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Cultures of a purple nonsulfur bacterium, Rhodobacter sphaeroides, amended with ~1 or ~100 ppm selenate
or selenite, were grown phototrophically to stationary phase. Analyses of culture headspace, separated cells,
and filtered culture supernatant were carried out using gas chromatography, X-ray absorption spectroscopy,
and inductively coupled plasma spectroscopy-mass spectrometry, respectively. While selenium-amended cul-
tures showed much higher amounts of SeO;>~ bioconversion than did analogous selenate experiments (94%
uptake for SeO;>~ as compared to 9.6% for SeO,> -amended cultures from 100-ppm solutions), the chemical
forms of selenium in the microbial cells were not very different except at exposure to high concentrations of
selenite. Volatilization accounted for only a very small portion of the accumulated selenium; most was present

in organic forms and the red elemental form.

The roles of selenium in the biosphere, both beneficial and
deleterious, are gradually being determined (2, 5, 7, 15), and
it is becoming apparent that bacteria play a major role in
the global selenium cycle. Selenate (SeO,>”) and selenite
(SeO5%7) seem to be the most abundant forms of bioavailable
selenium in the environment, and both can serve as electron
acceptors for many microorganisms, including some phototro-
phic bacteria. These organisms are widespread and exhibit
enormous metabolic and ecological diversity, and some are
known to be able to use selenium oxyanions in their anaerobic
metabolism (12, 13, 14, 24). Rhodobacter sphaeroides is a pur-
ple nonsulfur bacterium that often serves as a model species
for the group. It can tolerate high concentrations of selenite
and selenate (13, 14) and can reduce and/or methylate these
compounds (24).

Recent work with phototrophic bacteria has shown that
some can grow in the presence of 0.1, 1.0, even 10 mM selenate
or selenite. Though growth rates were somewhat decreased,
five phototrophic species grown on Sistrom minimal medium
were shown to exhibit overall stationary-phase biomass pro-
duction similar to that of controls. Methylated organosulfur,
organoselenium, and dimethyl selenenyl sulfide have been de-
tected in anaerobic culture headspace, and elemental Se was
produced in some cultures (13, 21, 23). This reduction to the
elemental form may be an important process in the biosphere,
since soils from an evaporation pond in the Kesterson Reser-
voir show that, nearest the surface, Se” is the most prominent
selenium species (16).

Although it is relatively clear that phototrophic bacteria can
grow in the presence of selenium oxyanions and that small
amounts are reduced and/or methylated, little is known of the
extent and path of this process. Here we report the results of
quantifying and speciating selenium in the culture medium, the
bacteria, and the gaseous headspace above the culture after R.
sphaeroides was grown phototrophically in the presence of dif-
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ferent concentrations of selenite and selenate to stationary
phase. Cell supernatants were analyzed for total selenium us-
ing inductively coupled plasma spectroscopy-mass spectrome-
try, volatile selenium species in the headspace were analyzed
by gas chromatography (GC) (23, 24), and cells were analyzed
for inorganic and organoselenium species via selenium X-ray
absorption spectroscopy (16, 17).

MATERIALS AND METHODS

Dimethyl selenone was synthesized as reported elsewhere (25, 26). Dimethyl
selenide and dimethyl diselenide, used as chromatographic standards, were pur-
chased from Strem Chemical and used as received. Other model compounds
were purchased from Aldrich or Sigma or synthesized as discussed by Pickering
et al. (17). All culture medium components were purchased and used as received.

