Se0 mobilization has been documented, the only hint might come from
the analysis of the extracellular Se0 particles. Staicu et al. (2015b) [78]
showed that extracellular Se0 particles have a normal size distribution
(R2 = 0.93), with diameters ranging from 50 to 250 nm (Fig. 3). This
observation may indicate a time-dependent growth of the particles in a
process analogous to Ostwald ripening (small particles are being
consumed as the larger ones grow bigger) [83]. The release of intra
cellular Se0 particles upon cell death and lysis also contributes to the
pool of extracellular particles, however this contribution can be
considered marginal during the mid and late exponential growth of the
bacterial culture. A rigorous study should analyze the size distribution of
the Se0 particles as a function of incubation time, showing a progressive
increase of bigger particles. This study should be complemented by a

6.2. Enterobacter cloacae SLD1a-1 selenate reduction
Enterobacter cloacae SLD1a-1 reduces selenate under aerobic and
anaerobic conditions and was isolated from water in the San Luis Drain
in Califormia [67]. While growth of E. cloacae SLD1a-1 selenate and
selenite results in the extracellular production of red Se0, this aerobic
reduction of selenate has a potential for bioremediation applications.
Some had suggested that selenate and nitrate may be reduced by the
same enzyme [68], but it was demonstrated that reduction of selenate
and nitrate by E. cloacae SLD1a-1 was by separate enzymes [69]. The
inability of selenate reductase to reduce nitrate reflects a preference by
the catalytic site for the selenate anion with a tetrahedral structure while
the nitrate anion has a trigonal planar structure. Selenate reductase from
E. cloacae SLD1a-1 was isolated from the cell membrane and this protein
complex consisted of three subunits (αβγ) with a mass of ~600 kDa [52].
It was proposed that the isolated selenate-reducing complex consisted of
α3β3γ3 with a ~ 100 kDa protein for the catalytic α subunit, a ~ 55 kDa
protein for the β subunit and a ~ 36 kDa protein for the γ subunit. In
addition to molybdate and non-heme iron, the enzyme contained a btype cytochrome. This enzyme had an apparent KM for selenate of about
2 mM and it would also reduce chlorate and bromate but not nitrate
[52].
6.3. Salmonella enterica selenate reductase
Under anaerobic conditions, Salmonella enterica reduces selenate to
Se0 using the proteins encoded by the ynfEFGH-dmsD operon [70]. The
YnfE subunit, the putative catalytic molybdo-protein subunit, is pro
posed to contain a [4Fe–4S] cluster and is oriented towards the peri
plasm. The YnfG subunit is considered to couple YnfE to the YnfH
subunit in the membrane and the membrane subunit is proposed to
function as a quinol oxidase. Function of the YnfF subunit has not yet
been determined. DmsD is a chaperone which contains 204 amino acids
[71] and functions in assembly of selenate reductase [72].
An open question pertains to the nature of the non-respiratory sele
nate reduction. The fact that both selenate reductases from E. coli and
Enterobacter cloacae are located in the cytoplasm might indicate their
involvement in detoxification strategies. However, in the case of Sal
monella enterica the selenate reductase is located in the periplasm, which
might indicate additional functions [70]. Selenate toxicity in bacteria
was suggested [73]. Curiously, while selenite reduction can be per
formed by almost all bacteria, selenate reduction is rarely found in
bacteria [74,75]. A possible explanation might be the lesser toxicolog
ical profile of selenate versus selenite and the possibility of efficient
efflux pumps capable of removing selenate from the cell. Staicu et al.
(2015a) [76] showed that in a bacterial isolate (Pseudomonas moraviensis
stanleyae) displaying very high selenite resistance, the selenate was not
6
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extracellular polymeric substances (EPS). Similar examples have been
documented for S0 [84], iron minerals [85] and barite, BaSO4 [86].
Additionally, the formation of extracellular biogenic particles as a
means of detoxification cannot be ruled out. For instance, lead (Pb)
toxicity is counteracted efficiently by the formation of insoluble and
stable biominerals such as PbS (galena) [87]. Microbial biomineraliza
tion is often divided into biologically-induced mineralization (BIM),
which occurs extracellularly and is triggered by the metabolic activity of
the microorganism, and biologically-controlled mineralization (BCM),
where the microbe actively controls the nucleation site, growth,
morphology, and the final location of the mineral [88].
Another possibility that could explain the formation of extracellular
Se0 particles may be via extracellular respiration [89]. Earlier observa
tions showed the existence of electron transfer between microbes and
sparingly soluble minerals but also soluble ions (e.g. iron and manga
nese (hydr)oxides). Model organisms such as Shewanella oneidensis and
Geobacter sulfurreducens have been shown to possess this type of respi
ration [89,90]. This strategy is beneficial for bacteria because all the
reactions and by-products (waste) are performed and discarded outside
the cell. As a downside, the relay of electrons to the extracellular envi
ronment implies their potential lose. Fig. 4 presents extracellular Se0
particles produced by an unclassified bacterial species present in a
mixed-microbial community (anaerobic granular sludge) by extracel
lular respiration. This mixed community was incubated with selenate as
e-acceptor and lactate as e-donor for 7 days. The micrograph shows
exclusively extracellular and polydispersed Se0 particles attached to the
surface of the bacteria cell. Granular sludges are complex communities
formed in upflow bioreactors and are characterized by a high microbial
and ecological diversity [91].
Biogenic Se0 particles present in the extracellular environment are
coated with an EPS biopolymer layer consisting mainly of proteins and
carbohydrates [78,92,93]. This layer imparts Se0 particles a negative
surface charge contributing to their unusual colloidal stability
[78,94,95]. The colloidal stability of biogenic Se0 is important in
bioremediation application using upflow bioreactors because it facili
tates the improved separation and recovery of the particles from the

Fig. 2. SEM image of intracellular Se0 particles (white granules) produced by a
mixed microbial community using 10 mM of lactate (e-donor) and 10 mM of
selenate (e-acceptor) under anoxic conditions after 7 days of incubation at
30 ◦ C (personal achieve of Dr. Staicu). The scale bar represents 1 μm.

Fig. 3. Size distribution of biogenic Se0 particles produced by a mixedmicrobial community using 10 mM of lactate (e-donor) and 10 mM of sele
nate (e-acceptor) under anoxic conditions after 14 days of incubation at 30 ◦ C
(adapted from [78]).
Fig. 4. TEM image of extracellular biogenic Se0 particles formed by a mixed
microbial community incubated in the presence of 10 mM lactate and 10 mM
selenate under anoxic conditions at 30 ◦ C (personal archive of Dr. Staicu). The
scale bar represents 200 nm.

mass balance analysis of various Se chemical species (Se oxyanions, Se0,
and organic and inorganic selenides). Extracellular Se0 might also be
formed by the reductive action of various organic molecules such as
7
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granular sludge [47]. It is not clear if this layer is acquired from the
extracellular milieu or a part of it consists of intracellular materials
related to the nucleation and internal growth of the particles. Cryogenic
electron tomography analysis performed on a highly tolerant selenium
strain of Pseudomonas moraviensis might suggest the intracellular parti
cles are bare, therefore the biopolymer layer would be acquired at a later
stage [12]. Biogenic Se0 particles are commonly amorphous, yet in some
cases they can undergo an allotropic transition towards more
thermodynamically-stable black and grey semi-metallic forms [7,96].

settling rates, higher hydrophilicity and poorer dewaterability
compared to the control activated sludge. This means that the sludge
granules harboring Se0 will have a longer residence time in the upflow
reactors by avoiding biomass wash-out, an important technical chal
lenge leading to bioreactors underperformance. Fig. 5 presents a model
of two bioreactors, a) the control (without Se) and b) the Se-fed system.
The biomass present in reactor b) has a higher residence time in the
system because of the entrapped Se0 which increases the density and the
buoyancy of the granules. From this perspective, biogenic Se0 might play
an evolutionary role, but this conclusion should be approached with
caution because this type of bioreactors are less than 50 years of age
[104]. Thus, in the most optimistic scenario, this could be an example of
microevolution in an industrial/industrially affected setting and cannot
explain the biological function of Se0 as a density-enhancing bacterial
inclusion outside these man-made systems.
Finally, biogenic Se0 might have a yet unknown biological function
or it can be a case of evolutionary dead-end. The evolutionary failure
would mean that the anaerobic respiration based on Se is beneficial
(high-energy) in the first place, providing the microorganisms with
important amounts of cellular energy, but the process becomes delete
rious afterwards because a intracellular biogenic Se0 particle would be a
great challenge for the cell to handle. It is not clear as yet whether the
presence of bulky intracellular Se0 particles affect the metabolic activity
of the host and the division process. This might explain why this type of
anaerobic respiration is present in a limited number of bacterial and
Archaea species, in spite of the very high amount of cellular energy it
provides.