R. sphaeroides 2.4.1. (DSM 158) was cultured in a manner reported elsewhere
(24). Briefly, test tube cultures grown on minimal medium at 30°C with succinate
as the carbon source (20) were amended with either sodium selenite or sodium
selenate. Samples for headspace analysis were grown in 16-ml tubes with Teflon
septa. These tubes had 10 ml of liquid medium added, leaving 6 ml of headspace
gas. Duplicates of each Se-amended concentration (<1 or ~100 ppm Se) were
grown under incandescent light (10 W/m?) to stationary phase, and the cells were
washed and harvested via microfiltration or centrifugation. After being concen-
trated into pellets, cell samples were stored at 4°C or below for less than a week
until analysis by X-ray absorption spectroscopy. Supernatants were treated iden-
tically until analyzed by inductively coupled plasma spectroscopy-mass spectrom-
etry (ICP/MS). All cultures were grown for 14 days before being sampled.

Supernatants from bacterial cultures and controls were filtered through 0.2-
pm-pore-size sterile filters and were analyzed by inductively coupled plasma
using U.S. Environmental Protection Agency standard method 3120 B on a
Perkin-Elmer Elan 6000 ICP/MS.

Samples from bacterial culture headspace were analyzed as described else-
where (23). Briefly, after cells had reached stationary phase, 1 ml of headspace
gas was removed by gas syringe and analyzed immediately by capillary GC with
fluorine-induced chemiluminescence detection. Organosulfur and organosele-
nium headspace components were identified by retention time and by GC-MS.
Gas phase headspace concentrations (reported in parts per billion by volume
[ppbv]) were determined from calibration curves prepared by injecting known
amounts of chromatographic standards into acetonitrile solvent. Since a com-
mercial standard is not available, dimethyl selenenyl sulfide concentrations were
extrapolated based on dimethyl disulfide and dimethyl diselenide instrumental
responses as reported elsewhere (23).

Selenium K X-ray absorption near-edge spectra were measured on beamline
7-3 of the Stanford Synchrotron Radiation Laboratory with a Si(220) double
crystal monochromator, a 1-mm vertical aperture, and no focusing optics. Inci-
dent intensity was measured using a nitrogen-filled ion chamber, and absorption
spectra were recorded in fluorescence using a Canberra 13-element germanium
detector (4). Spectra were calibrated with respect to the first energy inflection of
a simultaneously collected spectrum of hexagonal selenium, the energy of which
was assumed to be 12,658 eV.

Edge fitting was carried out as previously described (8, 16, 22). Briefly, a
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TABLE 1. Total selenium in supernatants from sterile controls and
cultures of R. sphaeroides amended with selenite and selenate”

Selenium content (ppm)

Treatment in or after: % Uptake (SE)
sterile control bacterial growth
Low SeO32_ 0.86 0.32 62.9 (1.2)
High SeO327 104 5.88 94.3 (0.8)
Low SeO42_ 0.80 0.72 10.6 (1.9)
High SeO427 114 103 9.6 (0.5)

¢ Data are the average of triplicates.

spectrum of a mixture of selenium species can be considered to be the sum of the
spectra of the individual selenium components, weighted by their mole fraction
of selenium. Curve fitting of the edge spectrum of an unknown to a sum of model
compounds can therefore be used to deduce the fractions of species present. In
this work a large number of spectra were tested (all in aqueous solution unless
noted): red elemental selenium (solid), dimethyl diselenide (solution in aceto-
nitrile), the mixed selenium-sulfur analog of cystine, selenocystine, dimethyl se-
lenide, selenomethionine, selenocysteine, dimethyl selenone, selenite, and selenate.
Each spectrum was fit to convergence, and then the estimated standard deviation
for the fraction of each component was examined. If the estimated standard
deviation was greater than 33% of the value, then that component was excluded
from subsequent fits. The final fits therefore involved a much smaller number of
parameters.