8. Biogenic Se0: Towards a biological function?
Bacterial inclusions display various biological functions for the mi
croorganisms harboring them. Some of the inclusions, such as glycogen,
volutin (inorganic polyphosphates) and PHB are used as metabolic re
serves for periods of thrift, while the magnetosomes (linear chains of
magnetite, Fe3O4, or greigite, Fe3S4) help magnetotactic bacteria for
orientation in the water column by using the geomagnetic field in search
for microaerophilic environments, thus having an ecological function
[97]. In contrast with these inclusions, Se0 does not have demonstrated
nutritional or ecological functions.
By analogy with S0, which functions as an e-donor for various bac
teria that form extracellular and intracellular globules [98], several
publications investigated the potential of Se0 to also serve this function.
For instance, Bacillus megaterium converted ~1.5% of Se0 to SeO2−
3 in 40
days [99], while Leptothrix MNB-1 and Thiobacillus ASN-1 < 2% in 60
days [100]. The conclusion of this limited number of studies shows very
slow oxidation kinetics (3–4 order of magnitude lower) when compared
with the reduction of high valence state oxyanions of Se to its elemental
form. However, this long amount of time at the biotechnological timeframe might be significant at the longer, geological time scale [101].
Conversely, the reduction of Se0 to Se(-II) was documented to occur in
Bacillus selenitireducens and estuarine sediment slurry via a respiratory
fashion [102]. In the case of the slurry, the majority of the Se(-II) pre
cipitates in the sediments as solid FeSe minerals. This is an important
piece of evidence for a complete cycle of Se in nature, but also for a
possible biological explanation for the occurrence of the selenide species
in some sedimentary rocks [102]. A major criticism related to the
possible utilization of Se0 as a source or as a sink of electrons is that all
studies used exogenous elemental selenium and not particles formed
intracellularly. None of the above listed studies showed the internali
zation of Se0 in bacterial cells and its consumption following this uptake.
An interesting observation came when an upflow reactor containing
activated sludge was fed with SeO2−
3 under anoxic conditions and the
physicochemical properties of the inocula were compared afterwards
[103]. The entrapment of the Se0 particles in the sludge led to faster

9. Concluding remarks
The microbial anaerobic respiration using selenium oxyanions as
electron acceptors is an energy-dense process; however it is accompa
nied by a number of challenges for bacteria since the product of this
process, biogenic Se0 has considerable size and can accumulate intra
cellularly. The article attempted to answer several questions as follows:
i) Is the location (intra- vs extracellular) of Se0 characteristic to certain
bacterial groups?
Biogenic Se0 nucleates and grows both intracellularly, as well as
extracellularly. In the case of the bacterial species/strains able to
perform extracellular respiration, the formation of Se0 outside the cell
might be possible, although it has not been documented as yet for pure
bacterial cultures. The current literature set is insufficient to draw a
clear conclusion on this topic.

0
Fig. 5. Upflow bioreactors fed with and without SeO2−
3 showing the potential buoyancy function of biogenic Se (model based on [103]). Not drawn to scale.
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ii) Are there any viable possibilities for extracellular Se0 transport?
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Given the large size of biogenic Se0 (up to 500 nm), the possibility of
a transport mechanism from the interior to the exterior of the bacterial
cell seems unlikely. The export of smaller Se0 particles (<100 nm) seems
also unfeasible, therefore, once formed intracellularly, the Se0 will be
trapped inside the cell.
iii) Can the formation of biogenic Se0 be considered a biominerali
zation process having a biological function?
The formation of Se0 in bacteria is a biomineralization process since
the product is an amorphous material sometimes evolving to a semimetallic
allotrope
by
allotropic
transition
to
a
more
thermodynamically-stable state. The existence of a biological function
imparted by Se0 remains controversial, because it does not provide
bacteria with any known nutritional, defense or ecological advantage. In
bioreactor/artificial systems, biogenic Se0 might offer a competitive
advantage to the microbial consortia organized in granules as they can
avoid wash-out from the bioreactor, thus ensuring survival for a longer
period of time.
iv) What are the evolutionary implications for bacteria that adopted
this strategy to generate cellular energy?
Bacteria able to perform respiration using selenium are challenged to
properly handle its biomineralization product resulted from this process.
This implies a selective pressure on bacteria developing this type of
respiratory process that could explain the limited number of species
identified to date as selenium respirers. However, in certain natural
(extremophile environments such as Mono Lake, California) or anthro
pogenic (polluted sites, industrial effluents laden with Se), bacteria can
utilize this strategy of cellular energy generation to counteract the
organic carbon deprivation or the lack of other suitable electron
acceptors.
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