RESULTS

R. sphaeroides grows to stationary phase under our condi-
tions in about 7 to 10 days on Sistrom medium. Cultures were
maintained for 14 days in the light and at 30°C before they
were sampled for headspace or the cells were harvested and
supernatant was collected. Selenium oxyanion concentrations
of slightly less than 1 ppm and slightly above 100 ppm were
chosen as “representing” realistic low and high environmental
concentrations. Kesterson soil content of selenium oxyanions
can be as high as 5 to 50 ppm (11, 16). The total Se content in
supernatants from selenite- or selenate-amended sterile media
and bacterial cultures, determined by ICP/MS, are listed in
Table 1. Values reported are an average of triplicates reported
along with standard errors. The percent uptake by bacterial
cells was computed as the percent difference between what was
found in sterile controls and in bacterial cultures. Immediately
obvious are the high conversion of Se in the high-selenite-
concentration case and the very low conversion in that of the
low-selenate-concentration samples.

Table 2 reports the average gas phase concentrations of the
organosulfur and organoselenium components detected in cul-
ture headspace. This method’s detection limit is about 15 ppbv
for the volatile compounds reported. The average percentage
of the added Se volatilized is also included in Table 2. A is
shown as a simple measure of culture growth, and it can be
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noted that emission of volatile metabolites or percent Se con-
version does not necessarily correlate with high 4, values.

Sterile controls yielded no organosulfur or organoselenium,
and Se-free bacterial cultures produced only volatile organo-
sulfur (Table 2), mirroring previous work with this microbial
strain (21, 23). The relative amounts of added Se that were
converted to the volatile forms reported in Table 2 take into
account the amount of the organoselenium compounds de-
tected in the gas phase and an adjustment based on Henry’s
law (10, 24) to estimate the amount of the volatile species that
remains in solution at a specific temperature. For dimethyl
selenide and dimethyl diselenide, the ratio of organoselenide
dissolved in the aqueous phase to that found in the gas phase
(at 30°C in this culture medium) is about 11/1. A similar dis-
tribution was assumed for dimethyl selenenyl sulfide. While the
low-concentration-amendment samples probably reduced and
methylated some Se, the amounts produced were below the
detection limit for our headspace method. The experimental
protocol of 14 days’ incubation before sampling was chosen in
light of previous work with this microbe, which showed that the
volatilization of metabolized selenium remained high even af-
ter 10 days (24). Again of significance is the low volatilization
rate even after the 14-day incubation period.

X-ray absorption spectroscopy provides a novel way of de-
termining the chemical nature of almost any element without
the need for any chemical pretreatment (18). Selenium is a
particularly suitable element for this approach, since different
chemical forms exhibit significantly different spectra (Fig. 1)
(16, 17). Figure 2 shows the X-ray absorption edge spectra of
four Se-amended samples (low- or high-concentration selenite
or selenate amendments), and Table 3 and Figure 3 show the
results of fits to the model compound spectra (16). For possible
seleno-amino acid components in our fits (17), we used sel-
enomethionine, selenocysteine, selenocystine, and the mixed
selenium-sulfur analog of cystine. However, the only one of
these components found to be present in significant amounts in
any of the amendments was selenomethionine. The spectrum
of aqueous dimethyl selenide (Figure 1) is very similar to that
of aqueous selenomethionine, and we found that using the two
spectra in our fits invariably yielded highly correlated results
where it was difficult to assign respective fractions reliably. The
local environment of the selenium in the two compounds is
very similar (both have two —CH,— substituents), so this
result is not entirely unexpected. Since we do not believe that
the spectral-fitting approach used here can reliably distinguish
between aqueous solutions of selenomethionine and dimethyl
selenide when they are present in a mixture, we have used an
average spectrum of the two components in the fits reported
here. We refer to this average aliphatic selenoether spectrum
as RSeR in Fig. 3 and Table 3.

The major components found to be present in all four

TABLE 2. Headspace components of R. sphaeroides cultures amended with selenite or selenate”

Amt of selenite or

Concns (ppbv) for:

selenate added Ao dimethyl sulfide dimethyl selenide dimethyl selenenyl dimethyl diselenide cor%efseion n
(ppm) (SE) (SE) sulfide (SE) (SE)

No added Se 2.33 2,076 (85) 0 0 0 3

Se0;2~ (0.86) 221 3,057 (151) 0 0 0 3

560327 (104) 1.45 2,279 (260) 2,057 (110) 49 (8) 594 (155) <0.06 3

SeO427 (0.80) 2.22 3,249 (158) 0 0 0 3

SeO427 (114) 1.62 1,787 (243) 21,530 (3,618) 0 0 <0.5 2

“ Ageo provides an estimate of the relative culture density and shows the slight inhibition of growth at the highest concentrations of selenite and selenate. n is the

number of observations. Gas concentrations are reported in ppbv.
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FIG. 1. Selenium K X-ray absorption near-edge spectra of some model com-
pounds. Compounds from top to bottom (in aqueous solution unless otherwise
stated): selenate (SeO,>"), dimethyl selenone (Me,SeO.,), selenite (SeO5> ™), di-
methyl selenide (Me,Se), dimethyl diselenide solution in acetonitrile (Me,Se,),
and solid red elemental selenium (Se”).

amendments were elemental selenium and aliphatic seleno-
ether. For the selenate-amended cultures, the fractions of these
three components present were the same within the precisions
of the fit for the two different selenate levels. In contrast, for
the selenite amendments, the fractions were strikingly different
for different levels, the high-level amendment producing al-
most exclusively elemental selenium.

DISCUSSION

It is not clear whether selenium is an essential element for
R. sphaeroides, although this seems likely (19). Selenium is not
routinely added to culture media, but trace levels are probably
always present. We were unable to detect selenium in cells
grown without added selenium by X-ray absorption spectros-
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FIG. 2. Selenium K X-ray absorption near-edge spectra of R. sphaeroides
cultures amended with selenite or selenate. For each oxyanion, spectra of two
cultures are shown, amended with approximately 1 and 100 ppm, respectively.
Also shown is the solution spectrum of the oxyanion itself (Amendment).
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TABLE 3. Selenium speciation (as percentage) in R. sphaeroides
cells grown with selenium oxyanions, based on least-squares
fitting of selenium K X-ray absorption near-edge spectra

Amt of selenite or % Selenium speciation

selenate added R (10%)
(ppm) Se? RSeR  SeO;*”  Me,Se0,

Se05%™ (0.86) 36(2) 60(2) 4(1) 1.5

SeO5%™ (104) 97 (1) 3(1) 3.1

Se0,% (0.80) 13(2) 84(3) 4(2) 34

Se0,* (114) 15(1) 81(2) 2(1) 2(1) 1.0

“ Abbreviations are same as for Fig. 1, except that the spectrum of RSeR
represents the mean of the spectra of aqueous dimethyl selenide and selenome-
thionine (see text for details). A value equivalent to three times the estimated
standard deviation, obtained from the diagonal element of the covariance matrix,
is shown in parentheses after each value. R is a goodness-of-fit parameter,
defined as R = X(I, — I.)/n, where I, and I are the observed and calculated
intensities and 7 is the number of observations.

copy, but this technique is not sensitive to extremely low con-
centrations. Selenium is definitely an essential element for
many eukaryotes, bacteria, and archaea (9), and its major role
is in selenium-substituted amino acids (1), although it is also
found at the active sites of some metalloenzymes.

Although R. sphaeroides can clearly metabolize selenite and
selenate, it exhibits a profound preference for the former un-
der the conditions described here. Furthermore, selenium up-
take was greater on both an absolute and a percent basis at 100
ppm selenite than at 1 ppm, suggesting that selenite uptake
becomes limiting when the concentration of selenite is below
about 500 ppb. Perhaps this limitation can explain the very
high uptake seen when selenite was initially present at 100
ppm, if the selenite-reduction pathway has a very high affinity
for selenite to compensate for relatively poor selenite binding
in the initial step. The biochemical basis for the greater uptake
of selenite than of selenate remains to be clarified, as indeed
does the question of whether there is a specific selenite and/or
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FIG. 3. Results of curve-fitting the Se K X-ray absorption near-edge spectra
of the cultures described in Fig. 2. Dots, data; solid line, the calculated curve;
lower dotted line, the residual. The constituent model compounds have been
scaled according to their contributions to the fit (Table 3). The fit to the spectrum
of the 0.80-ppm-SeO,> -amended experiment (not shown) was essentially iden-
tical to that of the 114-ppm SeO,>~ spectrum, except that the low-concentration-
amendment spectrum had a slightly poorer signal-to-noise ratio (Fig. 2), which
accounts for the higher value of R (Table 3).
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selenate transport system or whether these oxyanions are
transported by a broad-specificity system.

Our data indicate that volatilization is a statistically insignif-
icant fate for selenite or selenate taken up by R. sphaeroides
under the conditions used here. Instead, the vast majority of
the selenium is retained in or on the cell. Almost all of it is
reduced from the oxyanion to organic or elemental forms.
Even at the lowest levels of selenium tested here, some was
reduced to the red elemental form, suggesting that the sele-
nium was present at levels far beyond the requirements of the
cell for selenoamino acids. This suggests, as discussed above,
that the cells have a very efficient metabolism for using any
selenium that they acquire. Most of the selenium in cells grown
on low levels of selenite and on either level of selenate is
present in a form that is very similar or identical to selenome-
thionine or perhaps to dimethyl selenide. In view of the low
levels of dimethyl selenide detected in the headspace of these
cultures (Table 2), we attribute the selenium to selenomethi-
onine-like species rather than to dimethyl selenide, but it is
possible that it is actually some precursor to dimethyl selenide
that might be converted to the volatile form if there was ex-
change of the headspace gas.

There are also significant amounts of selenium that can be
modeled as elemental selenium in all the selenium-amended
cells. While dimethyl selenone could be included at 2% for the
high-selenate-concentration-amended sample, such a compo-
nent is probably at the limit of accuracy of the fitting process
and its significance is questionable. Finally, though selenocys-
tine, the mixed selenium-sulfur analog of cystine, and seleno-
cysteine were included in the fit algorithm, they were invariably
rejected as significant contributors.

In summary, we attribute our findings to the presence of a
selenium uptake system in R. sphaeroides that normally func-
tions at very low levels of selenium oxyanions. Its poor initial
affinity for selenite, as shown by only a 63% uptake from 0.86
ppm selenite (Table 1) and even lower affinity for selenate,
seems to be compensated for by a very effective subsequent
reduction to trap any selenium that enters the cell. This is
supported by the fact that no selenate and only traces of se-
lenite were detected in any cells. We expect that the primary
requirement for selenium is incorporation into amino acids,
but the necessary levels are so low that we are unable to detect
them by X-ray absorption spectroscopy. Under the conditions
described here, where even the lowest additions of selenite or
selenate exceed the requirements for growth, the system ini-
tially seems to put the excess into a form very similar or per-
haps identical to selenomethionine. Further excess seems to be
detoxified as the red elemental form, which has a very low
bioavailability (3, 5), and Moore and Kaplan have suggested
that members of the family Rhodospirillaceae can use oxidized
compounds to get rid of excess electrons produced in anaero-
bic photosynthesis (14). While volatilization is not a common
fate under our conditions, work has shown that R. sphaeroides
grown in the light produced more reduced volatile selenium
than cultures kept in the dark (24).

Our results with selenite mirror those of Combs et al. (3)
with Bacillus subtilis and Microbacterium arborescens, and we
agree with them that the immobilization of selenite and
selenate into the much less bioavailable red elemental form of
selenium may provide a useful approach for remediating sele-
nium contamination (see reference 6 for a recent review), both
in soils and especially in aqueous streams where the Se-en-
riched bacteria can be trapped in “activated sludge.”
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